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Abstract

Aims—Cardiac implantable electronic device (CIED) therapy is fundamental to the management 

of LMNA cardiomyopathy due to the high frequency of atrioventricular block and ventricular 

tachyarrhythmias. We aimed to define the role of cardiac resynchronization therapy (CRT) in 

impacting heart failure in LMNA cardiomyopathy.

Methods and results—From nine referral centres, LMNA cardiomyopathy patients who 

underwent CRT with available pre- and post-echocardiograms were identified retrospectively. 

Factors associated with CRT response were identified (defined as improvement in left ventricular 

ejection fraction [LVEF] ≥5% 6 months post-implant) and the associated impact on the primary 
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outcome of death, implantation of a left ventricular assist device or cardiac transplantation was 

assessed. We identified 105 patients (mean age 51 ± 10 years) undergoing CRT, including 70 

(67%) who underwent CRT as a CIED upgrade. The mean change in LVEF ~6 months post-CRT 

was +4 ± 9%. A CRT response occurred in 40 (38%) patients and was associated with lower 

baseline LVEF or a high percentage of right ventricular pacing prior to CRT in patients with 

pre-existing CIED. In patients with a European Society of Cardiology class I guideline indication 

for CRT, response rates were 61%. A CRT response was evident at thresholds of LVEF ≤45% or 

percent pacing ≥50%. There was a 1.3 year estimated median difference in event-free survival in 

those who responded to CRT (p = 0.04).

Conclusion—Systolic function improves in patients with LMNA cardiomyopathy who undergo 

CRT, especially with strong guideline indications for implantation. Post-CRT improvements in 

LVEF are associated with survival benefits in this population with otherwise limited options.

Graphical Abstract

Factors associated with improved systolic function and survival amongst LMNA cardiomyopathy 

patients undergoing cardiac resynchronization therapy.
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Introduction

Dominant mutations in LMNA, present in ~5% of patients with dilated cardiomyopathy 

(DCM), are associated with age-dependent penetrance of conduction disease and arrhythmia 

which precede, and are out of proportion to, the severity of systolic dysfunction.1,2 

Accordingly, cardiac implantable electronic devices (CIED) are integral to the management 

of LMNA cardiomyopathy. However, the optimal device selection and timing of 

implantation is undefined.

The utility of implantable cardioverter defibrillators (ICDs) for the prevention of sudden 

death in LMNA cardiomyopathy has been informed by observational studies2,3 and 

validated risk calculators.4 Consensus recommendations influenced by these studies advise 

criteria for ICD implantation in LMNA cardiomyopathy patients with relatively preserved 

systolic function.5 However, the impact of CIEDs on progressive heart failure (HF), a 
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major problem in LMNA cardiomyopathy,6,7 has not been well described. Moreover, 

the mechanism of progressive HF in LMNA cardiomyopathy is not well defined and 

pacing-induced dyssynchrony represents a potential contributor to disease progression and a 

remediable therapeutic target.

In this study, we aimed to explore the response to cardiac resynchronization therapy (CRT) 

in LMNA cardiomyopathy based on improvement in left ventricular systolic function. We 

hypothesized that patients with LMNA cardiomyopathy would favourably respond to CRT 

due to their high rates of atrio-ventricular block and frequent right ventricular pacing 

from pre-existing pacemakers and defibrillators. We identified factors associated with a 

response to CRT. We then examined the relationship between a response to CRT and 

the development of end-stage HF which we defined as the composite of death, cardiac 

transplantation, or implantation of a left ventricular assist device (LVAD). We aimed to 

identify electrocardiographic and echocardiographic criteria for de novo CRT placement as 

well as upgrade of an existing CIED to CRT in LMNA cardiomyopathy.

Methods

We retrospectively reviewed data from nine international referral centers with expertise in 

LMNA cardiomyopathy (online supplementary Methods S1). We included all patients with 

a pathogenic or likely pathogenic LMNA variant who underwent CRT, either as primary 

implant or upgrade, regardless of indication, between 2000 and 2019 and with available 

transthoracic echocardiograms (TTE) before and approximately 6 months after CRT to 

assess the response to resynchronization. The median time of the requested 6-month echo 

was 7.5 (range 4.6–11.7) months from baseline. Patients were excluded if they underwent 

LVAD implant, cardiac transplantation or died prior to the 6-month assessment. Informed 

consent was obtained from subjects unless a waiver of consent was approved by the local 

institutional review board.

The respective site investigators collected and de-identified data which were collated 

centrally. Baseline demographic and clinical characteristics reflected status at the time 

of CRT implant. Echocardiographic indices, including left ventricular ejection fraction 

(LVEF) and left ventricular end-diastolic dimension (LVEDD) were obtained from review 

of the electronic medical record, not primary image review. Analysis of electrocardiograms 

(ECGs) from the time of CRT implant was performed at each site. Where an ECG was 

not available at the time of CRT implant, findings of atrio-ventricular block (n =4) or atrial 

fibrillation (AF)/flutter (n =6) from the time of initial CIED implant were used instead.

For patients who underwent CRT as an upgrade of an existing device, we used review of the 

CIED interrogation prior to implant for pre-CRT percentage of ventricular pacing. Post-CRT 

device interrogation was used to obtain the percentage of biventricular pacing at 6 and 24 

months. We reviewed CRT implant reports for left ventricular lead position in the coronary 

sinus in both the left anterior oblique (LAO) and right anterior oblique (RAO) projections. 

We obtained procedural complications from procedural reports and the electronic medical 

record.
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We obtained New York Heart Association (NYHA) class in follow-up and incident clinical 

outcomes, including need for LVAD, transplant and death, from the electronic medical 

record.

We defined CRT response and super-response as an increase in LVEF of ≥5% and ≥10%, 

respectively, after 6 months.8–10 In six patients, echocardiographic data from 24 months 

post-CRT were used in place of unavailable 6-month data.

We determined the appropriateness for CRT using the 2021 European Society of Cardiology 

guidelines on cardiac pacing and CRT.11 Patients not meeting class I or IIa criteria were 

classified as having a non-classic indication.

The primary outcome was time to LVAD, transplant or death. Other outcomes included 

change in LVEF and LVEDD at 6 and 24 months, NYHA class at 6 months and QRS 

duration post-CRT.

Statistical analysis

The cohort was dichotomized based on CRT response and differences in baseline 

characteristics were compared using t-test for continuous variables, Fisher’s exact/chi-square 

test for categorical variables and Kruskal–Wallis test for non-normally distributed data. 

Two tailed p ≤ 0.05 was considered statistically significant. Fisher’s exact test was used to 

compare NYHA class pre- and 6 months post-CRT. The 6-month change in LVEF, LVEDD 

and QRS duration was presented as mean ± standard deviation and compared using t-test. 

Kaplan–Meier plots were used to compare the time from CRT implant to occurrence of 

the composite primary outcome dichotomized by CRT response at 6 months post-implant. 

We used logistic regression and Cox proportional hazard regression to identify covariates 

associated with CRT response and the primary outcome, respectively. Covariates that were 

found to be significant in a univariable model (p ≤ 0.10) without a significant degree of 

missingness were then tested in a multivariable model. To determine clinically actionable 

LVEF and percent ventricular pacing thresholds associated with CRT response, we examined 

CRT response at LVEF ≤45% and 35% and percent pacing ≥50%, respectively. These 

thresholds were selected a priori, incorporating thresholds identified in guidelines5 and/or 

other patient populations.12 The statistical significance of these thresholds for association 

with CRT response was determined with Fisher’s exact test using a two tailed p-value of 

≤0.05 for significance. All analyses were done using SAS version 9.4 (SAS Institute, Cary, 

NC, USA).

Results

Baseline characteristics

We identified 117 patients with pathogenic/likely pathogenic LMNA variants and prior 

CRT. We excluded 12 patients who did not meet inclusion criteria due to lacking 

echocardiographic data (n =9) or because they experienced an early primary outcome (n 
=3) precluding assessment of CRT response at 6 months (transplants at 1, 4 and 4 months 

post-CRT, respectively). The baseline characteristics of the 105 patients who met inclusion 

criteria, stratified by 6-month response to CRT (responders [n = 40] vs. non-responders [n = 
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65]), are presented on Table 1. Median follow-up post-CRT implant in all patients was 3.5 

(interquartile range 1.7–5.9) years. A complete list of LMNA variants is provided in online 

supplementary Table 1. Clinical characteristics were typical of a LMNA cardiomyopathy 

referral population, with a high frequency of primary prevention ICDs and atrial arrhythmias 

in both groups.

Eighteen (17%) and 55 (52%) patients had a class I or class IIa indication for CRT, 

respectively. The remaining 32 patients did not meet the above criteria (n = 24) or lacked 

data with which to classify the indication for CRT (n =8).

As shown on Table 1, the baseline characteristics which significantly differed between CRT 

responders and non-responders were reduced LVEF (p = 0.002) and increased frequency 

of ventricular pacing prior to CRT (p = 0.015). In 67% (n = 70) of the cohort, CRT 

was performed as an upgrade of an existing CIED. Amongst these patients, the burden 

of ventricular pacing was 80 ± 33%. In patients with serial pre-CRT echocardiograms 

available for review, 29 of 52 (56%) patients were upgraded in the setting of a decline in left 

ventricular function.

Procedural documentation of left ventricular lead implantation was available in 41 patients. 

In the LAO projection, 91% of leads were in an optimal location (lateral, posterolateral or 

posterior) in responders versus 78% in non-responders. In the RAO projection, 67% of leads 

were in an optimal location in responders versus 50% in non-responders. Complications 

occurred in 9% of patients and included pocket haematoma, infection and lead dislodgement 

and did not differ between responders and non-responders.

The impact of cardiac resynchronization therapy on cardiac function

As depicted in Figure 1, there was reverse remodelling 6 months after CRT with significant 

increase in LVEF and decrease in LVEDD that persisted to 24 months. Forty (38%) patients 

were deemed to be CRT responders based on an improvement in LVEF ≥5% at 6 months. 

A positive CRT response was highest in patients with a class I indication for implantation 

(61%) compared those with a class IIa indication (42%), or without a classic indication 

(19%) for implantation (p = 0.009). The mean increase in LVEF in the CRT responder arm 

was 13%. Forty-two patients (40%) had no change in LVEF after CRT, in whom LVEF was 

34.6 ± 11% at baseline. Eight of these patients maintained their ejection fraction ≥45%. 

Six months after CRT there was a significant decrease in QRS duration. Amongst patients 

with right ventricular pacing prior to CRT, QRS duration decreased by 25 ± 25 ms (p < 
0.0001) after CRT whereas, amongst patients without a paced QRS prior to CRT, there was 

no significant change in QRS duration (−4 ± 30 ms, p = 0.86).

Baseline characteristics associated with a response to CRT in univariable and multivariable 

models are presented in Table 2. There was an inverse relationship between baseline LVEF 

and improvement in LVEF with CRT. Patients with LVEF ≤35% were 4.2 times (95% 

confidence interval [CI] 1.6–10.8, p = 0.003) more likely to experience a CRT response. An 

increase in the percentage of ventricular pacing pre-CRT was also significantly associated 

with CRT response. For every 1% increase in pre-CRT ventricular pacing, there was a 3% 

(p = 0.039) increased odds of CRT response. In a multivariable model, both baseline LVEF 

Sidhu et al. Page 5

Eur J Heart Fail. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and pre-CRT percentage of ventricular pacing remained highly significantly related to CRT 

response at 6 months whereas neither QRS duration (ms), LBBB, history of AF/flutter, nor 

strategy of CRT implant (upgrade vs. primary implant) were associated with CRT response.

We then determined the CRT response rate at a threshold of LVEF being used for sudden 

cardiac death risk stratification in LMNA cardiomyopathy (LVEF 45%)5 or that used to 

guide CRT placement in the broader HF population (LVEF 35%). Similarly, we examined 

the frequency of CRT response amongst patients with a CIED prior to CRT upgrade at a 

threshold of pacing at 50%. Whether dichotomized at LVEF ≤45% or 35%, the patients with 

reduced LVEF had significantly greater likelihood of CRT response of 44% (p = 0.0008) 

and 50%, respectively (p = 0.016). Likewise, patients with a CIED prior to CRT who had 

ventricular pacing ≥50%, were significantly more likely to have a CRT response than those 

with <50% ventricular pacing (46 vs. 18%, p = 0.03).

CRT super-response, defined as an increase in LVEF ≥10% at 6 months, was seen in 28 

(27%) patients, including 15 (14%) patients with improvement in LVEF to normal (≥55%). 

The only baseline factor associated with super-response in a univariable model was LVEF 

≤35% pre-CRT with an odds ratio (OR) of 4.3 (95% CI 1.36–13.67, p = 0.01).

The relationship between cardiac resynchronization therapy response and clinical 
outcomes

There was a highly significant improvement in NYHA class with CRT (p < 0.001) in the 81 

patients with available pre- and post-CRT NYHA data. At 6 months, an improvement in ≥1 

NYHA class occurred in 32 (40%) patients, and an additional 33 (41%) maintained NYHA 

I or II class post-CRT. The proportion of patients with severe HF symptoms (NYHA class 

III/IV) decreased from 38% at baseline to 20% at 6 months post-CRT (Figure 2). Patients 

who responded to CRT were not more likely to experience stable or improved NYHA 

functional class than non-responders (88% vs. 74%, p = 0.16).

Amongst patients with a CRT response, the median survival free from LVAD implantation 

or transplant (primary outcome) was 6.5 years (95% CI 3.9–10.3) versus 5.2 years (95% CI 

2.8–6.2) in non-responders, indicating a 1.3 year estimated median difference in event-free 

survival (p = 0.04) (Figure 3). Two years after CRT, freedom from the primary outcome was 

90% and 73% in CRT responders and non-responders, respectively.

Baseline characteristics associated with event-free survival in univariable and multivariable 

analyses are presented in Table 3. Univariable factors associated with the primary outcome 

included characteristics associated with severe HF at baseline, including severe systolic 

dysfunction, diuretic use, and HF symptoms. Patients with a positive CRT response were 

substantially less likely to experience the primary outcome in the univariable (OR 0.580, 

95% CI 0.338–0.995, p = 0.048) and multivariable (OR 0.296, 95% CI 0.149–0.585, p = 

0.001) analysis.

Outcomes of cardiac resynchronization therapy in patients without a classic indication

Cardiac resynchronization was performed in 32 patients (30%) without class I or IIa 

indication (n = 24) or where QRS morphology/duration were unavailable (n = 8) to assess 
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indication for CRT. In this group, LVEF increased by ≥5% in 6 patients (including >10% 

in 3 patients), LVEF was stable (±4%) in 17 patients, and LVEF decreased by ≥5% in 

9 patients. In this group, NYHA class was available in 21 patients, in whom 10 patients 

remained NYHA I or II class and 7 patients improved by at least one NYHA class. The 

characteristics of patients grouped by indication (class I, IIa and non-classic) for CRT are 

outlined in online supplementary Table S2.

Discussion

In this study, we present outcomes associated with the primary implant or upgrade 

to CRT in patients with LMNA cardiomyopathy, a disease for which single-chamber 

pacemakers and defibrillators are utilized earlier in the course for heart block and ventricular 

tachyarrhythmias. Utilizing a multicentre LMNA CRT database, we report that the response 

to CRT, defined as improvement in LVEF by ≥5%, was 38% after 6 months overall, and 

61% in patients with a class I indication for CRT, the latter is comparable to the response 

seen in all-comers with non-ischaemic cardiomyopathy. Factors associated with a CRT 

response were depressed LVEF pre-CRT and an increased percentage of pre-CRT ventricular 

pacing amongst patients who underwent CRT as an upgrade of an existing CIED (Graphical 
Abstract). Clinically actionable thresholds associated with CRT response were noted at 

LVEF ≤45% and percent pacing ≥50%. Left bundle branch block (LBBB) prior to implant, 

a conventional predictor of CRT response, was infrequent in this cohort and not significantly 

associated with an improvement in LVEF. Nevertheless, the clinical impact of successful 

resynchronization was significant. Amongst patients experiencing a CRT response, there 

was a median 1.3 year delay in the composite endpoint of LVAD, transplant or death. Our 

findings emphasize the value of CRT in this population highly vulnerable to end-stage HF.

Definition of cardiac resynchronization therapy response

Although no consensus of successful CRT response has been established, the efficacy of 

resynchronization has rested upon demonstration of favorable effects on left ventricular size 

and function with or without changes in functional class and clinical outcomes. In prior 

studies, CRT response has been defined variably, including improvements in LVEF by ≥5%, 

reduction in left ventricular end-systolic volume index by ≥15%, or ≥1 NYHA improvement 

in functional class.8,13,14 LVEF improvement at 12 months ranged from a median of 4.6% 

(95% CI 3.2–6.4) in the MIRACLE trial15 to as high as 11% in the MADIT-CRT study.16 

Improvement in functional status can occur in up to 60%–70% of patients depending on 

the criteria used.17 Superficially, the 38% CRT response rate reported here is suboptimal. 

However, this reflects expanded use of CRT in this population, especially to patients with 

relatively higher LVEF at baseline, and less potential for improvement. Only 13% of the 

LMNA cardiomyopathy patients presented here would have met the strict inclusion criteria 

for MADIT-CRT16 and 29% would have met criteria for RAFT18 and despite this, we 

found an improvement in mean LVEF at 6 months of 4% ± 9% with CRT. Furthermore, 

40% of patients improved by ≥1 NYHA class. Although a decrease in QRS duration 

is not considered a formal criterion for CRT response, it is often seen with successful 

resynchronization. We found a clinically significant improvement in mean QRS duration of 
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14 ± 30 ms at 6 months which is comparable to the QRS decrease of between 6 and 37 ms 

seen in clinical trials of patients undergoing CRT.19

Factors associated with cardiac resynchronization therapy response

Prior studies have elucidated patient factors that portend a good response to CRT. These 

include non-ischaemic cardiomyopathy, LBBB, wide QRS >150 ms, sinus rhythm and 

female sex.20 The response to CRT in patients who meet these criteria has been as high 

as ~70%.20 While the LMNA cardiomyopathy patients we present here shared some 

features typical of CRT responders (non-ischaemic cardiomyopathy, wide QRS), only a 

third had LBBB and 74% were in AF/flutter. These are typical characteristics of LMNA 

cardiomyopathy, and importantly in this cohort we showed that pre-implant LVEF and 

the burden of pre-CRT right ventricular pacing were significantly associated with a CRT 

response. While the low frequency of LBBB limited our ability to identify its association 

with CRT response, this in keeping with the natural history of LMNA cardiomyopathy 

where atrio-ventricular block and wide QRS morphology from ventricular pacing (not distal 

conduction system disease) is common.

Getting with the cardiac resynchronization therapy guidelines

Our findings are of particular relevance as left ventricular dysfunction is a late finding in 

LMNA heart disease that, once present, progresses rapidly to end-stage HF.2,6 Observational 

studies in LMNA heart disease have shown that the frequency of end-stage HF is highest in 

those with an ejection fraction <45%.2,6 Moreover, prior studies have documented minimal 

occurrence of ventricular reverse remodelling with guideline-directed medical therapy in this 

population, underscoring the paucity of effective therapies for LMNA cardiomyopathy.21 

Here however, retrospective application of the 2021 European Society of Cardiology 

guidelines effectively identified patients likely to benefit from CRT (61%, 42% and 19% 

for class I, IIa and without indication, respectively). LMNA cardiomyopathy patients with an 

LVEF ≤35% were most likely to experience a super-response to CRT, suggesting the patients 

with most to gain from CRT are those with severe remodelling. Moreover, we also noted that 

patients without any indications for CRT were unlikely to benefit from resynchronization 

and may be harmed by a decrement in LVEF. These patients may be better served by 

continued observation in lieu of resynchronization therapy until a guideline indication is 

present.

Left ventricular systolic dysfunction in LMNA heart disease

These findings inform the pathophysiology of LMNA heart disease. Our findings suggest 

that a component of adverse remodelling is related to pacing-induced dyssynchrony 

affecting vulnerable myocardium, but not invariably past the point of recovery, something 

that has not been examined in model systems. If right ventricular apical pacing is 

detrimental in LMNA heart disease, what is the optimal timing of CRT implant in these 

patients? This question is particularly germane given the crucial role played by CIED for 

heart block and sudden cardiac death prevention at earlier stages of the disease. Amongst 

patients with pre-existing CIED, we found CRT to be beneficial in patients receiving greater 

than 50% ventricular pacing, or if there was any associated systolic dysfunction present 

(LVEF <45%).
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Factors underlying cardiac resynchronization therapy non-response

Although CRT was associated with significant improvements in LVEF, over half of the 

LMNA patients reported here did not meet our criteria for a CRT response. This is partially 

attributed to the use of CRT beyond conventional indications. Suboptimal position of the left 

ventricular lead is partially responsible for CRT non-response, as optimal placement could 

not always be achieved. The burden of ventricular ectopy may also reduce the efficacy of 

CRT; however, we did not collect adequate data on premature ventricular contraction burden 

to determine the extent of this mechanism and in turn the value of premature ventricular 

contraction suppression. Last, our data partially reflect practice prior to the routine use of 

quadripolar leads and multi-point pacing which can help select additional beneficial vectors 

in patients who do not initially respond to CRT. Novel technologies such as epicardial 

or endocardial left ventricular lead placement and conduction system pacing have not 

been widely studied in patients with LMNA heart disease but are viable alternatives for 

non-responders that require further investigation.

While AF is associated with suboptimal responses to CRT in the broad HF population, this 

was not the case in our LMNA cohort. This is especially important given the very high 

(if not universal) frequency of AF in advanced LMNA cardiomyopathy. We attribute the 

beneficial effect of CRT in patients with AF due to the high frequency of atrio-ventricular 

block in this population which contrasts with other forms of non-ischaemic cardiomyopathy 

and prevents rapid native conduction and enables a high frequency of biventricular pacing.

Clinical implications

We recommend implanting a CRT-D device as the initial device in a patient with LMNA 

heart disease and an expectation of a high burden of right ventricular pacing (≥50%) or if 

the LVEF is ≤45% with a wide QRS complex. In those patients who have a dual-chamber 

ICD or dual-chamber pacemaker, we recommend upgrade to a CRT-D when the burden 

of right ventricular pacing exceeds 50% and LVEF has declined or is below 45% despite 

optimal medical therapy. Our findings are compatible with consensus guidelines which 

advise CRT or conduction system pacing in the broader population of patients with mild 

systolic dysfunction and an anticipated need for at least 40% ventricular pacing.22 Likewise, 

based on our findings we would not advise that the absence of LBBB or the presence of AF 

be used to exclude consideration of CRT in LMNA heart disease.

Limitations

This is an observational study with the inherent limitations which preclude definitive 

statements of causation with regard to CRT and clinical improvement. Procedural details 

and premature ventricular contraction burden were not available in a subset of patients 

which limited our ability to understand CRT non-response in some patients. Lastly, clinical 

outcomes and imaging findings were reported by individual institutions and not centrally 

adjudicated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Change in echocardiographic and electrocardiographic parameters post-cardiac 

resynchronization therapy (CRT). (A) Mean change in left ventricular ejection fraction 

(LVEF) at 6 (3.7 ± 9.1%) and 24 months from baseline (4.3 ± 12.0%). (B) Mean change in 

left ventricular end-diastolic dimension (LVEDD) at 6 (−1.5 ± 4.8 mm) and 24 months from 

baseline (−1.6 ± 4.2 mm). (C) Mean change in QRS duration at 6 months (−13.6 ± 30.2 ms). 

Six-month data depicted in blue, 24-month data in orange. Whiskers represent minimum and 

maximum values, horizontal line is median, box represents interquartile range and x is the 

mean change from baseline (average of patient-level change).
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Figure 2. 
Change in New York Heart Association (NYHA) class after cardiac resynchronization 

therapy (CRT) in patients with LMNA cardiomyopathy. There was an increase in the 

percentage of NYHA class I/II patients from baseline (62%) to 6 months post-CRT (80%). 

p-value calculated with Fisher’s exact test comparing pre and post-CRT NYHA class.
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Figure 3. 
Improved event-free survival in LMNA cardiomyopathy patients with response to cardiac 

resynchronization therapy (CRT). The primary endpoint was death, transplantation or left 

ventricular assist device implantation. CRT responder defined as improvement in left 

ventricular ejection fraction ≥5% after 6 months. *Number at risk.
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