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Abstract

Background—LMNA cardiomyopathy presents with ECG abnormalities, conduction system
disease (CSD) and/or arrhythmias prior to the onset of dilated cardiomyopathy (DCM). The time
interval between the onset of CSD and its progression to DCM, if known, would help to guide
clinical care.

Methods and Results—We evaluated family members from 16 pedigrees previously identified
to carry LMNA mutations for the ages of onset of ECG abnormalities, CSD or arrhythmia, and of
left ventricular enlargement (LVE), systolic dysfunction or both. Of 103 subjects, 64 carried their
family L MNA mutation, and 51 (79%) had ECG abnormalities with a mean age of onset of 41.2
years (range 18-76). Ventricular dysfunction was observed in 26 with a mean age of onset of 47.6
(range 28-82); at diagnosis 9 had systolic dysfunction but no LVE, 5 had LVE but no systolic
dysfunction, and 11 had DCM. Of 16 subjects identified with ECG abnormalities who later
developed ventricular dysfunction, the median ages of onset by log rank analyses were 41 and 48
years, respectively.

Conclusions—ECG abnormalities preceded DCM with a median difference of seven years.
Clinical surveillance should occur at least annually in those at risk for LMNA cardiomyopathy
with any ECG findings.

Introduction

Dilated cardiomyopathy (DCM) from non-ischemic cause is a common form of
cardiomyopathy. In those cases where any detectable cause (except genetic) have been
excluded, the conventional diagnosis has been idiopathic dilated cardiomyopathy (IDC).
Extensive family studies of patients with IDC (as comprehensively reviewed?!) have shown
that 20-35% will have detectable family disease. Of these who have been found to have
familial DCM, a great deal of work over the past 15 years has shown that familial DCM has
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been linked to mutations in over 30 genes, establishing genetic cause as key.2 One of these
genes is LMNA, which encodes the nuclear envelope proteins lamin A and lamin C.2
Numerous studies (see? for numerous earlier references) including two large European
consortium reports3: 4 have illustrated that DCM, heart failure and lethal arrhythmias usually
present following ECG abnormalities. However, the time course from the onset of ECG
abnormalities, CSD and arrhythmia to DCM has not been evaluated in any of these prior
studies.

This is relevant as next generation sequencing methods have brought about the rapid
proliferation of clinical genetic testing, and recent guidelines have suggested that with the
symptom complex of prominent conduction system disease and early signs of DCM, usually
with supraventricular or ventricular arrhythmias, that genetic testing for LAMNA rare variants
should be considered.>” This is especially relevant for identifying mutations in LAMNA
because of the temporal relationship of CSD and the onset of DCM. While no clinical trials
have been conducted in LMNA cardiomyopathy to show that early drug intervention may
slow or halt progression to full blown DCM, advanced heart failure and lethal ventricular
arrhythmias, anecdotal evidence suggests that conventional medical therapy may slow
disease progression. Extensive work is also in progress to develop investigational agents
specific for the laminopathies, including LMNA cardiomyopathy® and for the most severe
laminopathy, progeria.® Hence, further knowledge of the temporal relationships of early to
late disease may be useful for clinical care and for clinical trial design. To this end, we
undertook an analysis of the 16 of 19 families previously reported from our group0-12
containing 103 subjects in our familial dilated cardiomyopathy (FDC) cohort, 64 with
LMNA mutations, for the temporal relationships of these characteristics.

Clinical analysis

As previously described, written, informed consent was obtained from probands and their
family members, and the family medical history was obtained, a pedigree was constructed,
and a blood sample was obtained for genetic research.12 13 The study was approved by the
Institutional Review Boards at the Oregon Health & Science University and the University
of Miami Miller School of Medicine.

LMNA rare variant mutation carriers from 16 of the previously identified 19 families
(Pedigrees A-S, as previously published!?) were analyzed in this study (Table I). Three
pedigrees (L, N, R) were excluded due to confounding gene mutations: Family N due to a
known RBMZ20rare variant also segregating in many of its members;14 Pedigree R because
of a known TCAPrare variant in its one L MNA mutation carrier;1° and Pedigree L with its
single LMNA mutation carrier'2 because of a possible second rare variant. In Pedigree S,
only two subjects, S.5 and S.6, were included; the two other L MNA mutation carriers (S.9,
S.11) were excluded because of their possible inheritance of a maternally transmitted DCM
rare variant.12

Clinical data, including ECGs and echocardiograms, were obtained and evaluated from
multiple sources, including our own cardiovascular clinical screening data that included
ECG’s and echocardiograms for some families, as previously reported,19: 11 or additional
information from medical records or death certificates using our previously published
research protocols.10-13 All data were entered in Progeny (Delray Beach, FL), a relational
database designed for family-based genetic studies.

Dilated cardiomyopathy (DCM) was defined as LV enlargement (LVE) >95% percentile
based on age- and gender-matched population controls from the Framingham study, 6 (as
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indicated by the Z score denoting the units of standard deviation, as previously applied in
our studies3) and systolic dysfunction (left ventricular ejection fraction (LVEF) < 50%);
individuals with coronary artery disease, primary valvular dysfunction, congenital heart
disease, hemochromatosis, toxic or drug-induced cardiomyopathies or any other potential
cause of non-genetic cardiomyopathy were excluded from analysis.3 17

ECG abnormalities were divided into three categories: sinoatrial disease, His/bundle disease,
and arrhythmias. Sinoatrial disease was defined as first, second or third degree
atrioventricular block, sinus node dysfunction including severe bradycardia, the brady-tachy
syndrome, or the requirement for a permanent pacemaker (PPM). His bundle disease was
defined as any incomplete bundle branch block (iBBB), right bundle branch block (RBBB),
left bundle branch block (LBBB) or intraventricular conduction delay (IVCD). Arrhythmias
were defined as atrial flutter or atrial fibrillation (AF), supraventricular tachyarrhythmias
(SVT), premature atrial contractions or premature ventricular contractions (PAC/PVC),
ventricular tachycardia or ventricular fibrillation (VT/VF), and sudden cardiac death (SCD).
Those receiving an implantable cardioverter-defibrillator (ICD) were also noted.

A subset of 16 of the 64 mutation positive individuals were identified that were known to
have ECG abnormalities at a specified age without concurrent LV dysfunction and
subsequently went on to develop LV dysfunction. This subset underwent further analysis for
the time interval between the identification of ECG abnormalities and the development of
any LV dysfunction. These 16 individuals came from 11 pedigrees, one each from pedigrees
A, B, D, H, I, M, S, two each from C, G and P, and three from J.

Genetic analysis

LMNA molecular genetic analysis for these probands and pedigrees has been previously
reported.10-12 DNA was extracted from whole blood, and all exons and intron/exon
boundaries were PCR amplified and sequenced by standard methods in our laboratory.12: 18
Many of these LMNA rare variants have been subjected to functional studies by assessing
morphological variation in lamin A/C nuclear localization.1® As previously reported, to
exclude possible confounding effects the rare variants of 15 other genes were excluded in
the probands of each family in our laboratoryl4 18.20 or at SeattleSNPs under contract to the
NHLBI resequencing and Genotyping Service.1® 21 Individuals who were obligate carriers
of the family’s LMNA mutation by pedigree analysis were included in the analysis when
medical records were available.

Statistical analysis

Results

All data points are presented as mean values, standard deviation and range. T-tests were
performed using the SISA (Simple Interactive Statistical Analysis; http://
www.quantitativeskills.com/sisa/index.htm) website. Log-rank tests were used to compare
differences between age of first detection of any ECG and age at first detection of any left
ventricular dysfunction (LVE, systolic dysfunction, or DCM). Analyses were performed
using SAS version 9.2 (SAS Institute Inc, Cary, North Carolina). Hypotheses were not
specified a priori, and P-values are provided as an indication of relative strength of
association.

Baseline characteristics

The demographic and clinical characteristics of the 103 subjects from 16 pedigrees included
in this analysis are shown (Table II). Sixty-four of the 103 had LMNA mutations identified
by DNA Sanger molecular sequencing (n=56) or by analysis of family pedigrees as obligate
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carriers (n=8). The remaining 39 family members had LMNA rare variants excluded by
Sanger sequencing.

The wide range of first available cardiovascular data (Table I1) was driven in part by our on-
site research screening of two very large families, as previously reported.19 No evidence of
any LMNA-related syndromic disease (e.g., skeletal muscle disease, lipodystrophy, or other
manifestations of extra-cardiac laminopathy22) was observed in any of the subjects carrying
LMNA mutations.

ECG abnormalities

ECG abnormalities were present in 51 of 64 (79%) of subjects with LMNA mutations, with

the first abnormality detected at an age ranging from 18-76 years (Table I11). Of the 64 with

mutations, 13 (18%) had two or more ECG abnormalities at first evaluable data at a mean of
46.1 years compared to only 2 of the 39 individuals in the mutation negative group (Table

11).

Sinoatrial disease

Arrhythmia

A diagnosis of sinoatrial disease could be made in 35 individuals from the mutation positive
group (Table I11), and of these, 15 individuals presented initially with sinoatrial disease only.
Only 3 individuals in the mutation negative group had findings of sinoatrial dysfunction,
two with first degree AV block, and a third by medical records of AV block not otherwise
specified. The t-test comparing age of detection of sinoatrial findings among mutation
positive versus negative groups was nominally significant (p=0.0198) A permanent
pacemaker was placed in 27 mutation positive individuals identified with sinoatrial
dysfunction (Table I11), ranging in age from 31-69 years. Only one subject, age 62, required
a pacemaker in the mutation negative group.

A diagnosis of any arrhythmia was made in 41 mutation positive subjects at an average age
of 45.1 years (range, 25-76). Supraventricular arrhythmias make up the majority of cases
when compared with ventricular abnormalities (Table I11). Six individuals negative for a
LMNA mutation were observed to have any arrhythmias at an average age of 41.7 years;
these included combinations of atrial fibrillation/flutter, supraventricular tachycardias,
premature atrial or ventricular contractions, and one with ventricular tachycardia at 72 years
that did not require an ICD. Age of detection of arrhythmia was statistically different
between mutation positive and negative individuals (p=0.0028).

His bundle disease

In 14 subjects with L MNA mutations, His bundle disease was observed at ages ranging from
18-76 years (average 43.6 years); in 4 with these findings no other cardiac abnormalities
were identified.

Ventricular dysfunction

The ventricular dysfunction data, here meaning LVE, systolic dysfunction, or both (DCM)
are summarized (Table 1V), and were observed in 26 of the LMNA mutation positive group.
We note that of the 26 with ventricular dysfunction, only three did not have an
accompanying abnormal ECG. However, two of these three individuals eventually
developed ECG abnormalities while the third had no evidence of ECG abnormality 10 years
after the initial diagnosis of DCM at age 31.
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Nine individuals were identified with systolic dysfunction only but no LVE (mean age 47.9
years, range, 31-82), and 5 subjects presented with LVE but had no systolic dysfunction
(mean age, 43.4 years, range, 35-51). Eleven individuals had DCM (systolic dysfunction and
LVE) at diagnosis (mean 48.7 years, range 28-64).

In those diagnosed with systolic dysfunction but no LVE, moderate reduction in the LVEF
was observed (mean LVEF of 38.1%). In those diagnosed with LVE and preserved systolic
function, the LV size was moderately enlarged (mean Z score of 3.49).

Age of detection of ECG abnormalities or arrhythmias

The age-dependent onset of abnormalities in the subjects with LAMNA mutations is shown
(Figure 1), with the age of detection of any ECG or arrhythmia, and the age of detection of
sinoatrial or His bundle disease between 30-60 years. Because of our study design, which
did not have structured ECGs obtained at set intervals (e.g., an annual basis), only the age of
detection can be reported rather than the age of onset.

Age of detection of ventricular dysfunction

The age-dependent onset of ventricular dysfunction is shown (Figure 2). The ages of
detection of LVE without systolic dysfunction was censored when systolic dysfunction was
detected, and the ages of detection of systolic dysfunction without LVE was censored when
LVE became apparent. The age of detection of DCM, (including LVE and systolic
dysfunction) is shown, with onset principally between ages 30-65.

Time between onset of any ECG abnormality and onset of ventricular dysfunction

One of the key clinical issues we sought to elucidate was the temporal relationship of the
onset of ECG abnormalities compared to the onset of ventricular dysfunction. Sixteen
subjects (from 11 pedigrees, see methods) with only ECG abnormalities who then developed
later ventricular dysfunction were analyzed (Figure 3, Table 5). The median time of
detection of ECG abnormalities was 41 years, and the median detection of the first evidence
of ventricular dysfunction (LVE, systolic dysfunction, or DCM) was 48 years, a seven year
difference. As noted above for the age of detection of ECG abnormalities, similarly we were
unable to perform echocardiography on an annual or other set time interval, so the age of
onset of LV dysfunction versus the age of detection cannot be known for certain, even
though many of these individuals were receiving close follow up from their private
physicians with surveillance echocardiography because of their known familial risk for
cardiovascular disease and ECG abnormalities.

Discussion

We undertook this study to derive the most useful and predictive information that can be
obtained from ECG and echocardiographic data to inform the care of patients with LMNA
cardiomyopathy and their at-risk preclinical or asymptomatic family members who carry
their family’s LMNA mutation. The 64 individuals who were positive for their family
LMNA mutation comprised the study set from which these interpretations have been
derived. CSD or arrhythmia occurred either prior to ventricular dysfunction or was present
with ventricular dysfunction at the time of initial diagnosis in all cases except one. To gain
greater insight into the temporal relationships of the LAMNA cardiomyopathy related
conduction system disease and arrhythmia relative to the development of ventricular
dysfunction, we examined the subset of 16 patients followed from their ages detecting only
ECG changes to the ages when LV dysfunction was detected. In those patients we observed
a median time difference by log rank analysis of seven years (Figure 3).
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This finding may be helpful to predict the clinical course and therefore to guide clinical
surveillance in a LMNA mutation carrier with new evidence of conduction system disease or
arrhythmia but prior to the onset of ventricular dysfunction. Recent guidelines® have
suggested clinical surveillance every 1-3 years for known mutation carriers at risk for DCM,
but based upon this analysis we suggest that with any evidence of new conduction system
disease or arrhythmia that clinical cardiovascular surveillance for L MNA mutation carriers
be increased to at least annually. This suggestion is especially timely because molecular
genetic testing has rapidly proliferated, and a molecular genetic diagnosis of LAMNA
cardiomyopathy can now be easily achieved in those with new onset DCM with prominent
conduction system disease and/or arrhythmia, and clinical and genetic screening and
counseling of all at-risk family members of a newly diagnosed proband with LMNA
cardiomyopathy has been recommended.>’

It is presently unknown whether LMNA-related conduction system disease or arrhythmia
may be amenable to conventional medical treatment with ACE inhibitors, beta blockers or
anti-aldosterone agents to prevent progression to ventricular dysfunction. Although such
drug therapies have been proposed for DCM of all etiologies 23, L MNA-specific drug
intervention studies to our knowledge have not been reported.

This work also provides guidance for future clinical trials of subjects who have early LMNA
cardiomyopathy, for example, for those with ECG abnormalities but with minimal or no
evidence of LV dysfunction. In our study the time from ECG abnormalities to the
development of LV dysfunction was seven years (Figure 3). Thus, a randomized prevention
trial to halt DCM would require an extended follow up. An alternative study design could
initiate recruitment and treatment only upon evidence of early ventricular dysfunction. In
this regard, we show here that in addition to decreased systolic function, commonly
understood to be a sign of cardiomyopathy, that LVE preceding systolic dysfunction may
also be considered an early sign of LMNA cardiomyopathy. Also, whether the different
presentations (LVE versus systolic dysfunction) relate to genetic background, environmental
factors or both remains unknown. Such studies will require larger cohorts of subjects at-risk
or with early LMNA cardiomyopathy.

We clarify here that we apply the ‘ LMNA cardiomyopathy’ term to any subject who has
shown penetrance of the LMNA genotype, even early conduction system disease well before
the onset of systolic dysfunction, LVE or DCM, or its aftermath, heart failure and other
advanced disease, as previously proposed for genetic cardiomyopathy nomenclature.2 We
also clarify that the genetic term ‘penetrance’ used here relates to any clinically detectable
manifestation of disease in a genetically susceptible individual. Because minor ECG
abnormalities are not uncommon in the general population, we note that only 3 of the 39
mutation negative individuals in these families had any ECG abnormalities, and in all cases
they were minor. Thus, while one cannot be certain that any minor ECG change in a
mutation-positive family member under surveillance for the onset of clinical disease may
not have this finding from a non- LAMNA related condition, these data suggest that in most
cases it is appropriate to presume that ECG changes are an early manifestation of disease.
Also, as noted above, the corollary of these observations was that all subjects except one had
ECG changes either before or accompanying ventricular dysfunction. This observation
suggests that DCM without any ECG changes, especially if advanced or longstanding,
would be distinctly unusual with LMNA cardiomyopathy.

Study limitations include its modest size, which precludes any conclusions regarding
mutation-specific characteristics, even though to our knowledge this cohort of 103 subjects
from 16 pedigrees is second only in size to one other single center LMNA DCM study with
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23 mutations in 27 probands and their 133 relatives.® Larger numbers would improve the
certainty of the clinical insights gained here, although our clinical inferences are
conservative and congruent with prior literature and related consensus and guideline
documents.>7 Also, while most of the clinical information from the largest families
(Pedigrees G, J) was derived from our own clinical screening of all willing consented family
members, including many who had no detectable disease,? we have not conducted
systematic and periodic rescreening of these families so that we may not be aware of all new
disease. Further, because of the nature of our study, it is possible that some of the study
cohort identified with disease may have had it for some time prior to its detection at our
screening events. However, these two families were initially screened in 1998-99, and we
have maintained long term follow up with all consented, previously screened members, all
of whom were counseled regarding the need for ongoing surveillance screening by their
physicians. We have obtained information including the medical records of those who have
received new cardiovascular diagnoses, which have all been integrated into this report.
Finally, we consider this a preliminary report, as this study design, a family-based gene
discovery study, always carries the possibility of an ascertainment bias. It is possible that as
larger cohorts of LMNA cardiomyopathy patients are identified more specific insights may
emerge, especially since genetic testing is now more commonly available.

Conclusion

In conclusion, the progression of LMNA cardiomyopathy in almost all cases had ECG
abnormalities before the onset of ventricular dysfunction. In a cohort of individuals with
only ECG abnormalities, the median time differential to LV dysfunction was seven years.
These data may be helpful for informing clinical surveillance of patients and at-risk family
members with emerging LMNA cardiomyopathy and for planning LMNA cardiomyopathy
clinical trials.
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Figure 1. Conduction system disease and arrhythmia

The following clinical categories are shown according to their age of detection. The age of
detection of any ECG abnormality (solid line); the age of detection of any diagnosis of
arrhythmia (dotted line); the age of detection of conduction system disease (dashed line); the
age of detection of His bundle disease (dashed and dotted line).
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Figure 2. Ventricular dysfunction

The numbers of cases with ventricular dysfunction are shown on the vertical axis and the
age detected is shown on the horizontal axis for the following categories: DCM, (solid line);
left ventricular enlargement, censored at the time of development of DCM (dotted line); left
ventricular systolic dysfunction with no left ventricular enlargement, censored at the time of
development of DCM (dashed line).
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Figure 3. Age of detection of ECG abnormalities in subjects who subsequently developed left
ventricular dysfunction

The median age of first detection of any ECG abnormality was 41 years (solid line) and the
median age of first detection of any left ventricular dysfunction (left ventricular
enlargement, systolic dysfunction without LVE, or DCM) was 48 years (dotted line) is
shown. By log rank test the curves were different from one another (p=0.016).
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Table 2
Summary of Demographic Characteristics
Mutation Positive  Mutation negative

Number of individuals *with genetic diagnosis (% of total) 64 (62) 39(38)
Female, n (%) 34 (53) 20 (51)
Age at first available clinical data, mean + SD, (range) 40.0+11.2 38.8+124

(18-76) (18-67)
BMI, n; mean * SD, (range) 36;26+4.4 14;27+3.9

(18-35) (20-35)
Age of last encounter without evidence of cardiovascular 12;326+9.1 31;38.6+11.6
abnormality; n; mean + SD, (range) (20-46) (19-67)

*
All individuals in this study were non-Hispanic Whites.
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Table 3
Summary of Ages of Onset of Electrocardiographic Characteristics

Mutation Mutation
Positive negative
All data are shown as n; mean + SD (range) n=64 n=39 P-value
Age with first available ECG data when accompanied 8;44.1+£11.2 0 n/a
by LVE, systolic dysfunction or both (28-62)
Age at first abnormal ECG 51;421+11.0 8;404+16.4 0.7844
(18-76) (18-62)
Age at 22 ECG abnormalities with first available data ~ 13;46.1+11.5 2;485+17.7 0.7822
(31-62) (36-61)
Age of onset of ECG abnormality with normal 16;43.0+9.7 0 n/a
ventricular size and function that progressed to DCM (28-62)
Ages of detection of sinoatrial findings 35;42.9+89 3;51.0+8.7 0.2920
(27-62) (45-61)
Atrioventricular conduction block (1-3) 27;41.1+79 3;51.0+8.7 0.2260
(27-63) (45-61)
Sinus node dysfunction 6;50.2+9.5 0 n/a
(39-62)
Placement of Permanent Pacemaker 27;46.2+89 1; 62
(31-69)
Ages with sinoatrial findings only at presentation 15;39.8+8.0 2;46.0+14  0.0198
(27-58) (45-47)
Ages at detection of any arrhythmia 41;451+11.3 6;41.7+19.7 0.6812
(25-76) (18-64)
Atrial fibrillation/flutter 24;470+9.2 2;56.0+£11.3 0.1174
(31-65) (48-64)
Supraventricular tachycardia 4;358+9.7 3;40.7+17.8 0.6904
(25-49) (22-64)
Premature atrial or ventricular contractions 22,4596 +145 4;435+31.1 0.9142
(27-82) (18-62)
Ventricular tachycardia/fibrillation 9;55.2+12.8 1,72 n/a
(40-82)
Implantable cardioverter-defibrillator 9:443+8.2 0 n/a
(33-61)
Sudden cardiac death 1; 42 0 n/a
Ages with arrhythmia only at presentation 15;41.7+8.8 2;20.0+28  0.0028
(25-62) (18-22)
Ages of detection of His/bundle dysfunction 14;436+144 4;478+16.0 0.6784
(18-76) (32-62)
Right bundle branch block 2;34.0+£19.8 4,478+16.0 0.4512
(20-48) (32-62)
Left bundle branch block 6;49.2+145 0 n/a
(37-76)
Non-specific or not otherwise specified IVCD 6;41.3 £ 13.0 0 n/a
(18-54)
Ages of His/bundle dysfunction only at presentation 4;32.0+15.2 1;32 n/a
(18-48)
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Table 4
Characteristics of Left Ventricular Enlargement, Systolic Dysfunction or Both (DCM)

Mutation Mutation
All data are shown as n; mean + SD (range) Positive Negative
Ages of diagnosis of LVE, systolic dysfunction, or both, all subjects  26; 47.6 + 12.4 0
(28-82)
Those diagnosed without ECG abnormality 3;39.3+8.1 0
(31-45)
Those with prior known ECG abnormality 16;51.4+£125 0
(35-82)
Systolic dysfunction (EF < 50%) without LVE 9;47.9+16.4 0
(31-82)
LVE without systolic dysfunction 5,434+74 0
(35-51)
DCMm 11;48.7 £ 11.7 0
(28-64)
Characteristics of DCM at diagnosis
LVEF at diagnosis 22;39.1+115 0
(16-50)
LVE by z-score 19;34+11, 0
(1.78-5.85)
Ages of subjects receiving a heart transplant 8;56.0 £ 6.3 0
(48-65)

*
One subject was diagnosed with DCM at autopsy and did not have LV size or systolic function available for analysis prior to death
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Age at detection of ECG abnormalities and LVE, systolic function, or both, by individual

Age of detection of ECG
abnormality (years)

28
33
36
36
37
37
40
41
1
42
42
46
49
54
62
62

Age of detection of LVE,
systolic dysfunction, or
both (years)

35
36
38
41
42
a7
47
48
51
53
55
59
62
63
64
82

Difference between
columns A and B (years)

7

a0 N W
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