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BACKGROUND Desmoplakin (DSP) genetic variants have been re-
ported in arrhythmogenic cardiomyopathy with particular regard
to predominant left ventricular (LV) involvement.

OBJECTIVE The purpose of this study was to improve our under-
standing of clinical phenotype and outcome of DSP variant carriers.

METHODS The clinical picture and outcome of 73 patients (36%
probands) harboring a pathogenic/likely pathogenic DSP variant
were evaluated.

RESULTS The phenotype during follow-up (mean 11 years; range
1–39 years) changed in 25 patients (35%), arrhythmogenic LV car-
diomyopathy (ALVC) forms being the most frequent (n5 26 [36%]),
followed by biventricular (BIV; n 5 20 [27%]) and arrhythmogenic
right ventricular cardiomyopathy (ARVC; n5 16 [22%]) forms. Ma-
jor ventricular arrhythmias were detected in 21 patients (29%), and
they were more common in ARVC (n 5 6, 56%) and BIV forms (n 5
8, 40%) than in ALVC forms (n 5 4, 15%). In patients with ALVC,
major ventricular arrhythmias occurred in the setting of a normal/
mildly reduced systolic function. Heart failure (HF) occurred in
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6 patients (8%); none affected with ALVC. Females showed more
commonly LV involvement, while ARVC forms were more frequently
detected in males (21 [61%] vs 15 [38%]; P5 .147). Males showed
a higher incidence of major ventricular arrhythmias (18 [52%] vs 9
[24%]; P 5 .036), HF (11 [31%] vs 1 [3%]; P 5 .004), and cardiac
death (11 [31%] vs 0 [0%]; P , .001).

CONCLUSION The clinical phenotype in pathogenic/likely patho-
genic DSP variant carriers is wide. Although most patients show
LV involvement, 16 (22%) has right ventricular abnormalities in
keeping with a “classical” arrhythmogenic cardiomyopathy form.
In ALVC, HF and major ventricular arrhythmias seem less common
than in right ventricular and BIV variants. Females show more
frequently LV involvement and a better outcome.

KEYWORDS Desmoplakin; Arrhythmogenic cardiomyopathy; Dilated
cardiomyopathy; Ventricular arrhythmias; Sudden cardiac death
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Introduction
Rare variants in the desmoplakin (DSP) gene were for the
first time linked to cardiomyopathy in patients with Carvajal
syndrome, a cardiocutaneous syndrome characterized by
dilated cardiomyopathy (DCM), palmoplantar keratoderma,
and woolly hair.1 Few years later, an association between
DSP variants and arrhythmogenic cardiomyopathy (ACM)
was reported by our group.2,3

In 2008, Sen-Chowdhry et al4 described a clinical entity
named “arrhythmogenic left dominant cardiomyopathy”
(ALVC) characterized by a predominant left ventricular
(LV) involvement, with no or minor right ventricular (RV)
abnormalities. The phenotype of ACM has then been recog-
nized to be wider than previously thought, including right
dominant (arrhythmogenic RV cardiomyopathy [ARVC])
and left dominant (ALVC) forms at the extremes of the spec-
trum.5 In the following years, several studies demonstrated a
correlation between ALVC and radicalDSP variants.5,6 More
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recently, Smith et al7 collected a series of patients carrying
DSP truncating variants proposing the term “desmoplakin
cardiomyopathy” to describe a clinical phenotype character-
ized by a large amount of LV fibrosis, episodes of myocardial
necrosis, and a significant degree of electrical.

In this article we present a retrospective study regarding
clinical features of a large single-center cohort of consecutive
patients carrying pathogenic/likely pathogenic (P/LP) DSP
variants with long follow-up with the aim to achieve new in-
sights into the clinical spectrum and outcome.
Methods
From the entire cohort of probands and family members fol-
lowed at the cardiomyopathy unit of the University of Padua,
we selected those carrying a P/LP variant of the DSP gene.
Patients with variants in other genes were excluded.

All patients provided written informed consent before in-
clusion in the study in accordance with the protocol approved
by the regional ethics committee. All clinical investigations
were conducted according to the principles expressed in the
Declaration of Helsinki.

Patients underwent a complete clinical and evaluation
assessment with personal and family history, 12-lead electro-
cardiogram (ECG), 24-hour Holter ECG, 2-dimensional
echocardiogram, and cardiac magnetic resonance (CMR).
When available, ventricular arrythmia morphology (left
bundle branch block [LBBB] and right bundle branch block
[RBBB]) was reported.

Similar to other authors’ publications, subjects were
divided into different groups (ALVC, ARVC, and biventric-
ular [BIV] forms)4,7 according to RV and LV function with
the aim to compare clinical and instrumental data. Details
are reported in Online Supplemental Methods.

Rare DSP (NM 004415.2) variants were described to be
linked to ACM, suggesting the need to assess the diagnostic
value of 2010 ACM Task Force criteria and of recently pub-
lished Padua criteria.8,9 The latter, although not yet validated
in multicenter cohorts, is characterized by an increased sensi-
tivity for the diagnosis of left dominant forms through the im-
plementation of new parameters as morphofunctional and
tissue characterization of the LV at CMR, ECG repolariza-
tion changes in inferolateral leads, and arrhythmia
morphology in keeping with LV origin (RBBBmorphology).

The presence of previous myocarditis, defined as hospital
admission due to chest pain and myocardial damage markers
detection in the absence of coronary arteries disease, was
investigated.7,10 Patients entered a follow-up program with
a yearly evaluation with the same protocol.

The detailed description of the protocol followed for ECG,
echocardiogram, CMR, genetic analysis, and statistical ana-
lyses has been provided in Online Supplemental Methods.
Results
We identified a total of 112 patients carrying a DSP variant,
of whom 18 were excluded as carriers of benign variants and
21 carriers of variant of uncertain significance. A total of 73
subjects harboring a P/LP DSP variant (26 probands [36%];
median age at diagnosis 33 years; interquartile range 19–50
years) were eventually enrolled (Online Supplemental
Table 1).

Curly hairs were present in 32 patients (44%): in detail, 4
(36%) without cardiac phenotype, 6 (38%) with ARVC, 9
(34%) with ALVC, and 13 (65%) with a BIV form. Further-
more, only 1 patient belonging to ALVC had palmoplantar
keratoderma.

Taking into consideration the 26 probands, 7 (27%) had a
family history of sudden cardiac death (SCD) and 13 (50%)
of cardiomyopathy (ACM in 12 cases and DCM in 1 case).
The reason for first evaluation was detection of ventricular
arrhythmia (VA) (n 5 14 [54%]) or ECG abnormalities
(n 5 12 [46%]). One proband died suddenly after a first car-
diac evaluation, and genetic analysis was performed post-
mortem.11

Among the 26 probands carrying a P/LP DSP variant,
we were able to screen family members in 19 (73%) pa-
tients. Overall, 87 family members were analyzed with
identification of a P/LP DSP variant in 47 (54%) subjects.
Thus, a total of 73 patients were finally included in our
cohort. Five family members (11%) already had a diag-
nosis of cardiac disease. The relative risk of developing
ACM features in family members carrying a P/LP DSP
variant is increased (relative risk 23.34; P , .0001) as
compared to the general population, but similar survival
rates were seen after adjustment for age and cause of
ACM in this cohort. As such, the presence of familial
clustering does not necessarily affect the results.
Genotype-phenotype correlation
At the first evaluation, 20 of 73 patients (27%; 11 males and 9
females; mean age 36 6 17 years; minimum 18 years;
maximum 69 years) were classified as having ARVC, 26
(36%; 13 males and 13 females; mean age 36 6 16 years;
minimum 12 years; maximum 66 years) had ALVC, and 7
(10%; 4 males and 3 females; mean age 516 19 years; min-
imum 18 years; maximum 74 years) had a BIV form. A total
of 20 P/LP DSP variant carriers (27%; 7 males, 13 females;
mean age 29 6 21 years; minimum 9 years; maximum 84
years), all family members, did not show any morphological
or tissue abnormality.

At the last evaluation, 20 patients (27%; 8 males and 12
females; mean age 36 6 15 years; minimum 10 years;
maximum 65 years) were classified in a different phenotypic
group as compared with the first evaluation. ALVC was
confirmed as the most common clinical phenotype (36%; 9
males and 17 females; mean age 34 6 18 years; minimum
10 years; maximum 66 years), followed by BIV form
(27%; 9 males and 11 females; mean age 426 16 years; min-
imum 18 years; maximum 74 years) and ARVC (22%; 11
males and 5 females; mean age 36 6 18 years; minimum
18 years; maximum 69 years) (Figure 1). A total of 11
P/LP DSP variant carriers (15%; mean age 26 6 24 years)
still showed unremarkable instrumental findings.



Figure 1 Analysis of the phenotypic variation observed during the mean 11-year follow-up period.A: Clinical phenotypes at the first evaluation and at the end
of follow-up. B: Transitions from initial to last phenotypic expression. ALVC 5 left dominant phenotype; ARVC 5 right dominant phenotype; BIV 5 biven-
tricular phenotype; NP 5 no phenotype.

Bariani et al Desmoplakin Cardiomyopathy 1317
By using the 2010 ACM criteria, a definite diagnosis was
achieved in 32 patients (42%; 19 males and 13 females), with
a significant difference when comparing ALVC and ARVC
or BIV form (23% vs 69% and 75%, respectively;
P 5 .009). When applying the Padua criteria, 49 patients
(67%; 23 males and 26 females) reached a definite diagnosis.
Furthermore, we performed a comparative analysis with the
2010 Task Force criteria that did not demonstrate an increase
in sensitivity for predicting arrhythmic events, heart failure
(HF), or sudden death (P 5 .537).

Considering sex analysis, the ALVC (17 females [65%]),
BIV (11 females [55%]), and unaffected (6 females [55%])
groups consisted mainly of female subjects as compared
with the ARVC group (5 females [31%]) (P 5 .204).

The clinical characteristics of patients at last follow-up are
summarized in Table 1.

In 8 of 19 families (42%), an intrafamilial variability with
the presence of patients with ALVC and BIV/ARVC was
observed (Figures 2 and 3).
ECG features
ECG features are summarized in Table 2. All subjects were in
sinus rhythm except 1 (1%) who presented with atrial fibril-
lation. The most common findings were low QRS voltages in
the limb leads (n5 32 [44%]), followed by T-wave inversion
(TWI) in leads V1–V3 (n 5 15 [21%]) and in leads V4–V6
(n 5 16 [22%]). A total of 13 patients (18%) showed low
QRS voltages in the precordial leads as well. The epsilon
wave was uncommon (n 5 2 [3%]).

Eight patients (11%) developed a first-degree atrioven-
tricular block, which remained unchanged during follow-
up. In 12 cases (16%), a fragmented QRS complex was
observed. One patient (1%) showed LBBB, and 3 (4%)
RBBB.

A comparison between the 3 phenotypic groups showed
that TWI in leads V1–V3 were more common in the ARVC
group (n 5 7 [44%]) than in the ALVC group (n 5 2
[8%]) (P 5 .024). Similarly, low QRS voltages in the
limb leads were found more frequently in those with
ALVC (n 5 13 [50%]) and a BIV form (n 5 12 [60%])
than in those with ARVC (n5 6 [38%]) (P5 .037). No other
significant differences were found (Table 2).
VAs
A 24-hour ECG Holter monitor was available in all 73 sub-
jects, and in 46 (63%), the presence of VA was documented.
In detail, 18 patients (39%) showed rare premature ventricu-
lar contractions (PVCs), 20 (43%) frequent PVCs (.500 per
24 hours), and 8 (17) nonsustained ventricular tachycardia
episodes.

Analysis of VA morphology was available for 45 subjects
(71%) and showed LBBB morphology in 30 (87% ARVC



Table 1 General data of patients with a pathogenic/likely pathogenic variant on the DSP gene at the end of follow-up

Variable

Phenotype

P
Overall
(N 5 73 [100%])

Unaffected
(n 5 11 [15%])

ARVC
(n 5 16 [22%])

ALVC
(n 5 26 [36%])

BIV
(n 5 20 [27%])

Age at diagnosis (y) 33 (19–50) 14 (10–44) 33 (30–51) 27 (18–45) 44 (30–51) .028
Male sex 34 (47) 5 (46) 11 (68) 9 (35) 9 (45) .204
Probands 26 (36) 0 (0) 7 (54) 8 (31) 11 (52) .001
Myocarditis 11 (15) 0 (0) 3 (19) 5 (19) 3 (15) .530
Family history of SCD 22 (30) 3 (27) 4 (25) 10 (39) 5 (25) .754
Family history of DCM 5 (7) 0 (0) 0 (0) 3 (12) 2 (10) .524
Family history of ACM 53 (73) 11 (100) 8 (50) 19 (73) 15 (75) .034
Syncope 10 (16) 1 (9) 1 (6) 4 (15) 3 (15) .568
Atrial fibrillation 2 (3) 0 (0) 2 (14) 0 (0) 0 (0) .067
ICD 26 (36) 0 (0) 8 (50) 6 (23) 12 (60) .001
Diagnosis
Certain 32 (42) 0 (0) 11 (69) 6 (23) 15 (75) ,.001
Borderline 21 (29) 0 (0) 4 (25) 15 (58) 2 (10)
Possible 9 (12) 0 (0) 1 (6) 5 (19) 3 (15)
No diagnosis 11 (15) 11 (100) 0 (0) 0 (0) 0 (0)

Continuous variables are expressed as median (25th–75th percentile). Categorical variables are expressed as absolute number (percentage).
ACM 5 arrhythmogenic cardiomyopathy; ALVC 5 arrhythmogenic left dominant cardiomyopathy; ARVC 5 arrhythmogenic right ventricular

cardiomyopathy; BIV 5 biventricular; DCM 5 dilated cardiomyopathy; ICD 5 implantable cardioverter-defibrillator; SCD 5 sudden cardiac death.
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and 80% BIV form; P 5 .676) and RBBB in 15 cases (42%
ALVC and 20% BIV form; P 5 .128).

A total of 26 subjects (36%; 14 males and 12 females)
received an implantable cardioverter-defibrillator, and a sig-
nificant difference was observed between those with ARVC
(n5 8 [50%]) and those with ALVC (n5 19 [73%]) or a BIV
form (n 5 15 [75%]) (P 5 .001).
CMR findings
CMR was available in 56 patients (77%). Data on BIV
dimension, function, wall motion alteration, and tissue char-
acterization are reported in Table 2.

Analysis of RV parameters showed that subjects with
BIV and ARVC forms did not differ significantly. In
LV analysis, end-diastolic volume values were higher (P
5 .003) and ejection fraction (EF) was lower in BIV
forms than in ARVC and ALVC forms (P 5 .003).
Regarding LV–late gadolinium enhancement (LGE), the
most peculiar pattern of distribution was the subepicardial
stria, frequently located in the basal segments of the in-
ferolateral wall. In ALVC and BIV forms, the extent of
LGE often exceeded 2 segments, in contrast to ARVC
forms (P 5 .012).
Episodes of clinically suspected myocarditis
A total of 11 subjects (15%; 6 probands and 5 family mem-
bers; 4 males and 7 females; mean age 27 6 13 years) expe-
rienced episodes of chest pain with myocardial enzyme
release in the presence of normal coronary arteries. None of
them showed major VAs (MVAs) during the acute event,
while 2 had MVAs during follow-up (mean 6 years). None
of these patients experienced HF either during the myocardial
episode or during follow-up.
Follow-up
The mean follow-up period was 11 years (range 1–39
years). No statistical difference was found between the
3 phenotypes regarding the number of PVCs both at
the first (P 5 .113) and at the last (P 5 .086)
evaluation.

At the first evaluation, 39 patients (53%) were on medical
therapy, and the most common drugs were b-blockers (67%)
and sotalol (23%). At last follow-up, 50 patients (68%) were
on antiarrhythmic therapy (70% b-blockers, 23% sotalol, and
7% amiodarone).

A detailed description of major arrhythmic events,
comprehensive of SCD, divided according to phenotype, is
provided in Online Supplemental Table 2.

Documented MVAs occurred in 21 subjects (29%; 14
males and 7 females; P 5 .039; mean age at event 45 6
15 years), and significant differences were found among
the 3 groups (ARVC: n 5 9 [56%]; ALVC: n 5 4
[15%]; BIV: n 5 8 [40%]; ARVC vs ALVC, P 5
.014). In patients with sustained ventricular tachycardia,
the mean cycle length observed was 251 6 33 bpm.
All subjects with an ALVC form and MVAs showed
normal or mildly reduced EF (mean 53% 6 10%; mini-
mum 40%; maximum 68%).

Eight patients (7 males and 1 female; median age 48
years; interquartile range 29–65 years; P 5 .018) died dur-
ing follow-up because of a cardiac cause (ARVC: n 5 5
[31%]; ALVC: n 5 1 [4%]; BIV: n 5 2 [10%]; P 5
.009): refractory HF in 2 cases and SCD with an autopsy
finding in keeping with ACM in the remaining 6. Two
additional patients died of noncardiac causes. Episodes of
HF occurred in 6 patients (8%). In detail, 2 had an
ARVC form (13%; 1 female and 1 male) and 4 a BIV
form (20%; 3 males and 1 female) while none belonged



Figure 2 Family trees of 4 families with a P/LP variant on the DSP gene. Black squares and circles indicate affected males and females, respectively. White
squares and circles indicate healthy males and females, respectively. The1 sign indicates the presence of the variant in the subject; the arrow indicate the pro-
band; and the crossed-out square or circle indicates that the subject is dead. The corner panels contain brief clinical information, including change in phenotype
during follow-up. ARVC arrhythmogenic righ ventricular cardiomyopathy; ALVC 5 arrhythmogenic left dominant cardiomyopathy; BIV5 biventricular
phenotype; DSP 5 desmoplakin; HF 5 heart failure; ICD 5 implantable cardioverter-defibrillator; LGE 5 late gadolinium enhancement; LV 5 left ventricle;
NSVT5 non sustained ventricular tachycardia; P/LP5 pathogenic/likely pathogenic; PVCs5 premature ventricular contractions; SCD5 sudden cardiac death;
sVT 5 sustained ventricular tachycardia.
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to the ALVC group (P 5 .001). One female patient was
transplanted because of refractory HF at the age of 67
years (Table 3).

Males showed a higher incidence of MVAs (52% vs 24%;
P5 .036), HF episodes (31% vs 3%; P5 .004), and cardiac
death (31% vs 0%; P � .001) than did females.

In Kaplan-Meier analysis, ARVC forms had a worse
event-free survival when compared with the other pheno-
typic groups regarding death from cardiac causes (log-
rank, P 5 .020). No significant difference among the 3
ACM phenotypes was observed regarding HF-free survival
(log-rank, P 5 .342). In addition, males appeared to have
lower major arrhythmia-free survival than females,
although this did not reach a statistical significance (log-
rank, P 5 .060).

Regarding MVAs event-free survival analyses (Figure 4),
we observed a higher arrhythmic burden in ARVC forms
than in disease forms with LV involvement when evaluated
from birth (log-rank, P 5 .005) (Figure 4A). Considering
only the follow-up period (Figure 4B), a trend of increased
arrhythmogenicity in ARVC forms was present, even if the
difference among the 4 groups was not statistically signifi-
cant (log-rank, P 5 .207). The Kaplan-Meier curve
(Figure 4C) shows a worse composite outcome in ARVC
forms as compared with ALVC forms (log-rank, P 5
.0374). Patients without a phenotype do not have any major
event during follow-up.
Autopsy findings
Autopsy was performed in 5 of 8 subjects (63%) who died of
cardiac causes, all SCD except 1 with HF. Heart weight
ranged from normal values to cardiomegaly (300–760 g).
Ventricular chamber dilatation was evident in 3, with RV an-
eurysms in 2. The LV was involved in all, in the setting of an
ALVC pattern in 3 (60%), and BIV in 2 (40%) (Figure 5). Fi-
brofatty replacement of the LV free wall typically involved
the subepicardial and mid-mural layers with transmural
extension and wall thinning but no aneurysm formation in
1 of 5 patients (20%). Cardiomyopathic changes were de-
tected in all except 1 (20%) who showed an “infarct-like”
band of acute-subacute myocyte necrosis associated with
inflammation in the outer mid–subepicardial layer of the
posteroseptal and posterolateral walls of the LV, findings
consistent with an early stage of disease onset (previously re-
ported).3 Noteworthy, 1 additional patient (20%) had an en-
domyocardial biopsy 20 years before detecting active
myocarditis.



Figure 3 Phenotype variability within family 1. Panel 1: ECG and CMR of subject III-1. Panel 2: Same examinations of subject III-3. In the first patient, ECG
demonstrates the presence of TWI from leads V1–V3 (A) and CMR shows mild RV dilatation and moderate dysfunction with anterior and inferior wall akinesia in
themid-apical segments (B); in the same regions, fibrofatty infiltration was present (CandD). In the second patient, ECG shows diffuse lowQRS voltages (E) and
CMR demonstrates a mild LV dilatation with moderate systolic dysfunction (F). After gadolinium administration, circumferential LGE appeared (G and H).
CMR 5 cardiac magnetic resonance; ECG 5 electrocardiography; LGE 5 late gadolinium enhancement; LV 5 left ventricle; RV 5 right ventricle; TWI 5
T-wave inversion.

1320 Heart Rhythm, Vol 19, No 8, August 2022
Discussion
By analyzing the clinical features and outcome of a consecu-
tive series of patients carrying P/LPDSP genetic variants, we
evidenced a wide phenotypic spectrum with a prevalence of
LV involvement. However, 16 subjects (22%) showed
ARVC fulfilling the 2010 ACM diagnostic criteria, and
within the same family, different clinical phenotypes were
diagnosed. CMR with tissue characterization confirms its



Table 2 Instrumental findings of patients with a pathogenic/likely pathogenic variant on the DSP gene at the end of follow-up

Variable

Phenotype

P
Overall
(N 5 73 [100%])

Unaffected
(n 5 11 [15%])

ARVC
(n 5 16 [22%])

ALVD
(n 5 26 [36%])

BIV
(n 5 20 [27%])

TWI V1–V3 15 (21) 0 (0) 7 (44) 2 (8) 6 (30) .024
TWI V4–V6 16 (22) 0 (0) 5 (31) 5 (19) 6 (30) .174
TWI inf leads 8 (11) 0 (0) 2 (13) 4 (15) 2 (10) .677
Epsilon wave 2 (3) 0 (0) 2 (10) 0 (0) 0 (0) .206
LQRS voltages in the precordial leads 13 (18) 0 (0) 2 (13) 6 (23) 5 (25) .291
LQRS voltages in the limb leads 32 (44) 1 (9) 6 (38) 13 (50) 12 (60) .037
WMA RV 22 (39) 0 (0) 4 (80) 7 (30) 11 (65) .012
LGE RV 17 (30) 0 (0) 4 (80) 0 (0) 13 (77) ,.001
EF RV 55 (47–63) 63 (60–67) 46 (43–58) 57 (54–65) 45 (40–54) ,.001
EDV RV 78 (69–103) 69 (55–79) 111 (101–117) 76 (68–86) 83 (82–89) .002
FAT RV 11 (20) 0 (0) 2 (40) 2 (9) 7 (41) .046
FAT LV 23 (41) 0 (0) 3 (60) 9 (39) 11 (65) .093
EDV LV 85 (75–106) 66 (57–80) 83 (82–89) 84 (82–94) 105 (87–120) .003
EF LV 52 (44–63) 69 (64–77) 56 (55–63) 55 (46–63) 47 (36–53) .003
WMA LV 25 (45) 0 (0) 2 (40) 11 (48) 12 (71) .068
LGE LV 40 (72) 0 (0) 2 (40) 21 (91) 15 (88) .001
LGE LV .2 segments 33 (59) 0 (0) 0 (0) 19 (83) 11 (65) .012

Continuous variables are expressed as median (25th–75th percentile). Categorical variables as absolute number (percentage).
ALVC5 arrhythmogenic left dominant cardiomyopathy; ARVC5 arrhythmogenic right ventricular cardiomyopathy; BIV5 biventricular; EDV5 end-diastolic

volume; EF 5 ejection fraction; inf5 inferiror; LGE5 late gadolinium enhancement; LQRS5 low QRS; LV 5 left ventricle; RV5 right ventricle; TWI5 T-wave
inversion; WMA 5 wall motion alteration.
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fundamental role in ALVC variant diagnosis. The adoption
of ACM Padua criteria in this cohort was able to significantly
increase the number of definite diagnoses. Finally, in our se-
ries, subjects with ARVC and BIV phenotypes had a signif-
icant higher incidence of HF than did those with ALVC, the
latter being characterized by a lower degree of electrical
instability.

DSP genetic variants and cardiomyopathies
Studies on genotyped subjects with ACM demonstrated
that compared with other desmosomal gene carriers, P/LP
DSP variant carriers were considerably more likely to
develop both HF and signs of LV involvement.7,12 Taking
into consideration the wide clinical phenotype of patients
carrying P/LP DSP variants, we divided our cohort into 3
groups according to ventricular systolic function: ARVC,
ALVC, and BIV. Moreover, we assessed the usefulness
of ACM Padua criteria by applying them to our cohort
Table 3 Outcome of patients with a pathogenic/likely pathogenic vari

Variable

Phenotype

Overall
(N 573 [100%])

Unaffected
(n 5 11 [15%])

A
(

MVAs 21 (29) 0 (0) 9
Death for cardiac causes 8 (13) 0 (0) 5
Heart failure 6 (8) 0 (0) 2

Categorical variables are expressed as absolute number (percentage).
ALVC5 arrhythmogenic left dominant cardiomyopathy; ARVC5 arrhythmogeni

tricular arrhythmias.
and found that they were able to significantly increase
the number of definite diagnoses. This result suggests
that the modified ACM criteria, which have been created
taking into consideration the ACM wide clinical spectrum,
play a crucial role in the clinical assessment of P/LP DSP
variant carriers even if a higher sensitivity for identifying
patients with HF and VA outcome was not investigated
so far.
Intrafamilial clinical variability in P/LP DSP variant
carriers
Many patients showed LV involvement (26 [36%] ALVC
and 20 [27%] BIV), thus confirming the association (even
if not exclusive) between P/LP DSP variants and LV ab-
normalities. An intrafamilial variability in terms of disease
phenotype was also observed. While the progression of an
ARVC to a BIV variant is already known to be common
ant on the DSP gene

P
RVC
n 5 16 [22%])

ALVC
(n 5 26 [36%])

BIV
(n 5 20 [27%])

(56) 4 (15) 8 (40) .002
(31) 1 (4) 2 (10) .009
(25) 0 (0) 4 (20) .001

c right ventricular cardiomyopathy; BIV5 biventricular; MVAs5 major ven-



Figure 4 Kaplan-Meier analysis. A: MVA-free survival from birth. B: MVA-free survival from the first clinical evaluation is considered. C: Composite
outcome-free survival. The description is reported in the text. ALVC5 arrhythmogenic left dominant cardiomyopathy; ARVC5 arrhythmogenic right ventric-
ular cardiomyopathy; BIV 5 biventricular phenotype; MVA 5 major ventricular arrhythmia; NP 5 no phenotype.
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in ACM natural history, the coexistence of ALVC and
ARVC forms even within variant carriers belonging to
the same family raises the issue of modifying factors
and genes that are not completely known up to now
(Figures 2 and 3).13–18
Figure 5 Patient II-3, family 2 with biventricular variant.A: ECG demonstrated th
voltages. B: Gross analysis of the heart at autopsy: at transverse section, evidence o
Histological confirmation of fibrofatty replacement of the myocardium in the subepi
ECG 5 electrocardiography; LV 5 left ventricular; TWI 5 T-wave inversion.
CMR findings and disease diagnosis
A CMR study with use of contrast agent has a pivotal role
in the diagnosis of cardiomyopathies. Recently, Smith
et al7 proposed the term “desmoplakin cardiomyopathy”
describing a clinical phenotype characterized by a large
e presence of TWI from leads V3–V6 and inferior leads with diffuse lowQRS
f almost circumferential LV yellow appearance of the subepicardial layer. C:
cardium of the LV wall (Heidenhain trichrome, original magnification!20).
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amount of LV fibrosis, episodes of myocardial necrosis,
and a significant degree of electrical instability. However,
this definition applied to our series was able to describe
only 26 (36%) of clinically affected patients, in contrast
to the study by Smith et al, which had 51% of patients
with an ALVC form. Indeed, RV morphological features
fulfilling a diagnosis of a “classical” ACM phenotype
was present in 16 (22%) subjects. The fundamental role
of CMR in ACM diagnosis was recently emphasized by
our group with the inclusion of LGE results in the Padua
criteria.4,10,19
Disease progression and outcome
In our cohort, 20 (27%) patients were classified in a different
phenotypic group compared to the first evaluation. The most
common change was from “no phenotype” to ALVC, with
detection in the majority of newly diagnosed cases of LV-
LGE in the absence of LV dilatation. This could suggest
that in these patients, the LV is the first chamber to be
involved, with tissue abnormalities preceding chamber dila-
tion and dysfunction.

Furthermore, 21 (29%) patients showed MVAs. The anal-
ysis of MVAs-free survival demonstrated a higher incidence
of electrical instability in ARVC forms (Figure 4A) when
considering patients’whole life, while in follow-up examina-
tion (Figure 4B) a significant difference was not found, prob-
ably reflecting the role of therapy. Finally, evaluation of the
composite outcome-free survival (Figure 4C) found the pres-
ence of a significant worse trend in patients with RV involve-
ment. Recently, Wang et al12 analyzed 91 P/LP DSP variant
carriers and found that LV EF , 35% and RV dysfunction
were prognostic for sustained VA. Even if the 2 cohorts are
different in the number of probands, phenotypic classifica-
tion, and follow-up duration, these features on LV and RV
function are usually in keeping with BIV and ARVC forms,
thus confirming the higher risk of MVAs in these patients.12

Noteworthy, according to Smith et al, all patients with
ALVC with MVAs showed normal or mildly decrease LV
systolic function, underlying the poor prognostic role of this
parameter in contrast to other cardiomyopathies such as
DCM. During follow-up, 11% experienced HF with similar
incidence inARVCandBIVvariants. Remarkably, no subject
belonging to the ALVC group experienced HF. Wang et al12

found that myocardial injury has recently been associated
with an increased incidence of HF. However, in our popula-
tion, no HF episodes were observed in patients with previous
myocarditis.
Role of sex
It is noteworthy that in our cohort, females were more
commonly diagnosed as having LV involvement, consisting
with both ALVC and BIV forms, than males, who more
frequently showed an ARVC variant. This confirms previous
observations on male prevalence in the “classical” ACM
form. Furthermore, a female prevalence in P/LP variant
DSP carriers with ALVC has been previously described.7
Regarding disease outcome, males showed a significantly
higher incidence of MVAs, HF, and cardiac death than did
females. This confirms previous data on both patients with
ACM and those with DCM.20,21
Conclusion
The phenotypic spectrum in subjects carrying P/LP DSP
variants is wide in terms of both morphological abnor-
malities and the degree of electrical instability. Although
the majority of patients show LV involvement, 16 (22%)
have RV abnormalities in keeping with the diagnosis of
“classical” ACM. In P/LP DSP variant carriers with an
ALVC phenotype, HF episodes and MVAs seem to be
less common as compared with other phenotypic forms
with RV involvement. LV systolic function cannot be
considered a valuable parameter to predict arrhythmic
risk. Sex seems to play a role in the variable phenotype
of P/LP DSP variant carriers.
Appendix
Supplementary data
Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2022.
04.015.
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