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Abstract: Background/Objectives: Growth failure is a common complication in children
with congenital heart disease (CHD), yet its underlying mechanisms and consequences re-
main incompletely understood. This review aims to provide a comprehensive overview of
growth failure in children with CHD and outline a framework of factors contributing to this
condition. Methods: To lay the foundation for this narrative review, several databases were
searched using broad search terms related to CHD and growth failure. Results: Growth
failure is most pronounced during the first year of life, but often improves after achieving
hemodynamic stability through surgical or medical interventions. However, children with
complex conditions, such as single-ventricle physiology or multiple heart defects, may
experience persistent growth impairment due to chronic disease effects. Specific features
of CHD—cyanosis, pulmonary hypertension, and low cardiac output—can further hinder
growth by disrupting endocrine function and impairing musculoskeletal development.
Long-term use of medications and exposure to repeated diagnostic procedures also con-
tribute to growth failure. Beyond physical effects, growth failure profoundly influences
neurodevelopment, psychosocial well-being, and survival outcomes. Based on our review,
we have developed a knowledge map to better understand the complexities of growth
failure in children with CHD. Conclusions: A thorough understanding of the multifaceted
contributors to growth failure in CHD is essential for identifying high-risk children and
devising strategies to support optimal growth. Integrating this knowledge into clinical
practice can improve long-term outcomes for children with CHD.

Keywords: congenital heart disease; growth; failure to thrive; malnutrition;

developmental; review

1. Introduction

Congenital heart disease (CHD) is a structural defect of the heart that is present
at birth [1]. The structural and subsequent functional impairments in the heart often
result in hemodynamic instability, creating unfavorable conditions for adequate physical
growth and development [2—4]. Furthermore, CHD can lead to an imbalance between
energy intake and expenditure, increasing the risk of growth failure [5,6]. Without timely
and appropriate nutritional intervention, more than half of these children can develop
severe growth failure [3,7]. Growth failure, defined as inadequate growth, an inability to
maintain growth, or significantly decreased growth patterns [8,9], is closely associated
with increased mortality and morbidity during infancy. It also adversely affects long-term
functional development, including language, motor skills, intelligence, and psychosocial
well-being [10-14].
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Despite its clinical significance, the mechanisms linking CHD to growth failure are
complex and not well understood. Because growth involves multiple interdependent
physiological systems, individual studies often fail to capture the full complexity of the
relationship between CHD and growth failure, potentially overlooking critical pathways
and mechanisms. Understanding these mechanisms is essential for identifying patients
at high risk for growth failure, detecting abnormal growth early, and delivering timely
interventions to optimize growth trajectories.

This review describes the major disease characteristics of CHD and their role in the
mechanisms that contribute to growth failure. It then details both the short- and long-
term consequences of growth failure, highlighting the clinical implications for children
with CHD. The purpose of this review is to provide a comprehensive overview of growth
failure in children with CHD and to construct a knowledge map that explains the factors
influencing growth failure in this population.

2. Methods

This review followed the methods proposed by Whittemore (2014) [15] and synthesizes
findings from the previously published literature on growth failure in children with CHD. A
narrative review is appropriate when existing quantitative studies differ methodologically
and theoretically [16]. By evaluating and synthesizing multiple individual studies, this
approach provides a comprehensive perspective that helps clarify what has been studied
and broadens understanding of the current knowledge base.

A comprehensive literature search was conducted between April and May 2023 using
the PubMed, CINAHL, MEDLINE, and Embase databases, without restrictions on the
publication year. The search strategy included a combination of MeSH terms and free-
text keywords to capture a broad range of relevant studies. The initial search focused on
growth in children with CHD and included the following keywords: “growth” OR “growth
disorder” OR “failure to thrive” OR “malnutrition” AND “heart defects, congenital” OR
“congenital heart disease”. Additional keywords and free-text terms such as “growth”
OR “failure to thrive” OR “malnutrition” AND “heart defect*” were searched in titles or
abstracts to capture unindexed documents. In addition, to explore the genetic influences
on growth failure in children with CHD, the search included terms such as “gene*” OR
“chromosom*” combined with “congenital heart disease” OR “heart defects” AND “growth”
OR “failure to thrive”. To explore the psychological consequences of growth failure, the
search was expanded with terms like “growth” OR “failure to thrive” OR “malnutrition”
AND “chronic disease” AND “child” OR “pediatric” AND “psycholog*” OR “depress*”
OR “anxiety” OR “stress” OR “confiden*” OR “social.” More specific content for each topic
was searched primarily using free-text keywords. Additionally, reference lists of identified
articles were manually reviewed to ensure the comprehensiveness of the literature search.

The following inclusion criteria were applied: (a) studies published in English and
available in full text; (b) original, peer-reviewed research articles; and (c) studies focused
on children with congenital heart disease (CHD). In the subsequent data charting stage,
relevant information from the selected studies was extracted and organized into a data
chart. The final stage involved synthesizing and reporting the findings to construct a
knowledge map of growth failure in children with CHD.

3. Results

The following section will review the literature on somatic growth, followed by
discussions on genetic abnormalities, the pathophysiology of congenital heart disease
(CHD), nutrition, and the implications of growth failure.
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3.1. Somatic Growth in Children with Congenital Heart Disease
3.1.1. Prenatal Growth

A fetus diagnosed with CHD is more than twice as likely to be small for gestational
age or have a low birth weight [17-19]. Growth impairment is often associated with pla-
centa dysfunction. While the relationships between these factors are complex and may be
influenced by underlying genetic factors, placental dysfunction can restrict the connection
between the fetus and the maternal environment [20]. The heart and placenta develop
interdependently, sharing common signaling pathways and developing simultaneously.
Placental dysfunction could contribute to cardiac abnormalities by hindering cardiac cell
proliferation and angiogenic regulation [21], but it is also possible that placental dysfunc-
tion and CHD may arise concurrently or as a consequence of one another. Additionally,
decreased mid-gestational placental blood flow due to placenta dysfunction can exacerbate
fetal growth impairments [22]. Certain types of CHD, including hypoplastic left heart
syndrome (HLHS), Tetralogy of Fallot (TOF), ventricular septal defect (VSD), and double
outlet right ventricle (DORV), have been associated with low placental weight, which could
contribute to small for gestational age at birth [23,24]. Moreover, fetuses with CHD are at a
higher risk of premature birth (adjusted hazard ratio 2.1), which can lead to a reduction in
the total number of cells at birth. Somatic growth occurs through an increase in cell number
and cell size. Consequently, newborns with CHD are at increased risk for both low birth
weight and being small for gestational age, which can heighten the likelihood of postnatal
growth failure [24].

3.1.2. Postnatal Growth

Growth failure in children with CHD is commonly observed after birth and can be
categorized into three subtypes of growth failure: underweight, stunting, and wasting.
Underweight refers to a low weight, stunting indicates a diminished height, and wasting
signifies a low weight [25]. The World Health Organization (WHO) and Centers for Disease
Control and Prevention (CDC) growth chart is the most widely used reference for assessing
growth. A standardized score (z-score) of less than —2 standard deviations (SDs) or below
the 5th percentile indicates growth failure (Table 1) [26].

Table 1. Determinants of underweight, stunting, and wasting.

Z-Score (%) Cut-Off Percentile Cut-Off Weight for Age Height for Age Weight for Height Body Mass Index
(WHO Growth Chart) (CDC Growth Chart) (WAZ) (HAZ) (WHZ) (BMI) for Age
>+3 (99%) >95th - - Obese Obese
>+2(97%) >85th and <95th Overweight Overweight
>+1 (85%) Normal Normal Possible 1‘.15k
of overweight
B o Slightly . .
<—1(15%) underweight Slightly stunted Slightly wasted
<—2(3%) <5th Underweight Stunted Wasted Underweight
N Severely
<—3 (1%) underweight Severely stunted Severely wasted

Note. WHO = World Health Organization, CDC = Centers for Disease Control and Prevention;
WAZ = weight for age z-score; HAZ = height for age z-score; WHZ = weight for height z-score.

In children with CHD, the prevalence and the dominant type of growth failure vary
with age. This distinction is related to the difference between weight, which reflects short-
term nutritional status, and height, indicative of chronic nutritional status [27]. During
infancy, underweight status is more common [28], whereas stunting is less frequent but
may suggest a prolonged period of impaired growth due to intrinsic and/or extrinsic
factors [29].



Children 2025, 12, 616

4 0f 20

Cardiac surgery is beneficial for growth outcomes. Although recovery rates vary,
improvements in weight and height growth with age can be attributed to the impact of
cardiac surgery. In a longitudinal study of children with Tetralogy of Fallot, anthropometric
measurements were most impaired at the time of surgery (median age 1.6 years, mean
weight for age z-score, mean WAZ: —1.04, p < 0.001, and mean height for age z-score,
mean HAZ: —0.93, p < 0.001), and then gradually improved to no difference from the
population average at follow-up (median age 14.2 years, mean WAZ: 0.16, p = 0.32, and
mean HAZ: —0.05, p = 0.41) [30]. This finding suggests that surgical correction and medical
intervention create an opportunity for catch-up growth, wherein the growth velocity
accelerates after a preoperative growth delay [6,7,31,32].

In addition, the risk of growth failure varies with the severity and complexity of the
disease. Simple defects or CHD with mild symptoms may not require medical attention.
On the other hand, most cases of moderate to complex heart defects are accompanied by
hemodynamic instability and require open-heart surgery. A study on growth failure in
CHD demonstrated higher odds of being underweight and stunting in children requiring
cardiac surgery (odds ratio, OR 12.1 and 3.7 for underweight and stunting, respectively)
compared to those who did not (OR for underweight 3.9, OR for stunting 2.1) [33]. Another
study also found that while being underweight and stunted were common across all
diagnostic categories of CHD, the symptomatic CHD group—including conditions such
as congestive heart failure and cyanosis, or both—had a significantly higher prevalence
of underweight (79.6%) and stunting (81.3%) compared to the non-symptomatic group
(14.8% for underweight and 11.1% for stunting) [34]. In some complex and single ventricle
(SV) cases, cardiac surgery may not result in complete recovery of heart function, and
subsequently, growth failure may persist into older childhood. Cohen [35] reported that
children with SV still exhibited a low weight (mean WAZ: —0.49, 13.8% underweight) and
height (mean HAZ: —1.15, 20.0% stunting, p < 0.01) even more than 4 years after undergoing
the Fontan procedure. After the Fontan procedure, blood is passively directed to the lungs,
and central venous pressure (CVP) serves as the driving force for pulmonary blood return.
Both elevated and low CVP can result in various complications, such as protein-losing
enteropathy (PLE), systemic venous collaterals, liver congestion, and impaired cardiac
output [6,36,37]. These complications can increase energy expenditure and disrupt nutrient
intake and absorption, raising the risk of growth failure. Consequently, children with SV
defects are more prone to chronic growth failure [6,10,11,33,38]. Sandberg [39] reported that
many patients with complex defects and SV, who experience stunting, do not attain normal
height until adulthood. This highlights the need for ongoing monitoring and intervention
to address growth failure in children with complex and SV defects.

3.1.3. Genetic Abnormalities Linked to Congenital Heart Disease and Growth Failure

Although most patients with CHD do not have other anomalies, approximately 25 to
40% of CHD cases are related to genetic anomalies [40]. These genetic factors include
abnormal chromosome numbers (aneuploidy), copy number variations (CNVs), and single
gene defects. Aneuploidy accounts for a significant proportion of CHD, around 9 to
18% [41], and commonly observed anomalies, such as trisomy 21 and Turner syndrome,
are often associated with short stature [42] (Table 2). CNVs, which refer to deletions
or duplications of chromosomal segments, are implicated in 10-15% of CHD cases [43].
Conditions such as 22q11.2 deletion syndrome, Williams—Beuren syndrome, and Jacobsen
syndrome, which result from CNVs, are frequently linked to a high incidence of CHD (50 to
90%) and growth failure [42,43]. Over the past decade, advances in molecular medicine
have identified that certain syndromes are associated with a high prevalence of CHD.
For example, the prevalence of CHD ranges from 50% to 85% in CHARGE syndrome,
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Costello syndrome, Noonan syndrome, and Kabuki syndrome, with these syndromes being
significant contributors to phenotypic growth failure [42,44].

In addition to genetic anomalies linked to phenotypic growth failure, feeding difficul-
ties in various syndromes—including CHARGE syndrome, Noonan syndrome, Williams—
Beuren syndrome, and 22q11.2 deletion syndrome—endocrine complications, such as
hypothyroidism and delayed puberty in Noonan syndrome and Williams-Beuren syn-
drome, and gastrointestinal issues in Jacobsen syndrome can further exacerbate growth
failure [44,45]. While genetic factors are central to understanding growth failure in both
fetal and postnatal contexts, it is essential to consider complex interactions.

Table 2. Chromosomal abnormalities associated with congenital heart disease (selected).

Syndrome Gene % CHD Cardiac Phenotype Other Clinical Findings Reference
Chromosomal aneuploidy associated with CHD
Trisomy 21 =no AVSD, ASD, VSD, Short stature, cognitive deficits, immune system )
(Down syndrome) Unknown 40-50% TOF, PDA dysfunction, hypotonia, hypothyroidism [4647]
Turner syndrome Unknown 25_35% CoA, HLHS, BAV, AS Short stature, cognitive deficits, lymphedema, [48-50]
(Monosomy X) webbed neck, primary amenorrhea
Copy number variations (CNVs)
Growth retardation, growth hormone deficiency,
. TOF, IAA, Truncus skeletal abnormalities, hypothyroidism,
22q11.2 deletion o . . L . . -
(DiGeorge syndrome) TBX1 75-85% arteriosus, aortic arch hypoparathyroidism, immunodeficiency, [51,52]
anomalies, VSD, ASD hypocalcemia, distinctive facial features,
feeding difficulties
Dysmorphic facies, thick lips, growth
Williams—Beuren 7q11.23 abnormalities, short stature, connective tissue and
syndrome Deletion 50-85% SVAS, PPS, VSD, ASD skeletal abnormalities, intellectual disabilities, [53,54]
4 (ELN) infantile hypercalcemia, renal disorders,
hypothyroidism, feeding difficulties
Distinctive facial features, growth retardation,
Jacobsen syndrome ETS1, FLI1 56% HLHS, TOF’, AS, VSD, developmental delay, thrombocytopenia, [55-57]
CoA, Shone’s complex .
strabismus, hammertoes
Single-gene variation
Coloboma, choanal atresia, genital and/or urinary
CHARGE syndrome CHD7 75-85% TOE, PDA, DORY, hypoplasia, ear anomalies, growth retardation, [58]
AVSD, VSD . .
developmental delay, intellectual disability
PS. ASD. VSD Short stature, feeding difficulties, developmental
Costello syndrome HRAS 44-52% 4 ! - delay, broad facies, bitemporal narrowing, [59]
HCM, arrhythmias - o
intellectual disability
PTPN11,
SOs1,
RAF1, . .
KRAS, Pilmléﬁiyssﬁizc AVSD Short stature, webbed neck, hypertelorism, pectus
Noonan syndrome NRAS, 75% gOF ASDyVSD ’ ’ deformity, cryptorchidism, abnormal facies, ptosis,  [60,61]
RIT1, PD A’ HCM ! developmental delay
SHOC?2, 4
SOS2,
BRAF
Growth deficiency, wide palpebral fissures, arched
. KMT2D, o CoA, VSD, TOF, eyebrows, a flat or depressed nasal tip, large
Kabuki syndrome KDM6A 50% TGA, HLHS protuberant ears, intellectual 162,63]
disability, clinodactyly
Note. AS = aortic stenosis; ASD = atrial septal defects; AVSD = atrioventricular septal defect;

CoA = coarctation of the aorta; DORV = double outlet of left ventricle; HCM = hypertrophic cardiomyopathy;
HLHS = hypoplastic left heart syndrome; IAA = interruption of aorta; PDA = patent ductus arteriosus;
PPS = peripheral pulmonary stenosis; PS = pulmonary stenosis; SVAS = supravalvular aortic stenosis;
TGA = transposition of great arteries; TOF = Tetralogy of Fallot; VSD = ventricular septal defect.

3.2. Growth Challenges in Congenital Heart Disease

Physiological and structural abnormalities of the heart cause clinical symptoms, such
as cyanosis, pulmonary artery hypertension (PAH), and heart failure. In addition to these
symptoms, surgical correction and medications for CHD also affect energy absorption and



Children 2025, 12, 616

6 of 20

the endocrine system, consequently impacting somatic growth. Thus, this section describes
the major symptoms of CHD and the mechanisms that can affect growth.

3.2.1. Low Oxygen Levels in Blood

One of the major critical manifestations of CHD is cyanosis, which occurs when the
oxygen saturation in the blood is low [64]. Cyanosis is linked to heart defects, such as a
right-to-left shunt that allows deoxygenation blood to enter the systemic circulation or
a right heart obstructive disease that impedes sufficient blood oxygenation in the lungs,
leading to hypoxemia [12]. Hypoxemia, in turn, leads to cellular hypoxia, triggering
widespread physiological adaptations that negatively affect somatic growth [65]. In re-
sponse to chronic hypoxia, the body activates hypoxia-inducible factors (HIFs), which
mediate short-term cellular adaptation to low oxygen conditions. However, prolonged
HIF activation can damage intestinal epithelial cells and disrupt mucosal integrity [66,67].
Additionally, hypoxia induces endoplasmic reticulum (ER) stress, which is associated with
intestinal fibrosis and mucosal remodeling [68]. These hypoxia-driven alterations in the
gastrointestinal tract compromise nutrient absorption, contributing to growth failure in
children with CHD.

In addition, chronic hypoxemia in children with CHD stimulates erythropoiesis as
a compensatory response to low oxygen levels. Although this increases red blood cell
production, it also elevates iron demand, eventually depleting iron stores and resulting in
iron-deficient erythropoiesis and anemia [69]. Studies report that up to 20-47% of children
with CHD have iron deficiency anemia, with higher rates observed in those with cyanotic
lesions [70,71]. This burden can be further exacerbated by the use of proton pump inhibitors
(PPIs) and diuretics, which impair gastrointestinal iron absorption [72,73]. Anemia reduces
oxygen delivery to peripheral tissues, increases metabolic stress, and impairs cellular
growth, thereby contributing to both weight faltering and stunted linear growth [74-76].

Low oxygen levels can also affect the endocrine system, particularly the growth
hormone (GH)-insulin-like growth factor I (IGF-I) axis. Chronic hypoxia diminished
hepatic responsiveness to GH [5,65], reducing IGF-I secretion, which plays a critical role in
stimulating musculoskeletal development and promoting longitudinal growth [77]. As a
result, impaired GH-GIF I signaling can limit both muscle mass accrual and height gain,
compounding the risk of growth failure in children with CHD.

3.2.2. Kidney Dysfunction

In children with congenital heart disease (CHD), kidney dysfunction is recognized as
a significant contributor to growth failure. Several mechanisms underline the increased risk
of renal impairment in this population. Chronic hypoxemia, a hallmark of many CHD cases,
leads to overstimulated erythropoiesis, which increases blood viscosity and may disrupt
renal hemodynamics, including glomerular hyperfiltration [78]. Cyanotic nephropathy is
reported in approximately 30-50% of children with cyanotic heart defects and is associated
with impaired renal tubular function [79]. Beyond the chronic effects of hypoxemia, cardiac
surgery involving cardiopulmonary bypass (CPB) is a well-recognized contributor to acute
kidney injury (AKI). AKI occurs in approximately 30-40% of children undergoing CPB for
congenital heart lesions, with rates reaching up to 60% in neonates [80-82].

In addition, several medications commonly used in the management of CHD have
known nephrotoxic effects. For example, angiotensin-converting enzyme (ACE) inhibitors
have been associated with renal impairment. A retrospective study of neonates with CHD
demonstrated a significant decrease in renal function during ACE inhibitor therapy, with
42% developing AKI [83]. However, another retrospective review of children with CHD
found no increased risk of AKI with ACE inhibitors, even when used in combination with
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furosemide [84]. Given the lack of consensus regarding the effects of ACE inhibitors on
renal function, it is challenging to generalize these findings to all patients with congenital
heart disease.

Kidney dysfunction, whether stemming from pathophysiological alterations, surgery,
or medication, can exacerbate growth failure in children with CHD. Uremia, chronic in-
flammation, and metabolic acidosis, frequently observed in chronic kidney disease, impair
protein synthesis and suppress appetite, contributing to protein—energy wasting [85-87].
Additionally, kidney dysfunction contributes to growth hormone resistance by reducing the
density of GH receptors, impairing GH-activated post-receptors, and decreasing levels of
free IGF-I due to increased inhibitory IGF-binding proteins [88]. These disruptions result in
both poor weight gain and linear growth. Thus, in children with CHD, kidney dysfunction
can be a critical modifier of growth failure.

3.2.3. Pulmonary Hypertension

Pulmonary hypertension (PH) can develop as a secondary complication of CHD due
to increased pulmonary blood flow or elevated pulmonary vascular resistance (PVR) [89].
PH is commonly associated with CHD involving left-to-right shunts, such as atrial septal
defect (ASD), ventricular septal defect (VSD), and patent ductus arteriosus (PDA), as well
as left heart obstructive conditions, including aortic and mitral valve abnormalities. This
section will focus specifically on secondary pulmonary hypertension resulting from CHD.

Numerous studies have demonstrated the negative impact of PH on somatic
growth [90-92]. In a study on symptomatic CHD, children with PH were twice as likely
to experience growth failure compared to those without PH (OR 2.01, 95% CI: 1.13-3.59,
p < 0.05) [93]. Similarly, Woldesenbet et al. [94] reported that PH increased the risk of
being underweight by 1.885 times (OR 1.885, 95% CI: 1.094-3.246, p = 0.022). In PH, el-
evated pulmonary pressure induces stress on the pulmonary capillary walls, increasing
capillary permeability. This leads to the leakage of plasma and other components into the
surrounding lung tissue, causing pulmonary congestion [95]. If untreated, PH can lead to
vascular remodeling, including medial wall hypertrophy, intimal fibrosis, and changes in
the pulmonary vascular bed, ultimately resulting in increased PVR. As PH progresses, gas
exchange in the alveoli becomes impaired, and in some cases, this can lead to an irreversible
condition known as Eisenmenger syndrome, which is accompanied by severe right heart
failure [95,96].

The symptoms and severity of PH largely depend on the size of the shunt, and approxi-
mately 80% of patients experience dyspnea, fatigue, and significant exercise limitations [97].
These symptoms are often associated with poor appetite, feeding intolerance, and an im-
balance between energy intake and expenditure, further exacerbating the risk of growth
failure [92,98]. The systemic effects of PH affect the body’s ability to utilize nutrients
effectively, complicating the management of growth failure in these patients. Effective
management requires addressing both the cardiac and pulmonary dysfunctions associated
with PH, as well as supporting nutritional needs through more than just increasing feed
intake [31].

3.2.4. Effects on Growth-Related Hormone

CHD can impact on the endocrine systems involved in somatic growth in several
ways. One hypothesis is that impaired heart function reduces oxygen supply to vital
organs, including the liver, which plays a crucial role in the secretion and regulation of
IGF-I [4,5,65,97]. IGF-1 is essential for both (a) longitudinal bone growth by promoting the
differentiation and hypertrophy of chondrocytes in the growth plate and (b) body weight
growth by influencing the division of adipocyte precursor cells [99]. Low levels of IGF-I
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have been reported in children with cyanotic heart defects, suggesting that hypoxia may
negatively affect the synthesis and secretion of growth-related hormone, including IGF-
114,5,100]. Additionally, the Fontan procedure, commonly performed for SV physiology,
may increase the risk of growth failure. In the Fontan circulation, blood moves passively
without the assistance of the right ventricle, which can lead to venous stagnation [101]
and, over time, liver congestion and cirrhosis [37]. The liver not only synthesizes IGF-I
but is also responsible for converting thyroxine (T4) into triiodothyronine (T3), a thyroid
hormone that regulates metabolic rate, digestive functions, and the maintenance of muscle
and bone tissue [102,103]. Therefore, Fontan-associated liver disease (FALD) can limit the
synthesis and secretion of both IGF-I and T3, compounding the risk of growth failure.

Moreover, nutritional status plays a crucial role in regulating growth hormones, con-
tributing to the risk of growth failure. Weight loss before and after surgery is common in
children with CHD [2,3,75,104], and surgical complications such as protein-losing enteropa-
thy further increase the risk of protein malnutrition. Insulin-like growth factor I (IGF-I)
synthesis is highly sensitive to nutritional status, and since both growth hormone (GH) and
IGF-I circulate in protein-bound form, malnutrition—particularly protein deficiency—can
impair their activation, further compromising growth [102,103,105].

Beyond IGF-I and GH, other endocrine and systemic factors can contribute to growth
failure in CHD. Cortisol, a glucocorticoid released in response to physical and psychological
stress, is critical in regulating metabolism, immune function, and inflammatory responses.
In children with CHD, both chronic and acute stressors, including chronic hypoxia, repeated
hospitalizations, invasive procedures, and major surgeries, can lead to sustained elevations
in cortisol levels [106]. It promotes muscle protein catabolism, suppresses GH secretion
and IGF-I production, and impairs tissue responsiveness to growth signals [107,108]. Addi-
tionally, elevated cortisol disrupts bone metabolism by inhibiting osteoblast activity and
promoting osteoclast-mediated resorption, which may further contribute to linear growth
failure [106,109]. In the perioperative period, the heightened stress response following
cardiopulmonary bypass surgery can exacerbate these effects, especially in neonates and
infants with limited physiological reserves.

Chronic inflammation, often seen in children with CHD, also contributes to growth
failure. Elevated levels of inflammatory cytokines, such as tumor necrosis factor-alpha
(TNF-«) and interleukin-6 (IL-6) [110-112], directly impact growth regulation [113]. These
cytokines can suppress GH secretion from the pituitary gland, leading to a reduction in
IGF-I production by the liver. Additionally, TNF-« and IL-6 interfere with IGF-I signaling
by disrupting the IGF-I receptor pathway, limiting its effectiveness in promoting cell growth
and differentiation in bones and tissues [114]. Together, these factors—impaired hormonal
signaling, poor nutrition, and muscle loss—can create a cycle that exacerbates growth
failure in children with CHD.

Thyroid function is another key aspect of growth regulation. Children with CHD often
experience thyroid dysfunction due to the embryonic and genetic coexistence between the
heart and the thyroid gland [115,116]. Additionally, cardiac surgeries with cardiopulmonary
bypass can lead to nonthyroidal illness syndrome (NTIS) [117]. NTIS is characterized by
abnormal thyroid hormone levels, which often remain suppressed even beyond the critical
postoperative period [118]. Hypothyroidism, whether primary or secondary to CHD, can
further contribute to growth failure. Low levels of thyroid hormones reduce metabolic rate,
impair normal growth and developmental processes, and inhibit bone growth, leading to
delayed skeletal maturation and growth retardation [119,120].

The contribution of various endocrine and systemic factors to growth failure in chil-
dren with congenital heart disease is multifaceted. In addition to IGF-I and growth hor-
mone, other factors, such as renal function and iron deficiency, which were not covered in
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this review, should also be considered to fully understand the complexity of growth failure
in CHD.

3.3. Nutrition in Children with Congenital Heart Disease
3.3.1. Malnutrition in Children with Congenital Heart Disease

Malnutrition is a common concern among children with congenital heart disease
(CHD), with an estimated 15-60% affected by moderate to severe malnutrition [2,3,75,121].
This wide variation in prevalence may be related to factors such as regional differences, age,
and specific CHD diagnoses. Beyond these external influences, malnutrition is often driven
by insufficient energy intake, increased metabolic demands, frequent hospitalizations,
and prolonged illness due to the disease [75,122]. Infants with CHD experience high
energy expenditure during feeding, leading to fatigue and reduced appetite, which further
limits their overall energy intake [31]. Studies indicate that 20-30% of children with CHD
consume fewer calories than recommended, with protein intake averaging only 70-80% of
the recommended daily amount [123-125].

In terms of metabolic rate, children with CHD have a higher resting energy expenditure
(REE) than their peers without CHD [12,123,126,127]. Additionally, low-birth-weight
infants with CHD demonstrate elevated oxygen consumption (10.9 & 1.4 mL/min/kg)
compared to normal-weight infants with CHD (7.5 £ 2.0 mL/min/kg) [128]. These findings
indicate that children with CHD may experience increased metabolic demands, potentially
contributing to malnutrition.

Additionally, prolonged and recurrent hospitalizations, along with complications
related to surgical intervention, contribute to both acute and chronic malnutrition in
children with CHD [90,104,129,130]. For example, therapeutic feeding restrictions and
extended fasting periods increase the risk of acute malnutrition [131]. A study assessing the
nutritional status of children immediately after cardiac surgery found that 50% of children
with CHD experienced acute protein malnutrition, and 40% suffered from chronic protein
malnutrition [124]. Furthermore, surgical complications such as chylothorax, vocal cord
paralysis, diaphragm palsy, and protein-losing enteropathy (PLE) further heighten the risk
of both acute and chronic malnutrition [132]. Consequently, nearly one-third of children
with CHD may experience malnutrition following surgical procedures [91,122,133]. In
summary, children with CHD are highly susceptible to malnutrition, highlighting the need
for closer monitoring and evaluation of their nutritional status.

3.3.2. Nutritional Intervention for Children with Congenital Heart Disease

Heart failure, prolonged ventilator or sedative use, and post-operative complications,
such as gastroesophageal reflux and vocal cord injury, can contribute to feeding difficulties
and insufficient caloric intake in children with CHD [91,122,132,133]. Although studies
suggest that preoperative feeding can improve postoperative feeding tolerance [134,135],
there remains clinical debate regarding the timing and safety of initiating enteral feeding in
hemodynamically unstable infants. Nonetheless, if an infant with CHD is hemodynamically
stable, gradual advancement of enteral feeds may be initiated under close monitoring for
signs of feeding intolerance [136]. For high-risk infants, enteral nutrition continues to
be considered beneficial, although larger enteral volumes (e.g., >100 mL/kg/day) have
been associated with increased necrotizing enterocolitis (NEC) risk [137]. There is still
no consensus on the optimal volume and rate of advancement, making individualized
care essential.

Determining accurate energy requirements is challenging due to individual variations
in metabolic responses and energy needs. Despite these challenges, providing optimal
calories and protein in the postoperative phase is crucial in managing metabolic changes
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induced by surgical stress. Immediately after surgery, catabolic hormones are released,
increasing protein and fat consumption to support wound healing [138]. This catabolic
process occurs primarily in peripheral tissues to support wound healing. In the subsequent
anabolic phase, muscle mass and body fat are gradually restored through protein synthesis,
and the transition from catabolism to anabolism depends on adequate nutrient supply [139].
To meet these demands, current recommendations suggest high-caloric feeding strategies
in the postoperative period, gradually increasing to 120-150 kcal/kg/day, and up to
150-170 kcal/kg/day in cases of severe weight loss [140,141]. However, while increased
caloric intake is necessary to support recovery, it must be balanced against the risk of
feeding intolerance, particularly in vulnerable infants. Randomized controlled trials (RCTs)
comparing postoperative outcomes between high-energy and standard formulas have
shown that infants receiving high-energy formulas experienced a higher incidence of
feeding intolerance, including diarrhea, gastric retention, increased gastric residual volume,
gastric bleeding, and emesis [142,143]. Simultaneously, protein intake should be increased
to meet heightened needs. A minimum protein intake of 1.1 g/kg/day, or approximately
1.5 to 2 times the standard requirement, is recommended and may be increased up to
3 g/kg/day when clinically indicated [136,141,144]. A protein—energy ratio of 9-12% is
considered optimal to reduce protein loss. However, in practice, achieving these targets
remains a challenge. Toole [124] reported that only 68% of children with CHD met their
protein and energy requirements postoperatively. Current nutrition guidelines suggest
40-50% of total calories from carbohydrates, 7-16% from protein, and 34-35% from fats to
meet the energy and metabolic needs of infants with CHD [136].

Energy expenditure in children with CHD varies due to multiple factors, such as
preoperative nutritional status, the use of sedatives, vasoconstrictive medications, and
mechanical ventilation. Despite these variations, postoperative REE is typically elevated
(estimated at 39-73 kcal/kg/day), often exceeding that of healthy children [27,145,146].
Given the increased metabolic demand, individualized caloric prescriptions are necessary,
but no universal formula exists, and practice patterns vary considerably across institutions.

When sufficient oral intake is not achieved, healthcare providers may consider enteral
nutrition to support nutritional status and somatic growth. However, a multicenter study
reported that only 53% of children with CHD, who showed delayed growth, received
enteral nutrition in the preoperative phase, indicating that many children are not receiving
adequate nutritional support preoperatively [134]. Both pre-and postoperative enteral
nutrition have been associated with reduced postoperative mortality and improvements
in nutritional outcomes, including weight gain and serum albumin levels [147-149]. Still,
barriers remain regarding timely implementation, including inconsistent guidelines, lack
of specialized nutrition teams, and concerns about fluid restrictions in the perioperative
period [150]

Additionally, careful attention to micronutrient supplementation is essential in chil-
dren with CHD due to increased risk of deficiencies from diuretic use, prolonged parenteral
nutrition, and surgical stress. Key micronutrients such as zinc, magnesium, and calcium
play critical roles in immune function, cardiovascular regulation, and bone health [151-153].
Regular monitoring of laboratory values and timely supplementation can help support
recovery and promote nutritional status. According to the guidance of the European So-
ciety for Pediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN)), electrolyte
administration can be initiated from the first day of life in infants weighing less than 5 kg,
guided by their serum electrolyte levels. Table 3 summarizes electrolyte requirements for
critically ill neonates [154].
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Table 3. Electrolyte requirements for critically ill neonates (under 5 kg).
Electrolytes Day 1 Day 2 Day 3 Day 4 Day 5 Intermediate Phase
Sodium (mmol/kg/d) 0-2 0-2 0-2 1-3 1-3 2-3
Potassium (mmol/kg/d) 0-3 0-3 0-3 2-3 2-3 1-3
Calcium (mmol/kg/d) 0.8-1.5 0.8-1.5 0.8-1.5 0.8-1.5 0.8-1.5 0.5
Chloride (mmol/kg/d) 0-3 0-3 0-3 2-5 2-5 2-3

In summary, nutritional intervention can help improve clinical outcomes and optimize
somatic growth in children with CHD. Active, individualized nutritional interventions are
needed to meet each child’s energy and nutrient requirements, accompanied by regular,
continuous monitoring of nutritional and growth status.

3.4. Clinical and Psychological Aspects of Growth in Congenital Heart Disease

Somatic growth or growth failure can be a significant predictor of short- and long-
term prognosis of disease [155,156]. In terms of short-term outcomes, underweight and
malnutrition are risk factors for mortality in children with CHD [157]. For instance, surgical
mortality risk in normal-weight neonates with CHD is 5.7%, while it rises to 8.6% in
low-weight neonates [155]. A study of infants with HLHS found that higher weight was
associated with shorter durations of mechanical ventilation (r = —0.47, p < 0.001), ICU
stays (r = —0.41, p = 0.006), and total hospital stays (r = —0.46, p = 0.002) [90]. Furthermore,
malnutrition, especially protein malnutrition, increases the risk of postoperative infection
and delays wound healing, which negatively impacts postoperative outcomes and raises
medical costs [34,124,155,158].

In the long term, a child’s growth status is a good predictor of future development
and functional well-being [7,159]. Growth failure early in life can adversely affect language
and gross motor development [7]. One study examining mental and psychomotor devel-
opment in children with CHD found that low height and head circumference z-scores
correlated with lower mental development, while low weight and height z-scores were
linked to reduced psychomotor development [160]. Another study reported that 23% of
children with CHD experienced developmental delays in at least one domain—cognitive,
language, and motor skills—and 21% of children showed delays in two or more areas.
These delays were linked to poor linear growth, a history of tube feeding, and extended
hospital stays [161]. Additionally, factors, such as prolonged ICU stays, use of sedatives,
and recurrent hospitalization can further contribute to the developmental challenges [162].

Growth failure can also negatively impact psychosocial development, likely due to so-
cial perception of height and body image. Height is traditionally seen as a socially desirable
attribute [163], with taller individuals often perceived as more capable and attractive across
many cultures [159,164]. This perception extends to childhood, where children who are
shorter and thinner than their peers often report lower body confidence [14]. For children
with CHD, additional factors, including surgical scars and limited physical capabilities, may
further harm body image [165,166]. Children who view their bodies negatively are likely to
feel unpopular and unhappy, which can increase social isolation and reduce social engage-
ment [167,168]. Consequently, growth failure is associated with poorer clinical outcomes
and diminished psychosocial functioning. Therefore, addressing growth failure in children
should include psychological support alongside proactive nutritional interventions.

Importantly, growth failure and its associated consequences often extend into adoles-
cence and adulthood. Individuals with complex CHD or other coexisting conditions may
continue to experience growth deficits, altered body composition, and delayed pubertal
development [169]. Therefore, long-term strategies for monitoring and supporting these
patients are essential. Effective transition planning and adult-focused follow-up care are



Children 2025, 12, 616

12 of 20

critical components of this process [170]. Adult congenital heart disease (ACHD) clin-
ics should routinely assess patients” growth history, nutritional status, bone health, and
psychosocial well-being, particularly during the transition from pediatric to adult care.

4. Discussion

The purpose of this review was to provide a comprehensive overview of growth failure
in children with CHD and to construct a knowledge map outlining the factors influencing
growth failure in this population (Figure 1). While this objective was addressed in the

previous section, several points warrant further discussion.
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Figure 1. Knowledge map for growth failure in children with congenital heart disease. Note.
CHD = congenital heart disease; CPB = cardiopulmonary bypass; PLE = protein loss enteropathy.

In terms of utility, we expect that the knowledge map serves as a valuable tool for
various stakeholders. Clinicians may use it to guide personalized care plans and improve
early identification of at-risk children, while researchers can use it as a framework for
hypothesis generation and study design based on the complex interactions depicted.

As demonstrated throughout this review, growth failure is a multifaceted phenomenon.
Therefore, addressing growth failure in chronically ill children, particularly those with
CHD, requires a multidisciplinary care team. Coordinated efforts among pediatric cardiol-
ogists, dietitians, endocrinologists, genetic counselors, psychologists, and rehabilitation
therapists are essential for providing comprehensive, individualized care. Each specialty
can bring distinct expertise, ranging from optimizing perioperative nutrition and managing
feeding difficulties to evaluating endocrine dysfunction, supporting neurodevelopment,
and promoting psychological well-being. A team-based approach enables timely, integrated
interventions that can significantly enhance growth outcomes and overall quality of life.

Nonetheless, potential limitations must be considered. First, the map may fail to
account for emerging contributors to growth failure not yet widely captured in the liter-
ature and may oversimplify the diverse and dynamic nature of patient experience. As
scientific knowledge advances, the map should be updated to incorporate new findings,
ensuring its ongoing relevance and utility. Furthermore, the map may not fully reflect the
unique challenges faced by patients with CHD, particularly in relation to psychosocial
factors. Incorporating patient-reported outcomes in future could provide more robust
evidence on psychosocial outcomes. Second, many of the studies cited in this review are
observational or retrospective in design, limiting causal inference. Future studies should
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consider standardized methodologies based on RCTs to enhance the rigor and applicability
of the results.

Looking ahead, several critical research gaps warrant targeted investigation. First,
syndrome-specific growth management strategies are urgently needed for children with
coexisting genetic and cardiac conditions, such as 22q11.2 deletion syndrome or Turner
syndrome, who often experience compounded growth impairments due to both endocrine
abnormalities and CHD. Tailored interventions, including growth hormone therapy, nu-
tritional support, and psychosocial care, remain insufficiently explored in these high-risk
groups. Second, there is a notable lack of robust, longitudinal research evaluating the
long-term effectiveness of multidisciplinary interventions. These should not only target
somatic growth but also consider broader outcomes such as neurodevelopment, academic
achievement, and quality of life. Future studies should prioritize longitudinal designs
with extended follow-up into adolescence and adulthood to understand the lasting im-
pact of early and sustained interventions for growth failure on the well-being of children
with CHD.

5. Conclusions

CHD is an umbrella term covering a range of diagnoses, each with different hemo-
dynamic characteristics. To understand growth failure in CHD, it is essential to consider
these specific disease characteristics rather than the CHD diagnosis alone. The hemody-
namic changes associated with CHD disrupt energy balance and impact the endocrine
and musculoskeletal systems, increasing the risk of growth failure. This growth failure
has significant short-term implications, including increased mortality rates, prolonged
hospital stays, and higher infection susceptibility. Long-term effects include impacts on
language development, motor skills, and psychosocial well-being. Early recognition and
intervention for abnormal growth patterns can significantly improve somatic growth in the
future. To enhance both clinical outcomes and quality of life, further research is needed to
identify effective monitoring strategies and interventions to prevent or mitigate the effects
of growth failure in children with CHD.
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