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BACKGROUND: Although heart failure is a well-known major global public health concern, the general understanding of the
clinical status of pediatric heart failure (PHF) is inadequate. Therefore, this study aims to enhance the general understanding
of clinical characteristics across different PHF age groups and provide references for improving PHF treatment strategies.

METHODS: This multicenter retrospective cohort study involved patients from 20 Chinese provinces, primarily including
hospitalized patients (aged <18years) diagnosed with heart failure between January 2013 and December 2022. The study
subjects were categorized into 4 groups: neonatal, infant and toddler, young children, and adolescent.

RESULTS: Herein, 2903 hospitalized patients with PHF were included. Significant differences were observed across age groups
in clinical characteristics, auxiliary examination results, comorbid diagnoses, and hospitalization outcomes. After adjusting for
covariates, the odds of in-hospital death were significantly lower in the infant and toddler (odds ratio [OR], 0.46 [95% ClI, 0.25—
0.85]), young children (OR, 0.39 [95% CI, 0.18-0.85]), and adolescent (OR, 0.34 [95% ClI, 0.13-0.87]) groups compared with
the neonatal group. Furthermore, the odds of cardiovascular adverse events were significantly higher in the young children
(OR, 1.91 [95% CI, 1.62-2.88]) and adolescent (OR, 2.16 [95% ClI, 1.15-4.06]) groups compared with the neonatal group.
Additionally, regarding the odds of a bad Ross class, the adolescent group had 1.85 times higher odds (95% ClI, 1.11-3.09)
compared with the neonatal group, 2.36 times (95% ClI, 1.67-3.35) higher odds compared with the infant and toddler group,
and 1.45 times (95% ClI, 1.05-2.02) higher odds compared with the young children group (P<0.05).

CONCLUSIONS: This study emphasizes the importance of age-specific stratification in PHF management, revealing distinct
clinical and prognostic differences across various developmental stages.
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CLINICAL PERSPECTIVE
What Is New?

This study reveals significant age-related differ-
ences in clinical characteristics and outcomes
among patients with pediatric heart failure,
highlighting the need for age-stratified manage-
ment strategies.

What Are the Clinical Implications?

e Age-based treatment approaches may mitigate
the risks of adverse events inherent to each de-
velopmental stage, improving the clinical out-
comes in patients with pediatric heart failure.

e Through prospective cohort studies, future re-
search should explore the pathophysiological
mechanisms of age-specific variations in heart
failure and assess the clinical efficacy of age-
stratified pediatric heart failure management
strategies, which will guide the formulation and re-
finement of evidence-based treatment protocols.

Nonstandard Abbreviations and Acronyms

BRC bad Ross class

CAE cardiovascular adverse event
CCHD Complex Congenital Heart Disease
GR growth retardation

the heart is unable to pump adequate blood due

to structural or functional cardiac abnormalities."?
Although medical advancements have improved out-
comes among patients with HF, the global HF prev-
alence continues to rise, a phenomenon primarily
attributable to population aging, prolonged survival
among critically ill patients, and adverse drug reac-
tions. Consequently, HF remains a significant public
health concern.®#

Multiple studies have been conducted on HF, signifi-
cantly enhancing our understanding of the disease.>®
However, current research predominantly focuses on
adult HF and overlooks pediatric HF (PHF), resulting in
limited PHF-related research. This phenomenon could
primarily be attributed to the paucity of large-scale
PHF cohorts. The current PHF guidelines, which are
yet to be updated, were proposed by the Canadian
Cardiovascular Society (2013)° and the International
Society for Heart and Lung Transplantation (2014)."°
Furthermore, besides lacking in-depth evidence, re-
cently published PHF treatment and management rec-
ommendations or consensus statements''® mostly

Heart failure (HF) is a condition that occurs when
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draw on results from adult HF research, a gap that was
also highlighted in the American Heart Association’s
July 2024 scientific statement on chronic HF in children
and adolescents with congenital heart disease (CHD)."

Although recommmendations for PHF diagnosis and
treatment have been proposed on the basis of relevant
professional guidelines, due to pathogenetic complex-
ities and lack of large-scale research-based medical
evidence, current treatment strategies are largely ex-
trapolated from adult HF research; hence, they lack
specificity and empirical support. Recent research has
also shown significant differences between pediatric
and adult HF in terms of pathogenesis, clinical man-
ifestations, and prognosis. However, most of these
clinical investigations were conducted in Europe and
America, and systematic studies examining the char-
acteristic differences across various PHF age groups
remain elusive.'®2* In contrast with the age-related de-
cline in organ function and metabolic rates observed
in adulthood,?-3° child growth and development is a
continuous, dynamic process, in which the body un-
dergoes gradual refinement after birth.”® According
to research, PHF often presents with distinct age-
related characteristics, such as feeding difficulties or
interrupted feeding in infants and digestive issues in
adolescents.'® Moreover, age may constrain pharma-
cotherapy selection for PHF treatment. Birth history
and body mass index (BMI), which were found to affect
HF in adult studies,®-3® may also influence children’s
growth and development, highlighting the potential
PHF implications.

Despite the crucial need for age-based PHF treat-
ment strategies, there is a paucity of research-based
medical evidence tailored to different PHF age groups.
Consequently, this multicenter retrospective cohort
study aimed to delineate age-related differences in
PHF characteristics and outcomes, providing evidence
for age-specific management strategies.

METHODS

Study Design and Cohort
This multicenter retrospective cohort study, supported
by the National Center for Children’s Health Clinical
Research (Data S1), involved 30 medical centers from
20 Chinese provinces. Medical experts and statisti-
cians collaboratively developed the survey question-
naire and manual used herein and created a database
using Access software (Microsoft, Redmond, WA). Al
researchers at each center underwent standardized,
high-quality training. Data were extracted from the hos-
pital information systems. Trained personnel verified the
data, which were entered in a double-blinded approach.
The Ethics Committee of Chongging Medical
University approved the study protocol (File No.
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2020.160). The right to informed consent was waived
owing to the nature of the study. Data supporting our
findings are available from the corresponding author
upon reasonable request.

Patients

Herein, all hospitalized patients with HF (aged <18 years)
diagnosed between January 2013 and December 2022
in the involved institutions were included. Patients were
stratified into 4 age groups: neonatal (<1 month), infant
and toddler (>1 month and <3years), young children
(>3years and <12years), and adolescent (>12years
and <18years). These age groups reflect the distinct
stages of children’s growth and development, which
have various HF implications. For instance, neonates
often undergo the transition from fetal to independ-
ent circulation, making them particularly susceptible to
CHD or infection-induced HF. On the other hand, in-
fants and toddlers, as well as adolescents, often expe-
rience rapid growth. Consequently, HF in infants and
toddlers is often linked to CHD and increased meta-
bolic demands and hormonal changes in adolescents.
Finally, when entering a period of slowed growth,
young children may experience HF due to long-term
hemodynamic changes.

Herein, PHF diagnosis was defined as outlined in
the Chinese recommendations,'®2¢ primarily on the
basis of pathogenesis, medical history, clinical mani-
festations, and auxiliary examinations, and confirmed
through a 3-level physician ward examination sys-
tem. Regarding data collection, invalid questionnaires
included duplicates, those filled by patients aged
>18years, those not matching the admission period,
or those with a missing rate of >20%. These question-
naires were excluded from the final analysis.

Variables and Outcomes
Demographic characteristics, clinical features, auxiliary
examinations, diagnoses, and outcomes were the col-
lected data. Variables such as height, weight, BMI, and
blood pressure (BP) were categorized on the basis of
age and sex reference values.3~#1

The primary outcome measure was the all-cause
mortality rate. On the other hand, the secondary out-
come measures were cardiovascular adverse events
(CAEs; defined as malignant arrhythmias or patients
requiring advanced life support), and bad Ross class
(BRC; means classified as modified Ross class llI-IV at
discharge; Data S2).

Statistical Analysis

Data were processed using RStudio 4.3.0 software (R
Foundation for Statistical Computing, Vienna, Austria).
Variables with >70% missing values were excluded
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from the analysis. The missing data in variables with
<70% missing values were not filled in. Differences
with P<0.05 were considered statistically significant.
Continuous variables were expressed as medians and
interquartile ranges, and intergroup differences were
compared using the Wilcoxon rank-sum test. On the
other hand, categorical variables were presented as
frequencies (percentages), and intergroup differences
were compared using the x? or Fisher’s exact test.

Logistic and linear regression models were used to
assess differences in PHF outcomes across various age
groups. Variables with significant differences (P<0.05)
between outcomes groups (all-cause mortality rate,
CAE, and BRC) in univariate analyses were included in
the final model (Table S1). Moreover, clinically relevant
covariates were also selected on the basis of expert con-
sensus and existing literature. These variables included
sex, gestational week (GW; we conducted a multiple
model regression analysis considering the collinearity
between GW and birth weight; Table S2), surgical his-
tory, BMI, BP, modified Ross classification on admission,
HF type (acute HF or chronic HF [CHF]), and primary
combined diseases (simple CHD [SCHD], complex CHD
[CCHD], cardiomyopathy, infection, and other), auxiliary
examination data (left ventricular ejection fraction [LVEF],
moderate to severe valvular regurgitation, NT-proBNP
[N-terminal pro-B-type natriuretic peptide], alanine trans-
aminase, aspartate aminotransferase, albumin, creatine,
blood urea nitrogen, uric acid, serum potassium concen-
tration, serum calcium concentration, prothrombin time
[PT], activated partial thromboplastin time, triglyceride,
total cholesterol, fasting blood glucose, Po,, and Pco,).
Subgroup analyses (eg, by sex, blood pressure) were
conducted to explore potential variations in the effect
of age group on the main outcomes (all-cause mortality
rate, CAEs, and BRC). Further multivariable regression
analyses were performed to identify factors influencing
PHF outcomes. In all analyses, P<0.05 was considered
statistically significant.

Since the LVEF-age and growth retardation (GR)—age
relationship may be nonlinear, these associations were
modeled using restricted cubic splines flexibly. The refer-
ence value was established at the median position, and
knots were positioned at the 5th, 35th, 65th, and 95th
percentiles of the variable distribution. The 95% Cls were
represented by shaded areas. The P value for nonlinear
was calculated using a likelihood ratio test, comparing
the goodness of fit between the nonlinear model and a
simpler linear model. A P value for nonlinear <0.05 was
considered to indicate significant nonlinearity.

RESULTS

Herein, 3557 PHF questionnaires were collected, of
which 2903 (212, 1618, 766, and 307 questionnaires
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3557 cases of PHF were included
(From 2013.01 to 2022.12,
involved 30 Medical Centers,
20 Provincial-level Administrative Regions in China)

Questionnaires were deleted:

Repetitive questionnaires 26 cases

Variables E, A, E/A, IVRT, LDL, HDL and ¢TnT were deleted

Age > 18 years 11 cases

Missing value percentage >20% 617 cases

due to missing values > 70%

2903 cases were included

Infant and Toddler
(N=1618, 56%)

Neonatal
(N=212, 7%)

Young Children
(N=766, 26%)

Adolescent
(N=307, 11%)

Figure 1. Flowchart of subject selection.

A indicates late diastolic mitral flow peak velocity; cTnT, cardiac troponin T; E, early diastolic mitral flow peak velocity; HDL, high-
density lipoprotein; IVRT, isovolumic relaxation time; LDL, low-density lipoprotein; and PHF, pediatric heart failure.

for the neonatal, infant and toddler, young children, and
adolescent groups, respectively) were included in the
final analysis after data cleaning. The infant and toddler
(56%) and young children (26%) groups made up the
majority of the hospitalized patients with PHF (Figure 1).

General Characteristics

The majority of hospitalized patients with PHF (63.6%)
were categorized as acute HF, with an almost equal
sex distribution and a median age of 12.8 (3.4-82.7)
months. Furthermore, more than one third of all pa-
tients with PHF (39.4%) had GR, and the most preva-
lent clinical manifestations of PHF were respiratory
symptoms (75.3%) and systemic venous congestion
(74.9%). Additionally, more than one third of all PHF
cases were diagnosed with CHD (36.6%) or car-
diomyopathy (33.7%), with infections complicating
29.3% of all cases. Moreover, the median LVEF was
54% (35%—-68%) and more than half (51.0%) of all pa-
tients with PHF had LVEF <55% (49.9% of patients
with CHF had LVEF <55%), with an even lower per-
centage of PHF cases having comorbid CHD (33.7%;
Figure S1). All differences were statistically significant
(P<0.05; Table).
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Characteristics of Different Age Groups
There was no sex difference in younger groups (infant and
toddler and young children groups), whereas a higher pro-
portion of boys had PHF in older groups (neonatal [57.1%)
and adolescent groups [568.3%)]). More than one quarter of
neonatal group patients with PHF had a GW of <37 weeks
(28.1%) and a birth weight of <2.5kg (28.0%). Furthermore,
both the infant and toddler (27.1%) and adolescent (29.0%)
groups had significantly higher proportions of low BMI,
while the infant and toddler group had the highest pro-
portion of GR (46.4%). Compared with other groups, the
neonatal group had a significantly greater proportion of
patients with PHF with hypotension (14.7%), whereas the
young children (24.0%) and adolescent (19.1%) groups had
higher proportions of patients with PHF with hypertension.
The most prominent symptom in the neonatal (41.5%) and
infant and toddler (45.0%) groups was interrupted feeding,
and these groups exhibited a significantly higher preva-
lence of respiratory symptoms at 89.6% and 81.5%, re-
spectively. Meanwhile, the infant and toddler group had
the highest proportion of systemic venous congestion
cases (82.1%). Compared with the other 2 groups, diges-
tive symptoms were significantly more prevalent in the
adolescent (38.8%) and young children (39.2%) groups.
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Table. General Characteristics of PHF and Comparisons Between Different Age Groups
Neonatal
Variables Total (n=2903) (n=212) Infant and toddler (n=1618) Child (n=766) Teenager (n=307)
Demographic characteristics
Sex, n (%)
Girl 1402 (48.3) 91 (42.9) 787 (48.6)* 396 (51.7)" 128 (41.7)t*
Boy 1501 (61.7) 121 (67.1) 831 (51.4) 370 (48.3)* 179 (58.3)H*
Age, mo, median 12.83 0.30 (0.03-0.70) 5.62 (2.78-12.19)* 87.60 180.23
(IQR) (3.42-82.68) (60.51-117.61)" (162.77-186.82)*T+
GW, wk, median 38.57 38.29 38.43 (37.00-39.71)* 39.00 39.00 (38.00-40.00)%
(IQR) (37.00-39.86) (36.14-39.43) (37.43-40.00)*"
Birth weight, kg, 3.20 (2.90-3.50) | 3.05(2.31-3.50) | 3.20 (2.80-3.50)* 3.20 (3.00-3.50)*" | 3.25 (3.00-3.60)"
median (IQR)
Family history, n (%) 258 (8.9) 11 (5.2) 122 (7.5) 88 (11.5)%" 37 (12.1)~F
Surgical history, 232 (8.0) 1(0.5) 80 (4.9)* 97 (12.7)*t 54 (17.6)"H+
n (%)
Clinical features
BMI, n (%)
Underweight 493 (23.2) 26 (14.4) 317 (27.1) 86 (15.5)"f 64 (29.0)%*
Normal 1461 (68.7) 141 (77.9) 739 (63.2) 428 (77.0) 153 (69.2)*+
Overweight 173 (8.1) 14.(7.7) 113 (9.7)* 42 (7.6)F 4 (1.8)*
Growth retardation, 1059 (39.4) N* 751 (46.4) 206 (26.9)" 102 (33.2)"*
n (%)
Blood pressure
SBP, mmHg, median | 91 (82-104) 72 (65-80) 88 (80-96)" 98 (90-108)*t 106 (98-116)"H+
(IQR)
DBP, mmHg, median | 56 (48-65) 41 (34-52) 52 (45-60)* 61 (65-70)" 68 (60-75)*+
(IQR)
Hypotension, n (%) 152 (6.0) 28 (14.7) 55 (4.2)" 43 (5.8)" 26 (8.7)t*
Hypertension, n (%) 406 (16.0) 19 (9.9) 152 (11.6) 178 (24.0)" 57 191y
Modified Ross classification on admission, n (%)
(] 783 (37.5) 49 (41.2) 422 (38.8)* 240 (37.9) 72 (28.9*
[V 1308 (62.6) 70 (58.8) 667 (61.2)* 394 (62.1) 177 (71.4)*
Symptoms and signs
Respiratory, n (%) 2185 (75.3) 190 (89.6) 1319 (81.5) 465 (60.7)~" 211 (68.7)"1+
Digestive, n (%) 717 (24.7) 22 (10.4) 276 (17.1) 300 (39.2)* 119 (38.8)
SVC, n (%) 2173 (74.9) 145 (68.4) 1328 (82.1)* 492 (64.2)t 188 (61.2)
Interrupted feeding, 816 (28.1) 88 (41.5) 728 (45) N* N*
n (%)
Diagnostic related
HF type, N (%)
AHF 1801 (63.6) 202 (100) 962 (60.7)* 443 (59.4) 194 (65.5)*
CHF 1029 (36.4) N* 624 (39.3) 303 (40.6) 102 (34.5)
Primary combined disease, n (%)
CHD, n (%) 1062 (36.6) 101 (47.6) 769 (47.5) 133 (17.4)%" 59 (19.2)%F
Simple CHD 331 (11.4) 23 (10.8) 251 (15.5)* 37 (4.8) 20 (6.5)
Complex CHD 731 (25.2) 78 (36.8) 518 (32) 96 (12.5) 39 (12.7)+
Infection 107 (3.7) 15 (7.1) 77 (4.8) 12 (1.6) 3 (1)t
Cardiomyopathy, 978 (33.7) 15 (7.1) 491 (30.3)* 325 (42.4)%t 147 (47.9)
n (%)
Infection 100 (3.4) 4(1.9) 60 (3.7)" 18 (2.3) 18 (5.9)**
Infection, n (%) 850 (29.3) 100 (47.2) 439 (27.1) 216 (28.2)* 95 (30.9)
Other, n (%) 322 (11.1) 18 (8.5) 129 (8.0)* 139 (18.1)t 36 (11.7)"1+
(Continued)
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Variables Total (n=2903) :z:z;al Infant and toddler (n=1618) Child (n=766) Teenager (n=307)
Outcomes
AMR, n (%) 115 (4.0) 23 (10.8) 57 (3.5)" 24 (3.1)" 11 (3.6)
CAEs, n (%) 413 (14.23) 12 (5.7) 15 (7.1)* 76 (9.9 40 (13)~1+
BRC, n (%)
I-I1 1349 (72.1) 83 (74.1) 738 (76) 408 (70.1) 120 (58.3)~+
=1V 522 (27.9) 29 (25.9) 233 (24.0) 174 (29.9) 86 (41.8)"1+
LHS, d, median (1QR) | 12 (8-19) 13 (8-24) 12 (8-19) 12 (8-18)* 12 (7-18)*
Cost, RMB, median 20445 33504 19904 (10702-41570)* 20060 19517 (10327-45780)"
(IQR) (10770-44442) (17048-82804) (10206-41122)

AHF, acute heart failure; AMR, all-cause mortality rate; BMI, body mass index; BRC, bad Ross class; CAE, cardiovascular adverse event; CHD, congenital
heart disease; CHF, chronic heart failure; DBP, diastolic blood pressure; GW, gestational weeks; IQR, interquartile range; LHS, length of hospital stay; PHF,
pediatric heart failure; SBP, systolic blood pressure; and SVC, systemic venous congestion.

Family history: Cardiovascular diseases have been observed among immediate blood relatives within 3 generations (such as CHD, cardiomyopathy,
hypertension, coronary artery disease, primary pulmonary hypertension, or sudden death, etc); surgical history: cardiovascular-related surgeries, including
interventional, open-heart, radiofrequency ablation, pacemaker etc; growth retardation: weight, height, or BMI below the third percentile of healthy children
of the same age and sex; CAEs: malignant arrhythmias or requiring advanced life support (pacemaker implantation, heart transplantation, cardioversion,
extracorporeal membrane oxygenation, blood purification; BRC: means classified as modified Ross class llI-IV at discharge).

*Comparison with neonatal group, P<0.05.
fComparison with infant and toddler group, P<0.05.
*Comparison with child group, P<0.05.

Significant variations in the combined disease
prevalence was observed across various age groups.
Although CHD was the most common combined dis-
ease in the neonatal (47.6%) and infant and toddler
(47.5%) groups, cardiomyopathy was significantly more
prevalent in the young children (42.4%) and adoles-
cent (47.9%) groups. Additionally, the neonatal group
showed a significantly higher prevalence of infections
(47.2%), whereas the young children (18.1%) and ad-
olescent (11.7%) groups showed a higher prevalence
of other diseases (noncardiovascular/noninfection).
Furthermore, in echocardiography, the indices of the
heart’s structural size and ventricular systolic function
increased and decreased significantly with age, re-
spectively (Table).

Significant intergroup differences were also ob-
served in other auxiliary examination indicators
(Table S3). After adjusting for covariates, there were still
significant differences in symptoms and signs, LVEF,
left ventricular fractional shortening, brain natriuretic
peptide, and NT-proBNP (P<0.05; Table S4).

Outcomes Across Different Age Groups

The median length of hospital stay and hospitaliza-
tion cost for PHF were 12 (8-19) days and 20400
(10800-44400) RMB, respectively. Notably, 4.0% of
the included patients with PHF died, while 53% and
27.9% had CAEs and BRC, respectively. Compared
with other groups, the neonatal group had the high-
est length of hospital stay (13 days), all-cause mortality
rate (10.8%), and hospitalization costs (33504 RMB),
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while the adolescent group had the highest proportion
of CAE (13.0%) and BRC (41.8%) cases (P<0.05; Table).

Mortality Rates Across Different Age
Groups

After adjustment, compared with the neonatal group,
the infant and toddler (odds ratio [OR], 0.46 [95%
Cl, 0.25-0.85]), young children (OR, 0.39 [95% ClI,
0.18-0.85]), and adolescent (OR, 0.34 [95% ClI, 0.13-
0.87]) groups showed a significantly lower in-hospital
mortality odds for PHF (P<0.05; Figure 2, Table S5).
Furthermore, subgroup analyses revealed consistent
neonatal mortality odds rates in terms of sex, GW,
BP, modified Ross class on admission, CHD, car-
diomyopathy, infection, and LVEF (P>0.05), although
the odds were significantly higher in cases classified
as acute HF (OR, 2.29 [95% CI, 1.40-3.76]; P<0.05;
Figure 3).The independent risk factors for death were a
GW of <84 weeks (neonatal: OR, 21.34 [95% ClI, 1.80-
253.63]; nonneonatal: OR, 8.72 [95% Cl, 3.91-19.45]),
-V modified Ross classification on admission (neo-
natal: OR, 1.72 [95% ClI, 1.10-5.11]; nonneonatal: OR,
2.99 [95% Cl, 1.43-6.23]), CCHD (neonatal: OR, 1.92
[95% ClI, 1.22-16.77]; nonneonatal: OR, 2.50 [95% ClI,
1.19-5.26]) and moderate to severe valvular regurgita-
tion (neonatal: OR, 1.38 [95% CI, 1.25-7.57]; nonneo-
natal: OR, 1.94 [95% ClI, 1.18-3.18]). On the other hand,
calcium (neonatal: OR, 0.33 [95% CI, 0.05-0.89]; non-
neonatal: OR, 0.55 [95% CI, 0.35-0.87]) was a pro-
tective factor. Additionally, infections (OR, 2.26 [95%
Cl, 1.26-19.68]) were an independent risk factor for



Yuan et al Age-Based Classification in Managing PHF

Mortality Cardiovascular adverse events Bad ROSS Class
Variables OR (95%C1) P value OR (95%C1) P value OR (95%C1) P value
Infant and Toddler vs. Neonatal —— 0.46 (0.25 ~ 0.85) 0.013 H—e—— 1.47(0.86 ~2.51) 0.16 i 0.78 (052 ~1.18)  0.25
Young Children vs. Neonatal —— 039(0.18 ~ 0.85) 0.018 §e— 191 (162 ~2.88) 0.014 e 127(0.80 ~2.01)  0.30
Adolescent vs. Neonatal —— 0.34(0.13~0.87) 0.025 I——e—————  216(115~4.06) 0017 ———— 185(1.11~3.09) 0.019
Young Children vs. Infant and Toddler ~ ——e+— 089 (0.49 ~ 1.60)  0.70 e 110(0.80 ~1.50)  0.56 L —.—i 163 (1.25 ~ 2.12) <0.001
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Figure 2. The relationship between age and clinical outcomes of PHF after adjustment (total sample regression analysis).
Adjust: sex, gestational weeks, surgical history, body mass index, HBP, LBP, modified Ross classification on admission, heart
failure type, simple congenital heart disease, complex congenital heart disease, cardiomyopathy, infection, other, left ventricular
ejection fraction, moderate to severe valvular regurgitation, N-terminal pro-B-type natriuretic peptide, alanine transaminase,
aspartate transaminase, albumin, creatine, blood urea nitrogen, uric acid, potassium, calcium, prothrombin time, activated partial

thromboplastin time, Po,, Pco,, triglyceride, total cholesterol, and fasting plasma glucose. PHF indicates pediatric heart failure.

neonatal death, while hypotension (OR, 4.53 [95% ClI,
2.35-8.73]) and NT-proBNP (OR, 1.01 [95% CI, 1.01-
1.01]) were independent risk factors for nonneonatal
death (P<0.05; Table S6).

CAEs in Different Age Groups

After adjustment, CAE odds were significantly higher in
the young children (OR, 1.91 [95% Cl, 1.62-2.88]) and ad-
olescent (OR, 2.16 [95% ClI, 1.15-4.06]) groups than in the
neonatal group (Figure 2, Table S5). Furthermore, sub-
group analyses revealed consistent CAE odds in young
children and adolescent groups in terms of sex, GW, BP,
modified Ross class on admission, SCHD, and cardio-
myopathy (P>0.05), although the odds was significantly
higher in cases classified as acute HF (OR, 1.98 [95% Cl,
1.53-2.57]), non-CCHD (OR, 1.94 [95% CI, 1.51-2.5Q]),
infection (OR, 3.29 [95% Cl, 2.23-4.86]), and LVEF >55%
(OR, 2.21 [95% Cl, 1.52-3.22]; P<0.05; Figure 3).

The independent risk factors for CAE were SCHD
(neonatal and infant and toddler groups: OR, 2.24
[95% CI, 1.15-3.40]; young children and adolescent
groups: OR, 2.90 [95% ClI, 1.52-5.52]), and cardio-
myopathy (neonatal and infant and toddler groups:
OR, 2.26 [95% CI, 1.15-2.46]; young children and
adolescent groups: OR, 3.15 [95% CI, 2.02—-4.91)).
Meanwhile, LVEF (neonatal and infant and toddler
groups: OR, 0.96 [95% CI, 0.95-0.97]; young children
and adolescent groups: OR, 0.99 [95% ClI, 0.98-0.99])
and calcium (neonatal and infant and toddler groups:
OR, 0.59 [95% CI, 0.42-0.82]; young children and ad-
olescent groups: OR, 0.61 [95% CI, 0.43-0.86]) were
protective factors. Moreover, underweight (OR, 14.06
[95% ClI, 9.94-19.89]), overweight (OR, 2.20 [95% ClI,
1.07-4.55]), modified Ross class Ill to IV on admission
(OR, 1.79 [95% ClI, 1.25-2.59]), and NT-proBNP (OR,
1.01 [95% Cl, 1.01-1.01]) were independent risk factors
for CAEs in the young children and adolescent groups,
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Figure 3. The relationship between age and clinical outcomes of PHF after adjustment (subgroup analysis).

Adjust: sex, gestational weeks, surgical history, body mass index, HBP, LBP, modified Ross classification on admission, heart
failure type, simple congenital heart disease, complex congenital heart disease, cardiomyopathy, infection, other, left ventricular
ejection fraction, moderate to severe valvular regurgitation, N-terminal pro-B-type natriuretic peptide, alanine transaminase,
aspartate transaminase, albumin, creatine, blood urea nitrogen, uric acid, potassium, calcium, prothrombin time, activated partial
thromboplastin time, Po,, Pco,, triglyceride, total cholesterol, and fasting plasma glucose. AHF indicates acute heart failure; CHD,
congenital heart disease; CHF, chronic heart failure; CM, cardiomyopathy; GW, gestational weeks; LVEF, left ventricular ejection
fraction; OR, odds ratio; and PHF, pediatric heart failure.
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Figure 4. The relationship between age and LVEF of PHF after adjustment.

A, Restricted cubic splines analysis of adjusted age and LVEF. B, Multivariate linear analysis of LVEF for PHF. Adjust: sex,
gestational weeks, surgical history, BMI, blood pressure, Modified Ross classification on admission, heart failure type, simple CHD,
complex CHD, cardiomyopathy, infection, other, LVEF, moderate to severe valvular regurgitation, alanine transaminase, aspartate
transaminase, NT-proBNP, albumin, creatine, BUN, UA, potassium, calcium, prothrombin time, activated partial thromboplastin
time, Po,, Pco,, triglyceride, TC, and fasting plasma glucose. AHF indicates acute heart failure; BUN, blood urea nitrogen; CHD,
congenital heart disease; CHF, chronic heart failure; CM, cardiomyopathy; LVEF, left ventricular ejection fractions; NT-proBNP, N-
terminal pro-B-type natriuretic peptide; PHF, pediatric heart failure; PT, prothrombin time; TC, total cholesterol; and UA, uric acid.

while CCHD (OR, 2.38 [95% ClI, 1.34-4.21]) was an
independent risk factor for CAEs in the neonatal and
infant and toddler groups (P<0.05; Table S6).

BRC Risk in Different Age Groups
Regarding BRC risk, after adjustment, the adolescent
group had 1.85 times (95% ClI, 1.11-3.09) higher odds
compared with the neonatal group, 2.36 times (95%
Cl, 1.67-3.35) higher odds compared with the infant
and toddler group, and 1.45 times (95% ClI, 1.05-2.02)
higher odds compared with the young children group
(Figure 2, Table S4). Subgroup analyses revealed
consistent BRC odds in adolescents in terms of sex,
GW, modified Ross classification on admission, HF
type, cardiomyopathy, and LVEF (P>0.05). However,
the odds were significantly higher in individuals with
normal BP (OR, 3.05 [95% Cl, 2.29-4.06]), SCHD (OR,
7.62 [95% Cl, 2.98-19.46]), CCHD (OR, 4.29 [95%
Cl, 2.71-7.32]), and noninfections (OR, 3.40 [95% ClI,
2.53-4.56]; P<0.05; Figure 3).

The independent risk factors for BRC were mod-
ified Ross classif lll to IV on admission (nonadoles-
cents: OR, 9.84 [95% CI, 6.68-14.51]; adolescents:
OR, 40.18 [95% ClI, 9.49-170.09]), CCHD (nonadoles-
cents: OR, 1.61 [95% ClI, 1.12-2.31]; adolescent: OR,
1.93 [95% ClI, 1.26-3.40]), cardiomyopathy (nonad-
olescents: OR, 1.89 [95% Cl, 1.32-2.72]; adoles-
cents: OR, 1.69 [95% ClI, 1.07-2.68]), and NT-proBNP
(nonadolescents and adolescents: OR, 1.01 [95% ClI,
1.01-1.01]). Meanwhile, the male sex (nonadolescents:
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OR, 0.78 [95% CI, 0.63-0.96]; adolescents: OR, 0.50
[95% ClI, 0.26-0.96]) was a protective factor in both
groups. Furthermore, while LVEF (OR, 0.98 [95% CI,
0.96-0.99]) was a protective factor for BRC in the ado-
lescent group, calcium (OR, 0.78 [95% CI, 0.62-0.98])
was a protective factor in the nonadolescent groups.
We also found that GW <34 weeks (OR, 2.43 [95%
Cl, 1.48-3.97]) and surgical history (OR, 1.61 [95% CI,
1.10-2.36]) were independent risk factors for BRC in
the nonadolescent groups (P<0.05; Table S6).

GR and LVEF of Different Age Groups

The adjusted restricted cubic splines revealed that
LVEF correlated linearly with age. In other words, LVEF
decreased gradually with increasing age (P for overall
<0.001, P for nonlinear=0.69; Figure 4A). Conversely,
GR correlated nonlinearly with age as it underwent 2
periods of increase and 1 period of decrease as age
progressed (P for nonlinear <0.001; Figure 5A).While
GR and LVEF were not the primary outcome measures
of this study, these findings prompted further explora-
tion of their relationship with age. The multivariable lin-
ear analysis indicated that LVEF negatively correlated
with age (f=-0.04 [95% CI, -0.05 to -0.03]) and
various comorbid conditions, such as underweight
(B=-1.47 [95% ClI, —2.72 to —0.21]) and cardiomyopathy
(B=—17.73 [95% CI, —0.05 to —0.03]), while it positively
correlated with CHF (8=1.78 [95% ClI, —0.65 to —2.91])
and SCHD (B=3.20 [95% ClI, 1.54-4.87]; P<0.05;
Figure 4B).
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Figure 5. The relationship between age and GR of PHF after adjustment.

A, Restricted cubic splines analysis of adjusted age and GR. B, Multivariate regression analysis of GR for PHF. Adjusted for: sex,
GW, surgical history, body mass index, blood pressure, modified Ross classification on admission, heart failure type, simple CHD,
complex CHD, cardiomyopathy, infection, other, LVEF, moderate to severe valvular regurgitation, NT-proBNP, alanine transaminase,
aspartate transaminase, albumin, creatine, BUN, UA, potassium, calcium, prothrombin time, activated partial thromboplastin time,
Po,, Pco,, triglyceride, TC, and fasting plasma glucose. AHF indicates acute heart failure; CHD, congenital heart disease; CHF,
chronic heart failure; Cr, creatine; GW, gestational weeks; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PHF, pediatric heart

failure; and TC, total cholesterol.

Regarding GR, the multivariable regression anal-
ysis revealed significantly higher odds of PHF in the
adolescent (OR, 1.37 [95% CI, 1.01-1.85]) and infant
and toddler (OR, 1.92 [95% ClI, 1.56-2.38]) groups
compared with the young children group. Additionally,
GR was positively correlated in girls (OR, 1.28 [95%
Cl, 1.09-1.52]), GW <34weeks (OR, 4.45 [95% ClI,
2.51-7.91)), modified Ross class lll to IV on admission
(OR, 1.60 [95% CI, 1.33-1.92]), CHF (OR, 1.27 [95%
Cl, 1.07-1.52]), SCHD (OR, 2.02 [95% ClI, 1.55-2.62])
and CCHD (OR, 1.98 [95% ClI, 1.61-2.44]; P<0.05;
Figure 5B).

Outcomes Across Sexes and LVEF
Differences

Considering the variability in clinical outcomes among
adult patients with HF stratified by sex and LVEF, we
performed a regression analysis on patients with PHF
using the same stratified parameters. Adjusted results
showed no correlation between sex and odds of in-
hospital death or CAEs. However, reduced BRC odds
were observed in boys (OR, 0.76 [95% ClI, 0.62—-0.93]).
Although the LVEF category did not predict in-hospital
mortality or BRC risk, PHF with LVEF <55% showed
an elevated risk of CAEs (P<0.05; Tables S7 and S8).

DISCUSSION

To the best of our knowledge, this multicenter retrospec-
tive cohort study is the first large-scale investigation to
comprehensively examine the clinical characteristics
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and PHF outcomes across different age groups in
China. Our findings revealed significant differences in
PHF characteristics and outcomes across various age
groups. Specifically, the neonatal group exhibited the
highest mortality risk, while the young children and ado-
lescent groups were more prone to CAEs. Furthermore,
adolescents often showed BRC at discharge, and GR
was more prevalent in infants, toddlers, and adoles-
cents with PHF. Moreover, LVEF showed a decreasing
trend with increasing age in PHF.

In adult studies, HF was found to primarily affect
middle-aged and older individuals, with its incidence
increasing with age.?®' Herein, PHF was primarily
observed in the infant and toddler and young children
groups, highlighting potential age-based differences
in its underlying mechanisms. According to research,
CHD is the most common cause of PHF, followed by
cardiomyopathy.'>~'® During the neonatal period, most
patients with CHD and cardiomyopathy do not present
with symptoms. They instead progress to symptomatic
HF as the children grow older, a phenomenon primarily
attributable to hemodynamic demands. Long-term he-
modynamic changes could result in ventricular remod-
eling or increased cardiac burden due to infections.
Furthermore, CHD cases are commonly diagnosed
shortly after birth and can be addressed via surgical
intervention before the early childhood stage, whereas
cardiomyopathy is often diagnosed after childhood
and progressively worsens.*~4* These differences in
pathogenesis and disease progression could explain
the variations in comorbidities observed herein across
different PHF age groups.
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In neonates, GW <34 weeks is a high-risk factor for
death, a phenomenon attributable to the adverse ef-
fects of preterm birth on heart development.343% Most
neonatal patients with HF are a result of CHD or in-
fections,'®'” which, along with immature development,
could lead to rapid disease progression, severe symp-
toms, increased risk of shock, organ damage, and
even death in cases of insufficient effective blood vol-
ume. Therefore, assessing and intervening in risk fac-
tors for death (such as GW and underlying diseases),
CHD screening, preventing infections, and providing
pathogenetic treatments, are imperative for reduced
mortality rates.

On the other hand, GR was established as the
most prominent issue for infants and toddlers. Besides
the effects of preterm birth (GW <34 weeks), CHF-
associated long-term hemodynamic changes could
also affect oxygen supply, cellular function, and energy
metabolism in the body, impacting overall growth and
development processes.*>*® This phenomenon is par-
ticularly relevant in cases of CHD-induced PHF given
that long-term hemodynamic changes may occur be-
fore symptomatic HF onset. Furthermore, the infant
and toddler group goes through the first peak period
of childhood growth and development, potentially ex-
acerbating the degree of growth delay. Consequently,
in this stage, additional attention to the impacts of ad-
verse birth history, standardized CHD management,
and assessment of both physical growth and nutri-
tional support would be required.

The significant CAE risk in young children and
adolescents with PHF highlights the need for more
aggressive treatment. Based on mechanisms of
cardiomyopathy-associated  ventricular ~ remodel-
ing,*43 older children with PHF are more likely to ex-
hibit severe symptoms, necessitating advanced life
support. Furthermore, abnormal BMI may increase
the risk of CAEs in older groups, although additional
rigorous controlled studies will be required to verify
this phenomenon. Moreover, our findings revealed
that respiratory and systemic venous congestion
symptoms were less common in older children than
younger ones. Based on these findings, we came up
with several deductions. First, the more mature neu-
rohumoral regulatory ability in the young children and
adolescent categories could somewhat compensate
for the effects of pathological changes such as hy-
poxia. Second, older children’s cognitive development
may confer greater tolerance, potentially masking their
symptoms. Overall, the young children and adolescent
groups may require early diagnosis and precise treat-
ments for cardiomyopathy, which are crucial to pre-
vent or delay HF progression. Moreover, assessing the
impact of BMI would be crucial for identifying atypical
symptoms,*”*® and exploring other valuable evalua-
tion methods or indicators, such as bendopnea, the
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6-minute walking test, and quality of life assessments,
could be beneficial.*°-5!

In adolescents, the impacts of cardiomyopathy and
CHD on the heart gradually worsen with age, and ef-
fective drug treatment options that could halt HF pro-
gression in such cases remain elusive. As a result,
adolescents with HF often present with worse cardiac
dysfunction, and may experience GR, a phenome-
non attributed to the second peak of growth and de-
velopment. Consequently, additional attention is also
required for adolescents to assess their growth and
development, as well as to emphasize long-term man-
agement and rehabilitation guidance after discharge.
Researchers should also consider the impact of the
physiological and psychological changes at this stage
on HF progression,%2:53

Developing a guided direct medical therapy based
on LVEF classification could also be crucial. Adult
guidelines define LVEF <560% as HF with mildly re-
duced ejection fraction.! However, there are no stan-
dard guidelines for classifications concerning PHF.
Consequently, some scholars have often followed
adult guidelines, while others have often defined PHF
with reduced ejection fraction as LVEF <55%.%'437
These modifications have complicated the distinction
and treatment of reduced or preserved LVEF in PHF.
Herein, LVEF correlated significantly with CAE risk.
Moreover, LVEF values correlated significantly with
age, CHD, and cardiomyopathy, highlighting the clini-
cal relevance of LVEF classification in PHF and the fact
that it should not rely solely on a single cutoff value
but also consider the combined impact of underlying
diseases and age.

Some laboratory tests could also provide valuable
insights. For instance, NT-proBNP demonstrated sig-
nificant clinical value in the diagnosis, risk stratification,
and prognostic evaluation of HF.%4% However, our
findings revealed that NT-proBNP was associated with
outcomes only in certain age groups. Therefore, ad-
ditional clinical research will be required to determine
the value and diagnostic threshold of NT-proBNP in
PHF. Furthermore, we found that serum calcium con-
centration correlated with PHF outcomes, indicating
that calcium-regulating agents may ameliorate HF.
However, calcium channel blockers and sensitizers
have not been effectively used in children, and their
safety and efficacy in PHF remain unclear, thus ne-
cessitating additional research. Moreover, our findings
suggested that girls had a higher risk of BRC and GR
than boys, a phenomenon attributable to differences
in underlying diseases. According to research, boys
CHD tend to have more complex and severe condi-
tions, whereas SCHD?®’ is more common among girls.
Furthermore, a recent study suggested that the sex
specificity of HF may be associated with hormonal
differences between sexes,®® although this deduction
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warrants additional research involving larger cohort
studies.

Strengths and Limitations

To the best of our knowledge, this study is the first
to thoroughly examine the influence of age on PHF
using large-scale sample data collected from 30
medical centers across China. Our study’s sample
size ensures the stability and representativeness of the
results. Furthermore, the variables discussed were all
conventional clinical indicators, conferring a practical
clinical application value on our findings. Nonetheless,
this study also had limitations. For instance, since
follow-up was terminated at discharge, this study did
not examine long-term outcomes, thus precluding
the evaluation of the sustained prognostic impact.
Consequently, future large-scale prospective studies
are needed to further validate the present findings.

CONCLUSIONS

This multicenter study systematically reveals the distinct
clinical phenotypes and prognosis profiles of PHF in
various age groups. Moreover, the influence of age on
pathophysiological changes, clinical manifestations,
and outcomes in PHF is demonstrated. Although there
is significant heterogeneity within the PHF population,
this study also highlights the critical need for developing
diagnostic and therapeutic approaches customized to
the age-specific characteristics of PHF.
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