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ABSTRACT

Background: Patency of the coronary arteries is an issue after reports of sudden cardiac death in patients with
transposition of the great arteries (TGA) operated with arterial switch (ASO). Recent studies give rise to concern
regarding the use of ionising radiation in congenital heart disease, and assessment of the coronary arteries with cor-
onary MR angiography (CMRA) might be an attractive non-invasive, non-ionising imaging alternative in these
patients. Theoretically, the use of 3.0T CMRA should improve the visualisation of the coronary arteries. The objec-
tive of this study was to assess feasibility of 3.0T CMRA at the coronary artery origins by comparing image quality
with non-contrast CMRA in ASO TGA patients to healthy age-matched controls, and by comparing image quality
with non-contrast CMRA to contrast enhanced CMRA in the patient group. Material and methods: Twelve
patients, 9-15 years (mean 11.9 years, standard deviation 1.5 years), and 12 age-matched controls (mean 12.7 years,
standard deviation 1.7 years) were examined with 3D balanced steady-state free precession (SSFP). Nine of twelve
patients had Gadolinium-enhanced fast low-angle shot (Gd-FLASH) performed after SSFP. Image quality at the cor-
onary artery origins was evaluated subjectively with a 10 cm figurative visual analogue scale (fVAS) and objectively
by signal-to-noise and contrast-to-noise ratio (SNR, CNR). Results: All, but one, coronary artery origins were iden-
tified. No significant difference in image quality scores was found between patients and controls with SSFP (mean
values 6.5 cm—9.1 cm in patients and 7.0 cm—8.0 cm in controls, p-values > 0.1). With SSFP, intra-observer fVAS
mean score was 6.7 cm—8.6 cm and with Gd-FLASH 7.7 cm—8.7 cm. CNR was higher with Gd-FLASH (p < 0.03).
Intra-observer agreement index (AI) with SSFP was moderate-to-good (0.43–0.71) and with Gd-FLASH good (0.64–
0.79) in all origins. Inter-observer AI was good in the left main stem (LMS) with SSFP (0.65). With Gd-FLASH
inter-observer AI was good in LMS (0.78) and moderate (0.5) in the left anterior descending artery, but lacking
in the other origins though with a good agreement on Bland-Altman plots. Conclusions: Our findings indicate a
better, more reproducible image quality with Gd-FLASH than with non-contrast SSFP CMRA on 3.0T for evalua-
tion of the coronary artery origins in ASO TGA children and adolescents.
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1 Introduction

In transposition of the great arteries (TGA) there is a ventricular-arterial discordance creating two
independent circulatory systems. The current correction procedure of choice is arterial switch operation
(ASO) performed in the early neonatal period, in which the great arteries are switched in position and the
coronary arteries re-implanted. The survival rate is excellent, but stenosis and kinking at the coronary
artery re-implantation site may occur. Coronary artery events have been reported with different
frequencies, and concern regarding the coronary artery patency and disease at long term have been
expressed, pointing out the need for follow-up and surveillance [1–6].

Conventional coronary angiography is considered the gold standard for diagnosing coronary artery
disease, but the method is invasive and often requires general anaesthesia in the young. But, non-invasive
methods like computed tomography (CT) and magnetic resonance imaging (MRI) have gained increasing
attention. Nevertheless, individuals with congenital heart disease (CHD) is exposed to an increasing
number of cardiac procedures with low-dose ionising radiation [7]. The most important contributors to
the effective cumulative dose has been found to be conventional angiography and CT, and the level of
exposure vary with the CHD complexity [8]. An association between incident cancer and exposure to
cardiac procedures with low dose ionising radiation is shown in adults with CHD [9], and this emphasize
the need for a non-invasive, non-ionising method to evaluate the coronary arteries [8,10].

MRI provides excellent tissue contrast and is superior to CT for assessing the myocardial morphology
and function. Coronary MR angiography (CMRA) can be performed in several ways, both targeted on the
coronary arteries and in whole-heart mode, as well as with or without administration of contrast agents. A
prospective multi-center study showed that 3D segmented k-space gradient-echo MR angiography (MRA)
at 1.5T when compared to conventional coronary angiography allowed accurate detection of disease in
the proximal and middle coronary artery segments [11]. However, the most commonly used CMRA
technique at 1.5T is balanced steady-state free precession (SSFP) [12,13]. The whole-heart CMRA
(WH-CMRA) approach has been shown to enable visualisation of a longer vessel length with a total
examination time less or at least comparable to the targeted coronary artery approach [14,15]. A study
using SSFP with an intravascular contrast agent displayed significantly more side branches and longer
vessel segments with WH-CMRA as compared to targeted CMRA [16]. Gadolinium-enhanced fast low-
angle shot (Gd-FLASH) has also been used for WH-CMRA, but a study by Gweon et al. found no
advantage of this sequence compared to SSFP on 1.5T [17]. Non-contrast enhanced CMRA has been
performed on a 1.5T MR in TGA children corrected with ASO [18].

Theoretically, increased magnetic field strength will improve the visualisation of the coronary arteries
due to higher signal-to-noise ratio (SNR), higher resonance frequency and altered relaxation times [19].
Higher SNR can be traded off for reduced scan time and/or improved spatial resolution. Using 3.0T for
CMRA was long challenging due to issues related to the increased field strength and increased specific
absorption rate (SAR) [19]. Stuber et al. showed that non–contrast CMRA, with a 3D segmented k-space
gradient echo sequence, was feasible at 3.0T [20]. In a comparison of this sequence at 1.5T and 3.0T,
Sommer et al found a significant increase in SNR and contrast-to-noise ratio (CNR) at 3.0T, but without
significantly improved image quality [21]. Comparison of non-contrast enhanced SSFP at 1.5T to
contrast-enhanced FLASH at 3.0T revealed better depiction of coronary segments with higher CNR and a
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shorter acquisition time at 3.0T [22]. WH-CMRA with slow infusion of extravascular contrast media has
been used at 3.0T [23], and Yang et al. were able to detect coronary artery stenosis with moderate
specificity and high sensitivity when compared to conventional coronary angiography [24]. A more recent
study revealed a sensitivity of 78.2% and a specificity of 75% for detecting clinically significant coronary
artery stenosis at 3.0T [25], and a systematic review and meta-analysis found WH-CMRA to increase
specificity, while contrast administration increased sensitivity for detecting coronary artery disease [26].

The purpose of this study was to assess the feasibility of 3.0T CMRA for the evaluation of the coronary
artery origins by comparison of image quality of non-contrast enhanced SSFP in children/adolescents with
ASO TGA to healthy age-correlated volunteers, and by comparing non-contrast enhanced SSFPWH-CMRA
to slow infusion Gd-FLASHWH-CMRA in ASO TGA children/adolescents hypothesizing that non-contrast
enhanced SSFP would give equal image quality to slow infusion Gd-FLASH. The comparison to healthy
age-correlated individuals was performed to see whether the post-operative status in the coronary artery
origin in ASO TGA would affect the image quality by itself.

2 Material and Methods

2.1 Ethics Statement
The study was approved by the local ethics committee for human research, the Norwegian South East

Regional Committee for Medical and Health Research Ethics, and all subjects and their parents/caretakers
gave their written, informed consent to participation. This study was performed in accordance with the
1964 Helsinki declaration and its later amendments. The trial registration of this study: ClinicalTrials.
gov: NCT01916499.

2.2 Subjects
TGA patients, 9 years–15 years, corrected with ASO as neonates at our University Hospital were invited

to the study. Twelve randomly chosen patients of both genders, two from each age cohort (one year of birth)
were enrolled, six of each gender (mean age 11.9 years, standard deviation (SD) 1.5 years). All twelve
underwent WH-CMRA with SSFP, while nine of these underwent Gd-FLASH as well. Additionally,
12 healthy, age-correlated individuals (mean 12.7 years, SD 1.7 years), eight girls and four boys,
underwent WH-CMRA SSFP for comparison, but they did not receive contrast media due to ethical
considerations. MRI was completed without general anaesthesia or any sedation.

2.3 MRI Protocol
Examinations were done head first, in supine position at a 3.0T MR Skyra unit (TIM 4G, Siemens

Medical Solutions, Erlangen, Germany) using an 18-channel body array coil combined with a 32-channel
spine array coil. Respiratory navigation gating 2D PACE and a 4-lead vector-electrocardiogram was used
for gating purposes, meaning that the scan efficiency was patient dependent. The unit has a maximum
strength of 45 mT/m with a slew rate of 200 T/m/s. B0 shim was used. Before WH-CMRA a cine true
fast imaging with steady-state precession (trueFISP) image in a 4-chamber view was used to determine
the longest rest period of the cardiac cycle, i.e., the period with the least motion of the right coronary
artery, assuming that the left coronary artery would be in a relative motionless period as well. The
acquisition window was adjusted individually and both sequences were performed free-breathing with
respiratory navigator window 3.5 mm. SAR was limited to 4.0 W/kg.

2.3.1 Balanced Steady-State Free Precession (SSFP) CMRA
A coronal 3D whole-heart, fat saturated, respiratory-gated and ECG-triggered trueFISP was performed

with the following imaging parameters: TR/TE = 239.92 ms/1.31 ms, flip angle 90°, no magnetisation
preparation pulse, bandwidth 1502 Hz/Px, field of view 350 mm, matrix 208 � 187, and reconstructed
voxel size 0.8 mm � 0.8 mm � 1.0 mm. Parallel imaging was used, GRAPPA pat 2. Acquired voxel size
1.87 � 1.68 � 2 (field of view (FOV) � frequency � slice thickness).
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2.3.2 Gadolinium Enhanced Fast Low-Angle Shot (Gd-FLASH) CMRA
This was performed with a 3D whole-heart, fat saturated, respiratory-gated and ECG-triggered FLASH

sequence during iv injection of Gadoterate meglumine (Dotarem®, Guerbet, Villepinte, France) 0.4 ml/kg,
flow rate 0.15 ml/sec with a power injector (Medrad®, Bayer HealthCare, Whippany, NJ, USA) followed
by an injection of 30 ml saline solution at the same flow rate. The scan started 15 seconds after initiating
contrast media injection, and fulfilled sampling after completion of the contrast agent injection. The
following imaging parameters were used: TR/TE = 345.04 ms/1.23 ms, flip angle 20°, non-selective IR
preparation pulse, bandwidth 698 Hz/Px, field of view 320 mm, matrix 256 � 256, and reconstructed
voxel size 0.6 mm � 0.6 mm � 0.9 mm. Parallel imaging was used, GRAPPA pat 2. Acquired voxel size
1.25 � 1.25 � 1.80 (FOV � frequency � slice thickness).

2.4 Data Analysis
Image post-processing was performed offline at a Vitrea work station (Toshiba Medical Systems, Tokyo,

Japan), and evaluated by two radiologists with 3 years and 10 years of experience reading cardiac MRI,
respectively. Readers were blinded for the examination group and any clinical symptoms. The first reader
performed a second reading of the dataset 1 month apart from the first reading.

There are two complementary concepts used to assess image quality: qualitative/subjective analyses and
quantitative/objective analyses. Qualitative/subjective image quality was used to assess the visibility/patency at
the origin of the left main stem (LMS), left anterior descending artery (LAD), circumflex artery (CX) and right
coronary artery (RCA) as well as determining the anatomical ostia and the identifiable length of the coronary
arteries. Figurative visual analogue scale (fVAS) was used to score image quality subjectively [27]. fVAS is a
line of pre-defined length with absolute minimum and maximum scores at the boundaries and with reference
points in between them. A two-sided ruler with a sliding marker is used, where one side of the ruler has a 10 cm
scale and the other side has a corresponding 10 cm plain, long line with reference points. The reference points
and boundaries correspond to pre-defined image criteria (Tab. 1 and Fig. 1). Recordings were done by using the
sliding marker on the side with the reference points, then turning the ruler to the opposite side to read out the
corresponding score on the 10 cm scale with the help of the sliding marker. Satisfactory image quality for
evaluating the origin of the coronary artery was set to fVAS ≥ 6.6 cm. In the case of a difference in score ≥
3.5 cm between the two readers, an agreement was made upon consensus and the score with the biggest
difference from the consensus score was changed.

Table 1: Reference points scoring criteria in figurative visual analogue scale

Reference point Criteria

0 cm Origin not visible/barely visible with highly blurred vessel wall

3.3 cm Visible origin with moderately blurred vessel wall

6.6 cm Origin with slightly blurred vessel wall

10 cm Origin with excellently sharp defined vessel wall

Figure 1: The two sides of the ruler for figurative visual analogue scale (fVAS) for qualitative image quality
assessment. At the top: the plain side with a line with white reference marks (at 0, 3.3, 6.6 and 10 cm), and at
the bottom: The corresponding 10 cm ruler at the opposite side. The red line illustrates the slider showing the
corresponding points on both sides of the ruler
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For quantitative/objective assessment, SNR and CNR were calculated using the axial multi-planar
reconstruction (MPR) of the coronal SSFP sequence and the tilted axial MPR of the Gd-FLASH
sequence to set a region of interest (ROI =15 mm²) in both myocardium (middle/apical part of the
ventricular septum), air as well as in the origin of the coronary arteries. The ROI was made as large
as possible within the borders of the origin of each coronary artery (LMS, LAD, CX, RCA), on an
MPR projection perpendicular to the origin of the artery. The CNR and SNR were determined
according to the following equations in which SI is signal intensity and SD is the standard deviation
of the signal intensity:

CNR ¼ SIcoronary artery � SImyocardium

SDair

SNR ¼ Mean SIcoronary artery

SDair

2.5 Statistical Analysis
Shapiro-Wilk test was performed for assumption of normal distribution [28]. Continuously distributed

variables are expressed by mean values, standard deviation (SD) in brackets and 95% confidence intervals
calculated by the Student’s procedure [29]. Comparison within and between groups were performed by
paired sample t-test and independent sample t-test, respectively [29]. Inter- and intra-observer agreement
was calculated using Bland & Altman agreement analysis [30,31] including the calculation of the
agreement index given by the formula:

AI ¼ 1� 2SD difference between observationsð Þ
mean of observations

AI has the following levels of agreement: <0.20 poor, 0.21–0.40 fair, 0.41–0.60 moderate,
0.61–0.80 good, and 0.81–1.00 very good [29]. SPSS version 24 was used for performing the analyses
(SPSS Inc., Chicago, USA). p-values < 0.05 were considered significant.

3 Results

There were six of each gender in the ASO TGA group, and eight girls and four boys in the control group,
and the participant characteristics are shown in Tab. 2. All individuals had SSFP WH-CMRA performed and
9/12 patients had Gd-FLASH WH-CMRA performed.

All individuals completed the MRI exam without complications or complaints. In the patient group,
mean acquisition time for SSFP was 5.7 minutes (SD 2.5 minutes) and for Gd-FLASH 7.1 minutes (SD
1.4 minutes). Some of the results in this article were previously reported as part of a different study
exploring three different qualitative/subjective methods for image quality assessment [27].

The origin and proximal parts of the coronary arteries were identified, and as expected, the re-implanted
ostia were located slightly cranial to the normal sinus position in healthy individuals. Tab. 3 shows the
coronary artery pattern in the ASO TGA individuals. Seven patients had a normal coronary artery pattern
post-ASO with the RCA ostium in the right sinus and the LMS ostium in the left sinus. In one individual
CX was not recognised in the first reading and consequently interpreted/registered as invisible.
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In addition, CX was not identified in one healthy volunteer and hence no LMS was defined, but
otherwise there was a normal coronary artery pattern in the healthy volunteers. In those individuals with
common ostia (RCA and CX or RCA and LAD) the origin of the different coronary arteries was
evaluated separately. This resulted in a total of 88 coronary origins identified with SSFP (24 individuals)
and 33 with Gd-FLASH (9 patients) (Tab. 4).

There was no significant difference in identifiable length measured on multi-planar reconstructions of
SSFP and Gd-FLASH in the patient group, p > 0.2 (Tab. 2). The range of image quality of the coronary
artery origin with SSFP and Gd-FLASH are illustrated in Fig. 2.

Table 2: Participant characteristics, and coronary arteries length and ostial area with steady-state free precession
and gadolinium enhanced fast low angle shot

Controls
n = 12

TGA
n = 12

p-value

Age at exam (years) 12.7 (1.7) 11.9 (1.5) 0.3

Male: Female 4:8 6:6 n/a

Height (cm) 156.3 (13.1) 151.3 (9.8) 0.3

Weight (kg) 44.5 (13.1) 41.2 (10.8) 0.5

BSA (m2) 1.38 (0.25) 1.31 (0.21) 0.5

MR sequence SSFP
n = 12

SSFP
n = 12

Gd-FLASH
n = 9

Controls vs TGA
SSFP

TGA
SSFP vs Gd-FLASH

LMS Area (mm2) 13.2 (4.6) 12.1 (5.7) 8.3 (3.3) 0.7 0.4

Length (cm) 0.8 (0.2) 1.1 (0.6) 1.3 (0.5) 0.2 0.8

LAD Area (mm2) 9.4 (2.9) 7.7 (2.7) 5.4 (2.2) 0.1 0.03

Length (cm) 4.8 (2.7) 5.1 (2.6) 6.5 (3.5) 0.8 0.2

CX Area (mm2) 8.6 (2.5) 6.5 (3.0) 5.1 (2.5) 0.08 0.1

Length (cm) 2.8 (1.7) 2.0 (1.6) 2.4 (1.8) 0.3 0.4

RCA Area (mm2) 13.7 (4.4) 15.8 (9.0) 8.4 (4.0) 0.5 0.02

Length (cm) 6.5 (3.8) 8.1 (3.3) 8.0 (1.8) 0.3 0.9
TGA = transposition of the great arteries; n = number of individuals; BSA = body surface area; SSFP = steady-state free precession; Gd-FLASH =
Gadolinium-enhanced fast low-angle shot; LMS = left main stem; LAD = left anterior descending artery; CX = circumflex artery; RCA = right
coronary artery. Mean values with standard deviation in brackets. p-values ≤ 0.05 were considered statistically significant (bold).

Table 3: Coronary artery pattern after arterial switch operation in the patients

Left sinus Right sinus n

LMS RCA 7

LAD RCA + CX 4*^

LAD + RCA CX 1*

n = number of patients; LMS = left main stem; RCA = right coronary artery; LAD =
left anterior descending artery; CX = circumflex artery. *no LMS was defined. ^in one
patient CX was not recognised and interpreted as invisible.
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Table 4: Figurative visual analogue scale reader agreement

Variable
Intra (within observer) Inter (between observers)

LMS LAD CX RCA LMS LAD CX RCA

SSFP

Mean score (cm) 6.7 (1.4) 6.8 (1.8) 6.9 (1.7) 8.6 (1.8) 7.0 (1.2) 6.6 (2.0) 6.2 (1.9) 7.7 (2.1)

Mean diff 0.6 (1.4) 0.4 (1.9) 0.0 (1.4) 0.0 (1.2) 0.1 (1.2) 0.8 (1.6) 1.4 (1.2) 1.8 (0.7)

AI 0.59 0.43 0.61 0.71 0.65 0.51 0.61 0.82

Outliers 1/18 1/24 1/22 1/24 0/18 1/24 1/22 0/24

Gd-FLASH

Mean score (cm) 7.7 (1.7) 8.0 (2.4) 7.7 (2.2) 8.7 (1.6) 7.7 (1.6) 7.3 (2.4) 7.0 (2.1) 8.3 (1.5)

Mean diff 0.7 (0.8) −0.4 (1.4) 0.0 (0.8) 0.0 (1.0) 0.8 (0.9) 1.0 (1.8) 1.6 (1.3) 0.8 (0.7)

AI 0.79 0.64 0.79 0.78 0.78 0.50 0.64 0.83

Outliers 0/6 0/9 0/9 1/9 0/6 1/9 0/9 0/9
LMS = left main stem; LAD = left anterior descending artery; CX = circumflex artery; RCA = right coronary artery; SSFP = steady-state free
precession; Gd-FLASH = Gadolinium-enhanced fast low-angle shot; AI = agreement index. Standard deviation in brackets.

Figure 2: Coronary magnetic resonance angiography (CMRA). Multi-planar reconstruction (MPR) of the
right coronary artery (RCA). (a) Shows a fourteen-year-old female patient with very good image quality.
(b) Shows an eleven-year-old male patient with suboptimal image quality. In both images; Upper row:
RCA reconstruction of steady-state free precession to the left and cross-section of the RCA ostium to the
right (arrow). Lower row: RCA reconstruction of Gadolinium-enhanced fast low-angle shot to the left and
cross-section of the RCA ostium to the right (arrow)
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There was no significant difference in subjective image quality when comparing the scores in healthy
volunteers to TGA patients with SSFP, but when comparing the scores with SSFP to Gd-FLASH in TGA
patients there was a significant difference in the scores for CX (p = 0.05) (Tab. 5).

The intra-observer AI for SSFP was moderate in LMS and LAD and good in CX and RCA, while the
inter-observer AI was good in LMS (Tab. 4). The agreement analysis could not be used for inter-observer
agreement in LAD, CX and RCA because of significant difference in scoring between the two readers,
but Bland-Altman plots showed a good agreement (Fig. 3). On Gd-FLASH a good intra-observer AI was
found in all four origins, and there was a good inter-observer AI in LMS and moderate AI in LAD
(Tab. 4). However, the agreement analysis could not be used for CX and RCA owing to significant
difference in scoring between the two readers. Nevertheless, the Bland-Altman plots showed a good
agreement between the two readers (Fig. 4). Reader 2 scored significantly lower than reader 1 on both
SSFP and Gd-FLASH when AI could not be used.

For the objective image quality, CNR was higher in all coronary artery origins on Gd-FLASH compared
to SSFP p ≤ 0.03 (Tab. 6).

The area of the origin was significantly smaller with Gd-FLASH in LAD and RCA compared to SSFP,
respectively, p = 0.02 and p = 0.03 (Tab. 2).

Table 5: Figurative visual analogue scale, subjective image quality assessment results for observer 1, first
reading

Group MR sequence n

fVAS

Mean score
in cm (SD)

95% Confidence
Interval

p-value SSFP,
controls vs. TGA

p-value TGA,
SSFP vs. Gd-FLASH

LMS
Controls SSFP 11 7.0 (1.0) 6.3–7.6

0.8

TGA
SSFP 7 7.1 (1.1) 6.0–8.1 0.1

Gd-FLASH 6 8.1 (1.6) 6.4–9.8

LAD
Controls SSFP 12 7.3 (1.8) 6.2–8.5

0.3

TGA
SSFP 12 6.6 (1.9) 5.4–7.8 0.5

Gd-FLASH 9 7.8 (2.7) 5.7–9.9

CX
Controls SSFP 11 7.3 (1.7) 6.2–8.4

0.2

TGA
SSFP 11 6.5 (1.6) 5.3–7.6 0.05

Gd-FLASH 9 7.7 (2.1) 6.1–9.4

RCA

Controls SSFP 12 8.0 (2.4) 6.5–9.5
0.1

TGA
SSFP 12 9.1 (0.9) 8.5–9.7 0.7

Gd-FLASH 9 8.7 (1.3) 7.7–9.7
fVAS = figurative visual analogue scale; n = number of individuals; SD = standard deviation; SSFP = steady-state free precession; TGA = transposition of
the great arteries; Gd-FLASH = Gadolinium enhanced fast low-angle shot; LMS = left main stem; LAD = left anterior descending artery; CX = circumflex
artery; RCA = right coronary artery. p-values ≤ 0.05 were considered statistically significant (bold).
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(a)

(b)

(c)

Figure 3: Bland-Altman plots of inter-observer agreement with steady-state free precession (SSFP) for the
a) left anterior descending artery (LAD), b) circumflex artery (CX) and c) right coronary artery (RCA).
Adapted with permission from [27]
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(a)

(b)

Figure 4: Bland-Altman plots of inter-observer agreement with Gadolinium-enhanced fast low-angle shot
(Gd-FLASH) for the a) circumflex artery (CX) and b) right coronary artery (RCA)

Table 6: Objective image quality assessment

Variable n Gd-FLASH SSFP Mean difference
Gd-FLASH-SSFP

p-value

SNR LMS 6 97.3 (32.2) 83.4 (51.1) 13.9 (-70.4–98.3) 0.69

SNR LAD 9 108.0 (55.1) 61.6 (39.6) 46.4 (-15.6–108.4) 0.12

SNR RCA 9 95.4 (35.6) 77.8 (37.9) 17.6 (-26.2–61.4) 0.38

SNR CX 9 90.1 (42.4) 61.1 (41.7) 29.0 (-20.6–78.5) 0.21

CNR LMS 6 75.0 (31.2) 23.2 (14.8) 51.8 (9.1–94.5) 0.03

CNR LAD 9 85.5 (51.5) 5.2 (16.9) 80.3 (37.8–122.7) <0.01

CNR RCA 9 72.9 (29.1) 21.4 (10.6) 51.5 (30.1–72.9) <0.01

CNR CX 9 67.6 (39.4) 4.7 (20.0) 62.9 (33.4–92.4) <0.01
n = number of individuals; Gd-FLASH = Gadolinium-enhanced fast low-angle shot; SSFP = steady-state free precession; SNR = signal-to-noise ratio;
LMS = left main stem; LAD = left anterior descending artery; CX = circumflex artery; RCA = right coronary artery; CNR contrast-to-noise ratio.
Mean values with standard deviation and 95% confidence intervals in brackets. p-values ≤ 0.05 were considered statistically significant (bold).

116 CHD, 2021, vol.16, no.2



4 Discussion

In this study, we have performed WH-CMRA at 3.0T MR comparing two different sequences, without
(SSFP) and with contrast-enhancement (Gd-FLASH), for assessment of the coronary artery origins in TGA
children/adolescents with ASO and age-matched controls. We found that the image quality of the coronary
artery origin was rated, in most cases, to be sufficient or superior (fVAS ≥ 6.6 cm) when using Gd-FLASH,
while the image quality with SSFP, in general, was sufficient or superior, but had an inferior intra- and inter-
observer AI.

The scan time for Gd-FLASH WH-CMRA was in the same range as shown in other studies with
contrast-enhanced WH-CMRA at 3.0T [22,24], while the scan time for SSFP WH-CMRA was clearly
shorter than reported in studies performed at 1.5T [17,22].

Coronary artery pattern was identified in all patients and controls, and we found similar results as Taylor
et al. regarding the visualised coronary artery length [18].

Sufficient or better image quality score was found in 62/88 (70%) coronary origins with SSFP. These
findings are comparable to a study at 1.5T on a similar patient group with targeted non-contrast CMRA
where diagnostic quality images were achieved in 72% [18]. In our study, Gd-FLASH, in general,
improved the visualisation, and 26/33 (79%) coronary artery origins had a fVAS score ≥ 6.6 cm
compared to 22/33 (67%) with SSFP. This is in contradiction to the study at 1.5T by Gweon et al. where
Gd-FLASH did not improve image quality [17]. However, they evaluated the whole length of the
coronary arteries and in addition used a 5-point categorical scale for subjective quality assessment which
might be disadvantageous in the assessment from a statistical point of view as there is a tendency to
choose the central measure being a geometric mean or median and not the parametric mean [32]. On the
other hand, when comparing SSFP versus Gd-FLASH on an individual basis, no statistically significant
difference was found, probably explained by a low sample size in our study.

A 10 cm VAS was used for subjective image quality scoring as reported in a few other studies [33,34],
but in our study reference points were added to the ruler, fVAS [27]. Traditionally, fixed point scale has been
used in most other coronary artery studies and radiological studies [17,21–24,35], but as subjective image
quality tends to vary along a continuum, the use of a fixed-point scale for image quality assessment,
could potentially reduce the informative value of the scoring especially in small sample size studies. Both
the intra- and inter-observer AI were clearly better for Gd-FLASH compared to SSFP. However, the
agreement index could not be used for some origins due to significant difference in scores between the
two readers. This could be explained by the longer experience of the second reader (10 years) compared
to the first reader (3 years) since there was no significant difference in the two readings done by the first
reader permitting calculation of intra-observer AI. The Bland-Altman plots revealed a systematic
difference between the readers supporting that this could be explained by reader experience.

In general, the area of the coronary artery origin with Gd-FLASH was smaller than with SSFP, even
though the difference was not significant for all origins probably due to a low patient number. There are
several possible explanations for this as well as the improved intra- and inter-observer AI with
Gd-FLASH. The acquired spatial resolution of the two different sequences were different, and this can
cause differences in measurement and perception of the images. SSFP is a sequence sensitive to increased
magnetic field inhomogeneity and frequency offset from tissue susceptibility variation found in higher
field strength [19], and image quality is variable [36]. Spoiled gradient-echo sequences are less sensitive
to field inhomogeneity, but the blood-myocardial contrast and SNR of the coronary arteries are not as
high as those from SSFP, and with these sequences T1-shortening contrast agents must be used [19]. As a
gradient echo sequence, FLASH has a higher signal than SSFP at 3.0T, and the use of an intravascular
contrast agent together with an inversion recovery preparation pulse have been shown to improve SNR
and CNR [19]. Therefore, a better delineation of the vessel and ostia can be achieved.
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The spatial resolution achieved with CT images is better than with MRI, and in addition, there is a
challenge with the performance of CMRA in the presence of a high heart rate. Some of the known
complications of ASO for TGA like pulmonary and branch pulmonary artery stenosis and coronary artery
issues [4] may require imaging with CT angiography and cardiac catheterisation with intervention.
Technical improvements with introduction of dual-source CT, low voltage imaging, high pitch factors and
iterative reconstruction as well as prospective ECG triggering have led to reduction of radiation dose
[37–42]. Nevertheless, the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) report 2013, notes that children are clearly more radiosensitive for some types of tumours
than adults [43], and non-ionising diagnostic imaging is an advantage when possible to use. In general,
individuals with CHD are exposed to a higher level of ionising radiation than the normal population, but
the level of exposure varies greatly with the complexity of congenital heart disease [8]. A recent study
showed an association between cancer incident and low dose ionising radiation in adults with CHD [9],
and this emphasise the importance of non-ionising diagnostic imaging in CHD patients.

Over the past couple of years concern has been raised regarding Gd deposition in brain after Gd
exposure even though the clinical significance of this remains unknown [44]. However, this calls for
cautious use especially in patients who might need several exams throughout life.

Current guidelines recommend regularly follow-up with echocardiography and CMR [4,45–47], and an
anatomical evaluation of coronary artery patency has been found sensible in asymptomatic adults even
though there is no consensus regarding what modality should be used. On the other hand, the recent
guideline from the European Society of Cardiology (ESC) questions whether routine screening of the
coronary arteries in asymptomatic adults with ASO TGA can be justified as the incidence of late
coronary artery related issues is low [45]. Still, a non-ionising, promising, non-invasive technique for
visualisation of the proximal coronary arteries, could be an important supplement in the routine follow-
up, given the additional information provided by CMR on myocardial function, vascular flow and tissue
characterisation, to identify long-term complications, and to identify individuals in need of further
coronary artery diagnostic follow-up and surveillance.

5 Limitations

We acknowledge some limitations of our study. First, we were not able to compare the diagnostic quality
to CT coronary angiography or to the gold standard: conventional coronary angiography. Using ionising
techniques in paediatric patients is controversial unless there is a medical indication for performing such
an examination, and this would not have been approved by the ethics committee with the current
recommendations on follow-up in this patient group. Second, in this feasibility study, the patient number
is low, meaning that small changes in the grading of the coronary artery origin in one individual will
potentially result in great differences. Thirdly, the ideal age for assessment of the coronary arteries in the
ASO TGA group might be younger than in our cohort, maybe before the child starts practicing sports.
However, there is a debate regarding the need for early coronary assessment. Imaging small children can
be very challenging with the potential need of sedation/general anaesthesia, but also due to an expected
physiological increased heart rate and respiratory rate. Because of the above-mentioned issues and the
expected smaller size of the coronary arteries, CMRA at 3.0T in the younger children is technically very
challenging. Fourthly, for ethical reasons we could not compare 3.0T Gd-FLASH to 1.5T SSFP which
would have added strength to the study. Finally, we only evaluated the origin of the coronary arteries, as
this is the crucial area in the re-implanted coronary arteries in these patients with a risk of kinking and
stenosis. Whether Gd-FLASH can be used for evaluating the coronary arteries along their course
peripherally in this patient group has not been assessed.
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6 Conclusions

In our study of children/adolescents with TGA and ASO, the use of Gd-FLASH WH-CMRA on 3.0T for
assessment of the coronary artery origins, provided sufficient-to-good image quality, while non-contrast enhanced
CMRA, SSFP, seems less reliable. Addition of coronary MRA to the CMR follow-up of ASO TGA patients
could have a role in identifying individuals in need of further coronary artery diagnostic work-up and
surveillance before the age where manifestation of acquired coronary artery disease potentially occur.
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