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Abstract

This study aims to investigate the image quality and radiation dose of prospective ECG-triggered 128-slice dual-source CT
(DSCT) angiography in the delineation of coronary arteries in infants with congenital heart disease (CHD). Sixty-three infants
with CHD were randomly assigned into two groups: prospective ECG-triggered sequential protocol (group 1) and high-pitch
spiral protocol (group 2). Patients were selected to the protocols randomly. A five-point scoring system was applied to study
the capability of detecting coronary arteries. A score of <3 represents non-diagnostic. Effective radiation dose (ED) was
calculated. The visualized rate for original, proximal, middle and distal segments of the coronary arteries was 98%, 95%, 94%
and 83%, respectively in group 1, 93%, 82%, 53% and 34%, respectively in group 2. There were no significant demographic
differences in the identification rate between the two groups as to the original and most of the proximal segments. Significant
demographic differences were found in middle and distal segments (p < 0.05). The mean ED of the high pitch group and the
sequential group was 0.33 +£0.11 mSv and 0.63 +£0.16 mSy, respectively. Both the prospective ECG-gated high-pitch mode
and the sequential mode for 128-slice DSCT allow satisfactory delineation of original and most of the proximal segments of
coronary arteries in infants with CHD. However, an ECG-gated sequential mode is recommended when detailed anatomic
assessment of the whole coronary arteries are needed since the ECG-gated high-pitch mode is limited in the delineation of
middle and distal segments of the coronary arteries.
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Introduction
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The prevalence of congenital coronary artery anomalies
(CAAs) is approximately 1.0% (0.3-2.2%) in the general
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population with structurally normal hearts [1]. Patients with
congenital heart disease (CHD) have a higher incidence of
CAAs than the general population [2]. Recognizing variabil-
ity of CAAs is critical to prevent potential coronary artery
related complications when considering surgical or inter-
ventional therapies in children with CHD [e.g. modification
of tetralogy of Fallot (TOF), arterial switch operation or
closure of coronary artery fistula (CAF)] [3, 4]. Postopera-
tive evaluation of the coronary arteries is also important in
the follow-up visit for that stenosis or occlusion may occur
in some cases [5].

Recently, the rapid technical improvements in multi-
detector computed tomography have made it an effective
tool for providing fast and accurate assessment for coronary
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arteries with excellent spatial resolution and anatomic cov-
erage in children with CHD [6, 7]. With a high-pitch spiral
mode provided by the second generation dual-source CT
(DSCT), the proximal segments of the coronary arteries in
children could be observed even without electrocardiogra-
phy (ECG)-gating [8, 9]. However, a non-ECG-gated high-
pitch spiral mode may be insufficient to provide preoperative
information in patients who need a detailed evaluation of
the anatomy of the coronary arteries. ECG-gating should be
applied for a comprehensive assessment of coronary artery
anatomy [8]. Retrospective ECG-triggered CT angiography
is always associated with relatively high radiation dose and
this remains the major limitation in its application in chil-
dren [10]. Prospective ECG-triggered DSCT angiography
including high-pitch spiral mode and the sequential scan
mode was reported with relatively low radiation dose and
was more commonly used in identifying coronary artery
anatomy in children [7, 11]. However, visualization of the
coronary arteries was found to be influenced by age and
heart rate [12]. The performance of the two prospective
ECG-triggered scan modes in the delineation of the coro-
nary arteries has not been widely reported in infants. Thus,
this randomized study aimed to assess the imaging quality of
coronary arteries and radiation dose of the two prospective
ECG-triggered scan modes with a 128-slice DSCT angiog-
raphy in babies with CHD.

Materials and methods
Study design and patients

A total of 63 consecutive infants (37 male, 26 female)
< 1-year-old (mean age 6.6 + 3.7 months, 21 days to 1 year)
with CHD underwent prospective ECG-triggered CT angi-
ography between January 2017 and June 2018. CT angi-
ography was performed to answer specific anatomical
questions raised by inconclusive echocardiography before
operation or for postoperative evaluation. Attention was paid
to avoid administration of contrast material if contraindica-
tions existed, such as renal insufficiency, iodine intolerance
or heart failure. The possible adverse effects of contrast
medium and radiation exposure were explained to their
legal guardians and informed consent forms were obtained
in all patients. Study procedures were in accordance with the
Declaration of Helsinki and the guidelines of the local ethics
committee. The patients were randomly assigned into two
groups: prospectively sequential acquisition (group 1) and
high-pitch (3.4) spiral acquisition (group 2).
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DSCT date acquisition

All CT examinations were performed with a 128-slice
DSCT (Somatom Definition Flash; Siemens Healthcare,
Forchheim, Germany). The scanning parameters were set
as follows: 80 kV tuber voltage and weight adapted setting
for tube current (60 mAs/rotation for patients <5 kg body
weight, 60-79 mAs/rotation for patients 5-10 kg body
weight, 80—-120 mAs/rotation for patients > 10 kg body
weight), rotation time of 0.28 s; 2 X 64 X 0.6 mm detec-
tor collimation, a slice collimation 2x 128 X 0.6 mm by
z-flying focal spot technique. The start phase of CT data
acquisition was at 45% of the R-R interval in group 1,
and starting at 30% of R—R interval using a pitch of 3.4 in
group 2. Patients were scanned in craniocaudal direction
under a natural heart rate and quiet breathing after short-
term sedation achieved with oral administration of chloral
hydrate under the supervision of a pediatrician.

Iodinated contrast medium (Schering Ultravist, Iopro-
mide, 350 mg I/ml, Berlin, Germany) was injected via
peripheral vein by using a dual-head power injector. The
volume was adjusted to the body weight: 1.2-1.5 ml/kg
with a 10-20 ml saline chaser. Injection rate was calcu-
lated as 0.1 ml/s X body weight. Automatic bolus trigger-
ing software program was applied with a circular region
of interest (ROI) positioned at the level of the descend-
ing aorta. When an attenuation threshold within the ROI
exceeded 100 Hounsfield units (Hu), scan acquisition auto-
matically commenced after a delay of 4-6 s.

Image post-processing and analysis

Images were reconstructed as follows: contiguous 0.75-
mm thickness and increment of 0.4-mm using a medium
smooth-tissue convolution kernel (I26f) with sinogram-
affirmed iterative reconstruction (SAFIRE; Siemens
Healthcare, Forchheim, Germany) strength 3. All images
were transferred to an external workstation (Multiple
Modality Workplace, Siemens Healthcare, Germany) for
further analysis. In addition to the CT axial slices, mul-
tiple planar reconstruction, curved planar reformation,
maximum intensity projection, and volume rendering were
applied for image interpretation.

Each subject was analyzed independently by two car-
diovascular radiologists with more than 10 years’ experi-
ence. Both observers were blinded to the scanning param-
eters and patient characteristics. The coronary arteries
were divided into 11 segments for evaluation including
the origin of the left and right coronary artery (LCAo/
RCAO0), the main branch of left coronary artery (LCA)
(LM), the proximal/middle/distal of the right coronary
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artery (RCAp/RCAm/RCAd), the proximal/middle/dis-
tal of the left anterior descending artery (LADp/LADm/
LADd) and the proximal/distal of the left circumflex artery
(LCXp/LCXd) (Fig. 1). Each segment was assessed using
a five-grade scale (Grade 5, clear visualization without
any motion artifacts; Grade 4, mild motion artifacts, but
still with high diagnostic confidence; Grade 3, obvious
blurring; moderate diagnostic confidence; Grade 2, identi-
fied but equivocal, may simulate other structures; Grade 1,
severe motion artifacts; no coronary segment visualized)
[8]. In the segment of discordance between the two radi-
ologists, the lower score was used. Scores of 3, 4, and 5
were considered sufficient diagnostic image quality.

To assess the image quality objectively, the average den-
sity of contrast media and standard deviation (SD) in Hu
were measured in the root of ascending aorta on 0.75-mm
thickness transverse slice. Attenuation was measured in the
middle of the ascending aorta in a 1-cm? circular ROIL The
noise was defined as the SD of the attenuation value, and the
signal-noise ratio (SNR) was calculated as the ratio of the
attenuation value and the noise.

Radiation dose estimations

The dose-length product (DLP) and the volume CT dose
index (CTDIvol) were obtained from the information gen-
erated by the CT system. To calculate the effective dose
(ED), the DLP was multiplied by a scanner-specific con-
version factor provided by the manufacturer to adapt it to
a 16-cm phantom: 2.3 for 80 kV. This value was then mul-
tiplied by the age-specific conversion coefficient for the
chest: 0.039 mSv/[mGy cm)] for children up to 4 months,
0.026 mSv/[mGy cm] between 4 months and 1 year of age
[13].

L

‘.
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Statistical analysis

Statistical analysis was performed with commercially avail-
able software (SPSS version 20.0, IBM Company, Chicago,
IL). Continuous variables were expressed as mean + SD
(normal distribution) or median (interquartile range) (non-
normal distribution). Categorical variables were expressed
as frequencies or percentages. Interobserver agreement on
grades of image quality score was assessed by kappa sta-
tistics (k=0.41-0.60, moderate agreement; k=0.61-0.80,
good agreement; k> 0.81, excellent agreement) [14]. Cat-
egorical variables were compared using the Chi-squared test.
Continuous variables that were normally distributed were
compared by independent samples t-test. Mann—Whitney U
test was used in the comparison of continuous variables that
were not normally distributed. Value of p <0.05 was consid-
ered statistically significant.

Results
Population characteristics

The final diagnosis of 63 patients were TOF with other
abnormalities (n=34), coarctation of aorta with other
abnormalities (n=7), double aortic arch (n= 1), aortopul-
monary window (n=3), pulmonary atresia (n=3), pul-
monary artery sling (n=1), anomalous pulmonary venous
drainage (n=35), double outlet right ventricle (n=3),
transposition of the great arteries (n=2), post-opera-
tion of Blalock-Taussig shunt (n=2), and CAA (n=2).
Finally, four cases were found to have CCAs. Three in
the sequential group and one in the high-pitch group. In
the sequential group, one was TOF with right coronary
artery (RCA) originating from the left coronary sinus, one

Fig. 1 Segments of coronary arteries were denoted on the CT images. RCAp/RCAm/RCAd proximal/middle/distal of the right coronary artery,
LADp/LADm/LADd proximal/middle/distal of the left anterior descending artery, LCXp/LCXd proximal/distal of the left circumflex artery
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was RCA right ventricular fistulae (Fig. 2), and one was
LCA originating from pulmonary artery (Fig. 3). All the
three CCAs have been confirmed during surgery. In the
high-pitch group, the patient was coarctation of aorta with
RCA originating from the left coronary sinus (Fig. 4).
The average weight was 6.9 +2.1 kg (range 3-11.5 kg).
The mean heart rate was 121.0+ 16.2 beats per minute
(bpm) (range 95-162 bpm). Patient characteristics are
presented in Table 1. There was no significant difference
in gender, age, weight, and heart-beats between the two
groups (all p>0.05).

Subjective assessment of the image quality

Interobserver agreement of the coronary image quality was
reached in 645 (93.1%) segments (Kappa=0.903). Disagree-
ment occurred in 48 segments and all of them had only one
point of difference. The mean scores of the two groups in
accessing the 11 segments of coronary arteries are illustrated
in Table 2. There was no statistical difference in the origi-
nal segments, RCAp, and LM between the two groups. The
mean scores of LADp and LCXp were lower in group 2. The
visualized rate (score > 3) of the 11 segments of coronary
arteries are illustrated in Table 3. Visualized rate in group
1 and group 2 was 98% (65/66) and 93% (56/60) for the

Fig.2 A 4-month-old girl suspected to have CAF underwent CT
angiography with an ECG-gated sequential mode. a The axial image
shows the fistula from the RCA to the right ventricle (arrow). b Mul-

Fig.3 A 3-month-old boy suffering from lung infections was sus-
pected to have anomalous origin of LCA by ultrasonography. a The
axial image shows the dilated left ventricle (LV) and the normal right
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tiple planar reconstruction shows the dilated RCA. ¢ Volume render-
ing demonstrates the distal aneurysmal and tortuous RCA and the
CAF

ventricle (RV). b Maximum intensity projection demonstrates the
anomalous origin of LCA from pulmonary artery (PA)



The International Journal of Cardiovascular Imaging (2019) 35:937-945

941

Fig.4 A 6-week-old boy suspected to have aortic coarctation under-
went CT angiography with an ECG-gated high-pitch mode. a Mul-
tiple planar reconstruction shows the RCA originated from the left

coronary sinus; b volume rendering demonstrates the original and
the proximal segments of coronary arteries and the aortic coarctation
(arrow)

Table 1 Patient characteristics

‘ Groups N (male) Scan mode Age (months) Weight (kg) Heart rate (bpm)
and scanning protocols
Group 1 33 (20) Sequential 6.5+3.5 7.1+£22 123.4+174
Group 2 30 (17) High-pitch 6.8+4.0 6.7+2.0 118.2+14.6
p-value 0.751 0.738 0.454 0.207
In total 63 (37) 6.6+3.7 6.9+2.1 121.0+16.2

Table 2 Subjective image quality evaluation of sequential protocol
and high-pitch protocol

Segment In total Sequential High-pitch p-Value
RCAo0 4.46+0.93 4.48+0.80 4.43+1.07 0.658
LCAo 4.46+0.86 4.64+0.60 4.27+1.05 0.179
RCAp 4.10+1.24 4.33+0.96 3.83+1.46 0.199
LM 4.54+0.90 4.76+0.50 4.30+1.15 0.107
LADp 4.10+1.15 4.52+0.83 3.63+1.27 0.002
LCXp 330+1.24 3.82+1.24 2.73+0.98 <0.001
RCAm 3.60+1.43 4.18+1.07 297+1.52 0.001
LADm 3.54+1.52 430+1.07 2.70+1.57 <0.001
RCAd 3.13+1.57 3.97+1.36 243+1.61 0.001
LADd 3.13+1.60 3.97+1.36 220+1.32 <0.001
LCXd 271+1.47 3.45+1.30 1.9+1.21 <0.001

LCAo/RCAo origin of the left and right coronary artery, LM the main
branch of left coronary artery, RCAp/RCAm/RCAd proximal/middle/
distal of the right coronary artery, LADp/LADm/LADd proximal/mid-
dle/distal of the left anterior descending artery, LCXp/LCXd proxi-
mal/distal of the left circumflex artery

original segments, 94% (31/33) and 83% (25/30) for RCAp,
100% (33/33) and 93% (28/30) for LM, 97% (32/33) and
86% (26/30) for LADp, respectively. There were no signifi-
cant differences in the identification rate between two groups
as to original and most of the proximal segments (p > 0.05).
Significant differences were found in other six segments
(RCAm, RCAd, LADm, LADd, LCXp, and LCXd) for the
visualized rate (p < 0.05).

Objective evaluation of image quality

The average attenuation, average noise, and the average
SNR in the root of ascending aorta were 430.2 +89.1 Hu,
18.3+6.1 Hu and 25.5+ 7.8, respectively by the sequential
group and 455.0+78.8 Hu, 19.1 +3.3 Hu and 24.2 +4.1,
respectively by the high-pitch group. There was no signifi-
cant difference in average attenuation, average noise, and the
average SNR between the sequential group and high-pitch
group (all p>0.05).
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Table 3 Visibility of coronary

- . Segment In total, count (%) Sequential, count (%)  High-pitch, count (%) p-Value
arteries of sequential protocol
and high-pitch protocol Score>3 Score<3 Score>3 Score<3 Score>3 Score<3
Original segments 121 (96) 5@) 65 (98) 1(2) 56 (93) 4(7) 0.139
RCAo 60 (95) 3(5 32 (97) 1(3) 28 (93) 2(7) 0.498
LCAo 61 (97) 2(3) 33(100) 0(0) 28 (93) 2(7) 0.132
Proximal segments 223 (88) 29 (12) 125 (95) 7(5) 98 (82) 22 (18) 0.001
RCAp 56 (89) 7(11) 31 (94) 2 (6) 25 (83) 5017) 0.181
LM 61 (97) 2(3) 33(100) 0(0) 28 (93) 2(7) 0.132
LADp 58 (92) 5() 32 (97) 1(3) 26 (86) 4(14) 0.131
LCXp 48 (76)  15(24) 29 (88) 4 (12) 19 (63) 11 (37) 0.022
Middle segments 94 (75)  32(25) 62 (94) 4 (6) 32 (53) 28 (47) <0.001
RCAm 48 (76)  15(24) 31 (94) 2 (6) 17 (57) 13 (43) 0.001
LADm 46 (73) 17 (27) 31 (94) 2 (6) 15 (50) 15 (50) <0.001
Distal segments 113 (60) 76 (40) 82(83) 17(17) 31 (34) 59 (66) <0.001
RCAd 41 (65) 22 (35) 28 (85) 5(15) 13 (43) 17 (57) 0.001
LADd 39(62) 24(38) 29 (88) 4 (12) 10 (33) 20 (67) <0.001
LCXd 33(52) 30(48) 25 (76) 8 (24) 8 (26) 22 (74) <0.001

There were no significant differences in the identification rate between two groups as to original and most
of the proximal segments (p>0.05)

Radiation dose estimation

The radiation dose parameters are summarized in Table 4.
Significant differences were found in CTDIvol, DLP and
ED between the high-pitch group and the sequential group
(all p<0.05) (Fig. 5). The mean ED of the high pitch
group and the sequential group was 0.33+0.11 mSv and
0.63 +0.16 mSy, respectively. The high-pitch group had a
48% reduction compared with the sequential group.

Discussion

In the present study, we investigated the image quality and
radiation dose of two prospective ECG-triggered protocols
using 128-slice DSCT in the delineation of coronary arteries
in infants with CHD. Both the high-pitch spiral acquisition
and the sequential acquisition made a satisfactory deline-
ation of the original and most of the proximal segments
(except for LCXp) of the coronary arteries. The imaging
quality of LCXp, middle segments and the distal segments

of the coronary arteries was inferior in the high-pitch group
compared with the sequential group. As to the radiation
dose, the high-pitch group had a 48% reduction compared
with the sequential group.

Presurgical identification of some CCAs is clinically
important because the presence of the anomaly results in
modification of the surgical technique. For example, any
major coronary artery branch crossing the right ventricu-
lar outflow tract may result in a modification of the sur-
gical technique in a surgical correction of TOF. Recently,
the rapid developments in multi-detector CT have made it
an important tool in the assessment of coronary arteries
in pediatric patients with CHD [6, 7, 15]. Goo and Yang
[16] reported that 97.1% of the original and 71.9% of the
proximal segments were traceable with a prospective ECG-
triggered sequential scanning. Ben Saad et al. [17] reported
that 91% of the LCA and 84% of the RCA had a diagnostic
image quality in the proximal segments with a retrospective
ECG-triggered spiral scanning. In our study, the sequential
group also provided a satisfactory delineation in original
(98%), proximal (95%), middle (94%) and the distal (83%)

Table 4 Radiation dose of the

Groups CTDI (mGy) DLP (mGy/cm) ED (mSv)
two groups
25% 50% 75% 25% 50% 75% 25% 50% 75%
Group 1 0.73 0.95 1.19 8.00 10.00 12 0.50 0.63 0.72
Group 2 0.29 0.33 0.39 5.00 6.00 6.00 0.25 0.30 0.42
In total 0.32 0.63 1.00 5.00 7.00 10.00 0.30 0.50 0.63

Significant differences were found in CTDIvol, DLP and ED between the two groups, all p <0.001

group 1 =sequential group, group 2 =high-pitch group
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Fig.5 DLP, volume CT dose index (CTDIvol) and ED of the two groups (group 1=sequential group, group 2 =high-pitch group, significant dif-
ference was found in every radiation dose index between the two groups, all p <0.001)

segments. Li et al. [11] reported that 80% of the coronary
artery was traceable with a prospective ECG-triggered
high-pitch scanning. However, the image quality for which
segment was not specified in their study. In our cohort, the
high-pitch group made a satisfactory delineation in origi-
nal (93%) and the proximal (82%) segments. However, the
visualized rate of LCXp was inferior in the high-pitch group
compared with the sequential group. This may be attributed
to the small size of LCXp. The visualized rate in the middle
(53%) and distal (34%) segments was significantly lower
compared with the original and proximal segments. It may
be insufficient in the delineation of middle and distal seg-
ments of coronary arteries in infants using a second genera-
tion DSCT scanner.

The second generation DSCT system provided a high-
pitch spiral scanning mode. With a flash table speed of

460 mm/s and a high pitch of 3.4, the entire volumetric
data could be acquired in one single cardiac cycle [18].
Kanie et al. [8] reported that 80.5% of the proximal seg-
ments of coronary arteries had diagnostic image quality in
a high-pitch spiral scanning mode even without an ECG-
gating. However, in our study, high-pitch spiral scanning
was insufficient in the delineation of middle and distal seg-
ments of coronary arteries even with an ECG-gating. This
may be attributed to that images acquired with this scan
mode show different cardiac phases along the z-axis [19].
Besides, heart rates of infants are always high and unsta-
ble. Data acquisition was either too early or too late in
the cardiac cycle when the heart rates were irregular [13].
Hence, the sequential mode was recommended for these
patients who suspected to have middle or distal anomalies
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such as CAF or TOF with major coronary artery branch
crossing the right ventricular outflow.

Radiation safety has always been a great concern for pedi-
atric patients. A significant cumulative dose may lead to acute
radiation-induced chromosomal DNA damage in children with
CHD [20]. Therefore, we must choose optimal protocol to
decrease radiation dose as low as reasonably achievable, while
meeting demand for the diagnostic task. In our protocol design,
a retrospectively spiral acquisition was not included because
it always referred to a high radiation dose [11, 17, 21]. With a
sequential scanning, we got a 0.63 mSv in our study after cor-
rection for body size. In the high-pitch spiral scanning group,
ED had a 48% reduction compared with the sequential group.
So a high-pitch protocol could be used to lower the radiation
dose for these patients who have no CCAs or only suspected
to have anomalies in original segments.

Our study was unique in several aspects. First, our study
was a prospective randomized design. Infants with CHD were
assigned to use sequential and high-pitch spiral protocol ran-
domly regardless of his or her age, weight or heart rate. Sec-
ond, the patients enrolled in this study were infants. The per-
formance in the coronary arteries delineation of the high-pitch
spiral protocol with a 128-slice DSCT had not been evaluated
in infants. Third, we performed an assessment on the image
quality of the middle and distal segments of the coronary arter-
ies in addition to the original and proximal segments.

There are several limitations to our study. Firstly, retrospec-
tive ECG-gating spiral scan protocol and non-ECG-gating
high-pitch spiral scan protocol were not included in our study
because the two protocols was not widely used in clinical prac-
tice in our hospital. Secondly, our study is mainly based on a
subjective scoring system for image quality. The diagnostic
accuracy compared with conventional angiography or surgery
findings should be investigated in the future.

In conclusion, both the prospective ECG-gated high-pitch
mode and the sequential mode for 128-slice DSCT allow sat-
isfactory delineation of original and most of the proximal seg-
ments of coronary artery in infants with CHD. However, an
ECG-gated sequential mode is recommended when detailed
anatomic assessment of the whole coronary arteries are needed
since the ECG-gated high-pitch mode is limited in the deline-
ation of middle and distal segments of the coronary arteries.
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