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Background: Electrical dyssynchrony and prolonged QRS duration are common in patients with repaired tetral-
ogy of Fallot (ToF). It has been linked to increased risk of sudden cardiac death and right ventricular (RV) dys-
function. We investigated myocardial dyssynchrony using cardiac magnetic resonance imaging (CMR) and
feature tracking analysis (FT) in this setting and compared it to myocardial deformation, conventional parame-
ters of ventricular dysfunction and clinical parameters.
Methods and results: Patients underwent standardized CMR investigations as part of a nationwide study.We pro-
spectively assessed myocardial deformation and analysed regional wall motion abnormalities of the RV and the
left ventricle (LV) using CMR-FT. Themainmeasure of dyssynchronywas themaximal time difference (wall mo-
tion delay) of the regional strain as a parameter of mechanical biventricular dyssynchrony. In addition, clinical
parameters and measures of cardiopulmonary exercise capacity were available. Overall 345 patients were in-
cluded. Parameters of biventricular wall motion delay correlated significantly with global FT-strain parameters
(p b 0.0001 for all imaging planes assessed). Furthermore, we found a significant correlation between circumfer-
ential RVmotion delay and QRS duration (p= 0.006). Higher LV and RVwall motion delay parameters were also
associated with lower peak oxygen consumption (p b 0.05) and a worse LV and RV ejection fraction (p b 0.02).
Conclusions:Assessment ofmechanical dyssynchrony is feasible using CMR-FT in ToF patients. Parameters ofme-
chanical dyssynchrony correlate with electrical dyssynchrony, biventricular function and objective exercise ca-
pacity in this setting. Due to the weak degree of correlation, however, the clinical significance of these findings
remains to be clarified by further studies.

© 2018 Published by Elsevier B.V.
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1. Introduction

Contemporary patients with tetralogy of Fallot (ToF) are commonly
affected by pulmonary valve regurgitation, right ventricular (RV) en-
largement, biventricular dysfunction and an increased risk for malig-
nant arrhythmias and sudden cardiac death [1–4]. Identification of ToF
patients at particularly high risk of malignant arrhythmias and sudden
cardiac death remains a major focus of research and novel parameters
correlating with risk of adverse events are required. So far, parameters
such as prolonged QRS duration ≥180 ms, pulmonary regurgitation, re-
duced right and especially left ventricular function, the presence of
inducible ventricular tachycardia, impaired exercise capacity and po-
tentially extensive RV scarring on late gadolinium cardiac magnetic

International Journal of Cardiology xxx (2018) xxx–xxx

Abbreviations: Circ, circumferential; CMR, cardiac magnetic resonance imaging; CS,
circumferential strain; EF, ejection fraction; FT, feature tracking; LAX, long axis; Long,
longitudinal; LS, longitudinal strain; LV, left ventricle; rad, radial; RS, radial strain; RV,
right ventricle; SAX, short axis; SCD, sudden cardiac death; VO2, oxygen uptake.
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resonance imaging (CMR) have been related to outcome in this cohort
[5–8]. Beyond non-invasive imaging, elevated left ventricular end-
diastolic pressures on cardiac catheterization have also been identified
as a major prognostic marker in this setting [8]. While the utility of reg-
ular transthoracic echocardiography in predicting outcome has been
established [9], CMR has emerged as the gold standard imaging modal-
ity for assessing ventricular volumes in ToF patients. It has only recently,
however, become possible to quantify mechanical dyssynchrony on
CMR using standard CMR cine images. This is due to the introduction
of CMR feature tracking (FT) analysis - a technique for the quantification
of myocardial strain using standard steady-state-free precession (SSFP)
images [10]. We have reported on the feasibility of using FT analysis for
measuring myocardial deformation and its potential prognostic value
[11,12]. However, information on the potential clinical utility of FT de-
rived parameters of mechanical dyssynchrony are limited in contempo-
rary ToF patients [13,14]. The pathophysiologic rationale for the
evaluation of measures of mechanical dyssynchrony is provided by the
observation that electrical dyssynchrony is a prognostic marker in ToF
patients and by previous studies suggesting an association betweenme-
chanical asynchrony and outcome [6,14,21,30].

The current studywas designed to evaluate the potential association
between biventricular mechanical dyssynchrony on FT-CMR with pa-
rameters of biventricular mechanics, exercise capacity, clinical data
and outcome in a large multicenter cohort of ToF patients.

2. Materials and methods

The current study included patients enrolled in a nationwide, prospective study of ToF
patients run by the German Competence Network for Congenital Heart Defects as de-
scribed before [15]. In essence, patients with repaired ToF older than 8 years were re-
cruited at various German centers (24 centers overall) between 2005 and 2008. All
patients without contraindications for CMR (such as implanted pacemakers or ICD de-
vices)were invited to participate. All enrolled ToF-patients underwent CMR investigations
(avoiding sedation) using a standardized CMR protocol. Acquired datasets were stored on
a central archiving database in a pseudonymized format. Further details on the CMR pro-
tocol, quality assurance measures and conventional (volumetric) analysis have been re-
ported [15–17].

Feature tracking analysis was performed prospectively on all digitally archived
datasets by using the TomTec 2D CPA MR software (TomTec, Unterschleissheim,
Germany, Version 1.1.2.36-B) by GD and SO. There was no difference image quality be-
tween the right and left ventricle. Analysis was performed separately for both ventricles
by delineating the endocardial border followed by automatic FT computation. For all anal-
ysis the quality and adequacy of myocardial displacement and the tracking contour was

controlled visually and the analysis repeated if required. Longitudinal and radial deforma-
tion parameters of the LV and RV were assessed in a four chamber view. Circumferential
parameters of both LV and RVwere assessed in the short axis view at the level of the pap-
illarymuscles. Additional details of the FT algorithmhave been published by us and others
[18–21]. Data on reproducibility of the FT-method in the setting of ToF has also been pro-
vided by our group [22].

As described previously [12], available clinical characteristics included the NYHA
(New York Heart Association) functional class, the QRS duration on standard 12-lead
ECG, as well as details of previous interventional and surgical procedures. Patients also
were subjected to symptom-limited cardiopulmonary exercise testing on a treadmill or bi-
cycle ergometer at the time of CMR [23].

Mechanical dyssynchrony was assessed by quantifying the maximum wall delay of
the longitudinal, radial (both in a long axis and short axis view) aswell as circular contrac-
tion of the right and left ventricle. Themethod of assessment of maximumwall delay is il-
lustrated in Fig. 1.

Follow-up was secured by using competence network infrastructure and/or by
contacting local institutions or residents' registration office if required. As an endpoint of
the study we chose a composite of documented ventricular tachycardia (sustained or
non-sustained) or cardiac death,which included aborted cardiac death. The study protocol
has been approved by the relevant ethics committee and all patients/guardians gave in-
formed consent before recruitment/inclusion in the study.

2.1. Statistics

Depending on data distribution parameter values are given as mean and standard de-
viation ormedian and interquartile range (25th and 75th percentile). Categorical variables
are shown as frequencies and percentages. The association between parameters of me-
chanical dyssynchrony, myocardial deformation parameters, conventional volumetric
markers of ventricular function and clinical status was assessed by Spearman's rank re-
gression analysis. In addition, the potential association with outcome was studied by
Cox proportional-hazard analysis. Due to the limited number of events no multivariate
analyses were performed. For all analyses, a 2-tailed p-value b0.05 was used as the crite-
rion for statistical significance. Statistical analyses were performed using MedCalc 17.6
(MedCalc Software,Mariakerke, Belgium) andR version 3.3.0 (The R Foundation for Statis-
tical Computing).

3. Results

Overall, adequate CMR images for FT assessment of mechanical
dyssynchrony were available in 345 patients (56% male, mean age
17.5 ± 8.3 years, RV end-diastolic volume index 121 ± 33 ml/m2, RV
ejection fraction 50 ± 9%; LV ejection fraction 57 ± 9%). Values of the
measures of mechanical dyssynchrony are provided in Table A (Online
Appendix). The majority of patients were asymptomatic and the objec-
tive exercise capacity as assessed by cardiopulmonary exercise testing

Maximum wall delay
222 ms

Fig. 1. Illustration of the measurement of maximumwall motion delay on feature tracking cardiac magnetic resonance imaging.
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