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ABSTRACT

Background: The aim of this study was to determine whether major adverse cardiac events (MACE)
during the late phase of the Fontan procedure could be predicted by strain measurements of single
ventricles using cardiac magnetic resonance imaging with feature tracking (CMR-FT).
Methods: One hundred adolescent patients who underwent the Fontan procedure (mean age, 21 years)
were examined retrospectively with CMR-FT to assess the systemic single-ventricle function. Vertical
long-axis cine imaging was divided into six myocardial segments. Global longitudinal strain (GLS) was
determined by averaging the peak strain values of each of the six segments. The dyssynchrony index was
defined as the standard deviation of the time to peak strain for six segments. The primary outcome was
MACE, defined as cardiac death and unscheduled hospitalization.
Results: MACE occurred in 18 patients during a mean follow-up of 62 months. According to the
multivariate logistic regression analysis results for potential predictor variables, GLS and the
dyssynchrony index are independent predictors of MACE. Patients with GLS >11.8% had significantly
higher MACE-free rates than did those with GLS <11.8% [log-rank value, 14.15; p=0.0002; hazard ratio,
6.82; 95% confidence interval (CI), 2.51-18.56]. Patients with a dyssynchrony index <63.5ms had
significantly higher MACE-free rates than did those with dyssynchrony index >63.5 ms (log-rank value,
28.17; p<0.0001; hazard ratio, 21.69; 95% CI, 6.96-67.56).
Conclusion: GLS and the dyssynchrony index found using CMR-FT are independent predictors of MACE
for adolescent patients after the Fontan procedure and provide information regarding risk stratification
beyond clinical parameters and biomarkers.

© 2018 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.

Introduction

Patients may be affected by ventricular dysfunction after Fontan
palliation, and heart failure symptoms have been reported in up to

Although postoperative mortality rates in patients after the
Fontan procedure have dramatically improved [1-3], the long-
term mortality rates have remained high compared to those in
patients with other types of congenital heart disease (CHD) [4].
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40% during long-term follow-up [5-7]. Therefore, a reliable
analysis of systolic ventricular function is of interest; however,
it is hampered by complexities. In addition, as for other patients
with CHD, established volumetric measurements of systolic
function, such as ejection fraction (EF), may lack sensitivity in
detecting early myocardial dysfunction [8-10].

Unfortunately, reliable assessments of ventricular deforma-
tion using echocardiography involve complex ventricular
anatomy and physiology associated with CHD [11,12]. In
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addition, the evaluation of CHD patients is frequently limited by
poor acoustic windows [13]. Cardiac magnetic resonance with
feature tracking (CMR-FT) has emerged as a useful tool for
quantitative wall motion analysis and allows quantification of
biventricular mechanics using measurements of deformation
such as strain and dyssynchrony [14,15]. Therefore, the utilities
of CMR-FT in detecting early myocardial damage compared to
volumetric methods should be mentioned more. Nonetheless,
the global strain and dyssynchronous contraction of functional
single ventricles in Fontan patients have not been explored [16].
The purpose of this study was to determine whether adverse
cardiac events during the late phase of the Fontan procedure
could be predicted by myocardial strain measurements of the
single ventricle using CMR-FT.

Methods
Patient population

This retrospective cohort study was approved by the institu-
tional research ethics board and included 100 consecutive
adolescent patients and adult patients who underwent the Fontan
procedure between April 2002 and December 2016. All patients
underwent CMR, cardiac catheterization, transthoracic echocardi-
ography, 12-lead electrocardiogram (ECG), and clinical examina-
tion at the same time as part of their routine follow-up, and their
clinical/surgical history and New York Heart Association (NYHA)
functional class were collected from medical records. During the
same time period, seven patients were contraindicated to CMR due

to implant of pacemaker or cardiac resynchronization therapy
(CRT). These patients were excluded from this study. Furthermore,
a group of patients with optimal clinical status characterized by
NYHA functional class I or II, brain natriuretic peptide (BNP) levels
<300 pg/mL, maximum exercise work load >100 W, and no history
of significant clinical events such as arrhythmias or heart failure
was defined as the reference cohort. Central venous pressure,
pulmonary artery wedge pressure, and single ventricle end-
diastolic pressure as hemodynamic measurements were obtained
from cardiac catheterization within three months of CMR.
Heterotaxy syndrome was identified based on the reviews of
echocardiographic, computed tomography, CMR, and postopera-
tive findings using the criteria proposed by Van Praagh and
colleagues [17]. The presence of atrioventricular valve regurgita-
tion was diagnosed by CMR and echocardiography. Indications for
the initial Fontan procedure included various types of CHD
(Table 1).

Major adverse cardiac events

Major adverse cardiac events (MACE) related to Fontan
pathophysiology and defined as those requiring unscheduled
hospitalization included arrhythmias, heart failure, hemostatic
complications (including thromboembolism and hemoptysis),
catheterization and/or surgical intervention, and death. Patients
were categorized as having heart failure if there was evidence of
at least one of the following: orthopnea, nocturnal dyspnea,
pulmonary edema, increasing peripheral edema, or radiological
signs. Protein-losing enteropathy (PLE), its relapse, and renal

Table 1
Patients characteristics.
Characteristics Total (n=100) MACE (n=18, 18%) Non-MACE p value
(n=82, 82%)
Female 52 (52%) 9 (50%) 43 (52%) 0.851
Diagnosis
SRV/SLV 37 (37%) 6 (33%) 31 (38%)
DORV/TGA 33 (33%) 9 (50%) 24 (29%)
TA 21 (21%) 2 (11%) 19 (23%)
PAIVS 7 (7%) 0 (0%) 7 (8.5%)
AVSD 2 (2%) 1 (5.6%) 1 (1.2%)
AVVR 16 (16%) 5(27%) 11 (13%) 0.156
Heterotaxy 23 (23%) 6 (33%) 17 (21%) 0.266
APC-Fontan ope. 68 (68%) 15 (83%) 53 (65%) 0.166
Age at Fontan ope. (years) 6.5+6.5 10.1+8.3 5.8+5.8 0.017
Time between Fontan ope. and 15.0+5.7 17.6 £ 6.0 144+54 0.033
cardiac MRI (years)
Physical examination
Heart rates (beats/min) 714 +£11.7 74.6 +8.0 701 +12.3 0.221
SpO0, (%) 93.1+3.6 92.24+3.7 933 +3.5 0.239
6MWT (m) 500.2 +62.9 4711 +£57.3 507.5 +62.6 0.062
NYHA I/l 66/34 7/11 59/23 0.012
Laboratory examination
BNP (pg/mL) 78.9+63.7 96.1 +78.1 75.0+59.8 0.710
ECG
QRS width (ms) 105+18 102+15 106 +19 0.455
Catheterization
CVP (mmHg) 125+2.7 129+24 124+2.7 0.438
PA wedge (mmHg) 7.8+25 82+29 76+£23 0.425
SV-EDP (mmHg) 79+32 89+43 75+2.6 0.107
Cardiac MRI
SV-EDVI (mL/m?) 91.7 +£30.7 102.1+£33.5 88.7+£29.4 0.102
SV-EF (%) 48.3 +10.5 47.0+12.3 48.6 +£10.1 0.027
Global longitudinal strain (%) 14.0+4.7 10.6 +4.8 14.7 £4.4 0.0004
Dyssynchrony index (ms) 50.2 £27.0 69.0 £27.2 46.1 £25.2 0.005

SRV, single right ventricle; SLV, single left ventricle; DORV, double outlet right ventricle; TGA, transposition of the great arteries; TA, tricuspid atresia; PAIVS, pulmonary
atresia with intact ventricular septum; AVSD, atrio-ventricular septal defect; AVVR, atrioventricular valve regurgitation; APC, atrio-pulmonary connection; 6MWT, six-
minute walk test; NYHA, New York Heart Association; BNP, brain natriuretic peptide; CVP, central venous pressure; PA, pulmonary artery; SV-EDP, single ventricle-end
diastolic pressure; SV-EDV], single ventricle-end diastolic volume index; SV-EF, single ventricle-ejection fraction.
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failure were categorized as heart failure. Deaths were defined as
sudden when they occurred within 1h of acute symptoms, and
they were classified as secondary to heart failure when they
occurred after progressive worsening heart failure. Follow-up
data were obtained from hospital records. In cases of multiple
events, the censoring event was the first sequential event.
Decisions regarding total cavo-pulmonary connection (TCPC)
conversion for hemodynamic abnormalities in atrio-pulmonary
connection (APC) Fontan patients and coil embolization for
venous collaterals were made at our clinical conferences.
Therefore, scheduled TCPC conversion and catheterization were
not considered cardiac events. Elective day case admissions for
diagnostic investigations and ablation for atrial fibrillation were
excluded from the analysis.

CMR acquisition

All CMR examinations were performed using a 1.5-T magnetic
resonance imaging (MRI) scanner (Gyroscanintera and Intera;
Philips Medical Systems, Best, the Netherlands) with a four-
element phased-array coil in the supine position with breath-holds
during expiration and ECG gating. A horizontal long-axis image
and a short-axis single ventricular image stack from the
atrioventricular ring to the single ventricular apex were acquired
using cine-balanced turbo field-echo sequences (repetition time,
2.8 m; echo time, 1.4 ms; flip angle, 45°; slice thickness, 8 mm:; field
of view, 380 mm; matrix size, 176 x 193; SENSE factor 2). There
were 20 phases per cardiac cycle, resulting in a mean temporal
resolution of 45 ms. Single ventricular end-diastolic volume (SV-
EDV) and single ventricular end-systolic volume (SV-ESV), which
are the sum of the largest and smallest bi-ventricular volumes
(mL), were quantified using manual planimetry of the endocardial
and epicardial borders from the horizontal long-axis image stack
using available software (Vitrea; Canon Medical Systems Co.,
Tochigi, Japan).

CMR-FT analysis

CMR-FT was undertaken using the dedicated software (Vitrea).
Vertical long-axis cine imaging with cine-balanced turbo field-
echo sequences passing through the center of the atrio-ventricular
valve and the apex of the systematic single ventricle was used for
strain measurements of the single ventricle. The atrio-ventricular
valve was defined as the mitral valve for patients with transposi-
tion of great arteries and the tricuspid valve for patients with
double outlet right ventricle. Endocardial and epicardial borders
were manually drawn in the end-diastolic frame. Papillary muscles
were excluded from the endocardial contour. These were then
automatically propagated through the cardiac cycle by matching
individual patterns that represent anatomical structures. These
were identified by the method of maximum likelihood between
the regions of interest of consecutive frames [18]. The distance
moved by individual points within the two-dimensional (2D)
matrix between frames permitted computation of the displace-
ment and strain. In the case of faulty propagation, the track line can
be re-adapted to the endocardial border. Then, the software
propagates a new track line based on the manually made
corrections.

Vertical long-axis cine imaging was divided into six
myocardial segments. Endocardial global longitudinal strain
(GLS) was determined by averaging the peak strain values of
each of the six segments. The dyssynchrony index (ms) was
defined as a standard deviation of the time to peak strain for six
segments while considering the differences in the timing of
strain changes for all myocardial segments during systole
[19,20] (Fig. 1).

Statistical analysis

Data are expressed as mean + standard deviation (SD) for
normally distributed continuous variables, median (range) for
skewed continuous variables, and counts (percentage of total) for
categorical variables. The absolute values of global GLS were used
to facilitate interpretation and analyses. Testing of differences in
demographic and clinical data based on MACE and non-MACE was
accomplished with either the unpaired Student t test or the
Wilcoxon rank sum test for continuous variables, and with either
Pearson’s chi-square test or Fisher’s exact test for categorical
variables, as appropriate. Comparisons of CMR measurements
among the three types of dominant ventricles were analyzed using
the Tukey-Kramer method and one-way ANOVA. Measures of the
association between potential predictor variables and MACE were
first determined by univariate logistic regression. Covariates with
p < 0.05 during univariate testing were considered for inclusion in
a multivariate model to identify factors independently associated
with MACE. Covariates were retained during the final multivariate
model if p<0.05 or if they showed evidence of significant
confounding or effect modification. A receiver-operating charac-
teristic (ROC) curve analysis was performed to determine the
optimal cut-off for the GLS and dyssynchrony index for the
prediction of MACE. Survival curves of the patient subgroups were
created using the Kaplan-Meier method to clarify the time-
dependent cumulative MACE-free rates and were compared using
the log-rank test. A Cox proportional hazards regression analysis
was performed to evaluate the factors that were associated with
the development of MACE. Statistical significance was established
using a two-tailed p-value <0.05. All statistical analyses were
performed using the JMP statistical program package (version 9.0;
JMP, Inc., Cary, NC, USA).

Results

The mean follow-up period after cardiac MRI was 62.3 months
(median, 63 months; range, 3-131 months). Of the cohort of
100 patients, 38% had a systemic left ventricle, 68% had an atrio-
pulmonary (AP) Fontan procedure (revised AP Fontan was
considered an extracardiac or lateral tunnel accordingly), mean
age at cardiac MRI was 21.4 years (median, 21.5 years; range, 6-45
years), and mean time from the Fontan procedure to cardiac MRI
was 15.0 years (median, 18.5 years; range, 5-32 years). MACE
occurred in 18 patients (outcomes: death, 3; unscheduled
hospitalization, 15). Of the 15 patients with unscheduled
hospitalizations, 10 patients with heart failure, 3 patients with
PLE, 3 patients with sustained ventricular tachycardia, and
1 patient who underwent intra-ventricle thrombectomy were
observed. CRT was performed for the four patients with refractory
heart failure.

Clinical features of Fontan patients with or without MACE are
summarized in Table 1. Compared with the Fontan patients
without MACE, those with MACE were statistically significantly
older at the time of the Fontan procedure and had prolonged time
between the Fontan procedure and cardiac MRI. Regarding the
dominant ventricle type, the 18 patients with MACE included
4 with a left ventricle, 4 with a right ventricle, and 10 with bi-
ventricles. There was no significant difference in the GLS,
dyssynchrony index, and single ventricular ejection fraction (SV-
EF) among the three types. The SV-EDV index was significantly
greater for patients with bi-ventricle types than for those in other
groups (Table 2).

Potential risk factors for MACE were identified by univariate
logistic regression (Table 3). Although the time between the Fontan
procedure and cardiac MRI, SV-EDV index, SV-EF, GLS, and
dyssynchrony index were identifiable risk factors for MACE during
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Fig. 1. A woman in her 20s without major adverse cardiovascular events who underwent the atrio-pulmonary connection Fontan operation for tricuspid atresia, aortic
coarctation, patent ductus arteriosus, and atrial septal defect 13 years previously. (A) Feature-tracking analysis of vertical long-axis cine imaging shows color-coded strain
values for six myocardial segments throughout a cardiac cycle. Upper row is systole; lower row is diastole. Hot colors represent large strain value; cold colors represent small
strain values. (B) Time curves of longitudinal strain for six segments and global strain (white) show almost the same peak time of strain values. Her global longitudinal strain
and dyssynchrony index were 21% and 31 ms, respectively.

Table 2

Cardiac MR measurement by the dominant ventricle types.
Variables Left ventricle (n=38) Right ventricle (n=26) Bi-ventricle (n=36) p value
SV-EDVI (mL/m?) 824+323 82.5+29.1 105.9+25.3 0.003
SV-EF (%) 49.2+10.1 46.3 +12.7 49.0+ 8.8 0.603
Global longitudinal strain (%) 143 +4.5 131454 142 +44 0.652
Dyssynchrony index (ms) 48.8 £26.3 50.3+28.4 52.5+29.3 0.859

SV-EDV], single ventricle-end diastolic volume index; SV-EF, single ventricle-ejection fraction.

univariate logistic regression, the GLS and dyssynchrony index A ROC curve analysis revealed that the GLS and dyssynchrony
(odds ratio, 0.84 and 1.01; 95% confidence interval, 0.70-0.98 and index were 11.8% and 63.5 ms for predicting patients with MACE,
1.00-1.04) remained independent predictors of MACE during with areas under the curve of 0.74 and 0.74, sensitivities of 72% and
multivariate testing. 72%, and specificities of 74% and 83%, respectively. Patients with
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Table 3
Factors associated with MACE.
Variable Univariate analysis p value Multivariate analysis p value
OR (95%CI) OR (95%CI)
Female 1.10 (0.39-3.10) 0.851
AVVR 2.48 (0.69-8.13) 0.141
Heterotaxy 1.91 (0.59-5.72) 0.256
Age at Fontan ope. (years) 1.09 (1.01-1.17) 0.016 1.08 (0.99-1.18) 0.086
Time between Fontan ope. and cardiac MRI (years) 1.10 (1.00-1.22) 0.039 1.09 (0.96-1.27) 0.197
Physical examination
Heart rates (beats/min) 1.03 (0.98-1.07) 0.218
SpO> (%) 0.92 (0.80-1.06) 0.236
Laboratory examination
BNP (pg/mL) 1.00 (0.99-1.01) 0.216
ECG
QRS (ms) 0.99 (0.9-1.02) 0.464
Catheterization
CVP (mmHg) 1.01 (0.88-1.32) 0434
PA wedge (mmHg) 1.09 (0.88-1.37) 0.426
SV-EDP (mmHg) 1.15 (0.97-1.38) 0.112
Cardiac MRI
SV-EDVI (mL/m?) 1.01 (0.99-1.03) 0.107
SV-EF (%) 0.93 (0.88-0.98) 0.014 0.97 (0.91-1.03) 0.353
Global longitudinal strain (%) 0.80 (0.68-0.91) 0.002 0.84 (0.70-0.98) 0.038
Dyssynchrony index (ms) 1.02 (1.01-1.03) 0.005 1.01 (1.00-1.04) 0.031

OR, odds ratio; 95% CI, 95% confidence interval; AVVR, atrioventricular valve regurgitation; BNP, brain natriuretic peptide; CVP, central venous pressure; PA, pulmonary
artery; SV-EDP, single ventricle-end diastolic pressure; SV-EDVI, single ventricle-end diastolic volume index; SV-EF, single ventricle-ejection fraction.
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Fig. 2. Major adverse cardiovascular events (MACE)-free curves of two groups classified by global longitudinal strain (GLS) (left) and dyssynchrony index (right). Patients with
GLS <11.8% (pink) had significantly lower MACE-free rates than those with coronal GLS >11.8% (blue). Patients with a dyssynchrony index >63.5 ms (pink) had significantly
lower MACE-free rates than those with a dyssynchrony index <63.5 ms (blue). CMR, cardiac magnetic resonance.

GLS >11.8% (n=65) had significantly higher MACE-free rates than
those with GLS <11.8% (n=35) (log-rank value = 14.15; p=0.0002).
Patients with a dyssynchrony index <63.5ms (n=70) had
significantly higher MACE-free rates than those with a dyssyn-
chrony index >63.5 ms (n=30) (log-rank value=28.17; p < 0.0001)
(Fig. 2). A Cox hazard regression analysis showed that the hazard
ratios were 6.825 (95% confidence interval, 2.51-18.56) for patients
with GLS <11.8% and 21.69 (95% confidence interval, 6.96-67.56)
for patients with a dyssynchrony index >63.5ms for the
development of MACE.

Discussion

The present study analyzed strain measurements obtained
using CMR-FT to evaluate myocardial deformation and dyssyn-
chronous contractions of patients after the Fontan procedure. This
study demonstrated that patients with a small GLS or a larger
dyssynchrony index were at higher risk for the development of
MACE during the late phase of the Fontan procedure than those
without. To the best of our knowledge, this is the first study to
validate the predictive values of CMR-FT strain measurements for

late phase mortality after the Fontan procedure. An increasing
number of Fontan patients reach adulthood and present with
sequelae of this palliative procedure [2,3,21,22]. Unfortunately,
there are limited treatment options, such as heart transplantation
and cardiac resynchronization therapy [23,24]. CMR-FT should be
routinely analyzed as a promising technique to detect high risks for
events and to determine follow-up management for adolescent
Fontan patients.

Most progressive myocardial diseases predominantly cause
subendocardial dysfunction during their early stages, leading to
reductions in longitudinal left ventricular mechanics [14]. Using
CMR-FT, GLS is probably the single most important variable that
can be used to identify outcomes and for follow-up in Fontan
patients because GLS is more reproducible and less variable than
other parameters and has proven clinical value [19]. The present
cohort consisted of Fontan patients covering the whole spectrum
of single ventricular physiology, including morphologically domi-
nant right or left ventricles and bi-ventricles. Cine imaging of the
single ventricle showed more complex and various forms in the
horizontal long-axis view or short-axis view than in the vertical
long-axis view because the former included bi-ventricles (Fig. 3)
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Fig. 3. Awoman in her 30s who underwent the atrio-pulmonary connection Fontan operation to anatomically correct malpositioning of the great arteries, ventricular septum
defect, and pulmonary stenosis 30 years previously. She developed protein-losing enteropathy and ventricular tachycardia 4 years later. (A) Feature-tracking analysis of short-
axis cine imaging tracks the contours of the endocardium and epicardium in the systemic single ventricle throughout a cardiac cycle. The bi-ventricular type is similar to a
cardioid. (B) Time curves of circumferential strain show the same peak time for six segments. The peak of the global strain (white line) was 10% and decreased.

and the latter scans only included the dominant ventricle with an
aortic origin. Therefore, the vertical long-axis view is the best
image for standardizing the wide spectrum of the single ventricle
and for obtaining high reproducibility in strain measurements. The
optimal cut-off of GLS for predicting MACE was 11.8%, which was
almost equal to the GLS for patients with dilated cardiomyopathy
and poor outcomes [19]. The GLS for non-MACE patients (mean,
13.8%) was lower than normal values for healthy adolescents
(mean, 18%) and healthy adults (mean, 21%) reported in previous
studies [25,26]. These results suggest that the single ventricle
during the late phase of the Fontan operation, even if cardiac
events have not occurred, has the potential for systolic impairment
in comparison to the normal structural heart.

Interestingly, our proposed dyssynchrony index is able to
predict MACE values for other parameters (Fig. 4). In contrast, the

QRS width on electrocardiography was not associated with MACE.
For the patients with functional single ventricles after Fontan
procedure, the abnormal orientation of myofibers [27], myocardial
fibrosis [28], and the absence of ventricular-ventricular interac-
tions [29] may induce the development of dyssynchronous
myocardial contractions. The morphology of ventricle and un-
uniformity of ventricular wall might be concerned with the
dyssynchrony index. The dyssynchrony index demonstrates
variations in the contraction timing of six myocardial segments
of the vertical long-axis single ventricle, thus reflecting the
contraction delay between the basal and apical segments of
systemic ventricle. Prolongation of systemic ventricular dyssyn-
chrony might be associated with lower systolic pressure, lower
cardiac output [20], and higher systemic venous pressure with
failing Fontan circulation. Lower cardiac output could be because



U. Ishizaki et al./Journal of Cardiology 73 (2019) 163-170 169

Fig. 4. Awoman in her 30s (same as Fig. 3). (A) Feature-tracking analysis of vertical long-axis cine imaging shows separate hot color areas in the apical and basal segments at
end-systole. (B) Time curves of longitudinal strain show the scatter peak times for six segments. Her global longitudinal strain (white line) was 15.5%. Her dyssynchrony index

was 78 ms and prolonged.

of impaired intrinsic systolic ventricular function or underfilling of
the systemic ventricle as a result of restricted transpulmonary
blood flow. These phenomena are caused by dyssynchronous
contraction of systemic ventricle, which leads to the development
of MACE. Out of 18 patients with MACE, four patients underwent
CRT due to refractory heart failure. One of the four patients died
shortly after and the other three patients were alive without
unscheduled hospitalization during the follow-up period. The
former and latter were considered as CRT non-responder and
responder. The dyssynchrony index and QRS width for a non-
responder were 69 ms and 106 ms. The mean dyssynchrony index
and QRS width for three responders were 104 ms and 118 ms. The
dyssynchrony index was greater for CRT responder than non-
responder, whereas there was no difference in QRS width between
the two groups. The greater dyssynchrony index before CRT may be
associated with good response after CRT. In adult CHD, interven-
tricular dyssynchrony by CMR strain analysis was not related to
QRS width. Wider QRS does not correspond to the presence of

mechanical dyssynchrony [30]. In the present study, no correlation
between QRS duration and the dyssynchrony index was observed
(Pearson r=0.02, p=0.89). The presence of dyssynchrony depicted
by CMR strain analysis is different from a delay on conducting
system. Our proposed dyssynchrony index reflects mechanical
dyssynchrony in systemic ventricle, and may be a more predictive
marker in CRT response than QRS width.

Recently, Ohuchi et al. compared risk factors for adverse events
in pediatric and adult Fontan cohorts and showed no associations
between adverse events and dominant ventricle type or the
presence of heterotaxy in adults [21]. These findings completely
agreed with our results. Furthermore, there were no differences in
the GLS and dyssynchrony index among the dominant ventricle
types. We think that adolescent Fontan patients, who comprise a
highly selective group after the loss of pediatric Fontan patients,
likely represent a distinct phenotype. The existing understanding
of cardiocentric modes of pediatric Fontan failure do not apply to
the adult population.
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Limitations

This study has multiple limitations. The generalizability of the
findings may have been limited by retrospective analysis in its
single-center design. Further, histologic and CMR studies have
revealed regional variations in myocardial fibrosis in patients with
functional single ventricles [28]. Therefore, the yield of myocardial
deformation compared with CMR tissue characterization needs to
be assessed. However, myocardial fibrosis using late gadolinium
enhancement or T1 measurements was not analyzed in this study.
In addition, the standard frame rate used for CMR (usually
approximately 20-30 frames/cardiac cycle) was less than the
recommended frame rates for speckle tracking echocardiography,
which may have induced significant differences, especially when
considering the strain rate values [27]. Although assessments of
ventricular dyssynchrony using cine-tagging CMR with the
standard frame rate have been reported for adult CHD [30],
measuring diastolic function using the CMR-FT-derived strain rate
has not been examined. The clinical utility of the strain rate should
be investigated in future studies. The major advantages of CMR-FT
are that it does not require special sequences and can be applied
retrospectively. Therefore, this technique should be widely used as
a helpful tool for the management of adolescent patients after the
Fontan operation.

Conclusion

GLS and the dyssynchrony index of the single ventricle derived
using CMR-FT are independent predictors of MACE during the late
phase after the Fontan procedure and provide incremental
information for risk stratification beyond clinical parameters,
biomarkers, and standard CMR measurements.
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