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Aims: Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a genetically determined heart muscle
disorder associated with an increased risk of life-threatening arrhythmias in some patients. Risk stratification
remains challenging. Therefore, we sought a non-invasive, easily applicable risk score to predict sustained
ventricular arrhythmias in these patients.
Methods: Cohort of Patientswho fulfilled the 2010 ARVC task force criteriawere consecutively recruited. Detailed
clinical data were collected at baseline and during follow up. The clinical endpoint was a composite of recurrent
sustained ventricular arrhythmias and hospitalization due to ventricular arrhythmias. Multivariable logistic
regression was used to develop models to predict the arrhythmic risk. A cohort including patients from other
registries in UK, Canada and Switzerland was used as a validation population.
Results: One hundred and thirty-five patients were included of whom 35 patients (31.9%) reached the endpoint.
A model consisting of filtered QRS duration on signal-averaged ECG, non-sustained VT (NSVT) on 24 h-ECG, and
absence of negative T waves in lead aVR on 12 lead surface ECG was able to predict arrhythmic events with a
sensitivity of 81.8%, specificity of 84.0% and a negative predictive value of 95.5% at the first presentation of the
disease. This risk score was validated in international ARVC registry patients.
Conclusion: A risk score consisting of a filteredQRS duration ≥117ms, presence of NSVT on 24 h-ECG and absence
of negative T waves in lead aVR was able to predict arrhythmic events at first presentation of the disease.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is a
genetically determined heart muscle disorder characterized by disrup-
tion of the myocytic architecture resulting in electrical instability and
increased risk of life-threatening ventricular arrhythmias (VA) [1].
eorge's Hospital, London, UK.
edical Outpatient Department,

eliability and freedom from bias
Although the overall risk of sudden cardiac death (SCD) is low [2],
ARVC has been reported to be an important cause of SCD in adults
younger than 35 years, accounting for up to 11% of SCD cases [3,4]
with up to 22% in athletes [5,6].

The 2006 ACC/AHA/ESC guidelines recommend the use of an im-
plantable cardioverter-defibrillator (ICD) in patients with ARVC and
documented sustained ventricular tachycardia (VT) or fibrillation (VF)
[7]. The 2015 Task Force Consensus Statement on Treatment of ARVC
adds syncope, non-sustained VT (NSVT) and moderate dysfunction of
the right (RV), left (LV) or both ventricles as risk factors, but risk strati-
fication remains imperfect [8]. To date, there is only retrospective data
from small cohorts available (Table A.1). Both definition of outcome
and selection of patients vary highly in the named studies.
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The aim of this study was to identify clinically applicable, non-
invasive predictors for arrhythmic risk inARVC and to combinedetected
predictors into a clinically useful risk score.

2. Methods

The study cohort included unrelated patients consecutively referred to the Inherited
Cardiovascular Disease Unit of The Heart Hospital in London between 2003 and 2014,
and to St Georges University Hospitals NHS Foundation Trust (SGUH), London (before
2003when the servicemoved to theHeart Hospital), with suspected ARVC, or with family
history of SCD and/or ARVC. All patients were evaluated according to the 2010 task force
criteria and classified into definite, borderline or possible ARVC [1]. Only patients who
fulfilled diagnostic criteria and who have thus been diagnosed with definite ARVC
according to the 2010 task force criteria [1] at any time throughout the course of their
disease were included for the development of the score.

Detailed clinical and genetic data were collected at baseline and during follow up.
A cohort including patients from SGUH(not included in thefirst population), from the

Zurich ARVC program, and from the Vancouver based BC Inherited Arrhythmia Program
was used as a validation cohort.

The study was approved by the local ethics committees of each participating center.

2.1. Clinical data

Baseline clinical evaluation included personal and family history, 12 lead-electrocar-
diogram (ECG), signal-averaged ECG (SAECG) and 24 h-ECG, 2D-echocardiography, and
cardiopulmonary exercise test (CPEX).

Follow-up visits were performed as clinically necessary, usually every 6–12 months.
Patientswhohad not been seen for at least 2 yearswere contacted by telephone in January
2015 using a structured questionnaire.

Paper prints of the ECGswere evaluatedwith regard to electrical axis, QRS duration in
leads V1 and V6, duration of terminal activationmeasured from the nadir of the S wave to
the end of the QRS in leads V1 and V2, presence of T wave inversions and Q waves in all
leads, presence of low voltage (b5 mm in all limb leads and b 10 mm in all precordial
leads), delayed R progression, left or right bundle branch block, presence and configura-
tion of ventricular ectopics (VE) according to standard definition [9–12].

Automated interpretation of SAECGswas performedwith regard to filteredQRS dura-
tion (fQRSd), low-amplitude signal duration (LAS) and root-mean-square voltage of the
terminal 40 ms (RMS), the same parameters in only the Z-axis, the number of beats
analysed and the documented noise. SAECGs with a noise ≥0.5 mV and SAECG in patients
with complete right bundle branch block were excluded [1,13].

Automated interpretation of 24 h-ECGs was checked and utilised for the number of
VE, couplets, triplets, tachycardias and supraventricular ectopics and tachycardias. Full dis-
closure was available if needed.

CPEXwas performed using a standard Bruce protocol. Maximal oxygen consumption,
its percentage of predicted, peak heart rate, its percentage of predicted, respiratory quo-
tient, minutes of exercise, achieved power in Watts, occurring arrhythmias and current
medication were taken from the standardized reports.

All echocardiographic measurements were taken from the standardized reports.
Information on decreased RV function, dilatation and wall motion abnormalities were
also taken from the written reports, unless there were conflicting reports, in which case
three cardiologists with a special interest in cardiomyopathies reviewed the images
independently. The consensus regarding dilatation and wall motion abnormalities was
then used.

Genotyping was performed using next generation sequencing as described before for
hypertrophic cardiomyopathy [14].

Magnetic resonance imaging measurements were not utilised, as results were
available in less than one third of patients.

Patients from the validation cohort were analysed specifically for the parameters
included in the risk score as reported above.

2.2. End point

The primary endpoint was a composite of recurrent sustained VT/VF causing patients
to seek medical attention or leading to shock from their ICDs, and hospitalization due to
VT/VF or SCD at any time after inclusion in the study.

2.3. Statistical analysis

Continuous variables were compared between the groups with mean ± standard
deviation and categorical variables as number (percentages) of all cases. Simple logistic re-
gression analyses were calculated for each of the candidate predictors. Predictors were
evaluated using odds ratios (OR) and their area under the curve (AUC) to evaluate their
accuracywith regard to discrimination of patients at risk of sustained ventricular arrhyth-
mia. Cut-off values for balanced specificity and sensitivity as well as one for sensitivity
N80% were determined. We corrected for multiple testing of the predictors selection
using the false discovery rate method, implying that the level of significant p-values was
lowered to reduce random findings to an expected 5% [15].

An alpha level of 0.05was considered as statistically significant. All datawere analysed
with SPSS version 22 and SAS version 9.4.
2.4. Development of the risk score

The patients were compared in two groups, one consisting of those patients reaching
the composite endpoint, the other consisting of the remainder. Predictors were searched
using the baseline data from their first investigation at The Heart Hospital/SGUH.
Parameters, which showed a statistically significant corrected p-value were grouped as
SAECG, ECG, 24 h-ECG, CPEX and echocardiography parameters and subsequently entered
into multiple logistic regression models. To prevent overfitting, we limited the number of
variables per model to a maximum of one of each group, thus maximally five parameters
per model, but fitting several models instead to cover all possible predictors. Only signifi-
cant variables were retained in the models.

All models were subsequently analysed as possible risk scores. All patients were
assigned points for each one of these scores, 1 point for each parameter that was positive,
as all used parameters were categorized. Sensitivity, specificity, positive (PPV) and nega-
tive predictive values (NPV), p-value, OR and AUC were computed for each risk score
based on all possible numbers of points given for the specific risk score. Only patients
with complete baseline information for the parameters investigated were included for
this analysis.

Previously reported risk factors for sustained ventricular arrhythmia and scores were
computed for our cohort if possible from our data and evaluated by calculating sensitivity,
specificity, PPV, NPV, OR and AUC.

2.5. Validation

Sensitivity, specificity, PPV and NPV, p-value, OR and AUC were computed in all
patients with baseline SAECG, 12 lead ECG, and 24 h-ECG data as reported for the
original cohort.
3. Results

278 patients with definite, borderline and possible ARVCwere iden-
tified. 135 patients (48.6%), mean age 44 ± 14 years, 82 men (60.7%)
fulfilled the 2010 task force criteria for a definite diagnosis of ARVC.
Fig. A.1 shows the flow chart of patients included. Patients were
followed for a mean of 8.4 ± 4.8 years since their ARVC diagnosis and
for 6.8 ± 3.3 years after their referral to our institution.

Of the 135 patients with definite ARVC 35 patients (31.9%) reached
the composite endpoint. All patients had recurrent sustained VT docu-
mented, 8 (22.9%) experienced electrical storm and 2 (5.7%) were
hospitalized for recurrent VT not identified as electrical storms. No
patient with definite ARVC died suddenly. Thirty-three (94.3%) patients
reaching the endpointwere treatedwith an ICD (15 (45.5%) for second-
ary prevention) at some point throughout the course of the disease,
in comparison to 57 (58.2%) (14 (24.6%) for secondary prevention) in
those who did not reach the endpoint.
3.1. Development of the score

Significant results from comparing candidate predictors at baseline
are depicted in Table 1.

No other clinical, genetic, electrocardiographic or echocardiographic
feature differed significantly between those with and without events.
This includes other previously examined risk factors such as syncope
or extensive T wave inversion (Tables A.2-A.8).

Parameters with a significant OR were combined into multivariable
logistic regression analyses with one of each of the 12 lead ECG,
SAECG, 24 h-ECG, echocardiographic and CPEX arrhythmia parameters
(any arrhythmias – VE or NSVT – during exercise). The 2010 ARVC
task force diagnostic criteria “arrhythmias” and “sustained VT/VF as a
reason for screening” were excluded as parameters in multivariable
analysis, because they were an element of the endpoint. Treatment
with beta-blockers and the maximal heart rate during the first CPEX
were both excluded as variables for multivariable analysis, as the first
was physician's choice and the latter could have been influenced by
the former. Arrhythmias during CPEX, however, did not seem to be
influenced, as they were more common in patients treated with
beta-blockers, which is whywe included this parameter in the analysis.

This resulted in 10 models with 3 parameters each, in which all
parameters were significant. All models were significant (Table A.9).
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The model with the best relation between a high sensitivity and ac-
ceptable specificity, reflected in the highest AUC and OR, was a model
consisting of absence of negative T waves in lead aVR, fQRSd ≥117 ms
and NSVT ≥3 beats in a 24 h-ECG. This model reached an AUC of 0.90
and OR of 13.03. With one out of three parameters positive, the risk
score showed a sensitivity and NPV of 100%.With three out of three pa-
rameters positive, specificity and PPV increased to 100%, however at
cost of sensitivity. The sensitivity, specificity, PPV, NPV, p-value, OR
and AUC, stratified for the number of positive parameters, for the risk
score are presented in Table 2.

A clustered bar chart of this test is depicted in Fig. 1 panel A, the re-
ceiver operating curve in Fig. A.2. Stratification of patients based on
sustained VT/VF (primary vs secondary prophylactic population) before
initial investigation is shown in Fig. A.3. By applying the risk score only
to patients without a history of VT/VF the AUCwas 0.899, p-value 0.002,
95%CI 0.781–1.000.

Fourteen patients (82.4%) fulfilling 2 or more criteria of this risk
score were treated with an ICD in comparison to 23 patients (50.0%)
fulfilling 1 or less criteria (p 0.024).

3.2. Validation of risk score in other ARVC patient cohorts

Our validation cohort included 58 patients (51.7% men, mean age
41.9 ± 12.8 years) with a definite diagnosis of ARVC, of which 12
patients (20.7%) reached the endpoint over a mean follow up-time of
7.5 ± 6.0 years. When applied to all these patients, our risk score
reached a specificity of 80.4% and a NPV of 88.1% with two out of
three parameters positive. With only one out of three parameters
positive, the NPV rose to 100% (Table 3). The overall AUC was 0.793
(0.664–0.923). The clustered bar chart is shown in Fig. 1 panel B.

3.3. Performance of other scores in our cohort

In our cohort, the parameters suggested by Protonotarios [16]
reached a sensitivity of 85.7% if only one parameter had to be positive,
however at a specificity of 9.0%. Corrado's parameters (syncope and
NSVT in either 24 h-ECG or CPEX) [17] had a specificity of 90.8%, how-
ever, with a sensitivity of only 7.4%. Themost balanced tests were Liao's
[18], who used a positive SAECG in all 3 parameters as a predictor of ar-
rhythmias, which reached a sensitivity of 59.1% and a specificity of
66.2%, Wichter's [19], with a sensitivity of 60% and a specificity of
58.8%, and Piccini's [20] with a sensitivity of 57.1% and a specificity of
78.0%. The predictor (major risk factors) recommended by the 2015
Table 1
Significant baseline characteristics.

Modality Parameter Recur
n = 3

Reason for screening Family history 2 (5.7
VT/VF 20 (57

12 lead-ECG Negative T wave aVR 15 (42
Signal-averaged-ECG fQRSd ≥117 ms 16 (72
24 h-ECG ≥800 VPB 16 (80

Couplets present 17 (94
≥8 couplets 16 (88
Triplets present 15 (83
VT ≥3 beats 15 (83

CPEX Maximal heart rate (bpm) 129 ±
Echocardiogram Visual RV dilatation (incl. Upper normal) 31 (88

Visual RV dilatation (excl. Upper normal) 29 (82
RVOT PLAX ≥3.4 cm 22 (91
RVIT (cm) 4.3 ±
RVIT ≥3.7 cm 18 (81
RV/LV 1.3 ±
RV/LV ≥0.81 16 (80
RV/LV ≥0.79 18 (90

CPEX: cardiopulmonary exercise test, fQRSd: filtered QRS duration, LV: left ventricle, PLAX:
RV outflow tract, VF: ventricular fibrillation, VPB: ventricular premature beats, VT: ventricular
Task Force document had indeed a sensitivity and NPV of 100%, how-
ever at a specificity of only 20.2% [8] (Table A.10).

4. Discussion

We observed, that arrhythmic risk can be predicted at the first
presentation of the disease, in patients with definite ARVC with and
without disease-causing genetic mutations. Using simple clinical data
typically gathered at the initial visit (fQRSd from SAECG of ≥117 ms,
presence of NSVT beats in a 24 h-ECG and the absence of negative
T waves in lead aVR at baseline) we developed a risk score that
substantially improves on prior efforts to predict clinically important
arrhythmias in this complex patient population. Each parameter
counted as 1 point. 52.9% of patients, who had a risk score of 2, and
100% of patients with a score of 3, reached the arrhythmic endpoint
over 101 ± 57 months. A score of 0 virtually excluded the occurrence
of arrhythmia over 10 years follow-up. This score can therefore help in
the decision about ICD implantation. The advantage of these measure-
ments is that they are non-invasive, relatively easily accessible and
not investigator-dependent.

Risk stratification in patients with ARVC is imperfect. Several risk
factors have previously been published, but with significant variation
in both inclusion criteria and definition of outcome. The international
task force consensus statement on treatment of ARVC from 2015
underlined the sparce evidence for risk stratification [8]. Our work
increases the evidence to improve risk stratification.

SAECG use in patients with ARVC was explored by Blomström-
Lundqvist in 1988 [21]. Turrini [22] correlated late potentials, especially
RMSwith a filter of 25 Hz, to sustained VA. Late potentials in SAECG ap-
pear to correlate with fibro-fatty substitution on biopsy and magnetic
resonance imaging, and may therefore be a sign of slow conduction
and hence of the substrate for arrhythmia [18]. Positivity of all three
SAECG parameters was reported as a predictor for arrhythmia in a
smaller series [18]. All three usually reported SAECG parameters
(fQRSd, LAS and RMS), were considered for our risk score. However,
only fQRSd contributed to the most sensitive and specific risk score.

Corrado et al. [17] reported NSVT ≥3 beats as a predictor of appropri-
ate ICD interventions and shocks for VF and ventricular flutter. Our def-
inition of the outcome differs from Corrado's in that we also included
SCD and hospitalization for VT.

Lead aVR is a marker of the RV outflow tract [23]. Recently, epsilon
waves in lead aVR were described in a small number of patients with
ARVC [24]. To our knowledge, the morphology of the T wave in lead
rent arrhythmia
5

Favourable outcome
n = 100

p- value p-value
adapted

%) 40 (40.0%) 0.000 0.017
.1%) 22 (22.0%) 0.000 0.017
.9%) 69 (72.6%) 0.003 0.038
.7%) 22 (31.0%) 0.001 0.017
.0%) 26 (39.4%) 0.002 0.028
.4%) 37 (56.1%) 0.002 0.028
.9%) 25 (37.9%) 0.000 0.000
.3%) 19 (29.2%) 0.000 0.000
.3%) 25 (35.8%) 0.000 0.017
23.7 145.7 ± 29.0 0.005 0.049
.6%) 62 (63.9%) 0.005 0.049
.9%) 52 (53.6%) 0.002 0.028
.7%) 41 (57.7%) 0.002 0.028
0.8 3.6 ± 0.8 0.001 0.021
.8%) 27 (46.6%) 0.005 0.049
0.7 0.9 ± 0.5 0.005 0.049
.0%) 15 (34.1%) 0.001 0.021
.0%) 20 (45.5%) 0.001 0.021

parasternal long axis view, RV: right ventricle/ventricular, RVIT: RV inflow tract, RVOT:
tachycardia.



Table 2
Performance, effect size and accuracy of risk score.

Parameters positive Sensitivity (%) Specificity (%) PPV (%) NPV (%) OR (95% CI) P value AUC (95% CI)

1 out of 3 100 40.4 26.2 100 NA 0.011 0.70 (0.56–0.84)
2 out of 3 81.8 84.6 52.9 95.7 24.75 (4.49–136.48) 0.000 0.83 (0.69–0.98)
3 out of 3 36.4 100 100 88.1 NA 0.001 0.68 (0.48–0.89)

Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), odds ratio (OR), p-value and area under the curve (AUC) depending on number of criteria fulfilled
for risk score based on filtered QRS duration ≥117 ms, non-sustained ventricular tachycardia on 24 h-ECG and absence of negative T-waves in lead aVR.
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aVR in the context of ARVC has not been characterized. Patients with
arrhythmic events characteristically did not show the usual negative
T wave in aVR, but a flattened or positive T wave. T wave abnormalities
in lead aVR may be a sign of electrical changes due to loss of cell-cell
adhesion and fibro-fatty alteration, especially in the area of the RV
outflow tract.

The absence of further predictors of arrhythmic risk in our cohort
may derive from small prevalences of these factors in our cohort,
as many patients have not developed a full phenotype at their first
presentation yet.

No echocardiographic parameter qualified as a predictor for arrhyth-
mias in our study. This may be related to the hypothesis that structural
changes detected may occur only later in the course of the disease and
may be preceded by electrical changes [25].

A history of syncope has previously been reported as a risk factor for
arrhythmia [26], appropriate ICD interventions [17] and SCD [22]. In our
cohort, almost 30% of patients with an arrhythmic outcome reported
syncope at baseline and another 6% during follow-up. However, similar
proportions suffered from syncope in the non-arrhythmic group.
Syncope may be sensitive, but not very specific and has therefore not
been added to our risk score.

Reduced LV function has also been reported as a risk factor for ar-
rhythmia [16], major adverse cardiac events [27], and appropriate ICD
discharges [17,19]. LV dysfunction was relatively rare in our cohort,
which explains why it has not been taken into account as an indepen-
dent predictor. The low prevalence of LV dysfunction emphasizes that
our patients were investigated before the occurrence of it, i.e. not at
very advanced stages. However, in a patientwith significant LV dysfunc-
tion, there may still be a significant arrhythmic risk and decisions upon
therapy should not solely depend on our risk score.

Bhonsale et al. published a risk score, which states PKP mutations
and T wave inversions as risk factors [27]. However, they have included
family members without a definite diagnosis of ARVC. As both risk fac-
tors named are part of the 2010 ARVC task force criteria, they are simply
likely to be associatedwith a definite diagnosis, which impairs the prog-
nosis, in contrast to a possible or borderline diagnosis.
Fig. 1.ClusteredBar Chart for Risk score. ClusteredBar Chart for risk scorebasedonfilteredQRS d
aVR. Panel A: Performance in the development cohort. Panel B: Performance in the validation
4.1. Clinical implications

Previously reported risk factors for arrhythmia are either very sensi-
tive [8,16] or very specific [17,20]. This means, that by applying them,
we either overestimate the risk and hence implant patients unnecessar-
ily with ICDs from which they will not benefit, but still may experience
complications, or miss patients at high risk and put them at risk of SCD.
Our diagnostic score shows both a high sensitivity and specificity and
therefore may improve patient selection for prophylaxis and treatment
of VA and can be used in addition to previously reported risk factors.
With the very high NPV of a low risk score, this may be used to reassure
patients during screening situations and the risk stratification process.

4.2. Limitations

This is a retrospective multicenter study. The risk factors included in
our risk score were not investigated prospectively and should thus be
regarded as preliminary. Our centers served as a tertiary referral center
and a high referral bias is therefore to be expected. However, all patients
in our database have been included, both patients with and without
knowngeneticmutations, and therefore this cohort represents real clin-
ical life. Additionally, we included both patientswith andwithout previ-
ous episodes of VT/VF for the development of the score, to represent a
cohort with a broad spectrum of arrhythmic risk including patients
with a very high risk. Several recently researched factors such as
C-reactive protein were not added to our database and could therefore
not be examined. As we did not have MRI results in a large proportion
of our patients we were unable to include MRI parameters into the
development of the risk score. Our risk score describes an aspect of
the arrhythmic phenotype, but does not predict the risk of SCD.

4.3. Conclusion

Ventricular arrhythmic risk in patients with ARVC can be evalu-
ated at their first presentation based on a novel risk score comprised
of SAECG measurements (fQRSd ≥117 ms), T wave morphology
uration ≥117ms,NSVT ≥3 beatsN100 bpmon24h-ECG, absence of negative Twave in lead
cohort.



Table 3
Performance, effect size and accuracy of risk score in validation cohort.

Parameters positive Sensitivity (%) Specificity (%) PPV (%) NPV (%) OR (95% CI) p-Value AUC (95% CI)

≥1 out of 3 100.0 39.1 30.0 100 1.429 (1.166–1.750) 0.011 0.696 (0.556–0.836)
≥2 out of 3 58.3 80.4 43.8 88.1 5.756 (1.478–22.409) 0.013 0.694 (0.514–0.874)
3 out of 3 25.0 97.8 75.0 83.3 15.000 (1.397–161.045) 0.025 0.614 (0.417–0.812)

Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), odds ratio (OR), p-value and area under the curve (AUC) depending on number of criteria fulfilled
for risk score based on filtered QRS duration ≥117 ms, non-sustained ventricular tachycardia on 24 h-ECG and absence of negative T-waves in lead aVR.
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(absence of negative T waves in lead aVR) and arrhythmias (NSVT ≥3
beats) on 24 h-ECGs at baseline. A higher score indicates a higher ar-
rhythmic risk, whereas a low score virtually excludes an arrhythmic
risk. Our risk score has promise to form a risk stratification algorithm
in the future.
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