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ORIGINAL RESEARCH

Is Transposition of the Great Arteries 
Associated With Shortening of the 
Intrapericardial Portions of the Great Arterial 
Trunks? An Echocardiographic Analysis on 
Newborn Infants With Simple Transposition 
of the Great Arteries to Explore an Animal 
Model- Based Hypothesis on Human Beings
Seham O. Omer, MD; Fahad M. Alhabshan , MD; Abdulraouf M. Z. Jijeh , MD; Natalia C. Caimbon, RN, RCCS, RCS; 
Carmelita C. Enriquez, RN, RCCS; Jörg Männer , MD, PhD*; Talat Mesud Yelbuz , MD, PhD* 

BACKGROUND: The pathogenesis of transposition of the great arteries (TGA) as a congenital heart defect of the outflow tract 
with discordant ventriculoarterial connections remains an enigma. TGA usually have parallel great arteries suggesting that 
deficient torsion of the embryonic arterial heart pole might cause discordant ventriculoarterial connections. It has been specu-
lated that deficient elongation of the embryonic outflow tract might prevent its normal torsion resulting in TGA. The aim of our 
study was to clarify whether the intrapericardial portions of the great arteries in human patients with TGA might be indeed 
shorter than in normal hearts.

METHODS AND RESULTS: Thirty- four newborns with simple TGA and 35 newborns with normal hearts were analyzed by using 
images of the outflow tract in their echocardiograms and the following defined lengths of the great arteries were measured: 
aortic length 1, (AoL- 1) and aortic length 2 (AoL- 2) = distance between left and right aortic valve level and origin of the bra-
chiocephalic artery, respectively. Pulmonary trunk length 1 (PTL- 1) and pulmonary trunk length 2 (PTL 2) = distance between 
left and right pulmonary valve level and origin of left and right pulmonary artery, respectively. All measurements of the AoL 
were significantly shorter in TGA compared to normal hearts (AoL- 1: 1.6±0.2 versus 2.05±0.1; P<0.0001; AoL- 2: 1.55±0.2 
versus 2.13±0.1; P<0.0001). With regard to the pulmonary trunk (PT), PTL- 1 and PTL- 2 were found to be shorter and longer, 
respectively, in TGA compared with normal hearts, reflecting the differences in the spatial arrangement of the PT between the 
2 groups as in TGA the PT is showing a mirror image of the normal anatomy. However, the overall length of the PT between 
the 2 groups did not differ.

CONCLUSIONS: Our data demonstrate that, compared with normal newborns, the ascending aorta is significantly shorter in 
newborns with TGA whereas the overall length of the PT does not differ between the 2 groups. This finding is in accord with 
the animal model- based hypothesis that TGA may result from a growth deficit at the arterial pole of the embryonic heart.
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The term transposition of the great arteries (TGA) 
is nowadays used for congenital heart defects 
(CHD) characterized by the presence of discor-

dant ventriculoarterial connections.1 The pathophysio-
logical consequences of TGA mainly depend on the 
type of atrioventricular connections found in a heart 
affected by a discordant ventriculoarterial connection. 

Thus, hearts with TGA are usually assigned to 1 of 2 
different diagnostic groups: (1) the group of “noncor-
rected” variants, which are characterized by discordant 
ventriculoarterial connections in combination with con-
cordant atrioventricular connections; or (2) the group 
of congenitally corrected variants in which the dis-
cordant ventriculoarterial connections is congenitally 
“corrected” by the presence of discordant atrioventric-
ular connections. Noncorrected variants belong to the 
most common and severe congenital malformations of 
the heart, accounting for 5% to 7% of all CHD.2– 5 They 
represent the second most frequent cyanotic CHD but 
the most common cyanotic CHD diagnosed within the 
neonatal period.3

TGA is traditionally considered to belong to the 
pathogenetic group of the so- called conotruncal 
heart defects. CHDs assigned to this pathogenetic 
group are characterized by abnormal ventriculoarte-
rial connections combined with abnormal position-
ing of the great arterial trunks. In classical cases of 
TGA, for example, the discordant ventriculoarterial 
connection is associated with parallel (nonspiralling) 
great arteries.6,7 Only in a very few cases worldwide, 
TGA was found in association with normally related 
(spiralling) great arteries.8 The term conotruncal heart 
defects reflects the hypothesis that CHDs assigned 
to this pathogenetic group may result from problems 
in the development of the outflow tract (OFT) of the 
embryonic heart, which was traditionally divided in a 
proximal segment, called the conus, and a distal seg-
ment, called the truncus. Today, it is recommended 
to avoid usage of the classical terms conus and trun-
cus. Instead, the embryonic OFT is subdivided into a 
proximal, intermediate, and distal portion, which pro-
vide the future ventricular outlets, the arterial roots, 
and the intrapericardial arterial trunks, respectively.9 
Although it has been hypothesized for a long time 
that TGA may result from abnormal development of 
the embryonic OFT, its etiology and formal patho-
genesis is still an enigma.6,10,11 This may be explained 
in part by the fact that, in contrast to other CHDs (eg, 
atrial septal defect, ventricular septal defect, double 
outlet right ventricle), TGA does not have a prece-
dent in phylogeny or ontogeny. Another reason is 
the lack of animal models with a high incidence of 
TGA, facilitating documentation of the pathogenesis 
of the defect from early to late stages of embryonic 
development.12

Studies on animal models for CHDs with abnormal 
ventriculoarterial connections have shown that a mor-
phogenetic process called cardiac looping is most critical 
for the determination of atrioventricular as well as ventric-
uloarterial connections in the mature heart. Pexieder and 
coworkers reported that abnormal looping of the embry-
onic heart tube was the first sign of abnormal cardiogen-
esis in a mouse model for TGA.13 They speculated that 

CLINICAL PERSPECTIVE

What Is New?
• The pathogenesis of transposition of the great 

arteries as a congenital heart defect of the 
outflow tract with discordant ventriculo- arterial 
connections remains unknown.

• We have shown in our study that, compared 
with normal newborns, the ascending aorta is 
significantly shorter in newborns with transpo-
sition of the great arteries whereas the overall 
length of the pulmonary trunk does not differ 
between the 2 groups.

• To the best of our knowledge, these data are 
the first data from human beings supporting 
the animal model- based hypothesis that trans-
position of the great arteries may result from 
deficient elongation of the outflow tract of the 
embryonic heart.

What Are the Clinical Implications?
• Improvements in the diagnosis and treatment 

of congenital heart defects may arise from ad-
vancements in the understanding of the func-
tional morphology of normal and malformed 
hearts.

• Clinical care for patients with congenital heart 
defects may profit from new mechanistic in-
sights into the pathogenesis of congenital heart 
defects.

• These new insights may allow future develop-
ment of new strategies to prevent congenital 
heart defects or to correct or palliate them by 
mimicking the physiological heart condition as 
close as possible.

Nonstandard Abbreviations and Acronyms

AoL aortic length
BCA brachiocephalic artery
KACC King Abdulaziz Cardiac Center
OFT outflow tract
PTL pulmonary trunk length
SHF secondary heart field
TGA transposition of the great arteries
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abnormal ventriculoarterial connections were the con-
sequence of abnormal cardiac looping.13 Experimental 
studies on animal models have shown that abnormali-
ties in cardiac looping can result from a failure of normal 
lengthening of the cardiac OFT due to reduced addition 
of myocardial cells from the so- called secondary heart 
fields (SHF).14 Other studies have demonstrated that 
cardiac neural crest cells are necessary for the normal 
addition of SHF- derived myocardium to the arterial pole 
of the developing heart loop.15,16 Altered cardiac looping, 
resulting from problems in the addition of second heart 
field- derived myocardium to the cardiac OFT, can lead 
to CHDs with abnormal ventriculoarterial connections, 
such as tetralogy of Fallot, double outlet right ventricle, 
and TGA.14,17 Human CHDs with juxtaposition of the 
atrial appendages are frequently associated with TGA. In 
teratogen- induced (Trypanblue, Suramin) animal models 
for juxtaposition of the atrial appendages, Männer and 
coworkers have noted that TGA was associated with a 
significant growth deficit of the great arterial trunks.18 It 
appears that, based on data from animal models, de-
fective heart looping, caused by failure in lengthening of 
the OFT of the embryonic heart, may be one of the most 
attractive pathogenetic explanations for TGA.

If TGA would result from deficient elongation of the 
OFT of the embryonic heart, we would expect that, in 
classical cases of TGA, the length of the intrapericar-
dial portions of the great arterial trunks should be sig-
nificantly shorter than in normal hearts. The aim of our 
present study was to test the validity of this prediction 
on a population of human patients born with TGA. We 
demonstrate, to the best of our knowledge, for the first 
time that the ascending aorta of newborns with TGA is 
significantly shorter than the ascending aorta of new-
borns with normal hearts, supporting the hypothesis 
that TGA may result from deficient elongation of the 
OFT of the embryonic heart.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Patient Population
Our study was conducted in a specialized cardiovas-
cular center (King Abdulaziz Cardiac Center [KACC]) 
located at King Abdulaziz Medical City in Riyadh, Saudi 
Arabia. We looked through echocardiographic images 
for all cases of TGA that were diagnosed in KACC from 
November 1999 until April 2018. Cases were assigned 
to 3 different diagnostic subgroups:

1. Simple TGA (“noncorrected transposition”): This 
diagnostic subgroup comprised all cases of TGA 

without additional complicating cardiovascular le-
sions (eg, pulmonary stenosis, coarctation of the 
aorta, etc.). Cases of TGA with ventricular septal 
defects that did not affect their clinical presentation 
or did not lead to a different initial surgical approach 
(such as pulmonary artery banding) were included 
in this subgroup as well.

2. TGA with additional complicating heart lesions: This 
diagnostic subgroup comprised all cases of TGA with 
additional complicating heart lesions, such as mul-
tiple ventricular septal defects, pulmonary stenosis, 
straddling tricuspid valve, coarctation of the aorta.

3. TGA in the setting of complex heart defects: This 
diagnostic subgroup comprised all cases of TGA 
found in the setting of complex cardiac anomalies 
(ie atrioventricular septal defects, common atrium, 
pulmonary atresia, tricuspid atresia, and mitral atre-
sia). In this group, TGA was not the clinically leading 
defect but rather an additional defect.

After the aforementioned collection of TGA cases, we 
extracted cases further according to the following inclu-
sion and exclusion criteria:

Inclusion Criteria

TGA study group (retrospective cross- sectional study 
group):

• All cases of simple TGA that were diagnosed in 
newborn patients younger than 14 days, with good 
quality images of the outflow tract in their echocar-
diograms (n=34).

Exclusion Criteria

• Cases of “complex” TGA (TGA with additional com-
plicating heart lesions; TGA in the setting of complex 
heart defects) as defined previously.

• Cases of simple TGA that were diagnosed in pa-
tients older than 14 days.

• Cases of simple TGA with unclear echocardiographic 
images of the outflow tract in their echocardiograms.

Control Group (Prospective Cohort Study Group)
All newborn patients who were born at King Abdulaziz 
Medical City, during the period September 2016 till 
May 2018, and referred to KACC to rule out any CHD 
and who were found to have a structurally normal heart 
in their echocardiograms (n=35).

Variables
The following outflow tract parameters were measured 
on recorded images acquired by echocardiography in 
all patients from the TGA study group (n=34) and from 
the control group (n=35); (Figures 1 and 2).
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Measurements of the Length of the 
Intrapericardial Portions of the Great 
Arterial Trunks
Measurement #1 (from suprasternal long axis): Aortic 
length 1 (AoL- 1): distance between left aortic valve level 

(ie, from the hinge of the leaflet at the left side of aortic 
wall) and origin of brachiocephalic artery (BCA) (ie, at 
the base of BCA on lateral side), as shown in Figures 1 
and 2 with solid blue and dashed purple lines.

Measurement #2 (from suprasternal long axis): 
Aortic length 2 (AoL- 2): distance between right aortic 
valve level (ie, from the hinge of the leaflet at the right 
side of aortic wall) and origin of BCA (ie, at the base of 
BCA on lateral side), as shown in Figures 1 and 2 with 
solid blue and dashed purple lines.

Measurement #3 (from subcostal coronal view): 
Pulmonary trunk length 1 (PTL- 1): distance between 
left pulmonary valve level (ie, from the hinge of the leaf-
let at the left side of pulmonary artery [PA] wall) and 
origin of left PA (ie, starting site of branching into the 
left PA), as shown in Figures 1 and 2 with solid red and 
dashed purple lines.

Measurement #4 (from subcostal coronal view): 
Pulmonary trunk length 2 (PTL- 2): distance between 
right pulmonary valve level (ie, from the hinge of the 
leaflet at the right side of PA wall) and origin of right PA 
(ie, starting site of branching into right PA), as shown in 
Figures 1 and 2 with solid red and dashed purple lines.

Study Design and Data Collection
This study was conducted at a single center and 
comprised (1) a retrospective cross- sectional inves-
tigation on newborn patients with simple TGA; and 
(2) a prospective cohort study on a control group of 
newborns with morphologically normal hearts. Data 
were collected according to the previously defined 
inclusion and exclusion criteria for patients with TGA 
(retrospective cross- sectional study group) as well 
the patients in the control group (prospective cohort 
study group). Demographic data such as sex, age, 
and weight at diagnosis and date of birth were also 
collected. The data were extracted by our clinical 
pediatric research technician in the cardiac canter 
and given to us in an Excel spreadsheet. The prin-
cipal investigator (S.O.O.) reviewed all available digi-
tal medical charts and records (such as Best Care, 
Xcelera R4.1L14.1.1.1133- 2013) to identify all patients 
who were diagnosed at KACC with TGA and estab-
lished with 1 of the coinvestigators (T.M.Y.) our study 
group of patients with simple TGA following the inclu-
sion and exclusion criteria as defined. After identifying 

Figure 1. Schematic description of measured outflow tract 
parameters (length of the intrapericardial portions of the 
great arterial trunks) in all patients from the control group 
(upper drawing) and the TGA study group (lower drawing), 
respectively.
For detailed listing of measured parameters see legend of 
Figure  2 and related Methods section. Ao indicates aorta; LA, 
left atrium; LPA, left pulmonary artery; LV, left ventricle; PA, 
pulmonary artery; RA, right atrium; RPA, right pulmonary artery; 
RV, right ventricle; and TGA, transposition of the great arteries.
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all patients with simple TGA, all recorded echocar-
diograms for this group of patients were reviewed. 
Only the patients with simple TGA under the age of 
14 days with good quality images for the outflow tract 
in their echocardiograms were selected. Once the 
relevant patient population with simple TGA under 
the age of 14 days was identified, a Data Master- file 
in Excel (Microsoft Office, Version 2010) was gener-
ated, including screenshots of good quality images 
for the outflow tract in their echocardiograms and all 

defined variables as listed above were added to this 
file (ie, AoL- 1, AoL- 2, PTL- 1, and PTL- 2). With regard 
to the control group, the coinvestigators (N.C.C. and 
C.E.) selected prospectively the patients who were 
born at King Abdulaziz Medical City and referred to 
KACC to rule out any CHD; they acquired the required 
proper views for the outflow tract for these patients 
during the same echocardiography examination that 
was requested to rule out CHD in our main echocar-
diography laboratory. Then the principal investigator 

Figure 2. Schematic description of measured outflow tract parameters (length of the 
intrapericardial portions of the great arterial trunks) on recorded images acquired by 
echocardiography from suprasternal long axis (upper panel) and subcostal coronal (lower panel) 
views in all patients from both the control group and the TGA study group.
Aortic length 1 (AoL- 1): distance between left aortic valve level and origin of brachiocephalic artery. 
Aortic length 2 (AoL- 2): distance between right aortic valve level and origin of brachiocephalic artery. 
Measurement regions and borders are shown with solid blue and dashed purple lines, respectively. 
Pulmonary trunk length 1 (PTL- 1): distance between left pulmonary valve level and origin of left pulmonary 
artery. Pulmonary trunk length 2 (PTL- 2): distance between right pulmonary valve level and origin of right 
pulmonary artery. Measurement regions and borders are shown with solid red and dashed purple lines, 
respectively. For more specific details of measurement parameters see related Methods section. Ao 
indicates Aorta; BCA, brachiocephalic artery; LPA, left pulmonary artery; PA, pulmonary artery; RPA, 
right pulmonary artery; and TGA, transposition of the great arteries.
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performed the required measurements and generated 
another Data Master- file in Excel (Microsoft Office, 
Version 2010) for the control group with same defined 
variables as mentioned previously. The designated 
measurements in all echocardiograms for the patients 
with simple TGA and for the control group were re-
viewed 1 by 1 in a second run together with a senior 
pediatric cardiologist (1 of the coinvestigators, T.M.Y.) 
to confirm that these measurements were correct and 
accurate. Finally, during a third run all echocardio-
grams of all patients with simple TGA and the control 
group with the aforementioned measurements were 
reviewed one more time independently by another 
senior cardiologist (F.H.) who verified the accuracy 
of these measurements. After the collection of all the 
data from included patients with simple TGA and the 
control group within the study period we analyzed our 
results in the master data file to find out the individual 
length of outflow tract components (as defined) in pa-
tients with simple TGA and in the control group (see 
Figures 1 and 2). At the end we compared the differ-
ence in the measurements between the 2 groups and 
calculated if it is statistically significant or not.

Statistical Analysis
Data are presented as mean±SD for continuous 
variables together with corresponding 95% CIs. 
Independent sample t- test was applied to compare 
means and a P value≤0.05 was considered significant.

Ethical Considerations
This research was approved by the ethical research 
committee within the institutional review board at the 
center’s medical research center with the research 
protocol number RC18/088/R. There was no need for 
a consent form because our data collection method 
consisted mainly of a chart review. Patients’ confiden-
tiality was maintained at all levels as only the princi-
pal investigator and coinvestigators had access to the 
data and were able to collect it. In addition, the data 
collected were kept in a secure place, using computer-
ized methods in 5 specific password- protected com-
puters, and by using coded serial numbers, we insured 
that the data did not contain any identification of the 
patients included in the research. None of the patient’s 

medical record numbers were sent with the data for 
analysis as well.

RESULTS
Demographic Data
Our study population comprised 34 newborn pa-
tients (diagnostic age ≤14  days) with simple TGA 
and the control group of 35 newborn patients (diag-
nostic age ≤3 days) with a structurally normal heart 
(Table 1).

Age at Diagnosis

In patients with simple TGA, the mean age at diag-
nosis was 3.5±2.9  days. At this time point, most of 
the patients had an age <1  week (total 30 patients) 
whereas the age of the remaining patients ranged 
from 8 to 10 days. In patients with a structurally normal 
heart (control group), the mean age was 1.7±0.7 days 
and their age ranged from 1 to 3 days. Although there 
was a statistical difference in the diagnostic age be-
tween simple TGA (3.5±2.9  days) and control group 
(1.7±0.7 days), this difference was not reflected in the 
body weight and body surface area (discussed later).

Sex Distribution

In both study groups, there was a slight preponder-
ance of male patients. There were 18 boys (52.9%) 
in the TGA group and 20 boys (57.1%) in the control 
group. The preponderance of boys was not significant 
statistically (P = 0.81).

Body Weight, Body Length, and Body 
Surface Area

In the group of patients with simple TGA, the mean body 
weight was 3.1±0.4 kg ranging from 2 to 4 kg. In the 
control group, the mean body weight was 3.2±0.5 kg 
ranging from 2 to 4.2 kg. Statistical analysis disclosed 
that the mean body weight did not differ significantly 
between the 2 study groups (P=0.204; 95% CI; −0.08 
to 0.35). The mean body length in the group of pa-
tients with TGA was 49.8±3.3 cm and 50.8±2.3 cm in 
the control group. Corresponding to the mean body 

Table 1. Demographic Data

Variable Normal (n=35) TGA (n=34) 95% CI of the Difference P Value

Sex (male) 20 (57.1%) 18 (52.9%) … 0.81

Age, d 1.7±0.7 3.5±2.9 −2.79 to −0.78 0.001

Weight, kg 3.2±0.5 3.1±0.4 −0.08 to 0.35 0.204

Body surface area, m2 0.21±0.02 0.21±0.02 −0.002 to 0.02 0.136

Height, cm 50.8±2.3 49.8±3.3 −0.34 to 2.35 0.141

TGA indicates transposition of the great arteries.
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weight, the mean body length did not differ signifi-
cantly between the 2 study groups (P=0.141; 95% CI, 
−0.34 to 2.35). Finally, we found that the mean body 
surface area was 0.21±0.02 m2 for both groups and 
that this value also did not differ significantly between 
the 2 study groups (P=0.136; 95% CI, −0.002 to 0.02).

Length of the Intrapericardial Portions of 
the Great Arterial Trunks
The lengths of the great arterial trunks (measured 
on suprasternal and subcostal views as shown in 
Figures 1 and 2) were as follows:

1. Length of the ascending aorta as defined by the 
distance between the left- sided aortic valve level 
and the origin of the BCA (AoL- 1): In patients with 
simple TGA, the mean length was 1.6±0.2 cm. This 
value was significantly shorter than the value in pa-
tients with a structurally normal heart (2.05±0.1 cm; 
P<0.0001; 95% CI, 0.38 to 0.51).

2. Length of the ascending aorta as defined by the 
distance between the right- sided aortic valve level 
and the origin of the BCA (AoL- 2): In patients with 
simple TGA, the mean length was 1.55±0.2  cm, 
which was significantly shorter than in patients with 
a normal structured heart (2.13±0.1 cm; P<0.0001; 
95% CI, 0.51 to 0.64).

3. Length of the pulmonary trunk as defined by the 
distance between the left- sided pulmonic valve level 
and the origin of the left pulmonary artery (PTL- 1): 
In patients with simple TGA, the mean length was 
1.19±0.1  cm and significantly shorter than in pa-
tients with a normal structured heart (1.37±0.1 cm; 
P<0.0001; 95% CI, 0.12 to 0.24).

4. Length of the pulmonary trunk as defined by the dis-
tance between the right- sided pulmonic valve level 
and the origin of the right pulmonary artery (PTL- 2): 
In patients with simple TGA, the mean length was 
1.36±0.1  cm. This was significantly longer com-
pared with patients with a normal structured heart 
(1.12±0.1 cm; P<0.0001; 95% CI, −0.29 to −0.19).

When we looked at the data, we noticed that the 2 
measurements used for the definition of the length of 
the ascending aorta (AoL- 1, AoL- 2) provided consistent 

values suggesting that, in our newborns with TGA, the 
ascending aorta indeed was shorter than in normal 
hearts (Table 2). With respect to the measurements used 
for the definition of the length of the pulmonary trunk 
(PTL- 1, PTL- 2), however, we noticed that the measure-
ments provided inconsistent values, which seemed to 
complicate the interpretation of our data. This was be-
cause 1 parameter (PTL- 1) suggested that patients with 
TGA showed an abnormal shortening of the pulmonary 
trunk, whereas the other parameter (PTL- 2) suggested 
that these patients had an abnormal elongation of the 
pulmonary trunk (Table 2). We then speculated that the 
inconsistency in the measured values for the length of 
the pulmonary trunk simply reflected differences in the 
spatial arrangement of the pulmonary trunk between 
the 2 study groups. In patients with TGA, the pulmonary 
trunk was thought to show a mirror image of the normal 
situation. To test this idea, we looked at whether there 
might be significant differences in the mean length be-
tween the shorter vessel walls of the pulmonary trunk 
of normal patients (PTL- 2=1.12±0.09  cm) and patients 
with TGA (PTL- 1=1.19±0.13 cm), and between the longer 
vessel walls of the pulmonary trunk of normal patients 
(PTL- 1=1.37±0.12  cm) and patients with TGA (PTL- 
2=1.36±0.12 cm) (Table 3). Statistical analyses (t- test) did 
not disclose a significant difference between the mea-
sured values for the longer vessel walls (normal PTL- 1 
versus TGA PTL- 2, P=0.669; 95% CI, −0.05 to 0.07). 
With respect to the shorter vessel walls (normal PTL- 2 
versus TGA PTL- 1), however, we found that the mean 
length was significantly longer than normal in the TGA 

Table 2. Defined Measurements of Outflow Tract Parameters (in cm)

Variable Normal (n=35) TGA (n=34) 95% CI of the Difference P Value

AoL- 1 2.05±0.1 1.6±0.2 0.38 to 0.51 <0.0001

AoL- 2 2.13±0.1 1.55±0.2 0.51 to 0.64 <0.0001

PTL- 1 1.37±0.1 1.19±0.1 0.12 to 0.24 <0.0001

PTL- 2 1.12±0.1 1.36±0.1 −0.29 to −0.19 <0.0001

AoL- 1 indicates aortic length 1; AoL- 2, aortic length 2; PTL- 1, pulmonary trunk length 1; PTL- 2, pulmonary trunk length 2; and TGA, transposition of the great 
arteries.

Table 3. Comparison of the Short and Long Side of 
Pulmonary Trunk Length Between Normal Patients and 
Patients with TGA

Variables Length (cm)
95% CI of the 
Difference P Value

The short side of pulmonary trunk length

PTL- 2 (Normal) n=35 1.12±0.09 −0.13 to −0.02 0.008

PTL- 1 (TGA) n=34 1.19±0.13

The long side of pulmonary trunk length

PTL- 1 (Normal) n=35 1.37±0.12 −0.05 to 0.07 0.669

PTL- 2 (TGA) n=34 1.36±0.12

PTL- 1 indicates pulmonary trunk length 1; PTL- 2, pulmonary trunk length 
2; and TGA, transposition of the great arteries.
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group (P=0.008; 95% CI, −0.13 to 0.02). These data sug-
gest that, in our group of newborns with TGA, the mean 
length of the pulmonary trunk is slightly longer than nor-
mal whereas the overall length of the pulmonary trunk 
does not differ between the 2 groups.

DISCUSSION
Key Concepts for the Pathogenesis of 
TGA
Although CHDs with TGA have fascinated physicians 
since the first description by Matthew Baillie in 1797,19 
its pathogenesis remains an enigma. During the past 
150 years, a remarkable number of diverse mechanistic 
concepts have been proposed to explain the develop-
ment of normal spiraling of the great arterial trunks as well 
as their abnormal parallel arrangement typically found in 
TGA. Among these diverse concepts a tendency toward 
2 extreme views can be noted: (1) “rotation/torsion first” 
concepts and (2) “septation first” concepts.

“Rotation/torsion first concepts” are based on the 
assumption that the materials forming the future great 
arterial trunks occupy distinct genetically predeter-
mined subdomains within the wall of the undivided 
OFT of the embryonic heart. These subdomains are 
said to run initially in a parallel fashion with the aor-
tic subdomain to be ventral (superior) and the pulmo-
nary subdomain to be dorsal (inferior). Spiraling of the 
great arterial trunks is explained by rotation/torsion of 
the embryonic OFT because of cardiac looping and 
differences in the growth behavior between the aortic 
and pulmonary subdomains of the OFT (for examples, 
see the now historical concepts of differential conal 
growth/absorption).20– 22 The parallel arrangement of 
the great arteries, typically found in TGA, is regarded 
chiefly as a consequence of deficient rotation/torsion 
of the developing OFT owing to abnormal changes in 
the size of the proximal OFT.

“Septation first concepts” are based on the as-
sumption that the wall of the common embryonic OFT 
does not possess a significant genetic prepatterning 
into aortic and pulmonary subdomains. It is hypothe-
sized that the identity, spatial arrangement, and ven-
tricular connections of the great arterial trunks are 
chiefly determined by the process of structural division 
of the common embryonic OFT into aortic and pul-
monary flow pathways. Proponents of “septation first” 
concepts attribute the spiral course of the great arte-
rial trunks chiefly to a primary spiral arrangement and 
spiral fusion of the septal anlagen (major outflow cush-
ions) within the embryonic OFT.23,24 Oblique ingrowth 
of the aorticopulmonary septum from the aortic sac 
into the distal portion of the embryonic OFT also seems 
to contribute to the emergence of the normal spiraling 
course of the great arterial trunks.9 The parallel course 

of the arterial trunks, found in TGA, is attributed to an 
abnormal septation of the embryonic OFT owing to a 
primary straight arrangement and fusion of the major 
outflow cushions, possibly combined with a horizontal 
ingrowth of the aorticopulmonary septum.

It should be noted that the emergence of a spiral 
or parallel course of the great arterial trunks does not 
necessarily result in concordant or discordant ventric-
uloarterial connections, respectively. This is because 
the proximal roots of both great arteries are originally 
committed only to the embryonic right ventricle. It is 
the fusion of the proximal outflow cushions that forms 
a shelf in the roof of the right ventricle that normally 
commits the subaortic component of the OFT to the 
developing left ventricle.25 Therefore, a recent concept 
about the pathogenesis of TGA emphasizes the fact 
that TGA can result only when an arterial nonspiraling 
combines with an abnormal transfer of the subpulmo-
nary component of the proximal OFT to the developing 
left ventricle, possibly because of the abnormal orien-
tation of the proximal outflow cushions.26

Is Deficient Elongation of the Embryonic 
OFT Involved in TGA Pathogenesis?
Despite the fact that TGA can be formally explained by 
deviations from the normal spatial orientation of embry-
onic OFT components, the mechanistic base of such 
deviations is still unclear at the present time. Current 
data from embryological studies on animal models 
suggest that such deviations may result from deficient 
elongation of the OFT of the embryonic heart owing to 
defective addition of SHF- derived progenitor cells to 
the arterial heart pole. To the best of our knowledge, 
our present study is the first to test the plausibility of 
this animal model- based hypothesis on human beings. 
For this purpose, we have measured the length of the 
intrapericardial portions of the great arterial trunks in 
newborns with simple TGA ("noncorrected transposi-
tion without complicating cardiovascular lesions") and 
in newborns with a morphologically normal heart. We 
found that the overall length of the pulmonary trunk 
did not really seem to differ between newborns with 
simple TGA and those with a morphologically normal 
heart. The ascending aorta of our patients with simple 
TGA, on the other hand, was significantly shorter than 
the ascending aorta of newborns with normal hearts. 
Thus, our data seem to confirm the presence of a sig-
nificant growth defect at the level of the arterial seg-
ment of the heart in newborn patients with simple TGA. 
To the best of our knowledge, these data are the first 
data from human beings supporting the animal model- 
based hypothesis that TGA may result from deficient 
elongation of the OFT of the embryonic heart.

We should emphasize that our data not only show 
that neonatal TGA is associated with a significant 
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reduction in length of the arterial segment of the heart. 
Our data, furthermore, show that this defect does not 
affect the entire arterial segment but is confined to the 
ascending aorta only. If we assume that the shorten-
ing of the ascending aorta primarily has resulted from 
deficient elongation of the OFT of the embryonic heart, 
we then have to state that our data suggest that the 
assumed growth defect must have been confined only 
to a subdomain of the embryonic OFT that is predeter-
mined to provide the ascending aorta.

The questions then are (1) whether such a subdo-
main really exists in the common OFT of vertebrate 
embryonic hearts; and (2) whether the shortening of 
the ascending aorta, found in our patients with TGA, 
might also be explained by a developmental disorder 
other than an elongation defect of the embryonic OFT? 
In order to answer these questions, we should have 
a look on the embryonic origin of the great arterial 
trunks. The roots and intrapericardial portions of the 2 
great arterial trunks derive from the intermediate (roots) 
and distal (arterial trunks) portions of the originally un-
divided OFT of the embryonic heart. The common OFT 
of the embryonic heart has the shape of a solitary tu-
bular blood vessel that shows a prominent kink at the 
transition/intermediate zone between its proximal and 
distal portions. The proximal, intermediate, and distal 
portions of the OFT are formed by SHF- derived pro-
genitor cells that become successively added to the 
arterial heart pole during the phase of cardiac looping. 
Before the first appearance of the septal anlagen (major 
outflow cushions, aorticopulmonary septum) that nor-
mally leads to the structural division of the OFT into 
aortic and pulmonary flow pathways, the OFT seems 
to lack any morphologically visible sign for a patterning 
into aortic and pulmonary subdomains. In view of this 
finding, it is tempting to speculate that the identity of 
the 2 arterial trunks as well as their connections to the 
ventricles, their spatial arrangement, and lengths, are 
chiefly determined by the process of septation of the 
embryonic OFT (septation first concept), rather than by 
a genetic aorticopulmonary prepatterning combined 
with positional and morphological changes driven by 
changes in length of the embryonic OFT (rotation/tor-
sion first concept). Septation first concepts attribute 
the spiral course of the great arterial trunks to a pri-
mary spiral arrangement and fusion of the major out-
flow cushions. The parallel course of the arterial trunks, 
frequently found in TGA, is attributed to a primarily 
straight arrangement of the major outflow cushions 
(discussed previously). According to this concept, the 
abnormal shortness of the ascending aorta, found in 
our patients with TGA, can be simply explained by an 
abnormal septation of the embryonic OFT and not by 
a locally confined growth defect of a genetically prede-
termined aortic subdomain of the common OFT. Thus, 
if we consider classical morphological data alone, it 

seems to be highly questionable that the abnormal 
shortness of the ascending aorta found in our patients 
with TGA may indicate a defect in elongation of a pre-
sumed aortic subdomain of the embryonic OFT.

However, if we consider contemporary data from 
developmental biology of the heart, the situation looks 
different. This is because recent data from fate map-
ping studies, gene expression analyses, and experi-
mental studies done on mouse embryos have shown 
that the wall of the intermediate portion of the morpho-
logically common OFT of the embryonic heart is formed 
by 2 genetically distinct progenitor cell populations that, 
first, derive from different subregions of the SHF and, 
second, occupy 2 distinct subdomains of the OFT that 
were found to provide the base of the ascending aorta 
and pulmonary trunk, respectively.27,28 The aortic sub-
domain was found to form the originally superior wall 
of the OFT, whereas the pulmonary subdomain formed 
the originally inferior wall of the OFT. Other studies have 
shown that the SHF not only contributes progenitor 
cells to the heart and base of the great arteries but 
also to the walls of the ascending aorta and pulmo-
nary trunk.29 Furthermore, a recent study on mouse 
embryos has shown that the addition of “arterial” pro-
genitor cells from the SHF to the OFT of the embryonic 
heart proceeds in 2 waves. The first of these waves 
(at embryonic day 7.5) provides cells that preferentially 
contribute to the wall of the ascending aorta, whereas 
the second wave (embryonic days 8.5 to 11.5) provides 
cells that preferentially contribute to the wall of the pul-
monary trunk.30 Thus, it seems that, during a specific 
time window in embryonic development, the elonga-
tion of the cardiac OFT is chiefly driven by the addition 
of SHF- derived “aortic” progenitor cells to the arterial 
heart pole. In light of these findings, we think that a de-
fective addition of “aortic” progenitor cells to the OFT of 
the embryonic heart is a plausible mechanistic explana-
tion for the shortening of the ascending aorta found in 
our population of neonates with TGA.

A New Mechanistic Concept for the 
Morphogenesis of TGA
The question now is, how can a defective addition of 
“aortic” progenitor cells to the OFT of the embryonic 
heart lead to a nonspiraling and abnormal positioning 
of the great arterial trunks? To answer this question, we 
should have a look on the dynamic form changes of the 
embryonic heart during the phase of cardiac looping. 
The human embryonic heart arises from the fusion of 
bilaterally paired heart fields along the ventral midline of 
the foregut by the end of the third week of embryonic 
development (fifth gestational week). Initially, it is a short, 
tubular blood vessel that pumps blood by a valveless 
pumping mechanism.31 Subsequent to its establish-
ment, the heart tube elongates by continuous addition of 
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new heart field- derived material to its venous and arterial 
poles. The initially straight heart tube thereby becomes 
deformed into a helically coiled heart loop (Figure 3).

Measurements on vertebrate embryos and simula-
tion experiments suggest that growth differences be-
tween the heart and pericardial cavity may generate 
the main driving forces for the helical deformation of 
the embryonic heart loop.32 At the beginning of cardiac 
looping, the axial length of the straight heart tube cor-
responds to the craniocaudal length of the pericardial 
cavity (see Figure 3A). During cardiac looping, however, 
the tubular heart undergoes a 3-  to 4- fold increase in 
length, whereas the pericardial cavity does not sig-
nificantly change its dimensions (see Figure  3B). The 
continuously elongating heart tube, thus, becomes 
compressed within the pericardial cavity and undergoes 
a series of characteristic deformations. This deforma-
tion process can be subdivided into 2 phases. During 
the first phase of cardiac looping, excessive elongation 
of the heart tube forces its proximal limb (future left 
ventricle, atrioventricular canal, and common atrium) to 
acquire a helical configuration. The handedness of this 
helix normally is determined by the prelooping position 
of the venous end of the heart. A prelooping position to 
the left of the body midline favors the emergence of a 
left- handed helix, the greater curvature of which points 
toward the right of the body. This loop- configuration is 
traditionally called ventricular D (dextral)- loop. It is the 
normal and phylogenetically highly conserved heart 
loop configuration among vertebrates (see Figure 3C). 
The emergence of a mirror- imaged loop (Figure  4), 

traditionally called ventricular L (levo)- loop, is an ex-
tremely rare event, mostly induced by genetic defects or 
teratogens (eg, maternal diabetes mellitus). During the 
second phase of cardiac looping, continuing addition of 
new material to the arterial heart pole not only leads to 
an elongation of the distal limb of the heart loop (future 
right ventricle and embryonic OFT) but also forces this 
segment to acquire a helical configuration, the handed-
ness of which is opposite to that of the proximal limb 
of the heart loop. This means that, at the end of car-
diac looping, the embryonic heart loop normally has the 
configuration of a 2- handed helix (see Figure 3D). This 
helix consists of 2 limbs of opposite helical handedness: 
a proximal limb, which normally has an anticlockwise 
(left- handed) helical winding, and a distal limb, which 
normally has a clockwise (right- handed) helical winding. 
The latter feature may be of special interest because 
the intrapericardial portions of the great arterial trunks 
arise from the distal limb of the heart loop and normally 
spiral in a clockwise helical winding.

Based on the preceding description of cardiac 
looping, it is tempting to speculate that growth prob-
lems, suspected to cause TGA, may become appar-
ent during the second phase of cardiac looping. At this 
stage, a standstill in elongation of the heart loop, due 
to the absence of the first (aortic) wave of SHF- derived 
arterial progenitor cells, would block the emergence 
of the helical coiling of its distal limb and thereby may 
prevent clockwise "spiraling of the OFT." This, in turn, 
might predispose for the development of discordant 
ventriculoarterial connections.

Figure 3. Schematic drawing illustrating the sequence of idealized geometrical form changes 
characterizing the looping morphogenesis of the tubular heart of higher vertebrate embryos.
During the initial phase of looping, the straight tube (A) starts bending along the midsagittal plane toward 
the ventral body wall (B). Rightward torsion deforms the bending tube (C) into a helically coiled loop with a 
counterclockwise winding (“C- shaped” loop). The loop finally acquires the complex helical configuration 
of a 2- handed helix (D), which consists of a caudal limb with a counterclockwise winding and a cranial 
limb with a clockwise winding (“S- shaped” loop). A indicates atrium; AV, atrioventricular canal; dO, distal 
outflow tract; LV, embryonic left ventricle; pO, proximal outflow tract; RV, embryonic right ventricle; and 
SV, sinus venosus. From Bayraktar and Männer.32
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In summary: we understand TGAs as CHDs result-
ing basically from impaired cardiac looping. The abnor-
mal persistence of a single- handed helical heart loop 
configuration (lack of helical deformation of the distal 
limb), owing to deficient elongation of the OFT, may 
predispose for the development of discordant ventric-
uloarterial connections. The handedness of the heart 
loop configuration (ventricular dextral loop or ventricular 
levo loop), on the other hand, may determine the atrio-
ventricular connections (Figure 4).33 In the setting of vis-
ceroatrial situs solitus, for example, ventricular dextral 
loop may predispose for development of concordant 
atrioventricular connections, whereas ventricular levo 
loop is thought to predispose for development of dis-
cordant atrioventricular connections. This would mean 
that, if there is a genetic disposition for persistence of a 
simple helical heart loop configuration, ventricular dex-
tral loop topology is expected to result in (noncorrected) 
TGA whereas ventricular levo loop topology is expected 
to result in congenitally corrected TGA.

Notes on the Genetics of TGA
Studies on human patients have shown that TGA and 
congenitally corrected TGA both can occur in the same 
family, suggesting that there might be a common genetic 
basis for the development of anomalies in the determina-
tion of visceral asymmetries (eg, situs inversus, ventricular 

levo loop) and TGA (reviewed by Unolt et al6). In view of 
this finding and our present findings, the question arises 
as to whether basic research on animal models may have 
disclosed candidate genes that are involved in the elonga-
tion of the embryonic cardiac outflow tract as well as in 
the determination of the left- right body axis. In our opin-
ion, one of the most promising candidates is the planar 
cell polarity signaling pathway. Studies on animal models 
have shown that polarity signaling pathway signaling is not 
only involved in the control of early and late steps in the 
development of left- right body asymmetry (reviewed by 
Axelrod34). It is, additionally, required for proper elongation 
of the embryonic cardiac outflow tract and cardiac loop-
ing (reviewed by Li and Wang35). Future genetic studies 
on human patients are needed to clarify as to whether de-
fects in signaling pathways involved in the determination 
of visceral asymmetries as well as in the elongation of the 
embryonic cardiac outflow tract may play important roles 
in the pathogenesis of TGA in human beings or whether 
they may play only a minor role. Clinical data from our in-
stitution suggest that such defects seem to play only a 
minor role in the pathogenesis of human TGA.36

Is There a Potential Clinical Relevance of 
Our Data?
Improvements in the diagnosis and treatment of CHDs 
not only arose from the invention of new technical devices 

Figure 4. Schematic drawing illustrating the importance of cardiac looping morphogenesis for 
correct alignment of the intracardiac flow pathways in the 4- chambered heart of lung- breathing 
vertebrates.
The normal situation, presented on the left, shows that the normal displacement of the ventricular 
bend toward the right body side (d- [dextral]- looping), sets the scene for correct (concordant) alignment 
between the future atrial and ventricular chambers. The abnormal example, presented on the right, shows 
that an abnormal displacement of the ventricular bend toward the left body side (l- [levo]- looping) can set 
the scene for incorrect (discordant) alignment between the future atrial and ventricular chambers. LA 
indicates future left atrium; LV, future left ventricle; RA, future right atrium; and RV, future right ventricle. 
From Hiermeier and Männer.33
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or new surgical procedures, but, additionally, from ad-
vancements in the understanding of the functional mor-
phology of normal and malformed hearts (eg, abnormal 
course of the conduction system in congenitally cor-
rected TGA) as well as from advancements in knowl-
edge about the developmental/genetic background of 
the normal and malformed cardiovascular system (eg, 
prevention of CHD by folate supplementation and avoid-
ance of teratogens such as retinoic acid). Thus, the clini-
cal disciplines caring for patients with CHDs may profit 
from the discovery of hitherto neglected morphological 
peculiarities of CHDs as well as from new mechanistic 
insight into the pathogenesis of CHD. Such new insights 
may allow development of new strategies in future to 
prevent CHDs and, if they had occurred, to correct or 
palliate them by mimicking the physiological heart con-
dition as close as possible. A nice example in this regard 
is the modified surgical approach proposed by Chiu 
and his colleagues for the arterial switch operation by 
employing a spiral reconstruction of the great arteries in 
newborns with TGA, so that the spiral relationship of the 
normally related great arteries can be resumed.37,38

This study may also have implications for the sur-
gical and postsurgical treatment and management 
of patients with TGA because our data suggest that, 
in CHDs with TGA, it is mainly the ascending aorta, 
which suffers from a prenatally reduced growth capac-
ity, whereas the pulmonary trunk may not be affected. 
Thus, it is conceivable that a reduced biological ca-
pacity of the ascending aorta for longitudinal growth 
can lead to late postoperative problems after spiral re-
construction of the great arteries in TGA.

Limitations
The key measurements on which our study is based 
were done on echocardiographic images acquired from 
suprasternal long axis and subcostal coronal views in 
newborns with normal hearts and newborns with TGA. 
Although the accuracy of this well- established imaging 
method is, as we believe, very good, it would have been 
very useful to employ another imaging modality, such as 
computed cardiac tomography, to do the same defined 
measurements in a sample group of patients <2 weeks 
with normal intracardiac anatomy referred to computed 
cardiac tomography for various reasons to cross- check 
the accuracy and reproducibility of our measurements 
in echocardiography. Despite our efforts we failed to 
recruit or identify such patients for logistic and ethical 
reasons. To compensate for this limitation we tried over 
long periods to obtain, in another sample group of pa-
tients, morphological photographs of the outflow tracts 
in newborns with TGA in the operating theater during 
surgical repair to conduct defined measurements of 
the OFT on scaled images, again, to cross- check the 
accuracy and reproducibility of our measurements in 

echocardiography versus morphological data. Even 
this relatively simple appearing task proved itself to be 
practically impossible given the many logistic distur-
bances and deficiencies. These unsuccessful efforts 
caused, unfortunately, a significant delay for submis-
sion of our study for publication. A further limitation of 
our study is the fact that we have measured the length 
of the great arterial trunks only on 2- dimensional im-
ages. This approach is in line with the clinical practice 
of sonography- based measurements but, unfortunately, 
neglects the 3- dimensional configurations of the 2 ar-
teries. Measurements on 2- dimensional images cannot 
disclose the true length of a helically wound vessel such 
as the normal aorta. Thus our measurements can pro-
vide only approximations to the true values. Future stud-
ies are needed to uncover the true length of the great 
arteries in TGA by 3- dimensional approaches.

CONCLUSIONS
Our data demonstrate that, compared with normal 
newborns, the ascending aorta is significantly shorter 
in newborns with TGA while the overall length of the 
pulmonary trunk does not differ between the 2 groups. 
This finding is in accord with the hypothesis that TGA 
may result from a growth deficit at the arterial pole of 
the embryonic heart.

ARTICLE INFORMATION
Received November 19, 2020; accepted May 17, 2021.

Affiliations
Department of Cardiac Sciences, King Abdulaziz Cardiac Center, Ministry of 
National Guard Health Affairs, Riyadh, Saudi Arabia (S.O.O., F.M.A., A.M.J., 
N.C.C., C.C.E., T.M.Y.); King Abdullah International Medical Research Center 
(KAIMRC), Riyadh, Saudi Arabia (S.O.O., F.M.A., A.M.J., N.C.C., C.C.E., 
T.M.Y.); King Saud Bin Abdulaziz University for Health Sciences (KSAU- HS), 
Riyadh, Saudi Arabia (S.O.O., F.M.A., A.M.J., N.C.C., C.C.E., T.M.Y.); and 
Institute for Anatomy and Embryology, UMG, Georg- August- University of 
Göttingen, Göttingen, Germany (J.M.).

Acknowledgments
We thank Ms Audrey MacDonald, a clinical pediatric research technician at 
KACC, for her valuable help during data extraction from our large database. 
We also appreciate the help of Dr Mohammed H. Alghamdi, Consultant 
Pediatric Cardiologist at KACC, in obtaining the echocardiographic image 
used in Figure  2 to show the branching pulmonary arteries. Further, we 
are very grateful to Dr. Abdul Salam M.A. Alsaiad, Consultant Pediatric 
Cardiologist at KACC, for fruitful discussions and suggestions during the 
revisions of our article.

Sources of Funding
None.

Disclosures
None.

REFERENCES
 1. Bartelings MM, Gittenberger- de Groot AC. Morphogenetic consider-

ations on congenital malformations of the outflow tract. Part 2: complete 



J Am Heart Assoc. 2021;10:e019334. DOI: 10.1161/JAHA.120.019334 13

Omer et al Shortening of Outflow Tract in TGA

transposition of the great arteries and double outlet right ventricle. Int J 
Cardiol. 1991;33:5– 26. DOI: 10.1016/0167- 5273(91)90147 - H.

 2. Ferencz C, Rubin JD, Loffredo CA, Magee C. The epidemiology of 
congenital heart disease The Baltimore- Washington Infant Study 
(1981– 1989). In: Ferencz C, Loffredo CA, Rubin JD, Magee CM, eds. 
Perspectives in Pediatric Cardiology. Vol. 4. Mount Kisco NY: Futura 
Publishing Co. Inc; 1993:33– 73.

 3. Fyler DC, Buckley LP, Hellenbrand WE, Cohn HE. Report of the 
new england regional infant cardiac care program. Pediatrics. 
1980;65:375– 461.

 4. Samánek M. Congenital heart malformations: prevalence, severity, sur-
vival, and quality of life. Cardiol Young. 2000;10:179– 185. DOI: 10.1017/
S1047 95110 0009082.

 5. Ferencz C, Brenner JI, Loffredo C, Kappetein AP, Wilson PD. 
Transposition of great arteries: etiologic distinctions of outflow tract de-
fects in a case-  control study of risk factors. In: Clark EB, Markwald RR, 
Takao A, eds. Developmental Mechanism of Heart Disease. Armonk, 
NY: Futura Publishing; 1995:639– 653.

 6. Unolt M, Putotto C, Silvestri LM, Marino D, Scarabotti A, Massaccesi 
V, Caiaro A, Versacci P, Marino B. Transposition of great arteries New 
insights into the pathogenesis. Front Pediatr. 2013;1:11. DOI: 10.3389/
fped.2013.00011.

 7. Ashworth M, Al Adnani M, Sebire NJ. Neonatal death due to transposi-
tion in association with premature closure of the oval foramen. Cardiol 
Young. 2006;16:586– 589. DOI: 10.1017/S1047 95110 6000850.

 8. Wilkinson JL, Arnold R, Anderson RH, Acerete F. ‘Posterior’ trans-
position reconsidered. Br Heart J. 1975;37:757– 766. DOI: 10.1136/
hrt.37.7.757.

 9. Anderson RH, Chaudry B, Mohun TJ, Bamforth SD, Hoyland D, Phillips 
HM, Webb S, Moorman AFM, Brown NA, Henderson DJ. Normal and 
abnormal development of the intrapericardial arterial trunks in humans 
and mice. Cardiovasc Res. 2012;95:108– 115.. DOI: 10.1093/cvr/cvs147.

 10. Ferencz C, Brenner JI, Loffredo C, Kappetein AP, Wilson PD. 
Transposition of great arteries: etiologic distinctions of out flow tract de-
fect sinacase-  control study of risk factors. In: Clark EB, Markwald RR, 
Takao A, eds. Developmental Mechanism of Heart Disease. Armonk, 
New York: Futura Publishing; 1995:639– 653.

 11. Burggren WW. Cardiac design in lower vertebrates: what can phy-
logeny reveal about ontogeny? Experientia. 1988;44:919– 930. DOI: 
10.1007/BF019 39885.

 12. Okamoto N, Akimoto N, Hidaka N, Shoji S, Sumida H. Formal genesis 
of the outflow tracts of the heart revisited: previous works in the light 
of recent observations. Congenit Anom (Kyoto). 2010;50:141– 158. DOI: 
10.1111/j.1741- 4520.2010.00286.x.

 13. Pexieder T, Pfizenmaier Rousseil M, Prados- Frutos JC. Prenatal patho-
genesis of the transposition of great arteries. In: Vogel M, Biihlmeyer K, 
eds. Transposition of the Great Arteries 25 Years After Rashkind Balloon 
Septotomy. Darmstadt: Steinkopff; 1992:11– 27.

 14. Yelbuz TM, Waldo KL, Kumiski DH, Stadt HA, Wolfe RR, Leatherbury L, 
Kirby ML. Shortened outflow tract leads to altered cardiac looping after 
neural crest ablation. Circulation. 2002;106:504– 510. DOI: 10.1161/01.
CIR.00000 23044.44974.8A.

 15. Waldo KL, Hutson MR, Stadt HA, Zdanowicz M, Zdanowicz J, Kirby 
ML. Cardiac neural crest is necessary for normal addition of the myo-
cardium to the arterial pole from the secondary heart field. Dev Biol. 
2005;281:66– 77. DOI: 10.1016/j.ydbio.2005.02.011.

 16. Waldo KL, Hutson MR, Ward CC, Zdanowicz M, Stadt HA, Kumiski D, 
Abu- Issa R, Kirby ML. Secondary heart field contributes myocardium 
and smooth muscle to the arterial pole of the developing heart. Dev Biol. 
2005;281:78– 90. DOI: 10.1016/j.ydbio.2005.02.012.

 17. Ward C, Stadt H, Hutson M, Kirby ML. Ablation of the secondary 
heart field leads to tetralogy of Fallot and pulmonary atresia. Dev Biol. 
2005;284:72– 83. DOI: 10.1016/j.ydbio.2005.05.003.

 18. Männer J, Seidl W, Heinicke F, Hesse H. Teratogenic effects of sura-
min on the chick embryo. Anat Embryol (Berl). 2003;206:229– 237. DOI: 
10.1007/s0042 9- 002- 0292- 3.

 19. Baillie M. The morbid anatomy of the most important parts of the human 
body. 2nd ed. London: Johnson and Nicol. 1797:38.

 20. Van Praagh R, Van Praagh S. Isolated ventricular inversion: a consider-
ation of the morphogenesis, definition and diagnosis of nontransposed 

and transposed great arteries. Am J Cardiol. 1966;17:395– 406. DOI: 
10.1016/0002- 9149(66)90222 - 0.

 21. Goor DA, Dische R, Lillehei CW. The conotruncus. I. Its normal inversion 
and conal absorption. Circulation. 1972;46:375– 384. DOI: 10.1161/01.
CIR.46.2.375.

 22. Anderson RH, Wilkinson JL, Arnold R, Lubkiewicz K. Morphogenesis of 
bulboventricular malformations I: consideration of embryogenesis in the 
normal heart. Br Heart J. 1974;36:242– 255. DOI: 10.1136/hrt.36.3.242.

 23. Mall F. The development of the human heart. Am J Anat. 
1912;13:249– 298.

 24. Van Mierop LHS, Alley RD, Kausel HW, Stranahan A. Pathogenesis 
of transposition complexes. 1. Embryology of the ventricles and 
great arteries. Am J Cardiol. 1963;12:216– 225. DOI: 10.1016/0002- 
9149(63)90311 - 4.

 25. Mohun TJ, Anderson RH. 3D anatomy of the developing heart: un-
derstanding ventricular septation. Cold Spring Harb Perspect Biol. 
2020;12: a037465. DOI: 10.1101/cshpe rspect.a037465.

 26. Kyle WB, Fraser CD, Spicer DE, Anderson RH, Penny DJ. Transposition. 
In: Anderson RH, Krishna K, Mussato KA, Redington A, Tweddell JS, 
Tretter J, Wernovsky G, eds. Anderson’s Pediatric Cardiology. 4th ed. 
Philadelphia, PA: Elsevier; 2019:675– 695.

 27. Bajolle F, Zaffran S, Meilhac SM, Dandonneau M, Chang T, Kelly RG, 
Buckingham ME. Myocardium at the base of the aorta and pulmonary 
trunk is prefigured in the outflow tract of the heart and in subdomains 
of the second heart field. Dev Biol. 2008;313:25– 34. DOI: 10.1016/j.
ydbio.2007.09.023.

 28. Bertrand N, Roux M, Ryckebüsch L, Niederreither K, Dolle P, Moon 
A, Capecchi M, Zaffran S. Hox genes define distinct progenitor sub- 
domains within the second heart field. Dev Biol. 2011;353:266– 274. 
DOI: 10.1016/j.ydbio.2011.02.029.

 29. Sawada H, Rateri DL, Moorleghen J, Majesky MW, Daugherty A. 
Smooth muscle cells derived from the cardiac neural crest reside in 
spatially distinct domains in the media of the ascending aorta -  brief re-
port. Arterioscler Thromb Vasc Biol. 2017;37:1722– 1726. DOI: 10.1161/
ATVBA HA.117.309599.

 30. Jin H, Wang H, Li J, Yu S, Xu M, Qiu Z, Xia M, Zhu J, Feng Q, Xie J, et 
al. Differential contribution of the two waves of cardiac progenitors and 
their derivatives to aorta and pulmonary artery. Dev Biol. 2019;450:82– 
89. DOI: 10.1016/j.ydbio.2019.03.019.

 31. Männer J, Wessel A, Yelbuz TM. How does the tubular embryonic 
heart work? Looking for the physical mechanism generating unidi-
rectional blood flow in the valveless embryonic heart tube. Dev Dyn. 
2010;239:1035– 1046. DOI: 10.1002/dvdy.22265.

 32. Bayraktar M, Männer J. Cardiac looping may be driven by compressive 
loads resulting from unequal growth of the heart and pericardial cavity. 
Observations on a physical simulation model. Front Physiol. 2014;5:112. 
DOI: 10.3389/fphys.2014.00112.

 33. Hiermeier F, Männer J. Kinking and torsion can significantly improve the 
efficiency of valveless pumping in periodically compressed tubular con-
duits. Implications for understanding of the form- function relationship of 
embryonic heart tubes. J Cardiovasc Dev Dis. 2017;4:19. DOI: 10.3390/
jcdd4 040019.

 34. Axelrod JD. Planar cell polarity signaling in the development of left- 
right asymmetry. Curr Opin Cell Biol. 2020;62:61– 69. DOI: 10.1016/j.
ceb.2019.09.002.

 35. Li D, Wang J. Planar cell polarity singling in mammalian cardiac mor-
phogenesis. Pediatr Cardiol. 2018;39:1052– 1062. DOI: 10.1007/s0024 
6- 018- 1860- 5.

 36. Al- Zahrani RS, Alharbi SH, Tuwaijri RMA, Alzomaili BT, Althubaiti A, 
Yelbuz TM. Transposition of the great arteries: a laterality defect in the 
group of heterotaxy syndromes or an outflow tract malformation? Ann 
Pediatr Cardiol. 2018;11:237– 249. DOI: 10.4103/apc.APC_24_18.

 37. Chiu IS, Wu SJ, Chen MR, Lee ML, Wu MH, Wang JK, Lue HC. Modified 
arterial switch operation by spiral reconstruction of the great arteries 
in transposition. Ann Thorac Surg. 2000;69:1887– 1892. DOI: 10.1016/
S0003 - 4975(00)01423 - 5.

 38. Chiu IS, Chen MR, Huang SC, Lee ML, Tsai HE, Chen SJ, Lue HC. 
Restoration of transposed great arteries to nature. World J Pediatr 
Congenit Heart Surg. 2011;2:287– 295. DOI: 10.1177/21501 35110 
395787.

https://doi.org/10.1016/0167-5273(91)90147-H
https://doi.org/10.1017/S1047951100009082
https://doi.org/10.1017/S1047951100009082
https://doi.org/10.3389/fped.2013.00011
https://doi.org/10.3389/fped.2013.00011
https://doi.org/10.1017/S1047951106000850
https://doi.org/10.1136/hrt.37.7.757
https://doi.org/10.1136/hrt.37.7.757
https://doi.org/10.1093/cvr/cvs147
https://doi.org/10.1007/BF01939885
https://doi.org/10.1111/j.1741-4520.2010.00286.x
https://doi.org/10.1161/01.CIR.0000023044.44974.8A
https://doi.org/10.1161/01.CIR.0000023044.44974.8A
https://doi.org/10.1016/j.ydbio.2005.02.011
https://doi.org/10.1016/j.ydbio.2005.02.012
https://doi.org/10.1016/j.ydbio.2005.05.003
https://doi.org/10.1007/s00429-002-0292-3
https://doi.org/10.1016/0002-9149(66)90222-0
https://doi.org/10.1161/01.CIR.46.2.375
https://doi.org/10.1161/01.CIR.46.2.375
https://doi.org/10.1136/hrt.36.3.242
https://doi.org/10.1016/0002-9149(63)90311-4
https://doi.org/10.1016/0002-9149(63)90311-4
https://doi.org/10.1101/cshperspect.a037465
https://doi.org/10.1016/j.ydbio.2007.09.023
https://doi.org/10.1016/j.ydbio.2007.09.023
https://doi.org/10.1016/j.ydbio.2011.02.029
https://doi.org/10.1161/ATVBAHA.117.309599
https://doi.org/10.1161/ATVBAHA.117.309599
https://doi.org/10.1016/j.ydbio.2019.03.019
https://doi.org/10.1002/dvdy.22265
https://doi.org/10.3389/fphys.2014.00112
https://doi.org/10.3390/jcdd4040019
https://doi.org/10.3390/jcdd4040019
https://doi.org/10.1016/j.ceb.2019.09.002
https://doi.org/10.1016/j.ceb.2019.09.002
https://doi.org/10.1007/s00246-018-1860-5
https://doi.org/10.1007/s00246-018-1860-5
https://doi.org/10.4103/apc.APC_24_18
https://doi.org/10.1016/S0003-4975(00)01423-5
https://doi.org/10.1016/S0003-4975(00)01423-5
https://doi.org/10.1177/2150135110395787
https://doi.org/10.1177/2150135110395787

