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Abstract

Children with congenital and acquired heart disease may be exposed to relatively high lifetime
cumulative doses of ionizing radiation from necessary medical invasive and non-invasive imaging
procedures. Although these imaging procedures are all essential to the care of these complex
paediatric population and have contributed to meaningfully improved outcomes in these patients,
exposure to ionizing radiation is associated with potential risks, including an increased lifetime
attributable risk of cancer. The goal of this manuscript is to provide a comprehensive review of
radiation dose management and cardiac computed tomography performance in the paediatric
population with congenital and acquired heart disease, to encourage informed imaging to achieve

indication-appropriate study quality at the lowest achievable dose.
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Introduction

In the past decades, the diagnostic approach to cardiovascular diseases has been largely revised
by the growing role of imaging technologies, such as echocardiography (echo), cardiovascular
computed tomography (CCT), cardiovascular magnetic resonance (CMR), single-photon emission
computed tomography (SPECT), and positron emission tomography (PET)(1-3). In addition to the
relevant benefits and technical improvements in each of these modalities, great efforts have been
made to broaden clinical indications, demonstrate accuracy and prognostic utility, and improve
safety profiles (4-8).

Advances in CCT currently enable detailed anatomical information pertaining to small vascular
structures that can be acquired rapidly, even under difficult technical conditions (e.g., high heart
rates, challenging contrast administration protocols.) (9). This is particularly true for the paediatric
population; in fact, the use of cardiovascular CT has been extensively utilized in children of all ages
with cardiovascular disorders varying widely in the degree of complexity (9—11).

The main drawbacks of paediatric CCT are certainly radiation exposure and the potential need
for general anaesthesia (the latter for younger and non-compliant patients). Since the introduction of
new strategies to reduce radiation dose and cardio-respiratory motion artifact, the “safe” acquisition
of high-quality anatomical images has been notably improved (12—15) (Supplementary material,
Table 1s). Consequently, CCT is increasingly considered in the minimally invasive diagnostic
workup of paediatric patients as a supplement to echocardiography and may sometimes be preferred
over competing second-line imaging tools (5,16).

Reports on the use of paediatric CCT suggest trends of a slight increase of 1 to 3% in the
annual volume of examinations performed, whilst at the same time there is a decrease in diagnostic
cardiac catheterization (17-19). Despite this, a further rise in the number of paediatric CCT scans in
infants, children, and young adults is expected in the near future as a consequence of the
technological improvements in newer scanners combined with a wider availability of advanced
technology. In this regard, it is also important to be mindful of the overall cumulative dose and risk
for paediatric patients with cardiovascular malformations, who are longitudinally exposed to
different procedures involving ionizing radiation, including chest radiographs, CCT, cardiac

catheterisation and SPECT/PET (20,21).

Several high-quality review articles and technical papers on CCT are available in the literature
(6,11,22-25). Moreover, in 2015 the Society of Cardiovascular Computed Tomography produced
expert consensus documents on CCT in Congenital Heart Disease (CHD) (6) and more recently the
American College of Cardiology collaborated with different North-American clinical and imaging

societies to develop an appropriate use criteria for CHD multimodality imaging, including



paediatric CCT (26). Finally, in 2021, a European document focused on recommendations on adults

with CHD (27).

The aim of this Expert Consensus Document of the four European associations in the field of
cardiac imaging and paediatric care - European Association of Cardiovascular Imaging (EACVI),
European Society of Cardiovascular Radiology (ESCR), Association for European Paediatric and
Congenital Cardiology (AEPC) and European Society of Paediatric Radiology (ESPR)- is to
provide information to foster the clinical use of paediatric CCT with safe and high-quality scans at
the lowest possible dose, according to ALARA (as low as reasonably achievable) and ALADA (as
low as diagnostically acceptable) principles and to the European Guidelines on Diagnostic
Reference Levels for Paediatric Imaging (28).

The document could be of help to pediatric cardiologist/surgeons who take care of these
paediatric population to give all the needed information to patients (when feasible) as well as

families and caregivers before the procedure to optimize the clinical decision-making process.

Indication for CCT

Despite the widespread availability of each of the imaging modalities, there is still insufficient
pathology- and age-specific indications for clinicians to clearly define which is the most appropriate
imaging modality in the different clinical scenarios. In addition, there is large variability in the
frequency with which some non-invasive imaging modalities are prescribed during patient follow-
up, and imaging as used sometimes in addition to more invasive procedures.
In this section we list the main clinical conditions in which CCT can be considered according to
previous evidence and expert opinion (4—6,25). Table 1 summarizes the main age-specific clinical

conditions in which the different modalities can be considered and are useful.

a. Newborns (birth-2 months)

In newborns CCT is primarily used to assess complex cardiovascular anatomy that is
incompletely visualised or characterised with echocardiography or when CMR is not possible or
appropriate. CCT can also be used as an adjunct to echocardiography and cardiac catheterisation
when the diagnosis is clear but specific anatomical information is needed for planning an
intervention or surgery, and/or assessing its feasibility. CCT is especially useful for assessing the
anatomy and size of the aorta and pulmonary arteries as well as its branches. These include
newborns with a hypoplastic aorta, aortic coarctation, pulmonary atresia (with or without

ventricular septal defect), major aortopulmonary collateral arteries (MAPCAs), truncus arteriosus,



vascular rings and slings, heterotaxy syndromes and complex congenital defects with associated
extracardiac anomalies. More commonly, in case of abnormal pulmonary venous return CCT is the
gold standard non-invasive technique to evaluate the size, number and anatomy of the abnormal
venous connections, assessment of patent ductus arteriosus anatomy (29,30).

Assessment of the coronary arteries in newborns is particularly challenging due to the very high
heart rates and small vessel caliber. There are limited indications for coronary evaluation in
newborns that should be reserved for the visualization of coronary origins and proximal course
(anomalous origin of coronary artery from the pulmonary trunk, anomalous coronaries in
transposition of great arteries) (15,31). Each case should be thoroughly discussed to optimise the
scan setting and manage expectations.

Furthermore, CCT can determine atrial and ventricular size and potentially detect additional
septal defects. However, CCT should be considered only after transthoracic and/or
transoesophageal echocardiography and MRI. In these complex cases, CCT might also improve the
understanding of the cardiovascular anatomy and can help in surgical planning (31).

In the post-operative setting, when the acoustic window is often suboptimal, and the patient
unstable, CCT can provide crucial and fast information about post-procedural anatomy, especially
in case of (suspected) complications such as post-surgical pulmonary artery narrowing or

shunt/stent occlusion (32).

b. Infants (2months — 1 year)

CCT imaging in infants could be used to assess anatomy after initial surgical reconstruction of
CHD and planning of sequential stages of initial repairs (e.g. bidirectional cavo-pulmonary
connection) if MRI is not available (31, 32). In many patients after the initial diagnosis of CHD, the
timing for surgical correction can be delayed until infancy if the condition is well tolerated (e.g.
some cases of total anomalous pulmonary venous return) to reduce surgical mortality and
morbidity. Sometimes CCT imaging in those cases might be performed close to intervention to
assess anatomic details and/or how much vessels have increased in size as a result of deliberate
shunt palliation.

Imaging of the coronary arteries in infants is often still difficult. Whilst distal parts of the
coronary arteries remain a challenge, the most proximal parts can be adequately evaluated. Thus,
CCT should be considered in Kawasaki disease, particularly if persistent coronary dilatation is seen
with transthoracic echocardiography.

In cases of suspected complications after initial surgical repair, CCT can be used to assess the

size, patency and location of extracardiac surgical shunts. CCT can also be helpful in the combined



evaluation of vessels and central airways anatomy in cases where bronchial compression is
suspected (e.g. tetralogy of Fallot with absent pulmonary valve, pulmonary sling or other vascular

rings)(33,34).

c. Children (1-18 years)

The role of CCT in children is for known or suspected anomalous coronaries and/or for the
follow-up of previous procedures. CCT can be helpful in the multi-stage planning of single
ventricle repair, (re-)interventions and detecting complications.

Large vessel complications of earlier surgical corrections include pulmonary artery stenosis
after repair for tetralogy of Fallot or transposition of the great arteries (TGA), large vessel in-stent
re-stenosis or stent fracture, and re-coarctation or false aneurysm formation after aortic coarctation
repair, all of which can be accurately assessed with CCT. Also, in children with a bicuspid aortic
valve, or inherited aortic dilatation disorders such as Marfan or Loeys-Dietz syndromes, CCT can
be used to accurately monitor the aortic diameters even if MRI should be preferred for long term
follow-up monitoring.

Percutaneous pulmonary valve implantation (PPVI) is used in patients with severe pulmonary
valve regurgitation or pulmonary stenosis after previous right ventricular outflow tract and/or
pulmonary valve and trunk corrections. CCT can be used for valve sizing (including advanced 3D
modelling of the pulmonary trunk) and assessing the risk of procedural complications (calcified
conduit rupture or coronary compression)(35).

In children who had a prosthetic heart valve (PHV) implantation, PHV dysfunction and
endocarditis are feared complications. In case of prosthetic dysfunction, CCT is used to assess
leaflet motion (especially mechanical PHVs) and signs of thrombosis or pannus tissue ingrowth. In
suspected endocarditis, CCT is especially helpful to detect perivalvular recess/aneurysms and
abscesses.

As children get older, coronary CCT visualization becomes more feasible. In fact, CCT is
increasingly used for assessment of suspected coronary anomalies, in the follow-up of TGA after
arterial switch operation (36), to assess coronary aneurysms and thrombosis in Kawasaki disease
(15,37), particularly if long term follow up suggests coronary ischaemia (38), and in the follow-up
after heart transplantation to detect cardiac allograft vasculopathy (39).

When a re-operation is considered, CCT can provide important information to plan surgery,
including the extent of homograft calcifications, retrosternal distance to the right ventricular free

wall as well as a complete overview of the anatomy possibly including vascular access evaluation.



CCT is also often used during and after the staged palliation in patients with a functionally single
ventricle. It allows visualization of the anastomoses of the total cavo-pulmonary connection (TCPC)
and the pulmonary arteries. CCT can also be used to detect thrombi in the Fontan circuit.

In some cases, a congenital heart defect only becomes apparent during childhood (e.g. aortic
coarctation, vascular slings and rings, partial abnormal pulmonary venous return, persistent ductus
arteriosus) and not infrequently are unexpected findings whilst imaging for another indication. CCT
then again is well suited to assess the complete anatomy. CCT can also be performed prior to
surgery to obtain a 3D model for surgeons to familiarise themselves with complex cardiopathies,

plan surgery and decrease surgical time and complications (40).

Radiation dose metrics

Understanding the basic principles of radiation dose metrics, is a necessary step to establish
what has been called a “radiation protection culture” by the International Radiation Protection
Association (IRPA) (www.irpa.net) (Table 2).

Most important measures of the radiation output from CT scanners are the volume CT dose
index (CTDl,q1; expressed in units of mGy), and the dose length product (DLP; expressed in units of
mGy*cm).

The CTDIyq is an estimate of the average radiation dose delivered within a volume of tissue,
calculated from measurements made in dedicated polymethylmethacrylate phantoms. CTDIyo can
be used to compare radiation outputs between different CT scanners and different acquisition
protocols within a single scanner, since it is sensitive to changes in scan parameters but independent
of patient size.

The DLP is a second key patient dose descriptor in CT, which measures the CTDIyo1 delivered

over a specific scan length (41). It is calculated by multiplying the CTDIyo1 by the scan length.
It is important to remember that the CTDIyo1 as well as the DLP do not represent the actual absorbed
or effective dose for the patient, which are respectively defined as a measure of the energy
deposited in matter by ionizing radiation per unit mass and the tissue-weighted sum of the doses in
all specified tissues and organs of the human body. They should be taken as an index of radiation
output by the system for comparison purposes.

In fact, if an estimate of effective dose is calculated based on DLP, then sex- and age-specific
cardiac conversion factors should be used (42).

Regarding paediatric patients, specific conversion factors depending on tube potentials should be

applied (42).



Another radiation parameter gaining popularity is the size-specific dose estimate (SSDE). The
concept of SSDE was introduced by the American Association of Physicists in Medicine (AAPM)
to refine CTDI,o on the basis of patient body size (43). CTDIyo1, is normalised to SSDE using a
size-dependent conversion factor (f) that considers the size of the patient as an effective diameter.

Therefore, SSDE is a much more patient-specific dosimetric quantity with an accuracy of 20%
(43), and it should be indicated in every dose report, as reported in the 2018 document of the
EuroSafe Imaging, that is the European Society of Radiology's flagship initiative to promote quality
and safety in medical imaging (28).

Tube current modulation, frequently deployed in CCT to reduce dose, unfortunately makes
calculation of SSDE more complex and consequently may limit its use until all scanners calculate
SSDE automatically.

European guidelines on diagnostic reference levels for paediatric imaging (28) recommend that
dose management systems for paediatric CT imaging should provide the following parameters/units
as a minimum: CTDIvol (calibration obtained by 16cm phantom size), DLP, SSDE, Patient width

or water equivalent diameter, mSv.

Paediatric CCT Technique: the optimisation principle

a. Patient preparation

Tailoring scanning protocols to patient’s characteristics and clinical context is crucial for
paediatric CCT; indeed, intravenous access caliber, contrast bolus timing and scan parameters can
largely vary and may significantly affect the image quality of the exam (Video tutorial in

Supplementary material).

Individual and scanner-based optimisation in paediatric patients should include the following
strategies (44) to achieve the best image properties by increasing intravascular contrast while
reducing image degradation due to noise (increase contrast to noise ratio).

Scanning an awake child has numerous advantages, but also requires adequate pre-scan
strategies. Ideally, preparation should include parent’s involvement throughout the investigation and
the use of play / child-life specialists, story books, toy scanners and other entertainment tools, thus

considerably increasing the chances of a successful scan and reducing child and parental stress.

Key notes for patient positioning:



1. Scan range must be limited to within the anatomic region of interest; centering the
heart at the isocentre of the gantry may reduce surface dose;
2. The limbs should be positioned off the targeted region as well as all external

radiopaque components (i.e., tube, lines, monitor leads);

3. Use of selective organ shielding is not recommended if the CCT protocols are
already efficiently optimised for children, because of the limited impact of diffuse
radiation and possible interferences with modern systems of automatic dose

modulation (45).

Key notes for motionless imaging:

1. Neonates and infants can be generally scanned awake with oral administration of
sucrose (46) and the use of vacuum immobilization devices to limit gross patient
movement (45);

2. Children from around 2 — 5 years of age and older children with developmental delay
may require procedural sedation or general anesthesia;

3. Compliant older children can follow breath hold instructions and be scanned in the
same way an adult would be;

4. In order to minimize the need for general anesthesia and the patient’s exposure, the
shortest scanning time should be offered by increasing tube rotation time and table
speed (can reach up to 737 mm/s in last generation dual source scanners) or,
alternatively, by using wide detectors (i.e. 16 cm) offering extended coverage per

rotation and eliminating the need to do multiple acquisitions

There is a close relationship between temporal resolution and image quality, which allows one
to acquire virtually motionless images (15,47).

When required, procedural sedation can be performed with low incidence of adverse events
(48-50). Sedation should only be performed by experienced and trained personnel with appropriate
monitoring and medication/equipment immediately available for resuscitation (50,51). The main
disadvantages of sedation are an unprotected airway with the risks of aspiration, airway obstruction
and hypoventilation.

General anaesthesia should be reserved for patients who are not able to adequately cooperate
and in case of single source CT scanner with less than 128 detector rows, in order to compensate for
slower acquisition speed, so as to minimise respiratory motion artefacts. Like sedation, general

anaesthesia is associated with procedural risks, that can be very high in specific clinical
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circumstances (e.g., Williams Syndrome)(52), and requires more specialized personnel and greater
equipment resources.

Considering the risks of anesthesia and the potential for adverse neurodevelopment outcome
(53), awake scanning should be always preferred and sedation and general anaesthesia only
considered in scenarios where awake scanning is not possible (13,54). The use of an advanced
scanner, e.g. dual source or wide coverage scanner, should be prioritised so as to reduce the need

for anaesthesia.

b. Contrast administration protocols (in newborns, infants and children)

Several protocols for cardiovascular CCT in children have been proposed in the literature (5).
Optimising iodine contrast delivery is a further highly effective strategy to minimise unnecessary
radiation exposure (reduced need of repeated CCT acquisition, reduced tube output with better
image contrast, and even data suggesting that iodinated contrast dose increases radiation deposition

in tissues) (55,56) and risks of contrast-related nephrotoxicity

Three basic concepts should be considered to optimise contrast administration in paediatric CCT:

1) Injecting intravenous contrast to achieve adequate arterial opacification, timing the scan to
match the moment where more contrast is present in the region of interest and optimising
image quality.

2) The use of faster acquisition protocols allows to deliver smaller amounts of contrast material
(30-50%) (57) and acquire imaging in a more precise point in time and space (i.e. arterial
enhancement without venous contamination).

3) The time required from injection to optimal enhancement of a vascular structure depends on
cardiac output, distance from the intravenous site, injection rate and angiocatheter diameter

and the type of CHD.

Typically, a dosage of 1-2 ml/kg of contrast medium is needed for the detailed cardiovascular
assessment as well as the visualisation of the coronary arteries. Contrast injection rates range from
1-5 ml/s and depend on the size of the child and the intravenous catheter (58,59). Meticulous care
must be taken to de-air the contrast lines and flushes in patients with potential right to left shunts or
intra-cardiac mixing lesions. Intravenous contrast administration is normally well tolerated, and the
number of reported contrast reactions is low (60,61).

The intravenous access should be obtained in the peripheral veins, preferably in the antecubital

fossa (hand injection should be avoided due to the high rate of extravasion). However, foot veins
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can be an acceptable alternative in neonates and infants (62) and central catheters can also be used
with some precautions (63). It is advisable to place the peripheral cannula in a comfortable
environment possibly after the application of a local anaesthetic gel or ointment (e.g., lidocaine
hydrochloride gel) (45). The optimal intravenous cannula size in children is a 20- to 22-gauge that
allows adequate contrast injection rates. However, in neonates and infants a 24-gauge intravenous
cannula can also be utilized. A saline bolus should be injected immediately after contrast infusion in
a sufficient amount to avoid stagnation of contrast in the tubing and systemic veins

(approximatively ranging from 10-12 ml in neonates)(57).

A biphasic/dual phase injection protocol (contrast at a constant rate followed by a saline flush)
is typically used to for pulmonary or systemic arterial angiography, with image acquisition timed to
opacification of the vessel of interest. For patients with intra-cardiac shunting, a longer and slower
contrast injection with image acquisition at the end of injection often allows venous and arterial
opacification on the same scan without a separate initial bolus. This can be helpful in patients such
as neonates with intra-cardiac mixing or a suspected combination of arterial and venous

malformation (5,6).

Generally, administration strategies can be classified into two main approaches of injection:
using a fixed scan delay or bolus timing techniques (bolus tracking and test bolus). Depending on
the vessel being imaged, in the bolus timing techniques the volume of contrast is tracked using a
region of interest (abbreviated "R.0O.1.") at a certain level and then followed by the CCT acquisition

once it reaches its optimal intravascular concentration.

Key notes for fixed scan delay:

1. Fixed delay <15 kg: 12—15 s after start contrast medium (CM) injection**.

2. >15 kg: 15-20 s after start CM injection** (45).

3. Inneonates in case of hand injection of contrast due to inadequate peripheral
intravenous access (22)

4. Delaying the acquisition to 75-80 seconds from the start of injection achieves good
venous and arterial enhancement in children with large intracardiac shunts and is
particularly effective in single ventricle physiology, such as Glenn or Fontan

pathways (64).

Key notes for Test bolus and Bolus tracking:

12



1. Adjust parameters or limit its use to reduce additional radiation exposure,
especially in neonates

2. From the age of around 5 years, coronary imaging is performed in a similar
fashion to adult coronary CT with a small test bolus used to time the diagnostic
acquisition.

3. Modern protocols in infants may include diluted test scans for the selection of the

optimal scan parameters (65).

c. Patient-based and scanner-based optimization approach

Optimising the scan acquisition is highly dependent on the technical configuration of the

scanner but some general principles apply:

Precontrast CCT acquisition rarely results in clinically relevant extra information, with
the exception of an urgent scan performed to rule out sources of acute bleeding. Thus, as
in the adult procedures, avoiding non-contrast CT allows one to minimise radiation
exposure and theoretically halve the dose;

All types of CT scanners are equipped with predefined and recommended paediatric
acquisition settings. This implies that parameters for the entire examination are
specifically tailored for children, including preliminary exam planning images (i.e.
surview or topogram, as well as contrast monitoring);

Multiphase CT examinations in children should be avoided, however, if the initial scan
has insufficient contrast enhancement, it is acceptable to prepare and run a second scan
acquisition, optimizing the amount of contrast and timing of administration and scan.
This needs to be decided immediately after the first acquisition by reviewing the images
on the scanner console directly as soon as they are visualised, in order to avoid the
administration of an additional dose of contrast;

Tube potential (kV) (66) and tube current (mA) (67) should be optimised to patient size;
In smaller children it is preferrable to use low tube potential (70-80 kV), thus
exponentially decreasing radiation dose. This adjustment also increases endovascular
contrast enhancement (68) at the cost of higher image noise. The higher tube current
required at lower potential can be minimised by means of recently developed iterative
reconstruction algorithms, which substantially reduce image quantum noise with no
impact on spatial or contrast resolution (69—71). Tube potential may be increased up to
80-100 kVp for older children and adolescents with larger body habitus (72,73);

Newer exposure control systems allow to automatically modulate the tube current;
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Both high-pitch helical scan and wide coverage scanning technique can be used. High-
pitch helical scan modes are performed using dual-source scanners which allow the
acquisition of a full volume in less than a second or within a single heartbeat (74). This
high-pitch helical scan mode often precludes the need for sedation or controlled
ventilation in infants or uncooperative children. Main disadvantage of present approach is
that it requires a dual-source technique and that it is strongly dependent on the presence
of a regular heart rate, which is not always obtainable in pediatric patients. Additionally,
scan mode cannot be used for ventricular function assessment (75). The wide coverage
scanning technique, conversely, can acquire the entire cardiac volume in a single
heartbeat and misregistration artefacts are completely avoided resulting in no step
artefacts, a particular issue in patients with irregular and high heart rates; volume of the
administered contrast agent can also be minimzed. Wide-coverage scanners are ideally
suited to perform dynamic myocardial perfusion studies which are, however, rarely used
in paediatric studies. Major potential drawback of this technology is the possible
occurrence of the so-called “cone-beam” artefacts, depending on the divergence of X-ray-
beam on scanner with wide volume coverage (76);

From a theoretical point of view when appropriately used, bismuth or lead shielding
technique is a valid and valuable tool to protect superficial organs (77). Despite this, use
of selective organ shielding is not universally recommended in the pediatric population as
dose reduction can be efficiently achieved by lowering the tube current and kV (78). In
addition, some authors advocate that organ shielding can increase the impact of diffuse
radiation and reduce the performance of modern systems of automatic dose modulation

(angular and z-axis, organ and age-based tube current modulation) (79,80).

Key notes for optimal visualization of cardiovascular structures:

1) Ideal morphological assessment can be obtained using a wide coverage scanner
up to 16 cm z-axis coverage or with spiral/helicoidal acquisition applying the
highest table movement speed (pitch)

2) Faster table feed acquisition, when available, can further reduce artefacts related
to cardiac movement;

3) Cardiac synchronisation with ECG gating is the best tool to adapt image
acquisition to cardiac movement, while targeting the exposure during a specific

phase of the cardiac cycle;
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4)

S)

6)

7)

8)

9)

Prospective ECG triggering is a reliable and robust cardiac gating strategy;
appropriate use of specific settings (short pulsing window) can further decrease
irradiation (15, 67) and it’s should be encouraged in clinical practice;

The best cardiac phase acquisition depends on patient’s heart rate and the clinical
query (i.e. coronaries are generally best evaluated around diastole, although the
right coronary artery at higher heart rates (81) may be best at end systole, while
ventricular septal defects are best evaluated during systole (31));

Good quality image during the diastolic phase cannot be always accurately
achieved in paediatric patients, particularly in the presence of higher heart rates
(rest time of the heart is shorter);

End-systolic time frame acquisition (end of T wave, 40-45% of the R-R interval,
220-270 ms delay from the R wave) should be applied in paediatric patients with
irregular and fast heart rate (generally higher than 75 bpm, with some cut-off
value variations depending on the scanner temporal resolution (15, 74, 75);

The use of beta blockers and nitrates is not routinely recommended for paediatric
coronary CT evaluation, in particular for newborn and younger children, but
rather should be considered on a case-by-case basis; it may be more
advantageous for older children and to assess rare cases of distal/stenotic
coronary artery disorders (e.g. Kawasaki disease)(15);

Full cardiac cycle acquisition with retrospective ECG-gating offers flexibility for
phase selection with additional dynamic information (i.e. biventricular
volumes/function), but comes at considerably higher radiation dose; it should be
avoided in clinical routine practice (83). Nevertheless, with very careful and
stringent optimisation of tube potential, current, and scan length, even full

cardiac cycle acquisition can often be performed at modest radiation dose.

Importance of patient/caregiver-centered imaging

Generally, parents and caregivers have a restricted knowledge of the potential for harmful
effects of ionizing radiation, and often it is influenced by media misrepresentation, perceiving risks
far greater than those that actually exist (1-3).

Families and caregivers have to be informed of risks regarding medical imaging procedures,
thus a detailed discussion of the risk/benefit profile of a CCT exam may be a multidisciplinary

responsibility involving the referring physician, the whole congenital heart team, and the
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radiologists (2-3). Optimal informed decision-making for paediatric CCT is a collaborative process

centred on families, caregivers individualising the conversation to the specificity of the selected
paediatric patient (2-3).
Families should be involved in the decision-making process by communicating anticipated

risks and benefits of the planned procedure, including those associated with radiation exposure.

Families and caregivers must be made aware of risks and benefits of any given imaging technique,

such as potential cognitive deficits from general anaesthesia (25,44,84), gadolinium-based contrast

brain deposit used for CMR evaluation in young children, radiation exposure, intravenous contrast

and need for general anaesthesia for a diagnostic catheterisation, or intravenous contrast media for

either CT or CMR (25,44,85). We strongly encourage direct verbal communication, with or without

formal written consent depending on the procedural risk level.

Consistent with the expert consensus recommendations from a symposium supported by the
National Institutes of Health—National Heart, Lung, and Blood Institute/National Cancer Institute,
when there is an anticipated procedural effective dose of <3 mSv, the procedure is considered of
very low risk and thus written or web-based materials should be adequate. Radiologists,
cardiologists, technicians and/or imaging nurses will play an pivotal role within the dialogue with
the patient and family, not warranting written informed consent (25,44,85).

In contrast, an anticipated effective dose of >20 mSv or, administration of pulse lowering
medications, anaesthesia, studies obtained in critically ill children, or patients who will undergo
contrast exposure within the setting of renal disorder or iodinated contrast allergy, require either

formal discussion or written informed consent (25,44,85).

Dose monitoring program

Even if direct studies of cancer risk in patients who have undergone CT scans have been
undertaken to date, in 2017 a study assessing the question of whether cancer risks are increased
after CT scans in childhood and young adulthood was published in Lancet (86). The Authors
concluded that even if the cumulative absolute risks of cancer are small (in the 10 years after the
first scan for patients younger than 10 years, one excess case of leukaemia and one excess case of
brain tumour per 10 000 head CT scan is estimated to occur) radiation doses from CT scans ought
to be kept as low as possible and cumulative ionizing radiation doses must be quantified to avoid
the increase of the risk (86).

Inherent in the accountability for ionizing radiation dose management across all ages and for
any imaging specialty is that of auditing of clinical practice and modification of practice on the

basis of the results as necessary.
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As reported in in the Council Directive 2013/59/Euratom, Article 4, chapter 11, "clinical audit"
means a “systematic examination or review of medical radiological procedures which seeks to
improve the quality and outcome of patient care through structured review, whereby medical
radiological practices, procedures and results are examined against agreed standards for good
medical radiological procedures, with modification of practices, where appropriate, and the
application of new standards if necessary.”(European Commission (2018) European guidelines on
diagnostic reference levels for paediatric imaging. Radiation Protection 185)

According to these principles, the major goal of a dose monitoring program is to improve the
quality of individual patient care (28).

The variables to evaluate in the dose monitoring program can be summarized as following: a)
definition of data to monitor, access to the data from each CT equipment vendor and evaluation of
quality and accuracy of dose metrics provided by equipment; b) definition of what is practice
beyond standards, and what follow through to initiate in response to outlier data are some of the
challenges for a dose management program.

Information to be collected in the dose monitoring program monitor includes protocol-specific
dose metrics, which should be included in the DICOM header and should be calibrated and checked
regularly) that can serve in the establishment of standards of performance for the practice. Methods
should be established for identifying dose values outside of the defined reference range and for
assessing system variability and trends over time, as well as discrepancies between the protocol
definitions and protocols performed in clinical practice. In particular, all radiological departments
should apply the available national diagnostic reference levels, unless lower (more strict) local
diagnostic reference levels have been defined. Whenever the DRLs applied are consistently
exceeded, appropriate investigations to identify the reasons, and corrective actions to improve the
clinical practice, if necessary and feasible, should be undertaken without undue delay.

The dose monitoring program should be mandatory in all CT exams. In particular, in paediatric
cardiac imaging, an additional layer of complexity is introduced in as the complex balance between
image quality, contrast timing, and cardiac/respiratory gating can affect radiation dose. Anatomic
variability can lead to substantial variation in dose or quality for the same CT protocol. For this
reason, constant vigilance in reviewing radiation exposure data is needed to ensure that quality and
dose are optimal in pediatric cardiac CT.

The dose monitoring program is a responsibility of a multi-disciplinary imaging team and
includes not only physicians, but also technologists, medical physicists and information technology

specialists.
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CONCLUSIONS

Paediatric patients with heart disease may require lifelong imaging surveillance. Advances in
technology have made pediatric cardiac CT one of the best imaging modality choice in certain
scenarios as detailed images can be obtained quickly and often without sedation. Understanding
cardiac CT technical parameters and how to apply them to children of various sizes and heart rates
is necessary to optimize image quality at the lowest radiation dose. Other measures, including a
concerted effort to engage patients and caregivers in an informed decision-making process related
to medical imaging are also recommended to improve patient care and to encourage informed
imaging. Finally, instituting a dose management program will help ensure regulatory compliance

and should aim to achieve consistently high-quality images at the lowest achievable dose.
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Table 1. Main age-specific clinical conditions for Cardiac CT imaging

Assessment Performed Clinical Condition Imaging *
Newborns (birth- | Anatomy and size of the aorta |- Hypoplastic aorta TTE +++
2 months)* and pulmonary arteries as well |- Aortic coarctation CCT +++
as its branches — Pulmonary atresia CMR ++
— Major aortopulmonary collateral arteries
—Truncus arteriosus
—Vascular rings and slings, Heterotaxy
syndromes and complex congenital defects
with associated extracardiac anomalies
— Abnormal pulmonary venous return
- Assessment of patent Ductus arteriosus
prior to stenting
Coronary artery origin and Anomalous origin of coronary artery from TTE +++
proximal course the pulmonary trunk CCT +++
Anomalous coronaries in transposition of CMR +
great arteries
Post-procedural anatomy — Post-surgical aortic and pulmonary artery CCT +++
narrowing/dilatation, TTE ++
— shunt/stent patency CMR +
Infants (2months | Anatomy after initial surgical Numerous CCT +++
-1 year)* reconstruction TTE ++
CMR ++
Planning of sequential stages Bidirectional Cavo-Pulmonary Connection CCT +++
of initial repairs CMR ++
TTE +
Coronary aneurysms and Kawasaki’s disease CCT +++
thrombosis TTE ++
CMR ++
Suspected complications after | Numerous CCT +++
initial surgical repair TTE ++
CMR ++
Vessels and central airway — Tetralogy of Fallot with absent pulmonary CCT +++
anatomy in cases where valve TTE ++
bronchial compression is - Pulmonary sling CMR ++
suspected Other vascular rings
Children (1-18 Multi-stage planning of single | (Re-)interventions and possible CMR +++
years) ventricle repair complications TTE ++
CCT ++
TOE +
Evaluation of large vessel ~ Pulmonary artery stenosis after tetralogy of | CCT +++
complications of earlier Fallot TTE ++
surgical corrections - TGA repair CMR ++
- Large vessel in stent re-stenosis TOE +
- Stent fracture
- Re-coarctation
false aneurysm after aortic coarctation
repair
Aortic diameters — Bicuspid aortic valve CMR +++
- Inherited aortic dilatation disorders CCT +++
(Marfan and Loeys-Dietz syndromes) TTE ++

TOE ++




Valve sizing (including — Percutaneous pulmonary valve CCT +++
advanced 3D modelling of the | implantation CMR ++
pulmonary trunk) - Calcified conduits rupture TTE +
Coronary compression TOE +
assessment
Leaflet motion — Prosthetic dysfunction TTE +++
TOE +++
CCT ++
CMR +
Coronary arteries origin and Suspected or known coronary anomalies CCT +++
course CMR +++
TTE ++
TOE ++
Great arteries anatomy TGA after arterial switch operation CMR +++
CCT +++
TTE ++
TOE +
Coronary aneurysms and Kawasaki’s disease CCT +++
thrombosis CMR ++
TTE ++
TOE +
cardiac allograft vasculopathy | Post-heart transplant CCT +++
assessment CMR ++
TTE +
TOE +
During and after the staged Functionally single ventricle TTE +++
palliation CMR +++
TOE ++
CCT ++

Legenda: Minimally invasive imaging Techniques compared in terms of diagnostic accuracy, feasibility and safety. TTE:
trans-thoracic echocardiogram, TOE: trans-oesophageal echocardiogram, CMR: cardiac magnetic resonance, CCT:
cardiac computed tomography (Ref: 4,-9). TOE is occasionally performed in newborns and infants due to technical
limitations (availability of dedicated probes)*.



Table 2: description of the main metrics used for characterization of CT radiation dose

Computed tomography
dose index (CTDI)

area under the radiation-dose profile for a single rotation and fixed
table position along the axial direction of the scanner divided by
the total number of detectors for slice thickness and is expressed in
coulomb/kg

CTDI100

integrated radiation dose from acquiring a single scan over a
length of 100 m

CTDIw

average radiation dose to a cross section of a patient’s body
determined with the equation CTDIw = 2/3CTDI100 at periphery
+ 1/3CTDI100 at center

CTDlIvol

average radiation dose over the volume scanned determined by
the equation CTDIvol = CTDIw/pitch, where pitch is defined as
table movement expressed in millimetres for each 360° gantry
rotation, divided by the product of the number of slices and slice
width. It is measured in milligray

SSDE

CTDlyo1 is normalised to SSDE using a size-dependent conversion
factor (f) that considers the size of the patient as an effective
diameter

Dose length product
(DLP)

integrated radiation dose for a complete CT examination
measured in milligray X centimeters and calculated by the
formula DLP = CTDIvol x length irradiated

Effective dose (ED)

measured as the product between DLP and k, the region-specific
conversion factor
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Patient age | N of pts Exam type Scanner type Effective dose, DLP, range Reference
mean (mGy*cm)
(range)(mSv)
0-4.5 yrs cCT 40 Slice MDCT (0.54-1.4) 6-22 Young'*
RGCT 0.8-8 10-52
PTCT 0.3-1.3 3-16
0.2-6 yrs 35 PTCT Siemens 64 slice DSCT 0.24-0.58 10-32 Cheng”®
1yr Phantom | RG CT (120bpm) Toshiba 320MDCT 1.6 64.8 Podberesky™
PT CT (120bpm) 2.3 90.4
Syr Phantom | RG CT (60-120 bpm) Toshiba 320MDCT 0.5 16.1 Podberesky™
PT CT (60-120 bpm) 1.6 50.5
Syr Phantom | RG CT GE 16 slice MDCT 8.7-28 411.88-1344.02 | Hollingsworth*
Syr Phantom | RG CT (90 bpm) GE 64 slice MDCT 11.81 Huang™
0-6 yrs 25 All Siemens 2.3(1.4-43) 28-91.8 Ghoshhajra®
64 slice MDCT
64 slice DSCT
128 slice DSCT
6-12 yrs 27 All Siemens 1.8 (0.6-4.7) 23.8-205 Ghoshhajra®
12-18yrs 43 All Siemens 2.9 (1.2-10.3) 71.8-657.8 Ghoshhajra®
0.02-5.4 yrs | 30 PTCT Siemens 128 slice DSCT | 0.26 (0.05-0.8) 1-22 Paul”
0-3 yrs 10 PTCT Siemens 2.2(0.4-4.9) Westra®
RTCT 16 slice MDCT
64 slice MDCT
128 slice DSCT
3-8 yrs 11 PT & RT CT Siemens 4.7 (0.8-14.4) Westra®
8-15 yrs 10 PT & RT CT Siemens 2.5(0.1-11.3) Westra®
>15 yrs 11 PT & RT CT Siemens 2.6 (0.4-7.9) Westra®
0-1yr 110 cCT Siemens 64 slice MDCT | 0.5 (0.2-0.9) 4-18 Ben Saad”
0-1yr 32 RGCT Siemens 64 slice MDCT | 1.3 (0.6-2.8) 10-39 Ben Saad”
<2 yrs 29 cCT Toshiba 64 slice 2.1(1.1-10.6) 39-272 Han'®
0-1yr 47 PTCT 512 slice MDCT 0.64+0.16 Bas Serap'"
0-1yr 13 PTCT GE 512 slice single 1.0+0.3 13.8+3.5 Le Roy'>
source
1-6 yrs 12 PTCT GE 512 slice single 0.9+0.3 21.9+6.7 Le Roy'™
source
6-10 yrs 13 PTCT GE 512 slice single 1.0£0.5 4154213 Le Roy'™
source
10-17 yrs 12 PTCT GE 512 slice single 1.0+0.3 4924225 Le Roy'™
source

PT: Prospective ECG gating triggered axial scan
RT: Retrospective ECG gating helical scan

cCT non gated cardiac scan
HPH CT, prospective ECG-triggered high-pitch helical scan
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