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BACKGROUND: The development of left ventricular systolic dysfunction (LVSD) in hypertrophic cardiomyopathy (HCM) is rare
but serious and associated with poor outcomes in adults. Little is known about the prevalence, predictors, and prognosis of
LVSD in patients diagnosed with HCM as children.

METHODS: Data from patients with HCM in the international, multicenter SHaRe (Sarcomeric Human Cardiomyopathy Registry)
were analyzed. LVSD was defined as left ventricular ejection fraction <60% on echocardiographic reports. Prognosis was
assessed by a composite of death, cardiac transplantation, and left ventricular assist device implantation. Predictors of
developing incident LVSD and subsequent prognosis with LVSD were assessed using Cox proportional hazards models.

RESULTS: We studied 1010 patients diagnosed with HCM during childhood (<18 years of age) and compared them with
6741 patients with HCM diagnosed as adults. In the pediatric HCM cohort, median age at HCM diagnosis was 12.7 years
(interquartile range, 8.0-15.3), and 393 (36%) patients were female. At initial SHaRe site evaluation, 56 (5.5%) patients
with childhood-diagnosed HCM had prevalent LVSD, and 92 (9.1%) developed incident LVSD during a median follow-up of
5.5 years. Overall LVSD prevalence was 14.7% compared with 8.7% in patients with adult-diagnosed HCM. Median age at
incident LVSD was 32.6 years (interquartile range, 21.3—41.6) for the pediatric cohort and 572 years (interquartile range,
473-66.5) for the adult cohort. Predictors of developing incident LVSD in childhood-diagnosed HCM included age <12
years at HCM diagnosis (hazard ratio [HR], 1.72 [CI, 1.13-2.62), male sex (HR, 3.1 [Cl, 1.88-5.2), carrying a pathogenic
sarcomere variant (HR, 2.19 [Cl, 1.08-4.4]), previous septal reduction therapy (HR, 2.34 [CI, 1.42-3.9]), and lower initial
left ventricular ejection fraction (HR, 1.63 [Cl, 1.38—1.69] per 5% decrease). Forty percent of patients with LVSD and HCM
diagnosed during childhood met the composite outcome, with higher rates in female participants (HR, 2.60 [Cl, 1.41-4.78])
and patients with a left ventricular ejection fraction <35% (HR, 3.76 [2.16-6.52]).

CONCLUSIONS: Patients with childhood-diagnosed HCM have a significantly higher lifetime risk of developing LVSD, and LVSD
emerges earlier than for patients with adult-diagnosed HCM. Regardless of age at diagnosis with HCM or LVSD, the prognosis
with LVSD is poor, warranting careful surveillance for LVSD, especially as children with HCM transition to adult care.
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Clinical Perspective

What Is New?

* Patients with hypertrophic cardiomyopathy (HCM)
diagnosed during childhood are at greater lifetime
risk of developing left ventricular systolic dysfunc-
tion (LVSD) compared with patients diagnosed with
HCM as adults.

* Despite diagnosis with HCM during childhood,
LVSD typically develops during adulthood and is
associated with adverse outcomes.

¢ Risk factors for developing LVSD include younger
age at diagnosis of HCM, male sex, low normal
initial left ventricular ejection fraction, and carrying
pathogenic variants in genes encoding sarcomere
proteins.

» Female sex and ejection fraction <35% portend
worse prognostic outcomes for patients with child-
hood presentation of HCM who develop LVSD.

What Are the Clinical Implications?

 Clinicians should be aware of the higher risk for
developing LVSD in patients diagnosed with HCM
in childhood and follow patients accordingly.

* Heightened awareness is particularly relevant
because LVSD is likely to manifest during adult-
hood, when most of these patients have transi-
tioned care from their original pediatric providers to
adult cardiologists.

Nonstandard Abbreviations and Acronyms

AF atrial fibrillation

HCM hypertrophic cardiomyopathy

HF heart failure

HR hazard ratio

IQR interquartile range

LVAD left ventricular assist device

LVEF left ventricular ejection fraction

LVH left ventricular hypertrophy

LVSD left ventricular systolic dysfunction

P/LP pathogenic/likely pathogenic

SHaRe Sarcomeric Human Cardiomyopathy
Registry

myocardial disorder resulting in left ventricular

hypertrophy (LVH) in the absence of an alterna-
tive pathology.! The prevalence of adult HCM is esti-
mated at 1 per B0O,' but HCM is far less frequent in
pediatric populations, with an estimated prevalence of
0.5 to 3 per 100000.2* Therefore, our understanding
of HCM almost exclusively reflects the experience of
adults. Recent studies from SHaRe (Sarcomeric Human

I Iypertrophic cardiomyopathy (HCM) is a primary
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Cardiomyopathy Registry) and from the United Kingdom
indicate that the natural history of pediatric HCM differs
from that of adult HCM.%6 Children diagnosed with HCM
have a higher burden of ventricular arrhythmias earlier
in life, and often develop atrial fibrillation (AF) and heart
failure (HF) in the fourth or fifth decades of life.> Patho-
genic variants in genes encoding sarcomere proteins
are significantly more likely to be found in a child with
HCM than in an adult, and confer a >2-fold increased
risk of developing HF? In contrast, HCM diagnosed dur-
ing adulthood is more likely to be caused by polygenic or
nongenetic disease and is dominated by later-onset AF
and HF rather than ventricular arrhythmias.”® Moreover,
conventionally accepted risk factors for poor outcomes
in adults with HCM may not be directly applicable to
pediatric HCM, as is seen with risk of sudden cardiac
death.'® However, previous studies have not addressed
left ventricular systolic dysfunction (LVSD), an adverse
consequence of HCM, in children. LVSD, defined as left
ventricular ejection fraction (LVEF) <560%, develops in
~8% of adults with HCM and carries a poor prognosis,
with high incidence of death, cardiac transplantation,
or left ventricular assist device (LVAD) implantation.”
Despite children having the longest lifetime exposure
to the abnormal myocardial pathophysiology associated
with HCM, very little is known about the prevalence, pre-
dictors, and prognosis of LVSD in patients diagnosed
with HCM during childhood. In this study, we sought to
address these key questions by leveraging multicenter
data in SHaRe.

METHODS
Study Design

A multicenter observational study with retrospective and
prospective elements was performed in SHaRe. The SHaRe
consortium maintains a longitudinal database of patients with
HCM followed at 13 international, high-volume, expert HCM
centers. Aggregated data include historical events before
SHaRe entry, demographic data, genetic profiles, clinical
phenotypes, and longitudinal, prospective assessment of out-
comes, as previously described.? Institutional review board and
ethics approval was obtained in accordance with local poli-
cies at each SHaRe site. Because of the sensitive nature of
the data collected for this study, the data that support the
findings of this study are available from the corresponding
author upon reasonable request. The statistical code can be
accessed through the github repository at https://github.com/
christoffervi/childhood_hcm_lvsd.

Population

The diagnosis of HCM was site-designated and based on stan-
dard criteria," including a maximal left ventricle wall thickness
of 213 mm (or body surface area—adjusted Z score >2 for
children), taking into consideration noncardiac findings, gen-
otype, and family history, and allowing experienced clinicians
to make an informed diagnosis. Patients were included if they
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had at least 1 clinic visit at a SHaRe site since 1960 and >1
echocardiographic assessment of left ventricle wall thickness.
Childhood-diagnosed HCM was defined as HCM diagnosis
before 18 years of age. Clinically reported echocardiographic
measurements performed at experienced specialty HCM cen-
ters were used for all analyzed metrics of cardiac dimensions
and function. Genetic testing was performed at sites using
different platforms over time based on availability and clinical
practice patterns. Patients with at least one pathogenic or likely
pathogenic (P/LP) variantin 1 of 8 major genes encoding com-
ponents of the sarcomere (MYBPC3, MYH7, TNNT2, TNNI3,
TPM1, MYL2, MYL3, and ACTC)'? were designated as having
sarcomeric HCM; patients carrying variants of uncertain sig-
nificance in 1 of the 8 sarcomere genes (as defined by ACMG
criteria) were designated as variants of uncertain significance
carriers; and patients with benign or likely benign variants or no
variants in these genes were defined to have nonsarcomeric
HCM. If genetic testing was not performed, patients were clas-
sified as being of unknown genetic status. All reported sarco-
mere variants were classified based on the criteria devised by
the American College of Medical Genetics and Genomics and
Association for Molecular Pathology.'”® A subgroup of 3 inves-
tigators (SM.D,, ., and J.SW.) adjudicated and standardized
the classification of variants that remained ambiguous despite
these criteria. Patients were excluded if they had potentially
pathogenic variants in genes encoding nonsarcomere cardiac
proteins (indicating the presence of a metabolic or storage
disease), or an HCM phenocopy, including hypertensive heart
disease, Danon disease, Fabry disease, or cardiac amyloidosis.

Clinical Outcomes

LVSD was defined as an LVEF <50%, as documented on clinical
echocardiographic reports (for information on the reliability and
reproducibility of the clinically reported LVEF, see the Expanded
Methods in the Supplemental Material). Patients were followed
from their first visit at a SHaRe site until last follow-up or until
meeting the composite outcome of all-cause mortality, car-
diac transplantation, or LVAD. Patients with prevalent LVSD
were defined as having LVSD at initial SHaRe site evaluation.
Patients who developed LVSD during follow-up were defined
as having incident LVSD. Analyses to identify factors associ-
ated with the development of incident LVSD excluded patients
with prevalent LVSD. For all patients with LVSD, age at LVSD
recognition was estimated as the age at the first documented
LVEF <60% at a SHaRe site.

Statistical Analyses

SHaRe data through June 2022 were analyzed. Continuous
variables are presented as mean®SD if normally distributed or
as median (interquartile range [IQR]) if deviating substantially
from the normal distribution as evaluated by quantile-quan-
tile plots. Categorical variables are presented as counts and
percentages. Between-group comparisons were evaluated
statistically using Welch t test, Wilcoxon rank sum test, Fisher
exact test, or ¥? tests as appropriate. Time-to-event analysis
was performed to evaluate timing of LVSD recognition (includ-
ing only patients with incident LVSD [ie, excluding patients with
prevalent LVSD], and starting follow-up from the first echocar-
diogram performed at a SHaRe site) and timing of composite
outcome of death, cardiac transplantation, or implantation of
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LVAD (including all patients with LVSD and using age as the
time scale with left-truncation at time of initial recognition of
LVSD at a SHaRe site). Time-to-event analyses included use
of the Kaplan-Meier method and cumulative incidence func-
tion to evaluate event-free survival/cumulative incidence of
events and (multivariable) Cox proportional hazards modeling
was performed to evaluate the association of baseline variables
on the rate and timing of the events of interest. Cox regres-
sion results are reported using adjusted hazard ratios (HRs)
from multivariable analyses. We confirmed that the proportional
hazards assumption was met by scaled Schoenfeld residu-
als with time. When modeling the composite outcome, septal
reduction therapy and having an LVEF <35% were evaluated
as time-varying covariates. Age-specific incidence rates of the
composite outcome in patients with childhood-diagnosed HCM
were calculated according to presence of LVSD. Age-specific
incidence rates were reported according to b age groups (<12,
12-19, 20-29, 30-39, and >40 years of age). When compar-
ing the overall incidence of the composite outcome between
patients with and without LVSD, age standardization between
the groups was performed. We used the full population of
patients enrolled in the SHaRe Registry (HCM diagnosed in
childhood or adulthood) as the reference population. The rates
of developing LVSD and the composite outcome were com-
pared between patients with HCM diagnosed in childhood ver-
sus adulthood. A P value of <0.05 was considered significant.
Statistical analyses were conducted using R version 4.1.1 (R
Foundation for Statistical Computing).

RESULTS

Clinical Characteristics and Prevalence of LVSD
in Patients with Childhood-Diagnosed HCM

This study focused on 1010 patients diagnosed with
HCM in childhood. Demographic characteristics at initial
SHaRe evaluation are presented in the Table 1. The me-
dian age at HCM diagnosis was 12.7 years (IQR, 8.0—
15.3), and the distribution of age at diagnosis is shown
in Figure S1. The median age at initial evaluation at a
SHaRe site was 16.5 years (IQR, 12.0-24.4). A total of
65% (n=652) of the cohort were male, and 88% were
probands (n=883). Median follow-up duration was 4.9
years (IOR, 2.0-9.2). At the initial SHaRe site visit, LVSD
was present in 56 patients (5.5%; prevalent LVSD). Mean
LVEF was 67% in those without LVSD compared with
38% in those with prevalent LVSD (R<0.001). Patients
with prevalent LVSD were of similar age at HCM diagno-
sis but were significantly older at first SHaRe evaluation
(median 31 versus 15 years for prevalent LVSD and no
LVSD, respectively; /<0.001) and were more likely to re-
port severe HF symptoms (New York Heart Association
class lll or IV in 36% versus 7%, respectively; £<0.001;
Table 1). Genetic testing was performed on 664 patients
(66%) and had a diagnostic yield of 63% (419 patients)
for P/LP variants in sarcomere genes. The yield of ge-
netic testing was not significantly different in patients
with or without prevalent LVSD.
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Table 1. Clinical Characteristics of Patients With Childhood-
Diagnosed Hypertrophic Cardiomyopathy, Stratified by Left
Ventricular Systolic Dysfunction Status

Characteristic at initial No LVSD Prevalent LVSD
SHaRe evaluation (n=954) (n=56) P value
Female sex 339 (36) 19 (34) 0.7

Age at HCM diagnosis,y | 12.7 (8.1,15.3) | 125 (71,15.2) | 0.6

Age at first SHaRe 15 (11, 21) 31 (15, 41) <0.001
evaluation, y
Proband 831 (88) 52 (93) 0.3
NYHA functional class
1 393 (68) 12 (29) 0.009
2 150 (26) 15 (36) 0.31
3or4 38 (7) 15 (36) <0.001
Not reported 373 14
Self-reported race
White 772 (83) 47 (87) 0.83
Black 56 (6.0) 2(3.7) 0.76
Asian 25 (2.7) 1(1.9) 0.99
Other or not reported 79 (8.4) 4 (7.6) 0.99
Initial LVEF (%) 66.5+8.6 37.8+9.1 <0.001
Obstruction present 140 (25) 2 (9.5) 0.1
(maximal gradient >30
mm Hg)
LA diameter, mm 35.7+10.8 43.5+13.5 <0.001
Maximal left ventricle wall | 16.5 14.0 0.3
thickness, mm (12.0, 28.0) (12.0, 20.4)

Genetic status (664/1010 [66%)] underwent genetic testing)

Sarcomeric HCM 393 (63) 26 (72) 0.29
VUS in sarcomere 84 (13) 0 (0) 0.01
gene

Nonsarcomeric HCM 151 (24) 10 (28) 0.69
No genetic testing 326 20

Genes with P/LP variants (n=419)

MYBPC3 159 (40) 7 (28) 0.22
MYH7 170 (43) 12 (46) 0.84
TNNTZ2 23 (5.8) 0 (0) 0.38
TNNI3 15 (3.8) 2 (8.0) 0.28
TPM1 6 (1.5) 1 (4.0) 0.36
MYL2/MYL3/ACTC 11 (2.8) 2 (8.0) 0.19
Multiple P/LP 10 (2.5) 2 (8.0) 0.17

Values are n (%), median (interquartile range), or meantSD. ACTC indicates
actin; HCM, hypertrophic cardiomyopathy; LA, left atrium; LVEF, left ventricular
ejection fraction; LVSD, left ventricular systolic dysfunction; MYBPC3, myosin
binding protein C; MYH7, myosin heavy chain; MYL2/MYL3, myosin essential
and regulatory light chains; NYHA, New York Heart Association; P/LP, patho-
genic or likely pathogenic; SHaRe, Sarcomeric Human Cardiomyopathy Reg-
istry; TNNI3, troponin I; TNNTZ, troponin T; TPM1, a-tropomyosin; and VUS,
variant of unknown significance.

Incidence and Predictors of Developing LVSD in
Patients with Childhood-Diagnosed HCM

During 5920 person-years of follow-up (median, 5.5
years) on 895 patients with longitudinal evaluation and
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without prevalent LVSD, 92 (10.3%) developed LVSD
(incident LVSD). This corresponds to an overall rate of
developing LVSD of 16 (Cl, 13-19) per 1000 person-
years for patients with childhood-diagnosed HCM. The
estimated cumulative incidence of LVSD was 11.7% (Cl,
9.2-15.1) at 10 years of follow-up (Figure 1A), and LVSD
incidence increased with age (Figure S2). Figure 1B and
1C provide cumulative incidence of LVSD as a function
of time from HCM diagnosis and age, respectively.

In total, 148 patients with childhood-diagnosed HCM
had prevalent or incident LVSD, corresponding to an
overall prevalence of LVSD of 14.7% in this cohort. In
most patients (82% [122/148]), LVSD was identified
after 18 years of age, with a median age at LVSD recog-
nition of 32.7 years (IQR, 21.3-42.1).

Clinical variables were analyzed to identify predictors of
developing incident LVSD (Figure 2). Patients with preva-
lent LVSD were excluded from this analysis. HCM diagno-
sis before 12 years of age (HR, 1.72 [CI, 1.13-2.62]), male
sex (HR, 3.1 [Cl, 1.88-5.2]), sarcomeric HCM (HR, 2.19 [C]|,
1.08-4.4]), previous septal reduction therapy (HR, 2.34 [C]|,
1.42-39)), and lower LVEF at initial SHaRe visit (HR, 1.53
[CI, 1.38—1.69] per 6% decrease) were significantly associ-
ated with an increased hazard of developing LVSD during
follow-up. Further stratifying genetic subtypes of sarcomeric
HCM, the risk was highest in patients who carried multiple
P/LP variants (HR, 832 [Cl, 2.11-32.88]) or variants in
thick filament genes (HR, 2.25 [CI, 1.1-4.63]) compared
with patients with nonsarcomeric HCM (Figure S3). Given
the association between younger age at HCM diagnosis
and LVSD, we explored the clinical trajectory of patients with
a very early presentation of HCM and the age-specific inci-
dence rates of LVSD in childhood (Figure S4A and S4B).
Overall, we found similar cumulative incidence rates of LVSD
in patients diagnosed with HCM before 2 years of age com-
pared with other pediatric groups, and that the age-specific
incidence of LVSD is low throughout childhood. However, the
power to detect differences in these subgroups is limited.

Clinical Outcomes in Patients With LVSD and
Childhood-Diagnosed HCM

We next focused on all patients with childhood-diagnosed
HCM and LVSD (h=148) to characterize the prognosis
of LVSD and to identify predictors of adverse outcomes.
Table S1 lists major outcomes in patients with and
without LVSD. Of 148 patients with LVSD, 59 (40%) de-
veloped the composite end point of cardiac transplanta-
tion (n=38), LVAD implantation (n=5b), or death (n=24;
8 from HF, 9 from sudden cardiac death). The median
age at transplant was 379 years (IQR, 19.7-477), and
the median age at death was 37 years (IOR, 21.7-52.1).
The median time from LVSD recognition to the composite
end point was 7.1 years (Cl, 6.3-11.2; Figure 3A). For a
descriptive characterization of the timing of LVSD identi-
fication and the development of the composite outcomes
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Numbers at risk

Years from first SHaRe visit
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Figure 1. Cumulative incidence of
left ventricular systolic dysfunction

in patients with childhood-diagnosed
hypertrophic cardiomyopathy.
Cumulative incidence of left ventricular
systolic dysfunction (LVSD) in patients
with childhood-diagnosed hypertrophic
cardiomyopathy (HCM) from time (in years)
since initial SHaRe (Sarcomeric Human
Cardiomyopathy Registry) evaluation (A),
time (in years) since diagnosis with HCM
(B), and birth (age in years; C). Of the 954
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patients with childhood-diagnosed HCM
and no left ventricular systolic dysfunction
at initial SHaRe visit, 59 patients did not
have follow-up.
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relative to the time of HCM diagnosis in patients with
childhood-diagnosed HCM, see Figure Sb. Compared
with individuals with normal LVEF, LVSD portended worse
prognosis across all age groups, as indicated by overall
age-standardized composite outcome incidence rates of
4.6 (Cl,3.3-6.2) versus 1.0 (Cl, 0.7-1.3) per 100 person-
years. This difference was especially pronounced in the
oldest and youngest age groups (Figure 3B).
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Female sex (HR, 2.60 [Cl, 1.41-4.78]) and LVEF
<85% (HR, 3.76 [Cl, 2.16-6.52]) were significantly
associated with the primary composite outcome after
development of LVSD (Figure 4). The time from HCM
diagnosis to LVSD recognition, undergoing septal
reduction therapy, and carrying sarcomere variants
were not significantly associated with the primary out-
come (Figure 4).
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Variable LvVSD Hazard ratio P value
n (%) (95% ClI)

Age at HCM diagnosis :

12-18 43/512 (8%) O ref
<12 49/383 (13%)  1.72 (1.13-2.62) o 0.011
Sex

Female 28/319 (9%) © ref
Male 64/576 (11%) 3.1(1.88-5.2) | —=0— <0.001
Genetics :

Nonsarcomeric HCM 71142 (5%) Q ref
Sarcomeric HCM 52/373 (14%)  2.19 (1.08-4.4) b © 1 0.029
VUS 12/78 (15%) 1.58 (0.66-3.8) b © 1 0.301
Not tested 21/302 (7%) 2.06 (0.96-4.4) © 4 0.064
Septal reduction therapy :

No 62/760 (8%) o ref
Yes 30/135 (22%) 2.34 (1.42-3.9) : —0— <0.001
LVEF (per 5% decrease)  92/895 (10%)  1.53 (1.38-1.69) HOH <0.001

0!5 1!0 2!0 4!0

Figure 2. Predictors of developing incident left ventricular systolic dysfunction in patients with childhood-diagnosed
hypertrophic cardiomyopathy, from the time of first SHaRe Registry evaluation.

Patients with prevalent left ventricular systolic dysfunction (LVSD) or with missing values on left ventricular ejection fraction (LVEF) at initial
evaluation were excluded. Results are reported from a multiple Cox proportional hazards model. HCM indicates hypertrophic cardiomyopathy; P/
LP, pathogenic or likely pathogenic; SHaRe, Sarcomeric Human Cardiomyopathy Registry; and VUS, variant of unknown significance.

To assess the potential confounding effect of sep-
tal reduction therapy in modifying the natural history of
left ventricular function, sensitivity analyses were per-
formed, censoring patients at the time of septal reduc-
tion therapy. These analyses yielded consistent results
for predicting both incidence and outcomes of LVSD,
suggesting that septal reduction therapy is less likely to
be a confounding factor in our analysis (Figures S6 and
S7). In addition, given the potential effect of relatedness
on our results and the suggested difference between
probands and non-proband family members (=13% of
our total cohort), we performed a proband-only sensitivity
analysis (Figures S8 and S9). The findings supported the
results found in the overall cohort.

LVSD in Patients With HCM Diagnosed During
Childhood Versus Adulthood

To investigate the effect of the age at HCM diagnosis
on the development and outcomes of LVSD, we com-
pared SHaRe participants diagnosed with HCM dur-
ing childhood with those diagnosed with HCM during

Circulation. 2023;148:394-404. DOI: 10.1161/CIRCULATIONAHA.122.062517

adulthood (n=6741; Table S2). The overall prevalence of
LVSD was higher in patients with childhood-diagnosed
HCM compared with those with adult-diagnosed HCM
(14.7% versus 8.8%; odds ratio, 1.78 [95% CI, 1.45—
2.16]; A/<0.0001). The median age of developing LVSD
was 58 years (IQR, 47.2-67.0) in adult-diagnosed HCM
compared with 32.6 years (IQR, 21.4-41.5) in child-
hood-diagnosed HCM. Despite the higher prevalence of
LVSD in childhood-diagnosed HCM, prognosis was simi-
lar, with no significant difference detected in the inci-
dence (40% versus 36%; ~=0.22) or rate (HR, 1.13 [C|,
0.85-1.5]; P=0.41) of the composite outcome of death,
cardiac transplantation, or LVAD implantation (Figure 5).

DISCUSSION

In this observational multicenter study, we described the
prevalence, prognosis, and predictors of LVSD in 1010
patients in SHaRe who were diagnosed with HCM as
children. The overall prevalence of LVSD was 14.7%,
with an overall incidence rate of 1.6% (Cl, 1.3—1.9%) per
person-year. Despite childhood diagnosis of HCM, LVSD
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Median time to composite outcome
7.1 years [Cl, 6.3 t0 11.2]
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Figure 3. Cumulative and age-specific
incidence of major adverse outcomes
in patients with childhood-diagnosed
hypertrophic cardiomyopathy

Cumulative incidence of Death, Cardiac Txp or LVAD >
o
S

Numbers at risk

146 107 87 75 63 53 42 32

LVSD

No LVSD

—0O—

8 9 10
Years from LVSD

stratified by the presence of left
ventricular systolic dysfunction.

A, Cumulative incidence of death, cardiac
transplantation (Txp), or left ventricular
assist device (LVAD) implantation in
patients with childhood diagnosis of
hypertrophic cardiomyopathy and left
ventricular systolic dysfunction (LVSD).
B, Age-specific incidence of death,

Txp, or LVAD implantation in patients

with childhood-diagnosed hypertrophic
cardiomyopathy stratified by the presence
of LVSD. The error bars denote the 95%
Cls, and the groups have been slightly
offset in the horizontal plane to avoid
overlap.

<12 12-19 20-29 30-39

Person-years at risk
LVSD 115

Incidence of Death, Cardiac Txp or LVAD per 100 person-years

202 338 307

No LVSD 887 1773 1518 625

>40
Age groups

typically was not recognized until adulthood (median age,
32.6 years [21.3-41.6]). Younger age at diagnosis, lower
initial LVEF, male sex, pathogenic sarcomere gene vari-
ants, and previous invasive septal reduction therapy were
independently associated with a higher risk of developing
LVSD. The prognosis after developing LVSD was poor;
40% of patients developed advanced HF underwent
cardiac transplantation, received LVAD, or died within a
median of 7.1 years after developing LVSD. Predictors
of adverse outcomes included LVEF <35% and female
sex. In addition, we demonstrated that LVSD was almost
twice as prevalent in patients diagnosed with HCM as
children compared with those diagnosed as adults, for
whom the overall prevalence of LVSD is ~8%, based on
our current work and published literature 8418
Important differences have been described between
patients diagnosed with HCM during childhood and
adulthood.® Patients diagnosed as children are more
likely to carry pathogenic sarcomere variants and are at

400 August 1,2023

increased risk of ventricular arrhythmias and advanced
HFE® LVSD complicating early-diagnosed HCM has not
been well-characterized. Previous studies have fol-
lowed smaller numbers of children (80-687 patients)
for shorter periods of time and with less extensive clini-
cal detail.5'°2" Furthermore, there has been a limited
understanding about whether age at HCM diagnosis is
relevant to the natural history of the disease and con-
tributes to the risk of LVSD development. Our findings,
coupled with previous work, collectively indicate that
patients with LVSD were more likely to be diagnosed
with HCM as children. This study also demonstrates that
patients with HCM who develop LVSD, whether diag-
nosed in adulthood or childhood, share similar clinical
and genetic characteristics, including the presence of
a sarcomere variant (particularly multiple variants) and
lower LVEF at initial evaluation. In addition, although
patients diagnosed with HCM in childhood were more
likely to develop LVSD, the prognosis related to LVSD

Circulation. 2023;148:394-404. DOI: 10.1161/CIRCULATIONAHA.122.062517
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Variable Death, Txp, LVAD Hazard ratio P value =
n (%) (95% ClI) =
Time to LVSD from diagnosis :2’
Per 5-year increase 61/148 (41 %) 0.8(0.6-1.07) I—Q—i 0.133 r;ﬁ
Sex : E
: S
Male 35/101 (35 %) ref (o] ref =
Female 26 /47 (55%) 26(1.41-478) : —— 0.002
Genetics
Nonsarcomeric HCM 10/17 (59 %) ref O ref
Sarcomeric HCM 33/78 (42 %) 0.51(0.21-1.23) |—.—| 0.133
vUS 3/12 (25%) 053(0.13-2.21) ¢ O 1 0.385
Not genotyped 15/ 41 (37 %) 0.69 (0.28 - 1.73) -—0—4 0.429
LVEF < 35% .
No 46 /123 (37 %) ref O ref
Yes 15/25 (60 %) 3.76 (2.16 - 6.52) : —Q@—  <0.001
Septal reduction therapy :
No 477103 (46 %) ref . ref
Yes 14745 (31 %) 0.78 (0.4-152) r—O——« 0.466
0!2 0!5 1!0 2!0 4!0 8!0

Figure 4. Predictors of the primary outcome of death, cardiac transplantation, or left ventricular assist device implantation in
patients with childhood-diagnosed hypertrophic cardiomyopathy who develop left ventricular systolic dysfunction.

Results are reported from a multiple Cox proportional hazards model, in which age was used as the time scale with left-truncation at time of left
ventricular systolic dysfunction. LVAD indicates left ventricular assist device; LVEF, left ventricular ejection fraction; LVSD, left ventricular systolic
dysfunction; Txp, cardiac transplantation; and VUS, variant of unknown significance.

appeared similar, irrespective of age at HCM diagnosis,
both in SHaRe and previous smaller studies (median
survival 2.4-8.4 years).'"1418

This study highlights several characteristics perti-
nent to patients who are diagnosed with HCM during
childhood and who develop LVSD later in life. First, male
patients were twice as likely to develop LVSD but were
half as likely to die or require LVAD support or cardiac
transplantation after clinical recognition of LVSD. This
association was not apparent in the adult cohort. In
addition, there were several genetic findings of inter-
est. Children with multiple P/LP sarcomere variants had
more than an 8-fold greater risk for developing incident
LVSD. This is consistent with previous data showing
that patients with multiple sarcomere variants are more
severely affected by HCM.82223 |n this cohort of patients
with childhood-diagnosed HCM, variants in genes encod-
ing thick filament proteins (MYH7, MYBPC3, MYL2, and
MYL3) were associated with a 2-fold increase in the
risk of incident LVSD. This adds to the existing literature
correlating P/LP variants in thick filaments (particularly
in MYH7 and MYBPC3) with worse outcomes in pedi-

Circulation. 2023;148:394-404. DOI: 10.1161/CIRCULATIONAHA.122.062517

atric HCM.'92324 However, this finding contrasts with
our previous results in adult-diagnosed HCM, in which
variants in thin filament genes were associated with a
higher risk of incident LVSD.!" In a retrospective study
of 230 adults with HCM, thin filament-related HCM
was associated with a lower prevalence of outflow tract
obstruction and a lower maximal wall thickness but a
higher predilection for advanced HF, systolic dysfunc-
tion, and restrictive physiology compared with thick fila-
ment-related HCM.?® Although the smaller size of the
childhood-diagnosed HCM cohort may have limited our
ability to find an association with rarer thin filament vari-
ants, our findings collectively provide further support
that underlying genotype may have different implica-
tions for patients diagnosed with HCM during childhood
versus adulthood.

As seen in SHaRe participants with HCM diagnosed
during adulthood, previous invasive septal reduction
therapy was significantly associated with incident LVSD
in childhood-diagnosed HCM. Alcohol septal ablation
and surgical myectomy both independently predicted
the development of LVSD across all ages.'" A correlation
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Cumulative Incidenc

Adult-Dx HCM, LVSD
=== Adult-Dx HCM, no LVSD
=== Childhood-Dx HCM, LVSD
=== Childhood-Dx HCM, no LVSD

Numbers at risk
= 029 815 741 648 552

m— 132 107 87 75 63
w5017 5163 4604 3999 3463
531 410 340 278 235

5 6 7 8 9 10
Years from initial SHaRe visit or LVSD
481 417 360 312 264 227
53 42 32 22 20 14
2962 2550 2175 1870 1594 1371
195 156 128 102 78 52

Figure 5. Cumulative incidence of the composite outcome of death, cardiac transplant, or left ventricular device implantation
from time of clinical recognition of left ventricular systolic dysfunction.

The figure includes patients with prevalent and incident left ventricular systolic dysfunction (LVSD). HCM indicates hypertrophic cardiomyopathy;
LVAD, left ventricular assist device; SHaRe, Sarcomeric Human Cardiomyopathy Registry; and Txp, cardiac transplantation.

between septal reduction therapy and adverse remodel-
ing as well as lower long-term survival compared with
the general population has been described in previous
small studies.?®?” Because myectomy is highly effec-
tive for reducing obstructive symptoms in patients with
HCM,%29 especially among young individuals, it is impor-
tant to know whether postprocedural long-term adaptive
or maladaptive remodeling may occur. Both in this study
and in the previous study on LVSD in adult HCM, septal
reduction therapy did not significantly alter the progno-
sis associated with LVSD."" Although these studies are
observational, given these findings, careful longitudinal
clinical follow-up after invasive septal reduction is pru-
dent to monitor for incipient LVSD. Whether this asso-
ciation is attributable to the need for septal reduction
therapy serving as a marker for more severe disease (e,
intervention performed in patients with more substantial
remodeling, and therefore at higher risk for adverse out-
comes) or whether there may be a more direct relation-
ship between these procedures and long-term systolic
function is unclear. Continued longitudinal surveillance
in large cohorts with HCM is needed to understand the
association between septal reduction therapy and LVSD.

402 August 1,2023

It is important to recognize that although patients
with a childhood diagnosis of HCM have a higher life-
time prevalence of LVSD, findings are most likely to
manifest during adulthood, at a stage when most of
these patients have transitioned their care to adult car-
diology. It is unclear whether the higher prevalence of
LVSD in childhood-diagnosed HCM is attributable to
disease-specific attributes or longer exposure to dis-
ease, or whether it simply reflects a longer duration of
follow-up. However, these findings are consistent with
previous work demonstrating that the risk of adverse
outcomes in childhood-diagnosed HCM extends well
beyond adolescence.?' Patients with LVSD have worse
outcomes than other patients with HCM, so it is crucial
for clinicians caring for patients diagnosed with HCM
during childhood to be cognizant of the risk. Greater
vigilance in screening for LVSD may be appropriate
in order to best mobilize clinical intervention, ideally
before progression to end-stage disease. The rela-
tively long timeframe from HCM diagnosis to recog-
nition of LVSD also suggests a valuable window of
opportunity to implement disease-modifying therapies
in high-risk patients.

Circulation. 2023;148:394-404. DOI: 10.1161/CIRCULATIONAHA.122.062517
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Limitations

Limitations of SHaRe are inherent to its pragmatic, real-
world, multicenter, partially retrospective observational de-
sign, whereby availability of certain assessments, such as
cardiac magnetic resonance imaging or genetic testing,
varies due to local resources and clinical practice, both
of which also change over time. Clinical characteristics
at initial HCM diagnosis are sometimes unavailable and
only obtained at initial SHaRe site evaluation; as such,
the exact timing of certain outcomes that are prevalent
at baseline evaluation (eg, LVSD) at a SHaRe site may
be unknown. The presence of LVSD was based on clini-
cally reported echocardiographic measurements at ex-
pert centers; these are subject to operator bias and were
not standardized to a universal protocol or centrally read.
Referral bias may be present, as SHaRe sites are high-
volume tertiary centers. As with any registry, survival bias
is inherent, as patients must have survived to their first
clinic visit. The longer duration of follow-up for patients
with incident and prevalent LVSD may result in an overes-
timation of LVSD risk compared with HCM with a normal
LVEF. Given the retrospective nature of some data, pa-
tients with LVSD may be at risk of ascertainment bias and
having more frequent echocardiograms for surveillance of
ejection fraction, as they are likely to be considered high-
er-risk patients by most clinicians. Detailed data on the
use and dosing of guideline-directed medical therapy for
HF with reduced LVEF are not available in SHaRe, which
may alter some prognostic findings. The smaller cohort
size in pediatric HCM may limit power and ability to detect
significant associations seen in larger cohorts; however,
this is one of the largest efforts to date aimed at longitu-
dinally following patients with childhood-diagnosed HCM.
Our cohort primarily consists of individuals with White an-
cestry, and representation of other races and ethnicities is
limited. Furthermore, most patients were identified as pro-
bands. It is uncertain whether the prognosis of patients
diagnosed through family screening might be more favor-
able. In addition, we intentionally excluded patients with
inborn errors of metabolism, glycogen storage disease,
and other syndromic causes of left ventricular hypertro-
phy to focus on the most common form of HCM: sarco-
meric HCM. Most studies of pediatric HCM have included
children with these and other HCM genocopies.

Conclusions

Patients diagnosed with HCM during childhood have a
higher lifetime risk of developing LVSD and related ad-
verse outcomes than patients diagnosed with HCM as
adults. Both LVSD and adverse outcomes are most likely
to manifest during early adulthood rather than child-
hood. Male sex, low normal LVEF, and the presence of
sarcomere variants, particularly variants in the thick fila-
ment genes MYH7 and MYBPC3 and multiple sarco-
mere gene variants, are independently associated with

Circulation. 2023;148:394-404. DOI: 10.1161/CIRCULATIONAHA.122.062517
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developing incident LVSD in patients with childhood-
diagnosed HCM. Female patients and patients with the
lowest presenting LVEF are at highest risk for poor out-
comes. Greater recognition of and surveillance for LVSD
in patients diagnosed with HCM as children are crucial to
provide the best care, especially as these patients transi-
tion to adulthood and management by adult cardiologists.
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