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ABSTRACT
Background High- intensity physical activity has 
traditionally been discouraged in patients with 
hypertrophic cardiomyopathy due to concerns about 
triggering sudden cardiac death. However, current 
guidelines adopt a more liberal stance, and evidence on 
risk factors for exercise- related sudden cardiac death 
remains limited. This study investigated the clinical, 
morphological and genetic factors associated with high- 
intensity physical activity- related sudden cardiac death in 
hypertrophic cardiomyopathy.
Methods This retrospective study included 75 
patients with documented sudden cardiac death events 
from a cohort of 2619 patients with hypertrophic 
cardiomyopathy evaluated between 2005 and 2023. 
Physical activity levels at the time of the sudden 
cardiac death event were classified as high- intensity 
(≥6 metabolic equivalents) or low- intensity to 
moderate- intensity. Clinical and imaging characteristics, 
cardiopulmonary exercise test findings and genetic data 
were compared between the groups.
Results Among the 75 patients, 15 (20%) 
experienced sudden cardiac death events during 
high- intensity activity. These patients were younger 
than those with events during low- intensity or 
moderate- intensity activity (median age: 25 (IQR 
16–43) years vs 56 (48–64) years, p<0.001). High- 
intensity activity- related events were associated 
with higher European Society of Cardiology sudden 
cardiac death risk scores (median 4.9 vs 2.4, 
p=0.023) and fewer ventricular arrhythmias during 
exercise testing. However, there were no differences 
in the degree of left ventricular hypertrophy, left 
ventricular outflow tract obstruction, left ventricular 
systolic or diastolic function or genetic findings 
between groups. In multivariable analysis, younger 
age was the only independent risk factor of high- 
intensity activity- related sudden cardiac death 
events. Recurrent events in patients who survived 
initial high- intensity activity- related sudden cardiac 
death were triggered by subsequent high- intensity 
activity.
Conclusions High- intensity physical activity- related 
sudden cardiac death in hypertrophic cardiomyopathy 
is associated with younger age; however, in this small 
cohort, no associations were found with traditional 
risk factors, including left ventricular hypertrophy or 
obstructive physiology.

INTRODUCTION
Exercise significantly increases cardiac load through 
elevated cardiac output, heart rate, myocardial 
contractility, circulating catecholamines, core 
temperature, electrolyte shifts and acid- base distur-
bance, potentially triggering fatal arrhythmias and 
sudden cardiac death (SCD) when superimposed 
on the pathological cardiac substrate.1 Histori-
cally, exercise restrictions were recommended for 
all patients with hypertrophic cardiomyopathy 
(HCM), leading many to reduce physical activity 
(PA) after diagnosis.2 3 However, sedentary lifestyles 
can result in obesity and increased atherosclerotic 
cardiovascular risk, worsening prognosis. Obesity is 
prevalent in patients with HCM and associated with 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Exercise restrictions for hypertrophic 
cardiomyopathy have evolved, but concerns 
about high- intensity activity triggering sudden 
cardiac death persist.

 ⇒ Sudden cardiac death risk stratification 
traditionally focuses on morphological and 
functional cardiac abnormalities, but its utility 
for exercise- related events remains unclear.

WHAT THIS STUDY ADDS
 ⇒ Younger patients were at greater risk for 
sudden cardiac death during high- intensity 
physical activity, while conventional risk factors, 
such as left ventricular hypertrophy and outflow 
tract obstruction, were not associated with 
activity- related events.

 ⇒ Recurrent events in survivors of high- intensity 
activity- related sudden cardiac death were 
linked to subsequent high- intensity activity, 
highlighting a potential trigger mechanism.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Exercise restrictions in hypertrophic 
cardiomyopathy should consider patient age 
and previous events rather than relying solely 
on conventional risk factors.

 ⇒ Future research should refine risk stratification 
tools and develop age- specific exercise 
guidelines for patients with hypertrophic 
cardiomyopathy.
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greater phenotypical expression including greater left ventric-
ular (LV) mass, more obstructive physiology, worse symptoms 
and more heart failure and atrial fibrillation.4 5 Recent evidence 
suggests benefits of exercise outweigh risks in most patients with 
HCM.6–8 Current guidelines adopt a more liberal approach to 
exercise restriction, and recommend low- intensity to moderate- 
intensity PA, no longer universally banning high- intensity PA in 
patients with HCM.1 9 10 However, recommendations on high- 
intensity PA including competitive sports diverge in the Euro-
pean and American guidelines, and the safety of high- intensity 
PA in all patients with HCM remains uncertain, although recent 
studies suggest it does not worsen outcomes.7 8 11 12 Furthermore, 
evidence is lacking on whether conventional SCD risk stratifi-
cation or morphological expression should determine eligibility 
for high- intensity PA. This study investigates PA level at the time 
of the SCD event and its association with clinical and morpho-
logical characteristics, SCD risk profile and genetics in patients 
with HCM with SCD events, aiming to identify factors associ-
ated with high- intensity exercise- related SCD.

METHODS
Study population
This retrospective study analysed consecutive patients with 
HCM evaluated between January 2005 and April 2023 at a high- 
volume tertiary centre (Severance Hospital, Korea). HCM was 
diagnosed by maximal end- diastolic LV wall thickness ≥15 mm 
(≥13 mm in patients with family history of HCM or patho-
genic sarcomeric gene variants) in the absence of other cardiac, 
systemic or metabolic diseases capable of causing the magnitude 
of hypertrophy.9 Patients with SCD events and documented PA 
at the time of the SCD event were included. In patients with 
multiple SCD events, the first documented event was used for 
the main analysis.

Patient and public involvement
Patients/Public were not involved in the design, conduct, 
reporting or dissemination plans of this research.

Data collection and SCD risk stratification
Details are available in online supplemental methods. Data on 
comorbidities and outcomes until September 2023 were collected 
from medical records, and mortality and causes of death were 
confirmed from the National Death Registration Records of 
Korea. Holter monitoring, cardiovascular magnetic resonance 
(CMR) with late gadolinium enhancement (LGE) imaging, 
cardiopulmonary exercise testing (CPET) and genetic testing 
were performed at the attending physician’s discretion. Genetic 
testing identified sarcomeric gene variants definitively associated 
with HCM, classified as pathogenic, likely pathogenic, variant 
of unknown significance or none/benign/likely benign according 
to current criteria.13 Thick filament variants included myosin 
and myosin- binding protein genes, and thin filament variants 
included actin, troponin and tropomyosin genes.14

SCD risk stratification was performed according to the 2024 
American Heart Association/American College of Cardiology 
(AHA/ACC) and 2014 European Society of Cardiology (ESC) 
HCM guidelines,10 15 also validated in Asian patients.16 Patients 
with one or more major AHA/ACC risk factors or an ESC 5- year 
SCD risk score of ≥6 had class IIa recommendation for primary 
SCD prevention with implantable cardioverter- defibrillators 
(ICD) and were considered high- risk.

Definition of SCD events
SCD events included SCD, aborted SCD and appropriate ICD 
shock. SCD was defined as sudden death presumed to be of 

Table 1 Differences in clinical, morphological and genetic 
characteristics between patients with and without SCD events

Patients without 
SCD (n=2538)

Patients with SCD 
(n=81) P value

Age at index evaluation, 
years

61 (51–70) 50 (42–60) <0.001

Age at SCD event, years   54 (41.5–62.5)   

Male 1656 (65.2%) 62 (76.5%) 0.047

Comorbidities       

  Baseline atrial fibrillation 457 (18.0%) 23 (28.4%) 0.026

  Coronary artery disease 492 (19.4%) 15 (18.5%) 0.959

  Previous HF hospitalisation 57 (2.2%) 3 (3.7%) 0.627

  Prior stroke 236 (9.3%) 5 (6.2%) 0.446

  Hypertension 1507 (59.4%) 37 (45.7%) 0.019

  Diabetes 398 (15.7%) 9 (11.1%) 0.336

  End- stage renal disease 43 (1.7%) 1 (1.2%) 0.999

  COPD 37 (1.5%) 1 (1.2%) 0.999

  Cancer 256 (10.1%) 4 (4.9%) 0.181

Echocardiography       

  Obstructive HCM 434 (17.1%) 20 (24.7%) 0.104

  Pure apical HCM 427 (16.8%) 6 (7.4%) 0.036

  LV apical aneurysm 84 (3.3%) 7 (8.6%) 0.023

  Maximum LVWT, mm 18 (16–20) 20 (19–23) <0.001

  LVEDD, mm 48 (44–51) 48 (43.5–53) 0.377

  LVESD, mm 30 (27–33) 31 (27–36) 0.058

  LVEF, % 70 (65–74) 66 (54–74) 0.001

  E/A ≥2 101 (4.6%) 11 (15.9%) <0.001

  Medial e', cm 4.5 (3.8–5.9) 4.0 (3.0–5.0) 0.002

  E/e' 13.5 (10.4–18.0) 15.1 (11.0–20.0) 0.004

  RVSP, mm Hg 27 (23–33) 31 (26–39) <0.001

SCD risk       

  AHA/ACC risk factors*       

   Family history of SCD 157 (6.2) 13 (16.0) 0.001

   History of syncope 131 (5.2) 16 (19.8) <0.001

   Maximum LVWT 
≥30 mm

38 (1.5) 6 (7.4) <0.001

   LVEF <50% 76 (3.0%) 18 (22.2%) <0.001

   LV apical aneurysm 84 (3.3%) 7 (8.6%) 0.023

  NSVT on Holter (n=1644) 123 (7.8%) 14 (24.1) <0.001

  Number of AHA/ACC risk 
factors

0 (0–0) 1 (0–2) <0.001

  Positive AHA/ACC risk 
factor

488 (19.2%) 51 (63.0%) <0.001

  Positive major AHA/ACC 
risk factor

412 (16.2%) 45 (55.6%) <0.001

  ESC SCD risk score, % 1.5 (1.1–2.1) 2.5 (1.8–4.9) <0.001

  ESC SCD risk group     <0.001

   Low risk (<4%) 2400 (94.6%) 54 (66.7%)   

   Intermediate risk 
(4%~6%)

94 (3.7%) 13 (16.0%)   

   High risk (≥6%) 44 (1.7%) 14 (17.3%)   

Genetic testing results 
(n=431)

    0.021

  None/Benign/Likely benign 199 (49.6%) 7 (23.3%)   

  Variant of unknown 
significance

38 (9.5%) 4 (13.3%)   

  Pathogenic/Likely 
pathogenic

164 (40.9%) 19 (63.3%)   

*Assessment of extensive LGE on CMR was not available for the whole HCM population.
AHA/ACC, American Heart Association/American College of Cardiology; CMR, cardiovascular magnetic 
resonance; COPD, chronic obstructive pulmonary disease; ESC, European Society of Cardiology; HCM, 
hypertrophic cardiomyopathy; HF, heart failure; LGE, late gadolinium enhancement; LV, left ventricular; 
LVEDD, LV end- diastolic dimension; LVEF, LV ejection fraction; LVESD, LV end- systolic dimension; LVWT, 
LV wall thickness; METs, metabolic equivalents; NSVT, non- sustained ventricular tachycardia; PA, 
physical activity; RVSP, right ventricular systolic pressure; SCD, sudden cardiac death.
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cardiac cause occurring within 1 hour of symptom onset or 
within 24 hours of last being seen alive.17 Patients with ICD 
underwent interrogation regularly, and appropriate ICD shocks 
were defined as shocks discharged to treat sustained ventricular 
tachycardia or fibrillation, excluding antitachycardia pacing.17

Definition of PA level
Descriptions of PA at the time of SCD events were collected 
from medical records, which were documented by the medical 
staff from patient or family interviews during emergency room 
or hospital visits after the SCD events. Patients were grouped by 
PA level at SCD event: group 2 included high- intensity exercise- 
related SCD events, defined as happening during or immedi-
ately after high- intensity exercise or PA, while group 1 included 
SCD events happening at rest or during light or moderate PA. 
PA level at the SCD event were categorised as low- intensity 
(<3 metabolic equivalents (METs), moderate- intensity (≥3 to 
<6 METs) and high- intensity (≥6 METs) activity,1 9 18 with the 
METs level of each activity approximated by the 2024 Adult 
Compendium of Physical Activities.18 Examples of low- intensity 

PA included sitting, standing, eating, riding in a car and walking 
at a slow pace (<4 km/hour), for example, walking from car to 
house or worksite or to an outhouse. Moderate- intensity PA 
included walking at a moderate or brisk pace (4–7 km/hour), 
general garden work with moderate effort, commercial fishing 
with moderate effort, and sports such as golf. High- intensity 
PA included jog/walk combination, running (≥6.5 km/hour), 
climbing stairs at a normal or fast pace, and sports such as soccer, 
basketball, badminton or swimming.

Statistical analysis
Cross- sectional analysis using data at the timepoint of the SCD 
event was performed to identify factors associated with high- 
intensity PA- related SCD events. Patient characteristics were 
compared between groups using the Student’s t- test, Mann- 
Whitney U test, one- way analysis of variance, Kruskal- Wallis 
test, χ2 test or Fisher’s exact test, as appropriate. Continuous 
data are presented as mean±SD or median (IQR) depending on 
the normality of distribution, and categorical data, as number 
(%). Logistic regression was performed to identify variables 

Table 2 Clinical and morphological characteristics according to PA level during the SCD event

Total (n=75) Group 1 high- intensity PA (−) (n=60) Group 2 high- intensity PA (+) (n=15) P value

PA level at time of event (METs) 1.5 (1.0–4.2) 1.3 (1.0–2.5) 7.5 (6.4–10.5) <0.001

Age at SCD event, years 54 (41.5–62.5) 56 (47.5–64.5) 25 (16.5–42.5) <0.001

  <40 18 (24.0%) 9 (15.0%) 9 (60%) <0.001

  40–59 33 (44.0%) 27 (45.0%) 6 (40%)

  ≥60 24 (32.0%) 24 (40.0%) 0 (0%)

Male 60 (80.0%) 50 (83.3%) 10 (66.7%) 0.279

Type of SCD event 0.001

  SCD 11 (14.7%) 11 (18.3%) 0 (0%)

  Aborted SCD 43 (57.3%) 28 (46.7%) 15 (100%)

  Appropriate ICD shock 21 (28.0%) 21 (35.0%) 0 (0%)

Comorbidities

  Baseline atrial fibrillation 21 (28.0%) 19 (31.7%) 2 (13.3%) 0.274

  Coronary artery disease 13 (17.3%) 12 (20.0%) 1 (6.7%) 0.402

  Previous HF hospitalisation 3 (4.0%) 3 (5.0%) 0 (0%) 0.883

  Prior stroke 5 (6.7%) 5 (8.3%) 0 (0%) 0.563

  Hypertension 32 (42.7%) 28 (46.7%) 4 (26.7%) 0.267

  Diabetes 8 (10.7%) 7 (11.7%) 1 (6.7%) 0.925

  End- stage renal disease 1 (1.3%) 1 (1.7%) 0 (0%) 0.999

  COPD 1 (1.3%) 1 (1.7%) 0 (0%) 0.999

  Cancer 3 (4.0%) 3 (5.0%) 0 (0%) 0.883

Echocardiography

  Obstructive HCM 19 (25.3%) 14 (23.3%) 5 (33.3%) 0.642

  Pure apical HCM 4 (5.3%) 4 (6.7%) 0 (0%) 0.700

  LV apical aneurysm 7 (9.3%) 6 (10.0%) 1 (6.7%) 0.999

  Maximum LVWT, mm 21 (19–23) 20 (19–23) 21 (19.5–24) 0.406

  LVEDD, mm 47.5 (43–52) 50 (44.5–53) 43 (41–46.5) 0.004

  Indexed LVEDD, mm/m2 26.0 (24.5–28.4) 26.6 (24.6–28.3) 25.3 (23.6–28.2) 0.270

  LVESD, mm 31 (26–37) 32 (27.5–36.5) 29 (25–30) 0.017

  Indexed LVESD, mm/m2 17.1 (15.1–20.1) 17.7 (15.5–20.4) 16.0 (14.9–17.1) 0.154

  LVEF, % 66 (56–72) 65 (49–73) 69 (65.5–71) 0.164

  E/A ≥2 11 (17.2%) 8 (16.3%) 3 (20.0%) 0.999

  Medial e', cm 4.0 (3.0–5.0) 4.0 (3.0–5.0) 4.0 (3.8–5.0) 0.369

  E/e' 15.0 (11.0–20.0) 15.0 (11.5–21.0) 15.0 (10.9–17.5) 0.536

  RVSP, mm Hg 31 (26–37) 32 (25.5–40.5) 28 (27–36) 0.588

COPD, chronic obstructive pulmonary disease; HCM, hypertrophic cardiomyopathy; HF, heart failure; ICD, implantable cardioverter- defibrillator; LV, left ventricular; LVEF, LV 
ejection fraction; LVEDD, LV end- diastolic dimension; LVESD, LV end- systolic dimension; LVWT, LV wall thickness; METs, metabolic equivalents; PA, physical activity; RVSP, right 
ventricular systolic pressure; SCD, sudden cardiac death.
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associated with high- intensity PA- related SCD events and the 
degree of association expressed as ORs with 95% CIs. Variables 
with p values of <0.100 on univariable analysis were included in 
the multivariable models. Two- sided p values <0.05 were consid-
ered significant. Relationships between significant variables and 
risk for high- intensity PA- related SCD events were plotted using 
restricted cubic splines. Analyses were conducted using R V.4.3.2 
(The R Project for Statistical Computing, Austria).

RESULTS
Study population
Among 2619 consecutive patients with HCM, SCD events 
occurred in 81 (3.1%). Differences in the clinical, morphological 
and genetic characteristics between patients with and without 
SCD events are presented in table 1. Overall, patients with SCD 
events had a higher SCD risk profile, were younger, had more 

atrial fibrillation, less apical HCM, more LV apical aneurysms, 
greater LV wall thickness, lower LV ejection fraction, greater 
LV diastolic dysfunction and a higher prevalence of pathogenic 
variants.

PA level at the SCD event was documented for 75 patients, 
who were included in the study. Details on the PA and esti-
mated METs level during the SCD events are presented in online 
supplemental data. The 75 SCD events included 11 SCD, 43 
aborted SCD and 21 appropriate ICD shocks. Median age 
at SCD event was 54 (IQR 41.5–62.5) years and 60 (80.0%) 
were men (table 2). Approximately one- fourth (25.3%) had 
obstructive HCM (maximum LV outflow tract (LVOT) pressure 
gradient ≥30 mm Hg), and four (5.3%) had pure apical HCM. 
LV apical aneurysm was present in seven patients (9.3%). Thirty- 
three patients underwent CMR, and extensive LGE was present 
in 14 (42.4%). Half of the patients had a major AHA risk factor 

Table 3 SCD risk profile according to PA level during the SCD event

Total (n=75) Group 1 high- intensity PA (−) (n=60) Group 2 high- intensity PA (+) (n=15) P value

AHA/ACC risk factors

  Family history of SCD 12 (16.0) 11 (18.3) 1 (6.7%) 0.429

  History of syncope 16 (21.3) 10 (16.7) 6 (40.0%) 0.105

  Max. LVWT ≥30 mm 6 (8.0) 5 (8.3) 1 (6.7%) 0.999

  LVEF <50% 17 (22.7%) 16 (26.7%) 1 (6.7%) 0.190

  LV apical aneurysm 7 (9.3%) 6 (10.0%) 1 (6.7%) 0.999

  NSVT on Holter (n=53) 13 (24.5%) 10 (22.7%) 3 (33.3%) 0.804

  Extensive LGE on CMR (n=33) 14 (42.4%) 14 (53.8%) 0 (0%) 0.033

Number of AHA/ACC risk factors 1 (0–2) 1 (0–2) 1 (0–1) 0.325

Positive AHA/ACC risk factor 49 (65.3%) 40 (66.7%) 9 (60%) 0.856

Positive major AHA/ACC risk factor 44 (58.7%) 36 (60.0%) 8 (53.3%) 0.860

ESC SCD risk score, % 2.6 (1.9–5.0) 2.4 (1.7–4.6) 4.9 (2.5–7.3) 0.023

ESC SCD risk group 0.133

  Low risk (<4%) 51 (68.0%) 44 (73.3%) 7 (46.7%)

  Intermediate risk (4%~6%) 10 (13.3%) 7 (11.7%) 3 (20%)

  High risk (≥6%) 14 (18.7%) 9 (15.0%) 5 (33.3%)

AHA/ACC, American Heart Association/American College of Cardiology; CMR, cardiovascular magnetic resonance; ESC, European Society of Cardiology; LGE, late gadolinium 
enhancement; LV, left ventricular; LVEF, LV ejection fraction; LVWT, LV wall thickness; NSVT, non- sustained ventricular tachycardia; PA, physical activity; SCD, sudden cardiac death.

Table 4 Sarcomeric variants according to PA level during the SCD event

Total (n=29)
Group 1 high- intensity PA (−) 
(n=22)

Group 2 high- intensity PA (+) 
(n=7) P value

Genetic testing results 0.353

  None/Benign/Likely benign 7 (24.1%) 5 (22.7%) 2 (28.6%)

  Variant of unknown significance 4 (13.8%) 2 (9.1%) 2 (28.6%)

  Pathogenic/Likely pathogenic 18 (62.1%) 15 (68.2%) 3 (42.9%)

Pathogenic/Likely pathogenic variants (n=18)         

  Thick filament variants* 11 (61.1%) 10 (66.7%) 1 (33.3%) 0.665

  Thin filament variants† 7 (38.9%) 5 (33.3%) 2 (66.7%)   

Specifics of pathogenic/likely pathogenic variants (n=18)         

  MYBPC3, MYL2 1 (5.6%) 0 (0%) 1 (33.3%)   

  MYBPC3 7 (38.9%) 7 (46.7%) 0 (0%)   

  MYH7 3 (16.7%) 3 (20.0%) 0 (0%)   

  TNNI3 4 (22.2%) 4 (26.7%) 0 (0%)   

  TNNC1 1 (5.6%) 1 (6.7%) 0 (0%)   

  TNNT2 1 (5.6%) 0 (0%) 1 (33.3%)   

  TPM1 1 (5.6%) 0 (0%) 1 (33.3%)   

*Including those related to myosin and myosin- binding protein.
†Including those related to actin, troponin and tropomyosin.
PA, physical activity; SCD, sudden cardiac death.
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(n=44, 58.7%) (table 3). Median ESC SCD risk score was 2.6 
(IQR 1.9–5.0), with only 14 (18.7%) patients in the high- risk 
category. Twenty- nine patients underwent genetic testing, and 18 
(62.1%) were found to have pathogenic/likely pathogenic vari-
ants (table 4).

Comparison of clinical and morphological characteristics
There were 60 patients (80%) in group 1 (low- intensity/moderate- 
intensity PA) and 15 patients (20%) in group 2 (high- intensity 
PA). The median PA level was 1.3 (IQR 1.0–2.5) METs for 
group 1 and 7.5 (6.4–10.5) METs for group 2. Group 2 patients 
were markedly younger than group 1 patients (56 (47–65) vs 
25 (16.5–42.5) years, p<0.001) (table 2). All patients in group 
2 were aged <60 years, while 40% of group 1 were aged ≥60 
years. The proportion of high- intensity PA- related SCD events 
significantly decreased with age (p- for- trend <0.001) (figure 1). 
All group 2 patients presented as aborted SCD. No signifi-
cant differences in comorbidities were noted between groups. 
Absolute LV dimensions were smaller in group 2, but were not 
significantly different after indexing for body surface area. No 
significant differences were observed in obstructive physiology, 
pure apical HCM, apical aneurysm, maximal LV wall thickness 
and parameters of LV systolic and diastolic function between 
groups.

Comparison of SCD risk profile
No significant differences were found in the number of AHA/
ACC SCD risk factors between groups (table 3). The proportion 
of patients with ≥1 major SCD risk factors did not differ signifi-
cantly (60.0% vs 53.3%, p=0.860). The prevalence of SCD risk 
factors did not differ significantly between groups, except for 
the presence of extensive LGE. CMR was performed in 26 of 
group 1 patients (43.3%) and seven of group 2 patients (46.7%); 
extensive LGE was present in half of group 1 patients (53.8%) 
and none of group 2 patients. Group 2 had higher ESC SCD 
risk scores than group 1 (2.4 (IQR 1.7–4.6) vs 4.9 (2.5–7.3), 
p=0.023), but the proportion of high- risk category did not 
differ significantly (15.0% vs 33.3%, p=0.133).

Comparison of pathogenic sarcomeric variants
There was no difference in the proportion of patients with patho-
genic/likely pathogenic sarcomeric variants between groups 1 
and 2 (68.2% vs 42.9%, p=0.353) (table 4). Thick or thin fila-
ment variants also did not differ significantly between groups.

Comparison of CPET
Thirty- five patients underwent CPET (26 in group 1; 9 in group 
2), and there were no significant differences in most parameters 

Figure 1 Proportion of high- intensity PA- related SCD events according to age. The number above the bar plots indicate the proportion of high- 
intensity PA- related SCD events. PA, physical activity; SCD, sudden cardiac death.

Table 5 Cardiopulmonary exercise testing results according to PA level during the SCD event

Total (n=35) Group 1 high- intensity PA (−) (n=26) Group 2 high- intensity PA (+) (n=9) P value

Maximum workload (estimated METs) 8.9±2.4 8.6±2.6 9.8±1.8 0.255

Peak oxygen consumption (peak VO2), mL/kg/min 21.8±6.9 20.8±7.0 24.8±6.2 0.137

Aerobic capacity, % predicted 60.6±19.2 62.0±20.8 56.6±14.1 0.469

Respiratory exchange ratio 1.1±0.1 1.1±0.1 1.1±0.1 0.557

Ventilatory efficiency (VE/VCO2 slope) 33.0 (29.5–38.2) 34.5 (29.6–40.6) 31.3 (26.6–33.0) 0.089

ST depression (>2 mm) 10 (28.6%) 7 (26.9%) 3 (33.3%) 0.999

Ventricular arrhythmia 0.041

  None 12 (34.3%) 6 (23.1%) 6 (66.7%)

  Ventricular premature beats 20 (57.1%) 18 (69.2%) 2 (22.2%)

  Non- sustained ventricular tachycardia 3 (8.6%) 2 (7.7%) 1 (11.1%)

MET, metabolic equivalent; PA, physical activity; SCD, sudden cardiac death.
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including peak oxygen consumption, ventilatory efficiency, 
maximum workload or occurrence of ST depression (>2 mm) 
between groups. Notably, the occurrence of ventricular prema-
ture beats or tachycardia during CPET was lower in group 2 
(table 5).

Recurrent SCD events and PA level
Twenty- three patients (30.7%) had recurrent SCD events, with 
no significant difference between groups (16/60 (26.7%) vs 7/15 
(46.7%), p=0.234) (online supplemental table 1). However, a 
higher proportion of recurrent SCD events were related to high- 
intensity PA in group 2 (p<0.001): all seven patients in group 
2 (100%) had at least one recurrent SCD event related to high- 
intensity PA, compared with only two out of 16 patients in group 
1 (12.5%).

Risk factors of high-intensity exercise-related SCD events
On univariable regression analysis, only younger age and higher 
ESC SCD risk score were significantly associated with high- 
intensity PA during SCD events (table 6). No significant associa-
tions were noted between maximal LV wall thickness, obstructive 
physiology or number or presence of AHA/ACC risk factors and 
high- intensity PA- related SCD events. In multivariable regres-
sion models, younger age remained significantly associated with 
high- intensity PA- related SCD events, while the ESC SCD risk 
score became insignificant after adjustment for age.

Spline regression curves indicated that the OR for high- 
intensity PA- related SCD events decreased with age, plateauing 
after ~50 years (figure 2A–C). This age- related trend was 
preserved after adjustment for the ESC SCD risk score and sex. 
The OR for high- intensity PA- related SCD events tended to 
increase with higher ESC SCD risk score (figure 2D–F), but this 
association disappeared after adjustment for age.

Stratification into low-intensity, moderate-intensity and high-
intensity PA groups
Analyses with stratification of the study population into three 
PA groups (low- intensity, moderate- intensity and high- intensity) 
showed consistent results: the high- intensity PA group was 
younger, had less extensive LGE on CMR and a tendency for 
higher ESC SCD risk scores (online supplemental tables 2- 4). 
Meanwhile, there were no significant differences in clinical, 
morphological or genetic characteristics between the low- 
intensity and moderate- intensity PA groups.

DISCUSSION
This study investigated the clinical, morphological and genetic 
factors associated with high- intensity PA- related SCD in HCM, 
and found young age to be the only significant predictor, while 
no associations were found with traditional risk factors. Only 
20% of SCD events occurred during high- intensity PA. High- 
intensity PA- related SCD events were associated with younger 
age, and all occurred under the age of 60 years. Notably, degree 
of LV hypertrophy, LVOT obstruction, pathogenic sarcomeric 
variants, ventricular arrhythmias on CPET and the number of 
the AHA/ACC risk factors were not associated with higher risk 
of SCD during high- intensity PA. Although the ESC risk score 
was associated with high- intensity PA- related SCD events, 
this association became insignificant after adjustment for age. 
Recurrent SCD events related to high- intensity PA occurred 
more frequently in survivors of high- intensity PA- related SCD. 
Our findings suggest that high- risk morphological features or 
conventional SCD risk stratification cannot be used as eligibility 
criteria for exercise.

Only a decade ago, patients with HCM were universally 
discouraged from high- intensity PA.15 19 Previous observational 
studies identified HCM as a common cause of sudden death in 
young competitive athletes,20 but the role of exercise as a trigger 
was unclear. Small retrospective autopsy studies suggested that 
SCDs were infrequently related to exercise in HCM.21 22 Small 
randomised controlled trials showed moderate- intensity and 
high- intensity exercise training improved fitness without adverse 
events.6 23 Recent studies reported no increase in mortality or 
arrhythmic events in competitive athletes continuing sports 
after the diagnosis of HCM.11 12 Observational studies in large 
HCM cohorts showed that vigorous PA was not associated 
with increased mortality or SCD events,7 8 and may even lower 
all- cause and cardiovascular mortality.7 However, this does 
not exclude the possibility of a subset of patients with HCM 
more vulnerable to exercise- triggered SCD, which we aimed to 
investigate.

Patients experiencing SCD events during high- intensity PA 
were markedly younger than those with SCD events during low- 
intensity or moderate- intensity PA. The significant association 
between young age and high- intensity PA- related SCD events 
may be confounded by natural reduction of PA level with ageing 
or survivorship bias. Younger individuals are generally more 
active than older individuals. However, mechanistically, younger 
patients with dynamic myocyte growth and development may 

Table 6 Risk factors of high- intensity exercise- related SCD events: 
logistic regression

OR (95% CI) P value

Univariable analysis

  Age at SCD event, per 1 year 0.92 (0.88 to 0.96) <0.001

  Male sex 0.40 (0.11 to 1.42) 0.157

  Maximum LV wall thickness, per 1 mm 1.04 (0.92 to 1.17) 0.541

  Obstructive physiology 1.64 (0.48 to 5.61) 0.429

  Maximum LVOT gradient, per 10 mm Hg 1.06 (0.90 to 1.24) 0.474

  ESC SCD risk score, per 1% 1.26 (1.03 to 1.55) 0.023

  ESC SCD risk group (ref. low- risk group)

   Intermediate- risk group 2.69 (0.56 to 13.0) 0.216

   High- risk group 3.49 (0.90 to 13.5) 0.070

  Positive AHA/ACC major risk factor 0.76 (0.24 to 2.38) 0.640

  Number of AHA/ACC risk factors 0.74 (0.42 to 1.31) 0.299

  Indexed LVEDD, per 1 mm/m2 0.93 (0.79 to 1.09) 0.357

  Indexed LVEDD, per 1 mm/m2 0.91 (0.77 to 1.06) 0.230

  LVEF, per 1% 1.21 (0.95 to 1.53) 0.118

Multivariable models

Model 1

  ESC SCD risk score, per 1% 1.26 (1.02 to 1.56) 0.031

  Male sex 0.41 (0.11 to 1.62) 0.206

Model 2

  ESC SCD risk score, per 1% 1.05 (0.82 to 1.34) 0.705

  Age at SCD event, per 1 year 0.92 (0.88 to 0.96) <0.001

Model 3

  Age at SCD event, per 1 year 0.93 (0.89 to 0.97) <0.001

  ESC SCD risk score, per 1% 1.04 (0.81 to 1.35) 0.752

Male sex 0.55 (0.10 to 3.07) 0.495

AHA/ACC, American Heart Association/American College of Cardiology; ESC, 
European Society of Cardiology; LV, left ventricular; LVEDD, LV end- diastolic 
dimension; LVEF, LV ejection fraction; LVESD, LV end- systolic dimension; LVOT, LV 
outflow tract; SCD, sudden cardiac death.
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be more susceptible to electrical instability triggered by intense 
physical exertion. Previous autopsy studies of patients with SCD 
also showed that SCD happened more frequently during exercise 
in children or adolescents compared with older individuals.24 25 
Furthermore, in 66 young patients with SCD and underlying 
HCM (aged ≤30 years), SCD during exercise was more common 
at younger age, especially at 10–15 years.22 Our study showed 
that the proportion of exercise- related SCD decreased with age, 
and no high- intensity PA- related SCD events happened after 60 
years of age. This observation is in line with studies showing that 
patients with HCM surviving or presenting past the age of 60 
years have less severe disease and lower risk of SCD- related and 
HCM- related mortality.26 27

No significant differences were found in systolic or diastolic 
function, degree of LV hypertrophy or LVOT obstruction, or 
presence of apical aneurysm between PA groups. Although the 
overall prevalence of extensive LGE was high (42.4%) in the 
study cohort, none of the high- intensity PA group had exten-
sive LGE. This can be explained by the young age of the high- 
intensity PA group, as LGE significantly increases over time and 
is less prevalent in young patients with HCM.28 These observa-
tions indicate that morphological characteristics in HCM cannot 
reliably predict susceptibility to high- intensity PA- triggered 
SCD events. Furthermore, conventional SCD risk stratification 
by AHA/ACC or ESC guidelines failed to distinguish patients 
at higher risk for adverse outcomes during vigorous activities. 
The ESC SCD risk score was associated with high- intensity 
PA- related SCD events, but this was driven by age. Genetic 
testing and CPET also could not discriminate patients at higher 
risk of high- intensity PA- related SCD. The presence of ventric-
ular arrhythmias on CPET was paradoxically lower in patients 
with high- intensity PA- related SCD events.

Meanwhile, the high proportion of recurrent SCD events 
related to high- intensity PA in survivors of such events empha-
sises the persistent risk in this subset. While the proportion 
of recurrent SCD events did not differ significantly between 
groups, recurrent events in group 2 were linked to high- intensity 
PA, highlighting a potential trigger mechanism in susceptible 
patients.

Clinical implications
ESC guidelines suggest high- intensity PA and competitive sports 
may be considered in asymptomatic low- risk individuals with 
morphologically mild HCM, but are advised against in indi-
viduals with high SCD risk, obstructive physiology or exercise- 
induced ventricular arrhythmias.1 Meanwhile, AHA/ACC 
guidelines do not specify exercise recommendations based on 
morphological criteria or SCD risk, stating that high- intensity 
recreational PA is reasonable and competitive sports may be 
considered in patients with HCM after an annual comprehen-
sive evaluation and shared decision- making.9 10 Our study find-
ings confirm the difficulty of identifying patients at increased 
risk for high- intensity PA- related SCD events, and question the 
validity of exercise restrictions based on ‘high- risk morpholog-
ical features’ or conventional SCD risk stratification. Degree of 
LV hypertrophy, LVOT obstruction or exercise- induced ventric-
ular arrhythmias mentioned in the guidelines were not associ-
ated with high- intensity PA- related SCD events. Younger age was 
the only independent risk factor, suggesting that the risk of high- 
intensity PA- related SCD events changes with age. These obser-
vations suggest that exercise restrictions may be unnecessary for 
older patients with HCM or that age- specific exercise recom-
mendations are needed, although further studies are needed to 
support these postulates. Additionally, clinicians should advise 

Figure 2 Association between age and the ESC SCD risk score and high- intensity physical activity- related SCD events. Spline regression curves 
depict the association between age (A–C) or the ESC SCD risk score (D–F) and the risk for high- intensity physical activity- related SCD events. ESC, 
European Society of Cardiology; SCD, sudden cardiac death.
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patients with previous high- intensity PA- related SCD events to 
refrain from vigorous exercise.

Limitations
First, the small sample size is the main limitation, which limits 
power to detect differences, and other significant risk factors of 
high- intensity PA- related SCD may have been missed. The signif-
icant association of young age with high- intensity PA- related 
SCD events may be confounded by aging- related reduction in PA 
level. Although extensive multivariable adjustment was unfea-
sible due to sample size, age remained significant after further 
adjustment for the ESC risk score. We emphasise that obtaining 
large numbers of patients with documented PA levels at the 
time of SCD events is difficult as the overall incidence of SCD 
events is low in HCM, and the current study population (n=75) 
was derived from a large HCM population (n=2619). Future 
multicentre and multinational cohorts will enable larger sample 
sizes for this special population of patients with SCD events and 
are required to validate our findings. Second, the retrospective 
nature of the study limits causality establishment. Third, PA- level 
classification was based on retrospective descriptions from 
medical records, which may be incomplete or subject to recall 
bias. However, fairly detailed descriptions of the PA at the SCD 
event could be obtained for most of the patients (n=75 of 81). 
Fourth, genetic testing and CPET were performed in a subset 
of patients, limiting conclusions on the role of specific genetic 
variants or exercised- induced arrhythmias in exercise- related 
SCD risk. Finally, future prospective studies with technology for 
recording continuous PA exposures over time may enable better 
prediction of exercise- related SCD in patients with HCM.

CONCLUSIONS
Younger age was the only significant risk factor of high- intensity 
PA- related SCD in this small group of patients with HCM with 
SCD events. Degree of LV hypertrophy or LVOT obstruction, 
SCD risk classification, CPET and genetics could not identify 
patients at increased risk of SCD during high- intensity PA. 
Patients with previous high- intensity PA- related SCD events 
should avoid vigorous exercise.
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