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Assessment of tetralogy of Fallot–
associated congenital extracardiac vascular
anomalies in pediatric patients using low-
dose dual-source computed tomography
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Abstract

Background: To investigate the diagnostic value of dual-source computed tomography (DSCT) in the evaluation of
tetralogy of Fallot (TOF)-associated extracardiac vascular abnormalities in pediatric patients compared with transthoracic
echocardiography (TTE).

Methods: One hundred and twenty-three pediatric patients diagnosed with TOF were included in this retrospective
study. All patients underwent DSCT and TTE preoperatively. All associated extracardiac vascular abnormalities and their
percentages were recorded. The diagnostic performances of DSCT and TTE were compared based on the surgical
results. The image quality of DSCT was rated, and the effective radiation dose (ED) was calculated.

Results: A total of 159 associated extracardiac vascular deformities were confirmed by surgery. Patent ductus arteriosus
(36, 22.64%), right-sided aortic arch (29, 18.24%), and pulmonary valve stenosis (23, 14.47%) were the most common
associated extracardiac vascular abnormalities. DSCT was superior to TTE in demonstrating associated extracardiac
anomalies (diagnostic accuracy: 99.13% vs. 97.39%; sensitivity: 92.45% vs. 77.07%; specificity: 99.81% vs. 99.42%).
The agreement on grading the image quality of DSCT was excellent (κ = 0.80), and the mean score of the image
quality was 3.39 ± 0.50. The mean ED of DSCT was 0.86 ± 0.47 mSv.

Conclusions: Compared to TTE, low-dose DSCT has high diagnostic accuracy in the depiction of associated extracardiac
vascular anomalies in pediatric patients with TOF, and could provide more morphological details for surgeons.

Keywords: Tetralogy of Fallot, Dual-source computed tomography, Pediatrics, Radiation dosing, Extracardiac
vascular anomalies

Background
Tetralogy of Fallot (TOF) is the most common complex
cyanotic congenital heart disease (CHD), with a preva-
lence of 3.5%. Almost all pediatric patients born with TOF
can now expect to survive to adulthood because of ad-
vances in its surgical treatment [1]. Except for the four
major malformations of TOF, precise associated extracar-
diac vascular anatomical information, particularly of the
coronary and pulmonary arteries, is crucial for surgeons

in the formulation of surgical strategies [2, 3]. Thus, ef-
fective imaging modalities are required to provide a
thorough preoperative anatomic description of the as-
sociated extracardiac vascular anomalies in pediatric
patients with TOF in order to improve surgical plan-
ning and outcomes [2–7].
In recent years, dual-source computed tomography

(DSCT) has become regarded as a reliable non-invasive
tool for delineating various anomalies in pediatric pa-
tients with complex CHD [3–5, 8–11]. To the best of
our knowledge, few studies have focused on the pre-
operative evaluation of associated extracardiac vascular
anomalies in pediatric patients with TOF using DSCT,
especially not large case series studies. Therefore, in this
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study, we enrolled 123 pediatric patients to investigate
the diagnostic performance of DSCT compared with that
of transthoracic echocardiography (TTE) for assessing as-
sociated extracardiac vascular abnormalities in pediatric
patients with TOF.

Methods
Study population
A total of 151 consecutive TOF patients who were re-
ferred to our hospital between June 2010 and September
2016 were enrolled. Exclusion criteria included non-
surgical patients (n = 18), patients with unstable clinical
conditions (n = 5), renal insufficiency (n = 2), and hyper-
sensitivity to iodinated contrast (n = 3). Finally, 123 pa-
tients (69 males, 54 females; mean age: 2.85 ± 2.30 years;
age range: from 5 months to 10 years; mean heart rate:
122.50 ± 16.73 bpm) were included. All patients under-
went DSCT and TTE preoperatively. All associated extra-
cardiac vascular abnormalities and their percentages were
recorded. The study was approved by the Institutional Re-
view Board at our institution (NO.14–163) who granted a
waiver of patient consent due to the retrospective nature
of the study.

Scanning protocol
All examinations were performed using a DSCT scanner
(SOMATOM Definition; Siemens Medical Solutions, For-
chheim, Germany). Patients younger than 6 years of age
usually underwent short-term sedation by an intravenous
injection of chloral hydrate (concentration: 10%, dose:
0.5 ml/kg). The rest of the patients held their breath dur-
ing scanning with full cooperation. The scans were per-
formed from the inlet of the thorax to 2 cm below the
diaphragm level in the craniocaudal direction. A nonionic
contrast agent (iopamidol, 370 mg/ml; Bracco Sine
Pharmaceutical Corp. Ltd., Shanghai, China), followed by
20 ml of saline solution, was injected into the antecubital
vein at a rate of 1.2–2.5 ml/s and at a volume of 1.5 ml/kg
body weight. With a predefined threshold of 100 HU,
bolus tracking was used in the region of interest (ROI) in
the descending aorta. Image acquisition was triggered
when the ROI attenuation threshold reached 100 HU fol-
lowing a delay of 5 s. A retrospective ECG-gated protocol
was used with the following acquisition parameters: tube
current, 100 mAs; tube voltage, 80 kV; gantry rotation
time, 0.28 s; and pitch, 0.2–0.5 (adjusted according to
heart rate; higher heart rates used a higher pitch). The
ECG pulsing window was set to auto.
All imaging data obtained were transferred to a work-

station (Syngo; Siemens Medical Systems, Forchheim,
Germany). Images were reconstructed with a slice thick-
ness of 0.75 mm and increment of 0.7 mm. Two- and
three-dimensional images were used for interpretation in

all cases by means of maximum intensity projection,
multiplanar reformation, and volume rendering.

Imaging analysis
Two experienced radiologists analyzed each subject in a
blind fashion. The four main characteristics of TOF
[ventricular septal defect, overriding aorta, right ven-
tricular outflow tract (RVOT) obstruction, and right
ventricular hypertrophy] and associated extracardiac
malformations were analyzed and recorded using a se-
quential segmental approach. When the radiologists dis-
agreed on the findings, they discussed and reached a
consensus before the surgical results were given.
To compare the diagnostic performance of DSCT with

that of TTE, we categorized all the surgically confirmed
associated extracardiac vascular deformities into five
groups, namely abnormal vena cava connection (AVCC),
aortic artery and valve disorders, anomalies of the pul-
monary artery and valve, deformities of the aortopul-
monary vessels, and coronary artery anomalies (CAAs).

Assessment of image quality
The overall image quality of DSCT was rated on a four-
point scale system in which 4 for excellent (excellent
image quality, excellent visualization of anatomic struc-
tures), 3 for good (good image quality, clear delineation
of anatomic details), 2 for fair (fair image quality, insuffi-
cient for complete evaluation), and 1 for poor (poor
image quality, uninterpretable anatomic information
with severe artifacts) [11]. Grades 3 or 4 were considered
to be sufficient for diagnosis. Differences in opinion were
resolved by discussion to achieve a consensus.

Transthoracic echocardiography
TTE examinations were performed preoperatively in all
patients using a Philips Sonos 7500 ultrasound system
(Philips Medical Systems, Bothell, WA, USA) on the
basis of the recommendations of the American Society
of Echocardiography [12]. A skilled echocardiography
practitioner not involved in the DSCT diagnosis inter-
preted the TTE images in a blind fashion.

Radiation dose estimation
The volume CT dose index and dose–length product
(DLP) were recorded during the examinations. The ef-
fective dose (ED) was derived from the DLP and a con-
version coefficient k (ED = DLP × k), with infant-specific
DLP conversion coefficients of 0.026 for patients be-
tween 4 months and 1 year of age, 0.018 for patients be-
tween 1 and 6 years of age, and 0.012 for patients
between 6 and 10 years of age [13, 14].
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Statistical analysis
The data analysis was performed using SPSS software
for Mac (version 24.0; IBM Corp., Armonk, NY, USA).
Continuous variables were expressed as means ± stand-
ard deviations, and categorical variables were presented
as numbers and percentages. The sensitivity, specificity,
positive predictive value, and negative predictive value
for DSCT and TTE were evaluated for the extracardiac
anomalies in each group. Kappa values over 0.75, from
0.75 to 0.4, and below 0.4 were considered excellent,
good to fair, and poor, respectively.

Results
Baseline characteristics
All patients underwent DSCT examinations without any
complications. The mean age was 2.85 ± 2.30 years (range:
5 months to 10 years), the mean body mass index was
14.05 ± 6.48 kg/m2, and the mean heart rate was 122.50 ±
16.73 bpm. The most common symptoms in the pediatric
patients referred to our hospital were heart murmurs (79/
123, 64.23%), cyanosis (30/123, 24.39%), and post-exercise
tachypnea (5/123, 4.07%) (Table 1).

Comparison of diagnostic accuracy between DSCT and
TTE
DSCT was superior to TTE in demonstrating associated
extracardiac vascular anomalies (diagnostic accuracy:
99.13% vs. 97.39%; sensitivity: 92.45% vs. 77.07%; specifi-
city: 99.81% vs. 99.42%; positive predictive value: 98.00%
vs. 93.08%; negative predictive value: 99.24% vs. 97.74%).
Twelve associated extracardiac vascular anomalies were
not detected by DSCT, including 1 case of anomalous
hepatic venous connection, 2 of bicuspid aortic valve, 1

of pulmonary valve stenosis, 2 of bicuspid pulmonary
valve, 1 of quadricuspid pulmonary valve, 1 of pulmon-
ary atresia, 2 of absent pulmonary valve syndrome, and 2
of patent ductus arteriosus (PDA). Conversely, TTE
missed 36 associated extracardiac vascular anomalies, in-
cluding 4 cases of persistent left superior vena cava, 1 of
anomalous hepatic venous connection, 10 of right-sided
aortic arch, 1 of double aortic arch, 4 of supravalvular
pulmonary stenosis (Fig. 1), 1 of quadricuspid pulmon-
ary valve, 1 of pulmonary atresia, 2 of absent pulmonary
valve syndrome, 6 of PDA (Fig. 2), 4 of aortopulmonary
collateral vessels (Fig. 3), and 2 of CAAs (Fig. 4). DSCT
misdiagnosed 1 patient with bicuspid pulmonary valve
and 2 with PDA, whereas TTE misdiagnosed 1 patient
with right-sided aortic arch, 3 with PDA, 2 with aorto-
pulmonary collateral vessels, and 3 with CAAs (Table 2).
The diagnostic performance of DSCT for each group

was superior to that of TTE (sensitivity for instance:
AVCC: DSCT, 94.74% vs. TTE, 73.68%; aortic artery and
valve disorders: DSCT, 93.75% vs. TTE, 65.63%; anomal-
ies of pulmonary artery and valve: DSCT, 85.42% vs.
TTE, 83.33%; deformities of aortopulmonary vessels:
DSCT, 96.55% vs. TTE, 82.14%; CAAs: DSCT, 100% vs.
TTE, 0%) (Table 3).

Image quality assessment
Diagnostic DSCT images (images with scores of 3 or 4)
were obtained in all examinations. The mean subjective
image quality score of the 123 cases was 3.39 ± 0.50, and
the score distribution was as follows: 3 (n = 75, 61%) and
4 (n = 48, 39%). The interobserver agreement on the
overall image quality scoring (κ = 0.80) indicated excel-
lent agreement.

Radiation dose estimation
The mean DLP for patients between 4 months and 1 year
of age was 39.50 ± 19.20 mGy.cm, and the estimated mean
ED was 1.03 ± 0.50 mSv. The mean DLP for patients be-
tween 1 and 6 years of age was 40.80 ± 18.80 mGy.cm,
which corresponds to an estimated mean ED of 0.73 ±
0.34 mSv. The mean DLP for patients between 6 and
10 years of age was 37.00 ± 16.82 mGy.cm, resulting in an
estimated mean ED of 0.44 ± 0.20 mSv. The mean ED of
all the subjects was 0.86 ± 0.47 mSv (Table 4).

Discussion
There is a high incidence of associated extracardiac vas-
cular anomalies in pediatric patients with TOF, and these
abnormalities might preclude certain types of surgical
repair and may provoke late adverse outcomes [3, 6, 7].
Thus, imaging plays a key role in the precise preopera-
tive evaluation of these associated extracardiac vascular
anomalies in pediatric patients with TOF [2, 4].

Table 1 Baseline characteristics of pediatric patients with TOF

Variable Total(n = 123)

Age, years 2.85 ± 2.30

Male, n (%) 69 (56%)

Body mass index (kg/m2) 14.05 ± 6.48

Heart rate (bpm) 122.50 ± 16.73

Systolic blood pressure (mmHg) 91.25 ± 24.84

Diastolic blood pressure (mmHg) 54.15 ± 18.68

Symptoms, n (%)

Heart murmurs 79 (64.23%)

Cyanosis 30 (24.39%)

Squatting 2 (1.63%)

Post-exercising tachypnea 5 (4.07%)

Oppression in chest 1 (0.81%)

Medical history

Brain abscess, n (%) 1 (0.81%)

Note: Data are presented as the number of patients (percentage) or
as mean ± SD
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TTE is the first-line option for depicting complex
CHD. Combined with Doppler flow imaging, TTE is pre-
ferred in the diagnosis of intracardiac anomalies. How-
ever, its small acoustic window, low spatial resolution,
and operator-dependent nature are inherent limitations
that affect its diagnostic performance in identifying
extracardiac vascular anomalies [4, 9]. Although cardiac
catheterization (CCA) has served as the gold standard
for cardiac imaging with hemodynamic evaluation, its
high radiation dose and catheter-related complications
from its invasive nature are the major deterrents of
using this tool [15]. Magnetic resonance imaging (MRI)
without X-ray exposure has been considered a promising
imaging modality in recent years. Nevertheless, contrain-
dications such as pacemakers, the need for lengthy sed-
ation, and relatively lower spatial resolution limit the use
of MRI in assessing the smaller extracardiac vascular

deformities, particularly CAAs [16]. DSCT, with its rapid
acquisition speed, high spatial and temporal resolution,
and powerful image post-processing techniques, is rap-
idly becoming one of the most valuable modalities for
cardiovascular examination [8–11].
In our study, compared with TTE, DSCT was of

greater value in the visualization of AVCC and aortic ar-
tery and valve disorders; it was also better at detecting
anomalies of the pulmonary artery and valve, as well as
deformities of the aortopulmonary vessels. The small
field of view during examination from the suprasternal
direction could be the main reason why the great vessels
could not be identified as accurately using TTE than
with DSCT. Moreover, the short neck of pediatric pa-
tients, the overlying bone, and the aerated lung might
also influence the diagnostic value of TTE in the depic-
tion of these deformities. Regarding aortopulmonary

Fig. 1 DSCT imaging in a 3 years old boy with TOF. a axial maximum intensity projection (MIP) image displays the major pulmonary artery stenosis
(arrow head) and poor development of LPA (arrow). b The sagittal MIP image, and c The volume rendering image shows the poor development of
LPA (arrow). AO, aorta; LPA, left pulmonary atery

Fig. 2 DSCT imaging in a 1 years old girl with TOF associated with double aortic arch with vascular ring formation. (a) axial image shows the
tiny ventricular septal defect (arrow). b The axial maximum intensity projection image presents the patent ductus arteriosus between LPA and
right-sided aortic arch (arrow). c The volume rendering image shows that double aortic arch with vascular ring formation (arrow). LPA, left
pulmonary artery; LV, left ventricle; RV, right ventricle
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collateral vessels (APCVs), TTE can only identify rela-
tively large ones, whereas the number, origin, and sup-
plied lung lobes of APCVs could be visualized on DSCT
regardless of the size of the vessels [9, 17]. Furthermore,
DSCT could provide an intuitive view of APCVs and
their relationships with the large airways, which could
help in surgical planning [7]. In terms of valvular anom-
alies, DSCT missed two cases bicuspid pulmonary valve,
whereas one case of quadricuspid pulmonary valve and
two cases of absent pulmonary valve syndrome were not
depicted by either approach. This could be partially ex-
plained by the fact that DSCT imaging requires the
transfer of digital information to gray-scale images, and
therefore, some valvular details may be too small to be
visualized [11]. Although TTE combined with color

Doppler flow imaging and dynamic functional sequels
has advantages over DSCT in the depiction of some
valvular anomalies, various complex and rare valvular
abnormalities such as quadricuspid pulmonary valve
may not be able to be confirmed by either modality.
In addition, accurate preoperative detection of CAAs

is essential for patients with TOF, because right ventricu-
lotomy is required to relieve RVOT obstruction during
the surgical correction of TOF [3, 8]. However, any
major coronary artery that crosses the RVOT, such as
the left anterior descending artery, could be accidentally
damaged during the surgery. Our results showed that
DSCT can detect this disorder in TOF patients with
100% sensitivity and 100% specificity, which is in agree-
ment with the results of a previous study [3]. The

Fig. 3 DSCT imaging in a 4 years old boy with TOF associated small aortopulmonary collateral vessels. a axial image shows the ventricular septal
defect (arrow), over-riding of the aorta, and the small tortuous aortopulmonary collateral vessels (arrowhead). b The coronal maximum intensity
projection (MIP) image and (c) The volume rendering (VR) image shows that small tortuous aortopulmonary collateral vessels (arrow). LV, left
ventricle; RV, right ventricle

Fig. 4 DSCT imaging in a 4 years old girl with TOF. a axial image shows the major malformations of TOF, including ventricular septal defect (arrow),
over-riding of the aorta (asterisk), and right ventricular hypertrophy (arrow head). b The sagittal maximum intensity projection image presents the
pulmonary artery stenosis (arrow) and the left anterior descending artery (LAD) crossing RVOT (arrow head). c The volume rendering (VR) image shows
that the LAD (arrow head) arising from the right aortic sinus crossing RVOT and pulmonary artery stenosis (arrow). LA, left atrium; RA, right atrium; MPA,
major pulmonary artery; LV, left ventricle; RV, right ventricle
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relationship to great arteries, ostia number and location,
and the length of the coronary arteries that can be seen
and evaluated accurately through the analysis of axial
and three-dimensional reconstructed images by DSCT
[18]. Preoperative DSCT may thus help to optimize the
surgical procedure to preserve the anomalous artery and
improve the patients’ outcomes.
On the whole, DSCT has fine diagnostic performance

in the preoperative assessment of associated extracardiac
vascular malformations in pediatric patients with TOF.
However, it can still miss some small and rare valvular
malformations. Therefore, combining the findings of
DSCT and TTE may be beneficial to improve the diag-
nostic accuracy of DSCT for these deformities.
The risk of radiation exposure remains a major con-

cern for the pediatric population with CHD undergoing
DSCT, especially during infancy. These risks cannot be

ignored given the increased rate of DNA mutations and
higher lifetime attributable risk for fatal and nonfatal
cancers in these pediatric patients [19, 20]. Thus, DSCT
was performed strictly in accordance with the ALARA
(as low as reasonably achievable) principle in the present
study. It is worth noting that several measures were ap-
plied to minimize the estimated mean ED to < 1 mSv
(0.86 ± 0.47 mSv), which is much lower than that of
CCA (approximately 4.6 mSv) [21, 22], including de-
creasing the tube voltage to the low level of 80 kV,
applying the heart rhythm adaptive pitch, and using
ECG-based tube current modulation as shown in previ-
ous studies [23–25].
The present study has several limitations. First, DSCT

scans expose pediatric patients to radiation. Thus, we
took several effective measures to minimize the radiation
dose; the mean ED was 0.86 ± 0.47 mSv, which is much

Table 2 A summary of the associated extra-cardiac vascular deformities by DSCT and TTE (n = 123)

Extra-cardiac vascular anomalies Surgical
results

DSCT findings TTE findings

TP FN TN FP TP FN TN FP

Abnormal vena cava connection

Persistent left superior vena cava 18 (11.32%) 18 0 105 0 14 4 105 0

Anomalous hepatic venous connection 1 (0.63%) 0 1 122 0 0 1 122 0

Aortic artery and valve disorders

Right-sided aortic arch 29 (18.24%) 29 0 94 0 19 10 93 1

Double aortic arch 1 (0.63%) 1 0 122 0 0 1 122 0

Bicuspid aortic valve 2 (1.26%) 0 2 121 0 2 0 121 0

Anomalies of the pulmonary artery and valve

Supravalvular pulmonary stenosis 15 (9.43%) 15 0 108 0 11 4 108 0

Pulmonary valve stenosis 23 (14.47%) 22 1 100 0 23 0 100 0

Bicuspid pulmonary valve 5 (3.14%) 3 2 117 1 5 0 118 0

Quadricuspid pulmonary valve 1 (0.63%) 0 1 122 0 0 1 122 0

Pulmonary atresia 2 (1.26%) 1 1 121 0 1 1 121 0

Absent pulmonary valve syndrome 2 (1.26%) 0 2 121 0 0 2 121 0

Deformities of the aortopulmonary vessels

Patent ductus arteriosus 36 (22.64%) 34 2 85 2 28 6 86 3

Aortopulmonary collateral vessels 22 (13.84%) 22 0 101 0 18 4 99 2

Coronary artery anomalies 2 (1.26%) 2 0 121 0 0 2 118 3

Abbreviations: TP true positive finding, FN false negative finding, TN true negative finding, FP false positive finding

Table 3 The diagnostic accuracy of DSCT and TTE (n = 123)

Anomalies categories DSCT TTE

sen spec ppv npv sen spec ppv npv

Abnormal vena cava connection 94.74% 100% 100% 99.56% 73.68% 100% 100% 97.84%

Aortic artery and valve disorders 93.75% 100% 100% 99.41% 65.63% 99.70% 95.45% 96.83%

Anomalies of the pulmonary artery and valve 85.42% 99.86% 97.62% 98.99% 83.33% 100% 100% 98.85%

Deformities of the aortopulmonary vessels 96.55% 98.94% 96.55% 98.94% 82.14% 97.37% 90.20% 94.87%

Coronary artery anomalies 100% 100% 100% 100% 0.00% 97.52% 0.00% 98.33%

Abbreviations: Sen sensitivity, Spec specificity, PPV positive predictive value, NPV negative predictive value
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lower than that of CCA. Second, we did not identify the
postoperative characteristics and outcomes with a long-
term follow-up; this will be discussed in a future study.
Finally, this is a retrospective single-center study, and lar-
ger, multicenter studies are therefore required in future.

Conclusion
In summary, low-dose DSCT is superior to TTE for de-
tecting extracardiac vascular anomalies in pediatric
patients with complex CHD such as TOF. As a comple-
mentary modality of TTE, it offers comprehensive ana-
tomical information on extracardiac vascular lesions in
fine detail as part of the surgical preparation for TOF.
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