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CHAPTER 1 GENERAL INTRODUCTION

entry ventricular arrhythmias. These pathological changes can lead to scar related macro-
reentry ventricular tachycardia5. 

The first case series to describe ARVC, published by Marcus et al. identified RV dilatation 
in patients using 2-Dimensional echocardiography6. However, we now know that the 
natural history of classical right-sided ARVC can roughly be divided into four stages. In the 
concealed phase, no or minimal structural abnormalities can be detected using conventional 
techniques, although the patient is already at risk of sudden cardiac arrest. In the second 
phase, ventricular arrhythmias, mostly arising from the RV outflow tract, and structural and 
functional changes can be measured in especially the RV using different imaging techniques 
like echocardiography or cardiac magnetic resonance imaging. In the third phase, RV heart 
failure is seen, usually with preserved LV function. In the last phase, overt LV involvement is 
seen7. Current concepts of ARVC, include a biventricular or predominantly left-sided ARVC, 
where LV involvement is already seen in earlier stages8. 

ARVC is diagnosed according to the revised 2010 Task Force Criteria (TFC)9. The TFC are a 
set of consensus-based diagnostic criteria including major and minor criteria in six different 
categories. Apart from electrocardiographic, arrhythmic, histological and genetic features, 
an important role is assigned to the assessment and scoring of ventricular dysfunction and 
structural alterations using catheter angiography, echocardiography or cardiac magnetic 
resonance imaging (CMR). Qualitatively assessed RV wall motion abnormalities (akinesia, 
dyskinesia or dyssynchronous contraction) are a prerequisite in the imaging criteria. 
Furthermore, the level of quantified RV dilatation or RV dysfunction determines whether or 
not a minor or major ARVC criterion is met.

Cardiac Magnetic Resonance imaging
CMR is the modality of choice for assessment of cardiac function and dimensions in ARVC10 
because of its high spatial resolution11, allowing accurate and reproducible evaluation of 
the RV. This is necessary since in healthy individuals without ARVC, the mean RV free-wall 
thickness is already only 2.7±0.4 mm12, while in ARVC the RV wall is even thinner due to 
pathological wall thinning. Furthermore, the asymmetric geometry and the position of the RV 
in the chest can hamper visualization of the entire RV by 2-D echocardiography13. In addition 
to the structural and functional CMR parameters as mentioned in the TFC, CMR is able to 
provide tissue characterization using late gadolinium enhancement (LGE). This enables the 
identification of myocardial fibrosis, as one of the key features in ARVC. However, it has 
been shown that the diagnostic yield of LGE in patients suspected of ARVC is low14. LGE can 
be a sign of focal myocardial fibrosis, leaving subtle or diffuse fibrotic changes undetected. 

The performance of the TFC criteria, including the CMR criteria of the TFC were validated 
in a recent study 15. CMRs were re-evaluated by two blinded expert radiologists and the 

GENERAL INTRODUCTION

Every day the lives of twenty-eight European families are turned up-side down due to 
the sudden cardiac death of a relative1. In many of these cases, this was the first disease 
presentation. Sudden cardiac arrest is not only a tragedy for the individual and their family, but 
also a large public health problem since the overall chances to survive a sudden cardiac arrest 
is low at approximately 10%2. Furthermore, surviving a sudden cardiac arrest is associated with 
significant morbidity. Therefore, early diagnosis and adequate risk stratification of persons 
at risk of sudden cardiac death are the cornerstone in preventing these tragic outcomes. 
Unraveling the underlying, especially inheritable, cause of a sudden cardiac death or sudden 
cardiac arrest is important for further risk stratification of the individual patient and for early 
diagnosis and risk stratification of family members, especially since inherited conditions occur 
in up to 50% of families of young victims of sudden cardiac death3. 

Sudden cardiac death due to ventricular arrhythmias is frequently observed in families 
with inherited cardiomyopathies. Inherited cardiomyopathies are classified based on 
morphological and functional features and include dilated cardiomyopathy (DCM), 
hypertrophic cardiomyopathy (HCM) and arrhythmogenic right ventricular cardiomyopathy 
(ARVC). While DCM and HCM are characterized by structural abnormalities with dilatation 
and hypertrophy of the left ventricle (LV) respectively, ARVC is characterized by ventricular 
arrhythmias prior to visible structural abnormalities. Accurate recognition of this disease is 
vital since the implantation of an implantable cardioverter defibrillator (ICD) can be life-saving.

Arrhythmogenic Right Ventricular Cardiomyopathy
ARVC has an estimated prevalence of 1:50004. Disease presentation is usually in the second 
to fifth decade of life. Interestingly, the first disease presentation can be life-threatening 
ventricular arrhythmias leading to sudden cardiac arrest or death, especially in the young 
and in athletes4. ARVC is predominantly a right ventricular (RV) disease, but LV involvement 
is common. This heritable heart disease is mainly caused by a pathogenic variant in one of 
the components of the intercalated disk, especially the desmosomes such as Plakophilin-2, 
Desmoglein-2 and Desmoplakin. The intercalated disc forms not only a mechanical 
connection of cardiomyocytes through the desmosomes and adherence junctions, but also 
an electrical connection through gap junctions to ensures the propagation of electrical 
signals. Interestingly, these different components of the intercalated disc (desmosomes, 
gap junctions, sodium channels) form an interaction5. Therefore, pathogenic variants in 
one of these components could interrupt myocardial cell signaling and adhesion. This 
can be exaggerated under conditions of increased mechanical stress and stretch, such as 
strenuous exercise, leading to detachment of myocytes and alteration of intracellular signal 
transduction causing fibrofatty replacement of the myocardium. Surviving myocardial fibers 
within the fibro-fatty tissue form zones of slow conduction that provide a medium for re-
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Chapter 2 is an overview and in depth description of the ARVC phenotype. Chapters 3-12 
are divided into four parts, each focusing on one of the four different research questions. 

In these thesis I have mainly utilized data from the Netherlands ARVC Registry collected in 
the research electronic data capture (REDCap) platform. The design and implementation of 
this multicenter, longitudinal, observational cohort study has been published previously18. 
Furthermore, I have been privileged to use patient data from the Johns Hopkins ARVD/C 
registry. For the assessment of variations in the general population I have leveraged CMR, 
genetic and phenotypic data from the UK Biobank. The design and implementation of this 
database have also been published previously19. 

Part 1. Feasibility of novel CMR techniques in ARVC 
FT-CMR is an increasingly popular approach for the quantification and non-invasive evaluation 
of regional myocardial function. It employs a frame-to-frame recognition of a preset feature 
during the cardiac cycle, which enables the calculation of myocardial displacement during 
systole20 and therefore allows for the evaluation of regional myocardial function. FT-CMR 
can be applied to routine cine CMR acquisitions without extending the image protocol or 
duration of the CMR examination. Recently, it was shown that quantitative strain analysis 
had higher sensitivity and accuracy than qualitative wall motion assessment done by visual 
inspection by two experts at tertiary centers21. However, before clinical implementation of a 
novel technique is possible, validation and assessment of feasibility has to be studied. The 
research question that governed this first part was: 

“What is the reproducibility, variability and applicability of FT-CMR in the 
clinical setting? ” 

First, various commercially available software methods have been developed to analyze 
myocardial strain. However, little is known about the agreement between these methods. 
In chapter 3 we assessed the inter-software agreement of RV global and regional strain 
using FT-CMR by providing a head-to-head comparison of four commercially available 
software methods. Furthermore, we assessed inter- and intra-observer reproducibility per 
software method. From our multicenter experience we know that different CMR sequence 
parameters and field strengths are used within and among centers. The impact of these 
parameters on RV strain values is still unknown. In chapter 4, we assessed the effect of field 
strength, imaging resolution and imaging sequence on the FT-CMR vales of the RV. Limited 
knowledge exists on different intra-modality factors that may influence RV strain values and 
inter-modality differences. Echocardiography is often used in patients with possible ARVC 
or other cardiomyopathies and deformation imaging using speckle tracking is increasingly 
being used as a different measure for strain analysis. Unfortunately, the interchangeability 
of RV strain values measured by FT-CMR versus speckle tracking echocardiography is 

final diagnosis was determined by an expert panel. Interestingly, the clinically observed 
TFC was false negative in 11% and false positive in 14% of patients 15. A previous study 
also showed that misdiagnosis in ARVC is commonly based on CMR misinterpretation: only 
27% of people referred to a tertiary center with a suspected ARVC diagnosis finally meet 
diagnostic criteria for ARVC16. An important problem is the qualitative assessment of RV wall 
motion abnormalities which hampers inter-observer reproducibility since the definition of 
normal versus subtle variants of abnormal RV contraction is open to different interpretations. 
Furthermore, the quantitative assessment of RV ejection fraction and volumes are also 
affected by considerable inter-reader variation17. Therefore, this thesis focusses on 
implementation of novel quantitative CMR techniques overcoming these issues. 

THESIS OUTLINE

CMR is the reference standard for the assessment of cardiac anatomy and function. Over 
the years various new CMR techniques have emerged, offering the opportunity to cope 
with previously mentioned issues in current qualitative and quantitative CMR assessment: 
feature tracking CMR (FT-CMR) has been developed for the evaluation of regional myocardial 
function; T1 mapping for the evaluation of tissue characterization; and machine learning for 
the automatic evaluation of CMR imaging. This thesis primarily focuses on the improvement 
of early diagnosis and risk stratification of ARVC patients and their relatives using these 
advanced CMR techniques. Not only did I focus on the RV and the LV, but also explored the 
involvement of the atria in ARVC. In the quest to diagnose patients at risk of sudden cardiac 
arrest at an early stage, genetic testing has become an important part of routine clinical care 
in the diagnosis of ARVC. The American College of Medical Genetics and Genomics has 
even recommended the reporting of incidental or secondary findings related to ARVC from 
clinical genomic sequencing. Interestingly, only little is known about disease expression and 
functional and structural cardiac involvement in asymptomatic ARVC genetic variant carriers 
from the general population. Beside these rare genetic variants, it is also unknown which 
common genetic variants affect cardiac function and dimension as measured on CMR.  

In this line, I focused on four main research questions. 

1. What is the reproducibility, variability and applicability of FT-CMR in the clinical 
setting? 

2. What is the clinical value of FT-CMR, T1 mapping and machine learning in ARVC?
3. Is atrial involvement present in ARVC?
4. What is the contribution of rare and common variants on right and left ventricular 

function in individuals from the general population?
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Part 3. Atrial involvement in ARVC
As previously mentioned, ARVC is predominantly a disease of the cardiac desmosomes. 
Desmosomes are not only present in the RV and LV, but also in the atrial wall, however 
only little is known about the structural and functional involvement of the atria in ARVC. 
Previous studies already showed atrial arrhythmias (atrial fibrillation and atrial flutter) in 
a considerable number of ARVC patients, but these studies lacked information on atrial 
structure and function, which may precede the occurrence of atrial arrhythmias 24,25. Also, 
the influence of genotype on these atrial arrhythmias and structural atrial abnormalities is 
largely unknown. Determination of the atrial involvement in ARVC could give important 
understanding of the disease and the natural progression and may contribute to prevention 
of embolic cerebrovascular accidents due to atrial fibrillation. Furthermore, an increased risk 
of atrial arrhythmias would dictate proper implantable device programming and selection. 
As the gold standard for the structural and functional analysis of ARVC, CMR renders itself 
useful for the assessment of the atria. Previous studies have shown the feasibility and 
reproducibility of FT-CMR to analyze atrial function 26,27. However, this has not been applied 
on ARVC patients yet. 

In this part, we focused on the following research question: 

“Is atrial involvement present in ARVC?” 

In chapter 9 we aimed to describe the extent and clinical significance of structural atrial 
involvement and atrial arrhythmias in ARVC. Furthermore we examined the influence of 
genotype on atrial arrhythmias and structural atrial abnormalities. Chapter 10 builds on 
the evidence from the prior chapter and aimed to detect predictors of atrial arrhythmias in 
ARVC patients using FT-CMR. 

Part 4. Combining CMR and genetics to unravel genotype phenotype correlations
In the previous chapters of this thesis we focused on the “hospital population”, subjects with 
overt disease or their preclinical family members who carry a known pathogenic variant. 
However, data from the general population (including individuals who had no reason to 
seek medical care) are a tremendous gold mine of information regarding signs of disease in 
asymptomatic pathogenic variant carriers from the pre-hospital population. This could give 
more insight into disease penetrance in pathogenic variant carriers. Over the years, large 
population-scale biobanks with complete genome-sequencing and phenotype data have 
been established to study genomics at a population-level, such as the UK Biobank. The UK 
Biobank contains genotype data, physical measurements, CMR imaging, medical record 
and questionnaire-based health data of up to 500,000 individuals28.

unknown. In chapter 5 we performed a head-to-head comparison of speckle tracking 
echocardiography and FT-CMR in RV deformation. 

Part 2. Clinical value of novel CMR techniques in ARVC
Next, we set out to assess the clinical value of novel CMR techniques in ARVC. Beside FT-
CMR, we also assessed T1 mapping. T1 mapping allows for the non-invasive quantitative 
assessment of myocardial fibrosis using a pixel-wise measurement of absolute T1 
relaxation times in milliseconds22. These T1 relaxation times vary depending on the 
cardiac microstructure and the presence of for example fat, fibrosis, oedema and amyloid 
deposition. Compared to the current standard for non-invasive detection of myocardial 
fibrosis (LGE CMR), T1 mapping is not limited by use of gadolinium and does not require 
‘nulling’ of the background myocardium. This enables detection of either diffuse or subtle 
focal changes in the cardiac microstructure. Furthermore, machine learning is rapidly 
gaining ground in the clinical arena and is likely to change clinical practice in the coming 
years23. CMR segmentation to measure functional and structural parameters is a laborious 
task, taking about 25 minutes to segment both ventricles in end-diastole (ED) and end-
systole (ES) accurately, of which RV segmentation takes two-thirds of this segmentation time. 
Moreover, manual segmentation is prone to intra- and inter-observer variability. The use of 
automatic methods for the segmentation of the ventricles may overcome these challenges. 
Over the last few years many state-of-the-art deep learning segmentation approaches for 
short-axis CMR have been developed. For automatic LV segmentation such methods can 
achieve performance level of human experts. However most previous methods have been 
evaluated on CMR datasets with limited pathology especially related to the RV. 

The research question answered in this part is as follows:

“What is the clinical value of FT-CMR, T1 mapping and machine learning in 
ARVC?”

In chapter 3 we performed a software comparison and assessed the diagnostic value 
of FT-CMR in affected ARVC patients and unaffected at-risk family members. Chapter 6 
elaborates on these findings and assesses the prognostic value of FT-CMR in affected 
ARVC patients. We also assessed the diagnostic value of native T1 mapping in chapter 7. 
Finally, in chapter 8 we improved and assessed the performance of a machine learning 
method for the automatic segmentation of RV and LV CMR measurements. This chapter also 
compares the CMR TFC classification by manual CMR measures to CMR TFC classification 
using our machine learning method.  
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CHAPTER 2 CHALLENGES IN DIAGNOSING ARVC

fulfillment of ARVC diagnosis. In addition, ACM-mimicking disorders should be excluded. 
The 2010 TFC and methods for acquisition are illustrated in Table 7.1.10 The 2010 TFC are 
a major improvement for classical ARVC diagnosis since they allow unequivocal diagnosis, 
facilitate comparison of studies, and are universally accepted. However, the 2010 TFC also 
have limitations. With focus on the RV, 2010 TFC are less appropriate for LV involvement 
and inadequate for predominant LV disease. In addition, the focus in the RV is on the RV 
outflow tract (RVOT), which is open to criticism. Finally, weighing of electrocardiographic 
and genetic criteria should be reconsidered. 

Table 7.1 Revised Task Force Criteria (2010) 
Global and/or regional dysfunction and structural alterations (echo, MRI, cine-angio)
Tissue characterizations (histology from biopsy or autopsy)
Repolarization abnormalities (ECG)
Depolarization/conduction abnormalities (ECG, SAECG)
Arrhythmias (ECG, holter, exercise test)
Family history (ARVD/C in first-degree relative, pathogenic mutation)

ARVD/C diagnosis required: 2 major criteria, 1 major + 2 minor or 4 minor criteria, in the absence of other cause. 

DIAGNOSIS IN BIVENTRICULAR AND PREDOMINANT 
LV DISEASE

Clinically relevant LV disease is unusual in classical ARVC, with the exception of the end 
stage (see Figure 7.1), which exhibits similar fibrofatty alteration in the RV and LV (Figure 7.2). 
RV predominance is very typical for ACM-associated desmosmal PKP2 mutation carriers.11–14 
In many cohorts, PKP2 is by far the most frequent molecular genetic abnormality in classical 
ARVC. Although ACM is frequently described as a disease of the desmosome, different 
desmosomal mutations may be associated with different disease patterns. The desmosomal 
DSP is associated with biventricular or even predominant LV disease (Figure 7.3),  
similar to the non-desmosomal PLN mutation.13,15–19 Nevertheless, all these different disease 
entities show very similar fibrofatty alteration patterns, justifying ACM as unifying preferred 
terminology.4. In the 2010 TFC, only inverted T waves in the left precordial leads V4–V6 
reflect LV involvement and only as a minor criterion.10

In ACM with LV disease, the majority of electrocardiographic and imaging 2010 TFC may 
be absent, hampering diagnostic fulfillment. In addition, ACM patients with LV disease may 
not show ventricular tachycardia (VT) with left bundle branch block (LBBB) morphology. 
Different from classical ARVC, they may show VT with right bundle branch block (RBBB) 
morphology, reflecting the LV origin of the arrhythmia. However, RBBB-VT is not part of 
the 2010 TFC. Since ventricular mass is predominantly related to LV mass, and myocardial 

INTRODUCTION

Arrhythmogenic cardiomyopathies (ACMs) are a group of heart muscle diseases, usually 
hereditary, characterized histologically by ventricular fibrofatty alteration spreading from the 
subepicardium toward the subendocardium and clinically by ventricular arrhythmias (VAs) 
that usually start early in the disease process.1–4 Although structural myocardial changes may 
occur in the early stage, hemodynamic dysfunction is usually an end- stage phenomenon. 
These characteristics distinguish ACM from dilated cardiomyopathy (DCM) with a different 
histology, early occurrence of heart failure, and usually ventricular and atrial arrhythmias 
at later stages. Arrhythmogenic right ventricular dysplasia/cardiomyopathy   (ARVD/C)   or   
classical ARVC is the large subcategory of ACM with predominantly right ventricular (RV) 
involvement, described in the early 1980s by Fontaine and Marcus.1 However, even in these 
early years, additional left ventricular (LV) involvement was observed in the end stage of 
disease. In more recent years, evidence of LV involvement in earlier disease stages at 
the molecular level has also been identified with immunofluorescence techniques.5 Finally, 
balanced biventricular and predominant LV disease with similar histologic findings and 
early VA were discovered.6 Recently, these observations supported the use of ACM as 
preferred nomenclature in an increasing number of publications. According to the most 
widely used definition of ACM, conditions without the typical fibrofatty alteration pattern 
are not included in this chapter on diagnosis. An alternative definition with a much wider 
disease spectrum and including also very different histologic patterns such as amyloidosis 
and Chagas disease has been proposed in a recent Heart Rhythm Society document.7 
However, that definition is not universally accepted and hence not chosen in this report. 
The gold standard for ACM diagnosis is the fibrofatty alteration starting subepicardially and 
moving to the subendocardium.4 This means that early in the disease process myocardial 
cell death and fibrofatty replacement are confined to subepicardial layers. Since fat is a 
physiologic phenomenon in the subepicardial area and more outspread in the so called 
cor adiposum, differentiation from ACM may be difficult.8 An incremental amount of fibrotic 
tissue and, if present, cell death are obligatory features for ACM diagnosis.3,8 In more 
advanced stages, the typical histologic changes are frequently transmural in the thinwalled 
RV. Transmurality is rare in the LV. However, acquisition of appropriate histologic material 
by endomyocardial biopsy is hampered by the segmental nature of affected areas, usually 
absent involvement of interventricular septum and predominant subepicardial lesions early 
in the disease. Obviously, acquisition is easier during cardiac surgery, but only applicable 
at the end stage. These histologic limitations prompted the development of international 
consensus-based Task Force Criteria (TFC) for ARVC diagnosis in 1994, and revisions in 
2010 (2010 TFC), as the surrogate gold standard.9,10 These diagnostic TFC consist of a set 
of clinically available major and minor criteria in 6 categories (dysfunction and structural, 
histopathological, repolarization abnormalities, depolarization abnormalities, arrhythmias, 
and family history). At least 2 major, 1 major + 2 minor, or 4 minor TFC are required for 
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Figure 7.2  Histology from the heart in Figure 7.1 of the RV (left panel) and LV (right panel) shows 
similar fibrofatty alterations (modified AZAN staining). Surviving myocardial bundles are shown (red) 
embedded in fibrous tissue (blue) and fields of fat cells (white).

Figure 7.3  LV histology at two different magnifications from a 15-year-old sudden cardiac death victim 
with a pathogenic DSP mutation. In Panel A, the typical subepicardial involvement is visible. In Panel 
B, with more magnification, fibrofatty alterations are seen. The RV did not show obvious abnormality. 
Eight months before death, none of the 2010
TFC have been identified. (Figure reproduced with permission from Oxford University Press. Zorzi et 
al., Europace. 2016;18(7):953–954.16)

mass is related to QRS amplitude, low voltages in the electrocardiogram (ECG) during sinus 
rhythm are expected in late stages of LV disease.20 Similarly, this larger LV mass precludes 
akinesia, dyskinesia, dilatation, and lowering of the ejection fraction in the earlier stages 
of LV disease with usually nontransmural lesions.21 Thus, structural and hemodynamic 
dysfunction equivalents of ACM starting in the RV are not likely seen in the LV, at least in 
the earlier stages. This means that the role of echocardiography and conventional cardiac 
magnetic resonance (CMR) is limited. Fortunately, the newer late gadolinium enhancement 
(LGE) technique during CMR, not used in the 2010 TFC scoring, is able to visualize smaller, 
non-transmural lesions reflecting fibrofatty areas.21 Thus, awareness of ACM as not only 
an RV disease but frequently also an LV disease and existence of even predominant LV 
sub- categories prompt consideration of the following additional parameters for diagnostic 
evaluation:

• LGE-CMR to demonstrate LV lesions
• VT with RBBB morphology
• Low-voltage ECG (< 0.5 mV in standard leads during sinus rhythm)

Adding these parameters to the 2010 TFC will avoid ACM underdiagnosis. However, it 
should be realized that these parameters need confirmation and that their weight in relation 
to existing TFC is still unknown.

Figure 7.1  Slice of the explanted heart from a 56-year-old woman with end-stage ACM and the 
pathogenic missense mutation PKP2 c.2386T>C. The RV is severely dilated, and the free wall is nearly 
completely transmurally replaced by fibrofatty tissue. In addition, there is extensive fibrofatty alteration 
in the LV and septum. The LV shows the typical predominant subepicardial involvement.
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and subtricuspid and apical areas— most often affected in classical ARVC according to 
the original description of the disease in 1982.1 This observation was primarily obtained 
from studying patients in advanced disease stages. A recent CMR study by te Riele et al. 
could confirm this observation if ≥ 3 RV regions were affected.21 However, with only 1 or 2 
affected regions, it was exclusively localized in the subtricuspid (or peritricuspid) area. This 
finding suggests disease onset close to the tricuspid valve and not in the RVOT or RV apex 
(Figure 7.5). This finding is clinically relevant since it prompts us to identify subtricuspid 
disease markers for early disease detection. Under physiologic conditions, the RVOT is 
usually the latest activated area. Thus, additional pathological activation delay is relatively 
easily detectable in the RVOT and thus in right precordial leads by TAD prolongation.23 

Physiologically, subtricuspid activation is usually earlier, indicating that local additional delay 
may remain buried within the QRS complex. Nevertheless, extreme delay may become 
visible as late activation mimicking precordial TAD but now recorded from the inferior leads 
(see Figure 7.4, Figure 7.6, and Figure 7.7).

Figure 7.4  ECG during sinus rhythm from a patient with advanced ACM. Terminal activation duration 
is severely prolonged at 110 ms (minor criterion). The latest depolarization deflection indicated by 
arrows in V1–V3 may be interpreted as epsilon waves. However, tiny deflections are visible between 
this deflection and the preceding QRS complex. T-wave inversion in V1–V5 (major criterion). In addition, 
multiple late signals are present in inferior leads. (Reproduced with permission from Cardiotext 
Publishing, LLC.)

ELECTROCARDIOGRAPHIC CHALLENGES IN ACM DI-
AGNOSIS

In the 2010 TFC, the epsilon wave is a major criterion, since this finding is associated 
with advanced ACM. Comparing different studies, the incidence of epsilon waves varies 
between 2% in family members of ACM patients and 15% in index patients in the largest 
ACM study consisting of more than 1000 ACM patients and their family members, and much 
higher percentages in some other studies.14 These differences may be due to differences in 
disease severity, but may also relate to the use of different definitions of the epsilon wave. 
Lower percentages are obtained by using the original definition by Fontaine et al. as low-
amplitude signals after and clearly separated from the QRS complex in leads V1–V3.22,23 
Separation suggests the presence of an isoelectric line between the epsilon wave and 
the preceding QRS complex. However, identification of this isoelectric line depends on 
recording speed, filter setting, magnification, and sampling frequency. Figure 7.4 shows an 
example of an ECG recorded from a patient with advanced ACM, negative T waves in V1–V5 
(major repolarization criterion), prolonged terminal activation duration (TAD, 110 ms), and 
the suggestion of an epsilon wave (major depolarization criterion).23 With 2 major criteria, 
this ECG already fulfills 2010 TFC for ACM diagnosis. However, separation from the QRS 
complex may be questioned, since very tiny signals are visible. Those who do not include 
the separation are faced with defining the end of the QRS complex and the onset of the 
epsilon wave. In a multicenter study by Platonov et al., epsilon wave identification showed 
high interobserver variability.24 In addition, all patients with interpretation of an epsilon 
wave had prolonged TAD (minor depolarization criterion) and showed ACM fulfillment 
independent of the epsilon wave.

Inverted T waves in the right precordial leads is much more common in athletes than in 
nonathletes in an apparently normal population.25 Particularly with negative T waves in V1–
V3 and beyond (major TFC criterion) and dilated RV, which can be found in normal athletes, 
differentiation with ACM may be difficult. Absence of abnormal depolarization and akinesia/
dyskinesia support absence of ACM. In a recent study comparing 100 healthy athletes with 
100 ACM patients, no premature ventricular complexes (PVCs) in the athletes and at least 
1 PVC in 18 ACM patients (P < 0.001) were recorded during 10-second ECG recording. In 
addition, QRS voltages were significantly higher in the athletes.26

Both the depolarization criteria—epsilon wave and prolonged TAD (≥55 ms)—and the 
repolarization criteria of inverted T wave in V1–V2 and V1–V3 and beyond focus on right 
precordial leads. That focus may be questioned. The right precordial leads reflect primarily 
electrical phenomena from the RVOT. However, the frequently recorded VT with LBBB 
morphology with superior axis (major arrhythmia TFC) is not originating from the RVOT.10 
The RVOT belongs to the “triangle of dysplasia” consisting of the 3 RV sites—the RVOT 
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Figure 7.7  Electrophysiologic study during sinus rhythm in the patient from Figure 7.6. From above, 
ECG leads I, II, III, and V1, bipolar recordings from the high right atrium, subtricuspid area (MAP 1,2 and 
MAP 3,4), and corresponding unipolar recordings MAP1 and MAP 2, from tip and second electrode. 
The vertical line indicates the onset of the QRS complex. In MAP1,2 a late 0.30 mV high dV/dt signal 
is recorded at 150 ms after QRS onset. The unipolar recording shows that this signal is derived from 
close to the position of electrode MAP2 in the subtricuspid area. Earlier, higher-amplitude but lower 
dV/dt signals are from remote regions. (Reproduced with permission from Cardiotext Publishing, LLC.)

Recordings in Figure 7.4 are from a severely affected patient with 2 major electrocardiographic 
TFC from right precordial leads. In addition, late depolarization with multiple deflections and 
inverted T waves are recorded from the inferior leads. Figure 7.6 shows an apparently 
normal ECG in a patient with a pathogenic PKP2 mutation. However, TAD is marginally at 
60 ms prolonged, and with close observation, reproducibly isolated, late, low-amplitude 
signals are visible derived from the inferior leads. Remarkably, no inverted T waves are 
seen in this recording. An electrophysiologic study proved late depolarization as cause 
of these signals (Figure 7.7).27 CMR showed a subtricuspid aneurysm in the absence of 
other pathologic markers (Figure 7.8).27 Since in less advanced ACM stages, ECG signs of 
subtricuspid involvement remain invisible, other diagnostic techniques such as LGE-CMR, 
feature tracking CMR, and echocardiographic deformation imaging are promising for early 
ACM diagnosis.28–30 The last 2 techniques are based on delayed contraction, at least partly 
due to late electrical activation. Figure 7.9 shows a normal 12-lead ECG without any sign 
of depolarization or repolarization abnormality. However, echocardiographic deformation 
imaging shows exclusively late contraction in the subtricuspid area (Figure 7.10).28 Similar 
results are obtainable with feature tracking CMR.30 More focus on the early affected 
subtricuspid area is clinically relevant since Sudden Cardiac Death (SCD) is frequently the 
first ACM manifestation, particularly in young individuals as shown in several studies.13,31–33 
One of these studies compared first presentation with ACM in 427 adults >18 years of age 
versus 75 pediatric patients < 18 years.32 Combined SCD and resuscitated cardiac arrest 
in the adult and pediatric population occurred in 9% and 26%, respectively (Figure 7.11). In 
another study with 66 cardiac arrest cases in ACM, more than half of the victims appeared 

Figure 7.5 Number of affected RV regions in 52 ACM patients related to distribution of specific regions 
in percentages. If only 1 or 2 regions are affected, RV apex and RVOT are not involved. (Figure 
reproduced with permission from Wiley. Te Riele et al., J Cardiovasc Electrophysiol. 2013;24:1311–
1320.21)

 

Figure 7.6  Apparently normal ECG during sinus rhythm, although terminal activation duration is 
marginally prolonged at 60 ms. However, very low amplitude but reproducible late depolarization 
signals are recorded in the inferior leads, enlarged in the right panel. (Reproduced with permission 
from Cardiotext Publishing, LLC.)
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Figure 7.8  CMR image from the patient in Figures 7.6 and 7.7, showing a subtricuspid aneurysm. 
(Reproduced with permission from Cardiotext Publishing, LLC.)

Figure 7.9  ECG from an asymptomatic pathogenic PKP2 (c.397C>T) carrier. The ECG is normal and 
without depolarization or repolarization abnormalities. (Reproduced with permission from Wiley.)

to be asymptomatic before this event.33 In young individuals still in the early preclinical 
or concealed stages of ACM, fulfillment of diagnostic criteria may be absent. Ventricular 
fibrillation (VF) may be labeled as idiopathic VF and an implantable cardioverter-defibrillator 
(ICD) is implanted to prevent sudden death.34 Beside ICD interrogation, regular cardiologic 
evaluation with at least family history, 12-lead ECG, and echocardiography is needed, and in 
some cases also additional DNA analysis.

Using this continuous evaluation ACM diagnostic fulfillment may occur many years after first 
presentation.34 Definite diagnosis is important for cascade screening of family members as 
a first step in risk stratification. Use of alternative diagnostic ECG methods such as signal 
averaged ECG (SAECG, included in 2010 TFC) and QRS fractionation (fQRS) are hampered 
by several limitations.35–38 Both methods are not universally used, and the use of SAECG for 
ACM diagnosis is decreasing. Moreover, late potentials recorded by SAECG are equivalents 
of easily obtained prolonged TAD in V1–V3 and late depolarization signals derived from 
other leads in the routine 12-lead ECG. Qualitative fQRS is prone to subjectivity and poor 
reproducibility between studies.36–38 Quantitative methods for ACM diagnosis are not 
available yet.

Thus, contribution of the routine 12-lead ECG to ACM diagnosis is hampered by:

• Inaccuracy and nonreproducibility of epsilon wave recording.
• Although very appropriate in overt classic ARVC stages, less usefulness of 

precordial depolarization/repolarization abnormality detection in the early disease 
stage, because of evidence of early exclusive subtricuspid involvement.

• Absence of ECG detectability of subtricuspid involvement except in advanced 
stages, necessitating the use of new imaging techniques.

• ACM overdiagnosis by precordial T-wave inversion creating ACM phenocopies in 
athletes.



36 37

22

CHAPTER 2 CHALLENGES IN DIAGNOSING ARVC

GENETIC CHALLENGES IN ACM DIAGNOSIS

The current 2010 TFC consist of 3 major and 3 minor genetic criteria.10 Further weighting 
within the major and minor criteria is not available yet. A pathogenic or likely pathogenic 
mutation is counted as major criterion. However, the high genetic noise due to frequent 
disease associated genetic variants in the normal population and other cardiomyopathies 
are associated with the risk of misdiagnosis, particularly if the phenotype scoring reveals 
only 1 major or 2 minor criteria.35,39 In addition, increasing genetic knowledge may devaluate 
a likely pathogenic variant to a variant of unknown significance. This means that results of 
molecular-genetic analysis should be interpreted by experts in the field. Since identification 
of a disease causing mutation in the proband allows cascade screening in the family as a 
first step in their risk stratification, molecular-genetic analysis remains pivotal.13,14

CONCLUSION

Appropriate weighting of the contribution of each individual criterion of the 2010 TFC is still 
missing. Diagnostic challenges in ACM are in under- and overdiagnosis. Underdiagnosis 
is related to (1) ignorance of LV and RV subtricuspid involvement and (2) paucity of criteria 
in early disease stage and young individuals. Inclusion of LGE-CMR and new imaging 
techniques such as echocardiographic deformation imaging and feature tracking CMR may 
contribute to improve the current TFC. Overdiagnosis relates to (1) inappropriate use of 
ECG and imaging criteria, (2) uncertainty about pathogenicity of gene variants, and (3) ACM 
phenocopies. Devaluation of major criterion status of epsilon wave and likely pathogenicity 
may contribute to decrease of overdiagnosis.

Figure 7.10  RV deformation imaging in the asymptomatic patient from Figure 7.9, magnified at the 
right side. Apical and midventricular curves are normal, whereas the subtricuspid area shows marked 
delayed contraction, at least partly due to local delayed electrical activation, not visible with the ECG. 
(Reproduced with permission from Wiley.)

Figure 7.11  First presentation in ACM in adult (age ≥18 years, n = 475) versus pediatric (age < 18 years, 
n = 75) patients. SCD and resuscitated cardiac arrest are the first ACM manifestations in 9% of adult 
population and in the 26% of children. (Figure reproduced with permission from Elsevier. Te Riele et al., 
JACC Clin Electrophysiol. 2015;1:551–560.32)
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PART I | CHAPTER 3 FT-CMR REVEALS ABNORMAL STRAIN

BACKGROUND

Feature Tracking Cardiac Magnetic Resonance (FT-CMR) is a rapidly emerging approach for 
the quantitative and noninvasive evaluation of regional myocardial function. It employs a 
frame-to-frame recognition of a preset feature during the cardiac cycle, which allows for the 
calculation of myocardial displacement during systole expressed in strain values1,2. Compared 
to other strain analysis techniques, e.g. CMR tissue tagging and echocardiographic speckle 
tracking, FT-CMR has shorter post-processing times, may be less operator dependent, and 
can be applied to routine cine CMR images3. In addition, FT-CMR has major advances over 
other deformation techniques in the evaluation of the right ventricle (RV), since it allows 
for reliable tracking of the highly trabeculated and thin walled RV and is not hampered by 
the anatomic localization of the RV behind the sternum4,5. As such, FT-CMR may play an 
important role in the evaluation of diseases affecting the RV.

Arrhythmogenic right ventricular dysplasia/cardiomyopathy (ARVD/C) is an inherited 
cardiomyopathy that primarily affects RV morphology and function6. Since one of the most 
feared disease presentations (especially in the young and in athletes) is sudden cardiac 
death, early diagnosis is of utmost importance7,8. One of the hallmarks of ARVD/C is regional 
dysfunction of the RV wall9. However, most prior studies have focused on evaluation of 
global RV strain in clinically overt ARVD/C patients10-12. We hypothesize that FT-CMR may be 
useful for early disease detection in ARVD/C by identifying regional myocardial dysfunction 
prior to overt disease development. 

FT-CMR of the RV is relatively new, and early results have shown the feasibility of the method 
in ARVD/C12-14. For clinical implementation, it is important that FT-CMR is reproducible and 
that different software methods provide comparable strain values. We therefore aimed to 
1) assess intersoftware agreement of RV global and regional longitudinal strain using FT-
CMR; and 2) compare global and regional strain in definite ARVD/C patients, preclinical 
ARVD/C subjects and control subjects to analyze the value of regional strain as an early 
diagnostic parameter. To accomplish this, we used a unique cohort of well-phenotyped 
ARVD/C subjects that includes both affected patients and at-risk mutation carriers.  

MATERIALS AND METHODS 

Study Population 
We included 110 subjects who were evaluated for ARVD/C at the Johns Hopkins Hospital 
and were included in the Johns Hopkins ARVD/C registry (ARVD.com). Cases included 
79 ARVD/C-associated desmosomal mutation carriers who were divided in two groups: 1) 
overt ARVD/C (those fulfilling 2010 diagnostic Task Force Criteria [TFC] for ARVD/C, n=39); 
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Figure 1: representative right ventricular segmentation used in Feature Tracking Cardiac Magnetic 
Resonance Imaging. Abbreviations: ST= subtricuspid region; AW= anterior wall region; AP= apical 
region

Global RV size and ejection fraction
RV and left ventricular (LV) dimensions and function were measured with CVI42 (Circle 
Cardiovascular Imaging; Client Version 248, Server Version 258). Ventricular end-diastolic 
(EDV) and end-systolic volumes (ESV) were corrected for body surface area (BSA) according 
to the DuBois formula16.

Qualitative analysis
Feasibility
FT-CMR tracking quality of the endocardial border was visually assessed in each software 
method by one observer who was blinded for study group and demographic data. Segments 
in which FT tracking was obviously beyond the contours of the RV were excluded. To ensure 
consistency in the exclusion of segments, a second observer independently assessed a 
randomly selected subset of 40 patients. 

Reproducibility
Intra-observer variability was evaluated by re-measuring RV peak strain in 40 randomly 
selected subjects by the first observer. For inter-observer variability, the same 40 subjects 
were measured by a second observer, independent from the first observer. Intra- and inter-
observer variability was assessed for every software method separately. Observers were 
blinded for clinical and demographic data at the time of CMR measurements. 

and 2) preclinical ARVD/C (those not fulfilling 2010 diagnostic TFC for ARVD/C, n=40)15. All 
overt patients were diagnosed with ARVD/C independent of CMR, so that the diagnostic 
TFC provide an independent standard of reference. As a control group, we included 31 
individuals who were mutation-negative family members of mutation-positive ARVD/C 
patients (n=9), or subjects without ARVD/C upon comprehensive clinical evaluation (n=22). 
All subjects were also included in a prior study from our group13. Patients provided written 
informed consent, and the study protocol was approved by the Johns Hopkins School of 
Medicine Institutional Review Board. 

CMR Acquisition 
All CMR images were acquired on a 1.5 Tesla scanner (Avanto, Siemens Medical Imaging, 
Erlangen, Germany) using a balanced, steady state free precession sequence (repetition 
time/echo time/flip angle -2.4/1.2/50-75 degrees, matrix 256-192, field of view 30-36cm, 
temporal resolution ≤40msec, slice thickness 6-8mm). 

FT-CMR software methods 
Peak longitudinal strain measurements were performed using four different commercially 
available FT-CMR software methods: 1) Medis Qstrain Software (Medis Medical Imaging 
Systems, version 2.1.12.2. Leiden, the Netherlands); 2) TomTec (TomTec Imaging Systems, 
version 2D CPA MR 1.2. Unterschleissheim, Germany); 3) Multimodality Tissue Tracking 
(MTT) (Toshiba Medical Systems Corporation, version 6.0.4725. Tokyo, Japan); and 4) Circle 
Cardiovascular Imaging (CVI42, version 5.6.2. Calgary, Canada). The most recent software 
versions available at time of measurement were used. 

Quantitative analysis 
Myocardial strain analysis using FT-CMR

Since previous studies have shown that wall motion abnormalities in ARVD/C are most 
reliably measured in the horizontal long axis (HLA, i.e. four chamber view), we used this 
view to determine peak longitudinal strain as a primary variable of interest3,13,14. To ensure 
comparability between measurements, the most central slice in which the valve plane was 
visible was chosen for analysis. RV free wall endocardial contours were manually drawn 
during end-diastole and/or end-systole (as required by the individual software method) with 
subsequent automatic tracking during the cardiac cycle. As an example, a cine CMR movie 
file of the RV free wall endocardial tracking is available as Additional File 1. Endocardial 
tracking was visually evaluated and manually corrected if possible to ensure accurate 
tracking. Subsequently, the endocardial border was automatically segmented into three 
regions of equal size that were denoted subtricuspid, anterior, and apical wall (see Figure 1),  
as previously described13. Global strain was defined as the average peak strain value across 
all segments. 
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Table 1: Continued.
OVERT ARVD/C
(N=39)

PRECLINICAL ARVD/C 
(N=40)

CONTROLS
(N=31)

CLINICAL PHENOTYPE
REPOLARIZATION CRITERIA -

      MAJOR 36 (93) 1 (3)
      MINOR 22 (54) 19 (48)

DEPOLARIZATION CRITERIA -
      MAJOR 3 (8) 0 (0)
      MINOR 19 (49) 18 (45)

ARRHYTHMIA CRITERIA -
      MAJOR 7 (18)  0 (0)
      MINOR 26 (67) 4 (10)

STRUCTURAL CRITERIA -
      MAJOR 16 (41) 0 (0)
      MINOR 7 (18) 0 (0)

TFC FULFILLMENT: NUMBER OF CRITERIA (MEDIAN) 6 (IQR 5-7) 2 (IQR 2-3) -

*= Statistical significant difference compared to control subjects.
Abbreviations: ARVD/C = Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy; BSA= Body Surface Area; 
EDV= End-Diastolic Volume; EF= Ejection Fraction; ESV= End-Systolic Volume; TFC= Task Force Criteria; N= number 
of subjects.

Feasibility Comparison among Software Methods
We first performed a quality assessment to determine feasibility of strain measurements 
for every FT-CMR software method separately. Tracking quality was visually assessed for 
every study subject and dichotomized into adequate and inadequate tracking. Figure 2 
shows the percentage of cases with adequate tracking quality stratified by segment and 
by software method. Zero subjects from Medis, 4 from TomTec, 7 from MTT and 9 from 
Circle were excluded in cases where the software would not read the image data. Of 
the remaining cases, tracking quality was highest in Medis (93% [308/330 segments of 
95/110 subjects]), followed by Circle (89% [271/303 segments of 79/101 subjects]), TomTec 
(87% [277/318 segments of 80/106 subjects]) and MTT (84% [259/309 segments of 78/103 
subjects included]). Furthermore, the tracking quality in the apical region (95%, 92%, 87%, 
and 87% for Medis, TomTec, MTT, and Circle respectively), anterior wall region (94%, 92%, 
85%, and 91% for Medis, TomTec, MTT, and Circle respectively) and the subtricuspid region 
(92%, 78%, 79%, and 90% for Medis, TomTec, MTT, and Circle respectively)(Figure 2) differed 
per software method. When stratifying by diagnostic group, the highest tracking quality 
was observed in preclinical ARVD/C (92% [429/468 segments]) and control subjects (91% 
[328/360 segments]), followed by overt ARVD/C patients (83% [365/438 segments]). Twenty 
percent of cases with low tracking quality showed overlap with at least one other software 
method. The minor overlap in cases of low tracking quality among software methods 
suggests that tracking quality is software-specific and not image quality- or patient-specific.  

Statistical analysis 
Continuous and categorical variables are presented as mean (±standard deviation) and n 
(%), respectively. For continuous comparisons of two groups, two-tailed Student’s t-test was 
used (paired and unpaired as appropriate). For continuous comparisons of three or more 
groups, one-way ANOVA or Kruskall Wallis was used. Categorical data were compared 
using the chi-square test. A p-value of <0.05 was considered significant. Intra- and inter-
observer reproducibility of strain measurements was evaluated visually by Bland-Altman 
analysis (MedCalc Software, version 16.8.4, Mariakerke, Belgium). Correlation was assessed 
by Intraclass Correlation Coefficient (ICC). For ICC, a value ≥0.75 was considered excellent, 
<0.75 and ≥0.40 moderate, and <0.40 poor. Diagnostic accuracy was evaluated using the 
area under the Receiver Operating Characteristic (ROC) curve. For the area under the curve 
(AUC), a value of 0.90-1.0 was considered excellent, 0.80-0.90 good, 0.70-0.80 moderate 
and <0.60 poor. Statistical analyses were performed using IBM SPSS statistics (IBM, version 
21, Chicago, IL, USA).

RESULTS

Baseline Characteristics
We evaluated CMR images of 110 subjects including 39 (36%) overt ARVD/C patients 
(mutation+, phenotype+), 40 (36%) preclinical ARVD/C subjects (mutation+, phenotype-) and 31 
(28%) healthy control subjects. Baseline characteristics of the study population are shown in 
Table 1. Overall, 56 (51%) subjects were male with a mean age of 33.3±15.8 years. There were 
no significant differences between overt ARVD/C patients, preclinical ARVD/C patients, and 
control subjects in age (p=0.341) and sex (p=0.639). As expected, overt ARVD/C patients had 
higher RV EDV/BSA (88.3±25.6 mL/m3) compared to preclinical (68.4±14.4 mL/m2) and control 
subjects (69.7±12.9 mL/m2)(p<0.001 for trend). In addition, RV function was decreased in overt 
(48.3±11.7%) compared to preclinical (54.9±9.6%) and control subjects (56.9±9.7%) (p=0.005 for 
trend). LV volume and function did not differ between the groups (Table 1). 

Table 1: Baseline characteristics of the study population
OVERT ARVD/C
(N=39)

PRECLINICAL ARVD/C 
(N=40)

CONTROLS
(N=31)

FEMALE (%) 22 (56) 18 (45) 14 (45)
AGE (YRS) 32.3 ± 13.5 31.3 ± 18.1 37.2 ± 14.9

GLOBAL CMR PARAMETERS
RV EDV/BSA (ML/M2) 88.3 ± 25.6* 68.4 ± 14.4 69.7 ± 12.9
RV ESV/BSA (ML/M2) 47.4 ± 24.9* 31.1 ± 9.8 30.0 ± 8.6

RV EF (%) 48.3 ± 11.7* 54.9 ± 9.6 56.9 ± 9.7
LV EDV/BSA (ML/M2) 77.4 ± 12.1 69.1 ± 12.9 73.5 ± 9.6
LV ESV/BSA (ML/M2) 30.6 ± 9.5 25.2 ± 7.0 30.9 ± 15.1

LV EF (%) 62.7 ± 6.3 63.2 ± 11.7 58.9 ± 13.3
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Table 2: Right ventricular global (average) strain values stratified by diagnostic groupˡ 
OVERT ARVD/C (N=39) PRECLINICAL ARVD/C (N=40) CONTROLS 

(N=31)
P-VALUE#

    MEDIS -17.6 ± 6.3*^ -21.8 ± 4.6 -21.4 ± 5.5 0.001
      TOMTEC -14.3 ± 7.1*^ -17.7 ± 6.6 -17.8 ± 5.6 0.057

      MTT

CIRCLE

-19.3 ± 6.2*^

-21.3 ± 5.3 *

-26.2 ± 5.0

-22.9 ± 3.7

-27.7 ± 5.5

-23.7 ± 2.3

<0.001

0.065

*= Statistical significant difference compared to control subjects; ^= Statistical significant difference compared to 
preclinical subjects; #=Trend between overt ARVD/C patients, preclinical ARVD/C and control subjects (OneWay 
ANOVA). Abbreviations: ARVD/C= Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy; MTT= Multimodality 
Tissue Tracking; N= number of subjects.
 Segments included based on adequate tracking quality: 365/438, 429/468, and 328/360 segments in overt ARVD/C, 
preclinical ARVD/C and control subjects respectively.

Figure 3: Bland-Altman plots per intersoftware variability of average right ventricular strain values. 
Intersoftware variability of strain values in A) Medis vs. MTT; B) Medis vs. TomTec; C) MTT vs. TomTec; D) 
Circle vs. Medis; E) Circle vs. TomTec; F) Circle vs. MTT.

Regional strain

Table 3 shows regional (segmental) peak strain for the four software methods stratified 
by ARVD/C diagnosis. Again, the magnitude of the strain values in the anterior wall and 
the apical region was smaller (i.e. closer to zero) with TomTec compared to the other three 
methods (p<0.001 in the overall study population). All four software methods showed a 
relative group difference with a trend towards lower strain in overt ARVD/C patients 
compared to preclinical and control subjects. As shown in Figure 5, Bland-Altman analyses 
with 95% limits of agreement showed that there is moderate agreement between the 

Figure 2: percentage of cases with adequate tracking quality of the endocardial border stratified 
per segment and software method. 

FT-CMR Intersoftware Comparison of Global and Regional Longitudinal Strain 
For the second part of our analyses, we excluded subjects with low tracking quality, since 
disturbed tracking will result in outliers that are not representative for actual wall motion of 
the included subjects. Analyses including all subjects regardless of tracking quality can be 
found in Additional Files 2, 3, 4, and 5.

Global strain

Table 2 shows global (average) peak strain for the four software methods stratified by 
ARVD/C diagnosis. While the magnitude of strain values was smaller (i.e. closer to zero) 
with TomTec than with the other three methods (p<0.001 in the overall study population), all 
four methods showed a relative group difference with a trend towards lower strain values in 
overt ARVD/C patients compared to preclinical and control subjects. As shown in Figure 3,  
Bland-Altman analyses with 95% limits of agreement shows a wide limit of agreement 
of >20% between the various software methods. This is also expressed by the ICC of 
0.442 for absolute global strain values between the four software methods. In contrast, 
the distributions (standard deviations) of the average peak strain values were comparable 
between the different software methods, indicating that the spread of measurement is 
similar among software methods (Figure 4). 
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Table 3: Right ventricular regional (segmental) strain values stratified by diagnostic groupˡ
OVERT ARVD/C (N=39) PRECLINICAL ARVD/C (N=40) CONTROLS

(N=31)
P-VALUE#

SUBTRICUSPID REGION
MEDIS -28.4 ± 14.8* -31.6 ± 10.4* -38.1 ± 8.1 0.007

TOMTEC -24.7 ± 18.3* -32.4 ± 12.6 -34.3 ± 11.4 0.045
MTT

CIRCLE

-24.4 ± 10.8*^

-23.0 ± 8.4*

-33.4 ± 10.9

-26.2 ± 6.3

-36.9 ± 10.5

-27.0 ± 5.0

<0.001

0.067
ANTERIOR WALL REGION

MEDIS -20.6 ± 10.5*^ -28.6 ± 10.3 -29.0 ± 11.1 0.001
TOMTEC   -17.5 ± 11.9 -19.7 ± 11.1 -22.6 ± 12.5 0.248

MTT

CIRCLE

-17.7 ± 6.4 *^

-22.8 ± 6.2

-23.0 ± 6.1

-24.2 ± 5.0

-22.8 ± 6.3

-25.3 ± 3.4

0.001

0.168
APICAL REGION

MEDIS -22.8 ± 10.0^ -27.8 ± 8.7 -25.1 ± 9.6 0.072
TOMTEC   -12.7 ± 10.7  -14.7 ± 10.4 -13.1 ± 8.6 0.674

MTT

CIRCLE

-18.6 ± 8.8*^

-18.3 ± 5.4

-23.3 ± 7.8

-19.9 ± 5.1

-25.5 ± 9.6

-19.5 ± 5.6

0.019

0.521

*= Statistical significant difference compared to control subjects; ^= Statistical significant difference compared to 
preclinical subjects; #= Trend between overt ARVD/C patients, preclinical ARVD/C and control subjects (OneWay 
ANOVA). Abbreviations: ARVD/C= Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy; MTT= Multimodality 
Tissue Tracking; N= number of subjects.
ˡSegments included based on adequate tracking quality: 365/438, 429/468, and 328/360 segments in overt ARVD/C, 
preclinical ARVD/C and control subjects respectively.

Table 4: Intra- and inter-observer reproducibility of regional (segmental) strain per software 
method

INTRA-OBSERVER ICC INTER-OBSERVER ICC
SUBTRICUSPID REGION

MEDIS 0.928 0.896
                   TOMTEC 0.816 0.538

                   MTT

CIRCLE

0.696

0.980

0.519

0.719
ANTERIOR WALL REGION

                   MEDIS 0.954 0.792
                   TOMTEC 0.699 0.864

                   MTT

CIRCLE

0.806

0.969

0.677

0.783
APICAL REGION

                   MEDIS 0.909 0.807
                   TOMTEC 0.790 0.861

                   MTT

CIRCLE

0.787

0.944

0.472

0.577

An ICC ≥0.75 was considered excellent, an ICC between <0.75 and ≥0.40 moderate, and an ICC <0.40 poor. 
Abbreviations: MTT= Multimodality Tissue Tracking; ICC= Intraclass Correlation Coefficient

software methods with wide limits of agreement for absolute subtricuspid strain values. 
This is also expressed by the ICC of 0.373 for absolute subtricuspid strain values between 
the four software methods. The distribution (standard deviation) of the segmental strain, 
especially in the subtricuspid region, was wider in TomTec than in other methods indicating 
a wider spread of measurements (Figure 6). On the contrary, Circle showed a consistently 
lower distribution of the segmental strain and therefore a smaller spread of measurements. 
Reproducibility. As shown in Table 4, software methods showed moderate to excellent 
inter- and intra-observer reproducibility for the regional strain values, with inter-observer 
reproducibility ranging from 0.519 to 0.896 in the subtricuspid region, 0.677 to 0.864 in the 
anterior wall, and 0.472 to 0.861 in the apical wall. For all regions, the highest intra- observer 
reproducibility was seen in Circle (ICC ranging from 0.944 to 0.980), followed by Medis 
(ICC ranging from 0.909 to 0.954), TomTec (ICC ranging from 0.699 to 0.864), and MTT (ICC 
ranging from 0.696 to 0.806).

Figure 4: Global (average) strain by group per software package. 
Statistical significant difference compared to control subjects is expressed in *=p<0.05 and **=p<0.01. 
Abbreviations: MTT= Multimodality Tissue Tracking. 
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Clinical Implementation of FT-CMR for Early ARVD/C Disease Detection 
With regards to global (average) strain (Figure 4), overt patients had reduced strain 
compared to control subjects, which reached significance in all software methods (p<0.041). 
In contrast, global strain was similar in preclinical and control subjects for all software 
methods (p>0.275), suggesting that global strain is insensitive for early disease detection. 
With regards to regional (segmental) strain (Figure 6), overt patients had reduced strain 
compared to control subjects, reaching statistical significance in the subtricuspid region for 
Medis, TomTec, MTT and Circle (p<0.037), in the anterior wall for Medis and MTT (p<0.005) 
and in the apex for MTT only (p=0.012). While comparable regional strain values were 
observed for the anterior wall and apex, preclinical patients were separated from controls in 
the subtricuspid region by Medis software (p=0.009). This is also illustrated by a moderate 
discriminative accuracy of subtricuspid strain to distinguish preclinical from control subjects 
using Medis (AUC=0.70), and a poor discriminative accuracy for the same comparison in the 
other three software methods (AUC 0.53-0.58).  Furthermore, the discriminative accuracy 
of FT-CMR in overt ARVD/C patients and control subjects was moderate to good in the 
subtricuspid region (AUC 0.64-0.80) and poor to moderate in both the anterior wall (AUC 
0.61-0.74) and the apical wall region (AUC 0.47-68). AUC for global and regional longitudinal 
strain values in ARVD/C vs. control and preclinical vs. control can be found in Additional 
File 6. 

DISCUSSION

Over the years, we have come to appreciate that ARVD/C starts as a regional rather 
than a global disease9,17. This is reflected in the 2010 diagnostic TFC, which require the 
presence of regional RV wall motion abnormalities for fulfillment of diagnostic criteria15. 
Up to now, these wall motion abnormalities are assessed qualitatively and are thereby ‘in 
the eye of the beholder’18. FT-CMR is a novel technique that may be useful for quantitative 
evaluation of regional RV strain. A challenge for clinical implementation is the absence of 
an independent standard of reference for RV strain values. The study of ARVD/C patients 
with FT techniques is advantageous in this regard, in that multiple independent criteria are 
used for diagnosis of the disease, including genetic testing, electrical abnormalities and 
family history. Our study aimed to assess intersoftware agreement of RV global and regional 
strain using FT-CMR. Our results show that significant variability exists between FT software 
methods, including 1) sporadic failure of RV wall tracking and 2) significant differences in 
absolute RV strain values. However, despite software variability, all four software methods 
were able to identify overt ARVD/C patients from control subjects on a group perspective 
using global strain. This may suggest some robustness of the FT-CMR approach. In addition, 
regional strain was reduced in overt ARVD/C patients compared to control subjects in all 
segments, which was most apparent in the subtricuspid region. Preclinical patients were 

Figure 5: Bland-Altman plots per intersoftware variability of right ventricular subtricuspid strain 
values. Intersoftware variability of strain values in the subtricuspid region in A) Medis vs. MTT; B) 
Medis vs. TomTec; C) MTT vs. TomTec; D) Circle vs. Medis; E) Circle vs. TomTec; F) Circle vs. MTT. ST= 
subtricuspid region.

Figure 6: Regional strain by subgroup per software package. 
Statistical significant difference compared to control subjects is expressed in *=p<0.05 and *=p<0.01. 
Abbreviations: ST= subtricuspid region; AW= anterior wall region; AP= apical region; MTT= Multimodality 
Tissue Tracking.
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speckle tracking software31. The optimal performance of feature tracking relies on both 
algorithm-dependent and algorithm-independent properties1. As for algorithm-dependent 
properties, accuracy of feature tracking is determined by the interrogation window that 
determines the frame-to-frame tracking of the feature, the specific features which are 
extracted and the influence of other motions such as blood flow near the endocardial 
border1,33,34. As for algorithm-independent properties, image quality and spatial/temporal 
resolution are essential determinants of accurate strain measurement1,35. Our study is 
unique in the sense that it used the same CMR scans to test four software methods, so 
that the observed differences are due to an algorithm-dependent difference. Indeed, the 
subset of scans excluded based on low tracking quality (i.e. feasibility) was different for 
every software method, suggesting that tracking quality is algorithm-dependent. While it 
is expected that MTT, TomTec, Medis and Circle use different strain calculation algorithms, 
the low agreement between these methods is remarkable since tracking quality was 
determined to be adequate by two independent observers and patient-specific factors 
were constant by study design. Because no gold standard for RV strain exists, a normative 
comparison of the quality of these algorithms remains challenging36. Further refinements of 
the technique are necessary to increase comparability among software methods.

Inter- and Intra-observer Reproducibility
All software methods showed a moderate to excellent inter- and intra-observer 
reproducibility, with higher intra-observer (ICC 0.69-0.98) compared to inter-observer 
(ICC 0.47-0.90) reproducibility. In general, Medis and Circle had higher inter- and intra-
observer reproducibility than TomTec and MTT. Indeed, Medis and Circle showed higher 
tracking quality than the other two packages. Both TomTec and MTT required more manual 
adjustments of the endocardial contour. These manual adjustments may have influenced 
reproducibility, especially for inter-observer reproducibility. A difference between inter- 
and intra-observer reproducibility was also observed in previous studies3,12,30,37. These 
studies all focused on the reproducibility of global strain, and all used the TomTec software 
method3,12,30,37,38. The inter-observer (ICC 0.61-0.75 and coefficient of variation (CV) 8.3-
9.9%) and intra-observer (ICC 0.96-0.99 and CV 8.6-28.7%) reproducibility of these studies 
varied from moderate to excellent, which is comparable to our results30,35,37,38. To the best 
of our knowledge, no previous studies investigated inter-and intra-observer reproducibility 
for RV regional strain. While the similarity between our results and prior observations is 
reassuring, it is important to note that especially inter-observer variability remains relatively 
poor for some of the software packages. Future refinement of the software algorithms will 
be necessary to further reduce variability between readers.

Clinical Value of Global Strain in ARVD/C Evaluation 
Despite the abovementioned intersoftware variability, our study shows that global strain is 
significantly reduced in overt ARVD/C patients compared to controls for all four software 

also distinguished from control subjects by decreased subtricuspid strain using one 
software method. These results suggest a role for FT-CMR in ARVD/C evaluation, pending 
further technological refinements.

Overview of Strain Measurements of the Right Ventricle 
Starting with the application of crystal sonomicrometry in dogs in the 1970s, the last 
decades have witnessed a surge in imaging techniques that can visualize local myocardial 
wall motion (deformation)19. Tissue tagging, a CMR technique that prescribes multiple grids 
on the myocardial tissue to track deformation throughout the cardiac cycle, is typically 
regarded as the gold standard for LV deformation20. Echocardiographic deformation 
imaging using either speckle tracking or tissue Doppler imaging has also gained popularity 
for those patients unfit to undergo CMR examinations2,21. Of note, these techniques are 
technically demanding, time consuming, and have primarily been validated for use in the 
LV, but render themselves less suitable for the thin-walled and highly trabeculated RV22. In 
the context of these shortcomings, FT-CMR has been developed as an alternative for the 
assessment of both LV and RV strain. After the first publication on FT-CMR by Maret et al.23, 
several research groups have confirmed its diagnostic value for LV evaluation5,24-27. FT-CMR 
also gained popularity for assessment of the RV: it has been shown to be of clinical value in 
(repaired) tetralogy of Fallot3,28 and pulmonary hypertension29,30. In addition, we and others 
have used FT-CMR in an ARVD/C population12-14. Additional File 7 provides an overview of 
global and regional strain values obtained in these prior ARVD/C populations. Heermann et 
al. showed that global RV strain values were significantly reduced in overt ARVD/C patients 
(n=20) compared to healthy volunteers (n=10) and family members (n=22)14. Vigneault et 
al. (whose study population was identical to the present study) confirmed these findings 
and determined the horizontal longitudinal axis as the most reliable view to perform strain 
measurements13. Subsequently, Prati et al. showed that reduced global RV strain is present 
when global RV function is still preserved. While these results are promising, routine use of 
FT-CMR in clinical practice remains premature: FT-CMR needs to be standardized between 
software methods and RV wall tracking requires to be more reliably tracked12. Our study 
provides data addressing both these concerns.  

Feasibility of FT-CMR using Different Software Methods
Our study provides a head-to-head comparison of four commercially available software 
methods for FT-CMR measurements of the RV. We show that feasibility of RV strain by 
FT-CMR is not uniform across software methods, and that absolute strain values correlate 
poorly with large limits of agreement. It therefore remains impossible to translate strain 
values obtained in one software method to another, at least on a patient-by-patient level. 
These findings are in line with previous studies using speckle tracking echocardiography, 
which showed poor correlation across software methods in healthy controls31,32. Nagata et 
al. even showed significant variability of measurements using different versions of the same 
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excellent reproducibility of FT-CMR renders this technique suitable for follow-up of ARVD/C 
patients, determination of the spectrum of normal RV strain values and thresholds for 
disease will help in standardization of FT-CMR. Evaluation of intersoftware variability of LV 
strain would be interesting but was beyond the scope of this study. Similar to the 2D speckle 
tracking-derived bull’s eye plots for LV longitudinal strain in cardiomyopathy patients, future 
FT-CMR studies on RV strain should consider incorporating a mapping for RV strain44. This 
may improve our understanding of RV strain distribution in health and disease. A limitation 
of this study is that we did not include a reference standard for RV strain. However, no 
validated reference standard for RV strain currently exists. Future studies should compare 
FT-CMR to other (CMR-based) deformation techniques to further optimize the FT technique. 
In addition, studies specifically investigating algorithm-independent properties such as the 
influence of spatial or temporal resolution will be helpful for further technical refinements of 
FT-CMR. Until that time, routine use of FT-CMR in ARVD/C evaluation should take place at 
an experienced center with experienced CMR readers.

CONCLUSIONS

In this cohort of well-phenotyped ARVD/C patients and healthy controls, we performed 
FT-CMR to measure RV strain using four commercially available software methods. We 
demonstrate that intersoftware variability exists for both feasibility and absolute strain 
values. Regardless, all software methods are able to differentiate affected ARVD/C patients 
from controls by global strain, suggesting robustness of FT-CMR measures. In addition, we 
reveal that the subtricuspid region is an indicator region of ARVD/C, in which abnormal 
strain is visible both in overt patients and those prior to disease expression. These results 
highlight the potential of FT-CMR as an early diagnostic test in ARVD/C. 

List of abbreviations
ARVD/C= Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy
BSA= Body Surface Area
CMR= Cardiac Magnetic Resonance imaging
EDV= End Diastolic Volume
ESV= End Systolic Volume
FT-CMR= Feature Tracking Cardiac Magnetic Resonance 
HLA= Horizontal Longitudinal Strain
ICC= Intraclass Correlation Coefficient
LV= Left Ventricle
MTT= Multimodality Tissue Tracking
RV= Right Ventricle
TFC= Task Force Criteria

methods. This suggests that FT-CMR has the potential to differentiate healthy from diseased 
subjects, at least in group analysis. However, for an individual study subject, identification 
of global and regional strain abnormalities is variable, depends on image quality and varies 
between different software packages. Also, a wide limit of agreement between the various 
software methods exists, limiting the ability to draw conclusions at an individual patient 
level. One could argue that differences in software variability are less visible for global 
strain measurements, since it provides a mean of all RV segments thereby averaging out 
measurement errors in a “trend towards the mean”. While these results are reassuring, the 
finding of lower global strain in overt ARVD/C patients may not be surprising, since global 
structural abnormalities are thought to occur late in the disease course of ARVD/C and are 
therefore expected to be abnormal at time of overt disease17. Indeed, RV ejection fraction 
by itself may be easier to implement and interpret compared to FT-CMR. Nevertheless, 
given the high degree of difficulty for interpretation of the RV, CMR physicians may be 
reassured by the finding of abnormal global RV strain in overt ARVD/C.  

Clinical Value of Regional Strain in ARVD/C Evaluation: Role for Early Disease Detection?
Several studies have indicated that regional abnormalities occur prior to the onset of global 
changes in ARVD/C17,39. As such, regional strain would be of particular interest as a tool 
for (early) diagnosis of this disease. Indeed, the results of our study show that regional 
strain is reduced in ARVD/C patients compared to controls, which is most consistent for 
the subtricuspid region. This is intriguing since abnormal subtricuspid strain has previously 
been shown (in a multivariable analysis controlling for gender, RV EF and RV EDV) to be an 
independent predictor for ARVD/C diagnosis, suggesting added value beyond RV size and 
function13. Furthermore, these results are also interesting in the context of our understanding 
of ARVD/C as a regional disease. In 1982, Marcus et al. described the “Triangle of Dysplasia” 
involving dyskinesia/aneurysms in the RV inferior wall (inflow tract), RV outflow tract, and 
RV apex in ARVD/C patients with a severe clinical phenotype40. More recently, we have 
come to appreciate that (mutation-positive) ARVD/C preferentially affects the subtricuspid 
region9, 41-43, and spreads to the RV outflow tract and apex in later stages of disease9. Of 
note, subtricuspid strain was reduced in preclinical patients compared to control subjects 
for Medis software, suggesting a role for subtricuspid strain in early ARVD/C diagnosis. 
However, one should keep in mind that these results were obtained for one software method 
only, and should be validated in an external patient sample. It would be interesting for future 
studies to evaluate disease development over time in preclinical subjects with reduced 
subtricuspid strain and to investigate the value of FT-CMR in discriminating subjects with 
favorable and adverse clinical outcome.

Limitations and Perspective on Clinical FT-CMR Implementation 
Our results highlight the potentially interesting role of FT-CMR for ARVD/C evaluation, but 
also indicate the need for further refinements in this technique. While the moderate to 
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ADDITIONAL FILES

Unable to insert .mov in a Word document. Please see:
https://jcmr-online.biomedcentral.com/articles/10.1186/s12968-017-0380-4

Additional File 1: Movie Clip; Example of RV free wall endocardial tracking (Circle Cardiovascular 
Imaging)(.mov)

Additional File 2: Table 1; RV average strain values stratified by diagnostic group, without 
exclusions based on tracking quality 

OVERT ARVD/C (N=39) PRECLINICAL ARVD/C (N=40) CONTROLS 
(N=31)

P-VALUE#

    MEDIS -17.6 ± 6.1*^ -21.9 ± 4.6 -21.1 ± 5.6 0.002
      TOMTEC -14.2 ± 7.0*^ -17.7 ± 6.6 -17.8 ± 5.6 0.043

      MTT

CIRCLE

-18.7 ± 6.2*^

-19.4 ± 5.9*^

-25.4 ± 5.7

-22.6 ± 3.9

-25.8 ± 7.2

-23.7 ± 2.3

<0.001

<0.001

*= Statistical significant difference compared to control subjects; ^= Statistical significant difference compared to 
preclinical subjects; #=Trend between overt ARVD/C patients, preclinical ARVD/C and control subjects (OneWay 
ANOVA). Abbreviations: MTT= Multimodality Tissue Tracking.

Additional File 3: Table 2; RV segmental strain values stratified by diagnostic group, without 
exclusions based on tracking quality 

OVERT ARVD/C
(N=39)

PRECLINICAL ARVD/C
 (N=40)

CONTROLS
(N=31)

P-VALUE#

SUBTRICUSPID REGION
MEDIS -29.3 ± 14.4* -31.6 ± 10.3* -36.6 ± 9.5 0.038

TOMTEC -27.7 ± 18.8 -31.8 ± 14.3 -34.1 ± 13.5 0.247
MTT

CIRCLE
-25.5 ± 12.9*^
-20.5 ± 8.6*^

-32.8 ± 10.5
-25.8 ± 6.7

-36.0 ± 11.7
-25.3 ± 6.2

0.001
0.005

ANTERIOR WALL REGION
MEDIS -21.4 ± 10.8*^ -28.4 ± 10.0 -28.51 ± 11.2 0.005

TOMTEC -16.1 ± 11.9* -19.73 ± 11.1 -23.3 ± 12.8 0.051
MTT

CIRCLE
-18.2 ± 6.6^
-21.4 ± 6.7*

-23.3 ± 7.3
-23.6 ± 5.5

-20.9 ± 7.8
-25.3 ± 3.4

0.010
0.019

APICAL REGION
MEDIS -23.1 ± 10.0^ -27.5 ± 8.7 -25.1 ± 9.3 0.114

TOMTEC -12.5 ± 8.6 -14.7 ± 10.4 -12.6 ± 10.2 0.540
MTT

CIRCLE
-18.3 ± 9.1*^
-16.5 ± 6.4*

-22.4 ± 8.3
-18.4 ± 5.1

-23.7 ± 11.2
-20.5 ± 6.7

0.053
0.035

*= Statistical significant difference compared to control subjects; ^= Statistical significant difference compared to 
preclinical subjects; #= Trend between overt ARVD/C patients, preclinical ARVD/C and control subjects (OneWay 
ANOVA). Abbreviations: ARVD/C= Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy; MTT= Multimodality 
Tissue Tracking. 
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Additional File 5: Figure 2; Regional strain by subgroup per software package without exclusions 
based on tracking quality 
Statistical significant difference compared to control subjects expressed in *=p<0.05 and **=p<0.01. 
Abbreviations: ST= subtricuspid region; AW= anterior wall region; AP= apical region; MTT= Multimodality 
Tissue Tracking.

Additional File 4: Figure 1; Global (average) strain by group per software package without 
exclusions based on tracking quality 
Statistical significant difference compared to control subjects expressed in *=p<0.05 and **=p<0.01. 
Abbreviations: MTT= Multimodality Tissue Tracking.
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Additional File 6: Table 3; AUC for global and regional longitudinal strain values in overt ARVD/C 
vs. control and preclinical vs. control 

OVERT ARVD/C VS. CONTROL PRECLINICAL VS. CONTROL
Medis TomTec MTT Circle Medis TomTec MTT Circle

GLOBAL STRAIN 0.67 0.67 0.86 0.63 0.48 0.50 0.56 0.57
 REGIONAL STRAIN

Subtricuspid
Anterior wall

Apex

0.72
0.71
0.57

0.70
0.64
0.47

0.80
0.74
0.68

0.64
0.61
0.58

0.70
0.50
0.43

0.53
0.56
0.42

0.58
0.51
0.56

0.53
0.57
0.49

Abbreviations: AUC= Area under the (ROC) curve; ARVD/C= Arrhythmogenic Right Ventricular Dysplasia/ 
Cardiomyopathy; MTT= Multimodality Tissue Tracking.

Additional File 7: Table 4; Global and regional longitudinal strain values in previous studies in 
overt ARVD/C and preclinical subjects 
ARTICLE (SOFTWARE) GLOBAL SUBTRICUSPID 

REGION
ANTERIOR WALL 
REGION

APICAL REGION

OVERT ARVD/C PATIENTS
VIGNEAULT ET AL. (MTT) -19.3±6.2 -24.4±10.8 -17.7±6.4 -18.6±8.8

HEERMANN ET AL. (TomTec) -12.7±7.3       -        -        -
PRATI ET AL. (TomTec) -17±5 -22±11 -15±8 -14±8

PRECLINICAL ARVD/C SUBJECTS
VIGNEAULT ET AL. (MTT) -26.2±5.0 -33.4±10.9 -23.0±6.1 -23.3±7.8

HEERMANN ET AL. (TomTec) -20.4±4.8      -        -        -
Abbreviations: ARVD/C= Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy; MTT= Multimodality Tissue 
Tracking.
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The intra-observer reproducibility of RV GLS on 1.5T and 3T was good (ICC 0.79-0.84) 
for 1.3x1.3x8.0mm3 , 1.7x1.7x8.0mm3 and 2.0x2.0x10.0mm3. For 7T the intra-observer 
reproducibility was moderate (ICC 0.74). 

Figure 1: A) FT-CMR segmentation; B) Comparisons between I. Field strength 1.5T vs. 3T of GLS and; 
II. ST; III. Spatial resolution 1.3x1.3x8mm3 vs. 1.7x1.7x8mm3 on 1.5T and; IV. on 3T; V. Imaging sequence 
bSSFP vs. FLASH. GLS= global longitudinal strain; ST= subtricuspid region; Mid=midventricular region; 
AP= apical region

In this study we analyzed the influence of field strength, spatial resolution and imaging 
sequence on the quantification of RV wall motion using FT-CMR. For RV GLS, the inter-
field strength (1.5T and 3T) and the inter-resolution agreement was good for the bSSFP 
sequence. A previous study reported a fair inter-field strength correlation between 1.5T and 
3T for left ventricular GLS2. The poor correlation of 7T FLASH and 3T FLASH, may be due to 
greater artefacts on 7T or the used FLASH imaging sequence. Since there is no accepted 
reference standard for RV strain, a normative comparison of the strain values using different 
CMR parameters remains challenging. Although 7T CMR is not yet used in clinical practice, 
it has great potential to detect subtle wall abnormalities due to higher signal- to-noise 
ratio which enables higher spatial resolutions3. This is especially interesting for the RV 
where the complex anatomy and contraction pattern hampers detection of subtle regional 
changes. For most RV regions, a poor correlation exists when comparing images obtained 
at different field strengths and with different CMR parameters, indicating that RLS cannot 
be used interchangeably and field-strength specific reference values are necessary. This 

Feature-tracking cardiac magnetic resonance imaging (FT-CMR) is increasingly used to 
assess right ventricular (RV) mechanics by quantifying strain1. While varying sequence 
parameters and field strengths are used in clinical practice, little is known about the impact 
of these CMR parameters on RV strain values. In this study we analyzed the impact of field 
strength, spatial resolution and imaging sequence on the quantification of RV wall motion 
using FT-CMR. 

Cine CMR images on 1.5 Tesla (T), 3T and 7T were acquired in 10 healthy volunteers (mean 
age 28±4 years and 60% male). We used two acquisition methods: balanced Steady State 
Free Precession (bSSFP) on 1.5 T and 3T (not possible on 7T) and Fast Low Angle Shot 
(FLASH) on 3T and 7T. These different acquisitions/field strengths were acquired with three 
different progressively increasing spatial resolutions (2.0x2.0x10.0mm3, 1.7x1.7x8.0mm3, 
1.3x1.3x8.0mm3). All scans (Ingenia [1.5T and 3T]/Achieva[7T] Philips Healthcare, the 
Netherlands) had a temporal resolution of 30ms. FT-CMR (Medis Medical Imaging Systems, 
version 3.1.16.8, the Netherlands) was performed on RV 4-chamber axis to calculate global-
(GLS) and regional longitudinal strain (RLS) as strain is most reproducible in this axis1. RV 
endocardial contours were manually drawn during end-diastole and end-systole (Figure 1A).  
Correlations were calculated using Pearson’s correlation coefficient (r). Reproducibility 
was calculated using the intraclass correlation coefficient (ICC). Agreement was visually 
evaluated by Bland Altman analysis. Only one variable was altered for every comparison. 
Statistical analyses were performed using IBM SPSS statistics (version 25, USA)

Comparison of field strengths. 1.5T and 3T bSSFP images (1.3x1.3x8.0mm3) showed a good 
correlation for RV GLS (-24±4% and -24±4%, respectively; r=0.92 [p=0.001]), but a poor 
correlation for RV RLS (r ≤0.45 [p≥0.22]). This is also shown in the Bland Altman plots in 
Figure 1B in which relatively small limits of agreement (LoA) are seen for GLS (panel I) 
and wide LoA in the subtricuspid region (panel II). In contrast, 3T and 7T FLASH images 
(1.3x1.3x8.0mm3), showed poor correlation for both GLS and RLS (r ≤0.23 [p≥0.16]). 

Comparison of spatial resolution. A good correlation was seen for GLS at a spatial resolution 
of 1.7x1.7x8.0mm3 and 2.0x2.0x10.0mm3 compared to 1.3x1.3x8.0mm3 (r=0.72 [p<0.02] and 
r=0.90 [p<0.01], respectively for 1.5T and r=0.75 [p=0.02] and r=0.90 [p<0.02], respectively 
for 3T). Figure 1B (panel III and IV) shows a moderate to good agreement between 
1.3x1.3x8.0mm3 and 1.7x1.7x8.0mm3 on both 1.5T as well as 3T. For RLS, the correlation 
differed strongly per region (r 0.15-0.93, p≤0.85). 

Comparison of imaging sequence. On 3T (1.3x1.3x8.0mm3), a poor correlation of both GLS 
and RLS RV strain values was observed between bSSFP and FLASH (r 0.15-0.60, p≥0.11). 
Also, there was poor agreement in the Bland Altman analysis in Figure 1B (panel V), with 
wide LoA.
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is clinically relevant since various diseases, for example Arrhythmogenic Right Ventricular 
Cardiomyopathy, show affected RLS (i.e. subtricuspid region) in a preclinical stage making 
RLS especially interesting for early diagnosis1. 

In conclusion, for 1.5T and 3T with bSSFP and varying resolutions a good correlation is seen 
for GLS, whereas a moderate to poor correlation is seen for RLS. For 7T and comparison of 
bSSFP with FLASH both GLS and RLS show a poor correlation.  
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INTRODUCTION

Speckle tracking echocardiography (STE) and feature tracking cardiovascular magnetic 
resonance imaging (FT-CMR) are advanced tools within the field of cardiac imaging, which 
both enable quantification of myocardial deformation.1 Although these two techniques are 
used within different imaging platforms (i.e. echocardiography and CMR), both techniques 
use dedicated post-processing algorithms to identify markers in the myocardium and 
follow these markers throughout the cardiac cycle to track myocardial motion. The most 
fundamental parameter that is derived by these techniques is myocardial strain, which 
represents the amount of myocardial shortening during the cardiac cycle. 

STE and FT-CMR are currently both applied to quantify right ventricular (RV) function 
in several diseases.2–13 One of particular interest is arrhythmogenic right ventricular 
cardiomyopathy (ARVC). ARVC is an inheritable cardiomyopathy that is characterized 
by fibro-fatty replacement of the myocardium, typically of the RV.14 Since the presence 
of structural heart disease identifies individuals who are at higher risk of life-threatening 
arrhythmias, echocardiography and CMR are sequentially performed in ARVC patients and 
their at-risk relatives.15 STE and FT-CMR both enable detection of impaired RV strain in early 
stages of disease, which largely goes unnoticed by conventional imaging measurements.2–8 
These subclinical abnormalities have recently been associated with development of clinical 
disease progression, and therefore RV strain analysis may improve screening protocols in 
relatives of ARVC patients.5

Since STE and FT-CMR are both applied in similar patients for measurement of RV strain, 
insight into the interchangeability of these measurements is of clinical relevance. STE and 
FT-CMR have been extensively compared in previous studies, but these studies mainly 
focused on left ventricular (LV) strain measurements.16–18 In the present study we aimed (1) 
to compare RV strain analysis by STE and FT-CMR with regard to clinical performance in 
ARVC, and (2) to study correlation and agreement between these techniques.

METHODS

Study population
Subjects that were eligible for this study were patients with definite ARVC according to the 
2010 Task Force Criteria (TFC) and relatives of ARVC patients (not fulfilling definite ARVC 
diagnosis) who were evaluated at the University Medical Center Utrecht between 2004 
and 2018.19,20 In this period, 297 unique subjects underwent echocardiography and 242 
underwent CMR as part of routine clinical care. Relatives who underwent genetic testing but 
who were not found to carry the index mutation were excluded. Subjects who underwent 

ABSTRACT

Aims: Speckle tracking echocardiography (STE) and feature tracking cardiovascular 
magnetic resonance imaging (FT-CMR) are advanced imaging techniques which are both 
used for quantification of global and regional myocardial strain. Direct comparisons of 
STE and FT-CMR regarding right ventricular (RV) strain analysis are limited. We aimed to 
study clinical performance, correlation and agreement of RV strain by these techniques, 
using arrhythmogenic right ventricular cardiomyopathy (ARVC) as a model for RV disease. 

Methods and results: We enrolled 110 subjects, including 34 patients with definite 
ARVC, 30 preclinical relatives of ARVC patients and 46 healthy control subjects. Global 
and regional RV longitudinal peak strain (PS) were measured by STE and FT-CMR. Both 
modalities showed reduced strain values in ARVC patients compared to ARVC relatives 
(STE global PS: p<0.001; FT-CMR global PS: p<0.001) and reduced strain values in ARVC 
relatives compared to healthy control subjects (STE global PS: p=0.042; FT-CMR global 
PS: p=0.084). There was a moderate, albeit significant correlation between RV strain 
values obtained by STE and FT-CMR (global PS r=0.578 [95% CI 0.427-0.697], p<0.001). 
Agreement between the techniques was weak (limits of agreement for global PS: 
±11.8%). Correlation and agreement both deteriorated when regional strain was studied. 

Conclusion: RV STE and FT-CMR show a similar trend within the spectrum of ARVC and 
have significant correlation, but inter-modality agreement is weak. STE and FT-CMR may 
therefore both individually have added value for assessment of RV function, but RV PS 
values obtained by these techniques currently cannot be used interchangeably in clinical 
practice. 
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Figure 1: Representative example of RV analysis by STE and FT-CMR in one patient
The RV lateral wall was analysed with STE (left) and FT-CMR (right). In both techniques, the RV lateral 
wall was automatically divided in three segments (basal/green, mid/white, apical/blue). From these 
three segments, PS was derived, which is defined as the maximum amount of myocardial shortening 
(red dots). Global PS is defined as the average PS from the three RV segments. Abbreviations: FT-
CMR=feature tracking cardiovascular magnetic resonance imaging; PS=peak strain; STE=speckle 
tracking echocardiography.

Strain parameters
All strain values in this study are reported as absolute values. With STE and FT-CMR, regional 
peak strain (PS) was derived from the basal, mid and apical region of the RV lateral wall   
(Figure 1). The apical cap was not included in the analysis according to current 
recommendations.23 The interventricular septum was not taken into account, because it is 

both echocardiography and 1.5 Tesla CMR within one month were included in the final study 
population, provided that the images were appropriate for RV strain analysis by both STE 
and by FT-CMR. A group of healthy non-athlete subjects who underwent echocardiography 
and 1.5 Tesla CMR within one day for a previous study served as control group.21 The control 
group was age- and gender matched with ARVC relatives. This study was approved by the 
local institutional ethics committee and was performed according to the principles of the 
Declaration of Helsinki and the European General Data Protection Regulation. 

Echocardiography and STE
All echocardiograms were obtained with Vivid 7 or Vivid E9 (GE Healthcare, Horten, Norway) 
according to a standardized protocol.22 RV outflow-tract (RVOT) dimensions were measured 
in the parasternal long-axis view and parasternal short-axis view (PLAX/PSAX), and fractional 
area change (FAC) was measured in the apical 4-chamber view.19 Longitudinal strain analysis 
was performed offline with GE EchoPac version 202.39 (GE Healthcare, Horten, Norway) 
by two experienced observers who were blinded for clinical data and FT-CMR results. 
Inter- and intra-observer agreement was recently shown to be excellent: reported kappa 
values were respectively 0.94 and 0.93.5,6 The analyses were performed according to a 
previously published protocol.22 In brief, a narrow-angle RV-focused recording from the 
apical 4-chamber view was used.23 Frame rates between 55 and 110 frames/second were 
accepted for deformation imaging. Onset of systole was set at the beginning of the QRS-
complex on the electrocardiogram (ECG). The endocardial border of the RV lateral wall was 
manually traced. The apical cap was not included in the region of interest. When necessary, 
the region of interest thickness was adjusted manually to include the RV myocardium or to 
exclude the pericardium. The region of interest was automatically divided into a basal, mid 
and apical segment. A representative example is shown in Figure 1.

CMR and FT-CMR
All CMR images were acquired using a 1.5 Tesla scanner (Philips Medical Systems, Best, 
the Netherlands). RV dimensions and ejection fraction (RVEF) were measured on short axis 
(repetition time/echo time/flip angle 2.9/1.4/60 degrees, matrix 192-256, field of view 320mm, 
temporal resolution ≤50msec, slice thickness 8mm). Ventricular end-diastolic (EDV) and end-
systolic volumes (ESV) were measured and corrected for body surface area. Longitudinal 
strain analysis was performed in the horizontal long axis using Medis Qstrain Software (Medis 
Medical Imaging Systems, version 3.1, Leiden, the Netherlands) by one experienced observer 
blinded for clinical data and STE results. Endocardial contours of the RV (from lateral to 
septal) were manually drawn during end-diastole and end-systole with subsequent automatic 
tracking during the cardiac cycle. Onset of systole was determined on the basis of ventricular 
volumes. The endocardial border was automatically segmented into seven regions of equal 
size; three segments in the lateral free wall (basal, mid, apical), apical cap and three segments 
in the septal wall (basal, mid, apical). A representative example is presented in Figure 1. 
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ARVC patients were older than the other groups (p<0.001). Gender was equally distributed 
between ARVC patients and the other groups (p=0.834). The number of subjects carrying a 
pathogenic mutation was equal in ARVC patients and ARVC relatives (n=27 [79%] vs. n=24 
[80%], p=1.000). ARVC relatives without a proven mutation were either relatives who did not 
undergo genetic testing (n=4) or relatives of mutation-negative index patients (n=2).

Table 1: Baseline characteristics
ARVC patients (n=34) ARVC relatives (n=30) Control subjects (n=46) p-value

Age (years) 43.4±17.9** 32.6±16.8 27.3±5.4 <0.001
Males 18 (53) 14 (47) 21 (46) 0.834
Pathogenic mutation

Desmosomal
Non-desmosomal

27 (79)
23 (68)
4 (12)

24 (80)
16 (53)
8 (27)

-
-
-

1.000
0.307
0.199

2010 TFC
Structural TFC

Depolarization TFC
Repolarization TFC

Arrhythmia TFC
Family history TFC

6 [4]*
25 (74)*
20 (59)*
20 (59)*
30 (88)*
29 (85)*

2 [1]
2 (7)
5 (17)
3 (10)
5 (17)
30 (100)

- 
-
-
-
-
-

<0.001
<0.001
0.001
<0.001
<0.001
0.253

Echocardiography
RVOT-PLAX (mm)
RVOT-PSAX (mm)

FAC (%)

35.4 [9.0]**
36.5 [6.9]**
37.5±11.0**

27.8 [9.0]
29.4 [5.4]
47.7±7.0

26.1 [5.6]
28.8 [4.0]
45.2±4.2

<0.001
<0.001
<0.001

CMR
RV-EDV (ml/m2)
RV-ESV (ml/m2)

RVEF (%)

116.3 [59.4]**
63.2 [56.4]**
 42.2 ± 12.6**

90.4 [23.6]*
39.9 [16.5]* 

55.7 ± 6.8

99.8 [27.1]
47.3 [17.1]
53.3 ± 5.2

<0.001
<0.001
<0.001

Values are presented as mean ± SD, median [IQR] or n (%). An asterisk (*) indicates a statistical significant difference 
(p<0.05) compared to the adjacent group at the right and a double asterisk (**) indicates a statistical significant 
difference compared to the two adjacent groups at the right. Statistical tests between subgroups are performed with 
a Bonferroni correction for multiple testing. Abbreviations: ARVC=arrhythmogenic right ventricular cardiomyopathy; 
EDV=end diastolic volume; ESV= end-systolic volume; FAC=fractional area change; PLAX=parasternal long-axis 
view; PSAX=parasternal short-axis view; RV=right ventricular; RVEF=right ventricular ejection fraction; RVOT= right 
ventricular outflow tract; TFC= task force criteria.

By design, all control subjects had echocardiography and CMR within one day. The 
timeframe between echocardiography and CMR was equal in ARVC patients and relatives 
(4±8 days vs. 3±6 days, p=0.115). 

By conventional measurements, echocardiography and CMR both showed increased RV 
size (p<0.001) and decreased RV function (p<0.001) in ARVC patients compared to ARVC 
relatives and control subjects (Table 1). RV size and RV function were within normal range 
by conventional measurements in ARVC relatives when compared to control subjects.24 
More conventional measurements are shown in supplementary table 1.

also considered to be part of the left ventricle.23 PS was defined as the maximum amount of 
myocardial shortening during the cardiac cycle, expressed in percent. Global PS was defined 
as the average PS of the three segments of the RV lateral wall. Global PS was only calculated 
when all three RV lateral wall segments were eligible for analysis by both modalities. 

Vendor-independent analysis
The aforementioned analyses were performed with different software packages for STE 
and FT-CMR. To study the effect of software-dependence, we additionally measured global 
and regional PS in the RV free wall with a vendor-independent software package that can 
process both echocardiographic and CMR data for STE and FT-CMR analysis (TomTec Image 
Arena version 4.6, Unterschleissheim, Germany). This software package automatically 
determines onset of systole on the basis of ventricular volumes (i.e. frame/phase with largest 
RV area on echocardiography or CMR). The vendor-independent analysis was performed in 
a random selection of 30 subjects (10 ARVC patients, 10 ARVC relatives, 10 controls).

Statistical method
Data are expressed as mean ± standard deviation (SD) or as median [IQR]. Normal distribution 
was tested using the Shapiro-Wilk test. Significance of differences between three groups 
was calculated using a one-way analysis of variance (ANOVA) or a Kruskal-Wallis test. 
Significance of differences between two groups was calculated using an independent 
students t-test or Mann-Whitney U test. Binary data were compared using a Fischer’s exact 
test. Bonferroni correction was applied in case of multiple testing (i.e. multiplication of 
obtained p-value by the number of tests). Direct comparison of strain values by STE and 
FT-CMR was performed by a paired t-test or a Wilcoxon signed rank test. For assessment 
of correlation, Pearson’s r test was used. In case of non-linearity, Spearman’s rank test 
was performed. Agreement between the two modalities was assessed by Bland-Altman 
analysis. The bias was calculated as the mean measurement difference between the two 
techniques (FT-CMR – STE), whereas 95% limits of agreement were calculated as twice the 
SD of the measurement difference. P-values of <0.05 were considered to indicate statistical 
significance. P-values between 0.05 and 0.1 were considered to be borderline significant. 
All statistical analyses were performed using SPSS Statistics for Windows version 23.0, IBM, 
Armonk, New York.

RESULTS

Baseline characteristics
The study population consisted of 110 subjects, including 34 ARVC patients (31%), 30 ARVC 
relatives (27%) and 46 healthy control subjects (42%). Baseline characteristics are shown in 
Table 1. By design, ARVC relatives and control subjects were age- and gender matched. 
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Strain analysis
With STE, 315 segments (95%) were eligible for strain analysis; the basal segment was 
excluded in one subject, the mid segment was excluded in three subjects and the apical 
segment was excluded in 11 subjects. With FT-CMR, 328 segments (99%) were eligible for 
strain analysis; the mid segment was excluded in one subject and the apical segment was 
excluded in another. Overall, higher PS values were seen with FT-CMR compared to STE 
(Table 2). Furthermore, a wider range of PS values was seen with FT-CMR compared to STE 
(supplementary figures 1-4).

With STE, mean PS in the apical segment was higher than in the basal segment (27.5±5.5% 
vs. 20.8±6.1%, p<0.001). With FT-CMR this gradient was reversed; mean PS in the basal 
segment was higher than in the apical segment (38.0±9.1% vs. 32.6±11.8%, p<0.001). While 
with STE the lowest PS values were found in the basal segment, FT-CMR showed the lowest 
PS values in the mid segment.

Table 2: Mean strain values, agreement and correlation
Global PS (n=96) Basal PS (n=109) Mid PS (n=106) Apical PS (n=98)

STE PS (%) 24.3±5.2 20.8±6.1 24.7±5.8 27.5±5.5
FT-CMR PS (%) 33.2±7.1 38.0±9.1 29.0±11.3 32.6±11.8
Rho [95% CI] 0.578 [0.427-0.697]* 0.490 [0.333-0.620]* 0.399 [0.159-0.497]* 0.261 [0.066-0.436]*
Bias (%) 8.8 17.5 4.2 4.8
Limits of agreement (%) ±11.8 ±16.2 ±21.6 ±23.4

Strain measurements are presented as absolute values (mean ± SD). An asterisk (*) indicates a significant correlation 
(p<0.05). Abbreviations: FT-CMR=feature tracking cardiovascular magnetic resonance imaging; PS=peak strain; 
STE=speckle tracking echocardiography. 

Clinical performance
Global strain

STE and FT-CMR both showed significantly lower global PS values in ARVC patients 
compared to ARVC relatives (Table 3, Figure 2): global PS with STE was 19.7±5.7% in ARVC 
patients and 25.1±3.4% in ARVC relatives (p<0.001), global PS with FT-CMR was 27.9±6.7% in 
ARVC patients and 33.6±5.2% in ARVC relatives (p<0.001). When comparing ARVC relatives 
with control subjects, STE and FT-CMR both showed reduced global PS in ARVC relatives, 
which was statistically significant with STE and borderline statistically significant with FT-
CMR (Table 3, Figure 2): global PS in control subjects was 27.1±3.5% (p=0.042) with STE and 
36.4±6.0% with FT-CMR (p=0.084).
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(supplementary table 2), nor did correlation and agreement improve when STE and FT-CMR 
were performed with a similar software package (supplementary figure 9, supplementary 
table 3).

Regional strain

Correlation was weaker for regional PS than for global PS (Table 2). Bland-Altman plots 
for regional PS in the basal, mid and apical segments are displayed in Figure 3. Limits 
of agreement were wider for regional PS than for global PS (basal segment ±16.2%; mid 
segment ±21.6%; apical segment ±23.4%). Limits of agreement for regional PS were 
comparable for ARVC patients, ARVC relatives and control subjects (supplementary figures 
6-8). Consistently higher PS values were measured with FT-CMR in the basal segment 
compared to STE (lower limit of agreement: 1.3% upper limit of agreement: 33.7%). 

Figure 3: Bland-Altman plots for global and segmental RV PS
Bland-Altman plots show weak agreement between STE and FT-CMR. Agreement is best for global 
RV PS (upper left plot) and becomes worse when performing regional analysis. Abbreviations: FT-
CMR=feature tracking cardiovascular magnetic resonance imaging; PS=peak strain; STE=speckle 
tracking echocardiography.

* * *

Figure 2: Global RV PS in different clinical stages by STE and FT-CMR 
With STE (left) and FT-CMR (right), similar differences of RV strain values are seen between ARVC 
patients, ARVC relatives and healthy controls. An asterisk (*) indicates a statistically significant 
difference (p<0.05). Abbreviations: ARVC=arrhythmogenic right ventricular cardiomyopathy; PS=peak 
strain; RV=right ventricle/ventricular.

Regional strain

STE showed lower strain values in ARVC patients compared to ARVC relatives in the basal 
segment (p<0.001), in the mid segment (p<0.001) and in the apical segment (p=0.052) (Table 3).  
FT-CMR also showed lower strain values in ARVC patients compared to ARVC relatives in 
the basal segment (p=0.030) and in the mid segment (p=0.034) (Table 3). When comparing 
ARVC relatives with control subjects, STE showed lower strain values in ARVC relatives in 
the basal segment (p=0.078) and in the mid segment (p=0.040). This was also seen with FT-
CMR in the basal segment (p=0.070) and in the mid segment (p=0.070).

Correlation and agreement
Global strain

Correlation between STE and FT-CMR for global PS was moderate (r=0.578 [0.427-0.697], 
p<0.001). Bland-Altman plots for global PS are displayed in Figure 3. For global PS, 
bias between STE and FT-CMR was 8.8% and limits of agreement were ±11.8%. Limits of 
agreement for global PS were comparable for ARVC patients, ARVC relatives and control 
subjects (respectively ±13.0, ±10.6 and ±11.6, supplementary figure 5). 

A subgroup analysis was performed for subjects who had echocardiography and CMR 
on the same day (n=81). Correlation and agreement did not improve in this subgroup 



86 87

55

PART I | CHAPTER 5 SPECKLE TRACKING VS. FT-CMR

values (particularly in the basal segment). The magnitude of the global and regional RV 
strain values that were found with FT-CMR were not reported before by the reference 
standard sonomicrometry.25,26 Remarkably, we observed reversed gradients of peak strain 
from the basal to the apical segment of the RV free wall in the two techniques (which is 
in accordance with previous studies).4,21 Our results confirm that global and regional RV 
strain measurements by STE and FT-CMR currently cannot be used interchangeably on an 
individual level. 

The following factors may have contributed to the observed inter-modality differences: 
• STE and FT-CMR are based on similar physical principles, but the techniques use 

different markers to quantify myocardial motion. In STE, “speckles” are followed 
throughout the cardiac cycle, which are distinct acoustic backscatters that result 
from interference of ultrasound waves with the myocardium. CMR images do 
not have such scatters, and instead FT-CMR algorithms use “features” which 
are anatomic elements that are identified along the cavity-myocardial interface. 
It remains unknown whether the motion of speckles and features are equally 
representative for RV myocardial deformation. 

• The difficulty to match myocardial segments between echocardiography and CMR 
due to different scanning angles is a known source of inter-modality variation. This 
is particularly true for the RV because of its complex geometry and anatomical 
position in the chest. In this study, we aimed to analyse the RV lateral wall with both 
techniques, but slight differences in slice position between the two modalities are 
inevitable and cannot be excluded.

• Echocardiography and CMR are known to differ in spatial and temporal resolution. 
While the signal-to-noise ratio is relatively high in CMR, echocardiography may 
be limited by suboptimal acoustic windows and thus suboptimal endocardial 
delineation, particularly when imaging the RV. This is illustrated by a higher number 
of excluded segments in echocardiography than in CMR in the present study. On 
the other hand, the temporal resolution is higher in echocardiography, which is 
considered to be beneficial for deformation imaging.1 This may be a more important 
factor in the quantification of RV deformation values due to the higher velocities 
of the RV free wall compared to the LV myocardial velocities (in particular the RV 
basal segment).27 Whether this impacts the feature tracking algorithm is unknown. 

• The reference method for defining onset of systole was different between STE 
and FT-CMR in this study. While the timing of these events was ECG-gated with 
STE, FT-CMR algorithms use ventricular volumes to determine the timing. These 
differences in timing may have also contributed to the differences in strain values, 
although the absolute effect of this difference will not explain the mean bias 
observed in our study.

DISCUSSION

The present study is among the first to compare RV strain values derived by STE and FT-
CMR. We found that STE and FT-CMR show a comparable trend of RV strain values among 
ARVC patients and relatives. This led to a significant correlation between the modalities, 
but suboptimal agreement. Based on our findings, we can neither recommend using STE 
and FT-CMR interchangeably, nor can we provide a correction factor to correct the bias 
between the two different techniques.

Clinical utility in ARVC 
STE and FT-CMR are both increasingly applied to quantify global and regional RV 
deformation in ARVC.2–9 In our study, both techniques independently showed comparable 
differences between subgroups in ARVC. Both techniques showed significant differences 
between ARVC patients and relatives of ARVC patients (who do not fulfil ARVC diagnosis) 
with both global and regional RV strain. Interestingly, both techniques also found lower 
strain values in at-risk relatives than in healthy control subjects. These abnormalities were 
not picked up by conventional imaging measurements, which supports the hypothesis that 
conventional imaging modalities lack sensitivity to detect early structural signs of ARVC. 
The differences between ARVC relatives and healthy control subjects were found to be 
statistically significant with STE and borderline statistically significant with FT-CMR, which 
might suggest that STE is more sensitive for a subtle decrease of RV PS values than FT-
CMR.

Correlation and agreement
Previous studies comparing RV STE and RV FT-CMR showed a moderate correlation 
between these techniques (respectively r=0.45 and r=0.56).10,11 Previous studies investigating 
agreement between RV STE and RV FT-CMR are scarce and of small sample size. Kempny 
et al. performed RV strain analysis by STE and FT-CMR in a cohort of 28 adult patients with 
repaired tetralogy of Fallot (TOF) and 25 healthy controls, and reported limits of agreement 
of ±8.3% for RV global longitudinal peak strain.12 Furthermore, Padiyath et al. compared STE 
and FT-CMR in 20 patients with TOF and 20 control subjects, and reported comparable 
limits of agreement for RV global longitudinal peak strain of ±8.5.13 The wide limits of 
agreement in both aforementioned studies already suggested that strain values derived by 
STE and FT-CMR cannot be used interchangeably in clinical practice. However, since these 
studies were both performed in patients with congenital heart disease and subsequent RV 
remodelling (i.e. RV hypertrophy), these results cannot be compared to the results of the 
present study.
 In accordance with the previous studies, we found a moderate but significant 
correlation between STE and FT-CMR. We found inter-modality agreement between STE 
and FT-CMR for RV strain analysis to be poor. FT-CMR tended to show higher RV strain 
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CONCLUSION

STE and FT-CMR both show a similar trend within the spectrum of ARVC and have a 
significant correlation regarding RV strain measurements. Inter-modality agreement is 
however suboptimal, in particular for regional assessment. STE and FT-CMR may therefore 
both individually have added value for assessment of RV function, but the strain values 
obtained by these techniques cannot be used interchangeably in clinical practice. Future 
studies should aim to compare the prognostic values of both techniques.
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Future directions
Future studies should be of a longitudinal design to compare the added prognostic 
values of both techniques. In our study we only investigated RV PS, because other RV 
measurements derived by STE (e.g. systolic PS, post-systolic shortening, electromechanical 
interval, mechanical dispersion) have not been applied in FT-CMR yet.3,5–7,28 Future studies 
comparing other RV parameters between STE and FT-CMR may lead to an improvement 
of agreement and correlation between these techniques. Furthermore, we did not include 
septal segments in our study because these segments are also part of the left ventricle. 
Future studies including these segments would be of interest.

Limitations
The relatively small number of patients that is included in this study might be a potential 
limitation. However, regarding the magnitude of the differences that were observed 
between the techniques, we assume that a larger study population will not improve inter-
modality agreement to such an extent that the measurements can be used interchangeably. 

We included patients only when at least one of the segments of the RV was eligible for strain 
analysis by both echocardiography and CMR. Therefore, the feasibility of these techniques 
may be overestimated in this study. 

Not all the echocardiograms and CMRs in this study were performed on the same day. Since 
strain values may be affected by physiological differences (such as heart-rate and loading 
conditions), this one-month timeframe may have also induced some differences between 
the modalities. Nevertheless, more than half of our population had both examinations within 
one day. Additionally, a subgroup analysis within this group showed no improvement of 
correlation and agreement.

Different software packages were used for STE and FT-CMR in this study. To exclude major 
differences induced by software-variability, we conducted an additional analysis with a 
similar software package for both techniques that showed no improvement in agreement 
and correlation. This, in combination with our extensive experience with these particular 
software packages and the resemblance of regular clinical practice makes the use of 
different software packages in this study reasonable.
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Supplementary figure 1: scatterplot of global PS values 

Supplementary figure 2: scatterplot of basal PS values 

 SUPPLEMENTARY DATA

Supplementary table 1: Additional conventional measurements
ARVC patients (n=34) ARVC relatives (n=30) Control subjects (n=46) p-value

Echocardiography

TAPSE (mm)

RV S’ velocity (cm/s)

19.4 ± 4.3**

10.9 ± 2.4**

22.6 ± 2.2

13.2 ± 2.4

24.0 ± 2.7

12.9 ± 1.7

<0.001

<0.001
CMR

LV-EDV (ml/m2)

LV-ESV (ml/m2)

LVEF (%)

LV LGE

RV LGE

91.9 ± 12.4

41.0 ± 9.3

55.8 ± 6.3†

12 (35)*

10 (29)*

88.4 ± 17.1

37.4 ± 9.4

58.0 ± 4.7

2 (7)

0 (0)

95.1 ± 14.0

39.1 ± 9.5

59.1 ± 6.3

n/a

n/a

0.149

0.348

0.049

0.007

0.001
Values are presented as mean ± SD, median [IQR] or n (%). An asterisk (*) indicates a statistical significant difference 
(p<0.05) compared to the adjacent group at the right and a double asterisk (**) indicates a statistical significant 
difference compared to the two adjacent groups at the right. An obelisk (†) indicates a statistical significant difference 
between ARVC patients and control subjects. Statistical tests between subgroups are performed with a Bonferroni 
correction for multiple testing. Abbreviations: ARVC = arrhythmogenic right ventricular cardiomyopathy; EDV = end-
diastolic volume; ESV = end-systolic volume; LGE = late gadolinium enhancement; LV = left ventricle/ventricular; LVEF 
= left ventricular ejection fraction; n/a = not available; RV = right ventricle/ventricular; TAPSE = tricuspid annular plane 
systolic excursion.

Supplementary table 2: Correlation and agreement in subjects with echo and CMR within one day 
(n=81)

Global PS Basal PS Mid PS Apical PS
rho 0.497* 0.221* 0.158 0.156
Bias (%) 9.1 17.7 4.1  5.0
Limits of agreement (%)  ±12.6  ±16.6  ±20.4  ±25.0

An asterisk (*) indicates a significant (p<0.05) correlation. PS = peak strain.

Supplementary table 3: Strain values, correlation and agreement when STE and FT-CMR are 
performed with a vendor-independent software package (n=30)

Global PS Basal PS Mid PS Apical PS
STE (%) 22.6 ± 6.0 22.7 ± 8.6 19.4 ± 8.6 25.8 ± 9.5
FT-CMR (%) 28.8 ± 7.8 30.7 ±14.7 29.7 ± 12.7 28.2 ± 10.4
rho 0.048 0.134 -0.416* -0.5
Bias (%) 6.2 8.2 10.3 2.1
Limits of agreement (%) ±19.0 ±32.1 ±36.6 ±14.6

Strain values are presented as absolute values (mean  ± SD). An asterisk (*) indicates a significant (p<0.05) correlation. 
FT-CMR = feature tracking cardiovascular magnetic resonance imaging; PS = peak strain; STE = speckle tracking 
echocardiography.
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Supplementary figure 5: Bland-Altman plot for the different subgroups (global PS)

Supplementary figure 6: Bland-Altman plot for the different subgroups (basal PS)

Supplementary figure 3: scatterplot of mid PS values 

Supplementary figure 4: scatterplot of apical PS values 
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Supplementary figure 9: Bland-Altman plot for global PS when STE and FT-CMR are performed 
with a similar vendor-independent software package (n=30)

Supplementary figure 7: Bland-Altman plot for the different subgroups (mid PS)

Supplementary figure 8: Bland-Altman plot for the different subgroups (apical PS)
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INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited heart disease that 
is characterized by ventricular dysfunction and life-threatening ventricular arrhythmias 
(VA)1. Right ventricular (RV) abnormalities predominate in ARVC, but left ventricular (LV) 
involvement is increasingly recognized2. Although early detection of ARVC has improved 
over the years, risk stratification remains challenging. Adequate assessment of arrhythmic 
risk is important, since arrhythmias may occur early in the disease course and timely 
implantable cardioverter-defibrillator (ICD) implantation can be life-saving3. 

Cardiac magnetic resonance (CMR) imaging is the non-invasive gold standard for the evaluation 
of cardiac function in ARVC given its excellent potential to accurately and reproducibly 
quantify global RV volumes and ejection fraction (EF). In addition, newer techniques such as 
myocardial strain provide a more sensitive, quantitative evaluation of myocardial function that 
can detect functional changes before a relevant decrease in EF occurs4. Myocardial strain can 
be measured using feature-tracking CMR (FT-CMR), which quantitatively tracks myocardial 
features throughout the cardiac cycle on standard cine imaging. This allows quantitative 
regional myocardial strain assessment, which has been shown to increase diagnostic value 
for ARVC disease detection in a previous study5. As lower RVEF is associated with higher 
arrhythmic risk in ARVC6, and strain parameters are more sensitive than RVEF in assessing 
regional myocardial function 4, we hypothesized that RV strain also has incremental prognostic 
value over conventional arrhythmic risk markers in ARVC6. However, the value of FT-CMR 
derived strain in ARVC risk stratification remains unknown.

The purpose of this study was to 1) assess whether FT-CMR of the RV and LV is able to 
predict future sustained VA; and 2) evaluate the incremental value of FT-CMR over traditional 
arrhythmic risk factors in a multicenter cohort of ARVC patients without prior sustained VA 
(i.e. primary prevention patients).

METHODS

Study population 
We included definite ARVC patients without prior sustained VA (i.e. primary prevention 
patients) from the Netherlands (www.acmregistry.nl) and Johns Hopkins (www.arvd.com) 
ARVC registries who underwent CMR as part of their clinical work-up. ARVC diagnosis was 
defined according the 2010 revised task force criteria (TFC) in which ≥4 TFC points are 
required for ARVC diagnosis7. A total of 158 patients met the inclusion criteria, of whom 26 
patients were excluded due to CMR images unsuitable for FT-CMR analysis (e.g. artefacts/
incomplete images), leading to a total cohort of 132 patients. A total of 108 patients were 

ABSTRACT 

Aims: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is characterized by ventricular 
dysfunction and ventricular arrhythmias (VA). Adequate arrhythmic risk assessment is 
important to prevent sudden cardiac death. We aimed to study the incremental value of 
strain by feature-tracking cardiac magnetic resonance imaging (FT-CMR) in predicting 
sustained VA in ARVC patients.

Methods and results: CMR images of 132 ARVC patients (43% male, 40.6±16.0 years) 
without prior VA were analyzed for global and regional right and left ventricular (RV, LV) 
strain. Primary outcome was sustained VA during follow-up. We performed multivariable 
regression assessing strain, in combination with 1) RV ejection fraction (EF); 2) LVEF and; 3) 
the ARVC risk calculator. False discovery rate adjusted p-values were given to correct for 
multiple comparisons and c-statistics were calculated for each model. During 4.3 [2.0-7.9] 
years of follow-up, 19% of patients experienced sustained VA. Compared to patients without 
VA, those with VA had significantly reduced RV longitudinal (p≤0.03) and LV circumferential 
(p≤0.04) strain. In addition, patients with VA had significantly reduced biventricular 
EF (p≤0.02). After correcting for RVEF, LVEF and the ARVC risk calculator separately in 
multivariable analysis, both RV and LV strain lost their significance (HR 1.03-1.18, p>0.05). 
Likewise, while strain improved the c-statistic in combination with RVEF, LVEF, and the 
ARVC risk calculator separately, this did not reach significance (p≥0.18).

Conclusion: Both RV longitudinal and LV circumferential strain are reduced in ARVC patients 
with sustained VA during follow-up. However, strain does not have incremental value over 
RVEF,  LVEF, and the ARVC VA risk calculator.

Keywords: Arrhythmogenic right ventricular cardiomyopathy, cardiac magnetic resonance 
Imaging, feature tracking, strain, arrhythmias 
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Study outcomes
The primary outcome of this study was the occurrence of sustained VA following CMR. As 
in previous studies9, sustained VA was defined as sustained ventricular tachycardia lasting 
≥30 seconds at ≥100 bpm or with hemodynamic compromise, ventricular fibrillation/flutter, 
sudden cardiac arrest and/or appropriate ICD intervention. 

Statistical analysis 
Statistical analyses were performed using IBM SPSS Statistics (version 25, USA) and STATA 
(version 11, StatCorp, USA). Continuous variables are presented as mean (±standard deviation) 
or median (interquartile range), and compared using independent sample t-test or Mann-
Whitney U-test. Categorical variables are presented as frequencies (%), and compared using 
chi-square test or Fisher’s exact test. Statistical significance was determined at p≤0.05. 
The Kaplan-Meier method was used to estimate the cumulative proportion of patients with 
VA as a function over time, and groups were compared using log-rank statistic. Follow-up 
was calculated from the date of CMR to the date of first sustained VA or censoring, which 
was defined as the latest follow-up visit at which the endpoint could be ascertained. The 
receiver operating characteristic (ROC) curve was used to determine optimal strain cut-off 
values for predicting the outcome.

Multivariable analysis

Multivariable Cox regression was performed to assess the association between strain 
and the primary outcome. To ensure that our results were not affected by overfitting, we 
added each strain variable to three separate models as follows: i) Model 1: adjusted for 
RVEF; ii) Model 2: adjusted for LVEF; iii) Model 3: adjusted for the 5-year risk estimate 
of VA computed using the “ARVC VA risk calculator” (www.arvcrisk.com)9. This latter risk 
prediction model includes male sex, age, recent cardiac syncope, prior non-sustained 
ventricular tachycardia, 24-hour premature ventricular contraction count, number of leads 
with T-wave inversion anterior/inferior and RVEF. False Discovery Rate (FDR) corrected 
p-values were calculated to correct for multiple testing. The prognostic performance of 
adding strain (strain parameters with the highest hazard ratio [HR] in univariable analysis) 
to RVEF, LVEF or the ARVC VA risk calculator was assessed by Harrell’s concordance (c)-
statistic and compared using the DeLong et al. method.15. 

RESULTS

Study population
CMR images of 132 definite ARVC patients without prior sustained VA were included. 
Baseline characteristics of the study population are shown in Table 1. The mean age at 
CMR was 40.6±16.0 years and 57 (43%) subjects were male. The median TFC score was 5 

included in prior studies involving CMR analysis in ARVC8–10. The study conforms to the 
Helsinki declaration and was approved by local ethics and/or institutional review boards. 

CMR acquisition
The CMR study closest to date of diagnosis was used for analyses. CMR images were 
acquired on a 1.5 Tesla scanner (Avanto, Siemens Medical Imaging, Germany [Amsterdam 
UMC, UMC Groningen and Johns Hopkins Hospital] or Achieva Philips Medical Systems, the 
Netherlands [UMC Utrecht]). Short-axis and longitudinal-axis (4-chamber, 2-chamber and 
3-chamber views of both ventricles) cine images were acquired using a balanced steady-
state free precession sequence (field of view 350mm, matrix size 256x256, slice thickness 
8mm [1.3x1.3x8mm3], temporal resolution 40-50ms). Segmented phase-sensitive inversion 
recovery sequence was used for myocardial fibrosis evaluation using late gadolinium 
enhancement (LGE).

CMR analysis
Traditional measurements

Locally available software was used for semi-automatic analysis of biventricular EF, end 
diastolic volume (EDV) and end systolic volume (ESV) (Extended MR-WorkSpace, Philips 
Medical Systems; QMass Medis Medical Imaging Systems or Circle CVI). Dimensions were 
indexed (i) to body surface area using the DuBois formula11. The presence of RV and LV LGE 
was visually evaluated by an experienced cardiovascular radiologist.

Strain analysis

Global and regional biventricular longitudinal strain and LV circumferential strain were 
measured using Medis QStrain Software (Medis Medical Imaging Systems, version 3.1.16.8, 
the Netherlands) by an experienced observer blinded to the arrhythmic outcome (MB). Inter- 
and intra-observer variability of this observer are previously published8. Endocardial and 
epicardial contours (for LV short-axis) were manually drawn during end-diastole and end-
systole with subsequent automatic tracking during the cardiac cycle. This resulted in the 
measurement of “strain” as a marker of tissue shortening during systole with more negative 
strain values indicating better contraction.

For the RV, peak longitudinal strain was measured in the most central slice in 4-chamber 
view, since strain values are most reliable in this view5,12. For regional analysis, segments 
were divided into basal, mid and apical wall13. 

For the LV, peak longitudinal strain was measured in 4-chamber, 2-chamber and 3-chamber 
views to form the 16 segment American Heart Association (AHA) model14. To measure LV 
circumferential strain, the basal, mid and apical slices of the short-axis were measured to 
form the AHA model. Segmentation examples are included in Supplementary Figure 1. 
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Table 1: Continued
Overall
(n=132)

No sustained VA in follow-up
(n=107)

Sustained VA in
follow-up

(n=25)

p-value

Family/genetic criteria
Minor 4 (3) 3 (3) 1 (4)
Major 103 (78) 85 (79) 18 (72)

ARVC VA risk calculator, 5-year risk (%) 21.4±18.9 17.3±14.5 38.9±24.8 <0.01
CMR traditional parameters
RVEF (%) 47±9 48±9 40±10 <0.01
RVEDVi (ml/m2) 102±30 100±29 111±32 0.15
LVEF (%) 56±8 57±7 51±11 0.02
LVEDVi (ml/m2) 92±20 92±21 89±17 0.55
LGE total (%)
        LGE RV (%)
        LGE LV (%)

40 (30)
24 (18)
20 (15)

27 (25)
14 (13)
15 (14)

13 (52)
11 (44)
5 (20)

0.02
<0.01
0.57

Abbreviations: CMR= cardiac magnetic resonance; DSG2= desmoglein-2; DSP= desmoplakin; EDVi= BSA indexed 
end-diastolic volume; EF= ejection fraction; LGE= late gadolinium enhancement; LV= left ventricle; N= number of 
subjects; PKP2= plakophilin-2; PLN= phospholamban; RV= right ventricle; TFC= Task Force Criteria; VA= ventricular 
arrhythmia.

Traditional CMR parameters
As for traditional CMR parameters, ARVC patients with sustained VA had significantly 
reduced RVEF (40±10% vs. 48±9%, p<0.01) and LVEF (51±11% vs. 57±7%, p=0.02) compared to 
those without sustained VA. LGE was more often present in patients with sustained VA (52% 
vs. 25%, p=0.02), especially in the RV (44% vs. 13%, p<0.01). In contrast, both RVEDVi (111±32 
ml/m2 vs. 100±29 ml/m2) and LVEDVi (89±17 ml/m2 vs. 92±21 ml/m2) did not significantly differ 
between the two groups (p≥0.15). In addition, no significant difference existed in structural 
TFC between patients with (76% had minor or major criteria) and without (56% had minor or 
major criteria) sustained VA (p=0.08).

FT-CMR as a predictive biomarker for sustained VA
RV and LV strain

Global and regional strain values stratified by the occurrence of sustained VA are shown in 
Table 2 (global and regional strain) and Figure 1 (regional strain).

For RV strain, global longitudinal strain was significantly reduced (i.e. less negative) in 
patients with versus without sustained VA (-18.5±5.9% vs. -22.5±8.4%, p=0.03). For regional 
RV longitudinal strain, both basal (-26.9±12.8% vs. -34.4 ±10.9%, p<0.01) and mid wall 
(-19.7±12.2% vs. -25.7±11.0%, p=0.02) strain were reduced in patients with sustained VA. 
Apical strain did not significantly differ between the two groups (-27.8±14.5% vs. -32.5±11.9%, 
p=0.09).

[4-6] with 78 (60%) having minor or major structural TFC. A total of 107 (81%) subjects carried 
a pathogenic mutation, mostly in plakophilin-2 (n=84, 64%), followed by phospholamban 
(n=13, 10%) and desmoglein-2 (n=5, 4%). None of the patients had an ICD at time of CMR, 
while n=68 (52%) patients received an ICD for primary prevention after CMR. 

Arrhythmic outcome
During a median follow-up of 4.3 [2.0-7.9] years, 25 subjects (19%) developed sustained 
VA (22 [88%] appropriate ICD interventions and 3 [12%] spontaneous sustained ventricular 
tachycardia). Table 1 shows their clinical characteristics. Compared to those without 
sustained VA, patients experiencing arrhythmic events were more often male (68% vs. 37%, 
p<0.01), proband (60% vs. 29%, p<0.01) and had a significantly higher total TFC score (6 
[5-7] vs. 5 [4-5] p<0.01). No difference in age (39.9±15.7 vs. 40.8±16.1 years, p=0.80), genetic 
background (80% vs. 81% with a pathogenic variant, p=0.88) and follow-up duration (3.4 [1.5-
8.3] vs. 4.5 [2.1-7.8] years, p=0.99) was observed between the groups. 

Table 1: Baseline characteristics of the study population
Overall
(n=132)

No sustained VA in follow-up
(n=107)

Sustained VA in
follow-up

(n=25)

p-value

Demographics
Age at CMR (years) 40.6±16.0 40.8±16.1 39.9±15.7 0.80
Male (%) 57 (43) 40 (37) 17 (68) <0.01
Follow-up (years) 4.3 [2.0-7.9] 4.5 [2.1-7.8] 3.4 [1.5-8.3] 0.99
Proband (%) 44 (33) 29 (27) 15 (60) <0.01
Genetic status
Pathogenic variant 107 (81) 87 (81) 20 (80) 0.88

       PKP2 (%) 84 (64) 67 (63) 17 (68)
       DSP (%) 2 (2) 2 (2) 0

       DSG2 (%) 5 (4) 5 (5) 0
       PLN (%) 13 (10) 11 (10) 2 (8)

       Other (%) 3 (2) 2 (2) 1 (4)
Clinical phenotype
Total TFC score 5 [4-6] 5 [4-5] 6 [5-7] <0.01
Repolarization criteria

      Minor 31 (24) 24 (22) 7 (28)
Major 51 (39) 37 (35) 14 (56)

Depolarization criteria
      Minor 68 (52) 55 (51) 13 (52)

Major 6 (5) 4 (4) 2 (8)
Arrhythmia criteria

Minor 78 (59) 61 (57) 17 (68)
      Major 13 (10) 8 (8) 5 (20)

Structural criteria
      Minor 21 (16) 18 (17) 3 (12)
      Major 58 (44) 42 (39) 16 (64)
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For LV strain, both global and regional LV longitudinal strain were comparable in patients 
with and without sustained VA (p≥0.06). In contrast, global circumferential strain (GCS) was 
significantly reduced in patients with versus those without sustained VA (-15.3±4.4% vs. 
-18.8±4.1%, p<0.01), which was also observed in the regional circumferential strain values 
(p≤0.04).

Predicting sustained VA using FT-CMR

Determination of cut-off values for abnormal strain using ROC analysis is displayed 
in Supplementary Table 1. We only evaluated cut-off values for RV longitudinal and LV 
circumferential strain, since these parameters were significant in univariate analysis (in 
contrast to LV longitudinal strain). The resulting cut-offs were used for the Kaplan Meier 
survival curves shown in Figure 2. For RV strain, survival without sustained VA was 
significantly lower in patients with reduced global longitudinal (p<0.01) and regional basal 
(p=0.05) and mid longitudinal strain (p<0.01). 

For LV strain, survival without sustained VA was significantly lower in patients with reduced 
global circumferential (p=0.03) and regional posterolateral (p=0.01) and septal (p<0.01) 
circumferential strain. No statistical significance was reached for anterior and anterolateral 
(p≤0.11) strain.

Clinical value of FT-CMR 
To assess the incremental prognostic value of FT-CMR over traditional clinical parameters, we 
performed multivariable Cox regression analyses for each strain parameter in combination 
with 1) RVEF; 2) LVEF and; 3) the ARVC VA risk calculator. 

Table 3 summarizes the univariable and multivariable regression analyses. RV and LV 
global and regional strain did not remain significant predictors after correcting for RVEF 
(HR 1.02-1.17, p>0.05), LVEF (HR 1.06-1.18, p>0.10) or the ARVC VA risk calculator (HR 1.05-1.18, 
p>0.11). All p-values are corrected for Type I error using FDR. When only including patients 
with preserved RVEF and LVEF in our analysis (Supplementary Table 2), none of the RV 
and LV strain values were independently associated with VA when included in a model 
with the ARVC VA risk calculator (HR 0.92-1.17 [0.80-1.52, p>0.29], although analyses were 
underpowered with a total of 8 events.

Figure 3 illustrates the change in c-statistic when comparing the models separately and 
after adding LV global and septal circumferential strain (strain parameters with highest HR 
on univariable analysis). The predictive value of RVEF (0.72 [0.60-0.85] vs. 0.79 [0.68-0.89]), 
LVEF (0.66 [0.51-0.81] vs 0.72 [0.59-0.85]) and the ARVC VA risk calculator (0.76 [0.63-0.90] 
vs. 0.82 [0.72-0.92]) improved after adding LV strain (global strain and septal circumferential 
strain) to the model, however this did not reach statistical significance (p>0.18). 

Table 2: RV and LV global and regional strain values stratified by patients with versus without VA
No sustained VA in follow-up

(n=107)
Sustained VA in follow-up

(n=25)
p-value

Right ventricular strain
Global strain

GLS -22.5±8.4 -18.5±5.9 0.03
Regional longitudinal strain

basal -34.4 ±10.9 -26.9±12.8 <0.01
mid -25.7±11.0 -19.7±12.2 0.02

apical -32.5±11.9 -27.8±14.5 0.09
Left ventricular strain
Global strain

GCS -18.8±4.1 -15.3±4.4 <0.01
GLS -21.7±5.1 -19.2±5.3 0.06

Regional circumferential strain
anterior -18.7±6.2 -15.3±5.8 0.03

anterolateral -22.2±6.9 -17.5±6.2 <0.01
posterolateral -23.7±6.2 -18.9±5.7 <0.01

inferior -19.6±6.7 -16.0±7.5 0.04
septal -20.2±4.5 -16.7±4.8 <0.01

Regional longitudinal strain
anterior -20.0±7.3 -19.6±6.6 0.86

anterolateral -24.4±6.1 -23.0±7.0 0.40
posterolateral -23.3±10.8 -24.4±9.1 0.77

inferior -23.5±7.2 -20.3±6.0 0.08
septal -21.7±5.5 -19.4±4.1 0.24

Abbreviations: GCS= global circumferential strain; GLS= global longitudinal strain; VA= ventricular arrhythmia.
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Figure 1: RV and LV regional strain in the study population
Schematic overview of longitudinal (left) and circumferential (right) regional strain differences between 
patients with and without VA during follow-up. Orange; significant differences between those with and 
without VA. Blue; non-significant differences. Abbreviations as in text.
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RV GLS LV GCS

≤ -22.5%
≥ -22.5%

__
--- p<0.001

No. at risk (RV GLS)
≤-22.5% 57 40 27 22

≥-22.5% 72 53 37 23

≤ -31.5%
≥ -31.5% p=0.047

No. at risk (RV basal region)
≤-31.5% 53 36 27 20

≥-31.5% 76 58 38 24

RV basal region

≤ -23.5%
≥ -23.5% p=0.003

RV mid region

No. at risk (RV mid region)
≤-23.5% 54 40 24 15

≥-23.5% 75 53 41 29

No. at risk (LV GCS)
≤-18.2% 51 39 25 16

≥-18.2% 52 36 24 19

≤ -18.2%
≥ -18.2% p=0.032

≤ -19.0%
≥ -19.0%

p=0.011

No. at risk (LV posterolateral region)
≤-19.0% 33 24 17 10

≥-19.0% 68 49 29 22

LV posterolateral region

≤ -17.3%
≥ -17.3%

p<0.001

Septal region

No. at risk (septal region)
≤-17.3% 32 20 12 6

≥-17.3% 68 52 34 26

__
---

__
---

__
---

__
---

__
---

Figure 2: Kaplan Meier survival analysis suggests abnormal RV and LV strain in patients with VA 
in follow-up.
Kaplan Meier analysis of RV and LV global and regional strain. Cut-offs for abnormal strain (red) and 
normal strain (blue) are calculated using ROC analysis. P-values were calculated using log-rank test. 
Abbreviations: GCS= global circumferential strain; GLS= global longitudinal strain, further abbreviations 
as in text. 
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and adjusting for multiple testing, RV and LV strain did not remain a significant predictor of 
sustained VA. 

Role of myocardial strain in ARVC
Technical groundwork 

Over the years, the advent of FT-CMR in the field of deformation imaging has led to 
numerous studies confirming its feasibility and validating its use for biventricular regional 
strain assessment. Importantly, FT-CMR has shown to be a robust technique, with good inter- 
and intra-observer reproducibility for RV and LV strain, rendering this technique suitable for 
follow-up of patients13,16. FT-CMR has been compared to several other modalities, including 
the gold standard for non-invasive strain assessment, myocardial tissue tagging 17. Clinical 
implementation of tissue tagging is limited due to prolonged imaging and post-processing 
times18. In comparison, FT-CMR is less time consuming, as it uses the available cine images 
and has a more user-friendly post-processing method, especially for the RV. FT-CMR has 
also been compared to speckle tracking echocardiography which is a valuable comparison 
as CMR and echocardiography are both used for diagnosis and follow-up of ARVC patients 
and at-risk relatives. Studies have shown that trends between healthy and diseased were 
uniform among the modalities, however absolute strain values were not comparable19,20. 
This emphasizes that FT-CMR and speckle tracking echocardiography cannot be used 
interchangeably during follow-up of patients. Regardless, we strongly believe that CMR and 
echocardiography have complimentary roles in ARVC evaluation: the high spatial resolution 
and multiplane tissue characterization of CMR make this technique extremely useful as a 
screening tool and to rule out differentials, while echocardiography is cheap and widely 
available, even in those with an ICD, making it a valuable tool for longitudinal follow-up. 

Diagnostic value of strain parameters in ARVC

The importance of regional wall motion abnormalities in ARVC evaluation is emphasized in 
the diagnostic TFC, in which it is a prerequisite for fulfillment of CMR criteria7. Visual evaluation 
of wall motion abnormalities is, however, subjective, and previous studies have shown the 
incremental diagnostic value of objective and quantitative wall motion analysis using FT-
CMR or speckle tracking echocardiography5,21. For example, Vigneault et al. showed a 
higher sensitivity and specificity for FT-CMR compared to visual assessment in 110 individuals 
evaluated for ARVC 5. Similar results were obtained for speckle tracking echocardiography, 
which is now recommended by the European Association of Cardiovascular Imaging for 
the assessment of early ARVC21. Although LV wall motion abnormalities are not part of the 
diagnostic TFC for ARVC, a study by Jain et al. suggested a promising diagnostic role 
using CMR tissue tagging: the authors showed reduced LV regional circumferential strain 
in definite ARVC patients and patients at-risk of developing ARVC compared to controls22. 

LGE was more often present in patients with VA compared to those without arrhythmic 
events (52% vs. 25%, p=0.02). However, LGE did not significantly add to the predictive 
value of strain (0.73 [0.60-0.85] without vs. 0.77 with LGE [0.64-0.91]) and the ARVC VA risk 
calculator (0.79 [0.69-0.90 without vs. 0.80 with LGE [0.70-0.91])(p ≥0.40) (Supplementary  
Figure 2).
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Figure 3: Incremental value of LV strain over conventional arrhythmic risk markers in ARVC
Bar chart with c-statstic per model. Grey bars; model 1 RVEF, model 2 LVEF and model 3 “ARVC VA risk 
calculator”. Blue bars; addition of LV global and septal strain to these models. Addition of LV strain to 
the existing models is compared using the DeLong method.(15). Abbreviations as in text.

DISCUSSION

Main findings
This study aimed to assess FT-CMR as a predictor of future sustained VA and to evaluate 
its incremental value over traditional risk markers in ARVC patients. We showed that both 
RV as well as LV strain are reduced in patients developing sustained VA during follow-up. 
Furthermore, survival without VA was significantly lower in patients with reduced RV and 
LV global and regional strain (basal and mid strain for the RV and posterolateral and septal 
strain for the LV). However, after correcting for RVEF, LVEF and the ARVC VA risk calculator 
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Furthermore, the prognostic value of strain using other imaging modalities, such as speckle 
tracking echocardiography, should be determined.

To conclude, FT-CMR is a novel technique that quantitatively and objectively measures 
biventricular wall motion as strain. In the largest cohort to date of primary prevention 
ARVC patients evaluated by CMR, we showed that FT-CMR is able to predict sustained VA. 
However, after adjusting for RVEF, LVEF and the ARVC VA risk calculator no additional value 
of RV and LV strain assessment in the prediction of sustained VA was observed. Although 
strain by FT-CMR has proven its diagnostic value in ARVC, no incremental prognostic value 
in predicting sustained VA is found. 
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Prognostic value of strain parameters in ARVC

Our study shows that reduced RV and LV strain are associated with sustained VA during 
follow-up in ARVC. This is not surprising, as RVEF is a known predictor of sustained VA in 
ARVC, and abnormal strain is thought to precede global EF changes. Similar results were 
previously obtained using speckle tracking echocardiography23: Lie et al. found significant 
echocardiographic RV and LV strain abnormalities (expressed as mechanical dispersion) in 
ARVC patients with VA in follow-up23. 

In contrast, we found no incremental prognostic value of RV and LV strain after correcting 
for RVEF and LVEF using FDR adjusted p-values for multiple testing. Of note, advanced 
structural disease already existed in the majority of patients developing VA: we found 
significantly lower RVEF and LVEF in patients developing VA during follow-up of whom 76% 
already had minor or major structural TFC. Indeed, this translated to a high expected 5-year 
VA risk of 38.9% using the ARVC VA risk calculator. While one may consider it disappointing 
that strain does not further risk stratify beyond conventional measures, it is not entirely 
unexpected since 1) strain essentially assesses the same parameter as is included in the 
conventional measures, namely ventricular systolic function; and 2) arrhythmic risk in our 
cohort was already very high. In total, 19% of our study population experienced a VA over 
4.2 years of follow-up. While one might suggest that this high event rate warrants ICD 
implantation in all subjects with definite ARVC, device implantation carries considerable risk 
in these young and active patients who need to live for decades with a device that is not 
complication free. As such, better risk stratification tools are required to distinguish patients 
who are most likely to benefit from their device. While there is proven value of adding strain 
to established CMR parameters for diagnostic purposes5, no incremental value is observed 
in adding strain values for prognostic purposes in ARVC patients. Future studies should 
focus on the additional prognostic value of strain in subjects at risk of developing ARVC (i.e. 
family members) without disease expression. 

Limitations 
We only included primary prevention patients with definite ARVC, and caution should be 
exercised when extrapolating our results to secondary prevention patients (i.e. those with 
previous sustained VA) or at-risk relatives who do not fulfill the TFC. While this is the largest 
study to date evaluating the prognostic value of FT-CMR in ARVC, the number of VAs 
during follow-up was relatively small, limiting our statistical power to perform multivariable 
analyses. We handled this by separately adding strain to three different models (i.e. RVEF, 
LVEF and the ARVC VA risk calculator), maximizing our ability to “correct” for multiple risk 
factors. To date, no standardized normal values for FT-CMR derived RV and LV global and 
regional strain exist, which is partly due to wide inter-software variability13. Until standardized 
reference values are available, center-specific references should be used. Future studies 
should look into the role of LGE taking into account scar quantification and localization. 
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Supplemental Figure 1: LV and RV FT-CMR segmentation
Example and corresponding segmentation model of LV circumferential (upper panel) and LV and RV 
longitudinal strain (lower panel). Included segments are highlighted in blue and excluded segments are 
highlighted in grey in the 16-segments model. 
Abbreviations: as in manuscript.  
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Supplemental Figure 2: Supplementary Figure 2: Incremental value of LGE over strain the ARVC 
VA risk calculator
Bar chart with c-statstic per model. Grey bars; model 1 LV strain (LV global and septal strain), model 2 
“ARVC VA risk calculator”. Blue bars; addition of LGE (in the LV or RV) to these models. Addition of LGE 
to the existing models is compared using the DeLong method.(15). Abbreviations as in text.

Supplementary Table 1: Cut-off values for strain determined using ROC curve analysis
Cut-off normal strain (%) Sensitivity 

(%)
Specificity 

(%)
Right ventricle
Global longitudinal strain

GLS ≥ -22.0 76 62
Regional longitudinal strain

basal ≥ -31.5 61 63
mid ≥ -23.5 68 64

Left ventricle
Global circumferential strain

GCS ≥ -18.2 79 59
Regional circumferential strain

anterior ≥ -15.8 63 65
anterolateral ≥ -20.7 63 53

posterolateral
inferior

≥ -19.0
≥ -17.1

63
63

75
63

septal* ≥ -17.3 63 76

*For septal we combined the anteroseptal and inferoseptal regions.
Abbreviations: GCS= global circumferential strain; GLS= global longitudinal strain; ROC= receiver operating 
characteristic. 

Supplementary Table 2: multivariable Cox proportional hazards model for sustained VA prediction 
in patients with preserved RVEF and patients with preserved LVEF

Preserved RVEF
ARVC VA risk calculator

Preserved LVEF
ARVC VA risk calculator

Preserved LVEF and RVEF
ARVC VA risk calculator

HR (95% CI) p-value HR (95% CI) p-value HR (95% CI) p-value
Right ventricular strain

GLS 1.06 
(0.99-1.13)

0.303 1.05 
(0.99-1.13)

0.214 1.07
(0.99-1.15)

0.562

basal region 1.08
(1.01-1.16)

0.303 1.08
(1.01-1.15)

0.170 1.09
(1.01-1.17)

0.290

mid region

apical region

1.01 
(0.95-1.08)

1.04
(0.97-1.12)

0.788

0.411

1.02 
(0.97-1.07)

1.00 
(0.95-1.05)

0.632

0.882

0.98
(0.92-1.06)

1.03 
(0.95-1.12)

0.677

0.639

Left ventricular strain
GCS 1.20 

(0.98-1.47)
0.202 1.24

(0.99-1.54)
0.190 1.17

(0.91-1.50)
0.562

anterior region 1.120
(0.93-1.30)

0.411 1.13 
(0.97-1.32)

0.214 1.06
(0.89-1.26)

0.639

anterolateral region 1.03
(0.91-1.18)

0.788 1.12 
(0.98-1.29)

0.214 1.03
(0.89-1.20)

0.677

posterolateral region

inferior region

1.10
(0.96-1.25)

0.99
(0.88-1.12)

0.358

0.918

1.09 
(0.97-1.22)

1.01
(0.91-1.13)

0.214

0.881

1.07
(0.93-1.23)

0.92
(0.80-1.07)

0.635

0.562

septal region 1.19 
(0.95-1.51)

0.342 1.21 
(1.00-1.46)

0.190 1.17
(0.89-1.52)

0.562

Abbreviations: GCS= global circumferential strain; GLS= global longitudinal strain; LVEF= left ventricular ejection 
fraction; RVEF= right ventricular ejection fraction. False discovery rate corrected p-values are given in this table. 
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CONDENSED ABSTRACT 

Early detection of Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is pertinent as 
life-threatening ventricular arrhythmias can occur. Arrhythmias are associated by the typical 
fibrous replacement of the myocardium in ARVC. Early detection of this fibrous replacement 
may be helpful in the early diagnosis of ARVC. Native T1 mapping is a CMR based technique 
to quantify subtle and diffuse changes in cardiac microstructure. We show higher mean 
myocardial T1 times in overt ARVC patients and we show that both overt ARVC patients and 
at-risk relatives have more dispersion (heterogeneity) of left ventricular native T1 times than 
controls. This study shows that native T1 mapping has a possible role in differentiating both 
ARVC patient and at-risk relatives from controls.  

Keywords: Arrhythmogenic Right Ventricular Cardiomyopathy, Native T1 mapping, Cardiac 
magnetic resonance imaging, Inherited cardiomyopathy

ABSTRACT 

Objectives:  We aimed to analyze the diagnostic value of native T1 mapping in Arrhythmogenic 
Right Ventricular Cardiomyopathy (ARVC).

Background: Early detection of ARVC is pertinent as life-threatening ventricular arrhythmias 
(VA) can occur. These VAs are associated with myocardial replacement by fibrosis. Native 
T1 mapping is a promising technique to quantify early changes in cardiac microstructure 
(including fibrosis) on cardiac magnetic resonance imaging (CMR).  

Methods: We analyzed short-axis cine 1.5 Tesla CMR images obtained using a MOLLI 
sequence in 43 subjects (13 ARVC patients meeting the 2010 diagnostic Task Force Criteria, 
17 phenotype negative, genotype positive ARVC relatives, and 13 control subjects with right 
ventricular outflow tract ventricular tachycardia [RVOT-VT]). Global and regional fibrosis 
of the left ventricle (LV) were measured using T1 times. Native T1 dispersion, defined as 
the standard deviation of regional T1 times, was assessed per patient over all analyzed 
segments. 

Results: Mean age was 37±17 years and 51% were female. Mean T1 times increased 
notably from controls (1038±27ms) to at-risk relatives (1055±38ms) to overt ARVC patients 
(1067±41ms), reaching significance for the comparison between overt ARVC patients and 
controls (p=0.04). Both overt ARVC patients (93±33ms) and at-risk relatives (79±15ms) had 
an elevated T1 dispersion compared to controls (67±12ms, p ≤0.03), indicating a higher 
heterogeneity of the cardiac microstructure. More specifically, ARVC patients had elevated 
T1 times in the posterolateral (p=0.02), inferior (p=0.01) and anterior regions (p=0.01), 
whereas the posterolateral (p=0.01) and inferior (p=0.01) region were affected in at-risk 
relatives. Furthermore, 64% of at-risk ARVC relatives with elevated T1 dispersion had no 
late gadolinium enhancement, suggesting a greater sensitivity of T1 mapping for subtle 
ventricular changes.

Conclusion: Native T1 mapping differentiates overt ARVC patients and at-risk relatives from 
control subjects with RVOT-VT. When incorporated into the current diagnostic pathways, T1 
mapping may have potential to detect early ARVC.



124 125

77

PART II | CHAPTER 7 T1 MAPPING IN ARVC

ruled out and RV outflow tract ventricular tachycardia (RVOT-VT) was diagnosed (n=13). The 
study was conducted in accordance with the Declaration of Helsinki and was approved by 
the University Medical Center Utrecht Institutional Review Board.

CMR image acquisition
All CMR images were acquired using a 1.5 Tesla scanner (Achieva) equipped with dStream 
Torso coils (Philips Medical Systems, Best, the Netherlands). Native T1 mapping was 
acquired in three short-axis image planes (base, mid, apex) using optimized single breath 
hold 5(3)3 MOLLI sequence. This sequence allows acquisition of images at a standstill of 
the heart cycle in late diastole, providing high-resolution T1 maps of the myocardium 13,14. We 
used a repetition time/echo time/flip angle of 3.5/0/35 degrees, matrix of 144, field of view 
of 288mm and a slice thickness of 8mm. The CMR protocol also included an ECG-gated 
breath hold multiphase steady state-free precession sequence in four-chamber, short-
axis, and two-chamber RV and LV, and RVOT views (repetition time/echo time/flip angle 
2.9/1.4/60 degrees, matrix 192-256, field of view 320mm, temporal resolution 50msec, 
slice thickness 8mm) for the assessment of biventricular volume, function and wall motion. 
For LGE, phase-sensitive inversion recovery images were acquired in four chamber, short 
axis and two-chamber and RVOT views 15 minutes after administration of a double dose of 
0.2ml Gadovist/kg. 

Image analysis
Native MOLLI images were processed using cvi42 (Circle Cardiovascular Imaging, Calgary, 
Alberta, Canada [version 5.6.6]). T1 times were measured by manually drawing endocardial 
and epicardial contours in the basal, mid, and apical short axis views on the native images. 
Since T1 measurements are not validated for the thin-walled RV, we only measured T1 times 
of the LV including the ventricular septum. Global T1 values were calculated as the mean T1 
time (ms) of the LV. For regional analysis, T1 times were assessed according to the American 
Heart Association 16-segment LV model (see Figure 1). To assess dispersion of regional 
T1 times within a given patient, the standard deviation of all analyzed LV segments was 
calculated. 

Intra-observer variability was evaluated by re-measuring native T1 times in 15 randomly 
selected subjects by the first observer. For inter-observer variability, the same 15 subjects 
were measured by a second observer, independent from the first observer. Observers were 
blinded for clinical and demographic data at the time of CMR measurements.

Ventricular function and dimensions were measured using QMass (Medis, Leiden, The 
Netherlands [version 7.6]). LGE and wall motion abnormalities were qualitatively assessed 
as part of the clinical assessment.  Clinical data was retrieved from electronic health records.  

INTRODUCTION

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited cardiomyopathy 
characterized by progressive replacement of the ventricular myocardium by fibrous and 
fatty tissue 1. ARVC typically affects the right ventricle (RV), although left ventricular (LV) 
involvement is common and cases with predominant LV involvement have been described 2.  
The ensuing fibro-fatty replacement results in abnormal tissue architecture, which may occur 
diffusely in both ventricles and gives rise to life-threatening ventricular arrhythmias that may 
occur early in the disease course 3. While this underlines the importance of an accurate 
determination of the presence and extent of fibro-fatty replacement in ARVC, recent studies 
including those with biopsy samples 45 and late gadolinium-enhanced cardiac magnetic 
resonance (LGE CMR)6–9 yielded controversial results for diagnosing ARVC. CMR-based 
native T1 mapping m ay provide a possible solution. 

T1 mapping allows for the non-invasive quantitative assessment of myocardial fibrosis 
using a pixel-wise measurement of absolute T1 relaxation times in milliseconds 10,11. These 
T1 relaxation times vary depending on the cardiac microstructure and the presence of fat 
or fibrosis 9–11. Compared to the current standard for non-invasive detection of myocardial 
fibrosis (LGE CMR), T1 mapping is not limited by use of gadolinium and does not require 
‘nulling’ of the background myocardium, which allows detection of diffuse or subtle fibrosis. 
Indeed, native T1 time has shown to be a promising marker for early diagnosis in hypertrophic 
(HCM) and dilated cardiomyopathy (DCM) 12. However, no published study has yet evaluated 
native T1 mapping in ARVC subjects. Using a cohort of well-phenotyped and genotyped 
ARVC patients, we aimed to analyze the diagnostic value of native T1 mapping in ARVC. 

METHODS

Study population 
The study population consisted of individuals from the Netherlands ACM registry (www.
acmregistry.nl) who were evaluated for ARVC between 2014 and 2017, underwent CMR 
with T1 mapping using a Modified Look-Locker Imaging (MOLLI) sequence and had a 
clinical evaluation (n=54). To limit heterogeneity of the study subjects, ARVC patients and 
relatives without a pathogenic ARVC-related mutation were excluded (n=8). In addition, 
study subjects with a history of radiofrequency ablation that could interfere with fibrosis 
detection were also excluded (n=3). In total, the study population consisted of 43 study 
participants. Based on their clinical evaluation, study participants were divided into three 
groups: 1) patients with a definite diagnosis of ARVC as per 2010 diagnostic Task Force 
Criteria (TFC) (n=13); 2) at-risk relatives of ARVC patients not fulfilling the 2010 TFC (n=17) and 
3) controls who were initially evaluated for ARVC but in whom structural heart disease was 
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ARVC patients had a median of 5 [IQR 4-7] TFC points, while at-risk relatives had a median 
of 2 [IQR 2-3] TFC points. 

Table 1: Baseline characteristics
Cases Controls

Overt patients
(n=13)

At risk relatives (n=17) RVOT-VT patients
(n=13)

Age 40.3 ± 18.6 30.8 ± 14.7 43.2 ± 15.7
Male gender 5 (38) 10 (59) 6 (46)
Genotype
PKP2 10 (77) 11 (65) n/a
PLN 3 (23) 5 (29)
DSP 0 (0) 1 (6)
Clinical Phenotype
Median Number of TFC 5 [4-7] 2 [2-3] n/a
TWI V1-3 3 (23) 0 (0)
TWI V1-2 5 (38) 0 (0)
TWI V1-4 RBBB 0 (0) 0 (0)
TWI V4-6 3 (23) 0 (0)
Epsilon wave 0 (0) 0 (0)
Prolonged TAD 6 (46) 0 (0)
Late potentials 1 (8) 1 (6)
LBBB VT superior axis 0 (0) 0 (0)
LBBB VT inferior/unknown axis 2 (15) 0 (0)
>500 PVCs/24h 9 (69) 3 (18)
Structural major 7 (54) 0 (0)
Structural minor 2 (15) 1 (6)

Abbreviations: DSP= desmoplakin; LBBB= left bundle branch block; PKP2= plakophilin-2; PLN= phospholamban; 
PVC= premature ventricular contraction; RBBB= right bundle branch block; RVOT-VT= right ventricular outflow tract 
ventricular tachycardia; TAD= terminal activation duration; TFC= Task Force Criteria; VT= ventricular tachycardia

Conventional CMR
Overt ARVC patients showed a trend towards reduced global RV function (p=0.08) with 
more regional RV wall motion abnormalities (p<0.01) compared to control subjects (Table 2).  
LV volume and function were similar between overt ARVC patients and controls (p>0.51). 
In addition, at-risk relatives were similar to control subjects for all metrics of biventricular 
volume and function (p>0.24).

LV LGE was observed in 69% (n=9) of overt ARVC patients, compared to 41% (n=7) of at-risk 
relatives, and none of the control subjects (p=0.002). LGE was predominantly observed at 
the insertion point of the RV (33% [n=3/9] of overt ARVC patients and 86% [n=6/7] of at-risk 
relatives) and in the posterolateral LV (55% [n=5/9] of overt ARVC patients). 

Figure 1: Example of LV segmentation according to the AHA 16-segments model.
Anterior, lateral, posterolateral, inferior and septal region are segmented according to the legend. 
In addition, basal region includes segments 1-6; mid region includes segments 7-12; apical region 
includes segments 13-16.

Statistical analysis
Statistical analyses were performed using SPSS version 25 (IBM, Chicago, Illinois). Continuous 
variables were expressed as mean (± standard deviation) or as median (interquartile range, 
IQR) as appropriate. For continuous comparisons of two groups, a two-tailed Student’s 
t-test or Mann Whitney U-test was used, as appropriate. For continuous comparisons of 
three or more groups, one-way ANOVA or Kruskall Wallis was used. Categorical data were 
compared using the chi-square test or Fisher exact test. Post-hoc Bonferroni correction 
was used for multiple comparisons. Correlation was assessed by the Intraclass Correlation 
Coefficient (ICC). For ICC, a value ≥0.90 was considered excellent, <0.90 to ≥0,75 good, 
<0.75 to ≥0.50 moderate, and <0.50 poor 15. Diagnostic accuracy was evaluated using the 
area under the Receiver Operating Characteristic (ROC) curve. For the area under the curve 
(AUC), a value of 0.90–1.0 was considered excellent, 0.80–0.90 good, 0.70–0.80 fair, 0.60-
0.70 poor and 0.50-0.60 fail 16.

RESULTS 

Patient population
We evaluated CMR images of 43 subjects (13 overt ARVC patients [mutation+, phenotype+], 
17 at-risk relatives [mutation+, phenotype-] and 13 control subjects). Baseline characteristics 
of the study population are shown in Table 1. Mean age of study subjects was 37±17 years 
and 51% were female. There were no significant differences in age (p=0.10) and sex (p=0.53) 
between the three groups. By study design, all overt ARVC patients and at-risk relatives 
carried an ARVC-associated pathogenic mutation, the most common being Plakophilin-2 
(PKP2, 70%), followed by Phospholamban (PLN, 27%) and Desmoplakin (DSP, 3%). Overt 
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Table 3: Global and regional native T1 times of the left ventricle
Cases Controls

Overt patients
(n=13)

At risk relatives (n=17) RVOT-VT patients
(n=13)

p-value*

Global
Native T1 mean 1067 ± 41† 1055 ± 38 1038 ± 27 0.128
Native T1 dispersion 93 ± 33† 79 ± 15† 67 ± 12 0.015
Regional
Native T1 LV basal 1060 ± 52† 1044 ± 35‡ 1020 ± 26 0.050
Native T1 LV mid 1064 ± 35† 1051 ± 37‡ 1027 ± 22 0.024
Native T1 LV apical 1084 ± 58 1083 ± 58 1057 ± 38 0.354
Native T1 anterior 1085 ± 62† 1049 ± 45 1028 ± 24 0.014
Native T1 LV septal 1070 ± 36 1067 ± 45 1050 ± 31 0.392
Native T1 LV inferior 1065 ± 40† 1066 ± 43† 1027 ± 30 0.020
Native T1 LV posterolateral 1050 ± 61† 1032 ± 32† 1001 ± 28 0.020
Native T1 LV lateral 1056 ± 60‡ 1042 ± 34‡ 1019 ± 26 0.096

*Comparison between three groups
†Significant difference (p<0.05) compared to controls
‡Significant trend (p<0.10) compared to controls 
Abbreviations: LV= left ventricle; RV= right ventricle; RVOT-VT= right ventricular outflow tract ventricular tachycardia.

Figure 2: Bullseyes of native T1 times of ARVC patients vs. controls and at-risk subject vs. controls 
without  (A) and with (B) Bonferroni correction. Yellow indicates no significant difference compared 
to RVOT-VT control subjects and orange indicates a significant difference compared to RVOT-VT 
control subjects. 

Table 2: Conventional CMR parameters
Cases Controls

Overt patients 
(n=13)

At-risk relatives 
(n=17)

RVOT-VT patients
(n=13)

p-value*

Ventricular Function
RV wall motion abnormality 10 (77)† 2 (12) 0 (0) <0.001
RV EF (%) 50 ± 6 54 ± 5 55 ± 4 0.152
LV wall motion abnormality 0 1 (6) 0 (0) 0.372
LV EF (%) 57 ± 6 57 ± 6 58 ± 4 0.838
Ventricular Volume
RV EDV/BSA (mL/m2) 102 ± 27 95 ± 13 101 ± 14 0.549
RV ESV/BSA (mL/m2) 51 ± 19 44 ± 10 46 ± 8 0.370
LV EDV/BSA (mL/m2) 92 ± 17 92 ± 13 97 ± 16 0.707
LV ESV/BSA (mL/m2) 40 ± 10 40 ± 9 41 ± 9 0.975
Focal Fibrosis by Contrast-enhanced CMR
RV LGE 2 (15) 0 (0) 0 (0) 0.089
LV LGE 9 (69)† 7 (41)† 0 (0) 0.002

* Comparison between three groups
† Significant difference compared to controls <0.01
Abbreviations: BSA= body surface area; CMR= cardiac magnetic resonance; EDV= end diastolic volume; EF= ejection 
fraction; ESV= end systolic volume; LGE= late gadolinium enhancement; LV= left ventricle; RV= right ventricle; RVOT-
VT= right ventricular outflow tract ventricular tachycardia.

Native T1 mapping of the left ventricle
Global T1 times

As shown in Table 3, mean T1 times increased from controls (1038±27 ms) to at-risk relatives 
(1055±38 ms) to overt ARVC patients (1067±41 ms). While this trend was not significant in 
a three-group comparison (p=0.13), statistical significance was reached for the comparison 
between overt ARVC patients and controls (p=0.04). 

Regional T1 times

T1 dispersion, as determined by the standard deviation of T1 time in all LV regions within a 
given patient, was significantly larger in overt ARVC patients compared to control subjects 
(93±33ms vs. 67±12ms, p=0.02). As shown in Table 3 and Figure 2, this was due to elevated 
native T1 in the LV posterolateral (p=0.02), inferior (p=0.01) and anterior (p=0.01) regions. 
Interestingly, T1 dispersion was also significantly greater in at-risk relatives compared to 
controls (79±15ms vs. 67±12ms, p=0.03). As shown in Table 3 and Figure 2, this was driven 
by elevated native T1 in the LV posterolateral (p=0.01) and inferior (p=0.01) regions. 
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Central Illustration: Pattern of elevated native T1 times in ARVC patients and at-risk relatives 
compared to control subjects

Table 4: Intra- and inter-observer reproducibility of native T1 times per region
Intra-observer ICC Inter-observer ICC

Global
Mean 0.984 (0.954-0.995) 0.978 (0.934-0.993)
Dispersion 0.942 (0.828-0.981) 0.935 (0.807-0.978)
Regional
Basal 0.984 (0.949-0.995) 0.977 (0.928-0.993)
Mid 0.977 (0.924-0.993) 0.964 (0.888-0.989)
Apical 0.978 (0.929-0.993) 0.989 (0.965-0.996)
Anterior region 0.979 (0.930-0.993) 0.979 (0.936-0.993)
Lateral region 0.990 (0.967-0.997) 0.989 (0.967-0.997)
Posterolateral region 0.990 (0.967-0.997) 0.966 (0.893-0.989)
Inferior region 0.948 (0.829-0.984) 0.951 (0.846-0.984)
Septal region 0.964 (0.883-0.989) 0.969 (0.904-0.990)

DISCUSSION 

This study is the first to compare T1 times between ARVC patients and control subjects. 
Several interesting insights were obtained. First, we showed that global mean native T1 time 
differentiates overt ARVC patients from control subjects with RVOT-VT. Second, both overt 
ARVC patients and at-risk relatives have a greater dispersion of native T1 times compared 
to controls. More specifically, ARVC patients have elevated T1 times in the posterolateral, 
inferior and anterior regions, whereas the posterolateral and inferior region are affected in 
at-risk relatives. Finally, we determined the clinical correlates and diagnostic value of native 
T1 in ARVC. Overall, our results indicate a potential role for native T1 mapping in early ARVC 
diagnosis. 

Clinical implications
We subsequently sought to determine the clinical correlates of increased native T1 times 
in ARVC. We focused these efforts on native T1 dispersion, since this parameter showed 
the greatest discriminative potential between overt ARVC patients and controls. Native 
T1 dispersion correlated significantly with RVEF (r=-0.36, p=0.02), LVEF (r=-0.33, p=0.03), 
and LV LGE (r=0.35, p=0.02). No correlation was found for T1 dispersion with RV EDV/BSA 
(r=0.04, p=0.78), LV EDV/BSA (r=-0.04, p=0.79), and RV wall motion abnormalities (r=0.26, 
p=0.09). ROC curve analysis was used to identify the optimal threshold for abnormal T1 
dispersion with the highest sensitivity and specificity. Using a cutoff of smaller than 73ms as 
normal T1 dispersion, ARVC patients were separated from controls with 73% sensitivity and 
77% specificity (AUC=0.80). 

We next evaluated the incremental value of T1 dispersion over the imaging criteria in the 
diagnostic TFC. Given our limited sample size, we divided our cases in those with (n=10, 33%) 
vs. without (n=20, 67%) major or minor imaging criteria for ARVC. Among 20 cases without 
imaging criteria for ARVC (n=4/13 ARVC patients, n=16/17 at-risk relatives, see Table 1),  
we observed an elevated T1 dispersion in the 4 patients with a definite ARVC diagnosis 
(97.0±56.3 vs. 78.8 ± 15.7ms). Although this was not statistically significant in our population 
(p=0.78), these results suggest there is potential for T1 dispersion to unmask disease 
expression prior to fulfillment of imaging TFC.

To further evaluate the value of T1 mapping in early diagnosis of ARVC, we specifically 
focused on at-risk relatives. Among 17 relatives, 11 (65%) subjects had abnormal T1 
dispersion. Interestingly, 64% (n=7/11) of at-risk relatives with abnormal T1 dispersion had no 
LGE. As shown in Supplementary Table 1, no other signs of structural or electrical disease 
were seen. 

Reproducibility
In a subset of 15 subjects, intra-observer correlation was excellent for both global and regional 
native T1 times (ICC≥0.94). Also, the inter-observer correlation for the same subset of subjects 
was excellent for both the global and regional native T1 times (ICC ≥0.94) (Table 4). 
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mapping over other established diagnostic tests for ARVC. 

Recently, Puntmann et al. evaluated the prognostic value of T1 mapping in patients with 
non-ischemic DCM. They showed an association of T1 mapping with all-cause mortality that 
was independent of conventional CMR parameters (EF<35% and LGE) 25. While our study 
design limits our ability to draw inference on prognostic value of T1 mapping, this suggests 
that T1 mapping is a promising biomarker in the prediction of disease outcome. 

Feasibility of T1 mapping 
Native T1 times in our study showed excellent reproducibility. Of note, this was achieved 
through a standardized data collection method, in which we only included subjects scanned 
with the same field strength, sequence, and CMR vendor. While this influenced the population 
size and generalizability of our study, we believe it strengthened the homogeneity of study 
results and thereby the true evaluation of native T1 mapping in ARVC. Although the results 
of our study are promising, predefined reference ranges for native T1 times will be essential 
before this technique can be routinely applied in clinically applicated.  

CONCLUSION

Native T1 mapping can help to differentiate overt ARVC patients and at-risk relatives 
from patients with RVOT-VT and correlates with ventricular function. Interestingly, nearly 
two-thirds of at-risk relatives with elevated T1 times did not show enhancement on LGE, 
indicating the potential of native T1 mapping to detect early disease in this subgroup. 

Perspectives 
Competency in medical knowledge

Native T1 mapping has a possible role in differentiating overt ARVC patients and at-risk 
relatives from controls, and is significantly correlated with ventricular function. Therefore, 
T1 mapping may be a promising tool in the early recognition of ARVC when combined with 
current diagnostic tests for ARVC. 

Translational Outlook

Future studies (using a larger population of ARVC patients and at-risk relatives) are required 
to determine the incremental diagnostic value of T1 mapping over other diagnostic tests for 
ARVC. 

Acknowledgements
The authors are grateful to the ARVC patients and families who have made this work 
possible.

Left ventricular fibrosis in ARVC 
Previous studies have shown that fibro-fatty myocardial replacement in ARVC occurs 
diffusely in both ventricles with LV involvement in up to 76% of affected patients 17–21. This 
was corroborated in the present study where 77% of our ARVC patient population had 
abnormal T1 times in the LV (based on a 73ms threshold for abnormal T1 dispersion). The 
high dispersion of native T1 times in both ARVC patients and at-risk relatives indicates a 
higher heterogeneity of cardiac microstructures in ARVC patients and relatives which could 
be caused by the presence of a mixture of both increased fibrous (increases native T1 times) 
and fatty tissue (decreases native T1 times) 11. Interestingly, on average, ARVC patients had 
higher native T1 times compared to controls which suggests that the cardiac microstructural 
changes are dominated by fibrosis rather than fatty replacement. While our study was 
cross-sectional in design, and was not designed to investigate disease progression, our 
results suggests that fibrous infiltration in ARVC starts in the posterolateral/inferior region 
and disseminates when the disease progresses, thereby also affecting global native T1 
times in more advanced stages. This is in alignment with previous studies, which show 
that regional LV changes in ARVC typically affect the posterolateral wall 17,21. Of note, these 
results were shown to be specific to both ARVC patients with a desmosomal mutation as 
well as to PLN mutation carriers 21. Our results confirm and extend these prior studies, by 
revealing that these changes can already be observed in asymptomatic mutation carriers 
prior to the development of an overt clinical phenotype. LV enhancement was seen in 16 out 
of 30 cases, however most enhancement (n=9/16) was present in the insertion point of the 
RV, which is an nonspecific finding. Using T1 mapping, elevated T1 times were also seen in 
regions without LGE. This indicates that T1 mapping shows a more diffuse process.

Our study was limited in the evaluation of fibrosis in the RV since the thin RV wall renders 
native T1 mapping susceptible to partial volume effects 22. While the presence of diffuse 
(i.e. also LV) fibrosis in ARVC suggests a possible diagnostic role for abnormal LV tissue 
architecture in ARVC, further validation of this technique requires a comparison with 
histopathological data. Also, we were unable to use extracellular volume (ECV) as a measure 
for diffuse fibrosis since reliable hematocrit data was unavailable. Follow-up studies should 
also look at this measure in the diagnostic evaluation of ARVC using T1 mapping. 

Clinical application of T1 mapping for ARVC evaluation
Recent studies have shown that native T1 times are elevated in affected patients with HCM 
and DCM compared to controls 12,23. Accordingly, elevated T1 times in our study were able 
to differentiate ARVC patients from control subjects. Comparable to the results in other 
cardiomyopathies, we determined that 64% of at-risk ARVC relatives with elevated T1 
dispersion had no LGE 24, suggesting a greater sensitivity of T1 mapping for subtle ventricular 
changes. While these results are promising, a larger population of ARVC patients and at-risk 
relatives need to be prospectively studied to define the incremental diagnostic value of T1 
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SUPPLEMENTARY INFORMATION

Supplementary Table 1: Clinical characteristics of at-risk relatives with abnormal T1 dispersion 
without enhancement on LGE.

Sex Age at CMR Number of TFC points NSVT
(yes/no)

RV EF (%) LV EF (%) WMA (yes/no)

Case 1 Male 13 2 No 54 61 no
Case 2 Female 23 2 No 49 51 no
Case 3 Male 25 2 No 62 63 no
Case 4 Male 27 2 No 55 50 no
Case 5 Male 30 2 No 39 46 yes
Case 6 Female 31 2 No 52 55 no
Case 7 Male 68 2 No 59 66 no

Abbreviations: CMR= cardiac magnetic resonance; EF= ejection fraction; LV= left ventricle; NSVT= non-sustained 
ventricular tachycardia; RV= right ventricle; RVOT-VT= right ventricular outflow tract ventricular tachycardia; TFC=Task 
Force Criteria;  WMA= wall motion abnormalities.
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Towards automatic classification of the ARVC CMR Task Force Criteria

ABSTRACT 

Background. Arrhythmogenic cardiomyopathy (ACM) is diagnosed according to the Task 
Force Criteria (TFC) in which cardiovascular magnetic resonance (CMR) imaging plays an 
important role. Our study aims to apply an automatic deep learning-based segmentation 
for right and left ventricular CMR assessment and evaluate this approach for classification 
of the CMR TFC.

Methods. We included 227 subjects suspected of ACM who underwent CMR. Subjects 
were classified into 1) ACM patients fulfilling TFC; 2) at-risk family members; and 3) controls. 
To perform automatic segmentation, a Bayesian Dilated Residual Neural Network was 
trained and tested. Performance of automatic versus manual segmentation was assessed 
using Dice-coefficient and Hausdorff distance. Since automatic segmentation is most 
challenging in basal slices, manual correction of the automatic segmentation in the most 
basal slice was simulated (automatic-basal). CMR TFC calculated using manual and automatic-

basal segmentation  were compared using Cohen’s Kappa (κ).

Results. Automatic segmentation was trained on CMRs of 70 subjects (39.6±18.1 years, 
47% female) and tested on 157 subjects (36.9±17.6 years, 59% female). Dice-coefficient and 
Hausdorff distance showed good agreement between manual and automatic segmentations 
(≥0.89 and ≤10.6mm, respectively) which further improved after simulated correction of 
the most basal slice (≥0.92 and ≤9.2mm, p<0.001). Pearson correlation of volumetric and 
functional CMR measurements was good to excellent (automatic (r=0.78-0.99, p<0.001) 
and automatic-basal (r=0.88-0.99, p<0.001) measurements). CMR TFC classification using 
automatic-basal segmentations was comparable to manual segmentations (κ 0.98 ± 0.02) with 
comparable diagnostic performance.

Conclusions. Combining automatic segmentation of CMRs with correction of the most 
basal slice results in accurate CMR TFC classification of subjects suspected of ACM.

Keywords: Arrhythmogenic Cardiomyopathy; Cardiac Magnetic Resonance Imaging; Deep 
learning; Automatic segmentation
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METHODS

Study population 
We included a consecutive cohort of subjects suspected of ARVC who underwent CMR 
as part of their clinical evaluation between 2014 and 2019 at the University Medical Center 
(UMC) Utrecht. This yielded 241 subjects, of whom 14 were excluded because of an 
equivocal diagnosis (ARVC neither confirmed nor rejected) (n=12), prior chemotherapy (n=1) 
and imaging artefacts due to irregular heart rhythm (n=1). This led to a study population of 
227 subjects who were classified into three groups: 1) ARVC patients diagnosed according 
to the 2010 TFC (n=53); 2) family members at-risk of developing ARVC (n=96); and 3) control 
subjects initially suspected of ARVC but in whom ARVC was excluded after full clinical 
assessment (n=78). Diagnosis in the control patients included RV outflow tract tachycardia 
(n=45), premature ventricular contractions/non-sustained ventricular tachycardia (n=19), 
mutation-negative family members of mutation-positive ARVC patients (n= 3), healthy 
athletes (n=3), syncope without a cardiac cause (n=3) repolarization abnormalities with a 
structurally normal heart (n=3) and pectus excavatum (n=2). This study was reviewed by the 
UMC Utrecht Institutional Review Board and was granted a waiver of informed consent. 

ARVC diagnosis
ARVC diagnosis was based on the revised 2010 diagnostic TFC1. In short, these consensus-
based criteria rely on major and minor criteria for six different categories: 1) global and 
regional dysfunction and structural alterations; 2) tissue characterization; 3) repolarization 
abnormalities; 4) depolarization/conduction abnormalities; 5) arrhythmias; and 6) family 
history/genetics. In each of these six categories subjects can score a minor criterium (one 
point), a major criterium (two points) or no criteria (0 points). A definite ARVC diagnosis 
was made if a subject has at least four points. The first category can be assessed by CMR, 
with minor criteria for regional RV wall motion abnormalities plus RVEF >40 to ≤45% or 
RVEDVI ≥100 to <110 ml/m2 (males) or ≥90 to <100 mL/m2 (females) and major criteria for RV 
regional wall motion abnormalities plus RVEF ≤40% or RVEDVI ≥110ml/m2 (males) or ≥100 ml/
m2 (females)1. 

CMR dataset
All subjects underwent CMR using either 1.5 or 3 Tesla Ingenia or Achieva Philips scanners 
(Best, the Netherlands). The CMR dataset consisted of conventional steady-state free 
precession sequence short-axis and longitudinal-axis (4-chamber, 2-chamber and 3-chamber 
of both ventricles) cine CMR images acquired during breath holds. For this work, we only 
included the short-axis CMR volumes consisting of 12-18 contiguous slices covering both 
ventricles. The short-axis imaging parameters were as follows: each slice containing 25 
to 40 phases covering one cardiac cycle with repetition time 2.6-3.4 ms and echo time 
1.3-1.7 ms, flip angle 45-60 degrees. The CMR images have an in-plane resolution ranging 

BACKGROUND

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited heart disease 
that is characterized by ventricular dysfunction, predominantly affecting the right ventricle 
(RV), and potentially life-threatening ventricular arrhythmias. Accurate recognition of this 
disease is vital since the implantation of an implantable cardioverter defibrillator can be 
life-saving. ARVC is diagnosed according to the revised 2010 Task Force Criteria (TFC)1. 
Apart from electrical and family history criteria, an important role is given to the assessment 
of ventricular dysfunction and structural alterations. Cardiac magnetic resonance (CMR) 
imaging is the modality of choice for the assessment of cardiac function and dimensions 
in ARVC2 since the asymmetric geometry and the position of the RV in the chest hampers 
visualization of the entire RV by 2-D echocardiography 3. 

The CMR TFC are based on RV regional wall motion abnormalities combined with cut-
off values for RV ejection fraction (EF) or sex-specific cut-off values for RV indexed end-
diastolic volume (EDVI)1. CMR can deliver one minor or two major points of the necessary 
four TFC points for an ARVC diagnosis. Therefore, accurate RV assessment is essential. 
Segmenting CMRs to measure functional and structural parameters is a laborious task, 
taking about 25 minutes to segment both ventricles in end-diastole (ED) and end-systole 
(ES)4,5. Notably, RV segmentation takes two-thirds of this segmentation time and is prone 
to intra- and inter-observer variability6. RV segmentation difficulties can arise from the 
trabeculated and complex RV geometry7,8. In ARVC, RV and left ventricular (LV) anatomy 
can be further complicated by pathological wall thinning and aneurysms due to fibrofatty 
replacement of the myocardial wall2. As a consequence, CMR misinterpretations are a key 
cause of over-diagnosis in ARVC2. The use of automatic methods for the segmentation of 
the ventricles may overcome these challenges. Over the last few years many state-of-the-
art deep learning segmentation approaches for short-axis CMR have been developed4,9–11. 
For automatic LV segmentation such methods can achieve performance level of human 
experts 12,13. However, previous studies also demonstrated that in manual and automatic 
segmentation of short-axis CMR, the largest disagreements and errors occur in the most 
basal and apical slices8,12–15. Moreover, previous methods have often been evaluated on CMR 
datasets with limited pathology especially related to the RV. In contrast, this study included 
a large hospital population being evaluated for ARVC, including subjects with structurally 
normal hearts and those with complex structural abnormalities. In this work we apply a 
previously validated state-of-the-art segmentation approach16 on a large heterogeneous 
hospital population of patients suspected of ARVC. The purpose of this study was to (i) 
evaluate our previously developed deep learning segmentation approach for RV and LV 
CMR assessment in patients suspected of ARVC and (ii) evaluate the clinical implication of 
this approach for classification of the CMR TFC in subjects suspected of ARVC.
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To train the model, patches of 160x160 voxels were randomly chosen from the training set. 
Training data was augmented by 90 degree rotations, elastic deformations and gamma 
transformations of the images. The model was trained for 160,000 iterations using mini-
batch stochastic gradient descent with batch-size 16 and Adam as optimizer22. Learning 
rate was set to 0.001 and decayed with a factor of 0.1 after every 40,000 steps. To increase 
generalization performance weight decay was used and set to 0.0005. Furthermore, 
dropout percentage was set to 0.1. Enabling MC dropout during testing, tissue class per 
voxel was determined using the mean softmax probabilities over 15 samples. Voxel wise 
segmentation may result in isolated (small clusters of) voxels. To address this, only the largest 
3D connected component for each class was retained in the automatic segmentations.

Simulation of the correction of automatic segmentation
Previous research demonstrated that most segmentation inaccuracies occur in the most 
basal slice on the CMR 8,12–15. To evaluate whether these inaccuracies of our method impact 
TFC classification, correction of the automatic segmentation in the most basal slice of each 
CMR volume was simulated. This was achieved by replacing the automatic segmentation of 
the most basal slice with the corresponding manual reference defined by specially trained 
radiology technicians as a part of a regular clinical workup. We refer to the this scenario as 
automatic-basal hereafter. 

Automatic ED/ES phase selection
Accurate identification of ED and ES phase in the cardiac cycle is a prerequisite to 
automatically compute RVEDV and RVESV. To show the potential of the method to 
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Automatic segmentation of CMR 
Prior to segmentation, voxel intensities in CMR scans were normalized by rescaling the 
values between [0,1] based on their 1st and 99th percentiles per scan. Furthermore, voxels 
intensities below or above the 1st and 99th percentiles were clamped to 0 and 1, respectively.
To perform automatic segmentation of RV and LV in the 2D short-axis CMR images, we 
trained a Bayesian Dilated Residual Neural Network (DRN)19 that was previously developed 
and evaluated by Sander et al.16. The Bayesian DRN was based on the original DRN from 
Yu et al.19 for image segmentation. To convert the original DRN19 into a Bayesian DRN, we 
implemented Monte Carlo dropout (MC dropout) introduced by Gal & Ghahramani20. Using 
a Bayesian i.e. MC dropout approach is advantageous because multiple predictions for the 
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providing probability for the LV, RV or background. Softmax probabilities were calculated 
over the three tissue classes. To train the model a combination of soft-Dice21 and cross-
entropy was used as loss function. For completeness, we provide the equations for both 
loss functions:
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where 𝑝𝑝 denotes the probability for a specific voxel 𝑥𝑥#  with corresponding reference label 𝑦𝑦#  

for class 𝑐𝑐; and 𝑡𝑡#! = 1	if 𝑦𝑦# = 𝑐𝑐; and 0 otherwise. Hyper-parameters of the network were 

determined in our previous work 16 using CMR images from the MICCAI 2017 Automated 

Cardiac Diagnosis Challenge (ACDC)12. Therefore, no validation set was required in the 

current work. 

To train the model, patches of 160x160 voxels were randomly chosen from the training set. 

Training data was augmented by 90 degree rotations, elastic deformations and gamma 

transformations of the images. The model was trained for 160,000 iterations using mini-

batch stochastic gradient descent with batch-size 16 and Adam as optimizer22. Learning rate 

was set to 0.001 and decayed with a factor of 0.1 after every 40,000 steps. To increase 

generalization performance weight decay was used and set to 0.0005. Furthermore, dropout 

percentage was set to 0.1. Enabling MC dropout during testing, tissue class per voxel was 

determined using the mean softmax probabilities over 15 samples. Voxel wise segmentation 

may result in isolated (small clusters of) voxels. To address this, only the largest 3D 

connected component for each class was retained in the automatic segmentations. 

 

Simulation of the correction of automatic segmentation 

Previous research demonstrated that most segmentation inaccuracies occur in the most 

basal slice on the CMR 8,12–15. To evaluate whether these inaccuracies of our method impact 

TFC classification, correction of the automatic segmentation in the most basal slice of each 

CMR volume was simulated. This was achieved by replacing the automatic segmentation of 

the most basal slice with the corresponding manual reference defined by specially trained 

radiology technicians as a part of a regular clinical workup. We refer to the this scenario as 

automatic-basal hereafter.  
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; and 0 otherwise. Hyper-parameters of the 
network were determined in our previous work 16 using CMR images from the MICCAI 
2017 Automated Cardiac Diagnosis Challenge (ACDC)12. Therefore, no validation set was 
required in the current work.
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statistically significant difference in sex existed between the three subgroups (p=0.37), but 
at-risk family members were younger than ARVC patients (p=0.021) and controls (p<0.001). 
ARVC patients had a median of 5 [4-6] diagnostic TFC points, while at-risk family members 
had a median of 2 [1-3] points (p<0.001). In total, 84% of ARVC patients and 3% of at-risk 
family members had minor or major CMR TFC (RV wall motion abnormalities combined 
with abnormal RVEF or RVEDVI cut-off values). Among 103 ARVC patients and at-risk family 
members, 90 (87%) carried a pathogenic variant, mostly in plakophilin-2 (n=57, 63%) followed 
by phospholamban (n=26, 29%) and desmoplakin (n=5, 6%). 

Table 1: Baseline characteristics
ACM patients

(n=37)
At-risk ACM group 

(n=66)
Control group

(n=54)
p-value

Demographics
Age at CMR (years) 39.1± 19.0 30.7 ± 16.2†‡ 42.9 ± 15.9 <0.001
Female (%) 20 (54) 43 (65) 29 (54) 0.37
Proband (%) 10 (27) 0 (0) ‡ na <0.001
Genetic status
Pathogenic variant 36 (97) 56 (85) na 0.06

       PKP2 (%) 24 (71) 33 (59)
       PLN (%) 4 (12) 22 (39)
       DSP (%) 4 (12) 1 (2)

       Other (%) 4 (12) 0
Clinical phenotype
Total TFC score 5 [4-6] 2 [1-3] 0 <0.001
Repolarization criteria

      Minor 10 (27) 0 (0)
Major 8 (22) 3 (5)

Depolarization criteria
      Minor 23 (62) 9 (14)

Major 0 (0) 0 (0)
Arrhythmia criteria

Minor 25 (68) 6 (9)
      Major 2 (5) 0 (0)

Structural criteria
      Minor 6 (16) 1 (3)
      Major 25 (68) 0 (0)

* Significant difference between control and ACM patients
†Significant difference between control and at-risk subjects
‡ Significant difference between ACM patients and at-risk subjects
Abbreviations: ACM= arrhythmogenic cardiomyopathy; CMR= cardiac magnetic resonance imaging; DSP= 
desmoplakin; PKP2= plakophilin-2; PLN= phospholamban; TFC=Task Force Criteria

evaluates segmentation along the boundary of the target structure by measuring the 
maximum distance between manual and automatic segmentation. Qualitative performance 
of the automatic segmentation method was visually assessed. To investigate whether 
segmentation errors accumulate at specific slice locations in the CMR volume the distribution 
of segmentation errors over slice location was computed. For this, four slice locations in 
a volume were distinguished: (i) most apical slice; (ii) most basal slice; (iii) mid-ventricular 
slices and (vi) slices located below the apex or above the base of the heart. Furthermore, 
to evaluate the clinical implications of our automatic CMR segmentation approach for 
the classification of the CMR TFC in subjects suspected of ARVC, the following CMR 
measurements were computed for manual, automatic and automatic-basal segmentations: 
LV end-diastolic volume (EDV); LV end-systolic volume (ESV); LV stroke volume (SV); LVEF; 
RVEDV; RVESV; RVSV and RVEF. 

Statistical analysis 
Statistical analysis was performed using RStudio Version 1.3.1093 (Boston, MA, USA) 
and IBM SPSS Statistics (version 25, USA). Continuous values were presented as mean 
± standard deviation or median [interquartile range]. Categorical data was displayed as 
absolute frequency (n) and percentages (%). For continuous comparisons of two groups, 
two-tailed Student’s t-test was used. For continuous comparisons of three or more groups, 
one-way ANOVA was used. Categorical data were compared using the chi-square χ2 
test. A p-value of <0.05 was considered significant. Comparison of automatic and manual 
absolute CMR measurements were assessed using Bland-Altman analysis and the Pearson 
correlation coefficient (r). CMR TFC was first classified using visual assessment of wall motion 
abnormalities and manually derived RVEDVI and RVEF, and next using visual assessment of 
wall motion abnormalities and automatically derived RVEDVI and RVEF.

CMR TFC classification agreement between manually vs. automatically derived CMR 
measurements was assessed using Cohen’s kappa (κ). Furthermore, sensitivity and 
specificity of CMR TFC by manual and automatic approach was determined and compared 
using the McNemar test.  

RESULTS

Study population 
We included 70 subjects in the training set (mean age 39.6±18.1 years, 47% female) and 
157 subjects in the test set (mean age 36.9±17.6 years, 59% female). Patient characteristics 
are shown in Table 1. The test set included 37 ARVC patients, 66 at-risk family members 
and 54 controls subjects. The distribution of subjects across the three patient categories 
was the same for training and test sets (34% controls, 42% at risk, 24% ARVC patients). No 
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CMR without segmentation Manual segmentation Automatic segmentation

Figure 1: example automatic segmentation vs. manual segmentation
Qualitative segmentation results for left (yellow) and right (blue) ventricles at end-systole for a 
patient included in the test set. Columns depict raw CMR (first column), CMR with manual reference 
segmentation (second column) and CMR with automatic segmentation (third column). Rows show 
apical, mid-ventricular and most basal slices for LV (third row) and RV (fourth row), respectively.

Assessment of segmentation performance 
Table 2 lists quantitative results of the automatic segmentation. The automatic method 
achieved mean Dice-coefficient for ED and ES 0.96±0.01 and 0.93±0.03, respectively 
for the LV and 0.93±0.04 and 0.89±0.04, respectively for the RV. Visual assessment of 
automatic segmentation results depicted in Figure 1 reveal that performance was higher for 
mid-ventricular slices (second and third rows Figure 1) compared with apical and basal slices 
(first and fourth row Figure 1), while an under-segmentation of trabeculated areas occurred 
in the apical slices (first row Figure 1). Furthermore, as depicted in Supplementary Figure 1, 
visual assessment of the manual reference segmentation revealed a high variability of the 
RV shape in the basal slices in both ED and ES time points. Furthermore, as listed in Table 3, 
comparison of automatic with manual reference segmentations disclosed that on average 
24.5% of the segmentation errors i.e. misclassified voxels were located in the most basal 
slice (30.7 and 18.3% for RV and LV, respectively). In contrast, on average only 6.5% of the 
errors were located in an apical slice (5.4 and 7.6% for RV and LV, respectively). 

Table 2 lists segmentation results after the simulated correction of the automatic RV and 
LV segmentation in the most basal slice. The results show an increased segmentation 
performance: mean Dice-coefficient for the ED and ES are 0.97±0.01 and 0.95±0.03 (vs. 
0.96±0.01 and 0.93±0.03 uncorrected) respectively for the LV and 0.95±0.02 and 0.92±0.03 
(vs. 0.93±0.04 and 0.89±0.04 uncorrected) respectively for the RV (p<0.001 [one side 
Wilcoxon signed-rank test]).

Table 2: Segmentation performance of deep learning segmentation model
End-diastole End-systole

LV RV LV RV
Dice-coefficient

Automatic
Automatic+correction

0.96±0.01
0.97±0.01

 0.93±0.03
0.95±0.02

0.93±0.04
0.95±0.02

 
0.89±0.04
0.92±0.03

Hausdorff-distance
Automatic
Automatic+correction

6.42±2.26
5.07±2.27

10.42±2.99
9.19±3.19

6.58±2.73
5.52±2.47

10.60±3.50
9.09±3.05

Segmentation performance of deep learning segmentation model in terms of Dice-coefficient (higher is better) and 
Hausdorff distance (in millimeter, lower is better). Automatic+correction refers to the scenario in which the most basal 
slice of each automatic segmentation volume was replaced with the corresponding manual reference. Depicted 
values specify mean ± standard deviation.
Abbreviations: LV= left ventricle; RV= right ventricle. 



150 151

88

PART II | CHAPTER 8 AUTOMATIC CMR TFC CLASSIFICATION

 
 

  

 
Figure 2b. Bland-Altman plots with the agreement between the manually and automatically 
selected ED and ES phases for RV and LV, respectively, using automatic-basal segmentations. 
Distance between automatically and manually selected phases is expressed as percentage of a 
complete cardiac cycle. Evaluation was performed for RV (top row) and LV (bottom row) separately. 
Higher opacity of colors correlates to higher density of data points.
Abbreviations: ED= end-diastolic; ES=end-systolic

Assessment of absolute CMR measurements
Automatically measured volumes (RV and LV EDV and ESV) are slightly underestimated 
compared to manually measured volumes (Supplementary Figures 2 and 3). However, 
as shown in Table 4, the correlations of both RV and LV volumes were excellent (0.95-
0.99, p<0.001). For RV and LV EF and SV, automatic measurements seem to be slightly 
overestimated compared to manual measurements; nonetheless, correlations were 
excellent 0.82-0.89 for RV and good to excellent (0.78-0.93) for LV. After simulated manual 
correction of the basal slice, agreement between manual and automated measurements 
increased, as depicted in the Bland Altman plots (Supplementary Figures 2 and 3). This 
was also reflected in the Pearson correlation coefficient for both the volumetric (EDV, 
ESV) (r = 0.97-0.99, p<0.001) as well as the functional (SV, EF) (r = 0.88-0.98, p<0.001) CMR 
measurements.

Automatic ED and ES phase selection
The Bland-Altman plots shown in Figure 2a demonstrate the comparison between 
automatically identified cardiac phases using the automatic segmentations with the manually 
selected ED and ES phases. The bias [limits of agreement] were -0.87 [-6.26, 4.52]% for the 
ED-LV phase and -1.64 [-10.28, 6.99]% for the ES-LV phase, respectively, and -0.96 [-11.69, 
9.76]% for the ED-RV phase and –0.05 [-7.62, 7.53]% for the ES-RV phase, respectively. Figure 
2b depicts the same comparison using the automatic-basal segmentations to automatically 
determine the ED and ES phases. For this scenario the bias [limits of agreement] were 
-0.72 [-5.29, 3.85]% for the ED-LV phase and -3.03 [-10.08, 4.03]% for the ES-LV phase, 
respectively, and -0.34 [-9.58, 8.89]% for the ED-RV and 0.48 [-7.20, 8.17]% for the ES-RV.

  

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2a. Bland-Altman plots with the agreement between the manually and automatically 
selected ED and ES phases for RV and LV, respectively, using automatic segmentations. 
Distance between automatically and manually selected phases is expressed as percentage of a 
complete cardiac cycle. Evaluation was performed for RV (top row) and LV (bottom row) separately. 
Higher opacity of colors correlates to higher density of data points.
Abbreviations: ED= end-diastolic; ES=end-systolic
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measurements), whereby the cutoff for major CMR TFC is set at >100ml/m2 in women. 
The total TFC in this patient went from 5 to 4, which did not change the ARVC diagnosis. 
Sensitivity and specificity of minor and major CMR TFC for diagnosis of ARVC were 
comparable for manual (minor TFC 31% | 99% and major TFC 66% | 100%) and for automatic-

basal  (minor TFC 35% | 100% and major TFC 65% | 100%, p=0.32). CMR TFC classification 
using the uncorrected automatic measurements are depicted in Supplementary Figure 5. 
This resulted in correct classification of 149/157 (95%) subjects. 

Figure 3: Boxplots depicting RV and LV function and dimension. CMR measurements are given for 
controls, at-risk family members and ACM patients, stratified per method (manual [orange] vs. automatic 
[blue]). This data represents the automatic + basal correction data, see Supplementary Figure 4 for the 
boxplots of the uncorrected automatic measurements. 
Abbreviations: EDVI= end-diastolic volume index; EF= ejection fraction; LV= left ventricle; RV= right 
ventricle

Table 3: Distribution of segmentation errors across slices
Basal Mid-ventricular Apical Slices above/below base/apex

LV 18.3% 70% 7.5% 4.2%
RV 30.7% 61% 5.4% 2.9%

Percentage of segmentation errors per target structure (LV and RV) located in basal, apical, all mid-ventricular or slices 
above base and below apex. Abbreviations: LV= left ventricle; RV= right ventricle. 

Table 4: Correlation between manual and automatic measurements
Mean absolute difference 
(vs. manual)

Correlation r 
(with manual)

Mean absolute difference 
(vs. manual) 
Basal corrected

Correlation r 
(with manual)

Right ventricle
EF (%) 1.4 ± 4.7 0.82 (0.77-0.87)* 0.9 ± 3.9 0.88 (0.84-0.91) *
SV (ml) -2.0 ± 10.8 0.89 (0.84-0.91)* 0.7 ± 9.2 0.92 (0.90-0.94) *
EDV (ml) -9.9 ± 13.9 0.95 (0.94-0.97)* -5.5 ± 9.6 0.98 (0.97-0.98) *
ESV (ml) -7.9 ± 11.0 0.95 (0.93-0.96)* -4.8 ± 8.1 0.97 (0.96-0.98) *
Left ventricle
EF (%) 2.4 ± 3.6 0.78 (0.71-0.84)* 1.4 ± 2.1 0.92 (0.89-0.94) *
SV (ml) 1.4 ± 7.3 0.93 (0.91-0.95)* 0.04 ± 4.2 0.98 (0.97-0.98) *
EDV (ml) -4.6 ± 6.1 0.99 (0.98-0.99)* -4.4 ± 4.1 0.99 (0.99-1.00) *
ESV (ml) -6.0 ± 6.4 0.95 (0.93-0.96)* -4.4 ± 4.6 0.97 (0.96-0.98) *

*p-value of correlation <0.001
Abbreviations: EF= ejection fraction; SV= stroke volume; EDV= end-diastolic volume; ESV= end-systolic volume. 

Classification of ARVC TFC
Since agreement between manual and automatic measurements was higher in the automatic-

basal, we used these results for the further analysis. Supplementary Table 1 depicts the 
mean and standard deviation of the CMR measurements stratified per subgroup. The trends 
between the three subgroups (ARVC, at-risk family members and controls) were comparable 
between manual and automated measurements: ARVC patients had significantly reduced 
RVEF (p<0.001) and LVEF (p=0.002), as well as increased RVEDVI (p<0.001), RVESVI 
(p<0.001) and LVESVI (p<0.013) compared to at-risk family members and controls. These 
trends between the subgroups were also observed in the boxplots of Figure 3. 

We next compared CMR TFC classification using manual vs. automatic-basal CMR 
measurements. All but one subject (156/157, 99%) were correctly classified, showing an 
agreement of κ 0.98 ± 0.02. As depicted in Figure 4, subjects who classified as no (n=130) 
or minor (n=6) CMR TFC were correctly classified using the CMR measurements computed 
using the automatic segmentations obtained from the deep learning segmentation model. 
For major TFC, all but one subject were correctly classified; with one female subject being 
misclassified as minor CMR TFC. This classification discrepancy was based on a 5 ml/m2 
difference in RVEDVI (102 ml/m2 using manual measurements and 97ml/m2 using automatic 
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comparable to classification using manual segmentation performed during clinical work-
up. Therefore, CMR TFC classification could potentially be performed using automatically 
measured CMR parameters with limited expert interaction.

Previous studies 
Recently studies 15,23,24 have shown that deep learning segmentation methods outperform 
traditional approaches such as those exploiting level set, graph-cuts, deformable models, 
cardiac atlases and statistical models 25,26. Many current state-of-the-art deep learning 
biventricular segmentation algorithms have been evaluated on publicly available cine 
CMR data from the MICCAI 2017 ACDC 12. The dataset contains CMR volumes from 150 
patients distributed uniformly over normal cardiac function and four disease groups: 
dilated cardiomyopathy, hypertrophic cardiomyopathy, ischemic cardiomyopathy, and RV 
abnormality (RVEDVI greater than 110 mL/m2 for men, and greater than 100 mL/m2 for women, 
and/or a RVEF below 40%). The ACDC challenge showed that the largest segmentation 
inaccuracies were located in the most basal and apical slices of the short-axis12, which 
is in line with our results presented in Table 3. Comparable results were obtained in the 
recently held Multi-Centre, Multi-Vendor and Multi-Disease Cardiac Segmentation (M&Ms) 
challenge13. Importantly, in contrast to the ACDC and M&Ms datasets, the clinical annotation 
protocol used in our study adheres to the guidelines of the SCMR 18. Segmentation of the RV, 
especially in basal slices, is more challenging when following SCMR guidelines compared 
with the protocol used for the ACDC and M&Ms datasets. For example, in the SCMR 
guideline the outflow tract is included as part of the RV blood volume which challenges 
segmentation of the basal slices due to the unclear ventricular-atrial transition.

Researchers 27,28 have also trained and evaluated deep learning CMR segmentation 
algorithms on the large-scale annotated dataset from the UK Biobank29, reaching a 
performance comparable with human experts. The dataset contains short-axis cine 
CMR volumes of 5,008 subjects. As the majority of the subjects are healthy, the dataset 
is considered relatively homogenous29. In the present work, we trained and evaluated a 
previously developed deep learning segmentation algorithm16 on a real-life dataset with 
subjects suspected of ARVC who underwent CMR as part of their clinical evaluation. 
Compared to the previously mentioned datasets12,13,29, our dataset contains substantially 
more subjects with RV complexity caused by ARVC due to possible aneurysms and wall 
thinning and contained CMR images acquired on different field strengths (1.5 and 3 Tesla), 
pulse sequences and imaging parameters. Hence, the current work demonstrates that 
by only correcting a single slice per volume, an existing state-of-the-art segmentation 
method 16 is sufficiently reliable to be applied to a relevant clinical problem. Furthermore, 
we are the first to compare classification of the CMR TFC of subjects suspected of ARVC 
using manually and automatically derived CMR measurements and showing that the deep 
learning segmentation algorithm we use performs well in this diverse clinical environment.
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N= 130
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N= 21

N= 130
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N= 20
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Figure 4: Classification of CMR criteria of TFC (no, minor and major) for manual and automatic + 
basal correction CMR measurements. The thick blue arrows indicate the matching subjects (between 
manual and automatic+ basal correction), the thinner blue arrows indicate the number of patients 
that change CMR classification category when using automated measurements. See Supplementary 
Figure 5 for uncorrected automatic measurements. Abbreviations: CMR= cardiovascular magnetic 
resonance; N= number of subjects; TFC= task force criteria

DISCUSSION 

In this study, we (i) evaluated our previously developed deep learning segmentation 
approach for RV and LV ventricular CMR assessment in patients suspected of ARVC and 
(ii) evaluated the clinical implication of this approach for classification of the CMR TFC 
in subjects suspected of ARVC. We demonstrated that CMR TFC classification using 
our automatic segmentation with limited manual correction in the most basal slice was 
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segmentation performance was comparable between structurally normal hearts and hearts 
affected by ARVC. 

Importantly, we showed that calculation of ARVC TFC from automatically computed CMR 
parameters is feasible when combining automatic segmentation with correction of the most 
basal slice only. The diagnostic performance of the CMR TFC calculated using automatic 
segmentations (sensitivity 32-58%, specificity 99-100%) were comparable to manual 
measurements in this and previously published studies (sensitivity 13-69%, specificity 88-
100%)41,42. Although the correlation of manual and automatic measurements is high, the 
differences in CMR TFC classification without basal correction demonstrates that a fully 
automatic segmentation approach without human intervention is not yet reliable. However, 
the conducted experiments reveal that current state-of-the-art deep learning segmentation 
models can substantially reduce manual effort to semi-automatically segment cardiac 
structures in a heterogeneous dataset: manual segmentation time would be approximately 
2 minutes instead of 25 minutes. Recently, Huellebrand et al.43 proposed a human-in-the-
loop approach that combines deep learning-based CMR segmentation and cardiac disease 
classification. The authors show that manual correction of automatic CMR segmentations 
by a clinical expert results in increased classification performance compared to a fully 
automatic segmentation approach. To identify volumes that contain segmentation failures 
the user can explore parallel coordinates plots that visualize CMR measurements along with 
cardiac shape and texture features. A similar approach was previously presented in Sander 
et al. 16 that combines automatic segmentation and assessment of segmentation uncertainty 
in CMR to automatically detect image regions containing local segmentation failures. 
Subsequently, detected regions are manually corrected by a clinical expert. Such a semi-
automatic approach could lead to a large reduction in inter-observer variability. This is not 
only interesting for specialized tertiary ARVC centers, but even more for less experienced 
centers, since CMR misinterpretations are an important cause of over-diagnosis in ARVC 
and only 27% of people referred to a tertiary center with a suspected ARVC diagnosis 
finally meet diagnostic criteria for ARVC44. Our work shows that our previously developed 
deep learning segmentation method is able to fulfill a diagnostic purpose by simplifying 
accurate calculation of functional and volumetric measurements for the CMR TFC, showing 
opportunities to facilitate and improve individual patients health. 

Limitations
Although we automated the calculation of the dimensional and functional parameters, 
wall motion abnormalities are also part of the CMR TFC. This was evaluated visually by 
experienced cardiovascular radiologists in this work, but it is subject to inter-observer 
variation in less experienced readers. Due to anatomical challenges of the RV a fully 
automatic RV strain algorithm is not yet available. Future work should focus on automatic 
computation of RV strain and better automatic segmentation of the basal slice, which could 

Comparison to manual segmentation
We showed a good to excellent agreement of manual and automated CMR measurements, 
which significantly increased after simulated correction of the most basal slice of the RV and 
LV (automatic (r=0.78-0.99, p<0.001) and automatic-basal (r=0.88-0.99, p<0.001) measurements). 
This was also reflected in the significant increase of the Dice coefficients and Hausdorff 
distance after basal correction (p<0.001). This is in agreement with a recent study, showing 
an improvement of the agreement between automatic and manual segmentation when 
manually adjusting the most basal slice 30. 

Large intra- and inter-observer variability is currently the greatest source of error when 
manually segmenting CMRs8,31 with more variability seen for the RV compared to LV due 
to the RV geometrical complexity18. Previously published inter-observer variability ranges 
from 2.6 -10.5% 32,33 for the LV and 6.2-14.1% 33,34 for the RV. The largest variability between 
manual readers also appears in the apical and basal slices 14 presumably due to low tissue 
contrast ratios, hypertrabeculation and unclear ventricular-atrial transition of especially 
the RV. The variability in contouring of the basal slice is illustrated in Supplementary 
Figure 1. The corresponding manual segmentations convey the difficulty to determine 
the anatomical boundaries of cardiac structures in these slices. We presumed that such 
variability also hampers performance of the automatic segmentation method. This limitation 
can be alleviated by increasing the size training set. To further improve performance of 
deep learning segmentation approaches, especially of basal and apical short-axis slices, 
future work could exploit anatomical information extracted from long-axis views (2, 3, 4 
chamber views) e.g. valve landmarks and apical point35,36. Furthermore, deep learning 
based CMR segmentation methods would benefit from short-axis volumes with higher 
through-plane resolution (e.g. using super-resolution)10,37,38. This would make application of 
3D segmentation approaches more feasible and hence, those models could potentially 
harness any inter-slice dependencies. Finally, using explicit topological prior information39 
for model optimization is a promising training approach to prevent automatic models from 
generating anatomically implausible segmentation.

Clinical implementation of deep learning methods
Depending on the stage of disease, ARVC patients show a wide variety of ventricular 
changes that can be observed on CMR: ventricular wall motion abnormalities (e.g. aneurysms, 
akinesia, dyskinesia), wall thinning (due to fibrofatty replacement of the myocardium), 
increased trabeculations, dilatation and decreased functional measurements, that are 
especially present in the RV2. These challenges make ARVC eminently suitable to study 
the performance of machine learning algorithms on the RV. Previously published algorithms 
showed better agreement for LV than RV volumes40. Although limits of agreement were 
smaller for the LV compared to the RV, we showed comparable segmentation performance 
for RV and LV CMR measurements in this heterogenous study population. Furthermore, 
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contribute to full automatization and standardization of the CMR TFC. 

Combining automatic segmentation with manual correction of the most basal slice, 99% 
of the CMR TFC were correctly classified, with misclassification of only one patient from 
major to minor CMR TFC. Moreover, one could argue that this latter classification falls within 
measurement error, and it did not change the diagnosis (total TFC score went from 5 to 
4). Although the absolute differences in volumetric and functional parameters were small, 
due to the absolute cutoff values used for the CMR TFC, differences in classification can 
theoretically exist when the difference is as small as 1 ml/m2, and clinical interpretation 
of automatic measurements remains important. Notably, CMR is no gold standard for the 
diagnosis of ARVC, but rather part of the diagnostic process.  

CONCLUSIONS

Automatic deep learning-based CMR segmentation has the ability to provide a fast, 
standardized and reproducible method to measure RV and LV volumetric parameters on 
CMR. We demonstrate that the applied automated segmentations have a good agreement 
with manual segmentations. Furthermore, combining automatic segmentation with manual 
correction of the segmentation in the most basal slice results in accurate CMR TFC 
classification of subjects suspected of ARVC. 

List of abbreviations
ARVC= arrhythmogenic right ventricular cardiomyopathy
CMR= cardiovascular magnetic resonance
DRN= Dilated Residual Network
ED= end-diastole
EDV= end-diastolic volume
EDVI= end-diastolic volume index
EF= ejection fraction
ES= end-systolic
ESV= end-systolic volume
ESVI= end-systolic volume index
LV= left ventricle 
RV= right ventricle
SV= stroke volume 
TFC= task force criteria
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Corrected automated measurements with simulated correction of the most basal slice
ACM patients

(n=37)
At-risk ACM group (n=66) Control group

(n=54)
p-value

Manual measurements
Right ventricle
EF 47.1 ± 9.0**‡ 55.5 ± 5.9 56.2 ± 6.1 <0.001
SV 99.0 ± 15.9‡ 92.7 ± 18.3 99.5 ± 23.4 0.116
EDV 218.1 ± 53.2**‡ 168.6 ± 34.9 178.1 ± 41.3 <0.001
EDVI 111.6 ± 25.4**‡ 93.7 ± 14.8 92.9 ± 18.5 <0.001
ESV 119.1 ± 45.8**‡ 76.0 ± 20.8 78.6 ± 22.6 <0.001
ESVI 60.8 ± 22.7**‡ 42.1 ± 9.9 41.1 ± 11.2 <0.001
Left ventricle
EF 53.3 ± 5.7**‡ 56.4 ± 4.4 56.7 ± 5.3 0.003
SV 101.0 ± 18.1 94.6 ± 18.3 101.3 ± 23.1 0.133
EDV 190.5 ± 33.4‡ 168.6 ± 33.6 179.0 ± 38.3 0.011
EDVI 97.5 ± 14.3 93.6 ± 12.8 93.2 ± 16.0 0.322
ESV 89.6 ± 20.7**‡ 74.0 ± 18.3 77.7 ± 19.0 0.001
ESVI 45.6 ± 8.7**‡ 41.0 ± 7.9 40.5 ± 8.9 0.010
Corrected automatic measurements
Right ventricle
EF 48.3 ± 9.6**‡ 56.1 ± 6.0 57.2 ±7.4 <0.001
SV 98.7 ± 20.7 91.6 ± 21.0 99.0 ± 27.3 0.159
EDV 210.1 ± 50.5**‡ 164.1 ± 35.5 173.2 ± 42.3 <0.001
EDVI 107.4± 23.8**‡ 91.1 ± 14.9 90.1 ± 18.5 <0.001
ESV 111.4 ± 41.8**‡ 72.5 ± 19.3 74.1 ± 22.2 <0.001
ESVI 56.9 ± 20.7**‡ 40.2 ± 9.0 38.8 ± 11.1 <0.001
Left ventricle
EF 54.6 ± 5.2**‡ 57.8 ± 4.9 58.1 ± 5.2 0.003
SV 100.7 ± 18.0 94.9 ± 18.1 101.3 ± 23.7 0.173
EDV 185.4 ± 33.4‡ 165.1 ± 33.0 174.2± 37.5 0.018
EDVI 94.8 ± 14.4 91.7 ± 12.9 90.7 ± 15.5 0.376
ESV 84.7 ± 19.5**‡ 70.2 ± 18.2 72.9 ±17.6 0.001
ESVI 43.2 ± 8.5**† 38.9 ± 8.1 38.0 ± 8.4 0.011

Significant difference 0.01-0.05 (*) or (**<0.01) between control and ACM patients
Significant difference 0.01-0.05 (†) or (‡<0.01) between at-risk and ACM patients
Abbreviations as in manuscript

SUPPLEMENTARY MATERIAL

Supplementary Table 1 CMR measurements stratified per subgroup

Uncorrected automated data
ACM patients

(n=37)
At-risk ACM group (n=66) Control group

(n=54)
p-value

Manual measurements
Right ventricle
EF 47.1 ± 9.0**‡ 55.5 ± 5.9 56.2 ± 6.1 <0.001
SV 99.0 ± 15.9‡ 92.7 ± 18.3 99.5 ± 23.4 0.116
EDV 218.1 ± 53.2**‡ 168.6 ± 34.9 178.1 ± 41.3 <0.001
EDVI 111.6 ± 25.4**‡ 93.7 ± 14.8 92.9 ± 18.5 <0.001
ESV 119.1 ± 45.8**‡ 76.0 ± 20.8 78.6 ± 22.6 <0.001
ESVI 60.8 ± 22.7**‡ 42.1 ± 9.9 41.1 ± 11.2 <0.001
Left ventricle
EF 53.3 ± 5.7**‡ 56.4 ± 4.4 56.7 ± 5.3 0.003
SV 101.0 ± 18.1 94.6 ± 18.3 101.3 ± 23.1 0.133
EDV 190.5 ± 33.4‡ 168.6 ± 33.6 179.0 ± 38.3 0.011
EDVI 97.5 ± 14.3 93.6 ± 12.8 93.2 ± 16.0 0.322
ESV 89.6 ± 20.7**‡ 74.0 ± 18.3 77.7 ± 19.0 0.001
ESVI 45.6 ± 8.7**‡ 41.0 ± 7.9 40.5 ± 8.9 0.010
Uncorrected automatic measurements
Right ventricle
EF 49.2 ± 9.0**‡ 56.9 ± 5.8 57.4 ±7.7 <0.001
SV 98.5 ± 21.8 90.2 ± 20.5 97.0 ± 26.6 0.139
EDV 204.7 ± 51.0**‡ 159.9 ± 35.3 169.2 ± 41.9 <0.001
EDVI 104.6 ± 24.0**‡ 88.7 ± 15.1 88.0 ± 18.1 <0.001
ESV 106.2 ± 39.5**‡ 69.7 ± 19.4 72.3 ± 22.7 <0.001
ESVI 54.3 ± 19.5**‡ 38.6 ± 8.9 37.7 ± 11.1 <0.001
Left ventricle
EF 55.6 ± 5.7**‡ 58.7 ± 5.6 59.3 ± 5.3 0.005
SV 102.8 ± 17.9 95.8 ± 17.0 102.6 ± 22.6 0.091
EDV 186.2 ± 32.8‡ 164.6 ± 32.3 173.5 ± 36.9 0.010
EDVI 95.3 ± 14.3 91.4± 12.7 90.4 ± 15.4 0.246
ESV 83.3 ± 20.0**‡ 68.8 ± 19.2 70.9 ±18.3 0.001
ESVI 42.5 ± 9.0**† 38.1 ± 8.7 36.9 ± 8.5 0.009

Significant difference 0.01-0.05 (*) or (**<0.01) between control and ACM patients
Significant difference 0.01-0.05 (†) or (‡<0.01) between at-risk and ACM patients
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Supplementary Figure 3. Bland-Altman plots of left ventricular CMR measurements 
Absolute agreement between: (top row) manuals vs. uncorrected automatic CMR measurements; and (bottom row) 
manuals vs. automatic + basal correction CMR measurements. Data points are stratified by disease classification 1) 
ACM patients (in black); 2) at-risk family members (in blue) and 3) control subjects (in orange). 
Abbreviations as in manuscript. 

Supplementary Figure 4. Boxplots depicting RV and LV function and dimension.
This data represents the basal uncorrected automatic data. CMR measurements are given for controls, at-risk family 
members and ACM patients, stratified per method (manual [orange] vs. automatic [blue]). 
Abbreviations: EDVI= end-diastolic volume index; EF= ejection fraction; LV= left ventricle; RV= right ventricle
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Supplementary Figure 1. Examples illustrating RV shape variability in manual reference segmentations for basal 
slices. 
Shown are original CMR without (top row) and with (bottom row) manual reference segmentations of the left (yellow) 
and right (blue) ventricle. 

Supplementary Figure 2. Bland-Altman plots of right ventricular CMR measurements 
Absolute agreement between: (top row) manuals vs. uncorrected automatic CMR measurements; and (bottom row) 
manuals vs. automatic+ basal correction CMR measurements. Data points are stratified by disease classification 1) 
ACM patients (in black); 2) at-risk family members (in blue) and 3) control subjects (in orange). 
Abbreviations as in manuscript. 
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Supplementary Figure 5. Classification of CMR criteria of TFC (no, minor and major) for manual and uncorrected 
automatic CMR measurements. The thick blue arrows indicate the matching subjects (between manual and 
automatic), the thinner blue arrows indicate the number of patients that change CMR classification category when 
using automated measurements. Cohen’s Kappa between manual and automatic measurements was κ 0.82±0.05. 
Minor TFC, sensitivity 32% and specificity 100%; major TFC, sensitivity 58% and specificity 99%). Abbreviations: CMR= 
cardiovascular magnetic resonance; N= number of subjects; TFC= task force criteria
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INTRODUCTION

Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) is an inherited 
cardiomyopathy characterized by ventricular dysfunction and an increased risk of sudden 
cardiac death.1 Starting with the seminal discovery of mutations in Plakoglobin (JUP), 
we now know that ARVD/C is a disease of the cardiac desmosomes in around 60% of 
cases.2 Desmosomes are complex multiprotein structures providing mechanical support to 
adjacent cardiomyocytes.1 They are found throughout the heart, including the atria. As such, 
the tendency of this disease to preferentially involve the ventricles is remarkable, since in 
animal studies the atria are also affected on a histopathological level . 3,4

Only a few small studies focused on atrial involvement in ARVD/C, showing atrial 
arrhythmias (AA) in a substantial amount of ARVD/C patients.5-8 However, these studies 
often lacked information on atrial structure and function, which may precede AA. Also no 
genotype-specific subanalysis was performed. Therefore, it remains unclear whether AA 
are secondary to ventricular dysfunction or a primary result of atrial alterations. 

Over the last years, cardiac magnetic resonance (CMR) imaging has gained popularity as the 
modality of choice for the evaluation of ARVD/C, allowing for noninvasive morphological and 
functional evaluation, as well as tissue characterization in a single investigation.9-10 CMR is 
especially useful for evaluation of the atria, which are difficult to visualize using other imaging 
techniques.11 We hypothesize that structural or functional abnormalities in the atria may be 
observed by CMR in ARVD/C patients, regardless of the degree of ventricular dysfunction.

Through a cross-sectional study of CMR imaging in a large cohort of ARVD/C patients, we 
investigated the influence of genotype on structural and functional atrial abnormalities and 
AA in ARVD/C. 

METHODS

Study population
Participants were identified from the University Medical Center ARVD/C registry. This 
registry was established in 2000 and prospectively enrolls ARVD/C patients and family 
members with a known or possible history of ARVD/C. We included 71 registry enrollees 
who fulfilled the 2010 revised diagnostic Task Force Criteria (TFC) for definite ARVD/C12 
and underwent both CMR (with the images available for analysis) and molecular genetic 
analyses. As a control group, we included 40 consecutive individuals with idiopathic right 
ventricular outflow tract (RVOT) tachycardia who underwent CMR using the same ARVD/C 
protocol. The study was approved by the local Institutional Review Board.

ABSTRACT

Introduction: Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy (ARVD/C) is 
associated with desmosomal mutations. Although desmosomal disruption affects both 
ventricles and atria, little is known about atrial involvement in ARVD/C.

Objective: To describe the extent and clinical significance of structural atrial involvement 
and atrial arrhythmias (AA) in ARVD/C stratified by genotype.   

Methods: We included 71 patients who met ARVD/C Task Force Criteria and underwent 
Cardiac Magnetic Resonance (CMR) imaging and molecular genetic analysis. Indexed atrial 
end-diastolic volume and area-length-ejection-fraction (ALEF) were evaluated on CMR and 
compared to controls with idiopathic right ventricular outflow tract tachycardia (n=40). The 
primary outcome was occurrence of AA (atrial fibrillation or atrial flutter) during follow-up, 
recorded by 12-lead ECG, Holter monitoring or implantable cardioverter defibrillator (ICD) 
interrogation.

Results: Patients harbored a desmosomal Plakophilin-2 (PKP2)(n=37) or non-desmosomal 
Phospholamban (PLN) (n=14) mutation. In 20 subjects, no pathogenic mutation was 
identified. Compared to controls, right atrial (RA) volumes were reduced in PKP2 (p=0.002) 
and comparable in PLN (p=0.441) mutation carriers. In patients with no mutation identified, 
RA (p=0.011) and left atrial (p=0.034) volumes were increased. Bi-atrial ALEF showed no 
significant difference between the groups. AA were experienced by 27% of patients and 
occurred equally among PKP2 (30%) and no mutation identified patients (30%), but less 
among PLN mutation carriers (14%). 

Conclusion: Genotype influences atrial volume and occurrence of AA in ARVD/C. While 
the incidence of AA is similar in PKP2 mutation carriers and patients with no mutation 
identified, PKP2 mutation carriers have significantly smaller atria. This suggests a different 
arrhythmogenic mechanism. 

Keywords: Arrhythmogenic Right Ventricular Dysplasia/ Cardiomyopathy, atria, genotype, 
Cardiac Magnetic Resonance imaging. 
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Figure 1: Example of RA measurements 
Left picture= atrial end-systolic measurement; Right picture= atrial end-diastolic measurement; 75.2 
mm= length; 50.4 mm= width

Molecular genetic analysis:
Comprehensive molecular genetic analysis was performed on desmosomal genes 
encoding plakophilin-2 (PKP2), desmoplakin (DSP), plakoglobin (JUP), desmoglein-2 
(DSG2), desmocollin-2 (DSC2) and the non-desmosomal genes phospholamban (PLN) and 
transmembrane protein-43 (TMEM43) in all probands (first person in a family with confirmed 
definite ARVD/C diagnosis). In order to maximize genetic homogeneity within mutation 
groups, exclusively PKP2 as desmosomal and PLN as non-desmosomal mutation carriers 
were selected for inclusion in the present study based on major mutated gene prevalence 
in The Netherlands.17 Family members had comprehensive molecular genetic analysis or 
were screened for the mutation already identified in the proband.

Outcome measures:
Patients were treated at the discretion of the managing physician. The primary outcome 
of the study was the occurrence of AA, which were categorized as atrial fibrillation (AF) 
or atrial flutter (AFL). The included AA had at least one episode lasting ≥30s. This was 
ascertained through medical record review as recorded by 12-lead ECG, Holter monitoring 
or implantable cardioverter defibrillator (ICD) interrogation. AA diagnosed exclusively during 
electrophysiologic study were excluded.

Secondary outcome measures included the development of a life-threatening ventricular 
arrhythmia (a composite measure of sustained ventricular tachycardia, ventricular fibrillation, 
or appropriate ICD intervention),18 stage C heart failure 19 and cardiac death.

Clinical information
Detailed clinical information regarding demographics, presentation, family history and 
noninvasive and invasive studies was obtained for each ARVD/C patient. All patients 
underwent 12-lead ECG, which was evaluated for presence of repolarization (T-wave 
inversions in V1-2 or beyond) or depolarization (epsilon waves or terminal activation 
duration ≥55ms) criteria for ARVD/C. No individual received medication known to affect 
ventricular depolarization or repolarization at the time of ECG acquisition. Twenty-four hour 
Holter monitoring was evaluated for atrial and ventricular arrhythmias, including premature 
ventricular complex (PVC) count (n=62). The diagnosis of ARVD/C was based on the 2010 
revised TFC.12 ARVD/C was diagnosed when ≥4 TFC points from different categories were 
fulfilled; thus 2 major, 1 major plus 2 minor, or 4 minor criteria sufficed for a definite ARVD/C 
diagnosis.12

CMR acquisition
All 111 participants (71 ARVD/C patients and 40 controls) underwent CMR examination on a 
1.5T MRI scanner (Achieva, Philips, Best, The Netherlands) using a standardized protocol, as 
described in detail previously.13 In short, we performed ECG-gated breathhold steady-state-
free-precession (SSFP) images (2-chamber right (RV) and left ventricle (LV), left and right 
ventricular outflow tract, full atrial and ventricular coverage 4-chamber and full ventricle 
coverage short-axis views), transversal T1-weighted black-blood images, quantitative flow-
measurement using phase contrast through plane velocity mapping over the tricuspid and 
pulmonary valves and phase-sensitive inversion recovery delayed gadolinium enhancement 
images. 

CMR analysis
Atrial and ventricular volume and function were evaluated on a workstation with semi-
automated contour tracing software (View Forum cardiac package version R5.1V1L2.SP3, 
Philips, Best, The Netherlands). Atrial dimensions and function were evaluated on the 
4-chamber SSFP images. The end-systolic and end-diastolic images were defined visually 
as the image with the smallest (at closure of the atrioventricular (AV) valve) and largest (just 
before opening of the AV valve) atrial cavity size.14 The area-length-ejection-fraction (ALEF) 
was used to estimate atrial function, with exclusion of the atrial appendages and pulmonary 
veins. Atrial length was measured on atrial end-diastolic 4-chamber views. Atrial width was 
defined as a perpendicular line halfway along the atrial length line, making sure to avoid the 
inclusion of the atrial appendages or pulmonary veins (Figure 1). Ventricular volumes and 
function were measured on the short-axis cine images.15 Atrial and ventricular end-diastolic 
(EDV) and end-systolic volumes (ESV) were corrected for body surface area (BSA) according 
to the DuBois formula.16 The tricuspid regurgitation fraction was evaluated for every patient.
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Table 1: Patients characteristics
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Table 1. Patients characteristics 

 
Mean values ± standard deviation; number (%)  
Abbreviations: CMR= cardiac magnetic resonance; PKP2= Plakophilin-2; PLN= 
Phospholamban; TFC= Task Force Criteria.

 
	 ARVD/C	

(n=71)	
Male	 41	(58)	
Age	at	CMR		 46.4	±	15.8	
	 	
Mutation	burden	 	
Mutation-positive	desmosomal	 	
				PKP2	 37	(52)	
Mutation-positive	non-desmosomal	 	
				PLN	mutation	 14	(20)	
No	mutation	identified		 20	(28)	
	 	
Clinical	Phenotype	 	
Repolarization	TFC	 48	(68)	
				Major	 31	(44)	
				Minor	 17	(24)	
Depolarization	TFC	 53	(75)	
				Major	 7	(10)	
				Minor	 53	(75)	
Arrhythmia	TFC	 65	(92)	
				Major	 28	(39)	
				Minor	 65	(92)	
Structural	TFC	 64	(90)	
				Major	 59	(83)	
				Minor	 5	(7)	
Family	history	TFC	 46	(65)	
			Major	 45	(63)	
			Minor	 3	(4)	

Mean values ± standard deviation; number (%) 
Abbreviations: CMR= cardiac magnetic resonance; PKP2= Plakophilin-2; PLN= Phospholamban; TFC= Task Force 
Criteria.

Results are shown in Table 2. Compared to the control population, PKP2 ARVD/C patients 
had reduced right atrial (RA) volume (45.9 ± 13.0 vs. 37.9 ± 17.2 ml/m2, p= 0.002) with 
preserved function (RA ALEF 44.9 ± 8.7 vs. 44.9 ± 8.9%, p=0.862) and comparable left atrial 
(LA) parameters. In contrast, both RA and LA volume and function were similar between 
PLN mutation carriers and controls. Compared to the controls, patients with no mutation 
identified had increased RA (RA EDV/BSA 45.9 ± 13.0 vs. 60.4 ± 28.0 ml/m2, p=0,011) and LA 
volumes (LA EDV/BSA 45.3 ± 12.0 vs. 52.3 ± 15.7 ml/m2, p=0.034), with preserved bi-atrial 
function. Interestingly, RA and LA volumes increased and RA function decreased in patients 
with no mutation identified and PLN mutation carriers when compared to PKP2 mutation 
carriers. This trend reached statistical significance for RA length, RA EDV/BSA, and RA ESV/
BSA (Table 2). Regarding ventricular measurements, LV and RV volumes (p= 0.425 and 
p=0.286) and also RV function (p=0.228) were comparable between ARVD/C patients with 
different genotypes (Table 2). However, LV function differed significantly among genotypes 
(p=0.024) with the PLN mutation carriers having lowest LV function and PKP2 mutation 
carriers having highest LV function.   

Statistical analysis
All continuous data are expressed as mean ± SD or median (interquartile range [IQR]) and 
categorical variables as numbers (percentages). Continuous data were compared using the 
independent Student t-test, Mann-Whitney U test or the Kruskal-Wallis test, and categorical 
data using chi-square or Fisher exact tests where appropriate. Comparison of more than 
two groups was done with one-way ANOVA or Kruskal-Wallis for continuous data and chi-
square test was used for categorical data. A p-value <0.05 was considered significant. 
Statistical calculations were performed using SPSS version 19.0 (IBM, Chicago, Illinois).

RESULTS

Study population
We included 71 definite ARVD/C patients and 40 control subjects with idiopathic RVOT 
tachycardia. Baseline characteristics of ARVD/C patients are shown in Table 1. There 
were no significant differences between ARVD/C subjects and controls in age (46.4 ± 
15.8 vs. 45.4 ± 15.2 years, p=0.748), gender (58 vs. 68% males, p=0.311) and occurrence of 
secondary diseases (diabetes (p=0.889), hypertension (p=0.075), obesity (p= 0.853)). Table 2  
compares global and regional CMR volumes and function between ARVD/C patients and 
controls. As expected, ARVD/C patients had higher RV EDV/BSA (124.6 ± 39.1 vs. 96.2 ± 21.3 
ml/m2, p<0.001) and lower RV ejection fraction (EF) (39.2 ± 10.4 vs. 54.3 ± 4.8%, p<0.001) than 
control subjects. There were no significant differences in LV volume (96.0 ± 19.4 ARVD/C vs. 
96.2 ± 15.7 ml/m2 controls, p=0.822) and LV EF (54.3 ± 8.7 ARVD/C vs. 57.2 ± 5.5% controls, 
p=0.074) between the groups.

Structural atrial evaluation by CMR
First we set out to compare atrial volume and function between ARVD/C patients and 
controls. Since we hypothesized that the presence of a desmosomal mutation would impact 
atrial morphology and function, we stratified our analyses by mutation burden: ARVD/C 
patients were classified as mutation-positive desmosomal with a PKP2 (n=37) mutation, 
mutation-positive non-desmosomal PLN (n=14) and patients with no mutation identified 
(n=20). Detailed description of the pathogenic mutations identified in the ARVD/C patients 
are provided in Supplementary Table 1. These 3 groups were compared to each other as 
well as to the controls.
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occurred in 21%, 2 (11%) patients experienced both types of AA. In 10 of the 19 patients with 
AA the first episode was recorded by 12-lead ECG (after complaints of the patient), in 8 
by ICD interrogation (2 discovered after inappropriate ICD intervention) and in 1 with 24 
hour Holter monitoring. In 3 patients AFL was seen, which was diagnosed by ECG, 24-hour 
Holter monitoring and ICD interrogation, respectively. In 12 of the 19 patients with AA at least 
one other episode of AA was recorded during follow-up. 

Table 3 shows a comparison of demographic and clinical characteristics of ARVD/C 
patients with and without AA. Compared to those without AA, patients with arrhythmias 
were more likely to be male (79 vs. 50%, p=0.029), and presented with ARVD/C at an older 
age (48.9 ± 16.9 vs. 40.1 ± 14.8 years, p=0.036). The incidence of secondary diseases that 
could influence atrial structure (diabetes, hypertension and obesity) did not differ between 
patients with and without AA. 

 Patients with and without AA had comparable LA and RA volume and function. The patients 
with AA had significantly more often left bundle branch block ventricular tachycardia 
morphology with inferior or unknown axis (p=0.040) and major structural abnormalities on 
cardiac imaging (p=0.022) than subjects without AA. All other domains of the TFC were 
similarly divided between the two groups. 

An ICD was present in 27/37 (73%) PKP2 mutation carriers, 10/14 (71%) PLN mutation carriers 
and 10/20 (50%) patients with no mutation identified. This  distribution was not significantly 
different (p=0.194). An ICD was present in all patients who had AA during follow-up, 
however in 5/19 (26%) patients the first AA event occurred prior to ICD implantation. First 
AA occurrence did not significantly (p=0.132) differ among patients with or without ICD. 

During 7.9 ± 6.3 years of follow-up (similar between the groups), the likelihood of experiencing 
a life-threatening ventricular arrhythmia (84 vs. 40%, p=0.001) and inappropriate ICD 
intervention (26 vs 4%, p=0.033) was significantly higher in the AA group. Although it did not 
reach statistical significance, patients with AA were also more likely to develop heart failure 
(11 vs 0%, p=0.069) or die during follow-up (11 vs. 2%, p=0.173). 

The influence of genotype on atrial arrhythmias
As shown in Table 3, AA were recorded in 11/37 (30%) PKP2 mutation carriers, 2/14 (14%) PLN 
mutation carriers and 6/20 (30%) patients with no mutation identified. While PKP2 mutation 
carriers had the smallest atria in univariate analyses (RA EDV/BSA 37.9 ± 17.2 and LA EDV/
BSA 45.7 ± 14.0 ml/m2), the prevalence of AA was similar to patients with no mutation 
identified with the largest atria (RA EDV/BSA 60.4 ± 28.0 and LA EDV/BSA 52.3 ± 15.7 ml/m2).   

Finally, we also compared the structural parameters of the atria and ventricles in probands 
and family members (Supplementary Table 2). Right ventricular and RA EDV/BSA are 
significantly larger in probands (136.6 ± 107.6 and 53.3 ± 25.0 ml/m2, respectively) than in 
family members (107.6 ±  33.2 and 36.9 ±  14.9 ml/m2, respectively) The left ventricular and 
LA parameters were similar. 

Table 2: Structural evaluation with CMR of ARVD/C patients stratified by mutation status.
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Table 2. Structural evaluation with CMR of ARVD/C patients stratified by mutation status. 

 
Mean 

values ± standard deviation; number (%);*Significantly different from control (p<0.05); 
 +Trend between 71 ARVD/C patients stratified by mutation burden.  
Abbreviations: ALEF= area length ejection fraction (%); BSA= body surface area (m2); CMR= 
cardiac magnetic resonance; EDV= end diastolic volume (mL); EF= ejection fraction (%); ESV= end 
systolic volume (mL); LA= left atrium; PKP2= Plakophilin-2; PLN= Phospholamban; SV= stroke 
volume (ml).  
 
 
 
 
 
 
 

	 Control	
	(n=40)	

Overall		
ARVD/C	
(n=71)	

PKP2	
ARVD/C		
(n=37)	

PLN	
ARVD/C	
(n=14)	

No	mutation	
identified	
ARVD/C	
(n=20)	

p-value		
for	trend+	

Male	 27	(68)	 41	(58)	 15	(75)	 6	(43)	 20	(54)	 0.141	
Age	at	CMR	 45.4	±	15.2	 46.4	±	15.8	 44.1	±	16.4	 48.6	±	10.7	 49.2	±	17.6	 0.444	
	 	 	 	 	 	 	
LA	ALEF	 61.3	±	10.0	 55.8	±	12.8*	 56.0	±	11.4	 55.5	±	14.0	 55.5	±	15.0	 0.980	
LA	length	 56.8	±	6.9	 59.4	± 9.9 57.7	±	9.5	 58.7	±	11.9	 62.9	±	8.4*	 0.162	
LA	width	 45.6	±	5.6	 44.8	±	8.9	 44.5	±	8.3		 43.1	±	9.4	 46.4	±	9.8	 0.549	
LA	EDV/BSA	 45.3	±	12.0	 48.3	±	14.9	 45.7	±	14.0	 48.1	±	15.4	 52.3	±	15.7*	 0.181	
LA	ESV/BSA	 18.3	±	7.9	 22.1	±	14.2	 20.4	±	8.8	 22.3	±	13.0	 24.1	±	12.1*	 0.319	
LA	SV	 53.9	±	11.9	 51.3	±	19.5	 49.0	±	18.2	 49.3	±	18.0	 56.8	±	22.6	 0.337	
	 	 	 	 	 	 	
LV	EF	 57.2	±	5.5	 54.3	±	8.7	 56.2	±	9.3	 48.9	±	7.2*	 54.6	±	6.8	 0.024	
LV	EDV/BSA	 96.2	±	15.7	 96.0	±	19.4	 95.2	±	15.1	 103.1	±	28.9	 94.9	±	18.7	 0.425	
LV	ESV/BSA	 41.3	±	9.2	 46.7	±	20.7	 45.5	±	24.3	 55.0	±	20.8*	 42.6	±	9.5	 0.346	
	 	 	 	 	 	 	
RA	ALEF	 44.9	±	8.7	 41.9	±	12.7	 44.9	±	8.9	 39.9	±	15.2	 37.9	±	15.8	 0.197	
RA	length	 59.6	±	6.8	 58.0	±	9.3	 54.8	±	7.7*	 58.5	±	8.0	 63.7	±	10.2	 0.002	
RA	width	 48.7	±	7.4	 48.0	±	9.9	 45.8	±	7.4*	 50.3	±	7.7	 50.4	±	14.0	 0.152	
RA	EDV/BSA	 45.9	±	13.0	 47.2	±	23.2	 37.9	±	17.2*	 51.3	±	17.6	 60.4	±	28.0*	 <0.001	
RA	ESV/BSA	 25.0	±	7.0	 29.2	±	21.1	 22.2	±	13.1*	 31.6	±	15.5	 39.5	±	29.6*	 <0.001	
RA	SV	 41.7	±	17.2	 36.6	±	16.0	 33.3	±	11.6*	 37.8	±	16.9	 42.0	±	21.0	 0.139	
	 	 	 	 	 	 	
RV	EF	 54.3	±	4.8	 39.2	±	10.4*	 37.8	±	10.5*	 38.5	±	12.4*	 42.7	±	7.9*	 0.228	
RV	EDV/BSA	 96.2	±	21.3	 124.6	±	39.1*	 132.8	±	43.7*	 119.0	±	33.0*	 116.4	32.9* 0.286	
RV	ESV/BSA	 47.8	±	22.3	 78.4	±	35.6	 86.7	±	41.2*	 73.4	±	30.7*	 66.9	±	23.1*	 0.176	

 
Mean values ± standard deviation; number (%);*Significantly different from control (p<0.05);
 +Trend between 71 ARVD/C patients stratified by mutation burden. 
Abbreviations: ALEF= area length ejection fraction (%); BSA= body surface area (m2); CMR= cardiac magnetic 
resonance; EDV= end diastolic volume (mL); EF= ejection fraction (%); ESV= end systolic volume (mL); LA= left atrium; 
PKP2= Plakophilin-2; PLN= Phospholamban; SV= stroke volume (ml). 

Atrial arrhythmias
Characteristics of atrial arrhythmias
Among the 71 definite ARVD/C patients, 19 (27%) individuals experienced one or more types 
of AA during 7.9 ± 6.3 years of follow-up. Mean age at first AA was 54.1 ± 18.2 years, and 
15 (79%) were male. The first AA episode was recorded a median of 2.6 (range 0.7-7.8) 
years after presentation. Two (11%) patients had an AA episode prior to the first sustained 
ventricular arrhythmia and 3 (16%) patients exclusively had AA without any recorded 
ventricular arrhythmias. AF was the most common type of arrhythmia (89%), whereas AFL 
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Although all patients with AA experienced their first (recorded) event within 3 months 
prior to or after CMR, we next set out to exclude the possibility that the structural atrial 
changes were driven by the occurrence of AA. Therefore, we compared atrial volumes 
and function between genotypes stratifying for AA (Figure 2). Even with stratified analyses, 
the differences in RA volume and function persisted between the three groups: RA volume 
increased and RA function decreased in the PLN mutation carriers and even more in 
patients with no mutation identified compared to the PKP2 mutation carriers. Importantly, 
only 2 patients with no mutation identified and one PKP2 ARVD/C patient had > 5% tricuspid 
regurgitation, with one having >10% regurgitation. Significant differences between the 3 
groups still persisted after excluding these 3 patients. Event-free survival did not significantly 
differ when comparing PKP2, PLN and no mutation identified patients (log rank= 0.742) as 
can be seen in Figure 3. 

Figure 2: RA and LA volume and function stratified by AA
Abbreviations: AA= atrial arrhythmias; ALEF= area-length-ejection-fraction; EDV/BSA= end diastolic 
volume/ body surface area; LA= left atrium; RA= right atrium.

Table 3: ARVD/C Patients Stratified by AA 
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Table 3. ARVD/C Patients Stratified by AA  
	 Overall	

(n=71)	
AA	

	(n=19)	
No	AA	
(n=52)	

p-value	

Male		 41	(58)	 15	(79)	 26	(50)	 0.029	
Age	at	presentation	(years)	 42.4	±	15.7	 48.9	±	16.9	 40.1	±	14.8	 0.051	
Age	at	first	AA	(years)	 -	 54.1	±	17.7	 -	 -	

Proband	
Diabetes	
Hypertension	
Obesity	
	
CMR	parameters	
				LA	ALEF	
				LA	EDV/BSA	
				RA	ALEF	
				RA	EDV/BSA	

27	(38)	
2	(4)	
4	(6)	

7/60	(12)	
	
	

55.8	±	12.8	
48.3	±	14.9	
41.9	±	12.7	
47.2	±	23.2	

	

5	(26)	
1	(5)	
2	(10)	

2/17	(12)	
	
	

52.9	±	16.5	
47.1	±	15.3	
39.4	±	11.6	
60.0	±	34.9	

																																	

22	(42)	
1	(2)	
2	(4)	

5/43	(12)	
	
	

56.8	±	11.2	
48.8	±	14.8	
42.9	±	13.1	
42.5	±	14.9	

0.075	
0.451	
0.280	
0.988	
	
	

0.612	
0.745	
0.198	
0.058	

	
Genotype	
				PKP2	ARVD/C	 37	(52)	 11	(58)	 26	(50)	 0.556	
				PLN	ARVD/C	 14	(20)	 2	(11)	 12	(23)	 0.239	
				No	mutation	identified	ARVD/C	 20	(28)	 6	(32)	 14	(27)	 0.699	
	 	 	 	 	
Phenotype	
Repolarization	criteria	 48	(68)	 13	(68)	 35	(67)	 0.929	
				TWI	V1-3	 31	(44)	 11	(58)	 20	(38)	 0.144	
				TWI	V1-2	 9	(13)	 1	(5)	 8	(15)	 0.428*	
				TWI	V4-6	 7	(10)	 0	(0)	 7	(13)	 0.178*	
				TWI	V1-4	w/	CRBBB	 1	(1)	 1	(5)	 0	(0)	 0.268*	
Depolarization	criteria	 53	(75)	 17	(89)	 36	(69)	 0.083	
				Epsilon	wave	 7	(10)	 3	(16)	 4	(8)	 0.375*	
				Prolonged	TAD	 45	(63)	 12	(63)	 33	(63)	 0.981	
Arrhythmia	criteria	 65	(92)	 19	(100)	 46	(88)	 0.122	
				LBBB	superior	axis	VT	 28	(39)	 11	(58)	 17	(33)	 0.054	
				LBBB	inferior/unkown	axis	VT	 42	(59)	 15	(79)	 27	(52)	 0.040	
				>500	PVCs	/	24	hrs	 51/62	(82)	 11/14	(79)	 40/48	(83)	 0.115	
Structural	criteria	 64	(90)	 19	(100)	 45	(87)	 0.092	
				Major	 59	(83)	 19	(100)	 40	(77)	 0.022	
				Minor	 5	(7)	 0	(0)	 5	(10)	 0.315*	
Family	history	criteria	 46	(65)	 12	(63)	 34	(65)	 0.862	
				Major	 45	(63)	 12	(63)	 33	(63)	 0.981	
				Minor	 3	(4)	 0	(0)	 3	(6)	 1.000*	
	 	 	 	 	
Disease	course	
Duration	of	follow-up	(years)	 7.9	±	6.3	 8.0	±	5.7	 7.9	±	6.6	 0.444	
Sustained	ventricular	arrhythmia	 37	(52)	 16	(84)	 21	(40)	 0.001	
Inappropriate	ICD	discharge	 6/47	(13)	 5/19	(26)	 1/28	(4)	 0.033*	
Heart	failure	 2	(3)	 2	(11)	 0	(0)	 0.069*	
Transplant	 0	(0)	 0	(0)	 0	(0)	 -	
Death	 3	(4)	 2	(11)	 1	(2)	 0.173*	
 

Mean values ±standard deviation; number (%); *Fisher exact test;  
Abbreviations: AA= atrial arrhythmias; CRBBB= complete right bundle branch block; ICD= implantable cardioverter 
defibrillator; LBBB= left bundle branch block; PKP2= Plakophilin-2; PLN= Phospholamban; PVC= premature ventricular 
complex; TAD= Terminal Activation Duration; TWI= T-Wave Inversion; VT= ventricular tachycardia. 
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DISCUSSION

This study aimed to describe the extent and clinical implications of structural atrial 
involvement in ARVD/C stratified by genotype. This study has three important results. First, 
our study shows that bi-atrial volume increased in ARVD/C patients with a PLN mutation 
or no mutation identified while the effect was opposite in ARVD/C patients with a PKP2 
mutation. Second, despite having smaller atria, the prevalence of AA is similar in PKP2 
mutation carriers compared to ARVD/C patients with no mutation identified, suggestive 
of a distinct pathophysiologic mechanism underlying atrial disease. Third, AA in ARVD/C 
patients increase the likelihood of experiencing inappropriate ICD interventions and are 
associated with life-threatening ventricular arrhythmias during 8 years of follow-up. 

Prior studies
The limited number of previous studies that examined atrial size in ARVD/C do not 
show uniform results. Two studies compared RA size on echocardiography in ARVD/C 
patients meeting the 1994 TFC with age and sex matched healthy controls. Yoerger et 
al. found significant RA enlargement in 29 patients,20 while Platonov et al. showed no 
atrial enlargement in 40 ARVD/C patients.6 Similar to our study, Tandri et al. measured RA 
dimension using CMR in 12 patients meeting the 1994 TFC, showing non-significant RA 
enlargement.21 They determined atrial size by measuring atrial dimensions. However, LA 
size is more accurately predicted by LA volume than by dimensions.22 In addition, none 
of these studies provides information about the patient’s genotype. Our study did not find 
a significant RA enlargement in the overall ARVD/C group. However, when stratified by 
genotype, significantly larger atria were found in patients with no mutation identified and 
significantly smaller atria in PKP2 mutation carriers, compared to our control group with 
idiopathic RVOT tachycardia. The pathophysiologic significance of this finding is still unclear. 
Since ARVD/C has genotypic and phenotypic overlap with idiopathic dilated cardiomyopathy 
(DCM), which is also known to result in atrial dilatation,23-25 it is possible that the structural 
differences between the different genotypes relate to this overlap area between ARVD/C 
and DCM. It may be possible that the smaller atria in desmosomal mutation carriers reflect 
atrial fibrosis that initially leads to a reduction in atrial size with preserved function. No 
previous study has histopathologically analyzed atrial tissue of human ARVD/C patients. 
However Basso et al. histopathologically examined 23 boxer dogs diagnosed with ARVD/C 
and observed fibrofatty replacement of the atrial myocardium in 35% of dogs.3 Identification 
of fibrosis in the thin atrial wall using conventional CMR with gadolinium enhancement is 
challenging and was not possible in our study. Future studies on humans, including high 
resolution CMR and histopathological studies are necessary to evaluate the influence of 
fibrosis on atrial size in ARVD/C.
 

Figure 3 Survival free from AA stratified by genotype
Cumulative survival free from atrial arrhythmias (AA) among patients stratified by genotype (PKP2, PLN 
and no mutation identified). 

We also analyzed whether increased atrial volumes and reduced function were a primary 
disease effect of ARVD/C on the atria or whether they were secondary to ventricular 
dysfunction. Ventricular function was a significant predictor of atrial function for both atria 
(effect of RV EF on RA ALEF beta=0.35, p=0.035; effect of LVEF on LA ALEF beta=0.57, 
p=0.002). In addition, ventricular dilatation was a significant predictor of atrial dilatation 
(effect of RV EDV/BSA on RA EDV/BSA beta =0.20, p=0.005; effect of LV EDV/BSA on 
LA EDV/BSA beta=0.32, p=0.002). Although this does not indicate etiology, these results 
suggest that atrial volume and function are significantly associated with ventricular 
morphology and function. Cause of death of the 2 patients with AA was heart failure and 
cerebral hemorrhage due to a head trauma after a ventricular tachyarrhythmia.

Finally, we compared the occurrence of atrial arrhythmias between probands and family 
members and saw no significant difference (Supplementary Table 2).
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In our study, ICD was not implanted in each patient. Although no significant difference is seen 
between AA occurrence in patients with and without ICD, this could influence results since 
ICD’s with continuous rhythm registration increase the chance of registering arrhythmias. 

We used single plane ALEF measures to evaluate atrial EF and volumes and no three-
dimensional atrial volume measurements. While CMR measures of diastolic function are 
currently less reliable than echocardiography, future studies will be necessary to further 
explore the role of diastolic dysfunction in atrial involvement in ARVD/C. To confirm the role 
of fibrosis in atrial dysfunction in ARVD/C, it would have been interesting to evaluate atrial 
fibrosis with CMR. However, the resolution of our CMR studies in combination with the thin 
atrial walls hampered reliable detection of atrial fibrosis. Recent new developments in CMR 
techniques now make it possible to visualize fibrosis in the thin atrial wall.29

CONCLUSION 

Our study shows that genotype influences bi-atrial volume  and the occurrence of AA in 
ARVD/C. Furthermore, AA in ARVD/C patients increases the likelihood of experiencing 
more inappropriate ICD interventions. These findings provide new insight in the influence 
of genotype on structural involvement in ARVD/C. 

Clinical perspective
Since approximately 60% of Arrhythmogenic Right Ventricular Dysplasia/Cardiomyopathy 
(ARVD/C) patients harbor a pathogenic desmosomal mutation, ARVD/C is generally 
considered a disease of the cardiac desmosome. Since desmosomes are also present in 
the atria, atrial involvement in ARVD/C is to be expected.  However, little is known about 
atrial involvement in ARVD/C and no study has been done to correlate structural atrial 
changes to genotype. 

In the present study we investigated the extent of structural atrial involvement in ARVD/C 
in comparison with genotype. We show that bi-atrial volume increased in ARVD/C patients 
without a PKP2 mutation while the effect is opposite in ARVD/C patients with a PKP2 
mutation. Despite having smaller atria, the prevalence of atrial arrhythmias is similar in PKP2 
mutation carriers compared to ARVD/C patients with no mutation identified, suggestive of 
a distinct pathophysiologic mechanism underlying atrial disease. These findings give us 
new insight into the role of genotype on structural changes in ARVD/C. This is important 
to recognize since atrial arrhythmias in ARVD/C turn out to increase the likelihood of 
experiencing inappropriate ICD interventions and are associated with life-threatening 
ventricular arrhythmias. 

We are the first to report on bi-atrial function in ARVD/C patients with different genotypes. 
We found lower LA atrial function in the overall ARVD/C patients compared to controls but 
no significant difference in bi-atrial function between the different genotypes. No normal 
reference values for atrial volume and function were available that used the same CMR 
protocol. We used idiopathic RVOT tachycardia patients as controls, since these individuals 
underwent the same CMR examination to rule out ARVD/C. The possible influence of RVOT 
tachycardia on the atria is unknown.

Atrial arrhythmias
An important finding of our study is that patients with a PKP2 mutation developed AA as often 
as patients with no mutation identified, despite significantly smaller atria among PKP2 mutation 
carriers. This suggests a different pathogenic role for PKP2 mutations in the development of 
AA which warrants further investigation. The influence of genotype on the occurrence of 
ventricular arrhythmias has been described by Bao et al.26 They see more frequent clinical 
ventricular tachycardia in patients with compared to those without a PKP2 mutation. 

Another important finding of our study is that AA in ARVD/C patients are associated 
with increased risk of sustained ventricular arrhythmias and inappropriate ICD shocks. 
Recently, Camm et al described that AA occur in 14% of ARVD/C patients, in whom they are 
associated with male gender, increasing age, and LA enlargement.5 Saguner et al found 
an incidence of 20% in their observational study. They suggest that the presence of AA 
in ARVD/C patients is associated with an adverse clinical outcome (inappropriate shocks, 
heart transplantation and cardiac death).27 However, structural data in these studies was 
based on echocardiographic reports, and did not specifically investigate an association 
with genotype. In our cohort, AA occurred in 27% of ARVD/C patients, and were associated 
with male gender and older age, similar to the data observed by Camm et al. The high rate 
(26%) of inappropriate ICD shocks in patients with AA in our cohort is concerning. Beyond 
doubt, ICD implantation is of great benefit for selected ARVD/C patients in the prevention 
of sudden cardiac death. However, strategic programming of arrhythmia detection criteria 
and ICD interventions is necessary to reduce the number of inappropriate interventions.28 
While it did not reach statistical significance, there was a trend towards higher incidence of 
cardiac death in patients with AA in our study. As mentioned by Camm et al., it is unclear 
whether this can be attributed to the AA or heart failure.5

Limitations 
ARVD/C studies, particularly involving CMR, are typically small in size. Our results need to 
be validated in a large prospective study with longitudinal imaging data. As all PLN mutation 
carriers harbored a single founder PLN mutation (c.40_42delAGA; p.Arg14del), all desmosomal 
mutation carried a PKP2 mutation and some (rare) non-desmosomal mutations were not 
analyzed (e.g. RYR, CTNNA3), our results may not be applicable to carriers of other mutations. 
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Supplementary Table 1. Pathogenic mutations identified in ARVD/C patients 
 

 
Abbreviations: No.= number; PKP2= Plakophilin-2; PLN= Phospholamban. 
 
 
 
 
 
 
 
 

Gene; n (%) Nucleotide change Amino Acid change No. of 
probands 

No. of family 
members 

Total 

PKP2; 36 (51)      

 c. 2386T>C p.Cys796Arg 2 2 4 

 c. 2489+4A>C p.Lys768fs 2 2 4 

 c.1848C>A p.Tyr616* 1 0 1 

 c.235C>T p.Arg79* 2 2 4 

 c.1211dup p.Val406fs 2 3 5 

 c.2146-1G>C p.Met716fs  3 2 5 

 c.397C>T p.Gln133* 1 2 3 

 c.1369_1372del p.Gln457* 1 1 2 

 c.2509del p.Ser837fs 1 0 1 

 Deletion exon 1-4  1 1 2 

 Deletion exon 1-14  1 3 4 

 Deletion exon 10  0 1 1 

 Deletion exon 7-14  1 0 1 

      

PLN; 14 (20)      

 c.40_42del p.Arg14del 9 5 14 

 
Abbreviations: No.= number; PKP2= Plakophilin-2; PLN= Phospholamban.
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Supplementary Table 2. ARVD/C patients stratified in proband and family members 

 
Mean values ±standard deviation; number (%); *Fisher exact test;  
Abbreviations: AA= atrial arrhythmias;  ICD= implantable cardioverter defibrillator;  
 
 
 
 
 
 
 
 
 
 
 
 

	 Overall	
(n=71)	

Proband	
	(n=44)	

Family	
member	
(n=27)	

p-value	

Male	 41	(58)	 33/44	(75)	 8/27	(30)	 <0.001	
Age	at	presentation	(years)	 42.4	±	15.7	 42.7	±	15.2	 42.0	±	16.8	 0.857	
Age	at	CMR	(years)	
ICD	present	

46.4	±	15.8	
42	(60)	

47.3	±	16.3	
29	(66)	

45.0	±	15.2	
18	(66)	

0.547	
0.948	

Diabetes	
Hypertension	
Obesity	
	
CMR	parameters	
Ventricular	
				LV	EF	
				LV	EDV/BSA	
				RV	EF	
				RV	EDV/BSA	
	
Atrial	
				LA	ALEF	
				LA	EDV/BSA	
				RA	ALEF	
				RA	EDV/BSA	

2	(4)	
4	(6)	

7/60	(12)	
	
	
	

54.3	±	8.7	
96.0	±	19.4	
39.2	±	10.4	
124.6	±	39.1	

	
	

55.8	±	12.8	
48.3	±	14.9	
41.9	±	12.7	
47.2	±	23.2	

	

	(5)	
4	(9)	

3/36	(8)	
	
	
	

52.9	±	9.2	
98.4	±	20.7	
35.8	±	9.9	

136.6	±	107.6	
	
	

54.1	±	14.2	
47.8	±	15.9	
39.9	±	11.0	
53.3	±	25.0	

																																	

	0	(0)	
0	(0)	

4/24	(17)	
	
	
	

56.5	±	7.6	
93.8	±	17.1	
44.7	±	8.7	

107.6	±	33.2	
	
	

58.5	±	9.7	
49.1	±	13.2	
45.3	±	11.0	
36.9	±	14.9	

0.261	
0.107	
0.325	

	
	
	

0.095	
0.351	
<0.001	
0.003	

	
	

0.163	
0.722	
0.084	
0.004	

	
Disease	course	
Duration	of	follow-up	(years)	 7.9	±	6.3	 8.8	±	7.2	 6.5	±	4.4	 0.139	
Sustained	ventricular	arrhythmia	
Atrial	Arrhythmias	

37	(52)	
19/71	(27)	

34	(77)	
15	(34)	

3	(11)	
4	(15)	

<0.001	
0.075	

Heart	failure	 2	(3)	 2	(5)	 0	(0)	 0.261	
Transplant	 0	(0)	 0	(0)	 0	(0)	 -	
Death	 3	(4)	 3	(7)	 0	(0)	 		0.166*	
 

Mean values ±standard deviation; number (%); *Fisher exact test; 
Abbreviations: AA= atrial arrhythmias;  ICD= implantable cardioverter defibrillator; 
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INTRODUCTION

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is an inheritable heart-muscle 
disorder that predominantly affects the right ventricle and is one of the leading causes of 
arrhythmic cardiac arrest in young people and athletes1. Progressive loss of right ventricular 
myocardium and its replacement by fibrofatty tissue is the pathological hallmark of the 
disease2. ARVC is predominantly characterized as a disease of the cardiac desmosome, 
which is a complex of structural proteins providing mechanical support to myocytes3. 
Despite desmosomes being found throughout the cardiac system, including the atria, 
evidence for direct atrial involvement with ARVC remains limited. Animal studies showed 
fibrofatty replacement of atrial myocardium in 17% of cat ARVC models4 and in 35% of 
dog ARVC models4; and Platonov et al. has demonstrated evidence for altered electrical 
conduction within the atria of ARVC patients5. However, few studies have focused on atrial 
arrhythmias (AA) such as atrial fibrillation and atrial flutter in patients with ARVC, despite 
its higher incidence compared to the general population6,7. A recent study by Mazzanti 
et al. brought to light the important prognostic value of AA on incident life-threatening 
arrhythmias and cardiovascular mortality in this patient population8. In a previous study, we 
identified genotype-specific differences in atrial volumes using cardiac magnetic resonance 
imaging (CMR) in a large cohort of ARVC patients, suggesting presence of primary atrial 
involvement in ARVC9. This prior work included conventional CMR analyses, which may 
be less sensitive to subtle atrial functional changes, and did not specifically evaluate atrial 
involvement in the context of ventricular dysfunction. Recent advances in CMR-based 
tissue-tracking techniques allow in-depth structural and functional characterization of the 
atria10,11. The feasibility and reproducibility of CMR-based tissue-tracking to analyze multiple 
atrial parameters, including atrial dimensions, function and deformation have been shown 
in several previous studies12-14. We hypothesized that structural and functional abnormalities 
in the atria may be observed using tissue-tracking CMR in ARVC patients free of clinically-
manifest AA and heart failure, and that early atrial involvement in ARVC occurs concomitantly 
with ventricular dysfunction and is not merely its consequence. 

In a large prospective cohort of ARVC patients without AA and overt heart failure at baseline, 
we aim (1) to characterize atrial involvement in ARVC patients compared to controls; (2) 
to explore the degree to which variation in atrial structural and functional parameters are 
associated with ventricular involvement; and (3) to detect predictors of AA in ARVC patients 
using CMR tissue tracking techniques.

ABSTRACT

Background: Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is associated with 
mutations in desmosomes. While desmosomes are ubiquitously expressed in all heart 
chambers, evidence for direct atrial involvement in ARVC remains limited and few studies 
have characterized atrial arrhythmias (AA) in ARVC.

Objective: We aimed to characterize atrial involvement in ARVC using functional Cardiac 
Magnetic Resonance (CMR), define the extent of atrial size and function variation attributable 
to ventricular structural/functional variables, and identify CMR-based predictors of AA in 
ARVC.

Methods: We analyzed cine-CMR images of 66 definite ARVC patients without a history 
of AA or severe heart failure (NYHA≥3) and 24 healthy control participants. Using tissue-
tracking, we evaluated phasic bi-atrial volumes, ejection fractions (EF), peak longitudinal-
strain and strain rates (SR). The primary outcome was the occurrence of AA during a median 
follow-up of 6.8[3.0-10.8] years.

Results: Compared to controls, ARVC patients had higher bi-atrial volumes, lower RA 
passive-EF, lower peak RA-longitudinal strain, lower systolic and early RA-diastolic SR and 
lower systolic LA-SR (p<0.05). Although worsening in left and right ventricular size and 
function was associated with increased bi-atrial volumes and decreased function, variation 
in atrial parameters was only partially explained by ventricular changes (r2 ranged from 
5-29%). On multivariable analysis, higher atrial volumes (10% increased risk per mL for both 
RAVmin and LAVmin, p<0.05), decreased LA reservoir function (LAEFtotal and LA-PLAS) and 
decreased RA conduit function (RAEFpassive and RA-SRed) were predictors of increased risk 
of AA during follow-up. 

Conclusion: ARVC is characterized by enlarged atria with decreased function as examined 
on functional CMR, which is only partially explained by ventricular changes. RA and LA 
parameters predict incident AA after adjusting for clinical and ventricular characteristics, 
which suggests primary atrial involvement in ARVC. 
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strain (PLAS), peak systolic strain rate (SRs), peak early-diastolic strain rate (SRed) and peak 
late-diastolic strain rate (SRld) were calculated as shown in Figure 2. The SRed and SRld are 
negative values by convention and were presented as absolute values in this manuscript. 
Phasic volume curves were generated to identify maximum, pre-contraction, and minimum 
atrial volumes as shown in Figure 2. RA and LA volumes (RAV and LAV) were indexed for 
the body surface area (BSA) as calculated by the DuBois formula. Total, passive and active 
atrial emptying fractions were measured using the following calculations:

• Total atrial emptying fraction: 100 × (atrial maximum volume – atrial minimum 
volume) / atrial maximum volume

• Passive atrial emptying fraction: 100 × (atrial maximum volume – atrial pre-
contraction volume) / atrial maximum volume

• Active atrial emptying fraction 100 × (atrial pre-contraction volume – atrial minimum 
volume) / atrial pre-contraction volume

The PLAS, SRs and total emptying fraction represent atrial reservoir function; passive 
emptying fraction and SRed represent atrial conduit function, SRld and active emptying 
fraction represent atrial pump function. 

A

C

B

D

RA

RA
RV

RV

LALA

LV

LV

Figure 1: To measure phasic left and right atrial volumes, strain and strain rate, 2-chamber (A and C) 
and 4-chamber (B and D) cine images were used and both endocardial and epicardial contours were 
manually drawn as displayed. LA= left atrium; RA= right atrium; LV= left ventricle; RV= right ventricle.

METHODS

Study Population
This study is a post-hoc analysis of our recently described patient population9. We 
included 71 participants who fulfilled the 2010 diagnostic Task Force Criteria (TFC) for 
ARVC15 and underwent both CMR and molecular genetic analyses. The genetic analysis 
in all probands included desmosomal (encoding plakophilin-2 (PKP2), desmoplakin (DSP), 
plakoglobin (JUP), desmoglein-2 (DSG2), desmocollin-2 (DSC2)), and nondesmosomal 
genes (phospholamban (PLN) and transmembrane protein-43 (TMEM43)). ARVC patients 
who had AA prior to CMR (n=3) and those who had overt congestive heart failure (NYHA 
functional classification ≥3) (n=2) were excluded. As such, the final study population 
consisted of 66 definite ARVC patients identified from the University Medical Center ARVC 
registry in Utrecht, the Netherlands. As a control group, we included 24 individuals with no 
identifiable cardiovascular disease after a comprehensive clinical evaluation at the Center 
of Excellence for ARVC and Complex Ventricular Arrhythmias of the Johns Hopkins Hospital 
(Baltimore, USA). The study was approved by the local institutional review boards and all 
patients provided written consent.

CMR Acquisition 
Cine CMR images were acquired on a 1.5T MRI scanner (Achieva, Philips [ARVC patients] 
and Avanto, Siemens Medical Imaging [control participants]). In short, we performed ECG-
gated breathhold steady-state-free-precession (SSFP) cine images (2-chamber right (RV) 
and left ventricle (LV), left and right ventricular outflow tract and stacks of 4-chamber and 
short-axis images for complete atrial and ventricular coverage), axial T1-weighted black-
blood images, quantitative flow-measurement using phase contrast through plane velocity 
mapping over the tricuspid and pulmonary valves, and phase-sensitive inversion recovery 
late gadolinium-enhancement images8.

CMR Analysis
Atrial Analysis
We utilized Multimodality Tissue Tracking software (MTT; version 6.0, Toshiba, Japan) to 
measure phasic left atrial (LA) and right atrial (RA) volumes, strain and strain rate using 
4-chamber and 2-chamber cine images. As previously described for LA functional analysis10, 
we manually contoured myocardial borders as seen in Figure 1. The trabecular region of 
the RA appendage, which results in poor tracking, was excluded from analysis. In line with 
the previously reported approach for pulmonary veins and LA appendage9. Pixel features 
were tracked automatically throughout systole, early and late diastole. Manual adjustments 
were performed when tracking was suboptimal. After confirming accurate tracking, global 
RA and LA peak longitudinal strain and strain rate curves were generated automatically 
by averaging strain and strain rate measurements in all segments. Peak longitudinal atrial 
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were selected for inclusion in the model. A separate Cox Proportional Hazards multivariable 
model was constructed for each RA/LA functional and structural parameter. To ensure our 
results are not affected by over-fitting we performed two multivariable analyses as follows: 
Model 1 was adjusted for age at MRI and number of TFC; while Model 2 was adjusted for 
age, gender, hypertension, body surface area, number of TFC as well as LV/RV EDVi and EF. 
Two-sided p-values less <0.05 were considered statistically significant. Statistical analysis 
was performed using STATA software (version 13, StataCorp, College Station, TX, USA).

RESULTS

Study Population Characteristics
We included 66 patients with definite ARVC and 24 control participants with structurally 
normal hearts. Overall, 58% of ARVC patients and 63% of control participants were male 
with a mean age of 46.3 ±15.7 and 38.2 ±15.8 years, respectively. As seen in Table 1, there 
were no significant differences between ARVC patients and controls in gender (p=0.887), 
age (p=0.104), and BSA (p=0.650). The distribution of the TFC in the ARVC patients is 
described in Table 1. 

CMR Analysis
CMR structural and functional ventricular and atrial measurements of the study participants 
are summarized in Table 2. Comparison between ARVC patients and control participants 
are also displayed in Figure 3. As expected, ARVC patients had higher indexed RV volumes 
(RV-EDV(i) 123.6±38.2 ml/m2) and lower RV function (RV-EF 39.4±10.3%) compared to 
controls (RV-EDV(i) 81.1±15.3 ml/m2 and RV-EF 53.0±7.9% respectively) (p<0.0001). Compared 
to controls, ARVC patients had significantly higher atrial volumes at all stages of the cardiac 
cycle (p<0.0001 for all comparisons). As for functional parameters, ARVC patients had 
significantly lower RA conduit function (passive-EF [RAEFpassive] and SRed), RA reservoir 
function (RA-PLAS and SRs), and lower LA-SRS (p<0.05 for all comparisons).

Proportion of Atrial Measurements Attributable to Ventricular Parameters
To determine the extent of atrial anatomical and functional impairment attributable to a 
primary effect of ARVC as opposed to secondary to ventricular dysfunction, we modeled 
ventricular and atrial functional and structural parameters as displayed in Supplemental 
Table 1. Increased RV-EDVi and RV-ESVi were significantly associated with increased RA 
volumes and decreased RA and LA function. Similarly, decreased RV-EF was associated 
with increased RA volumes and decreased RA and LA function. Increased LV volume was 
associated with increased bi-atrial volumes and decreased bi-atrial strain rates. LV-EF was 
directly related to left and right atrial strain and strain rates. As seen in Supplemental 
Table 1, the coefficient of determination r2 for these associations ranged from 5-29%. This 
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Figure 2: Phasic volume curves were automatically generated, and were utilized to identify maximum 
(Vmax), pre-contraction (Vpre-c), and minimum (Vmin) atrial volumes as shown and to calculate total, 
passive and active atrial ejection fractions (EF) characterizing different phases of the atrial cycle 
(reservoir, conduit and pump). Peak right and left atrial longitudinal strain and strain rate curves were 
generated automatically by averaging strain and strain rate measurements in all segments. Peak 
longitudinal atrial strain (PLAS), peak systolic strain rate (SRs), peak early diastolic strain rate (SRed) and 
peak late diastolic strain rate (SRld) were calculated as shown. 

Global ventricular size and function
Ventricular metrics and ejection fraction (EF) were measured using semi-automated contour 
tracing software (View Forum cardiac package version R5.1V1L2.SP3, Phillips). Ventricular 
end-diastolic (EDV) and end-systolic volumes (ESV) were indexed for BSA.

Atrial Arrhythmias
The diagnosis of ARVC was based on the 2010 revised TFC15. ARVC was diagnosed when 
≥4 TFC points from different categories were fulfilled; thus 2 major, 1 major plus 2 minor, or 
4 minor criteria sufficed for a definite ARVC diagnosis. The primary outcome of this study 
was the occurrence of at least 1 episode of AA (AF or AFl) lasting ≥30 seconds. This was 
recorded by 12-lead ECG, Holter monitoring or implantable cardioverter defibrillator (ICD) 
interrogation during clinical follow-up at the discretion of the managing physician.  

Statistical Analysis
Continuous and discrete data are presented as mean (±SD) and n (%), respectively. 
Continuous data comparison of two groups were performed using Student’s t-test/Rank 
Sum test. Correlation between atrial and ventricular parameters was analyzed by linear 
regression. Multivariable Cox proportional-hazards models were used to determine 
the association with incident atrial arrhythmias during follow-up. To avoid co-linearity, 
correlations between continuous variables were tested using the Pearson’s Correlation 
Coefficient before fitting any 2 independent variables in the same model. Among the pool of 
co-linear variables (r>0.50), the parameters with the strongest association with the outcome 
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Table 2: Structural and functional left and right atrial measurements in study participants comparing 
ARVC patients and healthy controls.

Genotype ARVC (n=66) Controls (n=24) p-value
Right atrial parameters

RAVmax(i) 43.5±13.6 29.5±7.5 <0.0001
RAVpre(i) 34.6±11.5 22.4±6.8 <0.0001
RAVmin(i) 21.3±7.7 13.5±4.5 <0.0001

RAEFpassive 19.4±9.1 24.4±10.0 0.029
RAEFactive 39.3±10.0 39.3±8.9 0.982
RAEFtotal 51.1±10.1 53.8±10.5 0.266

Peak Long Strain 53.5±19.2 63.6±23.4 0.043
SRsys 2.1±0.8 2.9±1.2 0.001

SRearly 1.7±1.0 3.1±1.5 <0.0001
SRlate 2.1±1.1 2.6±0.9 0.11

Left atrial parameters
LAVmax(i) 42.6±11.6 31.4±6.3 <0.0001
LAVpre(i) 30.5±9.7 22.1±4.8 0.0001
LAVmin(i) 19.2±7.7 13.5±3.2 0.0007

LAEFpassive 29.0±7.7 29.2±8.9 0.934
LAEFactive 37.9±7.5 37.1±8.4 0.743
LAEFtotal 55.7±8.3 56.2±9.3 0.809

Peak Long Strain 35.6±9.9 39.2±12.3 0.165
SRsys 1.4±0.5 1.8±0.5 0.003

SRearly 1.7±0.8 2.0±0.9 0.154
SRlate 1.6±0.6 1.6±0.7 0.102

Ventricular parameters
LV-EF 54.8±7.9 64.9±5.7 <0.0001

LV-EDV(i) 96.0±19.3 81.4±18.1 0.001
LV-ESV(i) 45.9±20.8 28.4±7.9 <0.0001

RV-EF 39.4±10.3 53.0±7.9 <0.0001
RV-EDV(i) 123.6±38.2 81.1±15.3 <0.0001
RV-ESV(i) 77.6±34.4 37.9±8.5 <0.0001

Mean values ± standard deviation. RA= right atrial, RAVmax(i)= maximum right atrial volume index (mm3/m2); RAVpre(i)= 
pre-atrial volume (mm3/m2); RAVmin(i)= minimum right atrial volume index (mm3/m2); EF= ejection fraction (%), PLAS= 
peak longitudinal atrial strain (%), SRsys= systolic strain rate (absolute value), SRed= early diastolic strain rate (absolute 
value), SRld= late diastolic strain rate (absolute value), LA= left atrial.

4-CH 2-CH Strain RateStrainVolume

ARVC

Control

Figure 3: This figure displays differences in right atrial volume, strain and strain-rate curves between a 
patient with ARVC (top panel), and a healthy control (bottom panel). 

indicates that the proportion of variance in atrial volumes and function that is attributable 
to variability in ventricular parameters is much lower than that expected if atrial remodeling 
was a function of ventricular disease. 

Table 1: Study Population Characteristics
ARVC patients

(n=66)
Controls (n=24) P-value

Clinical Characteristics
   Male Gender 38 (58%) 15 (63%) 0.887
   Age at CMR
   BSA

46.2±16.0
1.9±0.2

38.2±15.8
1.8±0.2

0.104
0.650

   Congestive Heart Failure 2 (3%) 0 (0%) 0.391
   Hypertension 4 (6%) 0 (0%) 0.220
   Diabetes 2 (3%) 0 (0%) 0.391
Genotype
   PKP2 (Desmosomal) 36 (55%) N/A
   PLN (Non-Desmosomal) 12 (18%)
   No Mutation Identified 18 (27%)
Clinical Phenotype
   Number of TFC 6.2±1.7 N/A
   Repolarization TFC
        Major 28 (42%)
        Minor 16 (24%)
   Depolarization TFC
        Major 6 (9%)
        Minor 48 (73%)
   Arrhythmia TFC
        Major 26 (39%)
        Minor 60 (91%)
   Structural TFC
        Major 54 (82%)
        Minor 5 (8%)
   Family History TFC
        Major 43 (65%)
        Minor 3 (5%)
Outcomes (Follow-up of 6.8[IQR 3.0-10.8] years) N/A
Atrial Arrhythmias 14 (21%)
Age at First Atrial Arrhythmias 55.7±17.2
Heart Transplant 0 (0%)
Death 3 (5%)

ARVC= Arrhythmogenic Right Ventricular Cardiomyopathy; CMR= cardiac magnetic resonance; BSA= body surface; 
PKP2= plakophilin-2; PLN= phospholamben; TFC: task force criteria.
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number of TFC) and Model 2 (adjusted for age, gender, hypertension, body surface area, 
number of TFC as well as LV/RV EDVi and EF). In fact, higher atrial volumes (10% increased 
risk per mL for both RAVmin and LAVmin, p<0.05) were associated with increased risk of AA 
during follow-up. Moreover, decreased LA reservoir function (LAEFtotal and LA-PLAS) and RA 
conduit function (RAEFpassive and RA-SRed) were associated with increased risk of AA during 
follow-up. Figure 4 displays Kaplan-Meier survival curves stratified by the median value for 
RAVmin, RAEFpassive, RA-SRed, LAVmin, LAEFtotal, and LA-PLAS (p<0.05 on log-rank test for all 
comparisons). 

 
Table 3: Comparison of structural and functional atrial and ventricular measurements in ARVC patients 
with and without subsequent AA.

Overall (n=66) AA (n=14) No AA (n=52) p-value
Right atrial parameters

RAVmax(i) 43.5±13.6 46.4±12.4 42.7±14.0 0.356
RAVpre(i) 34.6±11.5 39.2±10.5 33.2±11.7 0.092
RAVmin(i) 21.3±7.7 25.2±5.3 20.1±7.9 0.029

RAEFpassive 19.4±9.1 15.2±7.0 20.6±9.4 0.047
RAEFactive 39.3±10.0 34.3±10.5 40.7±9.5 0.033
RAEFtotal 51.1±10.1 44.1±11.0 53.1±8.9 0.003

Peak Long Strain 53.5±19.2 43.7±8.2 56.3±20.6 0.029
SRsys 2.1±0.8 1.7±0.7 2.2±0.9 0.05

SRearly 1.7±1.0 1.2±0.5 1.9±1.1 0.02
SRlate 2.1±1.1 2.2±0.7 2.1±1.2 0.912

Left atrial parameters
LAVmax(i) 42.6±11.6 41.5±12.3 42.9±11.5 0.691
LAVpre(i) 30.5±9.7 31.6±12.4 30.2±9.0 0.63
LAVmin(i) 19.2±7.7 20.9±11.5 18.8±6.3 0.353

LAEFpassive 29.0±7.7 25.4±9.2 30.0±7.0 0.044
LAEFactive 37.9±7.5 36.7±11.0 38.2±6.3 0.513
LAEFtotal 55.7±8.3 52.2±13.1 56.7±6.4 0.071

Peak Long Strain 35.6±9.9 30.2±10.9 37.1±9.1 0.018
SRsys 1.4±0.5 1.1±0.5 1.5±0.5 0.038

SRearly 1.7±0.8 1.3±0.5 1.8±0.9 0.055
SRlate 1.6±0.6 1.5±0.6 1.7±0.6 0.362

Ventricular parameters
LV-EF 54.8±7.9 57.4±7.2 54.1±8.0 0.162

LV-EDV(i) 96.0±19.3 93.5±12.8 96.7±20.7 0.604
LV-ESV(i) 45.9±20.8 50.2±35.2 44.7±15.3 0.406

RV-EF 39.4±10.3 35.5±8.1 40.5±10.6 0.104
RV-EDV(i) 123.6±38.2 140.4±33.5 119.1±38.5 0.075
RV-ESV(i) 77.6±34.4 93.9±30.7 73.3±34.4 0.055

Mean values ± standard deviation. AA= atrial arrhythmia; RA= right atrial, RAVmax(i)= maximum right atrial volume index 
(mm3/m2); RAVpre(i)= pre-atrial volume (mm3/m2); RAVmin(i)= minimum right atrial volume index (mm3/m2); EF= ejection 
fraction (%), PLAS= peak longitudinal atrial strain (%), SRs= systolic strain rate (absolute value), SRed= early diastolic 
strain rate (absolute value), SRld= late diastolic strain rate (absolute value), LA= left atrial.

Atrial Arrhythmias
Among the 66 ARVC patients, 14 (21%) individuals experienced one or more types of AA 
during a median follow-up of 6.8[IQR 3.0-10.8] years. In 7/14 patients, the first AA episode 
was recorded by 12-lead ECG (after complaints of the patient), in 6/14 by ICD interrogation 
(2 discovered after inappropriate ICD intervention) and in 1 with 24-hour Holter monitoring. 
Clinical characteristics of arrhythmias in this cohort were previously described by our 
group9. Briefly, atrial fibrillation was the most common type of arrhythmia occurring in 
11(79%) patients, atrial flutter occurred in 2(14%), and 1(7%) patient experienced both types of 
AA. Median age at first AA was 57.3[IQR 42.0-67.4] years. Compared to those without AA, 
patients with arrhythmias were more likely to be male (81% vs. 50%, p=0.027), and present 
with ARVC at an older age (48.9±16.9 years vs. 40.1±14.8 years, p= 0.036).

Table 3 compares CMR structural and functional atrial and ventricular measurements in 
ARVC patients with and without subsequent AA. Patients who developed AA were found to 
have significantly higher RAVmin(i) at baseline compared to patients who did not develop AA 
(25.2±5.3 vs. 20.1±7.9ml/m2, respectively; p=0.029) and comparable RA volumes otherwise 
(p>0.05). Difference in RA function at baseline between the two groups was more striking as 
patients who developed AA were found to have lower RA-EF in all its components (passive, 
active and total, p<0.05 for all comparisons), lower RA-PLAS (43.7±8.2 vs. 56.3±20.6, 
p=0.029), lower RA-SRed (1.2±0.5 vs. 1.9±1.1, p=0.020) and lower RA-SRs (1.7±0.7 vs. 2.2±0.9, 
p=0.05). LA volume was not different between the two groups (p>0.05 for all comparisons). 
Passive LA-EF was significantly lower in those who developed AA (25.4±9.2 vs. 30.0±7.0), 
as was the LA-PLAS (30.2±10.9 vs. 37.1±9.1, p=0.018) and LA-SRs (1.1±0.5 vs. 1.5±0.5, p=0.038). 
There was a trend for lower LA-EFtotal and LA-SRed in patients with subsequent AAs. With 
regards to RV parameters, indexed EDV (140.4±33.5 vs. 119.1±38.5ml/m2, p=0.033) and ESV 
(93.9±30.7 vs. 73.3±34.4ml/m2, p=0.025) were higher in patients with incident AAs compared 
to those without. Although not significant, a trend of lower RV-EF in the patient group with 
AA was seen compared to without AA (35.5±8.1 vs. 40.5±10.6%, p=0.063). No differences 
were found in left ventricular volumes and function. 

Table 4 summarizes univariable and multivariable Cox regression analyses performed to 
predict subsequent AAs in our cohort. Co-linear atrial parameters were excluded from 
the model if Pearson’s coefficient>0.50 as described in the methods. Since indexed-
RA volumetric parameters were highly co-linear, only RAVmin (which had the strongest 
association with the outcome) was included in the multivariable analysis. Similarly, as all RA-
EF parameters (total, active and passive) were co-linear. Only RAEFpassive was selected. RA-
SRed was selected for strain measurement, as RA-PLAS, RA-SRs and RA-SRed were co-linear. 
A similar co-linearity screening was performed for LA (LAVmin, LAEFtotal, and LA-PLAS were 
selected). As seen in Table 4, all of RAVmin, RAEFpassive, RA-SRed, LAVmin, LAEFtotal, and LA-PLAS 
were significant predictors of the outcome in both Model 1 (adjusted for age at MRI and 
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Atrial Involvement in ARVC
Previous studies examining atrial structure and function in ARVC are scarce. In concordance 
with our results, Yoerger et al examined echocardiographic structural markers in 29 
ARVC patients and found increased RA dimensions compared to age, gender, and 
body size-matched controls16. In a cohort of 70 ARVC patients, Saguner et al. reported 
RA and LA enlargement on echocardiography in 26% and 14% of patients, respectively. 
On adjusted analysis, RA short-axis diameter was an independent predictor of major 
adverse cardiovascular outcome during follow-up17. In a cohort of 210 patients, Camm et 
al. showed echocardiographic evidence of right and left atrial enlargement in 32% and 15% 
respectively6. In contrast, Platonov et al. showed no atrial enlargement in 40 patients with 
ARVC by echocardiography4. Interpretation of these results is challenging due to the known 
limitations of atrial dimension measurements on echocardiography. Also, LA enlargement 
is a known effect of AF16, which suggests that the structural changes seen in previous 
studies may be a consequence of AA rather than a causative factor. Interestingly, Bourfiss 
et al. found genotype-specific patterns of volumetric changes in ARVC9. Significantly larger 
atria were found in patients with no mutation identified and significantly smaller atria in 
PKP2 mutation carriers, compared to controls with idiopathic RVOT tachycardia. To our 
knowledge, our study is the first to use the capabilities of tissue-tracking on functional-CMR 
to characterize atrial size and function in a large cohort of ARVC patients free of overt heart 
failure and any history of AA at baseline. Our results show that compared to age-, gender-, 
and body size-matched healthy controls, ARVC patients had remarkably enlarged atria, at 
all stages of the cardiac cycle. Furthermore, ARVC patients had significantly stiffer and a 
poorly contractile RA compared to controls (lower RA passive ejection fraction and early 
diastolic strain rate [atrial conduit function], as well as lower RA peak longitudinal atrial strain 
and systolic strain rate [atrial reservoir function]). This cross-sectional analysis clearly points 
to primary atrial involvement in ARVC as our patients were free of overt heart failure as well 
as any history of AA at the time of the scan. 

We aimed at examining whether AA are secondary to ventricular dysfunction or a primary 
result of atrial involvement in the disease. Camm et al. showed no statistically significant 
difference between the rate of left ventricular enlargement in those with left atrial 
enlargement (3/12 [25.0%]) and those without (2/21 [9.5%])(P =.233) in 248 patients with 
ARVC. In addition, left ventricular ejection fractions were similar between those with left 
atrial enlargement (54.7%, SD = 8.1%, n = 13) and those without (54.7%, SD = 10.8%, n = 21) 
(P = .994)7. In their study, Camm et al. rely solely on echocardiographic reports to detect 
atrio-ventricular enlargement. Results may thus be influenced by variability in measurements 
between different echocardiographers. Our results show that, on linear regression analysis, 
increased RV and LV volumes were associated with increased atrial volumes and decreased 
atrial function assessed on CMR. Similarly, decreased RV and LV function was associated 
with increased atrial volumes and decreased atrial function. However, the coefficient of 

Table 4: Univariable and multivariable Cox regression analyses to predict subsequent AA in the study 
cohort. Each row represents a separate multivariable model for each parameter. Model 1 was adjusted 
for number of TFC and age at MRI. Model 2 was adjusted for age at MRI, gender, hypertension, body 
surface area, number of TFC, RV/LV end diastolic volume index and ejection fraction. 

Univariate Multivariable Model 1 Multivariable Model 2
HR p-value HR [95% CI] p-value HR [95% CI] p-value

RAVmin(i) 1.08 0.013 1.10 [1.02-1.18] 0.019 1.10 [1.01-1.21] 0.026
RAEFpassive 0.89 0.006 0.88 [0.80-0.97] 0.013 0.86 [0.75-0.98] 0.029

RA-SRed 0.37 0.01 0.31 [0.10-0.92] 0.035 0.19 [0.04-0.84] 0.028
LAVmin(i) 1.09 0.02 1.08 [1.01-1.18] 0.043 1.10 [1.02-1.19] 0.023
LAEFtotal 0.89 0.002 0.92 [0.85-0.99] 0.037 0.91 [0.84-0.99] 0.033
LA-PLAS 0.88 0.004 0.90 [0.82-0.99] 0.033 0.91 [0.83-0.99] 0.046

RAVmin= minimal right atrial volume; EF= ejection fraction; SRed= early diastolic strain rate; PLAS= peak longitudinal 
atrial strain; LAEFtotal= total left atrial ejection fraction; RAEFpassive= passive right atrial ejection fraction; LAVmin= 
minimal left atrial volume.

p=0.013p=0.006 p=0.002

Figure 4: Kaplan-Meier curves displaying atrial arrhythmia-free survival rates stratified by the median 
values for minimal right atrial volume (RAVmin), right atrial passive ejection fraction (RAEFpassive), right atrial 
early diastolic strain rate (RA-SRed), minimal left atrial volume (LAVmin), left atrial total ejection fraction 
(LAEFtotal), left atrial peak longitudinal strain (LA-PLAS). Log-rank test was significant for all comparisons 
(p<0.05).

DISCUSSION

We investigated atrial involvement with ARVC in a large cohort of patients using functional-
CMR imaging. This study has three major findings. Firstly, compared to controls, ARVC 
patients had significantly higher bi-atrial volumes, lower RA passive ejection fraction (conduit 
function), peak longitudinal RA strain, systolic and early RA diastolic strain rates as well as 
lower LA systolic strain rate. Secondly, although worsening in RV and LV phenotypes was 
associated with increased bi-atrial volumes and decreased function, the variation in atrial 
parameters was only partially explained by ventricular changes suggesting a primary atrial 
involvement in ARVC. Lastly, patients with subsequent AA during follow-up were found to 
exhibit lower RA and LA function. On multivariable analysis, higher bi-atrial volumes, as 
well as decreased LA reservoir function (LAEFtotal and LA-PLAS) and RA conduit function 
(RAEFpassive and RA-SRed) were associated with increased risk of AA during follow-up. 
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Clinical Implication
Uncovering atrial involvement in ARVC gives important mechanistic insight into the disease 
and its natural progression. ARVC patients with AF may have higher propensity towards 
embolic cerebro-vascular accidents by virtue of their fibrillatory atria. Most ARVC patients 
get early CMR study for diagnosis/classification; therefore, this opportunity to characterize 
atrial dysfunction in the pre-AF stage may offer an opportunity for stroke prevention 
(although further studies are needed to show the benefit of such prophylaxis). Increased risk 
of AAs dictates proper ICD programming and device selection. Indeed, potential overlap 
of ventricular rates with AAs and VTs requires careful device programming to minimize risk 
of inappropriate ICD shocks. A lower threshold for atrial lead insertion to increase device 
diagnostic capabilities and accuracy may be warranted in patients who are found to have 
early atrial remodeling on functional-CMR. 

Limitations
ARVC is a rare disease and as such, our study has a small sample size. Our results need to be 
validated in a large prospective study with longitudinal imaging data. In this study, most AA 
were detected on ambulatory ECG, with a minority detected on ICD and Holter-monitoring. 
Other studies have reported that a large proportion of atrial arrhythmias were diagnosed 
on implanted devices (both during routine follow-up and as a result of inappropriate shocks) 
and Holter monitors. This suggests that many atrial arrhythmias in our population may be 
concealed. As mentioned previously, the link between AA and poor outcomes has been 
shown in previous studies.

As such, the examination of prognostic value of atrial functional parameters, which predict 
AA, on VT/VF/mortality would be interesting to explore. However, we did not have the 
appropriate data to perform such prospective analysis. 

CONCLUSION

ARVC is characterized by enlarged atria with decreased function as examined on functional-
CMR, which is only partially explained by ventricular changes. RA and LA parameters 
predict incident AA after adjusting for clinical and ventricular characteristics. This suggests 
primary atrial involvement in ARVC and points to the potential of CMR-based atrial analysis 
for prognostication of future AA that could allow implementation of strategies to reduce 
subsequent morbidity and mortality.  

determination r2 for these linear associations ranged from 5-29% indicating that the 
proportion of variance in atrial volumes and function that is predictable from ventricular 
parameters is much lower than that expected if atrial remodeling was uniquely attributed to 
ventricular disease.

Atrial Arrhythmias in ARVC
The higher incidence of AA in ARVC was reported early in the characterization of the 
disease. Incidence rate of AA in previous studies ranges from 14% (without ICD) to 42% 
(with ICD)7,18-20. The negative prognostic implications of AA on mortality and morbidity in 
ARVC have also been reported. In 301 consecutive patients with ARVC, history of AF was 
associated with a 4-fold increase in the occurrence of life-threatening arrhythmic events 
defined as sudden cardiac death, aborted cardiac arrest, syncopal VT or electrical storm, 
or cardiovascular mortality8. Camm et al. reported that 35 (14%) of patients had AA which 
received a total of 22 inappropriate shocks and 6 (17%) of these AA were initially diagnosed 
following an inappropriate ICD shock. Patients with AA had increased prevalence of mortality 
and heart failure compared to patients without AA7. Similarly, Saguner et al. reported an AA 
incidence of 20% in 90 patients with ARVC. In their study, they reported higher rates of 
inappropriate shocks, heart transplants and cardiovascular mortality in those with AA21. In 
our cohort, AA occurred in 24% of ARVC patients during follow up. As previously described 
by our group, the likelihood of experiencing a life-threatening ventricular arrhythmia and 
inappropriate ICD intervention was significantly higher in patients with AA as were the rates 
of heart failure and death during follow-up9. The implications of AA underlie the importance 
of detecting baseline predictors of future AA in patients with early ARVC for an appropriate 
prevention strategy.

Previous studies had reported male gender, increasing age, right and left atrial enlargement, 
and moderate or severe tricuspid regurgitation as significant predictors of AA7,9,21. By 
themselves, these common patient characteristics do not warrant increased and potentially 
invasive monitoring for AA with implanted devices or prolonged Holter monitoring. In this 
present study, we aimed at characterizing predictors of future AA in a large ARVC cohort 
free of overt heart failure or history of AA at baseline. On multivariable analysis, higher 
atrial volumes as well as decreased LA reservoir function (LAEFtotal and LA-PLAS) and RA 
conduit function (RAEFpassive and RA-SRed) were associated with increased risk of AA during 
follow-up. Therefore, atrial structural and functional parameters are important predictors of 
AA independent from the overall disease severity as assessed by clinical presentation and 
ventricular phenotype. This supports the hypothesis that atrial involvement in ARVC occurs 
independently from ventricular disease and AA are the direct clinical manifestations of such 
atrial remodeling. 
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BACKGROUND

The major inherited cardiomyopathies arrhythmogenic right ventricular cardiomyopathy (ARVC), 
dilated cardiomyopathy (DCM) and hypertrophic cardiomyopathy (HCM) are characterized by 
ventricular dysfunction and ventricular arrhythmias that can lead to progressive heart failure 
and sudden cardiac death1. ARVC is mainly caused by pathogenic variants in desmosomal 
genes, whereas DCM and HCM are mainly caused by sarcomeric gene variants2. These 
cardiomyopathies are typically inherited in an autosomal dominant fashion with incomplete 
penetrance and variable expressivity. As such, phenotypic expression may vary greatly, even 
among family members or individuals carrying the same pathogenic variant.

With the implementation of next-generation sequencing (NGS), genetic testing has become an 
important part of routine clinical care in the diagnosis of inherited cardiomyopathies3. Technical 
advances and commercial availability of NGS, have led to more affordable and accessible 
genetic testing. The American College of Medical Genetics and Genomics (ACMG) has 
developed recommendations for the reporting of incidental or secondary findings unrelated 
to the test indication4. In this framework, variants in genes associated with ARVC, DCM and 
HCM are recommended to be reported as secondary findings from clinical exome and 
other genome sequencing tests4. Although this offers the potential to prevent morbidity and 
mortality of heart failure and sudden cardiac death by early treatment, it also fuels uncertainty 
in carriers of likely pathogenic or pathogenic variants (G+) and their family members, since 
factors that influence disease penetrance in the general population are largely unknown. 
More knowledge about disease penetrance of these variants in an unselected population 
cohort is needed to determine screening protocols in these individuals.

In this study, we aimed to assess the prevalence of pathogenic and likely pathogenic 
variants in the general population using a set of recently curated genes for ARVC5, DCM6 
and HCM7 in two (inter)national databases8 (see Figure 1 and Table I). In order to do so, we 
leveraged data from the UK Biobank (UKB), a population-based cohort with whole exome 
sequencing (WES) data available of 200,643 individuals9. Furthermore, we looked into the 
UKB-reported phenotypical characteristics of these G+ and assessed the occurrence of 
early signs of disease in undiagnosed G+ using available electrocardiography and cardiac 
magnetic resonance (CMR) imaging data.
 

METHODS

Ethics approval for the UKB study was obtained from the North West Centre for Research 
Ethics Committee (11/NW/0382) and all participants provided informed consent. All data and 
materials have been made publicly available on Github and can be accessed at https://

ABSTRACT

Background. Pathogenic and likely pathogenic variants associated with arrhythmogenic 
right ventricular cardiomyopathy (ARVC), dilated cardiomyopathy (DCM) and hypertrophic 
cardiomyopathy (HCM) are recommended to be reported as secondary findings in 
genome sequencing studies. This provides opportunities for early diagnosis, but also fuels 
uncertainty in variant carriers (G+), since disease penetrance is incomplete. We assessed 
the prevalence and disease expression of G+ in the general population.

Methods. We identified pathogenic and likely pathogenic variants associated with 
ARVC, DCM and/or HCM in 200,643 UK Biobank individuals, who underwent whole 
exome sequencing. We calculated the prevalence of G+ and analysed the frequency of 
cardiomyopathy/heart failure diagnosis. In undiagnosed individuals, we analysed early 
signs of disease expression using available electrocardiography and cardiac magnetic 
resonance imaging data.

Results. We found a prevalence of 1:578, 1:251 and 1:149 for pathogenic and likely pathogenic 
variants associated with ARVC, DCM and HCM respectively. Compared to controls, 
cardiovascular mortality was higher in DCM G+ (OR 1.67 [95% CI 1.04;2.59], p=0.030), but 
similar in ARVC and HCM G+ (p≥0.100). Cardiomyopathy or heart failure diagnosis were 
more frequent in DCM G+ (OR 3.66 [95% CI 2.24;5.81], p=4.9×10-7) and HCM G+ (OR 3.03 
[95% CI 1.98;4.56], p=5.8×10-7), but comparable in ARVC G+ (p=0.172). In contrast, ARVC G+ 
had more ventricular arrhythmias (p=3.3×10-4). In undiagnosed individuals, left ventricular 
ejection fraction was reduced in DCM G+ (p=0.009).

Conclusions. In the general population, pathogenic and likely pathogenic variants 
associated with ARVC, DCM or HCM are not uncommon. Although G+ have increased 
mortality and morbidity, disease penetrance in these carriers from the general population 
remains low (1.2-3.1%). Follow-up decisions in case of incidental findings should not be based 
solely on a variant, but on multiple factors, including family history and disease expression.

Key Words: whole exome sequencing, genetics, arrhythmogenic right ventricular 
cardiomyopathy, dilated cardiomyopathy, hypertrophic cardiomyopathy
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white ethnicity (ARVC 90%, DCM 96%, HCM 75%), followed by Asian (ARVC 3%, DCM 1%, 
HCM 19%) and black ethnicity (ARVC 2%, DCM 2% and HCM 2%). This is comparable to what 
is observed in the UKB, where the majority is of white ethnicity (94%), followed by Asian (2%) 
and black ethnicity (2%).

Table 1: Baseline characteristics of variant carriers and controls
ARVC G+
n=347

DCM G+
n=800

HCM G+
n=1,346

Controls G-
n=9,972

Demographics
Female (%) 187 (54) 450 (56) 720 (54) 5,436 (55)
Age, years 57 [50- 64] 58 [51-64] 56 [49-63] 57 [49- 63]
Ethnicity (%)

White 311 (90) 760 (96) 1,001 (75) 8,288 (84)
Asian 10 (3) 8 (1) 251 (19) 1,076 (11)
Black 7 (2) 12 (2) 22 (2) 164 (2)
Other 17 (5) 15 (2) 55 (4) 348 (4)

Cardiovascular risk factors
BMI, kg/m2 26 [24-30] 27 [24-30] 27 [24-30] 27 [24-30]
Diabetes (%) 35 (10) 62 (8) 154 (11)* 914 (9)
Hypertension (%) 116 (33) 287 (36) 475 (35) 3,420 (34)
Hypercholesterolemia (%) 86 (25) 211 (26) 369 (27)* 2,416 (24)
Ever Smoked (%) 161 (46) 371 (46)* 543 (40) 4,132 (41)
MET minutes per week, ml/kg/min 2,001 [923-3,551] 1,695 [784-3,536] 1,762 [848-3,426] 1,773 [810-3,453]
Family heart disease (%) 179 (52)* 380 (48) 623 (46) 4,458 (45)
Cardiac disease/outcomes
Cardiomyopathy (%) 3 (0.9) 22 (3)** 27 (2)** 37 (0.4)
DCM (%) 2 (0.6) 9 (1)** 1 (0.1) 14 (0.1)
HCM (%) 1 (0.3) 7 (1)** 20 (2)** 8 (0.1)
Heart failure (%) 9 (3) 36 (5)** 33 (3) 182 (2)
Ventricular arrhythmias (%) 7 (2)** 13 (2)** 8 (1) 33 (0.3)
Atrial arrhythmias (%) 7 (2) 34 (4)** 32 (2) 191 (2)
Chronic ischemic heart disease (%) 35 (10) 73 (9) 93 (7) 725 (7)
Acute myocardial infarction (%) 15 (4) 27 (3) 36 (3) 298 (3)
Cardiac arrest (%) 0 (0) 6 (1) 5 (0.4) 34 (0.3)
Cardiovascular death (%) 11 (3) 24 (3)* 18 (1) 181 (2)
All cause mortality (%) 19 (6) 56 (7)* 62 (5) 513 (5)
Cardiac symptoms
Cardiac problem 3 (1) 3 (0.4) 5 (0.4) 41 (0.4)
Angina pectoris 16 (5) 30 (4) 56 (4)* 312 (3)

Number (percentages) are given or median [IQR]. * p=0.001-0.05 and ** p <0.001 difference compared to the control 
group. A more extensive overview of the baseline characteristics are given in Table III. Individuals with a variant in 
PLN, DES and DSP variant were included in both ARVC and DCM. Individuals with a variant in MYH7, ACTC, JPH, 
TNNC1, TNNI3, TNNT2, TPM were included in both DCM and HCM.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; HCM= 
hypertrophic cardiomyopathy; BMI= body mass index; MET= metabolic equivalent of task.

github.com/CirculatoryHealth/Inherited-cardiomyopathies. Full methods are available in the 
Supplemental Material. Disease definitions are given in Table II.
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Figure 1: Included curated genes per cardiomyopathy
The Venn diagram of curated genes included in this study shows the overlap in genes per 
cardiomyopathy. Unless otherwise indicated, pathogenicity of genes are classified as definitive. 
If a superscript S or M is given, genes are classified as having a strong or moderate pathogenicity 
respectively. In the overlapping circles, yellow, black and red colors refer to ARVC, DCM, and HCM 
respectively. Table I gives an overview of the included genes and pathogenicity classification per 
gene and abbreviation per gene.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; 
HCM= hypertrophic cardiomyopathy.

RESULTS

Population characteristics
We identified 2,207/200,643 unique G+ individuals from a total of 2,493 included individuals 
(89%) (see Figure 2) classified as 1) ARVC G+ (n=347, 54% female, median age of 57 [50-64] 
years); 2) DCM G+ (n=800, 56% female, median age of 58 [51-64] years) and; 3) HCM G+ 
(n=1,346, 54% female, median age of 56 [49-63] years). The matched control group consisted 
of 9,972 individuals (55% females, median age of 57 [49-63] years). Table 1 and Table III 
show the baseline characteristics of the included individuals. The majority of G+ were of 
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We found a prevalence of 1:149 [1:141; 1:157] HCM G+ and identified 131 out of 1,512 (9%) 
pathogenic and likely pathogenic variants from ClinVar and VKGL: 98 missense and 23 LoF 
(Table IV). Most individuals carried a pathogenic and likely pathogenic variant in MYBPC3 
(n=723, 54%), followed by TNNT2 (n=274, 20%), MYH7 (n=232, 17%), and TNNI3 (n=50, 4%). 
A frequency of less than 3% was found in CSRP3, MYL2, TNNC1, JPH2, TPM1, ACTC1, and 
MYL3 (Figure 3). Interestingly, a variant in TNNT2 (c.862C>T p.Arg288Cys) affected 242 
individuals (18%). Four of these carriers were diagnosed with heart failure, of whom one also 
with HCM. All four heart failure patients also suffered from chronic ischemic heart disease. 
Furthermore, a variant in MYBPC3 (c.3628-41_3628-17del) was mainly seen in individuals 
with an Asian ethnicity (n=237, 18% of the total HCM G+). Four of these individuals were 
diagnosed with heart failure, of whom two also had coronary artery disease and one was 
diagnosed with DCM, however none were diagnosed with HCM. When excluding these two 
variants, we found a HCM G+ prevalence of 1:250 [1:234; 1:269]. MYBPC3 remained the most 
prevalent gene (52%), whereas the TNNT2 frequency decreased to 4%.

The prevalence of G+ per gene for all cardiomyopathies is depicted in Table V.

TNNT2
274 (20%)

MYH7
232 (17%)

CSRP3, 27 (2%)
JPH2, 6 (0.5%)

MYBPC3
723 (54%)

ACTC1, 1 (0.1%)
TPM1, 6 (0.5%)

MYL2, 21 (2%)
MYL3, 1 (0.1%)
TNNC1, 7 (0.5%)
TNNI3, 50 (4%)

C) HCMB) DCMA) ARVC

DSC2
42 (12%)

DSG2
31 (9%)

DSP
49 (14%)

JUP
24 (7%)

PKP2
185 (53%)

PLN, 1 (0.3%)

DES, 15 (4%)

FLNC
56 (7%)

SCN5A
59 (7%)

TTN
272 (34%)

TNNT2, 32 (4%)

MYH7
158 (20%)

NEXN, 4 (0.5%)

LMNA, 42 (5%)

DES, 49 (6%)

DSP, 49 (6%)

ACTN2, 6 (1%) BAG3, 15 (2%)
ACTC1, 1 (0.1%)

PLN, 8 (1%)RBM20, 5 (1%)
TNNC1, 7 (1%)

TNNI3, 35 (4%)

TPM1, 2 (0.3%)

Figure 3: Distribution of genes per cardiomyopathy
Piecharts with the distribution of curated genes for A) arrhythmogenic right ventricular cardiomyopathy 
(ARVC); B) dilated cardiomyopathy (DCM); C) hypertrophic cardiomyopathy (HCM).
Abbreviations of the different genes are given in Table III
Abbreviations: G+= pathogenic variant carrier.

Overlapping variants and individuals

Some pathogenic and likely pathogenic variants were identified in multiple cardiomyopathy 
subtypes. First, 26 variants were described in both ARVC and DCM, affecting 53 individuals. 
Most of these variants (n=20/26 variants, 77%) were found in DSP (n=37 individuals, 
70%), of whom one individual (3%) had heart failure and one (3%) was diagnosed with a 
cardiomyopathy. Five variants out of 26 (19%) were found in DES (n=15 individuals, 28%) of 
whom two individuals (13%) had heart failure, and one was diagnosed with both DCM and 

Likely pathogenic / pathogenic variants ClinVar
ARVC - 483 variants
DCM - 3,268 variants
HCM - 2,710 variants

Likely pathogenic / pathogenic variants VKGL in curated genes

Variants in curated genes
ARVC - 440 variants 
DCM - 2,562 variants 
HCM - 1,000 variants

Variants present in UK biobank participants
ARVC - 90 variants 
DCM - 277 variants 
HCM - 148 variants

Removed VKGL variants with ambiguous annotation
ARVC - 75 variants 
DCM - 216 variants 
HCM - 131 variants

Variants and carriers in UK biobank
ARVC - 75 variants / 347 carriers
DCM - 216 variants / 800 carriers
HCM - 131 variants / 1,346 carriers

ARVC - 153 variants 
DCM - 898 variants 
HCM - 512 variants

Figure 2: Flowchart inclusion of variants
Flowchart depicting the inclusion of pathogenic and likely pathogenic variants associated with 
arrhythmogenic cardiomyopathy, dilated cardiomyopathy and hypertrophic cardiomyopathy from the 
ClinVar8 and VKGL database.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; 
HCM= hypertrophic cardiomyopathy; VKGL= Vereniging Klinische Genetische Laboratoriumdiagnostiek.

Genotypic characteristics of pathogenic and likely pathogenic variant carriers
Prevalence of pathogenic and likely pathogenic variants in the general population

We found a prevalence of 1 ARVC G+ in 578 people in the general population (1:578 [1:521; 
1:644]) and identified 75 variants out of the 593 (13%) pathogenic and likely pathogenic 
variants described in ClinVar and VKGL: 13 missense and 62 loss of function (LoF) (Table IV). 
As shown in Figure 3, most ARVC G+ harbored a pathogenic variant in PKP2 (n=185, 53%), 
followed by DSP (n=49, 14%), DSC2 (n=42, 12%), DSG2 (n=31, 9%), JUP (n=24, 7%), DES (n=15, 
4%), and PLN (n=1, 0.3%).

We found a prevalence of 1:251 [1:234; 1:269] DCM G+ and identified 216 out of 3,460 (6%) 
pathogenic and likely pathogenic variants described in ClinVar and VKGL: 80 missense 
and 136 LoF (Table IV). Variants in TTN (n=272, 34%) and MYH7 (n=158, 20%) were most 
prevalent among DCM G+, followed by SCN5A (n=59, 7%), FLNC (n=56, 7%), DSP (n=49, 
6%), DES (n=49, 6%), LMNA (n=42, 5%), TNNI3 (n=35, 4%) and TNNT2 (n=32, 4%). Eight more 
genes with a frequency of less than 3% were identified: BAG3, PLN, TNNC1, ACTN2, RBM20, 
NEXN, TPM1, and ACTC1 (Figure 3).
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ARVC G+ DCM G+ HCM G+

Outcomes

Heart failure

Cardiomyopathy

Heart failure + cardiomyopathy

Phenotype positive

Ventricular arrhythmias

Atrial arrhythmias

Chronic ischemic heart disease

Angina pectoris

Cardiovascular death

All−cause mortality

OR (95% CI)

1.43 (0.64;2.81)
2.53 (1.71;3.67)
1.35 (0.90;1.98)

2.34 (0.46;7.45)
7.59 (4.24;13.28)

5.50 (3.21;9.31)

1.59 (0.77;2.95)
2.96 (2.09;4.14)
2.19 (1.60;2.96)

1.32 (0.35;3.55)
3.66 (2.24;5.81)
3.03 (1.98;4.56)

6.20 (2.30;14.38)
4.97 (2.39;9.75)
1.80 (0.72;3.99)

1.05 (0.42;2.24)
2.27 (1.52;3.31)
1.25 (0.83;1.83)

1.43 (0.97;2.05)
1.28 (0.98;1.65)
0.95 (0.75;1.19)

1.50 (0.84;2.51)
1.21 (0.80;1.77)
1.34 (0.99;1.80)

1.77 (0.86;3.29)
1.67 (1.04;2.59)
0.73 (0.42;1.20)

1.07 (0.63;1.71)
1.39 (1.02;1.85)
0.89 (0.67;1.17)

0.50 1.0 2.0 4.0 8.0
Odds ratio (95% CI)

Figure 4: Forest plot cardiac outcomes stratified per inherited cardiomyopathy
Odds ratios and 95% confidence interval are given for the associations between cardiac outcomes and 
ARVC, DCM, or HCM pathogenic variant carriers.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; 
G+= pathogenic variant carrier; HCM= hypertrophic cardiomyopathy.

Ventricular arrhythmias occurred more often in G+ compared to G-, reaching statistical 
significance for ARVC (OR 6.20 [95% CI 2.30;14.38], p=3.3×10-4) and DCM (OR 4.97 [95% 
CI 2.39;9.75], p=1.9×10-5). Atrial arrhythmias were more prevalent among DCM G+ (OR 
2.27 [95% CI 1.52;3.31], p=8.2×10-5). Finally, all-cause mortality (OR 1.39 [95% CI 1.02;1.85], 
p=0.032) and death due to a cardiovascular cause were more prevalent in DCM G+ (OR 
1.67 [95% CI 1.04;2.59], p=0.030) but did not reach statistical significance for ARVC G+ and 
HCM G+ (p≥0.100). Figure I depicts the overlap in cardiomyopathy, heart failure, ventricular 
arrhythmia and ischemic heart disease diagnosis. Figure II depicts the forest plots when 
excluding the more prevalent TNNT2 and MYBPC3 variants in HCM G+ individuals and 
Figure III shows the association between different outcomes stratified by genes for each 
cardiomyopathy.

HCM. One variant out of 26 (4%) was found in PLN (c.26G>A; p.Arg9His, NM_002667.5) in 
one individual (2%) who was not diagnosed with a cardiomyopathy or heart failure.

Second, 52 variants were described in DCM and HCM, affecting 232 individuals. Most 
of these variants (n=33/52 variants, 63%) were found in MYH7 (n=158 individuals, 68%), 
followed by 10 variants (19%) in TNNT2 (n=29 individuals, 13%), 6 variants (12%) in TNNI3 
(n=35 individuals, 15%), and 1 (2%) variant in TNNC1, ACTC1 as well as TPM1. In this group of 
232 individuals, 9 (4%) individuals had a cardiomyopathy or heart failure diagnosis, of whom 
5 were diagnosed with HCM and none with DCM.

Furthermore, three individuals carried two pathogenic variants. Individual 1 was a 65-
year old male, carrying variants in MYBPC3 (c.3628-41_3628-17del, NM_000256.3) 
and TNNT2 (c.460C>T; p.Arg154Trp, NM_001276345.2) and was diagnosed with heart 
failure, with underlying chronic ischemic heart disease. Individual 2 was a 65-year old 
male, carrying variants in FLNC (c.7450G>A; p.Gly2484Ser, NM_001458.5) and PKP2 
(c.1867G>T; p.Glu623Ter, NM_001005242.3) and was therefore included in both the ARVC 
as well as the DCM G+ group. Individual 3 was a 64-year old male, carrying variants in 
MYBPC3 (c.1504C>T; p.Arg502Trp, NM_000256.3) and MYH7 (c.5655G>A; p.Ala1885=, 
NM_000257.4). Individuals 2 and 3 were not diagnosed with a cardiomyopathy or heart 
failure and none had CMR data available.

Table VI shows the prevalence of the cardiomyopathy variants, with and without the 
inclusion of overlapping variants.

Phenotypic characteristics of pathogenic and likely pathogenic variant carriers
Cardiovascular risk factors

Hypertension, BMI, and level of activity in metabolic equivalent of task minutes (MET) per 
week were comparable between G- and G+ for all cardiomyopathies (p≥0.055; Table 1 and 
Table VII). Diabetes was more prevalent in G+ HCM (9.2% (G-) vs 11.4% (G+), p=0.008), while 
smoking was more prevalent in DCM G+ (41.4% vs 46.4%, p=0.007) (Table VIII).

Cardiovascular disease

As seen in Figure 4 and Table VIII, compared to G-, cardiomyopathy/heart failure without 
previous ischemic heart disease (P+, phenotype positive) was more often diagnosed in DCM 
G+ (OR 3.66 [95% CI 2.24;5.81], p=4.9×10-7) and HCM G+ (OR 3.03 [95% CI 1.98;4.56], p=5.8×10-7).  
Among DCM G+, 25 individuals (3.1%, genes: 8 MYH7, 8 TTN, 2 BAG3, 2 DSP, 2 FLNC, 1 DES, 
1 SCN5A and 1 TNNT2) were P+. Within HCM G+, 32 individuals (4.0%, genes: 20 MYBPC3, 10 
MYH7, 1 TNNI3 and 1 TNNT2) were P+. For ARVC G+, 4 individuals (1.2%, genes: 2 DSP, 1 DES 
and 1 PKP2) were P+, being comparable to G- controls (87 subjects, 0.8%).
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Figure 5: CMR parameters stratified per inherited cardiomyopathy
Boxplots of CMR parameters showing the summary statistics of CMR parameters stratified by controls 
and individuals with a pathogenic variant associated with ARVC, DCM, or HCM. Displayed summary 
statistics include the median, first and third quartile (lower and upper box edges), and the whiskers 
represent values within 1.5 times the interquartile range from the box edges.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; 
EDVi= body surface area corrected end-diastolic volume; EF= ejection fraction; G+= pathogenic variant 
carrier; HCM= hypertrophic cardiomyopathy; LV= left ventricular; RV= right ventricular.

Deep phenotyping of undiagnosed pathogenic variant carriers
Next, we set out to study early signs of disease in G+ without a cardiomyopathy/heart 
failure diagnosis (P-) using registered ICD-10 codes, self-reported cardiac symptoms, and 
abnormal ECG and CMR values.

Diagnosis and symptoms

Ventricular arrhythmias were more prevalent in ARVC G+P- (OR 5.85 [95% CI 1.98;14.40], 
p=0.001) and DCM G+P- (OR 3.43 [95% CI 1.35;7.68], p=0.005) but not in HCM G+P- (OR 1.01 
[95% CI 0.26;2.86], p=1.000) compared to G-P- controls. Also, atrial arrhythmias (OR 2.12 
[95% CI 1.36;3.19], p=7.9×10-4) were more frequent in DCM G+P- compared to G-P- controls. 
Finally, angina pectoris occurred more often in HCM G+P- (OR 1.38 [95% CI 1.01;1.85], 
p=0.038), but not in ARVC G+P- and DCM G+P- (p≥0.117; Table VII).

Electrocardiography

In total, 231 out of 2,207 G+P- and 1,058 out of 9,885 G-P- had various ECG variables 
available. None of these ECG variables differed significantly between all undiagnosed G+ 
and control individuals (Table VIII).

Cardiac magnetic resonance imaging

CMR data was available in 225 G+P- of the 2,207 unique G+P- individuals: n=33 for ARVC G+P-,  
n=87 for DCM G+P- and n=130 for HCM G+P-) and 986 of the 9,885 G-P- controls. As shown 
in Table IX, G+P- and G-P- individuals with CMR data available were mostly comparable. 
Only smoking was more prevalent among DCM G+P- compared to G-P- controls (OR 1.59 
[95%CI 1.00; 2.53], p=0.041). Outliers were observed in G-P- controls: 4 individuals with a 
median age of 64 [60-67] years had a left ventricular ejection fraction (LVEF) below 40% and 
3 of them were diagnosed with hypertension and 2 with acute myocardial infarction in the 
past. In addition, 2 individuals with an age of 42 and 52 years old had an RVEF below 40%. 
They did not suffer from hypertension and did not have any cardiac diagnosis.

As shown in Figure 5 and Table VIII, all RV (p≥0.546) and LV (p≥0.052) functional and 
structural parameters in ARVC G+P- were comparable to G-P- controls. Three ARVC G+P- 
individuals had an RVEDV corrected for body surface area (RVEDVi) between 100-110 mL/
m2 for males or 90-100 mL/m2 for females, meeting the minor CMR task force criteria (TFC) 
if wall motion abnormalities were present, and two ARVC G+P- individuals had an RVEDVi 
larger than 110 mL/m2 for males or 100 mL/m2 for females, meeting the major CMR TFC10. In 
addition, ARVC G+P- had reduced inferior and posterolateral wall thickness compared to 
controls (p≤0.035).



224 225

1111

PART IV | CHAPTER 11 PATHOGENIC VARIANTS IN THE GENERAL POPULATION

Prevalence of pathogenic and likely pathogenic variant carriers in the general 
population
Since rare genetic variants are the major cause of inherited cardiomyopathies , a large 
dataset is needed to accurately identify the population prevalence of these variants. 
Prevalence of pathogenic variants in populations has been the focus of several previous 
studies4,13-15, however they were mostly limited by the number of included individuals. At 
time of analysis, we had access to an unprecedented number of 200,643 individuals.

Previously reported prevalence of ARVC G+ in the general population ranges between 1:143 
to 1:1,70613-15. This variability is likely to be explained by heterogeneity in study populations 
and definitions of variant pathogenicity. For example, many previous studies did not include 
all eight curated genes with strong or moderate disease-gene association but also marked 
other genes (e.g. TGFB3) with only limited evidence as associated with ARVC14,15. In addition, 
we included both missense and LoF variants whereas prior studies only included LoF 
variants. 

For DCM, little is known about the prevalence of DCM causing variants in the general 
population. Studies focusing on truncating TTN variants in the general population found 
a prevalence ranging between 1:33 and 1:52616,17. This wide range can partly be explained 
by the used definition of pathogenicity. Also, disease causing truncating TTN variants 
associated with DCM are known to be highly enriched in the A band. However, recently, 
truncating variants in the distal I-band region have also been implicated in DCM18. When 
solely focussing on TTN variants, we found a prevalence of only 1:735. This differs from 
the previous studies, probably because not all TTN variants are reported as pathogenic 
or likely pathogenic in ClinVar and VKGL. Including all curated DCM-associated genes, we 
report a prevalence of 1:251.

For HCM, we found a prevalence ranging between 1:250 and 1:149 individuals carrying a 
pathogenic or likely pathogenic variant, which approaches previous estimates of 1:16419. 
In a recent study, including the UKB population, a prevalence of 1:407 was reported20. 
They included 8 sarcomere-encoding genes described to be associated with HCM 
(ACTC1, MYBPC3, MYH7, MYL2, MYL3, TNNI3, TNNT2 and TPM1) and variants that were 
described as pathogenic or likely pathogenic in ClinVar or annotated as pathogenic or 
likely pathogenic according to ACMG criteria and filtered variants for an allele frequency 
of 0.00004. We included additional genes (CSRP3, JPH2 and TNNC1) and pathogenic and 
likely pathogenic variants from the VKGL database and filtered for a minor allele frequency 
of 0.001. Especially the latter is a driving force behind the higher prevalence in this study. 
When also using a minor allele frequency (MAF) <0.00004, the prevalence of our study 
would be 1:475, approaching the prevalence reported by de Marvao et al.20.

Overall, DCM G+P- and G-P- controls had comparable RV functional and structural measures 
(p≥0.048). However, DCM G+P- had lower LVEF (57.3% [52.6, 62.8] vs. 59.5% [55.3, 63.5] 
vs, p=0.009) and less negative LV peak longitudinal strain (-22.3% [-24.6, -19.86] vs. -23.3% 
[-26.0, -21.4], p=0.009). Although LVEDVi was not significantly increased in DCM G+P-, the 
LVEDV/RVEDV ratio (0.9 [0.9, 1.0] vs 1.0 [0.9, 1.1], p=8.2×10-4) and LVESVi (30.0 ml/m2 [25.1, 
35.7] vs 31.7 ml/m2 [26.2, 39.8], p=0.032) were increased. Six individuals had an LVEF below 
45%, but none of the individuals met the Henry criteria for DCM (LVEF below 45% and 
LVEDVi two times the normal SD)11.

For HCM G+P-, most RV and LV functional and dimension parameters were comparable to 
G-P- controls (p≥0.051). Only RVEF was higher than controls (58.4% [54.2, 62.7] vs 59.6% 
[54.8, 64.0], p=0.025). Importantly, wall thickness was not significantly different between 
HCM G+P- without a cardiomyopathy/heart failure diagnosis and G-P- (p≥0.160). None of 
the G+P- individuals met HCM criteria12 of ≥15 mm wall thickness, but two individuals met 
the criteria for limited hypertrophy (13-15mm) in the presence of a positive genetic test12. 
Figure IV shows a summary of all the differences tested.

Exclusion of the more prevalent TNNT2 and MYBPC3 variants

When excluding the more prevalent TNNT2 and MYBPC3 variants in HCM G+P- individuals, 
the occurrence of ventricular arrhythmias (OR 1.72 [95% CI 0.44;4.89], p=0.306) and atrial 
arrhythmias (OR 1.43 [95% CI 0.84;2.32], p=0.156) was comparable to G-P- controls. However, 
the maximum wall thickness (8.47mm [7.59, 9.94] vs. 8.09mm [7.24, 9.01], p=0.008) and 
basal anterior wall thickness (7.93mm [6.97, 9.11] vs. 7.65mm [6.81, 8.49], p =0.029) were 
significantly increased in HCM G+P- compared to controls (Table VIII). Two individuals had 
a maximum wall thickness between 13-15mm.

DISCUSSION

In this study we leveraged the largest European population database including WES 
and phenotype data to evaluate the prevalence and penetrance of previously reported 
pathogenic and likely pathogenic variants associated with ARVC, DCM and HCM. Our study 
has several interesting findings. First, we found a prevalence of 1:578, 1:251, and 1:149 for 
variants previously associated with ARVC, DCM and HCM respectively. Second, 1.2% of 
ARVC G+, 3.1% of DCM G+ and 2.6% of HCM G+ were diagnosed with a cardiomyopathy 
or heart failure without previous chronic ischemic heart disease. Finally, 3.2% of the 
undiagnosed ARVC G+, 1.8% of the undiagnosed DCM G+, 0.5% of the undiagnosed HCM 
G+ reported ventricular arrhythmias or had CMR abnormalities. These results confirm the 
low disease penetrance in G+ in the general population.
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due to higher mortality and morbidity in especially ARVC and HCM, but also because 
individuals with a diagnosed cardiomyopathy may be less likely to participate in a large-
scale biobank study such as the UKB.

Interestingly, the South Asian MYBPC3 and the TNNT2 variant, showed a relatively high 
prevalence in our cohort. In total, 19% of HCM G+ was Asian and most of these individuals 
carried the c.3628-41_3628-17del variant in the MYBPC3 gene. Although this variant is 
indicated as likely pathogenic in ClinVar, a previous study suggests that this variant may 
be reclassified as benign26. In our study, none of these variant carriers were diagnosed 
with HCM. Four were diagnosed with heart failure of whom one was diagnosed with DCM. 
This suggests that this variant is associated with heart failure in the setting of multiple 
forms of cardiomyopathy, and not simply HCM26. Secondly, the c.862C>T p.Arg288Cys 
variant in TNNT2 was previously found in HCM individuals but is often observed in patients 
with a mild phenotype or in combination with other variants. These observations suggest 
that this variant might not be a monogenic cause of severe HCM but acts in concert with 
other variants27. Interestingly, when excluding these variants from our G+P- population, a 
significantly higher wall thickness is measured compared to controls. These two examples 
emphasize that when pathogenic or likely pathogenic variants are identified as a secondary 
finding, other factors, such as the specific variant and the family history are crucial for follow-
up decisions.

We also assessed gene-specific associations with the cardiovascular outcomes. PKP2 
variant carriers showed a stronger association with ventricular arrhythmias (OR 11.90 [95% 
CI 4.38; 27.86], p = 6.4×10-6) compared to heart failure (OR 1.50 [95% CI 0.48; 3.64], p=0.395). 
This is in concordance with a previous study showing sustained ventricular arrhythmias 
to be the first clinical presentation in 61% of ARVC patients21. During follow-up, sustained 
arrhythmias occurred in 72% of ARVC patients, highlighting sustained arrhythmias as the 
most important ARVC disease manifestation. On the contrary, symptomatic heart failure 
was seen in 13% of ARVC patients21. In DCM G+, ventricular arrhythmias were significantly 
more present compared to G- controls, especially in TTN (OR 4.49 [95% CI 1.15; 12.76], 
p=0.016), DES (OR 12.80 [95% CI 1.45; 52.55], p=0.013) and LMNA (OR 15.04 [95% CI 1.69; 
62.32], p=0.009) variant carriers. A recent meta-analysis assessing predictors for sustained 
ventricular arrhythmias, showed PLN and LMNA to be associated with arrhythmogenic 
outcome28. Although we did not have enough power to study PLN G+, LMNA G+ did show 
significantly more ventricular arrhythmias compared to G- controls. Furthermore, BAG3 
variant carriers have been associated with significant risk of progressive heart failure29. In our 
study, BAG3 variant carriers were significantly more often diagnosed with a cardiomyopathy 
(OR 41.18 [95% CI 4.36; 192.17], p=0.002). Even though more heart failure cases were seen 
compared to G- controls, this did not reach statistical significance (Table X).

Disease expression of pathogenic and likely pathogenic variants in the general 
population
Most information on disease penetrance in ARVC, DCM or HCM G+ is based on 
observations in G+ relatives of cardiomyopathy patients. Previous studies have shown that 
37% of ARVC G+ relatives21 and up to 50% of HCM G+ relatives with sarcomeric variants22 
show disease expression during follow-up. Our findings suggest that disease penetrance 
in the general population is much lower. We found that 1.2% of ARVC G+, 3.1% of DCM G+ 
and 2.6% of HCM G+ in the UKB were diagnosed with a cardiomyopathy or heart failure, 
in the absence of chronic ischemic heart disease. Our additional analysis of ventricular 
function and ECG in undiagnosed G+ subjects also suggests a low disease penetrance. We 
found significantly worse LVEF and strain parameters in DCM G+P- compared to controls, 
however none met the diagnostic Henry criteria (LVEF below 45% and LVEDVi two times 
the normal SD)11. Although CMR data was only available in a subgroup of undiagnosed G+ 
patients, these findings make it unlikely that the low penetrance found in our study arises 
from missed diagnoses or covert disease in the G+ cohort. Furthermore, none of the G+P- 
individuals met HCM criteria12 of ≥15 mm wall thickness, two individuals did meet the criteria 
for limited hypertrophy (13-15mm) in the presence of a positive genetic test12. Interestingly, 
maximum wall thickness in de Marvao et al.20 was higher compared to ours. Although this 
can partly be explained by the inclusion of P+ by Marvao et al., this may also be explained 
by differences in wall thickness calculation method. While Marvao et al. uses the absolute 
largest wall thickness value at a single point, we have used the AHA segment with the 
largest wall thickness (which is an average of all the single points within one AHA segment 
to reduce random outliers). In ARVC and DCM G+P- we found a low, but significantly higher 
prevalence of ventricular arrhythmias compared to controls (1.7% vs. 0.3% (OR 5.85 [95% CI 
1.98;14.40]) and 1.0% vs. 0.3% (OR 3.43 [95% CI 1.35;7.68)) respectively). In ARVC, electrical 
abnormalities are known to precede structural abnormalities23. Therefore, these findings 
may suggest early disease penetrance in a small subset of undiagnosed G+ individuals. 
The discrepancy between the high disease penetrance found in G+ family members and 
the low penetrance in the G+ general population points towards the interaction of possible 
other (unidentified) genetic and environmental factors leading to this variation. The median 
age of our study population was 57 [49-63] years, however inherited cardiomyopathies are 
generally diagnosed at a younger age. For ARVC, Groeneweg et al. showed, in a cohort of 
439 index-patients, that the mean age of first disease presentation is 36±14 years. Most of 
these patients presented with symptoms (95%), of whom 11% with sudden cardiac arrest21. 
Likewise in DCM, the mean age of presentation is mostly between 30-50 years24. Lastly, in 
HCM a mean age at presentation of 49±16 years was shown in a cohort of 4893 patients 
by Lorenzini et al.25. Interestingly, although mortality rates were low, young HCM patients 
showed a worse prognosis compared to their healthy peers, with 80% of mortality being 
caused by sudden cardiac death25. Therefore, it should be taken into account that younger 
patients with disease expression are likely underrepresented in our study. This is not only 
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CONCLUSION

In a cohort of 200,643 individuals with WES and phenotype data we identified a prevalence 
of pathogenic variants associated with ARVC, DCM and HCM of 1:578, 1:251 and 1:149 
respectively. Among the identified G+ individuals, cardiomyopathy, heart failure and 
ventricular arrhythmias were more common compared to G-. However, overall disease 
penetrance was low (1.2-3.1%). Therefore, in case of incidental findings, decisions on 
application of cascade screening and frequency of cardiological examination should be 
based on multiple factors besides variant and gene type, such as family history and disease 
expression. 
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Non-standard Abbreviations and Acronyms
ACMG – American College of Medical Genetics and Genomics
ACTC1 – Actin Alpha Cardiac Muscle 1
ACTN1 – Alpha-actinin 2
AHA – American Heart Association
ARVC – Arrhythmogenic right ventricular cardiomyopathy
BAG3 – BAG Cochaperone 3

Interestingly, self-reported health-related quality of life and psychological well-being of 89 
asymptomatic HCM G+ were previously evaluated in a Dutch cohort and found to be at least 
similar to the general population, which suggests that reporting incidental findings will not 
harm psychological well-being of G+30. However, frequent cardiological examination of G+ 
and family members turning out to be carriers after cascade screening will put a burden 
on health care and societal costs31. Genetic screening and cardiological examination are 
necessary in family members of genetic cardiomyopathy patients since disease expression 
in family members is considerable. Disease expression in the general population on the 
other hand is low. Therefore, in case of an incidental finding, multiple factors like family 
history, presence of symptoms, electrical and/or structural abnormalities and gene and 
variant type should inform follow-up decisions. Further studies on the genotype-phenotype 
associations and disease penetrance will aid in facilitating these decisions.

Limitations
Several variants are associated with more than one cardiomyopathy. This is mainly due to 
phenotypic heterogeneity but may also be partly explained by misdiagnosis. Information 
is submitted to ClinVar by laboratories, not by clinicians. Phenotype description might 
therefore be less reliable. To avoid selection bias, we included variants associated with 
multiple cardiomyopathies in both cardiomyopathy categories, possibly leading to increased 
prevalence estimates. Although the prevalence of cardiomyopathy variants is slightly 
affected by including or excluding overlapping variants, this did not substantially affect the 
results and conclusions (Table XI). Future studies should focus on reaching consensus on 
variant-phenotype associations for the variants described in multiple cardiomyopathies to 
avoid variation in prevalence caused by the use of different definitions. Despite recent 
efforts to harmonize knowledge on genes associated with inherited cardiomyopathies5-7, 
and guidelines for variant classification31, the adjudication of the clinical significance of single 
variants can still differ between diagnostic laboratories31, which has led to interpretation 
differences and difficulties to compare results among studies using different criteria. This 
highlights the importance of a single set of criteria to ascertain clinical significance of a 
single variant. Furthermore, not all pathogenic or likely pathogenic variants are reported 
in these databases, especially family-specific variants and pathogenic variants in non-
Caucasian populations are underreported.

Lastly, G+P- and G-P- individuals with CMR data available were age, sex and ethnicity 
matched and comparable in the presence of cardiovascular risk factors and diseases. 
Interestingly, outliers in CMR values were also present in G-P- controls, which could be 
partly explained by the presence of past myocardial infarctions. Therefore, differences in 
cardiac function and structure between G+P+ and G-P- could be underestimated.
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RV – Right ventricular
SCN5A – Sodium Voltage-Gated Channel Alpha Subunit 5
SD – Standard deviation
SV – Stroke volume
TFC – Task force criteria
TMEM43 – Transmembrane Protein 43
TNNC1 – Troponin C1, Slow Skeletal And Cardiac Type
TNNI3 – Troponin I3, Cardiac Type
TNNT2 – Troponin T2, Cardiac Type
TPM1 – Tropomyosin 1
TTN – Titin
UKB – UK Biobank
VKGL – Vereniging Klinische Genetische Laboratoriumdiagnostiek
VCL – Vinculin
WES – Whole exome sequencing

BMI – Body mass index
CI – Confidence interval
ClinGen – Clinical Genome Resource
CMR – Cardiac magnetic resonance imaging
CSRP3 – Cysteine And Glycine Rich Protein 3
DCM – Dilated cardiomyopathy
DES – Desmin
DSC2 – Desmocollin 2
DSG2 – Desmoglein 2
DSP – Desmoplakin
ECG – Electrocardiography
EDM – End diastolic mass
EDV – End diastolic volume
EF – Ejection fraction
ESV – End systolic volume
FLNC – Filamin-C
G+ – Genotype positive (variant carriers)
G- – Genotype negative (controls)
i – Indexed, corrected for body surface area
JPH2 – Junctophilin 2
JUP – Junction Plakoglobin
HCM – Hypertrophic cardiomyopathy
LMNA – Lamin A/C
LoF – Loss of function
LV – Left ventricular
MAF – Minor allele frequency
MET – Metabolic equivalent of task minutes
MVR – Mass to EDV ratio
MYBPC3 – Myosin Binding Protein C3
MYH7 – Myosin Heavy Chain 7
MYL2 – Myosin Light Chain 2
MYL3 – Myosin Light Chain 3
NEXN – Nexilin F-Actin Binding Protein
NGS – Next generation sequencing
OR – Odds ratio
P+ – Phenotype positive
P- – Phenotype negative
PKP2 – Plakophilin 2
PLN – Phospholamban
RBM20 – RNA Binding Motif Protein 20
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reporting code for cardiomyopathy, DCM, HCM or heart failure, without a diagnosis of 
chronic ischemic heart disease. No ICD-10 or self-reporting code was available for ARVC 
in the UKB.

CMR and ECG data analysis

We investigated disease expression on cardiac magnetic resonance imaging (CMR, n = 225
unique individuals) and electrocardiography (ECG, n = 231 unique individuals) of G+P-
individuals. The full CMR protocol of the UKB has been described in detail35. In short, all 
CMR examinations were performed on a 1.5 Tesla scanner (Magnetom Aera, Syngo Platform 
VD13A, Siemens Healthcare, Erlangen, Germany). We used a previously developed and 
validated deep-learning methodology (AI-CMRQC) to extract left (LV) and right ventricular 
(RV) CMR measurements36. In short, cine images of short-axis and 2- and 4-chamber long-
axis views were used to automatically calculate LV and RV functional measures (ejection 
fraction [EF], stroke volume [SV]) and structural measures (end diastolic volume [EDV], end-
systolic volume [ESV], LV end diastolic mass [EDM], LV mass to EDV ratio [LVMVR] and LV 
maximal and regional [16 segments model according the American Heart Association37] wall 
thickness). The electrocardiography (ECG) variables P duration, P axis, PQ interval, QRS 
duration, R axis, QTc interval and T axis were extracted from the UKB for G+P- individuals.

Statistical analysis
Statistical analysis was performed using R version 4.0.238. Continuous values are presented
as median [interquartile range] and for comparisons of two groups, Mann-Whitney-U test 
was used. Categorical data was displayed as absolute frequency (n) and percentages (%) 
and Fisher’s exact test was used to test for differences. The strength of the association 
between cardiac outcomes and G+ ARVC, DCM and HCM was calculated by the odds 
ratio with 95% confidence intervals. The latter was also performed stratifying by genes. 
A number of included variants are associated with more than one cardiomyopathy. To 
investigate the effect of the inclusion of individuals in more than one cardiomyopathy, we 
removed overlapping variants as described in Table IV and calculated the odds ratios of 
the cardiovascular risk factors and diagnoses for these G+ compared to G-.A p-value of less 
than 0.05 was considered significant.

SUPPLEMENTAL METHODS

Genetic variants in the study population
We identified carriers of a pathogenic or likely pathogenic variant associated with ARVC, 
DCM or HCM in individuals from the UKB who underwent whole exome sequencing (WES, 
n=200,643 at time of analysis). For each inherited cardiomyopathy we selected curated 
genes classified to have definite, strong or moderate evidence of pathogenicity as defined 
by the standardized evidence-based framework of Clinical Genome Resource (ClinGen)32 
and curated by James et al.5 for ARVC, Jordan et al.6 for DCM and Ingles et al.7 for HCM. 
For ARVC we included DES, DSC2, DSG2, DSP, JUP, PKP2, PLN and TMEM43; for DCM we 
included ACTC1, ACTN2, BAG3, DES, DSP, FLNC, JPH2, LMNA, MYH7, NEXN, PLN, RBM20, 
SCN5A, TNNC1, TNNI3, TNNT2, TPM1, TTN and VCL; and for HCM we included ACTC1, 
CSRP3, JPH2, MYBPC3, MYH7, MYL2, MYL3, TNNC1, TNNI3, TNNT2 and TPM1 (Figure 1 and 
Table I).

Some genetic variants are associated with two cardiomyopathies (Table IV). Individuals 
carrying these variants were included in the G+ groups of both cardiomyopathies. Next, 
likely pathogenic and pathogenic variants in these genes were identified using the ClinVar
NCBI-NIH database8 and the Dutch Society for Clinical Genetic Laboratory Diagnostics 
(Vereniging Klinische Genetische Laboratoriumdiagnostiek, VKGL) database. Laboratories 
submitting information to these databases use the criteria for variant classification as 
defined by the American College of Medical Genetics and Genomics and the Association 
for Molecular Pathology (ACMG-AMP)33. An elaborate overview of the ClinVar and VKGL 
search criteria is given in Figure 2. In short, ClinVar was queried using the disease name(s) 
and filtered for pathogenic and likely pathogenic variants in the curated genes. For variants
mentioned in the VKGL database, which does not specify disease associations, association
with one of the cardiomyopathies was confirmed in ClinVar. The minor allele frequency 
(MAF) cut-off was defined at 0.001, which is the recommended cut-off for including rare 
variants34 and still include any potentially at-risk variant carriers. Variants were classified as
missense or loss of function (LoF), with LoF being defined as frameshift, stop gain, start lost
and canonical splice site variants. We matched G+ individuals in a 1:4 ratio to UKB 
individuals without a pathogenic or likely pathogenic variant associated with one of the 
cardiomyopathies (G-). Matching of this G-control group was based on age, sex, ethnicity 
and presence of cardiac magnetic resonance imaging (CMR) measurements. Controls are 
referred to as G- throughout this study.

Data extraction UKB
Disease definitions

An elaborate overview of the disease definitions used in this study is available in Table II. In
short, individuals were defined to be phenotype positive (P+) if they had an ICD-10 or self-
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Supplementary Table II: Disease definitions
Phenotype Field names Values (ICD or 

other coding)

Diabetes

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

E10*; E11*; E12*; 
E13*; E14*

Non-cancer illness code self-reported 1220; 1222; 1223
Diabetes diagnosed by doctor 1
Medication for cholesterol blood pressure or diabetes(, or 
take exogenous hormones)

3

Hypertension

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I10; I15*

Non-cancer illness code self-reported 1065; 1072
Medication for cholesterol blood pressure or diabetes(, or 
take exogenous hormones)

2

Hypercholesterolaemia

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

E780

Non-cancer illness code self-reported 1473
Medication for cholesterol blood pressure or diabetes(, or 
take exogenous hormones)

1

Ever smoked Smoking status 1; 2

Family heart disease
Illnesses of father
Illnesses of mother Illnesses of siblings 1

Cardiac problem Non-cancer illness code self-reported 1066

Heart failure

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I110; I130; I132; I50*

Non-cancer illness code self-reported 1076

Cardiomyopathy

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I42*

Non-cancer illness code self-reported 1079

Dilated cardiomyopathy

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I420

Hypertrophic 
cardiomyopathy

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I421; I422

Non-cancer illness code self-reported 1588

Supplementary Table I: Included curated genes per cardiomyopathy
Gene* ARVC DCM HCM
ACTC1 Moderate Definitive
ACTN2 Moderate
BAG3 Definitive
CSRP3 Moderate
DES Moderate Definitive
DSC2 Definitive
DSG2 Definitive
DSP Definitive Strong
FLNC Definitive
JPH2 Moderate Moderate
JUP Definitive
LMNA Definitive
MYBPC3 Definitive
MYH7 Definitive Definitive
MYL2 Definitive
MYL3 Definitive
NEXN Moderate
PKP2 Definitive
PLN Moderate Definitive
RBM20 Definitive
SCN5A Definitive
TMEM43 Definitive
TNNC1 Definitive Moderate
TNNI3 Moderate Definitive
TNNT2 Definitive Definitive
TPM1 Moderate Definitive
TTN Definitive
VCL Moderate

* ARVC genes are curated by ref 5, DCM genes by ref 6 and HCM genes by ref 7. Pathogenicity is classified as 
moderate, strong and definitive.
Abbreviations:
ACTC1 : Actin Alpha Cardiac Muscle 1; ACTN2 : Alpha-actinin 2;
ARVC: Arrhythmogenic right ventricular cardiomyopathy; BAG3 : BAG Cochaperone 3; CSRP3 : Cysteine And Glycine Rich 
Protein 3; DCM: Dilated cardiomyopathy; DES : Desmin; DSC2 : Desmocollin 2; DSG2 : Desmoglein 2; DSP : Desmoplakin; 
FLNC : Filamin-C;
HCM: Hypertrophic cardiomyopathy; JPH2 : Junctophilin 2; JUP : Junction Plakoglobin;
LMNA : Lamin A/C; MYBPC3 : Myosin Binding Protein C3; MYH7 : Myosin Heavy Chain 7;
MYL2 : Myosin Light Chain 2; MYL3 : Myosin Light Chain 3; NEXN : Nexilin F-Actin Binding Protein;
PKP2 : Plakophilin 2; PLN : phospholamban; RBM20 : RNA Binding Motif Protein 20;
SCN5A : Sodium Voltage-Gated Channel Alpha Subunit 5; TMEM43 :Transmembrane Protein 43; TNNC1 : Troponin 
C1, Slow Skeletal And Cardiac Type; TNNI3 : Troponin I3, Cardiac Type; TNNT2 : Troponin T2, Cardiac Type; TPM1 : 
Tropomyosin 1; TTN : Titin; VCL : Vinculin.
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Supplementary Table III: extensive baseline table

Due to its size, this table is only available online https://doi.org/10.1161/CIRCGEN.122.003704

Supplementary Table IV: detailed information of all included SNPs

Due to its size, this table is only available online https://doi.org/10.1161/CIRCGEN.122.003704

Supplementary Table II: Continued.
Phenotype Field names Values (ICD or 

other coding)

Ventricular arrhythmias

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I470; I472; I490; 
I493

Atrial arrhythmias

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I48*; I471; I491

Non-cancer illness code self-reported 1471; 1483; 1487
Heart arrhythmia Non-cancer illness code self-reported 1077

Chronic ischemic heart 
disease

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I25*

Acute myocardial 
infarction

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I21*; I22*; I248; 
I249

Non-cancer illness code self-reported 1075

Cardiac arrest

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I46*

Angina pectoris Non-cancer illness code self-reported 1074

Conduction disorders

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I44*; I45*

Valvular disease

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

I34*; I35*; I36*; 
I37*; I05*; I06*; 
I07*; I08*

Non-cancer illness code self-reported 1078; 1488; 1489; 
1490; 1584; 1585; 
1586; 1587

Congenital heart 
disease

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

Q20*; Q21*; Q22*; 
Q23*; Q24*; Q25*; 
Q26*

Pulmonary obstructive 
disease

Diagnoses ICD10
Underlying (primary) cause of death: ICD10 Contributory 
(secondary) causes of death: ICD10 External causes ICD10
Diagnoses main ICD10
Diagnoses secondary ICD10

J44*; J43*; I26*; 
I27*

Non-cancer illness code self-reported 1112; 1113; 1114; 1115; 
1121

All-cause mortality Date of Death Any non-missing 
value

Cardiovascular death Underlying (primary) cause of death: ICD10
Contributory (secondary) causes of death: ICD10

I*

* indicates starting with previously indicated code.
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Supplementary Table VI: Prevalence of variants associated with the inherited cardiomyopathies
Cardiomyopathy Prevalence with

overlapping genes
Prevalence without
overlapping genes

Previously reported
prevalence range

ARVC 1:578 1:712 1:143 - 1:1,70613-15

DCM 1:251 1:289 (ARVC overlap) / 1:354 (HCM overlap) 1:33 - 1:52616, 17

HCM 1:149 1:260 1:16419

Abbreviations:
ARVC: arrhythmogenic right ventricular cardiomyopathy; DCM: dilated cardiomyopathy; HCM: hypertrophic cardiomyopathy.

Supplementary Table V: Prevalence of all genes per cardiomyopathy
Cardiomyopathy Gene N Proportion Prevalence

ARVC

DES 15 4.3 7.48E-05
DSC2 42 12.1 2.09E-04
DSG2 31 8.9 1.55E-04
DSP 49 14.1 2.44E-04
JUP 24 6.9 1.20E-04
PKP2 185 53.3 9.22E-04
PLN 1 0.3 4.98E-06

DCM

ACTC1 1 0.1 4.98E-06
ACTN2 6 0.8 2.99E-05
BAG3 15 1.9 7.48E-05
DES 49 6.1 2.44E-04
DSP 49 6.1 2.44E-04
FLNC 56 7.0 2.79E-04
LMNA 42 5.3 2.09E-04
MYH7 158 19.8 7.87E-04
NEXN 4 0.5 1.99E-05
PLN 8 1.0 3.99E-05
RBM20 5 0.6 2.49E-05
SCN5A 59 7.4 2.94E-04
TNNC1 7 0.9 3.49E-05
TNNI3 35 4.4 1.74E-04
TNNT2 32 4.0 1.59E-04
TPM1 2 0.3 9.97E-06
TTN 272 34.0 1.36E-03

HCM

ACTC1 1 0.1 4.98E-06
CSRP3 27 2.0 1.35E-04
JPH2 6 0.4 2.99E-05
MYBPC3 723 53.6 3.60E-03
MYH7 232 17.2 1.16E-03
MYL2 21 1.6 1.05E-04
MYL3 1 0.1 4.98E-06
TNNC1 7 0.5 3.49E-05
TNNI3 50 3.7 2.49E-04
TNNT2 274 20.3 1.37E-03
TPM1 6 0.4 2.99E-05

Abbreviations:
ACTC1: Actin Alpha Cardiac Muscle 1; ACTN2: Alpha-actinin 2;
ARVC: Arrhythmogenic right ventricular cardiomyopathy; BAG3: BAG Cochaperone 3; CSRP3: Cysteine And Glycine 
Rich Protein 3; DCM: Dilated cardiomyopathy; DES: Desmin; DSC2: Desmocollin 2; DSG2: Desmoglein 2; DSG2: 
Desmoglein 2; DSP: desmoplakin; FLNC: Filamin-C; HCM: Hypertrophic cardiomyopathy; JPH2: Junctophilin 2;
JUP: Junction Plakoglobin; LMNA: Lamin A/C; MYBPC3: Myosin Binding Protein C3; MYH7: Myosin Heavy Chain 7; 
MYL2: Myosin Light Chain 2; MYL3: Myosin Light Chain 3; N: Number of individuals; NEXN: Nexilin F-Actin Binding 
Protein; PKP2: Plakophilin 2; PLN: phospholamban; RBM20: RNA Binding Motif Protein 20;
SCN5A: Sodium Voltage-Gated Channel Alpha Subunit 5;
TNNC1: Troponin C1, Slow Skeletal And Cardiac Type; TNNI3: Troponin I3, Cardiac Type; TNNT2: Troponin T2, Cardiac 
Type; TPM1: Tropomyosin 1; TTN: Titin.
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Supplementary Table VIII: P-values of Mann-Whitney U tests
ARVC 
G+ vs G-

DCM 
G+ vs G-

HCM
G+ vs G-

strict HCM* 
G+ vs G-

CARDIOVASCULAR RISK FACTORS
BMI 0.990 0.812 0.271 0.621
Mean systolic blood pressure 0.774 0.901 0.258 0.508
Mean diastolic blood pressure 0.341 0.734 0.997 0.776
Total cholesterol 0.369 0.844 0.242 0.666
HDL 0.941 0.357 0.076 0.161
LDL 0.214 0.898 0.484 0.778
MET minutes per week for walking 0.545 0.055 0.233 0.017
MET minutes per week for moderate 
activity

0.950 0.913 0.578 0.155

MET minutes per week for vigorous 
activity

0.352 0.963 0.350 0.589

Total MET minutes per week 0.278 0.619 0.980 0.052
ECG MEASUREMENTS

P duration NA NA NA NA
P axis NA NA NA NA
PQ interval NA NA NA NA
QRS duration NA NA NA NA
R axis NA NA NA NA
QTC interval NA NA NA NA
T axis NA NA NA NA

CMR MEASUREMENTS
RVEDVi NA NA NA NA
RVESVi NA NA NA NA
RVSV NA NA NA NA
RVSVi NA NA NA NA
RVEF NA NA NA NA
RVPER NA NA NA NA
RVPFR NA NA NA NA
RVPAFR NA NA NA NA
LVEDVi NA NA NA NA
LVESVi NA NA NA NA
LVSV NA NA NA NA
LVSVi NA NA NA NA
LVEF NA NA NA NA
LVPER NA NA NA NA
LVPFR NA NA NA NA
LVPAFR NA NA NA NA
LVEDMi NA NA NA NA
LVMVR NA NA NA NA
LVEDV/RVEDV NA NA NA NA
LVESV/RVESV NA NA NA NA
peakEcc NA NA NA NA
TPKEcc NA NA NA NA
peakEll2Ch NA NA NA NA
TPKEll2Ch NA NA NA NA
peakEll4Ch NA NA NA NA

Supplementary Table VIII: Continued.
ARVC G+ 
vs G-

DCM G+ 
vs G-

HCM G+ 
vs G-

strict HCM* 
G+ vs G-

TPKEll4Ch NA NA NA NA
Wall thickness segment 1 NA NA NA NA
Wall thickness segment 2 NA NA NA NA
Wall thickness segment 3 NA NA NA NA
Wall thickness segment 4 NA NA NA NA
Wall thickness segment 5 NA NA NA NA
Wall thickness segment 6 NA NA NA NA
Wall thickness segment 7 NA NA NA NA
Wall thickness segment 8 NA NA NA NA
Wall thickness segment 9 NA NA NA NA
Wall thickness segment 10 NA NA NA NA
Wall thickness segment 11 NA NA NA NA
Wall thickness segment 12 NA NA NA NA
Wall thickness segment 13 NA NA NA NA
Wall thickness segment 14 NA NA NA NA
Wall thickness segment 15 NA NA NA NA
Wall thickness segment 16 NA NA NA NA
Global wall thickness NA NA NA NA
Septal wall thickness NA NA NA NA
Maximum wall thickness NA NA NA NA

* strict HCM group: HCM group after excluding carriers of the 3628-41_3628-17del MYBPC3 and the Arg278Cys 
862C>T TNNT2 variant.

Abbreviations:
ARVC: arrythmogenic right ventricular cardiomyopathy; BMI: body mass index; CMR: cardiac magnetic resonance 
imaging; DCM: dilated cardiomyopathy; ECG: Electrocardiography; EDVi: indexed end-diastolic volume; EDMi: 
indexed end-diastolic mass; EF: ejection fraction; ESVi: indexed end-systolic volume;
G+: carriers of likely pathogenic and pathogenic variants associated with one of the cardiomyopathies; HCM: 
hypertrophic cardiomyopathy; HDL: high-density lipoprotein; LDL: low-density lipoprotein; LV: left ventricular; 
MET: metabolic equivalent of task; MVR: mass to volume ratio; PAFR: peak atrial filling rate;
peakEcc: peak circumferential strain; peakEll2Ch: longitudinal strain analyzed in 2-chamber view; peakEll4Ch: 
longitudinal strain analyzed in 4-chamber view; PER: peak ejection rate; PFR: peak filling rate; RV: right 
ventricular; SVi: indexed stroke volume; TPKEcc: global time to peak circumferential strain; TPKEll2Ch: global 
time to longitudinal strain analyzed in 2-chamber view; TPKEll4Ch: global time to longitudinal strain analyzed in 
4-chamber view.
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Supplementary Table VIII: P-values of Mann-Whitney U tests
ARVC G+P- 
vs G-P-

DCM G+P- vs 
G-P-

HCM G+P- vs 
G-P-

strict HCM* G+P- 
vs G-P-

CARDIOVASCULAR RISK FACTORS
BMI 0.945 0.800 0.317 0.712
Mean systolic blood pressure 0.917 0.913 0.257 0.608
Mean diastolic blood pressure 0.367 0.760 0.934 0.737
Total cholesterol 0.381 0.780 0.211 0.808
HDL 0.999 0.471 0.070 0.161
LDL 0.223 0.991 0.404 0.991
MET minutes per week for walking 0.500 0.084 0.189 0.010
MET minutes per week for moderate 
activity

0.989 0.965 0.605 0.137

MET minutes per week for vigorous 
activity

0.434 0.885 0.379 0.557

Total MET minutes per week 0.290 0.722 0.943 0.038
ECG MEASUREMENTS

P duration 0.315 0.304 0.997 0.999
P axis 0.477 0.162 0.085 0.179
PQ interval 0.617 0.989 0.527 0.904
QRS duration 0.385 0.043 0.445 0.436
R axis 0.208 0.156 0.868 0.699
QTC interval 0.255 0.422 0.300 0.270
T axis 0.818 0.572 0.074 0.128

CMR MEASUREMENTS
RVEDVi 0.780 0.058 0.177 0.722
RVESVi 0.707 0.287 0.051 0.118
RVSV 0.713 0.071 0.910 0.140
RVSVi 0.546 0.155 0.872 0.106
RVEF 0.950 0.765 0.025 0.015
RVPER 0.869 0.038 0.711 0.615
RVPFR 0.908 0.120 0.064 0.249
RVPAFR 0.661 0.385 0.192 0.025
LVEDVi 0.060 0.125 0.378 0.444
LVESVi 0.414 0.032 0.276 0.460
LVSV 0.100 0.509 0.889 0.214
LVSVi 0.052 0.430 0.921 0.318
LVEF 0.452 0.009 0.366 0.607
LVPER 0.465 0.023 0.190 0.420
LVPFR 0.114 0.436 0.567 0.485
LVPAFR 0.670 0.412 0.659 0.189
LVEDMi 0.800 0.738 0.928 0.188
LVMVR 0.295 0.061 0.784 0.559
LVEDV/RVEDV 0.360 0.001 0.533 0.747
LVESV/RVESV 0.904 0.000 0.585 0.027
peakEcc 0.319 0.107 0.643 0.812
TPKEcc 0.555 0.155 0.723 0.850
peakEll2Ch 0.751 0.019 0.751 0.179
TPKEll2Ch 0.616 0.701 0.978 0.314
peakEll4Ch 0.483 0.009 0.079 0.286

Supplementary Table VIII: Continued.
ARVC G+P- vs 
G-P-

DCM G+P- vs 
G-P-

HCM G+P- vs 
G-P-

strict HCM* G+P- 
vs G-P-

TPKEll4Ch 0.941 0.708 0.227 0.403
Wall thickness segment 1 0.211 0.439 0.740 0.029
Wall thickness segment 2 0.446 0.022 0.160 0.155
Wall thickness segment 3 0.268 0.144 0.450 0.254
Wall thickness segment 4 0.020 0.626 0.460 0.919
Wall thickness segment 5 0.110 0.132 0.189 0.745
Wall thickness segment 6 0.736 0.363 0.978 0.503
Wall thickness segment 7 0.234 0.435 0.539 0.826
Wall thickness segment 8 0.622 0.251 0.348 0.753
Wall thickness segment 9 0.087 0.438 0.850 0.303
Wall thickness segment 10 0.035 0.508 0.789 0.220
Wall thickness segment 11 0.083 0.484 0.482 0.502
Wall thickness segment 12 0.237 0.108 0.361 0.943
Wall thickness segment 13 0.974 0.828 0.987 0.575
Wall thickness segment 14 0.832 0.243 0.479 0.869
Wall thickness segment 15 0.988 0.277 0.571 0.748
Wall thickness segment 16 0.938 0.423 0.836 0.333
Global wall thickness 0.159 0.232 0.961 0.270
Septal wall thickness 0.229 0.071 0.523 0.174
Maximum wall thickness 0.210 0.621 0.166 0.008

* strict HCM group: HCM group after excluding carriers of the 3628-41_3628-17del MYBPC3 and the Arg278Cys 
862C>T TNNT2 variant.

Abbreviations:
ARVC: arrythmogenic right ventricular cardiomyopathy; BMI: body mass index; CMR: cardiac magnetic resonance 
imaging; DCM: dilated cardiomyopathy; ECG: Electrocardiography; EDVi: indexed end-diastolic volume; EDMi: 
indexed end-diastolic mass; EF: ejection fraction; ESVi: indexed end-systolic volume;
G+: carriers of likely pathogenic and pathogenic variants associated with one of the cardiomyopathies; HCM: 
hypertrophic cardiomyopathy; HDL: high-density lipoprotein; LDL: low-density lipoprotein; LV: left ventricular; 
MET: metabolic equivalent of task; MVR: mass to volume ratio; PAFR: peak atrial filling rate;
peakEcc: peak circumferential strain; peakEll2Ch: longitudinal strain analyzed in 2-chamber view; peakEll4Ch: 
longitudinal strain analyzed in 4-chamber view; PER: peak ejection rate; PFR: peak filling rate; RV: right 
ventricular; SVi: indexed stroke volume; TPKEcc: global time to peak circumferential strain; TPKEll2Ch: global 
time to longitudinal strain analyzed in 2-chamber view; TPKEll4Ch: global time to longitudinal strain analyzed in 
4-chamber view.
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Supplementary Table X: outcome risk stratified by cardiomyopathy and gene

Due to its size, this table is only available online https://doi.org/10.1161/CIRCGEN.122.003704

Supplementary Table XI: Results of Fisher’s Exact tests when excluding overlapping genes
ARVC G+ vs G- DCM G+ vs G- (without ARVC genes) DCM G+ vs G- (without HCM genes) HCM G+ vs G-

OR 95% 
LCI

95% 
UCI

p-value OR 95% 
LCI

95% 
UCI

p-value OR 95% LCI 95% UCI p-value OR 95% LCI 95% UCI p-value

CARDIOVASCULAR RISK FACTORS
Diabetes 1.136 0.741 1.684 0.530 0.819 0.602 1.095 0.194 0.835 0.595 1.147 0.293 1.682 1.348 2.083 4.20E-06
Hypertension 0.989 0.762 1.276 0.949 1.092 0.927 1.285 0.283 0.999 0.831 1.198 1.000 1.025 0.875 1.197 0.753
Hypercholestero-

laemia
1.033 0.774 1.365 0.833 1.137 0.949 1.356 0.156 1.057 0.864 1.288 0.579 1.192 1.006 1.407 0.041

Ever Smoked 1.158 0.905 1.479 0.244 1.223 1.045 1.432 0.011 1.192 1.002 1.418 0.044 0.869 0.745 1.013 0.069
Family heart  

disease
1.386 1.086 1.770 0.007 1.134 0.969 1.327 0.114 1.074 0.902 1.277 0.434 1.010 0.869 1.173 0.910

CARDIAC DISEASE/OUTCOME
Cardiac problem 2.604 0.513 8.240 0.120 1.052 0.208 3.309 0.762 1.291 0.255 4.065 0.511 1.262 0.327 3.497 0.563
Heart failure 1.169 0.420 2.628 0.650 2.600 1.713 3.837 8.40E-06 3.010 1.955 4.497 1.00E-06 1.504 0.903 2.386 0.097
Cardiomyopathy 0.956 0.023 5.708 1.000 7.963 4.354 14.167 1.70E-10 6.807 3.379 12.983 2.90E-07 5.681 2.936 10.526 5.20E-07
Dilated  

Cardiomyopathy
2.531 0.060 16.741 0.342 8.290 3.003 21.263 4.40E-05 11.486 4.365 28.657 1.40E-06 0.923 0.022 6.079 1.000

Hypertrophic 
cardiomyopathy

0.000 0.000 20.787 1.000 10.856 3.095 35.820 1.40E-04 2.204 0.050 16.486 0.39 17.990 6.569 51.615 1.10E-08

Ventricular  
arrhythmias

7.664 2.835 17.818 9.50E-05 4.849 2.201 9.888 8.70E-05 5.415 2.368 11.317 7.10E-05 1.963 0.597 5.081 0.192

Atrial arrhythmias 1.113 0.400 2.499 0.663 2.313 1.507 3.444 1.40E-04 2.465 1.556 3.766 1.10E-04 1.015 0.554 1.727 0.892
Heart arrhythmia 2.642 0.690 7.242 0.075 2.685 1.213 5.356 0.008 3.639 1.706 7.089 0.001 0.477 0.056 1.815 0.435
Chronic ischemic 

heart disease
1.241 0.783 1.889 0.297 1.207 0.901 1.594 0.176 1.318 0.964 1.770 0.069 1.017 0.754 1.349 0.886

Acute myocardial 
infarction

1.443 0.728 2.600 0.215 1.163 0.728 1.780 0.490 1.005 0.573 1.653 0.900 0.863 0.517 1.368 0.659

Cardiac arrest 0.000 0.000 4.064 1.000 2.549 0.872 6.170 0.043 2.080 0.534 5.863 0.145 1.140 0.224 3.638 0.747
Angina pectoris 1.257 0.613 2.316 0.486 1.157 0.732 1.756 0.500 0.901 0.505 1.500 0.803 1.252 0.824 1.839 0.242
Conduction 

disorders
1.899 0.797 3.891 0.084 1.633 0.921 2.723 0.080 1.409 0.708 2.554 0.289 1.289 0.700 2.208 0.361

Valvular disease 1.179 0.498 2.394 0.558 2.016 1.345 2.937 0.001 1.866 1.173 2.852 0.006 1.074 0.640 1.708 0.716
Congenital heart 

disease
2.536 0.291 10.141 0.199 1.542 0.299 5.010 0.452 1.259 0.145 5.016 0.675 1.385 0.269 4.500 0.486

Pulmonary  
obstructive  
disease

1.704 1.051 2.643 0.026 1.205 0.845 1.677 0.280 1.112 0.739 1.618 0.551 0.695 0.450 1.033 0.081

Cardiovascular 
death

1.579 0.665 3.223 0.254 1.605 0.951 2.574 0.058 1.879 1.097 3.049 0.016 0.495 0.196 1.046 0.064

All-cause mortality 1.036 0.567 1.756 0.891 1.432 1.037 1.940 0.022 1.290 0.888 1.826 0.145 0.643 0.413 0.961 0.032

Abbreviations:
ARVC: arrhythmogenic right ventricular cardiomyopathy; DCM: dilated cardiomyopathy; G+: carriers of likely pathogenic 
and pathogenic variants associated with one of the cardiomyopathies; HCM: hypertrophic cardiomyopathy; LCI: 
lower limit confidence interval; UCI: upper limit confidence interval.
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Figure I: Overlap cardiac diagnoses per inherited cardiomyopathy
The Venn diagram of the overlap between cardiomyopathy, heart failure, ventricular arrhythmia and 
chronic ischemic heart diagnoses in G+ individuals. The numbers in the diagram are the percentages of 
individuals diagnosed in the G+ of the specified cardiomyopathy.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; CM= cardiomyopathy; DCM= 
dilated cardiomyopathy; G+= pathogenic variant carrier; HCM= hypertrophic cardiomyopathy; HF= 
heart failure; VA= ventricular arrhythmias.

ARVC G+ DCM G+ HCM G+ HCM* G+

Outcomes

Heart failure

Cardiomyopathy

Heart failure + cardiomyopathy

Phenotype positive

Ventricular arrhythmias

Atrial arrhythmias

Self−reported heart arrhythmias

Chronic ischemic heart disease

Angina pectoris

Cardiovascular death

All−cause mortality

OR (95% CI)

1.43 (0.64;2.81)
2.53 (1.71;3.67)
1.35 (0.90;1.98)
1.73 (1.09;2.66)

2.34 (0.46;7.45)
7.59 (4.24;13.28)

5.50 (3.21;9.31)
8.65 (4.96;14.84)

1.59 (0.77;2.95)
2.97 (2.09;4.14)
2.19 (1.60;2.96)
3.17 (2.25;4.39)

1.32 (0.35;3.55)
3.66 (2.24;5.81)
3.03 (1.98;4.56)
4.73 (3.03;7.22)

6.20 (2.30;14.38)
4.97 (2.39;9.75)
1.80 (0.72;3.99)
3.04 (1.21;6.74)

1.05 (0.42;2.24)
2.27 (1.52;3.31)
1.25 (0.83;1.83)
1.65 (1.03;2.53)

3.23 (1.13;7.57)
2.80 (1.36;5.32)
0.55 (0.14;1.49)
0.69 (0.14;2.14)

1.43 (0.97;2.05)
1.28 (0.98;1.65)
0.95 (0.75;1.19)
0.89 (0.65;1.19)

1.50 (0.83;2.51)
1.21 (0.79;1.77)
1.34 (0.99;1.80)
1.29 (0.86;1.87)

1.77 (0.86;3.29)
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0.73 (0.42;1.20)
0.68 (0.32;1.29)
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0.12 0.25 0.50 1.0 2.0 4.0 8.0
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Figure II: Forest plot cardiac outcomes stratified per inherited cardiomyopathy
Odds ratios and 95% confidence intervals are given for the associations between cardiac outcomes 
and ARVC, DCM, or HCM pathogenic variant carriers.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; 
G+= pathogenic variant carrier; HCM= hypertrophic cardiomyopathy.
* strict HCM group: HCM group after excluding carriers of the 3628-41_3628-17del MYBPC3
and the Arg278Cys 862C>T TNNT2 variant.
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DES PKP2

Outcomes

Heart failure

Cardiomyopathy

Heart failure + cardiomyopathy

Phenotype positive

Ventricular arrhythmias

Atrial arrhythmias

Chronic ischemic heart disease

Angina pectoris

Cardiovascular death

All cause mortality

OR (95% CI)

8.27 (0.90;36.90)
1.50 (0.48;3.64)

19.15 (0.44;132.22)
1.47 (0.04;8.80)

7.48 (0.81;33.32)
1.64 (0.59;3.70)

8.11 (0.19;54.46)
0.62 (0.01;3.60)

0.00 (0.00;88.06)
11.90 (4.38;27.86)

3.66 (0.09;24.27)
1.73 (0.62;3.90)

3.19 (0.58;11.85)
1.30 (0.73;2.16)

2.21 (0.05;14.62)
1.22 (0.48;2.61)

3.86 (0.09;25.64)
2.14 (0.84;4.59)

2.84 (0.31;12.58)
1.17 (0.57;2.17)

  0.016   0.062   0.250   1.00  2.00  4.00  8.00  32.00 128.00
Odds ratio (95% CI)
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Outcomes

Heart failure
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Ventricular arrhythmias

Atrial arrhythmias

Chronic ischemic heart disease

Angina pectoris

Cardiovascular death

All cause mortality

OR (95% CI)

8.27 (0.90;36.90)
3.51 (0.69;11.07)

3.04 (0.60;9.53)
1.31 (0.03;7.82)
1.76 (0.56;4.27)
3.58 (2.01;6.01)

41.17 (4.36;192.17)
5.59 (0.14;34.67)
0.00 (0.00;19.19)
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2.75 (0.54;8.60)
1.19 (0.03;7.06)
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Figure III: Forest plot cardiac outcomes stratified per inherited cardiomyopathy and gene
Odds ratios and 95% confidence intervals are given for the associations between cardiac outcomes 
and A) ARVC, B) DCM, or C) HCM pathogenic variant carriers stratified by gene. Results are only 
visualized for genes with at least one significant result.
Abbreviations: ARVC= arrhythmogenic right ventricular cardiomyopathy; DCM= dilated cardiomyopathy; 
HCM= hypertrophic cardiomyopathy.
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INTRODUCTION

Impaired ventricular function may indicate the presence, or is a direct cause, of cardiac 
conditions or disease such as a cardiomyopathy or heart failure1 (HF). Ventricular dysfunction 
may be caused by coronary heart disease (CHD), hypertension, myocarditis, protein-altering 
genetic mutations and/or detrimental life-style choices such as prolonged alcohol abuse. 

Despite recent advances offered by drugs such SGLT2 inhibitors for treatment of HF, drug 
development for cardiac disease is confronted with high failure rates, often occurring during 
costly late-stage clinical testing2–4. These late-stage failures are indicative of the poor predictive 
potential of pre-clinical experiments for cardiac target identification. This is complicated further 
by the considerable phenotypic heterogeneity that underlies cardiac diagnoses such as HF5, 
resulting in compounds failing for futility that may genuinely benefit a subset of patients.  

Cardiac magnetic resonance (CMR) imaging is the gold standard for quantification of 
biventricular function and morphology that are an expression of underlying cardiac disease; 
see Supplementary Table 1. Here we utilized CMR images, available from the UK biobank 
(UKB), and extracted these measures from both left and right ventricle (LV, RV) using a 
purpose built highly accurate, and competitively fast, deep-learning algorithm6. 

Proteins constitute the majority of drug targets7, which are increasingly analysed through 
high throughput assays measuring the levels of hundreds of (plasma) proteins8. To leverage 
proteins and CMR measurements for drug target validation, we have developed an analytical 
framework9 to perform drug target analyses using human genetic data. Specifically, through 
two-sample drug target Mendelian randomization (MR), we can anticipate the on-target 
effect a drug target protein will have on disease relevant traits such as CMR measurements. 
Previously, this approach has been extensively validated for cardiovascular drug targets10–18. 

To prioritize circulating plasma proteins on their involvement with LV and RV traits, relevant 
for cardiac disease, we first performed a genome-wide association study (GWAS) on sixteen 
CMR traits measured in up to 36,548 UKB subjects. Subsequently, we format-normalized 
protein quantitative trait loci (pQTLs) data, sourced from three independent GWAS involving 
cross-platform measurement of plasma protein concentrations using Somalogic8, Olink19 and 
Luminex20 assays spanning 3000+ plasma proteins. Drug target MR was used to prioritize 
proteins on their likely causal contribution to CMR traits. Repurposing opportunities were 
identified by extracting cardiovascular indications and side-effects from ChEMBL21 and the 
British National Formulary (BNF) for drug targets with licensed compounds. Results were 
further annotated with tissue specific mRNA expression data from the Human Protein Atlas 
(HPA) database22, and with information from IntAct23 and Reactome24 to identify druggable 
protein-protein interaction. 

ABSTRACT

Ventricular impairment can lead to heart failure (HF) and subsequent increased morbidity 
and mortality. We performed a genome-wide association study (GWAS) of 16 measurements 
of biventricular function and structure obtained from cardiac magnetic resonance (CMR). 
Subsequently, we leveraged aggregated data from three independent GWAS on plasma 
proteome and performed drug target Mendelian randomization (MR) to identify proteins with 
a likely causal effect on CMR traits. The subset of proteins with a robust CMR effect were 
prioritized through linkage with mRNA expression from the Human Protein Atlas, protein 
interaction data from IntAct, drug compound information from the British national formulary 
and ChEMBL, and by identifying plasma proteins with robust effects on HF, atrial fibrillation, 
non-ischemic cardiomyopathy, dilated cardiomyopathy, or coronary heart disease. In total, 
33 plasma proteins were prioritised, including 24 proteins that were druggable by either an 
approved or developmental compound. Fifteen proteins could be mapped to compounds 
with a known cardiovascular indication or side-effect, including repurposing candidates with 
a causal effect on DCM and/or HF: IL18, IL18R, I17RA, GPC5, LAMC2, PA2GA, CD33, SLAF7. 
To further inform drug development, we performed a drug-target MR phenome-wide scan 
of the potential on-target effects of these 33 prioritized proteins on 56 clinically relevant 
traits. In conclusion, we have identified a prioritized set of plasma proteins involved with 
CMR and cardiac outcomes, providing indispensable leads to facilitate drug development 
and drug repurposing.
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proportion of phenotypic variance explained by the common genetic variation), as well as 
the pair-wise genetic correlation between the 16 CMR traits. 

Functional and phenotypic annotations, and identification of likely causal loci 
Lead variants were identified through LD-clumping (LD: linkage disequilibrium) within a one 
megabase flanking region, applying a pairwise r-squared threshold of 0.001. 

Variants were mapped to likely causal genes through manual curation of purpose built 
locus-view plots, where AFS, MB, JvS, and CF independently determined the most likely 
causal genes (Supplementary File 2). Locus-view plots combined variant specific CMR 
associations around each respective lead variant (+/- 250 kbp flanking region) with 
information on regional genes and their exon structure. These plots were enhanced with 
an incidence (i.e., boolean) matrix annotating genes on 23 criteria, including whether the 
gene was coding, encoded a target for drug compounds with known cardio-metabolic 
(side-)effects, has a cis-MR CMR association, previous associations with cardio-metabolic 
traits sourced from GWAS catalog27, presence of mRNA expression or splice-sites in cardiac 
or vascular tissues from GTEx, trans protein associations with other CMR loci, protein to 
protein interactions between CMR associated proteins; please see Supplementary File 2 
for a detailed exposition. 

Format normalization of cross-platform protein quantitative trait loci
Genetic association with plasma protein concentration were available from the following 
sources: Somalogic measurements from 3,301 participants of the INTERVAL cohort8, Luminex 
assays from up to 6,861 Framingham participants20, and OLINK assays on 30,931 individuals 
across 15 cohorts contributing to the SCALLOP consortium19. Framingham provided pQTLs 
from a GWAS of common variants as well as an exome GWAS, which were concatenated. 
For the less than 1% variant overlap between the two Framingham arrays we selected results 
with the smallest standard error; representing the highest degree of precision. 

The GWAS files were normalized using a purpose built normalization pipeline (https://bit.
ly/3pxBKXU), standardizing file structures, mapping variants against a uniform genome 
assembly, assigning UniProt identifiers, and providing annotations with Variant Effect 
Predictor (VEP), Polymorphism Phenotyping v2 (PolyPhen), and Combined Annotation 
Dependent Depletion (CADD).

Mendelian randomization of plasma protein effects on CMR traits
MR was subsequently employed to ascertain the likely causal consequences of protein 
concentration on the 16 CMR traits. To prevent potential influence of study specific factors, 
all drug target MR were conducted per contributing study/consortium, performing separate 
analyses for SCALLOP, Framingham and INTERVAL. Specifically, drug target MR was 

METHODS

Quantification of LV and RV CMR traits 
The current study sourced information from 36,548 UKB subjects who had data on both 
CMR images and genotyping. To minimize influence of pre-existing conditions, we excluded 
subjects with prevalent diseases (e.g. myocardial infarction, HF, and congenital heart 
diseases) known to affect the LV or RV traits; see Supplementary Table 2.

The deep-learning methodology (AI-CMRQC) to extract LV and RV CMR measurements has 
been previously described, and extensively validated6. Briefly, the fully automated and 
quality-controlled cardiac analysis tool calculates LV and RV traits) from cine short axis 
and 2- and 4-chamber acquisitions, resulting in structural measures on end-diastolic, end-
systolic, or stroke volumes (EDV, ESV, SV), end-diastolic mass (EDM), and,  LV mass to EDV 
ratio (LV-MVR), or functional measures such as ejection fraction (EF), peak ejection rate 
(PER), peak (atrial) filling rates (PAFR, PFR). An example of CMR segmentation is shown 
in Supplementary Figure 1 and Supplementary Table 1. Automatic quality control steps 
consisted of pre-analysis check of image-quality (e.g., motion artefacts, erroneous image 
plane planning) and post-analysis check of accuracy of the image-analysis (e.g., coverage 
of the segmentations, detected abnormalities in volume and discrepancies between LV 
and RV parameters) steps; with automatic detection and removal of outlying observations. 

GWAS of CMR traits
We used genotyped and imputed data as provided by UKB25 (GRCh37 assembly). In 
brief, samples were genotyped on the Affymetrix BiLEVE and Axiom arrays, with untyped 
variants imputed using the Haplotype Reference Consortium, 1000 Genomes and UK10K as 
reference panels. We excluded samples as recommended by UKB25, and in addition used 
the following sample exclusion criteria: discordant self-reported and genetically inferred 
sex, and genotypical missingness rate above 0.01. Variant quality control included removing 
variants with minor allele frequency (MAF) below 0.1%, imputation quality below 0.3, and 
those that deviated from the Hardy-Weinberg equilibrium (HWE p-value<1×10-6). 

Genetic associations with the 16 CMR traits were estimated using BOLT-LMM26, utilizing 
a mixed-effects model accounting for any potential bias due to cryptic relatedness and 
population stratification. The BOLT-LMM models were run using default setting and 
conditional on age at CMR, sex, body surface area, systolic blood pressure (SBP), genotype 
measurement batch, 40 principal components (PCs), and assessment centre. 

Genetic heritability of CMR variability
BOLT-REML26 (with default settings, excluding variants with a MAF below 0.1%, HWE P<1×10-6 
and over 1% missingness) was used to estimate narrow-sense genetic heritability (i.e., the 
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These prioritized proteins included drugged and druggable targets, but for the majority 
included proteins that may not yet be druggable. To determine the potential pharmacological 
relevance of these proteins we subsequently identified the distance to the nearest (additional) 
druggable protein based on the in IntAct23 protein-protein interaction database as modelled 
in Reactome24 graph database (accessed April 2021). Here distance reflected the number 
of protein-protein interaction between the “index” protein and the next druggable protein, 
where a distance of 1 represents a direct link. This set of nearest druggable proteins was 
annotated with drug compound cardiovascular indications and side-effects (as described 
above), whether the nearest druggable protein was a direct protein by protein interaction, 
and whether they were available in the currently used set of plasma pQTLs.

Drug target phenome-wide scan to anticipate effects of prioritized targets
The CMR prioritized set of drugged, druggable, concordant and nearest druggable proteins 
were further pruned on an association with HF, non-ischemic cardiomyopathy (CM), DCM, 
AF, and/or CHD using the drug target MR pipeline described above. Next, for CMR prioritized 
proteins with a cardiac trait association we evaluated their effects on 56 clinically relevant 
traits, combining drug target MR with a phenome-wide scan to further inform potential on-
target protein effects in future drug development programs. 

Assessing tissue specificity of prioritized targets 
The set of prioritized CMR-associated plasma proteins with cardiac effects was annotated 
by exploring their tissue specific mRNA expression from the Human Protein Atlas (HPA)22. 
Sourcing the consensus expression obtained by normalizing TPM (transcripts per million) 
values from three independent transcriptomics datasets: GTEx33, Fantom534, and HPA’s own 
RNAseq experiments22.

The normalized human expression data were used to determine a proteins tissue 
specificity35, ranging from 0 (ubiquitous expression across all tissues) to 1 (tissue-specific 
expression). Differentially overexpressed tissues were identified by comparing tissue 
specific expression against average expression, testing against a standard normal quantile 
of 1.96 (alpha of 0.025). 

Quality control and multiple testing 
LD score regression36 was used to explore the possibility of any remaining bias due to 
population stratification or cryptic relatedness – finding no cause for concern (Supplementary 
Table 3). Genetic loci were identified using the traditional genome-wide threshold of 
5.00×10-8, and a conservative threshold of 7.14×10-9 accounting for the correlation between 
the CMR traits and the seven PCs necessary to explain over 90% of the CMR trait variance 
(Supplementary Figure 2). 

conducted by selecting variants from a 100 kbp windows around the cis gene known to 
encode the protein, clumping variants to an LD of 0.40, where residual LD was modelled 
using a generalized least square (GLS) model28 and a 5,000 random sample of UKB 
participants. To reduce the risk of “weak-instrument bias”29, we selected genetic variants 
with a F-statistic of 15 or higher, furthermore due to the absence of sample overlap between 
the protein concentration and CMR GWAS any potential weak-instrument bias would act 
towards a null effect and reduce power rather than increase type 1 errors. 

MR analyses were conducted using the GLS implementation of the inverse-variance 
weighted (IVW) estimator, as well as with an Egger correction protecting against horizontal 
pleiotropy30. To minimize the potential influence of horizontal pleiotropy, we excluded 
variants with large leverage or outlier statistics and used the Q-statistic to identify possible 
remaining violations31. Finally, a model selection framework was applied to select the most 
appropriate estimator (IVW or MR-Egger) for each specific protein – CMR relationship31,32. 

Protein prioritization
After accounting for multiplicity (see below), we identified drugged proteins with a CMR 
association, and through linkage with ChEMBL and BNF extracted cardiovascular related 
indications and side effects (see Supplemental note 1). The BNF draws information from drug 
medication inserts, scientific literature, regulatory authorities, and professional bodies, and 
is jointly authored by the British Medical Association and the Royal Pharmaceutical Society. 
ChEMBL21 was extracted for information in clinically used drug targets (from FDA approved 
drugs) and information on drug targets that are in early phase consideration. ChEMBL was 
also used to identify proteins that are potentially druggable as described by Finan et al7. 

In addition to identifying drugged and druggable proteins with a CMR association, we 
identified a subset of proteins with a concordant risk increasing or risk decreasing effect.  
Specifically, results were coded towards the cardiac function or structure improving 
direction by multiplying estimates for EDV, ESV, EDM, and MVR by -1, and retaining the 
original effect direction for the remaining traits. Inferentially, this would mean that we can 
evaluate protein level increases according to potential beneficial cardiac effect rather 
than simply increase in CMR trait values. A concordant set of prioritized proteins was 
identified by selecting proteins with at least three CMR associations passing multiple testing 
correction, that were either all in the beneficial positive direction or the detrimental negative 
direction (i.e., without directionally discordant results). The above classification of beneficial 
vs harmful CMR effect direction is of course imperfect and simplifies the more complex 
relationship observed in observational association studies were relatively low or high CMR 
measurements such as LV-EF may show a u-shaped association with disease risk. As such 
these heuristic orientation are used here as a first filtering step, followed by more detailed 
analyses on clinical cardiac outcomes (see phenome-wide scan below).  
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example variants mapped to TTN were associated with 11 traits, BAG3 with 6 CMR traits, and 
both TMEM43 and ATXN2 with 5 traits. Of these multi-trait genes, 12 were associated with 
both LV and RV CMR traits: TTN, BAG3, TMEM43, ATXN2, PROB1, DMPK, ZNF572, PLEC, 
HSPB7, HLA-B, SPON1, and OBSCN (Figure 1 and Supplementary Table 4). 

Figure 1 Manhattan plots of genome-wide CMR associations with genomic annotations
N.b. Purple dots indicate associations that pass the conservative significant threshold of 7.14×10-9, with 
orange dots association between 5.00×10-8  and 7.14×10-9, labels indicate the lead gene in the region. 

Based on the described instrument selection criteria we had sufficient genetic variants 
to robustly assess 892 unique proteins. Accounting for the same seven PCs described 
above and the number of proteins, the MR effect estimates with the CMR traits were 
evaluated using an alpha of 7.81×10-6. The phenome-wide scan drug target analysis of CMR 
prioritized plasma proteins were evaluated using a multiplicity corrected alpha of 1.24×10-

5. Under the null-hypothesis the p-values of a group of tests follow a uniform distribution 
between zero and one41. To additionally explore the potential impact of multiple testing, 
we performed CMR-trait specific “overall” null-hypothesis tests, comparing the empirical 
p-value distribution (using Kolmogorov-Smirnov “KS”-tests) against the uniform distribution 
expected under the null-hypothesis41. 

Unless otherwise specified, any remaining hypothesis tests were evaluated using an alpha of 
0.05, and all point estimates (odds ratios [OR] or mean differences) refer to a unit change in the 
independent variable; typically, one standard deviation in plasma protein concentration for the 
MR results or an increase in risk allele for the GWAS results. To better illustrate concordance, 
and only where specified, MR results were orientated towards the cardiac beneficial effect 
direction by multiplying EDV, ESV, EDM, and MVR MR estimates by -1.

RESULTS

UK biobank participants with LV and RV CMR measurements
CMR measurements were obtained from a sample of 36,548 UKB subjects utilizing an 
extensively validated deep-learning approach6. On average, subjects were 63.9 (standard 
deviation, SD: 7.6) years old, 18,879 (51.8%) were women. Furthermore, participants had a 
mean SBP of 138.2 mmHg (SD: 18.4), a mean diastolic blood pressure (DBP) of 78.6 mmHg 
(SD: 10.0), and a mean heart rate of 62.5 bpm (SD: 10.2); see Supplementary Table 4.  

Genomic loci associated CMR traits
We performed GWAS on 16 CMR traits, leveraging genotyped and imputed variants from the 
Affymetrix BiLEVE and Axiom arrays, and applying BOLT-LMM conditional on age, sex, body 
surface area, SBP, genotype measurement batch, 40 PCs and assessment centre. 

The 91 unique lead variants (Figure 1-2, Supplementary Tables 5) were mapped to 53 
causal genes based on independent review of annotated local-view plots (Supplementary 
file 2). This resulted in 16 genes for RV-ESV, 15 for LV-EF, 14 for LV-MVR, 14 for LV-ESV, 12 
for RV-EF, 10 for RV-EDV, 6 for LV-EDV end LV-EDM, 5 for RV-SV, 4 for LV-SV, 2 for RV-
PER, 1 for RV-PAFR, and none for RV-PFR, LV-PFR, LV-PER, and LV-PAFR. We identified five 
novel locus-trait associations for RV-PAFR (SCN10A), RV-PER (ALDH2 and HLA-B), and LV-SV 
and LV-MVR (both HLA-B). Twenty-six genes were associated with multiple CMR traits. For 
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Genetic heritability of CMR traits and between-trait pairwise genetic correlation
BOLT-REML was used to estimate the amount of phenotypic variation that could be 
explained by narrow-sense genetic heritability (Figure 2). Heritability estimates ranged 
between 36% and 31% for both RV and LV measurements of EDV and ESV, as well as LV-
EDM. For LV-MVR, EF and SV of both ventricles heritability ranged between 20% and 29%. 
Despite an absence of GWAS hits for PFR, LV-PER and LV-PAFR, heritability of these traits 
was between 6% and 12%. 

The pairwise genetic correlation (Figure 3) indicated that genetic variants for SV and PER 
measurements (both LV and RV) were highly correlated (correlation coefficient close to 1.0), 
which was similarly observed for genetic variants associated with EDV and ESV traits from 
both ventricles), and strong genetic correlation between variants for LV-PFR and RV-PFR. 
LV-EDM variants had a  moderately strong (correlation around 0.70) association with SV, 
PER, ESV, EDV of both ventricles. Finally, variants for LV-MVR, RV-EF, and LV-EF showed a 
positive correlation among themselves (at most 0.68), and negative correlation with EDV, 
ESV, EDM, and SV traits (as high as -0.86). 
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Figure 3 The pairwise genetic correlation between 16 CMR traits
N.b. LV, left-ventricle; RV, right-ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke 
volume; EF, ejection fraction; PER, peak ejection rate; PARF/PFR, peak (atrial) filling rate; EDM, end-
diastolic mass; MVR, ratio between end diastolic mass and volume. Results are based on an analysis of 
36,548 subjects. Star-annotated cells indicate significant associations at an alpha of 0.05. 

LV, left-ventricle; RV, right-ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke 
volume; EF, ejection fraction; PER, peak ejection rate; PARF/PFR, peak (atrial) filling rate; EDM, end-
diastolic mass; MVR, ratio between end diastolic mass and volume. Results are based on an analysis 
of 36,548 subjects. 
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Figure 2 Aggregated GWAS results and genetic heritability estimates
N.b. Top panel depicts the number of significant putative causal genes per CMR trait and significance 
threshold. The middle panel provides the top 20 most frequent trait associations of the discovered 
CMR genes, sourced from GWAS catalog. The bottom panel provides the genetic heritability estimates 
with 95% confidence intervals. Results are based on an analysis of 36,548 subjects, a star indicates 
significant p-value at an alpha of 0.05. 
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Figure 4 Volcano plots of the plasma protein effect on CMR traits
N.b. Proteins were annotated if they were part of the drugged, druggable, directionally concordant or 
nearest druggable protein sets. Results were coloured by left and right ventricle if they pass a p-value 
threshold of 7.81×10-6. The Mendelian randomization effects per unit (in standard deviation) change in 
the protein are plotted on the x-axis, against the -log10(p-value) on the y-axis. 

Subsequently, the CMR associated proteins were prioritized by 1) leveraging BNF and 
ChEMBL to identify “drugged” proteins targeted by drug compounds, 2) “druggable” 
proteins which are amenable to compound perturbation or monoclonal antibody inhibition, 
3) a directionally “concordant” set of proteins, which affected three or more CMR traits 
which either all had beneficial or detrimental effects, and 4) the concordant set of protein 
was mapped to a “nearest” set of druggable proteins using IntAct data. This set of 72 
proteins was further prioritized utilizing drug target MR to pinpoint the subset of 33 proteins 
(Table 1) with an effect on the clinical cardiac outcomes: HF, DCM, non-ischemic CM, AF, 
and/or CHD. 

Phenotypic consequences of CMR genes
Comparing these CMR genes to cardio-metabolic traits from GWAS catalog (Figure 2, 
Supplementary Figure 3), we found that our putative CMR genes were frequently associated 
with electrocardiogram traits (e.g., PR segmentation, QRS duration, QT interval), CMR traits 
from previous studies (e.g., LV dilatation, LV mass, and fractal dimension), blood pressure 
and heart rate, as well as plasma concentration of various apolipoproteins and cholesterol-
containing lipoproteins. The following CMR genes were previously associated with AF: 
SYNPO2L, TBX5, IGF1R, GOSR2, TTN, SCN10A, CDKN1A, and KCNH2. We furthermore 
found previous associations with hypertrophic CM (HCM) for: HSPB7, SYNPO2L, BAG3, NSF, 
FHOD3, CDKN1A, as well as for DCM for: BAG3, FHOD3, TTN, and for HF: SYNPO2L, BAG3. 
Finally, the following genes were previously associated with CHD: ATXN2, ALDH2, PTPN11, 
GOSR2 (Supplementary Figure 3).

Druggability of CMR genes
Through linkage to BNF and ChEMBL we identified 18 CMR genes which encoded a 
druggable protein (Supplementary Table 4-6). Out of these, 8 were already drugged by at 
least one compound: ALDH2, HLA-DRB1, IGF1R, KCNH2, KCNK3, PDE5A, SCN10A, TNKS. 
These include genes encoding drug targets for compounds with indications and/or side-
effects for AF, HF, CHD, chronic obstructive pulmonary disease (COPD) and diabetes (IGFR1, 
KCNH2, KCNK3, PDE5A, SCN10A, Supplementary Tables 5-6). 

Identifying plasma protein concentration with an effect on CMR traits
We initially linked our putative CMR genes to BNF and ChEMBL and identified 18 genes 
which encoded a druggable protein (Supplementary Table 4-6). These include genes 
encoding drug targets for compounds with indications and/or side-effects for AF, HF, 
CHD, chronic obstructive pulmonary disease (COPD) and diabetes (IGFR1, KCNH2, KCNK3, 
PDE5A, SCN10A, Supplementary Tables 5-6).

We next expanded this analysis to use drug target MR to directly identify casual plasma 
proteins for CMR traits, which additionally provides effect directions relevant for a potential 
drug compound effect type (i.e, inhibiting or activating compound effects). Specifically, we 
leveraged genetic association data on protein concentration from three sources: SCALLOP, 
Framingham, and INTERVAL (see methods). 

We found that 304 proteins were associated with at least one CMR trait (Supplementary 
Figure 4), with the number of associated proteins ranging from 62 for LV-ESV to 33 for LV-
PAFR (Figure 4) and with Kolmogorov-Smirnov tests providing strong evidence that results 
were not driven by multiple testing (Supplementary Figure 5). 
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Figure 6 Incidence matrix of cardio-metabolic related indications and side effects of compounds 
targeting drugged and druggable proteins associated with CMR traits. 
N.b. coloured dots represents an established link between the compound and trait; data were extracted 
from BNF and ChEMBL21.
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Figure 5 A phenome-wide scan of CMR prioritized proteins associated with one or more cardiac 
outcome. 
N.b. Proteins were curated on having a multiplicity corrected p-value < 1.29×10-5 with one or more 
of the following cardiac traits: heart failure (HF), dilated cardiomyopathy (DCM), non-ischemic CM, 
atrial fibrillation (AF), or coronary heart disease (CHD). P-values passing the 0.05 threshold are 
indicated by an open diamond with stars indicating results passing a threshold of 1.29×10-5. Cells 
were coloured by effect direction times -log10(p-value); where p-values were truncated at 8 for display 
purposes. The top column indicates whether the CMR associated proteins were identified as drugged, 
druggable, directionally concordant, or nearest druggable protein. Y-axis abbreviations: DCM: dilated 
cardiomyopathy; cIMT: carotid artery intima media thickness; T2DM: type 2 diabetes; BMI: body mass 
index; DBP/SBP diastolic/systolic blood pressure; estimated GFR: estimated glomerular filtration rate; 
BUN: blood urea nitrogen; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein 
cholesterol; Apo-B: apolipoprotein-B; Apo-A1: apolipoprotein-A1; HbA1c: glycated hemoglobin; ECG: 
electrocardiography; FVC: forced vital capacity; FEV1 forced expiratory volume during the first second; 
PEF: peak expiratory flow. Note that all 56 phenome-wide traits are presented in Supplemental Figure 
10.
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AF OR 0.90 (95%CI 0.89; 0.91), and DCM OR 0.80 (95%CI 0.75; 0.85). Higher concentration 
of TNF12 improved LV dimensions but increased LV-EDM. TNF12 is inhibited by 
two phase 1 compounds indicated for neoplasm and rheumatoid arthritis. Higher levels 
of IL8 (Interleukin-8) IL8 increased LV-EDM, while improving RV-PER, and decreased the 
risk of HF OR 0.74 (95%CI 0.69; 0.81) and AF OR 0.83 (95%CI 0.77; 0.89), while increasing 
the risk of CHD OR 1.18 (95%CI 1.11; 1.25); Figure 5, Supplementary Figure 7 & Tables 
11-12). IL8 is the target of mAb in development for treatment of neoplasms and chronic 
lung disease (Figure 6, Supplementary Table 8). TDGF1 (teratocarcinoma-derived growth 
factor 1), targeted by a developmental immunoconjugate BIIB015 for treatment of tumours, 
improved LV and RV cardiac traits (EF, SV, PER, RV-PFR), and decreased the risk of CHD, 
non-ischemic CM OR 0.93 (95%CI 0.92; 0.94), and increased the risk of AF OR 1.01 (95%CI 
1.01; 1.01); Figure 5, Supplementary Figure 7, Tables 11-12. MK03 (Mitogen-activated protein 
kinase 3) is inhibited by multiple ERK1/2 kinase compounds for treatment of neoplasms and 
associated with improved RV-ESV and RV-EF, and decreased the risk of HF OR 0.85 (95%CI 
0.80; 0.91) and AF OR 0.86 (95%CI 0.82; 0.91). ERAP1 and ERAP2 (Endoplasmic reticulum 
aminopeptidase 1 and 2, forming a protein complex37), both improved LV and RV CMR 
measurements (Supplementary Figure 6), and are both inhibited by the same compound 
tosedostat (currently in development for oncology). Higher ERAP1 was associated with an 
increased risk of non-ischemic CM OR 1.10 (95%CI 1.07; 1.13), and decreased risk of AF OR 
0.99 (95%CI 0.98; 0.99) and HF OR 0.98 (95%CI 0.97; 0.98), while higher levels of ERAP2 in 
turn increased the risk of CHD OR 1.03 (95%CI 1.02; 1.03); Figure 5. 

Nearest druggable proteins with directionally concordant CMR effects
Next, proteins with directional concordant effects on three or more CMR traits (i.e., with all 
beneficial or detrimental effects), were mapped to their (next) nearest druggable gene by 
counting the number of protein-protein interactions to the nearest druggable genes (Figure 
7, Supplementary Figure 8). This resulted in drugged and druggable proteins that either 
directly interacted with an indexing protein or were separate by at most one protein-protein 
interaction. Ten of these nearest drugged or druggable proteins had pQTL data available 
(MET, SYUA, EGFR, FA10, IL6RA, IL6RB, PTGDS, PAI1, IL18, LYAM2; Figure 6). 

Some of these indirectly drugged and druggable proteins had known cardio-metabolic 
indications and/or side-effects (Figure 7, Supplementary Figure 9). For example, PPAC (low 
molecular weight phosphotyrosine protein phosphatase) beneficially affected LV-PFR, RV-
EDV, and RV-ESV, and while not druggable itself, interacted with eight druggable proteins 
(Figure 7, Supplementary Figure 7). Six of these PPAC related proteins (PDE4D, GBRG1, 
PRS7, VWF, RARA, 5HT1E) were targeted by inhibiting compounds with a recorded cardio-
metabolic indication or side effect (Figure 7, Supplementary Figure 9, Supplementary 
Tables 13-14).

Drugged CMR proteins: repurposing opportunity
Eighteen CMR associated proteins (out of 72) were targets of licensed drugs (Supplementary 
Figure 6, Tables 9-10), of which 8 were robustly associated with cardiac traits through cis-
MR (Figure 5): IL6RA, CO6A1, CD33, CAH6, COFA1, TIE2, LAMC2, I17RA, and SLAF7. 

CD33, I17RA, SLAF7 affected HF; CO6A1, I17RA affected non-ischemic CM; CAH6, LAMC2 
were associated with DCM; IL6RA, CD33, COFA1 with AF, and finally IL6RA and TIE2 
affected CHD. Focussing on the proteins affecting multiple cardiac traits,x` we found that 
increased levels of I17RA (Interleukin-17 receptor A) predominantly improved LV cardiac 
function (Supplementary Figure 6) and decreased the risk of HF OR 0.97 (95%CI 0.96; 0.98) 
and non-ischemic CM OR 0.94 (95%CI 0.92; 0.96). I17RA is targeted by the anti-inflammatory 
monoclonal antibody (mAb) brodalumab (Figure 6). IL6RA (Interleukin-6 receptor subunit 
alpha) had a directionally discordant effect on 9 LV and RV traits (Supplementary Figure 
6), with increased levels being associated with decreased risk of AF OR 0.95 (0.94; 0.96) 
and CHD OR 0.94 (0.93; 0.94). Noting that genetic instruments for IL6R are associated with 
reduced membrane bound IL610, we find directionally concordant effects by IL6R inhibiting 
compounds such as tocilizumab decreasing cardiovascular risk (Figure 6). CD33 (Myeloid 
cell surface antigen CD33) was found to reduce LV-EDM and is targeted by mAb such as 
gemtuzumab which are indicated in oncology and have documented cardiovascular side 
effects (Figure 6). Increased levels of CD33 decreased the risk of HF OR 0.96 (95%CI 
0.95; 0.98) and AF OR 0.96 (95%CI 0.89; 1.03). Similarly, SLAF7 (SLAM family member 7) 
and TIE2 (Angiopoietin-1 receptor) are both inhibited by compounds with an oncological 
indication with known cardio-metabolic side-effects, and non-oncological indications 
such as amyloidosis (SLAF7) and CHD (TIE2); Figure 6. Through MR we found that SLAF7 
improved RV-EF and RV-PAFR function, but nevertheless increased the risk of HF OR 1.07 
(95%CI 1.05; 1.08), TIE2 beneficially affected CMR traits with an LV-EF effect of 0.43% (95%CI 
0.32; 0.55), RV-ESV -0.68 ml (95%CI -0.89; -0.48), and an RV-PAFR effect of 5.47 ml/s (95%CI 
4.15; 6.79), while increasing the risk of CHD OR 1.10 (95%CI 1.06; 1.15). 

Druggable CMR proteins: de novo developmental targets
We identified 21 druggable proteins which affected one or more CMR trait (Supplementary 
Figure 7, Supplementary Tables 11-12), these were pruned down to 11 proteins with an 
effect on a cardiac outcome (Figure 5): TNF12, ICOSL, IL8, TDGF1, LYAM1, PA2GA, TNR5, 
MK03, MFGM, ERAP2, ERAP1. 

PA2GA, MK03 affected HF; TNF12, TDGF1, TNR5, MFGM affected non-ischemic CM; TNF12, 
ICOSL, TNR5, MFGM, were associated with DCM; TNF12, IL8, TDGF1, LYAM1, MK03, ERAP1 
associated with AF, and finally IL8, TDGF1, ERAP2 and ERAP1 with CHD. Focussing on proteins 
with an effect on multiple cardiac traits, we found that TNF12 (Tumor necrosis factor ligand 
superfamily member 12) decreased the risk of non-ischemic CM OR 0.82 (95%CI 0.77; 0.88), 
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(95%CI 0.82; 0.90). Higher UD16 (UDP-glucuronosyltransferase 1-6) worsened 4 LV CMR 
traits, and increased the risk of DCM OR 1.62 (95%CI 1.46; 1.80) and CHD OR 1.06 (95%CI 
1.04; 1.08) 

Tissue expression and phenome-wide scan of likely on-target clinical effects. 
We subsequently explored mRNA expression and performed a phenome-wide scan 
of the anticipated on-target effects of increased protein concentration (Figures 5 & 8, 
Supplementary Figures 10-11). Tissue specificity did not differ between CMR prioritized 
proteins and non-prioritized proteins (p-value = 0.20). We did observe a significant difference 
in tissue-specific expression (p-value 9.01×10-3), with the prioritized plasma protein more 
frequently higher expressed in spleen, lymph node, liver, granulocytes, kidney, pancreas, 
and lung tissues (Supplementary Figure 11). 
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Figure 8 The likely causal consequences of a standard deviation increase of thirty-three CMR and 
cardiac outcome prioritized plasma proteins.
N.b. Results are presented by the effect direction of the pQTL MR (orange increasing effect, green 
decreasing effect, and white the total counts irrespective of direction). Counts reflect the number drug 
target MR estimates that passed a multiplicity corrected p-value threshold of 7.81×10-6. DCM: dilated 
cardiomyopathy; cIMT: carotid artery intima media thickness; T2DM: type 2 diabetes; BMI: body mass 
index; DBP/SBP diastolic/systolic blood pressure; estimated GFR: estimated glomerular filtration rate; 
BUN: blood urea nitrogen; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein 
cholesterol; Apo-B: apolipoprotein-B; Apo-A1: apolipoprotein-A1; HbA1c: glycated hemoglobin; ECG: 
electrocardiography; FVC: forced vital capacity; FEV1 forced expiratory volume during the first second; 
PEF: peak expiratory flow.
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effect).
N.b. Directly interacting proteins are presented as a thick blue arrow, the remaining druggable proteins 
were separated by a single intermediate protein. In the presence of ties all druggable proteins with the 
same distance are presented. Druggable proteins with a CVD indication or side-effect (based on BNF 
and ChEMBL) are presented as square. Additionally, non-indexing proteins with available plasma pQTL 
data are represented by an orange outline. 

Pruning this combined set of proteins (i.e., the set of directionally concordant proteins 
and the indirectly drugged or druggable proteins they interacted with) on the presence 
of cardiac outcome effects (Figure 5) resulted in the following prioritized proteins: BAG3, 
C1QC, PGLT1 affected HF; BAG3, PATE4, affected non-ischemic CM; MANBA, NCAM2, 
BAG3, C1QC, GPC5, IL18R, were associated with DCM; LYAM2, PPAC, BGH3 associated with 
AF, and finally MANBA, UD16, SPA12 affected CHD. Focussing on proteins with an effect 
on multiple cardiac traits, we found that higher concentrations of MANBA improved 5 CMR 
traits (ESV, EF, LV-PFR), and decreased CHD and DCM risk: OR 0.93 (95%CI 0.91; 0.96) and 
OR 0.76 (95%CI 0.72; 0.81) respectively. BAG3 (BAG family molecular chaperone regulator 
3) improved 6 CMR traits and decreased the risk of HF OR 0.75 (95%CI 0.72; 0.79), non-
ischemic CM OR 0.30 (95%CI 0.25; 0.36), and DCM OR 0.14 (95%CI 0.11; 0.17). Higher levels 
of C1QC (Complement C1q subcomponent subunit C) detrimentally affected 3 CMR traits 
but nevertheless decreased the risk of HF OR 0.97 (95%CI 0.96; 0.98) and DCM OR 0.86 
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Figure 3). Additionally, our list of causal genes included 8 drugged proteins with known 
cardio-metabolic indications or side effects, providing further support for these likely causal 
genes. Rediscovered CMR genes included variants previously associated with DCM (TTN, 
BAG3), HF (BAG3), HCM (BAG3, FHOG3, CDKN1A), AF (IGF1R, GOSR2, TTN, CDKN1A), and 
CHD (ATXN2, GOSR2); Supplementary Figure 3. We uniquely determined LV and RV PER, 
PFR and PAFR, where PFR is especially relevant for HF with preserved EF. Through cis-MR 
of plasma pQTL we identified seven proteins that affected PFR as well as HF or DCM risk: 
UD16, MANBA, TNR5, TNF12, MFGM, CPC5, and BAG3, where the last five proteins were 
drugged or druggable, providing important leads for drug development. 

The cis-MR analysis leveraged three distinct plasma pQTL resources, distilling a prioritized 
set of 33 plasma proteins that affect both CMR traits and cardiac outcomes; Table 1. 
While these proteins were prioritized on robust association with CMR traits and cardiac 
outcome, the association between a proteins’ CMR effect direction and cardiac outcome 
effect direction (both categorized as ‘beneficial’, ‘harmful’, or ‘mixed’, the latter for multiple 
directionally discordant protein effects) did not reach significance (p-value 0.85). To an 
extend this likely reflects imperfect understanding of the relation between CMR traits 
and disease. As mentioned before, some of the considered CMR traits show a u-shaped 
relationship with cardiac outcomes in clinical settings. Furthermore, given the strong 
(observational and genetic) correlation between CMR traits, inference might be further 
improved by considering CMR traits jointly. Despite these caveats, we found that that the 
identified subset of drugged and druggable proteins is enriched for compounds with a 
known cardiac indication or side effect: 60% (95%CI 39; 79) in our analysis, compared to 
15% (172/1151) from a look-up of targets with a level 1 ATC code for cardiovascular system. 
Additionally it is worth considering that all of the considered CMR related proteins had 
considerable on-target effects on known cardio-metabolic risk factors which may offer 
alternative pathways to cardiac disease, which can additionally explain the observed 
discordance between CMR effect direction and cardiac outcome (Figure 5, 8). 

Protein effect direction closely relates to whether one wants to develop an agonistic or 
antagonistic drug compound. This further highlights the importance of our approach to 
consider multiple clinically relevant traits and outcomes. Importantly, many of the discovered 
drugged and druggable proteins were targeted by inhibitory compounds, which did not 
necessarily match the cardiac outcome effect direction (Table 1), suggesting beneficial cardiac 
effects when activating these proteins instead. For example, TNF12, IL18R, I17RA, LYAM1, and 
MK03, are all targeted by inhibiting agents, while increased plasma protein concentration was 
associated with a decreased risk of cardiac outcomes including DCM and HF. 

Our analyses have highlighted multiple drug targets that affected the joint risk of multiple 
cardiac outcomes (Figure 5 and Table 1). Some of these proteins are closely linked. For 

In addition to the cardiac outcomes these proteins were prioritized on, the cis-MR 
phenome-wide scan found that these proteins were frequently associated with DBP, SBP, 
ECG measurement during exercise, lipid fraction such as (HDL-C, Apo-A1, triglycerides, 
LDL-C, and Apo-B), estimated glomerular filtration rate (eGFR), body mass index (BMI), 
glycosylated haemoglobin (HbA1c), c-reactive protein, lung function (FEV1, FVC, PEF), and 
carotid intima-media thickness (cIMT) (Figure 8); protein specific results are presented in 
Figure 5, Supplementary Figure 10 and Table 16. 

DISCUSSION

In the current study we derived 16 traits of left and right ventricular structure and function 
from CMR, and utilized GWAS to identify 87 genetic variants associated with one or more 
CMR trait. Furthermore, we prioritised 51 genes that likely drive the discovered genetic 
association, 25 of which affected multiple CMR traits, and with 12 affecting both LV and RV 
traits. Independently, we leveraged drug target MR to identify 33 CMR associated plasma 
proteins with robust effects on cardiac outcomes, including HF and DCM. To further inform 
drug development, we conducted a phenome-wide scan assessing the potential on-target 
effects of protein perturbation on 56 clinically relevant traits. We found that 15 (60% 95%CI 
39; 79) of the 25 drugged or druggable proteins were targeted by compounds with a 
cardiovascular indication or side effect (Table 1). 

While the number of discovered genes and genetic heritability differed considerably across 
CMR traits (16 genes for RV-ESV, compared to zero for RV-PFR, LV-PER, and LV-PAFR), 
the genetic contribution was balanced across both ventricles, and variants for LV and RV 
measurements were often highly correlated, suggesting similar genetic burden between 
LV and RV traits. The relatively high number of multi-CMR loci that affected both LV and RV 
(12/51 or 24%) additionally supported a shared genetic background. Principal component 
analyses of the CMR measurement further found that 7 PCs explain more than 90% of 
the phenotypic variation, where typically LV and RV of a specific trait contributed to the 
same PC (Supplementary Figure 2). Similar observations were seen in the cis MR analyses 
assessing the causal effects of plasma proteins on CMR traits: 19 proteins out of 33 (58%) 
affected both ventricles; p-value 5.74×10-5, see Table 1). 

In the current paper, we used enhanced locus-view plots including extensive annotations 
(see methods and Supplemental File 2) relevant to prioritize the most likely casual gene. 
Four raters (AFS, MB, JvS and CF) independently reviewed these data, with discordance 
resolved through consensus. Compared to previous CMR GWAS38,39, which reported on the 
nearest gene instead of the likely causal gene, we found 35 novel causal genes of which 19 
(58%) were linked with cardiac-metabolic traits sourced from GWAS catalog (Supplementary 
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outliers), and a model selection framework was used to apply the MR-Egger correction 
(which is unbiased in the presence of 100% pleiotropic variants)32. Furthermore, results were 
strenuously corrected for multiplicity accounting for the correlation between CMR traits 
through PCA, where prioritization based on multiple lines of evidence results in an indirect 
replication that will further reduce the false positive rate. This plausibility of false positives 
driving these results was further explored through Kolmogorov-Smirnov test, comparing the 
observed p-value distributions against the p-value distribution expected when all results 
are false positive, finding considerable difference between both (Supplementary Figure 5). 

Nevertheless, we feel the following potential limitations deserve consideration. While we 
did not exclude individuals from non-European ancestry and corrected for any potential 
population stratification bias through efficient linear-mixed-models26, the majority of 
participants were of European decent and hence generalizability of our results should be 
confirmed. The CMR measurements were derived through deep learning, which we have 
shown to be sufficiently accurate. There are some caveats that suggest that drug target MR 
analysis may be more useful as a reliable test of effect direction. This is because drugs that 
inhibit a target usually do so by modifying its function not its concentration, whereas genetic 
variants used in MR analysis usually affect protein expression and therefore concentration. 
Furthermore, while trials of drug compounds are closely monitored, and followed for a 
fixed period, allowing for exploration of induction-times48. MR estimates are considered 
to reflect a life-long exposure, but in the absence of serial assessment, possible changes 
across age are difficult to explore, as are disease induction-times. For these reasons, we 
suggest that drug target MR offers a robust indication of effect direction but may not directly 
anticipate the effect magnitude of pharmacologically interfering with a protein and position 
our findings as a resource to inform ongoing and future drug trials49.

In conclusion, through large scale analyses of the genome and plasma proteome, and 
linkage to mRNA expression, protein interactions and drug compounds, we have identified 
a prioritized set of 33 proteins with a robust CMR and cardiac outcome fingerprint and 
determined anticipated effects of protein perturbation through a highly powered phenome-
wide scan. Our analyses provide a detailed overview of potential targets for repurposing or 
de novo drug development for cardiac therapies. 

Data availability 
Source GWAS CMR data have been deposited XX. We additionally leveraged pQTL 
data from there sources, which can be accessed from: https://ega-archive.org/studies/
EGAS00001002555 (interval), https://zenodo.org/record/2615265#.YbNUwr3MLOg 
(scallop), ftp://ftp.ncbi.nlm.nih.gov/eqtl/original_submissions/FHS_pQTLs/ (Framingham). 
Genomcis data for the cis-MR phewas was sourced for CHD cases from CardiogramplusC4D50 
(http://www.cardiogramplusc4d.org/); non-ischemic CM from (https://www.ebi.ac.uk/gwas/

example, ERAP1 (Endoplasmic reticulum aminopeptidase 1) affects CHD, AF, and non-
ischemic CM, which is closely related to ERAP2 which in turn showed a directionally 
opposing effect on CHD, likely explained by similar directionally discordant effect on LPa, 
DBP, and carotid plaque. Both ERAP1 and ERAP2 play a major role in peptides trimming 
for presentation on major histocompatibility complex (MHC) Class I molecules40, which is 
involved with cardiomyocyte pathogenesis41. Similarly, TNF12 decreases the risk of non-
ischemic CM, DCM, and AF, and promotes IL8 concentration which we linked to a lower risk 
of AF and HF (and higher risk of CHD). IL8 concentration has been previously associated 
with HF and AF outcomes, supporting these observations42,43. We found that higher plasma 
concentrations of BAG3 affected multiple CMR traits as well as HF, DCM, and non-ischemic 
CM risk. BAG3 is indirectly drugged through a direct protein interaction with HSP7C (heat 
shock cognate 71 kDa protein), where compounds for HSP7C documented to affect cardiac 
function and calcium handling44. 

Through BNF and ChEMBL linkage we found that 13 (52%, 95%CI 0.31; 0.72) of the 25 
druggable proteins were targeted by a compound with an oncological indication (Table 
1). For example, CD33 and SLAF7, together with CD38 (which did not have plasma pQTL 
data) are targeted by mAbs for multiple myeloma45. The high degree of oncological targets 
suggests that some of the reported cardiotoxicity46 (e.g., by tyrosine kinase inhibitors such 
as TIE2) may likely be due to on-target effects, which are resistant to potential compound 
improvement. Because oncological compounds are used to prevent cancer progression, 
compounds activating these proteins may not necessarily cause novel neoplasms. 
Activator compounds may nevertheless influence the growth of any existing undiagnosed 
neoplasms, and hence a change in action type should very carefully explored. Aside from 
the oncological targets we have found many additional repurposing opportunities, for 
example the PA2GA (Phospholipase A2) inhibitor varespladib previously failed to show 
a beneficial CHD effect (which we confirmed)47, whereas we found convincing effect of 
PA2GA on CMR traits and HF. 

In the current study, we uniquely combined GWAS of UKB derived CMR traits, with cross-
platform GWAS of the plasma proteome, with drug target MR of protein effect on CMR and 
56 additionally clinically relevant traits, with linkage to GWAS catalog, BNF, ChEMBL, HPA, 
IntAct and Reactome. By leveraging orthogonal lines of evidence on genetic expression, 
mRNA expression, protein interactions, and drug compound indications and side effects, we 
were able to identify a robust set of proteins related with CMR and cardiac outcome traits. 
The synthesis of these independent evidence sources complimented the already robust 
analytic techniques used. Genetic analyses were conducted using methods such as BOLT-
LMM and BOLT-REML, which appropriately account for any potential population admixture 
or relatedness26. Drug target MR analyses were guarded against horizontal pleiotropy by 
removing variants with either high leverage or high heterogeneity statistics (as potential 
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publications/30586722); DCM from (https://www.ebi.ac.uk/gwas/publications/33677556) 
HF from HERMES51 (https://www.ebi.ac.uk/gwas/publications/31919418); AF from AFgen52 
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Figure S2: Left column Spearman’s pairwise correlation: top left,
between the phenotypic cardiac MRI measurements (based on a
n=36548 UKB sample), and bottom left, between the genetic asso-
ciation with these cardiac MRIs. Right column principal components
analysis (PCA): bottom right, the component loadings, and top right,
the cumulative explained variance by principal component. The
heatmap margins were ordered by hierarchical clustering of the
Euclidean distance.

Figure S2: Left column Spearman’s pairwise correlation: top left, between the phenotypic cardiac MRI 
measurements (based on a n=36548 UKB sample), and bottom left, between the genetic association 
with these cardiac MRIs. Right column principal components analysis (PCA): bottom right, the 
component loadings, and top right, the cumulative explained variance by principal component. The 
heatmap margins were ordered by hierarchical clustering of the Euclidean distance.
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Figure S1: A) Examples of automatic segmentation of the left
(blue) and right (red) ventricle from basal to apical. B) The included
left and right ventricular CMR measures calculated using a deep-
learning algorithm. C) A graphical explanation of the calculation of
the peak ejection rate, peak filling rate and peak atrial filling rate.

Figure S1: A) Examples of automatic segmentation of the left (blue) and right (red) ventricle from basal 
to apical short axis cine CMR (base to apex). B) The included left and right ventricular CMR measures 
calculated using a deep-learning algorithm. C) A graphical explanation of the calculation of the peak 
ejection rate, peak filling rate and peak atrial filling rate.
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Figure S4: The frequency of plasma protein associations per CMR trait stratified on druggability status. 
Results are based on cis Mendelian randomization analyses and represent estimates that passed a 
multiplicity corrected p-value threshold of 7.81×10-6.
Druggablity was based on an update version of Finan et al[1]6 Supplementary File 1
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Figure S5: Trait specific Kolmogorov-Smirnoff null-hypothesis tests comparing the empirical p-value 
distribution to the uniform distri- bution expected when results are driven by false positive results.
The horizontal line indicates the multiplicity corrected alpha of
7.81 × 10−6.
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Figure S7: Drug target MR of druggable plasma protein concen-
tration (per SD) effects on CMR traits orientated toward the cardiac
function improving direction (‘imp-dir‘). Cells are coloured by trun-
cated p-value (max 8) multiplied by effect direction.

Figure S7: Drug target MR of druggable plasma protein concen- tration (per SD) effects on CMR traits 
orientated toward the cardiac function improving direction (‘imp-dir‘). Cells are coloured by trun- cated 
p-value (max 8) multiplied by effect direction.
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Figure S6: Drug target MR of drugged plasma protein concentra-
tion (per SD) effects on CMR traits orientated toward the cardiac
function improving direction (‘imp-dir‘). Cells are coloured by trun-
cated p-value (max 8) multiplied by effect direction.

Figure S6: Drug target MR of drugged plasma protein concentra- tion (per SD) effects on CMR traits 
orientated toward the cardiac function improving direction (‘imp-dir‘). Cells are coloured by trun- cated 
p-value (max 8) multiplied by effect direction.
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Figure S9: Incidence matrix of cardiovascular related indication
and side effect of drugged or druggable protein identified through
a Reactome pathway analysis of plasma proteins with concordant
CMR effects. Protein name and uniprot id are provided on the top
x-axis, with indication or side effect trait on the y-axis. N.b. data
were extracted from Reactome, BNF and ChEMBL.

Figure S9: Incidence matrix of cardiovascular related indication and side effect of drugged or 
druggable protein identified through a Reactome pathway analysis of plasma proteins with concordant 
CMR effects. Protein name and uniprot id are provided on the top x-axis, with indication or side effect 
trait on the y-axis. N.b. data were extracted from Reactome, BNF and ChEMBL.

Supplementary File 1 9

L
V
 
 
E
D
M

L
V
 
 
M
V
R

L
V
 
 
E
D
V

L
V
 
 
E
S
V

L
V
 
 
S
V

L
V
 
 
E
F

L
V
 
 
P
E
R

L
V
 
 
P
F
R

L
V
 
 
P
A
F
R

R
V
 
 
E
D
V

R
V
 
 
E
S
V

R
V
 
 
S
V

R
V
 
 
E
F

R
V
 
 
P
E
R

R
V
 
 
P
F
R

R
V
 
 
P
A
F
R

TDGF1

BAG3

MANBA

ERAP2

PGLT1

IL18R

BSSP4

EPHA1

NCAM2

ASM3A

TIE2

SPA12

PPAC

CHLE

TPSNR

ISK2

C1QC

KAT3

RMD1

CATB

PATE4

TREM1

ENTP1

NET1

ASAH2

UD16

GPC5

PRDX1

BGH3

OSMR

. . . . . . . .

. . . . . . . . . .

. . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . . . . .

. . . . . . . . .

5

0

5

i
m
p
-
d
i
r
 
×

l
o
g

1
0

(
p
)

Figure S8: Concordant protein effects on CMR traits orientated
toward the cardiac function improving direction (‘imp-dir‘). Depict-
ing proteins affecting three or more CMR traits, in a concordant risk
increasing or decreasing direction. Cells are coloured by truncated
p-value (max 8) multiplied by effect direction.

Figure S8: Concordant protein effects on CMR traits orientated toward the cardiac function improving 
direction (‘imp-dir‘). Depict- ing proteins affecting three or more CMR traits, in a concordant risk 
increasing or decreasing direction. Cells are coloured by truncated p-value (max 8) multiplied by effect 
direction.
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of tissues with differentially more mRNA expression of the CMR
and cardiac outcome prioritized plasma proteins; with χ2-test for
equal number differentially expressed proteins per tissue. Data were
sourced from the Human Protein Atlas.

Figure S11: Left: The tissue specificity of plasma proteins prior- itized on having an robust CMR and 
cardiac outcome association; The p-value is based on a Mann-Whitney test. Right: The number of 
tissues with differentially more mRNA expression of the CMR and cardiac outcome prioritized plasma 
proteins; with χ2-test for equal number differentially expressed proteins per tissue. Data were sourced 
from the Human Protein Atlas.
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Figure S10: A phenome-wide scan of CMR proteins associated with
one or more cardiac outcome. N.b. Proteins were curated on having
a multiplicity corrected p-value > 1.29× 10−5 with one or more of the
following cardiac traits: Heart Failure (HR), Dilated Cardiac Myopathy
(DCM), Non-ischemic CM, Atrial Fibrillation (AF), or Coronary Heart
Disease (CHD). P-value passing the 0.05 threshold are indicated
by square rotated about 90 degrees, with stars indicating results
passing the mentioned multiplicity corrected threshold. Cells were
coloured by effect direction times − log10(p-value); where p-values
were truncated to 8.

Figure S10: A phenome-wide scan of CMR proteins associated with one or more cardiac outcome. N.b.  
Proteins were curated on having a multiplicity corrected p-value > 1.29 × 10−5 with one or more of the 
following cardiac traits: Heart Failure (HR), Dilated Cardiac Myopathy (DCM), Non-ischemic CM, Atrial 
Fibrillation (AF), or Coronary Heart Disease (CHD). P-value passing the 0.05 threshold are indicated
by square rotated about 90 degrees, with stars indicating results passing the mentioned multiplicity 
corrected threshold. Cells were coloured by effect direction times − log10(p-value); where p-values were 
truncated to 8.
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Table S2: Continued.
Excluded phenotype UKB field ID/ICD-10 code
Endocardial fibroelastosis I42.4
Other restrictive cardiomyopathy I42.5
Alcoholic cardiomyopathy I42.6
Cardiomyopathy due to drugs and other external agents I42.7
Other cardiomyopathies I42.8
Congenital malformation of cardiac chambers and connexions Q20.9
Common arterial trunk Q20.0
Discordant ventriculoarterial connexion Q20.3
Ventricular septal defect Q21.0
Atrial septal defect Q21.1
Atrioventricular septal defect Q21.2
Tetralogy of Fallot Q21.3
Aortopulmonary septal defect Q21.4
Other congenital malformations of cardiac septum Q21.8
Congenital malformation of cardiac septum Q21.9
Congenital pulmonary valve stenosis Q22.1
Congenital pulmonary valve insufficiency Q22.1
’Ebstein”s anomaly’ Q22.5
Other congenital malformations of tricuspid valve Q22.8
Congenital stenosis of aortic valve Q23.0
Congenital insufficiency of aortic valve Q23.1
Congenital mitral insufficiency Q23.3
Other congenital malformations of aortic and mitral valves Q23.8
Congenital malformation of aortic and mitral valves Q23.9
Chronic obstructive pulmonary disease with acute lower respiratory infection J44.0
Chronic obstructive pulmonary disease with acute exacerbation J44.1
Other specified chronic obstructive pulmonary disease J44.8
’MacLeod”s syndrome’ J43.0
Panlobular emphysema J43.1
Centrilobular emphysema J43.2
Other emphysema J43.8
Emphysema J43.9
LVEF <40% Automated CMR data used

Table S1: CMR measurements and pathological consequence

Measurement Abbreviation Unit
Pathological consequence 

of higher values
Stroke volume SV ml Beneficial

Peak ejection rate PER ml/s Beneficial
Peak atrial filling rate PAFR ml/s Beneficial

Peak filling rate PFR ml/s Beneficial
End systolic volume ESV ml Harmful

Ejection fraction EF % Beneficial
End diastolic volume EDV ml Harmful
End diastolic mass EDM gram Harmful

Ratio of EDM and EDV MVR gram/ml Harmful

Table S2: UK biobank fields used to exclude participants with possible pre-existing cardiac disease.
Excluded phenotype UKB field ID/ICD-10 code
Myocardial infarction 42000
Acute transmural myocardial infarction of anterior wall I21.0
Acute transmural myocardial infarction of inferior wall I21.1
Acute transmural myocardial infarction of other sites I21.2
Acute transmural myocardial infarction of unspecified site I21.3
Acute subendocardial myocardial infarction I21.4
Acute myocardial infarction I21.9
Subsequent myocardial infarction of anterior wall I22.0
Subsequent myocardial infarction of inferior wall I22.1
Subsequent myocardial infarction of other sites I22.8
Subsequent myocardial infarction of unspecified site I22.9
Acute ischaemic heart disease I24.9
Old myocardial infarction 125.2
Pulmonary embolism with mention of acute cor pulmonale I26.0
Primary pulmonary hypertension I27.0
Kyphoscoliotic heart disease I27.1
Other secondary pulmonary hypertension I27.2
Nonrheumatic tricuspid (valve) stenosis I36.0
Nonrheumatic tricuspid (valve) insufficiency I36.1
Other nonrheumatic tricuspid valve disorders I36.8
Nonrheumatic tricuspid valve disorder I36.9
Pulmonary valve stenosis I37.0
Pulmonary valve insufficiency I37.1
Pulmonary valve stenosis with insufficiency I37.2
Other pulmonary valve disorders I37.8
Pulmonary valve disorder I37.9
Congestive heart failure I50.0
Left ventricular failure I50.1
Heart failure I50.9
Hypertensive heart disease with (congestive) heart failure I11.0
Dilated cardiomyopathy I42.0
Obstructive hypertrophic cardiomyopathy I42.1
Other hypertrophic cardiomyopathy I42.2
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Table S4: Characteristics of UK biobank subjects used in the CMR GWAS.
Characteristics Total (n=36548) Female

(n=18879)
Male
 (n=17093)

Missing

Age at time of CMR (years) 63.9 (7.6) 63.3 (7.4) 64.5 (7.7) 0
Ethnicity 679
Caucasian 34872 (97.0%) 18336 (97.1%) 16536 ( 96.8%)
Black 209 (0.6%) 111 (0.6%) 98 (0.6%)
Asian 351 (1.0%) 122 (0.6%) 229 (1.3%)
Other 437 (1.3%) 267 (1.5%) 170 (1.0%)
Height (cm) 169.2 (89.2) 162.8 (6.2) 176.1 (6.6) 0
Weight (kg) 76.0 (15.1) 69.1 (13.1) 83.7 (13.3) 0
Cardiovacular risk factors
BMI (kg/m2) 26.5 (4.4) 26.1 (4.7) 26.9 (3.9) 0
Systolic bloodpressure (mmHg) 138.2 (18.4) 135.1 (19.0) 141.6 (17.1) 3525
Diastolic bloodpressure (mmHg) 78.6 (10.0) 76.8 (9.9) 80.5 (9.7) 2525
Heart rate (bpm) 62.5 (10.2) 63.5 (9.9) 61.5 (10.4) 577
Cholesterol (mmol/l) 5.7 (1.1) 5.9 (1.1) 5.6 (1.1) 2340
Diabetes 1835 (5.1%) 669 (3.5%) 1166 (6.8%) 248
Smoking 248
Past 12227 (33.7%) 5891 (30.9%) 6336 (36.7)
Current 1254 (3.5%) 541 (2.8%) 713 (4.1%)
Alcohol intake- daily/almost daily 6104 (16.8%) 2531 (13.3%) 3573 (20.7%) 248
Moderate activity (MET minutes pw) 826.7 (1120.3) 832.7 (1108.8) 820.6 (1133.9 5191
CMR parameters
LV–EDV (ml) 143.2 (33.2) 125.1 (22.2) 163.5 (31.7) 4078
LV–ESV (ml) 58.8 (18.5) 48.9 (12.2) 69.8 (18.1) 4082
LV–EDM (g) 80.9 (22.4) 65.9 (12.6) 97.6 (18.9) 4077
LV–MVR (g/ml) 0.6 (0.1) 0.5 (0.1) 0.6 (0.1) 4087
LV–SV (ml) 84.4 (18.9) 76.2 (14.5) 93.7 (19.1) 4079
LV–EF (%) 59.4 (6.2) 61.0 (5.8) 57.5 (5.9) 4075
LV–PFR (ml/s) 321.1 (98.3) 303.4 (86.6) 341.0 (106.5) 4081
LV–PER (ml/s) 377.8 (111.9) 323.5 (84.8) 438.4 (106.5) 4075
LV–PAFR (ml/s) 251.8 (106.5) 225.6 (94.1) 280.9 (111.9) 4076
RV–EDV (ml) 153.7 (38) 131.0 (24.6) 178.7 (34.3) 676
RV–ESV (ml) 64.8 (22.0) 52.2 (14.1) 78.6 (20.9) 689
RV–SV (ml) 88.9 (20.5) 78.8 (15.2) 100.1 (19.8) 685
RV–EF (%) 58.5 (6.8) 60.4 (6.4) 56.3 (6.5) 742
RV–PFR (ml/s) 308.4 (96.3) 282.9 (82.8) 336.6 (102.1) 734
RV–PER (ml/s) 396.3 (111.2) 341.7 (83.1) 456.5 (107.1) 689
RV–PAFR (ml/s) 293.7 (108.6) 260.4 (92.3) 163.9 (31.4) 718

General: Number represents mean/counts with between brackets the standard deviation or percentage. BMI= body 
mass index; CMR= cardiac mag- netic resonance; EDV= end-diastolic volume; EDM= end-diastolic mass; EF= ejection 
fraction; ESV= end-systolic volume; LV= left ventricle; MET= metabolic equivalent of task; MVR= mass to volume ratio; 
PAFR= peak atrial filling rate; PER= peak ejection rate; PFR= peak filling rate; RV= right ventricle; SV= stroke volume.

Table S3: Assessing the potential for bias due to cryptic related- ness and population stratification.
CMR trait LD-Score intercept (SE)
RV - EDV 1.02 (0.01)
RV - EF 1.00 (0.01)
RV - ESV 1.02 (0.01)
RV - PAFR 1.00 (0.01)
RV - PER 0.99 (0.01)
RV - PFR 1.01 (0.01)
RV - SV 1.00 (0.01)
LV - EDM 1.01 (0.01)
LV - MVR 1.01 (0.01)
LV - EDV 1.01 (0.01)
LV - EF 0.99 (0.01)
LV - ESV 1.00 (0.01)
LV - PAFR 1.00 (0.01)
LV - PER 1.01 (0.01)
LV - PFR 1.01 (0.01)
LV - SV 1.00 (0.01)

General: In the absecence of bias the intercept is expected to be 1.00. SE: standard error.
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CHAPTER 13 GENERAL DISCUSSION

studies are the norm, the ideal solution would be to use the same FT-CMR software method in 
collaborating centers. Since FT-CMR software methods are generally a black box, developers 
should give more clarity on the underlying method, to allow for interchangeability of FT-CMR 
values in and among centers. Besides these algorithm dependent properties, algorithm 
independent properties were addressed in chapter 4 and chapter 5.

In chapter 4, we studied the influence of field strength, resolution and imaging sequence on 
RV FT-CMR strain values. For global longitudinal RV strain, the inter-field strength (1.5 T and 3 
T) and the inter-resolution agreement was good for the bSSFP sequence, whereas this was 
moderate to poor for regional longitudinal RV strain. This indicates that regional longitudinal 
RV strain cannot be used interchangeably within different resolutions and CMR field-strengths 
and field-strength and resolution specific reference values are necessary. This is clinically 
relevant since various diseases, including ARVC, show affected regional longitudinal strain in 
a preclinical disease stage making regional strain especially interesting for early diagnosis. In 
this study, we also used the preclinical ultra-high field strength 7T on MRI. 7T MRI has proven 
clinical value in brain MRI studies, but the clinical value of 7T MRI is not yet known for CMR. 
7T has great potential to detect subtle wall abnormalities due to higher signal- to-noise ratio 
which enables higher spatial resolutions4. Importantly, RV strain values were not comparable 
between 7T and the conventional field strengths 1.5T and 3T in our study, therefore obtaining 
7T-specific normal values should precede clinical implementation. 

While CMR is the recommended gold standard for the structural and functional assessment 
of ARVC, echocardiography remains an important modality for diagnosis and follow-up, 
due to its easier availability and lower costs. In echocardiography, deformation imaging 
with speckle tracking is used to quantify myocardial strain5. Since both modalities are used 
in clinical practice, the assessment of interchangeability of RV strain values measured by 
these different modalities is important. In chapter 5 we included 34 affected ARVC patients, 
30 at-risk pathogenic variant carriers, and 46 healthy control subjects who all underwent 
CMR and echocardiography. We studied the correlation and agreement between global 
and regional RV longitudinal strain as measured on speckle tracking echocardiography 
versus FT-CMR. Furthermore, we compared their clinical performance in ARVC. Both 
modalities showed reduced strain values in ARVC patients compared to ARVC relatives 
(speckle tracking global strain: p< 0.001; FT-CMR global strain: p< 0.001) and reduced strain 
values in ARVC relatives compared to healthy control subjects (speckle tracking global 
strain: p = 0.042; FT-CMR global strain: p = 0.084). However, only a moderate correlation 
between global RV strain values as measured by speckle tracking echocardiography and 
FT-CMR existed which deteriorated when regional strain was studied. Unfortunately, no 
correction factor to correct the bias between the two different modalities could be made. 
Therefore, these modalities cannot be used interchangeably. The differences between the 
modalities could be explained by different markers used to quantify myocardial motion in 

GENERAL DISCUSSION

This thesis focuses primarily on the improvement of early diagnosis and risk stratification 
of arrhythmogenic right ventricular cardiomyopathy (ARVC) patients and their relatives 
using advanced cardiac magnetic resonance (CMR) imaging techniques. In this chapter I 
summarize and discuss the main findings of each part reported in this thesis. 

This thesis addressed the following questions: 
Part 1- What is the reproducibility, variability and applicability of feature tracking (FT)-CMR 
in the clinical setting? 
Part 2- What is the clinical value of FT-CMR, T1 mapping and machine learning in ARVC? 
Part 3- Is atrial involvement present in ARVC? 
Part 4- What is the contribution of rare and common variants on right and left ventricular 
function in individuals from the general population? 

Part 1. Feasibility and reproducibility of novel CMR techniques in ARVC
Since the first publication on FT-CMR by Maret et al. in 20091, this technique has become 
a rapidly emerging approach for the assessment of regional wall motion. FT-CMR has also 
gained popularity in ARVC, as several studies already indicated regional abnormalities to 
occur prior to the onset of global changes in ARVC2. However, before entering the clinical 
arena and contributing as a diagnostic or prognostic marker, variability in FT-CMR strain 
values due to technical variability has to be understood. 

In chapter 3 we assessed the inter-software agreement of right ventricular (RV) global and 
regional longitudinal strain using four different FT-CMR software methods (TomTec, Medis, Circle 
and MTT), in a cohort of well-phenotyped ARVC subjects including affected ARVC patients 
and at-risk pathogenic variant carriers. We demonstrated significant variability between the 
FT-CMR software methods. First, differences in RV wall tracking quality were present, with 
the highest tracking quality in Medis, followed by Circle, TomTec and MTT (with respectively 
93%, 89%, 87% and 84% of segments adequately tracked). Second, absolute RV strain 
values correlated poorly between the software methods. Therefore, strain values obtained 
in one software method are impossible to translate to another. This is further emphasized 
by Nagata et al. who even showed significant variability of measurements using different 
versions of the same speckle tracking software3. However, despite software variability, all 
four FT-CMR software methods were able to identify affected ARVC patients from control 
subjects using global strain. Furthermore, a moderate to excellent inter- and intra-observer 
reproducibility of FT-CMR was seen. This suggests robustness of the FT-CMR approach 
and renders this technique suitable for follow-up of ARVC patients. Based on this study, it 
is advised to standardize the use of one software method within a clinical center, especially 
if used for clinical follow-up. In case of ARVC, which is a rare disease in which collaborative 
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global structural abnormalities are thought to occur later in the disease course of ARVC and 
can therefore be expected to be abnormal in affected ARVC patients. In contrast, global 
RV strain was comparable in preclinical vs. control subjects. These results suggested that 
global RV strain is insensitive for early disease detection. Interestingly, preclinical subjects 
were separated from controls in the subtricuspid region by Medis software (p = 0.009). This 
is also illustrated by a moderate discriminative accuracy of subtricuspid strain to distinguish 
preclinical from control subjects using Medis (AUC = 0.70). These results are exciting since 
abnormal subtricuspid strain has previously shown to be an independent predictor for ARVC 
diagnosis when controlled for sex, RVEF and RVEDV in multivariable analysis9. This suggests 
there is additional value for the assessment of subtricuspid strain beyond RV size and function. 

After showing the potential diagnostic role of FT-CMR in the diagnostic value, we set out to 
study the prognostic value of FT-CMR in ARVC in chapter 6. We assessed whether FT-CMR 
of the RV and left ventricle (LV) is able to predict future sustained ventricular arrhythmias 
and evaluated the incremental value of FT-CMR over traditional arrhythmic risk factors in 
a multicenter cohort of 132 ARVC patients without prior sustained ventricular arrhythmias 
(i.e. primary prevention patients). In our study RV and LV global strain was reduced in 
ARVC patients who developed sustained ventricular arrhythmias during follow-up. RVEF 
is a known predictor of sustained ventricular arrhythmias in ARVC10 and abnormal strain is 
thought to precede changes in EF. Furthermore, ARVC patients with a reduced RV and LV 
global and regional strain (basal and mid strain for the RV and posterolateral and septal 
strain for the LV) more often showed ventricular arrhythmias during follow-up. Importantly, 
after correcting for RVEF, LVEF, and the ARVC ventricular arrhythmia risk calculator10 and 
adjusting for multiple testing, RV and LV strain did not remain a significant predictor of 
sustained VA. While one may consider it disappointing that strain does not further risk 
stratify beyond conventional measures, it is important to realize that the majority of patients 
in this study population were in an advanced disease stage, with structural disease seen 
in 76% of patients with minor or major structural TFC, and 39% of patients already had a 
high expected 5-years risk of ventricular arrhythmias as calculated by the ARVC ventricular 
arrhythmia risk calculator. While there is proven value of adding strain to established CMR 
parameters for diagnostic purposes, no incremental value is observed for prognostic 
purposes in ARVC patients. Future studies should focus on the additional prognostic value 
of strain in unaffected family members who carry a pathogenic variant. Furthermore, FT-CMR 
could be a marker of disease progression from preclinical to clinical disease, as previously 
shown using echocardiography deformation imaging11. Future studies should confirm the 
value of regional strain by FT-CMR as a marker of disease progression.  

T1 mapping
In chapter 7 we performed a proof-of-concept study with the aim to analyze the diagnostic 
value of native T1 mapping in ARVC. Included subjects (n = 43) were divided into 3 groups: 1) 

both techniques; speckle tracking echo cardiography uses acoustic backscatters while FT-
CMR uses anatomic features. Also, differences in spatial and temporal resolution exist and 
both modalities use different scanning angles which could potentially cause difficulties in 
matching myocardial segments between the modalities. 

The first part of this thesis taught us that FT-CMR is feasible for clinical implementation. 
However standardization of software algorithm dependent and independent variables 
remains necessary. When comparing FT-CMR strain values within a patient or among 
patients, software method, resolution, field strength and differences in modalities 
should be taken into account. In an ideal world, software vendors should collaborate to 
minimize algorithm dependent difference. Until that time, routine use of FT-CMR in ARVC 
evaluation should take place at an experienced center with experienced CMR readers. 
Until standardized reference values are available, software method-, scanner- and modality 
specific references should be used.

Part 2. Clinical value of novel CMR techniques in ARVC
CMR has an important role as a diagnostic tool in ARVC, due to its ability to demonstrate 
structural and functional abnormalities of the heart. CMR is considered the reference 
standard for the evaluation of the RV in patients suspected of ARVC6. Regional wall motion 
abnormalities, in combination with RV dysfunction and dilatation, is a prerequisite for 
fulfilment of CMR criteria in the 2010 diagnostic Task Force Criteria (TFC)7. An important 
part of clinically implemented CMR evaluations is operator-dependent and therefore still 
“in the eye of the beholder”, which means that misdiagnosis in ARVC is often based on 
CMR misinterpretations. This is reflected in a high percentage of referrals to CMR centers. 
Interestingly, only 27% of people referred to a tertiary center with a suspected ARVC 
diagnosis finally meet diagnostic criteria for ARVC8. The operator-dependent factors that 
hamper inter-observer reproducibility include the subjective assessment of wall motion and 
fibrosis and the manual segmentations of the RV for the assessment of ejection fraction and 
dimensions. In this part we studied the clinical value of novel CMR techniques that aim to 
reduce operator dependency. 

Feature tracking CMR
Previous studies have shown the incremental diagnostic value of objective and quantitative 
wall motion analysis using FT-CMR or speckle tracking echocardiography. Vigneault et al. 
already showed a higher sensitivity and specificity for FT-CMR compared to visual assessment 
in 110 individuals evaluated for ARVC9. However, little was known about the diagnostic and 
prognostic value of this technique. In chapter 3, we hypothesized that FT-CMR may be 
useful for early disease detection of ARVC by identifying regional myocardial dysfunction 
prior to overt disease presentation. We showed a reduced global longitudinal RV strain in 
affected ARVC patients compared to control subjects. These results were reassuring since 
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automatically segmenting cardiac structures in a complex dataset, reducing segmentation 
time from 25 minutes to approximately 2 minutes15,16. Such a semi-automatic approach could 
also reduce the inter-observer variability. This is not only interesting for specialized tertiary 
ARVC centers, but even more for less experienced centers, since CMR misinterpretations 
are an important cause of over-diagnosis in ARVC. To further improve the performance 
of deep learning segmentation approaches, future work should exploit more anatomical 
information, such as valve landmarks and the apex and allowing for the application of 3D 
segmentation approaches. Although we automated the calculation of the dimensional and 
functional parameters, wall motion abnormalities are also part of the CMR TFC. Due to 
anatomical challenges of the RV, a fully automatic RV strain algorithm is not yet available. 
Future studies should focus on including automation of biventricular strain as well as 
providing an accurate automatic assessment of all three structural components (wall motion 
abnormalities, RVEF, and RV end-diastolic volume) of the CMR criteria of the 2010 TFC. 

Part 3. Atrial involvement in ARVC
ARVC is predominantly characterized as a disease of the desmosomes. Despite the fact 
that desmosomes are also found in the atria, evidence for direct atrial involvement with 
ARVC remains limited.17 In a more recent study 5% of ARVC patients with atrial fibrillation had 
an ischemic stroke.18 Therefore, systematic screening of atrial fibrillation in ARVC is needed. 
The ability to characterize and predict atrial dysfunction in the pre-atrial fibrillation stage 
may offer an opportunity for stroke prevention, especially in this relatively young patient 
population. In chapter 9 and chapter 10 we investigated structural and functional involvement 
of the atria using CMR in ARVC patients without prior atrial arrhythmias or heart failure. In 
chapter 9 we learned that genotype influences atrial volume and the occurrence of atrial 
arrhythmias in ARVC. Interestingly, the occurrence of atrial arrhythmias was comparable in 
desmosomal pathogenic variant carriers and patients with no pathogenic variant identified, 
however desmosomal pathogenic variant carriers had significantly smaller atria suggesting 
another underlying arrhythmogenic mechanism. In chapter 10 we showed that compared 
with age, sex, and body size–matched healthy controls ARVC patients had enlarged atria 
at all stages of the cardiac cycle, as well as poorly contractile atria with reduced right atrial 
conduit function, reduced right and left atrial reservoir function, as well as reduced right atrial 
and left atrial pump function as measured by FT-CMR. During follow-up 21% of the patients 
developed atrial arrhythmias. Right atrial and left atrial parameters were able to predict 
atrial arrhythmias after adjusting for ventricular and clinical characteristics, which suggests 
there is primary atrial involvement in ARVC. Detecting early atrial remodelling in ARVC 
may offer an opportunity to prevent atrial arrhythmia-related morbidity and mortality by the 
timely start of a direct oral anticoagulant (when indicated according to the guidelines for the 
treatment of atrial fibrillation) and rate or rhythm control to prevent tachycardiomyopathy. 
ARVC patients with atrial arrhythmias are associated with increased risk of inappropriate 
ICD shocks (26%). Beyond doubt, ICD implantation is of great benefit for selected ARVC 

genotype-positive patients with ARVC diagnosed by the 2010 diagnostic TFC (n = 13); 2) at-
risk pathogenic variant carriers not fulfilling TFC (n = 17); and 3) control subjects evaluated for 
ARVC but diagnosed with RV outflow tract ventricular tachycardia (n = 13). We only analyzed 
LV T1 mapping since the thin RV wall rendered T1 mapping susceptible to partial volume 
effects. Besides, global native T1, T1 dispersion was calculated as the SD of native T1 times 
in all segments within a given patient. Mean LV T1 times and T1 dispersion were significantly 
higher in overt patients compared with control subjects. It is known that fibrosis increases T1 
times, while fat decreases T1 times. This suggests that the changes in cardiac microstructure 
are dominated by fibrosis rather than fatty replacement. Although no statistically significant 
difference was noted in LV T1 times between relatives and control subjects, T1 dispersion 
was significantly greater in relatives compared with control subjects. This was driven by 
elevated T1 times in the LV posterolateral (p ≤0.02) and inferior (p = 0.01) regions for both 
overt patients and relatives. This supports the previously described “displaced” Triangle of 
dysplasia12, showing that early disease manifestations often occur in the RV basal inferior 
wall, RV basal anterior wall and de LV posterolateral wall. We extend these findings by 
revealing that these changes can already be observed in asymptomatic carriers of a 
pathogenic variant before the development of an overt clinical phenotype. Moreover, a 
large proportion of at-risk relatives with elevated T1 dispersion had no LGE, suggesting 
that T1 mapping has better sensitivity for subtle ventricular changes. To summarize, native 
T1 mapping helps differentiate patients with overt ARVC and at-risk relatives from control 
subjects, and it may have the potential to detect early ARVC. However, it remains important 
to emphasize that these results are obtained in a small group of patients which resulted in a 
limited statistical power to study the incremental diagnostic value of T1 mapping over 2010 
TFC7. Future studies should also assess T1 mapping as a prognostic marker and analyze the 
incremental value over the current ARVC risk calculator. 

Machine learning
CMR analysis is a laborious task with large inter-reader variability, not only because of the 
qualitative analysis of wall motion and LGE, but also due to the manual segmentation of 
the ventricles to calculate quantitative ejection fraction and volume parameters. Large 
intra- and inter-observer variability is currently the greatest source of error when manually 
segmenting the RV on CMRs13. The purpose of chapter 8 was to apply a deep learning 
segmentation approach for ventricular CMR assessment and evaluate the clinical implication 
of this approach for classification of the CMR TFC in subjects suspected of ARVC. CMR TFC 
classification using our automatic segmentation approach was comparable to classification 
using manual segmentation (226/227 patients had a comparable classification) if the most 
basal slice in each volume would be manually checked and corrected. Large variability 
between manual readers appears to happen in the basal slice due to the complex shape 
of the RV and the unclear ventricular-atrial transition of especially the RV14. Current state-
of-the-art deep learning segmentation models can already reduce manual effort by semi-
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factors to reach a threshold for disease expression22. For example, in ARVC, endurance 
exercise is known to increase disease penetrance23. The understanding of this discrepancy 
in disease penetrance and disease expression in the general population has become an 
even more important topic since The American College of Medical Genetics and Genomics 
(ACMG) has developed recommendations for the reporting of incidental or secondary 
findings unrelated to the test indication24. More research on the effect of environmental 
and secondary genetic factors on disease expression in pathogenic variant carriers could 
aid in personalizing cascade screening and the frequency of cardiological examinations in 
these subjects. Furthermore, future studies should include RV strain and T1 mapping data, 
to understand the RV wall motion and fibrosis pattern in asymptomatic ARVC pathogenic 
variant carriers from the general population. 

To identify genomic variants associated with RV and LV structural and functional 
measurements as measured on CMR, we performed a genome-wide association 
study (GWAS) in chapter 12. Identification of these genomic variants is a step closer to 
understanding the variable disease expression and disease penetrance in ARVC patients. In 
total, 87 genetic variants associated with one or more CMR measurements were identified. 
We prioritized 51 genes that likely drive the discovered genetic association, 25 of which 
affected multiple CMR measurements, and with 12 affecting both LV and RV measurements, 
suggesting similar genetic burden between LV and RV measurements. A next step would be 
to analyze if ARVC subjects carrying these genomic variants more often show heart failure 
or ventricular arrhythmias using a polygenic risk score combined with clinical parameters. 
Furthermore, we aimed to identify potential drug targets for RV and LV dysfunction using 
our GWAS results together with data from three independent plasma proteome GWAS. 
Using mendelian randomization, a statistical method that uses genetic variants to assess 
the presence of a causal relationship between a risk factor and the outcome, we identified 
proteins with a likely causal effect on biventricular traits. Linkage with drug-discovery 
databases was performed to assess if identified proteins were druggable. We identified 8 
drugged proteins and 11 druggable proteins associated with cardiac outcomes. For example, 
higher plasma concentrations of BAG3 affected multiple CMR traits, heart failure as well as 
dilated and non-ischemic cardiomyopathy risk. BAG3 is indirectly drugged through a direct 
protein interaction with HSP7C (heat shock cognate 71 kDa protein), where compounds for 
HSP7C have been documented to affect cardiac function and calcium handling25. Although 
these results are promising findings in the quest to find pharmaceutical therapies to reduce 
disease progression or improve outcome, they need to be validated and only serve as a 
resource to inform future drug trials. 

 

patients in the prevention of sudden cardiac death. However, strategic programming of 
arrhythmia detection criteria and ICD interventions is necessary to reduce the number of 
inappropriate interventions. Atrial arrhythmias in ARVC patients were associated with life 
threatening ventricular arrhythmias. Therefore, future studies should study atrial parameters 
as a prognostic marker in ARVC. Although no significant difference was seen between atrial 
arrhythmias occurrence in patients with and without an ICD, the presence of an ICD could 
have influenced results since ICDs with continuous rhythm registration increase the chance 
of registering arrhythmias. The underlying mechanism for atrial arrhythmias in ARVC still 
remains unclear and is yet to be studied. It could be a direct consequence of the underlying 
desmosomal dysfunction, leading to a primary atrial myocardial substrate. However, this 
could also be a secondary consequence of RV or LV dysfunction, leading to atrial overload, 
increased stress and formation of fibrosis in the atrial walls19.  

Part 4. Combining CMR and genetics to unravel genotype phenotype correlations
In this part we focused on the contribution of rare and common variants on RV and LV 
function and dimension in individuals from the general population. We leveraged data from 
the UK Biobank, the largest European population-based cohort. 

In chapter 11 we identified individuals who carried a pathogenic variant associated with one 
of the inherited cardiomyopathies from the UK Biobank cohort of 200,643 individuals who 
underwent whole exome sequencing (WES). WES is a genomic technique for the sequencing 
of the protein-coding regions of the genome (exome). We identified a prevalence of 1:578, 
1:251, and 1:149 for pathogenic and likely pathogenic variants associated with ARVC, DCM 
and HCM respectively. Cardiomyopathy, heart failure and ventricular arrhythmia diagnosis 
were more common among pathogenic and likely pathogenic variant carriers compared to 
pathogenic variant negative subjects in the general population. In total, 1.2%, 3.1% and 2.6% 
of ARVC, DCM and HCM pathogenic variant carriers respectively were diagnosed with a 
cardiomyopathy or heart failure (without previous chronic ischemic heart disease). Only 
3.2%, 1.8% and 0.5% of the undiagnosed ARVC, DCM and HCM pathogenic variant carriers, 
reported ventricular arrhythmias or had CMR abnormalities. Undiagnosed DCM pathogenic 
variant carriers had lower LVEF (p=0.009) and less negative LV peak longitudinal strain 
(p=0.009). These differences were not present in undiagnosed ARVC or HCM pathogenic 
variant carriers. Unfortunately, no RV strain data was available. These results confirm 
the low disease penetrance in pathogenic variant carriers in the general population. 
Interestingly, disease penetrance in asymptomatic relatives carrying a pathogenic variant is 
known to be much higher: 37% in ARVC relatives20 and up to 50% in HCM relatives21 (these 
numbers are not available for DCM). This discrepancy between the disease penetrance 
of pathogenic variant carriers in the general population versus relatives is remarkable. 
Although the reason behind this discrepancy is unknown, growing evidence suggests that 
ARVC penetrance may depend upon both (secondary) genetic as well as environmental 
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FUTURE IMPLICATIONS

The power of the different aspects discussed in this thesis, including advanced CMR (FT-CMR, 
T1 mapping and machine learning) and genetics (GWAS and WES), lies in the combination 
of these aspects to enhance personalized medicine in ARVC patients and their relatives. 
Future studies should focus on the development of a multimodality risk score including 
advanced genetic data, CMR imaging and other clinical parameters to predict ventricular 
arrhythmias and heart failure in ARVC patients and family members. This risk score could also 
be a helpful guide in defining follow-up frequency and disease management. With machine 
learning being an ever moving field and likely to fundamentally change clinical practice 
in the future26, new studies should focus on optimizing our machine learning algorithm to 
automatize all CMR post-processing steps described in this thesis and to automize the 
extraction of diagnostic and prognostic information. This will be time saving and lead to less 
inter-observer and intra-observer variability. For a successful implementation of machine 
learning and multimodality risk scores, inter- and intra-modality differences should be taken 
into account. Lastly, by combining CMR and genetic information we have learned about 
(common and rare) genetic variants influencing cardiac function and structure. This valuable 
information has the potential to aid in the pursuit to find new treatments for ARVC.
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kunnen een belangrijke rol spelen bij het ontmaskeren van vroege uitingen van structurele 
en/of elektrische veranderingen. 

De belangrijkste CMR (nabewerkings-) technieken hierbij zijn 1) Feature Tracking CMR 
(FT-CMR) voor het kwantificeren van vroege wandbewegingsstoornissen die het gevolg 
kunnen zijn van elektrische en structurele veranderingen bij ARVC; 2) T1-mapping voor de 
kwantificatie van fibrosering (verlittekening) die het gevolg zijn van structurele verandering 
bij ARVC en; 3) Machine Learning voor het automatiseren van de segmentaties om de 
functie en volumina op CMR te kunnen berekenen. Dit wordt momenteel nog manueel 
uitgevoerd door artsen of laboranten. Om deze CMR technieken van ‘bench to bedside’ 
te brengen is het van belang om te onderzoeken hoe we de absolute waarden van deze 
techniek moeten interpreteren. In welke mate worden bijvoorbeeld de absolute waarden 
die we uit FT-CMR krijgen (strain waarden) beïnvloed door de software waarmee we meten 
en de scanner types die we gebruiken. Daarnaast willen we weten wat de diagnostische en 
prognostische waarde van deze techniek is. Ideale diagnostische en prognostische CMR 
markers kunnen subtiele ziekte veroorzakende veranderingen al oppikken, zelfs zonder dat 
deze visueel zichtbaar zijn. Wij onderzoeken dit meestal in patiënten en hun familieleden 
die een ziekenhuis bezoeken. We weten echter dat mensen in de algemene populatie 
ook drager kunnen zijn van ziekte veroorzakende DNA mutaties zonder dat zij hiervan op 
de hoogte zijn. Wij onderzochten hoeveel mensen in de algemene populatie drager zijn 
van deze DNA mutaties en in welke mate er al structurele of functionele afwijkingen bij 
hen aanwezig waren. Tevens is het belangrijk om te begrijpen in welke mate genetische 
variabiliteit in de algemene “gezonde” bevolking invloed heeft op de structuur en functie 
van het hart. Als we weten welke genetische variaties bijdragen aan de structuur en functie 
van het hart, kunnen we ook onderzoeken of variaties hierin kunnen bijdragen aan het 
eerder ontwikkelen van structurele of functionele afwijkingen bij ARVC patiënten.  

Het doel van de thesis, zoals beschreven in hoofdstuk 1, is het verbeteren van de 
diagnostiek en risico-stratificatie van patiënten met aritmogene cardiomyopathie en hun 
niet aangedane familieleden middels nieuwe geavanceerde CMR-technieken. Deze thesis 
omvat vier delen, die zich focussen op de onderstaande onderzoeksvragen:

1. Wat is de reproduceerbaarheid, variabiliteit en toepasbaarheid van FT-
CMR in de kliniek?

2. Wat is de klinische waarde van FT-CMR, T1 mapping en machine learning 
voor ARVC? 

3. Is er sprake van atriale betrokkenheid in ARVC?
4. Wat is de bijdrage van zeldzame en meer voorkomende genetische 

varianten op rechter en linker ventrikel functie in de algemene populatie? 

NEDERLANDSTALIGE SAMENVATTING

In Nederland overlijden er jaarlijks gemiddeld 16.000 mensen als gevolg van een plotse 
hartstilstand. Een plotse hartstilstand maakt veel indruk op de samenleving, vooral als het 
zich voordoet bij voorheen gezonde jonge mensen en atleten. Een plotse hartstilstand door 
ventriculaire ritmestoornissen zien we vaker in families waarin een erfelijke hartspierziekte 
voorkomt. Daarom is het achterhalen van een mogelijk genetische onderliggende oorzaak 
belangrijk. Niet alleen voor de risicostratificatie van de individuele patiënt, maar ook voor 
vroeg-diagnostiek en risicostratificatie van niet-aangedane familieleden die het risico lopen 
hetzelfde lot te ondergaan. 

Erfelijke hartspierziekten zijn te classificeren in gedilateerde cardiomyopathie (DCM), 
hypertrofe cardiomyopathie (HCM) en aritmogene cardiomyopathie, ook wel bekend 
als aritmogene rechter ventrikel cardiomyopathie (ARVC). Vergeleken met andere 
cardiomyopathieën treden bij ARVC al in een vroege fase van de ziekte ritmestoornissen 
op, zonder dat er vooraf sprake was van andere symptomen of structurele afwijkingen 
aan het hart. In 10 tot 50% van de aangedane patiënten kan plotse hartdood het eerste 
‘symptoom’ zijn. 

ARVC komt voor bij 1 op de 5.000 mensen en presenteert zich meestal tussen het 20e 
en 50e levensjaar. Kenmerkend zijn de pathologische structurele (fibroadipeuze infiltratie) 
en elektrische (gap junction remodelering en natriumkanaal dysfunctie) veranderingen, 
welke al in een vroeg stadium aanwezig zijn. Deze kunnen zich klinisch uitten in lethale 
ventriculaire aritmieën en vermindering van de pompfunctie. Doordat de rechter ventrikel 
(rechter kamer) dunwandig is, is deze vaak eerder betrokken dan de linker ventrikel in 
ARVC. In de afgelopen jaren zijn er verschillende ziekte veroorzakende DNA-mutaties 
ontdekt. Daarom worden familieleden, indien gewenst, genetisch gescreend op 
dragerschap van deze DNA-mutatie ondanks dat zij nog geen symptomen ervaren. We 
weten namelijk dat zo’n 30% van de mensen met zo’n ziekte veroorzakende DNA-mutatie 
uiteindelijk zelf ook ARVC ontwikkeld. Deze wetenschap kan veel onzekerheid met zich 
meebrengen. Daarom is het belangrijk om al in een vroeg stadium de familieleden met 
een hoog risico op ziekteontwikkeling op te sporen, zodat er tijdig een behandeling kan 
plaatsvinden. Na het diagnosticeren van ARVC, is het belangrijkste doel, het voorkomen 
van plotse hartdood. Dit kan middels een implanteerbare cardioverter-defibrillator (ICD). 
Tevens wordt ARVC patiënten afgeraden om te sporten, gezien dit de ziekte progressie 
kan versnellen. Daarnaast is het ook belangrijk om familieleden zonder enige tekenen 
van ziekte gerust te kunnen stellen. Cardiale magnetische resonantie (CMR) beeldvorming 
is de gouden standaard voor het bepalen van morfologische, structurele, en functionele 
veranderingen in ARVC. Echter in de kliniek worden CMR veranderingen voornamelijk 
kwalitatief (visueel) beoordeeld. Nieuwe en veelbelovende kwantitatieve CMR methoden 
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patiënten significant lagere strain waarden vertonen ten opzichte van controles. Dit laat 
zien dat alhoewel de absolute strain waarden niet vergelijkbaar zijn tussen de verschillende 
software methodes, de verschillen op groepsniveau wel vergelijkbaar zijn. Verder zien we 
dat de reproduceerbaarheid van de strain waarden voor alle software methoden tussen 
gemiddeld en excellent zit wat laat zien dat de FT-CMR methode robuust is. 

Binnen en tussen centra wordt er ook gebruik gemaakt van verschillende CMR instellingen. 
We weten echter weinig over de invloed hiervan op de absolute strain waarden. Voor 
de interpretatie van strain waarden in de kliniek is dit echter wel belangrijk. Daarom 
onderzochten we in hoofdstuk 4 de invloed van verschillende CMR instellingen, 
zoals veldsterkte, resolutie en sequentie op absolute rechter ventrikel strain waarden. 
Voor globale rechter ventrikel strain was er een goede overeenkomst tussen de strain 
waarden bij gebruik van verschillende klinische veldsterkten (1.5T en 3T) en imaging 
resoluties. Echter voor de regionale rechter ventrikel strain was er een matig tot slechter 
overeenkomst. Dit laat zien dat in de follow-up van een patiënt regionale strain waarden 
niet vergeleken kunnen worden indien er gebruik is gemaakt van een andere veldsterkte 
of resolutie. Daarnaast zullen er voor de verschillende veldsterktes en resoluties aparte 
normaalwaarden gebruikt moeten worden. Dit is vooral belangrijk in ARVC waar de vroege 
afwijkingen in de wandbeweging vaak regionaal (met name in de subtricupidale regio, zie 
deel 2) beginnen. Tevens hebben we in deze studie gebruik gemaakt van de veldsterkte 
7T. Alhoewel deze veldsterkte nog niet gebruikt wordt in de klinische praktijk, heeft het de 
potentie om subtiele afwijkingen in de wandbeweging nog eerder te kunnen detecteren 
door de hogere spatiale resolutie. In deze studie laten we zien dat strain waarden gemeten 
op 7T niet vergelijkbaar zijn met de conventionele 1.5T en 3T. Daardoor dienen er ook voor 
7T specifieke normaalwaarden onderzocht te worden. 

Er is niet alleen weinig bekend over de invloed van intra-modaliteit verschillen op strain 
waarden, maar ook over de invloed van inter-modaliteit verschillen op strain waarden. In 
ARVC wordt er voornamelijk voor de follow-up, naast CMR, ook veel gebruik gemaakt van 
echocardiografie. Doordat deze modaliteit makkelijker beschikbaar is, is het een ideale 
modaliteit voor de follow-up van ARVC patiënten. Het is nog onduidelijk of de strain waarden 
gemeten middels CMR en echocardiografie door elkaar gebruikt kunnen worden voor 
bijvoorbeeld follow-up. Daarom vergeleken we in hoofdstuk 5 de rechter ventrikel strain 
waarden zoals gemeten middels FT-CMR en echocardiografie. Deze studie laat zien dat beide 
modaliteiten een vergelijkbare trend tussen ziek en niet-ziek laten zien. Echter de absolute 
strain waarden zijn niet vergelijkbaar tussen de beide modaliteiten. Dit is een belangrijk 
resultaat, want het laat zien dat voor het kwantitatief beoordelen van de wandbeweging deze 
beide technieken niet afgewisseld mogen worden gedurende de follow up. 

In dit hoofdstuk zal ik de belangrijkste bevindingen van mijn proefschrift samenvatten 
voor lezers zonder enige voorkennis van het onderwerp. Voor meer details verwijs ik naar 
hoofdstuk 13 van dit proefschrift. 

Het proefschrift begint met een Engelstalige inleiding in hoofdstuk 1. Een ander inleidend 
hoofdstuk is hoofdstuk 2 waarin de huidige uitdagingen in het diagnosticeren van ARVC 
worden besproken. 

Deel 1. Haalbaarheid en reproduceerbaarheid van nieuwe CMR-technieken in ARVC
FT-CMR is een populaire techniek voor het kwantificeren van de regionale myocardiale 
functie uitgedrukt in strain. Wandbewegingsstoornissen zijn een belangrijk diagnostisch 
criterium bij ARVC. In de huidige praktijk worden deze wandbewegingsstoornissen 
visueel beoordeeld. Dit gaat gepaard met interpretatieverschillen tussen verschillende 
beoordelaars. Tevens kunnen subtiele wandbewegingsstoornissen gemist worden. Recent 
onderzoek laat zien dat deze kwantitatieve strain analyses een hogere sensitiviteit en 
nauwkeurigheid hebben dan de huidige praktijk waarin visuele kwalitatieve beoordeling 
van de wandbeweging door CMR experts wordt gedaan. Deze kwantitatieve beoordeling 
maakt het waarschijnlijk mogelijk om subtiele afwijkingen in de wandbeweging al in een 
vroeg stadium op te sporen. Echter voordat we deze techniek in de klinische praktijk 
kunnen toepassen, moet de techniek betrouwbaar genoeg zijn. De haalbaarheid van de 
techniek moet onderzocht worden. Tevens moet er bekeken worden welke factoren de 
strain waarden kunnen beïnvloeden. Daarom is er in dit deel van de thesis gefocust op de 
volgende onderzoeksvraag:

“Wat is de reproduceerbaarheid, variabiliteit en toepasbaarheid van FT-
CMR in de klinische setting? ” 

FT-CMR strain waarden kunnen berekend worden middels verschillende commerciële 
software methoden. We weten echter weinig over de invloed van verschillende software 
op de absolute strain waarden. Daarom onderzochten we in hoofdstuk 3 onder meer 
in welke mate rechter ventrikel strain waarden overeenkomen tussen de vier meest 
gebruikte commercieel beschikbare software methoden. Daarnaast onderzochten we 
de reproduceerbaarheid van de rechter ventrikel strain waarden gemeten met de vier 
verschillende software methoden. In deze studie laten we zien dat de absolute rechter 
ventrikel strain waarden slecht correleren tussen de verschillende software methoden. Door 
deze verschillen kunnen de strain waarden van verschillende software methoden niet door 
elkaar gebruikt worden gedurende de follow-up van een patiënt. Daarbij bestaat er ook 
een verschil in kwaliteit van de tracking van de endocardiale wand tussen de verschillende 
methoden waarmee rekening gehouden dient te worden. Interessant genoeg laten alle 
vier de software methoden wel dezelfde trend zien tussen ziek en niet-ziek, waarbij ARVC 
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niet ontwikkelen. Echter lijkt het gebruik maken van strain geen toegevoegde waarde te 
hebben boven ejectie fractie, een parameter die we momenteel al in de kliniek gebruiken. 
Alhoewel er dus wel een diagnostische waarde blijkt voor het gebruik van FT-CMR in ARVC 
patiënten, zien we geen prognostische waarde in gediagnosticeerde ARVC patiënten. Dit 
zal deels komen doordat de gediagnosticeerde ARVC patiënten vaak al een aangedane 
rechter ventrikel ejectie fractie hadden. Toekomstige studies zullen moeten kijken naar de 
prognostische waarde van deze techniek in familieleden zonder ziektepresentatie. 

T1 mapping
In hoofdstuk 7 onderzochten we de diagnostische waarde van T1 mapping in ARVC. T1 
mapping is een techniek die het mogelijk maakt om de T1 relaxatietijd op voxel niveau te 
kwantificeren. De berekende T1 relaxatie geeft informatie over het weefseltype, zo heeft 
vet een lage T1 relaxatietijd en fibrose een hogere T1 relaxatietijd. Deze manier maakt het 
mogelijk om fibrose nauwkeurig te kwantificeren. Middels T1 mapping is het technisch alleen 
mogelijk om de linker ventrikel te beoordelen, gezien de rechter ventrikel hiervoor een 
te dunne wand heeft. In de huidige praktijk wordt late gadolinium enhancement gebruikt 
voor fibrose detectie. Hierbij wordt er middels contrastvloeistof gekeken in welke gebieden 
het contrast minder snel “uitgewassen” wordt. Dit zijn hoogstwaarschijnlijk gebieden met 
fibrose. Dit wordt meestal visueel beoordeeld en is dus onderhevig aan verschillen tussen 
beoordelaars. Daarnaast kan late gadolinium enhancement geen diffuse en subtiele 
fibrose  detecteren, terwijl er bij ARVC juist sprake is van diffuse fibrose en er in een vroeg 
stadium juist sprake is van subtiele fibrose. In hoofdstuk 8 includeerden we ARVC patiënten, 
familieleden die drager zijn van een ziekte-veroorzakende mutatie, maar nog geen ziekte 
expressie vertonen en een groep controle patiënten zonder ARVC. We leerden dat T1 tijden 
en de spreiding van T1 tijden (T1 dispersion) hoger was bij ARVC patiënten vergeleken met 
controles. Tevens zagen we dat de familieleden een grotere T1 dispersion vertoonden in 
vergelijking met controles. Deze verhoogde spreiding werd voornamelijk veroorzaakt door 
hogere T1 tijden in de posterolaterale regio in zowel de ARVC patiënten als de familieleden. 
Dit resultaat ondersteunt de eerder beschreven hypothese ‘Displaced Triangle of dysplasie’ 
waarbij gedacht wordt dat de eerste ziektemanifestatie in de linker ventrikel optreedt in de 
posterolaterale wand. Een volgende stap zou zijn te onderzoeken wat de toegevoegde 
waarde is om T1 mapping aan de diagnostische criteria voor ARVC toe te voegen. Tevens 
dient de prognostische waarde van deze techniek nog onderzocht te worden. 

Machine learning 
Als laatste onderzochten we de klinische waarde van automatische segmentatie (intekening 
van de ventrikels om zo de functie en volumina te kunnen berekenen) van de linker en 
rechter ventrikel in ARVC. CMR segmentaties worden in de huidige klinische praktijk 
manueel uitgevoerd door een arts of een laborant opgeleid voor cardiale beeldbewerking. 
Dit is een arbeidsintensieve taak waarbij er ook sprake is van grote verschillen tussen 

Deel 2. Klinische waarde van nieuwe CMR technieken in ARVC
Een belangrijk deel van de CMR evaluaties wordt visueel gedaan door de radioloog. 
Deze kwalitatieve manier van evalueren is daardoor onderhevig aan variatie tussen 
beoordelaars. Tevens kunnen hierdoor subtiele veranderingen die niet met het oog altijd 
even goed te zien zijn gemist worden. Een belangrijk deel van de foutief gestelde ARVC 
diagnosen, wordt veroorzaakt door CMR misinterpretaties. In dit deel focussen we ons op 
de klinische waarde van nieuwe CMR technieken die het mogelijk maken om de subjectieve 
beoordelingen meer te objectiveren en minder afhankelijk te maken van de beoordelaar.  
We onderzochten daarbij de volgende onderzoeksvraag: 

“Wat is de klinische waarde van FT-CMR, T1 mapping en machine learning 
voor ARVC?”

Feature Tracking CMR 
Nu we na deel 1 meer weten over hoe we absolute strain waarden gemeten middels FT-
CMR dienen te interpreteren, bestuderen we in deel 2 de klinische toepasbaarheid van FT-
CMR. In hoofdstuk 2 hebben we naast de software vergelijkingen, ook de diagnostische 
waarde van FT-CMR onderzocht. Hiervoor includeerden we controles zonder ARVC, ARVC 
patiënten en mutatie positieve familieleden zonder ziekte-expressie. Vooral deze laatste 
groep is interessant voor vroegdiagnostiek. Zij hebben (nog) geen ARVC diagnose, echter 
lopen hierop wel het risico gezien zij drager zijn van een ziekte veroorzakende mutatie. Deze 
groep wil je tijdig kunnen diagnosticeren voordat er ernstige ritmestoornissen optreden, en 
wil je gerust kunnen stellen indien er geen enkele tekenen van ziekte expressie aanwezig 
zijn. In deze studie laten we zien dat de globale strain waarden in gediagnosticeerde 
ARVC patiënten lager zijn vergeleken met controles. Globale strain waarden waren echter 
vergelijkbaar tussen niet zieke familieleden en controles. Interessant genoeg, zagen we wel 
dat de regionale strain, in het bijzonder de strain in de subtricupidale regio, significant lager 
was in deze familieleden ten opzichte van de controlegroep. Dit resultaat is hoopgevend, 
gezien subtricuspidale strain in een eerder studie al heeft laten zien een onafhankelijke 
predictor voor ARVC diagnose te zijn, wanneer je controleert voor sekse, rechter ventrikel 
functie en dimensies in multivariabele analyse. Dit suggereert dat subtricuspidale strain een 
toegevoegde waarde heeft bovenop de bestaande parameter voor systolische functie, de 
rechter ventrikel ejectie fractie. Nadat we de potentiele diagnostische waarde van FT-CMR 
in ARVC hebben laten zien, bestudeerden we in hoofdstuk 6 de prognostische waarde van 
FT-CMR in ARVC. We onderzochten of rechter- en/of linker ventrikel globale en regionale 
strain van toegevoegde waarde zijn boven bestaande CMR parameters in het voorspellen 
van ventriculaire ritmestoornissen in een cohort van gediagnosticeerde ARVC patiënten die 
niet eerder een ventriculaire ritmestoornis doormaakten. In onze studie laten we inderdaad 
zien dat de globale en regionale strain verminderd is in patiënten die gedurende follow-
up een ventriculaire ritmestoornis zullen ontwikkelen ten opzichte van de patiënten die dit 
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In hoofdstuk 9 en hoofdstuk 10 onderzochten we middels CMR de structurele en functionele 
(middels FT-CMR) betrokkenheid van de atria in ARVC patiënten zonder hartfalen of atriale 
aritmieën (atriumfibrilleren of atriumflutter). In vergelijking met een controlegroep hebben 
ARVC patiënten vergrote atria en een verminderde atriale functie. Tevens ontwikkelde 
21% van de ARVC patiënten atriale aritmieën gedurende de follow-up. Atriale functionele 
parameters zoals gemeten door FT-CMR bleken goede voorspellers te zijn voor het 
voorspellen van atriale aritmieën in ARVC patiënten, ook nadat we corrigeerden voor 
ventriculaire functie en andere klinische karakteristieken. Het in een vroeg stadium kunnen 
detecteren welke patiënten atriale aritmieën zullen ontwikkelen biedt een potentiele rol 
voor FT-CMR van de atria voor het verbeteren van de prognose van ARVC patiënten. 
Atriale aritmieën kunnen namelijk leiden tot herseninfarcten indien er niet tijdig met orale 
antistolling wordt begonnen. Tevens zijn atriale aritmieën geassocieerd met een verhoogd 
aantal onnodige ICD shocks. Dit biedt mogelijkheden om bij ARVC patiënten die ook ICD-
drager zijn en die een verhoogd risico hebben op atriale aritmieën de ICD instellingen hierop 
aan te passen. Het onderliggende mechanisme voor het ontstaan van atriale aritmieën bij 
ARVC is nog onbekend. Het zou een secundaire oorzaak kunnen zijn doordat er sprake is 
van rechter- en linker ventrikel dysfunctie wat tot atriale overbelasting kan leiden, wat door 
de verhoogde druk voor fibrosering van de atriale wand kan zorgen. Deze fibrosering kan 
een substraat voor aritmieën worden. De atriale aritmieën kunnen echter ook een primair 
gevolg zijn van de onderliggende desmosomale mutatie. Toekomstige studies moeten nog 
uitmaken of atriale parameters van toegevoegde waarde zijn als prognostische marker bij 
ARVC. 

Deel 4. Combinatie van CMR en genetica om genotype-fenotype correlaties te 
ontrafelen
In de zoektocht naar vroege ziekte markers om ARVC eerder te kunnen diagnosticeren 
en patiënten met een slechtere prognose eerder te kunnen identificeren hebben we in de 
vorige delen gebruik gemaakt van patiënten en familieleden die het ziekenhuis bezoeken. 
In dit deel van de thesis includeerden we juist mensen uit de algemene populatie. Het doel 
was het onderzoeken of er al tekenen van ziekte aanwezig zijn in asymptomatische dragers 
met een ziekte veroorzakende mutatie uit de algemene populatie. Daarnaast onderzochten 
we welke veel voorkomende genetische varianten bijdragen aan linker en rechter ventrikel 
functie en dimensies. De laatste onderzoeksvraag van deze thesis luidt daarom ook: 

“Wat is de bijdrage van zeldzame en meer voorkomende genetische 
varianten op rechter en linker ventrikel functie in de algemene populatie?”

In hoofdstuk 11 identificeerden we allereerst de prevalentie van ziekte veroorzakende 
mutaties geassocieerd met de erfelijke cardiomyopathieën. Hiervoor maakten we gebruik 
van Whole Exome Sequencing (WES). Dit is een genetische test waarbij alle genen in één 

artsen/laboranten onderling, in het bijzonder voor de rechter ventrikel. De rechter ventrikel 
is gezien de ligging en dunne wand lastiger te segmenteren, voornamelijk bij ARVC waarbij 
de rechter ventrikel wand nog dunner is, en er ook sprake kan zijn van aneurysmata die 
de intekening bemoeilijken. In hoofdstuk 8 pasten we een deep learning segmentatie 
methode toe in een cohort met patiënten die verdacht waren voor ARVC. Een deel van 
deze patiënten bleek uiteindelijk ARVC te hebben, een deel waren dragers van een mutatie 
zonder ziekte uitingen en bij een ander deel was ARVC uitgesloten. Door de automatische 
segmentatie waren wij in staat om in een enkele seconde segmentaties van een grote 
groep patiënten uit te voeren en daaruit onder meer de ejectie fractie en de dimensies 
te berekenen. Ons deep learning algoritme maakte gebruik van manuele segmentaties 
uitgevoerd door CMR laboranten om te trainen. Hierin zagen wij dat er sprake was van 
een hoge variabiliteit van het basale segment. Dit wordt voornamelijk veroorzaakt door 
een onduidelijke overgang van de atria (boezems) naar ventrikels waarmee het deep 
learning model moeite had. Om de performance van het algoritme te verbeteren hebben 
wij de manuele segmentaties gebruikt voor de eerste basale slice. Ons model maakte 
het mogelijk om de segmentatietijd de verlagen van 25 minuten naar 2 minuten. De 
automatisch berekende ejectie fractie en dimensies werden gebruikt om de CMR criteria 
van de diagnostische criteria van ARVC te berekenen. De sensitiviteit en specificiteit door 
de automatisch gemeten methode was hierbij vergelijkbaar met de manueel segmentaties. 
Alhoewel er we in de toekomst streven naar een volledige automatisatie, waarin niet alleen 
de ejectie fractie en dimensies automatisch worden gesegmenteerd, maar ook de strain 
en T1 mapping waarden berekend zullen worden. Het ultieme doel daarbij is automatische 
berekening van de CMR criteria en een automatische inschatting van de prognose aan de 
hand van CMR. Echter ons huidige algoritme is al interessant voor klinisch gebruik, gezien 
het de analysetijd verminderd en tevens een objectieve manier is van segmenteren zonder 
variatie. Dit is niet alleen interessant voor tertiaire centra, maar juist ook voor de centra die 
niet gespecialiseerd zijn in ARVC, gezien CMR misinterpretaties een belangrijke oorzaak is 
voor over-diagnose in ARVC.   

Deel 3. Atriale betrokkenheid in ARVC
In deel 3 van dit proefschrift focussen we ons op de betrokkenheid van de atria in ARVC. 
ARVC wordt voornamelijk gekenmerkt door betrokkenheid van de rechter ventrikel. We 
weten nu ook dat de linker ventrikel in meer of mindere mate betrokken kan zijn. Echter 
over de betrokkenheid van de atria in dit ziektebeeld is er nog weinig bekend. Gezien er bij 
het merendeel van de patiënten sprake is van een mutatie in de desmosomen (“klittenband” 
tussen de hartspiercellen) en deze ook aanwezig zijn in de atria, is het waarschijnlijk dat de 
atria ook een bepaalde mate van betrokkenheid vertonen. Daarom onderzochten we in dit 
deel de volgende vraag:

“Is er sprake van atriale betrokkenheid bij ARVC?”
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keer bekeken kunnen worden doordat het hele DNA wordt afgelezen. Een prevalentie van 
1:578, 1:251 en 1:149 werd gevonden voor ARVC, DCM en HCM geassocieerde mutaties 
respectievelijk. Zoals verwacht, zagen dat deze mutatie dragers vaker gediagnosticeerd 
werden met een cardiomyopathie, hartfalen en ventriculaire aritmieën. Van de 
ongediagnosticeerde ARVC, DCM en HCM mutatiedragers, had respectievelijk 3.2%, 
1.8% en 0.5% ventriculaire aritmieën of CMR abnormaliteiten. Deze resultaten bevestigen 
hiermee de lage ziekte penetrantie in dragers van een ziekte veroorzakende mutatie. In 
hoofdstuk 12 voerden we een Genome Wide Association Study uit (GWAS), waarbij we 
verbanden zochten tussen genetische variaties (single nucleotide polymorphisms, SNPs) 
en CMR parameters voor functie en dimensie van de linker en rechter ventrikel. We vonden 
87 genetische varianten die geassocieerd zijn met minimaal één CMR parameter. We 
zagen een overlap tussen genetische varianten die we vonden voor de linker en rechter 
ventrikel, wat laat zien dat er een belangrijke overlap is tussen de genetische variantie 
van de linker en rechter ventrikel. In welke mate een ziekte veroorzakende mutatie in een 
van deze genetische varianten bijdraagt aan ziekte en ziekteprogressie bij patiënten met 
ARVC, moet in de toekomst onderzocht worden. Door gebruik te maken van de reeds 
bekende associatie tussen de gevonden genetische associatie en plasma eiwitten, 
konden we ook plasma eiwitten identificeren die een belangrijke causale effect hebben 
op de linker en rechter ventrikel functie of dimensie. Hiervoor maakten we gebruik van de 
methode Mendeliaanse randomisatie. Deze methode gebruikt de gevonden genetische 
variatie als surrogaatmarker voor linker en rechter ventrikel functie en dimensies zoals 
gemeten op CMR. In totaal vonden we 33 plasma eiwitten, waarvan voor 25 van deze 
plasma eiwitten medicamenten bestaan die goedgekeurd dan wel in ontwikkeling zijn. Dit 
is een veelbelovend resultaat gezien het een eerste stap is in de toekomstige ontwikkeling 
van medicamenteuze therapie voor patiënten die vroeg gediagnosticeerd zijn om verdere 
functionele en structurele ziekteprogressie te voorkomen. 

Concluderend
Het overkoepelend doel van deze thesis was het vinden van vroeg diagnostische en 
prognostische markers voor ARVC. Wij laten zien dat de nieuw ontwikkelde CMR technieken 
hiervoor hoopvolle resultaten laten zien. Een volgende stap is het onderzoeken van de 
toegevoegde waarde van deze technieken en de gevonden genetische varianten die 
bijdragen aan linker en rechter ventrikel functie en dimensie binnen huidige diagnostische 
en prognostische risicomodellen. Ik verwacht dat in de toekomst machine learning hierin 
een belangrijke rol gaat spelen, waarbij CMR analyses niet alleen geautomatiseerd zijn en 
er daarbij rekening gehouden is met technische verschillen tussen de verschillende CMR 
beelden, maar we door het aanvullen van klinische gegevens ook een indicatie kunnen 
geven over het risico op ziekteprogressie dan wel gevaarlijke ritmestoornissen.  
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favoriete congres buddy en roomie: Baltimore, Boston, San Francisco, Parijs. Van jou leerde 
ik dat een vrouw nooit teveel panty’s mee kan nemen. Dank voor de fijne herinneringen en 
de curly world introductie!

Verder wil ik mijn mede cardiologie promovendi Anne-Mar, Odette, Bas, Marijn, Max, 
Nicole, Rosanne, Diantha, Gideon, Philippe, Rutger, Timion, Hugo, Mira, Lisa, Ilse, 
Willeke, Evangeline, Sanne (kookclub liefde en mijn eerlijkste klankbord), Aernoud (dank 
voor je adviezen en JBZ gezelligheid), Thomas, Mehran, Manon (want krullen scheppen 
een band) en Iris bedanken voor de gezellige borrels. Vooral het Valencia PhD weekend 
was een topper!

Ik heb een aan te bevelen dubbelleven geleid op de radiologie en dat was niet alleen 
voor de luxe broodjes tijdens de woensdagmiddag bespreking. Ook hier had ik een fijn 
kantoor die ik deelde met Suzanne, Josanne en later Gerke en Marcia. Dank voor de 
motiverende gesprekken en de latte machiatos met chocoladepoeder. Daarnaast dank 
ik de andere promovendi van de radiologie: Ahmed (koffie-expert buddy), Atia, Bianca, 
Caren, Esmee, Frans, Liselore, Margot, Sander en Floor. De Pannenkoekenparty 
traditie, zonder pannenkoeken, maar met zelfgekookte diners zijn een mooie herinnering 
evenals de creatieve radiologie kertstfeesten. Veel succes met het afronden van jullie 
promotietrajecten! Dank Bart Steensma voor de fijne samenwerking aan ons 7T project!

Alexandre Suerman programma
Dank Wouter, Tobias, Anneloes, Hanneke, Floris, Maartje, Suze, Nicola, Eelco, Jasmijn, 
Arjan, Marijke en alle oud-Suermanners voor de inspirerende Masterclasses en de leuke 
discussies etentjes, fijn dat we die nog wel even voortzetten! Dank prof. dr. Paul Coffer 
voor de begeleiding. Lieve Lisan van Os, ik kan altijd bij je terecht om van gedachten te 
wisselen, dank daarvoor. Jij bezit de gave om de angel uit elk probleem te halen, waardoor 
ik altijd met een opgelucht gevoel onze gesprekken afsluit. Dank voor de fijne vriendschap. 
Lieve Suze, dank voor de fijne etentjes, je eerlijke en nuchtere blik, veel succes met het 
afronden van je promotietraject. 

Onderzoeks-studenten
Léon en Dino, wat was ik blij dat twee supergemotiveerde geneeskundestudenten 
zich bij mij meldden omdat ze graag onderzoek wilden gaan doen. Dankzij jullie harde 
werken hebben we een mooie dataset bij elkaar verzameld en liggen er 2 papers bijna 
publicatieklaar. Lian, ook jij klopte aan bij mij omdat je graag onderzoek wilde doen om 
de covidwachttijd te overbruggen. Daar is een supermooi paper uit gekomen, dankzij jou 
harde werk. Succes met het afronden van je studie.  

veel haha)! Dank Merel en Hanneke voor jullie gezellige ondersteuning in het ARVC team. 

Paranimfen
Lieve paranimfen, chicas de papel, ik ben onwijs dankbaar voor de mooie vriendschap die 
onze promotietrajecten ons heeft opgeleverd! Lieve Marijke, of moet ik zeggen prof. Lin-
schoten. Dank voor je onvoorwaardelijke steun, het aanhoren van urenlang (inmiddels zelfs 
telefonisch) ventileren. Ik kan altijd bij jou terecht. Door je oplettendheid, olifantengeheugen 
en kritische blik ben jij mijn favoriete sparringpartner. Ik ben ongelofelijk trots wat jij tot nu toe 
allemaal bereikt hebt, en weet zeker dat het vanaf hier alleen nog beter wordt! The sky is the 
limit bij jou! Heel veel succes in het Amsterdam UMC! Lieve Janine, jij bent een van de meest 
nuchtere en vrijgevigste personen die ik ken. Ook bezit jij twee uiterste expertises: een iron 
man kunnen rennen, maar ook een volledig multi-gangen menu kunnen koken en eten. Dank 
voor je scherpe adviezen, de gezellige etentjes in het verre Oosten (ligt Raalte nou vlak bij 
Duitsland) en streedfoodclub avondjes samen met Marijke! 

Mede promovendi
Lieve Folkerts PhDs of moet ik zeggen Folkert’s studieleger. Mede dankzij jullie is mijn 
promotietraject er ook een geweest waarin veel nieuwe vriendschappen zich vormden. 
Arjan, als chef gezelligheid bracht jij de groep altijd weer bij elkaar. Heel veel succes in de 
kliniek! Mark, jij bent een lopende encyclopedie en een harde werker, heel veel succes 
in het Erasmus! Lieve Rob, jij was naast Marijke en Janine mijn cardiologie PhD roomie! Jij 
bent een geboren opleider. Ik ken je als de rust zelve, en kon altijd bij je terecht voor advies 
of om gewoon even mijn hart bij je te luchten. Dank voor de fijne samenwerking en de ge-
zellige momenten. Laten we de Utrecht terugkomdagen er in houden! Laurens dank voor 
jouw harde werken aan het moderniseren van de ARVC database, daar plukken we met zijn 
allen de vruchten van! Lieve Machteld, dank voor je collegialiteit en gezelligheid. Kleine tip: 
geef je op voor heel Holland bakt! Echo-team Feddo en Karim: Feddo met jouw ongekende 
scherpe humor ben jij onmisbaar in de groep. Dank voor de fijne gesprekken en zie je in de 
kliniek! Karim, we hadden nog zeker 20 echo vs. MRI papers kunnen schrijven. Dank voor 
de mooie samenwerking, je humor en collegialiteit! Lieve Lieke, sinds jij er bent steeg het 
aantal borrels significant. Ik wens je veel succes met het afronden van je proefschrift! Lieve 
Fahima, jij bent een van de hardst werkende personen die ik ken en ik weet zeker dat jij 
een mooi proefschrift zult hebben! Kijk er naar uit om jou te zien promoveren! Steven, wij 
losten elkaar af zonder dat we het wisten: jij aan je PhD in de ARVC groep en ik naar de 
kliniek in het JBZ. Dit is wel dubbel feest want zo kruizen onze paden ook bij beide borrels! 
Veel succes met je nieuwe eervolle taak in het ARVC team! 

Daarnaast wil ik nog mijn mede ARVC promovendi bedanken voor de samenwerking en 
de gezellige veelal congresmomenten. Dank Stephanie, Chantal en Helen voor de fijne 
samenwerking en de mooie stukken die hier uit voort zijn gekomen. Lieve Freyja, mijn 
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samen het leven te vieren. Lieve mama, jij bent de liefste en onbaatzuchtigste vrouw die 
ik ken. Jij leert mij mijn hart te volgen, kent mij door en door en weet mij altijd op de juiste 
momenten een spiegel voor te houden. Daarom is jouw advies mij ook het liefst. Lieve 
papa, jij houdt van aanpakken, zo vader zo dochter. Dank voor je onvoorwaardelijke liefde, 
steun en vertrouwen. Ik kan altijd op jou bouwen, zeker als het er toe doet, dat heb jij mij 
vaak laten zien.

Collega’s uit de kliniek
Ik wil ook al mijn collega’s in de kliniek op de afdeling cardiologie in het UMC Utrecht 
bedanken voor de fijne ANIOS tijd. In het bijzonder dr. Gertjan Sieswerda en dr. Nick 
Clappers. 

Vrienden en familie
Vriendinnen van het eerste uur Jitske en Syanah. Van geodriehoek taferelen naar huisje 
boompje. Dank voor jullie vriendschap, eerlijkheid en op naar meer spa momentjes. Lieve 
Mylene ook jou ken ik sinds de middelbare school, dank voor de fijne vriendschap.

Lieve koffiebitches, wij bleken de harde kern van een PhD koffieclubje waar het motto vooral 
ventileren was: als het niet over onze PhD projecten ging, dan wel de staat van de huidige 
politiek of de laatste achterklap. De mooie vriendschap die hier uit is gekomen is een kado: 
samen flaneren in München, badderen in de Thermen en de vele sushi en tv-avonden. 
Willemijn, ‘twee mensen één gedachte’. Jouw eerlijke mening en behulpzaamheid hebben 
mij er waar nodig vaak doorheen gesleept. Carmen, er is geen opiniestuk of krantenartikel 
die jij niet gelezen hebt. Dankzij jou bleef ik altijd up-to-date. Erg trots op hoe jij je eigen 
weg durft te zoeken. Birgit, ik ben supertrots op hoe jij je eigen weg hebt gevonden in 
München waar je nu in opleiding bent tot kinderarts. Dames, op jullie kan ik bouwen: “opdat 
we nooit vergeten”. 

Lieve Timo, ik ben dankbaar voor je luisterend oor en scherpe adviezen. Lieve Nora, dank 
voor je steun. Op naar meer avonturen samen! Lieve Sophie dank voor de fijne vriendschap. 
Lieve Eline wij doen alles bijna tegelijk: honoursprogramma, jarig zijn, in de kliniek werken, 
en promoveren. Veel succes met je verdediging! Lieve Nicola, onze liefde voor eten heeft 
ons samen met Suze bij elkaar gebracht! Wij raken nooit uitgepraat over PhD en kliniek 
taferelen. Zin in ons Thailand avontuur! Liefste Marina, vriendschap op het eerste gezicht 
toen wij elkaar leerden kennen in Washington DC! Jij bent mijn leukste cheerleader! Dank 
voor al je adviezen. 

Als laatste wil ik mijn lieve familie bedanken voor hun onvoorwaardelijke steun en 
relativeringsvermogen. Thuis groeide ik op samen met mijn drie zus(jes). Lieve Ouassima, 
mijn oudste zus, veel dank voor je interesse in wat ik doe, ik leg het met liefde nog 10 keer 
uit. Erg trots op jou en je mooie gezin samen met Khalid. Lieve Hayat, wij zijn echte virgo’s! 
Ik ben trots op wat je inmiddels al bereikt hebt, en weet zeker dat er nog mooiere dingen 
op je pad gaan komen. Dank voor je humor. Lieve Oumaima, ik ben trots op hoe jij je eigen 
weg aan het zoeken bent! Ookal ben jij de jongste, vaak kom je met het wijste advies, 
dank voor je luisterend oor! Lieve mama en papa, jullie zullen letterlijk voor ons door het 
vuur gaan. Doordat jullie de zaden plantten, konden wij de vruchten plukken. Wij hebben 
alles aan jullie te danken. Ik ben er trots op om jullie dochter te zijn en kijk er naar uit om 
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