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ABSTRACT
Hypertrophic cardiomyopathy (HCM) is the most prevalent genetically inherited cardiovascular

disorder in adults and a significant cause of heart failure and sudden cardiac death. Historically,
atrial fibrillation (AF) has been considered a critical aspect in HCM patients as it is considered a
marker of disease progression, escalates the frequency of heart failure hospitalizations, increases
the risk of thromboembolic events and worsens quality of life and outcome. Increasing evidence
suggests that AF is the result of a subtle, long-standing process which starts early in the history of
HCM. The process of left atrial dilatation accompanied by morpho/functional remodeling, is the
quintessential prerequisite for the onset of AF. This review aims to describe the current
understanding of AF pathophysiology in HCM, emphasizing the role of left atrial myopathy in its
development. Additionally, we discuss risk factors and management strategies specific to AF in
the context of HCM, providing insights into the complexities and challenges of treating such

specific patient population.



1. Pathophysiology and clinical impact of atrial myopathy and atrial fibrillation in
hypertrophic cardiomyopathy

Atrial fibrillation (AF) is the most prevalent sustained supraventricular arrhythmia in patients
diagnosed with hypertrophic cardiomyopathy (HCM), with a clinical incidence of 2-4% per year
and a prevalence exceeding 20% in several cohorts, far surpassing rates in the general population
of similar age[1], [2]. In addition, up to 25% of HCM patients with implantable cardioverter
defibrillators (ICD) or cardiac monitors (ICM) exhibit clinically silent, paroxysmal AF
episodes[3]-[5]. Nowadays, paralleling an increased awareness of this condition, HCM is often
diagnosed at an earlier stage, often before AF develops[6]. This suggests that prolonged exposure
to left ventricular (LV) remodeling, diastolic dysfunction, mitral regurgitation, left ventricular
outflow tract obstruction (LVOTO) play a significant role in the hemodynamic changes leading to
AF [7]-[13] (Fig. 1): accordingly, the prevalence of AF in HCM increases with worsening disease
stage, from subclinical to end-stage phenotypes, with a final cumulative incidence >40% among
patients with severe LV dysfunction[10].

A precise timeline of the pathophysiology of the left atrium (LA) leading to AF in HCM remains
elusive. At a cellular level, myocardial hypertrophy, myocyte disarray, fibrosis, and microvascular
dysfunction are known to increase myocardial wall stress in HCM. These factors, together with
LVOTO, systolic anterior motion (SAM), mitral regurgitation, and elevated filling pressures may
contribute to an increase in LA afterload, leading to adverse remodeling [9], LA enlargement and
functional impairment[14](Figure 1): in turn, myofibrillar disarray and atrial fibrosis impair
interatrial conduction, facilitating ectopic triggers for AF onset[15].

While the exact timeline of LA disease is yet to be determined, the clinical consequences and
burden of LA myopathy and AF at long-term have been described. Impaired atrial function,
reduction or loss of atrial systole and overt AF significantly impact morbidity and risk of heart
failure (HF) and embolic stroke[10]. Patients with HCM and AF experience HF symptoms four to
six times more frequently than the general population, leading to increased hospitalization rates,
and overall impaired quality of life[10]: recently, AF was shown to be the leading cause of
cardiovascular elective and/or acute hospitalizations, accounting for 42% of admissions[16].

Although HCM-specific risk factors for AF and LA myopathy bear important prognostic



relevance, lifestyle and non-modifiable factors should also be acknowledged given their additive
effect on the incidence of AF. Among these, obesity and diabetes mellitus have been associated
with higher prevalence and incidence of AF[17], [18]. Furthermore, while the prevalence of
hypertension in AF patients varies, with some studies showing similar rates among those in sinus
rhythm and those with AF[19]-[21], others indicate an increased AF risk in hypertensive
individuals[12]. Finally, similar to the general population, age, female gender and HF symptoms
are associated with higher incidence of AF at long-term[12]. A novel element is post-operative AF
(POAF, typically post myectomy): recent evidence suggests that POAF may be a risk factor for
AF at long-term, but not for stroke[22], [23]. In the present document we aim to summarize the
determinants of AF in HCM including the potential framework of changes in LA function and

structure (i.e. LA myopathy), discussing how these impact clinical management.

2. Risk factors for AF—- emerging role of LA myopathy

Female gender, hypertension, aging, increasing LA size and function and a worsening NYHA class
are strong predictors of new onset of AF[1], [12]. The time-honored predictor of AF is an increase
in LA size (LA antero-posterior diameter or volume), which is also a sensitive and specific marker
of disease progression in HCM[24]: reduced values of indexed LA volume (LAV1i), especially
when <34 ml/m? have been associated with an early and mild HCM disease stage and with a low
risk of incident AF[25]. Conversely, a LAVi >34 ml/m? has been correlated to both AF (with high
sensitivity and specificity[26]) and hospitalizations[16]. For this reason, strategies aimed at
identifying early markers of worsening LA (and impaired LV coupling) have become an area of
active research. In general, the LA and LV are directly connected during ventricular diastole, and,
in absence of mitral valve stenosis, their function and filling pressures are coupled. An increase in
LA volume relative to that of the LV at end-diastole directly reflects the impairment of LV
compliance. Following this concept, the left atrioventricular coupling index (defined as LA end-
diastolic volume divided by LV end-diastolic volume) was shown to be independently associated
with incident AF after adjustment of common LA dimension parameters, suggesting that early
change in LV hemodynamics, compliance and pressure could track early — pre-clinical — functional
worsening of LA physiology before overt enlargement[27]. LA function (both expressed as
fractional shortening and ejection fraction) predict AF independently of LA size[28], [29].



Consistently, recent evidence suggests that a reduced LA strain (<23.4%) with a normal LA
diameter is a relevant predictor of new-onset AF and, broadly, of adverse outcome[15], [30]. Last,
in a cohort of 208 patients, the total atrial conduction time (a parameter which has been associated
with structural and electrical remodeling), estimated by tissue Doppler imaging, was found to be
independently associated with new-onset AF in patients with HCM irrespective of LAVi[31]. For
this reason, multiparametric systematic assessment of LA dimension and function should become
part of a standardized evaluation to predict arrhythmia onset, even in the absence of other AF risk

factors.

Studies focused on cardiac magnetic resonance (CMR) tissue characterization did not find any
other powerful structural factor predictors of AF better than LA enlargement or dysfunction[32],
[33]. However, it is interesting that the quantitative analysis of LGE in LA correlates with the
recurrence of AF after transcatheter ablation[34]. Beyond loading and structural conditions, non-
classical factors such as genetic HCM-causing variants and disease modifiers may play a pivotal
role in increasing AF incidence. A study from our group did not identify any reliable relation
between HCM genotype and likelihood of AF, which seemed rather driver by hemodynamic
determinants[35]. However, recent evidence demonstrated that the incidence of AF in HCM with
sarcomeric mutation was as high as 19% and that the presence of a pathogenic variant in MYH7
increased the risk of early AF development, regardless of echocardiographic and clinical
parameters[36]. Furthermore, in adult HCM patients, thin-filament mutations are associated with
increased likelihood of advanced LV dysfunction and heart failure compared with thick-filament
disease: triphasic LV filling is particularly common in thin-filament HCM, reflecting profound
diastolic dysfunction potentially predisposing to LA remodeling and incident AF[37]. Finally,
Orenes-Pinero et al. showed that non-sarcomeric gene mutations involved in the renin-angiotensin-
aldosterone pathway are independent predictors of AF development and should be regarded as

potential HCM phenotype modifiers[38].

Considering the importance and clinical relevance of an early diagnosis of AF, the European
Guidelines indicate a close ambulatory ECG monitoring in HCM patients with LA diameter >45
mm[39]. Several attempts to develop a clinical risk stratification algorithm to predict AF
occurrence in this population have been proposed. Recently, a clinical predictive model for

stratifying AF risk at 5 years (the HCM-AF Risk score) has been validated in a large cohort of



HCM patients. Starting from factors associated with AF in the general population (CHARGE-AF,
C2HEST and CHA2DS2-VASc), a list of variables was selected and later validated (LA diameter,
age, age at HCM diagnosis, HF symptoms) with an overall better predictive performance when
compared to CHA2DS2-VASc. Within this algorithm, patients are categorized in three risk groups
(low, intermediate and high) to develop AF within the proceeding 5 years[40]. Ultimately, when
patients are considered at high risk of AF, a multistep strategy involving rhythm monitoring
(regular 48h ECG Holter recordings, implantable cardiac monitors, wearable monitors [e.g.
Kardia, Apple Watch etc.]) and active engagement educating on the signs and symptoms of AF, is

warranted.

Additional electroanatomical substrates of AF are plausible in HCM, but poorly known. For
example, HCM patients with AF exhibit a shorter refractory period and increased repolarization
dispersion [41]. Clinically, a P-wave duration exceeding 140ms is a likely indicator of AF
development [42]. Electroanatomical mapping has revealed that HCM patients with AF tend to
have more extensive low voltage areas in the LA compared to the general AF population.
Specifically, a low voltage area exceeding 14.1% of the total LA section significantly predicts AF

recurrence with high sensitivity and specificity[43].

3. The evolving concept of LA myopathy in HCM patients: implications for a fine-tuned

multimodal evaluation

Timely detection of LA remodeling remains a goal of HCM management to reduce AF burden,
improve HF symptoms, and prevent embolic stroke[39], [44].

Adverse LA remodeling, defined as LA enlargement coupled with systolic dysfunction, is the
strongest echocardiographic predictor of AF and adverse outcome. It can be attributed to both
genetic and epigenetic factors, irrespective of pre-existing loading conditions|14]. Furthermore,
there is growing evidence suggesting that an increased inflammatory status can trigger AF onset
in the general population and is likely to occur also in HCM[45], [46]. These changes in atrial
structure and function result in blood stasis, endothelial and endocardial dysfunction, triggering

Virchow’s triad, even in the presence of stable sinus rhythm (SR)[47]-[49]. Thus, several studies



emphasize the importance of analyzing LA function in detail, irrespective of the underlying
rhythm[12], [14], [25].

Echocardiographic parameters such as LA antero-posterior dimension, fractional shortening,
biplane maximal LA volume, and LA end-diastolic volume are effective in evaluating LA
enlargement and predicting new AF onset [12], [14], [25]. Speckle-tracking analysis (ST) is a
valuable tool for early identification of patients at higher risk of AF and early sign of LA
dysfunction, even when LA size is preserved. Both a decrease in LA global wall deformation and
impairment in the three functional phases of the LA emptying (reservoir, conduit and booster
function— Figure 2) are strong predictors of new AF onset and its recurrence post-ablation[50],
[51]. Contrary to expectations, the most critical phase affecting HCM patients at risk of new AF
is a reduction in reservoir ST strain during left ventricular systole[50], [52]. HCM patients with a
global LA strain <23.4% and/or a reservoir strain below 20% are particularly susceptible to
developing AF, regardless of LA dimension [25], [52]. In a recent report of 241 patients in stable
sinus rhythm referred to cardiopulmonary exercise testing, LA myopathy was associated with
worse exercise capacity and reduced ventilatory efficiency: in particular, LA reservoir strain was
the only common predictor of %peakVO2 and VE/VCO2 slope[53].

Cardiac magnetic resonance (CMR) evaluates LA function by measuring wall deformation using
feature tracking and is considered highly accurate and reproducible[54]. A large meta-analysis
found that an increase in LA fibrosis is a significant predictor of AF and its recurrence after
catheter ablation[34], [55]. Furthermore, a novel non-invasive CMR technique, 4-dimensional
(4D) flow, was superior to transesophageal echocardiography in detecting atrial blood velocity
dynamics, offering insights into LA stasis and thrombus formation [43].

Fostering the concept of a latent and intrinsic LA myopathy in HCM is the lack of a strong
association of LAVI with LA pressure measured during cardiac catheterization (R<0.25)[56]:
while a normal LAVI is suggestive of normal ventricular filling pressures in HCM, increased
volumes may reflect only in part diastolic dysfunction and LV pressure.

LA dysfunction may be detectable in preclinical HCM mutation carriers by CMR despite normal
LV wall thickness and LA volume[57]: although LA volumes were similar between preclinical,
controls and overt HCM cohorts, LA function was impaired — with decreased LA total emptying
function — in both preclinical and overt HCM, compared with controls, with overt HCM patients

with LV fibrosis showing the worst performance[57].



Finally, LA myopathy and arrhythmogenesis may be a primary process occurring irrespective of
LV hypertrophy: as a case in point, 47% of those with the B—cardiac myosin heavy chain missense
mutation Arg663His developed AF during 7 years of follow up — a significantly higher incidence
than any other HCM cohorts. Furthermore, a missense sequence variant in the gene encoding the
o-actinin 2 protein (ACTN2) was associated with familial mid-apical HCM and juvenile onset of
AF[58]. Notably onset of arrhythmia and atrial enlargement preceded any evidence of diastolic
dysfunction, indicating an arrhythmic atrial process may not always be secondary to abnormal
hemodynamics. Overall, this body of evidence suggest that LA myopathy is a decisive element
contributing to HCM progression, generally mediated by AF. Whether, and to what extent, early
identification of this component and disease-modifying therapy initiation may help improve the

natural history of the LA and reduce risk of embolic events is currently unresolved (Figure 3).

4. Management of AF in patients with HCM
Anticoagulation
Management of AF in patients with HCM should follow recommendations from the ABC pathway
proposed by the European Society of Cardiology Guidelines on AF and the recent guidelines for
cardiomyopathies[59], [60]. Given the high thromboembolic risk linked to AF, patients should be
referred to anticoagulation irrespective of age or CHA2DS2-VASc [61] (Class 1 B). Although
vitamin K antagonists or direct oral anticoagulants are equally effective for thromboprophylaxis,
the latter maintain a better safety profile and increased tolerability and are thus the preferred option
— unless contraindicated[62], [63]. The role of LA appendage closure is unknown in HCM.
Recent research highlighted that incidence of ischemic stroke in patients with HCM and LA
dilatation >48mm might be similar among patients both in sinus rhythm and with AF[4], which
raises the compelling doubt whether patients with extreme LA remodeling and dysfunction should
receive prophylactic anticoagulation even when in sinus rhythm.
This phenomenon of electro-mechanical dissociation in the LA has been observed in various
clinical scenarios and is a characteristic shared by other cardiomyopathies exhibiting hypertrophic
features, such as Fabry disease and cardiac amyloidosis[48], [64]. In cases of cardiac amyloidosis,
there is a well-documented occurrence of atrial thrombi even in patients maintaining sinus rhythm.

This is believed to result from the combined impact of changed atrial hemodynamics and the



disruption of the endomyocardium by amyloid deposits. Advanced strain imaging techniques
could potentially offer a more nuanced assessment of left atrial morphology and functionality,
aiding in the stratification of embolic risk associated with left atrial remodeling prior to the onset
of atrial fibrillation. Additionally, certain morphologies of the left atrial appendage are known to
correlate with an increased likelihood of thromboembolic events. However, the frequency of these

morphologies as a potential manifestation of the HCM phenotype remains unexplored. [65].

Rhythm control

Anti-arrhythmic drug therapy

Contribution of atrial systole during LV filling is usually increased in patients with HCM compared
to controls, both in obstructive and non-obstructive forms[66]. Therefore, acute AF onset can
determine severe symptoms and hemodynamic deterioration, especially in the presence of high
ventricular rates. Multiple studies have shown that AF is associated with severe outcomes in terms
of HF and thromboembolic events in HCM patients and may accelerate disease progression[9],
[67]-[69]. Due to these peculiar hemodynamic characteristics, sinus rhythm maintenance
represents an important therapeutic goal. However, current antiarrhythmic therapy presents
significant limitations in terms of efficacy and safety.

Adequate rhythm control can be obtained only in a minority of subjects undergoing antiarrhythmic
treatment (42% at 3 years of follow-up)[70]. Amiodarone is generally safe in the HCM population,
and may reduce arrhythmic burden[70], [71]. Pathological prolongation of the QT interval is rare
and pro-arrhythmogenicity is very limited[70]. However, long-term treatment can determine liver,
thyroid and pulmonary toxicity leading to worse prognosis and drug discontinuation [70]. These
elements are particularly important in this clinical setting since most patients affected by HCM
present long-life expectancies.

Disopyramide is an old class IA antiarrhythmic drug, commonly used for left ventricular outflow
tract obstruction (LVOTO) reduction in HCM patients[71]. Disopyramide represent a reasonable
fist line choice for rhythm control, although its overall efficacy is modest (35% after 3 years) and
tachyphylaxis could further reduce its anti-arrhythmic long-term power [70]. Data from clinical
and translational research demonstrated that disopyramide determines only a slight increase in QT
interval in patients with baseline QT elevation due its combined effects on sodium, calcium, and

potassium currents[72]. These properties could potentially explain the low risk of drug-induced
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VT in HCM. However, a significant proportion of patients undergoing this treatment necessitate
discontinuing the drug due its anticholinergic effects.

Type 1C antiarrhythmic molecules (such as flecainide and propafenone) are widely used in the
general population for treating AF. A small observational study showed a good safety profile in
obstructive HCM patients undergoing flecainide therapy with moderate improvement of
obstruction and symptomatic status[73]. The authors did not report any data regarding efficacy in
suppressing atrial or ventricular arrhythmias and the limited sample size did not permit drawing
any definite conclusion from this cohort. At present, however, treatment with these drugs is
generally confined to HCM patients who have an ICD.

Sotalol, a beta-blocker with class III antiarrhythmic properties, can be used for rhythm control but
efficacy is low (effective rhythm control in 50% of cases after 3 years) [70]. QT interval should be
routinely checked to prevent polymorphic ventricular tachycardia (VT) or torsade de pointes onset
and excessive bradycardia could potentially limit its use and titration.

Finally, data regarding the use of dofetilide in patients with HCM is limited[70], [74]. Some
authors reported increased QT interval in 12% of HCM patients treated with this drug[74], but

high-quality evidence on safety and efficacy is currently lacking.

Invasive rhythm control strategies

Transcatheter ablation is a more effective rhythm control strategy than antiarrhythmic therapy in
the general population[75]. However, HCM presents many peculiar features portending an
increased risk of AF recurrences due to the presence of mitral regurgitation, LVOTO, diastolic
dysfunction and atrial myopathy[28], [32], [60], [76]. Freedom from AF recurrences after single
catheter ablation is approximately 40% at 3-5 years [43], [77]-[85]. In case of multiple procedures,
higher success rates (52%) can be achieved[84], [85]. It is to note that the ablation success rate
vary critically depending on the timing and modality of follow-up (Holter ECG, external or
implantable loop recorder). However, even in patients with AF recurrences, ablation is often
associated with significant symptomatic improvement[85].

Catheter ablation is more effective in subjects who are younger, less symptomatic, with lesser
degrees of atrial remodeling and in those presenting with paroxysmal rather than persistent AF[84].
However, antiarrhythmic therapy continuation is commonly required after ablation to reduce AF

recurrences. Notably, studies performed over the last 15 years present wide heterogeneity in terms
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of patient selection, concomitant drug therapy and procedural techniques. Creta et al reported
comparable efficacy between cryoablation and radiofrequency techniques[82]. Some groups
performed different ablation procedures based upon AF subtype and substrate characteristics[78],
[79], [83]. Usually, standard pulmonary vein isolation (PVI)-only is performed in patients with
paroxysmal AF. Non-PV triggers are typically targeted in case of persistent AF or extensive
pathological atrial substrate. Linear ablations in the posterior wall, the roof and the mitral isthmus
line can be performed to improve the success rate of the procedure. Moreover, homogenization of
complex fractionated atrial electrocardiogram can be pursued, but it could increase the complexity
of the ablation[79]. Targeting the cavotricuspid isthmus is common practice in case of concomitant
atrial flutter. In general, LA size, increased QT intervals, presence of fragmented QRS complexes
(Figure 4), diastolic dysfunction, extension of pathological mapping substrate, presence of apical
aneurysms and persistent AF have been associated with AF recurrences[43], [81]-[83], [86].
Pericardial effusions, pulmonary vein stenosis, atrial tachycardias and vascular access-related
complications can occur after the procedure. For these reasons, catheter ablation and invasive
strategies should be tailored to the patients to maximize efficacy, increase benefits, and reduce the

onset of potential unnecessary complications.

Surgical ablation is a feasible option in HCM patients undergoing septal myectomy[87], [88].
Surgeons can perform classical PVI and additional lesions addressing the left atrial appendage, the
mitral isthmus and the roof and floor segments. Biatrial Maze procedure (Maze V) can be safely
done in the presence of right atrial dilation or significant tricuspid regurgitation[87]. After surgery,
75-80% of patients have been shown to be free from AF recurrences at follow-up [87], [88].
However, it might be difficult to discern the additional impact of Maze procedure over LVOTO
reduction alone, due to its important impact on the atrial substrate. Of note, advanced
atrioventricular blocks requiring pacemaker implantation occur in 3-4% of cases [87], [88] similar

to historical data reported when performing myectomy alone[89].

Rate control
Beta-blockers and nondihydropyridine calcium antagonists are widely used in HCM patients,
especially for treating LVOTO, and can represent effective rate-control treatments[60], [71].

Calcium channel blockers should be generally avoided in case of overt LV dysfunction (left
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ventricular ejection fraction, LVEF<50%)[71]. Digoxin could potentially increase LVOTO and its
use should be limited to selected cases refractory to conventional therapies.

An ablate-and-pace strategy represents an attractive option in patients presenting high-rate AF
unresponsive to rate-control treatments or suffering multiple ICD inappropriate shocks [90].
Butcher et al. described a significant symptomatic improvement with this strategy in patients with
HCM and AF refractory to conventional therapy [90]. Notably, they did not report any significant
difference in LVEF at follow-up between subjects undergoing conventional therapy or cardiac
resynchronization. The complication rate was 3.4%, mainly related to the implanted device (lead
fracture and device infection). However, the impact of device-related complications in the long

term should be cautiously evaluated, especially in case of young subjects with long life expectancy.

Potential role of cardiac myosin inhibitors

The development of disease-modifying therapies, such as myosin inhibitors (mavacamten and
aficamten), represent a very promising option for HCM patients [60], [91], [92] showing
substantial hemodynamic and clinical improvement in both obstructive and non-obstructive HCM
[93]-[95]. Although a 30-day analysis on a small patient cohort on mavacamten showed a
reduction in left atrial function suggesting or potential facilitating effect of AF development [96],
a CMR substudy of the EXPLORER-HCM trial showed a significant reduction of LV mass and
left atrial volume indexes in patients undergoing mavacamten treatment at long-term [97]. Similar
results were obtained via ultrasound studies[98]. Therefore, it is reasonable to postulate that long-
term treatment with myosin inhibitors might prevent severe LA remodeling and ultimately reduce
AF burden in the long term. Further studies based on real-world experience will hopefully resolve

this issue.

5. Conclusions
AF is the predominant arrhythmia observed in patients with HCM. The development of AF in these
patients is often a consequence of left atrial myopathy, which encompasses structural and
functional impairments of the LA. This myopathy, alongside factors such as increased left
ventricular filling pressures, the occurrence of mitral regurgitation and systolic anterior motion

(SAM), as well as genetic predisposition, contributes to left atrial dilatation and fibrosis. These
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changes compromise both the mechanical and electrical integrity of the left atrium, predisposing
patients to AF. Given the elevated risk of stroke in this patient group, irrespectively to CHA2DS:-
VASc score, lifelong anticoagulation becomes a necessity, with DOAC being the preferred choice.
While catheter ablation or the surgical maze procedure present effective alternatives to
antiarrhythmic drug treatment in managing AF, the most favorable outcomes are often achieved
through a combination of therapeutic strategies. This integrated approach is particularly significant
in the context of managing the complex interplay of left atrial myopathy and arrhythmia in HCM.
Future research will help determine whether myosin modulators will be able to reduce the degree

of LA myopathy and incidence of AF at long term.
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Figure Legends

Figure 1. Spectrum of left atrial myopathy in patients with hypertrophic cardiomyopathy. AF:
Atrial Fibrillation, HCM: Hypertrophic Cardiomyopathy; LA: left atrium; LACI: left
atrioventricular coupling index; LV: left ventricle. The HCM diagram was adapted from
BioRender.com.

Figure 2. A 4-chamber echocardiographic image of LA strain through the three different phases
(reservoir, conduit and booster) in a 45-year old male patient affected by HCM (measurements by
EchoPAC, GE healthcare). Despite a slight enlargement of LAVi (36 ml/mq), LA reservoir phase
is significantly reduced (13,8%) in this subject, giving an insights into LA myopathy.

Figure 3. Relationship between atrial fibrillation, left atrial myopathy and stroke.

Figure 4. Electrocardiogram with QRS fragmentation of a man diagnosed with HCM in his late
40s, with a previous diagnosis paroxysmal atrial fibrillation who experienced recurrent episodes

of arrhythmia.
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