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ABSTRACT

Lamin A/C (LMNA) cardiomyopathy is an inherited form of dilated cardiomyopathy associated with high rates of
arrhythmias, conduction disease and sudden cardiac death, often preceding overt heart failure. Although LMNA
mutations account for a minority of dilated cardiomyopathy cases, they portend a particularly malignant course.
Cardiac magnetic resonance (CMR) imaging, particularly the detection of late gadolinium enhancement, has
emerged as a valuable tool for assessing myocardial fibrosis and risk stratification in laminopathy. This study
aims to systematically evaluate the structural, functional and prognostic CMR features in LMNA mutation carri-
ers, and to quantify the diagnostic and clinical implications of myocardial fibrosis. A comprehensive literature
search was conducted through June 2025. Studies involving genetically confirmed LMNA mutation carriers with
CMR data were included. Outcomes included ventricular variables (left ventricular ejection fraction, left ven-
tricular end-diastolic volume index, left ventricular end-systolic volume index, left ventricular wall mass index),
late gadolinium enhancement (LGE) presence and arrhythmic events. Between-group comparisons were made:
LMNA cardiomyopathy versus healthy controls; laminopathy with versus without LGE; and LMNA-positive versus
LMNA-negative cardiomyopathy. We identified 10 studies involving 847 individuals. The LGE risk ratio for pa-
tients with LMNA cardiomyopathy versus healthy controls was 14.39 (P < 0.001); the LGE risk ratio for patients
with LMNA-positive versus LMNA-negative cardiomyopathy was 2.14 (P < 0.001). In patients with laminopa-
thy, LGE was associated with an increased risk of atrioventricular block (risk ratio 6.94; P = 0.004) and a trend
towards more ventricular tachyarrhythmia (risk ratio 3.32; P = 0.056). Despite these fibrotic changes, left ven-
tricular volumes and wall mass did not differ significantly from controls. CMR imaging identifies a high burden
of fibrosis in LMNA cardiomyopathy, even in early disease, with strong prognostic implications. LGE presence is
a key risk marker for arrhythmia and conduction disease, supporting early imaging-based risk stratification and
possible preventive implantable cardioverter-defibrillator implantation in mutation carriers.

1. Background

gene, which encodes the nuclear envelope proteins lamins A and C [1].
These structural proteins are crucial for nuclear stability and gene reg-

Lamin A/C (LMNA) cardiomyopathy is a genetically defined dilated
cardiomyopathy (DCM) caused by heterozygous mutations in the LMNA
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ulation. Pathogenic variants in the LMNA gene result in a condition
known as “laminopathy,” which has multisystem effects. In the heart,
LMNA mutations typically cause an aggressive autosomal-dominant car-
diomyopathy characterized by left ventricular (LV) enlargement and
systolic dysfunction, which is often preceded or accompanied by elec-
trical disease [2]. Clinically, LMNA-related cardiomyopathy presents
in early to mid-adulthood; patients frequently exhibit atrioventricular
block (AVB), atrial fibrillation, ventricular tachyarrhythmia (VT) or sud-
den cardiac death as initial manifestations, sometimes even when the
left ventricular ejection fraction (LVEF) is only mildly reduced or normal
[3]. Indeed, clinical series report that nearly 90% of genotype-positive
carriers eventually develop cardiac phenotypes by middle age [3,4].
Epidemiologically, LMNA mutations account for roughly 5-8% of fa-
milial non-ischaemic DCM cases [4], making laminopathy one of the
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most common heritable causes of DCM. Importantly, laminopathies in-
dicate a particularly severe prognosis; meta-analyses estimate that up
to 46% of LMNA mutation carriers experience sudden cardiac death or
malignant ventricular arrhythmias (MVAs), with many progressing to
end-stage heart failure, resulting in high rates of cardiac transplantation
or death [5,6]. LMNA cardiomyopathy is hallmarked by its electrical
manifestations, which often precede significant LV dilation. Conduction
system disease (including high-grade AVB) and atrial arrhythmias are
seen in the majority of patients, whereas non-sustained and sustained
VTs affect roughly one quarter to one half of carriers [4,7]. Heart fail-
ure typically develops later in the disease course, often after decades of
electrical abnormalities [8]; when it does occur, it may be accompanied
by diffuse myocardial remodelling and fibrosis. This fibrotic substrate
often localizes to the basal to mid-interventricular septum in a mid-wall
distribution [5]. Despite early arrhythmias, many patients with LMNA
mutations maintain a relatively preserved LVEF for years [9]. The age-
dependent incomplete penetrance and phenotypic overlap with other
DCM subtypes mean that early diagnosis is challenging, especially be-
fore overt heart failure develops. Given the high risk of adverse events
in LMNA mutation carriers, including sudden cardiac death, which can
occur even with only moderate LVEF impairment, vigilant screening and
risk assessment are crucial [10].

Risk stratification in LMNA cardiomyopathy is particularly de-
manding. Conventional predictors (such as LVEF or New York Heart
Association class) are relatively insensitive in this context, because ar-
rhythmic events often occur when LV function is still near to normal
[3]. Individual prognosis remains difficult to predict, as even carriers
with milder variants can experience sudden arrhythmic death. Recog-
nizing these risks, contemporary guidelines have started to integrate
genetic and imaging findings into patient management. Certain expert
consensus recommendations and national standards now suggest that
implantable cardioverter-defibrillator (ICD) therapy should be consid-
ered for LMNA mutation carriers who exhibit any high-risk features,
such as non-sustained ventricular tachycardia or abnormal genetic re-
sults, even if their LVEF exceeds the typical 35% threshold [7,11]. In
practice, many centres favour early ICD implantation or close monitor-
ing in LMNA mutation carriers once conduction disease or fibrosis is
detected.

Cardiac magnetic resonance (CMR) imaging has emerged as a key
tool for the evaluation of laminopathy. CMR is uniquely capable of
quantifying ventricular volumes and function with high accuracy, and
of visualizing myocardial tissue characteristics [12]. Current cardiomy-
opathy guidelines accord CMR a central role in the initial diagnostic
work-up of non-ischaemic DCM [11]. In LMNA cardiomyopathy, CMR
offers several advantages: it can detect regional wall motion abnor-
malities, quantify both global and segmental dysfunction (including
reductions in longitudinal strain) and, most importantly, identify my-
ocardial fibrosis through late gadolinium enhancement (LGE) or T1
mapping. CMR can unmask subclinical myocardial involvement [13].
The prognostic information from CMR is particularly compelling in
laminopathy. CMR not only refines diagnosis of laminopathy, but also
may enable individualized risk stratification beyond clinical and genetic
markers [14]. In light of these considerations, we undertook a com-
prehensive meta-analysis of published CMR studies in LMNA mutation
carriers, to synthesize evidence on myocardial fibrosis prevalence, ven-
tricular remodelling and arrhythmic risk. By consolidating data from
various cohorts, we aimed to elucidate the diagnostic and prognostic
significance of CMR variables, and to establish robust imaging bench-
marks that can inform clinical decision-making and future research in
laminopathy.

Although several cohort studies and recent high-impact publications
have established the association between LMNA cardiomyopathy, my-
ocardial fibrosis on CMR and arrhythmic risk, the available evidence
remains fragmented across relatively small populations. Individual stud-
ies differ substantially with respect to disease stage, clinical indication
for imaging and comparator groups, limiting the generalizability of
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single-cohort findings. To date, no quantitative synthesis has system-
atically compared CMR phenotypes of LMNA mutation carriers across
multiple clinically relevant contrasts, including healthy controls, non-
LMNA cardiomyopathy and stratification by LGE status. Accordingly,
the primary objective of this meta-analysis was not to propose novel
mechanistic insights, but to consolidate and quantitatively synthesize
existing observational data in order to assess the consistency and di-
rectionality of CMR-derived associations in LMNA cardiomyopathy.
By pooling available evidence, we aimed to contextualize myocar-
dial fibrosis within the broader structural and functional phenotype of
laminopathy, and to clarify its prognostic relevance, while acknowledg-
ing the inherent limitations of observational data.

2. Methods
2.1. Search strategy

This systematic review and meta-analysis were conducted in accor-
dance with the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Table A.1) [15]. A protocol for
a meta-analysis was registered in the International Prospective Reg-
ister of Systematic Reviews (PROSPERO), with the registration code
“CRD420251080434”. A comprehensive search was performed across
multiple electronic databases, including PubMed and Web of Science, up
to June 2025. The search strategy combined keywords and Medical Sub-
ject Headings (MeSH) terms related to “Cardiac Magnetic Resonance”
and “Laminopathy.”.

The detailed search strategy for PubMed was: ((((lamin[Title/Ab-
stract]) OR (laminopathy[Title/Abstract])) OR (LMNA[Title/Abstract]))
OR (lamins[Title/Abstract])) AND ((((((Cardiac-MRI[Title/Abstract])
OR (Cardiac magnetic resonance[Title/Abstract])) OR (Cardiovascu-
lar magnetic resonance[Title/Abstract])) OR (cardiovascular-MRI[Ti-
tle/Abstract])) OR (CMR[Title/Abstract]))).

The detailed search strategy for Web of Science was:
((((TS = (lamin)) OR TS = (laminopathy)) OR TS = (LMNA)) OR
TS = (lamins)) AND (((((TS = (Cardiac-MRI)) OR TS = (Cardiac mag-
netic resonance)) OR TS = (Cardiovascular magnetic resonance)) OR
TS = (cardiovascular-MRI)) OR TS = (CMR)).

Reference lists of included studies and relevant systematic reviews
were screened manually to identify additional eligible articles.

2.2. Eligibility criteria

Studies were included in this review if they met the following
criteria: (1) patients with genetically confirmed laminopathy (LMNA
mutation); (2) studies that used CMR to evaluate structural and/or func-
tional cardiac changes (e.g. myocardial strain, tissue characterization,
ventricular volumes) were considered, whereas studies relying solely
on other imaging modalities or non-imaging biomarkers were excluded;
(3) reporting of diagnostic accuracy (presence/extent of fibrosis) or
prognostic outcomes (adverse cardiac events); and (4) study design:
randomized controlled trials, cohort studies, case-control studies, cross-
sectional studies and quasi-experimental studies.

Studies were excluded if they focused on unrelated conditions or in-
terventions, did not include original data (including narrative reviews
and case reports), did not have any extractable CMR data or were pub-
lished in languages other than English.

2.3. Data extraction

Titles, abstracts and full-text articles were screened for eligibility.
Extracted data included: study characteristics (authors, year, country,
sample size and population age); CMR findings; and incidence of adverse
cardiac events. When reported, LGE was extracted as a dichotomous
variable (present/absent), because quantitative measures of fibrosis
extent or standardized segmental distributions were not consistently
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available across studies. Titles and abstracts were screened indepen-
dently by the two reviewers; full texts of potentially eligible articles were
then assessed against the inclusion criteria, and any disagreements were
resolved through discussion.

2.4. Data synthesis and meta-analysis

A qualitative synthesis was conducted to summarize the characteris-
tics and findings of the included studies. Meta-analysis was performed
for specific outcomes (including LVEF, left ventricular end-diastolic
volume index [LVEDVi], left ventricular end-systolic volume index
[LVESVi], left ventricular wall mass index [LVWMi] and LGE) and ad-
verse cardiac events (including AVB and VT). In some studies, instead
of mean + standard deviation for outcomes, median (interquartile range)
was reported. Consistent with the previous study, these measures were
converted to the equivalent mean + standard deviation using the method
of Wan et al. [16,17].

In our meta-analytical approach, we conducted three separate
between-group comparisons to explore the spectrum of CMR findings
in laminopathy: (1) LMNA cardiomyopathy versus healthy controls
(we pooled data from studies of genetically confirmed LMNA mutation
carriers and healthy volunteers to quantify the degree of myocardial
alteration attributable to laminopathy); (2) patients with LGE-positive
versus LGE-negative laminopathy (within the LMNA cohorts, we strati-
fied patients by the presence or absence of LGE); and (3) LMNA-positive
versus LMNA-negative cardiomyopathy (to assess disease-specific pat-
terns, we compared LMNA mutation carriers with patients who had
non-lamin genetic or idiopathic DCM).

Outcome data were pooled using both random-effects and fixed-
effects models to account for heterogeneity across studies. Hetero-
geneity was assessed using the I statistic. If heterogeneity was high
(P > 50%) and statistically significant (P < 0.1), the random-effects
model was considered appropriate. Conversely, if heterogeneity was low
or moderate (P < 50%) and not statistically significant (P > 0.1), the
common-effects model was applied.

2.5. Risk of bias assessment

The methodological quality of included studies was evaluated using
the Newcastle-Ottawa Scale, which assigns up to nine stars across three
domains [18]: selection (four stars); comparability (two stars); and out-
come (three stars). Two independent reviewers evaluated each study,
and disagreements were resolved through discussion.

3. Results

A total of 10 studies were included in this meta-analysis, selected
from an initial pool of 161 records identified through database searches
(Table 1) [19-28]. After removing duplicates and screening abstracts, 18
full-text articles were assessed for eligibility. Among them, eight stud-
ies were excluded because of insufficient data (n = 2) or study design
(n = 6). This process is shown in the PRISMA flow diagram in Fig. 1. In
total, the meta-analysis included 847 individuals. Finally, meta-analysis
was performed for the following outcomes (Figs. 2-4): LVEF; LVEDVi;
LVESVi; LVWMIi; LGE presence; AVB; and VT. Fig. 5 shows the results of
assessing bias. Based on the Newcastle-Ottawa Scale, five studies were
rated as having a good overall quality, three studies were rated as fair
and two studies were rated as poor. Most studies showed a low risk of
bias in the selection and outcome domains, and comparability was the
most variable domain across studies.

3.1. LGE-positive versus LGE-negative laminopathy comparisons
(Fig. 2)

Patients with LGE had a significantly higher risk of AVB compared
with those without LGE in three studies (risk ratio 6.94, 95% confi-
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dence interval [CI] 1.85 to 26.06; P = 0.004; I = 0%). There was a
trend toward increased VT risk among LGE-positive patients based on
four studies (risk ratio 3.32, 95% CI 0.97 to 11.39; P = 0.056; I2 = 54%).
LGE-positive patients exhibited a lower LVEF according to the data from
three studies (mean difference-5.03, 95% CI-9.50 to-0.56; P = 0.027;
P2 = 0%). No significant difference in LVEDVi was observed (mean dif-
ference 3.57, 95% CI-4.50 to 11.65; P = 0.386; > = 0%), based on three
studies.

3.2. LMNA cardiomyopathy versus healthy control comparisons
(Fig. 3)

Patients with laminopathy were significantly more likely to exhibit
LGE, with a risk ratio of 14.39 (95% CI 2.97 to 69.82; P < 0.001). This
result was consistent across all three contributing studies 2 = 0%).
LVEF was significantly lower in patients with laminopathy (mean
difference-5.71, 95% CI-9.36 t0-2.06; P = 0.002; ° = 71%), based on
four studies. No significant difference was found in LVEDVi between
groups (mean difference 4.65, 95% CI-3.54 to 12.83; P = 0.266), across
four studies (2 = 56%). Based on two studies, LVESVi tended to be
higher in patients with laminopathy, but the difference did not reach
statistical significance (mean difference 7.26, 95% CI-1.68 to 16.20;
P = 0.112), with considerable heterogeneity (F° = 86%). No significant
difference in LVWMIi was observed between patients with laminopathy
and controls (mean difference—4.40, 95% CI-9.99 to 1.18; P = 0.122;
I2 = 0%), across two studies.

3.3. LMNA-positive versus LMNA-negative cardiomyopathy
comparisons (Fig. 4)

LGE was significantly more prevalent among patients with LMNA-
positive cardiomyopathy, with a risk ratio of 2.14 (95% CI 1.41 to 3.23;
P < 0.001). This result was consistent across the two included studies,
with no observed heterogeneity (I = 0%).

4. Discussion

Our meta-analysis highlights several key imaging features of cardiac
laminopathy (LMNA mutation carriers) and their clinical implications.
Compared with healthy individuals, LMNA mutation carriers show a
dramatically higher prevalence of myocardial fibrosis (LGE): the pooled
risk ratio for LGE in patients with LMNA laminopathy versus healthy
controls was 14.39, reflecting the fact that most mutation carriers
exhibit mid-wall fibrotic scarring on CMR. Unlike typical DCM, LMNA-
related disease usually shows milder symptoms. In this condition, the
LV may not expand as much, and many people still have nearly normal
heart size, even though their heart function is reduced. We found that
LMNA mutation carriers had only a slightly lower LVEF than healthy
people, and there were no significant differences in LV volumes or mass
index. Compared with non-lamin cardiomyopathy, the most significant
difference was fibrosis; LMNA mutation carriers were much more likely
to exhibit LGE than those with non-ischaemic cardiomyopathy (risk ra-
tio 2.14); in contrast, differences in LVEF and LV volumes were less
pronounced. These meta-analytic findings align well with known LMNA
pathophysiology. Lamin A/C mutations cause a fibrotic arrhythmogenic
DCM in which conduction disease and arrhythmias often precede overt
pump failure [29]. Previous CMR studies have shown that LGE in LMNA
cardiomyopathy typically appears in the basal and mid-ventricular sep-
tum with a linear mid-wall pattern [25]. For example, Holmstrom et al.
found LGE in 88% of LMNA mutation carriers, almost exclusively in the
basal/mid septum with a linear intramural pattern, and strongly associ-
ated with AVB [25]. Similarly, the study by Fontana et al., investigating
19 LMNA mutation carriers, found that LGE was far more common in
those with LV dysfunction or with first-degree AVB [24]. Thus, our
meta-analysis confirms that myocardial fibrosis (LGE) is nearly univer-
sal in laminopathy, and is far more prevalent than in healthy hearts
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Table 1
Characteristics of included articles.
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Study Year Country Population
Groups (1) Age (years)*
Topriceanu et al. [19] 2025 UK HC: 47 HC: 35 (30-63)
Lamin + normal EF: 29 Lamin + normal EF: 38 (29-41)
Lamin + low EF: 38 Lamin + low EF: 47 (34-59)
Wild-type lamin: 73 Wild-type lamin: 44 (33-59)
de Frutos et al. [20] 2023 Spain Lamin: 14 Lamin: 44.5+11.9
Gene negative cardiomyopathy: 358 Gene negative cardiomyopathy: 55.2 + 13.5
Peretto et al. [21] 2020 Italy MVA+:8 MVA+:32+21
MVA-: 33 MVA-: 36 +16
LGE+: 25 LGE+:37+17
LGE-: 16 LGE-: 33+16
Delhommeau et al. [22] 2020 France LMNA +: 55 N/A
LMNA-: 35 N/A
Hasselberg et al. [23] 2014 Norway Ventricular arrythmia +: 21 Ventricular arrythmia+: 36 + 12
Ventricular arrythmia—: 20 Ventricular arrythmia—: 32 +17
Fontana et al. [24] 2013 Italy HC: 16 HC: 46+ 18
Lamin: 19 Lamin: 45+ 13
Holmstrom et al. [25] 2011 Finland Lamin: 17 Lamin: 37.59 + 13.33
Koikkalainen et al. [26] 2008 Finland HC: 14 HC men: 45+ 12
HC women: 28 + 8
Lamin: 12 Lamin men: 28 + 8
Lamin women: 36 + 13
Raman et al. [27] 2007 USA HC: 11 HC: 37.1+9.3
Lamin: 11 Lamin: 33.1 +13.2
Smith et al. [28] 2006 UK HC: 8 HC: 15.1 +11
Lamin: 8 Lamin: 18.5+12

EF: ejection fraction; HC: healthy controls; LGE: late gadolinium enhancement; LMNA: lamin A/C mutation; MVA: malignant ventricular arrythmia.

a Data are expressed as median (interquartile range) or mean + standard deviation.

Records identified through Additional records identified
database searching through other sources
(n=161) (n=0)

l |

Records after duplicates removed
(n=111)

|

Records screened
(n=111)

l

Full-text articles assessed
for eligibility
(n=18)

.

—

Records excluded

Full-text articles excluded,
with reasons (n= 8)

Insufficient data (n= 2)
Article type (n=6)

(n=93)

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) flow diagram.
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LGE + LGE -

Study Events Total Events Total Risk Ratio RR 95%-Cl
Peretto 8 25 0 16 —5 11.00 [0.68; 178.04)
Holmstrom 4 “ 1 9 —.— 6.33 [1.46; 27.50]
Raman 1 5 0 6 . 3.55 [0.18; 70.67]
Common effect model 34 31 i 6.94 [1.85; 26.06]
Random effects model ——— 6.39 [1.94; 21.04)
Heterogeneity: I° = 0.0%, t* = 0, p = 0.8628 { ! ! L
Test for overall effect (common effect): z = 2.87 (p = 0.0041) 0.01 0.1 1 10 100

a Test for overall effect (random effects): z = 3.05 (p = 0.0023)

LGE + LGE -

Study Events Total Events Total Risk Ratio RR 95%-CI
Fontana 4 5 1 14 ; : 11.20 [1.61; 77.85)
Raman g 5 0 6 — 10.64 [0.72; 157.01]
Holmstrém 8 15 0 2 it 274 [0.22; 34.08]
Peretto 24 25 1 16 - 1.40 [0.99; 1.96)
Common effect model 50 38 - 211 [1.44; 3.10]
Random effects model e — 3.32 [0.97; 11.39])
Heterogeneity: I = 54.0%, t* = 0.8084, p = 0.0888 f T T L
Test for overall effect (common effect): z = 3.82 (p = 0.0001)0.01 0.1 1 10 100

b Test for overall effect (random effects): z = 1.91 (p = 0.0562)

LGE + LGE -

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl
Holmstrém 14 56.29 11.4900 2 57.50 6.3600 : b -1.21 [-11.88; 9.46]
Raman 5 54.40 15.3700 6 59.00 7.8700 ¥ -4.60 [-19.47; 10.27]
Peretto 25 53.00 11,0000 16 59.00 6.0000 —&— -6.00 [-11.22; -0.78]
Common effect model 44 24 ——— -5.03 [-9.50; -0.56]
Random effects model e -5.03 [-9.50; -0.56)
Heterogeneity: I” = 0.0%, «* = 0, p = 0.7305 ! !
Test for overall effect (common effect). z =-2.21 (p = 0.0274) -10 0 10

C Test for overall effect (random effects): z = -2.21 (p = 0.0274) Effect Size

LGE + LGE -
Study Total Mean SD Total Mean sSD Mean Difference MD 95%-Cl
Raman 5 85.80 22.7700 6 72.33 11.4800 i ' L 13.47 [-8.50; 35.44]
Peretto 25 B6.00 25.0000 16 82.00 33.0000 4.00 [-14.91; 22.91]
Holmstrom 14 98.00 17.7900 2 96.50 2.1200 —F}— 1.50 [-8.27;11.27]
]

Common effect model 44 24 e 3.57 [-4.50; 11.65)
Random effects model | ——— 3.57 [-4.50; 11.65)
Heterogeneity: I° = 0.0%, t* =0, p = 06205 J ! J ' J ! '
Test for overall effect (common effect): z = 0.87 (p = 0.3858) -30 =20 <10 0 10 20 30

d Test for overall effect (random effects): z = 0.87 (p = 0.3858) Effect Size

Fig. 2. Analysis of late gadolinium enhancement (LGE)-based laminopathy groups. A: atrioventricular block incidence. B: ventricular tachyarrhythmia incidence. C:
left ventricular ejection fraction. D: left ventricular end-diastolic volume. CI: confidence interval; MD: mean difference; RR: risk ratio; SD: standard deviation.

or other DCMs, emphasizing its role as a disease hallmark. Interpre-
tation of the present findings should take into account the substantial
clinical and methodological heterogeneity of the included studies. The
analysed cohorts ranged from asymptomatic mutation carriers under-
going screening to patients with overt DCM, with varying degrees of
systolic dysfunction and differing clinical indications for CMR. Imag-
ing protocols and LGE acquisition techniques also spanned nearly two
decades of technological evolution. Consequently, although pooled anal-
yses revealed consistent associations between LMNA cardiomyopathy,
myocardial fibrosis and adverse electrical outcomes, the magnitude of
pooled effect estimates should be interpreted with caution. Several risk
ratios were associated with wide confidence intervals, and were derived
from a limited number of studies. In this context, the direction and con-
sistency of associations across studies are more robust and clinically
informative than their precise quantitative values, and the present re-

sults should be viewed as hypothesis supporting rather than definitive
effect-size estimates.

In practical terms, the presence of LGE in LMNA hearts sets them
apart from normal hearts, and has important implications for prog-
nosis. LGE-positive patients with laminopathy had significantly worse
outcomes: they had a ~7-fold higher risk of complete AVB than LGE-
negative patients (risk ratio 6.94; P = 0.004) and a trend toward more
VT. Likewise, Peretto et al. reported that LMNA mutation carriers with
LGE had significantly more MVA than those without; none of the
LGE-negative group experienced VT or ventricular fibrillation during
long-term follow-up [21]. Our pooled analysis echoes this; although
the LGE-positive versus LGE-negative arrhythmia comparison narrowly
missed conventional significance (risk ratio 3.32; P = 0.056), the ef-
fect size strongly suggests an elevated risk. In addition, LGE positivity
marked worse LV function in laminopathy; LGE-positive carriers had an



ACVD-1953; No. of Pages11

S. Shahshenas, A. Anissian, M. Jalali Nadoushan et al.

Archives of Cardiovascular Disease xxx (XXXX) XXX—XXX

LMNA HD
Study Events Total Events Total Risk Ratio RR 95%-Ci
Topriceanu 8 29 0 47 8 27.37 [1.64; 456.90]
Raman 5 12 0o 1 8- 10.12 [0.63; 163.47]
Fontana 5 19 0 16 8- 9.31 [0.55; 156.13)
Common effect model 60 74 | —emmme 14.39 [2.97; 69.82]
Random effects model = 13.69 [2.71; 69.14)
Heterogeneity: I = 0.0%, +~ = 0, p = 0.8395 . ' i ’
Test for overall effect (common effect): z = 3.31 (p = 0.0009) 0.01 0.1 1 10 100
a Test for overall effect (random effects): z = 3.17 (p = 0.0015)
LMNA HD
Study Total Mean SD Total Mean sD Mean Difference MD 95%-Cl
Smith 8 72.00 50000 8 72.00 4.0000 i 0.00 [-4.44; 4.44)
Topriceanu 29 58,27 26800 47 63.80 6.8800 —-— 553 [-7.73;-3.33)
Fontana 19 60.00 8.0000 16 68.00 5.0000 ——— 88— — -8.00 [-12.35; -3.65)
Kolkkalainen 12 61.00 6.0000 14 70.00 3.0000 —I—:—- -9,00 [-12.74; -5.26]
Common effect model 68 85 Cceme 5.78 [ -7.40; -4.17]
Random effects model e — -5.71 [ -9.36; -2.06]
Heterogeneity: 1 = 71.2%, +* = 10,3030, p = 0.0154 ! J ' ! !
Test for overall effect (common effect). z =-7.01 (p < 0.0001) -10 -5 0 5 10
b Testior Il effect (random effects): z = -3.07 (p = 0.0021) Effect Size
LMNA HD
Study Total Mean SD Total Mean sD Mean Difference MD 95%-Cl
Koikkatainen 12 93.00 13.0000 14 80.00 20.0000 i : = 13.00 [ 0.20; 25.80]
Fontana 19 87.00 20.0000 16 76.00 12.0000 = 11.00 [ 0.26; 21.74)
Smith 8 73.00 150000 8 72.00 7.0000 ll : 1.00 [-10.47; 12.47)
Topriceanu 29 82.28 19.3100 47 86.35 20.1200 ———H 4,07 [-13.15; 5.01]
Common effect model 68 85 —mm— 3.85 [-1.53; 9.24)
Random effects model | —e— 4.65 [-3.54; 12.83]
Heterogeneity: I = 56.0%, «* = 38,5015, p = 0.0778 f ! ! !
Test for overall effect (common effect). z = 1.40 (p = 0.1608) =20 -10 0 10 20
C Test for overall effect (random effects). z = 1.11 (p = 0.2656) Effect Size
LMNA HD
Study Total Mean SD Total Mean sD Mean Difference MD 95%-CI
Kolkkalainen 12 36.00 7.0000 14 24.00 7.0000 @ 12,00 [6.60; 17.40)
Topriceanu 29 34,03 88900 47 31.16 8.7500 —+—— 287 [-1.22; 6.96)
Common effect model 41 61 i 6.20 [2.94; 9.46)
Random effects model A —— 7,26 [-1.68; 16.20]
Heterogenaity: I° = 85.7%, ¢ = 35,7007, p = 0.0082 r T T T T 1
Test for overall effect (common effect): z = 3.73 (p = 0,.0002) -15 10 -5 0 5 10 15
o Test for overall effact (random effects). z = 1.58 (p = 0.1116) Effect Size
LMNA HD
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl
Smith 8 60.00 18.0000 8 61.00 14.0000 coom -1.00 [-16.80; 14.80)
Topriceanu 29 48,55 129200 47 53.44 12.8700 +— -4.89 [-10.86; 1.08]
Commen effect model 37 55 ——— 4.40 [-9.99; 1.18]
Random effects model | ———mme— -4.40 [-9.99; 1.18]
Heterogeneity: I° = 0.0%, =0, p = 0.6517 r J L T J !
Test for overall effect (common effect). z = -1.55 (p = 0.1222) -15 -10 -5 0 5 10 15
€@ Test for overall effect (random effects). z = -1,55 (p = 0,1222) Effect Size

Fig. 3. Analysis of differences between patients with LMNA cardiomyopathy and he

althy donors (HD). A: late gadolinium enhancement presence incidence. B: left

ventricular ejection fraction. C: left ventricular end-diastolic volume. D: left ventricular end-systolic volume. E: left ventricular mass. CI: confidence interval; LMNA:

lamin A/C; MD: mean difference; RR: risk ratio; SD: standard deviation.

LVEF that was about 5% lower than LGE-negative carriers (P = 0.027).
Together, these findings highlight that fibrosis detected by CMR is a
powerful indicator of electrical instability and pump dysfunction in
LMNA disease, beyond what LVEF alone reveals. Our findings rein-
force the role of CMR as an important component of risk assessment in
LMNA cardiomyopathy, particularly through the identification of my-
ocardial fibrosis. The presence of LGE was consistently associated with

conduction abnormalities and adverse electrical outcomes across in-
cluded studies. However, these associations should be interpreted within
the context of multivariable risk stratification, rather than as isolated
triggers for clinical decision-making. In this context, LGE represents one
component of a broader multivariable risk-assessment framework. Al-
though its presence may contribute incremental prognostic information,
the observational data synthesized in this meta-analysis do not support
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Fig. 4. Analysis of late gadolinium enhancement presence incidence in patients with LMNA-positive versus LMNA-negative cardiomyopathy. CI: confidence interval;

LMNA: lamin A/C; RR: risk ratio.

the use of LGE alone as a criterion for preventive device therapy. Rather,
CMR findings should complement established clinical and electrophysi-
ological markers in guiding individualized management strategies.

LMNA cardiomyopathy is characterized by diffuse mid-wall fibrosis
on CMR [25]. Our meta-analysis confirms a vastly higher LGE preva-
lence in patients with LMNA cardiomyopathy than healthy controls,
reflecting that most LMNA mutation carriers develop scarring even
before clinical symptoms. Significantly, LGE in laminopathy strongly
correlates with conduction abnormalities. In our analysis LGE-positive
carriers were ~7 times as likely to have AVB. Despite its severity, LMNA
cardiomyopathy often shows mild ventricular remodelling. Our pooled
data found no significant difference in LVEDVi between laminopathy
and controls, and only a borderline trend towards higher LVESVi. We
found that patients with laminopathy had an LVEF that was ~5-6%
lower on average than controls, a statistically significant but clinically
moderate reduction. This indicates that hearts with LMNA mutations
experience contractile damage even before significant enlargement be-
comes apparent. We saw no significant differences in LVWMi between
patients with LMNA cardiomyopathy and healthy controls; this supports
the idea that laminopathy is a fibrotic process, not hypertrophic. Wall
thickness is usually normal in these patients. In our “LMNA-positive
versus LMNA-negative cardiomyopathy” analysis, the only substantial
imaging difference was again fibrosis; LMNA mutation carriers had
about double the risk of LGE compared with DCM controls. This finding
implies a disease-specific phenotype. In other forms of non-ischaemic
cardiomyopathy, LGE may be present, but tends to be less extensive.
The uneven scarring observed in LMNA disease may account for its in-
creased tendency to cause arrhythmias. Ventricular volumes and LVEF
were not markedly different between two groups in the few studies avail-
able, reinforcing that fibrosis burden is a distinguishing imaging feature
of laminopathy.

Our findings should be interpreted in the context of LMNA patho-
biology. The nuclear lamina proteins, lamin A and C, are vital for
maintaining the structural integrity of cardiomyocytes. Mutations in
these proteins can lead to cell death, inflammation and fibrotic repair,
particularly affecting the conduction system and myocardium [30]. As
a result, the typical CMR imaging pattern is characterized by LGE in the
septal and mid-wall areas, whereas the overall heart geometry remains
relatively preserved. It is biologically plausible that patients with LGE
experience a lower LVEF and a higher incidence of arrhythmias. Ex-
tensive fibrosis can disrupt the contractile function of the myocardium,
leading to a reduced LVEF, and can also create a substrate for reentry
circuits, which can trigger VT or cause AVB. Importantly, the fibrosis
is often patchy, meaning that the global LVEF may not significantly de-
crease until the later stages of the disease. This helps to explain why
many patients with LMNA mutations can experience sudden cardiac
death or MVA, even when their LVEF is only mildly reduced [7].

Our results reinforce that CMR is a valuable tool in managing LMNA
mutation carriers. Detection of mid-wall LGE should raise concern; LGE-
positive patients in our analysis and others had significantly higher rates

of AVB and VT. In practice, the finding of septal LGE in an asymptomatic
LMNA mutation carrier might prompt closer rhythm monitoring, earlier
consideration of an ICD or avoidance of atrioventricular blocker drugs,
as per guideline recommendations. Indeed, current consensus docu-
ments already advise aggressive prophylaxis; for example, Hershberger
and Jordan notes that in LMNA-related DCM one should “consider ICD
implantation before the ejection fraction falls below 35%” because of
the arrhythmic risk [2]. Similarly, all symptomatic patients with LMNA
cardiomyopathy who need a pacemaker should receive a ICD instead
of a simple pacemaker, given the high sudden cardiac death risk [2].
Our meta-analysis provides quantitative imaging evidence to support
these strategies; we show that an LGE-negative patient with LMNA car-
diomyopathy has a very low risk, whereas LGE presence corresponds
to a markedly elevated risk of conduction disease and potential VT.
In current clinical practice, management decisions in LMNA mutation
carriers rely on the integration of multiple factors, including clini-
cal presentation, electrocardiographic abnormalities, genetic features
and longitudinal disease progression. Although the presence of LGE
may contribute incremental prognostic information, the available ob-
servational data do not support its use as a stand-alone criterion for
preventive device therapy. Rather, CMR findings should complement,
rather than replace, established clinical and electrophysiological risk
markers.

Our meta-analysis also has broader implications for understanding
laminopathy. The relative preservation of LV mass and cavity size,
despite progressive fibrosis and arrhythmic events, means that con-
ventional criteria (e.g. LVEF < 35%) will miss high-risk patients. This
justifies a phenotype-tailored approach-screening LMNA mutation carri-
ers with CMR irrespective of LVEF, as recommended in expert consensus
[2]. Additionally, the strong link between scarring and AVB in our
results aligns with the clinical course of laminopathy; many patients
present first with heart block or atrial arrhythmias in their 20s to 40s,
sometimes years before heart failure develops [2,25]. Recognizing this
sequence is important for timely intervention. For example, even an
LMNA mutation carrier with a normal LVEF, but early LGE or conduc-
tion delay, might merit an ICD sooner than a similar patient with a
non-LMNA DCM.

4.1. Study limitations

Several limitations should be noted. Only 10 studies were included in
the analysis, highlighting the rarity of laminopathy. Some of the analy-
ses showed moderate heterogeneity, probably as a result of small sample
sizes and variations in patient selection or imaging protocols. Many of
the studies were observational cohorts with differing definitions of out-
comes. We addressed some data issues, such as converting medians to
means, but residual imprecision may still exist. Additionally, most stud-
ies did not provide detailed CMR mapping or strain data, preventing
us from conducting a meta-analysis of emerging variables. Publication
bias is a concern; we excluded non-English reports, and negative or
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Fig. 5. Risk of bias assessment.

null studies may be under-represented. In addition, some pooled esti-
mates are presented with relatively high numerical precision, despite
being derived from small numbers of studies, and accompanied by wide
confidence intervals. This level of precision should not be interpreted

as reflecting robust or definitive effect sizes. Rather, the numerical val-
ues are reported for completeness, whereas the clinical interpretation
should focus on the consistency and direction of associations across
studies rather than on exact point estimates. Finally, our comparisons
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with healthy controls and other DCMs depend on the limited cohorts
in each study. Ideally, future research should involve large multicentre
registries or prospective trials. An important methodological limita-
tion of the present meta-analysis relates to how LGE was defined and
analysed across included studies. For the purposes of quantitative pool-
ing, LGE was treated as a binary variable (present versus absent), as
most eligible studies did not provide sufficiently detailed or standard-
ized data on fibrosis extent or spatial distribution. However, growing
evidence suggests that fibrosis burden and pattern, particularly septal
and mid-wall involvement, may carry incremental prognostic value in
LMNA cardiomyopathy. Furthermore, LGE detection is highly depen-
dent on postprocessing methodology and threshold selection, including
visual assessment, signal intensity-based techniques (e.g. n-standard
deviation methods) or full-width at half-maximum approaches. These
methods likely varied substantially between centres and over time, par-
ticularly given the long study period encompassed by this review. This
issue is especially relevant in LMNA cardiomyopathy, where fibrosis
is often diffuse, mid-wall and of limited extent, rendering its detec-
tion sensitive to threshold definition. Consequently, misclassification
of LGE status cannot be excluded, and may have reduced interstudy
comparability and attenuated the depth of prognostic interpretation.
These considerations highlight the need for future studies employing
standardized LGE acquisition and quantitative fibrosis assessment. An-
other methodological limitation relates to the conversion of medians
(interquartile ranges) to means + standard deviations for quantitative
pooling. Although established statistical methods were used for this
purpose, such transformations introduce additional uncertainty, par-
ticularly in small cohorts or when data distributions are skewed. This
may have affected the precision of some pooled estimates and con-
tributed to residual heterogeneity. Accordingly, results derived from
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converted summary statistics should be interpreted with caution, and
future studies reporting standardized parametric data would improve
the robustness of meta-analytical synthesis in LMNA cardiomyopathy.

5. Conclusions

CMR reveals that LMNA cardiomyopathy is a fibrotic arrhythmo-
genic disease, even in mild stages. Our pooled results confirm that LMNA
mutation carriers have significantly more mid-wall fibrosis (LGE) than
healthy people or other patients with DCM, and that fibrosis predicts
conduction block and lowers LVEF. By contrast, LV volumes and wall
mass remain largely similar to normal. These findings highlight the
importance of closely monitoring carriers of LMNA mutations using ad-
vanced imaging techniques. If LGE or other abnormalities are detected,
it should lead to more rigorous risk assessment, such as conducting elec-
trophysiology studies or considering early ICD implantation, even if the
LVEF is only slightly reduced. However, given the observational na-
ture of the available evidence of included cohorts, CMR findings should
be interpreted in conjunction with clinical, genetic and electrophysi-
ological variables. Also, CMR findings, including the presence of LGE,
should be interpreted within the context of comprehensive multivariable
risk stratification. Management decisions should integrate imaging re-
sults with clinical, genetic and electrophysiological factors, rather than
rely on single imaging variables. Future prospective studies incorporat-
ing standardized imaging protocols and quantitative fibrosis assessment
are needed to further refine the role of CMR in guiding individual-
ized management strategies for LMNA cardiomyopathy. Future research
should refine the role of CMR metrics (strain, T1/T2 mapping) in track-
ing disease progression and guiding therapy in laminopathy (Central
illustration).
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Conclusion: CMR identifies a high burden of fibrosis in LMNA cardiomyopathy even in early disease, with strong prognostic implications.
LGE presence is a key risk marker for arrhythmia and conduction disease, supporting early imaging-based risk stratification and possible
preventive implantable cardioverter-defibrillator implantation in mutation carriers.

Central illustration. Meta-analysis of the role of cardiac magnetic resonance in laminopathy. AVB: atrioventricular block; HC: healthy controls;
LGE: late gadolinium enhancement; LMNA: lamin A/C; LVEF: left ventricular ejection fraction; MD: mean difference; PRISMA: Preferred Reporting
Items for Systematic Reviews and Meta-analyses; RR: risk ratio; VA: ventricular arrhythmia. [VT (ventricular tachyarrhythmia) for consistency].
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