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ABSTRACT

disease is currently being assessed.

outcomes.

their outcomes

(P =0.013).

Foundation.

rrhythmogenic cardiomyopathy (ACM) is a

genetically determined myocardial disease

characterized by myocyte necrosis and
fibro-fatty replacement, which leads to ventricular
dysfunction and the onset of life-threatening ventric-
ular arrhythmias (LTAs)."?

BACKGROUND In recent years, it has become evident that arrhythmogenic cardiomyopathy (ACM) displays a wide
spectrum of ventricular involvement. Furthermore, the influence of various clinical phenotypes on the prognosis of the

OBJECTIVES The purpose of this study was to evaluate the impact of phenotypic expression in ACM on patient

METHODS We conducted an analysis of 446 patients diagnosed with ACM. These patients were categorized into

3 groups based on their phenotype: arrhythmogenic right ventricular cardiomyopathy (ARVC) (right-dominant ACM),
arrhythmogenic left ventricular cardiomyopathy (ALVC) (left-dominant ACM), and biventricular arrhythmogenic
cardiomyopathy (BIV). We compared clinical, instrumental, and genetic findings among these groups and also evaluated

RESULTS Overall, 44% of patients were diagnosed with ARVC, 23% with ALVC, and 33% with BIV forms. Subjects

showing with ARVC and BIV phenotype had a significantly higher incidence of life-threatening ventricular arrhythmias
compared with ALVC (P < 0.001). On the other hand, heart failure, heart transplantation, and death caused by cardiac
causes were more frequent in individuals with BIV forms compared to those with ALVC and ARVC (P < 0.001). Finally,
patients with an ALVC phenotype had a higher incidence of hot phases compared with those with ARVC and BIV forms

CONCLUSIONS The comparison of ACM phenotypes demonstrated that patients with right ventricular involvement,
such as ARVC and BIV forms, exhibit a higher incidence of life-threatening ventricular arrhythmias. Conversely, ACM
forms characterized by left ventricular involvement, such as ALVC and BIV, show a higher incidence of heart failure, heart
transplantation, and hot phases. (J Am Coll Cardiol 2024;83:797-807) © 2024 by the American College of Cardiology

Initially, ACM was considered to be a disease of the
right ventricle (RV), with left ventricular (LV)
involvement usually mild and mainly caused by dis-
ease progression toward a biventricular phenotype
(BIV). However, in 2008, a left-dominant phenotype
of the disease was described, through autopsy studies
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ABBREVIATIONS
AND ACRONYMS

ACM = arrhythmogenic
cardiomyopathies

CMR = cardiovascular magnetic
resonance

LGE = late gadolinium
enhancement

LV = left ventricle/ventricular

RV = right ventricle/ventricular

and later through cardiovascular magnetic
resonance (CMR) findings, and named
arrhythmogenic left ventricular cardiomyop-
athy (ALVC).>®

Thus, at present, ACM is known to be
characterized by a wide morphological spec-
trum in terms of ventricular dilatation/
dysfunction and the degree of electrical
instability.>>”7

The aim of the present study was to assess
the role of ACM phenotypic expression in

determining patient outcomes through a detailed
phenotypic description and a close follow-up analysis
(Central Illustration).

SEE PAGE 808

METHODS

We analyzed 628 patients affected by ACM (probands
and family members) who were evaluated at the
Inherited Arrhythmogenic Cardiomyopathy Unit of
the University of Padua according to the 2010 TFC
criteria and the modified Padua criteria.”® Patients
were divided into 3 groups based on phenotypic
expression and presence of at least 1 follow-up con-
trol. The first group consisted of patients that we had
diagnosed as having ALVC forms, defined as the

presence of subepicardial LV Ilate gadolinium

enhancement (LGE), with an extension of at least
3 consecutive segments (or evidence of LV sub-
epicardial fibrosis at autopsy examination) and
spared or mildly involved RV. In addition, to increase

specificity, 1 or more of the following parameters had

to be present: P/LP pathogenic genetic variant asso-
ciated with ACM, family history of ACM or DCM,
family history of sudden cardiac death (SCD) with
autopsy finding consistent with ACM. The second
group consisted of patients with right dominant ACM
forms (arrhythmogenic right ventricular cardiomy-
opathy [ARVC]), diagnosed by prevalent RV involve-
ment with preserved or mildly reduced LV systolic
function. Finally, biventricular ACM forms (BIV) were
diagnosed by parallel involvement of the 2 ventricles.

The reference values used to define the degree of

ventricular dilatation and dysfunction are those re-
ported the international guidelines.®'° All patients
included in the study provided written informed
consent before inclusion in the study. The study was

conducted in accordance with the protocol approved

by the regional ethics committee (Padua Ethics
Committee) and the principles expressed in the
Declaration of Helsinki.

Patients underwent a complete clinical and evalu-

ation assessment with personal and familial history,
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12-lead electrocardiogram (ECG), 24-hour Holter ECG,
2-dimensional echocardiogram, and CMR.

Detailed protocols were reported in the
Supplemental Appendix.

OUTCOME ANALYSIS. Patients’ follow-up was
analyzed to assess the presence of a primary
outcome. Primary outcome was defined as the pres-
ence of life-threatening arrhythmias (LTAs), heart
failure (HF), cardiac transplantation, death from car-
diac causes (HF, SCD), and "hot phase" (HP) episodes.
In detail: LTA was defined in presence of 1 or more
episodes of ventricular fibrillation, defined as irreg-
ular or regular tachycardia with regard to polarity,
amplitude, morphology, with a mean cycle length
of =240 ms; sustained ventricular tachycardia was
characterized as regular tachycardia with a mean cy-
cle length >240 ms that lasted >30 seconds. In those
patients with an ICD, we considered an appropriate
intervention when the heart rate of ventricular
arrhythmia was >200 beats/min (cycle length
<300 ms). HF was defined as the presence of signs
and symptoms of HF that required hospitalization. HP
was defined as the presence of myocarditis-like epi-
sodes, characterized by chest pain, troponin eleva-
tion, and ECG abnormalities in the setting of normal
coronary arteries.

STATISTICAL ANALYSIS. Continuous variables were
reported as median (Q1, Q3), and the categorical var-
iables were reported as absolute number and relative
frequency (%). Crude comparisons between groups
were performed at a descriptive stage via Wilcoxon-
type or chi-square tests, as appropriate. Compari-
sons over follow-up time were based on the McNemar
test for binary variables and the Wilcoxon signed rank
test for continuous variables. To account for the
multiplicity of testing, g-values'' are provided to
control the False Discovery Rate via the Benjamini-
Hochberg correction."”

Recurrence was modeled under a competitive risk
scenario with death and described using cumulative
incidence functions plots. SCD was modeled as a
competitive event with all other causes of death.
Difference among curves was analyzed using the Gray
test."> HRs were obtained using the Fine and Gray
model.'* The influence of each significant variable on
the risk of LTA in patients carrying a P/LP genetic
variant in the PKP2 gene compared with those with
variants in the DSP gene was also assessed with a Fine
and Gray model.

Assumptions related to proportionality of HR,
linear functional form, and the link function for the
Fine and Gray models were assessed by visual in-
spection of residual plots.' Statistical significance for
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Cardiomyopathies

at least 1 follow-up examination.

Methods

Patients were categorized

into 3 groups based on @r
their phenotype: ARVC
(arrhythmogenic right

ventricular @‘
cardiomyopathy),

ALVC (arrhythmogenic left
ventricular cardiomyopathy), (SCD)
and BIV (biventricular

cardiomyopathy).
We compared clinical,
instrumental, and genetic

findings among these groups
as well as evaluated their
outcomes.

Bariani R, et al. J Am Coll Cardiol. 2024;83(8):797-807.

Life-threatening
arrhythmia (LTA)

‘@ Sudden cardiac death

arrhythmogenic &;‘ﬂ Hot phases (HP)

CENTRAL ILLUSTRATION Phenotypic Expression and Clinical Outcomes in Patients With Arrhythmogenic

1990 ----==-----mmmmeemeaee Median follow-up 7 years (Q1, Q3: 2, 14 years) ------------- = 2023

AIM: to evaluate the impact of phenotypic 38%
expression in ACM on patient outcomes

We conducted an analysis of 446 patients 31%
diagnosed with ACM who had undergone

19%

14% 14%

Heart failure (HF) 5% 6%

30
1% % 1%

ARVC ALVC BIV

B LTA m HF m HP Episode 1 SCD

CONCLUSIONS

The comparison of ACM phenotypes demonstrated that patients with right
ventricular involvement, namely ARVC and BIV forms, exhibited a higher arrhythmic
burden. Conversely, ACM forms characterized by left ventricular involvement,

such as ALVC and BIV, showed a higher incidence of HF, heart transplantation, and HP.

9%

In arrhythmogenic cardiomyopathy (ACM), phenotypic expression may provide insights in predicting outcomes. Evaluation of ventricular abnormalities can provide
information on personalized measures to reduce the risk of life-threatening arrhythmias and early treatment of heart failure.

all tests was set for probability values P < 0.05. An-
alyses were performed using the SPSS version 27
software (SPSS, Inc) and the R system.'®

RESULTS

COHORT DESCRIPTION. A total of 446 ACM patients
were enrolled in the study (n = 307 [69%] probands,
n = 279 [63%] men, median age at diagnosis 22 years
[Q1, Q3: 34, 49 years]).

According to the phenotype classification, a total of
196 patients (44%) were diagnosed with ARVC,
whereas 104 patients (23%) were found to have ALVC
forms. Additionally, 146 patients (33% of the popu-
lation) were diagnosed with BIV forms.

The mean age of diagnosis was slightly higher in
the ALVC group without reaching a statistical signif-
icance. No differences were observed in sex among
the 3 phenotypes (Table 1). The number of probands

was higher in the BIV and ARVC groups than ALVC
(n = 115 [79%] and n = 135 [69%] vs n = 57 [55%];
P = 0.002, respectively) (Table 2). Patients belonging
to ALVC group more frequently showed a previous
diagnosis of myocarditis (n = 18 [17%]) and DCM
(m = 16 [15%]). Furthermore, ALVC patients had a
significantly higher prevalence of family history of
SCD (P = 0.006), DCM (P < 0.001), and ACM
(P =0.015) compared with the other 2 groups (Table 1).

ELECTROCARDIOGRAPHIC FEATURES. The ECG was
abnormal in 351 (79%) ACM patients. Negative
T waves in V; to V,; were significantly more common
in ARVC and BIV forms, and negative T waves in V, to
Vs were more present in the BIV phenotype. Low QRS
voltages in peripheral leads were present in one-half
of ALVC (n = 52 [50%]) and BIV patients (n = 80
[55%]) and in one-third of the ARVC group (n = 60
[31%]; P < 0.001) (Table 3).
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TABLE 1 Clinical Features
Total ARVC ALVC BIV
(N = 446; 100%) (n =196; 44%) (n =104; 23%) (n =146; 33%) q Value

Female 167 (37) 79 (40) 44 (42) 44 (30) 0.310
Age of diagnosis, y 22 (34, 49) 22 (34, 46) 25 (36, 48) 20 (39, 51) 0.252
Previous myocarditis diagnosis 37 (8) 5@3) 18 (17) 14 (10) <0.001
Previous DCM diagnosis 30 (7) 1() 16 (15) 13 (9) <0.001
Family history of SCD 136 (30) 60 (31) 45 (43) 31 (21) 0.006
Family history of DCM 28 (6) 503) 18 (17) 5@3) <0.001
Family history of ACM 198 (44) 82 (42) 61 (59) 55 (38) 0.015
Chest pain 64 (14) 21 (1) 20 (19) 23 (16) 0.410
Syncope 80 (18) 45 (23) 15 (14) 20 (14) 0.221
Atrial fibrillation 18 (4) 6 (3) 303 9 (6) 0.931
Previous myocarditis 24 (5) 4 (2) 1 (1) 9 (6) 0.034
Ventricular arrhythmias ablation 39 (9) 28 (14) 2(2) 9 (6) 0.004
ICD 212 (48) 68 (35) 38 (37) 106 (73) <0.001
Prevention <0.001

None 233 (52) 128 (65) 65 (62) 40 (27)

| 121 (27) 28 (14) 27 (26) 66 (45)

1] 92 (21) 40 (20) 12 (12) 40 (27)
2010 TFC <0.001

None 3(1) 1M 1 1M

Certain 337 (76) 164 (84) 34 (33) 139 (95)

Borderline 56 (13) 20 (10) 33 (32) 3(2)

Possible 50 (11) 1(6) 36 (35) 3
Drug therapy first evaluation <0.001

None 83 (19) 45 (23) 38 (37) 0 (0)

Beta-blockers 244 (55) 104 (53) 49 (47) 91 (62)

Sotalol 87 (20) 38 (19) (1) 38 (26)

Flecainide 4(1) 4 0(0) 0(0)

Amiodarone 21 (5) 5@) 2(2) 14 (10)

Propafenone 7Q) 0 (0) 44 32

ACEI 124 (28) 25 (12) 36 (35) 63 (43)
Drug therapy last evaluation <0.001

None 23 (5) 14 (7) 9 (9 0(0)

Beta-blockers 286 (64) 126 (64) 76 (73) 84 (58)

Sotalol 112 (25) 48 (25) 16 (15) 48 (33)

Flecainide 4(1) 4 0 (0) 0(0)

Amiodarone 21 (5) 4Q2) 303) 14 (10)

ACEI 213 (48) 6 (3) 79 (76) 128 (88)

ARB 51 (11) 0 (0) 5 (5) 46 (32)

ARNI 8(2) 0 (0) 30 503

Diuretics 28 (6) 5@03) 9(9) 14 (10)
Values are n (%) or median (Q1, Q3).

ACEI = angiotensin-converting enzyme inhibitor; ACM = arrhythmogenic cardiomyopathy; ALVC = arrhythmogenic left ventricular cardiomyopathy; ARB = angiotensin
receptor blocker; ARNI = angiotensin receptor/neprilysin inhibitor; ARVC = arrhythmogenic right ventricular cardiomyopathy; BIV = biventricular arrhythmogenic cardiomy-
opathy; DCM = dilated cardiomyopathy; ICD = implantable cardioverter-defibrillator; SCD = sudden cardiac death; TFC = task force criteria.

CMR FINDINGS. Data on ventricular dimensions and
functions are reported in Table 3. RV-LGE was
significantly present in the BIV and ARVC forms
(n = 67 [66%] and n = 81 [54%], respectively)
compared with the ALVC phenotype (n = 10 [10%];
P < 0.001). Overall, LV-LGE was detected in 252 (72%)
ACM patients with a significant difference between
the 3 phenotypes (Table 3).

GENETIC ANALYSIS RESULTS. Overall, a positive
genetic test was reported in 217 (49%) ACM patients
with a significant difference among the 3 phenotypic
groups (P = 0.001). A different prevalence of genetic
variants in a specific disease gene among the 3 groups
was found. In detail, the most involved gene was
PKP2 (n = 58 [69%]) in ARVC forms and DSP (n = 44
[63%]) in ALVC forms (Table 2).
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DRUG THERAPY. Medical therapy is summarized in
Table 1. Briefly, at the first evaluation, 83 patients
(19%) were not taking drug therapy, the majority of
whom were in the ALVC group (n = 38 [37%]). The
most used drugs were beta-blockers, with similar
percentages in the 3 groups. At the last evaluation,
23 patients (5%) were not taking drug therapy, and
beta-blockers remain the most prescribed drug,
although an increase in the use of sotalol was
observed, particularly in the forms with RV involve-
ment. In addition, nearly one-half of the patients
were taking an angiotensin-converting enzyme in-
hibitor (n = 213 [48%]), especially in the ALVC (n = 79
[76%]) and BIV (n = 128 [88%]) groups. Implementa-
tion of therapeutic strategies for HF was not signifi-
cantly associated with improved outcomes
(Supplemental Table 1), and with a risk of disease
progression (OR: 0.53; 95% CI: 0.23-1.21).

VENTRICULAR ARRHYTHMIAS DURING FOLLOW-UP.
Overall, the median duration of the follow-up was 7
years (Q1, Q3: 2, 14 years; range min 1 year to max 46
years), with a significant difference among the 3
phenotypes (ARVC 8 years [Q1, Q3: 3, 15 years], ALVC
3 years [Q1, Q3: 1, 8 years], BIV 8 years [Q1, Q3: 4, 16
years]; P < 0.001).

At first evaluation through 24-hour Holter ECG, the
median number of PVCs was 885 (Q1, Q3: 193, 3,207),
whereas at last evaluation, the mean number of PVCs
was 738 (Q1, Q3: 105, 2,262) (P = 0.120). Furthermore,
at first evaluation, 28% of ACM patients showed at
least 1 episode of NSVT with a nonstatistically sig-
nificant reduction observed during follow-up (23%;
P = 0.268). No significant difference in PVCs and
NSVT episodes among the 3 groups were found
(Table 4).

The number of patients who received an ICD was
higher in the cohort of BIV (n = 106 [73%]) than in
ALVC (n = 38 [37%]) and ARVC (n = 68 [35%]) forms
(P < 0.001) (Table 4).

Overall, 130 patients (29%) experienced an episode
of LTA lifelong. In detail, patients with ARVC and BIV
phenotypes showed a higher incidence of LTA (n = 60
[31%], and n = 55 [38%] of patients, respectively)
compared with ALVC patients (n = 15 [14%])
(P = 0.002).

Furthermore, subjects with ARVC (n = 37 [66%])
and BIV (n = 19 [39%]), have a higher rate of LTA
recurrence compared with those affected with ALVC
(n =4 [29%]; P = 0.017) (Table 4). Patients with ARVC
(median age 37 years [Q1, Q3: 26, 45 years]) and BIV
(median age 44 years [Q1, Q3: 32, 54 years]) forms
with LTA episodes were also older than those with

Bariani et al 801
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TABLE 2 Genetic Findings
Total ARVC ALVC BIV
(N = 446; 100%) (n = 196; 44%) (n = 104; 23%) (n = 146; 33%) q Value

Proband 307 (69) 135 (69) 57 (55) 115 (79) 0.002
Positive genetic test 217 (49) 84 (43) 69 (66) 64 (44) 0.001
DSP 82 (18) 12 (6) 44 (42) 26 (18) <0.001
PKP2 82 (18) 58 (30) 6 (6) 18 (12) <0.001
DSG2 24 (5) 1 (6) 313 10 (7) 1.000
FLNC 17 (4) 2() mnQan 4 (3) 0.001
DSC2 2 (0) 1) 0 (0) 1() 1.000
LMNA 2(0) 0 (0) 0 (0) 2() 0.460
DES 5@ 0 (0) 4 (4) 1() 0.038
Values are n (%).

DES = desmin; DSC2 = desmocollin-2; DSG2 = desmoglein-2; DSP = desmoplakin; FLNC = filamin-C;
LMNA = lamin-A; PKP2 = plakofillin-2; other abbreviations as in Table 1.

ALVC forms (median age 40 years [Q1, Q3: 33, 47
years]) (P = 0.040).

Concerning the type of LTA, in all 3 groups the
most frequent VA was sustained ventricular tachy-
cardia, with different predominant morphology
(right bundle branch block in ALVC forms, left
bundle branch block in ARVC and BIV) (Table 4).
Furthermore, we analyzed the main clinical and
instrumental characteristics of patients with LTA
grouped by different phenotypes (Table 1,
Supplemental Table 2). In the ALVC group, LTA
episodes occurred in the presence of normal or
mildly reduced LVEF (median 51%; Q1, Q3: 47.2%,
53.8%; range 41%-62%).

In the overall study population, the most
commonly identified causative genetic variants in
patients with LTA were observed in the PKP2 gene,
with a total of 37 cases (29%). Following PKP2, the
DSP gene accounted for 19 cases (15%) of the detected
causative genetic variants.

Subsequently, we conducted a comparison of
LTA-free survival between patients with causative
variants in the PKP2 gene and patients with causative
variants in the DSP gene (Supplemental Figure 1). In a
competing risk model adjusted by age and sex, risk of
LTA was significantly higher for the PKP2 group
compared with the general population (HR: 1.93;
95% CI: 1.184-3.158; P = 0.0083), whereas the DSP
group showed a risk not significantly different from
the general population (HR: 0.868; 95% CI: 0.486-
1.55; P = 0.633).

No significant association was found between LGE
extent and disease progression (Supplemental
Figure 2).

HEART FAILURE. In total, 36 patients (8%, n = 26
[71%] men) showed at least 1 episode of HF (median
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TABLE 3 Instrumental Findings

Total ARVC ALVC BIV

(N = 446; 100%) (n = 196; 44%) (n = 104; 23%) (n = 146; 33%) q Value
Abnormal ECG 351 (79) 152 (78) 69 (66) 130 (89) <0.001
TWI V; to V3 208 (47) 114 (58) 12 (12) 82 (56) <0.001
TWI V4 to Ve 104 (23) 35 (18) 19 (18) 50 (34) 0.004
TWI inferior leads 68 (15) 24 (12) 15 (14) 29 (20) 0.741
LBBB 3(M 0 (0) 1) 2(1) 1.000
RBBB 32(7) 15 (8) 2(2) 15 (10) 0.221
LQRSv precordial leads 53 (12) 17 (9) 14 (13) 22 (15) 0.791
LQRSv peripheral leads 192 (43) 60 (31) 52 (50) 80 (55) <0.001
CMR evaluation 348 (78) 150 (77) 96 (92) 102 (70) <0.001
RV EDV, mL/mq 82 (102, 118) 91 (108, 121) 71 (80, 92) 100 (115, 135) 1.000
RVEF, % 24 (34, 42) 24 (31, 38) 41 (45, 50) 17 (25, 33) 0.522
RV WMA 237 (68) 128 (85) 20 (21) 89 (87) <0.001
RV LGE 158 (45) 81 (54) 10 (10) 67 (66) <0.001
LV EDV, mL/mq 33 (63,73) 59 (66, 73) 25 (62, 75) 13 (38, 72) <0.001
LVEF, % 23 (33, 39) 34 (38, 43) 20 (26, 37) 16 (23, 31) <0.001
LV WMA 136 (39) 24 (16) 49 (51) 63 (62) <0.001
LV LGE 252 (72) 59 (39) 96 (100) 97 (95) <0.001
LV LGE >2 segments 106 (46) 2(2) 96 (100) 8 (32) <0.001
LV LGE >3 segments 206 (60) 37 (25) 96 (100) 73 (74) <0.001
Number of LGE segments 0.0 (2, 6) 0 (0, 0) 4.0 (6, 8) 4.0 (0,7) <0.001
RV fatty infiltration 133 39) 69 (47) 7 @) 57 (56) <0.001
LV fatty infiltration 141 (41) 41 (28) 34 (35) 66 (65) <0.001

Values are n (%) or median (Q1, Q3).

Table 1.

CMR = cardiac magnetic resonance; EDV = end-diastolic volume; EF = ejection fraction; LBBB = left bundle branch block; LGE = late gadolinium enhancement; LQRSv = low
QRS voltage; LV = left ventricle; RBBB = right bundle branch block; RV = right ventricle; TWI = T wave inversion; WMA = wall motions alterations; other abbreviations as in

age at first episode 50 years [Q1, Q3: 33, 60 years]).
The median time interval between ACM diagnosis and
HF development was 7 years (Q1, Q3: 2, 13 years).
Among the 36 patients with HF episodes, 8 (22%)
were aged <18 years. In 14 (38%), HF was the first
symptom that led to the diagnosis. HF was more
common in BIV forms (n = 28 [19%]), than in ALVC
(n =6 [6%]) or ARVC (n =2 [1%]) (P < 0.001). Sixteen
patients (44% of HF group) underwent heart trans-
plantation (HT) (mean age 44 years; Q1, Q3: 25-55
years). HT was more common in patients with BIV
form (n = 14 [10%] of entire BIV cohort) compared
with ARVC (n = 0 [0%]) and ALVC forms (n = 2 [1%])
(P < 0.001).

SUDDEN CARDIAC DEATH. SCD occurred in 13 pa-
tients (3%), and in 9 cases (69%) this was the first
clinical manifestation of the disease. Although
without achieving statistical significance, patients
with LV involvement presented a higher incidence of
SCD (ALVC n = 5 [5%]; BIV n = 6 [4%]) when
compared with ARVC (n = 2 [1%]) (P = 0.471).

HP EPISODES. A total of 37 patients (8%, median age
25 years [Q1, Q3: 17, 36 years]) presented at least one 1
HP episode. Characteristics of patients according to

their HP status are presented in Supplemental
Table 3. No significant difference emerged between
group with “hot phase” and the remaining patients
(Supplemental Figure 3) (P = 0.248).

HP episodes were more common in patients with
LV involvement (ALVC n = 15 [14%]; BIV n = 13 [9%]),
compared with patients with ARVC phenotype (5%),
without, however, achieving statistical significance
(P = 0.071). The median age at symptoms did not
differ among the 3 phenotypic groups (ALVC 23 years
[Q1, Q3: 13, 45 years], ARVC 23 years [Q1, Q3: 13, 45
years], BIV 25 years [Q1, Q3: 17-36 years]; P = 0.907).
DSP causative variants were the most observed (n =11
[30%]), followed by PKP2 (n = 6 [16%]), DSG2 (n = 6
[16%]), and DES (n =1 [3%]). In addition, a significant
percentage of patients were gene elusive (n = 13
[35%]). Regarding the degree of arrhythmic instability
in patients who showed HP, LTA was observed in 11
cases (30%), with similar incidence in the 3 pheno-
types (P = 0.842).

Competing risk analysis showed a lower LTA-free
survival in ARVC and BIV groups if compared
with ALVC (overall P = 0.361; ALVC vs ARVC HR:
0.34 [95% CI: 0.17-0.67], BIV vs ARVC HR: 1.30
[95% CI: 0.83-2.05]; BIV vs ALVC HR: 3.86 [95% CI:
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TABLE 4 Outcome Analysis
Total ARVC ALVC BIV
(N = 446; 100%) (n =196; 44%) (n =104; 23%) (n =146; 33%) q Value
LTA 130 (29) 60 (31) 15 (14) 55 (38) 0.002
Type of arrhythmia
SVT 92 (74) 45 (79) 8 (53) 39 (75) 0.982
VF 20 (16) 6 (11) 5(33) 9 (17)
ICD shock 12 (10) 6 (1) 2(14) 4 (8)
Heart rate of LTA, beats/min 235 (210, 260) 238 (220, 255) 270 (220, 270) 235 (200, 250) 0.650
Morphology 0.009
RBBB 27 (29) 10 (22) 7 (78) 10 (25)
LBBB 63 (67) 35 (78) 1(11) 29 (68)
ICD shock 4 (4) 0 (0) 101 3
Heart failure 36 (8) 2() 6 (6) 28 (19) <0.001
Death 18 (4) 2(M 2(2) 14 (10) <0.001
Cause of death 0.471
SCD 4 (22) 2 (50) 0 (0) 2 (15)
Heart failure 6 (33) 0 (0) 2 (100) 4 @30
Noncardiac causes 8 (45) 0 (0) 0 (0) 8 (54)
Heart transplantation 16 (4) 0 (0) 2(2) 14 (10) <0.001
SCD 13 (3) 2(1) 5 (5) 6 (4) 0.471
SCD as first manifestation 9 (69) 1(50) 4 (80) 4 (67) 0.329
Hot phase episode 37 (8) 9 (5) 15 (14) 13 (9) 0.071
Values are n (%) or median (Q1, Q3). Overall, the type of arrhythmia was available in 124 of 130 patients (95%), in detail: 57 of 50 (95%) ARVC, 15 of 15 (100%) ALVC, and 52 of
55 (95%) BIV.
LTA = life-threatening arrhythmias; SCD = sudden cardiac death; sVT = sustained ventricular tachycardia; VF = ventricular fibrillation; other abbreviations as in Tables 1 and 3.

1.91-7.76]; P < 0.001). Conversely, they demonstrated
a lower survival free from HF (overall P < 0.001; ALVC
vs ARVC HR: 3.18 [95% CI: 0.50-20.08]; BIV vs ARVC
HR: 19.27 [95% CI: 3.42-108.85]; BIV vs ALVC HR: 6.05
[95% CI: 1.55-23.57], HP (overall P < 0.001; ALVC vs
ARVC HR: 3.28 [95% CI: 1.09-9.87]; BIV vs ARVC HR:
1.60 [95% CI: 0.46-5.52]; BIV vs ALVC HR: 0.46
[95% CI: 0.188-1.26]) in patients with LV involvement.
No differences among the 3 groups were observed as
far as SCD (overall P = 0.089; ALVC vs ARVC HR: 3.70
[95% CI: 0.67-20.28]; BIV vs ARVC HR: 2.77 [95% CI:
0.54-14.01] BIV vs ALVC HR: 0.75 [95% CI: 0.20-2.75])
(Figure 1). Based on the age of diagnosis, HP was
significantly higher in younger patients only in the
ALCV cohort (P = 0.039) (Supplemental Table 4).
However, no significant differences in outcome were
observed for all other outcomes across cohorts.
Finally, the outcomes were analyzed in the 3 sub-
groups considering only patients carrying causative
variants on desmosomal genes, without observing
differences from the overall cohort (Supplemental
Table 5).

STUDY POPULATION AND THE PHENOTYPIC APPROACH
BY EUROPEAN SOCIETY OF CARDIOLOGY GUIDELINES.
The 104 patients classified as having ALVC were
reviewed by applying the recently proposed pheno-
typic approach in the European Society of Cardiology
guidelines for the management of definitions of

cardiomyopathies. A total of 39 patients showed an
LV dilatation, and therefore could be referred to as
DCM, and the remaining 65 patients had normal LVs,
so they could now be referred to as nondilated left
ventricular cardiomyopathy. However, as evidenced
in Table 1, all patients except 6 eventually reached a
diagnosis of ARVC according to the 2010 task force
criteria (certain 76%, borderline 13%, and possible
11%). Furthermore, as far as the 104 ALVC cases are
concerned, all except one reached an ARVC diagnosis
(certain in 33%, borderline in 32%, and possible
diagnosis in 35%).

DISCUSSION

In recent years, ACM has been recognized as having a
wide clinical spectrum, encompassing phenotypes
ranging from ARVC to BIV to ALVC.>” To date, studies
that systematically compare the clinical and instru-
mental features of patients with different phenotypic
forms of ACM to assess the impact of phenotypic
expression on disease outcome are lacking.

As summarized in the Central Illustration, our
analysis revealed that the incidence and recurrence of
LTA is significantly higher in patients with ARVC and
BIV forms than in those with an ALVC phenotype. In
contrast, patients with ALVC and BIV forms have a
higher incidence of HF and HP episodes.
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FIGURE 1 Cumulative Incidence Functions Depicting Survival Free From Major Cardiac Events by Phenotype
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Each panel illustrates the respective HRs between phenotypes, after adjustments for age and sex. Cumulative incidence analysis revealed that the right-dominant
arrhythmogenic cardiomyopathy (ARVC) and biventricular arrhythmogenic cardiomyopathy (BIV) groups had lower life-threatening arrhythmia-free survival compared
with ALVC. Conversely, patients with left ventricular involvement had lower heart failure and hot phase-free survival. No differences regarding sudden cardiac death

were found among the 3 groups.

ARRHYTHMIC OUTCOME IN ACM PATIENTS IN
RELATION TO PHENOTYPIC EXPRESSION. Our data
demonstrated a strong association between the
presence of RV involvement and the prognosis in
terms of LTA, because all patients with LTA had a
moderate to severe RV involvement (ARVC and BIV).
Conversely Aquaro et al,'”” who evaluated 140 ACM
patients and found that those with LV involvement

had a worse prognosis compared with those with
isolated RV involvement. Thus, our findings confirm
previous data and provide further evidence that RV
involvement plays a crucial role in determining the
prognosis of patients with ACM and LTA.'®"2!
Recently, a score system has been implemented to
estimate the risk of LTA in ACM patients based on
several clinical and instrumental parameters.
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Interestingly, RVEF was included among these pa-
rameters, whereas LVEF was excluded following
multivariate regression analysis. It should be
emphasized that the validation population consisted
of patients carrying a causative variant on PKP2.*
Subsequently, this model was subjected to external
validation where it was observed that the ARVC risk
model performs reasonably well in gene-positive
ARVC (particularly for PKP2) but is more limited in
gene-elusive patients.'® It is worth noting that a sig-
nificant proportion of patients with ACM, including
our study population, are gene-elusive. In this sub-
group of patients, the evaluation of phenotype be-
comes particularly important because it may
contribute to arrhythmic risk stratification.

Additionally, it is noteworthy that the ALVC cohort
exhibits a significantly higher incidence of primary
prevention ICD implantations compared with groups
with RV involvement. To date, except for subgroups
of patients with specific causative genetic variants,®
arrhythmic risk stratification remains challenging
because of the lack of universally accepted and vali-
dated criteria from multicenter studies, leading to a
more cautious approach in SCD prevention.

GENETIC FINDINGS IN THE ACM COHORT AND THEIR
POSSIBLE ROLE ON ARRHYTHMIC RISK STRATIFICATION.
Regarding the genetic background, in our population
we observed a positive genetic test in 49% of pa-
tients. Furthermore, a predominance of PKP2 causa-
tive variants was found in the ARVC phenotype (69%
of genetic-positive patients), whereas in the ALVC
forms, the most represented variants were those of
the DSP gene (63%). We found that the PKP2 group
had a reduced LTA-free survival and a significantly
higher risk than the DSP group. Smith et al'® analyzed
a series of patients carrying a truncated DSP variant
and found that LV involvement was present in the
majority of cases. Differently from our data, they
found a similar incidence of LTA in the 2 groups."
The authors analyzed the risk factors in the 2 sub-
groups and found that in DSP patients the risk of
developing LTA increased in the presence of mildly
reduced LV ejection fraction. On the other hand, in
PKP2 patients, the risk of developing arrhythmic
events was associated with the presence of RV
dysfunction and of frequent PVCs."

HF IN ACM FORMS IN RELATION TO PHENOTYPIC
EXPRESSION. ACM forms
demonstrated an inferior HF-free survival compared
with ARVC, log-rank P = 0.001. Similarly, the inci-
dence of HT was higher in BIV and ALVC forms
(P < 0.001). Gilotra et al*® analyzed a series of ACM
patients with HF episodes and found that the

with LV-involvement
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majority (80%) had an ARVC form and only 20% a BIV
phenotype. Interestingly, in our series, HF was not
always a late complication of the disease, because it
was observed in 22% of cases in patients aged
<18 years at diagnosis, sometimes as the first symp-
tom of the disease. Thus, in patients with LV
involvement, the early implementation of therapeu-
tic strategies for HF should be highly recommended.

Similar findings were found in the study by Surget
et al*° who reported that children diagnosed with
ACM before puberty more frequently presented with
BIV or ALVC phenotype and had a poorer prognosis
caused by severe HF. Overall, in our cohort, 44% of
patients with HF episodes underwent HT. This
finding suggests the need for close follow-up in this
subgroup of patients, utilizing an integrated clinical
and instrumental comprehensive approach such as
cardio-pulmonary exercise testing, which recent
studies indicate as a prognostic tool for heart
transplantation.”!

HP EPISODES. In our cohort, 8% of patients experi-
enced at least one episode of HP. Although without
achieving statistical significance, probably because of
the small sample size, they were more common in
ALVC (n = 15 [14%]), but were also observed in BIV
(n =13 [9%]) and ARVC groups (n = 9 [5%]; P = 0.071).
These data suggest that the phenomenon may be
present in all disease phenotypes, but it is more
common in ALVC forms. From the genetic perspec-
tive, consistent with a previous study,”* the most
frequently observed causative variants were DSP
(n = 11 [30%]), followed by DSG2 (n = 6 [16%]), PKP2
(n = 6 [16%]), and DES (n = 1 [3%]). In addition, a
significant percentage of patients were gene-elusive
(n =13 [35%]).

The HP phenomenon has an incidence that ranges
from 5% to 25% of patients in different ACM
series,'®?* with a higher incidence observed in dis-
ease forms with LV involvement. Similarly, to our
data, the most frequently detected causative gene
was DSP.'9->4-25

Furthermore, in our ACM cohort 16% of patients
with HP had a causative genetic variant in PKP2 gene.
This is in contrast to what was observed by Smith
et al,’” who analyzed a large cohort of PKP2 genetic
carriers and did not find any HP episode.

Regarding phenotype, in our cohort the majority of
patients with HP had an ALVC or BIV form. It has been
speculated that, given the greater thickness of LV, the
inflammatory process could be more symptomatic in
ACM forms with LV involvement.'® Recently, several
studies analyzed the presence of P/LP genetic variant
in desmosomal genes in patients with recurrent
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myocarditis. When compared with gene-elusive pa-
tients, those with desmosomal variants had a higher
risk of ventricular arrhythmias and a greater extent of
LV fibrosis.?®*’ In our cohort, patients with HP epi-
sodes showed LTA with similar incidence in the 3
phenotypes. Thus, our data confirm that HP episodes
can occur in a significative percentage of patients
with ALVC forms and suggest close monitoring for the
risk of developing LTA.

STUDY LIMITATIONS. The sample size could poten-
tially affect the statistical power to detect significant
associations. Additionally, as this is a single-center
study, there is a possibility of selection bias,
because patients referred to our department may
have more severe phenotypes.

A further limitation is the retrospective setting of
the study. Moreover, the variation in the duration of
follow-up between patients may impact the assess-
ment of outcomes, particularly for ALVC forms.
Consequently, there is a need for further multicenter
prospective investigations to validate these results.

CONCLUSIONS

In the context of ACM, a specific phenotype may
provide insights into predicting patient outcomes. In
our study, we observed that patients with RV
involvement had a higher incidence of LTA.
Conversely, patients with predominant LV involve-
ment exhibited a higher incidence of HF and HP.
Evaluation of ventricular morphological abnormal-
ities may help promote the adoption of personalized

JACC VOL. 83, NO. 8, 2024
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preventive measures to reduce the risk of LTA and to
enable the early implementation of therapeutic stra-
tegies for HF in affected individuals
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Phenotypic variations among patients with ACM are
related to clinical outcomes. LTA, worsening HF, and
cardiovascular mortality occur more often in those
with RV and biventricular than LV cardiomyopathic
phenotypes.

TRANSLATIONAL OUTLOOK: Further studies are
needed to uncover the mechanisms linking phenotypic
features to differences in arrhythmogenicity and the
frequency and severity of other adverse clinical
events.
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