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Background: This study aimed to assess diffuse myocardial fibrosis of the systemic right ventricle and
subpulmonary left ventricle in patients after Senning or Mustard operation for complete transposition
of the great artery (TGA) using cardiac magnetic resonance (CMR) T1 mapping.
Methods: Thirty-one adult TGA patients after Senning (n = 24) or Mustard (n = 7) operation were studied
at the age of 33.3 ± 4.0 years. Systemic right ventricular (RV) and subpulmonary left ventricular (LV) vol-
umes, ejection fraction, and myocardial T1 values and extracellular volume fraction (ECV) were deter-
mined using CMR.
Results: The RV and LV ejection fractions were 47.0 ± 10.9% and 61.3 ± 7.4%, respectively. Compared to
published normative values, patients had significantly greater RV and LV native T1 and ECV values (all
p < 0.001). For each of the basal, mid, and apical segments, the LV native T1 and ECV values were signif-
icantly greater in the left than the right ventricle (all p < 0.05). There is a significant trend on progressive
increase in ECV value from the basal towards the apical segments in both the right (p = 0.002) and the left
(p < 0.001) ventricle. Modestly strong correlations were found between RV and LV native T1 (r = 0.60,
p < 0.001) and ECV (r = 0.49, p = 0.005) values but not with ejection fractions of the respective ventricles.
Conclusions: Differential myocardial fibrosis, with greater involvement of the subpulmonary left ventricle
than the systemic right ventricle, is present in patients with TGA after atrial switch operation.
Associations between the magnitude of RV and LV fibrosis suggests adverse ventricular-ventricular inter-
action at the cardiac extracellular matrix level.
� 2020 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The prevalence of repaired congenital heart disease in adults is
increasing as survival into adulthood exceeds 85% after cardiac sur-
gery in the present era [1]. Heart failure has emerged as one of the
most important issues in patients with repaired complex congeni-
tal heart lesions [2,3]. In particular, dysfunction of the systemic
right ventricle in adults after atrial switch operation for complete
transposition of the great arteries (TGA) has been a focus of atten-
tion [4,5]. Based on the CONCOR Dutch national registry database,
adult patients with surgically corrected TGA had a hazard ratio of
5.0 of being admitted for heart failure compared with patients with
ventricular septal defect [6]. While anatomic, haemodynamic and
surgical factors may contribute to cardiac dysfunction in patients
after atrial switch operation, there is increasing evidence to sug-
gest that myocardial fibrosis may play an important pathogenetic
role in the development of heart failure in a spectrum of cardiovas-
cular conditions [7,8].

In patients with complete TGA after atrial switch operation, pre-
vious cardiac magnetic resonance (CMR) late gadolinium enhance-
ment (LGE) studies have identified areas of focal myocardial
fibrosis [9–11]. Nonetheless, apparently healthy looking myocar-
dium without regional scarring may still harbour increased
amount of diffuse fibrosis, which may be detected by CMR T1 map-
ping [12]. Increasingly, CMR T1 mapping has found applications in
the assessment of diffuse fibrotic remodeling in children and adults
with congenital heart disease [13–15]. The degree of myocardial
matrix alteration may be estimated by quantifying native T1 and
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extracellular volume fraction (ECV). Native T1 reflects the non-
contrast enhanced T1 time, while ECV measures the size of extra-
cellular space after administration of gadolinium-based contrast
agents [16]. Data on the use of CMR T1 mapping for assessment
of systemic right ventricular (RV) and subpulmonary left ventricu-
lar (LV) fibrosis in adults after atrial switch operation are limited
[13,15,17].

In this study, we assessed myocardial fibrosis of the systemic
right ventricle and subpulmonary left ventricle in patients after
atrial switch operation for complete TGA by CMR T1 mapping
and interrogated its relationships with ventricular function.
2. Methods

2.1. Study population

Thirty-one adult patients with complete TGA who had under-
gone Mustard or Senning procedure were recruited from the adult
congenital heart clinic. The following data were obtained from the
case notes: demographic variables, age at and type of operation,
duration of follow-up since surgery, and current cardiac medica-
tions. The body weight and height were measured and the body
mass index and body surface area calculated accordingly. The
study was carried out in accordance with the Declaration of Hel-
sinki. All adult subjects and parents of minors gave written
informed consent to participate in this study approved by the Insti-
tutional Review Board.
2.2. Cardiovascular magnetic resonance imaging

Cardiovascular magnetic resonance (CMR) was performed using
Siemens Magnetom Aera 1.5 T MRI system (Siemens AG, Health-
care Sector, Germany) with 18-channel torso body array coil. Anal-
ysis of LV and RV volumes and ejection fraction was obtained by
balanced steady state free precession (SSFP) cine images with ret-
rospective ECG gating gated retrospectively and acquired at end-
expiration on axial and short axis planes.

Myocardial T1 mapping was performed in the matched mid-
ventricular, basal and apical short axis slices. The T1 mapping
sequence is a balanced SSFP, single breath hold modified inversion
recovery Look-Locker sequence (MOLLI) with a 5(3)3 image acqui-
sition algorithm, with data acquisition period of 5 heart beats fol-
lowed by recovery period of 3 heart beats and then another data
acquisition period of 3 heart beats. A total of 8 images was
acquired with different Inversion time (TI) via 11 heart beats. This
was done twice, once before contrast is administered and the sec-
ond acquisition at 10 min after a bolus injection of 0.2 mmol/kg
gadolinium-based contrast medium (Dotarem). Left ventricular
and RV functional analysis and T1 mapping quantification were
performed using commercially available software (Cardiac Analy-
sis Workflow, Syngo.via workstation, Siemens AG, Healthcare Sec-
tor, Germany). T1 analysis was performed by tracing semi-
automatically the epicardial and endocardial contours of the region
of interest.

Myocardial T1 values were measured in the septal myocardium
and the other 5 equiangular segments from the mid-left ventricu-
lar short axis slice. Myocardial T1 values were also measured
within the RV free wall. A region of interest drawn in the LV cavity
was used to measure the blood T1 value. The extracellular volume
fraction (ECV) was estimated by the formula: [1/T1myocardium post –
1/T1myocardium pre]/ [1/T1(blood post) – 1/T1(blood pre)] *
(1 � haematocrit) [18]. The haematocrit on the day of CMR was
determined. The septal myocardium and the other 5 equiangular
segments were averaged for calculation of LV T1 and ECV values,
while the RV free wall T1 and ECV values were also calculated
(Fig. 1).

2.3. Statistical analysis

Data are reported as mean ± SD unless otherwise stated. Ven-
tricular volumes were indexed by body surface area. The average
of CMR native T1 and ECV values in patients were compared with
those reported in the literature for healthy controls [19–27]. Rela-
tionship between parameters of RV and LV myocardial fibrosis and
ventricular ejection fraction were determined using Pearson corre-
lation analysis. Inter- and intra-observer reproducibility for the
measurements of ECV values, based on T1 measurements, was per-
formed and reported as coefficients of variation. A p value < 0.05 is
considered statistically significant. All statistical analyses were
performed using IBM SPSS Statistics 25 (SPSS, Chicago, Illinois).

3. Results

3.1. Patients characteristics

Thirty-one (22 males) patients aged 33.3 ± 4.0 years, 24 of
whom had Senning operation and 7 had Mustard procedure, were
studied. Six of the patients (5 Senning and 1 Mustard) had addi-
tional repair of an associated ventricular septal defect. The age at
operation was 1.4 ± 1.2 years. The patients were followed up for
31.9 ± 3.6 years (range, 21.7 to 38.4 years). Of the 31 patients, 30
(97%) were in New York Heart Association functional class I, while
1 (3%) was in functional class II. Residual anatomic and/or haemo-
dynamic problems included mild baffle problems including a small
leak or mild narrowing in 5 patients, pulmonary outflow obstruc-
tion in 5 patients and moderate to severe tricuspid regurgitation
as assessed semi-quantitatively by colour flow mapping in 1
patient. Current medications included beta-blockers (n = 8), angio-
tensin converting enzyme inhibitor or angiotensin receptor blocker
(n = 6), digoxin (n = 4), diuretics (n = 1), calcium channel blocker
(n = 1) and aspirin (n = 1).

3.2. Ventricular function and volumes

Systemic RV ejection fraction was 47.0 ± 10.9%, with an indexed
RV end-systolic volume of 52.0 ± 24.6 ml/m2 and end-diastolic vol-
ume of 93.7 ± 30.4 ml/m2. The subpumonary LV ejection fraction
was 61.3 ± 7.4%, with an indexed LV end-systolic volume of 24.5
± 10.0 ml/m2 and end-diastolic volume of 63.7 ± 18.8 ml/m2.

3.3. Late gadolinium enhancement

Overall, the patients showed either absent or minimal to mild
degree of LGE of the right and left ventricles. With regard to the
systemic right ventricle, LGE was found to absent in 15 patients,
to involve only the insertion point in 6 patients, to involve only 1
segment other than insertion point in 5 patients, and to involve
the insertion point with 1 additional segment in 5 patients. With
regard to the subpulmonary left ventricle, LGE was found to be
absent in 21 patients, to involve the insertion point in 3 patients,
to involve the insertion point with 1 segment in 4 patients and
to involve 1 or 2 segments other than the insertion points in 3
patients.

3.4. T1 Mapping parameters

Table 1 summarizes the segmental native T1 values of the right
and left ventricles in patients. For each of the basal, mid, and apical
segments, the LV native T1 values were significantly greater in the



Fig. 1. T1maps of the basal region of the (a) left ventricle and (b) right ventricle and extracellular volume fraction maps of the basal region of the (c) left ventricle and (d) right
ventricle.

Table 1
Native T1 and ECV values of the right and left ventricles.

Right ventricle Left ventricle p

Native T1 value (ms)
Basal 1066.4 ± 36.0 1153.8 ± 152.9 0.004*
Mid 1093.6 ± 63.7 1143.9 ± 120.7 0.046*
Apical 1101.7 ± 84.5 1184.6 ± 96.3 0.001*
ECV (%)
Basal 30.9 ± 4.0 34.2 ± 5.4 0.007*
Mid 31.7 ± 3.7 36.7 ± 6.6 0.001*
Apical 34.2 ± 4.6 39.2 ± 5.3 <0.001*

ECV, extracellular volume.
*statistically significant.
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left than the right ventricle (all p < 0.05) (Fig. 2). The average native
T1 value of subpulmonary LV basal, mid and apical segments was
significantly greater than that of systemic RV segments
(1087 ± 49 ms vs 1161 ± 77 ms, p < 0.001).

The average ECV value of subpulmonary LV basal, mid and api-
cal segments was also significantly greater than that of systemic
RV segments (32.2 ± 2.8% vs 36.7 ± 4.7%, p < 0.001). For each of
the basal, mid, and apical segments, the LV ECV values were also
greater in the left than the right ventricle (all p < 0.01) (Table 1).
There is a significant trend on progressive increase in ECV value
from the basal towards the apical segment in both the right
(p = 0.002) and the left (p < 0.001) ventricle (Fig. 3). The intra-
and interobserver variabilities of measurements of RV ECV were
respectively 4.85% and 6.82%, while those of LV ECV were respec-
tively 3.75% and 9.40%.

Comparison of the 6 patients with concomitant closure of ven-
tricular septal defect versus 24 patients without revealed the
absence of significant differences between both RV and LV native
T1 and ECV values (all p > 0.05).
3.5. Comparison with normative values

Table 2 summarizes the previously reported native T1 and ECV
values in healthy volunteers [19–27]. Compared with these norma-
tive values, our patients had significantly greater RV and LV native
T1 and ECV values (all p < 0.001). Data in the literature also reveal
the absence of significant difference between RV and LV ECV values
in healthy subjects [19]. On the other hand, we found that a differ-
ence of 4.5 ± 4.1% between subpulmonary LV ECV and systemic RV
ECV in our patients (p < 0.001 when compared with 0%).
3.6. Correlates of T1 mapping parameters

Table 3 shows the correlations between CMR indices of fibrosis
and age and indices of ventricular size and function. There were no



Fig. 2. Segmental native T1 values of the right and left ventricles. RV, right ventricle, LV, left ventricle. (*p < 0.05).

Fig. 3. Segmental extracellular volume fraction of the right and left ventricles. ECV, extracellular volume fraction, RV, right ventricle, LV, left ventricle. (*p < 0.05).

Table 2
Comparisons between published normative native T1 time and extracellular volume values and our study results.

Publication n Age (years) Sequence Native T1 (ms) p ECV (%) p

RV Mehta (2015) [19] 10 24.4 (21.7–26.3) ANGIE 974 (927–996)## <0.001* 27.0 (25.1–28.1) ## <0.001*
LV lles (2008) [20] 20 38 ± 3 GE, VAST 3–4 BH 975 ± 62 <0.001* n/a –

Fontana (2012) [21] 50 47 ± 7 ShMOLLI# Not reported – 26 ± 3 <0.001*
Sado (2012) [22] 81 44 ± 17 FLASH, multi-BH Not reported – 25 ± 4 <0.001*
Piechnik (2013) [23] 342 38 ± 15 ShMOLLI# 962 ± 25 <0.001* n/a –
Mehta (2015) [19] 10 24.4 (21.7–26.3) ANGIE 971 (948–986) ## <0.001* 27.1 (25.1–27.9) ## <0.001*
Goebel (2016) [24] 54 48 ± 11 MOLLIy 955 ± 34 <0.001* n/a –
Bulluck (2017) [25] 101 46 ± 13 MOLLIy 1013 ± 27 <0.001* n/a –
Nickander (2017) [26] 77 49 ± 14 MOLLIy 1027 ± 38 <0.001* n/a –
Rosmini (2018) [27] 94 50 ± 14 MOLLIy 1024 ± 39 <0.001* 27 ± 3 <0.001*

Abbreviations: ECV, extracellular volume; LV, left ventricle; RV, right ventricle.
# Adiabatic pre pulse, ## median, *statistically significant (vs present study).

y CMR sequence for native T1 and magnetic field strength similar to those of the present study.
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Table 3
Correlates of native T1 and ECV values.

Right ventricle
Native T1 ECV
r p r p

Age �0.18 0.34 0.03 0.86
RVEF �0.07 0.72 0.04 0.83
Indexed RV ESV 0.10 0.58 0.06 0.74
Indexed RV EDV 0.08 0.67 0.12 0.52
LV native T1 0.60 <0.001* – –
LV ECV – – 0.49 0.005*

Left ventricle
Native T1 ECV
r p r p

Age 0.02 0.91 �0.10 0.59
LVEF �0.03 0.87 0.05 0.80
Indexed LV ESV �0.14 0.44 �0.24 0.19
Indexed LV EDV �0.19 0.31 �0.25 0.18

Abbreviations: ECV, extracellular volume; EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; LV, left ventricular; RV, right ventricular.
*Statistically significant.
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significant correlations between RV native T1 and ECV values with
age, RV ejection fraction, and RV end-systolic and -diastolic vol-
umes. Similarly, there were no significant correlations between
LV native T1 and ECV values with age, LV ejection fraction, and
LV end-systolic and -diastolic volumes. On the other hand, mod-
estly strong correlations were found between RV and LV native
T1 (r = 0.60, p < 0.001) and ECV (r = 0.49, p = 0.005) values (Fig. 4).

4. Discussion

The important observations of the present CMR T1 mapping
study conducted in the largest cohort of adult TGA patients after
atrial switch operation reported to date include 1) evidence of
myocardial fibrosis, as reflected by the greater native T1 and ECV
values, involving both the systemic right ventricle and subpul-
monary left ventricle, 2) greater segmental and average ECV of
the left ventricle compared with that of the right ventricle, 3)
regional differences of myocardial fibrosis with an increasing trend
of ECV from base to apex of both ventricles, and 4) significant pos-
itive correlations between RV and LV native T1 and ECV values.

Earlier CMR studies have explored focal myocardial fibrosis in
Senning and Mustard patients through evaluation of LGE [9–
11,28]. These studies have focussed and reported on increased
LGE of the systemic right ventricle, with prevalence varying from
35% to 61% reported. While the pattern of LGE appears variable,
previous investigators have found correlations between RV focal
fibrosis and systemic ventricular dysfunction, impaired exercise
tolerance, cardiac arrhythmias, and other adverse cardiovascular
outcomes [9–11,28]. Nonetheless, complete absence of LGE has
also been reported without [17] or even with [15] inclusion in
the assessment of the insertion of the right ventricle with the inter-
ventricular septum. We also found that LGE is either absent or very
mild in our patient cohort. While the cause for these discrepant
findings is unclear, the inability of CMR LGE to evaluate diffuse
ventricular fibrosis is well recognized.

Data on the use of T1 mapping to evaluate diffuse ventricular
fibrosis in patients after atrial switch operation are limited. Bro-
berg et al studied 50 adult congenital heart patients and found that
the CMR T1 mapping-derived fibrosis index was the highest in the
11 patients with a systemic right ventricle [13]. Furthermore, they
found a negative correlation between ventricular fibrosis index and
systemic ventricular ejection fraction for the entire study cohort.
Plymen et al studied 14 adults after Mustard or Senning operation
and showed that septal ECV was significantly higher than that of
controls, and correlated positively with N-terminal pro-brain natri-
uretic peptide levels and negatively with exercise chronotropic
index [15]. However, they found difficulties of measuring RV free
ECV related to heavy trabeculation, sternal wires, and blood pool
in regions of interest.

It is worthwhile noting that the aforementioned studies did not
evaluate the subpulmonary ventricle and studies conducted hith-
erto have not explored associations between systemic RV and sub-
pulmonary LV fibrosis. Nonetheless, the recent article by Tretter
and Redington has highlighted how the left ventricle can be a cul-
prit and therapeutic target for morbidity and mortality in right-
sided congenital heart disease [29]. Indeed, our group has previous
demonstrated adverse diastolic RV-LV interactions in adults after
atrial switch operation [30]. In the present study, we assessed fur-
ther the magnitude of diffuse fibrosis of both ventricles. Our find-
ing of increased RV native T1 and ECV values compared with
published normal reference data is in agreement with the conclu-
sion of previous studies of diffuse fibrotic remodeling of the sys-
temic right ventricle [13] or septum [15] in patients after
Senning or Mustard operation. Additionally, the present study pro-
vides novel data on subpulmonary left ventricular fibrosis in terms
of severity, association with systemic RV fibrosis, and regional
heterogeneity.

The finding of worse fibrotic remodeling of the subpulmonary
left ventricle compared with the systemic right ventricle is intrigu-
ing. Our finding, based on a relatively large patient cohort, agrees
with that reported recently by Shehu et al who similarly found
greater LV than RV ECV in 10 patients studied [17]. While the cause
of worse subpulmonary LV fibrotic remodeling in our patients is
not immediately obvious, chronic volume unloading of the eccen-
trically compressed left ventricle related to septal shift and
impaired LV diastolic function as shown previously by our group
[30] may be contributive. Furthermore, the potential role of the
recently described highly prevalent postcapillary pulmonary
hypertension on subpulmonary LV adaptation and fibrosis in these
patients warrants further evaluation [31].

Our finding of an association between LV and RV native T1 and
ECV values suggests ventricular-ventricular interaction at the
extracellular matrix level. Indeed, in patients with repaired tetral-
ogy of Fallot, Yim et al found a similar positive association between
the systemic left ventricle and subpulmonary right ventricle [14].
Additionally, we documented regional heterogeneity with progres-
sively worsening of fibrotic remodeling towards the apical seg-
ments of both ventricles. The cause of this observation is unclear.
However, in patients with repaired tetralogy of Fallot, more pro-
nounced reduction subpulmonary RV myocardial deformation is
found at the apex [32]. The latter has been proposed to be related
to the greater susceptibility of the thinner and more trabeculated



Fig. 4. Scatter plots showing correlations between right and left ventricular (a) native T1 values and (b) extracellular volume fraction. ECV, extracellular volumes fraction, RV,
right ventricular, LV, left ventricular.
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RV apical segment to increased wall stress [32]. Fibrotic remodel-
ing of the dilated RV apex in our patients may perhaps be similarly
accentuated, and adverse ventricular-ventricular interaction may
result in concomitant LV apical remodeling.

Our findings have important clinical implications. Focal
myocardial fibrosis has been associated with ventricular dysfunc-
tion, cardiac arrhythmias, and adverse cardiovascular events in
patients after atrial switch operation [9–11]. It is tempting to
hypothesize that T1 parameters that reflect diffuse ventricular
fibrosis may have similar if not having a greater prognostic value,
although further studies are required to substantiate this specula-
tion. Furthermore, the finding of increased ECV involving both ven-
tricles may represent a target for therapies that target at the
fibrotic process. The recently published follow up of multicenter
randomized controlled trial of valsartan in patients with a systemic
right ventricle has reported on decreased morbidity in symp-
tomatic patients [33]. Although the exact mechanism is unclear,
valsartan has been shown to improve fibrosis in spontaneously
hypertensive rats [34]. Studies on changes in T1 mapping parame-
ters in relation to functional outcomes with institution of antifi-
brotic therapies may shed further mechanistic lights. Systematic
review and meta-analysis have failed to provide conclusive evi-
dence of beneficial effects angiotensin enzyme inhibitor and angio-
tensin receptor blocker on systemic RV dysfunction [35].
Nonetheless, given the potential beneficial effects of angiotensin
converting enzyme inhibitor and angiotensin receptor blocker on
cardiac remodeling and cardiac fibrosis [36,37], it would be worth-
while to conduct CMR T1 mapping studies in a larger patient pop-
ulation to explore the effect of these medications on the
myocardial fibrosis. The present study is, however, underpowered
to do so.

Patient factors may influence the severity of ventricular fibrosis.
Given the small number of Mustard patients in the present study,
we did not perform patient subgroup analyses. Long term studies
did not reveal differences in long-term survival between Senning
and Mustard patients [38,39]. Nonetheless, Moons et al showed a
slightly higher prevalence of moderate to severe dysfunction of
the systemic ventricles in their Mustard (15%) than Senning
(10%) patient cohort, albeit statistically insignificant [40]. Further
studies to compare the magnitude of ventricular fibrosis between
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the two patient cohorts are warranted. Although we found similar
native T1 and ECV values in patients with and without concomi-
tant closure of ventricular septal defect, the small number of
patients with defect closure may limit the statistical power to
detect potential differences.

Several limitations to this study require comments. First, we
have compared native T1 and ECV values of our patients against
published normal values. While differences in reference values
among institutions may be present, we have compared our data
to values reported by different groups, including reference values
derived using similar magnetic field strength and mapping
sequence (Table 2). Notwithstanding, it remains optimal to com-
pare the findings in patients with study site-specific normal values
derived from healthy volunteers [41]. Second, given that our
patients have small range of systemic RV ejection fraction, the pre-
sent study lacked the power to demonstrate any relationships
between native T1 and ECV values and systemic RV ejection. Fur-
ther studies to assess the relationship between diffuse ventricular
fibrosis and diastolic function and myocardial stiffness of the two
ventricles are also warranted. Third, it would have been ideal to
study in a prospective longitudinal manner on the relationships
between CMR T1 mapping findings and progression of functional
class, risk of developing cardiac arrhythmias, exercise testing
parameters, and circulating cardiac biomarkers such as brain natri-
uretic peptide. As this is a cross-sectional study, relationships
between the CMR parameters of diffuse ventricle fibrosis and clin-
ical outcomes cannot be ascertained. Finally, as alluded to earlier,
this study is underpowered to study the effects of drugs that target
at the renin-angiotensin system on myocardial fibrosis, a topic that
deserves further investigations.
5. Conclusions

Differential myocardial fibrosis, with greater involvement of the
subpulmonary left ventricle than the systemic right ventricle, is
present in patients with complete TGA after atrial switch opera-
tion. Associations between the magnitude of RV and LV fibrosis
suggests adverse ventricular-ventricular interaction at the cardiac
extracellular matrix level. Further studies to explore the role of
imaging for diffuse ventricular fibrosis in risk stratification and
prediction of clinical outcomes in this patient population is
warranted.
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