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IMPORTANCE The ability to predict sudden cardiac death (SCD) in children and adolescents
with hypertrophic cardiomyopathy (HCM) is currently inadequate. Late gadolinium
enhancement (LGE) by cardiovascular magnetic resonance (CMR) imaging is associated with
SCD events in adults with HCM.

OBJECTIVE To examine the prognostic significance of LGE in patients with HCM who are
younger than 21 years.

DESIGN, SETTING, AND PARTICIPANTS This multicenter, retrospective cohort study was
conducted from April 8, 2015, to September 12, 2022, in patients with HCM who were
younger than 21 years and had undergone CMR imaging across multiple sites in the US,
Europe, and South America. Observers of CMR studies were masked toward outcomes and
demographic characteristics.

EXPOSURE Natural history of HCM.

MAIN OUTCOME AND MEASURES The primary outcome was SCD and surrogate events,
including resuscitated cardiac arrest and appropriate discharges from an implantable
defibrillator. Continuous and categorical data are expressed as mean (SD), median (IQR), or
number (percentage), respectively. Survivor curves comparing patients with and without LGE
were constructed by the Kaplan-Meier method, and likelihood of subsequent clinical events
was further evaluated using univariate and multivariable Cox proportional hazards models.

RESULTS Among 700 patients from 37 international centers, median (IQR) age was 14.8
(11.9-17.4) years, and 518 participants (74.0%) were male. During a median (IQR) [range]
follow-up period of 1.9 (0.5-4.1) [0.1-14.8] years, 35 patients (5.0%) experienced SCD or
equivalent events. LGE was present in 230 patients (32.9%), which constituted an mean (SD)
burden of 5.9% (7.3%) of left ventricular myocardium. The LGE amount was higher in older
patients and those with greater left ventricular mass and maximal wall thickness; patients
with LGE had lower left ventricular ejection fractions and larger left atrial diameters. The
presence and burden of LGE was associated with SCD, even after correcting for existing risk
stratification tools. Patients with 10% or more LGE, relative to total myocardium, had a higher
risk of SCD (unadjusted hazard ratio [HR], 2.19; 95% CI, 1.59-3.02; P < .001). Furthermore, the
addition of LGE burden improved the performance of the HCM Risk-Kids score (before LGE
addition: 0.66; 95% CI, 0.58-0.75; after LGE addition: 0.73; 95% CI, 0.66-0.81) and Precision
Medicine in Cardiomyopathy score (before LGE addition: 0.68; 95% CI, 0.49-0.77; after LGE
addition: 0.73; 95% CI, 0.64-0.82) SCD predictive models.

CONCLUSIONS AND RELEVANCE In this retrospective cohort study, quantitative LGE was a risk
factor for SCD in patients younger than 21 years with HCM and improved risk stratification.
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H ypertrophic cardiomyopathy (HCM) is the most com-
mon genetically determined cardiomyopathy1 and is
a leading cause of sudden cardiac death (SCD) in chil-

dren and adolescents.2 Implantable cardiac defibrillators (ICDs)
are the only effective treatment of life-threatening arrhyth-
mias. However, the advantages of ICDs are offset by sub-
stantial morbidity related to their use, particularly for young
patients. Inappropriate ICD shocks occur in up to 6.5% of chil-
dren annually, among other complications.3 The overall goal
must be to implant ICDs only in patients at the highest risk for
SCD. Despite available prognostication tools,4-7 the ability to
identify these patients, while avoiding ICD implants in pa-
tients unlikely to experience SCD, remains insufficient.

Myocardial fibrosis, detected by cardiac magnetic reso-
nance (CMR) imaging late gadolinium enhancement (LGE), has
been linked to SCD in adults with HCM.8 The association of
LGE with SCD in pediatric patients with HCM has not been
unequivocally established.9-11 None of the currently avail-
able pediatric risk stratification models, and only 1 of the adult
models,12 include LGE as a variable. The objectives of this study
were to examine the association between LGE and SCD in a pe-
diatric HCM population and to investigate the ability of LGE
to improve the performance of existing risk assessment tools
for SCD in pediatric patients with HCM.

Methods
Study Design
In this retrospective, multicenter cohort study, patients from
37 international sites were enrolled. The institutional review
boards at each of the participating sites waived the require-
ments for informed consent due to the retrospective nature of
the study. This study followed the Enhancing the Quality and
Transparency of Health Research (EQUATOR) reporting
guidelines. This study was conducted from April 8, 2015, to
September 12, 2022.

Participants
Patients younger than 21 years with phenotypic HCM who un-
derwent CMR were eligible for inclusion. Patients with other
types of HCM (eg, syndromic or associated with metabolic, neu-
romuscular, or storage diseases) and those with conditions
placing an abnormal afterload on the left ventricle (LV) (eg, hy-
pertension and aortic stenosis) were excluded.

Data Collection
Demographic, electrocardiographic, echocardiographic, clini-
cal, and genetic information was collected from patients’ medi-
cal records. The maximal LV outflow tract (LVOT) gradients
from the echocardiogram with the shortest time interval to
CMR study were collected. LVOT obstruction was defined as
a gradient of 30 mm Hg or greater.

CMR imaging on a 1.5-T or 3-T scanner included steady-
state free-precession cine acquisitions in 3 long-axis planes and
sequential short-axis slices, as well as LGE images, acquired
10 to 20 minutes after intravenous administration of gado-
linium in identical planes as cine images. Images from all cen-

ters were transferred to a core laboratory at the Hospital for
Sick Children (Toronto, Ontario, Canada) for analysis. LV and
right ventricular (RV) volumes, masses and ejection fractions
(EFs) were quantified from short-axis cine stacks by a single
reader (L.v.d.W.) in the routine clinical fashion using commer-
cially available software (QMass version 8.0 [Medis Medical
Imaging Systems]). Maximal LV wall thickness was defined as
the greatest dimension at any site within the myocardium. Left
atrial (LA) diameter was measured on 3-chamber cine images
during atrial diastole by a single observer (R.H.C). Biometric
measurements scores were converted into z scores using pub-
lished formulae.13 The presence and extent of LGE were as-
sessed by a single observer (R.H.C.). Quantification of LGE was
performed using manual segmentation, along with the 4 and
6 SD method, as described elsewhere.8 The total volume of LGE
was expressed as a proportion of total LV mass (%LGE). All im-
age analyses occurred masked to the patients’ clinical infor-
mation and outcomes. For intraobserver agreement, 50 ran-
domly selected studies were reanalyzed after 12 months by the
same observer, who was masked to the initial results. To test
interobserver agreement, LGE was quantified by Drs Chan and
Grosse-Wortmann on 50 randomly selected studies.

Primary End Point
The primary study outcome was SCD, defined as an other-
wise unexpected death within 1 hour from the onset of symp-
toms in patients with previously stable or uneventful clinical
course. Potentially lethal cardiovascular events in which pa-
tients were successfully resuscitated from cardiac arrest with
documented ventricular fibrillation or appropriate shocks from
an ICD were regarded as equivalent to SCD.4,14

Statistical Analysis
Continuous and categorical data were expressed as means
(SDs), for normally distributed continuous data; medians
(IQRs), for non-normally distributed continuous data; or as fre-
quencies, respectively. Comparisons of characteristics be-
tween groups were made with unpaired t test, χ2 test, or Fisher
exact test where appropriate.

Kaplan-Meier survivor curves comparing patients with and
without LGE were constructed, and differences between groups
were examined using log-rank tests for equality of survivor

Key Points
Question Is late gadolinium enhancement (LGE) associated with
sudden cardiac death (SCD) risk in patients aged 21 years and
younger with hypertrophic cardiomyopathy (HCM)?

Findings In this cohort study of 700 patients younger than 21
years with HCM, LGE was independently associated with SCD, and
a greater amount of enhancement was linked to an increase in SCD
risk. The addition of LGE burden improved the performance of
current risk stratification tools.

Meaning LGE was associated with enhanced classification of
sudden cardiac risk in children, adolescents, and young adults with
hypertrophic cardiomyopathy and should be considered in clinical
evaluation of these patients.
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functions. Relationships between LGE as both a binary vari-
able (present vs absent) and as a continuous variable (ex-
pressed as %LGE), along with other clinical and imaging vari-
ables and the likelihood of subsequent SCD events, were
assessed through univariate and multivariable Cox propor-
tional hazards models. Proportional hazards assumptions were
tested graphically and with time-dependent covariates be-
fore proceeding.

Furthermore, the incremental value of LGE when added
to pediatric risk models was evaluated, including the HCM Risk-
Kids score6 and the Precision Medicine in Cardiomyopathy
(PRIMaCY) tool.7 This was assessed using 3 separate meth-
ods: (1) likelihood ratio tests; (2) Akaike information crite-
rion; and (3) C statistics. In addition, 2 adult risk scores often
applied to children were also included as methods: (1) the
American Heart Association (AHA)/American College of Car-
diology (ACC) criteria12 and (2) the European Society of Car-

diology (ESC) risk calculator.4 A sensitivity analysis was un-
dertaken in which these scores were applied to the current
population, and the performance of presence and extent of LGE
when added to them was tested. Two-tailed P<.05 was re-
garded as statistically significant. Statistical analyses were per-
formed using SAS version 9.3 (SAS Institute) and R version 3.6.2
(The R Foundation).

Results
Study Patients
A total of 700 patients were included. Clinical and demo-
graphic characteristics, as well as CMR and echocardiogra-
phy findings, are presented in Table 1. At the time of CMR, the
median (IQR) patient age was 14.8 (11.9-17.4) years. Of 700
patients, 518 (74.0%) were male. Median (IQR) [range] fol-

Table 1. Patient Demographics and Clinical Characteristics

Characteristic

No. (%)

P value
All patients
(N = 700)

With LGE
(n = 230)

Without LGE
(n = 470)

Demographics

Sex

Female 182 (26.0) 59 (25.7) 123 (26.2)
.55

Male 518 (74.0) 171 (74.3) 347 (73.8)

Age at diagnosis, median (IQR), y 12.0 (7.0-15.0) 13.0 (9.0-16.0) 12.0 (7.0-15.0) .01

Age at CMR, median (IQR), y 14.8 (11.9-17.4) 15.7 (13.2-18.0) 14.2 (11.2-17) <.001

Follow-up duration, median (IQR), y 1.9 (0.5-4.1) 2.1 (0.6-4.2) 1.8 (0.5-4.1) .002

Initial referral reasona

Dyspnea or murmur 282 (40.3) 101 (43.9) 181 (38.5) .17

Family history or screening 229 (32.7) 71 (30.9) 158 (33.6) .47

Chest pain 81 (11.6) 31 (13.5) 50 (10.6) .27

Palpitations 46 (6.6) 20 (8.7) 26 (5.5) .11

Syncope 50 (7.1) 19 (8.3) 31 (6.6) .42

Clinical status

NYHA/Ross class, mean (SD) 1.2 (0.5) 1.3 (0.6) 1.2 (0.5) .02

History of syncope 80 (11.4) 35 (15.2) 45 (9.6) .02

Documented NSVT 44 (6.3) 20 (8.7) 24 (5.1) .09

Echocardiography

LVOT obstruction (gradient >30 mm
Hg)

170 (24.3) 59 (25.7) 111 (23.6) .43

CMR, mean (SD)

LVEF, % 59 (9) 57 (10) 59 (9) .20

LV mass z score 3.8 (3.7) 5.5 (3.7) 3.4 (3.5) <.001

LV mass or volume ratio 1.01 (0.58) 1.21 (0.78) 0.92 (0.39) <.001

Septal thickness, mm 15.8 (6.4) 19.7 (6.5) 13.8 (5.2) <.001

Posterior wall thickness, mm 10.8 (3.6) 11.1 (4.2) 10.6 (3.3) .08

Maximal wall thickness, mm 19.7 (6.6) 24.0 (6.6) 17.5 (5.5) <.001

Maximal wall thickness z score 11.8 (6.1) 15.8 (5.8) 10.8 (5.7) <.001

LA diameter z score 0.9 (1.7) 1.4 (1.8) 0.8 (1.7) <.001

RVEF, % 71 (9) 74 (8) 70 (9) <.001

Presence of LGE, No. (%) 230 (32.9) NA NA NA

LGE, g NA 12.5 (19.7) NA NA

LGE, g/m2 NA 7.6 (12.4) NA NA

LGE, percentage of total
myocardium

NA 5.9 (7.3) NA NA

Abbreviations: CMR, cardiac
magnetic resonance; EF, ejection
fraction; LA, left atrium;
LGE, late gadolinium enhancement;
LV, left ventricle; LVEF, left
ventricular ejection fraction;
LVOT, left ventricular outflow tract;
NA, not applicable;
NSVT, nonsustained ventricular
tachycardia; NYHA, New York Heart
Association; RV, right ventricle;
RVEF, right ventricular ejection
fraction.
a May have more than 1 response.
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low-up time from study entry to most recent evaluation or
death was 1.9 (0.5-4.1) [0.1-14.8] years. The median (IQR)
interval between echocardiogram and CMR was 44 (12-134)
days. Of 700 total patients, 170 patients (24.3%) had LVOT
obstruction. Biventricular systolic function was preserved in
all patients. On average, LA size was normal. There were no
patients with apical aneurysms.

LGE
Of 700 patients, 233 patients (33.3%) had LGE, which con-
stituted a mean (SD) burden of 5.9% (7.3%) of LV myocar-
dium. Patients with LGE were older, and the amount of LGE
was significantly correlated with age (0.15% increase in
%LGE per year; P < .001), higher LV mass (0.15% LGE per 10
g LV mass or 0.28% LGE per 10 g/m2 LV mass; P < .001),
maximal wall thickness (0.23% LGE per mm or 0.24 LGE per
z score point), and a larger LA diameter (0.12% LGE per mm
or 0.45% per z score point; P < .001). Patients with greater
LGE burden also had significantly lower LVEF (−0.54% per
1% LGE; P < .001) (Table 1). The visual grayscale threshold-
ing method demonstrated high reproducibility via intraob-

server variability (correlation coefficient [k] = 0.78; P < .001),
with a mean (SD) difference of −1.3 (5.9) g, and interobserver
variability (k = 0.83; P < .001), with a mean (SD) difference
of 0.3 (5.9) g.

Outcomes
Thirty-five patients (5.0%) experienced SCD or an equivalent
event at a mean (SD) [range] age of 14.8 (3.9) [6.3-27.0] years.
This included 3 patients with SCD, 20 patients with resusci-
tated arrest, 14 patients with appropriate ICD shock, and 3 pa-
tients with more than 1 event. For further detail, see eTable 1
in Supplement 1. The characteristics of each of these pa-
tients, along with their 5-year SCD predictions by the HCM Risk-
Kids and PRIMaCY tools, are summarized in eTable 2 in Supple-
ment 1. One female patient aged 7 months, with no LGE and
an LVEF of 45%, died of heart failure 4.5 months after the CMR.
Patients who experienced SCD had a slightly worse New York
Heart Association/Ross status and were older than their non-
SCD counterparts (eTable 1 in Supplement 1). They were more
likely to have sustained a prior syncopal event (23% vs 11%;
P = .05) and to have experienced nonsustained ventricular
tachycardia in the past (26% vs 5.3%; P < .001). Patients who
experienced SCD had thicker interventricular septae (mean
[SD], 19.9 [6.7] mm vs 14.8 [5.9] mm; P < .03) and larger LA di-
ameters (mean [SD] z score, 1.36 [1.8] vs 0.8 [1.7]; P < .03) and
were more likely to have LGE (68.6% vs 31.0%; P < .001;
Table 1). Patients who were free from SCD experienced LVOT
obstruction more often than patients who experienced SCD
(25% vs 5.7%; P = .009). Of patients with LGE, 17 of 230 pa-
tients (7.4%) experienced SCD compared with 10 of 470 pa-
tients without LGE (2.1%) (P < .001). Univariate Cox analysis
showed that the presence of LGE was associated with an in-
creased SCD risk (hazard ratio [HR], 4.46; 95% CI, 2.16-9.20;
P < .001). LGE confined to the RV insertion points in the in-
terventricular septum was not associated with increased SCD
risk. Five-year event rates were 3.6% in 230 LGE-negative pa-
tients and 15.7% in 470 LGE-positive patients (log-rank
P < .001; Figure, A). Patients with 10% more LGE relative to
total myocardium had a 2-fold or greater SCD risk (unad-
justed HR, 2.19 per 10% increase in LGE; 95% CI, 1.59-3.02;
P < .001) (Figure, B). Patients with 0.1% to 9.9% LGE and 10%
or more LGE had 5-year event rates of 14.2% and 24.1%, re-
spectively (log-rank P < .001). When LGE was adjusted for the
HCM Risk-Kids and PRIMaCY tools (Table 2) or for the AHA/
ACC or ESC tools (eTable 3 in Supplement 1), LGE remained in-
dependently associated with SCD. The Risk-Kids and PRI-
MaCY scores are intended for use in patients younger than 16
and 18 years, respectively. Thus, in addition to the entire co-
hort, sensitivity analyses for patients younger than 16 and 18
years were performed, whereby LGE remained indepen-
dently associated with SCD, with slightly different effect es-
timates (eTable 4 in Supplement 1). Estimating SCD risk, we
did not observe an interaction between age and LGE burden,
and LGE remained associated with SCD in all 3 age tertiles
within the cohort (eTable 5 in Supplement 1). To further ex-
plore the utility of LGE across baseline risk profiles, we per-
formed a subgroup analysis of patients with HCM Risk-Kids
scores within the median 2 quartiles of the population to ex-

Figure. Kaplan-Meier Curves
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amine the intermediate risk subgroup without setting arbi-
trary demarcation points of the scores. In these 350 patients,
whose median HCM Risk-Kids estimate was 5.6% per 5 years,
there were 19 events. After adjusting for the HCM Risk-Kids
score, LGE continued to be independently associated with SCD
risk (adjusted HR per 10% LGE, 1.77; P = .05). Similarly, in 351
patients whose median 5-year PRIMaCY estimate was 10.3%,
there were 13 patients with SCD events. LGE was also inde-
pendently associated with SCD risk (adjusted HR per 10%
LGE, 3.11; P = .02). RVEF was associated with SCD in univari-
ate analysis (HR per 10% drop in RVEF, 1.51; 95% CI, 1.06-2.17;
P = .02) but was not significant in multivariable analysis.

Genetics
Of 700 total patients, 357 patients (51.0%) had genetic test
results available. In 170 of these patients (47.6%), 1 or more
pathogenic variants for sarcomeric HCM were identified. There
were no known pathogenic variants in 147 patients (41.2%). A
variant of unknown significance was detected in 41 patients
(11.5%). The 3 most common variants were in the MYH7 gene
in 70 patients (39% of gene-positive patients), in the MYBPC3
gene in 66 patients (35%), and in cardiac troponin genes in 7
patients (4%). Patients who experienced SCD or a surrogate
event were more likely to harbor a pathogenic variant for sar-
comeric HCM (68% vs 47%; P = .04), and pathogenic variants
were more common in LGE-positive patients (55% vs 44%;

P = .06). There was a trend toward increased SCD risk in Cox
survival analysis (Table 3). There was no statistically signifi-
cant difference regarding family history of SCD between pa-
tients with or without LGE and with or without SCD.

Performance of the HCM Risk-Kids
and PRIMaCY Risk Stratification Tools
The univariate hazard ratios of HCM Risk-Kids and PRIMaCY
are summarized in Table 3. The addition of LGE improved the
performance of both risk scores, as demonstrated by im-
proved C statistics (Table 4), as well as for the AHA/ACC and
ESC tools (eTable 6 in Supplement 1). Other metrics, includ-
ing the likelihood ratio and Akaike information criterion, also
demonstrated significant improvements with the addition of
LGE. To estimate the degree of optimism for the C statistic es-
timate, internal validation using 1000 bootstrap samples was
used. This provided an empirical estimation of the perfor-
mance metrics, without an external cohort, by training the
model on each resample and aggregating the results. The de-
gree of optimism observed for the C statistic estimates was
found to be limited (<0.01 optimism of C statistic for all;
Table 4), suggesting that the risk of overfitting the dataset was
low. (For example, the optimism-corrected C statistic for the
model with HCM Risk-Kids plus LGE was calculated to be: 0.73
minus 0.007, equaling 0.723.) We found no evidence of inter-
action of LGE with risk severity as determined by the HCM Risk-

Table 2. Performance of Late Gadolinium Enhancement (LGE) When Adjusted
for HCM Risk-Kids and PRIMaCY Existing Risk Assessment Tools

Model

HR (95% CI)
Association with SCD,
univariate

Bivariate adjusted by adding
HCM Risk-Kids

Bivariate adjusted by adding
PRIMaCY scorea

Presence of
LGE

Unadjusted = 4.46 (2.16-9.20) Adjusted = 3.45 (1.58-7.53) Adjusted = 3.69 (1.78-6.68)

P value <.001 .002 .001

%LGE Unadjusted/10% LGE = 2.19
(1.59-3.02)

Adjusted/10% LGE = 1.90
(1.33-2.72)

Adjusted/10% LGE = 1.96
(1.39-2.76)

P value <.001 <.001 <.001

Abbreviations: %LGE, proportion of
total left ventricle mass;
HCM, hypertrophic cardiomyopathy;
HR, hazard ratio; PRIMaCY, Precision
Medicine in Cardiomyopathy;
SCD, sudden cardiac death.
a The formula for the PRIMaCY score

is unpublished; however, an online
calculator is available (https://
primacycalculator.com) and was
used to compute the 5-year risk.

Table 3. Previously Identified Variables Associated With Sudden Cardiac Death (SCD)
Included in Commonly Used Risk Stratification Tools

Variable
Univariate hazard ratio (95%
CI) P value

Included in
HCM Risk-Kids
score PRIMaCY score

Age 1.00 (0.93-1.06) .88 Yes Yes

Prior history of NSVT 4.11 (1.78-9.52) <.001 Yes Yes

Prior history of syncope 2.00 (0.87-4.61) .10 Yes Yes

Maximal wall thickness >30 mm 2.12 (0.98-4.56) .06 No No

Maximal wall thickness z score
>11a

1.38 (0.76-2.96) .24 Yesb No

Interventricular septal thickness z
score

1.06 (0.96-1.18) .25 No Yes

Posterior wall thickness z score 0.92 (0.71-1.19) .53 No Yes

LA diameter z score 1.18 (0.97-1.45) .11 Yes Yes

LVOT gradient ≥30 mm Hgc 0.37 (0.09-1.57) .009 Yesd Yesd

Extensive LGEe 10.7 (4.3-26.1) <.001 No No

LVEF <50% 2.76 (1.29-5.92) .009 No No

Family history of SCD 1.31 (0.56-3.04) .54 No No

Pathogenic mutation 2.10 (0.81-5.42) .13 No Yes

Abbreviations: HCM, hypertrophic
cardiomyopathy; LA, left atrium;
LVEF, left ventricular ejection
fraction; LGE, late gadolinium
enhancement; LVOT, left ventricular
outflow tract; NSVT, nonsustained
ventricular tachycardia;
PRIMaCY, Precision medicine in
cardiomyopathy.
a Corresponds to a wall thickness of

30 mm in an adult male with 1.73 m2

body surface area.
b As a continuous variable.
c LVOT obstruction conveyed a

protective effect in the Risk-Kids
and PRIMaCY scores.

d Included not as z score in this tool.
e Extensive LGE defined as >15% LGE.
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Kids or PRIMaCY tools, including those considered to be in the
intermediate-risk subgroups.

Discussion
Accurate identification of patients with HCM who are at risk
of SCD is paramount in pediatric patients, who are more prone
to device-related complications than adults and have a lon-
ger exposure to lifetime risks.3 It is estimated that, using cur-
rent calculators, 10 ICDs are placed for each child saved, while
simultaneously missing some children who die from SCD.6,7,14

The current study is among the largest in childhood HCM.15-17

Our results indicate the potential importance of LGE when mak-
ing decisions about ICD implantation in children and adoles-
cents with HCM. Specifically, we discovered the following im-
portant findings. First, the presence of LGE is a risk factor for
SCD, independent of other pediatric and adult decision aids
for ICD placement. Second, the risk of SCD increases with a
greater extent of LGE. Third, to our knowledge, this is the first
ever head-to-head comparison of the most commonly used
SCD risk stratification tools using an independent cohort, all
of which performed comparably. Fourth, the addition of LGE
improves the performance of the aforementioned HCM SCD
risk stratification tools.

The reported prevalence of LGE in children with HCM ranges
widely from 18% to 73%.11,18,19 In the previously largest series,
which included 155 patients, LGE was detected in 46% of
patients.20 The current study, with more than 4-fold the num-
ber of patients, found a prevalence of 33%. The observation of a
lower LGE prevalence in children and adolescents, compared to
the reported prevalence of approximately 60% in adults,21 sup-
ports the paradigm that LGE develops and progresses gradu-
ally over time.20,22 Indeed, in the current study, patients who
presented with LGE were older, and the burden of LGE was cor-
related with age. Patients with LGE had greater LV wall thick-
ness and total myocardial mass, lower LVEF, and larger LA size,
indicating an association of myocardial scarring with both
systolic and diastolic dysfunction.

While LGE has been demonstrated to be an independent
marker of SCD risk in adults,21 its utility in risk stratification
in children and adolescents has not been previously estab-
lished. In the largest prior study, which involved a mixed co-
hort of 116 children with both sarcomeric and other types of
HCM, LGE was associated with a combined end point of sus-
tained ventricular tachycardia, resuscitated cardiac arrest, SCD,
end-stage heart failure, appropriate ICD intervention, or heart
transplant.10 However, data on the role of LGE in the cohort
of sarcomeric HCM, or regarding SCD risk specifically, were not

presented. The current results demonstrate an independent
association between LGE and SCD; patients with LGE were
4-fold more likely to experience SCD than patients without
LGE. The SCD risk was higher with greater amounts of LGE.
The utility of LGE to help with risk assessment appears to ap-
ply similarly to a broad range of baseline risk profiles, as
assessed using PRIMaCY and HCM Risk-Kids scores. Of note,
patients who exhibited LGE were not only more likely to ex-
perience SCD, but were also older, with greater LV wall thick-
ness, LV mass, and an LV mass-to-volume ratio. In addition to
LGE, other parameters that feature in contemporary SCD risk
stratification tools demonstrated differences between pa-
tients with and without SCD events. These included LA diam-
eter and LV thickness. In this cohort, both lower LVEF and lower
RVEF were seen in patients who experienced SCD.

To our knowledge, the current study is the first to com-
pare the 2 pediatric SCD risk stratification scores with the 2
adult risk tools (which have been applied to children and ado-
lescents in the past) in a head-to-head comparison using a large,
independent cohort. Reassuringly, the performance of all of
these tools was within a close range of one another in identi-
fying patients at risk of SCD. This is not surprising, as the param-
eters that are included in each, including the 2 tools primarily
designed for adult patients, overlap, and candidate variables
in newer scores were chosen based on previous literature. How-
ever, our study also demonstrates that these strategies need
improvement to make ICD decisions with greater confidence
in the pediatric population. HCM Risk-Kids and PRIMaCY
metrics identify high-risk patients, but their results may sug-
gest ICD placement in some patients who do not end up ex-
periencing an SCD event. In fact, a recent validation of the
PRIMaCY tool in an independent cohort suggested an over-
estimation of SCD risk.23 Our results suggest that LGE adds in-
dependent prognostic information for identifying patients with
HCM who are at higher SCD risk. In our cohort, LGE remained
associated with SCD, even after adjusting for the prognostic
information from the HCM Risk-Kids and PRIMaCY scores. Con-
versely, the addition of LGE improved the performance of each
of these tools, indicated by an increase in C statistics and other
metrics. Furthermore, our results indicate that the burden of
LGE, in addition to its presence, contains useful information.
However, even relatively small amounts of LGE, unless con-
fined to the RV insertion points, had prognostic significance,
in line with a 2022 study by Ali et al,10 which found that LGE
involving as little as 2% of the myocardium was associated with
the composite adverse outcome in their mixed HCM cohort.
Despite the independent association of LGE with SCD, it should
be emphasized that the use of LGE in risk stratification needs
to be considered in conjunction with other, previously proven

Table 4. HCM Risk-Kids and PRIMaCY Model Improvement by Addition of Quantitative LGE

Model LR χ2 value AIC C statistic (95% CI)
Bootstrap internal validation optimism for
C statistic

HCM Risk-Kids score 9.81 405 0.66 (0.58-0.75) 0.001

HCM Risk-Kids
score + LGE

18.9 398 0.73 (0.66-0.81) 0.007

PRIMaCY score 9.69 405 0.68 (0.49-0.77) 0.001

PRIMaCY score + LGE 20.9 396 0.73 (0.64-0.82) 0.005

Abbreviations:
AIC, Akaike information criterion;
C, concordance; HCM, hypertrophic
cardiomyopathy; LGE, late
gadolinium enhancement;
LR, likelihood ratio;
PRIMaCY, Precision Medicine in
Cardiomyopathy.
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clinical risk factors, as no single marker in isolation can accu-
rately predict SCD risk in all patients. The absence of LGE was
not absolutely protective against SCD risk in this cohort, sug-
gesting that susceptibility to potentially lethal ventricular
tachyarrhythmias in HCM can be influenced by factors other
than myocardial fibrosis, identified by CMR. However, the ad-
justed HRs provided in Table 2 can be useful in estimating SCD
risk, taking into account a patient’s LGE burden integrated into
existing risk stratification and scoring systems.

We found a greater prevalence of pathogenic variants in
patients with SCD events, but no association with SCD risk in
univariate regression. Compared with other factors, the asso-
ciation of genetic information in the PRIMaCY tool with out-
come appears to be modest. Further study, which will likely
take into account specific variants, rather than grouping all
pathogenic changes into 1 parameter, may yield additional
prognostic benefit.

Limitations
The current study has the limitations of a retrospective study.
Although the cohort size was respectable and the largest thus
far with CMR information, the modest number of SCD events
posedalimitationinourmultivariateanalysis.Thus,eventhough

patients with large amounts of LGE are at higher risk of SCD, in-
dependent of other risk scores, the small number of SCD events
in this study does not yet permit the conclusion that use of LGE
will improve risk stratification in an individual patient. The fol-
low-up duration was variable and in the order of months for some
patients; a longer follow-up duration may have yielded a greater
number of events and is the subject of an ongoing study. This
cohort is likely not entirely representative of the entire pediat-
ric HCM population, as patients with more severe phenotypes
or malignant family histories may be more likely to be referred
to CMR. Independent validation of the risk models with exter-
nal cohorts, ideally prospectively, would be invaluable to as-
sess the validity of this study’s findings.

Conclusions
LGE is associated with SCD in pediatric patients with HCM.
These results, which need to be confirmed in independent
cohorts, suggest that quantitative measure of LGE can be-
come part of a comprehensive approach to identify patients
at highest risk of SCD. Future work is needed to demonstrate
how to use LGE in a risk score that includes other risk factors.
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