
Circulation

February 28, 2023 Circulation. 2023;147:718–727. DOI: 10.1161/CIRCULATIONAHA.122.062699

Circulation is available at www.ahajournals.org/journal/circ

718

 

Correspondence to: Seema Mital, MD, Hospital for Sick Children, 555 University Ave, Toronto, Ontario M5G 1X8, Canada; or Jennifer Conway, MD, Stollery Children’s 
Hospital, 8440 112 St NW, Edmonton, Alberta, T6G 2B7, Canada. Email seema.mital@sickkids.ca or jennifer.conway2@albertahealthservices.ca

This manuscript was sent to Marc Cribbs, Guest Editor, for review by expert referees, editorial decision, and final disposition. 

Supplemental Material, the podcast, and transcript are available with this article at https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.062699. 

For Sources of Funding and Disclosures, see page 727.

© 2023 The Authors. Circulation is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, Inc. This is an open access article under the terms of the 
Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and reproduction in any medium, provided that the original work is properly cited, 
the use is noncommercial, and no modifications or adaptations are made.

ORIGINAL RESEARCH ARTICLE

The Prevalence and Association of Exercise 
Test Abnormalities With Sudden Cardiac Death 
and Transplant-Free Survival in Childhood 
Hypertrophic Cardiomyopathy
Jennifer Conway , MD; Sandar Min , MBBS, MPH; Chet Villa , MD; Robert G. Weintraub , MD; Stephanie Nakano, MD; 
Justin Godown , MD; Mark Tatangelo , BA, PhD, MBA; Kathryn Armstrong, MBChB, MD; Marc Richmond , MD, MS; 
Beth Kaufman, MD; Ashwin K. Lal , MD; Seshadri Balaji, MBBS, PhD; Alyssa Power, MD; Nathanya Baez Hernandez , MD;  
Letizia Gardin, MD; Paul F. Kantor , MBBCh; John J. Parent , MD, MS; Peter F. Aziz , MD; John L. Jefferies , MD, MPH; 
Andreea Dragulescu, MD, PhD; Aamir Jeewa, MD; Lee Benson , MD; Mark W. Russell , MD; Robert Whitehill , MD; 
Joseph Rossano , MD; Taylor Howard , MD; Seema Mital , MD

BACKGROUND: Hypertrophic cardiomyopathy (HCM) can be associated with an abnormal exercise response. In adults with 
HCM, abnormal results on exercise stress testing are predictive of heart failure outcomes. Our goal was to determine 
whether an abnormal exercise response is associated with adverse outcomes in pediatric patients with HCM.

METHODS: In an international cohort study including 20 centers, phenotype-positive patients with primary HCM who were <18 
years of age at diagnosis were included. Abnormal exercise response was defined as a blunted blood pressure response and 
new or worsened ST- or T-wave segment changes or complex ventricular ectopy. Sudden cardiac death (SCD) events were 
defined as a composite of SCD and aborted sudden cardiac arrest. Using Kaplan-Meier survival, competing outcomes, and Cox 
regression analyses, we analyzed the association of abnormal exercise test results with transplant and SCD event-free survival.

RESULTS: Of 724 eligible patients, 630 underwent at least 1 exercise test. There were no major differences in clinical characteristics 
between those with or without an exercise test. The median age at exercise testing was 13.8 years (interquartile range, 4.7 
years); 78% were male and 39% were receiving beta-blockers. A total of 175 (28%) had abnormal test results. Patients with 
abnormal test results had more severe septal hypertrophy, higher left atrial diameter z scores, higher resting left ventricular 
outflow tract gradient, and higher frequency of myectomy compared with participants with normal test results (P<0.05). 
Compared with normal test results, abnormal test results were independently associated with lower 5-year transplant-free 
survival (97% versus 88%, respectively; P=0.005). Patients with exercise-induced ischemia were most likely to experience 
all-cause death or transplant (hazard ratio, 4.86 [95% CI, 1.69–13.99]), followed by those with an abnormal blood pressure 
response (hazard ratio, 3.19 [95% CI, 1.32–7.71]). Exercise-induced ischemia was also independently associated with lower 
SCD event-free survival (hazard ratio, 3.32 [95% CI, 1.27–8.70]). Exercise-induced ectopy was not associated with survival.

CONCLUSIONS: Exercise abnormalities are common in childhood HCM. An abnormal exercise test result was independently 
associated with lower transplant-free survival, especially in those with an ischemic or abnormal blood pressure response with 
exercise. Exercise-induced ischemia was also independently associated with SCD events. These findings argue for routine 
exercise testing in childhood HCM as part of ongoing risk assessment.
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Hypertrophic cardiomyopathy (HCM) is the most 
common childhood cardiomyopathy. Clinical mani-
festations can range from asymptomatic to the 

occurrence of major adverse cardiac events, such as sud-
den or aborted sudden cardiac death (SCD) and heart 
failure. Recent years have seen the development of risk 
prediction models for SCD in pediatric patients with HCM 
that rely primarily on symptoms and echocardiographic 
findings.1,2 Current risk prediction models for SCD or trans-
plant-free survival do not incorporate exercise test results.

Small, single-center studies that focused on car-
diopulmonary exercise testing (CPET) have shown, in 
univariable analyses, that the percentage of predicted 
peak oxygen consumption (Vo2) has a strong associa-
tion with heart failure mortality and SCD in pediatric 
HCM.3 In adults, the role of exercise stress testing has 

been further delineated. CPET measures, incorporated 
into prediction models, have been useful in determining 
risk of heart failure, SCD, and stroke-related events.4 
However, in recent adult HCM studies, peak Vo2 was 
associated primarily with heart failure and transplant, 
rather than with SCD.5,6 The 2020 American Heart 
Association and American College of Cardiology clini-
cal practice guidelines recommend exercise stress 
testing, or, in some cases, exercise stress echocar-
diography, primarily to assess provocable left ventric-
ular outflow tract obstruction (LVOTO) and to assess 
functional capacity, whereas CPET is recommended 
primarily to guide decision-making for advanced thera-
pies in those with nonobstructive HCM and symptom-
atic heart failure.7

CPET is not routinely available at all centers. Tread-
mill or bicycle exercise testing without measurement 
of gas exchange is used more commonly to assess 
abnormal heart rate, blood pressure (BP), ischemic or 
arrhythmic response to exercise, and functional capac-
ity. Despite its widespread use, large studies inves-
tigating the clinical usefulness of exercise testing in 
predicting major adverse cardiac events in pediatric 
patients with HCM are lacking.

The objectives of this study were to determine 
whether an abnormal exercise response is associated 
with SCD events and transplant-free survival in child-
hood HCM, as well as which type of abnormal response 
(abnormal BP response, ischemia, or ectopy) is associ-
ated with these outcomes.

METHODS
Data Statement
The data that support the findings of this study are available 
from the corresponding authors upon reasonable request. 
Corresponding authors had full access to all the data in the 
study and take responsibility for its integrity and the data 
analysis.

Study Cohort
PRIMaCY (Precision Medicine for Cardiomyopathy) is an 
international observational cohort study of pediatric patients 
with HCM followed at 20 tertiary-care cardiomyopathy cen-
ters (15 US, 4 Canadian, and 1 Australian). Cohort details 
have been published previously.1 Phenotype-positive primary 
patients with HCM who were <18 years of age at the time of 
first evaluation who underwent a treadmill or bicycle exercise 
stress test as part of clinical care (with or without cardiopul-
monary exchange) were eligible for this study. Phenotype-
positive was defined as septal or posterior wall thickness >2 
SD above mean for body surface area on echocardiographic 
imaging in patients clinically diagnosed with HCM. Primary 
HCM was defined as isolated HCM without secondary causes 
of left ventricular (LV) hypertrophy (such as hypertension, 
metabolic or mitochondrial disease, major structural heart dis-
ease, syndromes, or neuromuscular disorders). The study was 

Clinical Perspective

What Is New?
 • In an international multicenter study of 630 pediat-

ric patients with hypertrophic cardiomyopathy, 28% 
had abnormalities during exercise stress testing.

 • An abnormal exercise test result was independently 
associated with lower 5-year transplant-free sur-
vival, particularly for patients with an abnormal blood 
pressure response or exercise-induced ischemia.

 • Exercise-induced ischemia was also associated 
with the risk of sudden cardiac death events.

What Are the Clinical Implications?
 • Routine exercise testing has clinical usefulness in 

assessing risk of adverse events for children with 
hypertrophic cardiomyopathy.

 • Patients with an abnormal blood pressure response 
or exercise-induced ischemia should be monitored 
for the development of heart failure and for risk of 
sudden cardiac death to enable timely interventions.

Nonstandard Abbreviations and Acronyms

BP blood pressure
CPET cardiopulmonary exercise testing
HCM hypertrophic cardiomyopathy
HR hazard ratio
ICD implantable cardioverter defibrillator
LA left atrial
LV left ventricular
LVOTO left ventricular outflow tract obstruction
LVPWD left ventricular posterior wall diameter
PRIMaCY Precision Medicine for Cardiomyopathy
SCA sudden cardiac arrest
SCD sudden cardiac death
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approved by the research ethics board at each participating 
institution, and waiver of consent was obtained.

Demographic characteristics, exercise test reports, echo-
cardiographic measures, and clinical outcomes (death, cause of 
death, cardiac transplant, interventions, including implantable car-
dioverter defibrillator [ICD] use, and appropriate ICD discharges) 
on follow-up were collected through retrospective chart review. 
Echocardiographic data were captured within ±12 months of the 
first exercise test. Transplant-free survival was defined as sur-
vival free of any cause of death or heart transplant. SCD was 
defined as death within 1 hour of sudden cardiac arrest (SCA). 
Aborted SCA was defined as resuscitated SCA in which subse-
quent interventions restored cardiac output. An SCD event was 
defined as the composite of SCD and aborted SCA.

An abnormal exercise test result was defined as the first 
exercise test that showed the presence of ≥1 of the follow-
ing abnormalities on clinical tests reported by cardiologists or 
exercise physiologists: an abnormal BP response (ie, failure to 
increase systolic BP by ≥20 mm Hg or a drop in systolic BP 
during exercise),7 ischemia (ie, new or worsening ST- or T-wave 
changes during exercise), complex ventricular ectopy (eg, fre-
quent single premature ventricular contractions, ventricular 
couplets, ventricular bigeminy, or >3 consecutive premature 
ventricular contractions, or a combination) during exercise or 
recovery. If ischemia or ectopy occurred in conjunction with 
an abnormal BP response, the abnormalities were classified 
under the abnormal BP response category. A blunted heart 
rate response alone was not considered abnormal because of 
a high prevalence of beta-blocker use in patients undergo-
ing exercise testing, which can blunt chronotropic response 
to exercise. A provocable LV outflow tract gradient on exer-
cise echocardiography alone was not included as an abnormal 
response for the purpose of this study because this informa-
tion was only available in a subset of patients who under-
went exercise echocardiography. The exercise abnormalities 
reported were adjudicated by consensus between 2 indepen-
dent investigators. In addition, a random sampling of exercise 
reports was obtained from participating sites to verify the inter-
pretation captured in the database.

Echocardiographic data captured within ±12 months of 
the index exercise test were compared across subgroups 
and included interventricular septal diameter z score, LV pos-
terior wall diameter (LVPWD) z score, end-systolic left atrial 
(LA) diameter z score, LV ejection fraction, and the presence 
of LVOTO (ie, resting peak LV outflow tract gradient >30 mm 
Hg on quantitative assessment or moderate or greater obstruc-
tion on qualitative assessment). The chamber diameters were 
quantified using Boston z scores. Site principal investigators 
re-reviewed echocardiograms to capture missing data when 
feasible using standardized measurements.

Statistical Analysis
Categorical variables were described as frequencies and pro-
portions, and continuous variables were summarized as median 
and interquartile range or mean and SD. Proportions were com-
pared using χ2 or Fisher exact test, medians were compared 
using Wilcoxon rank-sum test, and means were compared 
using Student t test. All time to event analyses were censored 
at 5 years. Kaplan-Meier survival analyses for time to event 
from the first exercise test, log-rank test, and Cox proportional 

hazard regression were used to compare normal and abnormal 
exercise test groups. Analyses were further stratified by type of 
exercise test abnormality (ie, abnormal BP response, ischemia, 
or ectopy). The 5-year survival and incidence rate of events per 
100 person-years were assessed between groups. Patients 
with an SCD event or transplant before the exercise test were 
excluded from the respective survival analyses.

In the subset of patients with complete echocardiographic 
parameters, Cox proportional hazard regression was used 
to determine the association of abnormal exercise test and 
other risk factors with survival using a multivariable model. 
Factors analyzed included age at exercise testing, history of 
unexplained syncope, nonsustained ventricular tachycardia, 
interventricular septal diameter z score, LVPWD z score, and 
presence of LVOTO.

Competing risk models were used to quantify the cumulative 
incidence of SCD and the competing risk from death of other 
causes or transplant grouped by normal and abnormal test results. 
The between-group difference in cumulative incidence function 
was evaluated using Gray tests. All statistical analyses were per-
formed in Stata software version 16 and R software version 4.0.3. 
A P value <0.05 was considered statistically significant.

RESULTS
Study Cohort
Of 724 phenotype-positive patients in the PRIMaCY 
cohort, 630 patients underwent at least 1 exercise test 
after first clinical evaluation at a participating site. Figure 
S1A shows the number of serial exercise tests across 
patients. Figure S1B shows the number of patients with 
exercise tests at each participating site, and Figure S1C 
shows the same data in patients >8 years of age (ie, 
those old enough to perform an exercise test). The data 
show that a majority (69%) of eligible patients under-
went an exercise test across sites. Table 1 outlines the 
characteristics of all the patients who underwent an ex-
ercise test. The median age at exercise testing was 13.8 
years (interquartile range, 4.7) and the majority were 
male (75%). When compared with patients >8 years of 
age who had not undergone an exercise test, those who 
underwent exercise testing had a lower frequency of 
aborted SCA, less LVOTO, lower frequency of myectomy, 
and higher frequency of nonsustained ventricular tachy-
cardia on Holter monitor (P<0.05; Tables S1 and S2).

Of the 630 patients who underwent an exercise 
test, 28% (n=175) met the criteria for an abnormal 
exercise test result. The most common exercise abnor-
mality was an abnormal BP response (61%) followed 
by ischemia (22%) and ectopy (17%). Table 1 shows 
patient characteristics between those with normal and 
abnormal exercise test results. There were small dif-
ferences in age at testing, sex, and genotype status 
between the 2 groups (P<0.05). A higher proportion 
of patients with an abnormal exercise test result had 
surgical myectomy (P=0.001). On echocardiography, 
those with an abnormal exercise test result had a 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.062699@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.062699@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.062699
https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.122.062699
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higher mean interventricular septal diameter z score 
(P=0.001), higher LA diameter z score (P<0.001), 
higher LV ejection fraction (P=0.035), and higher fre-
quency of LVOTO (P=0.003; Table 2).

In the overall cohort, 46 (7%) experienced aborted 
SCA, 9 (1%) experienced SCD, 7 (1%) died from other 
causes, and 18 (3%) underwent a heart transplant on 
follow-up. ICD insertion and appropriate ICD discharges 

were more frequent in those with an abnormal exercise 
test result (P<0.001).

All-Cause Mortality or Transplant
Patients with an abnormal exercise test result had lower 
5-year freedom from all-cause mortality or transplant 
(from the time of the index exercise test) compared 
with those with normal test results (88% versus 97%, 

Table 1. Clinical Characteristics of Patients With Normal or Abnormal Exercise Testing

Variable Overall (n=630) 
Exercise test normal 
(n=455) 

Exercise test abnormal 
(n=175) P value 

Age at event, y, median 
(IQR) 

Abnormal exercise categories, n (%)

  Blood pressure response   106 (61)   

  Ectopy   30 (17)   

  Ischemia   39 (22)   

Male, n (%) 473 (75) 357 (78) 116 (66) 0.002  

Age at first evaluation, y, median (IQR) 12.58 (5.99) 12.81 (5.94) 12.20 (6.82) 0.040  

Age at exercise test, y, median (IQR) 13.81 (4.76) 14.15 (4.72) 12.99 (4.55) 0.003  

Race, n (%)

  White 328 (52) 221 (49) 107 (61) 0.001  

  Black or African American 48 (8) 46 (10) 2 (1)   

  Asian 30 (5) 14 (3) 16 (9)   

  Mixed 4 (1) 2 (0.4) 2 (1)   

  Other 6 (1) 4 (1) 2 (1)   

  Unknown 214 (34) 168 (37) 46 (26)   

Family history, n (%)

  HCM 304 (48) 222 (49) 82 (47) 0.663  

  SCD 122 (19) 95 (21) 27 (15) 0.121  

  History of SCD in first-degree relatives 35 (6) 22 (5) 13 (7) 0.203  

Medical history, n (%)

  Beta-blocker use during first exercise test 248 (39) 175 (38) 73 (42) 0.690  

  History of syncope 65 (10) 46 (10) 19 (11) 0.782  

  NSVT (on Holter) 76 (12) 54 (12) 22 (13) 0.808  

  Myectomy 60 (10) 32 (7) 28 (16) 0.001  

Genotype, n (%)

  Positive 243 (39) 161 (35) 82 (47) 0.003  

  Negative 185 (29) 131 (29) 54 (31)   

  Unknown 202 (32) 163 (36) 39 (22)   

Outcomes/intervention, n (%)

  Aborted SCA 46 (7) 28 (6) 18 (10) 0.074 14.25 (5.2)

  ICD insertion 242 (38) 142 (31) 100 (57) <0.001 14.54 (4.18)

   Primary 197 (31) 115 (25) 82 (47) <0.001 14.53 (4.07)

   Secondary 45 (7) 27 (6) 18 (10) 0.057 14.87 (3.56)

  Appropriate shock for any ICD 28 (4) 10 (2) 18 (10) <0.001 15.37 (5.24)

  Deaths      

   Sudden cardiac death 9 (1) 5 (1) 4 (2) 0.261 15.17 (5.68)

   Death from other cause 7 (1) 5 (1) 2 (1) 0.962 15.21 (3.97)

  Transplant 18 (3) 5 (1) 13 (7) <0.001 14.31 (4.36)

HCM indicates hypertrophic cardiomyopathy; ICD, implantable cardioverter defibrillator; IQR, interquartile range; NSVT, nonsustained ventricular tachycardia; 
SCA, sudden cardiac arrest; and SCD, sudden cardiac death.
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respectively; P=0.005; Figure 1A), with a hazard ratio 
(HR) for all-cause mortality and transplant of 2.97 (95% 
CI, 1.34–6.55; P=0.007).

On subgroup analysis, 5-year transplant-free sur-
vival varied by type of abnormal exercise response 
(P=0.0016; Figure 1B). The rate of all-cause mortal-
ity or transplant was 4.6 per 100 person-years in the 
ischemia category, 2.89 per 100 person-years in the 
abnormal BP response category, and 0.93 per 100 
person-years in those with normal exercise test results. 
Patients with ventricular ectopy as the only exercise-
induced abnormality did not experience any events. 
Compared with those with normal exercise testing, 
there was a significantly higher hazard of all-cause 
mortality or transplant in those with an abnormal BP 
response (HR, 3.19 [95% CI, 1.32–7.71]; P=0.010) 
and in those with an ischemic response (HR, 4.86 
[95% CI, 1.69–13.99]; P=0.003).

A multivariable analysis was performed in a subset 
of 465 patients who had complete echocardiographic 
data. An abnormal exercise test result was an indepen-
dent predictor of all-cause mortality or transplant (HR, 
3.27 [95% CI, 1.33–8.05]; P=0.010), as was a higher 
LVPWD z score with a higher HR, for every unit increase 
in z score (HR, 1.09 [95% CI, 1.01–61.18]; P=0.021; 
Table 3). Because LA diameter and LV ejection fraction 
were missing in >20% of the cohort, these variables 
were not included in the model.

SCD Events
We further analyzed freedom from SCD events (com-
posite of SCD or aborted SCA) by type of exercise re-
sponse. Overall, there was no difference in the 5-year 
freedom from SCD events between those with normal 
versus abnormal exercise test results (94% versus 
88%; P=0.22; Figure 2A). However, on subgroup anal-
ysis, 5-year SCD event-free survival varied by type of 
abnormal exercise response (P=0.007; Figure 2B). In 
those with ischemia, the rate of SCD was 5.89 events 
per 100 person-years compared with 1.7 events per 
100 person-years for those with an abnormal BP re-
sponse and 1.41 events per 100 person-years for 

those with normal exercise test results. There were no 
events in patients with ventricular ectopy on exercise 
testing. Compared with those with normal exercise test-
ing results, the hazard of an SCD event was significant-
ly higher in the ischemia category (P=0.004) but not 
in the abnormal BP response category (P=0.676). On 
multivariable analysis, exercise-induced ischemia re-
mained independently associated with SCD event-free 
survival (HR, 3.32 [95% CI, 1.27–8.70]; P=0.014).

In light of more appropriate ICD discharges in 
patients with an abnormal exercise test result, we did a 
secondary analysis in the subset who had primary pre-
vention ICD implantation after an exercise test was per-
formed (n=165). Five-year freedom from appropriate 
ICD discharges was lower in those with an abnormal 
exercise test result (n=69) compared with those with 
normal exercise test results (n=96; 85% versus 97% 
respectively; P=0.032; HR, 3.86 [95% CI, 1.02–14.5]; 
Figure 2C). When compared by exercise response cate-
gory, there was a higher hazard of appropriate shocks in 
those with exercise-induced ischemia (HR, 5.83 [95% 
CI, 0.97–35.0]; P=0.054) and in those with ectopy (HR, 
5.7 [95% CI, 0.95–34.1]; P=0.056) compared with 
those with a normal exercise test result, but these dif-
ferences were not statistically significant (Figure 2D). 
This analysis was limited by the small number of events 
in each subgroup.

Other Deaths or Transplant
Survival was also assessed after excluding those with 
SCD before transplant. Those with an abnormal exercise 
test result had a lower freedom from other deaths or 
transplant compared with those with a normal exercise 
test result (91% versus 98%, respectively; P=0.004; 
Figure 3A). Survival varied by type of exercise abnor-
malities (P=0.004), with the highest event rate in those 
with exercise-induced ischemia (4.6 events per 100 
person-years). The HR for other deaths or transplant 
for those with an ischemic response was 7.64 (95% 
CI, 2.4–24.1; P=0.001), and for those with an abnor-
mal BP response, the HR was 3.33 (95% CI, 1.1–9.9; 
P=0.031; Figure 3B).

Table 2. Echocardiographic Characteristics of Patients With Normal or Abnormal Exercise Testing

Echocardiographic  
measures* 

Number ascer-
tained Overall 

Number ascer-
tained 

Exercise test 
normal 

Number ascer-
tained 

Exercise test 
abnormal P value 

IVSd z score, mean (SD) 569 10.30 (9.15) 404 9.50 (9.03) 165 12.24 (9.18) 0.001

LVPWd z score, mean (SD) 569 3.11 (4.14) 402 2.98 (3.45) 167 3.41 (5.47) 0.266

LA diameter z score, mean (SD) 431 1.21 (1.66) 290 0.94 (1.65) 141 1.76 (1.55) <0.001

LVEF, mean (SD) 407 72.27 (10.03) 283 71.58 (9.46) 124 73.85 (11.1) 0.035

LV outflow tract obstruction, n % 542 101 (19) 377 58 (15) 165 43 (26) 0.003

IVSd indicates interventricular septal diameter; LA, left atrial; LV, left ventricular; LVEF, left ventricular ejection fraction; and LVPWd, left ventricular posterior wall 
diameter.

*Measured within ±12 months of exercise test.
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Competing Outcomes
Cumulative incidence function was used to quantify the 
cumulative proportion of events from the first normal 
or abnormal exercise test result. The 5-year cumula-
tive proportion of death or transplant from the exercise 
test was significantly higher among patients with ab-
normal compared with normal test results (8.9% versus 
2.3%; P=0.004; Figure 4A). On competing outcomes 
analysis, the 5-year cumulative incidence of SCD was 
not different between those with an abnormal versus 
a normal exercise test result (3.4% versus 1.1%, re-
spectively; P=0.48). However, the 5-year cumulative 
incidence of other causes of death or transplant re-
mained higher for those with abnormal versus normal 
test results (8.9% versus 2.3%, respectively; P=0.004; 
Figure 4B and 4C).

DISCUSSION
In one of the largest multicenter analyses of exercise testing 
in pediatric HCM, we found that more than one-quarter of 
children and adolescents (28%) had an abnormality detect-
ed on exercise testing, and that an abnormal exercise test 
result was independently associated with lower transplant-
free survival, driven primarily by a higher transplant event 
rate. Novel to this study is the association of individual ex-
ercise abnormalities with outcomes, with exercise-induced 
ischemia emerging as the factor most strongly associated 
with both transplant-free survival and SCD events.

There are no practice guidelines for the role of exer-
cise stress testing in the assessment and follow-up of 
children with HCM. In adults, the use of exercise test-
ing has shifted primarily toward assessing for provocable 
LV outflow tract gradients and to the use of CPET for 
assessing functional capacity in those with advanced 
heart failure, rather than to predict SCD.7,8 We know that 
risk factors for SCD in children with HCM can differ from 
those of adults. Hence, we evaluated the association of 
exercise test findings with both transplant-free survival 
and SCD in this pediatric cohort. We found that an abnor-
mal exercise test result in children with HCM was inde-
pendently associated with lower transplant-free survival, 
with the strongest association seen in patients with an 
ischemic response followed by those with an abnormal 
BP response to exercise. In addition, exercise-induced 
ischemia was also independently associated with SCD 
events. The value of exercise testing in assessing myo-
cardial ischemia to date has been limited because of 
resting ECG and wall motion abnormalities. We recog-
nize that new or worsened ST- or T-wave changes with 

Table 3. Risk Factors Associated With All-Cause Mortality 
and Transplant

Variables Hazard ratio 95% CI P value 

Abnormal exercise test result 3.27 1.33–8.05 0.010*

Age at exercise test 0.95 0.83–1.09 0.454

Unexplained syncope 1.38 0.39–4.85 0.616

Nonsustained ventricular 
tachycardia

1.26 0.41–3.88 0.684

IVSd z score 1.00 0.96–1.05 0.891

LVPWd z score 1.09 1.01–1.18 0.021*

LV outflow tract obstruction 0.38 0.09–1.63 0.193

IVSd indicates interventricular septal diameter; LV, left ventricular; and LVP-
Wd, left ventricular posterior wall diameter.

*Significant.

Figure 1. All-cause mortality or transplant.
A, Kaplan-Meier analysis showed that, compared with those with normal exercise stress test (EST) results (n=406; blue), 5-year transplant-
free survival (all-cause mortality or transplant) was lower in those with an abnormal exercise test result (n=159; red; 97% vs 88%; P=0.005 by 
log-rank test). B, Kaplan-Meier analysis showed a difference in transplant-free survival by type of exercise-induced abnormality (P=0.0016). 
Compared with those with normal EST results (dashed black), 5-year transplant-free survival was lower for those with exercise-induced ischemia 
(orange; 79%; hazard ratio, 4.86 [95% CI, 1.69–13.99]; P=0.003) and those with an abnormal blood pressure response (red; 87%; hazard ratio, 
3.19 [95% CI, 1.32–7.71]; P=0.01). There were no deaths or heart transplants in the exercise-induced ectopy-only category (green).
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exercise do not provide a mechanism for ischemia, and 
may not always be driven purely by an ischemic pro-
cess. However, our findings suggest that ST- or T-wave 
changes during exercise are important to consider in risk 
stratification in childhood HCM. The independent asso-
ciation of exercise test abnormalities with transplant-free 
survival (and of exercise-induced ischemia with SCD) 
emphasizes the importance of routine exercise testing 
as part of ongoing surveillance and risk assessment for 
SCD as well as progression to advanced heart failure.

Besides an abnormal exercise test result, a higher 
LVPWD z score was independently associated with lower 
transplant-free survival. This has not been reported previ-
ously. Other studies have reported an association of LVPWD 

with SCD and with survival after septal reduction therapy.1,9,10 
The mechanism for adverse outcomes in patients with high 
LVPWD scores is not known. Whether this reflects a geneti-
cally driven high-risk phenotype requires further study.

As described earlier, an important finding was that 
the types of exercise abnormalities confer different risks, 
suggesting that these abnormalities are manifestations 
of different pathophysiologic drivers. Whereas a blunted 
BP response is usually linked to LVOTO or diastolic dys-
function, myocardial ischemia is multifactorial. There 
are many factors that can lead to myocardial ischemia, 
including myocardial hypertrophy, impaired coronary flow 
reserve, microvascular dysfunction, and myocardial bridg-
ing.11–14 The resulting ischemia can be exacerbated by 

Figure 2. Sudden cardiac death or aborted sudden cardiac arrest.
A, Kaplan-Meier analysis showed no difference in 5-year freedom from sudden cardiac death (SCD) or aborted sudden cardiac arrest (SCA) 
between patients with normal exercise stress test (EST) results (n=396; blue) and those with abnormal exercise test results (n=154; red; 95% 
vs 88%; P=0.220). B, Kaplan-Meier analysis showed a difference in SCD event-free survival by type of exercise-induced abnormality (P=0.007). 
Compared with those with normal exercise testing results (dashed black), 5-year SCD event-free survival was lower for those with exercise-
induced ischemia (orange; 71%; hazard ratio, 4.02 [95% CI, 1.57–10.28]; P=0.004). Five-year SCD event-free survival for those with abnormal 
blood pressure response (red; 91%) was not different from those with normal exercise test results. There were no SCD events in the exercise-
induced ectopy-only subgroup (green). C, In the subset of patients with primary prevention implantable cardioverter defibrillator (ICD) implantation 
after an exercise test (n=165), 5-year freedom from appropriate ICD discharges was lower for those with abnormal exercise test results (n=69; 
red) compared with those with normal exercise test results (n=96; blue; 85% vs 97%, respectively; P=0.032; hazard ratio, 3.86 [95% CI, 
1.02–14.5]). D, Kaplan-Meier analysis showed no significant difference in appropriate ICD discharges by type of exercise-induced abnormality 
(P=0.0951). Compared with those with a normal exercise test result, 5-year event-free survival was 76% in those with exercise-induced ischemia 
(orange; hazard ratio, 5.83 [95% CI, 0.97–35.0]; P=0.054), 79% in those with ectopy (green; hazard ratio, 5.7 [95% CI, 0.95–34.1]; P=0.056), 
and 88% in those with abnormal blood pressure response (red; hazard ratio, 1.39 [95% CI, 0.64–12.94]; P=0.164).
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high myocardial oxygen demand caused by myocardial 
hypercontractility, increased muscle mass, and increased 
LV myocardial stress caused by elevated left-sided filling 
pressures. Myocardial perfusion mismatch can contrib-
ute to myocyte dysfunction, myocyte loss, and myocar-
dial fibrosis, which, together, can manifest as systolic or 
diastolic dysfunction.15–18 It is notable that only 2% of our 
cohort had systolic dysfunction (ie, LV ejection fraction 
<50%), but a much higher proportion (16/407 [4%]) 
died of heart failure or underwent transplant. This sug-
gests that diastolic heart failure may have been a con-
tributor to these events.

Myocardial ischemia may also predispose to life-
threatening arrhythmias.15–18 In this context, it is note-
worthy that a higher proportion of patients in our cohort 
with an abnormal exercise test result had not only more 
SCD events but also more appropriate ICD shocks after 
ICD insertion, which suggests greater arrhythmogenicity 
in this subgroup. We deliberately excluded ICD shocks as 
an SCD event in the primary analysis because ICDs were 
more frequent in those with an abnormal exercise test 
result. Nonetheless, on subgroup analysis of patients with 
primary prevention ICD, we found lower freedom from 
appropriate shocks for those with an abnormal exercise 
test result. Although further studies are needed to fully 
incorporate exercise test abnormalities in risk prediction 
models for SCD, the findings signal the potential additive 
value of exercise test results in identifying highest-risk 
patients who may benefit from an ICD.

Exercise-induced ventricular ectopy alone was not 
associated with either SCD or transplant-free survival. 

We did not examine the association of an isolated blunted 
heart rate response because a substantial proportion of 
patients (39%) were on a beta-blocker at the time of the 
exercise test, which can interfere with the normal chro-
notropic response to exercise.

Whereas this study found associations between exer-
cise measures and outcomes in children with HCM, 
clinical practice varies across institutions, with some 
institutions offering routine exercise testing to all patients 
with HCM old enough to exercise and others performing 
exercise testing only for selected patients. However, we 
found few differences between the children who under-
went exercise testing and those who did not, with the 
exception of lower frequencies of myectomy and aborted 
SCA, and a higher frequency of nonsustained ventricular 
tachycardia on Holter monitor in those who underwent 
exercise testing. On the basis of the limited variables 
compared, this suggests that there may not have been 
a significant bias toward exercise testing in higher-risk 
patients or that patients who underwent exercise testing 
had independent risk factors for higher mortality.

Limitations
Our study has some limitations inherent in a retrospective 
study, including the potential for a selection bias and the 
confounding effects of practice variability. However, as 
outlined earlier, we did not find substantial practice vari-
ability, nor did we encounter a selection bias toward ex-
ercise testing in higher-risk patients. There was variability 
in the type of exercise testing used at different sites, but 

Figure 3. Other deaths or transplant.
A, Kaplan-Meier analysis showed that compared with those with normal exercise stress test (EST) results (n=406; blue), 5-year freedom from 
other deaths or transplant was lower in the abnormal exercise test results group (n=159; red; 98% vs 91%; P=0.004 by log-rank test). B, 
Kaplan-Meier analysis showed a difference in outcome by type of exercise-induced abnormality (P=0.004). Compared with those with normal 
exercise test results (dashed black), 5-year freedom from other deaths or transplant was lower for those with exercise-induced ischemia (orange; 
79%; hazard ratio, 7.64 [95% CI, 2.42–24.08]; P=0.001) and for those with an abnormal blood pressure response (red; 92%; hazard ratio, 3.33 
[95% CI, 1.12–9.91]; P=0.031). There were no deaths or heart transplants in the exercise-induced ectopy-only subgroup (green). SCD indicates 
sudden cardiac death.
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regardless of treadmill or bicycle use, all tests were per-
formed in clinical exercise laboratories with standardized 
protocols and standardized interpretation. The multivari-
able risk predictor analysis for transplant-free survival 
was limited by having to exclude patients with missing 
echocardiographic data; in addition, race and ethnicity 
could not be analyzed as predictors because these data 
were missing in >50% of cases. Because CPET was not 
performed routinely at all institutions, we were unable to 
assess the association of peak Vo2 and other ventilatory 
measures with clinical outcomes.

CONCLUSIONS
The relatively high prevalence of exercise test abnormali-
ties in our study suggests that exercise testing should 
be performed as part of ongoing surveillance for risk as-
sessment in children with HCM. The type of response to 
exercise provides prognostic information on the 5-year 
risk of all-cause death or transplant and SCD. An isch-
emic response to exercise is a particularly concerning 
finding given its strong association with adverse clinical 
outcomes. Risk prediction models for adverse cardiac 

Figure 4. Competing outcomes of sudden cardiac death vs other deaths or transplant.
A, The 5-year cumulative proportion of death or transplant from the time of the exercise stress test (EST) was significantly higher among patients 
with an abnormal test result (red) compared with those with normal test results (blue; 8.9% vs 2.3%; log-rank P=0.004). B, Competing outcomes 
analysis showing the 5-year cumulative incidence of sudden cardiac death (SCD; black) and other deaths or transplant (purple) for patients with 
an abnormal exercise test result. C, Competing outcomes analysis showing the 5-year cumulative incidence of SCD (black) and other deaths or 
transplant (purple) for patients with a normal exercise test result. The 5-year cumulative incidence of SCD was not different between those with 
abnormal vs normal exercise test results (3.4% vs 1.1%, respectively; Gray test P=0.48). The 5-year cumulative incidence of other causes of 
death or transplant was higher for those with an abnormal vs normal test results (8.9% vs 0.6%, respectively; Gray test P=0.004).
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outcomes in children with HCM should incorporate ex-
ercise test results.

ARTICLE INFORMATION
Received October 7, 2022; accepted November 3, 2022.

Affiliations 
Department of Pediatrics, Stollery Children’s Hospital, Edmonton, Canada (J.C.). 
Genetics and Genome Biology, Hospital for Sick Children, Toronto, Canada (S. 
Min, S. Mital). Department of Pediatrics, Cincinnati Children’s Hospital, OH (C.V.). 
Department of Cardiology, The Royal Children’s Hospital, Melbourne, Australia 
(R.G.W.). Department of Pediatrics, Children’s Hospital Colorado, Aurora (S.N.). 
Department of Pediatrics, Monroe Carrell Jr Children’s Hospital at Vanderbilt, 
Nashville, TN (J.G.). Ted Rogers Computational Program, Peter Munk Cardiac 
Centre, University Health Network, Toronto, Canada (M.T.). Department of Pe-
diatrics, BC Children’s Hospital, Vancouver, British Columbia, Canada (K.A.). De-
partment of Pediatrics, Morgan Stanley Children’s Hospital, Columbia University 
Medical Centre, New York, NY (M.R.). Department of Pediatrics, Lucile Packard 
Children’s Hospital, Stanford University, Palo Alto, CA (B.K.). Department of Pe-
diatrics, Primary Children’s Hospital, University of Utah, Salt Lake City (A.K.L.). 
Department of Pediatrics, Oregon Health and Science University, Portland (S.B.). 
Department of Pediatrics, University of Texas Southwestern Medical Center, Dal-
las, TX (A.P., N.B.H.). Department of Pediatrics, Children’s Hospital of Eastern 
Ontario, Ottawa, Canada (L.G.). Department of Pediatrics, Children’s Hospital 
of Los Angeles, CA (P.F.K.). Department of Pediatrics, Riley Children’s Hospi-
tal, Indianapolis, IN (J.J.P.). Department of Pediatrics, Cleveland Clinic Children’s 
Hospital, OH (P.F.A.). Department of Pediatrics, University of Tennessee Health 
Sciences Centre, Memphis (J.L.J.). Department of Pediatrics, Hospital for Sick 
Children, University of Toronto, Canada (A.D., A.J., L.B., S. Mital). Department of 
Pediatrics, University of Michigan Health System, Ann Arbor (M.W.R.). Depart-
ment of Pediatrics, Children’s Healthcare of Atlanta, GA (R.W.). Department of 
Pediatrics, Children’s Hospital of Philadelphia, PA (J.R.). Department of Pediatrics, 
Texas Children’s Hospital, Houston (T.H.). Ted Rogers Centre for Heart Research, 
Toronto, Canada (S. Mital).

Sources of Funding 
This project was supported through funding from the Ted Rogers Centre for Heart 
Research, the Heart and Stroke Foundation of Canada/Robert M Freedom Chair, 
and the Canadian Institutes of Health Research to Dr Mital.

Disclosures
Dr Mital is a consultant for Bristol Myers Squibb and Tenaya Therapeutics and has 
received unrestricted education funding from Bristol Myers Squibb. Dr Conway is a 
medical monitor for the Pumpkin Trial and has received unrestricted education fund-
ing from Abbott. Dr Aziz is on the medical advisory board for Medtronic. Dr Balaji is a 
consultant for Milestone Pharmaceuticals and Janssen Pharmaceuticals, and is a re-
cipient of a research support grant from the Medtronic External Research program. 
Dr Godown is a consultant for Daiichi-Sankyo. Dr Jeewa is a medical monitor for the 
Pumpkin Trial and consultant for Abbott and Ultragenyx. Dr Kantor is a consultant for 
Novartis and AstraZeneca. Dr Rossano is a consultant for Merck, Bayer, MyoKardia, 
and Cytokinetics. The remaining authors have nothing to disclose.

Supplemental Material
Tables S1 and S2

Figure S1

REFERENCES
 1. Miron A, Lafreniere-Roula M, Steve Fan C-P, Armstrong KR, Dragulescu 

A, Papaz T, Manlhiot C, Kaufman B, Butts RJ, Gardin L, et al. A vali-
dated model for sudden cardiac death risk prediction in pediatric hy-
pertrophic cardiomyopathy. Circulation. 2020;142:217–229. doi: 
10.1161/CIRCULATIONAHA.120.047235

 2. Norrish G, Ding T, Field E, Ziólkowska L, Olivotto I, Limongelli G, Anastasakis 
A, Weintraub R, Biagini E, Ragni L, et al. Development of a novel risk pre-
diction model for sudden cardiac death in childhood hypertrophic car-
diomyopathy (HCM Risk-Kids). JAMA Cardiol. 2019;4:918–927. doi: 
10.1001/jamacardio.2019.2861

 3. Gallo G, Mastromarino V, Limongelli G, Calcagni G, Maruotti A, Ragni L, 
Valente F, Musumeci MB, Adorisio R, Rubino M, et al. Insights from cardio-
pulmonary exercise testing in pediatric patients with hypertrophic cardiomy-
opathy. Biomolecules. 2021;11:376. doi: 10.3390/biom11030376

 4. Masri A, Pierson LM, Smedira NG, Agarwal S, Lytle BW, Naji P, Thamilarasan 
M, Lever HM, Cho LS, Desai MY. Predictors of long-term outcomes in pa-
tients with hypertrophic cardiomyopathy undergoing cardiopulmonary stress 
testing and echocardiography. Am Heart J. 2015;169:684–692.e1. doi: 
10.1016/j.ahj.2015.02.006

 5. Coats CJ, Rantell K, Bartnik A, Patel A, Mist B, McKenna WJ, Elliott 
PM. Cardiopulmonary exercise testing and prognosis in hyper-
trophic cardiomyopathy. Circ Heart Fail. 2015;8:1022–1031. doi: 
10.1161/CIRCHEARTFAILURE.114.002248

 6. Magrì D, Re F, Limongelli G, Agostoni P, Zachara E, Correale M, 
Mastromarino V, Santolamazza C, Casenghi M, Pacileo G, et al. Heart 
failure progression in hypertrophic cardiomyopathy: possible insights 
from cardiopulmonary exercise testing. Circ J. 2016;80:2204–2211. doi: 
10.1253/CIRCJ.CJ-16-0432

 7. Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, Evanovich LL, 
Hung J, Joglar JA, Kantor P, et al. 2020 AHA/ACC guideline for the diag-
nosis and treatment of patients with hypertrophic cardiomyopathy: a report 
of the American College of Cardiology/American Heart Association Joint 
Committee on Clinical Practice Guidelines. Circulation. 2020;142:e558–
e631. doi: 10.1161/CIR.0000000000000937

 8. Cui H, Schaff HV, Olson TP, Geske JB, Dearani JA, Nishimura RA, Sun 
D, Ommen SR. Cardiopulmonary exercise test in patients with obstructive 
hypertrophic cardiomyopathy. J Thorac Cardiovasc Surg. 2022;S0022–
5223(22)00619-5. doi: 10.1016/j.jtcvs.2022.05.025

 9. Balaji S, DiLorenzo MP, Fish FA, Etheridge SP, Aziz PF, Russell MW, Tisma 
S, Pflaumer A, Sreeram N, Kubus P, et al. Risk factors for lethal arrhythmic 
events in children and adolescents with hypertrophic cardiomyopathy and 
an implantable defibrillator: an international multicenter study. Heart Rhythm. 
2019;16:1462–1467. doi: 10.1016/j.hrthm.2019.04.040

 10. Sun D, Schaff HV, Nishimura RA, Geske JB, Dearani JA, Ducharme MT, 
Ommen SR. Posterior wall thickness associates with survival following sep-
tal myectomy for obstructive hypertrophic cardiomyopathy. JACC Heart Fail. 
2022;10:831–837. doi: 10.1016/j.jchf.2022.06.009

 11. Cannon RO III, Rosing DR, Maron BJ, Leon MB, Bonow RO, Watson RM, 
Epstein SE. Myocardial ischemia in patients with hypertrophic cardio-
myopathy: contribution of inadequate vasodilator reserve and elevated 
left ventricular filling pressures. Circulation. 1985;71:234–243. doi: 
10.1161/01.CIR.71.2.234

 12. Karamitsos TD, Dass S, Suttie J, Sever E, Birks J, Holloway CJ, Robson 
MD, Jerosch-Herold M, Watkins H, Neubauer S. Blunted myocardial 
oxygenation response during vasodilator stress in patients with hyper-
trophic cardiomyopathy. J Am Coll Cardiol. 2013;61:1169–1176. doi: 
10.1016/j.jacc.2012.12.024

 13. Maron BJ, Wolfson JK, Epstein SE, Roberts WC. Intramural (“small vessel”) 
coronary artery disease in hypertrophic cardiomyopathy. J Am Coll Cardiol. 
1986;8:545–557. doi: 10.1016/s0735-1097(86)80181-4

 14. Raphael CE, Cooper R, Parker KH, Collinson J, Vassiliou V, Pennell DJ, 
de Silva R, Hsu LY, Greve AM, Nijjer S, et al. Mechanisms of myocardial 
ischemia in hypertrophic cardiomyopathy: insights from wave intensity anal-
ysis and magnetic resonance. J Am Coll Cardiol. 2016;68:1651–1660. doi: 
10.1016/j.jacc.2016.07.751

 15. Chan RH, Maron BJ, Olivotto I, Pencina MJ, Assenza GE, Haas T, Lesser 
JR, Gruner C, Crean AM, Rakowski H, et al. Prognostic value of quantitative 
contrast-enhanced cardiovascular magnetic resonance for the evaluation of 
sudden death risk in patients with hypertrophic cardiomyopathy. Circulation. 
2014;130:484–495. doi: 10.1161/CIRCULATIONAHA.113.007094

 16. Ismail TF, Jabbour A, Gulati A, Mallorie A, Raza S, Cowling TE, Das B, 
Khwaja J, Alpendurada FD, Wage R, et al. Role of late gadolinium en-
hancement cardiovascular magnetic resonance in the risk stratifica-
tion of hypertrophic cardiomyopathy. Heart. 2014;100:1851–1858. doi: 
10.1136/heartjnl-2013-305471

 17. Mentias A, Raeisi-Giglou P, Smedira NG, Feng K, Sato K, Wazni O, Kanj M, 
Flamm SD, Thamilarasan M, Popovic ZB, et al. Late gadolinium enhancement 
in patients with hypertrophic cardiomyopathy and preserved systolic func-
tion. J Am Coll Cardiol. 2018;72:857–870. doi: 10.1016/j.jacc.2018.05.060

 18. Weng Z, Yao J, Chan RH, He J, Yang X, Zhou Y, He Y. Prognostic value of 
LGE-CMR in HCM: a meta-analysis. JACC Cardiovasc Imag. 2016;9:1392–
1402. doi: 10.1016/j.jcmg.2016.02.031


