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ORIGINAL RESEARCH

Left Ventricular Dysfunction in 
Arrhythmogenic Cardiomyopathy: 
Association With Exercise Exposure, 
Genetic Basis, and Prognosis
Øyvind H. Lie , MD, PhD; Monica Chivulescu, MD; Christine Rootwelt- Norberg, MD; Margareth Ribe, RN; 
Martin Prøven Bogsrud, MD, PhD; Erik Lyseggen, MD, PhD; Jan Otto Beitnes, MD, PhD; Vibeke Almaas , MD, PhD; 
Kristina H. Haugaa , MD, PhD

BACKGROUND: Arrhythmogenic cardiomyopathy (AC) is characterized by biventricular dysfunction, exercise intolerance, and 
high risk of ventricular tachyarrhythmias and sudden death. Predisposing factors for left ventricular (LV) disease manifestation 
and its prognostic implication in AC are poorly described. We aimed to assess the associations of exercise exposure and 
genotype with LV dysfunction in AC, and to explore the impact of LV disease progression on adverse arrhythmic outcome.

METHODS AND RESULTS: We included 168 patients with AC (50% probands, 45% women, 40±16 years old) with 715 echocar-
diographic exams (4.1±1.7 exams/patient, follow- up 7.6 [interquartile range (IQR), 5.4– 10.9] years) and complete exercise and 
genetic data in a longitudinal study. LV function by global longitudinal strain was −18.8% [IQR, −19.2% to −18.3%] at presenta-
tion and was worse in patients with greater exercise exposure (global longitudinal strain worsening, 0.09% [IQR, 0.01%– 0.17%] 
per 5 MET- hours/week, P=0.02). LV function by global longitudinal strain worsened, with 0.08% [IQR, 0.05%– 0.12%] per year; 
(P<0.001), and progression was most evident in patients with desmoplakin genotype (P for interaction <0.001). Deterioration 
of LV function predicted incident ventricular tachyarrhythmia (aborted cardiac arrest, sustained ventricular tachycardia, or 
implantable cardioverter defibrillator shock) (adjusted odds ratio, 1.1 [IQR, 1.0– 1.3] per 1% worsening by global longitudinal 
strain; P=0.02, adjusted for time and previous arrhythmic events).

CONCLUSIONS: Greater exercise exposure was associated with worse LV function at first visit of patients with AC but did not 
significantly affect the rate of LV progression during follow- up. Progression of LV dysfunction was most pronounced in patients 
with desmoplakin genotypes. Deterioration of LV function during follow- up predicted subsequent ventricular tachyarrhythmia 
and should be considered in risk stratification.

Key Words: arrhythmogenic cardiomyopathy ■ arrhythmogenic right ventricular cardiomyopathy ■ left ventricular dysfunction 
■ ventricular arrhythmia

Arrhythmogenic cardiomyopathy (AC) is an inher-
itable heart disease characterized by high risk of 
ventricular tachyarrhythmias (VTAs) and sudden 

cardiac death. The disease is primarily acquired by au-
tosomal dominant inheritance of dysfunctional genes 

encoding cardiac desmosomal proteins, and it exhibits 
variable penetrance and expressivity.1

AC has long been referred to as arrhythmogenic 
right ventricular cardiomyopathy because of the 
high prevalence of right ventricular (RV) disease 
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manifestation, but left ventricular (LV) disease mani-
festation is increasingly recognized and has been re-
ported to defer worse clinical prognosis.2,3 Exercise 
exposure increases disease penetrance and risk of 
VTA,4– 6 and exercise restriction is recommended 
to all patients with AC and mutation- positive family 
members.7 However, the association between exer-
cise exposure and LV disease manifestation is not 
known. Furthermore, it has been suggested that 
certain genetic mutations, for example, desmoplakin 
mutations, have more pronounced LV disease man-
ifestation than others,8,9 but no large longitudinal 
studies have assessed markers of progression of LV 
disease in patients with AC.

This study aimed to assess the association be-
tween recent exercise exposure and LV disease man-
ifestation in patients with AC and to explore whether 
the disease trajectory is affected by exercise history 
and different genotypes. We hypothesized that greater 
exercise exposure would correlate with worse LV func-
tion and that progressive LV dysfunction would predict 
incident VTA.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. Consecutive patients with AC diagnosed 
at the Unit for Genetic Cardiac Diseases, Department 
of Cardiology, Oslo University Hospital Rikshospitalet, 
Oslo, Norway, were included in a longitudinal cohort 
study. Newly diagnosed patients and further repeated 
measures were included in the analysis that comple-
mented a previously published database of 598 assess-
ments in 144 patients.10 The first diagnosed patient in 
a family was defined as the proband, and all probands 
fulfilled definite diagnosis according to the Task Force 
Criteria of 2010.11 Consenting probands were tested for 
genetic variants known to be associated with AC, and 
family members of mutation- positive probands under-
went cascade genetic screening for which mutation- 
positive family members were included. Results from 
clinical follow- ups were continuously reported back 
to the genetics department (the Unit for Cardiac and 
Cardiovascular Genetics, Oslo University Hospital) to 
improve segregation analysis and continuous reevalua-
tion of mutation pathogenicity. Probands with negative 
Sanger sequencing were reevaluated using high- 
throughput screening when this became available. 
The pathogenicity of AC- associated mutations was 
evaluated according to guidelines from the American 
College of Medical Genetics and Genomics and the 
Association for Molecular Pathology with a focus on 
segregation analysis and, if needed, supplementing 
functional studies.12 Class 4 and 5 mutations were 
considered to be pathogenic. Patient with cardiopul-
monary comorbidity were excluded. Patients were also 
excluded from analysis if their genetic mutation was 
later reclassified and determined not to be pathogenic.

Exercise exposure during the 3  years before in-
clusion was assessed by structured interviews, as 
described previously,4 and expressed as average met-
abolic equivalent task hours per week (MET-  hours/
week). In agreement with past and present recommen-
dations, all patients were recommended exercise re-
striction at the time of enrollment.13,14

All patients provided written informed consent. The 
study was approved by the Regional Committee for 
Ethics in Health Research in southeastern Norway and 
complied with the Declaration of Helsinki.

Cardiac Imaging
Echocardiography is the preferred cardiac imaging 
modality during follow- up of patients with AC in our 
clinic. Comprehensive scans were performed at the 
time of inclusion in all patients and regularly during 
follow- up at our cardiomyopathy clinic (Vivid 7, E9 or 
E95, subsequently analyzed offline on EchoPac ver-
sion 202, GE Vingmed, Horten, Norway).

CLINICAL PERSPECTIVE

What Is New?
• Greater exercise exposure is associated with left 

ventricular (LV) dysfunction and is common in 
patients with arrhythmogenic cardiomyopathy.

• Patients with arrhythmogenic cardiomyopathy 
with desmoplakin mutations have the most 
pronounced deterioration of LV function during 
follow- up.

• Deterioration of LV function during follow- up can 
predict subsequent ventricular tachyarrhythmias.

What Are the Clinical Implications?
• Exercise moderation at the time of diagnosis 

may not resolve LV dysfunction but may halt 
the disease progression and should be rec-
ommended to all patients with arrhythmogenic 
cardiomyopathy.

• Close attention should be given to emerging 
signs of LV dysfunction in patients with desmo-
plakin mutations.

• Deterioration of LV function during follow- up 
should be recognized as a sign of increased risk 
of impending ventricular tachyarrhythmias.

Nonstandard Abbreviations and Acronyms

AC arrhythmogenic cardiomyopathy
GLS global longitudinal strain
VTA ventricular tachyarrhythmia
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LV ejection fraction (EF) was measured by the bi-
plane Simpson method, and global longitudinal strain 
(GLS) was assessed by speckle tracking analyses 
and reported as the average peak negative systolic 
strain in 16 segments.15– 17 LV dysfunction was de-
fined as abnormal EF, <54% for women and 52% for 
men, according to the chamber quantification recom-
mendations18 or abnormal GLS, worse than −18%, 
according to the expert consensus document for 
multimodality imaging in patients with AC.17 Analyses 
of repeated observations within patients were always 
performed by a single observer, and all analyses were 
performed before adjudication of incident VTA.

RV size and function were assessed at baseline by 
echocardiography in all patients and by cardiac mag-
netic resonance imaging in a subgroup of patients on 
clinical indication (1.6- T unit Magnetom Sonata, Vision 
Plus or Avanto Siemens, Erlangen, Germany) using a 
phased- array body coil. RV dysfunction was defined in 
concordance with recommendations as fractional area 
change ≤40% or tricuspid plane annulus systolic excur-
sion <17 mm from an echocardiographic RV- focused 
4- chamber view, or RV EF<40% by cardiac magnetic 
resonance.11,17 RV dilation was defined as increased 
proximal RV outflow tract diameter ≥32  mm or in-
creased RV basal diameter >41 mm by echocardiog-
raphy17 or increased indexed RV end- diastolic volume 
assessed by cardiac magnetic resonance (>100 mL/m2 
for women and >110 mL/m2 for men).11

Ventricular Tachyarrhythmia
The occurrence of cardiac arrest, documented sus-
tained ventricular tachycardia (>100 beats per minute 
for >30 seconds19), or appropriate implantable cardio-
verter defibrillator shock were collectively defined as 
VTA. These events were adjudicated retrospectively 
at the time of inclusion and prospectively during fol-
low- up. The time from baseline to first event during 
follow- up was noted, and the time point of the final 
echocardiographic assessment before an event was 
defined as the moment of impending VTA.

In a subsequent analysis, we defined a harder ar-
rhythmic end point “life- threatening VTA” as cardiac ar-
rest, ultra- fast ventricular tachycardia (>250 beats/min), 
or ventricular fibrillation terminated by an implantable 
cardioverter defibrillator shock, or hemodynamically un-
stable ventricular tachycardia occurring during follow- up. 
These events were timed in the same way as VTA. The 
harder end point is of great interest in the subgroup of 
patients who present without arrhythmic events.

Statistical Analysis
Values were reported as mean±SD, number with 
percentages, median with interquartile range (IQR), 
or regression coefficients with standard error, as 

appropriate. Data summary measures were com-
pared using generalized estimating equations to 
accommodate data dependence by patient relat-
edness. To account for dependence and different 
number of observations per individual, the associa-
tion between exercise exposure and LV function at 
inclusion and the subsequent impact on LV disease 
trajectory during follow- up was assessed by linear 
mixed- model regression with exchangeable covari-
ance structure and patient relatedness and repeated 
individual observations as 2 levels of random effects. 
The impact of desmoplakin mutation and exercise 
exposure on progression of LV disease manifesta-
tion were assessed by interaction analysis in linear 
mixed- model regressions. We performed plots of the 
fitted mean linear response over time of the patient 
groups of interest to visualize the trajectories of LV 
function during follow- up. The impact of LV disease 
progression on the risk of impending VTA during fol-
low- up was assessed using generalized estimating 
equations of the repeated LV functional assessments 
with binomial family, logit link, and independent cor-
relation structure, adjusting for the effect of patient 
relatedness, elapsed time, and previous ventricular 
arrhythmia. The outcome analyses were repeated 
in the subgroup of patients who presented without 
previous arrhythmic events together with the harder 
arrhythmic end point “life- threatening VTA,” both ad-
justed for elapsed time. Two- sided P values <0.05 
were considered significant. Statistical analyses 
were performed using Stata SE 16.0 (StataCorp LLC, 
College Station, TX).

RESULTS
We included 168 patients (50% probands, 45% women, 
40±16  years old, 91 different families) with >1 com-
plete echocardiography exam, in total 715 echocardi-
ographic exams, 4.1±1.7 exams per patient, and with 
median follow- up 7.6 (IQR, 5.4– 10.9) years. The median 
time between each exam was 1.6 (IQR, 1.1– 2.9) years. 
The shortest interval was 2  months, and the longest 
was 17.3 years. Complete exercise data were available 
in 146 (87%) patients. Median exercise dose at inclusion 
was 14.5 (IQR, 12– 40) MET- hours/week. Twenty- five 
different pathogenic mutations were found in 55 differ-
ent families (Table S1). Pathogenic mutations in the pla-
kophilin- 2 gene were found in 112 (67%) patients, and 
20 (12%) patients had pathogenic mutations in non– 
plakophilin- 2 genes (10 desmoglein 2, 9 desmoplakin, 
and 1 cadherin- 2 gene). Among the 84 probands, 34 
(38%) had plakophilin- 2 mutations, 5 (6%) had desmo-
glein- 2 mutations, and 8 (10%) had desmoplakin muta-
tions, and 1 had cadherin- 2 mutation. Thirty- six (46%) 
probands with definite AC did not have documented 
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pathogenic variants (22 with negative Sanger sequenc-
ing, 12 with negative high- throughput screening, and 2 
who did not consent to genetic testing).

LV Dysfunction
LV dysfunction was evident in 62 (37%) patients at first 
assessment. Patients presenting with LV dysfunction 
had greater exercise exposure than those present-
ing without LV dysfunction (36 [IQR, 12– 50] MET- 
hours/week versus 14 [IQR, 12– 24] MET- hours/week; 
P=0.02; Table 1), and LV dysfunction was more prev-
alent at presentation in male patients than in female 

patients (60 [57%] versus 16 [26%]; P=0.003; Table 1). 
RV dysfunction and RV dilation were more prevalent 
in patients with LV dysfunction than in those with-
out (Table  1). Probands had worse LV function than 
mutation- positive family members at first assessment 
(EF, 55±9 versus 59±4; P<0.001; and GLS, −17.8±3.7 
versus −20.1±2.3; P<0.001).

Among patients with plakophilin- 2 mutations 
(n=112), LV dysfunction was evident in 39 (35%), and 
those with LV dysfunction had greater exercise expo-
sure (25 [IQR, 12– 56] MET- hours/week versus 12 [IQR, 
10– 18] MET- hours/week; P=0.02). LV dysfunction 
was evident in 56% (5/9) of patients with desmoplakin 

Table 1. Baseline Characteristics of 168 Patients With Arrhythmogenic Cardiomyopathy Without and With Left Ventricular 
Dysfunction at Presentation

All n=168
No LV Dysfunction 

n=106 LV Dysfunction n=62 P Value

Age, y 40±16 40±16 41±16 0.87

BSA, m2 1.9 (1.8– 2.1) 1.9 (1.8– 2.1) 2.0 (1.9– 2.2) 0.09

Definite diagnosis by TFC, n (%) 98 (58) 55 (52) 43 (69) <0.001

Female sex, n (%) 76 (45) 60 (57) 16 (26) 0.003

Exercise dose, MET- h/wk, n=146 15 (12- 40) 14 (12- 25) 36 (12- 51) 0.02

AA medication, n (%) 23 (14) 7 (7) 16 (27) <0.001

Amiodarone, n (%) 6 (4) 2 (2) 4 (7) 0.27

Flecainide, n (%) 5 (3) 0 (0) 5 (8) 0.002

Sotalol, n (%) 12 (7) 5 (5) 7 (12) 0.12

Beta blocker, n (%) 50 (31) 30 (29) 20 (34) 0.32

Mutation, n (%) 132 (79) 85 (80) 47 (76) 0.51

Cadherin- 2, n (%) 1 (0) 1 (1) 0 (- ) - 

Desmoglein- 2, n (%) 10 (6) 7 (7) 3 (5) 0.69

Desmoplakin, n (%) 9 (5) 4 (4) 5 (8) 0.20

Plakophilin- 2, n (%) 112 (67) 73 (69) 39 (63) 0.46

Probands, n (%) 84 (50) 43 (41) 41 (66) <0.001

VTA, n (%) 58 (35) 30 (28) 28 (45) 0.01

Syncope, n (%) 66 (40) 36 (34) 30 (49) 0.01

Cardiac imaging

LV EF, %* 57±7 59±4 52±9 n.a

LV GLS, %* −19.0±3.3 −20.6±2.0 −16.3±3.1 n.a

RV FAC, %* 39±10 42±9 35±10 <0.001

TAPSE, mm* 20±5 21±5 18±6 <0.001

RV EF, %† 47±11 49±11 42±11 0.003

RV dysfunction, n (%) 94 (56) 53 (50) 41 (66) 0.03

RVOT, mm* 36±8 34±7 38±9 0.006

RVD, mm* 42±8 40±7 45±9 <0.001

RV EDVi, mL/m† 107±36 103±39 114±29 0.13

RV dilation, n (%) 116 (69) 68 (64) 48 (77) 0.008

Values are mean±standard deviation, median (interquartile range), or frequency (percentages) compared by generalized estimating equations accounting for 
dependence by relatedness of patients.

Abbreviations: AA indicates antiarrhythmic; BSA, body surface area; EF, ejection fraction; FAC, fractional area change; GLS, global longitudinal strain; LV, left 
ventricle; MET- h/wk, metabolic equivalents task × hours per week; RV, right ventricular; RVD, right ventricular diameter; RVOT, right ventricular outflow tract; 
TAPSE, tricuspid annular plane systolic excursion; TFC, task force criteria; and VTA, ventricular tachyarrhythmia.

*Assessed by echocardiography in all patients.
†Assessed by cardiac magnetic resonance imaging in a subgroup of 75 patients.
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mutations at first assessment, versus 43% (48/159) of 
patients without desmoplakin mutations (P=0.27).

Deterioration of LV Function
GLS was assessed in 648 (91%) exams and demon-
strated a subtle but clear decline of LV function (−18.8 
[IQR, −19.2 to −18.3]% at presentation, with 0.08% 
[IQR, 0.05%– 0.12%] worsening per year; P<0.001). EF 
was assessed in 699 (98%) echocardiographic exams. 
We observed no general decline in EF during follow- up 
(57.1 [IQR, 56.0– 58.1] at presentation with 0.0% [IQR, 
−0.1% to 0.1%] worsening per year; P=0.56). There was 
no difference in the trajectory of LV function between 
probands and family members (P for interaction 0.85 
and 0.83 for deterioration of EF and GLS, respectively).

A total of 628 echocardiographic assessments 
were analyzed in the 146 patients with complete ex-
ercise data. Greater exercise exposure correlated with 
worse EF and GLS at first echocardiography, but pre-
vious exercise habits did not affect the deterioration of 
LV function during follow- up, neither by GLS nor by EF 
(Table 2, Figure 1).

Patients with mutations in the desmoplakin gene 
had worse progression of LV function during 39 fol-
low- up echocardiographic exams than patients with-
out desmoplakin mutations (EF, −0.82% [IQR, −1.31% 
to −0.33%] per year versus 0.05% [−0.04% to 0.14%] 
per year; P=0.001; and less clear by GLS+0.18% 
[IQR, −0.01% to 0.38%] per year versus +0.08% [IQR, 
0.04%– 0.11%] per year; P=0.06; Figure 2). The impact 
of desmoplakin gene mutations was also independent 
of exercise exposure, suggesting that EF declined 

0.8% more per year in patients with desmoplakin mu-
tations than in other patients independently of exercise 
exposure (adjusted beta for interaction −0.8 [IQR, −1.3 
to −0.3] per year; P=0.003; Table S2).

Patients with LV dysfunction at first examination 
did not have more pronounced progression of LV 
dysfunction during follow- up than patients present-
ing with normal LV function. In fact, the analyses 
demonstrated an opposite trend, with steeper wors-
ening of both EF and GLS in patients presenting with 
normal LV function (EF, 0.29% [IQR, 0.10%– 0.47%] 
worse per year; P=0.003; and GLS, 0.22% [0.15%– 
0.30%] worse per year; P<0.001; Figure S1). The pro-
gression of LV dysfunction was not affected by the 
presence of RV dysfunction or RV dilation at baseline 
(Figure S1).

LV Dysfunction and Prediction of VTAs
VTA occurred in 77 patients, of whom 58 (35% of 
all patients) had experienced events at or before 
baseline. Nineteen patients had their first VTA, and 
35 (60%) had subsequent incident VTA during fol-
low- up (in total 54 patients with events after median 
1.3 years [IQR, 0.4– 3.5). Odds of impending VTA in-
creased by 14% for every 1% absolute deterioration 
of GLS during follow- up, adjusted for elapsed time 
and history of previous VTA (adjusted odds ratio [OR] 
1.1 [IQR, 1.0– 1.3]; P=0.02; Figure 3).

Importantly, this was also evident in the subgroup of 
patients presenting without previous arrhythmia (n=110; 
444 echocardiographic exams), with 35% increased 
odds of impending VTA for every 1% worsening in GLS 
(adjusted OR, 1.4 [IQR, 1.2– 1.6]; P<0.001, adjusted for 
time; Figure 3). The effect was less clear for deteriora-
tion in EF in the total population (adjusted OR, 1.2 [IQR, 
0.9– 1.4]; P=0.23, by 5% reduction in EF, adjusted for 
time and history of previous VTA), but in the subgroup of 
patients presenting without arrhythmia, 50% increased 
odds was observed for every 5% fall in EF during fol-
low- up (adjusted OR, 1.5 [IQR, 1.1– 2.2]; P=0.02, ad-
justed for time). These observations were independent 
of the underlying pathogenic mutation (Table S3).

Thirteen patients without previous events had life- 
threatening VTA during follow- up. No patients died 
suddenly during follow- up. One had resuscitated 
cardiac arrest. Five had ultra- fast ventricular tachy-
cardia or ventricular fibrillation that was terminated 
by an implantable cardioverter defibrillator shock. 
Seven had hemodynamically unstable ventricular 
tachycardia. The odds of impending life- threatening 
VTA increased by 25% by every 1% worsening in GLS 
during follow- up (adjusted OR, 1.3 [1.1– 1.5]; P=0.006, 
adjusted for time) and by 50% by every 5% fall in 
EF during follow- up (adjusted OR, 1.5 [IQR, 1.1– 2.1]; 
P=0.02, adjusted for time).

Table 2. Relationship Between Exercise Exposure and 
Left Ventricular Function During Long- Term Follow- Up 
With 628 Echocardiographic Exams in 146 Patients With 
Arrhythmogenic Cardiomyopathy and Known Exercise 
Habits at Presentation

Beta 95% CI P Value

GLS (constant), n=584 (93%) −19.4 −19.9 to −18.6

Time, y 0.07 0.02 to 0.12 0.008

Exercise dose (5 MET- h/wk) 0.09 0.01 to 0.17 0.02

Interaction: Time×Exercise 
dose

0.002 −0.003 to 
0.008

0.44

EF (constant), n=616 (98%) 58 57 to 59

Time, y 0.02 −0.10 to 0.14 0.72

Exercise dose (5 MET- h/wk) −0.18 −0.36 to 
−0.003

<0.05

Interaction: Time×Exercise 
dose

0.004 −0.010 to 0.018 0.57

Values are regression coefficients with 95% CIs. P values by linear mixed- 
model regression with exchangeable covariance structure and random 
effects by families and individuals.

Abbreviations: EF indicates ejection fraction; GLS, global longitudinal 
strain; and MET- h/wk, metabolic equivalents of task×hours per week.
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DISCUSSION
This study showed LV dysfunction at the time of 
presentation in more than one- third of patients with 
AC. Greater exercise exposure was associated with 
LV dysfunction at first visit, highlighting the delete-
rious effects of exercise on biventricular function in 
AC. However, we found no effect of previous exer-
cise exposure on the progression of LV dysfunction 
after established AC diagnosis, indicating no accel-
erated LV disease progression by previous exercise. 
LV disease progression was most pronounced in 
desmoplakin genotype- positive patients, supporting 
previous reports of LV vulnerability in this genotype. 
Deterioration of LV function during follow- up pre-
dicted incident VTA.

Exercise Exposure
Greater exercise exposure was associated with worse 
LV function at presentation but did not affect the rate 
of LV deterioration during follow- up. Interestingly, 

previous exercise exposure did not seem to accelerate 
LV disease after exercise was restricted at the time of 
diagnosis. On the other hand, we found no improve-
ment or normalization of LV function after exercise re-
striction, suggesting an irreversible exercise- induced 
dysfunction.

It is well established that exercise exposure is as-
sociated with disease severity in patients with AC, 
but previous reports have been single- observation 
studies focusing on RV disease manifestation.4,5 This 
study highlights for the first time the association be-
tween exercise exposure and LV dysfunction. It is be-
lieved that RV disease in exercise- exposed patients 
with AC is caused by the mechanical stress imposed 
on the RV wall by increased loading conditions during 
exercise. Stretching forces in the context of dysfunc-
tional desmosomes disrupt the cellular signaling and 
intercellular adhesions, triggering arrhythmias and fi-
brofatty replacement.1 While the RV is famously vul-
nerable to these mechanisms, the LV is also exposed 
to increased loading conditions during exercise, and 

Figure 1. Left ventricular function in 146 patients with arrhythmogenic cardiomyopathy and 
known exercise habits at presentation.
Slopes are fitted mean linear response with 95% CIs for patients with and without desmoplakin 
mutations. P values for progression and interaction by linear mixed- model regression with random effects 
for families and individuals and exchangeable covariance structure. Exercise during 3 immediate years 
before presentation expressed as average MET- hours per week, with dichotomization at median exercise 
exposure. Patients with exercise exposure above median had GLS 1.0% (interquartile range, 0.1%– 
1.9%; P=0.02) worse than patients with exercise exposure below median. There was no difference in the 
progression of left ventricular dysfunction in patients with greater or lesser exercise exposure (illustrated 
by P for interaction=0.87). See Table 2 for coefficients and continuous exercise variable. GLS indicates 
global longitudinal strain; and LV, left ventricular.
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therefore exercise- induced LV alterations must be ex-
pected in AC.

Adaptive LV remodeling is frequently encountered 
in athletes.20 We do not believe that the differences in 
LV function at baseline were attributable to physiolog-
ical exercise adaptations. LV function did not recover 
in our patients, suggesting irreversible and maladap-
tive mechanisms in patients with AC, with the result 
of LV dysfunction probably induced by higher exercise 
doses.

We demonstrated LV disease progression by re-
peated assessment of GLS, while EF measurements 
were relatively stable. GLS provides a more sensitive 
and accurate estimation of LV function than EF,21,22 and 
our findings support the use of GLS as the primary 
index of LV function in patients with AC.17

Deterioration of LV Function
Previous studies have reported higher prevalence of 
reduced EF (<55%) in patients with AC with desmo-
plakin genotypes than in other genotypes.9,23 Our 
study supports this observation and additionally 
demonstrates a more pronounced progression of LV 
dysfunction in patients with desmoplakin mutations. 
However, and importantly, we observed deterioration 
of LV function also in patients without desmoplakin 

highlighting a genotype- independent biventricular 
disease.

Our arbitrary definition of LV dysfunction may 
be subject to debate. Global longitudinal strain is 
reported to be superior to EF when assessing LV 
function in several scenarios, but it is not globally 
implemented in clinical practice. Therefore, we have 
used a combined definition that may be unusual but 
aims to detect also early LV dysfunction. Patients with 
LV dysfunction at the time of diagnosis did progress 
more rapidly during follow- up than those presenting 
with normal LV function. In contrast, we observed 
a trend toward more pronounced LV progression 
in patients with normal LV function at first assess-
ment. This observation may have several explana-
tions. First, present data suggested that cessation 
of high- intensity exercise may halt progression of LV 
disease. Second, there may be a component of re-
gression to the sample mean. Most importantly, our 
data demonstrate that absence of LV dysfunction at 
first presentation does not exclude subsequent dete-
rioration of LV function.

Presence of RV disease manifestation at the time of 
diagnosis did not predict LV disease progression. This 
interesting observation suggests that RV and LV dis-
ease manifestation may exist somewhat independent 

Figure 2. Left ventricular functional deterioration during follow- up of 168 patients with arrhythmogenic cardiomyopathy 
with desmoplakin genotypes (blue curves) and with other genotypes or gene elusive patients (green curves).
Slopes are fitted mean linear response with 95% CIs for patients with and without desmoplakin mutations. P values for progression and 
interaction by linear mixed- model regression with random effects for families and individuals and exchangeable covariance structure. 
Patients with desmoplakin genotypes had worse progression of left ventricular dysfunction than patients with other genotypes or 
gene- elusive patients (illustrated by P for interaction<0.001 for both EF and GLS). See text for regression coefficients. DSP indicates 
desmoplakin; EF, ejection fraction; and GLS, global longitudinal strain.
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of each other and underscores the importance of care-
ful LV assessment in patients with AC.

Risk of VTA
The odds of impending VTA increased when LV 
function deteriorated during follow- up, indepen-
dently of genotype. The association between LV 
dysfunction and adverse outcome is both intuitive 
and previously described,2,3 but this is the first re-
port showing the chronological sequence of LV 
disease progression leading up to an arrhythmic 
event. The value of recognizing LV dysfunction was 
particularly convincing in the subgroup of patients 
presenting without previous VTA, in whom wors-
ening of both EF and GLS predicted events. Life- 
threatening VTA occurred during follow- up in only 
13 patients without previous arrhythmic events. 
However, this underpowered analysis suggested 
that deterioration of LV function may also be valua-
ble in predicting harder arrhythmic end points. This 
must be assessed in future studies, but emerging 
LV dysfunction should raise awareness for primary 
preventive implantable cardioverter defibrillator 
evaluation.

LIMITATIONS
This was a single- center longitudinal study with un-
certain external validity. The observational data do 
not allow for causal inference. The main limitation is 
the single- time- point ascertainment of exercise hab-
its, and the retrospective assessment of exercise ex-
posure is subject to recall bias and possibly reporting 
bias. All patients were recommended to abstain from 
high- intensity exercise based on the best knowledge 
at the time, but we do not have data on adherence to 
exercise restriction recommendations. Future studies 
should assess exercise exposure as a time- varying 
covariate during follow- up to fully elucidate this inter-
action. Fulfillment of Task Force Criteria introduced in 
2010 was assessed retrospectively in individuals pre-
senting earlier. Our center does not routinely obtain 
endomyocardial biopsy material from patients with 
AC, and therefore we cannot firmly exclude differ-
ential diagnoses in the mutation- negative probands. 
The number of patients with non– plakophilin- 2 muta-
tions was low and was only partially compensated for 
by the repeated assessments. The pronounced LV 
functional deterioration in patients with desmoplakin 
mutations should therefore be interpreted with care. 

Figure 3. Left ventricular functional deterioration during follow- up of 168 patients with 
arrhythmogenic cardiomyopathy predicted subsequent ventricular tachyarrhythmias.
Odds ratios for impending ventricular tachyarrhythmias with 1% decline in GLS presented in the lower 
left panel were calculated by generalized estimating equations of the repeated left ventricular functional 
assessments with binomial family, logit link, and independent correlation structure, adjusting for the effect 
of patient relatedness, elapsed time (primary prevention subgroup) and previous ventricular arrhythmia 
(all patients). GLS indicates global longitudinal strain; ICD, implantable cardioverter defibrillator; OR, odds 
ratio; and VT, ventricular tachycardia.
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The main arrhythmic outcome was relatively weak, 
including hemodynamically stable ventricular tachy-
cardia, and hard arrhythmic outcome analysis was 
underpowered.

CONCLUSIONS
LV dysfunction was detected in one- third of patients with 
AC at presentation and was associated with greater exer-
cise exposure. LV function deteriorated during follow- up 
and was most pronounced in the desmoplakin genotype 
positive. LV deterioration was independent of previous 
exercise exposure, indicating no accelerated effect by 
greater previous exercise exposure. Exercise cessation 
did not seem to resolve LV dysfunction but may halt the 
progression. Deterioration of LV function during follow-
 up predicted impending VTAs and should be considered 
in risk assessments of patients with AC.
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Table S1. Results of genetic testing in 168 patients with arrhythmogenic 
cardiomyopathy. 
  
Mutation Individuals, 

n (%) 

Families, 

n (%) 

No identified mutation 36 (21.4) 36 (39.6) 

c.2145+2T>A (seq: NM_004572.3) intron 10 in PKP2 55 (32.7) 18 (19.8) 

c.2197C>G, c.2198_2202delACACC (seq: NM_004572.3) exon 11 in PKP2 29 (17.3) 8 (8.8) 

Deletion of Promoter, exon 1 and exon 2 in PKP2 15 (8.9) 2 (2.2) 

c.1952_1955dupGAAG (seq: NM_004572.3) exon 9 in PKP2 4 (2.4) 4 (4.4) 

c.3059_3062delAGAG (seq: NM_001943.3) exon 15 in DSG2 4 (2.4) 3 (3.3) 

R46Q (c.137G>A, seq: NM_001943.3) exon 3 in DSG2 4 (2.4) 1 (1.1) 

c.2300-1G>A (seq: NM_004572.3) intron 11 in PKP2 2 (1.2) 1 (1.1) 

R425X (c.1273C>T, seq: NM_004415.2) exon 11 in DSP 2 (1.2) 1 (1.1) 

c.198delG (seq: NM_004572.3) exon 1 in PKP2 1 (0.6) 1 (1.1) 

A2294G (c.6881C>G, seq: NM_004415.2) exon 24 in DSP 1 (0.6) 1 (1.1) 

c.223+2T>C ((seq: NM_004572.3) intron 1 in PKP2 1 (0.6) 1 (1.1) 

c.1597dup (seq: NM_004572.3) exon 7 in PKP2 1 (0.6) 1 (1.1) 

c.2463_2464insAC (seq: NM_004415.2) exon 18 in DSP 1 (0.6) 1 (1.1) 

c.2489+1G>A (seq: NM_004572.3) intron 12 in PKP2 1 (0.6) 1 (1.1) 

c.3203_3204delAG (seq: NM_004415.2) exon 23 of DSP 1 (0.6) 1 (1.1) 

c.5764delA (seq: NM_004415.2) exon 24 in DSP 1 (0.6) 1 (1.1) 

c.6310delA (seq: NM_004415.2) exon 24 in DSP 1 (0.6) 1 (1.1) 

D407N (c.1219G>A, seq: NM_001792) exon 9 in CDH2 1 (0.6) 1 (1.1) 

G48D (c.143G>A, seq: NM_004572.3) exon 1 in PKP2 1 (0.6) 1 (1.1) 

E1345A (c.4034A>C, seq: NM_004415.2) exon 23 in DSP 1 (0.6) 1 (1.1) 

G509E (c.1526G>A, seq: NM_004415.2) exon 12 in DSP 1 (0.6) 1 (1.1) 

c.148_151delACAG (seq: NM_004572.3) exon 1 in PKP2 1 (0.6) 1 (1.1) 

S140F (c. 419C>T, seq: NM_004572.3) exon 3 in PKP2 1 (0.6) 1 (1.1) 

T335A (c.1003A>G, seq: NM_001943.3) exon 8 in DSG2 1 (0.6) 1 (1.1) 

V392I (c.1174G>A, seq: NM_001943.3) exon 9 in DSG2 1 (0.6) 1 (1.1) 

CDH2 = Cadherin 2-gene, DSG2 = Desmoglein 2-gene, DSP = Desmoplakin-gene, PKP2 = 

Plakophillin 2-gene. 
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Table S2. Relationship between exercise exposure, pathogenic mutations in desmoplakin 

gene and left ventricular function during long-term follow-up with 628 

echocardiographic exams in 146 patients with arrhythmogenic cardiomyopathy and 

known exercise habits at presentation 

 Beta 95% CI p 

GLS (constant), n=584 (93%) -19.3 -20.0 to -18.6  

Time (years) 0.06 0.01 to 0.11 0.03 

Exercise dose (5 METhrs/week) 0.09 0.01 to 0.17 0.02 

Interaction: Time*Exercise dose 0.003 -0.003 to 0.008 0.33 

DSP mutation 0.11 -2.03 to 2.25 0.92 

Interaction: Time*DSP mutation 0.22 0.02 to 0.42 0.03 

EF (constant), n=616 (98%) 58 56 to 60  

Time (years) 0.06 -0.07 to 0.18 0.37 

Exercise dose (5 METhrs/week) -0.19 -0.37 to -0.01 0.04 

Interaction: Time*Exercise dose 0.002 -0.012 to 0.016 0.76 

DSP mutation -1.4 -6.3 to 3.6 0.58 

Interaction: Time*DSP mutation -0.8 -1.3 to -0.3 0.004 

Values are regression coefficients with 95% confidence intervals. P-values by linear mixed 

model regression with exchangeable covariance structure and random effects by families and 

individuals. CI = confidence interval, DSP = desmoplakin, EF = ejection fraction, GLS = 

global longitudinal strain, METhrs/week = metabolic equivalents of task multiplied by hours 

per week. 
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Table S3. Prediction of impending ventricular tachyarrhythmia in 168 patients (total 

population) and 102 patients without previous events (primary prevention), adjusted for 

genetic basis of disease. 

 Odds ratio 95% CI p 

Total population - EF (n=699/168)    

Time (1 year) 1.06 1.00 to 1.13 0.06 

Previous event 6.50 2.84 to 14.86 <0.001 

EF (-5%) 1.13 0.91 to 1.41 0.27 

PKP2 mutation 1.02 0.39 to 2.66 0.96 

DSG2 mutation 0.28 0.04 to 2.02 0.21 

DSP mutation 0.68 0.14 to 2.93 0.64 

CDH2 mutation - - - 

Total population - GLS (n=648/166)    

Time (1 year) 1.06 0.99 to 1.13 0.08 

Previous event 5.84 2.42 to 14.10 <0.001 

GLS (1%) 1.13 1.00 to 1.27 0.04 

PKP2 mutation 1.10 0.40 to 3.03 0.85 

DSG2 mutation 0.22 0.03 to 1.85 0.17 

DSP mutation 0.94 0.20 to 4.31 0.94 

CDH2 mutation - - - 

Primary prevention - EF (n=418/102)    

Time (1 year) 1.14 1.04 to 1.24 0.003 

EF (-5%) 1.52 1.04 to 2.22 0.03 

PKP2 mutation 0.44 0.12 to 1.68 0.23 
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DSG2 mutation - - - 

DSP mutation - - - 

CDH2 mutation - - - 

Primary prevention - GLS 

(n=402/101) 

   

Time (1 year) 1.14 1.05 to 1.25 0.003 

GLS (1%) 1.38 1.17 to 1.64 <0.001 

PKP2 mutation 0.38 0.10 to 1.43 0.15 

DSG2 mutation - - - 

DSP mutation - - - 

CDH2 mutation - - - 

Values are odds ratios with 95% confidence intervals, calculated by multivariable generalized 

estimating equations with binomial family, logit link and independent covariance structure, 

adjusted for patient relatedness. DSP and DSG mutations were omitted from analyses in the 

primary prevention subgroups due to lack of events in these patients. CI = confidence 

interval, CDH2 = Cadherin 2, DSG2 = desmoglein 2, DSP = desmoplakin, EF = ejection 

fraction, GLS = global longitudinal strain, PKP2 = plakophilin 2. 
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Figure S1. Left ventricular functional deterioration during follow-up of 168 patients 

with arrhythmogenic cardiomyopathy with and without functional or structural 

abnormalities at presentation. 

 

Slopes are fitted mean linear response with 95% confidence intervals for patients with and without LV 

dysfunction (upper panel), RV dysfunction (mid panel) and RV dilation (lower panel) at presentation. 

P-values for progression and interaction by linear mixed model regression with random effects for 

families and individuals and exchangeable covariance structure. EF = ejection fraction, GLS = global 

longitudinal strain, LV = left ventricle, RV = right ventricle. 
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