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Simple Summary: Cardiolaminopathies portend an augmented risk of atrial and ventricular ar-
rhythmias, thromboembolic events, ventricular dysfunction, and mortality. A high level of evidence
on the clinical management of cardiac involvement in this setting is still lacking, and strong rec-
ommendations cannot be formulated. Our systematic review reported the incidence rates for the
main cardiovascular outcomes in 1070 LMNA mutation carriers and 40 EMD mutation carriers, with
a minimum follow-up of one-year. Our results stressed the importance of a structured follow-up
aiming at the early recognition of atrial arrhythmias and the prevention of thromboembolic events.
In patients with a need for pacing, cardioverter–defibrillator implantation should be considered due
to the high burden of malignant ventricular arrhythmias.

Abstract: Cardiolaminopathies are a heterogeneous group of disorders which are due to mutations in
the genes encoding for nuclear lamins or their binding proteins. The whole spectrum of cardiac mani-
festations encompasses atrial arrhythmias, conduction disturbances, progressive systolic dysfunction,
and malignant ventricular arrhythmias. Despite the prognostic significance of cardiac involvement
in this setting, the current recommendations lack strong evidence. The aim of our work was to
systematically review the current data on the main cardiovascular outcomes in cardiolaminopathies.
We searched PubMed/Embase for studies focusing on cardiovascular outcomes in LMNA mutation
carriers (atrial arrhythmias, ventricular arrhythmias, sudden cardiac death, conduction disturbances,
thromboembolic events, systolic dysfunction, heart transplantation, and all-cause and cardiovascular
mortality). In total, 11 studies were included (1070 patients, mean age between 26–45 years, with
follow-up periods ranging from 2.5 years up to 45 ± 12). When available, data on the EMD-mutated
population were separately reported (40 patients). The incidence rates (IR) were individually as-
sessed for the outcomes of interest. The IR for atrial fibrillation/atrial flutter/atrial tachycardia
ranged between 6.1 and 13.9 events/100 pts–year. The IR of atrial standstill ranged between 0 and 2
events/100 pts-year. The IR for malignant ventricular arrhythmias reached 10.2 events/100 pts–year
and 15.6 events/100 pts–year for appropriate implantable cardioverter–defibrillator (ICD) interven-
tions. The IR for advanced conduction disturbances ranged between 3.2 and 7.7 events/100 pts–year.
The IR of thromboembolic events reached up to 8.9 events/100 pts–year. Our results strengthen the
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need for periodic cardiological evaluation focusing on the early recognition of atrial arrhythmias, and
possibly for the choice of preventive strategies for thromboembolic events. The frequent need for
cardiac pacing due to advanced conduction disturbances should be counterbalanced with the high
risk of malignant ventricular arrhythmias that would justify ICD over pacemaker implantation.

Keywords: arrhythmias; atrial fibrillation; heart failure; implantable cardioverter–defibrillators;
laminopathies; pacemaker; sudden cardiac death

1. Introduction

In 1966, Emery and Dreifuss for the first time reported on a family with X-linked,
recessively inherited, slowly progressive skeletal muscle weakness and wasting; early
contractures of the elbows, ankles and posterior neck; and cardiac disease [1]. The phe-
notype, age of onset and progression tendency differed individually. In the subsequent
decades, genetic and physio-pathological studies allowed the understanding of the genetic
heterogeneity of Emery–Dreifuss muscular dystrophy (EDMD) with the identification of an
X-linked form in 1994 (EDMD1, caused by mutations in the EMD gene encoding emerin)
with a prevalence of 1:100,000 [2], and an autosomal dominant form in 1999 (EDMD2,
associated with mutations in the LMNA gene encoding A-type lamins) [3]. A few months
later, forms of dilated cardiomyopathy with conduction system disorders without a skeletal
muscle phenotype were identified [4]. Between 2000 and 2014, other nuclear envelope
genes were linked to Emery–Dreifuss muscular dystrophy—EDMD4 and EDMD5—such
as SYNE1 and SYNE2 encoding the nesprins [5,6], and SUN1 and SUN2 genes [7]. More-
over, mutations in the FHL1 gene have been associated with another X-linked form called
EDMD6 [8].

Emerin is an integral protein that concentrates in the inner nuclear membrane of cells
and requires A-type lamins for its inner nuclear membrane localization. It is involved in
several cellular processes, such as chromatin tethering, gene regulation, mitosis, nuclear
assembly, and cellular signalling [9].

Lamins are the main nucleoskeletal components of the nuclear membrane, and account
for both nuclear morphology and function. In mammalian cells, three genes are responsible
for encoding seven proteins, classified as A-Type and B-Type lamins, but only mutations in
A type lamins cause cardiomyopathy [10–12]. Lamins are involved in the determination of
nuclear shape and size, in resisting deformation, and in anchoring elements of the nuclear
envelope to their proper position [11]. Moreover, A-type lamins regulate the cellular
response to mechanical, oxidative or replicative stress, chromatin dynamics, and the DNA
damage response [13].

Mutations of lamins or their binding proteins have been related to a heterogeneous
group of inherited disorders (collectively referred to as laminopathies), the phenotypic
variety of which has powered deeper insights into their structural and functional role in
nuclear architecture. Laminopathic nuclei appear misshapen, and cluster both in cultured
muscle cells and in situ in skeletal and cardiac muscle [7,14–16]. According to the “structural
hypothesis”, mutated lamins affect the mechanical properties of nuclei, and promote the
aberrant localization of their binding partners. This effect may be particularly relevant in
cells experiencing significant contractile forces, justifying the deleterious impact observed
in tissues exposed to extreme mechanical stress, i.e., skeletal and cardiac muscles. The
“gene regulation hypothesis” arises from the observation of lamins close to the sites of DNA
and RNA processing, and in specific chromatin regions called lamina-associated domains
(LADs), as well as from the finding that lamins may interact with transcription factors,
and may regulate their nuclear import or activity [17–21]. These findings suggest that
lamins may modulate gene expression according to tissue-specific patterns and variably
during development [22–25]. In particular, it has been recently shown that SCN5A sodium
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channels are affected by the K219T LMNA mutation, a condition that contributes to the
cardiac conduction defects which are typical of cardiolaminopathies [26].

In Emery–Dreifuss muscular dystrophy, cardiac manifestations may include life-
threatening bradyarrhythmias, either of sinus and atrial origin (sino-atrial blocks, atrial
standstill (ASS)) or atrioventricular blocks (AVB) (up to third-degree atrioventricular
blocks), ventricular tachyarrhythmias, sudden cardiac death (SCD), and dilated cardiomy-
opathy (DCM) with heart failure (HF) of variable degrees [27–29]. Phenotypic manifestation
in terms of cardiac and striated muscle involvement is partially age-related but is extremely
heterogeneous, such that the same patient can manifest arrhythmic and skeletal features
at the same time, or one manifestation could be present earlier than the other, or could
even not become clinically relevant for a long time [28]. This heterogeneity in clinical
manifestations and the substantial lack of high-quality evidence from controlled trials
imply that a standardized approach in risk stratification and therapeutic choices is hard to
establish, and the guideline recommendations rely on expert consensus.

Given the prognostic significance of cardiac manifestations in patients with nuclear
proteins mutations, we focused on LMNA-related diseases in adult patients, and performed
a systematic review of the available evidence in order to assess the incidence of the most
relevant cardiovascular outcomes in this specific setting.

2. Materials and Methods

The present systematic review was conducted according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) recommendations and check-
list [30]. We performed an extensive literature search using a combination of two major
medical literature databases: Pubmed and Embase. Our search was restrained to full-text
articles which were available up to 1 September 2021. No restriction was applied to the
study type or design.

The search strategy used a combination of the following terms and their MeSH:
((“Emery–Dreifuss”) OR (“LMNA”) OR (“Lamin A/C”) OR (“Laminopathies”) OR (“Mus-
cular Dystrophies”) OR (“lamin”) OR (“Laminopathy”)) AND ((“Atrial Fibrillation”) OR
(“defibrillator”) OR (“Pacemaker”) OR (“Arrhythmias”) OR (“Heart Failure”) OR (“Death,
Sudden, Cardiac”)). The whole syntax is shown in the Supplementary Materials (Table S1).

All of the studies assessing the incidence of structural cardiomyopathy, atrial ar-
rhythmias, conduction disorders, malignant arrhythmias, heart transplantation (HT) and
mortality (both all-cause and cardiovascular) were included.

We used a two-step method for the study selection. Two investigators (A.A. and A.C.V.)
independently screened the records for eligibility based on English language, titles, and
abstracts. Non-pertinent publications, genetics studies on cell cultures or animal models,
and case reports, editorials, meeting abstracts, research letters and reviews were excluded.
Second, any original study satisfying the following criteria was considered eligible for
inclusion: (i) sustained arrhythmic events (both supraventricular and ventricular), the need
for device implantation (pacemaker (PM) or implantable cardioeverter-defibrillator (ICD)),
appropriate ICD intervention, stroke, (HT), and mortality among the study outcomes;
(ii) cohorts of at least 15 subjects; and (iii) a minimum follow-up duration of one year. A
senior reviewer (G.B.) independently analysed the study selection and the data extraction
process. When two or more studies analysed the same population, we chose to include the
one with the largest cohort and the most comprehensive data (see Table S2 for the list of
studies excluded due to overlapping cohorts). Discrepancies were resolved by consensus.

When available, the following data were reported from each study: the number of
patients enrolled, their sex, their mean or median age, the mean or median follow-up period,
neuromuscular involvement, median or mean left ventricular ejection fraction (LVEF)
values, the percentage of patients with reduced LVEF, NYHA class, sinus node dysfunction,
conduction disturbances, and atrial arrhythmias. The outcomes from subgroups with
EMD-related mutations were reported separately, when available.
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In our analysis, we analysed the initial point prevalence, the incidence during the
follow-up period, and the incidence rate (IR) of the main arrhythmic events reported in the
studies: atrial arrhythmias (atrial fibrillation (AF), atrial flutter (AFL), atrial tachycardia
(AT), and ASS), major ventricular arrhythmias (composite outcome comprising sustained
ventricular tachycardia (VT), ventricular fibrillation (VF), SCD, and appropriate ICD inter-
vention), and clinically relevant conduction disturbances. We also analysed the incidence
of PM and ICD implantation, stroke, death (all-cause and cardiac) and HT.

The methodological quality of the studies were evaluated by two investigators in-
dependently (A.A. and A.C.V.) using the Newcastle–Ottawa scale in order to assess the
risk of bias for observational studies [31]. The studies were of sufficient quality when they
scored ≥5.

The continuous variables are reported as the mean or median, and the categorical
variables are reported as the number and percentage. The IR for the outcomes of interest
were calculated considering the cumulative incidence of the events in the population at
risk, and assuming the median follow-up reported in the study as the effective follow-up
period for each patient. The IR was expressed for 100 pts–year. When the effective number
of incident events could not be inferred, the prevalence at the end of the follow-up was
used as a comparison with the baseline data. In case of data on a subgroup in the study, it
is reported in the tables. For the analysis of the ICD intervention IR, when the follow-up for
patients with an ICD was not specified, we used the final prevalence of ICD implantation
and the median follow-up time to calculate the pts–year. Due to the relevant heterogeneity
among the studies in the systematic review in terms of design and reported outcomes,
an aggregate data meta-analysis could not be performed. The studies’ outcomes were
collected and reported according to these definitions, unless otherwise specified. All of the
analysis was performed using Microsoft Excel software (version 16.56).

3. Results
3.1. Literature Search and Study Screening

A systematic search of electronic databases identified a total of 8759 articles, after
removing duplicates. Of these, 8176 were excluded based on their title and abstract. The
remaining 583 were evaluated through full-text revision. Finally, 11 articles were included
in the analysis [27–29,32–39], as shown in Figure 1.
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Among the included articles, two studies were prospective [33,38], seven were ret-
rospective [27–29,32,34,35,39], and two were based on both prospective and retrospective
data [36,37]. The studies ranged from 2003 to 2021, while the sample size ranged from 18
to 269 patients. Overall, 1110 patients were included in the present analysis. Among the
studies, we identified a cohort of LMNA mutation carriers and a cohort of EMD mutation
carriers. The study design, the baseline characteristics of the patients included in the
studies, and the main findings are summarized in Table 1.

Table 1. Study design and baseline characteristics.

Study, Year Study Design Population
(n)

Age (y),
Median or

Mean ± SD

Median F-U
(y)

Women,
n (%)

Unaffected or
Asymptomatic,

n (%)

Neuromuscular
Involvement,

n (%)
Main Findings

LMNA mutation carriers

Boriani et al.
[27], 2003 Retrospective 8 (18 total

cohort) 29.5 9.5 ± 9 2 (25) 1 (12.5) 6 (75)

Pts with EMD
mutations are at great

risk to develop AF,
AFL, bradycardia,

ASS and stroke

Van
Rijsingen
et al. [32],
2012

Retrospective 269 36 3.5 121 (45) 56/248 (23) 41/198 (21)

Among LMNA
mutation carriers,

male sex, EF < 45%,
NSVT and

non-missense
mutations portend a
greater risk of MVA

Anselme
et al. [33],
2013

Prospective 47 38 ± 11 7.9 (5.1 ICD
carriers) 21 (45) N/A [isolated nm

involv.] 18 (38)

MVA are frequent in
LMNA carriers with
cardiac conduction

disorders irrespective
of EF

Van
Rijsingen
et al. [34],
2013

Retrospective 76 45 42 ± 12
(mean ± SD) 35 (46) N/A 25 (33)

LMNA mutation is an
independent

predictor of arterial
and venous TE

Kumar et al.
[28], 2016 Retrospective 122 41 7 52 (43) 18 (9) 18 (15)

LMNA-related heart
disease is associated

with a high frequency
of phenotypic

progression and
index phenotype
does not predict
adverse events

Hasselberg
et al. [29],
2018

Retrospective 79 42 ± 16 7.8 36 (46) N/A N/A

Among DCM, the
prevalence of LMNA
mutation is 6.2% with

high penetration in
asymptomatic young

genotype-positive
members. LMNA

carriers have a high
incidence of HT.

Nakajima
et al. [35],
2018

Retrospective 110 43 ± 15 5 42 (38) N/A N/A

Several cardiac
presentations are

age-related in
LMNA-related heart
disease, LVD is the
only predictor for

mortality

Peretto et al.
[36], 2019

Prospective/
Retrospective 164 38 10 84 (51) N/A 104 (63)

Many LMNA
mutation carriers

develop neurological
disease in their 30s

and cardiac
manifestation in the

next decade

Ditaranto
et al. [37],
2019

Prospective/
Retrospective 40 39 2.5 18 (45) N/A 14 (35)

Pts with
neuromuscular

presentation have an
earlier cardiac

involvement (from
AF and/or AVB to
cardiomyopathy)
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Table 1. Cont.

Study, Year Study Design Population
(n)

Age (y),
Median or

Mean ± SD

Median F-U
(y)

Women,
n (%)

Unaffected or
Asymptomatic,

n (%)

Neuromuscular
Involvement,

n (%)
Main Findings

LMNA mutation carriers

Marchel
et al. [38],
2021

Prospective 15 (45 total
cohort) 26 11 11 (73) N/A 15 (100)

Atrial arrhythmias
are common in
EMD/LMNA

mutation carriers;
they occur earlier in

EMD pts. VA are
common (60%) and

earlier in LMNA
compared to the

EMD group

Barriales-
Villa et al.
[39], 2021

Retrospective 140 42.8 M, 38 F 5 (probands), 3
(relatives) 69 (49.3) N/A 34 (24.3)

Among LMNA
mutation carriers,

NSVT and EF < 45%
were the only
independent

predictors of MVA

EMD mutation carriers

Boriani et al.
[27], 2003 Retrospective 10 (18 total

cohort)
24.5 (affected

males) 16 3 (30) 0 (0) 6 (60)

Pts with EMD
mutations are at great

risk to develop AF,
AFL, bradycardia,

ASS and stroke

Marchel
et al. [38],
2021

Prospective 30 (45 total
cohort) 21 11 6 (20) N/A 30 (100)

Atrial
arrhythmias are

common findings in
EMD/LMNA

mutation carriers,
they occurred earlier
in EMD pts. VA were
very common (60%)

in LMNA and
occurred definitely
earlier compared to

the EMD group

Legend: AF, atrial fibrillation; AFL, atrial flutter; ASS, atrial standstill; AVB, atrio-ventricular block; DCM,
dilated cardiomyopathies; EF, ejection fraction; EMD, Emery–Dreifuss; F-U, follow-up; HT, heart transplantation;
ICD, implantable cardiac defibrillator; LMNA, lamin A/C; LVD, left ventricular dysfunction; MVA, malignant
ventricular arrhythmias; NSVT, non-sustained ventricular tachycardia; Pts, patients; SD, standard deviation; TE,
thromboembolic events; VA, ventricular arrhythmias; y, years.

3.2. Methodological Quality of the Data

Among the selected studies, the methodological quality was high, with all of the
studies having a Newcastle–Ottawa scale score ≥5. The mean score was 6.1 ± 0.9 SD, as
reported in Table 2.

Table 2. Newcastle–Ottawa quality assessment for the cohort studies. “*” stands for 1 point in the
specific section.

Study Selection Comparability Outcome Total

Boriani et al. [27], 2003 ** - *** 5
Van Rijsingen et al. [32], 2012 ** ** *** 7
Anselme et al. [33], 2013 ** ** *** 7
Van Rijsingen et al. [34], 2013 ** ** *** 7
Kumar et al. [28], 2016 ** - *** 5
Hasselberg et al. [29], 2018 ** ** *** 7
Nakajima et al. [35], 2018 ** ** *** 7
Peretto et al. [36], 2019 ** - *** 5
Ditaranto et al. [37], 2019 ** - *** 5
Marchel et al. [38], 2021 ** - *** 5
Barriales-Villa et al. [39], 2021 ** ** *** 7
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3.3. Atrial Arrhythmias

Baseline reports on the personal history of previous atrial arrhythmias were available
for almost all of the selected studies. The point prevalence of atrial arrhythmias at the
baseline ranged from 12.5% to 63% in the LMNA patient cohort, and from 10% to 73.3% in
the EMD patient cohort. A very small proportion of the studies reported on the prevalence
of sinus rhythm dysfunction or sinoatrial block (SSS-SAB) at the baseline; when reported,
it ranged from 10% to 25% of the patients. The IR of AF/AFl/AT ranged between 6.1
events/100 pts–year and 13.9 events/100 pts–year. The IR for SSS/SAB was assessable
only for the population studied by Boriani et al. [27]. In this cohort, the IR for SSS/SAB was
8.6 events/100 pts–year among the LMNA group, and 3.5 events/100 pts–year in the EMD
group. The IR of ASS ranged between 0 and 2 events/100 pts–year in the LMNA cohort,
and reached 3.3 events/100 pts–year in the EMD cohort (Table 3).

3.4. Ventricular Arrhythmias and Sudden Cardiac Death

At the baseline, a small group of patients from the LMNA cohort experienced sustained
ventricular tachyarrhythmias (SVT), whereas no one in the EMD cohort reported a personal
history of these rhythm disturbances. During the follow-up, the IR for the composite
outcome of malignant ventricular arrhythmias (MVA) reached 10.2 events/100 pts–year and
15.6 events/100 pts–year for the appropriate ICD interventions. On the other hand, in the
small EMD cohort, only two patients experienced MVA during the follow-up. Consequently,
the IR of ICD implantation in the LMNA cohort overstepped the implantation rate in the
EMD cohort (Table 4).

3.5. Conduction Disturbances

The prevalence of clinically significant conduction disturbances (AVB II, III) in the
two groups ranged from 12.5% to 46.6% (67% when considering I–II–III grade AVB) at
the baseline. The IR for II–III AVB ranged between 3.2 and 7.7 events/100 pts–year in the
LMNA group, and was 2.3 events/100 pts–year for the EMD group in a single study [27].
The IR of PM implantation was slightly higher in the EMD (Table 5).

3.6. Thromboembolic Events and Stroke

In the total cohort of 1021 patients, 56 thromboembolic events/strokes occurred. The IR
of thromboembolic events ranged from 0.3 events/100 pts–year to 8.9 events/100 pts–year
(Table 6).

3.7. Ventricular Dysfunction, Heart Failure and Heart Transplantation

Across the studies, data on left ventricular dysfunction (LVD)/DCM were differently
reported, such that the representation of the two cohorts at the baseline resulted in a
problematic interpretation. HF with advanced symptoms (NYHA functional class ≥ III–IV)
was reported in 0–19.3% of the patients at the baseline, with progression during the follow
up. The severity of HF in some cases led to HT. During the follow-up, the IR for HT ranged
from 0.1 event/100 pts–year to 10 events/100 pts–year (Table 7).
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Table 3. Atrial arrhythmias.

Population
(n)

Age (y),
Median or

Mean ± SD

AF, AFL,
AT, n (%)

SSS/SAB,
n (%)

ASS, n
(%) Median F-U

(y)

AF, AFL,
AT, n (%)

SSS/SAB,
n (%) ASS, n (%) IR

AF/AFl/AT
IR

SSS/SAB IR ASS
Baseline Prevalence Incident Events or Final Prevalence

LMNA mutation carriers

Boriani [27], 2003 8 29.5 1 (12.5) 0 (0) N/A 7 3 (42.8) 3 (60) 1 (12.5) 6.1 8.6 1.8
Van Rijsingen IA
[32], 2012 269 36 86/239 (36) N/A N/A 3.5 N/A N/A N/A N/A N/A N/A

Anselme [33],
2013 47 38±11 12 (26) N/A N/A 7.9 31 (88.6) N/A N/A 11.2 N/A N/A

Van Rijsingen
[34], 2013 76 45 48 (63) N/A N/A 42 ± 12

(mean ± SD) N/A N/A N/A N/A N/A N/A

Kumar [28], 2016 122 41 ± 14 52 (42.7) N/A N/A 7 62 (88.6) N/A N/A 12.7 N/A N/A

Hasselberg [29],
2018 79 42 ± 16 N/A N/A N/A 7.8

* 48 (no
population

at risk)
N/A N/A N/A N/A N/A

Nakajima [35],
2018

110 base-
line/90

end of f-U
43 ± 15 31 (34.4) 27/110 (25) N/A 5 27 (45.7)

30 (no
population

at risk)
N/A 9.2 N/A N/A

Peretto [36], 2019 164 38 19/137 (14) N/A N/A 10
103 (no

population
at risk)

13 (no
population

at risk)
N/A N/A N/A N/A

Ditaranto [37],
2019 40 39 17 (42.5) 4 (10) N/A 2.5 8 (34.8) N/A 2 (5) 13.9 N/A 2

Marchel [38],
2021 15 26 N/A N/A 0 (0) 11 10 (66.6) N/A 0 (0) N/A N/A 0

Barriales-Villa
[39], 2021 140 40.4 42 (30) N/A N/A 3.8 N/A N/A N/A N/A N/A N/A

EMD mutation carriers

Boriani [27], 2003 10
24.5

(affected
males)

1 (10) 1 (10) N/A 16 5 (55.5) 4 (44.4) 4 (40) 3.5 3.5 2.5

Marchel [38],
2021 30 21 22 (73.3) N/A 3 (10) 11 * 11 (36.6) N/A 11 (40.7) N/A N/A 3.7

Legend: AF, atrial fibrillation; AFL, atrial flutter; ASS, atrial standstill; AT, atrial tachycardia; IR, incident rate; SAB, sinoatrial block; SSS, sick sinus syndrome; y, years. * Prevalence at the
end of the follow-up.



Biology 2022, 11, 530 9 of 20

Table 4. Ventricular arrhythmic events.

Population (n)
Age (y),

Median or
Mean ± SD

SVT, n (%)
Median F-U

(y)
F-U ICD
Carriers

MVA, n (%)
ICD

Implantation,
n (%)

ICD Appropriate
Intervention, n

(%) IR MVA IR ICD
Implantation

IR ICD
Intervention

Baseline
Prevalence Incident Events

LMNA mutation carriers

Boriani [27],
2003 8 29.5 N/A 7 N/A N/A N/A N/A N/A N/A N/A

Van Rijsingen
IA [32], 2012 269 36 N/A 3.5 2.1 53 (19.7)

117 (43.5)
[primary

prevention 107
(39.8);

secondary
prevention 10

(3.7)]

28/117 (24) 5.6 12.4 11.4

Anselme [33],
2013 47 38 ± 11 N/A 7.9 5.1 14 (29.8) 21 (44.6) 11/21 (52.4) 3.8 5.7 10.3

Van Rijsingen
[34], 2013 76 45 N/A 42 ± 12

(mean ± SD) N/A N/A N/A N/A N/A N/A N/A

Kumar [28],
2016 122 41 ± 14 21 (17.2) 7 7 39 (32) 59 (48.3) 29/58 (50) 4.6 6.9 5.2

Hasselberg
[29], 2018 79 42 ± 16 N/A 7.8 7.8 14 (17.7) 49 (62) N/A 2.3 8 N/A

Nakajima [35],
2018

110
baseline/90
end of f-U

43 ± 15 VT + VF
21/110 (19) 5 5 46 (51.1) 44 (48.9) 12/44 (27.3) 10.2 9.8 5.2

Peretto [36],
2019 164 38 2/137 (1.5) 10 N/A 32 (19.5) N/A N/A 2 N/A N/A

Ditaranto [37],
2019 40 39 N/A 2.5 2.5 SVT/storm

7 (17.5) 10 (25) 7/18 (38.9) 7 10 15.6

Marchel [38],
2021 15 26 VT 0 (0) 11 11 VT 2 (13.3) 9 (60) N/A 1.2 5.5 N/A

Barriales-Villa
[39], 2021 140 40.4 0 (0) 3.8 3.8 24 (17.1) 62 (44.3) 17/62 (27.4) 4.5 11.7 6.9

EMD mutation carriers

Boriani [27],
2003 10 24.5 (affected

males) N/A 16 N/A N/A N/A N/A N/A N/A N/A

Marchel [38],
2021 30 21 0 (0) 11 N/A 2 (6.7) 1 (3.3) N/A 0.6 0.3 N/A

Legend: F-U, follow-up; ICD, implanted cardiac defibrillator; IR, incidence rate; MVA, malignant ventricular arrhythmias; SVT, sustained ventricular tachycardia; VF, ventricular
fibrillation; VT, ventricular tachycardia; y, years.
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Table 5. Conduction disturbances.

Population (n) Age (y), Median
or Mean ± SD

2nd–3rd Degree
AVB, n (%) SSS, n (%)

Median F-U (y)

2nd–3rd Degree
AVB, n (%)

PM
Implantation, n

(%)
IR 2nd-3rd AVB IR PM

Implantation

Baseline Prevalence Incident Events or Final Prevalence

LMNA mutation carriers

Boriani [27], 2003 8 29.5 1 (12.5) N/A 7 2 (25) 3 (37.5) 7.1 5.4
Van Rijsingen IA
[32], 2012 269 36 114/244 (47), 1st,

2nd, 3rd AVB N/A 3.5 N/A N/A N/A N/A

Anselme [33], 2013 47 38 ± 11
21 (45), significant

conduction
disorders **

N/A 7.9
33 (no

population at
risk)

N/A N/A N/A

Van Rijsingen [34],
2013 76 45 51 (67), LMNA 1st,

2nd, 3rd AVB N/A 42 ± 12
(mean ± SD) N/A N/A N/A N/A

Kumar [28], 2016 122 41 ± 14 18 (15.4) N/A 7 27 (26) N/A 3.7 N/A

Hasselberg [29],
2018 79 42 ± 16 N/A N/A 7.8

* 51 (no
population at
risk), 1st, 2nd,

3rd AVB

N/A N/A N/A

Nakajima [35],
2018

110 baseline/90
end of f-U 43 ± 15 33 (36.7) 27/110 (25) 5 22 (38.6) 11 (12.2) 7.7 2.4

Peretto [36], 2019 164 38 16/137 (11.7) N/A 10
75 (no

population at
risk)

N/A N/A N/A

Ditaranto [37],
2019 40 39 15 (37) 4 (10) 2.5 2 (8) 4(10) 3.2 4

Marchel [38], 2021 15 26 7 (46.6) N/A 11 N/A 7 (46) N/A 4.2
Barriales-Villa [39],
2021 140 40.4 34 (24.3) N/A 3.8 N/A 36 (25.7) N/A 6.8

EMD mutation carriers

Boriani [27], 2003 10 24.5 (affected
males) 2 (20) 1 (10) 16 2 (25) 7 (70) 2.3 4.4

Marchel [38], 2021 30 21 14 (46.7) ASS 3 (10) 11 N/A 23 (76.6) N/A 7

* Prevalence at the end of the follow-up. ** Significant conduction disorders (PR > 240 ms, bradycardia, LBBB, NSVT, PM carriers). Legend: ASS, atrial standstill; AVB, atrioventricular
block; IR, incidence rate; LBBB, left bundle branch block; NSVT, non-sustained ventricular tachycardia; PM, pacemaker; SSS, sick sinus syndrome; y, years.
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Table 6. Stroke.

Population (n) Age (y), Median or
Mean ± SD

Median F-U (y)
Stroke, n (%)

IR Stroke
Incident Events

LMNA mutation carriers

Boriani et al. [27], 2003 8 29.5 7 5 (62.5) 8.9
Van Rijsingen et al. [32], 2012 269 36 3.5 N/A N/A
Anselme et al. [33], 2013 47 38 ± 11 7.9 4 (8.5) 1.1
Van Rijsingen et al. [34], 2013 76 45 42 ± 12 y (mean ± SD) Arterial TE, 11 (14) 0.3
Kumar et al. [28], 2016 122 41 ± 14 7 10 (8) 1.2
Hasselberg et al. [29], 2018 79 42 ± 16 7.8 N/A N/A

Nakajima et al. [35], 2018 110 baseline/90
end of f-u 43 ± 15 5 11 (12.2) 2.4

Peretto et al. [36], 2019 164 38 10 N/A N/A
Ditaranto et al. [37], 2019 40 39 2.5 N/A N/A
Marchel et al. [38], 2021 15 26 11 N/A N/A
Barriales-Villa et al. [39], 2021 140 40.4 3.8 Embolism, 14 (10) 2.6

EMD mutation carriers

Boriani et al. [27], 2003 10 24.5 (affected men) 16 1 (10) 0.6
Marchel et al. [38], 2021 30 21 11 N/A N/A

Legend: F-U, follow-up; IR, incidence rate; TE, thromboembolic events; y, years.

Table 7. Heart failure and heart transplantation.

Population
(n)

Age (y),
Median or

Mean ±
SD

LVEF <
50%, n(%)

LVEF <
45%, n(%)

NYHA ≥
III–IV Median F-U

(y)

NYHA ≥
III–IV

HT,
n(%)

IR HT
Baseline Prevalence Incident Events or

Final Prevalence

LMNA mutation carriers

Boriani [27],
2003 8 29.5 N/A N/A 0 (0) 7 1 (12.5) 1 (12.5) 1.3

Van Rijsingen IA
[32], 2012 269 36 N/A 89/243

(36.6) 39/260 (15) 3.5 N/A 36 (13.3) 3.8

Anselme [33],
2013 47 38±11 N/A 6 (13) N/A 7.9 N/A 9 (19) N/A

Van Rijsingen
[34], 2013 76 45 LVEF < 55%,

35(46)
LVEF < 35%,

13(17) N/A 42 ± 12
(mean ± SD) N/A N/A N/A

Kumar [28],
2016 122 41 ± 14 57 (47) 0 (0) N/A 7 N/A 10 (8) 0.1

Hasselberg [29],
2018 79 42 ± 16 N/A 29 (36.7) N/A 7.8 N/A 15 (18) 2.4

Nakajima [35],
2018

110
baseline/90
end of f-U

43 ± 15 22/110 (20) N/A 8/110 (7.3) 5 30 (34) N/A N/A

Peretto [36],
2019 164 38 N/A 5/147 (3.5) N/A 10 N/A 14 (8.5) 0.9

Ditaranto [37],
2019 40 39 N/A N/A 7 (17) 2.5 N/A 10 (25) 10

Marchel [38],
2021 15 26 N/A N/A 0 (0) 11 N/A N/A N/A

Barriales-Villa
[39], 2021 140 40.4 N/A 53 (37.8) 27 (19.3) 3.8 N/A 29 (20.7) 5.2

EMD mutation carriers

Boriani [27],
2003 10

24.5
(affected
males)

N/A N/A 0 (0) 16 0 (0) 0 (0) 0

Marchel [38],
2021 30 21 N/A N/A 0 (0) 11 N/A N/A N/A

Legend: F-U, follow-up; HT, heart transplantation; IR, incidence rate; LVEF, left ventricular ejection fraction;
y, years.
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3.8. All-Cause Death and Cardiovascular Mortality

The IR for all-cause death during the follow-up in the two cohorts ranged from
0.6 events/100 pts–year to 4.8 events/100 pts–year. The majority of these deaths were
related to SCD or advanced HF. The comparison between the two cohorts showed a greater
incidence of death in the total LMNA cohort compared to the small EMD group (Table 8).

Table 8. Mortality.

Population
(n)

Age (y),
Median or

Mean ± SD

Median F-U
(y)

All-Cause
Death, n (%)

Cardiac
Death, n (%)

IR All-Cause
Death

IR Cardiac
Death

LMNA mutation carriers

Boriani et al.
[27], 2003 8 29.5 7 1 (12.5) 1 (12.5) 1.8 1.8

Van Rijsingen
et al. [32], 2012 269 36 3.5 45 (16.7) 41 (15.2) 4.8 4.4

Anselme et al.
[33], 2013 47 38 ± 11 7.9 7 (14.8) 4 (8.5) 1.9 1.1

Van Rijsingen
et al. [34], 2013 76 45 42 ± 12

(mean ± SD) N/A N/A N/A N/A

Kumar et al.
[28], 2016 122 41 ± 14 7 22 (18) 21 (17.2) 2.6 2.5

Hasselberg
et al. [29], 2018 79 42 ± 16 7.8 6 (8) 6 (8) 1 1

Nakajima et al.
[35], 2018

110
baseline/90
end of f-U

43 ± 15 5 17 (18.9) 16 (17.7) 3.8 3.6

Peretto et al.
[36], 2019 164 38 10 10 (6) 6 (3.6) 0.6 0.4

Ditaranto et al.
[37], 2019 40 39 2.5 N/A N/A N/A N/A

Marchel et al.
[38], 2021 15 26 11 N/A N/A N/A N/A

Barriales-Villa
et al. [39], 2021 140 40.4 3.8 N/A 8 (5.7) N/A 1.5

EMD mutation carriers

Boriani et al.
[27], 2003 10 24.5 (affected

males) 16 1 (10) 0 (0) 0.6 0

Marchel et al.
[38], 2021 30 21 11 N/A N/A N/A N/A

Legend: IR, incidence rate; y, years.

4. Discussion

The study of the natural history of rare diseases has inherent limitations related
to small sample sizes, variable follow-up durations, and focusing on different clinical
outcomes [40].

Laminopathies are rare diseases that require careful clinical assessment, and the
natural history of cardiac involvement has been the object of a series of reports. In view of
the dispersion of the data published in the literature, we performed a systematic review of
the main cardiac outcomes in patients with laminopathies. Our main findings depict the
real-life impact of cardiac involvement in a cohort of 1110 adult patients during a follow-up
time that ranges from 2.5 to 42 years (Figure 2).
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4.1. Atrial Arrhythmias

Atrial arrhythmias are frequent in our analysis, from the second decade of life onwards,
with the peculiar predisposition to AF and brady-arrhythmias, two types of arrhythmias
which are absolutely unusual in this age group [41,42]. Atrial cardiomyopathy is a noso-
logical entity that subtends a broad variety of pathophysiological mechanisms, leading
to various histological changes [43]. The atrial remodelling promotes the onset, mainte-
nance, and progression of AF, and has been related per se to an increased risk ok ischemic
events [44]. In LMNA-related cardiomyopathy, myocardial fibrosis and fibro-lipomatosis
are the main histological features of atrial remodelling, and are held responsible of both
atrial arrhythmogenesis and conduction disturbances [45,46]. However, previous studies
also highlighted a higher rate of early afterdepolarizations, spontaneous depolarization
or quiescence, and the spontaneous onset of tachyarrhythmias in LMNA mutated car-
diomyocytes compared to control cells [46]. These data stress that atrial arrhythmias in
laminopathies are the early manifestation of an atrial cardiomyopathy characterized by
the profound derangement of atrial structure and function, which may lead to important
clinical consequences, including ischemic stroke at a relatively young age [44,47].

In the general population, the prevalence of AF is expected to be significantly lower
among young patients than in older people (0.05% in patients younger than 30 years, up
to 10% in those older than 80) [48]. The estimated age-adjusted IR for 2010 was 0.07 in
men of all ages worldwide (77.5 per 100,000 person-years) and 0.05 in women (59.5 per
100,000 person-years) [49]. Additionally, young patients used to be particularly symp-
tomatic due to the high ventricular response rates which are usually sustained by atrial
tachycardias.
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In the case of pathogenic LMNA mutations, patients show a very premature onset
of atrial arrhythmias from the second decade of life onwards, independently from the
degree of cardiac involvement, and even before the cardiomyopathy becomes manifest. As
shown in our results (Table 3), the prevalence of atrial arrhythmias is visibly remarkable
even at the very first cardiological assessment, and then further increases for each cohort
during the follow-up. An interesting observation is that atrial arrhythmias are frequently
asymptomatic or only mildly symptomatic in LMNA-mutated patients, due to normal/low
mean heart rates, possibly leading to delayed recognition or under-recognition [27,50].
Considering that, in our analysis, the IR for atrial arrhythmias ranged from 5.4 up to 12.9
(100 pts–year), periodic ECG screening or extended monitoring should be promoted, also
using wearable devices, independently of patients’ age and symptoms [51,52].

Moreover, even if genetic testing is not routinely applied in AF patients, recent data
highlighted that early-onset arrhythmias or a strong family history of AF may be related to
pathogenic variants of genes linked to cardiomyopathies, including LMNA [53].

4.2. Thromboembolic Risk

A higher thromboembolic risk has been reported among LMNA mutation carri-
ers compared to the general population of the same age (IR ranging between 0.3 and
8.9 events/100 pts–year in our cohort). Thromboembolic events often originate from car-
dioembolic sources and relate to atrial arrhythmias or ASS, or to the underlying atrial
cardiomyopathy [54–56]. Among LMNA mutation carriers, AF per se carries nine-fold
increased odds for ischemic stroke (OR 9.2, 95%CI 1.1–74.7) [35], which actually corre-
sponds to a higher risk compared to that reported for conventional AF patients, either
symptomatic or asymptomatic [52,57,58]. The final stage of electrical disarray is an ASS
that also subtends mechanical inactivity and promotes thrombus formation [27,50]. Never-
theless, according to our results (Table 3), the IR for ASS are low (ranging from 0 to 2/ 100
pts–years) among the LMNA-mutated cohort. Although data on ASS are poorly reported
by the included studies, ASS seems to be an infrequent and late condition that may have an
important impact on the thromboembolic profile. However, not only these conditions but
also marked sinus bradycardia and advanced conduction disturbances contribute to the
higher thromboembolic risk profile of LMNA-mutated patients. It is noteworthy that, in the
population studied by Kumar et al., two out of ten patients diagnosed with strokes did not
report any atrial arrhythmia during the entire follow-up [28]. Van Rijsingen et al. suggested
that an LMNA mutation, per se, is related to a prothrombotic profile independently of
coexisting atrial arrhythmias, structural heart disease or device implantation. According
to their results, the risk of thromboembolic events is almost five-fold higher in the case
of LMNA mutations (HR 4.8, 95% CI 2.2–10.6) and remains significant for the individual
components of arterial and venous complications (HR 5.6, 95%CI 2.3–14 and HR 6.5, 95%CI
1.7–25.8, respectively) [34].

This observation should guide clinical decisions on therapeutic management, indepen-
dently from conventional thromboembolic scoring systems [57]. Because atrial arrhythmias
appear at a young age, and independently of the coexistence of systolic dysfunction, most
patients would not be eligible for oral anticoagulants according to conventional thromboem-
bolic risk scores (CHADS2, CHA2DS2VASc). However, considering the natural history of
cardiolaminopathies, it appears reasonable to introduce oral anticoagulants in LMNA muta-
tion carriers that develop atrial arrhythmias even if data on the efficacy of antiplatelets/oral
anticoagulants are scarce.

4.3. Conduction Disturbances and Malignant Ventricular Arrhythmias

The burden of MVA is impressive, especially in the LMNA-mutated cohort; the im-
plantation of the ICD resulted in device activation in 24 to 52.4% of ICD carriers. In parallel
to this finding, clinically significant conduction disturbances (AVB II-III) are very common
after the very first clinical evaluation (ranging between 11.7 and 67% at the baseline assess-
ment in the LMNA group), and progress to more advanced forms during the follow-up,
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with the need for cardiac pacing. The risk of ventricular arrhythmias and the growing
evidence on the role of ICD in the prevention of SCD in this setting markedly conditions
the choice for implantable devices with the preference for ICD over PM when the need
for cardiac pacing occurs [57]. In a pivotal metanalysis by Van Berlo et al., the authors
underlined for the first time that, even if a significant number of patients with LMNA
mutations underwent PM implantation for conduction disturbances, this intervention did
not alter the risk of SCD in LMNA mutation carriers [59]. Moreover, when an ICD was
implanted in patients with conventional criteria for pacing, an appropriate intervention
occurred in 42% and 52% of patients within 3 and 5 years, respectively [33,58]. Moving
from this evidence, specific indications for patients with an LMNA mutation were provided
in the last version of European guidelines on pacing [58,60].

However, the proper risk stratification of SCD in non-ischemic DCM is still a matter
of debate. In fact, despite the current recommendations identifying reduced LVEF as the
main prognostic stratifier in the choice for ICD implantation, any survival benefit was
highlighted in the DANISH trial among non-ischaemic DCM patients who underwent
prophylactic ICD implantation [61]. Previously, among 158 patients with idiopathic DCM,
Gatzoulis et al. observed a higher rate of appropriate ICD intervention or documented SCD
when sustained ventricular arrhythmias were induced during programmed ventricular
stimulation. Interestingly, this finding was noted even in the subset of patients with
LVEF > 35% [62]. More recently, Escobar-Lopez et al. underlined the prognostic role of
genetic variants in a large cohort of 1005 patients with genotyped DCM. A considerably
higher risk of for arrhythmic events was found in the subgroup with mutations for the
nuclear envelope, in which the LMNA-related DCM prevailed compared to other functional
gene groups or genotype negative patients. A similar trend was observed even in mutation
carriers with LVEF > 35% [63].

Given the need for further evidence, these results highlight that several factors other
than LVEF act in defining the risk for arrhythmic events among non-ischaemic DCM
patients. Considering the great heterogeneity of this cohort, a more comprehensive and
genotype-guided approach would be advisable for the prevention of SCD.

In the studies included in our analysis, some risk factors for the development of
life-threatening ventricular arrhythmias were identified, e.g., the ejection fraction at the
baseline < 45%, male sex, non-missense mutations, non-sustained ventricular tachycardia
(NSVT) at presentation, and AVB. The guidelines suggest the implementation of a recently
developed and validated module to estimate the ventricular arrhythmic risk in LMNA
mutation carriers [64].

4.4. Systolic Dysfunction and Heart Transplantation

Lamin-related cardiomyopathy seems to be particularly malignant compared to other
aetiologies of DCM, with the frequent need for HT [65]. Our data highlight this infor-
mation, which has important practical implications for the clinical management of HF in
LMNA mutation carriers. No specific echocardiographic features have been described in
this setting. Thus, the clinical suspicion is mainly driven by the family history, together
with the coexistence of signs and symptoms of neuromuscular disease. However, it must
be underlined that the structural cardiac disease progresses independently from other
districts’ involvement, and may also precede them. Sinus node dysfunction or conduction
abnormalities frequently advance the onset of LV dilation, and the decrease in contractil-
ity. Remarkably, once conduction disturbances have been assessed, MVA are common,
independently of LVEF, and are responsible for a higher risk of SCD [66–68]. Moreover,
LMNA-related cardiomyopathies typically evolve to refractory end-stage heart failure with
the need for HT [65].

The data on the baseline prevalence of systolic dysfunction were not homogeneous in
the included studies due to the different definitions adopted by the authors. Similarly, the
baseline and final functional assessment (NYHA class) were not systematically collected in
most of the studies. When available, the prevalence for NYHA class ≥III–IV ranged between
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0% and 19.3% at the first clinical evaluation, and rose to 34% at the end of the follow-up.
The IR for HT reached 10 events/100pts–year in our cohort. According to Hasselberg et al.,
LMNA mutation carriers were more frequently represented among the 79 non-ischaemic
DCM undergoing HT than among the general population of non-ischaemic DCM (6.5% vs.
1.5%, respectively), underscoring the poor prognosis of LMNA-related cardiomyopathies [29].
As was reported in a previous metanalysis exploring genotype–phenotype association in
DCM, patients with LMNA-related DCM showed the highest frequency of HT compared to
other mutated-gene groups (up to 27%), with a mean age of 41.4 at the time of HT. However,
the reported mean LVEF in the LMNA-group was almost 35%, which was slightly higher with
respect to other groups’ mean values [65]. It is noteworthy that HF appears, in general, to be
a clinical manifestation that—in most of the patients and case series—occurs later compared
to arrhythmic manifestations [28,57]. The prognostic impact of cardiac involvement in
laminopathies is even clearer when analysing the impact of cardiac death with respect to
all-cause death in our population. As was predictable, SCD and end-stage HF were the most
relevant drivers of mortality in the entire cohort.

4.5. Limitations

Our study has several limitations. Due to its observational design as a systematic
review of observational studies, it may be influenced by publication bias because of the
possibility that some data were not published or were missed from the literature search.
The heterogeneity of the analysed studies is the most relevant limitation, and prevented
us from performing an aggregate data meta-analysis. Considering that the EMD-mutated
population is poorly represented in our cohort, the comparison with the LMNA-mutated
group did not highlight relevant differences in terms of outcomes. Moreover, the differ-
ences in the baseline characterization of the population, especially when considering LV
dysfunction, was a significant limitation for the interpretation of arrhythmic outcomes,
ICD implantation indications and interventions. Our systematic review was focused on
cardiac events, and we did not consider neurological and respiratory impairment, which
may be an important determinant of the quality of life and outcome in some patients [36].
Furthermore, we did not address the assessment of treatments that have been proposed for
these rare diseases, which have been recently systematically analysed [69]. Overall, this
is one of the few, comprehensive, contemporary summaries on the rare laminopathies in
relation to their cardiac manifestations.

5. Conclusions

Cardiac involvement in laminopathies such as EDMD is frequent and heterogeneous,
and has an important prognostic significance. The early identification of atrial arrhythmias
in young patients could be crucial, especially with respect to the thromboembolic risk that
these mutations portend. The need for pacing is high during the natural history of the
disease, and our data strengthen the concept that ICDs should be preferred over PMs in
this setting, especially when risk factors are present. Lastly, LMNA-related cardiomyopathy
carries a substantial risk of end-stage HF development even in young patients with a
high proportion of HT. Improved methods for risk stratification should be prospectively
validated in order to appropriately target innovative treatments, such as gene therapy.
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