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Purpose: The use of coronary computed tomography angiography (CCTA) in children remains limited by patient’s
irradiation, and motion artefacts impairing image quality. Triggering the acquisition at the appropriate moment,
and acquiring only necessary components of the cardiac cycle could overcome these limitations. Yet, optimal
cardiac intervals to perform CCTA as a function of heart rate (HR) have not yet been addressed in pediatrics.
Methods: Fifty children with coronary artery anomalies underwent a CCTA on a wide-coverage single-beat CT
scanner. Multiple phases from 25% to 85% of the R-R interval were acquired and reconstructed with 10% in-
crements. Two radiologists independently assessed motion artifacts on each cardiac phase using a 4-point semi-
quantitative scale.

Results: At patient level, the best phase for acquisition was found in diastole for patients with HR < 75 bpm and in
systole for patients with HR > 85 bpm. At coronary segments and structures level, median optimal phases were
reported at 70%, 80%, 47%, 50%, and 54% of the R-R interval for patients with HR < 60, 61-75, 86-100,
101-130, and >130 bpm respectively. For patients with HR between 76 and 85 bpm, no clear trend could be
observed. Optimal acquisition durations represented 10% (2 phases), 20% (3 phases), 50% (multiphase), 20% (3
phases), and 10% (2 phases) of the R-R interval for patients with HR < 60, 61-75, 76-100, 101-130, and >130
bpm, respectively.

Conclusions: Optimal positioning and duration of CCTA acquisition intervals were investigated as a function of
children’s HR, to reduce motion artifacts and patient’s irradiation.

1. Introduction

anatomy, when echocardiography or cardiac magnetic resonance might
lack of in-depth characterization and spatial resolution, respectively [2].

Coronary CT Angiography (CCTA) has been increasingly used in
pediatric cardiology over the last decade, and has progressively replaced
cardiac catheterization in nearly all situations involving coronary ar-
teries among children with congenital heart diseases (CHD), such as
abnormal left or right coronary artery arising from the pulmonary ar-
tery, suspected interarterial or intramural coronary artery, coronary
artery branch crossing the infundibulum before surgical repair of te-
tralogy of Fallot, and follow-up after surgical reimplantation of coronary
arteries [1]. It is particularly useful to accurately assess cardiac

Cardiac catheterization is a high-performance alternative, but remains
an invasive procedure, which delivers significantly higher radiation
doses, as compared to CCTA [1].

Despite recent technological improvements, pediatric CCTA remains
technically challenging due to the necessity of reducing radiation doses,
while providing images of adequate quality for diagnosis. Major tech-
nical difficulties include small structures to visualize, fast heart rates,
uncontrolled movement or cries, and potential absence of breath hold.
Motion artifacts associated with these limitations represent the main

Abbreviations: CCTA, coronary computed tomography angiography; HR, heart rate; CHD, congenital heart diseases; Bpm, beats per minute.
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cause of non-diagnostic CCTA [3].

To overcome these difficulties, several solutions were recently sug-
gested. First, acquisition window’s position and duration may be
adapted to patient’s cardiac characteristics, in order to improve diag-
nostic confidence while keeping irradiation dose below 1 mSv [4]. Then,
second-generation motion correction algorithms could provide higher
interpretability rates (>99%) in a single cardiac phase, and therefore
avoid to acquire most of the cardiac cycle, and decrease irradiation up to
70% [5]. Finally, despite a certain proportion of non-diagnostic exams,
prospective monophasic acquisitions are increasingly used in children,
either with dual-source CT helical acquisitions [3], wide-detector CT
sequential acquisitions [6], or step and shot technique using single
source 64-slices CT [7].

Overall, these solutions require a common prerequisite: a limited
interval of the cardiac cycle should be acquired and provide motion-free
and interpretable images for diagnosis. Therefore, triggering the
acquisition at the right moment within the cardiac cycle and for the right
duration is of the utmost importance.

In adult patients, targeting the optimal phase for acquisition is well
established, due to moderate and regular heart rates encountered [8,9].
However, in pediatrics, disparate cardiac characteristics and very high
heart rates might prevent reaching a motionless cardiac phase, when
following standard recommendations applied in the adult population.
Yet, due to above-mentioned technical challenges of pediatric CCTA,
children could highly benefit of an ECG-triggering method adapted to
their age.

Consequently, it is of great interest to assess, in a pediatric popula-
tion, coronary sharpness and motion artifacts at various moments of the
cardiac cycle, and establish optimal cardiac moments to trigger CCTA
acquisitions as a function of heart rates. Therefore, in this study, we
aimed to investigate, in a pediatric population, optimal intervals within
the cardiac cycle to trigger CCTA acquisitions.

2. Materials and methods
2.1. Study design and population

This prospective cross-sectional study was carried out from May
2017 to March 2018 in a tertiary care pediatric and congenital cardi-
ology reference center (Montpellier University Hospital, France). Chil-
dren with CHD younger than 18 years old, and with a suspected or
confirmed coronary artery anomaly, were prospectively recruited. Only
children requiring a CCTA as part of their follow-up, and without any
allergy to iodinated contrast material, were eligible.

2.2. Formal aspects

The study complied with the Good Clinical Practices protocol and
Declaration of Helsinki principles. It was approved by the French
southeast III Ethics Committee (2017-A00909-44) and registered on
ClinicalTrials.gov (NCT03194763).

2.3. CCTA pediatric protocol

A prospective ECG-triggered axial technique was performed within a
single heart beat for all patients, using a single source, wide-coverage
512-slice CT (Revolution CT, General Electric Healthcare, Milwaukee,
USA). Tube voltage (kV) was adapted to patient’s weight to maximize
iodine contrast to noise ratio: 70 kV for patients weighing less than 12
kg, 80 kV between 12 kg and 35 kg, and 100 kV for more than 35 kg.
Automatic tube current modulation (noise index: 24), 0.28 sec gantry
rotation time, and 0.625 mm slice thickness and reconstruction interval
were applied. The acquisition started from the aortic arch to the base of
the heart and scan ranges were chosen between available lengths of 40,
80, 120, or 160 mm. The acquisition window was set to acquire cardiac
phases from 25% to 85% of the R-R interval. Seven reconstructions were

performed within this interval, with a 10% increment. The dose-length
product was recorded for every acquisition to evaluate patient exposure.
All patients received an intravenous injection of iodinated contrast
medium (Iomeron 400 mg/ml at 2 ml per kg intravenously, Bracco
Imaging GmbH, Milan, Italy)) [10], followed by 10 ml of saline solution.
Injection was manually triggered under the radiologist’s supervision at a
flow rate ranging from 1.5 ml/min to 4 ml/min, depending on the pa-
tient’s age and perfusion capabilities. We used our institutional pediatric
CT protocol, as previously reported: one hour before CCTA, eligible
children with an HR above 70 beats per minute (bpm) received a single
dose of beta-blocker (propranolol 0.5 mg/kg, orally), sedation was
prescribed when necessary, using hydroxyzine (1 mg/kg, orally) and/or
midazolam (0.2 mg/kg, orally), upon the pediatric cardiologist’s
recommendation, without any general anesthesia [4].

2.4. Image analysis

The seven reconstructed cardiac phases were assessed independently
by two radiologists at cardiac structure level and at patient level. At
cardiac structure level, the following structures were evaluated indi-
vidually: 16 coronary segments [11], left and right coronary ostia, aortic
trunk, pulmonary artery, aortic valve, and cardiac chambers. At patient
level, the reconstruction was considered as a whole for evaluation.

At both evaluation levels, a four-point semi-quantitative scale
derived from previous publication [5,12] was used as follows: excellent
result, e.g. minimal or no motion artifacts (4 points); good result, e.g.
mild motion artifacts (3 points); adequate result, e.g. important artifacts
without diagnosis interference (2 points); non-diagnostic result, e.g.
severe artifacts impairing accurate evaluation (1 point). In case of
disagreement, the mean score given by the two observers was finally
considered. Only motion artifacts were taken into account: image
quality impaired by image noise or injection issue was not taken into
account by the radiologists. Heart rates at the time of acquisition were
not known by the readers.

Structures with a score > 1 were considered as interpretable for
diagnosis; structures with a score > 2 were considered as optimal quality
for diagnosis; and the proportion of interpretable or optimal structures
was defined as the number of structures with a score > 1 or a score > 2,
respectively, divided by the total number of structures assessed on each
cardiac phase.

2.5. Statistical analysis

Patient’s characteristics were described with proportions for cate-
gorical variables and as mean + standard deviations (SD) for quantita-
tive variables. At patient level, the phase with the highest score was
considered as the best phase. Similarly, a best phase was established for
every coronary segment and cardiac structure of each patient. Pro-
portions of interpretable and optimal segments assessed with different
number of phases, were performed by retaining the best score of each
structure between the different phases gathered. Linear regressions be-
tween the position of the best phase and heart rate were performed and
correlations were calculated using the Spearman correlation coefficient.
Correlation strength was expressed using Evans classification [13].
Agreement of the two independent radiologists for the scoring of motion
artifact was assessed using Cohen’s Kappa coefficient. Cohen’s kappa
measures the agreement between two raters beyond the random
agreement. According to Landis & Koch, agreement could be classified
as poor (k < 0.0), slight (k = 0.00-0.20), fair (k = 0.21 to 0.40), mod-
erate (k = 0.41-0.60), substantial (k = 0.61-0.80), or almost perfect (k
= 0.80-1.00) [14,15]. Statistical analyses were performed at a con-
ventional two-tailed a level of 0.05.

3. Results

Fifty pediatric patients (24 females, 26 males; 6 + 5 years-old;



weight: 20 + 14 kg; BMI: 16 + 3 kg.m % scan length 104 + 29 cm) were
prospectively enrolled in the COROPEDIA clinical trial. All eligible
children participated in the study, as no contraindication for CCTA
occurred and all families gave their informed consent. All children
received a beta-blocker (propranolol 0.5 mg/kg, orally) and sedation
with hydroxyzine (1 mg/kg, orally). An additional sedation by mid-
azolam (0.2 mg/kg, orally) was necessary for 25 children, all aged less
than 6 years old. No child required underwent general anesthesia. No
adverse effect related to beta-blockers, sedation and/or the CCTA itself
was reported. Patient mean HR was 95 + 26 bpm, distributed as follows:
<60 bpm (N = 6); 61-75 bpm (N = 7); 76-85 bpm (N = 8); 86-100 bpm
(N =10); 101-130 bpm (N = 12) and >130 bpm (N = 7). The median
dose length product was 25 mGy.cm (IQR: 16.2-49.1). A total of 5733
cardiac structures were assessed by each radiologist.

At patient level, the best phase for acquisition was found in diastole
(from 60 to 85% of the R-R interval) for patients with HR < 75 bpm, and
in systole (from 35 to 60% of the R-R interval) for patients with HR > 85
bpm. Among both groups, strong and moderate positive correlations
were found between HR and best phase (r = 0.61, P < 0.05 and r = 0.44,
P < 0.05, for HR below 75 bpm and above 85 bpm, respectively), e.g. the
best moment for acquisition shifted towards the end of the R-R interval
with increasing HR (Fig. 1). For patients with HR between 76 bpm and
85 bpm, no clear trend could be observed (Figs. 1 and 2).

At coronary segment and cardiac structure level, higher proportions
of interpretable and optimal structures were reported at 66-75%,
66-85%, 36-45% and 76-85%, 36-45%, 46-55%, 56-65% of the R-R
interval for patient groups with HR of <60 bpm, 61-75 bpm; 76-85
bpm, 86-100 bpm, 101-130 bpm, and >130 bpm, respectively (Figs. 3
and 4).

Overall, the proportion of optimal structures increased with a
growing number of usable cardiac phases, and declined with increasing
HR (Fig. 5A). A similar trend was observed with the proportion of
interpretable structures, but no further improvement was observed with
additional number of cardiac phases above 3 (Fig. 5B). Considering HR
categories, optimal visualization could be obtained with two phases for
very low HR (<60 bpm) and very high HR (>130 bpm), with three
phases for low HR (61-75 bpm) and high HR (101-130 bpm), and with
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multiple phases, from 35% to 85% of the R-R interval, for intermediate
HR (76-100 bpm), as reported in Fig. 5 and summarized in Table 1.
Regardless of patient’s HR, cardiac phases from 25% to 35% of the R-R
interval did not improve optimal or diagnostic proportion of structures.

Inter-observer agreement was substantial (k = 0.61 [0.59-0.62]) for
cardiac structure and phase quality assessment.

4. Discussion

In a cohort of 50 children with CHD undergoing CCTA, the CORO-
PEDIA trial evaluated cardiac structure sharpness in 7 different cardiac
phases, and for 22 different cardiac structures. For the first time, this
prospective study assessed optimal cardiac intervals in a pediatric
population with wide HR range (from 42 to 185 bpm), in order to
perform ECG-triggered CCTA in children.

4.1. Optimal position of cardiac phase to acquire in CCTA

To improve image quality in pediatric CCTA, the most effective
strategy is to minimize motion artifacts, and therefore, to trigger the
acquisition at the appropriate moment within the cardiac cycle.

In adult populations, two relatively quiescent cardiac phases are
considered to trigger CCTA acquisitions: mid-end diastole and end sys-
tole. The diastolic stability phase is preferred for patients with low HR
but tends to shorten with increasing HR. The systolic stability phase then
becomes the longest motionless phase, and is preferred for patients with
higher HR. Most studies are in agreement with this general recom-
mendation [8,9,16,17]. Yet, the threshold for this transition remains
uncertain: HR from 67 to 85 bpm were reported as a limit in adult
populations [8,9,16,18], and the unique study performed in children,
using MRI, also stated that this threshold localization remained unclear
[19]. This topic is of interest, as patients within this HR range are
frequent, both in pediatric and adult populations, therefore reaching
optimal image quality remains challenging. Our results suggest that a
diastolic acquisition should be preferred for children with HR below 75
bpm, while a systolic acquisition should be preferred for HR above 85
bpm, which is in agreement with previously discussed literature results.

y=0,13x + 34,65
R=0,44 p<0,05

115 125 135 145 155 165

Patient's heart rate (bpm)

Fig. 1. Position of the best cardiac phase within the R-R interval, at patient level, as a function of patient’s heart rate. Diastolic acquisition yielded to best image
quality for HR < 75 bpm, while systolic acquisition provided best image quality for HR > 85 bpm. The best moment for acquisition shifted towards the end of the R-R
interval with increasing HR for both HR groups (r = 0.61 and r = 0.44, P < 0.05, respectively). No trend was observed for HR between 75 and 85 bpm.
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Fig. 2. Curved multiplanar reformations of the right
coronary artery performed in two different cardiac
phases (systole: A, C; Diastole: B, D) for two children
with the exact same heart rate (81 bpm) and a similar
heart rate variability. The Optimal cardiac phase was
found in diastole for patient 1 (A vs. B) and in systole
for patient 2 (C vs. D), illustrating the absence of
phase consensus for acquisition in patients with HR
between 76 and 85 bpm, and the need for multi-
phasic acquisition in children with intermediate HR.
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Fig. 3. Evolution of interpretable (solid line) and optimal (dotted line) structure proportions during the cardiac cycle for different heart rate groups. Optimal cardiac
intervals were found at 66-75%, 66-85%, 36-45% and 76-85%, 36-45%, 46-55%, 46-65% of the R-R interval for patients with HR < 60 bpm, 61-75 bpm, 76-85
bpm, 86-100 bpm, 101-130 bpm, and >130 bpm, respectively. This dynamic assessment provides the most relevant cardiac intervals to prioritize, for multiphasic

acquisitions.

No clear trend could be observed regarding patients with HR between 76
and 85 bpm: optimal phases were randomly distributed either in diastole
or in systole, even for children with the exact same HR and similar HR
variability (Fig. 2). Similar duration of systolic and diastolic motionless
intervals (87 ms vs. 96 ms, P = 0.08) [19] at these HR, might have led to
inter-patient variability regarding the choice of the phase to acquire. As
a consequence, to increase the proportion of interpretable and optimal
structures, we suggest to acquire at least one phase during systole and
another during diastole for these patients. Heart rate control methods
could also be an alternative to reduce phase selection uncertainties and
motion artifacts; yet, further studies investigating this intermediate HR
range would be necessary.

Additionally, the position of the optimal cardiac phase shifted to-
ward the end of the R-R interval with increasing HR for both systolic and
diastolic acquisitions. This has been previously described in adult pop-
ulations with moderate HR [9,20,21]. Yet, such a shift has not been
described at higher HR, to our knowledge [19]. This result is of

importance, as ignoring this shift would result in significantly lower
interpretability and optimal rates, in particular for HR above 85 bpm
(Fig. 3). While duration of most cardiac phases remains fairly consistent,
higher HR causes diastasis to shorten [9]. Since acquisitions are trig-
gered following a relative delay from previous R-peak, both diastolic
and systolic quiescent intervals shift toward the end of the R-R interval.
The use of absolute, or retrograde delays to trigger the acquisition would
avoid considering this shift [16].

Finally, the R-R interval duration is influenced by patient’s heart rate
variability: a mismatch between targeted and acquired phase might
happen due to these fluctuations from one beat to another. To mitigate
this inherent limitation of prospectively ECG-triggered CCTA, a widen
acquisition window might be applied to acquire several cardiac phases.

4.2. Optimal number of cardiac phases to acquire in CCTA

To reduce patient radiation exposure, the most effective approach is



Fig. 4. Coronary computed tomography angiography of a 5-year-old boy (HR = 98 bpm) with an anomalous origin of the right coronary artery. Sagittal-oblique (A),
axial (B) and volume rendered (C) reformations reveal a right coronary artery anomaly, arising from the left ostium. The interaortic pulmonary course induces a
stenosis of the proximal portion of the right coronary artery. Highest proportion of diagnostic and optimal structure are observed at 40% of the R-R interval.
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Fig. 5. Proportion of optimal (A) and interpretable (B) structures, when aggregating different numbers of cardiac phases, as a function of patient’s heart rate. The
proportion of optimal structures increased with the growing number of available cardiac phases, and declined with increasing HR (A). A similar trend was observed
with the proportion of interpretable structures, but a consistent interpretability rate was achieved with 3 phases or more (B). Optimal visualization could be obtained
with two phases for very low HR (<60 bpm) and very high HR (>130 bpm), with three phases for low HR (76-85 bpm) and high HR (101-130 bpm), and with 6
phases for intermediate HR (76-100 bpm).

Table 1
Recommendations for positioning the acquisition window in case of monophasic acquisition, and positioning and duration of acquisition window in case of a
multiphasic acquisition.

Patient HR (bpm) Cardiac phases (% of R-R interval) recommended for acquisition Leschka [22] Adults CT Weustlink [23] Adults CT Zhang [19] Children MRI

Monophasic Multiphasic N phases

<60 70% 65-75% 2 55-70% 60-76% 73%

61-75 80% 65-85% 3 50-80% 30-77% 76%

76-85 40%* 35-85% multiple 45-80% 45% and 85%
86-100 47% 35-85% multiple 30-80% 31-47% 48%
101-130 50% 40-60% 3 50-55%
>130 54% 50-60% 2 55%

Legend: HR, heart rate.
*Best score was found at 40% of the R-R interval in patients with HR between 76 bpm and 85 bpm. Yet, a second acquisition performed in diastole is highly rec-
ommended due to uncertainties regarding best cardiac phase encountered at these HR.

to limit beam on time and therefore acquire only necessary parts of the Overall, our results are in line with those from Lescha et al., who
cardiac cycle. Our results suggest that the number of phases acquired established narrowest reconstruction windows as a function of HR in
should be adapted to children HR: intermediate HR (80-100 bpm) adults [22]. As in our study, the authors recommended to use 10% to
require multiple cardiac phases while, as HR progresses to extreme 20% of R-R interval at end diastole for patients with HR below 60 bpm
values (both to higher and lower end of pediatric HR ranges), the and between 60 bpm and 70 bpm respectively, while a wider multi-
number of cardiac phases necessary to provide optimal exams is reduced phasic approach was recommended for patients with HR above 70 bpm.
to three, and then to two phases (representing respectively 20% and Similarly to our results, Weustink et al. recommended a narrow acqui-
10% of the cardiac cycle). To our knowledge, no study previously sition window for patients with low HR and high HR, while a wider
addressed the number of cardiac phases required in pediatric CCTA, and window was necessary for intermediate HR.[23] Yet, these studies did

very few data is available in adult population. not specifically address the number of cardiac phases necessary for HR



above 100 bpm, as commonly encountered in pediatrics. Surprisingly, in
our study, the acquisition of two to three phases represented the best
compromise, therefore much less than for intermediate HR.

Our conclusions are supported by the recent study from Zang et al.,
which measured the duration of motionless cardiac intervals in children,
as a function of HR, using magnetic resonance imaging [19]. At lower
and higher end of pediatric HR ranges, significant differences between
the duration of quiescent systolic and diastolic intervals were reported
(80 ms vs. 335 ms, 72 ms vs. 212 ms, 77 ms vs. 131 ms, 105 ms vs. 61 ms,
106 ms vs. 49 ms, 105 ms vs. 38 ms, 97 ms vs. 38 ms, for systolic vs.
diastolic static durations for, respectively, HR < 60 bpm, 60-69 bpm,
70-79 bpm, 100-109 bpm, 110-119 bpm, 120-129 bpm and > 130
bpm, all P < 0.0001). As a consequence, acquiring well-defined struc-
tures in other cardiac phase than in systole (for high HR), or than in
diastole (for low HR), appears very unlikely, and a small number of
cardiac phases positioned during the longer quiescent phase seems
adequate to reach optimal image quality. On the opposite, similar du-
rations of diastolic and systolic quiescent intervals were reported in
patients with HR between 80 bpm and 99 bpm (87 ms vs. 71-96 ms, P >
0.01), increasing probabilities of finding sharper structures in another
cardiac phase, as previously described [4], which strengthens the need
for multiphasic acquisitions at such HR range.

4.3. Limitations

Given radiation safety considerations, it was not possible to acquire
the entire cardiac cycle at full dose in a pediatric cohort. Therefore, some
cardiac phases were acquired with a reduced current value. This may
have artificially increased the proportion of poorly visualized structures
in certain cardiac phases. However, we made sure to only assess struc-
ture sharpness related to motion; indeed, other discrepancies, such as
noise, were not considered in the assessment. Moreover, a minimum
irradiation time is necessary to complete any CT acquisition (140 ms in
this work). This device-specific duration was not considered in our
study. Yet, this absolute time may represent an important portion,
relative to shorter R-R intervals at higher HR, forcing longer acquisitions
than recommended this work. Additionally, our results might not
entirely be applicable to CT systems with very different temporal reso-
lutions, involving various capabilities to freeze coronary artery move-
ment. In particular dual-source CT, a vendor specific technology
provided by one manufacturer, might require fewer phases than rec-
ommended in this study. Yet, the authors believe that these results can
still serve as a basis for CCTA optimization on these systems, since no
similar study with any other equipment is available in pediatrics to date
to our knowledge.

4.4. Conclusions

The COROPEDIA trial investigated optimal cardiac intervals to
perform pediatric CCTA acquisitions. Optimal positioning and duration
of the acquisition window were determined, as a function of children’s
HR. Diastole should be preferred for HR < 75 bpm, systole for HR > 85
bpm and the number of acquired cardiac phases should be increased for
intermediate HR, especially in the 75-85 bpm range, where a single
cardiac phase appears uncertain to provide adequate image quality. Yet,
additional studies would be necessary in this particular HR range. These
recommendations should be applied on prospectively ECG-triggered
CCTA, in order to reduce motion artifacts and improve image quality,
while reducing patient’s radiation exposure and, in the long term,
associated radiation-induced cancers.
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