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Exercise is Associated With Impaired Left Ventricular Systolic
Function in Patients With Lamin A/C Genotype

Eystein T. Skjelsvik, MD; Nina E. Hasselberg, MD, PhD; Lars A. Dejgaard, MD; @yvind H. Lie, MD, PhD; Kjell Andersen, MD;
Torbjgrn Holm, MD, PhD; Thor Edvardsen, MD, PhD; Kristina H. Haugaa, MD, PhD

Background—Lamin A/C cardiomyopathy is a malignant and highly penetrant inheritable cardiomyopathy. Competitive sports
have been associated with adverse events in these patients, but data on recreational exercise are lacking. We aimed to explore
associations between exercise exposure and disease severity in patients with lamin A/C genotype.

Methods and Results—Lamin A/C genotype positive patients answered a questionnaire on exercise habits from age 7 years until
genetic diagnosis. We recorded exercise hours >3 metabolic equivalents and calculated cumulative lifetime exercise. Patients were
grouped in active or sedate based on lifetime exercise hours above or below median. We performed echocardiography, 12-lead ECG,
Holter monitoring, and biomarkers including NT-proBNP (N-terminal pro-B-type natriuretic peptide). We defined left ventricular
ejection fraction <45% as a clinically significant impairment of left ventricular function. We included 69 patients (age 42+14 years,
41% probands, 46% women) with median lifetime exercise 4160 (interquartile range 1041-6924) hours. Active patients were more
frequently probands (53% versus 29%, P=0.04), had lower left ventricular ejection fraction (43+13% versus 514+11%, P=0.006), and
higher NT-proBNP (78 [interquartile range 32—219] pmol/L versus 30 [interquartile range 13—64] pmol/L, P=0.03) compared with
sedate, while age did not differ (451413 years versus 4016 years, P=0.16). The decrease in left ventricular ejection fraction per
tertile increment in lifetime exercise was 4% (95% Cl —7% to —0.4%, P=0.03), adjusted for age and sex and accounting for dependence
within families. Left ventricular ejection fraction <45% was observed at a younger age in active patients (log rank P=0.007).

Conclusions—Active lamin A/C patients had worse systolic function compared with sedate which occurred at younger age. Our
findings may improve exercise recommendations in patients with lamin A/C. (J/ Am Heart Assoc. 2020;9:e012937. DOI: 10.
1161/JAHA.119.012937.)
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D ilated cardiomyopathy (DCM) is often familial, and a
genetic substrate is found in up to half of the cases.'
Mutations in the lamin A/C gene account for 5% to 8% of
familial DCM,*® and up to 33% in those with conduction
defects.* Lamin A/C cardiomyopathy is characterized by early
onset atrioventricular block, supraventricular arrhythmias,
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ventricular arrhythmias, and progressive DCM.? The natural
history is highly malignant, ventricular arrhythmias and
sudden cardiac death may occur before clinical manifestation
of DCM.>? Lamin A/C cardiomyopathy has an autosomal
dominant pattern of inheritance with a lifetime penetrance of
nearly 100%, and patients develop heart disease in early
adulthood.'® The cardiomyopathy can be penetrant either
separately or in combination with skeletal muscle disease.*

Regular physical activity is a cornerstone of a healthy
lifestyle, and is inversely related to lifestyle diseases domi-
nating in the western world."" On the other hand, vigorous
exercise aggravates and accelerates cardiac disease in
arrhythmogenic cardiomyopathy.'? '® The impact of exercise
on lamin A/C disease is not as thoroughly described, although
a study by Pasotti et al'® indicated competitive sports as a
marker for worse outcome.'® A recent experimental study on
lamin A/C genotype positive mice has indicated earlier
development of DCM in exercising mice compared with
sedate mice.'” In lamin A/C positive humans, the effects of
non-competitive exercise, and association of exercise with
skeletal muscle disease are unknown.
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Clinical Perspective

What Is New?

Lamin A/C genotype positive patients with greater exercise
exposure had earlier penetrance of dilated cardiomyopathy
than those with less.

* A dose-response relationship was illustrated by a linear
relationship between increasing tertile of exercise duration
and dilated cardiomyopathy.

Recreational exercise may have an adverse impact on
cardiac function in lamin A/C positive patients, and family
members identified by genetic screening demonstrated
earlier penetrance and lower left ventricular ejection
fraction with increasing exercise exposure.

What Are the Clinical Implications?

* It may be reasonable to advise patients with lamin A/C
mutations to avoid competitive and/or vigorous exercise.

» This advice may also apply to genotype positive family
members with incomplete disease penetrance at the time of
genetic diagnosis.

Exercise has known health benefits and should not be
unnecessarily restricted, however, safe exercise thresholds
in patients with lamin A/C mutations are still unknown.

We aimed to explore the effects of exercise habits on left
ventricular (LV) dimensions and function, on electrical
disease, including atrioventricular block and arrhythmias in
lamin A/C cardiomyopathy. We hypothesized that more
exercise is associated with worse cardiac phenotypes in
lamin A/C patients.

Methods
Data Availability

The authors do not have the authority to share the data used
in the analyses described in this article. The approval of the
Regional Committee for Medical Research Ethics limits
sharing data with researchers outside of Norway for purposes
of reproducing the results or replicating the procedures. The
data can only be made available to any additional researchers
if a formal request is filled with the Regional Committee for
Medical Research Ethics and explicit consent is given from
every study subject.

Study Population

We conducted a single-center cross sectional study including
consecutively recruited lamin A/C genotype positive pro-
bands, and genotype positive family members from the Unit
for Genetic Cardiac Diseases, Department of Cardiology, Oslo

University Hospital, Rikshospitalet, Oslo, Norway.? Probands
were defined as the first affected individual in a family who
sought medical attention for lamin A/C related disease and
with a pathogenic lamin A/C genotype. Genotype positive
family members were identified by cascade genetic screening.

The study complied with the Declaration of Helsinki, and
the research protocol was approved by the Regional Com-
mittee for Medical Research Ethics. All study patients gave
written informed consent.

Exercise Questionnaire

In March 2017 we performed an exercise survey among our
lamin A/C genotype positive patients using a structured
phone interview or a questionnaire by mail, as previously
described. '® Exercise data were obtained retrospectively from
age 7 until March 2017, and were reported as type of
activity/sport, each graded at intensity light, moderate, or
vigorous.

The intensity of the reported activities were quantified as
metabolic equivalents,'® and rated according to Compendium
of Physical Activities with updated online tools.?® We
summarized all exercise hours above 3 metabolic equiva-
lents?" from age 7 until the study echocardiogram, which
coincided in time with the diagnosis of lamin A/C genotype,
and defined this quantitative measure as cumulative lifetime
exercise (Figure 1).

Patients with cumulative lifetime exercise > median were
defined as active, and those with cumulative lifetime exercise
< median were defined as sedate. To address potential age
confounding, we calculated the exercise habits by standard-
izing by the number of years over which the lifetime exercise
hours accumulated in each patient, defined as standardized
lifetime exercise (lifetime exercise/[52 weeksxage at
diagniosis—7]). Patients exercising above median standard-
ized lifetime exercise were defined as standardized active
patients as opposed to standardized sedate patients.

We analyzed exercise irrespective of duration by averaging
the intensity of each patient’s main activities in the presum-
ably healthy decade between 15 and 25 years of age. Patients
with average intensities >6 metabolic equivalents were
defined as vigorous exercisers.'' Patients with average
intensities <6 metabolic equivalents were defined as non-
vigorous exercisers, similar to a previous definition.'®

Echocardiography

We analyzed the echocardiographic study with good image
quality closest to the time of diagnosis of lamin A/C
genotype. Transthoracic echocardiography was performed
using Vivid 7 or Vivid E9 (GE Healthcare, Horten, Norway) and
data were analyzed off-line (EchoPac; GE Healthcare).
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Example of lifetime exercise calculation in a study patient

Spinning

17

~N
Handball

Age, years
Study survey [ 44 -
| March 2017 | Exercise after study inclusion ? T;u
Not included in life time exercise | ©
. B0 - Bl
La'mln A{C | 20
diagnosis

30

Sports discipline

Patient report from survey Calculations
dii:iorI;e Age start ol ontis s (el Accumulated hours calculation PR comment
o Sl\glt'r week year  performed intensity MET hours
Handball 7 4 10 10 11 4h x 52 weeks x 10/12 months x 10 years 1716
Aerobic 17, 4 10 13 7 4h x 52 weeks x 10/12 months x 13 years 2231
Spinning 17 1 10 13 8.5 1h x 52 weeks x 10/12 months x 13 years 561
Spinning 30 2 10 9 8.5 2h x 52 weeks x 10/12 months x 9 years 782
Brisk walk | 40 il 12 4 4 AhxS2weeksw 1fidmonthsxAyears 832  After diagnosis
Lifetime Exercise 5290 hours

Figure 1. Diagram showing exercise discipline >3 METs and duration performed at different ages. Orange
field indicates exercise after lamin A/C diagnosis, not included in lifetime exercise. Table showing exercise
reported by the patient (green) and calculations of lifetime exercise (red). Estimated intensity (metabolic
equivalents) from compendium of physical activities?® was used for defining vigorous exercise (>6
metabolic equivalents). MET indicates metabolic equivalents.

LV end-diastolic diameter were measured by M-mode or 2-
dimensional imaging. LV end-diastolic volume, end-systolic
volume, and LV ejection fraction (LVEF) were calculated by
modified Simpson biplane method.?? Clinically significant
impaired LV systolic function was defined as LVEF <45% in
line with previous studies on lamin A/C patients.®> We defined
DCM as LVEF <45%, or end-diastolic diameter >60 mm (men)
or 54 mm (women).?> We performed LV strain analyses by 2-
dimensional speckle tracking, traced from the 3 apical views
at a frame rate of >50 frames/s. Peak negative longitudinal
strain was assessed in 16 LV segments and averaged to LV
global longitudinal strain (GLS).?®

Cardiac Magnetic Resonance

In a subset of patients without cardiac implantable electronic
devices, we performed cardiac magnetic resonance (CMR)
with late gadolinium enhancement, using 1.5 T clinical
scanner (Magnetom Sonata or Magnetom Avanto Siemens,
Erlangen, Germany) as previously described.?* We analyzed
LV end-diastolic and end-systolic volumes and LVEF. Cardiac
fibrosis was assessed by late gadolinium enhancement and
analyzed and dichotomized as present or non-present by an
expert radiologist.

Conduction Disease and Arrhythmias

Twelve-lead ECG was recorded at the time of study echocar-
diogram. We noted rhythm, PR-interval, QRS duration, and
presence of atrioventricular block. All patients underwent
Holter monitoring. Arrhythmias were recorded from 12-lead
resting ECG, exercise ECG, Holter monitoring, and interroga-
tion of implantable cardiac electronic devices (implantable
cardioverter defibrillator or cardiac resynchronization therapy-
defibrillator).

Sustained ventricular arrhythmia was defined as aborted
cardiac arrest or ventricular tachycardia with a frequency
>120/min lasting >30 seconds or appropriate implantable
cardioverter defibrillator therapy. Non-sustained ventricular
tachycardia was defined as >3 consecutive ventricular beats
with a rate >120/min lasting <30 seconds.’

Skeletal Muscle Function

All patients were screened for skeletal muscle function, and
patients with suspected skeletal muscle dysfunction were
referred for neurological exam. Skeletal muscle dysfunction
was noted as present in patients with symptoms of muscular
weakness, with either positive findings on neurological exam,
or pathological creatinine kinase.
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Genetic and Laboratory Analyses

Genetic analyses were performed as part of the clinical
evaluation as previously described.?* We grouped all patients
by family, based on the pedigree of each proband. We
measured creatinine kinase and NT-proBNP (N-terminal pro b-
type natriuretic peptide) at time of echocardiogram.

Statistical Analysis

Normally distributed data were presented as mean4SD, and
categorical data as frequencies with percentages. Compar-
isons were performed using unpaired Student ¢ test or by %%,
x? for trend or Fisher exact test, as appropriate. Data on
exercise were not normally distributed and were presented as
median (interquartile range) and compared by Mann—Whitney
U test. Not normally distributed biomarkers were log-
transformed and presented as geometric mean (interquartile
range). We used Spearman rho to explore the correlation
between lifetime exercise and LV systolic function. Parame-
ters which differed significantly (P<0.05) between active and
sedate patients were adjusted for age at diagnosis and sex by
multivariate logistic regression. Exercise was divided in
tertiles to explore if a dose response relationship existed
between lifetime exercise/standardized lifetime exercise and
LV systolic function. Kaplan—Meier curves showed age-related
survival free from LVEF <45% (SPSS version 25, SPSS Inc
Chicago, IL, USA). Subgroups of probands and family mem-
bers were analyzed separately. Because of the dependence of
the measurements of cardiac function within a family we
performed mixed-models linear regression with random family
clustering (STATA version 15.0, StataCorp LLC 4905 Lakeway
Drive College Station, TX 77845, USA). Two-sided P<0.05
were considered significant.

Results
Study Patients

We conducted the exercise survey in March 2017 and
approached 83 live lamin A/C genotype positive patients. Of
these, 69 (83%) responded to the exercise survey and were
included in the study (age 42+14 years, 46% women, 41%
probands, and 27 families). Lamin A/C genotypes are
summarized in Table S1.

At the time of study echocardiogram, 33 (48%) patients
had overt DCM (Table 1) and 25 (36%) patients had LVEF
<45%. The majority (67%) of the patients were treated with
cardiac medication (Table S2). In all, 33 (48%) patients had an
implantable cardiac electronic device, 15 (22%) had implan-
table cardioverter defibrillator and 18 (26%) had cardiac
resynchronization therapy-defibrillator. Paroxysmal or perma-
nent atrial fibrillation (AF) was present in 36 (52%), non-

sustained ventricular tachycardia had occurred in 31 (45%),
and 7 (10%) had experienced sustained ventricular arrhyth-
mia. Fifteen (22%) of the patients had skeletal muscle
dysfunction (Table 1).

Relationship Between Exercise, Clinical
Characteristics, and Cardiac Function

Median lifetime exercise was 4160 (interquartile range 104 1—
6924) hours, and median standardized lifetime exercise was
2.2 hours of exercise per week. In total, 34 patients were by
definition active with accumulated lifetime exercise equivalent
to 4.5 hours of exercise per week, and 35 patients were
sedate with equivalents of 0.8 exercise hours per week. None
of our patients performed professional sports and only 2
patients exercised >10 hours per week. There were no
differences in age, sex or skeletal muscle function between
the active and sedate patients (Table 1).

Active patients were more likely to be probands, had
lower LVEF and more frequently DCM compared with sedate
patients (Table 1). Exercise duration was associated with
lower LVEF and DCM, also when adjusted for age and sex
(both P<0.05) (Table 1). Impaired LV systolic function in
active patients was further supported by worse GLS and
higher NT-proBNP levels compared with the sedate patients
(Table 1). Similarly, using standardized lifetime exercise
supported the finding with worse cardiac function in
standardized active versus sedate patients (LVEF 42414%
versus 524+14%, P=0.003, and GLS —1548% versus
—18+5%, P=0.04). LVEF decreased with 4% per tertile
increment in lifetime exercise (adjusted LVEF —4% 95% ClI
[-7% to —0.4%, P=0.02]), when adjusted for age at
diagnosis, sex, and accounting for dependence within
families. Similarly, LVEF decreased by 4% 95% Cl (—7% to
—1%, P=0.01) using tertiles of standardized lifetime exercise
(Figure 2A and 2C).

Active patients were younger when diagnosed with LVEF
<45% (Log rank P=0.007) (Figure 3A) compared with sedate.
There was a significant linear trend between increase in
lifetime exercise/standardized lifetime exercise in tertiles and
LVEF <45% (Figure S1A and S1C). Furthermore, patients with
LVEF <45% had accumulated more hours of exercise
(Table 2).

By using continuous variables for lifetime exercise and
cardiac function, we observed a moderate correlation
between lifetime exercise and cardiac function (LVEF:
p=—0.28, P=0.02 and GLS: p=0.30, P=0.01).

Because of a high frequency of implantable electronic
cardiac devices, CMR was performed in only a subset of
patients (n=21), 0.6 (interquartile range 1.5—4.5) months after
the study echocardiogram. LVEF by CMR was reduced in the
active compared with the sedate patients (Table 3).
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Table 1. Characteristics of 69 Lamin A/C Mutation Positive Patients Related to Lifetime Exercise

Skjolsvik et al

Sedin . OR 95% Cl P Value
Characteristics Total (n=69) Patients (n=35) Patients (n=34) P Value Adjusted for age and sex
Clinical characteristics
Proband, n (%) 8 (41) 10 (29) 18 (53) 0.04 24 0.85-6.89 0.10
Women, n (%) 32 (46) 17 (49) 15 (44) 0.71
Proband 2 (43) 5 (50) 7 (39) 0.70
Family member 20 (48) 12 (48) 8 (50) 0.90
Age, y 42+14 40+16 45+13 0.16
Proband 48+12 43+16 50+9 0.12
Family member 39+15 39+16 38+14 0.97
Body mass index, kg/m? 2545 2546 2644 0.30
Proband 26+4 26+6 26+4 0.82
Family member 25.0+4.7 24.2+5.1 26.1+3.9 0.20
DCM, n (%) 33 (48) 11 (31) 22 (65) <0.01 37 1.3-10.4 0.01
Proband (68) 6 (60) 13 (72) 0.68
Family member 4 (34) 5 (20) 9 (56) 0.02 7.1 1.5-34.6 0.02
Skeletal muscle dysfunction, n (%) 5 (22) 7 (20) 8 (24) 0.70
Proband 0 (36) 4 (40) 6 (33) 1.00
Family member 5(12) 3(12) 2 (13) 1.00
Electrophysiologic characteristics
PR interval*, ms 222476 201+76 245472 0.06
Proband 271494 140+13 300+76 0.02
Family member 205+63 207477 201+19 0.79
QRS width', ms 99+21 95+20 104+22 0.11
Proband 112426 115+37 111+£23 0.78
Family member 93+15 90+11 98+20 0.15
Atrioventricular -block, n (%) 43 (62) 18 (51) 25 (74) 0.06
Proband 25 (89) 8 (80) 17 (94) 0.53
Family member 18 (44) 10 (40) 8 (50) 0.53
Atrial fibrillation, n (%) 36 (52) 13 (37) 23 (68) 0.01 3.8 1.1-13.0 0.04
Proband 20 (71) 7 (70) 13 (72) 1.00
Family member 16 (39) 6 (24) 10 (63) 0.01 15.7 2.1-119.2 <0.01
ICD, n (%) 15 (22) 7 (20) 8 (24) 0.72
Proband 9 (32 3 (30) 6 (33) 1.00
Family member 6 (15) 4 (16) 2 (13) 1.00
CRT-D, n (%) 18 (26) 4 (11) 14 (41) <0.01 5.1 1.3-20.0 0.02
Proband 11 (39) 2 (20) 9 (50) 0.23
Family member 7(17) 2 (8 5 (31) 0.09
Sustained ventricular arrhythmia, n (%) 7 (10 2 (6) 5 (15) 0.30
Proband 6 (21) 2 (20) 4 (22) 1.00
Family member 1(2.4) 0 (0) 1(6.3) 0.39
NSVT, n (%) 31 (45) 12 (34) 19 (56) 0.07
Proband 17 (61) 5 (50) 12 (67) 0.44
Family member 14 (34) 7 (28) 7 (44) 0.30
Continued
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Table 1. Continued

Skjolsvik et al

Sedin . OR 95% Cl P Value
Characteristics Total (n=69) Patients (n=35) Patients (n=34) P Value Adjusted for age and sex
Laboratory characteristics
CK, microkatal/L 2.1 (1.3-3.4) 2.3 (1.5-3.8) 1.9 (1.0-3.1) 0.40
Proband 1.9 (1.0-4.3) 2.2 (0.7-5.8) 1.8 (1.0-3.7) 0.67
Family member 2.2 (1.7-2.9) 2.4 (1.6-3.1) 2.0 (1.7-2.4) 0.42
NT-proBNP, pmol/L 51 (18-164) 30 (13-64) 78 (32-219) 0.03 1.06% 0.95-1.18 0.31
Proband 108 (44-281) 71 (27-251) 134 (47-403) 0.32
Family member 26 (8-64) 18 (8-52) 38 (8-121) 0.17
Echocardiographic findings
Heart rate, beats/min 66+14 69+16 62+11 0.07
Proband 62+16 68+25 59+9 0.21
Family member 68+13 69+14 66+12 0.43
EDV, mL 122+40 111+£25 133+49 0.02 1.02 0.99-1.04 0.06
Proband 133452 115427 142460 0.20
Family member 115+28 110+25 123+31 0.13
ESV, mL 67+34 55422 79+39 <0.01 1.03 1.01-11 0.02
Proband 81+40 67+28 88443 0.19
Family member 57+25 50+17 68+31 0.03 1.1 1.01-1.13 0.03
EDD, mm 54+7 52+7 57+6 0.07 1.1 1.01-1.2 0.03
Proband 56+7 52+6 59+7 0.01 1.22 1.002-1.5 0.04
Family member 53+6 52+7 54+5 0.4
LVEF, % 47413 51+11 43+13 <0.01 0.95 0.90-0.99 0.02
Proband 40+13 41+14 39+12 0.69
Family member 52+11 55+7 47+13 0.01 0.88 0.79-0.92 0.02
GLS, % —16.546.7 —18.2+5.8 —15.0+7.2 0.04 1.1 0.98-1.2 0.11
Proband —14.4+7.0 —13.4+9.2 —15.0+6.0 0.61
Family member —18.0+6.1 —20.0+£2.5 —15.0+9.0 0.01 1.5 1.06-2.1 0.02

Values are mean=+SD, frequency (%), or geometric mean (interquartile range). P values are calculated by Student t-test, Chi square test, or Fisher exact test as appropriate. BMI indicates
body mass index; CK, creatinine kinase; CRT-D, cardiac resynchronization therapy-defibrillator; DCM, dilated cardiomyopathy; EDD, end diastolic diameter; EDV, end diastolic volume; ESV,
end systolic volume; GLS, global longitudinal strain; ICD, implantable cardioverter defibrillator; LVEF, left ventricular ejection fraction; NSVT, non-sustained ventricular tachycardia; NT-

proBNP, N-terminal pro b-type natriuretic peptide.
*n=43, 'n=51, *odds for 50 increments increase.

Relationship Between Exercise, Conduction
Abnormalities, and Arrhythmias

Because of high frequencies of AF and total atrioventricular
block, PR-interval was available only in 43 (62%), and QRS
duration in 51 (74%) patients. We observed no statistically
significant differences in PR-interval, QRS duration, or occur-
rence of atrioventricular block between the active and sedate
patients in this limited cohort (Table 1), nor when using
standardized exercise categories (data not shown). The active
patients had more frequently cardiac resynchronization ther-
apy-defibrillator and AF independently of age and sex

(Table 1). History of sustained ventricular arrhythmia or non-
sustained ventricular tachycardia did not differ between active
and sedate patients.

Exercise and Cardiac Phenotype in Subgroup
Analyses of Family Members

The probands were older than family members at study
inclusion and therefore, as expected, had more severe disease
(Table S3). Furthermore, there were more probands in the
active group. To avoid that age-related disease progression
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Relationship between lifetime
exercise and mean LVEF

per tertile p=0,03+

Mean LVEF

N=69 Lamin A/C gentotype
_ patients

2 tertile
Accumulated exercise hours

1 tertile 3 tertile

Mean LVEF

N=41 Family members

1 tertile 2 tertile 3 tertile
Accumulated exercise hours

Relationship between standardized
lifetime exercise and mean LVEF

Mean LVEF

N=69 Lamin A/C gentotype
_ patients

2 tertile 3 tertile
Exercise hours/week

1 tertile

=)

Mean LVEF

N=41 Family members

1 tertile 2 tertile 3 tertile
Exercise hours/week

Figure 2. Values in light blue arrows are regression coefficients with P values calculated by linear mixed model regression with random
family clustering effects. Left panels: Bar charts displaying mean LVEF related to increasing tertiles of lifetime exercise in 69 lamin A/C
genotype positive patients (A), and in 41 lamin A/C genotype positive family members (B). Right panels: Bar charts displaying mean LVEF
related to increasing tertiles of standardized lifetime exercise in 69 lamin A/C genotype positive patients (C), and in 41 lamin A/C
genotype positive family members (D). *Adjusted age at diagnosis and sex. 'Adjusted for sex. LVEF indicates left ventricular ejection

fraction.

confounded our results, we analyzed the 41 family members
separately (16 active and 25 sedate). Importantly, age did not
differ between active and sedate family members (Table 1).
Active family members had reduced LV systolic function by
LVEF (echocardiography and CMR), and worse GLS (Tables 1
and 3). This was also evident when using standardized lifetime
exercise (LVEF 47412% versus 55+7%, P=0.02, CMR LVEF
52+7% versus 58+4%, P=0.04, GLS —16+8% versus
—2042%, P=0.02). Importantly, LVEF decreased by 6% per
tertile increment in lifetime exercise (adjusted LVEF —6% 95%
Cl [-10% to —3%, P<0.0005]) when adjusted for age at
diagnosis and sex and accounting for relatedness within
families. Similarly, with tertiles of standardized lifetime
exercise (adjusted LVEF —4% 95% Cl [—-7% to —0.3%,
P=0.03]) (Figure 2B and 2D).

Active family members were younger when diagnosed with
LVEF <45% (log rank P=0.004) (Figure 3B). Lifetime exercise
showed a dose-response relationship with LV systolic func-
tion. None of the family members in the lowest exercise tertile
had LVEF <45%, while almost half of family members in the
highest exercise tertile had LVEF <45% (Figure S1B).

We observed moderate and significant correlations between
lifetime exercise and cardiac function (LVEF p=—0.35, P=0.03,
GLS p=0.44, P=0.004).

Active family members had more frequently AF compared
with the sedate, also when adjusted for age and sex (Table 1).
Family members with a history of vigorous exercise had lower
LVEF (echocardiographic LVEF 46% versus 54%, P=0.03, CMR
LVEF 5248% versus 58+4%, P=0.04) compared with family
members with non-vigorous exercise.
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Figure 3. Kaplan—Meier plots displaying age-related survival free from LVEF <45% in sedate (blue line) and active (red line) lamin A/C patients
(n=69. A). B, The subgroup of 41 family members (n=41). C, The subgroup of 28 probands (n=28). LVEF indicates left ventricular ejection

fraction.

In the subgroup of probands, differences between active
and sedate were less clear (Tables 1 and 3; Figure 3C).

Discussion

This study showed that exercise was associated with worse
LV systolic function and higher prevalence of AF in lamin A/C
genotype positive patients. Active patients had worse cardiac
function independent of age and sex, indicating a harmful
effect of exercise not explained by age-related disease
progression. Furthermore, our results indicated that recre-
ational exercise may be sufficient to negatively affect disease
progression.

Atrioventricular block and ventricular arrhythmias were not
clearly associated with lifetime exercise, but these results
must be interpreted with care because of a limited number of
observations.

Exercise and Cardiac Function

LV systolic function was impaired in active patients, indepen-
dently of age and sex. LV systolic function was assessed by
multi-modality imaging (echocardiography and CMR) and
results were supported by biomarkers showing higher NT-
proBNP in active patients.

We used 3 different exercise parameters including lifetime
exercise, standardized exercise by age and vigorous exercise.
By all parameters, we demonstrated a relationship between
impaired cardiac function and exercise. Our study included
non-competitive sports indicating that also recreational
exercise may have an impact on cardiac function. In summary,
our results support previous reports by Pasotti et al'® and
indicate a dose-response relationship of exercise on LV
systolic function in lamin A/C disease that has not been
shown previously.
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Table 2. Distribution of Exercise Parameters for Patients With LVEF Above and Below 45%

Total (n=69) LVEF >45% (n=44) LVEF <45% (n=25) P Value
Age, y 42414 40+14 47+14 0.06
Exercise data
Lifetime exercise, h 4160 (1041-6924) 1845 (756-5225) 6630 (4826-9851) <0.01
Probands lifetime exercise, h 5276 (733-10 184) 3660 (670-7500) 6431 (1792-10 888) 0.19
Family members lifetime exercise, h 2122 (1132-6619) 1732 (860—4700) 6630 (4945-7911) <0.01

Values are mean+SD, median (interquartile range). P values are calculated by Student t-test, or Mann—Whitney U test. LVEF indicates left ventricular ejection fraction.

The differences between active and sedate were most
prominent in the younger family members representing
individuals identified by family genetic screening and not
necessarily symptomatic. The active family members were
younger at DCM diagnosis and showed a clear dose response
relationship between LV systolic function and exercise
(Figure 2B and 2D). The greater exercise effect observed in
family members compared with probands is possibly
explained by their younger age and a wider spectrum of
cardiac function. In all, our findings indicated that exercise
aggravates cardiac function and leads to earlier DCM
penetrance in lamin A/C disease.

Active patients were more frequently probands. Probands
were older than the family members which made them likely
to have more advanced disease, and more likely to have
accumulated more hours of exercise. In probands, LVEF was
low in both the active and sedate and the majority presented

an end stage phenotype. The high prevalence of severely
depressed LVEF in probands limited the interpretation of
exercise effect on their LV systolic function.

Exercise has beneficial and anti-remodeling effects and can
be performed safely in the majority of heart failure
patients.?>% In specific cardiomyopathies however, including
lamin A/C disease, the impact of exercise may be more
complex.'®'#27:28 The role of lamin A/C mutations in
initiating cardiomyopathy is unknown. We can speculate that
lamin A/C mutations may result in maladaptive gene
transcription in response to mechanical strain on the cell*’
which may provide the link to exercise induced maladaptive
cardiac remodeling in lamin A/C.

Active patients had larger cardiac dimensions compared
with sedate patients and in probands cardiac dimensions
exceeded those associated with athlete’s heart.*>®" Our
patients mostly performed recreational sports and did not

Table 3. CMR Characteristics of 21 Lamin A/C Genotype Positive Patients

CMR Characteristics, (n) Total (n=21) Sedate (n=10) Active (n=11)

Proband, n (%) 4 (19) 0 (0) 4 (36)

Family Member, n (%) 17 (80) 10 (100) 7 (64) P Value

Age at CMR, y 38+11 37+12 39+11 0.70
Family member 36+11 37+13 3648 0.90

Women, n (%) 12 (57) 5 (50) 7 (64) 0.67
Family member 10 (59) 5 (50) 5 (71) 0.62

EDV, mL 17641 163430 18847 0.16
Family member 165430 163430 169426 0.67

ESV, mL 81+28 68+16 92+31 0.03
Family member 73+19 68+16 80+22 0.17

LVEF, % 55+7 59-+4 52+7 0.01
Family member 56+6 59+4 53+7 0.04

LGE*, n (%) 12 (63) 5 (56) 7 (70) 0.65
Family member 9 (56) 5 (56) 4 (57) 1.00

Values are mean=+SD, frequency (%). P values are calculated by Student t-test, Chi square test, or Fisher exact test as appropriate. CMR indicates cardiac magnetic resonance; EDV, end

diastolic volume; ESV, end systolic volume; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction.

*n=19.
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perform exercise at a level associated with cardiac morpho-
logical changes.®? 3¢ We therefore believe that enlarged
cardiac dimensions in our active patients were results of
pathological DCM development, possibly aggravated by
exercise, and not a physiologic consequence of athletic
activity.

Exercise, Conduction Disease, and Arrhythmias

The active patients had more AF, independently of age both in
the total group and in the subgroup of family members, while
there were no differences in the subgroup of probands. The
high prevalence of age-related AF in probands probably
limited the interpretation of the exercise effect on AF in this
subgroup.

We found no significant association between exercise and
atrioventricular block or ventricular arrhythmia. The study by
Pasotti et al'® showed an association between former
competitive athletes and ventricular arrhythmias in the lamin
A/C population. Our data should be interpreted with care
because of the relatively low sample size, and possible
differences in age and medical treatment of the patients
compared with the patients studied by Pasotti et al. Further-
more, higher exercise intensities or durations may be required
to increase the risk of ventricular arrhythmias than those
investigated in our study.

Exercise and Skeletal Muscle Affection

We found no clear association between exercise and skeletal
muscle disease or creatinine kinase-levels. One might spec-
ulate that skeletal muscle function may be less affected by
exercise, in line with experimental studies.'” Importantly, our
findings indicated that skeletal muscle disease did not limit
exercise in our patients with about 80% of patients with
normal skeletal function; these numbers are in line with
previous studies including patients from cardiology depart-
ments.”

Clinical Implications

Our findings indicated that patients with lamin A/C genotype
should avoid engaging in long-term and/or vigorous exercise.
Our data did not identify potential tolerable exercise
thresholds but indicated a dose response relationship and
that even recreational, non-competitive sports may have an
impact on cardiac function and cardiac disease progression.
Because of the known health benefits of an active lifestyle, it
may be reasonable to recommend avoidance of vigorous
sports until more data are available. Further studies are
needed to indicate safe exercise levels in patients with lamin
A/C.

Limitations

Our study was a cross sectional single-center study with
assessment of exercise retrospectively which may limit external
validity. We cannot exclude potential residual confounding.
Only exercise habits before diagnosis of lamin A/C were
investigated in this study. Therefore, we cannot conclude about
exercise restriction following genetic diagnosis.

Quantification of self-reported activity may be subject to
recall bias. Possible patient knowledge about the adverse
effect of competitive sports before study entry may have
influenced their self-reporting of lifetime exercise. However, it
is difficult to conclude whether this information lead to under-
or over-reporting. More objective metrics for activity, ie
accelerometry, would increase the validity of our findings and
should be addressed in prospective studies.

Lifetime exercise hours are age-dependent which could
influence our data. To overcome this limitation, we standard-
ized exercise data for age, and we used statistical age
adjustments. Ideally, a study should randomize patients to
exercise, which is not feasible for ethical and practical
reasons. In addition, separate analyses of the younger family
members limited the confounding effect of age-related
penetrance. Furthermore, we used the age independent
exercise variable assessing history of vigorous exercise in
the decade between age 15 to 25 years, which supported our
results and was in accordance with the previous study of
Pasotti et al.'®

Members within families are likely to be correlated with
each other. Dependence in data attributable to patient
relatedness was handled by mixed effects regression models
allowing family clustering.

Conclusions

Longer lifetime exercise duration was a marker of impaired
LV systolic function by echocardiography, CMR, and
biomarkers in patients with lamin A/C genotype, indepen-
dent of age and sex. DCM occurred at younger age in active
patients and exercise hours correlated with impaired LV
systolic function. These results were most evident in the
younger subgroup of genotype positive family members
presenting with non-complete penetrance. Exercise was
associated with AF, while the associations with atrioventric-
ular block and ventricular arrhythmias were marginal. Our
findings may improve exercise recommendations in patients
with lamin A/C.
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Table S1. Lamin A/C genotypes in sedate and active patients.

c DNA Amino Acid Total, n =69 (%) Sedate, n =35 (%) Active, n =34 (%)
c.961C>T p.R321X 23 (33) 13 (37) 10 (29)
C.886-887insA  p.R296QfsX35a" 17 (25) 9 (26) 8 (24)
c.1063C>T p.Q355x 2(3) 1(3) 1(3)
c.1129C>T p.R377c 2 (3) 1(3) 1(3)
c.642delG p.E214DfsX266" 13 (19) 5 (14) 8 (24)
c.1381-1G>A " " 1(1) 0 (0) 1(3)
c.427T>C p.S143P 1 (1) 0 (0) 1(3)
c.868G>A p.E290K 1(1) 1(3) 0 (0)
c.43C>T p.Q15X 1(1) 1(3) 0 (0)
c.992G>A p.R331Q 4 (6) 1(3) 3(9)
c.1003C>T p.R335W 2(3) 2 (6) 0 (0)
c.305TT>C p.L102P 1(1) 1(3) 0 (0)
c.1016C>A p.A339E" 1(1) 0 (0) 1(3)

Values are frequency (%).
¢ DNA indicates complimentary DNA
“Novel mutation, "Mutations in an acceptor site may cause more than one mutant transcript

with different effects at the protein level.



Table S2. Medication in 69 lamin A/C genotype positive patients.

Medication in 69 lamin A/C genotype positive patients.

Total (n =69) Sedate patients Active patients P
(n=35) (n=34)

Cardiac medication, 46 (67) 18 (51) 28 (82) <0.01
n (%)
Proband 25 (89) 9 (90) 16 (89) 1.00
Family member 21 (51) 9 (36) 12 (75) 0.015
Beta blocker, n (%) 37 (54) 11 (31) 26 (77) <0.01
Proband 19 (68) 4 (40) 15 (83) 0.04
Family member 18 (44) 7 (28) 11 (69) 0.01
Calcium blocker, n (%) 1(1.5) 1(2.9) 0 (0) 1.00
Proband 0 (0) 0(0) 0 (0)
Family member 1(3) 1(4) 0 (0) 1.00
ACE inhibitor or ATII 27 (39) 10 (29) 17 (50) 0.07
antagonist, n (%o)
Proband 18 (63) 6 (60) 12 (67) 1.00
Family member 9 (22) 4 (16) 5(31) 0.44
Aldosterone antagonist, 7 (10) 2 (6) 5 (15) 0.25
n (%)
Proband 6 (21) 2 (20) 4(22) 1.00
Family member 1(3) 0(0) 1(7) 0.38
Anti arrhythmic drugs, 14 (20) 8 (23) 6 (18) 0.59



n (%)

Proband

Family member
Diuretics, n (%)
Proband

Family member
Anticoagulation, n (%)
Proband

Family member

8 (29)
6 (15)
16 (24)
12 (43)
4 (10)
33 (48)
22 (79)

11 (27)

4 (40)
4 (16)
8 (23)
6 (60)

2 (8)

11 (31)

8 (80)

3(12)

4(22)
2 (13)
8 (24)
6 (33)

2 (13)

22 (65)

14 (78)

8 (50)

0.40

1.00

0.89

0.24

1.00

<0.01

1.00

0.01

P-values are calculated by Chi square test or Fisher's exact test as appropriate.

ATTII antagonist indicates angiotensin |1 receptor blocker.



Table S3. Baseline characteristics in 41 lamin A/C family members and 28 lamin A/C

probands.

Clinical Total Family members Probands p
characteristics n=:69 n=41 n=28

Female, n(%) 32 (46) 20 (49) 12 (43) 0.63
Age, years 42+ 14 39+15 48 +12 <0.01
PR-interval®, ms 222 + 76 205 + 63 271 + 94 0.01
QRS widtht, ms 99+21 93+15 112 + 26 <0.01
AV-block, ms 43 (62) 18 (44) 25 (89) <0.01
Atrial fibrillation, n (%) 36 (52) 16 (39) 20 (71) <0.01
DCM, n (%) 33 (48) 14 (34) 19 (68) <0.01
ICD, n (%) 33 (48) 13 (32) 20 (71) <0.01
CRT-D, n (%) 18 (26) 7(17) 11 (39) 0.04
NSVT, n (%) 31 (45) 14 (34) 17 (61) 0.03
Sustained ventricular 7 (10) 1(2.4) 6 (21) 0.01
arrhytmia n (%)

BMI, (kg/m?) 25+ 4.7 25+4.7 26 +4.7 0.37
Skeletal muscle 15 (22) 5(12) 10 (36) 0.02
dysfunction, n (%)

Lifetime exercise, hours 4160 (1041- 2122 (1131-6619) 5276 (733-10184) 0.22

6924)

Active patients, n (%) 34 (49) 16 (39) 18 (64) 0.04
Medication

Betablocker, n (%) 37 (54) 18 (44) 19 (68) 0.05
ACE inhibitor, n (%) 27 (39) 9 (22) 18 (64) <0.01




Aldosterone antagonist, 7 (10.3) 13 6 (21) 0.01

n (%)

Antiarythmics, n (%) 14 (20) 6 (15) 8 (29) 0.16
Loop diuretics, n (%) 16 (24) 4 (10) 12 (43) <0.01
Anticoagulation, n (%) 33 (48) 11 (27) 22 (79) <0.01

Echocardiographic

findings

EDV, (ml) 122 + 40 115 + 28 133 + 52 0.07
ESV, (ml) 67 + 34 57 + 25 81 + 40 <0.01
LVEF, (%) 47 +13 52 + 10 40 + 13 <0.01
Laboratory

characteristics

CK, ukat/L 2.1 (1.3-3.5) 2.2 (1.7-2.9) 1.9(1.0-43) 059

NT-proBNP, pmol/L 51 (18-164) 25.5 (8-64) 108 (44-281)  <0.01

Values are mean + standard deviation, frequency (%), or geometric mean (interquartile range
[IQR]). P-values are calculated by Student’s t-test, Chi square test, or Fisher's exact test as
appropriate. 'n =43, tn = 51,

AV-block indicates atrioventricular block, BMI; Body mass Index, CK; Creatinine kinase,
CRT-D; Cardiac Resynchronization Therapy-Defibrillator, DCM; Dilated Cardiomyopathy,
EDD; End diastolic diameter, EDV; End diastolic volume, ESD; End systolic diameter, ESV;
End systolic volume, ICD; Implantable Cardioverter Defibrillator, LVEF; Left ventricular
ejection fraction, NSVT; Non-Sustained Ventricular Tachycardia, NT-proBNP; N-terminal

pro b-type natriuretic peptide.



Figure S1. Bar charts showing distribution of LVEF below 45% (red bars) in increasing

tertiles of exercise.
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Left side: Bar charts showing distribution of 69 lamin A/C genotype positive patients panel A,

and 41 lamin A/C genotype positive family members panel B, with LVEF > 45% (blue bars)

or LVEF < 45% (red bars) according to lifetime exercise hours divided by tertiles. 1 tertile: O-
1479, 2 tertile:1480-5964, 3: tertile 5965-24873 exercise hours.
Right side: Bar charts showing distribution of 69 lamin A/C genotype positive patients panel

C, and 41 lamin A/C genotype positive family members panel D, with LVEF > 45% (blue

bars) or LVEF < 45% (red bars) according to standardized lifetime exercise hours divided by
tertiles. 1 tertile: 0-1.0 hours/week, 2 tertile: 1.1-3.4 hours/week, 3 tertile: 3.5-10.4

hours/week. * Fischer’s exact test for linear trend. LVEF indicates left ventricular ejection

fraction.



