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sudden cardiac death) have been reported [1,3,4]. Although rare, this
emphasises the importance of and the need for follow-up of these pa-
tients, both regarding coronary artery patency and myocardial fibrosis
[5–7]. In general, there is an excellent long-term outcome, and the inci-
dence of focalfibrosis tends to be low in the ASO TGA [6,8]. Potential dif-
fuse fibrosis, on the other hand, has only been evaluated in one very
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1. Introduction

In transposition of the great arteries (TGA), there is a ventricular-
arterial discordance resulting in two independent circulatory systems
incompatible with life unless a communication in-between them exists.
The arterial switch operation (ASO) performed in the early neonatal pe-
riod is the correction of choice [1,2]. However, there is some concern re-
garding the long-term outcome of the re-implanted coronary arteries,
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and events such as asymptomatic coronary occlusion (with the risk of

recent study to the best of our knowledge [9].
Myocardialfibrosis is a pathologic process thatmay be assessedwith

MRI, and it is defined by a significant increase in the collagen volume
fraction of the myocardial tissue. There are different types of diffuse fi-
brosis: reactive interstitial, infiltrative interstitial and replacement fi-
brosis, but the first two may lead to replacement fibrosis [10]. The
underlying pathology determines the distribution pattern, and late gad-
olinium enhancement (LGE) is a well-established, validated technique
for detecting focal myocardial fibrosis [10–12].

To assess diffuse fibrosis, T1 mapping and extracellular volume
(ECV) can be used, and several studies have showed good correlation
between the collagen-volume fraction on biopsies compared to Gd-
enhanced MRI both on 1.5 T and 3.0 T [13–15]. The clinical significance
of T1mapping and ECV is not entirely determined, but several recent ar-
ticles have reviewed the different sequences and approaches available
for determining the presence of diffuse fibrosis and their potential clin-
ical utility [16–19].

In the case of congenital heart disease there are often residual and
postoperative defects that may result in abnormal hemodynamics and
possibly predispose for the development of diffuse fibrosis. Several
studies have assessed the presence of diffuse myocardial fibrosis in
both teenagers and adults with congenital heart disease (CHD), fre-
quently finding increased cardiovascular MR (CMR) markers of diffuse
fibrosis [9,20–25]. Available studies in the teenage group are focused
on repaired Tetralogy of Fallot (ToF) and Fontan patients with only
one recent study on pediatric ASO TGA patients. The latter revealed in-
creased native T1 values while the ECV values were similar in patients
and controls [9]. Two studies on ToF patients came from the same
group and with their most recent larger data set they concluded that
CMR markers of diffuse fibrosis in the left ventricle were not higher in
this patient group as compared to controls [20,26], this was also
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confirmedby another study on ToF patients [27]. On the other hand, in a
group of Fontan patients the single ventricles with right morphology
had increased ECV and T1 relaxation time [23].

The purpose of this study was to assess focal and diffuse myocardial
fibrosis as well as coronary origin patency in children/adolescents with
ASO for TGA at 3.0 T MRI, hypothesizing that CMRmarkers of fibrosis is
not increased in this patient group.

2. Materials and methods

The Norwegian South East Regional Committee for Medical and Health Research
Ethics approved the study. All patients and their parents/carers and all healthy controls
gave their written, informed consent to participation.

2.1. Subjects

Patients aged 9–15 years, operated with ASO for TGA in the neonatal period at our
hospital were invited to this prospective study. Thirty consecutively chosen patients of
both genders were enrolled from November 2013 through October 2014, and underwent
whole-heart coronary magnetic resonance angiography (WH-CMRA) with both steady-
state free precession (SSFP) and gadolinium-enhanced fast low-angle shot (Gd-FLASH),
pre- and post-contrast T1 mapping by means of modified look-locker inversion recovery
(MOLLI) and late gadoliniumenhancement (LGE) aswell as functional cine imaging. In ad-
dition, 15 healthy individuals aged 18–25 years of both genders underwent CMR with
SSFP, pre- and post-contrast MOLLI and LGE from November 2014 to March 2015. All
MRI exams were completed with the same software version and without general anaes-
thesia or any sedating drug. Blood was sampled prior to MRI on the day of examination
in order to determine the haematocrit and creatinine values. The observers were blinded
to the coronary artery pattern as well as the surgical report.

2.2. MRI protocol

The examinations were performed at a 3.0 T MR Skyra unit (Syngo D13, Siemens
Healthineers, Erlangen, Germany) using an 18-channel body array coil combined with a
32-channel spine array coil. For gating purposes a 4-lead vector-electrocardiogram
(VCG) was recorded, and respiratory navigation gating 2D PACE was used as well as car-
diac shim. To assess the coronary arteries, two 3D volumes of the whole heart using
respiratory-gated, fat saturated and ECG-triggered sequences were acquired; a balanced
SSFP covering the whole thoracic cage (field of view 350 mm, reconstructed voxel
size 0.8 × 0.8 × 1.0 mm), and Gd-FLASH (field of view 320 mm, reconstructed voxel size
0.6 × 0.6 × 0.9 mm) during intravenous injection of Gadoterate meglumine (Dotarem®,
Guerbet, Villepinte, France) 0.4 ml/kg bodyweight, flow rate 0.15 ml/s, followed by an in-
jection of 30 ml saline solution at similar flow rate. Fifteen seconds after initiating the in-
jection of contrast media the Gd-FLASH scan was started, and went on to fulfill sampling
after the completion of contrast agent and saline injection. The control group also received
0.4 ml/kg Gadoterate meglumine with the same flow rate and amount of saline for com-
parison reasons.

An ECG-gated, breath-hold MOLLI sequence in a 2-, 3- and 4-chamber viewwas used
to measure the T1 times in diastole with a pre-contrast scheme 5(3)3 and a post-contrast
scheme 4(1)3(1)2. Both MOLLI sequences had a field of view of 360 mm and recon-
structed voxel size 1.9 × 1.9 × 8.0 mm. Post-contrast MOLLI was performed at two time
points after completion of contrast media administration; just before the LGE images ap-
proximately after 10 min, and after the LGE images. The LGE sequence was an ECG-
gated, breath-hold, phase-sensitive inversion recovery (PSIR) gradient echo sequence
with the inversion time selected to null the myocardial signal (field of view 330 mm, re-
constructed voxel size 1.3 × 1.3 × 6.0 mm) performed between 10 and 20 min after the
intravenous administration of contrast media in 2-, 3-, 4-chamber and a 3D volume
short axis view.

Standard long- and short axis cine (2D SSFP technique) were acquired for the assess-
ment of ventricular volumetry in the patient group.

2.3. Image analysis

The evaluation of the coronary artery origins, pre- and post-contrast MOLLI images as
well as visual inspection for presence of LGE was performed in the local picture archive
and communication system(PACS; ISDN17, Sectra, Linkoping, Sweden)by two trained ra-
diologists in consensus (with 7 and14years of CMRexperience). Evaluation of the LGE im-
ages was done before post-processing the MOLLI images to avoid bias by including areas
with known LGE in the T1 measurements.

T1mapswere generated on the scanner usingmotion corrected images. One region of
interest (ROI)was drawnmanually by the two observerswithin themyocardial borders in
each of the expected coronary territories in the left ventricle (LV); right coronary artery
(RCA), left anterior descending artery (LAD) and circumflex artery (CX), on a 2-chamber
and 3-chamber view(Fig. 1). The ROI had a size of at least 23mm2 (N20 pixels), and a stan-
dard deviation ≤ 10%was accepted. A ROI as large as possiblewas drawn in the blood pool
within the ventricular lumen in a 2–chamber view avoiding the papillary muscles. This
was done both on pre- and post-contrast MOLLI images enabling determination of native
T1 values and the calculation of the extracellular volume fraction (ECV). ECV takes into
account the T1 behaviour of blood, varying dose and clearance of contrast material as
well as haematocrit, and in this way, avoids confounders.

The ECV is given by the formula:

ECV ¼ 1−hematocritð Þ �
1

T1Myocardium post Gd
−

1
T1Myocardium native

1
T1Blood post Gd

−
1

T1Blood native

ECV divides the myocardium into a cellular and a matrix component permitting the
calculation of cell and matrix volumes. For the patients total LV cell and matrix volumes
were computed from the product of LV myocardial volume (LV mass divided by the spe-
cific gravity of myocardium (1.05 g/ml)) and (1-ECV) or ECV, respectively.

2.4. Statistical analysis

Normality of distribution was evaluated using the Kolmogorov-Smirnov's test. Con-
tinuously distributed variables are expressed by mean values, standard deviation (SD) in
brackets and 95% confidence intervals calculated by the Student's procedure [28]. Inde-
pendent sample t-test was used for the comparison of native T1 between the patient
group and the healthy volunteers as well as for the comparison of late measurement
ECV between the two groups. Comparisons of native T1 as well as ECV in the different ex-
pected coronary territories to each other in the patient group,were performedwith paired
sample t-test. SPSS version 24 was used for performing the analyses (SPSS Inc., Chicago,
USA). p-Values b 0.05 were considered significant.

3. Results

Patient and control characteristics are given in Table 1. Volumetric
measurements were performed in 29 patients, one patient was ex-
cluded due to insufficient image quality. As compared to normal values
for gender and age according to Sarikouch et al., our group of patients
had indexed values within the normal range for the LV except one bor-
derline ejection fraction value, Table 1 [29]. Visual inspection revealed
no areas of akinesia, hypokinesia or dyskinesia.

Of the included 30 patients a few image sets were incomplete (1 pa-
tient denied contrast media, 1 had missing creatinine value at the time
of MR exam and did not receive contrast media, 1 patient had a minor
post-contrast reaction with nausea and could not complete the CMR).
One patient had a clear outlier native T1 value due to image artefacts,
and in addition nine late post-contrast T1 maps for different patients
were missing. None of the patients nor controls had a heart rate of
N100 beats per minute. All individuals had normal creatinine value.

Native T1 relaxation time was significantly longer in the coronary
territory of RCA in the control group, p=0.02,while in the coronary ter-
ritory of LAD there was borderline significant shorter native T1 time in
the control group as compared to the patient group, p=0.05 (Table 2).

Late measurement ECV (images 11–26 min after contrast media in-
jection) was significantly higher in all the coronary territories in the
patient group, p ≤ 0.03 (Table 2). We did not find any significant differ-
ence in native T1 relaxation time between the genders in the patient
group nor the controls, p ≥ 0.08. Late measurement ECV showed signif-
icant lower value inmales in the coronary territory of CX in both groups,
p=0.03 and p=0.02,while in the control group therewas significantly
lower value in males in the coronary territory of RCA, p = 0.04.

The native T1 values were significantly shorter in the coronary terri-
tory of RCA than LAD and CX (p = 0.01 and p = 0.02) in the patient
group, while latemeasurement ECV did not reveal any significant differ-
ences (p ≥ 0.07). In the control group the native T1 values were signifi-
cantly shorter in the coronary territory of LAD compared to RCA, p =
0.04, while late measurement ECV did not reveal any significant differ-
ences (p ≥ 0.09). The boxplots in Fig. 2 illustrate an overlap of native
T1 values and late ECV values when comparing the patient group and
the control group, indicating that there are no cut-off values.

Images for early ECV calculation were performed too early in the
healthy volunteers (images 4–9 min after contrast media injection)
and could not be compared to the patient group (images 7–13 min
after contrast media injection).



Fig. 1. T1maps with regions of interest in 2- and 3-chamber view before and after contrast media (late measurement) in the expected coronary artery distribution areas. Late gadolinium
enhancement images in 2- and 3-chamber view in the same individual.
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The late measurement ECV was increased in the patients with a cell
volume of 69.7%, 70.5% and 73.4% of themean LVmass for RCA, LAD and
CX respectively (Table 2).
Table 1
Patient demographics. Individual characteristics given inmean (SD)withmin-max values.

TGA Healthy volunteers

No 30 15
Gender 21 male 7 male
Age, years 11.7 (1.9) 22.4 (2.5)

9.3–15.3 18.6–25.8
Height, cm 150.8 (13.8) 176.1 (10.0)

128–183 163–196
Weight, kg 43.5 (16.4) 73.5 (16.3)

23–91 48–112
BSA, m2 1.34 (0.30) 1.89 (0.25)

0.90–2.15 1.47–2.42
Heart rate, beats per min 78 (13) 67 (10)

50–100 50–86
Haematocrit 0.40 (0.03) 0.41 (0.03)

0.36–0.45 0.37–0.46
Creatinine, μmol/l 45.9 (7.4) 69.7 (8.4)

35–66 57–81
Left ventricle EDVi, ml/m2 77.1 (14.4) N/A

57.1–104.8
Left ventricle SVi, ml/m2 51.1 (9.8) N/A

33.6–66.3
Left ventricle EF, % 66.4 (5.9) N/A

51.1–76.9
Left ventricle mVVi, g/m2 48.9 (6.9) N/A

34.6–66.0

BSA, body surface area; EDVi, end-diastolic volume indexed to bodymass; SVi, stroke vol-
ume indexed to bodymass; EF, ejection fraction;mVVi,musclemass left ventricle indexed
to body mass.
A normal pattern of the coronary arteries was found in 17 patients
with RCA originating from the right coronary sinus and LAD and CX
from the left coronary sinus. Seven patients had RCA and CX originating
from the right coronary sinus and LAD from the left coronary sinus. The
remaining 6 patients had different variants of coronary artery patterns,
and among these CX could not be identified/evaluated in 2. However,
there were no striking changes on native T1, early ECV, late ECV, LGE
or regional function in the expected coronary territories in these 2 indi-
viduals. All the identified coronary arteries were without stenosis.

The four LGE acquisitionswere obtained over a time-period of 3min
on average, between 10 and 20min after contrastmedia administration,
and there were no identified areas of LGE.

4. Discussion

We have demonstrated that children and adolescents treated
with ASO for TGA had increased CMR derived ECV in all coronary terri-
tories that could indicate increased amount of left ventricular diffuse
myocardial fibrosis when compared to young, healthy adults.While na-
tive T1measurementswere not able to uniformly discriminate between
controls and patients. Furthermore, the patients presented with patent
coronary artery ostias and without focal scarring. The volumetric mea-
surements for the LV were within the normal range for gender and
age [29].

The presence of a normal LV mass with increased ECV, but appar-
ently preserved cellular mass in our patients, could indicate a primary
fibroblast activation rather thanmyocyte loss [30,31]. This is in contrast
to a study on adult atrial switch corrected TGA individuals that showed
increased ECV in the subpulmonary LV accompanied by decreased LV
mass [25]. Atrial switch is performed at an older age than the arterial
switch procedure, and the difference in LVmass as compared to normal
values suggest that the mechanism of fibrosis is different in these two



Table 2
Native T1 values, extracellular volume fraction (ECV), total left ventricular cell and matrix volumes in the expected coronary territories of the left ventricular wall. ECV is calculated from
native T1 values, early and late post-contrast measurements given in mean (SD) with min-max values. Total left ventricular cell and matrix volumes are given in mean (SD).

TGA n Controls n p-Value

Native T1 ms, (SD) RCA 1186 (65)
1064–1270

30 1234 (55)
1172–1371

15 0.02

LAD 1233 (52)
1134–1349

30 1198 (63)
1080–1301

15 0.05

CX 1222 (60)
1155–1388

29 1211 (33)
1163–1268

15 0.53

ECV %, (SD) Early 10 min
(7–13 min)

RCA 29 (4)
22–37

27 N/A N/A N/A

LAD 27 (4)
20–35

27 N/A N/A N/A

CX 26 (3)
16–32

26 N/A N/A N/A

Late 19 min
(11–26 min)

RCA 30 (5)
23–44

24 26 (3)
20–33

15 0.02

LAD 29 (5)
18–43

25 25 (3)
19–29

15 0.001

CX 28 (5)
16–43

22 25 (3)
19–32

15 0.03

Cell volume ml, (SD) RCA 46.7 (18.4) 23 N/A N/A N/A
LAD 47.2 (18.9) 24
CX 49.5 (19.6) 21

Matrix volume ml, (SD) RCA 19.7 (5.0) 23 N/A N/A N/A
LAD 18.3 (4.4) 24
CX 18.3 (4.3) 21

TGA, transposition of the great arteries; n, number of individuals; ECV, extracellular volume fraction; RCA, right coronary artery; LAD, left anterior descending artery; CX, circumflex artery.
Independent sample t-test with p-values ≤ 0.05 were considered statistically significant (bold).
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groups. In a study by Broberg et al., the presence of increased left ven-
tricular ECV and normal ejection fraction, another cardiac imaging bio-
marker, indicates that interstitial fibrosis might precede systolic
dysfunction and could be an early biomarker [21]. A study of repaired
ToF patients showed increased ECV to be associated with arrhythmia
(LV) and right ventricular (RV) volume overload [22]. Riesenkampff
et al. found that ToF patients as compared to controls, did not express
higher CMR markers of diffuse fibrosis, however, cardiac dysfunction,
a longer cardiopulmonary bypass time and increased aortic cross
clamp time were associated with a higher LV native T1 times and ECV
[26]. In our study the surgical report comprising information of the cor-
onary artery pattern were not included.

Different pathophysiologicalmechanisms lead tomyocardial fibrosis
which is thought to be a part ofmyocardial remodelling [10]. Onemight
speculate that the coronary artery re-implantation in ASO could cause
an altered, insufficient hemodynamicflow to themyocardiumwith sub-
sequent development of diffuse fibrosis. In almost all our patients we
could identify the coronary artery origins without stenosis, and in the
two cases with unidentified coronary artery origins we had no indirect
findings suggesting serious coronary artery obstructions. There were
no significant differences in late measurement ECV when comparing
the different coronary territories neither in the patients nor controls
which could support that the findings in our patients are related to
the intrauterine hemodynamic condition in transposition of the great
arteries.

In contrast to our findings, a study by Kawel et al. has shown signif-
icantly higher ECV in the septum of healthy volunteers compared to
non-septal myocardium [32]. A previous study has shown significant
variations in post-contrast T1 values in different parts of the myocar-
dium in healthy children/teenagers as well as in children with ToF re-
pair [20], but post-contrast T1 values are considered as an inferior
marker of fibrosis compared to native T1 and ECV [16].

The recent study on a pediatric ASO TGA cohort found increased na-
tive T1 in the patient group while ECV was similar to controls, in con-
trast to our findings with increased ECV in the patient group [9]. Our
mean ECV values are within the normal range for healthy middle aged
adults, but the fact that they are significantly higher than in slightly
older healthy young adults indicates the presence of tissue pathology
[33]. Several studies have shown that native T1 and ECV increase with
age [34–36]. Another study found no age nor gender correlation to na-
tive T1, and one study found gender influence on native T1 and ECV
and a slight decrease in native T1 with age, while yet another study
found ECV to be slightly higher in healthy women than men, without
correlation to age [33,37,38]. We found differences between genders
in the late measurement ECV values both in the patient and control
group, but this is probably related to a small sample size. Nevertheless,
when dealing with low-magnitude pathologies, as in our patient group,
normal ranges according to gender and to a lesser extent age are
needed, but currently not available [39].

We did not find LGE in any of the patients, but LGE and T1 mapping
are considered to reveal different pathophysiological entities. LGE is de-
pendent on spatial heterogeneity and therefore not well suited to dem-
onstrate the full spectrum of fibrosis [30].

In our studywe used slow infusion of contrastmedia to optimise the
CMRA, but earlier studies have shown that this does not affect the values
of T1mapping as long as the time interval after contrastmedia injection
before T1 mapping acquisition is sufficient [35]. We performed the
mapping sequence at two timepoints after Gd administration, and we
found significantly higher ECV in all the coronary territories in
the patient group late after completion of injection of contrast media
(17–26 min). Stable results have been shown in two other studies
8.5–23.5 min and 12–50 min post-contrast, and the latest guidelines
recommend post-contrast T1mapping 10–30min post-contrast admin-
istration [35,39,40].

5. Limitations

The age, BSA, gender ratio and heart rate differ between the patients
and the healthy volunteers, and this makes the study not strictly pro-
spective by definition.However, in order to administer intravenous con-
trast in healthy volunteers we had to recruit among young adults due to
ethical considerations. This gave a difference in age, BSA and heart rate
due to physiological differences between the groups, as expected. Heart
rate does alter pre-contrast T1, and this could be a potential limitation
although none of the patients nor controls had a heart rate above
100 bpm [41]. However, the slight difference in heart rate is most likely



Fig. 2. Boxplot for the three coronary artery distribution areas, comparison between patients operated with arterial switch for transposition of the great arteries (TGA) and controls. ms,
milliseconds; ECV, extracellular volume fraction; Pre RCA, native T1 relaxation time in the right coronary artery territory; Pre LAD, native T1 relaxation time in the left anterior descending
artery territory; Pre CX, native T1 relaxation time in the circumflex artery territory; ECV late RCA, extracellular volume fraction latemeasurement in the right coronary artery territory; ECV
late LAD, extracellular volume fraction late measurement in the left anterior descending artery territory; ECV late CX, extracellular volume fraction late measurement in the circumflex
artery territory.
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not a major contributor to the difference in native T1 and ECV seen be-
tween the groups [42].

There is also a difference in gender distribution in the patient group,
but we invited all ASO TGA patients operated in our hospital to partici-
pate, and there is a male predominance in this cohort.

In our study we have used a 2-, 3- and 4-chamber view for T1 map-
ping sequences, but according to the latest clinical recommendations for
CMR mapping of T1, T2, T2* and ECV by the Society for Cardiovascular
Magnetic resonance (SCMR), two or several short axis maps should be
used in addition to one or several long axis maps for T1 mapping [39].
A previous study has shown no statistically significant difference in T1
values when comparing short and long axis measurements, and this
was the rationale for choosing the long axis views in our study [43].

The recommended dose of Gadolinium based contrast is 0.1–
0.2 mmol/kg for T1 mapping and ECV measurements, and our patients
received 0.2 mmol/kg in order to optimise the CMRA and the same
amountwas administered to the healthy volunteers for comparison rea-
sons. This could be a potential source of error as it was shown in a study
by Dabir et al. that the ECV values were dose dependent in the range of
0.1–0.2 mmol/kg [33].
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The ROIswere tracedwithin themyocardial borders according to the
recommendations, but this has the potential of overlooking abnormal
values due to ischemic changes [39]. As we did not find any LGE in our
patient group this potential error seems unlikely in our study.

Histological validation of theMOLLI sequencewas not performed on
the participants in this study, and as a consequence we cannot be cer-
tain that our findings represent diffuse myocardial fibrosis. On the
other hand, in the absence of myocardial inflammation and infarction,
the most likely explanation of our findings of increased ECV in the pa-
tient group is diffuse myocardial fibrosis based on validation of the se-
quence in other cohorts.

Unfortunately, therewas a difference in timingof the early post-con-
trast acquisitions for ECV calculations in the controls versus the patients,
and a comparison between the two groups could not be made.

The drawings on the T1maps were performed by two observers in a
very standardized fashion, and preceded by a consensus reading to
avoid inaccuracies, but no intra- nor inter-observer variationwas tested.

Finally, the role of T1 mapping and ECV in CHD is not clarified [17],
and the clinical importance of our findings is uncertain. However, T1
mapping offers a clear advantage in the tissue characterization com-
pared to biopsy with the non-invasive ability to characterize the
wholemyocardium aswell as its potential for individual follow-up. Fur-
ther studies are needed to decide whether our findings are reproduc-
ible, represent a developing condition, and if this potentially could
cause cardiac dysfunction later in life.
6. Conclusions

Our young TGA patients operated with ASO had increased CMR de-
rived ECV in otherwise healthy hearts, with no pathology in the coro-
nary artery origins. Longitudinal studies are required to test the
clinical and prognostic significance of thesefindings, thatmight indicate
the presence of diffusemyocardial fibrosis. Thus,MR relaxometrymight
be an important addition in the surveillance of the ASO TGA patient
group.
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