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Aims Cardiac disease progression prior to first ventricular arrhythmia (VA) in LMNA genotype–positive patients is not described.

Methods 
and results

We performed a primary prevention cohort study, including consecutive LMNA genotype–positive patients from our centre. 
Patients underwent repeated clinical, electrocardiographic, and echocardiographic examinations. Electrocardiographic and 
echocardiographic disease progression as a predictor of first-time VA was evaluated by generalized estimation equation ana
lyses. Threshold values at transition to an arrhythmic phenotype were assessed by threshold regression analyses. We in
cluded 94 LMNA genotype–positive patients without previous VA (age 38 ± 15 years, 32% probands, 53% females). 
Nineteen (20%) patients experienced VA during 4.6 (interquartile range 2.1–7.3) years follow up, at mean age 50 ± 11 years. 
We analysed 536 echocardiographic and 261 electrocardiogram examinations. Individual patient disease progression was 
associated with VA [left ventricular ejection fraction (LVEF) odds ratio (OR) 1.4, 95% confidence interval (CI) 1.2–1.6 
per 5% reduction, left ventricular end-diastolic volume index (LVEDVi) OR 1.2 (95% CI 1.1–1.3) per 5 mL/m2 increase, 
PR interval OR 1.2 (95% CI 1.1–1.4) per 10 ms increase]. Threshold values for transition to an arrhythmic phenotype 
were LVEF 44%, LVEDVi 77 mL/m2, and PR interval 280 ms.

Conclusions Incidence of first-time VA was 20% during 4.6 years follow up in LMNA genotype–positive patients. Individual patient disease 
progression by ECG and echocardiography were strong predictors of VA, indicating that disease progression rate may have 
additional value to absolute measurements when considering primary preventive ICD. Threshold values of LVEF <44%, 
LVEDVi >77 mL/m2, and PR interval >280 ms indicated transition to a more arrhythmogenic phenotype.
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In a primary prevention cohort of 94 LMNA genotype–positive patients without VA at baseline, VA incidence was as high as 20% after 4.6 years 
follow up. Individual patient disease progression by ECG and echocardiography was a strong predictor of subsequent VA, suggesting additional value 
to the previously described risk factors in current guidelines for primary preventive ICD implantation. Threshold values of LVEF <44% and PR inter
val >280 ms indicated transition to a more arrhythmogenic phenotype. ECG, electrocardiogram; ICD, implantable cardioverter defibrillator; LVEF, 
left ventricular ejection fraction; VA, ventricular arrhythmia.
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What’s new?

• We provide insights to disease progression prior to first ventricular 
arrhythmia in LMNA genotype–positive patients.

• This study identified electrocardiographic and echocardiographic 
threshold values for reaching a more arrhythmic phenotype in 
LMNA genotype–positive patients, including left ventricular ejection 
fraction <44%, left ventricular end-diastolic volume index >77 mL/ 
m2, and PR interval >280 ms.

• This study is the first to report disease progression rate as a predict
or for ventricular arrhythmia. Some LMNA genotype–positive pa
tients illustrated rapid disease progression prior to first ventricular 
arrhythmia but had not developed other classical risk predictors at 
time of the arrhythmic event.

Introduction
Cardiac laminopathies are highly malignant and arrhythmogenic variants 
of familial dilated cardiomyopathy,1,2 with a lifetime penetrance of near
ly 100%.3 The LMNA gene encode nuclear envelope proteins lamin A 
and C.4 LMNA mutations cause a variety of phenotypes, including car
diac and skeletal muscle disease. Ventricular arrhythmias (VAs) are 
common, and implantation of an implantable cardioverter defibrillator 
(ICD) is most often necessary.4 However, ICD implantation at young 
age may result in long-term complications,5 highlighting the importance 
of correct timing to avoid premature implantation of device.

Several previous studies have described predictors of VA in LMNA 
genotype–positive patients.6–13 Current guidelines on ICD implant
ation report male sex, non-missense LMNA mutations, non-sustained 
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ventricular tachycardia (NSVT) and left ventricular ejection fraction 
(LVEF) < 45% as risk factors for VA in LMNA disease.14,15

Atrioventricular (AV) block has also been described as a predictor of 
VA,8,13 as well as late gadolinium enhancement by cardiac magnetic res
onance (CMR) imaging.8,9 Disease progression rate prior to first VA in 
LMNA genotype–positive patients has not been described and may pro
vide additional value to the previously reported predictors of adverse 
outcome.

We aimed to describe the cardiac phenotype from baseline to time 
of first VA in LMNA genotype–positive patients and to explore if indi
vidual disease progression rate is a predictor of life-threatening arrhyth
mic events. We aimed to determine at what level of electrical, 
structural, and functional pathology the patients transitioned to a 
more arrhythmic phenotype by analysing repeated electrocardiogram 
(ECG) registrations and echocardiographic examinations, to optimize 
the prediction of VA and the correct timing of ICD implantation.

Methods
Study design and population
We performed a primary prevention cohort study, including consecutive 
LMNA genotype–positive patients at Oslo University Hospital, 
Rikshospitalet, Norway, from 2003 to 2020, expanding on a previously pub
lished data set.16 Only patients with no history of VA at baseline were in
cluded. All patients underwent ≥2 evaluations including echocardiography 
and ECG. The interval of follow-up examinations was individualized and 
usually included yearly follow ups.

Proband status was defined as the first affected individual in a family who 
sought medical attention due to symptoms of cardiac laminopathy and gen
etic testing confirmed a pathogenic LMNA genotype. Genotype-positive 
family members were identified by cascade genetic screening. The patho
genicity of mutations was evaluated according to the guidelines from the 
American College of Medical Genetics and Genomics and the Association 
for Molecular Pathology.17 Patients with pathogenic (P) and likely pathogen
ic (LP) genetic variants were considered genotype positive. Mutations were 
classified as missense or non-missense (nonsense, frameshift, and splice 
site). Patients were classified as phenotype positive if either AV block (PR 
interval >200 ms or higher degree), atrial fibrillation (AF), left ventricular 
(LV) dilatation, or LV dysfunction was present.

The study complied with the declaration of Helsinki and was approved by 
the Regional Medical Ethics Committee of South-Eastern Norway. All pa
tients gave written informed consent.

Electrocardiogram
Twelve-lead ECG was obtained at time of first consultation in all pa
tients without paced rhythm or in paced patients on clinical indication. 
We noted rhythm, PR interval, QRS duration, and grade of AV block. 
Twenty-four-hour Holter monitoring was repeated once yearly or 
more frequently on clinical indication.

Ventricular arrhythmias
We defined VA as sustained ventricular tachycardia (VT, runs of consecu
tive ventricular beats ≥120 beats per minute (b.p.m.) lasting longer than 
30 s or requiring intervention earlier due to haemodynamic instability) 
documented on 12-lead ECG or 24 h Holter recording, ventricular fibrilla
tion (VF), aborted cardiac arrest, or appropriate therapy from a primary 
preventive ICD. Appropriate ICD therapy was defined as anti-tachycardia 
pacing or shock therapy for documented VT or VF. Device programming 
was left to the physicians decision, but the majority of patients were pro
grammed with VT zone 200–250 b.p.m. with six ATP sequences before 
shock therapy, and VF zone >250 b.p.m. with one ATP sequence before 
shock therapy. Non-sustained ventricular tachycardia, defined as ≥3 con
secutive ventricular beats ≥120 b.p.m. lasting <30 s, and AF were recorded 
from ECG, Holter monitoring, and ICD records. Outcome was adjudicated 
for all patients in January 2021.

Patients were defined as VA free at baseline if there was no history of 
documented VA prior to enrolment and if no VA was detected at time 
of first consultation.

Echocardiography
All participants underwent a transthoracic echocardiographic examination 
at study baseline and at every follow-up visit (using Vivid 7, E9 or E95; GE 
Healthcare, Horten, Norway; offline data analysis, EchoPac; GE 
Healthcare). Left ventricular (LV) end-diastolic volume (EDV), end-systolic 
volume (ESV), and LVEF were calculated by modified Simpson biplane 
method. Left ventricular dilatation was defined as LV EDV indexed 
>74 mL/m2 in males or >61 mL/m2 in females, and LV dysfunction was de
fined as LVEF <53%.18 Left ventricular global longitudinal strain (GLS) was 
derived from speckle tracking analyses on 2D grey scale image loops with 
>50 frames per second from the three apical views, and expressed as the 
average peak negative strain in a 16 segment LV model. Left atrial volume 
(LAV) was calculated by the area length method. Right ventricular (RV) 
structure was assessed by RV basal diameter (RVD), and RV function was 
assessed by tricuspid annular plane systolic excursion (TAPSE). All echocar
diographic examinations belonging to one patient was analysed by the same 
echocardiographer.

Statistics
Descriptive data were expressed as mean ± standard deviation (SD), fre
quencies (%), or median with interquartile range (IQR). Continuous vari
ables were compared by Student’s t-test, Fisher’s exact test, or Mann– 
Whitney U test, as appropriate. Baseline predictors of first-time VA were 
assessed by univariable Cox regression analyses and were age adjusted in 
multivariable analyses.

Yearly incidence rate for VA was calculated as patient-year at risk with 
95% confidence interval (CI). Disease progression during follow up was as
sessed by mixed model analyses with random effect at individual and family 
level and a fitting covariance structure. An interaction term between age 
and presence of VA was used to compare disease progression in patients 
without VA and disease progression prior to VA in patients with arrhythmic 
event during follow up. Graphical illustration of disease progression was 
presented as linear fit plot by patient age. We performed generalized esti
mating equation (GEE) analyses to assess individual patient disease progres
sion as a predictor of life-threatening arrhythmia, with binomial family, logit 
link, and fitting covariance structure accounting for random effects at indi
vidual and family level. Disease progression analyses were also evaluated 
when excluding all examinations in patients without an ICD, and when ex
cluding ATP as an arrhythmic endpoint. Furthermore, electrical and func
tional disease progression was evaluated as a predictor of VA after 
adjusting for presence of the established risk markers: NSVT, AV block de
gree II/III or LVEF < 45%. Every patient was evaluated if any of these markers 
were present and categorized as ‘risk markers present’ or ‘not present’.

Threshold regression analyses compared findings in non-arrhythmic pa
tients with those who experienced first-time VA during follow up, using the 
last examination before VA as time of censor for threshold. To describe the 
clinical phenotype at time of first VA, we performed subanalyses of patients 
with an echocardiographic and ECG examination ±12 months of the ar
rhythmic event, reporting mean echocardiographic and median ECG values 
at time of first VA.

P-values were two-sided and values <0.05 considered significant (STATA 
version 16.1; StataCorp LLC, College Station, TX, USA).

Results
We included 94 LMNA genotype–positive patients without VA at base
line [age 38 (IQR 27–51) years, 32% probands, 53% females, 86% with 
non-missense mutations; Table 1]. Seventy-seven (82%) patients were 
phenotype positive at time of first consultation. A total of 261 ECG re
gistrations and 536 echocardiographic examinations were performed 
during 4.6 (IQR 2.1–7.3) years follow up. Median number of examina
tions per patient was 5 (IQR 3–8), and median time between each 
examination was 1.0 (IQR 0.4–1.4) years. Fourteen different genetic 
variants were identified (see Supplementary material online, Table S1).

http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac192#supplementary-data
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Cardiac phenotype at time of first 
ventricular arrhythmia
Nineteen (20%) patients experienced VA during follow up, resulting in a 
yearly incidence rate of 4.2% (95% CI 2.7–6.6%). Age at first VA was 47 
(IQR 40–57) years and time from study inclusion to VA was 4.1 (IQR 
0.8–7.3) years. At time of VA, 12 (63%) patients had LVEF <45%, 13 
(68%) had previous NSVT, and 17 (94%) patients had AV block, while 
RV function was preserved in most patients (Table 1).

On the other hand, 7 (37%) patients with VA had LVEF >45%, 6 
(32%) had no NSVT, 1 (6%) did not have AV block, and 3 (11%) patients 
had none of the classical risk markers prior to first arrhythmia (LVEF 
>45%, no NSVT, no high-degree AV block). The three patients without 
classical risk markers at time of VA were all females. Two of them 
showed evident disease progression with LVEF reduction of −19 and 
−13% in absolute values during follow up but without reaching LVEF 
<45%. Their last clinical evaluations (including an echocardiographic 
examination) were performed 1.8 and 1.4 years prior to VA. The third 
patient was a 24-year-old woman with an exercise-related aborted car
diac arrest. She dropped out from follow up 3.2 years prior to the car
diac arrest. During previous follow ups, she had displayed mild disease 
progression with LVEF reduction from 60 to 53%.

Characteristics of first ventricular 
arrhythmia
Among the 19 patients who experienced VA during follow up, 16 had a 
primary preventive ICD implanted at time of the arrhythmic event. Of 
these, 14 patients received appropriate anti-tachycardia therapy (7 anti- 
tachycardia pacing, 7 defibrillation), and 2 had sustained VT in the mon
itoring zone. The three patients with VA during follow up without ICD 
implanted at time of VA were the 24-year-old woman with an 
exercise-related aborted cardiac arrest, a 25-year-old woman with 
aborted cardiac arrest while being hospitalized for heart failure work- 
up, and a 53-year-old woman with a self-terminating VT (190 b.p.m.) 
lasting for several hours.

Baseline predictors of first-time 
ventricular arrhythmia
Age, proband status, NSVT, AF, AV block, LV dilatation, and biventricu
lar dysfunction at baseline were predictors for first-time VA in univari
able analyses (Table 2). Proband status, AV block, LV dilatation, and 
biventricular dysfunction remained significant predictors when adjusted 
for age. Non-missense mutations and patient sex did not predict VA.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics of 94 LMNA genotype–positive patients, and comparison of patients with and without VA at time of censor

All patients at time of  
inclusion (n = 94)

Patients with VA parameters  
at time of VA (n = 19)

Patients without VA at time  
of last follow up (n = 75)

P-value

Age, years 38 (27–51) 47 (40–57) 44 (28–54) 0.04

Proband, n (%) 30 (32) 10 (53) 20 (27) 0.03

Female, n (%) 50 (53) 9 (47) 41(55) 0.57

Non-missense mutation, n (%) 81 (86) 18 (95) 63 (84) 0.23

Phenotype positive, n (%) 77 (82%) 19 (100) 62 (83) 0.06

AV block,a n (%) 45 (52) 17 (94) 34 (50) <0.001

Atrial fibrillation, n (%) 42 (45) 16 (84) 42 (56) 0.03

NSVT, n (%) 30 (32) 13 (68) 37 (49) 0.07

Syncope, n (%) 20 (22) 7 (37) 19 (26) 0.27

NYHA functional class ≥ II, n (%) 26 (28) 11 (61) 23 (32) 0.02

Beta-blocker, n (%) 18 (19) 15 (79) 47 (66) 0.28

ACE/AT2 inhibitor, n (%) 18 (19) 15 (79) 27 (36) 0.001

MCRA, n (%) 4 (4) 4 (21) 6 (8) 0.21

Cordarone/dronedarone, n (%) 4 (4) 5 (26) 1 (1) 0.001

LVEF (%) 51 ± 12 40 ± 12 51 ± 11 <0.001

GLS (%) −16.1 ± 4.6 −11.7 ± 4.3 −15.6 ± 4.2 0.01

LV EDVi (m) 71 ± 19 83 ± 22 67 ± 16 <0.001

LV ESVi (mL) 36 ± 17 52 ± 20 34 ± 16 <0.001

LAVi (mL) 41 ± 19 70 ± 24 41 ± 15 <0.001

RVD (mm) 41 ± 8 47 ± 10 42 ± 7 0.03

TAPSE (mm) 23 ± 5 20 ± 7 22 ± 5 0.38

PR interval (ms) 178 (146–232) 312 (204–430) 182 (158–212) 0.03

QRS width (ms) 90 (80–100) 115 (93–123) 86 (78–95) 0.003

Values are given as mean ± SD, numbers with percentages or median with IQR. Time of censor for patients with VA is timing of VA (echocardiographic and ECG findings ± 12 months). 
Time of censor for patients without VA is last clinical evaluation. 
ACE, angiotensin converting enzyme; AT2, angiotensin 2 receptor blocker; AV block, atrioventricular block; GLS, global longitudinal strain; i, indexed value; IQR, interquartile range; LAV, 
left atrial volume; LV EDV, left ventricular end-diastolic volume; LVEF, LV ejection fraction; LV ESV, LV end-systolic volume; MCRA, mineral corticoid receptor antagonist; NYHA, 
New York Heart Association; NSVT, non-sustained ventricular tachycardia; RVD, right ventricular diameter basal; SD, standard deviation; TAPSE, tricuspid annular plane systolic 
excursion; VA, ventricular arrhythmia. 
aAV block degree 1, 2, or 3.
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Disease progression rates as predictors of 
first-time ventricular arrhythmia
Comparison of disease progression during follow up in patients with 
and without VA showed evident acceleration of disease progression 
prior to arrhythmia in the group who experienced VA (Figure 1, 
Table 3). Mean yearly progression rate in LVEF was 1% in patients 
with VA. Maximum decline in EF during 1 year was 16%. Progression 
in LV dysfunction, biventricular and atrial dilatation, and increasing PR 
and QRS durations were all strong predictors of forthcoming first-time 
VA (Table 3). Disease progression implied high odds of experiencing VA 
before the next visit [LVEF 5% decrease OR 1.4 (95% CI 1.2–1.6) and 
LVEF 10% decrease OR 1.9 (95% CI 1.4–2.7), LV end-diastolic volume 
index (LVEDVi) 5 mL/m2 increase OR 1.2 (95% CI 1.1–1.3), PR interval 
10 ms increase OR 1.2 (95% CI 1.1–1.4), and QRS interval 5 ms in
crease OR 1.2 (95% CI 1.1–1.4)]. The progressive increase of conduc
tion delay was observed before initiation of antiarrhythmic medication 
(Table 1), and all predictors of arrhythmic events were adjusted for 
use of beta-blocker medication (Table 3). Disease progression as a 
predictor of VA was also evaluated after adjusting for the presence 
of any of the following: NSVT, LVEF < 45%, and presence of AV block 
degree II/III (see Supplementary material online, Table S2). Disease pro
gression affecting cardiac function was a strong predictor of VA, irre
spective of the presence of traditional risk markers. However, 
increasing PR interval and QRS duration were, as expected, outper
formed by presence of the established risk factors which included AV 
block degree II/III.

By last follow up, 51 (54%) patients had received a primary prevent
ive ICD. Re-evaluation of disease progression as a predictor of VA 
when only including patients with a primary preventive ICD, and 
when excluding ATP as an endpoint, showed similar results as in the to
tal cohort (see Supplementary material online, Tables S3 and S4).

Threshold values for transition to a more 
arrhythmic phenotype
Reduced LV function was a strong predictor of first-time VA with particu
larly high risk when passing a threshold of LVEF <44% (Table 4). 
Furthermore, threshold values LVEDVi >77 mL/m2, LAVi >63 mL/m2, 
RV dilatation >42 mm, and TAPSE <21 mm were associated with first- 
time VA. PR interval threshold for first-time VA was 280 ms, and QRS 
threshold was 108 ms.

Discussion
Incidence of first VA in this primary prevention LMNA cohort was 20% 
during almost 5 years of follow up and happened at median age of 47 
years. At time of first VA, most patients showed pronounced LV struc
tural and functional pathology, and prominent conduction delay, while 
RV function was preserved in most patients. However, three patients 
experienced VA without any classical risk markers.

We present threshold values for entering a more arrhythmic pheno
type that may help alert clinicians to consider a primary preventive ICD. 
PR prolongation and ventricular dysfunction progressed rapidly prior to 
the first VA, and the individual patient disease progression rate was a 
strong predictor of first-time VA. Our findings support the need of in
dividualized follow up in LMNA genotype–positive patients and dynamic 
evaluation of patient risk to optimize timing of implantation of a primary 
preventive ICD.

Baseline predictors of life-threatening 
arrhythmia
Current guidelines for ICD implantation in LMNA genotype–positive 
patients are based on a limited number of studies, reporting male 
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Table 2 Baseline predictors of experiencing first-time VA (n = 19) during 4.6 years of follow up in 94 LMNA genotype–positive patients without 
VA at study inclusion

Univariable HR (95% CI) P-value Age-adjusted HR (95% CI) P-value

Age 1.0 (1.0–1.1) 0.01

Proband 3.8 (1.5–9.4) 0.01 2.9 (1.2–7.5) 0.02

Female 0.6 (0.3–1.5) 0.30

Non-missense mutation 2.2 (0.3–16.4) 0.45

NSVT 3.3 (1.3–8.2) 0.01 2.0 (0.7–5.4) 0.17

Syncope 0.6 (0.2–2.1) 0.44

Atrial fibrillation 3.6 (1.4–9.7) 0.01 2.1 (0.6–7.0) 0.22

AV block 6.7 (2.1–21.1) 0.001 4.9 (1.1–22.8) 0.04

Grade I 1.8 (0.6–5.4) 0.33

Grades II and III 5.3 (1.9–14.8) 0.001 3.1 (0.9–10.6) 0.08

NYHA functional class ≥ II 2.9 (1.2–7.2) 0.02 1.9 (0.7–5.2) 0.22

LVEF, −5% 1.3 (1.1–1.6) 0.003 1.3 (1.0–1.5) 0.02

GLS, % 1.2 (1.1–1.3) 0.001 1.2 (1.1–1.4) 0.001

LV EDVi, 5 mL/m2 1.1 (1.0–1.2) 0.01 1.1 (1.0–1.2) 0.05

LAVi, 5 mL/m2 1.1 (1.0–1.2) 0.01 1.0 (0.9–1.2) 0.46

RVD, 5 mm 1.2 (1.0–1.4) 0.05 1.0 (0.9–1.3) 0.68

TAPSE, mm 1.1 (1.0–1.2) 0.02 1.1 (1.0–1.3) 0.01

AV block, atrioventricular block; CI, confidence interval; GLS, global longitudinal strain; HR, hazard ratio; i, indexed values; LAV, left atrial volume; LV EDVi, left ventricular end-diastolic 
volume; LVEF, LV ejection fraction; NYHA, New York Heart Association; NSVT, non-sustained ventricular tachycardia; RVD, right ventricular diameter basal; TAPSE, tricuspid annular 
plane systolic excursion; VA, ventricular arrhythmia.

http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac192#supplementary-data
http://academic.oup.com/europace/article-lookup/doi/10.1093/europace/euac192#supplementary-data
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sex, non-missense mutations, NSVT, and LVEF <45% as risk factors for 
VA.14,15 Others have reported AV block as a risk factor.8,13 Our study 
supported NSVT, AV block, and LVEF <45% at baseline as predictors 
for future VA. AV block and LVEF <45% remained robust markers 
also when adjusted for age, emphasizing the increase in arrhythmic 
risk by progressive conduction disease and decreasing cardiac function. 
The age-related penetrance in cardiac laminopathies makes age a strong 
determinant for events. Hence, the fact that age out-performed NSVT 
as a predictor for VA in our study may not be clinically relevant.

Syncope at baseline was not a predictor of future VA. However, this 
result may be biased by bradycardia induced syncopes and non-cardiac 
syncopes, as this can be difficult to determine exactly. Syncope is an im
portant symptom in LMNA disease and should not be disregarded. 
NYHA functional class did not predict VA when adjusted for age, which 
may be explained by the stronger effect of age compared to NYHA 
class in the statistical model.

This study did not support an association between VA and male sex 
or with non-missense mutations, adding to the debate on the role of 
sex and mutation type in LMNA disease. Other recent studies have 
also reported similar risk between males and females and between dif
ferent genotypes.10,11 The previously reported arrhythmic risk of male 
sex should be further explored and explanations may include hormonal 
factors, sex-related exercise habits,19 and other unknown factors. In 
our study, as many as 83% of the patients had non-missense mutations. 

This is a higher proportion than previous reports,10,11,13 but in line with 
a Japanese laminopathy population.20 The skewed proportions may ex
plain the lack of association to VA.

Disease progression prior to first 
life-threatening arrhythmia
Risk prediction in patients with cardiac laminopathies has been elabo
rated in recent years, including a large multicentre study providing ro
bust data.13 Still, the optimal timing of primary preventive ICD 
implantation remains a challenge in cardiac laminopathies. Patients 
are followed at regular intervals, but the time of transition to higher 
risk of VA is unclear and may be missed. By analysing a large number 
of individual-level repeated ECG registrations and echocardiographic 
examinations, we could evaluate patient’s disease progression which 
added important information on arrhythmic risk. Accelerated electrical, 
structural, and functional disease progressions were clear markers of 
higher risk of VA. Importantly, 2 of 3 patients without any of the clas
sical risk markers at time of VA showed >10% decline in LVEF prior to 
the event without reaching LVEF <45%, indicating that progression per 
se should be noted as increased arrhythmic risk, particularly when LVEF 
is above 45% and traditional risk markers are not fulfilled. Importantly, 
disease progression remained a strong predictor of VA after adjusting 
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Figure 1 Disease progression in 94 LMNA genotype–positive patients, comparing patients with and without first-time VA during 4.6 years follow up. 
Disease progression by LVEF, LVEDVi, PR interval, and QRS width is illustrated as linear fit plot by patient age, comparing disease progression in patients 
without VA to disease progression prior to VA in patients with first arrhythmic event during follow up. Calculated from 251 ECGs and 460 echocar
diographic examinations. ECG, electrocardiogram; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; VA, ven
tricular arrhythmia.
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for the traditional risk markers NSVT, high-degree AV block, and LVEF 
<45%.

Disease progression was more prominent in those who later experi
enced VA (Figure 1). LVEDVi increased prior to first VA but visually 
seemed to decline by increasing age in patients without VA. 
However, regression analyses did not detect any decline in LVEDVi 
(Table 3) in non-VA patients, and the visually observed trend could pos
sibly be explained by increasing body weight with age, combined with a 
slower dilatation rate in patients without VA (Table 3).

Timing of the transition to an 
arrhythmogenic phenotype
This study identified threshold values for increased risk of VA and were 
generated from repeated echocardiographic measurements from each 
study participant during long-term follow up, in contrast to being based 
on one baseline measurement from each participant.6 The threshold 
was determined by the value at which the slope of the risk curve 
changes, with a more pronounced incline in risk of VA after threshold. 
Importantly, several patients had arrhythmic events without having 
reached threshold, illustrated by the large spread in ECG and echocar
diographic findings observed at time of first VA (Table 1). These findings 
emphasize that there are no ‘safe values’ in lamin disease. However, 
passing threshold represented a clear increase in arrhythmic risk and 
should alert the clinician to consider a primary preventive ICD.

The reported threshold values should be interpreted with care, as 
they do not include confidence intervals or random effects. In contrast, 
the results from the GEEs are robust but do not incorporate the 
threshold effect. Therefore, optimal risk prediction should incorporate 
considerations of both an approximate threshold and the individual 
progression rate.

Clinical implications
The present study adds to current knowledge on risk prediction in car
diac laminopathies by describing disease progression rate by ECG and 

echocardiography as strong predictors of VA, and by proposing thresh
old values indicating transition to a more arrhythmic phase of the dis
ease (LVEF <44%, GLS worse than −12.2%, LVEDVi >77 mL/m2, 
LAVi >63 mL/m2, RVD >42 mm, TAPSE <21 mm, PR interval 
>280 ms, QRS width >108 ms).

Our results support that the LMNA cardiac phenotype requires close 
follow up. Patients’ LVEF showed a mean yearly decline of 1% and a 
maximum decline of 16%, suggesting that yearly echocardiographic ex
aminations are appropriate. A decline in LVEF of ∼10% implied high ar
rhythmic risk and should alert the clinician also when not reaching 
<45%. Importantly, the clinician needs to be aware of the values 
from the previous visits to recognize changes in structural or functional 
parameters. Ideally, re-visits should be performed in the same centre by 
the same team. In case of new onset symptoms, or signs of electrical, 
structural, or functional disease progression, follow-up intervals should 
be increased to every 6 months, or more frequently as appropriate.

Limitations
The number of endpoints in this study was limited. Follow-up intervals 
were individualized according to clinical practice and patients with de
terioration during follow up were examined at shorter intervals, pro
viding more follow-up data than for the equivalent time period in 
patients with mild phenotype. This fact may have biased our data. 
Only three patients had no established risk factors at time of VA and 
the disease progression could be regarded as the only clinical event 
to alert risk. However, in the remaining patients, established risk mar
kers were fulfilled and it cannot be concluded that the disease progres
sion per se made the difference in risk prediction. Electrocardiogram 
registrations were predominantly performed in young patients with 
less pronounced phenotype due to the natural disease progression 
with high frequency of cardiac devices at older age. We were not 
able to include exercise data, or other environmental or hormonal ex
posures, and the impact of such data would be of great interest in future 
studies. Cardiac magnetic resonance imaging was not included in this 
study due to limited number of examinations and due to lack of 
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Table 3 Individual patient yearly disease progression rates and the association to first-time VA in 94 LMNA genotype–positive patients, by 261 
ECGs and 536 echocardiographic examinations

Progression of parameter  
per unit

Prediction of VA  
OR (95% CI)

Progression rate 1 year (SE)

Before VA n = 19 Patients without VA n = 75 P-value for interaction

LVEF (%) 0.94 (0.91–0.97) −0.8 (0.3)a −0.2 (0.1) 0.02

GLS (%) 1.36 (1.20–1.54) +0.1 (0.2) +0.1 (0.0)a 0.40

LV EDVi (mL/m2) 1.04 (1.02–1.06) +0.2 (0.5) +0.2 (0.2) 0.03

LV ESVi (mL/m2) 1.05 (1.03–1.08) +0.8 (0.4)a +0.2 (0.1) 0.01

LAVi (mL/m2) 1.03 (1.01–1.05) +2.3 (0.5)a +0.6 (0.2)a <0.001

RVD (mm) 1.10 (1.04–1.16) +0.5 (0.2)a +0.2 (0.1) 0.13

TAPSE (mm) 0.96 (0.91–1.01) −0.5 (0.2)a −0.1 (0.1) 0.01

PR interval (ms) 1.02 (1.01–1.03) +4.3 (2.0)a +4.6 (0.6)a 0.28

QRS width (ms) 1.04 (1.01–1.07) +0.3 (0.7) +0.1 (0.2) 0.04

BSA (m2) 5.19 (0.42–63.9) −0.00 (0.00) +0.01 (0.00) 0.02

OR values for forthcoming VA adjusted for time, age, family clustering, and use of beta-blocker medication. Calculated by generalized estimating equations with binomial family, logit link 
individual intercept, and independent covariance structure. Yearly progression rate adjusted for family clustering. Calculated by linear mixed model statistics. P-value for interaction 
compares yearly disease progression rates in patients with and without VA. Calculated by an interaction term between age and the presence of VA. In patients with VA, only 
observations up till the arrhythmic event was included in the mixed model regression analyses. 
ECG, electrocardiogram; GLS, global longitudinal strain; i, indexed value; LAV, left atrial volume; LV EDV, left ventricular end-diastolic volume; LVEF, LV ejection fraction; LV ESV, LV 
end-systolic volume; OR, odds ratio; RVD, right ventricular diameter basal; TAPSE, tricuspid annular plane systolic excursion; VA, ventricular arrhythmia. 
aSignificant yearly progression by patient age.
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repeated CMR examinations. The national referral nature of our centre 
may have resulted in high disease prevalence and the single centre de
sign makes the external validity of the results undetermined. The find
ings of this study should be validated in larger multicentre cohorts.

Conclusions
In a primary preventive cohort of 94 LMNA genotype–positive patients, 
yearly incidence rate of VA was as high as 4.2%. We identified threshold 
values by ECG and echocardiography for transition to a more arrhyth
mic disease phase. At time of first VA, most patients had pronounced 
LV pathology and prominent conduction delay, but events occurred 
also in a few patients without obvious risk markers, highlighting the 
need for individualized follow up. Individual patient disease progression 
was a strong predictor of VA, showing additional prognostic value to 
previously reported predictors of arrhythmic outcome.
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