Pediatric Radiology (2019) 49:1823-1839
https://doi.org/10.1007/500247-019-04494-2

PICTORIAL ESSAY

®

Check for
updates

Dual-source computed tomography coronary artery imaging
in children

Aurelio Secinaro' @ - Davide Curione’ - Kristian Havmand Mortensen? - Teresa Pia Santangelo' - Paolo Ciancarella® -
Carmela Napolitano ' - Alessia Del Pasqua® - Andrew Mayall Taylor* - Paolo Ciliberti>

Received: 28 September 2018 /Revised: 11 June 2019 /Accepted: 1 August 2019 /Published online: 22 August 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Computed tomography (CT) has a well-established diagnostic role in the assessment of coronary arteries in adults. However, its
application in a pediatric setting is still limited and often impaired by several technical issues, such as high heart rates, poor patient
cooperation, and radiation dose exposure. Nonetheless, CT is becoming crucial in the noninvasive approach of children affected
by coronary abnormalities and congenital heart disease. In some circumstances, CT might be preferred to other noninvasive
techniques such as echocardiography and MRI for its lack of acoustic window influence, shorter acquisition time, and high spatial
resolution. The introduction of dual-source CT has expanded the role of CT in the evaluation of pediatric cardiovascular anatomy
and pathology. Furthermore, technical advances in the optimization of low-dose protocols represent an attractive innovation.
Dual-source CT can play a key role in several clinical settings in children, namely in the evaluation of children with suspected
congenital coronary artery anomalies, both isolated and in association with congenital heart disease. Moreover, it can be used to
assess acquired coronary artery abnormalities, as in children with Kawasaki disease and after surgical manipulation, especially in
case of transposition of the great arteries treated with arterial switch operation and in case of coronary re-implantation.

Keywords Children - Congenital heart disease - Coronary artery anomalies - Coronary artery imaging - Dual-source computed
tomography - Heart

Introduction

Coronary artery imaging is often challenging in children because
of problems related to small size, high heart rates, motion artifacts
from cardiac movement and respiration, and limited patient co-
operation. Therefore, high spatial and temporal resolution, short
examination time and low patient risks are required in children
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[1]. Imaging modalities for evaluating coronary arteries in chil-
dren include echocardiography, conventional invasive angiogra-
phy, MRI and CT. Transthoracic echocardiography is widely
used as the primary imaging approach [2]. However it is im-
paired by its limited utility for fully characterizing coronary
anatomy, by poor acoustic windows, and by operator-
dependency. Conventional angiography can provide both
anatomical and functional information, particularly in
children with congenital heart disease, but it is associ-
ated with non-negligible risks related to its intrinsic in-
vasiveness and to the use of potentially high doses of
ionizing radiation and iodinated contrast agent [3]. Thus
it should be reserved for interventional procedures or
when noninvasive diagnostic imaging is inconclusive.
MRI also provides information on cardiac anatomy and
function, allowing for 3-D coronary artery imaging without
the use of ionizing radiation. However, it is impaired by long
acquisition time requiring prolonged patient cooperation,
which might not be possible in children without general anes-
thesia, and by limited spatial resolution [4], which makes cor-
onary evaluation beyond origin assessment difficult.
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CT is considered the diagnostic method of choice for non-
invasive coronary artery imaging. Recently it has undergone
significant advances in the technical field and, especially with
the advent of dual-source CT and modern strategies to reduce
radiation dose, it has been used more frequently to evaluate
coronary arteries and complex congenital heart disease in chil-
dren [5]. At present, several congenital and acquired coronary
artery abnormalities can be accurately and safely described by
CT in the pediatric population.

Technical aspects

Each cardiac CT exam should be tailored to the individual
child to maximize diagnostic information and minimize risk.
Compared to most other indications in congenital heart dis-
ease, optimal coronary artery imaging requires higher image
quality, implying the highest spatial and temporal resolution
available, possibly associated with slow and regular heart rate
and breath-holding [6]. State-of-the-art second- and third-
generation dual-source CT scanners (SOMATOM Definition
Flash and SOMATOM Force, respectively, Siemens
Healthineers, Erlangen, Germany; Table 1) allow for submil-
limeter isotropic imaging of the heart and coronary arteries in
one or a few heart beats, paired with dose-reduction tech-
niques including high-pitch spiral scanning, low tube voltage
acquisition, and iterative reconstruction [7]. At our center, we
perform all CT exams using a second-generation dual-source
CT scanner.

Patient preparation
Children should be carefully positioned on the CT table at the

isocenter of the scanner in the supine position, with the arms
above the head and with electrocardiography electrodes

outside the thoracic region, on the arms and upper abdomen,
to prevent image-quality deterioration (i.e. beam-hardening
artifacts) or radiation dose increase [8]. Thanks to the versa-
tility of dual-source CT, most exams can be performed without
sedation or anesthesia. Although minor motion artifacts might
not significantly alter image quality [9], it is important to en-
sure children remain still during scanning. If they are unable to
cooperate or become agitated, various solutions can be
adopted [10].

Generally, only information on the proximal or anatomical
course of the coronary arteries is requested in children; there-
fore they can be scanned free-breathing if they are unable to
follow instructions [11], even at high heart rates, because there
is limited motion of the proximal coronary vessels throughout
the cardiac cycle. Free-breathing scanning is one the most
notable advantages of dual-source CT. However, when distal
or detailed coronary artery imaging is needed, breath-holding
is beneficial. If children are compliant, practicing the breath-
hold before the exam helps to maximize cooperation and as-
sess respiratory sinus arrthythmia. Otherwise, anesthesia with
suspended respiration can be considered [6]. For the same
reasons, nitrates and beta-blockers are often not needed to
evaluate the coronary arteries in children given that they pro-
long patient preparation time with no guaranteed success [12].
Nevertheless, they have been shown to be safe in children [13]
with careful screening for contraindications and should be
considered [14, 15] if high-definition imaging is required, par-
ticularly beta-blockers, because image quality and radiation
reduction algorithms remain heart-rate-dependent.

Contrast injection
Iodinated contrast agent is usually injected via a peripheral

vein using a dual-syringe power injector [ 16]. Intravenous line
size is affected by the site of cannulation and body size,

Table 1 Main technical
specifications for second- and
third-generation dual-source CT
scanners

Characteristics

Second-generation Third-generation

(SOMATOM Definition Flash) (SOMATOM Force)
Number of detector rows 128 (64%2) 192 (96x2)
Detector z-dimension 0.6 mm 0.6 mm
Rotation time 028 s 0.25s
Temporal resolution 75 ms 66 ms
Spatial resolution 0.30 mm 0.24 mm
Z-axis coverage 38.4 mm 57.6 mm

Maximum scan speed

Field of view

Kilovoltage settings (kV)

Iterative reconstruction

458 mm/s (Flash)
Main tube: 50 cm

737 mm/s (Turbo Flash)
Main tube: 50 cm
Secondary tube: 33 cm
70, 80140 in steps of 20
SAFIRE

Secondary tube: 35 cm
70-150 in steps of 10
ADMIRE

ADMIRFE advanced modeled iterative reconstruction, SAFIRE sinogram affirmed iterative reconstruction
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typically ranging from 24-gauge (G) in neonates to 18-G in
older children, with flow rates between 0.5 mL/s and 5 mL/s
[17] and pressure settings of 50-300 pounds per square inch
(psi). Central venous catheters might also be used for contrast
infusion, especially in critically ill children, but they might
only allow for adequate injection in younger children because
they generally have lower maximum flow rates and psi values
[18] (0.4-1.2 mL/s and 25-50 psi) or require hand injection.

Contrast concentration and volume should be adapted to
the intravenous access and body weight, employing 300400
mgl/mL agents at 1-3 mL/kg until standard adult contrast
agent amounts are reached. Lower concentrations with higher
volumes are typically used in infants and younger children
with smaller intravenous lines or with central venous cathe-
ters, whereas higher concentrations with lower volumes are
usually infused in older children and adolescents with larger
cannulas (Table 2). Special care must be taken to avoid acci-
dental injection of air, which can result in paradoxical embo-
lism in the presence of intra-cardiac shunting.

The most common injection protocols include a biphasic or
triphasic approach [6]. The biphasic protocol consists of con-
trast administration followed by a saline bolus, timing image
acquisition to opacification of the ascending aorta. This is the
usual method for coronary artery imaging if there are no
associated cardiovascular lesions. The triphasic protocol
entails a two-phase contrast infusion (about half at the
regular rate plus the remainder either at a slower rate or
as a contrast/saline mix) [19] followed by a saline flush. This
is most frequently used in the presence of associated cardio-
vascular lesions to obtain simultaneous evaluation of right-
and left-side structures.

Scan timing

On the one hand, a fixed time can be set to initiate scanning at
the end of the injection protocol (typically about 20 s). The site
of cannulation and scan protocol should be considered, with
additional delay when injecting from the leg and earlier acqui-
sition when using longer scan methods. This approach might
be best suited for infants and younger children because it
avoids unnecessary radiation exposure related to the use of

Table 2 Recommendations for contrast administration

Intravenous line  Power injection Contrast agent

Type Size Flow rate Pressure Concentration  Volume
Central Any <l.5mL/s <50 psi <350 mgl/mL  2-3 mL/kg
Peripheral 24-G  <1.5 mL/s 50-100 psi

22-G 3.0 mL/s 100-200 psi

20-G <5.0 mL/s 300 psi <400 mgl/mL 12 mL/kg

18-G <6.5 mL/s 300 psi

G gauge, psi pounds per square inch

bolus monitoring scans. Besides, for many indications con-
trast opacification need not be as high as in conventional adult
coronary imaging. Nevertheless, this method is challenging
because it is prone to inaccuracy and limited reproducibility
from the variability of contrast transit time for technical and
anatomical/functional reasons, particularly in children with
single-ventricle physiology, valvular pathology or ventricular
dysfunction [6].

On the other hand, bolus-monitoring techniques enable
scanning at optimal opacification and are especially useful in
older children with higher inter-variability [17]. The test-bolus
approach consists of administering a small amount of contrast
agent and calculating vascular peak enhancement time by
monitoring contrast transit on a target slice. An extra delay
(usually 3-6 s) must be added in the actual acquisition de-
pending on various factors (e.g., body size, scan protocol)
[20]. Because this method involves additional contrast agent
and radiation exposure, it is not routinely used in children.
With the bolus-tracking technique, the scan is triggered when
vascular enhancement reaches an adequate level in a structure
of interest monitored on a target slice [21]. Automatic trigger-
ing, using a region of interest with a Hounsfield unit (HU)
threshold (e.g., 150 HU at 100 kV, with higher thresholds
for lower kV), can be difficult in children given the risk of
errors from the combination of small vascular structures and
potential movement. Manual initiation with a visual approach
more reliably ensures ideal opacification, especially in the
context of complex congenital heart disease where contrast
agent might not follow the expected route. To reduce radiation
exposure, monitoring should start near the end of contrast
injection and should be reduced in frequency, and both tube
power and current should be decreased [10].

Scan protocol

The scan range should include the heart for standard coronary
imaging but might need to be extended to the ascending aorta/
pulmonary arteries or further depending on the clinical indi-
cation, especially in the context of congenital heart disease.
The main acquisition methods include prospective electrocar-
diography (ECG)-triggered high-pitch dual-source spiral, pro-
spective ECG-gated sequential, and retrospective ECG-gated
spiral scanning. Prospective ECG-triggered high-pitch dual-
source spiral scanning (turbo Flash), distinct to dual-source
CT, uses both X-ray tubes within the scanner to achieve both
maximum temporal resolution and z-axis scan speed, resulting
in rapid and large gapless non-overlapping imaging in a single
heartbeat with a limited field of view (corresponding to that of
the secondary tube). Data acquisition is prospectively trig-
gered by the ECG so that subsequent images are obtained at
progressively later times within the cardiac cycle [22]. This
means the dataset is not uniform in time and cannot be ECG-
edited, contrary to sequential and retrospective ECG-
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synchronized scans. This method can provide accurate evalu-
ation of the whole coronary tree using diastolic triggering in
children with regular heart rates below 60—65 beats per minute
(bpm). Nevertheless it can also be used at higher heart rates
with end-systolic triggering to visualize proximal coronary
course, although motion artifacts might occur, especially at
the end of the scanned volume. Additionally, this method is
particularly recommended in cases of uncooperative children
because it reduces respiratory and cardiac motion artifacts, as
well as the need for sedation and general anesthesia [11].
When there is need for extended anatomical coverage in
combination with coronary assessment, it might be appropri-
ate to use a protocol that allows for scanning a large volume in
the high-pitch modality with a prospective ECG-triggered box
targeted at the level of the heart or, if only proximal coronary
course is required, at the level of the aortic root (Fig. 1). High
accuracy in the evaluation of intracardiac structures and coro-
nary arteries with only minor image-quality deterioration has
been reported for the high-pitch acquisition [5]. Several stud-
ies in the literature have shown lower radiation doses com-
pared to the prospective ECG-gated sequential method, with a
mean effective radiation dose of about 0.2-0.5 mSv [23, 24].
In prospective ECG-gated sequential (step-and-shoot) and
retrospective ECG-gated spiral scanning, imaging occurs with
acquisition of a portion or the entire R-R interval, respectively,
to find the best resting period for each coronary artery [17].
Both X-ray tubes are still employed to achieve maximum
temporal resolution over multiple heartbeats without field-
of-view limitation. The sequential method is especially rec-
ommended for detailed assessment of the coronary tree, par-
ticularly in cooperative children with higher or irregular heart
rates. A drawback is the possibility of stack artifacts, which
seldom seriously affect image interpretation in children.
Prospective scanning still entails low radiation dose, especial-
ly when compared to retrospective scanning, with a mean
effective dose of 0.3—1.0 mSv [17, 25]. Besides, the high
temporal resolution of dual-source CT has drastically reduced

the need for the retrospective technique, particularly for high-
dose protocols with multi-segment reconstruction, which are
necessary at high heart rates with single-source scanners.
Moreover, although retrospective scanning can be obtained
at relatively low radiation dose (mean effective dose approx-
imately 2—5 mSv) [17, 26] thanks to several strategies, namely
the use of intensive pulsing modulation and higher pitch
values at higher heart rates, it should be considered in select
cases, especially when looking for detailed coronary imaging
with challenging elevated and highly irregular heart rhythm or
when seeking dynamic information, such as valvular motion
or ventricular function [10]. Figure 2 outlines suggestions for
protocol selection [27-29].

All CT examinations should employ a low-dose protocol,
including weight-adapted settings for tube voltage (80 kV in
children under 40 kg [consider 70 kV in neonates/infants];
100 kV in children larger than 40 kg [consider 120 kV in
overweight/high-density patients]) and current (10 mAs/kg in
children under 5 kg, 4-5 mAs/kg up to 92 mAs in
children 6-15 kg, and 2-3 mAs/kg up to 138 mAs in
children larger than 15 kg) [30]. Another strategy to
reduce radiation dose is (semi-)automatic modulation
of tube voltage and current [5, 31].

Compared to other state-of-the-art technology, namely
256- and 320-row scanners, dual-source CT has unparalleled
temporal resolution (66—75 ms versus at least 140 ms),
resulting in motion-free imaging even at the high heart rates
of children. On the other hand, 256- and 320-row machines
are capable of greater z-axis coverage in one gantry rotation
(160 mm versus 38.4-57.6 mm of dual-source CT), allowing
for acquisition of the whole heart in a single heartbeat, thus
reducing misregistration artifacts and contrast volume [32].
This can also be achieved by dual-source CT in the prospec-
tive high-pitch mode, even if low heart rates are required for
high-definition imaging. Finally, radiation dose is similar
among scanners [33, 34], though with lowest values for the
high-pitch technique.

Fig. 1 High-pitch spiral protocol with prospective electrocardiography
(ECQ)-triggered box. a Anteroposterior scanogram shows the large
non-triggered chest volume (blue square) with the smaller prospective
ECG-triggered box (red square) at the level of the aortic root. b ECG
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set at end-systole, in accordance with the high heart rate (106 beats per
minute)
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Fig. 2 Suggestions for dual-source CT protocol selection for coronary
artery imaging in children. There are three main stages. The first step
consists of assessing patient compliance. Various strategies can be
employed in uncooperative children to avoid general anesthesia:
physical immobilization devices (i.e. soft weights, restraining bands or
vacuum cushion [10]); swaddling and scanning while sleeping, especially
after eating (“feed-and-wrap” technique), oral glucose, or pacifiers in
infants; and parent/tutor or audio/video support in young children. If
necessary, mild sedation with short-acting benzodiazepines, such as
midazolam, may be administered. The second step involves evaluating
heart rate to determine the best cardiac phase for coronary imaging. In
general, to ensure the heart is imaged during its optimal motion-free time
frame, children with lower heart rates (below 70-75 bpm) should be
scanned during mid-to-late diastole (about 70% of the R-R interval),
whereas children with higher heart rates (above 70-75 bpm) should be
scanned at end-systole (around 40% of the R-R interval) [27]. Finally, the
purpose of the exam guides protocol choice. Generally only information
on proximal or anatomical course of the coronary arteries is requested in
children. Prospective high-pitch spiral scanning can be used to obtain this
information at low as well as high heart rates, although it might
be less reliable and more indicated when coronary imaging is not

Image reconstruction and interpretation

Dual-source CT raw data can be reconstructed using two tech-
niques, filtered back-projection and iterative reconstruction.
The former is the standard analytical CT method, while the
latter is a noise-reducing algorithm that employs measured

> Widened acquisition window (20-40%)/msifirregular |

the primary concern at elevated heart rthythms, especially with the
electrocardiography (ECG)-triggered box at the level of the aortic
root. High-definition imaging with this technique requires low and
stable heart rates. Prospective sequential scanning should be the preferred
method whenever the high-pitch technique is not suitable. In contrast,
retrospective spiral scanning should be reserved for cases where
concurrent dynamic evaluation (e.g., ventricular function) is
required. In these modalities, acquisition window (or ECG pulsing)
refers to the portion of cardiac cycle in which the scanner acquires data
for prospective scanning or delivers maximum tube current for
retrospective scanning, respectively. If the heart rate is regular, a narrow
acquisition window should be used [28], typically selected as a
relative percentage interval of the cardiac cycle (5-10%). In
contrast, in children with significant heart rate variability, a
widened acquisition window (20-40%) or millisecond scanning
might be employed, making use of an adaptive algorithm of
correction [29] that dynamically modifies the scanned portion of
the cardiac cycle according to the frequency. Medications, namely
beta-blockers and nitrates, are often not necessary for coronary
artery assessment in children but should be considered to
achieve high-definition imaging

raw and simulated data to generate image estimates that are
compared and corrected in cycles at different strength levels.
The major benefit of iterative reconstruction is the possibility
to reduce image noise in exams acquired with low-dose pro-
tocols, preserving image quality [35]. Also, artifacts typically
associated with filtered back-projection are decreased, such as
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beam-hardening or blooming artifacts arising from high-
density objects like coronary stents, allowing for better delin-
eation of vessel lumen. The combination of iterative recon-
struction and low—tube voltage enables one to decrease the
volume of contrast agent without reducing the image quality
[30].

In prospective sequential or retrospective spiral scans, the
best cardiac phase for image reconstruction can be automati-
cally defined by the scanner, thanks to software approaches
based on motion maps applied to the raw data set for automat-
ic determination of minimal cardiac motion. If unsatisfactory,
the best cardiac phase can be manually decided by the opera-
tor through multiphase evaluation, in which case it is impor-
tant to reconstruct several phases to determine the best frame
of cardiac rest, keeping in mind that multiple phases might be
needed to fully assess the different portions of the coronary
tree. In case of irregular heart rate, it might be advisable to
reconstruct phases according to milliseconds rather than rela-
tive percentage intervals because this method could be supe-
rior [36]. In addition to transaxial images, the following re-
constructions are recommended for image interpretation [37,
38]: multiplanar reformations in three adjustable planes, in-
cluding curved planar reformations along the coronaries to
display their tortuous course and vessel cross-sections for lu-
men evaluation when necessary; maximume-intensity projec-
tion images for “angiography-like” views, allowing for quick
and intuitive visualization of coronary course; and volume-
rendering reconstructions for a 3-D overview of coronary
anatomy, including virtual angioscopy that can be useful to
depict the coronary ostia. All these steps should be performed
by clinicians (radiologists in our center) and can be time-con-
suming, especially in cases of high-definition imaging and
complex congenital heart disease (up to 30 min to 1 h).

Clinical indications

Coronary artery abnormalities in children can be congenital or
acquired. Congenital anomalies include a complex group of dis-
orders occurring as isolated conditions or in the spectrum of
congenital heart disease. Acquired coronary anomalies are main-
ly secondary to Kawasaki disease or surgery when congenital
heart disease repair involves coronary manipulation. Increasing
evidence supports the role of CT in general and dual-source CT
in particular for coronary evaluation of these children [39, 40].

Congenital coronary artery anomalies
Isolated anomalies
Isolated coronary abnormalities are the second most common

cause of cardiovascular death in young athletes in Europe and
the United States [41]. Clinical manifestations vary, ranging
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from incidental findings to sudden cardiac death (“malignant”
variants). Three main categories can be identified, including
anomalies of origin and course, of intrinsic coronary anatomy
and of termination (Table 3) [42].

Anomalies of origin and course entail variation in the
number, shape and location of the coronary ostia. On
the one hand, benign variants are quite common and,
although not hemodynamically significant, they become
relevant in cases of cardiac surgery. On the other hand,
some abnormalities are associated with high mortality.
In particular, anomalous origin of the left coronary ar-
tery from the pulmonary artery (Fig. 3), albeit a rare
condition (1:300,000 births), can cause a coronary steal
phenomenon into the pulmonary circulation with devel-
opment of intercoronary collaterals, leading to myocar-
dial ischemia, heart failure and ventricular arrhythmias
from the early neonatal period [43]. A less dramatic but
still potentially fatal condition is the inappropriate origin
of a coronary artery with interarterial or intramural
course (Figs. 4 and 5), which is particularly dangerous
if it involves the left coronary artery. This pattern is
often asymptomatic, but sudden death — particularly
during maximal exercise — can occur. CT has a key role in
these settings for confirming the diagnosis, for aiding in sur-
gical planning when indicated and for ruling out complica-
tions after a corrective operation [44]. Specifically, CT might
be superior to conventional angiography for defining the ostial
origin and proximal course of anomalous coronary branches
[45], providing 3-D anatomical information that can be diffi-
cult to obtain with invasive angiography and avoiding poten-
tial issues related to cannulation of anomalous coronary
vessels.

Table 3 Main classes of congenital coronary artery anomalies

Anomalies of coronary
origin and course

Absent left main or split origin of the left
coronary artery

Anomalous coronary ostium outside the
aortic sinuses, including anomalous
origin of the left coronary artery from the
pulmonary artery

Anomalous location of coronary ostium at
improper sinus, including
interarterial/intramural course

Single coronary artery

Anomalies of intrinsic
coronary anatomy

Congenital ostial stenosis or atresia
Coronary ectasia and aneurysm
Myocardial bridging

Duplicated arteries

Subendocardial coronary course
Coronary crossing

Anomalies of coronary
termination

Coronary artery fistulas
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Fig. 3 Anomalous origin of the left coronary artery from the pulmonary
artery in a 1-year-old girl. a—¢ Coronal maximum-intensity projection (a),
oblique axial multiplanar reformation (b) and left anterior volume-

Myocardial bridging is a frequently encountered intrinsic
coronary anomaly (frequency near 25%, range 5-86% in
autoptic and imaging studies) [46], whereby a coronary artery
segment shows intramuscular rather than epicardial course.
All coronary tracts can be involved, but the middle left ante-
rior descending artery seems to be the most common [47]. In
myocardial bridging, the affected vascular segment can be-
come compressed during systole, sometimes creating transito-
ry myocardial ischemia. It has been argued that most instances
are of little clinical importance; however, several reports sug-

Fig. 4 Anomalous origin of the right coronary artery from improper
aortic sinus in a 7-year-old boy. a—¢ Axial maximum-intensity
projection with embedded vessel cross-section insets from locations
indicated by dashed lines (a), anterior volume-rendered (b) and
angioscopic-like (¢) CT images demonstrate that both the right (straight
arrows) and left (curved arrows) coronaries arise from the left aortic

rendered (¢) CT images demonstrate that the left coronary artery
(arrows) arises from the pulmonary trunk and is dilated, especially
proximally

gest that some cases produce coronary thrombosis, myo-
cardial ischemia and infarction, and predispose to ath-
erosclerosis or sudden death [48, 49]. In general, myo-
cardial bridging should be suspected in children with
exertional angina but no coronary risk factors, especially
if young. Compared to catheter angiography, CT clearly
shows the intramyocardial location of the involved cor-
onary segment (Fig. 6). Obtaining both systolic and diastolic
phases allows for assessment of luminal narrowing throughout
the cardiac cycle [45].

l

. wdd

/

sinus. In detail, the right coronary artery has iuxta-junctional and iuxta-
commissural origin with interarterial course between the aortic root and
pulmonary trunk as well as high-risk imaging features, namely acute
takeoff angle, slit-like orifice, and elliptical lumen proximally
(arrowhead), consistent with intramural segment. Vessel lumen returns
circularly more distally (dotted arrow)
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Fig. 5 Anomalous origin of the
left coronary artery in a 12-year-
old boy. a—d Anterior oblique (a)
and inferior (b) volume-rendered,
curved planar reformation (¢) and
axial maximum-intensity
projection (d) CT images
demonstrate that the left coronary
artery originates from the
opposite (right) sinus of Valsalva,
with a shared ostium (arrowhead)
with the right coronary artery. The
left main coronary artery also
shows interarterial course (arrow)

Fig. 6 Myocardial bridging in a
17-year-old boy. a, b Oblique
sagittal maximum-intensity
projection (a) and left anterior
oblique volume-rendered (b) CT
images reconstructed at end-
systole show a myocardial
muscular band overlying the
middle segment of the left
anterior descending artery with
minimal luminal narrowing
(arrows). ¢ Left anterior oblique
volume rendering displays the
intramuscular course of the vessel
after the overlying myocardium
was removed (circle)
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Anomalies of coronary termination essentially com-
prise coronary artery fistulas, which are communications
of one or more coronary arteries, more commonly the
right coronary artery, with a cardiac chamber, usually
right-side structures such as the right ventricle, right
atrium, pulmonary artery and coronary sinus. Coronary
fistulas are very uncommon, being found in only 0.15%
of people undergoing conventional angiography [50].
They are generally caused by embryological develop-
ment disturbances but can also be acquired after trauma
or invasive cardiac procedures [39]. The sites of origin
and termination as well as the size of the abnormal
connection have an impact on clinical significance.
Most fistulas are small and without clinical implications,
but large connections can entail significant left-to-right
shunt and coronary artery steal, which can lead to is-
chemia of the portion of myocardium perfused by the
coronary segment distal to the fistula. When present,
clinical manifestations in adults include chest pain and
dyspnea, whereas children are often asymptomatic. CT
can provide 3-D anatomical images that help to confirm
the diagnosis and better delineate the fistulous commu-
nications (Fig. 7), facilitating treatment planning as well
as the detection of post-treatment complications, and
potentially acting as a gatekeeper to invasive angiogra-
phy, which can mainly be reserved for treatment [44].

Anomalies associated with congenital heart disease
Coronary artery abnormalities are more common in chil-

dren with congenital heart disease. Even when clinically
irrelevant, these lesions can become important because

they can affect surgical repair [51]. Unambiguous coro-
nary artery imaging is therefore mandatory in this situ-
ation and, especially when echocardiography is not con-
clusive, CT should be employed [52] to avoid unneces-
sary invasive procedures, even in the neonatal period.
The most common conditions to consider in this setting
include tetralogy of Fallot and (dextro-) transposition of the
great arteries.

Tetralogy of Fallot is the most common cyanotic car-
diac defect, defined by the classic tetrad of ventricular
septal defect, overriding aorta, pulmonary outflow tract
stenosis or atresia, and right ventricular hypertrophy.
Complete repair involves ventriculotomy at the level of
the right ventricular outflow tract. Consequently, ruling
out an epicardial coronary vessel in that area prior to
surgery is crucial. The most important abnormalities to
recognize are anomalous origin of the left anterior de-
scending artery from the right coronary artery with
prepulmonary course, and a double left anterior de-
scending artery, usually consisting of a short proximal
vessel arising from the left coronary and a longer distal
vessel arising from the right coronary that crosses the
right outflow [53] (Fig. 8). Additionally, coronary artery
anatomy should be known before repeat intervention on
the outflow [54], repeat sternotomy to rule out substernal cor-
onary course or transcatheter pulmonary valve placement to
prevent coronary compression [52].

Transposition of the great arteries represents 5—7% of
all forms of congenital heart disease and is characterized
by ventriculo-arterial discordance, with origin of the
aorta from the right ventricle and origin of the pulmo-
nary trunk from the left ventricle, leading to cyanosis as

Fig. 7 Coronary artery fistula in a 1-year-old boy. a—¢ Right posterior
volume-rendered (a), oblique coronal (b) and axial (¢) maximum-
intensity projection CT images show a large fistulous communication

between the right coronary artery (arrow), which is dilated, and the
right ventricle at the level of the crux cordis (arrowhead)
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Fig. 8 Tetralogy of Fallot and double left anterior descending artery in a
newborn boy. a—d Anterior (a) and posterior (b) volume-rendered,
oblique axial (¢) and oblique coronal (d) maximum-intensity projection
CT images demonstrate a longer left anterior descending artery (straight
arrow) arising from the right coronary (arrowhead) and coursing

a result of two parallel circulations. Great vessel and
coronary anatomy can be variable and have several clas-
sification systems [55]. Most commonly, the aorta is
anterior and rightward relative to the pulmonary artery.
Aortic sinuses are often described based on whether
they are adjacent to the pulmonary artery, almost always
bearing the coronary ostia, or not as facing and
nonfacing, respectively. The most frequent coronary pat-
tern involves the left coronary artery arising from the
left anterior-facing sinus and the right coronary artery
originating from the right posterior-facing sinus. Other
notable arrangements include the left circumflex artery
arising from the right coronary with a retropulmonary
course (second most common), the left coronary coming
off the right posterior-facing sinus with a retropulmonary
course and the right coronary originating from the left
anterior-facing sinus (inverted pattern), and single coronary
artery [56]. Alternative classification schemes have been pro-
posed where the aortic sinuses and coronary ostia are defined
according to their relative location to the patient’s axial anat-
omy and sequentially described [55]. Rarely, coronary course
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anteriorly to the stenotic right ventricular outflow tract (asterisk). There
is also a shorter left anterior descending artery (curved arrow) coming off
the left coronary (dashed arrow) and interrupting proximally but giving
rise to diagonal branches

is intramural or interarterial (Fig. 9). Native coronary anatomy
is a risk factor for the development of complications after
surgical repair, particularly in people with single coronary
orifice or intramural/interarterial course, who have a signifi-
cantly increased mortality and higher rate of late adverse
events [57].

Acquired coronary artery anomalies
Kawasaki disease

Kawasaki disease is a febrile systemic vasculitis of un-
known origin that usually occurs in infancy and child-
hood. The acute phase is characterized by high fever,
cutaneous rash, non-exudative conjunctivitis, oral muco-
sa inflammation, cervical adenopathy, swollen hands and
feet, red palms and soles, and subungual peeling [58].
Acute cardiac manifestations include pericarditis, myo-
carditis, heart valve dysfunction and arrhythmias. About
15-25% of patients, especially when not treated early
with high-dose intravenous immunoglobulins, develop



Pediatr Radiol (2019) 49:1823-1839

1833

Fig. 9 Transposition of the great arteries and anomalous origin of the left
coronary artery in a newborn girl. a, b Anterior volume-rendered (a) and
coronal maximum-intensity projection (b) CT images show origin of the

coronary artery aneurysms, which sometimes undergo
thrombosis and progressive stenosis causing myocardial
ischemia, infarction and sudden death [59]. Coronary
aneurysms are more commonly located along the prox-
imal left and right coronary arteries, but any segment
can be affected. They can be saccular or fusiform, or
there can be diffuse ectasia without segmental dilation.
They can evolve over time in shape and size, increasing
in dimension over the first 1-2 months after the onset
of the disease and regressing in up to two-thirds of
cases to normal lumen diameter within 2—5 years [60],
with further regression being unlikely. Therefore, imag-
ing follow-up of the coronary arteries is essential in
these children. Echocardiography has high diagnostic
accuracy for proximal aneurysms, but it is less sensitive
for distal lesions and coronary artery stenosis, which
usually worsens over time in the affected segments.
For these reasons, CT is widely used to obtain high-
resolution imaging of the whole coronary tree [4, 61]
(Figs. 10 and 11), offering comparable accuracy to con-
ventional angiography [62]. In case of giant ancurysms,
repeating the scan at equilibrium contrast-phase might
help to differentiate thrombosis from flow artifacts and
depict persistent myocardial perfusion defects (Fig. 12).

Postoperative status

Surgical procedures employed for congenital coronary anom-
alies and heart disease entail coronary artery manipulation,
leading to possible complications in the early and late postop-
erative course. In the setting of congenital heart disease, the
most common interventions involving coronary reimplanta-
tion include the arterial switch operation for treating

aorta from the right ventricle (asterisk) and high take-off of the left
coronary artery, with likely proximal intramural course (arrow)

transposition of the great arteries and the Ross operation for
managing aortic valve disease.

Since the early 1980s, the arterial switch operation has
become the standard corrective technique for transposi-
tion in the absence of significant associated lesions like
pulmonary stenosis [63]. The procedure re-creates phys-
iological ventriculo-arterial concordance by transecting
the great arteries and translocating them to the opposite
root, with rearrangement of the pulmonary arteries ante-
rior to the aorta (Lecompte maneuver). Translocation of
the aorta implies mobilization and reimplantation of the
coronary arteries, which are excised with a small cuff of
aortic wall to be resutured into the neo-aortic root, with a
somewhat stretched course compared to their original

Fig. 10 Kawasaki disease in a 7-year-old girl. a, b Curved planar
reformation (a) and left anterior volume-rendered (b) CT
reconstructions show a large, partially calcified aneurysm of the left
main coronary artery bifurcation (arrow)

@ Springer



1834

Pediatr Radiol (2019) 49:1823-1839

Fig. 11 Kawasaki disease in a 4-
year-old boy. a—c Right anterior
volume-rendered (a) and curved
planar reformation CT views of
the right (b) and the left (c)
coronary arteries display diffusely
beaded coronary arteries without
significant obstruction (arrows)

Fig. 12 Kawasaki disease and giant aneurysms in a 2-year-old girl. a
First-pass horizontal long-axis reformatted CT image documents a giant
aneurysm of the middle right coronary artery with no visible lumen
(circle) but cannot differentiate between thrombus and flow artifact. b
Similar horizontal long-axis reconstruction at equilibrium contrast-
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phase confirms the finding, distinguishing between patent lumen
(arrowhead) and eccentric thrombus (arrow). ¢, d Vertical long-axis (c)
and mid-ventricular short-axis (d) views at equilibrium contrast-phase
also demonstrate a persistent subendocardial perfusion defect of the left
ventricular mid-basal inferior wall from ischemia/infarct (arrows)
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Fig. 13 Transposition of the great
arteries after arterial switch
operation in a 12-year-old girl.
a—d Anterior oblique volume-
rendered (a), curved planar
reformation (b, ¢) and axial
maximum-intensity projection (d)
CT images show that the right
(arrow) and left (arrowhead)
coronary arteries are patent at the
site of reimplantation. Note the
typical anterior position of the
pulmonary trunk (asterisk)
relative to the aorta from the
Lecompte maneuver

position (Fig. 13). In the early experiences, coronary ma-
nipulation was the main surgical issue, leading to coro-
nary insufficiency and high perioperative mortality.
Coronary transfer techniques have greatly improved
since, with a substantial drop in hospital mortality, al-
though the long-term success of the operation remains

Fig. 14 Coronary complication
after arterial switch operation in a
6-year-old girl. a Posterior
volume-rendered CT image
demonstrates that the dominant
left circumflex artery is not
opacified at the site of
reimplantation (arrow). b—d
Vertical (b) and horizontal (c)
long-axis and mid-ventricular
short-axis (d) CT reconstructions
of color-coded perfusion maps
confirm the finding by revealing a
large transmural perfusion defect
(arrowheads) in the infero-lateral
wall, consistent with ischemic/
infarcted myocardium

strictly dependent on the patency of the reimplanted
coronary vessels. Most coronary events occur in the
first 3 months after surgery [57] and are usually related
to kinking or other types of anatomical obstruction to
coronary perfusion. Late complications have an inci-
dence of up to 10% and can lead to myocardial
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ischemia or infarction [64]. Imaging of coronary anas-
tomoses is recommended in symptomatic children, as
well as at least once in asymptomatic patients during
adolescence or early adulthood [54]. Although catheter
angiography is still the gold standard for coronary le-
sions, CT represents a reasonable alternative (Fig. 14),
providing high-resolution imaging and reducing both the
need and the risks of invasive studies such as coronary
ostium alteration during catheter placement [65].

The Ross, or Ross-Konno, procedure is an alternative to
prosthetic valve replacement in children with aortic valve ste-
nosis [66]. During surgery, the pulmonary valve is
translocated to the aortic position and a homograft conduit is
placed to reestablish continuity from the right ventricle to the
pulmonary artery. As with the arterial switch operation, the
coronaries need to be excised from the native aortic sinuses
and reimplanted into the neo-aortic root, but complications are

Fig. 15 Coronary complication
after Ross operation in a 7-year
old boy. a-c¢ Left anterior oblique
volume-rendered (a), oblique
axial maximum-intensity
projection (b) and curved planar
reformation (¢) CT images show
that the coronary arteries are
patent at the site of reimplantation
(curved arrows) but the proximal
portion of the left anterior
descending artery is suboccluded
(straight arrow). d Horizontal
long-axis reconstruction
documents a subendocardial
perfusion defect in the septum and
left ventricular apex
(arrowheads). e Similar MRI late-
gadolinium-enhancement image
in the horizontal long-axis plane
demonstrates a subendocardial
infarct at the same level (arrows)
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less frequent because the vessels are reattached almost in their
native position rather than being stretched (Fig. 15). Over
recent years, other surgical operations implying coronary
manipulation, such as the Nikaidoh procedure for people
with transposition, ventricular septal defect and pulmo-
nary stenosis, are becoming more common, expanding
the potential indications for coronary artery follow-up
by CT [52].

Finally, CT is useful to evaluate coronary artery bypass
grafts and stents >3 mm in children with congenital or ac-
quired heart disease undergoing revascularization [67]
(Fig. 16) and to assess cardiac allograft vasculopathy in chil-
dren post heart transplant [68]. CT has high sensitivity, spec-
ificity, and negative predictive values in these settings, com-
parable to invasive coronary angiography, and can be used
during follow-up for detecting significant coronary artery
lesions.
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Fig. 16 Transposition of thegreat
arteries after arterial switch
operation and stenting of the
proximal left anterior descending
artery in a 14-year-old boy. a, b
Curved planar reformat CT
images of the stent demonstrate
mild angulation of its proximal
portion (a) and focal neointimal
hyperplasia (arrow), significantly
reducing the caliber of the stent
lumen. ¢, d Curved planar
reformat CT images of the stent
obtained after percutaneous
transluminal angioplasty show
patency restoration of the stent
lumen (arrowhead)

Conclusion

The technical improvements of dual-source CT represent
a major advantage in the evaluation of children with
coronary artery abnormalities because they allow for
reliable assessment of small children with high heart
rates by using low-dose protocols that minimize cardiac
and respiratory motion artifacts and limit the need for
sedation and anesthesia. These benefits enable the use
of dual-source CT as a key technique in the workup of
both congenital and acquired coronary anomalies in
children, simultaneously opening new frontiers to ex-
pand current clinical indications.
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