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Abstract

This editorial reflects on the research, which investigates the potential of serum
markers to predict the severity of Mycoplasma pneumoniae infections. Mycoplasma
pneumoniae pneumonia (MPP) is a prevalent cause of respiratory infections in
children, often leading to significant morbidity. Predicting the severity of MPP
can significantly enhance patient management and outcomes. This editorial
reviews the role of specific laboratory markers: (1) Lactate dehydrogenase; (2)
Interleukin (IL)-6; (3) IL-10; (4) Tumor necrosis factor-o; and (5) D-dimer in
predicting the severity of MPP in pediatric patients. Elevated levels of these
markers are strongly associated with severe cases of MPP, providing clinicians
with valuable tools for early diagnosis and targeted intervention.
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Core Tip: This editorial underscores the significance of laboratory markers in predicting the severity of Mycoplasma
pneumoniae pneumonia (MPP) in children. Elevated levels of lactate dehydrogenase, interleukin (IL)-6, IL-10, tumor
necrosis factor-a, and D-dimer are identified as critical indicators of severe MPP. Utilizing these markers can aid in the early
identification of severe cases, facilitating timely intervention and improving clinical outcomes in pediatric patients.
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INTRODUCTION

Mycoplasma pneumoniae pneumonia (MPP) is a significant cause of respiratory infections in children, leading to substantial
morbidity and occasionally severe complications. Early and accurate prediction of MPP severity is crucial for optimizing
patient management and improving outcomes. This editorial explores the role of specific laboratory markers; lactate
dehydrogenase (LDH), interleukin (IL)-6, IL-10, tumor necrosis factor-o (TNF-a), and D-dimer; in predicting the severity
of MPP in paediatric patients.

Wang et al[1] published a notable study that highlights the predictive value of serum inflammatory markers in
assessing the severity of MPP in children. By analyzing clinical manifestations and laboratory data from 160 children (80
with severe MPP and 80 with mild MPP), the research offers valuable insights into the role of inflammatory cytokines in
the progression of disease.

EPIDEMIOLOGY

MPP is a common respiratory infection in children, particularly those aged 5-15 years. It accounts for up to 40% of
community-acquired pneumonia cases in this age group[2]. The infection is highly contagious, spreading through
respiratory droplets, and can lead to outbreaks in schools and childcare settings. Seasonal variations are noted, with
higher incidence rates in the late summer and early fall[3].

According to Bradley et al[4], community-acquired pneumonia in children often presents as MPP, especially during
these peak seasons, making it imperative to understand and predict the severity of this condition.

Pathophysiology
Mycoplasma pneumoniae is a small, wall-less bacterium that attaches to the respiratory epithelium, causing inflammation
and damage[5]. The immune response to this pathogen involves both cellular and humoral components, leading to the
production of various cytokines and inflammatory markers[6]. The severity of MPP can be influenced by the host’s
immune response and the bacterial load.

The pathogenesis of MPP includes direct cytotoxic effects of the pathogen and immune-mediated damage. Studies
indicate that the bacterium can induce a robust immune response, causing a cytokine storm in severe cases, which is
characterized by elevated levels of IL-6, IL-10, TNF-0, and other inflammatory markers[7].

Clinical presentation
Children with MPP typically present with a range of symptoms, from mild respiratory discomfort to severe pneumonia.
Common symptoms include a persistent dry cough, fever, malaise, and headache[8]. In severe cases, patients may
develop complications such as pleural effusion, respiratory failure, or extrapulmonary manifestations like encephalitis
and hemolytic anemia[9].

A study by Jain et al[10] found that MPP often presents with nonspecific symptoms that overlap with other respiratory
infections, complicating the initial clinical assessment. Moreover, extrapulmonary manifestations, though less common,
can significantly impact patient morbidity and require comprehensive management strategies.

Diagnostic dilemmas

Diagnosing MPP can be challenging due to its nonspecific clinical presentation and the limitations of current diagnostic
methods. PCR and serological tests are commonly used but may not always provide timely or definitive results[11]. The
identification of reliable laboratory markers that correlate with disease severity is essential for improving diagnostic
accuracy and patient management[2].

The utility of LDH, IL-6, IL-10, TNF-0, and D-dimer as biomarkers for severe MPP has been supported by various
studies. Elevated levels of these markers have been consistently associated with more severe disease presentations and
poorer outcomes[12]. Additionally, these biomarkers can be measured quickly and easily in clinical settings, providing
real-time data to guide therapeutic decisions.
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Therapeutic strategies
Treatment of MPP typically involves the use of macrolide antibiotics, such as azithromycin or clarithromycin[9]. In cases
of macrolide-resistant Mycoplasma pneumoniae, alternative antibiotics like doxycycline or fluoroquinolones may be used
[13]. Supportive care, including hydration, antipyretics, and respiratory support, is crucial in managing severe cases.
Recent guidelines by the Pediatric Infectious Diseases Society and the Infectious Diseases Society of United States
emphasize the importance of early and appropriate antibiotic therapy to mitigate complications and improve outcomes
[4]. Moreover, adjunctive therapies targeting the inflammatory response, such as corticosteroids, have been explored,
though their routine use remains controversial[14].

Clinical implications
The identification of elevated levels of LDH, IL-6, IL-10, TNF-0, and D-dimer as markers of severe MPP has significant
clinical implications. These markers can help clinicians to identify patients at higher risk of severe disease, allowing for
timely and targeted therapeutic interventions[1]. Early identification and treatment of severe MPP can reduce the risk of
complications and improve patient outcomes[3].

Furthermore, integrating these biomarkers into clinical practice can enhance the precision of severity assessments and
facilitate personalized treatment approaches. Studies have demonstrated that early and aggressive intervention in
patients with elevated biomarker levels can significantly reduce morbidity and healthcare costs[15].

EDITORIAL COMMENTS

The role of laboratory markers in predicting MPP severity represents a promising advancement in paediatric respiratory
medicine. LDH, IL-6, IL-10, TNF-a, and D-dimer are readily available and routinely measured in clinical practice, making
them practical tools for clinicians. Future research should focus on validating these findings in larger, multicenter studies
and exploring the potential for incorporating these markers into clinical decision-making algorithms.

Additionally, the development of predictive models incorporating these biomarkers could further enhance clinical
decision-making. For example, a scoring system based on biomarker levels and clinical parameters could provide a
comprehensive risk assessment, guiding treatment intensity and resource allocation.

CONCLUSION

Early prediction of severity of MPP using laboratory markers such as LDH, IL-6, IL-10, TNF-a, and D-dimer can
significantly enhance patient management and outcomes in pediatric populations. These markers provide valuable
insights into disease progression, enabling timely and targeted interventions. As our understanding of MPP
pathophysiology and its clinical implications evolves, incorporating these markers into routine clinical practice holds the
potential to improve care for children with this common and potentially severe infection.

Future studies should aim to standardize the measurement and interpretation of these biomarkers across different
clinical settings. Additionally, investigating the interplay between these markers and other clinical factors could provide a
more nuanced understanding of MPP severity and its determinants. Collaborative efforts and multicenter trials will be
essential to translate these findings into widespread clinical practice.
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Abstract

BACKGROUND
Genetic factors play an important role in neonatal hyperbilirubinemia (NH)
caused by genetic diseases.

AIM
To explore the characteristics of genetic mutations associated with NH and
analyze the correlation with genetic diseases.

METHODS

This was a retrospective cohort study. One hundred and five newborn patients
diagnosed with NH caused by genetic diseases were enrolled in this study
between September 2020 and June 2023 at the Second Affiliated Hospital of
Xiamen Medical College. A 24-gene panel was used for gene sequencing to
analyze gene mutations in patients. The data were analyzed via Statistical Package
for the Social Sciences 20.0 software.

RESULTS

Seventeen frequently mutated genes were found in the 105 patients. Uridine 5'-
diphospho-glucuronosyltransferase 1A1 (UGT1A1) variants were identified among
the 68 cases of neonatal Gilbert syndrome. In patients with sodium taurocholate
cotransporting polypeptide deficiency, the primary mutation identified was
Na+/taurocholate cotransporting polypeptide Ntcp (SLC10A1). Adenosine triphosphatase
7B (ATP7B) mutations primarily occur in patients with hepatolenticular dege-
neration (Wilson's disease). In addition, we found that UGT1A1 and glucose-6-
phosphate dehydrogenase mutations were more common in the high-risk group than
in the low-risk group, whereas mutations in SLC10A1, ATP7B, and heterozygous
851del4 mutation were more common in the low-risk group.
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CONCLUSION
Genetic mutations are associated with NH and significantly increase the risk of disease in affected newborns.

Key Words: Hyperbilirubinemia; Gene mutation; Neonates; Genetic polymorphisms; Inherited diseases
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Core Tip: Variations in the frequency and distribution of gene mutations are observed in neonatal hyperbilirubinemia (NH)
caused by inherited diseases, with uridine 5'-diphospho-glucuronosyltransferase 141 mutations prevalent in neonatal Gilbert
syndrome cases, Na+/taurocholate cotransporting polypeptide Ntcp mutations in sodium taurocholate cotransporting
polypeptide deficiency patients, and Adenosine triphosphatase mutations in Wilson's disease. The distinct genetic profiles
between the high-risk and low-risk groups suggest the potential utility of genetic screening for risk stratification and early
intervention in NH.
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INTRODUCTION

Neonatal hyperbilirubinemia (NH) is one of the most common clinical issues in newborns, with an incidence as high as
60% in healthy full-term infants[1,2]. Most cases are physiological and mild and often do not require treatment. However,
it can also be associated with certain underlying conditions. Severe cases can lead to bilirubin encephalopathy without
timely treatment, resulting in intellectual impairment, damage to the nervous and auditory systems, and even death[3].

The aetiology of NH is complex, and different cases of hyperbilirubinemia can have single or mixed causes. Known
pathogenic factors include ABO blood group or Rh blood group incompatibility, infections, and delayed meconium
passage[4-6]. However, there are also cases where the cause of jaundice is unclear. For patients with NH of unknown
cause, identifying the underlying etiology is crucial for timely diagnosis and effective treatment. In some instances,
abnormally elevated bilirubin levels may indicate underlying genetic factors, where genetic mutations may play a pivotal
role[7,8].

With the rapid advancement of gene mutation detection technologies, the significance of genetic factors in NH has
attracted increasing attention. Long et al[9] detected Uridine 5'-diphospho-glucuronosyltransferase 1A1 (UGT1A1) gene
mutations in infants with hyperbilirubinemia via methods such as polymerase chain reaction (PCR). They reported that
the UGT1A1 211G>A mutation is associated with NH in Asians. In another study, UGT1A1 variants were recognized as
potential risk factors for prolonged jaundice and hyperbilirubinemia, particularly among full-term, exclusively breastfed
infants of Chinese descent, via glucose-6-phosphate dehydrogenase (G6PD) enzyme quantification assays[10]. However,
previous studies have focused primarily on detecting single genes via traditional methods such as PCR. However,
comprehensive studies exploring the broader genetic landscape of NH in which multiple genes are targeted remain
scarce. This highlights the need for further investigations and more extensive genomic analyses. In clinical practice, high-
throughput sequencing for neonatal genetic screening could facilitate the identification of genetic variants associated with
hyperbilirubinemia, offering valuable guidance for clinical diagnosis and treatment.

Some studies have shown that several genetic disorders can lead to hyperbilirubinemia, including Dubin-Johnson
syndrome (D]S), Crigler-Najjar syndrome, Gilbert syndrome (GS), and Lucey-Driscoll syndrome[11]. With the
advancement of genetic testing technologies, the crucial role of genetic mutations in the occurrence of NH is increasingly
recognized. GS is a common genetic disorder characterized by elevated levels of bilirubin in the blood[12]. Its main
feature is mutations in the UGTIA1 gene, which is involved in bilirubin metabolism. Research has indicated that
mutations in the UGT1A1 gene lead to decreased bilirubin metabolism capacity, thereby increasing the risk of NH[13].
Crigler-Najjar syndrome is a rare but severe genetic disorder characterized by high levels of bilirubin in the blood. Its
aetiology is also associated with mutations in the UGT1A1 gene[14]. In addition, other genetic mutations related to
bilirubin metabolism, such as OATP transporters (SLCO1B1), heterozygous 851del4 mutation (SLC25A13), and biliverdin
reductase A (BLVRA)[15-17], are associated with NH. These findings indicate that genetic mutations play a significant role
in the pathogenesis of NH, providing important clues for a deeper understanding of the genetic basis and pathological
mechanisms of this disease. However, previous studies have focused mainly on exploring the correlation between specific
gene variants and patients with hyperbilirubinemia, and a systematic exploration of the association between more
unknown genes and NH in large-scale populations is lacking.

Given the potential complexity and clinical significance of NH, a thorough understanding of the associated genetic
mutations is crucial for elucidating the genetic basis of this condition, guiding clinical diagnosis, and formulating
individualized treatment. Therefore, this study aims to explore genetic mutations associated with NH comprehensively
and investigate the correlation between these mutations and the pathogenesis of the disease. These results provide a
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foundation for future clinical practice and genetic counseling, offering a deeper understanding and guidance for the
prevention and treatment of NH.

MATERIALS AND METHODS

Study population and data collection

We prospectively collected data from 105 newborn patients who were diagnosed with NH caused by genetic diseases
between September 2020 and June 2023 at the Second Affiliated Hospital of Xiamen Medical College. The inclusion
criteria were as follows: (1) They were diagnosed with NH caused by genetic diseases; and (2) They had undergone
genetic testing. The exclusion criteria were as follows: Individuals with hyperbilirubinemia who did not undergo 24-gene
panel testing. Whole blood samples were collected from all patients and stored at -20 °C for genetic sequencing. The
study was conducted in accordance with the Helsinki Declaration and approved by the Clinical Research Ethics
Committee of the Second Affiliated Hospital of Xiamen Medical College (No. 2020039). Informed consent was obtained
from all the legal guardians of the study participants.

Targeted panel sequencing and genetic analysis

Targeted panel sequencing of 23 genes, including: (1) Adenosine triphosphatase (ATP)-binding cassette transporters (ABCB11);
(2) ATP-binding cassette subfamily C member 2 (ABCC2); (3) ATP-binding cassette sub-family D member 3 (ABCD3); (4)
Trihydroxycoprostanoyl-CoA oxidase (ACOX2); (5) ATP7B; (6) UGT1A1; (7) Cytochrome P450, Family 7, Subfamily B,
Polypeptide 1 (CYP7B1); (8) G6PD; (9) Beta-globin gene (HBB); (10) 38-hydroxy-45-C27-steroid oxidoreductase (HSD3B7); (11)
Jagged 1 (JAG1); (12) Niemann-Pick type C 1 (NPC1); (13) NPC2; (14) NOTCH2; (15) SMase gene (SMPD1); (16)
Glucocerebrosidase; (17) ABCB4; (18) Farnesoid X receptor (NR1H4); (19) Monoclonal antibody P504S; (20) Aldo-keto reductase
family 1 member D1; (21) ATP8B1; (22) Na+/taurocholate cotransporting polypeptide Ntcp (SLC10A1); and (23) SLC25A13, was
performed for each patient. Genomic DNA was extracted from whole-blood samples via a QlAamp DNA Blood Mini Kit
(Qiagen) according to the manufacturer's protocol. Genomic DNA fragments were enriched for targeted panel sequencing
(Agilent ClearSeq Inherited Disease Kit; Agilent). After enrichment, the DNA libraries underwent next-generation
sequencing (Illumina HiSeq 2000/2500 platform). The sequencing data were first processed to remove low-quality reads
and adapter sequences. Burrows-Wheeler Aligner software was then used to align the sequencing reads to the human
reference genome (version hgl9). Genome analysis toolkit software was subsequently employed to identify single
nucleotide variants and insertions/deletions within the aligned reads. Annotation analysis was conducted via databases
including the 1000 Genomes Project, ExXAC, gnomAD, ClinVar, Human Gene Mutation Database (HGMD) Professional,
and local databases.

Statistical analysis

Statistical Package for the Social Sciences 20.0 was used for data analysis. The continuous variables in the data group are
expressed as the means + SD. Count data are presented as frequencies and percentages. The Pearson ¥? test was used, and
P < 0.05 was considered statistically significant.

RESULTS

General clinical characteristics

A total of 105 newborns with hyperbilirubinemia caused by genetic diseases (54 males and 43 females) were included in
this study (Table 1). Among these patients, the birth weight was 2.01-4.10 kg, with an average of 3.25 kg + 0.82 kg, and the
gestational age was 36-41 weeks, with an average of 38 weeks + 2 weeks. The occurrence of hyperbilirubinemia ranged
from 1 day to 60 days, with an average of 16.5 days. There were 87 full-term infants, 9 preterm infants, and 9 unknown.
Seventy-three infants were fully breastfed, 24 were mixed fed, and 8 were unknown. The peak value of total serum
bilirubin (TSB) was 291-722.39 pmol/L, with an average of 398.07 pmol/L #* 55.09 pmol/L. Among them, 68 patients
(64.7%) had GS, 14 patients (13.3%) had sodium taurocholate cotransporting polypeptide deficiency (NTCP) deficiency,
and 9 patients (8.6%) had Citrin deficiency. There were five cases each of G6PD deficiency, Niemann-Pick disease (NPD),
Wilson's disease, and congenital bile acid synthesis disorders (4.8%). There were four cases (3.8%) of progressive familial
intrahepatic cholestasis and four cases (3.8%) of Alagille syndrome. Three patients (2.9%) had DJS, and two patients
(1.9%) had thalassemia.

Genetic spectrum of the study participants

We tested the samples through a 24-gene panel, and variants defined as pathogenic or likely pathogenic (LP) were
selected for analysis. Among the 105 patients, 75 (71.4%) were pathogenic or LP variant carriers. In a study of 82 patients,
a total of 17 pathogenic mutated genes were detected, including: (1) ABCB11; (2) ABCC2; (3) ABCD3; (4) ACOX2; (5)
ATP7B; (6) UGT1A1; (7) CYP7B1; (8) G6PD; (9) HBB; (10) HSD3B7; (11) JAG1; (12) NPC1; (13) NR1H4; (14) ATP8B1; (15)
SLC10A1; (16) SLC25A13; and SMPD1 (Figure 1). Among these genes, UGT1A1 (77.3%) had the highest mutation
frequency, accounting for 67.2% (39/58) of the heterozygous mutations and 32.7% (19/58) of the homozygous mutations.
The gene with the highest frequency was SLC10A1 (18.7%), which included 92.9% (13/14) of the genes with heterozygous
mutations and 7.1% (1/14) with homozygous mutations. This was followed by genes that were entirely heterozygous
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Table 1 Demographic and clinical characteristics of the study population, n (%)

Variable Patient cohorts (n = 105)
Sex

Female 43

Male 54

Gestational age (weeks) 38+2

birth weight (kg) 3.25 +0.82 (2.01-4.10)
Age of onset (days)

1-3 days 59

4-7 days 11

> 8 days 6

Feeding pattern

Full breastfeeding 73

Mix feeding 24

Premature birth

Yes 9

No 87

H UGTIA1 [E SLCI0A1 [1SLC25A13 WATP7B EJAGI ENPCI @ ABCC2 W G6PD

Figure 1 Results for the percentage of mutated genes in 105 patients. UGT1A1: Uridine 5-diphospho-glucuronosyltransferase 1A1; SLC10A1:
Nat/taurocholate cotransporting polypeptide Nicp; SLC25A13: Heterozygous 851del4 mutation; ATP7B: Adenosine triphosphatase 7B; JAG1: Jagged 1; NPC1:
Niemann-Pick type C 1; ABCC2: Adenosine triphosphatase-binding cassette subfamily C member 2; G6PD: Glucose-6-phosphate dehydrogenase.

mutations: (1)SLC25A13 (12%); and (2) ATP7B (6.7%). The remaining genes were low-frequency pathogenic genes,
including: (1) JAGI (5.3%); (2) NPC1 (5.3%); (3) ABCC2 (4.0%); and (4) G6PD (4.0%). These gene mutations are associated
with the onset of NH caused by genetic diseases.

Analysis of genetic factors in NHs

We analyzed the molecular genetic factors of hyperbilirubinemia caused by genetic diseases, and the list of gene
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mutations is shown in Table 2. Among the 17 detected genetic diseases, GS is the most common, and through diagnostic
analysis, 4 different UGT1A1 variants were identified among the 71 cases of neonatal GS. The most common variant was
p-Gly71Arg (84.5%), followed by p.Pro364Leu (9.9%) and p.Tyr486Asp (2.8%). The three known mutations were classified
as pathogenic according to the HGMD standards/guidelines. The p.Pro451Leu mutation is a variant of uncertain
significance identified for the first time. The primary mutation identified in patients with NTCP deficiency is SLC10A1
(p.Ser267Phe). ATP7B mutations primarily occur in patients with hepatolenticular degeneration (Wilson's disease),
among which there are four variants of uncertain clinical significance: (1) P.Asp1164Asn; (2) P.Arg827Gln; (3)
P.Thr935Met; and (4) P.Cys157Phe. Mutations in G6PD are associated with hemolytic anemia due to G6PD deficiency.
When considering NPD, the HSD3B7 (p.Ser738Ter and p.GIn81His), SMPD1 (p.Leul24Arg), and ABCD3 (p.Ala321Val)
gene mutation rates were 12.2% (28/230) and 9.6% (22/230), respectively. In patients with DJS, mutations occur in the
ABCC2 gene. Among these mutations, p.GIn93Ter is classified as LP, and the other two novel variants (p.Argl310Gly and
p-Glu881del) are classified as variants of uncertain significance. Additionally, we identified several rare mutations,
including HBB mutations in patients with thalassemia, ACOX2 mutations in patients with type 1 congenital bile acid
synthesis disorder, and SMPD1 mutations in patients with neonatal DJS.

Gene mutations and their distribution in high-risk patients

Patients were classified into high-risk and low-risk groups based on a total bilirubin level of 342 pmol/L. First, we
analyzed the correlation between clinical characteristics and TSB levels. Our bivariate analysis results of the clinical
characteristics are shown in Table 3. Exclusive breastfeeding was shown to be associated with severe TSB (P < 0.05). Sex,
feeding method, birth weight, and gestational age were unrelated to TSB. An analysis of the frequency of genetic
mutations in the high-risk and low-risk groups was conducted. The results revealed that the proportions of UGT1A1 and
G6PD mutations were greater in the high-risk group, whereas mutations in SLC10A1, ATP7B, and SLC25A13 were more
common in the low-risk group (Figure 2). The results of the bivariate analysis of gene mutation and the TSB are shown in
Table 4. None of the genes were associated with severe TSB.

DISCUSSION

NH is a common condition in newborns, and its pathogenesis involves abnormalities in the bilirubin metabolism
pathway[18]. In recent years, more studies have shown a close association between hyperbilirubinemia and genetic
mutations[19]. These mutations affect the function of related genes, leading to abnormalities in bilirubin metabolism. In
this study, we explored the relationships between hyperbilirubinemia caused by inherited diseases and genetic mutations
and analyzed their potential clinical significance.

UGT1A1 is an enzyme responsible for conjugating bilirubin with glucuronic acid. Genetic variants of UGT1A1 that
result in reduced enzyme activity and expression are associated with nonhemolytic hyperbilirubinemia syndromes, such
as GS and Crigler-Najjar (CN) syndrome type I and type II (referred to as CN I and CN II, respectively)[20-22]. Previous
studies confirmed that the prevalence of UGTIA1 gene mutations in patients with hyperbilirubinemia is significantly
greater than that in healthy controls, suggesting that UGT1A1 gene mutations play an important role in the pathogenesis
of hyperbilirubinemia[23]. Additionally, research by Mazur-Kominek et al[24] has shown that UGT1A1 mutations are
among the key causes of NH. These mutations decrease the expression level of the UGT1A1 gene, thereby reducing the
rate of bilirubin metabolism and increasing the concentration of bilirubin in the blood, ultimately leading to hyperbiliru-
binemia. The present study revealed that UGT1A1 has the highest mutation frequency in patients with hyperbiliru-
binemia, which is consistent with previous research results. Furthermore, our study revealed that the mutation frequency
of UGT1A1 in high-risk bilirubin patients was greater than that in low-risk patients. The ATP7B gene is one of the genes
that encode copper-transporting proteins in the human genome. The protein encoded by this gene is an ATPase that plays
a critical role in maintaining the body's balance and metabolism of copper ions. Previous studies have suggested that
mutations in the ATP7B gene may affect the structure or function of the ATP7B protein, leading to abnormal copper
accumulation in the liver and resulting in Wilson's disease[25,26]. Wilson's disease may cause liver diseases such as liver
fibrosis and cirrhosis, which may interfere with the metabolism and excretion of bilirubin, ultimately leading to hyperbi-
lirubinemia[27]. Our research revealed that the mutation frequency of the ATP7B gene was greater in the high-risk
bilirubin patient group. These findings suggest that ATP7B plays an important role in hyperbilirubinemia. Our study also
revealed common mutations in G6PD among patients with high bilirubin levels. Functional loss mutations in the G6PD
gene cause G6PD deficiency. G6PD deficiency is a significant risk factor for NH[28]. Several studies have indicated that
infants with G6PD deficiency are prone to severe neonatal jaundice[29-31]. Elevated levels of bilirubin in the blood and
ineffective bilirubin clearance in the liver can also lead to the accumulation of serum bilirubin, resulting in NH. This
condition is more common and severe in infants with G6PD deficiency[32]. Furthermore, studies have indicated that
variations in the UGT1A1 gene are risk factors for NH in infants with G6PD deficiency[33]. The ABCC2 gene is located on
chromosome 10q24 and encodes multidrug resistance-associated protein 2 (MRP2). Studies have confirmed that conjugate
hyperbilirubinemia is the most obvious consequence of mutations in ABCC2 that lead to DJS[34].

We identified several rare mutations, including HBB mutations in patients with beta-thalassemia, ACOX2 mutations in
patients with type 1 congenital bile acid synthesis disorder, and SMPD1 mutations in patients with DJS. The HBB gene
encodes the beta-globin chain of hemoglobin. Beta-thalassemia is an inherited blood disorder caused by mutations in the
HBB gene, resulting in impaired synthesis of beta-globin, leading to hemolytic anemia and chronic anemia, and hemolysis
may lead to hyperbilirubinemia[35]. The ACOX2 gene encodes acyl-coenzyme an oxidase 2, which is key in the bile acid
synthesis pathway. Defects in ACOX2 can block bile acid synthesis, leading to bile stasis and hyperbilirubinemia[36]. The
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Table 2 List of pathogenic/likely pathogenic variants in patients

Gene Cytogenetic Mutation variant Am.ino acid Type of Allele
location variant gene frequency
Uridine 5'-diphospho-glucuronosyltransferase 1A1 ~ Chr2: 234669144 C.211G>A P.Gly71Arg Het/hom 0.152
Chr2: 234676872 C.1091C>T P.Pro364 Leu Het 0.012
Chr2: 234681059 C.1456T>G P.Tyr486Asp PAT 0.001
Chr2: 234680955 C.1352C>T P.Pro451 Leu Het 0.005
Na+/taurocholate cotransporting polypeptide Ntcp  Chrl14: 70245193 C.800C>T P.Ser267Phe Het/hom 0.078
heterozygous 851del4 mutation Chr7: 95818684 C.852_855delTATG  P.Met285ProfsTer2  Het 0.004
Chr7: 95813702 C.1064G>A P.Arg355GIn Het 3.48504
Chr7: 95775896 C.1424G>A P.Arg475GIn Het -
Chr7: 95751240 C.1638_1660dup P.Ala554GlyfsTerl7  Het 0.0013
ATP 7B Chr13: 52515283 C.3490G>A P.Asp1164Asn Het -
Chr13: 52524503 C.2480G>A P.Arg827GIn Het 5.80%4
Chr13: 52523859 C.2804C>T P.Thr935Met Het 0.002
Chr13: 52548886 C.470G>T P.Cys157Phe Het -
Chr13: 52524515 C.2468A>G P.Glu823Gly Het 1165
Chr13: 52534313 C.2092A>C P.11e698 Leu Het -
Glucose-6-phosphate dehydrogenase ChrX: 153774276 C.185A>G P.His62Arg Hemi 0.002
ChrX: 153763476 C.482G>T P.Glyl161Val Het 6.0354
ChrX: 153760484 C.1466G>T P.Arg489 Leu Het 0.008
ChrX: 153760472 C.1478G>A P.Arg493His Hemi 0.005
Beta-globin gene Chrl1: 5246931 C341T>A P.Vall14Glu Het 2.3254
Cytochrome P450, Family 7, Subfamily B, Chr8: 65536958 C.259+2T>C Het 1.16%*
Polypeptide 1
ATP-binding cassette subfamily C member 2 Chr10: 101552060 C.277C>T P.GIn93Ter Het 1.165%*
Jagged 1 Chr20: 10622442 C.2671G>A P.Ala891Thr Het -
Niemann-Pick type C 1 Chr18: 21116653 C.3229C>T P.Argl1077Ter Het -
Farnesoid X receptor Chr12: 100926359 C.569T>A P.Met190 Lys Het =
3p-hydroxy-45-C27-steroid oxidoreductase Chr16: 30998260 C.631C>T P.Arg211Cys Het =
Chr18: 21123451 C.2213C>A P.Ser738Ter Het 1.16%*
Chr18: 21152082 C.243G>C P.GIn81His Het -
ATP 8B1 Chr18: 55351421 C.1477G>A P.Val493]le Het 71154
Chr20: 10629285 C.1481A>G P.Asn494Ser Het -
Trihydroxycoprostanoyl-CoA oxidase Chr3: 58512313 C.1226G>A P.Arg409His Het 0.002
Chr3: 58508322 C.1533A>G P.Tle511Met Het 5.785*
SMase gene Chr11: 6412666 C371T>G P.Leul24Arg Het 3.4754
Chr10: 101604163 C.3928C>G P.Arg1310Gly Het -
Chr12: 100904723 C.247C>G P.Pro83Ala Het 578504
Chr10: 101590078 C.2643_2645del AGA P.Glu881del Het -
ATP-binding cassette transporters Chr2: 169830310 C.1349T>C P.Met450Thr Het 4.65%*
Chr11: 5247153 C.316-197C>T Het -
ATP-binding cassette sub-family D member 3 Chrl: 94933490 C.262C>T P.Leu88Phe Het 0.001
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P.Asp837Glu Het -

P.Ala321Val Het 3.6754

ATP: Adenosine triphosphatase.

Table 3 The correlation between clinical characteristics and total serum bilirubin levels

Hyperbilirubinemia

Factors Total serum bilirubin 2 342 pmol/L Total serum bilirubin < 342 ymol/L P value
Gender

Female 17 26 0.67
Male 18 36

Exclusive breastfeeding

Yes 31 42 0.027
No 4 20

Gestational age (week) 38.9+1.26 38.6 £1.43 0.170
Birth weight (kg) 3.19+0.41 3.16+0.41 0.38
P

Yes 2 7 0.48
No 33 54

Table 4 Gene mutation analysis between high and low total serum bilirubin groups

Hyperbilirubinemia

Mutation Total serum bilirubin = 342 pmol/L Total serum bilirubin < 342 pmol/L P value
Uridine 5'-diphospho-glucuronosyltransferase 1A1
G/A 32 11 0.32
C/T 4 3
T/G 1 1
Na+/taurocholate cotransporting polypeptide Ntcp
C/T 6 7 NA
Heterozygous 851del4 mutation
C.852_855delTATG 2 3 0.57
C.1638_1660dup 0 1
G/A 0 1
Adenosine triphosphatase 7B
G/T 1 0 0.26
A/C 1 0
G/A 0 1
C/T 0 1
Glucose-6-phosphate dehydrogenase
G/T 1 2 0.32
G/A 1 0
A/G 0 1
Boishidenge VVICP | https://www.wjgnet.com December 9,2024 | Volume13 | Issued |
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Figure 2 Analysis of the percentage of genes between the high and low total serum bilirubin groups. The blue bars represent the high-risk group
with a total bilirubin level greater than 342 pmol/L. The orange bars correspond to the high-risk group with a total bilirubin level of less than 342 ymol/L. UGT1AT:
Uridine 5'-diphospho-glucuronosyltransferase 1A1; SLC10A1: Na+/taurocholate cotransporting polypeptide Nicp; SLC25A13: Heterozygous 851del4 mutation; ATP7B
: Adenosine triphosphatase 7B; G6PD: Glucose-6-phosphate dehydrogenase.

SMPD1 gene encodes acid sphingomyelinase, which maintains lysosomal function by degrading lysosomal membranes
in the lysosome. DJS is a rare genetic disorder caused by mutations in the SMPD1 gene, resulting in impaired acid
sphingomyelinase activity, obstruction of bilirubin excretion, and hyperbilirubinemia[37]. Identifying these rare muta-
tions emphasizes the genetic variations of hyperbilirubinemia, where different gene mutations may lead to varying types
of hyperbilirubinemia. Further investigation of these rare mutations will help us better understand the patho-genesis of
hyperbilirubinemia and provide new clues and methods for diagnosing and treating related diseases[38].

Genetic screening is a valuable tool for identifying neonates who may be at increased risk for hyperbilirubinemia
because of mutations or polymorphisms in genes involved in bilirubin metabolism, such as the UGT1A1 gene and
SLCO1B1 gene[17]. Early identification of these genetic risk factors allows for the stratification of neonates into high-risk
and low-risk categories. This stratified approach enables more tailored monitoring and intervention strategies[39,40].
High-risk infants can be prioritized for more frequent bilirubin level checks and earlier therapeutic interventions, such as
phototherapy, thereby reducing the risk of severe complications such as phototherapy[41]. Moreover, low-risk infants
may avoid unnecessary interventions, contributing to more efficient use of healthcare resources. Based on genetic
screening, clinicians can develop more personalized treatment plans. By identifying susceptibility genes for hyperbiliru-
binemia, high-risk individuals who may develop severe hyperbilirubinemia can be identified early, allowing for more
aggressive preventive and intervention measures[42]. This precision medicine strategy enhances the effectiveness of early
interventions and reduces the incidence of severe complications.

This study has certain limitations. First, the limited number of cases may restrict the reliability and generalizability of
the study results. Second, there are challenges in collecting clinical data on NH, including issues related to the quality and
completeness of case data, which may affect the reliability of the study results. Additionally, differences in the number of
samples available for analysis between different groups may also lead to experimental biases. Therefore, in the future,
larger sample sizes and more comprehensive studies are needed to determine the correlation between genomic variations
and the severity of hyperbilirubinemia.

CONCLUSION

There is a close association between hyperbilirubinemia and genetic mutations, where genetic mutations affect the normal
functioning of bilirubin metabolism pathways, leading to hyperbilirubinemia. Research on genetic mutations related to
hyperbilirubinemia not only helps us understand the pathogenesis of hyperbilirubinemia in depth but also provides new
insights for its prevention, diagnosis, and treatment. Future studies should continue to explore the relationship between
hyperbilirubinemia and genetic mutations to promote advancements in clinical practice, ultimately improving the
prognosis of infants with hyperbilirubinemia.
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Abstract

BACKGROUND
Congenital heart disease is most commonly seen in neonates and it is a major
cause of pediatric illness and childhood morbidity and mortality.

AIM

To identify and build the best predictive model for predicting cyanotic and
acyanotic congenital heart disease in children during pregnancy and identify their
potential risk factors.

METHODS

The data were collected from the Pediatric Cardiology Department at Chaudhry
Pervaiz Elahi Institute of Cardiology Multan, Pakistan from December 2017 to
October 2019. A sample of 3900 mothers whose children were diagnosed with
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cyanotic or acyanotic congenital heart disease was taken. Multivariate outlier detection methods were used to
identify the potential outliers. Different machine learning models were compared, and the best-fitted model was
selected using the area under the curve, sensitivity, and specificity of the models.

RESULTS

Out of 3900 patients included, about 69.5% had acyanotic and 30.5% had cyanotic congenital heart disease. Males
had more cases of acyanotic (53.6%) and cyanotic (54.5%) congenital heart disease as compared to females. The
odds of having cyanotic was 1.28 times higher for children whose mothers used more fast food frequently during
pregnancy. The artificial neural network model was selected as the best predictive model with an area under the
curve of 0.9012, sensitivity of 65.76%, and specificity of 97.23%.

CONCLUSION

Children having a positive family history are at very high risk of having cyanotic and acyanotic congenital heart
disease. Males are more at risk and their mothers need more care, good food, and physical activity during
pregnancy. The best-fitted model for predicting cyanotic and acyanotic congenital heart disease is the artificial
neural network. The results obtained and the best model identified will be useful for medical practitioners and
public health scientists for an informed decision-making process about the earlier diagnosis and improve the health
condition of children in Pakistan.

Key Words: Congenital heart disease; Cyanotic heart disease; Acyanotic heart disease; Logistic regression model; Artificial
neural network

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: In this study, to identify and build the best model for predicting cyanotic and acyanotic congenital heart disease in
children during pregnancy and identify their risk factors, we employed machine learning models and compared their
performance to choose the best one. We also used multivariate outlier detection methods to determine the outlier cases. The
best fit model for congenital heart disease was the artificial neural network model. Children having a positive family history
are at very high risk of having cyanotic and acyanotic congenital heart disease.
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INTRODUCTION

Congenital heart disease (CHD) is most commonly seen in neonates[1] and is a major cause of pediatric illness and
childhood morbidity and mortality[2]. CHD is usually the result of the abnormal embryonic development of a normal
structure during the early stage of embryonic or fetal development[3]. The incidence of CHD is 8 to 10 per 1000 births in
Pakistan and nearly about 50000 children are affected by CHD each year[4]. The prevalence of CHD was 4 per 1000 live
births in Karachi, Pakistan and 41.7% of children had cyanotic CHD and 58.3% had acyanotic CHD[5]. Acyanotic CHD
was more common than cyanotic CHD and both conditions were found to have a higher incidence in males as compared
to females[6,7].

In underdeveloped countries, families of children with CHD are faced with many health care and socioeconomic
problems[1]. Late diagnosis of CHD carries a high risk of avoidable morbidity, mortality, and handicap. Problem identi-
fication and modification at an early stage were crucial in avoiding complexity, improving quality of life, and reducing
mortality[2]. Awareness among parents about the disease can reduce the delay in the identification of disease, which can
undoubtedly prevent mortality and morbidity in the subjects[8]. In rural areas of Pakistan, the prevalence of CHD was
very high as compared to urban areas[9]. There were several fetal factors associated with CHD, like premature birth,
stillbirth, and low birth weight. Low birth weight, family history of CHD, maternal co-morbidities, and consanguineous
marriage were associated with CHD[10]. Physical activity, nutrition, partner interaction, access to basic health care
facilities, calories in food, environment, and housing conditions during pregnancy reduce the risk factors of cyanotic and
acyanotic CHD[11]. The prevalence of CHD was 9.3 per 1000 Live births in Asia and 8 to 10 per 1000 Live births
worldwide; 60.6% of cases were acyanotic CHD and 38.6% were cyanotic CHD[12]. The prevalence of CHD for Whites
was significantly higher than for Blacks or Mexican Americans. The prevalence rate of CHD in children aged 5 to 15 years
has been reported as 2 per 1000 in Sudan, 3 per 1000 in Uganda, and 3.6 per 1000 in Nigeria[13]. In India, the prevalence
of CHD was reported from 8.5 to 13.6 per 1000 live births, and the 10% infant mortality was due to CHD. Acyanotic CHD
was present in 79% of CHD children, 21% had cyanotic CHD, and 82.9% were diagnosed between 0 to 3 years of age.
Parental age, illness during pregnancy, and advanced maternal age were found to be risk factors for CHD[14,15]. The
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prevalence of CHD was 5 to 10 per 1000 live births and 10.01 per 1000 in school children in Alexandria, Egypt. Parental
consanguinity, positive family history, and maternal health during pregnancy were high-risk factors for CHD[16]. CHD
was the most common birth defect in China and the prevalence was 7 to 8 per 1000 live births; it shows about 100000 to
150000 new cases annually. The mental stress in the mother, number of previous pregnancies, maternal infection, and
education level of the mother were the risk factors for CHD[17]. CHD risk was higher among those children who had a
family history of heart disease[18].

The CHD prevalence in Asia, Europe, and Africa was found to be 9.3 per 1000, 8.2 per 1000, and 1.9 per 1000 live births,
respectively. The CHD prevalence was reported to be higher in the Asian region as compared with other regions[19].
Smoking status in mothers and mental stress in mothers during pregnancy were found highly associated with CHD in
children[20]. The increase in the risk of CHD was associated with poor socioeconomic status, family income, occupation,
and education level of mothers[21]. In Brazil, CHD was most common in newborns and reached 1% of the population of
Brazil. Socioeconomic status and family income are important factors in child development, and indirectly, they affect the
process and outcome of child development with home type, nutrition quality, availability of school, health care, and
medical facilities[22]. CHD is associated with physical inactivity and obesity in children and adolescents. To reduce the
risk of obesity and heart disease in children and adolescents, it must be necessary to adopt a healthy lifestyle[23]. The
environment and lifestyle factors also influence children with CHD[24].

In recent years, machine learning models have emerged as crucial tools in revolutionizing disease prediction and
diagnosis. These advanced analytical models have transformed the way that healthcare professionals approach patient
care, enabling early detection, accurate diagnosis, and personalized treatment[25]. The artificial neural network (ANN)
model is vital in disease prediction due to their ability to learn from vast amounts of complex data, identify suitable
patterns and correlations that may elude human clinicians, adapt to new data and improve prediction accuracy over time,
and provide tailored recommendations for patient care[26]. The ANN models, inspired by the human brain’s structure
and function, have shown remarkable promise in disease prediction due to their ability to mimic human brain function,
capacity to analyze complex relationships between variables, and identification of non-linear patterns and interactions
[27]. The present study aimed to identify the risk factors for cyanotic and acyanotic CHD in children, predict cyanotic and
acyanotic CHD in children at the time of pregnancy, and suggest the best machine learning-based predictive model.

MATERIALS AND METHODS
Study design and sample

A retrospective study design was used, and data was collected from the outpatient department, inpatient department,
and ward of the Pediatric Department at the Institute of Cardiology Multan, Pakistan from December 2017 to October
2019. The data of the present study were collected from 3900 mothers whose children were diagnosed with cyanotic and
acyanotic CHD by echocardiography. The sample of the current study attained a greater than 80% power of the test.

Patients’ consent and ethics approval

The study was approved by the Departmental Ethics Committee and Board of Advanced Studies, Bahauddin Zakariya
University, Multan, Pakistan. Also, we have taken permission from the hospital and all the families included in the study
were volunteers and were well informed about the study and the confidentiality of their identity.

Operational definition of variables

The data was collected by the principal author. With the discussion of medical practitioners and based on literature
survey, different factors were isolated and these factors are described as diabetes in family (diabetes in first-order
relatives), smoking status in the family (smoking in first-order relatives), family history of heart disease (family history of
heart disease in first-order relatives), anemia in mother during pregnancy, physically active mother during pregnancy
(the mother can walk at least two and half hour in a week), use of fast food, low-calorie food, and staple food during
pregnancy (mothers eating fast food more than once a week, mothers consuming less than 2000 calories per day, and
mothers using cereal grain and tubers as staple food). Nutrition status during pregnancy (good nutrition: Protein more
than 5 ounces, fruits up to 2 cups, vegetables up to 3 cups, grains up to 6 ounces, and dairy up to 3 cups; normal nutrition:
Protein up to 5 ounces, fruits up to 1.5 cups, vegetables up to 2.5 cups, grains up to 5 ounces, and dairy up to 2.5 cups.
Less than normal nutrition is considered as poor nutrition), monthly income of family, education level of parents,
dwelling area (the area of the child was categorized into rural and urban areas), home environment during pregnancy,
health condition of other people living in home (respiratory infections, asthma, lead poisoning, injuries, and mental
health), mother interaction with their partner during pregnancy, quality of basic health care facilities during pregnancy
(well-trained and motivated staff, accurate medical record, water, energy, sanitation, hand hygiene, and waste disposal
facilities which are functional, reliable, and safe; adequate stocks of medicines, supplies, and equipment that is safe,
effective, timely, efficient, and equitable), access to health care facilities (is there any government hospital or medical unit
and government doctor available in their surroundings), housing tenure (house is rented or owned), housing condition
(the good condition of house contained: Being dry, safe, and hygienic, good ventilation, good sanitation, good heating,
good lighting, good facilities of cooking, availability of suitable storage for food, and good access to shop and facilities).
The dependent/outcome variable was the type of CHD, which was categorized as cyanotic and acyanotic.
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Data management and analysis

For data analyses, R was used. Categorical data are presented as frequencies and percentages. The data were randomly
divided into two parts for modeling and validation: The first part (85%) was used for training the model, and the second
part (15%) was used for validation of the model. For multivariate outlier detection in the generalized linear model,
different measurements were used, i.e., Cook’s distance[28], modified Cook’s distance[29], leverage[30], Andrew’s
Pregibon[31], Welsch’s distance[32], and covariance ratio[33]. Those cases were considered outliers that were jointly
identified by all the above methods. The prediction performance for predicting the type of CHD was evaluated using
subset logistic regression (SLR)[34], subset logistic regression after deletion (SLRAD), and the machine learning model
ANN[35]. The performance of the models was compared using the area under the receiver operating characteristic (ROC)
curve (AUC) and its 95% confidence interval, sensitivity, and specificity. In ANN models, the best generalization is
achieved by using a model whose complexity is the most appropriate to produce an adequate fit of the data. In Supple-
mentary material, the mathematical and procedural details of the diagnostic measures of outliers and all models are
described.

RESULTS

There were 53.6% of males and 46.6% of females who had acyanotic CHD, and 54.5% of males and 45.5% of females who
had cyanotic CHD. The children with acyanotic CHD who had a family history of diabetes accounted for 36.0%, and
40.3% of children with cyanotic CHD had a family history of diabetes. The results of univariate analyses are presented in
Table 1.

Figure 1 shows the graphs of influential diagnostic measures for CHD. In this figure, the circles show the observation
of the data, the red line shows the cut point of the measure, and the points along with the observation number that are
beyond the cut point were identified as influential observations for each measure. We delete those observations that were
commonly identified as outliers by all the diagnostic measures.

The results of the logistic regression analysis is given in Table 2. The results of SLR showed that family history of heart
disease, use of fast-food during pregnancy, use of staple food during pregnancy, poor nutrition during pregnancy, low
family monthly income, uneducated parents, urban area, poor quality of health care facilities, rented house, and poor
housing condition were significant risk factors for CHD. The results of SLRAD showed that family history of heart
disease, use of fast-food during pregnancy, poor nutrition during pregnancy, low family monthly income, uneducated
father, urban area, poor quality of health care facilities, rented house, and poor housing conditions were significant risk
factors for CHD.

Figure 2 shows the weight of each input variable, and the weights were obtained by the ANN model for CHD through
normalizing importance. According to importance, the most important risk factors for CHD were obtained: Father's
education, family income, father’s occupation, health condition, mother’s education, nutrition, and number of children in
family. In all the important factors, mother's education, nutrition status, and number of children in family had positive
weight, while father’s education, family income, father’s occupation, and health condition had negative weight.

Figure 3 demonstrates the sequence of each predictor and describes the final ANN fitted model for CHD, which was
generated by plotting each risk factor by normalized importance. In the ANN model for CHD, there were 20 input
variables, 4 hidden variables, and 1 output variable.

Table 3 shows the comparison of all models by AUC and its 95% confidence interval, sensitivity, and specificity. The
results showed that the ANN model had the highest AUC at 0.901 (95%CI: 0.892-0.910) with a sensitivity and specificity
of 65.76% and 97.23%, respectively. The SLRAD model had the second highest AUC at 0.886 (95%ClI: 0.876-0.896), with a
sensitivity of 57.69% and specificity of 98.69%. The SLRM model had the third-highest AUC at 0.860 (95%ClI: 0.849-0.871)
with a sensitivity of 49.62% and specificity of 98.38%. Figure 4 also shows that the ANN model had the highest diagnostic
accuracy for CHD.

DISCUSSION

The results of the current study show that acyanotic CHD is more common in children as compared to cyanotic CHD,
which is consistent with the findings of a previous study done in Pakistan[6]. Our results show that the odds of having
cyanotic CHD was 1.28 times higher for children whose mothers used fast food during pregnancy as compared to those
whose mothers did not use. The odds of having cyanotic CHD was 6.22 times higher for children whose father was
uneducated as compared to those whose father was educated. The odds of having cyanotic CHD was 1.49 times higher
for children whose mothers had normal housing conditions as compared to those whose mothers had good housing
conditions. Children who had a family history of heart disease had 0.55 times the odds of having acyanotic CHD as
compared to those who had not. Children whose mothers used the staple food during pregnancy had 0.79 times the odds
of having acyanotic CHD as compared to those whose mother did not. Male children were more affected by cyanotic and
acyanotic CHD as compared to female children. A study in China has similar findings[17]. The result of our study shows
that family history of heart disease is a risk factor for CHD, in agreement with the results of the studies in Egypt and
China[16,18]. The result of the model comparison shows that the ANN model had the highest diagnostic accuracy. The
result of analysis based on the ANN, the best-selected model, shows that father’s education, family income, father’s
occupation, health condition of other people's living in home, mother’s education, nutrition, and number of children in
family are risk factors for cyanotic and acyanotic CHD in children. A study in China also concluded that mother’s
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Table 1 Descriptive analysis of categorical data of congenital heart disease, n (%)

Variable Category Acyanotic Cyanotic Variable Category Acyanotic Cyanotic
Gender Female 1258 (46.4) 518 (45.5) Father’s education Uneducated 1102 (40.7) 702 (59.0)
Male 1452 (53.6) 672 (54.5) Primary/middle 1220 (45.0) 354 (29.7)
Diabetes No 1734(64.0) 710 (59.7) Secondary/higher 326 (12.0) 118 (9.9)
Yes 976 (36.0) 480 (40.3) Graduate 52 (1.9) 12 (1.0)
Smoking No 1318 (48.6) 664 (55.8) Masters or higher 10 (0.4) 4(0.3)
Yes 1392 (51.4) 526 (44.2) Father’s occupation Dead/ 4(0.1) 4(0.3)
unemployed
Family History No 858 (31.7) 510 (42.9) Labour/former 1866 (68.9) 826 (69.4)
Yes 1852 (68.3) 680 (57.1) Private job 194 (7.2) 20 (1.7)
Anemia during pregnancy No 2598 (95.9) 1150 Small business 620 (22.9) 328 (27.6)
(96.6)
Yes 112 (4.1) 40 (3.4) Civil servant 26 (1.0) 12 (1.0)
Inactive No 800 (29.5) 342 (28.7) Area Rural 1604 (59.2) 878 (73.8)
Yes 1910 (70.5) 848 (71.3) Urban 1106 (40.8) 312 (26.2)
Fast food during No 1356 (50.0) 486 (40.8) Home environment Poor 1650 (60.9) 518 (43.5)
pregnancy
Yes 1354 (50.0) 704 (59.2) Normal 590 (21.8) 400 (33.6)
Low-calorie food during No 1036 (38.2) 472 (39.7) Good 470 (17.3)  272(22.9)
pregnancy
Yes 1674 (61.8) 718 (60.3) Health condition Poor 602 (22.2) 402 (33.8)
Nutrition during Poor 1558 (57.5) 492 (41.3) Normal 1660 (61.3) 522 (43.9)
pregnancy
Normal 532 (19.6)  382(32.1) Good 448 (16.5) 266 (22.4)
Good 620(22.9) 316 (26.6) Interaction with partner during Poor 1592 (58.7) 498 (41.8)
pregnancy
Staple food during No 1720 (63.5) 692 (58.2) Normal 558 (20.6) 392 (32.9)
pregnancy
Yes 990 (36.5) 498 (41.8) Good 560 (20.7) 300 (25.2)
Income < 10000 20 (0.70) 18 (1.5) Health care quality Poor 1540 (56.8) 506 (42.5)
10000 to 20000 2076 (76.6) 956 (80.3) Normal 660 (24.4) 414 (34.8)
> 20000 614 (22.7)  216(18.2) Good 510 (18.8) 270 (22.7)
Mother’s education Uneducated 1492 (55.1) 690 (58.0) Health care access No 2034 (75.1) 770 (64.7)
Primary/middle 1002 (37.0) 404 (33.9) Yes 676 (24.9) 420 (35.3)
Secondary/higher 200 (7.4) 90 (7.6) Housing tenure Owned 2628 (97.0) 1164
(97.8)
Graduate 8(0.3) 6 (0.5) Rented 82 (3.0) 26 (2.2)
Masters or higher 8 (0.3) 0(0.0) Housing condition Poor 630 (23.2) 528 (44.4)
Normal 1742 (64.3) 548 (46.1)
Good 338 (12.5) 114 (9.6)

education level is a risk factor for CHD[17,21]. A study in Pakistan also supports our findings, i.e., health condition of
other people living in home, and quality and access to basic health care facilities are risk factors of cyanotic and acyanotic
CHD in children[11].

The field of machine learning has undergone significant advancements in recent years, leading to a surge in the
development of innovative models that can accurately predict disease[36]. The ANN and machine learning models can
analyze medical images, genetic data, and patient information to predict the risk factors of disease, detect early warning
signs, and recommend preventive measures[37]. In the current study, we used different machine learning models to
predict cyanotic and acyanotic CHD in children. One recent study reported that the neural network model is an accurate
decision support tool in diagnosing CHD[38]. Another study shows that the ANN model yields the best accuracy while
predicting CHD in children[39]. The results of another study show that the best predictive model for CHD children was
machine learning models and the AUC values for those models ranged from 0.81 to 0.83[40].
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Table 2 Multivariate logistic regression models by using stepwise selection approach

SLR SLRAD
Variable Categories*
OR 95%Cl OR 95%Cl
(Intercept) - 2.006 0.300-13.400 0.000 -
History Yes 0.551' 0.463-0.656 0.541' 0.454-0.646
Fast food Yes 1.289° 1.027-1.618 1.331 1.056-1.677
Staple food Yes 0.794° 0.609-1.034 0.803 0.615-1.049
Nutrition Normal 0.668 0.345-1.294 0.698 0.382-1.273
Poor 0.621 0.409-0.942 0.571' 0.382-0.853
Children - 1.368" 1.267-1.476 1.365' 1.264-1.473
Family income < 20000 0.276' 0.124-0.614 0.263' 0.118-0.588
10000 to 20000 0.396 0.181-0.866 0.390 0.177-0.857
Mother education Master or higher 0.000 0-2.96E+163 0.998 =
Primary/middle 0.474 0.129-1.744 3.96E+05 =
Secondary/higher 0.781 0.208-2.933 7.09E+05 =
Uneducated 0.300° 0.082-1.106 2.58E+05 -
Father’s education Master or higher 0.391 0.053-2.907 0.000 -
Primary/middle 1.984 0.779-5.053 2.630° 0.907-7.624
Secondary/higher 1.950 0.775-4.909 2,599 0.902-7.489
Uneducated 6.221' 2.395-16.160 8516 2.875-25.225
Father’s occupation Dead/unemployed 0.672 0.101-4.478 8.65E+05 -
Labour/former 0.336> 0.123-0.914 0.736 0.196-2.768
Private job 0.082' 0.026-0.259 0.145' 0.035-0.611
Small business 0.465 0.168-1.292 0.986 0.259-3.761
Dwelling area Urban 0.582" 0.478-0.710 0.554' 0.453-0.678
Partner interaction Normal 1.060 0.583-1.927 - -
Poor 0.732 0.496-1.081 - -
Quality of health care Normal 0.468" 0.25-0.878 0.409" 0.226-0.743
facilities
Poor 0.682 0.421-1.104 0.503" 0.316-0.802
Housing tenure Rented 0.511* 0.276-0.946 0.437° 0.227-0.841
Housing condition Normal 1.498 1.0563-2.131 1.554> 1.086-2.225
Poor 2.852' 2.04-3.987 3.004' 2136-4.225
lSignificamce at1%;
2Significan’t at 5%;
3Significant at 10%.

#Reference categories are: Family history “no”, use of fast food “no”, use of staple food “no”, nutrition “good”, partner interaction “good”, quality of health
care facilities “good”, housing condition “good”, family income “< 10000”, father’s education “primary/middle”, father’s occupation “civil servant”, and

housing tenure “owned”.

CONCLUSION

Children having a family history of heart disease are at very high risk of developing cyanotic and acyanotic CHD. The
incidence of cyanotic CHD can be reduced by limiting fast food during pregnancy. Similarly, reducing the number of
children can also minimize the incidence of CHD. Moreover, mothers with an uneducated partner and poor housing
conditions are at high risk of birthing a child having cyanotic CHD. Similarly, the incidence of acyanotic CHD can be
reduced by adopting good dietary habits (high nutrition food and rich calorie food) during pregnancy. Families with low
income, uneducated mothers, and those living in urban areas are at higher risk of birthing a child having cyanotic CHD.
The best fit model for our data is ANN, which can be used for earlier diagnostics. This prediction model can help medical
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Table 3 Performance comparison of models

Model AUC 95%Cl Sensitivity Specificity
SLRM 86.01 0.849-0.871 49.62 98.38
SLRAD 88.57 0.876-0.896 57.69 98.69
ANN 90.12 0.892-0.910 65.76 97.23

AUC: Area under the curve; SLR: Logistic regression; SLRAD: Subset logistic regression after deletion; ANN: Artificial neural network.
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Figure 1 Graphs of influential diagnostic measures. A: Detection using Cook’s distance method; B: Detection using leverage method; C: Detection using
covariance ratio method; D: Detection using modified Cook’s distance method; E: Detection using Andrew’s Pregibon method; F: Detection using Walsh'’s distance
method.
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Figure 2 Weights according to importance of variables by artificial neural network.

practitioners and experts to identify the risk and make earlier diagnoses of cyanotic and acyanotic CHD during
pregnancy, which will improve healthcare.

Limitations and future directions

The accuracy of the models may be limited by the quality and availability of the regional data. This can be improved by
using large nationwide data. For future studies, investigating new features and feature engineering techniques can help
improve model performance. Developing models that are more interpretable can help clinicians understand why certain
predictions are made. Validating the models prospectively can help establish their clinical utility. Comparing the
performance of different machine learning models can help identify the best approach.
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Figure 4 Receiver operating characteristic curves for comparison of subset logistic regression, subset logistic regression after deletion,
and artificial neural network model. SLR: Subset logistic regression; SLRAD: Subset logistic regression after deletion; ANN: Artificial neural network.
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Abstract

BACKGROUND

Thus far, genetic analysis of patients clinically diagnosed with glycogen storage
diseases (GSDs) in Thailand has not been reported.
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AIM
To evaluate the clinical and biochemical profiles, molecular analysis and long-term outcomes of Thai children
diagnosed with hepatic GSD.

METHODS

Children aged < 18 years diagnosed with hepatic GSD and followed up at King Chulalongkorn Memorial Hospital
were recruited. Whole-exome sequencing (WES) was performed to identify the causative gene variants. Medical
records were assessed.

RESULTS

All eight children with histopathologically confirmed diagnosis were classified by WES into subtypes Ia (n = 1), III
(n=3), VI (n =3), and IX (n = 1). A total number of 10 variants were identified including G6PC (n = 1), AGL (n = 4),
PYGL (n =5), and PHKA2 (n = 1). AGL had two novel variants. The clinical manifestations were hepatomegaly (1 =
8), doll-like facies (n = 3), wasting (n = 2), and stunting (n = 5). All patients showed hypoglycemia, transaminitis,
and dyslipidemia. The mainstay of treatment was cornstarch supplementation and high-protein and low-lactose-
fructose diet. After a median follow-up time of 9.59 years, height turned to normal for age in 3/5 patients and none
had malnutrition. Liver enzymes, blood sugar, and lipid profiles improved in all.

CONCLUSION

Hepatomegaly, transaminitis, and hypoglycemia are the hallmarks of GSD confirmed by liver histopathology.
Molecular analysis can confirm the diagnosis or classify the subtype that might benefit from personalized
treatment, prognosis, and long-term care.

Key Words: Storage disease; Hypoglycemia; Pediatric; Whole exome sequencing; Novel variants; Thailand

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Hepatic glycogen storage diseases (GSDs) are rare but treatable conditions. While liver histopathology is helpful
for diagnosis, it cannot differentiate between GSD subtypes. Data on long-term outcomes with extensive nutritional
management are limited. This study evaluates the clinical and biochemical profiles, molecular analysis, and long-term
outcomes of Thai children with hepatic GSDs, identifying two novel causative variants. The findings indicate that extensive
nutritional management, including frequent uncooked cornstarch supplementation, a high-protein diet, and a low lactose-
fructose diet, yields favorable outcomes across GSD subtypes. However, tailored management, particularly for GSD types
IIT and VI, can further enhance quality of life and minimize complications.

Citation: Vanduangden J, Ittiwut R, Ittiwut C, Phewplung T, Sanpavat A, Sintusek P, Suphapeetiporn K. Molecular profiles and long-
term outcomes of Thai children with hepatic glycogen storage disease in Thailand. World J Clin Pediatr 2024; 13(4): 100493

URL: https://www.wjgnet.com/2219-2808/full/v13/i4/100493.htm

DOI: https://dx.doi.org/10.5409/wjcp.v13.i4.100493

INTRODUCTION

Glycogen storage diseases (GSDs) are rare inherited disorders that affect glycogen metabolism, with a global incidence of
approximately <1 in 100000[1]. The pathogenesis of GSDs involves defects in the enzymes responsible for breaking down
glycogen, resulting in the storage of glycogen in mainly the liver, muscle, and heart[1]. GSDs have 23 subtypes that can be
broadly classified into hepatic GSDs or muscle GSDs depending on the primary system affected. Hepatic GSDs include
types Oa, I, III, IV, VI, and IX and Fanconi-Bickel syndrome that are inherited in an autosomal recessive manner, except
for type IXa, which is an X-linked recessive disorder. Genetic analysis is ultimately responsible for the final identification
of GSD subgroups given the diversity of clinical and laboratory findings[1]. Because GSDs are treatable conditions,
prompt and accurate diagnosis are essential for the commencement of targeted therapy tailored to the subtypes,
preventing permanent injury and improving the quality of life of the patients.

Worldwide, molecular genetic studies of GSD subtypes have increased, particularly in several Asian nations including
China[2-4], India[5,6], and Pakistan[7]. Thus far, no studies have conducted genetic analysis of patients clinically
diagnosed with GSDs in Thailand. Therefore, this study sought to delineate the clinical and genetic attributes of hepatic
GSDs in Thai children. By conducting comprehensive assessments of clinical profiles, laboratory studies —including liver
histology — and long-term outcomes following treatment, this research not only enhances our understanding of GSDs in
the Thai population but also contributes valuable insights into the phenotypic variability, potential genetic mutations,
and therapeutic responses associated with these disorders. Ultimately, the findings could inform improved diagnostic
and treatment strategies for GSDs in Thailand and similar contexts, paving the way for future research and better
healthcare outcomes for affected individuals.
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MATERIALS AND METHODS

Participants

The study population included children aged < 18 years who were diagnosed with hepatic GSDs at the time of their
initial diagnosis and regularly followed up at King Chulalongkorn Memorial Hospital, Thailand, between January 2010
and September 2023.

Written informed assent and/ or informed consent for this study were obtained from the patients and/or their parents.
In addition, genetic counseling and informed consent were provided to all participants and their guardians before
collecting blood samples for genetic analysis. This study was approved by the Institute Research Board at Chulalongkorn
University, Bangkok, Thailand (No. 0678/ 65).

Clinical data
Data were extracted from the electronic medical records, which included the clinical profiles at the time of presentation,
biochemical profiles (fasting blood glucose, uric acid, complete blood count, liver function test, lipids, creatinine, lactate
dehydrogenase, lactate, creatine kinase, and coagulogram), radiological parameters, liver histopathology, nutritional and
medical therapy, and outcomes at the end of the follow-up period.

In every outpatient visit, the growth parameters of all patients were monitored, and the weight-for-length/height in
children aged < 5 years and the Z-scores for height and body mass index (BMI) were employed for children aged 5-19
years, according to the growth chart that was established by the World Health Organization.

Definition

Growth and nutrition status: Overweight was defined as the weight-for-length/height > 2 SD in children aged < 5 years
and BMI-for-age > 1 SD in children aged 5-19 years. Obesity was defined as weight-for-length/height > 3 SD in children
aged < 5 years and BMI-for-age > 2 SD in children aged 5-19 years. Wasting was defined as weight-for-length/height <
-2 SD in children aged < 5 years and BMI-for-age < -2 SD in children aged 5-19 years. Stunting referred to length/
height-for-age < -2 SD.

Biochemical results: Hypoglycemia is defined if blood sugar less than 60 mg/dL. Hyperuricemia is defined if serum uric
acid is 5.9 mg/dL for <9 years (both genders), 6.1 mg/dL for 9-11 years (both genders), 7.0 mg/dL (males), and 6.2 mg/
dL (females) for 12-14 years. Dyslipidemia is defined if cholesterol = 200 mg/dL or low density lipoprotein = 130mg/dL,
high density lipoprotein < 40 mg/dL, triglyceride = 100 mg/dL in children aged less than 9 years and triglyceride > 130
mg/dL in children aged between 9-19 years. Transaminase is defined if aspartate aminotransferase or alanine
aminotransferase > 40 U/L. Hyperbilirubinemia is defined if total bilirubin > 2mg/dL. Anemia is defined if hemoglobin
<11 g/dL for age 6 months-5 years, < 11.5 g/dL for age > 5-12 years and female adolescent, < 12 g/dL for male
adolescent.

Molecular data analysis

After obtaining informed consent, 3 mL of peripheral blood was collected from patients and their available parents.
Genomic DNA was extracted from peripheral blood leukocytes using the Puregene blood kit (Qiagen, Hilden, Germany).
Whole-exome sequencing (WES) was performed. Briefly, DNA was used to create a library for Illumina sequencing,
specifically focusing on the exome (coding regions of genes). The library was enriched for exonic regions using a specific
kit. Finally, the captured libraries were sequenced using a NextSeq2000 instrument. The sequencing data for single-
nucleotide variants and insertions/deletions (indels) were analyzed. The variants were filtered based on the following
criteria: (1) Location within exons or nearby introns of GSD-related genes[4]; (2) Nonsynonymous changes (altering the
protein sequence); (3) Rarity in the Genome Aggregation Database (GnomAD); (4) Low frequency in Thai exome controls;
(5) (for missense variants) Predicted to be damaging by SIFT and Polyphen protein prediction tools, and (6) Relevance to
the symptoms of hepatic GSDs.

As mentioned, the bioinformatic pipeline employed for WES data analysis involved a multi-step filtering process to
identify potentially pathogenic variants. All single nucleotide variants and indels were initially filtered based on their
location within exons or flanking introns of genes relevant to GSD. Only non-synonymous variants were considered, and
those with a minor allele frequency less than 1% in the 1000 Genomes Project and 0.1% in the GnomAD were retained.
Additionally, variants were excluded if they were identified in more than 10 alleles in a control cohort of 5432 Thai
exomes. For missense variants, predictions from SIFT and Polyphen were used to assess their potential impact on protein
function. Finally, variants were prioritized if they were associated with the patients” phenotype or known to be involved
in the disease under investigation. This rigorous filtering approach ensured the identification of the most likely
pathogenic variants for further validation.

Statistical analysis

Continuous and categorical data were presented as median values, interquartile ranges, and proportions or percentages.
Fisher’s exact test was used to compare discrete data, and the Mann-Whitney U test was used to analyze continuous data.
A P-value of < 0.05 indicated significance. STATA version 18 was used for all statistical analyses. The figures were made
using GraphPad Prism version 9.2.0.
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Figure 1 Axial post contrast arterial phase and coronal post contrast 3-minute delayed phase of a 15-year-old girl revealed multiple
arterial and delayed enhancing nodules and masses scattering in both hepatic lobes with subsequent pathological proven hepatic
adenomatosis. Thirteen years later; overall increasing sizes and numbers of multiple known hepatic adenomatosis scattering in both hepatic lobes, showing
heterogeneous arterial enhancement and heterogeneous delayed enhancement. Noted some nodules in the right hepatic lobe decreased in sizes. A: Initial axial post
contrast arterial phase; B: Thirteen-year-follow-up axial arterial enhancement; C: Initial coronal post contrast delayed phase; D: Thirteen-year-follow-up coronal
delayed phase.

RESULTS

Patient characteristics and genetic diagnosis

A total of eight patients who were diagnosed with GSDs were recruited. Molecular analysis confirmed the diagnosis of
GSDs and subtype identification. The median age at presentation was 2.18 (1.57-3.05) years, and 37.5% were male.
However, the median time of diagnosis and molecular analysis were 1.56 (0.9-2.4) and 3.41 (2.78-6.49) years from the
presentation, respectively. Two patients (25%) were from families of consanguineous couples. Based on the results of the
molecular analysis, one patient each was classified into subtypes Ia (12.5%) and IX (12.5%), and three patients were
classified into subtypes III (37.5%) and VI (37.5%) (Table 1). Ten variants were identified in G6PC (n = 1), AGL (n = 4),
PYGL (n = 5), and PHKA2 (n = 1). The compound heterozygous ¢.1611+1G>C and c.1735G>A variants in AGL identified
in patient 4 were novel (Table 1). A comprehensive comparison of two novel AGL variants, including their allele
frequencies in control databases, potential functional effects, and American College of Medical Genetics and Genomics
(ACMG) classifications are demonstrated in Table 2[8]. Remarkably, the known ¢.2467C>T (p.GIn823Ter) mutation in
PYGL[9] appears to be a potential hotspot, present in all three patients with PYGL mutations.

The first manifestations were abdominal distension from hepatomegaly (100%), doll-like facies (37.5%), wasting (25%),
overweight (12.5%), stunting (62.5%), gastrointestinal bleeding (12.5%), epistaxis (12.5%), and jaundice (12.5%).
Biochemical profiles at presentation were hypoglycemia (100%), transaminitis (100%), hyperuricemia (50%), anemia
(25%), hypercholesterolemia (62.5%), hypertriglyceridemia (100%), and direct hyperbilirubinemia (50%) (Table 3). All
patients had normal renal function. Liver ultrasonography revealed hepatomegaly with diffuse increased parenchyma
echogenicity in all patients. One patient had multiple liver tumors, with magnetic resonance imaging revealing the
feature of hepatic adenomatosis (Figure 1). Liver pathology exhibited hepatocyte ballooning with positive periodic acid-
Schiff staining and diastase sensitivity in all patients (Figure 2).
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Patient number Gene WES Variant Amino acid Exon/ Zygosity e e R Transcript hg19 coordinate Ref.
Intron allele’
GSD Ia
5 G6PC Duo c.648G>T p-Leu216Leu Exon 5 Homozygous or Mother NM_000151.4 chr17:41063017 G>T ~ [21]
Hemizygous”

GSD III

3 AGL Trio €.2578delG p-Val860LeufsTer8 Exon 20 Homozygous Father and mother NM_000642.3 chr1:100850156 delG ~ Clinvar RCV003060970.1°

4 AGL Singleton ¢.1611+1G>C N/A Intron 12 Heterozygous Unknown NM_000642.3 chr1:100343385 G>C ~ Novel*
c1735G>A p-Glu579Lys Exon 13 Heterozygous Unknown NM_000642.3 chr1:100345602 G>A  Novel

6 AGL Trio c.1735+1G>T N/A Intron 13 Homozygous Father and mother NM_000642.3 chr1:100345603 G>T [22]

GSD VI

2 PYGL Trio c.514C>T p-Argl72Ter Exon 4 Heterozygous Father NM_002863.5 chr14:51398405 G>A  [9]
€.2467C>T p-GIn823Ter Exon 20 Heterozygous Mother NM_002863.5 chr14:51372187 G>A  [9]

7 PYGL Singleton €.2467C>T p-GIn823Ter Exon 20 Heterozygous Unknown NM_002863.5 chr14:51372187 G>A  [9]
c.932G>A p-Arg311His Exon 8 Heterozygous Unknown NM_002863.5 chr14:51383747 C>T  [23]

8 PYGL Trio ¢1726C>T p-Arg576Ter Exon 14 Heterozygous Father NM_002863.5 chr14:51378916 G>A  [24]°
€.2467C>T p-GIn823Ter Exon 20 Heterozygous Mother NM_002863.5 chr14:51372187 G>A  [9]

GSD IX

1 PHKA2 Trio ¢.2746C>T p-Arg916Trp Exon 25 hemizygous Mother NM_000292.3 chrX:18924673 G>A [25]

!Biallelic variants identified by singleton exome sequencing analysis will be reported as "parental origin unknown.
The duo exome sequencing performed on patient #5 and the mother, due to the unavailability of the father's DNA, has shown that the zygosity of the G6PC:c.648G>T variant cannot be distinguished between homozygous (inherited

from both parents) and hemizygous (inherited from the mother only).
3Although no individuals with AGL-related conditions have been previously reported in the literature with this variant, ClinVar classifies the AGL:c.2578delG variant as pathogenic (Accession: RCV003060970.1) based on a submission

ID: SCV003456543.1 by Invitae.

*Novel: a novel variant means that it is not present in the public database including literatures in pubmed, GRCh38/hg38 or GRCh37/hg19 gnomAD, and Clinvar databases.
®No reports of the PYGL:c.932G>A (p.Arg311His) variant exist in patients with glycogen storage disease type VI. However, the literature on colorectal carcinoma documents its presence[24].

WES: Whole-exome sequencing; GSD: Glycogen storage diseases.

Because genetic analysis was unavailable at the time of diagnosis and the diagnosis of GSD was initially based on
clinical presentations and liver histopathology, the mainstay of treatment was to normalize blood sugar and other
biochemical profiles. Cornstarch supplementation was advocated in all patients, given 1-7.2 g/kg/day twice to five times
a day depending on the result of random blood glucose, in conjunction with a high-protein diet (1.5-3 g/kg/day) and
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Table 2 Comparison of novel AGL variants based on allele frequency and functional impact

. GRCh37/hg19 GRCh38hg38 5432 Thai . o Reportedin oy
Variant Potential functional impact other GSD I
gnomAD gnomAD exomes classification
cases
¢.1611+1G>C Not identified Not identified Not Potentially disruptive to splicing due to  Not reported  Likely pathogenic
P.?) identified  its location at the splice donor site. May (PVS1, PM2)
lead to aberrant mRNA processing and
protein expression
¢.1735G>A Not identified Identified in 1 out ~ Not Missense mutation resulting in a Not reported ~ Variant of uncertain
(p-.Glu579Lys) of 1461034 alleles  identified ~ Glu579Lys amino acid change within significance (PM2,
the transferase catalytic domain. May PP3)
affect enzyme activity or protein
stability

ACMG: American College of Medical Genetics and Genomics; GSD: Glycogen storage diseases.

Figure 2 Light microscopy of liver histopathology with high-power magnification (x 40). A: Patient 6 [glycogen storage disease (GSD) type Ill]
hematoxylin and eosin stain (HE) shows swelling of hepatocytes; B: Patient 7 (GSD type VI) HE stain shows swelling of hepatolcytes with some material deposit
inside; C: Patient 7 with periodic acid-Schiff (PAS) staining; D: Patient 7 with PAS-diastase (PAS-D) staining. Hepatocytes were stained with PAS and were mostly
digested by PAS-D.

low-lactose-fructose ingestion. One of them (patient 5, GSD type I) had hyperuricemia that required allopurinol (Table 3).
All patients had regular follow-up appointments every 3-6 months. Nearly all patients demonstrated good compliance
with the uncooked cornstarch prescription, except for patients 1 (GSD type I), 2 (GSD type VI), and 5 (GSD type XI).
Despite poor compliance, patient 2 (GSD type VI) had normal liver enzyme levels, lipid profiles, and growth at the last
follow-up. By contrast, patients 1 (GSD type I) and 5 (GSD type XI) had better biochemical profiles but exhibited stunted
growth from diagnosis through the last follow-up. Patients 3, 4, and 6 (GSD type III) experienced frequent hypoglycemia,
requiring cornstarch supplementation of up to 7.2 g/kg/day (patient 3) and up to five times a day. Despite good
compliance, patients 3 and 6 had persistent transaminitis and dyslipidemia, and patient 3 was also overweight.

All eight patients remain alive, with a median follow-up period of 9.59 (1.20-10.56) years. For the outcome at the end of
follow-up, patients 1 and 5 still had stunting (25%), but none had wasting. However, patients 1, 3, and 8 were overweight,
with BMI Z-score 1.2 SD (37.5%). Liver function, blood sugar, and lipid profiles improved in all patients. Transaminitis
turned to normal in 3 (37.5%) patients. Blood sugar improved in all patients; however, two of them (25%) still had
hypoglycemia with prolonged fasting time (patients 3 and 6; GSD type III). Patients 2 and 4 diagnosed with GSD types III
and VI could omit uncooked corn starch before bedtime as determined by their genetic subtype analysis without
hypoglycemia from their random blood glucose. Hypercholesterolemia was observed in 2 (25%) patients, and
hypertriglyceridemia was noted in 2 (25%) patients. Hyperuricemia was found in 4 (50%) patients (Table 4 and Figure 3).
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Table 3 Patient characteristics, biological profiles at the time of clinical diagnosis and at the last of follow-up

Age at Time from Biochemical result Clinical and biological profiles at the last follow-up
. g . clinical Dx  _. Growth and Follow-
Patient clinical First i Uric - Uric
ex to oy Nutriional  AST ALT BS TC TG _ up time - Growth and AST BS TC TG :
number Dx presentation Acid . Acid
molecular status (UL) (ULL) (mg/dL) (mg/dL) (mg/dL) (vear)  nutritional status  (UIL) ALT(UL) (mgldL) (mg/dL) (mg/dL)
(year) (mgldL) (mgldL)
Dx (year)

GSD1

5 F 14.7 12.52 Hepatomegaly, Wasting/ 118 67 53 210 376 8.6 138 Stunting 33 28 58 179 396 9.7
recurrent stunting
epistaxis

GSD III

3 F 3.02 8.49 Hepatomegaly =~ Normal 4302 1341 48 241 622 Bl 115 Overweight 510 375 72 205 124 8

4 F 1.43 1222 Hepatomegaly =~ Normal 629 547 20 138 119 3.3 12.3 Normal 33 28 78 137 63 5.8

6 M 262 3.06 Hepatomegaly, Stunting 1878 854 30 180 231 6.1 il Normal 626 408 35 184 203 6.8
doll-like facies

GSD VI

2 F 1.75 9.24 Hepatomegaly =~ Wasting 746 736 56 305 335 6.9 125 Normal 15 14 83 137 89 6.1

7 F 3.08 2.08 Hepatomegaly ~ Stunting 72 64 92 256 189 43 21 Normal b5 40 72 226 104 859

8 M 135 1.10 Hepatomegaly, Overweight/ 920 665 55 246 303 3.9 1.8 Overweight 72 90 86 170 100 54
doll-like facies  stunting

GSD IX

1 M 17 275 Hepatomegaly, Stunting 1531 439 34 145 159 5.3 6.48 Overweight/stunting 161 78 84 145 97 812

doll-like facies

GSD: Glycogen storage disease; F: Female; M: Male, Dx: Diagnosis; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; BS: Blood sugar; TC: Total cholesterol; TG: Triglyceride.

One patient with GSD type I had increasing size of the hepatic adenomatosis but normal liver enzyme, requiring liver
transplantation (waiting list) (Figure 1). For other comorbidities, none had hypertension, chronic kidney disease, delayed
motor development, seizure due to hypoglycemia, or hypertrophic cardiomyopathy.

DISCUSSION

To the best of our knowledge, this study is the first to demonstrate the clinical and molecular characteristics of hepatic
GSDs in Thai children. The most common hepatic GSDs in this study are types III and VI. The known ¢.2467C>T
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Table 4 Biochemical profiles at the diagnosis and the last follow-up, median (25"-75™ percentiles)

Blood test At the diagnosis At the last follow-up P value
Hb (mg/dL) 11.9 (10.1-12.2) 12.9 (11.8-13.1) 0.072
WBC 11140 (9975-14020) 9415 (8600-10690) 0.046
Platelet 386000 (325500-457500) 377500 (327000-448000) 1
Blood sugar (mg/dL) 55 (30-87) 72 (58-83.5) 0.248
Total cholesterol 241 (138-256) 174.5 (137-194.5) 0.132
Triglyceride (mg/dL) 231 (159-335) 105.5 (94.5-163.5) 0.037
LDL (mg/dL) 141 (88-211) 94 (83.5-122) 0.165
HDL (mg/dL) 24 (10-32) 39.5 (35-41) 0.004
Uric acid (mg/dL) 5.1 (3.9-6.5) 6 (5.6-7.55) 0.148
ALT (U/L) 665 (67-854) 59 (28-232.5) 0.021
AST (U/L) 833 (374-1704) 63.5 (33-335.5) 0.007
Total bilirubin (mg/dL) 0.39 (0.24-0.99) 0.53 (0.43-0.70) 0.462
Direct bilirubin (mg/dL) 0.22 (0.10-0.41) 0.22 (0.16-0.28) 1
Globulin (mg/dL) 3.1(2.8-34) 3.4 (2.85-4.05) 0.354
Albumin (mg/dL) 4.3 (4.0-4.5) 4.4 (4.25-4.4) 0.335
GGT 169 (66.2-251) 59 (31.5-136) 0.156
Blood urea nitrogen 12 (8-14) 10.5 (9.5-13.5) 0.771
Creatinine 0.25 (0.21-0.4) 0.41 (0.26-0.55) 0.072

Hb: Hemoglobin; WBC: White blood cell count; LDL: Low density lipoprotein; HDL: High density lipoprotein; ALT: Alanine aminotransferase; AST:

Aspartate aminotransferase; GGT: Gamma-glutamy] transferase.

(p.GIn823Ter) mutation in PYGL appears to be a potential hotspot, present in all three individuals with GSD type VI. All
patients presented with hepatomegaly, hypoglycemia, hypercholesterolemia and transaminitis. Liver histopathology was
used to confirm the diagnosis with high accuracy. The improvement in lipid profiles, growth parameters, and liver
enzymes in most patients proposed that nutritional management had yielded favorable long-term outcomes. In addition,
molecular analysis successfully classified GSD subtypes and identified two novel AGL variants, expanding the mutational
spectrum.

In the present study, the hallmarks of GSDs included the triad of hepatomegaly, transaminitis, and hypoglycemia that
were consistent with the studies in India and Pakistan by Kumar et al[6] (n = 57) and Ahmed et al[7] (n = 55), in which all
of them had marked abdominal distension probably from hepatomegaly. Liang et al[4] studied in Chinese children (n =
49), and all of them had the triad, and Beyzaei et al[10] (n = 14) studied in Iranian cases of GSDs, and all of them had
hepatomegaly and transaminitis. As a result, the triad is useful to narrow the diagnosis that should be confirmed using
liver biopsy or molecular analysis. In regions where molecular analysis is inaccessible, liver biopsy might be considered
for timely management. However, guidelines for the specific management according to hepatic GSD subtypes have been
established for hepatic GSD types I[11], III[12], IV[13], VI[14], and IX[14] that help physicians target or personalize
management. In addition, long-term complications appear to differ among types, for example, hepatic adenoma can occur
in GSD types I, I1I, and IV[15]. Thus, monitoring complications of GSD subtypes is cost-benefit and saves time leading to
a better quality of life of patients. Many mimic diseases from GSDs should be considered, such as congenital disorder of
glycosylation, lysosomal disorders, and mitochondrial disorders[16-18]. Consequently, in centers with limited resources,
molecular analysis must be subsequently performed by sending specimens to facilities capable of confirming the
diagnosis and classifying subtypes for tailored treatment[19]. In addition, understanding patients’ genetic background is
beneficial for counseling and family planning.

In this study, most Thai children with GSDs had types III and VI, in contrast with findings from China[2-4,8], Iran[10],
Indial5,6], Parkistan[7], Spain[19], and Italy[20] where GSD type VI is relatively rare. GSD type III, common in many
countries, is associated with recurrent hypoglycemic seizures, leading to delayed development. However, in this study,
Thai children with GSD type III did not experience seizures or demonstrate significant developmental delays. Notably,
one child with GSD type III (with a novel causative variant) achieved good clinical and biochemical outcomes, and
uncooked cornstarch supplementation was stopped during adolescence. For GSD type IX, our patient exhibited improved
biochemical profiles but continued to experience growth retardation at age 9, consistent with reports from the ACMG
[14]. This finding contrasts with that of a larger study in China where nearly all patients with GSD type IXa (n = 17) had
mild disorders and favorable outcomes, often achieving normal growth by adolescence without cornstarch supple-
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mentation[2]. Patients with GSD type VI, although less reported in Asia, generally have better outcomes than those with
GSD types I, III, and XI. Clinical symptoms and biochemical profiles often improve into adulthood with specific
nutritional therapy, which helps preserve growth, improve glycemic control, and prevent liver complications. In this
study, three children with GSD type VI had normal growth, and two had normal liver enzymes and lipid profiles after
extensive nutritional management. One child, who had poor compliance with uncooked cornstarch but adhered to a high-
protein diet, also achieved good clinical and biochemical outcomes, indicating that tapering treatment for GSD type VI
may be reasonable. In addition, the known ¢.2467C>T (p.GIn823Ter) mutation in PYGL appears to be a potential hotspot,
present in all three individuals with GSD type VI, and could be considered the screening mutation for patients suspected
of GSDs in Thailand.

Nutritional management is the mainstay of treatment, particularly cornstarch supplementation for GSD type I because
of frequent fasting hypoglycemia. However, cornstarch might not be necessary if patients with GSD type III reach
adolescence[12], and only bedtime cornstarch might be considered in GSD types VI and IX. In addition to nutritional
management, a comprehensive, long-term care approach involving the surveillance of disease sequelae based on GSD
subtypes is recommended. Therefore, the precise diagnosis of GSD subtypes can enhance the quality of life, not only by
enabling more targeted nutritional management but also by addressing the potential involvement of other organs[12,13].

In this, all patients received similar nutritional management and long-term surveillance with multidisciplinary teams
in all aspects of growth, metabolic, cardiac, and liver complications. The treatment outcome was favorable, with nearly
normal growth and significant improvement in the biochemical profiles of lipid and liver enzymes. However, after
genetic analysis, two of our patients were diagnosed with GSD types III and VI and experienced frequent hypoglycemia
during their toddler years. As they grow (aged 11 and 14 years), hypoglycemia subsequently improves, allowing them to
discontinue both daytime and nighttime cornstarch supplementation, with only occasional home blood sugar monitoring.
These findings highlight the genetic heterogeneity of GSDs, affirming the use of WES in the diagnosis and clinical
decision-making. A high-protein diet is also advocated in patients with GSD types VI and XI as a protective effect against
overweight/obesity and insulin resistance[20]. This dietary approach was advised for all patients with GSD in this study,
with favorable outcomes; however, its generalizability across all GSD types warrants further study.

This study has several limitations, primarily due to the small sample size, which resulted in low statistical power and
limitations in the generalizability of the findings to all patients with GSDs. A multicenter study focusing on Thai children
with GSDs could provide valuable insights, particularly if it includes investigations into genotype-phenotype correl-
ations, explores novel therapeutic approaches, and evaluates long-term outcomes, particularly given the increased
availability of genetic analysis in recent times. In addition, hypoglycemia, a hallmark of the disease, may be present from
birth and can go undetected, potentially affecting child development—a factor not deeply explored in this study. Finally,
the age at diagnosis and treatment duration among patients may confound the observed improvements in patients’
growth and biochemical profiles.

CONCLUSION

The findings of this study indicate that key features of liver GSDs encompass hepatomegaly, transaminitis, and
hypoglycemia. Stunting or growth retardation is commonly observed. Although a liver biopsy can confirm the diagnosis,
it is unable to identify the specific GSD subtype. Therefore, molecular diagnosis using WES plays a crucial role in
determining the GSD subtype, facilitating tailored treatment for patient subgroups. After the treatment of our patients,
notable enhancements were observed in blood sugar levels, aspartate transaminase, alanine transaminase, and lipid
profiles. Moreover, height and BMI improved after treatment. This underscores the significance of effective nutritional
management in optimizing patient outcomes.
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Abstract

BACKGROUND

Globeally, obesity and diabetes mellitus (DM) are emergent public health concerns
in the adolescent population. India, home to the largest adolescent population and
the second largest diabetes cohort is experiencing rapid but unplanned urba-
nization, with accompanying unhealthy nutritional transition, and sedentary
lifestyle.

AIM
To determine prevalence and determinants of obesity and hyperglycaemia and

their association among community-dwelling older adolescents (15-19 years) in
India.

METHODS

This cross-sectional analysis from the national family health survey-5 included
data of 258028 adolescents aged 15-19 across India (2019-2021). The survey
employed stratified two-stage sampling, with systematic random sampling in
rural and urban areas. Statistical analysis included descriptive statistics, bivariate,
and multivariable logistic regression, employing generalized linear models.

RESULTS

The weighted prevalence of DM was 1.09% including 0.77% [95% confidence
interval (CI): 0.72-0.83] previously diagnosed and 0.32% (95%CI: 0.29-0.35) newly
diagnosed cases detected on survey screening. On adjusted analysis, increasing
age, higher education levels, higher wealth index, and overweight/obesity were
the factors significantly associated with presence of DM. Only 61% of the
adolescents with previously diagnosed DM were on anti-diabetes treatment. The
weighted prevalence of overweight/obesity among older adolescents was 6.9%
with significantly higher odds in the male sex, having higher educational levels,
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urban residence, and those with a higher wealth index.

CONCLUSION
Nearly one in hundred older adolescents in India have diabetes, with one in three undiagnosed. Strengthening DM
screening and treatment access among adolescents through public health programs is urgently warranted.

Key Words: Obesity; Hyperglycaemia; Adolescents; Diabetes; India
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Core Tip: In resource-limited settings, 3 in 10 older adolescents with diabetes (DM) are undiagnosed due to lack of screening
while only 6 in 10 older adolescents previously diagnosed with DM utilize anti-diabetes medication. Primary care physicians
including paediatricians in outpatient settings should necessarily screen older adolescents with family history or those who
are overweight or obese for DM. Furthermore, they should advise older adolescents to engage in regular physical activity
and exercise to maintain normal body weight even in the absence of hyperglycaemia. Finally, medication adherence in older
adolescents with DM should be assessed during each appointment accompanied with regular counselling.
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INTRODUCTION

Obesity and hyperglycaemia are rapidly emerging as critical public health concerns globally among adolescents. High
body mass index (BMI) is positively correlated with Type 2 diabetes mellitus (T2DM) in adolescents, with estimates
indicating a 13-fold higher risk of T2DM in obese adolescents compared to those with normal BMI[1-4]. Obesity in
adolescence is also a strong predictor of obesity in adulthood[5].

India has the largest population of adolescents worldwide[6] and also the second largest diabetes mellitus (DM) cohort
globally[7]. Increasing urbanization, consumption of unhealthy diets and decreased physical activity patterns[8,9] since
childhood renders adolescents particularly susceptible to both increased BMI and lifestyle disorders especially T2DM.
Genetic predisposition also enhances the risk, especially in the Indian population, which is more prone to insulin
resistance and thereby T2DM even at lower levels of obesity compared to Caucasian populations[10].

Previous research has indicated the need for region-specific data in understanding the burden and determinants of
diabetes in the adolescent population[11]. The prevalence of childhood obesity and overweight in India as per pooled
evidence is 8.4%, and 12.4% respectively[12], although most of the existing data is derived from studies with small sample
sizes and single-centre studies that lack representativeness while lacking generalizability. Furthermore, the linkage of
adolescent BMI with hyperglycaemia and their sociodemographic and behavioural determinants have not been
adequately explored in Indian health settings. We therefore conducted this study with the objectives of determining the
prevalence and determinants of obesity and hyperglycaemia and their association among community-dwelling older
adolescents (15-19 years) in India using data from a nationally representative dataset.

MATERIALS AND METHODS

Study design and data source

This study utilized data from the national family health survey-5 (NFHS-5), a nationally representative large-scale,
multistage survey conducted in a representative sample of households across India between 2019 and 2021. NFHS-5
survey collected comprehensive information on India’s population and health from 707 districts, 28 states, and eight
union territories. The survey employed a stratified, two-stage sampling design to ensure the representativeness of the
sample. In rural regions, primary sampling units (PSUs) were villages selected using probability proportional to size
(PPS). Conversely, in urban areas, census enumeration blocks were chosen as PSUs through PPS systematic sampling.
During the second stage, households were randomly chosen using systematic random sampling after a comprehensive
mapping and household listing of the selected PSUs. Detailed information pertaining to the sampling, survey tools and
data collection is available elsewhere[13].

Study sample
The present study included adolescents aged 15-19 years as the target population to estimate the prevalence of DM in this
age-group. The study sample was derived from the NFHS-5 household dataset, which included a representative sample
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of households from across the country.

Outcome variables

In NFHS-5, all individuals aged 15 years and older were invited to participate in a finger-stick blood glucose assessment
[13]. Trained health investigators conducted random or fasting blood glucose testing using the Accu-Chek Performa
glucometer along with glucose test strips. Threshold values were employed to identify DM using a random glucose test
result of 2 200 mg/dL for individuals who were not in a fasting state and > 126 mg/dL for individuals who reported
fasting for = 8 hours prior to the test.

An individual was categorized as having a previous DM diagnosis if they had answered affirmatively to the question,
“Told high blood glucose on two or more occasions by doctor or health professionals?”. Similarly, an individual was
classified as using DM medication if they had indicated “yes” in response to the question, “Currently taking any
prescribed medicine to lower blood glucose?”. In our analysis, an individual was considered to have DM if they either
exhibited elevated blood glucose levels, were previously diagnosed with DM, or were using medication to reduce their
blood glucose levels. Further, we assessed treatment-seeking behaviour among adolescents with previously diagnosed
DM, based on whether they reported taking medication to lower blood glucose.

Independent variables

The major socio-demographic variables considered, and their categories included age, sex (male or female), education
levels (no education, primary, secondary or higher education), wealth index (poorest to richest), urban or rural residence,
and household religion (Hindu, Muslim or others). Lifestyle factors included tobacco consumption (self-reported as yes
or no) and alcohol use (self-reported as yes or no) among the adolescents. The type of healthcare facility accessed by the
participant in the last 3 months was queried and categorized into four groups: None, public, private, and others (nongov-
ernmental organization along with other facilities). In NFHS-5, the Seca 213 stadiometer was used to measure height and
the Seca 874 digital scale was used to measure the weight of the participants. The World Health Organization growth
reference standard was applied to ascertain the BMI z-scores in the adolescents[14]. For the current analysis, individuals
were grouped into three categories: Overweight/obese (z-score > + 1 SD), normal (between + 1 and - 2 SD), and thin (> - 2
SD).

Statistical analysis

Descriptive statistics were employed to summarize the characteristics of the study participants. The mean and SD were
reported for continuous variables, while frequency and percentages were reported for categorical variables. Bivariate
analysis was conducted to examine the associations between the independent variables and the presence of DM among
the adolescents.

We utilized the modified Poisson regression approach[15] to identify the determinants of DM among the adolescents.
The model was fit using a generalized linear model with the Poisson family. Both unadjusted and adjusted rate ratios
(RR) were reported along with their 95% confidence intervals (CI). Similar analysis was conducted to identify the
predictors of overweight/obesity among adolescents. For treatment-seeking behaviour, multiple logistic regression was
used to estimate odds ratios (ORs) and 95%CI for each predictor variable while adjusting for potential confounders.
Adjusted models included variables that showed a significant association (P < 0.05) in the bivariate analysis, and model
fit was assessed using appropriate tests. Pre-specified sampling weights were applied throughout the analysis to account
for the survey design using the “svy” suffix. P value < 0.05 was considered statistically significant. Data analysis was
conducted using Stata version 15.1 (StataCorp, College Station, TX, United States).

Ethical considerations

NFHS-5 was conducted in compliance with ethical guidelines and received approval from the ethics review board of the
international institute of population sciences, Mumbai, India. Informed consent was obtained from all study participants,
and data confidentiality was maintained throughout the analysis. We obtained the datasets through written permission
from the Department of Homeland Security (DHS) which also approved the study proposal for this secondary data
analysis. The NFHS-5 dataset is an anonymous publicly accessible dataset devoid of any personally identifiable
information regarding the participants.

RESULTS

Characteristics of the study participants

The NFHS-5 dataset included a total of 258028 adolescents aged 15-19 years. Table 1 presents the demographic character-
istics of the study participants. The mean (+ SD) age of the adolescents was 16.99 (1.40) years, with nearly half (50.14 %)
being females. More than two-thirds of the adolescents resided in rural areas (70.4%), were Hindus by religion (80%) and
had secondary education (83.93%). Most of the adolescents had a normal BMI (82.74%) and did not consume tobacco
(96.19%) and alcohol (98.89%).

Prevalence of DM among older adolescents
The weighted prevalence of DM among the adolescents aged 15-19 years was estimated as per the operational definition
with previously diagnosed DM observed among 0.77% (95%CI: 0.72-0.83) participants, while 0.32% (95%CI: 0.29-0.35)
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Table 1 Socio-demographic and lifestyle characteristics of the study participants

Variables

Males, n =129127"

Females, n =128901'

Total, n = 258028

Age in years, mean (SD)
Respondents’ education, n = 257984
No education

Primary education
Secondary education
Higher education
Religion, n = 139062
Hindu

Muslim

Others

Residence

Urban

Rural

Wealth index

Poorest

Poorer

Middle

Richer

Richest

Tobacco consumption, 1 = 257580
No

Yes

Alcohol usage, n = 257610

16.97 (1.39)

4185 (43.39)
7442 (51.08)
110891 (50.33)

6589 (46.51)

12631 (12.08)
2116 (11.03)

1903 (12.86)

31058 (52.74)

98069 (48.65)

29734 (47.99)
30774 (48.73)
26967 (49.64)
22600 (50.53)

19052 (53.45)

118792 (48.36)

9920 (86.28)

17.00 (1.40)

5533 (56.61)
7315 (48.92)
108314 (49.67)

7715 (53.49)

91715 (87.92)
17549 (88.97)

13148 (87.14)

28303 (47.26)

100598 (51.35)

31166 (52.01)
31748 (51.27)
26970 (50.36)
22173 (49.47)

16844 (46.55)

126756 (51.64)

2112 (13.72)

16.99 (1.40)

9718 (3.86)
14757 (5.77)
219205 (83.93)

14304 (6.44)

104346 (79.95)
19665 (15.69)

15051 (4.36)

59361 (29.64)

198667 (70.36)

60900 (21.87)
62522 (22.37)
53937 (20.69)
44773 (18.8)

35896 (16.26)

245548 (96.19)

12032 (3.81)

No 125356 (49.39) 128255 (50.61) 253611 (98.89)
Yes 3380 (87.2) 619 (12.8) 3999 (1.11)
BMI, n = 134346
Normal 12333 (10.78) 100459 (89.22) 112792 (82.74)
Thin 2333 (18.39) 10600 (81.61) 12933 (10.37)
Overweight/obese 1211 (13.47) 7410 (86.53) 8621 (6.88)
Health seeking behaviour in past 3 months, n = 139058
None 13733 (13.01) 91180 (86.99) 104913 (74.07)
Public facility 1629 (8.06) 19130 (91.94) 20759 (14.13)
Private facility 1268 (10.04) 11740 (89.96) 13008 (11.48)
Other 20 (4.44) 358 (95.56) 378 (0.32)
Data are n (weighted %) unless otherwise indicated.

'Row-wise percentages.

2Column-wise percentages.

BMI: Body mass index.
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were newly diagnosed with DM during survey screening. Overall, 1.09% (95%CI: 1.02-1.15) of adolescents had evidence
of DM, as determined by either elevated blood glucose levels, self-reported status of the disease or anti-diabetes
medication usage.

Determinants of DM among older adolescents

A binary logistic regression analysis was performed to identify the predictors of DM among the adolescents (Table 2).
Upon unadjusted analysis, increasing age, higher education levels, higher wealth index and overweight/obesity were the
factors associated with significantly higher odds of having DM among the adolescents. In this study, adjusted RR (aRR)
for age was 1.09 (95%ClI: 1.02-1.15) indicating that for every 1-year increase in age among the adolescents, the rate of DM
increases by 8%. Similarly, a higher rate of having DM was found among those having overweight/obesity (aRR = 1.85;
95%Cl: 1.46-2.34).

Treatment-seeking behaviour for older adolescents with DM

Among adolescents previously diagnosed with DM (n = 1744), 60.84% (95%ClI: 57.38-64.20) reported taking anti-diabetes
medications to lower their blood glucose levels (Table 3). Upon unadjusted logistic regression, adolescents of higher age,
of highest educational status, of middle and richer wealth indices and those utilizing a health facility in the past 3 months
had significantly higher odds of not taking anti-diabetes treatment despite being previously diagnosed with the
condition. Upon adjusted analysis, middle wealth index (aOR = 2.13; 95%CI: 1.20-3.78), utilization of public facility (aOR
=1.76; 95%CI: 1.14-2.71) and private facility (aOR = 1.99; 95%CI: 1.14-3.47) showed significantly higher odds of not taking
anti-diabetes treatment as compared to their counterparts.

Prevalence and determinants of overweight and/or obesity among older adolescents

The weighted prevalence of obesity among the older adolescents in this study was 1.70% (95%CI: 1.58-1.82), while for
overweight was 5.20% (95%Cl: 5.01-5.39). A binary logistic regression analysis was performed to identify the predictors of
overweight and/or obesity among the adolescents (Table 4). Upon unadjusted analysis, all the variables included in the
regression model were found to be significantly associated with overweight/obesity. Upon adjusted analysis, male sex
(aRR = 1.10; 95%ClI: 1.01-1.20), secondary education (aRR = 1.28; 95%CI: 1.06-1.54), higher education (aRR = 1.26; 95%ClI:
1.02-1.56), Muslim religious household (aRR = 1.21; 95%CI: 1.10-1.34), other (non-Hindu) religions (aRR = 1.18; 95%CI:
1.04-1.33), urban residence (aRR = 1.28; 95%ClI: 1.18-1.38), increasing wealth index (aRR for richest = 3.24; 95%CI: 2.86-
3.67) and undiagnosed DM (aRR = 2.43; 95%ClI: 1.82-3.24) were the significant predictors of overweight/obesity among
the older adolescents.

Burden of DM among adolescents across various states and UTs of India

Figure 1 depicts the prevalence of DM among adolescents across various states and UTs of India. The highest prevalence
was found in the UT of Ladakh (2.39%), followed by Dadra and Nagar Haveli (1.96%), Puducherry (1.94%) and the state
of Tamil Nadu (1.76%). Lowest prevalence was found in Chandigarh (0.0%) and Goa (0.28%).

DISCUSSION

The present study observed a significant association with obesity/overweight and presence of DM in older adolescents in
India corroborating the evidence from previous studies[16-18]. However, the prevalence of DM observed in this study
(1.09%), was nearly eight times lower compared to an estimation using the glycated haemoglobin method in another
large-scale national survey[16]. Furthermore, one in three adolescents with DM were undiagnosed and detected only on
screening further indicative of the high burden of unrecognized DM in this vulnerable population which frequently
remains asymptomatic. The study findings signify the need for screening older adolescents in India using the glycated
haemoglobin method to obtain higher yields and achieve early detection to ensure timely initiation of effective anti-
diabetes treatment to prevent or delay the onset of DM related microvascular and macrovascular complications[19,20].

In this study, each year increase from age of 15 onwards was associated with an 8% higher rate of DM indicating that
as older adolescents transition into young adulthood, there is increased risk of developing DM particularly in the
presence of overweight and obesity. Although increasing age is a well-established risk factor for DM worldwide[21], the
increased risk of DM in late adolescence signifies a public health hazard that requires focused interventions for awareness
generation and public health screening, strategies which are currently restricted to the > 30 age-group in the existing
national program for non-communicable diseases in India[22]. Furthermore, in this study, the risk of DM was higher in
the affluent adolescent subgroup possessing higher educational levels and having a higher wealth index which also
correlated with their higher risk of obesity. Previously, epidemiological surveys have shown that affluent populations in
long-term collaborations in low- and middle-income countries are likely to exhibit sedentary lifestyle that contribute to an
increased risk of lifestyle disorders including DM[23]. The present study findings suggest a similar pattern of risk for DM
may have occurrence even in the adolescent age-groups, although the absence of data on exercise and physical activity
precludes estimation of the association of sedentarism on risk of DM.

The present study found that nearly 61% of the adolescents previously diagnosed with DM reported taking their
prescribed anti-diabetes medications. Surprisingly, those who accessed either public or private health facilities in the past
3 months had significantly lower odds of utilizing anti-diabetes medication suggestive of missed opportunities and
necessitating increased sensitization of healthcare providers for focusing on medication adherence in the adolescent
patients with DM. The burden of overweight and obesity observed among adolescents in this study is also comparatively
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Table 2 Distribution of factors associated with diabetes mellitus (previously and newly diagnosed cases)

Variables

DM absent, n =221556 DM present, n = 2359 Unadjusted RR (95%Cl) Adjusted RR (95%Cl)

Age in years, mean (SD)
Sex

Male

Female
Respondents” education
No education
Primary education
Secondary education
Higher education
Religion

Hindu

Muslim

Others

Residence

Urban

Rural

Wealth index
Poorest

Poorer

Middle

Richer

Richest

Tobacco consumption
No

Yes

Alcohol usage

No

Yes

BMI

Normal

Thin

Overweight/obese

Health seeking behaviour in past 3 months

None
Public facility
Private facility

Other

16.98 (1.40)

105161 (98.87)

116395 (98.95)

7785 (99.24)
12239 (98.95)
189093 (98.91)

12414 (98.83)

98145 (98.95)
17820 (98.78)

14248 (98.85)

49616 (98.88)

171940 (98.93)

52225 (99.05)
54247 (98.86)
47012 (98.86)
38521 (98.89)

29551 (98.93)

211095 (98.92)

10087 (98.67)

217809 (98.91)

3402 (99.12)

110800 (99.01)
12659 (98.78)

8377 (98.13)

97890 (98.92)
19697 (98.78)
12261 (99.1)

361 (99.4)

17.11 (1.40)

1168 (1.13)

1191 (1.05)

73 (0.76)
142 (1.05)
1987 (1.09)

156 (1.17)

1006 (1.05)
210 (1.22)

151 (1.15)

562 (1.12)

1797 (1.07)

486 (0.95)
612 (1.14)
523 (1.14)
428 (1.11)

310 (1.07)

2242 (1.08)

115 (1.33)

2332 (1.09)

25 (0.88)

1088 (0.99)
153 (1.22)

141 (1.87)

993 (1.08)
242 (1.22)
128 (0.9)

4(0.6)

1.07 (1.02-1.11)"

Reference

0.93 (0.83-1.04)

Reference
1.38 (0.97-1.96)
1.43 (1.07-1.91)°

1.53 (1.09-2.15)"

Reference
1.17 (0.95-1.44)

1.10 (0.81-1.49)

Reference

0.96 (0.84-1.11)

Reference

1.19 (1.01-1.41)°
1.20 (1.01-1.42)"
1.16 (0.98-1.39)

1.12 (0.93-1.36)

Reference

1.23 (0.96-1.57)

Reference

0.81 (0.47-1.38)

Reference
1.24 (0.99-1.56)

1.90 (1.50-2.40)"

Reference
1.14 (0.93-1.39)
0.84 (0.66-1.06)

0.56 (0.18-1.73)

1.09 (1.02-1.15)"

Reference
1.14 (0.74-1.75)
1.31 (0.91-1.88)

1.13 (0.73-1.76)

Reference

1.22 (0.97-1.53)
1.21 (0.97-1.52)
1.11 (0.88-1.41)

1.19 (0.92-1.54)

Reference
1.24 (0.99-1.56)

1.85 (1.46-2.34)"

Data are 1 (%) unless otherwise indicated.

ap < 0.05.
°p < 0.001.

BMI: Body mass index; CI: Confidence interval; DM: Diabetes mellitus; RR: Rate ratio.
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Table 3 Distribution of factors associated with treatment status in diabetes mellitus (previously diagnosed cases)

Maheshwari V et al. Obesity and hyperglycaemia among Indian adolescents

Variables

On treatment, n =
1088

Not on treatment, n =
656

Unadjusted OR
(95%Cl)

Adjusted OR
(95%Cl)

Age in years, mean (SD) 17.00 (1.39) 17.24 (1.42) 1.13 (1.03-1.24)" 1.08 (0.95-1.24)
Sex

Male 553 (63.81) 308 (36.19) Reference -

Female 535 (57.93) 348 (42.07) 1.28 (0.98-1.67)

Respondents’ education

No education 38 (70.58) 16 (29.42) Reference Reference
Primary education 66 (57.18) 44 (42.82) 1.80 (0.75-4.29) 1.61 (0.53-4.88)
Secondary education 922 (61.92) 547 (38.08) 1.48 (0.70-3.09) 1.10 (0.44-2.78)
Higher education 62 (48.58) 48 (51.42) 2.54 (1.07-6.04)" 1.77 (0.59-5.32)
Religion

Hindu 445 (59.12) 289 (40.88) Reference -

Muslim 99 (63.13) 54 (36.87) 0.84 (0.48-1.47)

Others 83 (53.26) 43 (46.74) 1.27 (0.63-2.55)

Residence

Urban 238 (60.22) 172 (39.78) Reference -

Rural 850 (61.09) 484 (38.91) 0.96 (0.68-1.37)

Wealth index

Poorest 262 (69.36) 110 (30.64) Reference Reference
Poorer 271 (60.54) 177 (39.46) 1.48 (0.97-2.24) 1.12 (0.64-1.97)
Middle 225 (55.31) 158 (44.69) 1.83 (1.21-2.77)" 2.13 (1.20-3.78)"
Richer 183 (54.72) 130 (45.28) 1.87 (1.22-2.87)" 1.45 (0.80-2.62)
Richest 147 (65.45) 81 (34.55) 1.19 (0.75-1.90) 1.17 (0.62-2.19)
Tobacco consumption

No 1029 (60.67) 627 (39.33) Reference -

Yes 57 (63.97) 29 (36.03) 0.87 (0.48-1.57)
Alcohol usage

No 1075 (60.87) 649 (39.13) Reference -

Yes 11 (45.38) 7 (54.62) 1.87 (0.46-7.56)
BMI

Normal 506 (59.10) 311 (40.90) Reference -

Thin 71 (60.64) 46 (39.36) 0.94 (0.55-1.59)
Overweight/obese 56 (59.81) 33 (40.19) 0.97 (0.54-1.74)
Health seeking behaviour in past 3
months
None 484 (63.34) 255 (36.66) Reference Reference
Public facility 97 (48.34) 87 (51.66) 1.85 (1.20-2.83)" 1.76 (1.14-2.71)"
Private facility 44 (47.45) 44 (52.55) 1.91 (1.11-3.30)" 1.99 (1.14-3.47)°
Other 2 (100) 0(0) - -

Data are n (weighted %) unless otherwise indicated.

2P < 0.05.
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BMI: Body mass index; CI: Confidence interval; DM: Diabetes mellitus; OR: Odds ratio. OR > 1 shows higher odds of not being on treatment for DM.

Table 4 Distribution of factors associated with overweight and/or obesity among older adolescents

Variables

Normal/thin, n = 125725

Overweight/obesity, n = 8621

Unadjusted RR (95%Cl)

Adjusted RR (95%Cl)

Age in years, mean (SD)

Sex

Male

Female

Respondents” education

No education

Primary education

Secondary education

Higher education
Religion
Hindu
Muslim
Others
Residence
Urban

Rural

Wealth index
Poorest
Poorer
Middle
Richer

Richest

Tobacco consumption

No

Yes

Alcohol usage
No

Yes

Incident DM
No

Yes

16.99 (1.40)

14666 (92.11)

111059 (93.25)

5068 (96.24)
7092 (95.48)
106285 (92.96)

7266 (91.25)

93663 (93.5)
16969 (91.78)

13385 (90.81)

26192 (89.28)

99533 (94.57)

31167 (96.82)
31730 (95.26)
26511 (93.11)
21175 (90.65)

15142 (87.17)

122540 (93.08)

3108 (95.33)

124667 (93.1)

992 (95.62)

124060 (93.21)

331 (81.82)

17.03 (1.42)

1211 (7.89)

7410 (6.75)

213 (3.76)
343 (4.52)
7397 (7.04)

667 (8.75)

6088 (6.5)
1353 (8.22)

1086 (9.19)

3028 (10.72)

5593 (5.43)

1013 (3.18)
1615 (4.74)
1911 (6.89)
2001 (9.35)

2081 (12.83)

8446 (6.92)

168 (4.67)

8563 (6.9)

52 (4.38)

8430 (6.79)

57 (18.18)

1.02 (1.001-1.04)°

1.17 (1.06-1.29)"

Reference

Reference
1.20 (0.97-1.50)
1.87 (1.57-2.24)"

2.33 (1.91-2.85)"

Reference
1.27 (1.15-1.40)"

1.41 (1.25-1.60)"

1.97 (1.84-2.12)"

Reference

Reference

1.49 (1.33-1.67)"
2.17 (1.93-2.43)"
2.94 (2.63-3.29)"

4.04 (3.61-4.51)°

Reference

0.67 (0.53-0.86)"

Reference

0.64 (0.42-0.96)"

Reference

2.68 (1.97-3.62)°

1.01 (0.99-1.03)

1.10 (1.01-1.20)"

Reference

Reference
1.08 (0.86-1.35)
1.28 (1.06-1.54)"

1.26 (1.02-1.56)"

Reference
1.21 (1.10-1.34)"

1.18 (1.04-1.33)°

1.28 (1.18-1.38)"

Reference

Reference

1.45 (1.29-1.63)"
2.00 (1.77-2.25)"
2.49 (2.22-2.80)"

3.24 (2.86-3.67)"

Reference

0.96 (0.74-1.25)

Reference

0.78 (0.50-1.21)

Reference

2.43 (1.82-3.24)"

Data are n (weighted %) unless otherwise indicated.

ap < 0.05.
®p < 0.001.

BMI: Body mass index; CI: Confidence interval; DM: Diabetes mellitus; RR: Rate ratio.
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Figure 1 Heat map showing the prevalence of diabetes among adolescents across various states and union territories of India.

higher than estimates from the comprehensive national nutrition survey (2016-2018)[24]. We also observed male sex to be
significantly associated with a higher risk of overweight/obesity compared to females, a finding consistent with previous
studies conducted elsewhere[17,25,26]. Adolescents living in urban areas also had significantly higher odds of overweight
and obesity suggestive of the effect of the urban environment characterized by increased accessibility to processed and
unhealthy food options, coupled with sedentary lifestyles[27,28]. The strong association between DM and overweight/
obesity underscores the potential deleterious long-term health consequences associated with adolescent obesity with
emphasis on the need for early initiation of public health interventions to mitigate this risk.

Ensuring universal access to healthcare services in low-resource settings regardless of socioeconomic status or
geographic location, is crucial in managing and mitigating the burden of DM in younger populations who are conven-
tionally not screened for elevated blood sugar. We observed significant regional variations in the prevalence of DM across
Indian states and territories suggestive of differential access and availability of healthcare services, variable efficiency of
public health systems, and cultural and lifestyle factors heterogeneity contributing to the burden of obesity and
hyperglycaemia in Indian adolescent populations. Consequently, tailored interventions that consider these regional
differences will be instrumental in addressing this public health problem.

The strengths of the study include the large sample size and national representativeness with estimation of outcomes
using standardized procedures by trained field personnel. However, the study also has certain limitations. Firstly, the
cross-sectional nature of the NFHS-5 data restricts our ability to establish causality due to lack of temporal association.
Longitudinal studies would enable investigating the causal pathways and confirming the directionality of these associ-
ations. Secondly, the reliance on self-reported data for certain variables, such as DM diagnosis and treatment, may
introduce recall bias. Third, diagnosis of DM was based mostly on random blood sugar levels instead of glycated
haemoglobin and fasting blood glucose levels, thereby reducing the sensitivity resulting in underestimation of the DM
case burden. Third, the clinical relevance of the study is diminished by the small effect sizes and the inability to differ-
entiate between type of DM, especially TIDM and T2DM cases which are distinct conditions with divergent risk factor
profile and management strategies.

Based on the study’s findings, we recommend primary care physicians including paediatricians in outpatient settings
should necessarily screen older adolescents with family history or those who are overweight or obese for DM using either
the fasting blood glucose test or the glycated haemoglobin method. Furthermore, they should advise older adolescents to
engage in regular physical activity and exercise to maintain normal body weight even in the absence of hyperglycaemia.
Finally, medication adherence in older adolescents with DM should be assessed during each appointment with
appropriate counselling to achieve optimal adherence.

CONCLUSION

Nearly one in hundred older adolescents in India have DM, with significantly elevated risk of the disease in overweight
and obese individuals. One in three adolescents with DM remain undiagnosed, while four in 10 adolescents with
previously diagnosed DM are currently not on anti-diabetes treatment. Individuals from higher wealth quintile and those
from urban areas have significantly elevated risk of obesity and DM. Tailored strategies for strengthening screening,
confirmation of diagnosis, and adherence to anti-diabetes therapy of adolescents with DM warrant early incorporations in
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India’s national health programmes.
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Abstract

BACKGROUND

The global rise in the prevalence of type 2 diabetes mellitus (T2DM) in children
and adolescents is partly linked to the increasing rates of childhood obesity and
physical inactivity.

AIM
To explore the independent relationships of visceral adiposity index (VAI) and
cardiorespiratory fitness (CRF) with fasting plasma glucose (FPG) in adolescents.

METHODS

This descriptive cross-sectional study included 403 adolescents (202 boys and 201
girls) aged 11-19 years. Participants were evaluated for VAI, CRF, and FPG.
Regression models, adjusted for age and maturity status, were used to assess the
associations between VAI, CRF, and FPG.
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RESULTS

The prevalence of T2DM risk was 15.3% (girls = 7.4%; boys = 7.9%). In boys, high VAI was positively associated
with FPG (8 = 0.190, P = 0.009), while low CRF was negatively associated with FPG ( = -0.206, P = 0.010). These
associations persisted even after adjusting for CRF and VAI However, no significant associations between VA,
CRF, and FPG were observed in girls (P > 0.05). Adolescents with high VAI and low fitness levels demonstrated
poorer glycemic profiles.

CONCLUSION

Among boys, both VAI and CRF were independently associated with T2DM risk, with CRF showing a stronger
association. These associations were not observed in girls. Promoting regular aerobic exercise and healthy diets
may serve as essential public health promotion strategies in preventing and managing T2DM risk in adolescents.

Key Words: Adolescents; Abdominal adiposity; Fitness; Metabolic health; Primary prevention

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The recent global rise in the prevalence of type 2 diabetes mellitus (T2DM) in children and adolescents has been
linked partly with the universal increase in childhood obesity and physical inactivity. There is paucity of information on the
association of visceral adiposity index and cardiorespiratory fitness with risk of T2DM in Nigerian adolescents. This study
unveiled the independent and joint associations of visceral adiposity index and cardiorespiratory fitness with the risk of
T2DM in boys but not girls. It was recommended that health-promoting strategies that focus on favorable blood glucose
levels, including healthy eating and aerobic-type activities should be encouraged among adolescents.
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piratory fitness, and fasting plasma glucose associations in adolescents. World J Clin Pediatr 2024; 13(4): 97105
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INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by elevated blood glucose levels, which is
associated with significant complications and comorbidities, such as metabolic syndrome, cardiovascular disease, end-
stage kidney disease, retinopathy, and limb amputation[1]. Globally, diabetes mellitus ranks as the 9* leading cause of
death, with reports indicating that one in 11 adults worldwide is diagnosed with diabetes, with approximately 90% of
these cases being T2DM[2]. In recent years, the prevalence of T2DM has surged among children and adolescents|[3].
Traditionally regarded as a disease of adults, T2DM is increasingly recognized as a pediatric health issue, a trend that
parallels the rise in childhood obesity and physical inactivity worldwide[4,5]. Screening and developing targeted in-
terventions for high-risk adolescents should be prioritized as a crucial public health goal. Behavioral modifications,
particularly those that promote increased physical activity and healthier eating habits, are essential strategies for
combating this growing problem.

Impaired fasting plasma glucose (FPG) is an established biomarker for T2DM. Along with insulin resistance and
impaired glucose tolerance, it is closely linked to obesity, particularly android obesity, in adolescents[6]. Waist circum-
ference (WC) is commonly used to estimate visceral adipose tissue (VAT) in cardiometabolic disease (CMD) risk as-
sessments; however, its limitation lies in the inability to differentiate subcutaneous from visceral fat. Recently, the visceral
adiposity index (VAI), a novel sex-specific mathematical model based on anthropometric measures [body mass index
(BMI) and WC] and blood lipid parameters [triglycerides (TG) and high-density lipoprotein cholesterol (HDL-C)], has
been linked to VAT, adipokine levels, insulin resistance, and glucose disturbances in adults[7,8], and it was developed to
estimate VAT dysfunction[9]. This method is gaining traction in public health research and clinical practice, with multiple
studies identifying VAI as a predictor of CMD, including T2DM][2,10].

While several studies in the Caucasian population have demonstrated the detrimental health effects of VAI on T2DM
risk in both adults[10,11] and youth[12,13], no study has explored the relationship between VAI and diabetes risk in
African youth. Cardiorespiratory fitness (CRF), an objective measure of habitual physical activity, is considered a risk
factor for T2DM and insulin resistance[11] and has been shown to positively impact CMD risk[14,15]. Recent reviews
have also highlighted the efficacy of physical activity and CRF in managing T2DM in the general population[16].
However, it remains unclear whether the relationships among VAI, CRF, and diabetes risk in adolescents are inde-
pendent or confounded by other factors. Furthermore, to our knowledge, no study has yet examined the combined
association of VAI and CRF with diabetes risk in adolescents.

Adolescence is a critical developmental stage, often marked by unhealthy behavioral shifts such as increased social
media use, smoking, drug and alcohol abuse, and other risky behaviors, which, if unchecked, can lead to pediatric non-
communicable lifestyle diseases[17]. Both pediatric obesity and low physical fitness significantly increase the risk of CMD
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in youth[14,18], with many of these risks persisting into adulthood[19].

This study aimed to investigate the association of VAI and CRF with FPG in Nigerian adolescents aged 11 years to 19
years. Specifically, the study examined the independent relationships of VAI and CRF with FPG among participants. The
study identified the cardiometabolic risk factors most strongly associated with FPG. Additionally, the T2DM risk profiles
of the participants were characterized. It was hypothesized that adolescents with high VAI and low CRF would be at
greater risk of T2DM. This information could be crucial for developing effective primary prevention strategies.

MATERIALS AND METHODS
Study design and sample

This study utilized a descriptive observational cross-sectional design involving apparently healthy school boys and girls
aged 11-19 years from secondary schools in Kogi East, North Central Nigeria. A total of 418 adolescents were selected
using a multistage cluster and random sampling method across four secondary schools in the study area, applying the
adjusted Taro Yamane sample size determination formula with 5% error rate[20].

n=N/1+ (N x e?): n =125910/1 + (125910 x 0.05?) = 398.73

Where: n = sample size; N = population; e = margin of error

In 2019, the population of secondary school students in Kogi East Senatorial District was 125910 (National Bureau of
Statistics, 2022). The minimum sample size determined was 399 participants; however, the sample was increased to 418 to
account for participant dropout and ensure representativeness. Detailed descriptions of the sampling procedure,
inclusion criteria, study setting, and pilot tests have been previously published[14]. The purpose and test procedures
were explained to participants after obtaining permission from the school heads. Data collection involved two visits: The
first to familiarize participants with the test protocols and measure physical characteristics, and the second for clinical
and biochemical measurements.

Data collection

Anthropometric characteristics were assessed using standardized methods[21]. The procedures for measuring physical
characteristics, including stature, body mass, percent body fat, WC, BMI, and classifying participants into healthy weight
and overweight categories based on the updated FitnessGram data[22], have been previously detailed[14]. Sexual
maturity [maturity offset (MO)] was estimated using chronological age and stature based on the prediction equation by
Moore et al[23]. Age-at-peak-height-velocity was estimated as the difference between MO and age.

CRF was assessed using the 20-meter shuttle run test (20-MST), a multistage-progressive aerobic capacity test used
globally in schools to evaluate CRF in children and adolescents. Participants ran back and forth between two lines set 20
meters apart, following an audio signal from a pre-recorded compact disc. The initial running speed was 8.5 km/hour,
increasing by 0.5 km/hour every minute (level). The test is considered an accurate predictor of peak oxygen uptake in
children and adolescents[24]. Participants who failed to complete two successive shuttles were withdrawn from the test.
The number of completed laps or shuttles was used to estimate CRF[25]. Procedures for administering the test and
classifying participants as high or low fitness have been documented[22].

Resting systolic blood pressure (SBP) and diastolic blood pressure were measured using an automated device (HEM-
705 CP; Omron, Tokyo, Japan) after participants had rested for 10 minutes. Details of the protocol have been published
elsewhere[14]. Hypertension was determined based on standard benchmarks[26].

FPG, HDL-C, and TG were collected after a 12-hour overnight fast between 9: 00 and 11: 00 a.m. using a Cardio-Check
Plus Analyzer (CCPA) (PTS Diagnostics, Indianapolis, IN, United States). The tests were administered by two certified
nurses and a laboratory technologist. Participants rested for 10 minutes before taking the tests. Test administration
procedure details have been previously described[14]. The CCPA is a validated and reliable instrument for analyzing
blood glucose and lipids[27].

VAI was calculated using the gender-specific equations provided by Amato and Giordano[7]:

VA6 ) * () a0

wc TG 131

VAL Boy): (55 rsmmm) > (705) * (o)

In these formulas, WC is in centimeters, BMI in kg/m?, and HDL-C and TG in mmol/L.

VAI has been used in earlier studies in both adults[8,10] and youths[12,13].

T2DM and cardiometabolic risk abnormalities were assessed using the International Diabetes Federation (IDF)
standards[28]: FPG (= 5.6 mmol/L), TG (= 1.7 mmol/L), and HDL-C (< 1.04 mmol/L). Participants were classified as
"healthy FPG" or "unhealthy FPG" based on their FPG levels. Since there is no established VAI threshold for the pediatric
population, the minimum value of the highest tertile (1.1 for boys, 1.35 for girls) was used as the cut-off, following
accepted methods[7,29].

A clustered metabolic risk score (MRS) was calculated by adding the z-scores of individual risk factors, including FPG,
SBP, WC, HDL-C (inverted), and TG. A lower MRS indicated a more favorable metabolic risk profile[30].

Statistical analysis
Continuous variables were reported as means and standard deviations, while categorical variables were expressed as
frequencies and percentages. The Kolmogorov-Smirnov test assessed the normality of variable distributions. Due to
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participant dropout and incomplete data, complete datasets for all variables were available for 403 out of the 418
participants, resulting in a compliance rate of 96%. Gender differences were evaluated using independent samples f-tests
or Mann-Whitney U tests as appropriate. Partial correlation analysis, adjusted for age and MO, examined the rela-
tionships between dependent and independent variables. The associations of VAI and CRF with FPG and their relative
importance were explored using multivariate regression models, also adjusted for age and sexual maturation. Statistical
analysis was conducted using IBM SPSS (Version 20, IBM Corporation, Armonk, NY, United States), with significance set
at P <0.05.

Ethical clearance

Ethical approval was obtained from the Ethical Review Committee of the College of Health Sciences, Kogi State
University, Nigeria (No. COHS/02/25/2020). Written informed consent was obtained from parents/guardians, and
participants provided assent before data collection. All test administration procedures complied with the ethical
standards of the Helsinki Declaration. Data collection occurred between 9: 00 a.m. and 12: 00 p.m.

RESULTS

Table 1 outlines the demographic, anthropometric, performance, and biochemical characteristics of the participants,
categorized by glycemic profile and fitness. The average prevalence of FPG abnormalities, indicating risk of T2DM, was
15.3% (girls = 7.4%; boys = 7.9%). When the high-risk or unhealthy category was further stratified by fitness status, T2DM
risk prevalence was found to be 27.4% in the high fitness group and 72.6% in the low fitness group (Figure 1). Ado-
lescents with healthy or normal FPG were significantly younger (P < 0.001), had lower WC (P < 0.001), and better run
performance (P = 0.001) than those at risk of T2DM. Similarly, participants with higher fitness levels had more favorable
health profiles across other indices compared to their low fitness peers, regardless of glycemic status.

Table 2 presents the characteristics of participants, stratified by glycemic profile and VAL When stratified by VAL the
prevalence of T2DM risk was 71% in the elevated VAI group and 29% in the low VAI group (Figure 1). As anticipated,
adolescents in the low VAI group exhibited healthier profiles than those in the high VAI group, irrespective of glycemic
status. Overall, these findings suggest that participants with elevated VAI and low CRF exhibited significantly poorer
glycemic profiles and other cardiometabolic health markers, particularly in boys.

The results of the partial correlations (after controlling for age and sexual maturity) between the dependent variable
(FPG) and independent variables (CRF, VAI, BMI, WC, HDL-C, TG, and MRS) showed generally non-significant associ-
ations (P > 0.05), except for a significant correlation between MRS and FPG (P < 0.001) in girls. In boys, weak to moderate
but mostly significant correlations were observed between FPG and CRF (P = 0.010), VAI (P = 0.009), WC (P < 0.001), TG (
P =0.011), and MRS (P < 0.001). The strongest independent predictor of FPG was MRS in both sexes. Detailed results are
provided in Table 3.

Regression analysis revealed that in girls, neither VAI (P = 0.679) nor CRF (P = 0.704) were significantly associated with
FPG. However, in boys, VAI was positively associated with FPG (f = 0.190, P = 0.009). This association remained sig-
nificant albeit weaker (8 = 0.165, P = 0.023) after adjusting for CRF. The full model accounted for 16.5% of the variation in
FPG, with age and MO contributing 13.7%. VAI explained only 2.8% of the variation in FPG. A unit increase of VAI
resulted in a mean increase of 1.0 mmol/L in FPG. CRF was negatively associated with FPG (f = -0.206, P = 0.010) and
remained significant after adjusting for VAI, though the relationship attenuated (f = -0.178, P = 0.025). CRF explained
2.9% of the variance in FPG, while the confounders explained 13.6%. Each unit (lap) increase in CRF was associated with
an average decrease of 1.1 mmol/L in FPG. Overall, CRF had greater explanatory power than VAI These results are
detailed in Table 4.

DISCUSSION

VAI and CRF were scrutinized alongside FPG, a key metabolic health indicator. The findings suggest that the risk of
T2DM is prevalent among participants, with a higher incidence in boys than girls. The prevalence of impaired FPG
(15.3%: Girls = 7.4%, boys = 7.9%) is comparable to the 14.5% (girls = 7.4%; boys = 7.1%) reported among Ivorian
adolescents[31], though lower than the 18.4% (girls = 5.4%; boys = 13.0%) reported for American adolescents[32] and the
rates (girls = 8.4%; boys = 12.3%) documented in Indian adolescents[33]. These results indicate a higher T2DM risk among
boys compared to girls.

A modest correlation between independent variables and FPG was observed after controlling for age and sexual
maturity, with the MRS showing the strongest association in both sexes. This is consistent with the understanding that
metabolic syndrome is a key marker of T2DM risk in the general population[1,4]. Both VAI and CRF were significantly
associated with FPG in boys but not girls, aligning with earlier studies in adolescents[12,34]. These findings suggest that
VAI and CRF are important determinants of T2DM risk in boys.

VAI and CRF were independently associated with FPG in boys, with fitness having a stronger impact. This result
highlights the significant impact of both independent variables on glucose metabolism in boys even during adolescence.
Together, VAI and CRF explained only 3% of FPG variation, while age and sexual maturity explained 13.5%. The
implication of the significant joint association of VAI and CREF is that adolescents with both elevated VAI and low fitness
tended to exhibit highest FPG levels, suggesting a synergistic effect where the negative impact of high VAT is exacerbated
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Table 1 General characteristics of participants stratified by type 2 diabetes risk versus cardiorespiratory fitness status (n = 403)

Healthy FPG (n = 341) Unhealthy FPG (n = 62)
Variable

Low fit(n=153)  Highfit(n=188)  Total (n = 341) Lowfit(n=45)  Highfit(n=17)  Total (n=62)
Girls 74 (21.7) 97 (28.4) 171 (50.1) 22 (35.5) 8 (12.9) 30 (48.4)
Boys 79 (23.2) 91 (26.6) 170 (49.9) 23 (37.1) 9 (14.5) 32 (51.6)
Age (year) 157419 13.8+2.1 145+22 153422 14.6 +2.4 155+23
Body mass (kg) 56.0 £12.6 51.9+113 53.4+£12.0 46.7+15.1 51.5+11.6 52,0 £14.0
Stature (cm) 160.4£9.5 161.6 £9.1 160.7 £9.3 152.8 £10.7 158.5+11.9 158.7 £11.2
BMI (kg/m?) 21.7+35 19.7 +3.4 20.6 £3.5 203 £3.9 202+23 20335
Fat (%) 16.6+7.9 14.7£5.6 156+ 6.7 16.0+8.7 141458 15.1+8.2
WC (cm) 71588 60.6 +5.2 649 +8.7 67.6 £8.4 649 +7.4 69.2+83
HDL-C (mmol) 13+03 14404 13404 13403 11404 12404
TG (mmol) 12£0.7 09+0.6 1.0£1.0 11+04 0.9:+0.4 1.0+04
FPG (mmol) 5.0+ 0.4 47£05 48105 62+05 59+0.8 61£0.6
VAI 15405 1.0£0.2 12+22 1409 1.0£05 13+0.9
20-MST (lap) 20.8+9.1 43.8+13.6 33.6+1638 17.2£7.0 50.6 £15.9 26.8 £15.0

BMI: Body mass index; WC: Waist circumference; HDL-C: High-density lipoprotein cholesterol; TG: Triglycerides; FPG: Fasting plasma glucose VAI:
Visceral adiposity index; 20-MST: Multistage shuttle run test.

Table 2 General characteristics of participants stratified by type 2 diabetes risk versus visceral adiposity index status (n = 403)

Healthy FPG (n = 341) Unhealthy FPG (n = 62)
Variable

Low VAl (n=157) High VAI(n=184) Total (n=341) LowVAI(n=18) HighVAI(n=44) Total (n=62)
Girls 60 (18.0) 111 (32.6) 171 (50.1) 10 (16.1) 20 (32.3) 30 (48.4)
Boys 97 (28.4) 73 (21.4) 170 (49.9) 8 (12.9) 24 (38.7) 32 (51.6)
Age (year) 13.9+22 153+2.1 145+22 142420 15.0+3.0 155+23
Body mass (kg) 525+12.2 548 +11.2 53.4+12.0 51.4+18.1 47.0+12.1 52.0 +14.0
Stature (cm) 160.8 +10.5 161.2+8.2 160.7 +9.3 1553 +13.5 154.1+83 158.7 +11.2
BMI (kg/m?) 20.1+35 21.0+35 20.6 +3.5 20.7 + 4.4 19.4+3.0 203+35
Fat (%) 15.0+ 6.6 16.0 £6.8 15.6 £6.7 17.5+10.9 14.6 + 6.4 151+82
WC (cm) 613+6.1 69.1+9.2 64.9+87 62.6+7.2 68.6+7.9 69.2+83
HDL-C (mmol) 15+04 12+04 13+04 17+03 11+03 12+04
TG (mmol) 0.7+0.2 13403 1.0+1.0 0.7+ 0.4 12+0.1 1.0+0.4
FPG (mmol) 48+04 49+06 48+05 6.1+0.2 6.1+0.3 6.1+0.6
VAI 05+0.1 18408 12+22 05+0.1 1.6+0.9 13+0.9
20-MST (lap) 41.0+165 26.6 +13.1 33.6+16.8 34.4+23.1 23.0+10.1 26.8+16.9

BMI: Body mass index; WC: Waist circumference; HDL-C: High-density lipoprotein cholesterol; TG: Triglycerides; FPG: Fasting plasma glucose VAI:
Visceral adiposity index; 20-MST: Multistage shuttle run test.

by poor fitness. Conversely, low VAI combined with high CRF is associated with the lowest FPG levels, highlighting the
protective effect of good fitness levels against the adverse effects of VAT. This result is supported by previous research
among Iranian and Saudi Arabian adolescents[12,13] but contrasts with that of Raheem and Co-workers[35]. Regarding
CREF, our findings are supported by several studies in adolescents[36,37] but at variance with results from other studies
[38,39]. Inconsistencies in results might be potentially due to disparity in measurement procedures, ethnicity, and age
across studies. The small effect size of VAI and CRF suggests that these factors may not be major predictors of FPG in this
cohort, with age and sexual maturity playing a larger role. Obesity, dyslipidemia and ethnicity are among other
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Table 3 Partial correlation coefficients assessing the relationship among visceral adiposity index, cardiorespiratory fitness and fasting

plasma glucose and other health indices after controlling for age and maturity status (n = 403)

Gender VAI CRF BMI WC HDL-C TG MRS
Girls 0.031 -0.030 0.011 0.047 0.032 0.008 0.316"
Boys 0.185° -0.183" 0.028 0.341" -0.065 0.180° 0.640"
ap < 0.05.

PP < 0.01. VAL Visceral adiposity index; CRF: Cardiorespiratory fitness; BMI: Body mass index; WC: Waist circumference; HDL-C: High-density
lipoprotein cholesterol; TG: Triglycerides; MRS: Metabolic risk score.

Table 4 Standardized regression coefficients evaluating the relationship among visceral adiposity index, cardiorespiratory fitness and

fasting plasma glucose after controlling for age and maturity status (n = 403)

. Girls (n=201) Boys (n =202)
Variable - -
Crude P value Adjusted P value Crude P value Adjusted P value
VAI 0.031 0.655 0.029 0.679 0.190 0.009 0.165 0.023
CRF -0.032 0.679 -.029 0.704 -0.206 0.010 0178 0.025

VAL Visceral adiposity index; CRF: Cardiorespiratory fitness.
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Figure 1 Glycemic profile of participants stratified by cardiorespiratory fithess and visceral adiposity index. FPG: Fasting plasma glucose; VAI:
Visceral adiposity index; CRF: Cardiorespiratory fitness.

predictors of diabetes, not considered in this study[1,2]. However, longitudinal studies may better clarify the role of VAI
and CRF in the development of T2DM in the pediatric population.

This study highlights that low VAI and high fitness levels are associated with better cardiometabolic health in
adolescents, especially boys. Boys generally exhibited poorer glycemic profiles than girls, regardless of fitness or VAI
levels (Table 1 and Table 2). VAI has been shown to be a strong correlate and independent predictor of FPG in boys[13]
and in both sexes[12]. VAI serves as a surrogate for VAT, a metabolically active entity capable of secreting inflammatory
cytokines and adipokines which promotes insulin resistance, dyslipidemia, impaired beta cell function and risk of
diabetes[9,18]. Our findings regarding CRF are in conformity with previous studies in both youth and adults[15,39].
Regular physical activity or CRF, a well-known predictor of cardiovascular events, also plays a crucial role in insulin
sensitivity, glucose metabolism, and overall metabolic health[40,41]. Prospective studies have shown that increased CRF
is associated with a reduced risk of T2DM and cardiovascular disease[42]. Potential reasons for the lack of significant
impact of the independent variables on risk of T2DM among girls in this study may be attributed to sexual dimorphism
of fat distribution during adolescence. Boys generally accumulate more visceral fat, while girls tend to store more
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subcutaneous fat[43]. Additionally, the female hormone estrogen plays a role in reducing VAT accumulation and
lowering insulin resistance in girls[13]. In this study, a larger proportion of girls demonstrated higher levels of CRF
(Table 1), which is linked to improved metabolic health and better glucose regulation[15]. These factors help explain why
the relationship between VAI, CRF, and FPG is more pronounced in boys.

Considering the cardiometabolic benefits of fitness, promoting aerobic physical activity in children and adolescents is
vital. It is essential for stakeholders in adolescent health to utilize the current physical activity guidelines for youth to
encourage regular participation in activities that enhance aerobic fitness[44]. The relationship between VAI, CRF, and the
risk of T2DM may be influenced by unhealthy diets and sedentary lifestyles[11]. Addressing these lifestyle factors is
critical to reducing the risk of T2DM in adolescents. Health promotion initiatives should therefore focus on encouraging
both healthy eating habits and regular physical activity to mitigate T2DM risk.

Public health interventions should be gender-specific. Both school- and community-based health education programs
in Nigeria must be tailored to address the distinct needs of boys and girls. For girls, programs should emphasize healthy
lifestyle habits, such as maintaining a balanced diet and engaging in regular physical activity, without focusing on VAT.
In contrast, boys' programs should additionally highlight activities that reduce the risk of VAT, such as aerobic exercises,
both continuous and interval-based. Moreover, public health policies should include provisions for routine health
screenings to detect metabolic risk factors, with particular attention to glucose levels among students. This approach aims
to identify adolescents at risk, enabling early interventions to prevent the onset of T2DM and other metabolic disorders.

The findings of this study should be interpreted with certain limitations in mind. First, the cross-sectional design limits
the ability to establish causality. Second, the study focused solely on school-going adolescents, excluding those without
formal education. This sampling bias restricts the generalizability of the results to all adolescents in the study area. Third,
CRF was estimated using a field method, which may be less precise than laboratory-based measurements of maximal
oxygen consumption. Similarly, VAI is an indirect estimate of VAT, which may be less accurate than laboratory
techniques such as magnetic resonance imaging or computed tomography. Despite these limitations, the study has
several strengths. The direct measurement of participants provided more accurate data than relying on self-reported
measures. Additionally, the use of the VAI as a surrogate for VAT offered a more detailed assessment compared to WC
alone. Lastly, employing health-related CRF cut-points revealed that participants meeting health standards had a better
glycemic profile.

CONCLUSION

The risk of T2DM exists among Nigerian adolescents, with both VAI and CRF independently associated with T2DM risk
in boys. The combined contribution of VAI and CRF is small, but age and maturity status are stronger predictors of
T2DM risk. Health-promoting strategies that focus on healthy glucose levels through diet and physical activity are
crucial. Future longitudinal studies will provide deeper insights into the roles of VAI and CRF, and establish their
predictive value in managing T2DM risk in adolescents.
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AIM
To summarize the childhood malnutrition epidemiology along with the comorbid
factors associated with it and its management within the community.

RESULTS

Inadequate energy consumption initiates pathological alterations in the form of
growth retardation, fat, visceral, and muscle loss, a reduction in basal metabolic
rate, and a significant reduction in total energy expenditure. It has become
evident that malnutrition shows an increased prevalence and incidence rate,
despite available guidelines for the management of malnutrition.

CONCLUSION
Malnutrition can be a major player in the establishment of severe infections that
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result in significant post discharge mortalities in children. Future trials are required to fill the prime gaps in
knowledge regarding the identification of other contributory factors in the pathogenesis of malnutrition and post-
discharge infection. New biomarkers for early detection of malnutrition should be the priority of the scientific
community for the early management of malnutrition.

Key Words: Malnutrition; Severe acute malnutrition; Management; Pathophysiology; Childhood
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Core Tip: Childhood malnutrition, a leading cause of global childhood mortality, especially in South-Asian and sub-Saharan
countries, demands urgent attention. This review consolidates malnutrition epidemiology, its associated factors, and
community-based management. Despite available guidelines, inadequate energy intake leads to severe complications.
Addressing knowledge gaps and identifying new biomarkers are pivotal for effective early detection and management of
malnutrition-induced severe infections in children.
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INTRODUCTION

Acute malnutrition is prevalent among children aged below 5 years and affects 47 million children, along with 1 million
deaths annually worldwide. According to the United Nations Children's Fund (UNICEF) 2024 report, in East Asia and the
Pacific, 59 million (45%) young children are not getting the nutrition and variety they need to grow and develop to their
full potential because of a lack of a balanced diet[1,2]. Nutrition has been a global priority for children for many years. For
decades, affected children with acute malnutrition were managed by supplementation of fortified milk products. The
breakthrough introduction of ready-to-use therapeutic foods (RUTF) and ready-to-use supplementary foods (RUSF)
changed the scenario of acute malnutrition management completely after endorsement from the World Health
Organization (WHO) and the United Nations through the Community Management of Acute Malnutrition (CMAM)
Programme[3]. In many countries, only a few nutrition indicators are regularly tracked, and even fewer pay attention to
the diversity of symptoms of malnutrition. Over the past ten years, India has seen considerable improvements in several
health metrics. Inequality and uneven development have increased during the past ten years, especially in the fields of
child nutrition, education, and health (Figure 1).

In low- and middle-income countries, malnutrition is a significant public health issue. Around 165 million under-five
children are stunted, 52 million are wasted, and 17 million are severely wasted worldwide[4]. Asia is home to more than
two-thirds of the wasted children and more than half of the stunted children.

A wide range of clinical disorders, including wasting or stunting, marasmus, kwashiorkor, and micronutrient
deficiencies, fall under the umbrella term of malnutrition. A weight-for-height Z-score (WHZ) that is more than three SDs
below the mean, a mid-upper arm circumference (MUAC) that is less than 115 mm, or the development of nutritional
oedema are all considered signs of severe acute malnutrition (SAM). Marasmus is the medical term for moderate acute
malnutrition (MAM) or SAM without bilateral pitting oedema. The term "kwashiorkor" is used when there is bilateral
pitting oedema. Despite enormous efforts and progress in maternal and child malnutrition, a significant burden of SAM
persists. In a recent study, it was reported that a slight decrease in wasting is seen in countries with low income (from
15.9% to 14.2%) while a slight increase in wasting was found in countries with middle income (from 3.3% to 4.7%). In
total, 50 million children aged under 5 years remain wasted worldwide[5,6]. In a recent report, it was seen that the disease
burden of SAM is likely to aggravate during the pandemic of coronavirus disease 2019, showing 6.7 million additional
children at risk of wasting in the year 2020[7]. The present review assessed the prevalence and pathophysiology of
malnutrition and focused on current management approaches for such affected children.

MATERIALS AND METHODS

A comprehensive search was conducted using PubMed and Scopus, applying keywords such as "child nutrition
disorders," "India," "malnutrition," and "risk factors," with Boolean operators to refine results. The inclusion criteria
focused on peer-reviewed articles, clinical studies, and reports published between relevant years, addressing
malnutrition’s prevalence, risk factors, pathophysiology, and management. Data were synthesized under key themes,
including prevalence, management strategies, and developmental consequences.
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RESULTS

Prevalence of malnutrition in children- in Indian scenario
For several previous years, the malnutrition prevalence has decreased, however, it is around 155 million stunted children
and 52 million wasted children worldwide[8].

Currently, India is on the way to reducing to target for impaired growth and development of children although
approximate 34.7% of < 5 years of children are still under the phase of stunning which is much greater than the Asia
region (21.8%) In the case of wasting, nothing has achieved by India, In India 17.3% of children under 5 years of age
affected, which is higher than the average for the Asia region (8.9%)[9]. According to the fifth in the series of surveys, the
National Family Health Survey (NFHS) 2019-2021, In India neither the population’s neither health nor nutritional status
have appreciably improved. The most recent statistics show that 19.3 percent of children are wasted, 7.7 percent are
highly wasted, and 35.5 percent are stunted. In addition, 3.4% of children are overweight, which is higher than the NFHS-
4 average of 2.1%[10]. According to NFHS-4, the prevalence of anemia in children under the age of five has dramatically
increased, going from 58.6 percent to 67.1 percent. In India, it has been seen that 57% of women are anemic at
childbearing age[11]. The double burden of malnutrition has been studied in numerous ways, including underweight and
obesity in mothers, obesity and thinness in children[12]. SAM is a major death factor and increases the case fatality rate in
children who already have complications of common illnesses like diarrhea and pneumonia[13]. For the management of
SAM, WHO and UNICEF recommend two major approaches: (1) Hospital-based approach - for clinical management as
per WHO criteria; and (2) Home-based approach - the use of RUTF or medical nutrition therapy as part of integrated
public health response to acute malnutrition without medical complications[14].

Criteria for the assessment or diagnosis of malnutrition include specific measures such as the WHZ, MUAC, and the
presence of bilateral pitting edema. Children with a WHZ below -2 or -3 standard deviations from the WHO child growth
standards are considered wasted or severely wasted, respectively. Additionally, a MUAC of less than 115 mm in children
aged 6-59 months is a key indicator of SAM.

Pathophysiology
General physiological changes: SAM induces a series of adaptive responses in the body. Growth restriction occurs as the
body prioritizes essential functions over growth. There's a significant loss of fat, muscle, and visceral mass as the body
catabolizes these tissues for energy. The basal metabolic rate decreases as a survival mechanism to conserve energy,
leading to an overall reduction in energy expenditure[15,16].

Hormonal and metabolic alterations: Malnutrition causes substantial alterations in the endocrine system. It leads to
reduced production of several crucial hormones, including insulin, triiodothyronine, and insulin-like growth factor-1.
These hormonal changes subsequently impact the body's ability to regulate blood sugar and ultimately affect cell growth.
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Conversely, growth hormone and cortisol levels rise, promoting the breakdown of tissues for energy and maintaining
blood glucose levels. These hormonal shifts contribute to the catabolic state characteristic of malnutrition[17,18].

Electrolyte imbalances: Malnutrition disrupts the body's electrolyte balance. Sodium retention occurs, while
intracellular potassium is depleted. In kwashiorkor, a form of severe malnutrition, cell membrane permeability increases,
exacerbating these imbalances. The activity of the glycoside-sensitive, energy-dependent sodium pump is reduced,
further compromising cellular homeostasis[19].

Immune system effects: The immune system is severely impacted by malnutrition. Atrophy of the thymus, lymph
nodes, and tonsils impairs cellular immunity. There's a reduction in CD4 clusters of differentiation, although CD8-T cells
remain relatively normal. The loss of delayed hypersensitivity, poor phagocytic activity, and lower levels of secretory IgA
collectively weaken the body's defense against pathogens, increasing susceptibility to infections[20].

Neurological effects: Malnutrition has profound effects on the developing brain. It leads to a decrease in the number of
neurons, synapses, dendritic arborization, and myelination, resulting in an overall reduction in brain size and thinning of
the cerebral cortex. These structural changes translate into functional deficits, including delays in cognitive and motor
development. Critically, if malnutrition occurs after 3-4 years of age, some of these neurological impacts may become
permanent, underscoring the importance of early intervention[21-23].

Management of children with SAM

Facility based management of children with SAM: Currently, SAM-affected children in India are cared for by Nutrition
Rehabilitation Centers (NRCs); however, due to the dearth of NRCs, most SAM children never receive any treatment[23].
Most SAM children admitted to NRCs do not have any medical conditions. There is already a way to help and enhance
more SAM kids in India[24]. To ensure that children with SAM receive quick and high quality care, efforts are being
made at the national level to identify the procedures that need to be followed. The facility-based care is implemented
through a network of 262 NRCs[25]. Admission requires either edema, MUAC 115 mm, or a W/H score of less than -3Z.
The appetite test is administered to all children, for 14-21 days, the children are housed in the facility, and they are given
locally produced F-75 and F100[26]. The youngsters are freed after recovering a normal appetite and weight. A child is
registered under the ICDS program after being released, and home visits are utilized to monitor the kid's well-being[27].

Community based management of children with SAM: Except for those experiencing complications, no SAM child
needs to be admitted to the hospital. It has been discovered that home based management with RUTF is linked to better
outcomes than traditional hospital therapy[28]. There is sufficient evidence that such SAM children can be successfully
managed at the home level, and it has been noted that between 60% and 90% of SAM cases, identified by active case
finding in the community, are without medical issues[29]. Since children experience fewer hospital-acquired infections
and obtain continuity of care after discharge, home-based management of SAM children using medical nutrition therapy
provides many more benefits[30]. It also benefits mother by giving them more time to spend with their families and
lowering the possibility of siblings being neglected. Additionally, mothers can receive guidance on better feeding and
care techniques in their local environments while also managing other family obligations[31].

Possible risk factors for SAM: Factors like low birth weight, sociodemographic traits, inadequate nutrition, improper
feeding techniques, incomplete immunization, political and environmental instability, emergency situations, and a high
prevalence of infectious diseases are considered risk factors for SAM (Figure 2)[32,33].

Research indicates that children suffering from SAM face a higher risk of developmental issues compared to those who
receive adequate breast milk and additional nutritional supplements[34]. The risk factors such as feeding practices, water
availability, sanitation, and hygiene conditions plays a critical roles in occurrence of SAM in infant and young child[35].
Islam et al[36] have established that when caregiver’s education level is low, child stands a higher risk of becoming
wasted[36,37]. Children of illiterate parents have a higher risk of SAM especially when it has to do with the caregiver[38].

Developmental consequences of childhood malnutrition

Beginning at conception, disease and insufficient food intake are major contributors to early childhood malnutrition, with
the first 24 months of life having the highest risk of a fall in length-for-weight[39]. More than 200 million children under
the age of five are thought to be living below their full developmental potential on a global scale[40]. A child who is
malnourished starts a "vicious cycle" in which she/he becomes more prone to illness and infection, which can
subsequently cause malnutrition to increase[41]. Illness can temporarily reduce infants' appetite and nutrient absorption,
while increasing catabolism, which diverts nutrients from growth to the immune response, potentially hindering
psychomotor and cognitive development[42].

Prevention of SAM

Giving adequate nutrition and disease prevention: Due to its importance to the early childhood developmental phase,
exclusive breastfeeding should not be compromised in the fight against SAM[32]. However, preventative intervention is
propelled by nutrition education. Encouragement of supplementing programs and treatment of micronutrient
deficiencies by dietary approaches such as dietary diversity through home gardens or other techniques like micronutrient
fortification[43].

Therapeutic foods for SAM prevention: F75 and F100 are exclusive dairy products that are typically utilized in inpatient
settings to treat SAM. Inpatient treatment facilities administer the F75 to children who need to be stabilized. Children
receiving inpatient care typically get 80 to 100 kcal/kg/day across eight to twelve meals per day for three to seven days
[44]. The F100, which is administered during the recovery stage of inpatient therapy for SAM, provides children with
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Figure 2 Contributory risk factors of malnutrition in children.

around 100-200 kcal/kg/day for three-four weeks[45]. F75s and F100s are not kept at a temperature of 25 °C for very long
since they need some preparation, as well as because of their high moisture content[44].

In addition, these foods are not distributed to caretakers for home preparation (UNICEF catalog). Community-based
treatment methods have benefited enormously from the creation of ready-to-use foods (RUFs)[46]. Unlike F75s and F100s,
RUTFs are ready to eat without preparation and are more nutrient-dense than typical household foods, with a very low
moisture content that makes them resistant to microbial growth[47].

To treat MAM and SAM, treatment centers provide a variety of items, including formulated biscuits, bars, and pastes
like RUTFs, RUSFs, LNS (Lipid-based nutritional supplements and specialized products like Plumpy Sup, Plumpy'Nut,
and Plumpy'Doz. Specifically, Plumpy'Doz and Plumpy Sup aimed at treating MAM, and Plumpy'Nut intended for
treating both MAM and SAM in infants. Children receive one to two 92 g sachets daily for MAM and two to three sachets
per day for SAM treatment. Plumpy'Nut is formulated to meet all a child's daily nutritional needs for SAM treatment
(Nutriset), while families may also receive Super Cereal Plus (formerly Corn Soy Blend Plus Plus or CSB++) as part of
their food rations to help prevent MAM (Table 1)[48].

Moderate malnutrition is treated with RUTF: Due to strong evidence supporting their effectiveness in treating SAM,
RUFs are now being considered for use in supplemental feeding programs aimed at managing moderate malnutrition
[48]. Given its success in expanding coverage through decentralized community-based care, the CMAM model may find
wider application in supplemental feeding programs. RUTF was initially created as a therapeutic meal for severe
malnutrition, but it has also been used to treat moderate and mild malnutrition. More recently, it has been extensively
disseminated to at-risk groups in order to prevent malnutrition[46]. The nutritional content and micronutrient profile of
RUTF and RUSF are quite similar. For treating SAM, RUTF must meet the full daily nutritional requirements of the child,
with the dosage adjusted based on weight. In cases of moderate malnutrition, RUTF is administered as a standard 500
kcal/day ration, regardless of the child’s weight, to supplement their daily diet[46].

DISCUSSION

SAM is a life-threatening condition requiring immediate attention, affecting millions of children worldwide.
Understanding its impact is crucial for early action and prevention. Factors such as infant feeding practices, hygiene, and
caregiver education significantly influence the risk of SAM. Childhood malnutrition starts a detrimental cycle leading to
heightened vulnerability to illnesses, impairing physical and cognitive development. It's evident that over 200 million
children globally aren't reaching their developmental potential, with malnutrition significantly hindering learning
capabilities[49].

Preventative strategies against SAM encompass a multi-pronged approach involving adequate nutrition, disease
prevention, and educational interventions. Exclusive breastfeeding, coupled with nutritional education, plays a pivotal
role. Therapeutic foods like F75 and F100, administered in inpatient settings, aid stabilization and recovery, respectively,
but face challenges in distribution and preparation. RUFs, such as RUTFs, exhibit promise in community-based therapy
due to their ease of use and high nutrient density. These RUFs, including Plumpy'Nut and others, are proving effective in
preventing and treating various degrees of malnutrition, contributing to children's nutritional needs[50]. Furthermore,
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Table 1 List of items given at the treatment centers

List of items

RUTFs like formulated bars, pastes, or biscuits

RUSFs

LNS

Plumpy’Doz, Plumpy Sup, and Plumpy’Nut, which are common RUFs used to prevent or treat MAM and SAM, are given to supplement children’s diets:
Plumpy’Doz, designed to prevent or treat MAM in infants
Plumpy Sup, designed to treat MAM in infants

Plumpy’Nut, designed to treat MAM or SAM in infants

RUTFs: Ready-to-use therapeutic foods; RUSFs: Ready-to-use supplementary foods; LNS: Lipid-based nutritional supplements; MAM: Moderate acute
malnutrition; SAM: Severe acute malnutrition.

RUTFs have shown potential in treating moderate malnutrition, expanding their role beyond severe cases. The success of
the CMAM approach indicates the possibility of broader applications in supplemental feeding programs. The nutritional
equivalence of RUTFs and RUSFs is highlighted, offering insight into dosage and application, thereby broadening their
usage in addressing varying degrees of malnutrition[51].

CONCLUSION

SAM remains a critical issue in low- and middle-income countries, despite ongoing efforts. Innovative management
strategies and reliable biomarkers for early detection and treatment are urgently needed. Addressing the dual burden of
malnutrition-undernutrition and overnutrition-among vulnerable populations, especially women and children, is crucial.
The review emphasizes the importance of enhanced public health policies, targeted nutrition programs, and community-
based interventions to mitigate malnutrition's impact and improve health outcomes. A comprehensive approach is
essential to reduce malnutrition's prevalence and its long-term effects on global health.
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Abstract

BACKGROUND

Autism spectrum disorder (ASD) presents unique challenges related to feeding
and nutritional management. Children with ASD often experience feeding
difficulties, including food selectivity, refusal, and gastrointestinal issues. Various
interventions have been explored to address these challenges, including dietary
modifications, vitamin supplementation, feeding therapy, and behavioral
interventions.

AIM

To provide a comprehensive overview of the current evidence on nutritional
management in ASD. We examine the effectiveness of dietary interventions,
vitamin supplements, feeding therapy, behavioral interventions, and mealtime

practices in addressing the feeding challenges and nutritional needs of children
with ASD.

METHODS

We systematically searched relevant literature up to June 2024, using databases
such as PubMed, PsycINFO, and Scopus. Studies were included if they invest-
igated dietary interventions, nutritional supplements, or behavioral strategies to
improve feeding behaviors in children with ASD. We assessed the quality of the
studies and synthesized findings on the impact of various interventions on
feeding difficulties and nutritional outcomes. Data extraction focused on inter-
vention types, study designs, participant characteristics, outcomes measured, and
intervention effectiveness.

RESULTS
The review identified 316 studies that met the inclusion criteria. The evidence
indicates that while dietary interventions and nutritional supplements may offer
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benefits in managing specific symptoms or deficiencies, the effectiveness of these approaches varies. Feeding
therapy and behavioral interventions, including gradual exposure and positive reinforcement, promise to improve
food acceptance and mealtime behaviors. The findings also highlight the importance of creating supportive
mealtime environments tailored to the sensory and behavioral needs of children with ASD.

CONCLUSION

Nutritional management for children with ASD requires a multifaceted approach that includes dietary modific-
ations, supplementation, feeding therapy, and behavioral strategies. The review underscores the need for person-
alized interventions and further research to refine treatment protocols and improve outcomes. Collaborative efforts
among healthcare providers, educators, and families are essential to optimize this population's nutritional health
and feeding practices. Enhancing our understanding of intervention sustainability and long-term outcomes is
essential for optimizing care and improving the quality of life for children with ASD and their families.

Key Words: Feeding therapy; Behavioral interventions; Mealtime practices; Autism spectrum disorder; Children; High-dose
methyl cobalamine

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Effective management of feeding challenges in children with autism spectrum disorder (ASD) requires a compre-
hensive approach integrating feeding therapy and behavioral interventions. Addressing oral motor skills and sensory sensit-
ivities and establishing structured mealtime routines are crucial. Behavioral strategies like gradual exposure, positive
reinforcement, and modeling can significantly improve food acceptance and mealtime behaviors. Creating a sensory-friendly
environment and involving parents in meal planning are essential. This systematic review highlights the importance of
multidisciplinary collaboration and tailored interventions to enhance nutritional intake and overall health outcomes for
children with ASD.

Citation: Al-Beltagi M. Nutritional management and autism spectrum disorder: A systematic review. World J Clin Pediatr 2024;
13(4): 99649

URL: https://www.wjgnet.com/2219-2808/full/v13/i4/99649.htm
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INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by challenges in social interaction,
communication, and repetitive behaviors. The term "spectrum" reflects the wide variability in challenges and strengths
among individuals with autism. Typically diagnosed in early childhood, ASD is identified based on persistent deficits in
social communication and interaction, restricted and repetitive patterns of behavior, and significant impairment in daily
functioning[1]. According to the Centers for Disease Control and Prevention, approximately 1 in 36 children in the United
States is diagnosed with ASD. This prevalence has increased over the past few decades due to improved awareness and
diagnostic practices[2].

The etiology of ASD is not fully understood but is believed to result from a complex interplay of genetic and environ-
mental factors. Genetic research has identified numerous genes associated with increased risk, and family studies show
that having a sibling with ASD raises the risk for others[3]. Environmental factors, such as advanced parental age, low
birth weight, and prenatal exposure to certain drugs, have also been linked to ASD, though no single factor has been
definitively proven. Neurologically, individuals with ASD may exhibit differences in brain structure and function,
affecting neuronal communication and information processing[4].

Clinically, ASD manifests in a variety of ways. Social communication challenges include difficulty understanding and
using verbal and nonverbal communication, maintaining relationships, and sharing interests or emotions. Repetitive
behaviors may involve movements like hand-flapping, strict adherence to routines, intense interests, and sensory sensit-
ivities[5]. Many individuals with ASD also experience comorbid conditions such as intellectual disability, attention deficit
hyperactivity disorder (ADHD), anxiety disorders, epilepsy, gastrointestinal (GI) issues, and sleep disturbances[6].

Diagnosis of ASD involves a comprehensive evaluation by a multidisciplinary team using developmental history,
direct observation, and standardized tools like the autism diagnostic observation schedule and the autism diagnostic
interview-revised. While there is no cure for ASD, various interventions can significantly improve the quality of life[7].
Behavioral interventions, such as applied behavior analysis (ABA), social skills training, and cognitive behavioral
therapy, are common. Educational interventions include individualized education programs, speech and language
therapy, and occupational therapy. Medical interventions often address co-occurring conditions; family support and
training are crucial for empowering families to support their loved ones[8].
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Understanding the dietary influences on ASD is crucial due to the significant impact diet can have on the health and
well-being of individuals with autism. Many people with ASD experience sensory sensitivities that affect their food
preferences, leading to limited and repetitive eating patterns, which can result in nutritional deficiencies[9]. Additionally,
GI issues, which are common in individuals with ASD, can be influenced by dietary habits and may exacerbate
behavioral symptoms[10]. Exploring the relationship between diet and ASD can help identify effective nutritional
interventions that may alleviate some of these challenges, improve overall health, and enhance quality of life[11]. This
understanding can guide caregivers and healthcare professionals in developing personalized nutrition plans that cater to
the unique needs of individuals with ASD, ultimately supporting their physical health, cognitive development, and
behavioral regulation. Research into dietary influences also holds the potential to uncover new insights into the
underlying mechanisms of ASD, further contributing to the development of comprehensive treatment strategies.

This review seeks to provide an extensive overview of the current literature on nutritional challenges and management
in ASD, including GI problems, dietary interventions, vitamins, nutrients, mineral supplements, feeding therapy, and
behavioral strategies. By synthesizing evidence from recent studies, this review aims to offer insights into the effect-
iveness of these approaches and guide clinicians and caregivers in optimizing feeding and nutritional outcomes for
children with ASD.

MATERIALS AND METHODS

Study design and literature search strategy

This study employed a systematic approach to synthesize existing literature on feeding therapy, behavioral interventions,
and mealtime practices for children with ASD. The review focused on identifying effective strategies and techniques used
in clinical settings and research studies to improve feeding behaviors and expand food preferences in this population. A
systematic search of electronic databases, including PubMed, Scopus, and PsycINFO, was conducted to identify relevant
studies published up to July 2024. The search terms included combinations of keywords such as "autism spectrum
disorder," "ASD," "feeding therapy," "behavioral interventions," "mealtime practices," "sensory integration," "oral motor
skills," "food selectivity," and "nutritional intake." Only studies published in English and involving children diagnosed
with ASD were included.

Selection criteria

Studies were included if they examined feeding therapy interventions, behavioral strategies, or mealtime practices for
children diagnosed with ASD, reported outcomes related to improving oral motor skills, sensory integration, food
acceptance, or nutritional intake, were peer-reviewed articles, systematic reviews, meta-analyses, clinical trials, or
observational studies. Studies were excluded if they focused solely on adults with ASD or other developmental disorders,
lacked clear methodology or reported relevant outcomes, and were published in a non-English language.

Data extraction and synthesis and quality assessment

Two independent reviewers screened the titles and abstracts of identified articles based on the selection criteria. Full-text
articles were retrieved to assess eligibility further. Data extraction included study design, participant characteristics (age,
gender), intervention details (feeding therapy techniques, behavioral strategies), outcomes measured (changes in feeding
behaviors, food acceptance, nutritional status), and key findings relevant to the study objectives. The quality of included
studies was assessed using appropriate tools such as the Cochrane Collaboration's tool for assessing risk of bias in
randomized trials or the Newcastle-Ottawa Scale for observational studies. Studies were evaluated based on criteria
including study design, sample size, blinding, outcome measures, and statistical analysis.

Data synthesis and analysis and ethical considerations

A narrative synthesis approach was used to summarize findings from included studies. Key themes and patterns across
interventions and outcomes were identified, focusing on effective strategies for improving feeding behaviors and
mealtime practices in children with ASD. Quantitative data, when available, were synthesized descriptively or meta-
analyzed if studies were homogeneous in methodology and outcomes. Ethical approval was not required since this study
involved a review of existing literature. All data were obtained from published studies with proper ethical standards
adhered to by the original researchers.

RESULTS

The systematic review identified 316 relevant studies meeting the inclusion criteria. Figure 1 shows the article's flow chart
(96 research articles, 177 reviews, 24 systematic reviews, 10 meta-analyses, 6 case reports, and 3 guidelines). The included
studies encompassed a variety of study designs, including randomized controlled trials (RCTs), observational studies,
and systematic reviews. Participants across studies were primarily children diagnosed with ASD, with ages ranging from
early childhood to adolescence. Some studies included specific subgroups based on age, severity of ASD symptoms, or
comorbid conditions.
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Figure 1 The flow chart of the study.

Several studies focused on improving oral motor skills through structured exercises and sensory-motor activities.
Techniques included facial massages, chewing exercises, and tongue stimulation to enhance swallowing and chewing
abilities. Feeding therapists utilized sensory integration techniques to address sensory sensitivities related to food
textures, tastes, and smells. Gradual exposure and desensitization strategies were commonly employed to increase
tolerance to new foods. Behavioral interventions based on ABA principles were widely utilized to modify feeding
behaviors. Techniques included reinforcement strategies, task analysis, and shaping to encourage positive eating
behaviors and reduce food selectivity. Some studies employed modeling techniques where children observed peers or
adults demonstrating appropriate eating behaviors. Social stories were used to prepare children for mealtime routines
and promote understanding of expected behaviors.

Establishing consistent meal and snack times was emphasized across studies to provide predictability and reduce
anxiety during meals. Visual schedules and timers were used to help children understand mealtime expectations and
transitions. Modifications such as soft lighting, non-patterned tableware, and comfortable seating arrangements were
implemented to minimize sensory distractions and enhance focus on eating. Many studies reported significant
improvements in food acceptance and willingness to try new foods following intervention. Techniques like food chaining
and gradual exposure were effective in expanding food preferences. Interventions targeting oral motor skills improved
chewing, swallowing, and overall oral coordination among children with ASD. Several studies indicated that effective
feeding therapy and mealtime practices improved nutritional outcomes, including increased dietary diversity and
nutrient intake. Variability in intervention protocols and outcome measures across studies made direct comparisons
challenging. The diversity in participant characteristics and settings also influenced the interpretation of findings.

There was a tendency for studies to report positive outcomes, potentially leading to publication bias. Negative or null
findings may be underrepresented in the literature. Studies were assessed for quality using criteria appropriate to their
study design, such as the Cochrane Collaboration's risk of bias tool for RCTs or the Newcastle-Ottawa Scale for observa-
tional studies. High-quality studies with rigorous methodologies provided more robust evidence of intervention effect-
iveness. The synthesis of findings highlighted common themes and effective strategies across studies, including the
importance of multidisciplinary approaches involving dietitians, speech-language pathologists, occupational therapists,
and psychologists. Effective interventions focused on improving oral motor skills, addressing sensory sensitivities, and
establishing structured mealtime routines.
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DISCUSSION

Sensory sensitivities and food preferences

Individuals with ASD often experience heightened or diminished sensitivity to sensory stimuli, significantly influencing
their food choices and eating behaviors. These sensory sensitivities can manifest in various ways. For instance, many
individuals with ASD have strong preferences or aversions to specific food textures, leading them to prefer crunchy foods
and avoid soft or mushy textures, or vice versa[l12]. Sensitivity to smells can cause rejection of foods with strong odors,
with even the smell of food being prepared or served nearby becoming overwhelming. Taste sensitivities might make
certain flavors intolerable, causing individuals to avoid bitter, sour, or spicy foods and gravitate towards bland or sweet
items, resulting in a limited diet lacking variety and essential nutrients[13]. Additionally, the visual appearance of food
can influence acceptance, as some individuals are particular about how food is presented, preferring visually appealing
foods and avoiding unfamiliar ones. Preferences for food temperature and sensitivity to the sounds associated with
eating can also affect what individuals with ASD are willing to consume. These sensory sensitivities often lead to selective
eating habits, posing challenges for maintaining a balanced diet and adequate nutrition[14]. Understanding these sensory
influences is crucial for developing effective strategies to broaden food acceptance and ensure nutritional adequacy in
individuals with ASD.

Individuals with ASD often exhibit distinct food preferences and aversions influenced by their sensory sensitivities,
significantly impacting their dietary intake and nutritional status. Commonly, they prefer bland foods with mild flavors,
such as plain pasta, rice, bread, and crackers, as well as crunchy or crispy textures found in chips, crackers, and raw
vegetables. Sweet and salty foods, including candies, cookies, and snack foods, are also frequently favored[14]. Familiar
and predictable foods, particularly specific brands or types of packaged foods, and carbohydrate-rich items like bread,
pasta, and potatoes, are often preferred due to their consistency and simplicity. Conversely, individuals with ASD often
avoid foods with strong, bitter, spicy, or sour flavors, including spicy dishes, citrus fruits, and certain vegetables[9]. Soft
or slimy textures, such as those found in mashed potatoes, bananas, and some cooked vegetables, are frequently rejected,
as are mixed textures in dishes like casseroles, stews, or sandwiches due to their sensory complexity[15]. New or
unfamiliar foods are commonly resisted, leading to a very limited diet, and foods with potent odors, such as certain
cheeses, fish, and cooked cabbage, are typically avoided. These preferences and aversions result in restricted diets that
may lack nutritional balance, highlighting the need for caregivers and healthcare professionals to develop strategies to
gradually introduce new foods and ensure adequate nutrition for individuals with ASD[11].

The impact of sensory-based food selectivity on nutrition and health in individuals with ASD is profound and
multifaceted. Many individuals with ASD exhibit selective eating patterns driven by sensory sensitivities, which often
result in a limited variety of accepted foods[16]. This can lead to significant nutritional deficiencies, as essential vitamins,
minerals, and dietary fiber may be lacking due to avoidance of certain textures or flavors. Such imbalanced diets, often
skewed towards carbohydrates and processed foods that meet sensory preferences, can contribute to weight management
issues and increase the risk of chronic diseases like diabetes and cardiovascular conditions[17]. Moreover, inadequate
nutrition can impair physical growth and development, particularly concerning bone health and cognitive function in
younger individuals. GI problems, such as constipation and diarrhea, are also common and exacerbated by limited
dietary variety and fiber intake. Behavioral challenges and emotional well-being may also be affected, with inadequate
nutrition potentially contributing to increased anxiety, irritability, and difficulties in mood regulation[10]. Addressing
these challenges requires tailored interventions that gradually introduce new foods, modify textures, and incorporate
sensory integration techniques to broaden food acceptance and ensure optimal nutrition and overall health for
individuals with ASD[18].

Gl issues and autism

Prevalence of GI problems in individuals with ASD: The prevalence of GI problems in individuals with ASD is notably
higher compared to the general population. Studies and clinical observations indicate that a significant proportion of
individuals with ASD experience various Gl issues, which can impact their overall health and quality of life[10]. Research
suggests that up to 70% of individuals with ASD may have GI symptoms, such as abdominal pain, constipation, diarrhea,
bloating, and gastroesophageal reflux disease (GERD). These symptoms are often reported to occur at higher rates and
with greater severity in individuals with ASD compared to neurotypical peers[19]. The exact reasons for this elevated
prevalence are still under investigation. Still, they may involve factors such as altered gut microbiota, immune system
dysregulation, dietary factors, and sensory sensitivities influencing food choices[20].

The presence of GI problems in individuals with ASD can complicate behavioral management and may exacerbate core
symptoms of autism, such as communication difficulties and repetitive behaviors[21]. Addressing GI issues is crucial for
improving the overall well-being and quality of life of individuals with ASD. This often involves a multidisciplinary
approach that includes healthcare providers specializing in both autism and gastroenterology, along with dietary
interventions and behavioral strategies tailored to the unique needs of each individual[10]. Continued research into the
underlying mechanisms and effective treatments for GI problems in ASD is essential for developing targeted inter-
ventions and improving outcomes for this population.

Types of GI issues commonly observed: Several Gl issues are commonly observed in individuals with ASD, significantly
impacting their overall health and well-being. Constipation is a prevalent concern, characterized by infrequent bowel
movements and discomfort, often leading to abdominal pain and changes in appetite[10]. Conversely, diarrhea, marked
by loose or watery stools, can also occur, potentially causing dehydration and nutrient malabsorption if persistent[10].
GERD is another common problem in patients with autism, where stomach acid or bile refluxes into the esophagus,
causing heartburn, regurgitation, and difficulty swallowing[22]. Abdominal pain is frequently reported and may stem
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from constipation, food intolerances, or inflammation. Bloating, characterized by abdominal discomfort and distension, is
also common and may be related to dietary factors or impaired digestion[23]. Many individuals with ASD experience
food intolerances or sensitivities, often to gluten or dairy, which can exacerbate GI symptoms. Feeding difficulties, such
as selective eating patterns or swallowing issues, further complicate nutritional intake and digestive health management
[11]. Inflammatory bowel diseases (IBD) like Crohn's disease or ulcerative colitis, though less common, can also occur in
individuals with ASD, necessitating careful monitoring and treatment by healthcare professionals specializing in both
autism and gastroenterology[24]. Understanding and addressing these GI issues are crucial for improving the quality of
life and health outcomes of individuals with ASD, often requiring tailored interventions that consider their unique
sensory and dietary needs.

Constipation: Constipation is a prevalent GI issue among individuals with ASD, affecting a significant number of those
diagnosed. It is characterized by infrequent bowel movements and difficulty passing stools, often resulting in abdominal
discomfort or pain[25]. Several factors contribute to constipation in individuals with ASD, including sensory sensitivities
that affect food choices and dietary habits. Many individuals with ASD have selective eating patterns, preferring certain
textures or avoiding foods high in fiber, such as fruits, vegetables, and whole grains, which are essential for regular bowel
movements[10]. Additionally, factors like reduced physical activity, inadequate fluid intake, and side effects from
medications commonly used to manage symptoms associated with ASD can further exacerbate constipation[26].
Addressing constipation in individuals with ASD requires a multidisciplinary approach involving healthcare providers,
including gastroenterologists and dietitians, who specialize in understanding the unique needs and challenges of
individuals on the autism spectrum. Management typically includes dietary adjustments to increase fiber intake,
hydration strategies, promoting physical activity, and, when necessary, medications to alleviate symptoms and improve
bowel function. Regular monitoring and proactive management of constipation are essential to minimize discomfort,
promote GI health, and enhance overall well-being in individuals with ASD[10].

Diarrhea: Diarrhea, though less frequently discussed compared to constipation, is a GI issue that can affect individuals
with ASD. Characterized by loose, watery stools, diarrhea can lead to dehydration and electrolyte imbalances if not
managed promptly[10]. Several factors contribute to diarrhea in individuals with ASD, including sensory sensitivities
that influence dietary preferences and aversions, potentially affecting digestive health[27]. Food sensitivities or
intolerances, such as reactions to gluten or dairy products, are also common triggers for GI symptoms like diarrhea.
Additionally, medications prescribed to manage symptoms associated with ASD may have side effects that include GI
disturbances. Anxiety or stress, which can be heightened in individuals with ASD, may further impact gut function and
contribute to diarrhea episodes[10]. Managing diarrhea involves identifying and addressing these underlying factors,
including dietary adjustments, hydration strategies, and potentially modifying medications under the guidance of
healthcare providers. Monitoring and proactive management are essential to minimize discomfort, promote GI health,
and improve overall well-being in individuals with ASD affected by diarrhea[10].

Abdominal pain: Abdominal pain is a significant issue affecting many individuals with ASD, impacting their daily lives
and overall well-being. Commonly experienced as recurrent or chronic discomfort, abdominal pain in individuals with
ASD can stem from various factors. These include GI issues such as constipation, diarrhea, bloating, and GERD, often
exacerbated by dietary preferences and sensory sensitivities[10]. Sensitivities to certain foods, like gluten or dairy, can
also contribute to abdominal discomfort. Additionally, heightened levels of anxiety or stress, frequently observed in
individuals with ASD, may manifest physically as abdominal pain[25]. Sensory sensitivities can further intensify the
experience of pain, making individuals more sensitive to discomfort in the abdominal region. Communication challenges
can complicate diagnosis and treatment, requiring caregivers and healthcare providers to rely on behavioral cues and
careful observation to address underlying issues effectively[28]. Managing abdominal pain in individuals with ASD
involves a holistic approach that includes addressing GI health, managing dietary sensitivities, promoting strategies to
reduce anxiety, and ensuring effective communication to improve overall quality of life. Regular monitoring and collab-
oration with healthcare professionals specializing in ASD and gastroenterology are essential for developing personalized
management plans that address the unique needs of individuals affected by abdominal pain[10].

Potential links between GI issues and dietary habits: There are several potential links between GI issues and dietary
habits in individuals with ASD, underscoring the intricate relationship between diet and digestive health. Many
individuals with ASD have sensory sensitivities that influence their food preferences and aversions. These preferences
often lead to selective eating habits, where individuals may avoid foods with certain textures, flavors, or appearances that
trigger discomfort or sensory overload[14]. This selective eating can limit dietary variety and potentially lead to
nutritional deficiencies or imbalances contributing to GI issues. Individuals with ASD commonly experience food sensit-
ivities or allergies, particularly to gluten, dairy, and artificial additives. These sensitivities can provoke GI symptoms such
as abdominal pain, bloating, diarrhea, or constipation[29]. Managing these sensitivities through dietary modifications is
crucial for alleviating GI discomfort and improving overall digestive health.

Emerging research suggests that individuals with ASD may have alterations in gut microbiota composition compared
to neurotypical individuals. These microbial imbalances can influence digestion, immune function, and inflammation
levels, potentially contributing to GI symptoms such as irritable bowel syndrome or IBD[30]. Diet plays a significant role
in shaping gut microbiota composition, with dietary habits affecting microbial diversity and function. Selective eating
habits and restricted diets common in individuals with ASD can result in nutritional deficiencies, such as insufficient fiber
intake, vitamins, and minerals. These deficiencies may exacerbate GI issues like constipation or affect overall digestive
function and health[31].
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Medications commonly prescribed to manage symptoms associated with ASD, such as antipsychotics or stimulants,
can have side effects that impact GI function. These may include constipation, diarrhea, or changes in appetite,
necessitating dietary adjustments or additional interventions to mitigate these effects[10]. Understanding these potential
links between dietary habits and GI issues is essential for developing effective management strategies tailored to the
unique needs of individuals with ASD. Integrating nutritional counseling, monitoring dietary intake, addressing food
sensitivities, and promoting a balanced diet are critical components of supporting digestive health and overall well-being
in this population[32].

Effects of GI problems on behavior and overall well-being: GI problems can have significant effects on behavior and
overall well-being in patients with ASD, influencing various aspects of their daily lives. GI issues can exacerbate
behavioral symptoms commonly associated with ASD, such as irritability, agitation, and increased repetitive behaviors
[33]. Discomfort or pain from GI symptoms may lead to heightened levels of distress and difficulty in self-regulation,
contributing to behavioral outbursts or withdrawal. Individuals with ASD often face challenges in communicating their
discomfort or pain verbally, making it difficult for caregivers and healthcare providers to identify and address underlying
GI issues promptly, potentially prolonging distress and behavioral difficulties[34]. Persistent GI symptoms, such as
abdominal pain, bloating, constipation, or diarrhea, can significantly impact the overall quality of life for individuals with
ASD. These symptoms may affect sleep patterns, appetite, social interactions, and participation in daily activities, leading
to decreased enjoyment and engagement in their surroundings[35]. Severe or chronic GI problems can interfere with
daily functioning, including disruptions in eating habits, difficulty attending school or work, and reduced participation in
recreational activities. Managing GI symptoms effectively is crucial for optimizing daily functioning and promoting
independence in individuals with ASD[23].

The discomfort and unpredictability of GI symptoms can contribute to heightened anxiety, stress, or mood
disturbances in individuals with ASD. Addressing GI issues improves physical health and supports emotional well-being
and overall mental health resilience[36]. GI symptoms may affect social interactions and participation in community
settings, as individuals with ASD may experience discomfort or embarrassment related to their symptoms. Managing GI
health can enhance social engagement and improve overall social functioning[37]. Recognizing and addressing the impact
of GI problems on behavior and well-being in individuals with ASD requires a comprehensive approach that includes
regular monitoring, proactive management of symptoms, and collaboration among caregivers, healthcare providers, and
specialists in autism and gastroenterology. Tailored interventions, such as dietary modifications, behavioral therapies,
and medications, when necessary, can help alleviate GI symptoms, improve overall comfort, and enhance the quality of
life for individuals with ASD affected by GI issues[38].

Nutritional deficiencies and ASD

Common nutritional deficiencies in individuals with ASD: Individuals with ASD often experience nutritional
deficiencies that can impact their overall health and well-being. Here's a comprehensive review focusing on common
deficiencies in vitamins, minerals, and essential fatty acids (EFAs) observed in individuals with ASD. Vitamin D
deficiency is prevalent among individuals with ASD due to several factors. Many individuals with ASD may have limited
outdoor activities or sunlight exposure, reducing their body's ability to synthesize Vitamin D[39]. Selective eating habits
and aversions to certain foods, such as dairy products or fortified cereals, can further limit Vitamin D intake. Some
individuals with ASD may have altered metabolism or absorption patterns that affect Vitamin D levels. Vitamin D
deficiency can impact bone health and immune function and may exacerbate behavioral symptoms associated with ASD
[16].

B vitamins are critical in neurological function, energy metabolism, and overall health. Deficiencies in B vitamins,
particularly B6 (pyridoxine), B12 (cobalamin), and folate (B9), are commonly observed in individuals with ASD. Limited
intake of sources rich in B vitamins, such as meats, leafy greens, and fortified grains, due to selective eating patterns or
food sensitivities[40]. Increased metabolic demands or altered metabolism in individuals with ASD may contribute to B
vitamin deficiencies. B vitamin deficiencies can affect neurotransmitter synthesis and function, potentially influencing
mood, behavior, and cognitive abilities in individuals with ASD. Additional vitamin deficiencies in individuals with ASD
include vitamins A, E, and C. Vitamin A is essential for vision, immune function, and cellular growth[6]. Dietary
restrictions or selective eating habits may contribute to Vitamin A deficiency. Vitamin E Acts as an antioxidant and
supports immune function. Individuals with ASD may have a limited intake of sources like nuts, seeds, and vegetable
oils. Vitamin C is important for immune function and collagen synthesis. Limited intake of fruits and vegetables rich in
Vitamin C may contribute to deficiencies[41].

Mineral disorders, especially for zinc, iron, and calcium, in patients with ASD are commonly observed and can
significantly impact their health and well-being. Zinc is crucial in immune function, protein synthesis, and wound
healing. Zinc deficiency is prevalent among individuals with ASD due to several factors[42]. Dietary restrictions and
selective eating patterns or food aversions may lead to inadequate intake of zinc-rich foods such as meats, shellfish, nuts,
and seeds. Individuals with ASD may experience GI problems that impair zinc absorption, exacerbating deficiency. Some
individuals with ASD may have increased metabolic demands or higher losses of zinc due to medications or other factors
[43].

I]ron is essential for oxygen transport in the blood, energy metabolism, and cognitive development. Iron deficiency
anemia is commonly reported in individuals with ASD. Limited consumption of iron-rich foods like red meat, poultry,
beans, and fortified cereals can contribute to iron deficiency[44]. Digestive problems such as constipation or diarrhea may
affect iron absorption and contribute to deficiency. In addition, preferences for certain textures or flavors may restrict
dietary diversity and lead to insufficient iron intake. Magnesium is involved in hundreds of biochemical reactions in the
body, including muscle and nerve function, energy production, and bone health. Imbalances in magnesium levels,
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including both deficiency and excess, have been observed in individuals with ASD[45]. Inadequate intake of magnesium-
rich foods such as nuts, seeds, whole grains, and leafy greens due to dietary restrictions or preferences. Similar to zinc
and iron, GI problems may affect magnesium absorption and contribute to imbalances. Magnesium deficiency or
imbalance can impact neurological function and may exacerbate behavioral symptoms in individuals with ASD[46].
Calcium is crucial for bone health, muscle function, and nerve transmission. Individuals with ASD may have insufficient
calcium intake. They avoid dairy products, a primary source of calcium, due to lactose intolerance or sensory issues.
Calcium deficiency can affect bone density and increase the risk of osteoporosis or fractures, especially as individuals
with ASD age[47].

EFA, particularly omega-3 and omega-6 fatty acids, play crucial roles in brain function, inflammation regulation, and
overall health. Disorders related to EFAs are often observed in patients with ASD, impacting their cognitive, behavioral,
and physical well-being[48]. Omega-3 fatty acids, especially eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are essential for brain development, cognitive function, and reducing inflammation[49]. They are primarily found
in fatty fish, flaxseeds, walnuts, and chia seeds. Individuals with ASD often have lower levels of omega-3 fatty acids due
to selective eating habits that exclude omega-3-rich foods or metabolic differences affecting the synthesis and utilization
of these fatty acids[50]. Omega-3 deficiencies are associated with various cognitive and behavioral issues in individuals
with ASD, including difficulties with attention, hyperactivity, and social interactions. These fatty acids are crucial for
synaptic function and neuronal communication, and deficiencies can exacerbate symptoms of ASD[51].

Omega-6 fatty acids, such as linoleic acid (LA) and arachidonic acid (AA), are important for immune function and
inflammation regulation and are found in vegetable oils, nuts, and seeds. While necessary for health, an imbalance
between omega-6 and omega-3 fatty acids is common in individuals with ASD[52]. A diet high in omega-6 but low in
omega-3 can promote inflammation and negatively affect brain function and behavior. Addressing EFA disorders
involves increasing the intake of omega-3-rich foods and reducing the consumption of omega-6-rich processed foods and
vegetable oils to balance the ratio of omega-6 to omega-3 fatty acids[53]. Omega-3 supplements, such as fish oil or algae-
based supplements, can effectively increase EPA and DHA levels in individuals with ASD. It is important to choose high-
quality supplements and follow recommended dosages under the guidance of healthcare providers[54]. Regular
monitoring of fatty acid levels through blood tests can track the effectiveness of dietary and supplementation
interventions, with adjustments made based on individual responses and progress.

Consequences of nutritional deficiencies on physical and cognitive health: Nutritional deficiencies can have profound
consequences on the physical and cognitive health of patients with ASD. These deficiencies, often stemming from
selective eating habits, sensory sensitivities, and GI issues, can exacerbate the core symptoms of ASD and lead to
additional health complications.

Physical health consequences: Nutritional deficiencies can impair physical growth and development. For example,
deficiencies in essential vitamins and minerals like Vitamin D, calcium, and zinc can lead to poor bone health, increasing
the risk of fractures and osteoporosis[55]. Inadequate intake of essential nutrients can also hinder muscle development
and overall physical growth. Deficiencies in vitamins such as A, C, D, and E and minerals like zinc and iron can weaken
the immune system. This can make individuals with ASD more susceptible to infections and illnesses, potentially leading
to frequent health complications and extended recovery times[56]. Nutritional deficiencies can exacerbate existing GI
problems, such as constipation, diarrhea, and abdominal pain. These issues are common in individuals with ASD and can
be both a cause and consequence of poor nutrition, creating a challenging cycle to break[10]. Iron deficiency anemia,
common in individuals with ASD, can lead to fatigue and low energy levels. This can affect their ability to engage in daily
activities, participate in physical exercise, and maintain overall vitality[57].

Cognitive health consequences: Essential nutrients like omega-3 fatty acids, B vitamins, and iron play crucial roles in
brain function. Deficiencies in these nutrients can impair cognitive processes such as attention, memory, and executive
function. For example, omega-3 fatty acids are vital for synaptic function and neuronal communication, and their
deficiency can affect cognitive performance and developmental outcomes[58]. Nutritional deficiencies can exacerbate
behavioral symptoms associated with ASD. Deficiencies in omega-3 fatty acids and B vitamins have been linked to
increased hyperactivity, irritability, and aggression. Iron deficiency can lead to cognitive and behavioral disturbances,
impacting mood and increasing the severity of ASD symptoms[59]. Nutritional deficiencies can contribute to mental
health issues such as anxiety and depression. For instance, deficiencies in B vitamins, particularly B6, B12, and folate, can
affect neurotransmitter synthesis and regulation, influencing mood and emotional stability. A well-balanced diet with
adequate nutrients is essential for maintaining mental health and emotional well-being[60].

Strategies to address and prevent nutritional deficiencies in individuals with autism: Nutritional deficiencies are
common among individuals with ASD, so addressing and preventing them requires a comprehensive, multidisciplinary
approach that involves healthcare providers, dietitians, caregivers, and behavioral therapists[11]. Various strategies could
effectively address these nutritional deficiencies. First, we should do a comprehensive nutritional assessment. These
deficiencies could be initially assessed through dietary assessments to identify nutrient gaps and eating patterns[61].
Physicians could utilize food diaries, questionnaires, and interviews with caregivers to gather detailed information on
dietary intake. Some laboratory tests could help check for deficiencies in essential vitamins and minerals such as vitamin
D, B vitamins, iron, zinc, and fatty acids and monitor biomarkers of nutritional status to adjust interventions accordingly
[62].

Secondly, physicians should tailor the dietary interventions according to the initial assessment and initiate person-
alized meal plans. They can develop individualized meal plans that address specific nutritional needs while considering
food preferences and sensory sensitivities[63]. They may introduce nutrient-dense foods gradually to increase acceptance
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and encourage a diverse diet that includes a range of fruits, vegetables, whole grains, lean proteins, and healthy fats. The
caregivers are advised to use creative presentations and recipes to make foods more appealing. Thirdly, behavioral and
sensory-based strategies could help support nutritional management[12]. New foods and textures can be slowly
introduced new foods to reduce sensory aversions. Parents can pair preferred foods with new or less preferred items to
increase acceptance[64]. They can use rewards and praise to encourage them to try and consume new foods. Parents
should try their best to create a positive mealtime environment to reduce anxiety and stress related to eating. Sensory
integration therapy can help desensitize individuals and become more comfortable with different textures, tastes, and
smells. In addition, occupational therapists can provide specialized support to address sensory processing issues[65].

Targeted nutritional supplementation is another crucial step in the management. The patients should be supplemented
with vitamins and minerals that are difficult to obtain through diet alone, such as Vitamin D, B vitamins, iron, zinc, and
omega-3 fatty acids[66]. Supplements should also be in forms that are easy to ingest and well-tolerated (e.g., liquids,
chewable). Supplements should be provided in the appropriate dosages and monitored for potential interactions or side
effects, with regular review and adjustment of the supplementation plans based on ongoing assessments[67]. Addressing,
identifying, and managing GI problems such as constipation, diarrhea, and abdominal pain that can affect nutrient
absorption is paramount. Patients can use probiotics, fiber supplements, or medications as healthcare providers
recommend to improve digestive health[68]. Diets should be adjusted to include high-fiber foods to support healthy
digestion. In addition, patients should avoid foods that exacerbate GI symptoms and consider elimination diets if food
intolerances or allergies are suspected[69].

Nutritional education is another essential corner of proper dietary management. Caregivers should receive information
on balanced nutrition, portion sizes, and healthy eating habits. They should be educated on the importance of consistency
and patience in implementing dietary changes[70]. Caregivers should be provided with practical tips for meal planning,
grocery shopping, and preparing meals that meet the nutritional needs of individuals with ASD. They also need to share
strategies for managing mealtime behaviors and reducing the stress around eating. Other pillars of management are
ongoing monitoring and follow-up. Regular follow-up appointments should be scheduled to monitor nutritional status,
growth, and overall health[71]. Dietary and supplementation plans can be adjusted based on changes in nutritional needs
and intervention responses. Addressing and preventing nutritional deficiencies in individuals with ASD requires a
comprehensive, individualized approach that combines dietary interventions, behavioral strategies, supplementation,
and ongoing support[72]. By leveraging a multidisciplinary team and continuously monitoring and adjusting plans,
healthcare providers and caregivers can significantly improve the nutritional status, overall health, and quality of life of
individuals with ASD.

Nutrition assessment of individuals diagnosed with autism

A thorough nutritional assessment is crucial for individuals with ASD due to the high prevalence of feeding difficulties,
dietary restrictions, and GI issues in this population. Proper nutritional assessment can help identify deficiencies, guide
dietary interventions, and improve overall health outcomes. Tailored dietary interventions, regular monitoring, and
interdisciplinary collaboration can significantly enhance nutritional status and overall quality of life[73]. The initial step is
dietary history, followed by anthropometric assessment, complete clinical examination, evaluation of GI function, and
biochemical assessment. A comprehensive nutritional assessment is essential for individuals with ASD to address the
unique challenges and optimize their health and development. Tailored dietary interventions, regular monitoring, and
interdisciplinary collaboration can significantly enhance nutritional status and overall quality of life[74].

Dietary and medical history: Many individuals with ASD exhibit strong preferences and aversions for certain textures,
colors, and types of food, often leading to a limited diet. Physicians can assess dietary records using a 3-day food record
to analyze dietary intake and guide recommendations. Assessment of mealtime and feeding behaviors, such as refusal to
eat certain foods, prolonged mealtimes, or disruptive behaviors, is a crucial step in nutritional assessment[75]. To assess
nutrient adequacy, physicians should also obtain a detailed record of daily food and beverage intake, including portion
sizes. They should also get information on any special diets, such as gluten-free, casein-free, or other therapeutic diets.
Generally, carbohydrate and fat requirements are met, but fiber intake is often suboptimal. Protein intake may be
sufficient if dairy is included; otherwise, non-dairy proteins are assessed. Common deficiencies include vitamin A,
calcium, D, E, pantothenic acid, vitamin K, and zinc. Special attention is needed for children on gluten-free, casein-free
diets, as many gluten-free foods are not fortified[76].

Gl issues like constipation, diarrhea, abdominal pain, and reflux should be documented when present. Assessment of
gut microbiota and potential dysbiosis helps address the defects that open the door for better treatment[23]. Medication
history is also of paramount importance, as many medications used by individuals with autism could induce nutritional
assessment. For example, ADHD medications can affect appetite negatively, anticonvulsants can cause nausea, vomiting,
diarrhea, and decreased levels of vitamin D and calcium due to osteoclastic activity, and atypical antipsychotics may lead
to increased appetite, weight gain, and glucose intolerance[77].

Laboratory values from the primary care physician are essential when assessing a child being evaluated for or already
diagnosed with ASD. Lead levels are frequently measured when a developmental disability is suspected, as high serum
levels are associated with mental retardation[78]. Iron deficiency anemia is a common risk factor in children with
developmental disabilities, necessitating baseline ferritin level checks and ongoing monitoring if iron therapy is initiated
[79]. Serum cholesterol levels are also of interest due to the correlation between low cholesterol and a positive ASD
diagnosis. This correlation is related to the physiological milieu of autism rather than nutrition[80]. Biochemical
assessment includes blood tests for nutrient levels such as vitamins D, B12, folate, minerals like iron and zinc, and EFAs.
Urine tests evaluate metabolic markers and nutrient excretion[81].
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Anthropometric assessment: Anthropometric assessment is the second step in nutritional assessment. Regular
monitoring is crucial to tracking growth patterns and identifying potential undernutrition or obesity. Body mass index is
calculated and interpreted according to age-specific percentiles to help identify underweight and malnutrition[82].
Measuring head circumference in younger children helps to monitor brain development and growth. Triceps and
subscapular skinfolds and arm circumference are other important anthropometric measures that help identify
malnutrition. Recumbent measurements should be taken for younger children (0-36 months). In older children (6-10
years), metacarpal morphometry or dual-energy X-ray absorptiometry may be used to assess bone health[83].

Clinical assessment: Recording the patient's medical history helps review medical conditions, including GI disorders,
allergies, and metabolic issues. Then, a thorough physical examination can help detect signs of nutrient deficiencies or
excesses, such as skin changes, hair loss, or dental problems. Signs of vitamin D deficiency may include rickets, bone
pain, and muscle weakness. Iron deficiency may be manifested in anemia, fatigue, and poor concentration[84]. Zinc
deficiency may induce growth retardation, impaired immune function, and skin rashes. Furthermore, omega-3 deficiency
may initiate cognitive and behavioral issues, dry skin, and cardiovascular problems[84].

Feeding skills: Evaluation of oral-motor deficits such as weak suck, tongue thrust, poor lip closure, and oral tactile
sensitivity is of paramount importance. Feeding skills may be assessed by a multidisciplinary team, including a dietitian,
occupational therapist, speech pathologist, pediatric psychologist, and pediatrician[85]. Table 1 compares the feeding
developmental milestones in children with typical development vs those with autism[86-88].

Dietary interventions and therapies

Specific dietary intervention may be beneficial in some individuals with autism, particularly in managing GI symptoms
and certain behavioral issues. Dietary interventions and therapies play a crucial role in managing and improving the
health and well-being of individuals with ASD[89]. These interventions aim to address common nutritional deficiencies,
Gl issues, and selective eating habits often observed in patients with autism. By tailoring dietary plans to meet the unique
needs of individuals with ASD, healthcare providers can help alleviate some of the core symptoms and associated health
problems[10]. Figure 2 shows the general effects of dietary therapy in children with ASD. Nutritional therapies may
include specialized diets, such as gluten- or casein-free diets, ketogenic diets (KD), and specific carbohydrate diets (SCD),
which some believe can reduce behavioral symptoms and GI distress[90]. Supplementation with essential nutrients like
vitamins, minerals, and omega-3 fatty acids can address specific deficiencies and support overall health. Additionally,
incorporating behavioral strategies, such as gradual exposure to new foods and positive reinforcement, can improve food
acceptance and mealtime behaviors[91]. Other dietary management approaches might include elimination diets to
identify and remove potential allergens or irritants and probiotics to enhance gut health. Through a comprehensive and
personalized approach, nutritional interventions can support better physical health, cognitive function, and overall
quality of life for individuals with autism[92].

Gluten-free diet: Gluten-free diet (GFD) is a popular but controversial intervention for individuals with autism. While
some parents and practitioners report positive outcomes, the scientific community calls for more rigorous research to
substantiate these claims. This diet eliminates gluten, wheat, barley, and rye protein from the patient's diet[93]. While
some parents and practitioners report positive outcomes, others deny any noticeable effect. Proponents of the GFD for
autism believe it can alleviate certain symptoms associated with the disorder, particularly GI issues and behavioral
symptoms[94].

The rationale for a GFD in autism: Some researchers and clinicians propose that individuals with autism may have an
increased sensitivity to gluten, which could exacerbate their symptoms (Theory of Gluten Sensitivity). This sensitivity
may be due to an abnormal immune response or an inability to digest gluten properly. The gut-brain axis theory suggests
that GI dysfunctions can influence brain function and behavior[93]. Gluten, as a potential irritant to the gut lining, could
contribute to inflammation and increased intestinal permeability (often referred to as "leaky gut"), leading to the release
of peptides that affect brain function and behavior in individuals with ASD[95]. Additionally, the opioid excess theory
posits that incomplete digestion of gluten can produce peptides with opioid-like activity, which can cross the blood-brain
barrier and affect neurotransmission, potentially leading to the exacerbation of autistic symptoms[96].

Implementation of a GFD: Before starting a GFD, it is essential to conduct a thorough assessment to determine if there is
a potential gluten sensitivity or celiac disease[97]. This may involve blood tests, endoscopic evaluations, and
consultations with a gastroenterologist. Transitioning to a GFD requires careful planning to ensure nutritional adequacy.
This involves identifying and eliminating all sources of gluten from the diet, including obvious sources like bread, pasta,
and cereals, as well as hidden sources in processed foods, sauces, and condiments[98]. To maintain a balanced diet, the
patients can use gluten-free substitutes such as rice, quinoa, gluten-free oats, and specially formulated gluten-free
products. It is important to choose nutrient-dense options to avoid potential nutrient deficiencies. Regular monitoring by
a healthcare provider or dietitian is crucial to assess the diet’s impact on symptoms and overall health. Support from
caregivers and educators can also help ensure diet adherence[99].

Benefits of a GFD: Some individuals with ASD who follow a GFD report improvements in GI symptoms such as
diarrhea, constipation, and abdominal pain. Improved gut health can contribute to overall well-being and comfort[10].
Anecdotal reports and some preliminary studies suggest that a GFD may improve behavior, attention, and social
interactions. Parents and caregivers have observed reduced hyperactivity, irritability, and repetitive behaviors. For some
individuals with ASD, adhering to a GFD can lead to enhanced quality of life due to better health and symptom
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Table 1 Feeding development in children with normal development vs. those with autism

Age . q oy : .

ragnge Normal feeding development Feeding development in children with autism

0-6 Suck-swallow reflexes are well-developed; begins to coordinate May exhibit weak suck, poor coordination of sucking and swallowing, or
months sucking, swallowing, and breathing during feeding difficulties breastfeeding

6-12 Introduced to pureed foods; begins to develop pincer grasp for It may show oral tactile sensitivity or gagging, a preference for smooth,
months self-feeding; starts to handle a variety of textures pureed foods, and delays in self-feeding skills

12-18 Progresses to more textured foods; begins to use utensils; starts ~ Persistent preference for purees; resistance to textured foods; may continue
months to drink from a cup using a bottle; difficulty using utensils

18-24 Eats a variety of foods; able to chew a wide range of textures; Limited food variety; preference for specific textures or types of food; may
months uses a spoon and fork more efficiently have incomplete mastication and occasional choking

2-3years  Further develops chewing skills; eats most family foods; drinks ~ Continued rigidity with food choices; may insist on specific foods or avoid

from an open cup; uses utensils independently entire food groups; ongoing issues with chewing and swallowing
3-4years Expands diet to include more complex textures; shows Persistent selective eating; might insist on using a bottle or refuse sippy cup;
improved self-feeding skills; less picky eating difficulty with mixed textures

4-5years  Eats a wide range of foods; improved social eating behaviors; Ongoing rigidity with food variety and textures; may still prefer smooth or
uses utensils proficiently specific-textured foods; potential social eating challenges

5+ years  Generally eats a varied diet, participates in family meals, fewer =~ Continues to display selective eating patterns; may require feeding therapy;
food-related issues potential need for specialized diets to meet nutritional needs
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Figure 2 The general effects of dietary therapy in children with autism spectrum disorders.

management. This can translate to improved daily functioning and engagement in activities[100].

Challenges and considerations: The evidence supporting the efficacy of a GFD for autism is mixed. While some studies
and anecdotal reports suggest benefits, it's crucial to note that large-scale, RCTs are needed to establish clear clinical
guidelines. A GFD can lead to potential nutritional deficiencies, especially if not well-planned. Individuals on this diet
may lack essential nutrients such as fiber, iron, calcium, and B vitamins, commonly found in gluten-containing grains
[101]. Strict adherence to a GFD can be challenging, particularly in social settings like schools, parties, and restaurants.
This can lead to social isolation or difficulty maintaining a long-term diet[97]. Gluten-free products can be more
expensive and less accessible than their gluten-containing counterparts. This can create financial and logistical challenges
for families and individuals trying to adhere to the diet[102]. Therefore, being well-informed about a GFD's potential
challenges and benefits is essential.

Casein-free diet
The casein-free diet is a dietary intervention that some individuals with autism may find beneficial, particularly in
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managing GI symptoms and specific behavioral issues. It involves eliminating casein, a protein found in dairy products
[94]. However, the scientific evidence supporting its efficacy is inconclusive, and the diet may not suit everyone. Like the
GFD, the casein-free diet is based on theories that suggest a link between dietary proteins and autism symptoms[103].

Rationale for casein-free diet in autism: Some individuals with autism may have an increased sensitivity or allergy to
casein. This can lead to GI issues and inflammation, which might exacerbate autism symptoms[35]. Similar to gluten,
casein can break down into peptides with opioid-like activity (casomorphins) during digestion. These peptides can
potentially cross the blood-brain barrier, influencing brain function and behavior in individuals with ASD[104]. The gut-
brain axis theory also suggests that gut health that significantly impacts brain function could be affected by casein.
Casein, as a potential irritant to the gut, may contribute to increased intestinal permeability ("leaky gut"), releasing
harmful substances that affect the brain and behavior[105].

Implementation of a casein-free diet: Before starting a casein-free diet, it is essential to conduct a thorough assessment to
identify potential casein sensitivity or allergy. This may involve skin prick tests, blood tests for IgE antibodies, and
consultations with an allergist or gastroenterologist. Transitioning to a casein-free diet requires careful planning to ensure
nutritional adequacy. It eliminates all casein sources, including milk, cheese, yogurt, butter, and other dairy products, and
hidden sources in processed foods[106]. The caregivers can use casein-free substitutes such as almond milk, soy milk, rice
milk, coconut milk, and casein-free cheese alternatives to maintain a balanced diet. It is crucial to choose fortified options
to ensure adequate intake of nutrients typically provided by dairy[107]. Regular monitoring by a healthcare provider or
dietitian is vital to assess the diet’s impact on symptoms and overall health. Support from caregivers and educators is also
essential to ensure adherence to the diet.

Benefits of casein-free diet: Some individuals with ASD who follow a casein-free diet report improvements in GI
symptoms such as diarrhea, constipation, and abdominal pain. Improved gut health can contribute to overall well-being
and comfort[10]. Anecdotal reports and preliminary studies suggest that a casein-free diet may improve behavior,
attention, and social interactions. Parents and caregivers have observed reduced hyperactivity, irritability, and repetitive
behaviors[100]. For some individuals with ASD, adhering to a casein-free diet can lead to enhanced quality of life due to
better health and symptom management. This can translate to improved daily functioning and activity engagement[108].

Challenges and considerations: The evidence supporting the efficacy of a casein-free diet for autism is mixed. While
some studies and anecdotal reports suggest benefits, large-scale, RCTs are needed to establish clear clinical guidelines. A
casein-free diet can lead to potential nutritional deficiencies, especially if not well-planned. Individuals on this diet may
lack essential nutrients such as calcium, vitamin D, and protein, commonly found in dairy products[109]. Strict adherence
to a casein-free diet can be challenging, particularly in social settings like schools, parties, and restaurants. This can lead
to social isolation or difficulties in maintaining the diet long-term. Casein-free products can be more expensive and less
accessible than their dairy-containing counterparts. This can create financial and logistical challenges for families and
individuals trying to adhere to the diet[110].

Current state of scientific evidence: Studies on the casein-free diet for autism have produced mixed results. Some
research suggests improvements in GI health and behavioral symptoms, while other studies find no significant benefits
[94,111]. The variability in individual responses highlights the need for personalized approaches[110]. More rigorous,
large-scale, RCTs are needed to establish the effectiveness of the casein-free diet in managing autism symptoms. Future
research should also explore the underlying mechanisms that might explain why some individuals with ASD benefit
from this diet. Given the mixed evidence, the casein-free diet should be considered case-by-case. Healthcare providers
should work closely with families to assess potential benefits and risks, ensuring that dietary changes are safe and
nutritionally adequate. As scientific evidence supporting its efficacy is inconclusive, consulting with healthcare profes-
sionals before starting a casein-free diet is crucial to ensure it is implemented safely and effectively, considering both
potential benefits and challenges.

KD

The KD is a promising but still experimental intervention for individuals with autism. The KD is a high-fat, low-
carbohydrate, and moderate-protein diet. It has been used for nearly a century primarily to treat refractory epilepsy[112].
Recently, it has gained attention as a potential intervention for various neurological and neurodevelopmental disorders,
including ASD. While some individuals may experience significant improvements in behavior, cognitive function, and
overall health, others may not see substantial benefits[113].

Rationale for KD in autism: The KD produces ketones, which serve as an alternative energy source for the brain. Ketones
have neuroprotective properties, including reducing oxidative stress and inflammation and improving mitochondrial
function, which may benefit individuals with ASD[114]. The diet may also help restore the balance between excitatory
(glutamate) and inhibitory gamma-aminobutyric acid (GABA) neurotransmitters in the brain. This balance is often
disrupted in individuals with ASD, leading to symptoms such as hyperactivity and seizures[115]. The KD may positively
influence the gut microbiota, reducing Gl issues and improving gut health. Since the gut-brain axis plays a significant role
in ASD, these improvements can potentially impact behavior and cognitive function. Abnormal energy metabolism has
been observed in individuals with ASD. The KD enhances mitochondrial function and energy production, which could
alleviate some metabolic dysfunctions associated with autism[116].

Implementation of a KD: A thorough medical evaluation is necessary before starting the KD. This includes assessing
baseline nutritional status, metabolic health, and potential contraindications such as metabolic disorders or pancreatitis
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[112]. The KD typically involves a macronutrient ratio of approximately 70%-80% fat, 10%-20% protein, and 5%-10%
carbohydrates. Meals must be planned carefully to meet these ratios while ensuring nutritional adequacy. Common foods
include meats, fatty fish, eggs, high-fat dairy products, nuts, seeds, avocados, and low-carb vegetables[117]. Regular
monitoring by healthcare professionals is crucial to track the diet’s impact on health and symptoms. Blood tests, urine
tests for ketone levels, and dietary logs are often used to ensure adherence and effectiveness. Adjustments to the diet may
be necessary based on individual responses and goals. Providing education and support to caregivers and individuals is
vital for successful implementation. This includes guidance on meal preparation, understanding macronutrient ratios,
and managing potential side effects[118].

Benefits of the KD: Some studies and anecdotal reports suggest that the KD can improve behavior, social skills, and
communication in individuals with ASD. In some cases, reductions in hyperactivity, irritability, and repetitive behaviors
have been observed[116]. Given its established efficacy in treating epilepsy, the KD may benefit individuals with ASD
who also experience seizures or epilepsy. Improved seizure control can significantly enhance the quality of life. The diet's
impact on brain metabolism and neurotransmitter balance may lead to cognitive improvements, including better
attention, memory, and learning capabilities[119]. The KD may also improve GI symptoms commonly seen in individuals
with ASD, such as constipation, diarrhea, and abdominal pain. These improvements can contribute to overall well-being
and comfort[120].

Challenges and considerations: While there are promising anecdotal and preliminary evidence, the scientific data on the
KD's effectiveness for autism is still limited. More rigorous, large-scale studies are needed to establish clear clinical
guidelines. Ensuring that the KD meets all nutritional requirements can be challenging. If necessary, potential deficiencies
in vitamins, minerals, and fiber must be addressed through careful planning and supplementation[121]. Strict adherence
to the KD can be difficult, especially in social settings like schools, parties, and restaurants. This can lead to social
isolation or challenges in long-term maintaining the diet[122]. Potential side effects of the KD include GI discomfort,
nutrient deficiencies, kidney stones, and increased cholesterol levels. Regular monitoring and adjustments are essential to
manage these risks[123]. The KD can be more expensive and less accessible than a typical diet. Access to high-quality fats,
specific supplements, and specialized food products can create financial and logistical challenges[124].

Current state of scientific evidence: The evidence supporting the KD for autism is mixed. Some studies and case reports
show significant improvements in behavior and cognitive function, while others find no substantial benefits. Individual
responses can vary widely[90]. More rigorous, large-scale, RCTs are needed to establish the KD's efficacy and safety in
managing autism symptoms. Research should focus on understanding the underlying mechanisms and identifying which
individuals are most likely to benefit. Given the variability in individual responses, a personalized approach to the KD is
essential[125]. Healthcare providers should work closely with families to assess potential benefits and risks, ensuring that
dietary changes are safe and nutritionally adequate. Through careful planning, monitoring, and support, the KD may be a
valuable tool in managing symptoms and improving the quality of life for some individuals with ASD[126].

SCD

The SCD has garnered attention within the autism community as a potential way to address some of the GI and
behavioral concerns associated with ASD. United States pediatrician Dr. Sidney Haas originally developed it in the 1920s
to treat children suffering from celiac disease, who experienced symptoms like diarrhea, bloating, gas, and weight loss
[11]. The diet became later popularized due to its positive effects on symptoms of IBD, leading to its increased use among
those with similar GI issues. The SCD revolves around eliminating specific carbohydrates not well absorbed by the body
and may promote the growth of harmful bacteria in the intestines[127]. By removing complex carbohydrates, lactose, and
sucrose from the diet and increasing the intake of nutrient-dense foods, SCD aims to reduce gut dysbiosis and GI inflam-
mation[128]. The diet strictly excludes grains, sugars, and starches that are considered difficult to digest. Doing so aims to
restore balance to the intestinal flora and allow the gut to heal, potentially leading to improved behavior and social
interactions in individuals with ASD[129]. However, according to the University of Virginia School of Medicine, SCD
does not reduce symptoms of autism.

Rationale for the SCD in autism: The gut-brain axis theory suggests a bidirectional relationship between gut health and
brain function. Individuals with ASD often experience GI issues, which may contribute to or exacerbate behavioral and
cognitive symptoms[10]. The SCD aims to restore gut health, potentially improving overall well-being and behavior.
Some individuals with ASD may have difficulties digesting and absorbing complex carbohydrates, leading to
fermentation by gut bacteria, production of harmful byproducts, and GI symptoms[130]. The SCD restricts these
carbohydrates to prevent such issues. An imbalance in gut microbiota, or dysbiosis, is commonly observed in individuals
with ASD. The SCD aims to reduce gut inflammation and dysbiosis by eliminating fermentable carbohydrates that feed
pathogenic bacteria and yeasts[127].

Implementation of the SCD: Before starting the SCD, a thorough medical evaluation is necessary to assess baseline GI
health, nutritional status, and potential contraindications. Consultation with a healthcare provider or dietitian
experienced with SCD is recommended. The SCD involves eliminating complex carbohydrates, disaccharides, and
polysaccharides. Allowed foods include meats, fish, eggs, aged cheeses, certain vegetables and fruits, nuts, and seeds.
Prohibited foods include grains, most dairy products, starchy vegetables, and processed foods[131]. Transitioning to SCD
can be gradual to allow the body to adapt and to monitor for any adverse reactions. Starting with easily digestible foods
and gradually incorporating a wider variety of permitted foods is recommended. Regular monitoring by healthcare
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professionals is crucial to tracking the diet’s impact on symptoms and overall health. Blood tests, stool tests, and dietary
logs can be used to ensure adherence and effectiveness[132]. Based on individual responses, adjustments to the diet may
be necessary. Providing education and support to caregivers and individuals is vital for successful implementation. This
includes guidance on meal preparation, understanding allowed and prohibited foods, and managing potential challenges
[130]. For those considering this dietary approach, it is crucial to consult with healthcare professionals to ensure it is
implemented safely and effectively, considering both potential benefits and challenges. Through careful planning,
monitoring, and support, SCD may be a valuable tool in managing symptoms and improving the quality of life for some
individuals with ASD.

Benefits of the SCD: Many individuals with ASD who follow the SCD report significant improvements in GI symptoms
such as diarrhea, constipation, bloating, and abdominal pain. Improved gut health can contribute to overall well-being
and comfort. Some studies and anecdotal reports suggest that SCD can lead to improvements in behavior, social skills,
and communication in individuals with ASD. In some cases, reductions in hyperactivity, irritability, and repetitive
behaviors have been observed[131]. The diet's impact on gut health and the reduction of inflammation may lead to
cognitive improvements, including better attention, memory, and learning capabilities[133]. For some individuals with
ASD, adhering to the SCD can lead to enhanced quality of life due to better health and symptom management. This can
translate to improved daily functioning and engagement in activities[134].

Challenges and considerations: The SCD is known for being restrictive, often leading to concerns about potential
nutritional deficiencies due to the elimination of various food groups. Ensuring that the diet meets all nutritional
requirements can be challenging. If necessary, potential deficiencies in vitamins, minerals, and fiber must be addressed
through careful planning and supplementation[129]. Strict adherence to the SCD can be difficult, especially in social
settings like schools, parties, and restaurants. This can lead to social isolation or long-term challenges in maintaining the
diet[135]. Potential side effects of SCD include GI discomfort during the initial transition period, nutrient deficiencies, and
potential challenges in maintaining weight, especially in growing children[136]. Regular monitoring and adjustments are
essential to manage these risks. The SCD can be more expensive and less accessible than a typical diet. Access to high-
quality, specific foods and supplements can create financial and logistical challenges for families and individuals trying to
adhere to the diet[137]. While there is promising anecdotal and preliminary evidence, the scientific data on SCD's effect-
iveness for autism is still limited. More rigorous, large-scale studies are needed to establish clear clinical guidelines.

Current state of scientific evidence: The evidence supporting the SCD for autism is mixed. Some studies and case reports
show significant improvements in GI health and behavioral symptoms, while others find no substantial benefits.
Individual responses can vary widely[129,131,134]. There is a need for more rigorous, large-scale, RCTs to establish the
SCD's efficacy and safety in managing autism symptoms. Research should focus on understanding the underlying
mechanisms and identifying which individuals are most likely to benefit. Given the variability in individual responses, a
personalized approach to SCD is essential. Healthcare providers should work closely with families to assess potential
benefits and risks, ensuring that dietary changes are safe and nutritionally adequate.

Gut and psychology syndrome protocol

Gut and psychology syndrome protocol (GAPS diet) protocol is a therapeutic diet developed by Dr. Natasha Campbell-
McBride, aimed at addressing various psychological and physiological conditions through dietary intervention. This diet
is based on the premise that many health issues, including ASD, are linked to gut health[138]. The GAPS diet focuses on
healing the gut lining, restoring healthy gut flora, and reducing inflammation to improve overall health and prevent
potentially harmful substances from seeping into the bloodstream, affecting brain function and development[139]. Dr.
Natasha created the GAPS diet after observing a strong correlation between gut health and brain function. She developed
the diet based on her clinical experience and the dietary principles of the SCD by Dr. Sidney Haas (Table 2).

Principles of the GAPS diet: The GAPS diet is structured in phases, starting with an introductory phase and gradually
progressing to a full GAPS diet. Each phase includes specific foods to heal the gut and support the body's detoxification
processes. The main principles of the diet include eliminating processed foods, including healing foods, and gradually
reintroducing them[138]. The diet excludes processed foods, refined sugars, grains, and starchy vegetables, which can
contribute to gut dysbiosis and inflammation. Then, the diet emphasizes the consumption of nutrient-dense, easily
digestible foods such as bone broths, fermented foods, and healthy fats to support gut healing. Then, foods are
reintroduced gradually to monitor tolerance and ensure the gut can handle them without adverse reactions[140].

Phases of the GAPS diet: The introduction phase is the most restrictive phase, focusing on easily digestible foods to
initiate gut healing and restore leaky guts. Foods include homemade meat or fish stocks, probiotic foods, and boiled
vegetables. After completing the introduction phase, individuals transition to the full GAPS diet, which allows a wider
variety of foods but still excludes grains, processed sugars, and certain starchy vegetables[141].

Core components of the GAPS diet: Bone broth and meat stock, rich in amino acids, collagen, and minerals, are central to
the diet for their gut-healing properties. In addition, fermented foods, including homemade yogurt, kefir, sauerkraut, and
other fermented vegetables, are consumed to introduce beneficial bacteria to the gut. The food should be organic,
unprocessed, natural, and free from additives and chemicals to support overall health. Healthy fats are incorporated from
meat, fish, avocados, and coconut oil, which are essential for cell repair and energy. The diet also emphasizes including
non-starchy vegetables and low-sugar fruits, preferably cooked to aid digestion[133,142].
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Table 2 The differences between the specific carbohydrate diet and the gut and psychology syndrome diet

Aspect

Specific carbohydrate diet

Gut and psychology syndrome diet

Origins and development

Original purpose

Popularized by

Focus

Principles

Main foods

Foods excluded

Diet structure

Emphasis on healing

Food focus

Underlying philosophy

Target conditions

Overall approach

Developed by Dr. Sidney V. Haas in the 1920s

Treatment of celiac disease and gastrointestinal
disorders

Elaine Gottschall, through "Breaking the Vicious
Cycle"

Elimination of specific carbohydrates to reduce gut
dysbiosis

Excludes complex carbohydrates, lactose, and sucrose

Includes easily digestible foods

Emphasizes nutrient-dense foods

Meat, fish, eggs, vegetables, fruits, nuts, certain dairy
products

All grains, starchy vegetables, lactose (initially),
sucrose, processed foods

More flexible, with less emphasis on phases
Eliminating specific carbohydrates to reduce gut
dysbiosis

Eliminating specific carbohydrates

Specific carbohydrates promote gut dysbiosis

Celiac disease, gastrointestinal disorders, IBD, ASD

Straightforward food elimination

Developed by Dr. Natasha Campbell-McBride in 2004
Addressing neurological and psychological conditions
Dr. Campbell-McBride, through "Gut and Psychology
Syndrome"

Healing gut lining, restoring healthy gut flora, reducing
inflammation

Focuses on healing the gut lining, restoring gut flora

Eliminates processed foods, refined sugars, starchy
vegetables

Structured in distinct phases

Similar to SCD, with greater emphasis on bone broth,
fermented foods, healthy fats

All grains, starchy vegetables, refined sugars, processed
foods, certain dairy products

Structured in phases: Introductory phase to full GAPS
diet

Healing the gut lining and restoring healthy gut flora

Healing foods like bone broth and fermented foods

Gut health linked to psychological and neurological
health

ASD, ADHD, depression, psychological and neurological
conditions

Phased approach with emphasis on gut healing

This table summarizes the key differences between the specific carbohydrate diet and the gut and psychology syndrome diet, highlighting their distinct
origins, principles, and implementation strategies. IBD: Inflammatory bowel disease; ASD: Autism spectrum disorder; ADHD: Attention deficit

hyperactivity disorder; GAPS: Gut and psychology syndrome; SCD: Specific carbohydrate diet.

Mechanisms of action: Nutrient-dense foods like bone broth and fermented foods help repair the gut lining, reducing
permeability and inflammation. Probiotic-rich foods and supplements help balance gut microbiota, which is crucial for
digestion and immune function. Eliminating processed and toxic foods reduces the burden on the liver and other detoxi-
fication pathways[143]. Improved gut health leads to better immune system regulation, potentially reducing autoim-
munity and systemic inflammation[144].

Research and evidence: Scientific evidence supporting the GAPS diet is primarily anecdotal, with limited peer-reviewed
research specifically on the diet, with the risk that the early introductory phases may not maintain adequate nutrition.
However, studies on the principles underlying the GAPS diet, such as the impact of gut microbiota on brain function and
the benefits of nutrient-dense, anti-inflammatory foods, provide indirect support. Research has established a strong link
between gut health and brain function, supporting the diet's focus on healing the gut to improve psychological symptoms
[145-147]. In addition, studies have shown the benefits of probiotics in restoring gut flora and reducing GI symptoms,
aligning with the diet's emphasis on fermented foods[148].

Practical considerations: The GAPS diet can be challenging to implement due to its restrictive nature, requiring careful
meal planning and preparation. To avoid deficiencies, it is essential to ensure that all nutritional needs are met, partic-
ularly in children[149]. Responses to the diet can vary widely; some individuals may experience significant
improvements, while others may see minimal changes[150]. Consulting with healthcare providers, particularly those
experienced with the GAPS diet, can help tailor the diet to individual needs and monitor progress.

Camel milk

Camel milk has been used for centuries in Middle Eastern and African cultures as a promising complementary approach,
valued for its nutritional and medicinal properties. In recent years, interest in camel milk has extended to the
management of ASD, where anecdotal reports and emerging research suggest potential benefits arising from its anti-
inflammatory, antioxidant, immune-modulating, and gut health-supporting properties[151].
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Nutritional profile of camel milk: Camel milk is distinct from cow's milk and other types of milk in several nutritional
aspects. It contains unique proteins, such as lactoferrin and immunoglobulins, with antimicrobial and immune-
modulating properties. Unlike cow milk, which contains beta-lactoglobulin and beta-casein, camel milk does not have
these components[152]. It has less lactose, lower fat, and a different fatty acid profile than cow's milk, including less
cholesterol and higher levels of unsaturated fatty acids. Camel milk is also rich in vitamins (A, B, C, D, and E) and
minerals (calcium, magnesium, zinc, and iron) essential for overall health. In addition, it contains enzymes such as
lysozyme, which has antibacterial properties. Furthermore, camel milk is generally considered hypoallergenic and may
be suitable for individuals with cow's milk allergies[153,154]. Figure 3 summarizes the nutritional benefits of camel milk.

Proposed mechanisms of action: The potential benefits of camel milk for individuals with ASD are thought to arise from
several mechanisms. Camel milk contains bioactive compounds that have anti-inflammatory properties, which may help
reduce systemic and neural inflammation associated with ASD[155]. It is also rich in antioxidants and can help combat
oxidative stress, often elevated in individuals with ASD. Camel milk boosts the levels of superoxide dismutase,
myeloperoxidase, and plasma GSH, which helps mitigate oxidative stress-a significant factor in the development of
autism. Additionally, camel milk alleviates oxidative stress by downregulating MAPK signaling pathways[156]. In
addition, the immunoglobulins and lactoferrin in camel milk can modulate immune responses, potentially improving
immune function and reducing autoimmunity[157]. Camel milk may also support gut health by promoting a balanced
microbiota and reducing GI inflammation, which is common in individuals with ASD. Furthermore, the high vitamin and
mineral content can help address nutritional deficiencies often seen in children with ASD[158].

Current research findings: Research on the effects of camel milk on ASD is still in its infancy, but several studies and
anecdotal reports have provided promising results. Some studies have reported significant behavioral improvements
after camel milk consumption, including reduced hyperactivity, lethargy, and irritability[159]. Improvements in cognitive
functions, such as attention and communication skills, have been observed in some children with ASD. Several reports
suggest that camel milk may also alleviate GI symptoms such as constipation, diarrhea, and bloating, which are common
in ASD[10,156,159]. Numerous anecdotal accounts from parents and caregivers describe noticeable improvements in
behavior, social interaction, and digestive health in children with ASD who consume camel milk[160,161]. As with many
interventions, responses to camel milk can vary widely among individuals, with some experiencing significant benefits
and others showing no noticeable changes.

Practical considerations: Several practical aspects should be considered when considering camel milk for individuals
with ASD. Obtaining camel milk of good quality and from reputable sources is crucial to ensure it is free from contam-
inants and produced under hygienic conditions[162]. Caregivers should gradually introduce camel milk into the diet to
monitor for adverse reactions. They should consult a healthcare provider to determine an appropriate dosage[163]. While
camel milk is generally hypoallergenic, it is crucial to observe for any allergic reactions, especially in individuals with a
history of food allergies. Camel milk should be integrated into a balanced diet, meeting all nutritional needs[164]. The
individual’s response to camel milk should be regularly monitored, including behavioral, cognitive, and GI changes, and
the intervention should be adjusted as needed[165]. Caregivers and healthcare providers should consider camel milk
supplementation carefully, ensuring choices are evidence-based, personalized, and integrated into a broader therapeutic
strategy.

Probiotics supplements

Probiotics are live microorganisms that confer health benefits on the host when administered in adequate amounts.
Recently, their potential role in managing ASD has gained considerable interest due to the increasing recognition of the
gut-brain axis and its influence on neurological and behavioral health[166]. The use of probiotics in managing ASD offers
a promising avenue for alleviating GI issues and potentially improving behavioral symptoms through the modulation of
the gut-brain axis[167].

Scientific rationale: The gut-brain axis is a bidirectional communication system between the GI tract and the brain,
involving neural, hormonal, and immune pathways. This connection suggests that gut health can significantly impact
neurological function and behavior[168]. Children with ASD often present with GI issues, such as constipation, diarrhea,
and abdominal pain, which can exacerbate behavioral symptoms[10]. Dysbiosis, an imbalance in the gut microbiota, has
been observed in many individuals with ASD, leading researchers to explore the potential benefits of probiotics in
restoring a healthy gut microbiome and mitigating ASD symptoms[30].

Mechanisms of action: Probiotics may benefit individuals with ASD through several mechanisms. Probiotics can help
reestablish a healthy balance of gut bacteria, which may reduce gut dysbiosis commonly observed in ASD[167]. By
modulating the immune system and producing anti-inflammatory compounds, probiotics can help reduce inflammation
in the gut, potentially alleviating GI symptoms[169]. Probiotics can also strengthen the gut barrier, preventing the translo-
cation of harmful substances from the gut into the bloodstream, which might affect the brain and behavior[170]. Some
probiotic strains produce neurotransmitters and other neuroactive compounds that can influence brain function and
behavior. Probiotics can modulate immune responses, potentially reducing systemic inflammation that may affect
neurological health[171].

Current research findings: Research on probiotics use in ASD is still in its early stages, but several studies and clinical
trials have shown promising results. Studies have consistently found differences in the gut microbiota composition of
individuals with ASD compared to neurotypical controls. These differences often include reduced diversity and an
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Figure 3 The nutritional benefits of camel milk.

overrepresentation of specific bacterial groups associated with inflammation and GI distress[105]. Some clinical trials
have reported improved GI and behavioral symptoms following probiotic supplementation. For example, Lactobacillus
and Bifidobacterium strains improve bowel habits and reduce stereotypical behaviors and hyperactivity[172]. Despite
promising findings, results have been mixed, with some studies showing no significant improvements. This variability
may be due to differences in study design, probiotic strains, dosages, and individual responses[173]. Animal models of
autism have shown that probiotics can reduce anxiety-like behaviors, improve social interactions, and normalize gut
microbiota composition[174]. Animal studies have provided insights into how probiotics may exert their effects, such as
modulation of the gut-brain axis and reducing systemic inflammation[175].

Practical considerations: When considering probiotics for individuals with ASD, several practical aspects should be
considered. Different probiotic strains have different effects. It is essential to choose strains that have been studied and
shown to be effective in ASD[176]. The optimal dosage and duration of probiotic treatment can vary. Clinical guidance
should be sought to determine appropriate regimens[177]. Probiotics should be sourced from reputable manufacturers to
ensure quality, purity, and safety. Products should be free from contaminants and accurately labeled regarding strain
composition and potency. Responses to probiotics can vary widely among individuals with ASD[178]. Monitoring and
adjusting the intervention based on individual responses and any adverse effects is crucial. Probiotics can be used
alongside other dietary and therapeutic interventions[179]. Coordination with healthcare providers ensures a compre-
hensive approach to managing ASD symptoms. Healthcare providers and caregivers should carefully consider probiotic
interventions, ensuring that choices are evidence-based, personalized, and integrated into a broader therapeutic strategy.

Prebiotics supplementation

Prebiotics, non-digestible food ingredients that promote the growth of beneficial microorganisms in the intestines, hold
promise as a therapeutic option for managing GI and potentially behavioral symptoms in individuals with autism[180].
Prebiotics are compounds in food that induce the growth or activity of beneficial microorganisms such as bacteria and
fungi. The most common types of prebiotics are fructooligosaccharides, found in foods like onions, garlic, and bananas;
galactooligosaccharides, found in legumes and certain root vegetables; inulin, found in chicory root, asparagus, and leeks,
and lactulose, a synthetic sugar used as a prebiotic and laxative[181].

Mechanisms of action: Prebiotics promote gut health by serving as a food source for beneficial bacteria, such as
Bifidobacteria and Lactobacilli[182]. These bacteria ferment prebiotics to produce short-chain fatty acids (SCFAs), including
butyrate, acetate, and propionate, which have several beneficial effects. SCFAs help maintain the integrity of the gut
lining, preventing the translocation of harmful substances into the bloodstream[183]. SCFAs reduce inflammation by
modulating immune responses in the gut. Some SCFAs are involved in synthesizing neurotransmitters, which can
influence brain function and behavior. Prebiotics can also affect the gut-brain axis, potentially impacting mood and
cognitive function[184].

Prebiotics and autism: Many individuals with ASD suffer from GI issues such as constipation, diarrhea, and abdominal
pain. Prebiotics can improve gut health by increasing the population of beneficial bacteria, enhancing stool consistency,
and reducing inflammation[185]. Emerging research suggests that improving gut health with prebiotics can positively
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affect behavior and cognitive function in individuals with ASD. This is thought to be mediated through the gut-brain axis
[186]. Individuals with ASD often have immune dysregulation. Prebiotics can modulate the immune system, reducing
systemic inflammation that might contribute to neurodevelopmental issues[187]. Figure 4 shows the role of probiotics
and prebiotics in ASD.

Current research findings: Preclinical studies have shown that prebiotics can alter gut microbiota composition, reduce
inflammation, and improve social behaviors in animal models of autism. Human trials are limited but promising. Some
studies have reported improved GI symptoms and better behavior in children with ASD following prebiotic supple-
mentation[188,189].

Practical considerations: The optimal dosage of prebiotics for individuals with ASD is not well established and may vary
depending on individual needs and responses[190]. It is crucial to start with a low dose and gradually increase it to avoid
adverse effects such as bloating and gas. Including prebiotic-rich foods in the diet can be a natural way to promote gut
health[191]. Garlic, onions, bananas, and asparagus are good sources of prebiotics. Prebiotic supplements are available
and can be used under the guidance of a healthcare professional. It is essential to choose high-quality products and
monitor for any adverse reactions[192]. Prebiotics are often used in conjunction with probiotics (beneficial bacteria) to
create a synergistic effect, known as synbiotics. This combination can enhance the growth and activity of beneficial gut
bacteria more effectively than prebiotics or probiotics alone[193]. Healthcare providers should consider prebiotics as part
of a comprehensive approach to managing ASD, tailored to each patient's individual needs. Integrating prebiotics
through diet or supplements, along with other interventions, may offer a valuable strategy for improving the quality of
life for those with autism[194].

High-dose methyl cobalamin in autism

ASD is a neurodevelopmental disorder characterized by deficits in social communication, repetitive behaviors, and
restricted interests. While the exact etiology of ASD remains unclear, emerging research has explored various biomedical
interventions, including the use of high-dose methylcobalamin (vitamin B12)[195]. Methylcobalamin is one of the active
forms of vitamin B12, a water-soluble vitamin essential for brain function, nerve tissue health, and the production of red
blood cells. Unlike cyanocobalamin, another common form of vitamin B12, methylcobalamin is directly utilized by the
body without needing conversion. It plays a critical role in methylation, a biochemical process vital for DNA synthesis,
detoxification, and neurotransmitter production[196].

Potential mechanisms of action: The therapeutic potential of high-dose methylcobalamin in autism may be attributed to
several mechanisms. Methylcobalamin is crucial for the methylation cycle, which involves transferring methyl groups to
DNA, proteins, and other molecules. Proper methylation is necessary for gene regulation, detoxification, and neurotrans-
mitter production[197]. Methylcobalamin is involved in glutathione synthesis, a powerful antioxidant that helps protect
cells from oxidative stress. Many individuals with ASD have been found to have low glutathione levels[198]. Vitamin B12
is essential for maintaining myelin, the protective sheath around nerves. Methylcobalamin's neuroprotective properties
may help improve nerve function and cognitive abilities[199]. Methylcobalamin supports the detoxification process by
aiding in the removal of heavy metals and other toxins from the body, which may be particularly beneficial for
individuals with ASD who exhibit detoxification impairments[200].

Benefits in autism: Studies have suggested that high-dose methylcobalamin may improve behaviors such as social
interaction, communication, and repetitive behaviors in individuals with autism[201]. Some research indicates that
methylcobalamin can enhance cognitive functions, including attention, focus, and learning abilities, potentially
contributing to better academic and social outcomes[202]. By boosting glutathione levels, high-dose methylcobalamin
may reduce oxidative stress, which is often elevated in individuals with autism and associated with various neurological
and behavioral symptoms[203]. Enhanced methylation and glutathione production can improve the body's ability to
detoxify harmful substances, potentially reducing the toxic burden and impacting neurological health[143].

Current research findings: Some clinical trials have shown promising results with high-dose methylcobalamin in autism.
For instance, a study by Hendren et al[204] reported that methylcobalamin injections significantly improved methylation
capacity, reduced oxidative stress markers, and improved clinician-rated ASD symptoms that were correlated with
improvements in measures of methionine metabolism and cellular methylation capacity in children with ASD. Various
case reports and small-scale studies have noted behavioral improvements, including better communication, increased
social engagement, and reduced stereotypical behaviors following high-dose methylcobalamin treatment[201,205].
Research has demonstrated that high-dose methylcobalamin can normalize specific autism-associated biomarkers, such
as increased levels of homocysteine and improved glutathione status[206]. The treatment response to methylcobalamin is
expected when the treatment is associated with increased glutathione redox status[195].

Practical considerations: High-dose methylcobalamin is typically administered via subcutaneous or intramuscular
injections. The exact dosage varies, but common protocols involve 75-150 mcg/kg body weight doses administered every
1-3 days[200]. Regular monitoring of vitamin B12 Levels, methylation markers, and clinical response is essential to ensure
safety and efficacy. Side effects are generally rare but can include mild irritability or hyperactivity[207]. Methylcobalamin
is often used in conjunction with other biomedical interventions, such as folinic acid, to enhance its therapeutic effects.
Tailoring the treatment plan to each patient's needs is important[208]. Healthcare providers should consider high-dose
methylcobalamin as part of a comprehensive, individualized treatment plan for individuals with autism, ensuring careful
monitoring and adjustment as needed.
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Figure 4 The role of probiotics and prebiotics in autism spectrum disorder. ASD: autism spectrum disorder; SCFAs: Short-chain fatty acids.

Folic acids in autism

ASD has been linked to abnormalities in folate metabolism, prompting several mechanistic hypotheses regarding its
causes and potential symptomatic treatments[209]. Folic acid, a synthetic form of the naturally occurring folate (vitamin
B9), plays a critical role in various biochemical processes, including DNA synthesis, repair, and methylation[210]. Its
significance during pregnancy, particularly in neural tube development, is well established. Folic acid supplementation
plays a promising role in the potential reduction of ASD risk, particularly when administered prenatally. Its involvement
in critical metabolic pathways that influence neurodevelopment underscores its importance[211].

Folate metabolism and ASD: Abnormalities in folate metabolism have been implicated in ASD. Key pathways affected
by folate include one-carbon metabolism and the transsulfuration pathway, both essential for proper neurodevelopment.
Disruptions in these pathways can lead to deficits in methylation and increased oxidative stress, factors associated with
ASD[212].

Potential mechanisms: Folate is crucial for the methylation of DNA, a process essential for regulating gene expression.
Abnormal methylation patterns have been observed in individuals with ASD, suggesting that proper folate levels may
influence the risk of developing ASD by ensuring regular gene expression during critical periods of neurodevelopment
[213,214]. Folate also reduces homocysteine levels, a byproduct of one-carbon metabolism that, in excess, can contribute
to oxidative stress. Elevated oxidative stress is a common finding in individuals with ASD, and maintaining adequate
folate levels may help mitigate this condition by supporting antioxidant defenses[203]. In addition, folate is involved in
synthesizing neurotransmitters such as serotonin, dopamine, and norepinephrine. Imbalances in these neurotransmitters
are often reported in individuals with ASD, suggesting that folate supplementation might help normalize their levels and
improve related symptoms[215].

Prenatal folic acid supplementation: Research indicates that prenatal folic acid supplementation can significantly reduce
the risk of ASD[216]. The critical window for folic acid supplementation appears to be before conception and during the
first trimester of pregnancy. Supplementation during this period is associated with a reduced incidence of ASD, possibly
due to its role in neural tube formation and early brain development[217]. Standard prenatal doses of folic acid (400-800
mcg per day) are generally recommended. High doses should be taken under medical supervision, especially considering
the potential risk of masking vitamin B12 deficiency symptoms[218]. Large epidemiological studies have shown a
correlation between maternal folic acid supplementation and a decreased risk of ASD in offspring. For example, a study
published in the "Journal of the American Medical Association" found that children whose mothers took folic acid
supplements around the time of conception had a lower risk of developing ASD compared to those whose mothers did
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not[219].

Challenges and considerations: Variations in genes involved in folate metabolism (e.g., MTHFR polymorphisms) can
affect individual responses to folic acid supplementation. Personalized approaches considering genetic makeup may be
necessary to optimize folate supplementation strategies[220]. The presence of other nutrients, such as vitamin B12 and
iron can influence the effectiveness of folic acid. A balanced diet that ensures adequate intake of these nutrients is crucial
for maximizing the benefits of folic acid[221]. While folic acid supplementation is generally safe, excessive intake has been
associated with potential risks, including the masking of vitamin B12 deficiency and possible associations with other
health conditions[222]. Therefore, it is essential to adhere to recommended doses. However, further research is needed to
understand the mechanisms and fully optimize supplementation strategies. Healthcare providers should consider
individual genetic and nutritional contexts when recommending folic acid to maximize its benefits and minimize
potential risks.

Vitamin B6 supplement

Vitamin B6, also known as pyridoxine, is a water-soluble neurotropic vitamin that plays a crucial role in brain
development and function. It is involved in synthesizing neurotransmitters, chemicals that transmit signals in the brain
[223]. The potential therapeutic role of Vitamin B6 in ASD has been the subject of research for several decades.

Mechanisms of action: Vitamin B6 is a cofactor for over 140 enzymatic functions and enzymes involved in synthesizing
several neurotransmitters, including serotonin, dopamine, and GABA. These neurotransmitters are critical for mood
regulation, behavior, and cognitive function[224]. Elevated levels of homocysteine, an amino acid, have been associated
with neurological disorders. Vitamin B6 helps convert homocysteine into cysteine, reducing its neurotoxic effects and
supporting neurological health[225]. Glutamate is an excitatory neurotransmitter, and its imbalance has been implicated
in autism. Vitamin B6 plays a role in converting glutamate to GABA, an inhibitory neurotransmitter, thus maintaining
neurotransmitter balance[226].

Clinical evidence for role of Vitamin B6 in ASD: Initial studies in the 1960s and 1970s suggested that high doses of
Vitamin B6, often combined with magnesium, improved behavior and communication in autistic children. These studies,
however, were small and had methodological limitations[227,228]. Subsequent RCTs have produced mixed results. Some
studies reported improvements in social interactions, communication, and behavioral problems, while others found no
significant effects[229,230]. Meta-analyses of Vitamin B6 supplementation in autism have highlighted the variability in
study design, dosages, and outcome measures, leading to inconclusive results. However, some analyses suggest potential
benefits for specific subgroups of individuals with ASD[231].

Potential benefits of Vitamin B6 in ASD: Vitamin B6 supplementation may improve behavior, including reduced
irritability and hyperactivity, in some children with autism. Reports indicate that Vitamin B6 may support language
development and communication skills in some individuals with autism. Although evidence is inconsistent, vitamin B6’s
role in neurotransmitter synthesis and homocysteine metabolism may contribute to cognitive improvements[232].

Safety and dosage: Studies vary widely on the effective dose of Vitamin B6 for autism, ranging from moderate to high
doses. One of the proposed doses is to use vitamin B6 in a dose of 5 mg/kg/day for two weeks, followed by 10 mg/kg for
another two weeks[233]. Determining the appropriate dosage based on individual needs and under medical supervision
is essential. High doses of Vitamin B6 can cause peripheral neuropathy, a condition characterized by nerve damage,
leading to numbness and tingling in the extremities[234]. Therefore, monitoring and adjusting the dosage is crucial to
avoid toxicity. Vitamin B6 is often supplemented alongside magnesium, which may enhance its effectiveness and
mitigate potential side effects. Magnesium itself plays a role in neuromuscular function and has been studied for its
possible benefits in autism[235]. As the evidence for the beneficial role of Vitamin B6 in ASD remains mixed, more robust,
large-scale studies are needed to establish its efficacy and safety conclusively. Parents and caregivers considering Vitamin
B6 supplementation for their children with autism should consult healthcare professionals to determine the appropriate
dosage and monitor for adverse effects[10]. As part of a comprehensive treatment plan, Vitamin B6 may offer a valuable
option for supporting neurological health and improving the quality of life for individuals with autism.

Vitamin D in autism

Vitamin D is a fat-soluble vitamin essential for maintaining bone health, immune function, and cellular processes. It has
two main forms: Vitamin D2 (ergocalciferol) and vitamin D3 (cholecalciferol). Vitamin D3 is synthesized in the skin upon
exposure to sunlight and can also be obtained from dietary sources such as fatty fish, egg yolks, and fortified foods.
Vitamin D2 is found in some plants and fungi. Both forms are converted in the liver to 25-hydroxyvitamin D, the main
circulating form[236,237]. Then, in the kidneys, in the biologically active form, 1,25-dihydroxy vitamin D. Vitamin D
plays a crucial role in various physiological processes relevant to brain development and managing ASD. Emerging
evidence suggests that vitamin D deficiency may contribute to the pathophysiology of autism, and supplementation may
offer therapeutic benefits[238].

Functions of Vitamin D: Vitamin D facilitates the absorption of calcium and phosphorus from the gut, which is crucial
for forming and maintaining healthy bones and teeth. Vitamin D also modulates the immune system, reduces inflam-
mation, and enhances the pathogen-fighting effects of monocytes and macrophages[239,240]. Vitamin D receptors and the
enzyme required to activate vitamin D are present in the brain, suggesting a role in brain development and function. It
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influences neurodevelopmental processes, such as neuronal differentiation, axonal connectivity, and neurotransmission
[241].

Potential links between Vitamin D deficiency and autism: Several studies have suggested that low maternal vitamin D
levels during pregnancy may increase the risk of ASD in offspring. Vitamin D is crucial for fetal brain development, and
deficiency during this critical period may lead to neurodevelopmental abnormalities[242]. Vitamin D deficiency is
associated with immune dysregulation, which is often observed in individuals with ASD. Abnormal immune responses
and chronic inflammation are thought to contribute to the pathophysiology of autism[243]. Vitamin D influences the
production and release of neurotransmitters, such as serotonin and dopamine, implicated in mood regulation and
cognitive functions. Deficiency in vitamin D may lead to imbalances in these neurotransmitters, affecting behavior and
cognition. Individuals with autism often exhibit elevated oxidative stress levels[244]. Vitamin D has antioxidant
properties that help reduce oxidative stress, potentially mitigating some neurobiological abnormalities in ASD[245].

Current research findings: Epidemiological studies have found an association between low vitamin D levels and an
increased risk of autism[39]. For instance, multicentre research from Denmark, Finland, Norway, Sweden, and Western
Australia indicates that children born in regions with lower sunlight exposure or during seasons with less sunlight have a
higher prevalence of ASD[246]. Some clinical trials have explored the effects of vitamin D supplementation in individuals
with autism. Studies measuring vitamin D levels in individuals with ASD often report lower levels compared to
neurotypical controls[245]. A RCT by Song et al[247] showed that vitamin D3 supplementation in children with ASD
significantly improved autism severity scores, social interaction, and stereotypical behaviors. These findings suggest a
potential benefit of vitamin D supplementation in correcting deficiencies and improving symptoms.

Practical considerations: The appropriate vitamin D dosage for individuals with autism varies based on age, baseline
vitamin D levels, and individual needs[230]. General recommendations suggest a daily intake of 600-800 IU for children
and adults, but higher doses may be necessary to correct deficiencies[248]. While vitamin D supplementation is generally
safe, excessive intake can lead to toxicity, characterized by hypercalcemia, nausea, and kidney problems. Regularly
monitoring serum 25-hydroxyvitamin D levels is essential to ensure optimal dosing and prevent adverse effects[249].
Vitamin D supplementation is often used alongside other interventions, such as behavioral therapies and nutritional
support, to maximize its potential benefits in managing autism symptoms[250]. Healthcare providers should consider
evaluating and monitoring vitamin D levels as part of a comprehensive treatment plan for autism, ensuring individu-
alized and evidence-based care.

L-Carnitine supplement

ASD is linked to abnormal synaptogenesis, neurotransmitter transformations, neurometabolism, and mitochondrial
function[251]. L-carnitine, a naturally occurring amino acid derivative, has gained attention for its potential in managing
autism due to its involvement in energy metabolism and mitochondrial health[252]. Synthesized in the liver and kidneys
from lysine and methionine, L-carnitine is crucial for transporting long-chain fatty acids into mitochondria for oxidation
and energy production. It also helps remove excess short- and medium-chain fatty acids, preventing their accumulation
and potential toxicity[253]. Given its role in energy production, mitochondrial function, and antioxidant defense, L-
carnitine is relevant to the pathophysiology of ASD[254]. Emerging evidence suggests that L-carnitine supplementation
may benefit individuals with autism by enhancing mitochondrial function, reducing oxidative stress, and improving fatty
acid metabolism[72].

Functions of L-Carnitine: L-carnitine facilitates the transport of fatty acids into the mitochondria, enabling their p-
oxidation and subsequent production of ATP, the primary energy currency of cells. By promoting efficient fatty acid
metabolism, L-carnitine supports mitochondrial health and function, which is crucial for maintaining cellular energy
balance. L-carnitine has antioxidant properties, helping to reduce oxidative stress and protect cells from damage caused
by free radicals[255].

Potential links between L-Carnitine deficiency and autism: Mitochondrial dysfunction is frequently observed in
individuals with ASD. Since L-carnitine plays a pivotal role in mitochondrial energy production, deficiency in L-carnitine
could exacerbate mitochondrial abnormalities, contributing to the symptoms of autism. Increased oxidative stress is a
common feature in autism[256]. L-carnitine's antioxidant properties may help mitigate oxidative stress, potentially
improving cellular function and reducing neuroinflammation. Impaired fatty acid metabolism has been implicated in the
pathophysiology of autism. L-carnitine deficiency can lead to the accumulation of unmetabolized fatty acids, which may
adversely affect brain function and development[257].

Current research findings: Research has shown that individuals with autism often have lower levels of L-carnitine and
its precursors in the blood. These findings suggest that L-carnitine deficiency may be a contributing factor in the
development and severity of autism symptoms[256]. Studies on the metabolic profiles of individuals with autism have
highlighted abnormalities in fatty acid metabolism and mitochondrial function[6]. Several clinical trials have investigated
the effects of L-carnitine supplementation in children with autism[258]. A notable study by Geier et al[259] found that L-
carnitine supplementation by 50 mg/kg/day for 3 months improved social behavior, communication, and overall autism
severity scores in children with ASD. Another study by Fahmy et al[260] reported significant improvements in speech,
social interactions, and repetitive behaviors following L-carnitine supplementation. L-carnitine supplementation has been
shown to restore normal metabolic function and improve energy production in these individuals.
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Practical considerations: The appropriate L-carnitine dosage for individuals with autism varies based on age, weight,
and individual needs. Typical dosages range from 50 to 100 mg/kg/day, divided into multiple doses[257]. It is crucial to
consult a healthcare provider to determine the optimal dosage. L-carnitine supplementation is generally safe and well-
tolerated. However, potential side effects include GI discomfort, fishy body odor, and, in rare cases, seizures. Regular
monitoring of blood L-carnitine levels and overall health is recommended to ensure safe and effective supplementation
[261]. L-carnitine supplementation may be used alongside other interventions, such as behavioral therapies and
nutritional support, to maximize its potential benefits in managing autism symptoms[262]. Healthcare providers should
consider evaluating and monitoring L-carnitine levels as part of a comprehensive treatment plan for autism, ensuring
individualized and evidence-based care.

Omega 3 and 6 supplements

Omega-3 and Omega-6 fatty acids are essential polyunsaturated fats critical for various bodily functions, including brain
development and function. Omega-3 is one of the most used complementary and alternative supplements in individuals
with ASD[91]. Omega-3 fatty acids include alpha-linolenic acid, EPA, and DHA. They are primarily found in fish oils,
flaxseeds, and walnuts. Omega-6 fatty acids, including LA and AA, are found in vegetable oils, nuts, and seeds[263].
Omega-3 and omega-6 fatty acids play critical roles in brain health and function, and their supplementation may benefit
individuals with ASD. Given the unique neurological and developmental challenges faced by individuals with ASD,

there has been significant interest in understanding the role these fatty acids might play in managing autism symptoms
[264].

Biological functions: Omega-3 fatty acids are crucial for brain function, anti-inflammatory processes, and overall neural
health. DHA, in particular, is a major structural component of the brain and retina. Omega-6 fatty acids are essential for
skin health and growth and are a precursor for inflammatory and anti-inflammatory eicosanoids[265].

Potential benefits for individuals with ASD: Omega-3 fatty acids, especially DHA, are vital for brain development and
cognitive function. Deficiencies in these fatty acids can impair neurodevelopment, which is particularly concerning in
ASD. Omega-3s have anti-inflammatory effects that may help mitigate neuroinflammation, which has been implicated in
the pathophysiology of ASD[49]. Reducing inflammation can potentially improve brain function and behavior. Some
studies suggest that omega-3 supplementation can improve social interaction, communication, and repetitive behaviors
in children with ASD[251]. Omega-3 fatty acids influence the production and function of neurotransmitters, such as
serotonin and dopamine, which play roles in mood regulation and behavior[266,267]. These fatty acids are essential
components of cell membranes, influencing their fluidity and the function of membrane-bound proteins, which are
crucial for cellular signaling and function[268].

Studies and evidence: Research on omega-3 and omega-6 supplementation in ASD has shown mixed results, and more
research is needed to establish definitive benefits. Some studies, such as Cheng et al[269] and Doaei et al[270], have
reported improvements in hyperactivity, social skills, and cognitive development following omega-3 supplementation.

Other studies have found no significant benefits, highlighting the variability in response among individuals with ASD[52,
271].

Recommended dosage and safety: There is no standardized dosage for omega-3 supplementation in ASD, and
recommendations can vary[272]. It's essential to consult healthcare providers to determine appropriate dosages tailored
to individual needs. Omega-3 supplements are generally considered safe with few side effects. However, high doses can
lead to Gl issues and an increased risk of bleeding due to their blood-thinning properties[273]. Maintaining a balanced
ratio of omega-3 to omega-6 fatty acids is crucial. A high intake of omega-6 relative to omega-3 can promote inflam-
mation, counteracting the benefits of omega-3s[274]. A typical Western diet often has a disproportionately high omega-6
to omega-3 ratio, which may necessitate omega-3 supplementation to restore balance[275].

Practical considerations: Encouraging the consumption of fatty fish, flaxseeds, chia seeds, and walnuts can naturally
increase omega-3 intake. Fish oil supplements, especially DHA and EPA, are a common and effective way to ensure
adequate omega-3 intake[276]. Fatty acid levels should be monitored regularly, and dietary intake or supplementation
should be adjusted based on individual responses and nutritional needs[277]. While some evidence suggests potential
improvements in behavior and cognitive function, the response can vary widely among individuals. Thus, omega-3
supplementation should be considered part of a comprehensive, individualized approach to managing autism, ideally
under healthcare professionals' guidance. Table 3 summarizes dietary interventions, supplements, and their related
details for ASD.

Role of feeding therapy and behavioral interventions in autism

Feeding problems are common in children with ASD, often manifesting as food selectivity, refusal, and limited dietary
variety. These issues can lead to nutritional deficiencies and negatively impact overall health and development. Feeding
therapy and behavioral interventions are crucial in addressing these challenges by promoting healthier eating habits and
expanding food preferences[278].

Feeding therapy: Feeding therapy typically involves a multidisciplinary team, including dietitians, speech-language
pathologists, occupational therapists, and psychologists. The primary goals are to improve oral motor skills, reduce
sensory sensitivities, and establish positive mealtime behaviors[279]. Critical components of feeding therapy include oral
motor skills development, sensory integration, mealtime structure, and positive reinforcement[280].
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Table 3 The dietary interventions, supplements, and their related details for autism spectrum disorder

Intervention/supplement Description

Functions

Potential links with
ASD

Current research
findings

Practical
considerations

Gluten-free diet

Casein-free diet

Ketogenic diet

Specific carbohydrate diet

Gut and psychology
syndrome diet

Camel milk

Probiotics

Prebiotics

High-dose methylco-
balamin

Folic acid

Eliminates gluten
(wheat, barley, rye).
Requires careful
planning for
nutritional adequacy

Eliminates casein
(dairy products).
Requires careful
planning for
nutritional adequacy

High-fat, low-
carbohydrate,
moderate-protein diet.
Requires careful
planning, medical
evaluation, and
regular monitoring

Eliminates complex
carbohydrates,
disaccharides, and
polysaccharides.
Includes meats, certain
vegetables, fruits, nuts,
and seeds

Structured in phases,
includes bone broths,
fermented foods, and
healthy fats

Rich in vitamins,
minerals, and unique
proteins

Restores healthy gut
bacteria balance,
reduces gut inflam-
mation, strengthens
gut barrier

Promotes growth of
beneficial gut bacteria,
reduces inflammation,
supports neurotrans-
mitter synthesis

Supports methylation
cycle, boosts
glutathione synthesis,
neuroprotective
properties

Supports DNA
methylation, reduces
homocysteine levels,
involved in
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Aims to improve
gastrointestinal
symptoms, behavior,
attention, and social
interactions

Aims to improve
gastrointestinal
symptoms, behavior,
attention, and social
interactions

Aims to improve
behavior, cognitive
function, seizure
control, and
gastrointestinal
symptoms

Aims to improve
gastrointestinal
symptoms, behavior,
and cognitive function

Aims to improve gut
health, behavior,
cognitive function, and
overall well-being

Anti-inflammatory,
antioxidant, immune
modulation, gut health
promotion

Improves GI function,
potential behavioral
improvements

Improves gut health,
potential behavioral
and cognitive benefits

Enhances cognitive
functions, reduces
oxidative stress,
improves detoxification

Potential reduction in
ASD risk, improved
neurodevelopment,
reduced oxidative stress

23

Increased sensitivity to
gluten may affect brain
function

Sensitivity or allergy to
casein may exacerbate
autism symptoms

Ketones may have
neuroprotective
properties and improve
brain function

Addresses gut dysbiosis
and gastrointestinal
inflammation

Focuses on healing the
gut lining and restoring
healthy gut flora

Emerging research
suggests behavioral
improvements, cognitive
functions, and GI
symptom relief

May improve gut health
and behavior by
restoring healthy gut
bacteria

May improve gut health
and behavior by
promoting beneficial gut
bacteria growth

May improve behavioral
and cognitive functions,
reduce oxidative stress

Prenatal supple-
mentation may reduce
ASD risk.
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Mixed evidence;
more rigorous trials
are needed.

Mixed evidence;
more rigorous trials
are needed

Limited data; more
rigorous trials are
needed.

Mixed results; more
rigorous trials are
needed

Limited peer-
reviewed research;
indirect support
from studies on gut
microbiota.

Emerging research
and anecdotal
reports suggest
significant benefits

Mixed results; some
studies show
improved GI and
behavioral
symptoms

Limited human trials
but promising;
animal models
support positive
effects

Promising results;
improved
methylation capacity
and reduced
oxidative stress
markers

Prenatal doses
support reduced
ASD risk; large
epidemiological

Strict adherence is
challenging; potential
nutritional
deficiencies; more
expensive and less
accessible

Strict adherence is
challenging; potential
nutritional
deficiencies; more
expensive and less
accessible

Potential nutritional
deficiencies; strict
adherence is
challenging; potential
side effects (GI
discomfort, kidney
stones, increased
cholesterol)

Restrictive; potential
nutritional
deficiencies; strict
adherence is
challenging; more
expensive and less
accessible

Restrictive; potential
nutritional
deficiencies;
challenging to
implement; anecdotal
evidence

Obtain from reputable
sources, gradually
introduce, consult
healthcare provider for
dosage, monitor
response and allergic
reactions

Choose effective
strains, determine
optimal dosage with
clinical guidance,
monitor and adjust
based on individual
response

Start with low dose,
include prebiotic-rich
foods, use
supplements under
healthcare guidance,
consider combining
with probiotics,
monitor for adverse
reactions

Administer via
injections, determine
dosage with healthcare
provider, regular
monitoring of vitamin
B12 Levels, consider
combined treatment
with folinic acid

Recommend 400-800
mcg/day prenatal
doses, consider genetic
variations, ensure
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Vitamin B6

Vitamin D

L-Carnitine

Omega-3 and Omega-6

neurotransmitter
synthesis

Synthesizes
neurotransmitters,
reduces homocysteine
levels, converts
glutamate to GABA

Fat-soluble vitamin;
exists as vitamin D2
and D3; synthesized in
skin or obtained from
food sources

Naturally occurring
amino acid derivative;
involved in energy
metabolism and
mitochondrial health

Essential polyunsat-
urated fatty acids;
Omega-3 (ALA, EPA,
DHA) and Omega-6
(LA, AA)

Potential improvements
in behavior, language
development, cognitive
function

Facilitates calcium and
phosphorus absorption,
modulates immune
system, reduces inflam-
mation, supports brain
development

Facilitates fatty acid
transport into
mitochondria, supports
mitochondrial health,
and has antioxidant
properties

Vital for brain function,
anti-inflammatory
effects, and overall
neural health

May improve behavior,
language, and cognitive
functions

Low vitamin D levels
linked with ASD risk;
deficiency associated
with immune dysregu-
lation and neurotrans-
mitter imbalances

Mitochondrial
dysfunction and
oxidative stress
observed in autism; L-
carnitine may improve
mitochondrial function
and reduce oxidative
stress

Omega-3 deficiencies
may impair neurodevel-
opment; Omega-3s may
improve behavior;
Omega-6 imbalance can
promote inflammation

studies support
benefits

Mixed results; some
studies show
improvements;
variability in
outcomes

Benefits of vitamin
D3 supplementation
include improved
autism severity
scores and social
behaviors

Lower L-carnitine
levels in autism;
improvements in
behavior and
communication with
supplementation.

Mixed results; some
studies show
improvements in
behavior, cognitive
development, and
social skills

balanced diet, consult
healthcare provider for
high doses

Determine dosage
with healthcare
provider, monitor for
side effects (peripheral
neuropathy), consider
combination with
magnesium.

Dosage varies; general
recommendation 600-
800 IU daily; excessive
intake can lead to
toxicity; regular
monitoring essential

Dosage ranges from 50
to 100 mg/kg/ day;
consult healthcare
providers; generally
safe but may cause
gastrointestinal
discomfort or fishy
odor

No standardized
dosage; consult
healthcare providers;
high doses may cause
Gl issues and
increased bleeding
risk; balance omega-3
and omega-6 intake

ASD: Autism spectrum disorder; ALA: Alpha-linolenic acid; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; LA: Linoleic acid; AA: Arachidonic
acid; GI: Gastrointestinal; GABA: gamma-aminobutyric acid.

Many children with ASD have difficulty chewing, swallowing, and oral coordination. Therapists strengthen these skills
through exercises and activities to improve muscle function and coordination[281]. Sensory sensitivities to textures,
tastes, and smells are common in children with ASD[282]. Feeding therapists use gradual exposure techniques to
desensitize children to various sensory stimuli. This may involve introducing new foods in a non-threatening way, such
as through play or gradual taste testing[65]. Establishing consistent mealtime routines can help reduce anxiety and
improve eating behaviors. This includes having regular meal and snack times, creating a calm eating environment, and
using visual schedules to help children understand what to expect[283]. Encouraging positive eating behaviors through
rewards and praise can motivate children to try new foods and adopt healthier eating habits. This approach focuses on
reinforcing desired behaviors rather than punishing undesirable ones[284].

Feeding behavioral interventions: Behavioral interventions are often used in conjunction with feeding therapy to
address food selectivity and refusal. These interventions are based on principles of ABA and involve systematic
techniques to modify eating behaviors[285]. Key strategies include gradual exposure and desensitization, modeling and
social stories, choice, and control, reinforcement, and rewards, and task analysis and shaping[286].

Introducing new foods gradually and in small amounts can help reduce resistance. This technique involves pairing
new foods with preferred ones, starting with just a touch or smell and gradually progressing to tasting and eating[287].
Children with ASD often learn through imitation. Modeling involves demonstrating appropriate eating behaviors, either
by therapists, parents, or peers. Social stories are short, descriptive narratives that explain social situations and
appropriate responses; helping children understand and anticipate mealtime routines and allowing children to make
choices about what and how much to eat can reduce anxiety and resistance[288]. Providing a limited selection of healthy
options empowers children while ensuring nutritional needs are met[289].

Positive reinforcement, such as verbal praise, stickers, or small toys, can be used to reward desired behaviors like
trying a new food or sitting at the table for the duration of a meal[290]. The reinforcement should be immediate and
consistently applied. Breaking down the process of eating into small, manageable steps and reinforcing each step can help
children gradually build up to more complex behaviors. Shaping involves reinforcing successive approximations of the
target behavior until the desired behavior is achieved[291,292].

Techniques to expand food preferences: Expanding food preferences in children with ASD involves a combination of
strategies aimed at increasing acceptance and variety in their diet. Techniques include food chaining, systematic desensit-
ization, cooking and food preparation involvement, sensory play, consistency and patience, and parental involvement
and education[16].
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The food chain method involves gradually introducing new foods similar in taste, texture, or appearance to foods the
child already accepts[293]. For example, if a child likes chicken nuggets, therapists might introduce breaded fish sticks,
then grilled chicken, and eventually other types of protein. Similar to gradual exposure, the systematic desensitization
technique involves slowly introducing new foods to reduce sensory overload[294] and, for instance, starting with a visual
introduction, followed by touching, smelling, and finally tasting the food[295]. Involving children in cooking and food
preparation can increase their interest in and acceptance of new foods. This hands-on approach allows children to explore
new foods in a fun and non-threatening way. Encouraging sensory play with food can help children become more
comfortable with different textures and smells[296]. Activities like playing with food-based sensory bins or using food in
art projects can reduce sensory sensitivities[297]. Consistently offering new foods and being patient with the child’s
progress is crucial. It may take multiple exposures before a child is willing to try a new food. Avoid pressuring the child,
which can increase resistance[298]. It is essential to educate parents about the importance of variety in the diet and
provide them with strategies to encourage healthy eating at home. Parents play a critical role in modeling positive eating
behaviors and creating a supportive mealtime environment[299]. By combining oral-motor skill development, sensory
integration, structured mealtime routines, and behavioral techniques, therapists can help expand food preferences and
improve nutritional intake, contributing to better overall health and development for children with autism.

Mealtime environment and practices for children with autism

Creating a supportive and structured mealtime environment is crucial for children with ASD. The mealtime setting can
significantly influence a child's eating behaviors, food acceptance, and overall nutritional intake[300]. To enhance the
mealtime environment for children with autism, they need to have a consistent mealtime routine, a calm and positive
atmosphere, a sensory-friendly environment, positive mealtime practices, gradual introduction of new foods, managing
feeding challenges, nutritional balance, collaboration with professionals, and parental support and education[301].

Establishing regular meal and snack times is essential for a consistent mealtime routine. This can create predictability
and structure, reducing anxiety and resistance[302]. Visual schedules or timers can help children understand and
anticipate mealtime routines, making transitions smoother. The meals should be consistent in length, typically around 20-
30 minutes, to maintain structure without overstaying the child's attention span[303]. A calm and positive atmosphere is
attempted by reducing background noise and distractions such as TV, loud music, or excessive conversation to help the
child focus on eating[304]. Children should engage in pleasant and encouraging conversations that promote a relaxed
atmosphere while avoiding discussing stressful or negative topics during meals. Children should be comfortably seated
at the table with appropriate support, using adaptive seating if necessary to help them stay seated and focused[305].

Creating a sensory-friendly environment is crucial for helping children with autism focus on their food. Opting for soft,
natural lighting can prevent the overwhelming effects of harsh or flickering lights, which can be distracting and
distressing[306]. Additionally, using plain, non-patterned tableware helps to avoid overstimulation and aligns with the
child’s sensory preferences regarding textures and materials[307]. Ensuring the room temperature is comfortable is also
important, as some children with ASD are sensitive to extreme temperatures, which can significantly affect their eating
behavior[308]. By addressing these sensory factors, the mealtime experience can be made more comfortable and
conducive to positive eating behaviors for children with autism. Positive mealtime practices are essential for fostering
healthy eating habits in children with autism. Role modeling by adults and peers is crucial, as it demonstrates
appropriate eating behaviors, positive food attitudes, and table manners[309]. Consistent encouragement and praise
should be provided for trying new foods, using utensils correctly, or displaying other desired behaviors. Additionally,
involving the child in meal planning and preparation can increase their interest in food. Simple tasks such as washing
vegetables or stirring ingredients can make children more willing to try new foods[310].

Gradually introducing new foods is essential for children with autism to minimize resistance and encourage
acceptance. Introducing new foods slowly and in small quantities alongside familiar and preferred foods can significantly
reduce resistance[18]. Food chaining is an effective technique that involves gradually expanding the range of accepted
foods by linking new foods to those the child already likes based on similarities in taste, texture, or appearance[293].
Additionally, non-pressured exposure, where new foods are offered repeatedly in a non-coercive manner, allows the
child to become familiar with the food over time without feeling forced. This approach fosters a more positive and
accepting attitude towards new foods[311].

Managing feeding challenges in children with autism involves several key strategies. When a child refuses food, it is
essential to remain calm and remove the food without negative comments, reintroducing it later without making it a
focus. For selective eating, respecting the child’s preferences while gently encouraging variety is essential; a range of
foods should be offered repeatedly, even if initially rejected[312]. Addressing oral-motor difficulties with appropriate
therapy and techniques is crucial to improving chewing, swallowing, and overall eating skills. These approaches help
create a supportive feeding environment and promote better nutritional intake[313]. Ensuring nutritional balance in
children with autism involves promoting dietary diversity and monitoring for potential deficiencies. A balanced diet with
various foods is essential to ensure the child receives all necessary nutrients, particularly if they have restrictive eating
habits[17]. It is advisable to consult with healthcare providers about the need for nutritional supplements if the child's
diet lacks essential vitamins or minerals to support their overall health and development.

Collaboration with professionals is crucial in addressing the nutritional needs and mealtime behaviors of children with
autism. Working with dietitians, speech-language pathologists, and occupational therapists allows for the development of
personalized strategies to improve mealtime behaviors and ensure adequate nutrition[314]. Additionally, collaborating
with behavioral specialists to implement ABA techniques can help modify eating behaviors and reduce mealtime stress,
fostering a more positive and effective eating environment[315]. Parental support and education play a vital role in
managing mealtime challenges for children with autism. Training parents and caregivers in effective mealtime strategies
and emphasizing the importance of a structured, positive environment are essential[71]. Additionally, encouraging
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participation in support groups allows parents to share experiences and strategies, providing a network of support and
practical advice for addressing feeding issues[316].

Recommendations

Based on the synthesis of current literature, several recommendations can be made to optimize feeding therapy,
behavioral interventions, and mealtime practices for children with ASD. Firstly, healthcare professionals should prioritize
multidisciplinary approaches integrating dietitians, speech-language pathologists, occupational therapists, and psycho-
logists in designing personalized treatment plans tailored to each child's specific needs and challenges. Emphasizing early
intervention is crucial, as interventions targeting oral motor skills, sensory sensitivities, and mealtime routines have
shown promising outcomes in improving food acceptance and nutritional intake. Structured feeding therapy programs
should focus on individualized goals that address oral motor deficits and sensory aversions, employing techniques such
as oral motor exercises, sensory integration activities, and gradual exposure to new foods. Behavioral interventions
grounded in ABA principles should be utilized to reinforce positive eating behaviors, systematically desensitize sensory
aversions, and promote mealtime routines that enhance predictability and reduce anxiety. Creating a supportive
mealtime environment is essential. This involves establishing consistent meal schedules, sensory-friendly settings, and
visual supports to aid understanding and anticipation of mealtime routines. Parents and caregivers play a pivotal role in
implementing strategies learned from professionals, emphasizing positive reinforcement, modeling appropriate eating
behaviors, and gradually expanding food choices through techniques like food chaining and systematic desensitization.
Further research is needed to standardize intervention protocols, assess long-term outcomes, and explore the effect-
iveness of emerging technologies and innovative therapies in improving feeding behaviors and nutritional status among
children with ASD. Collaboration among researchers, healthcare providers, educators, and families is essential to develop
evidence-based practices that enhance the quality of life and nutritional health for children with ASD.

Limitations

Several limitations should be considered when interpreting the findings of this systematic review. Firstly, the variability
in study designs, intervention protocols, and outcome measures across the included studies may introduce heterogeneity
and limit direct comparisons. Most studies relied on small sample sizes, which may affect the generalizability of findings
to broader populations of children with ASD. Moreover, many studies lacked long-term follow-up assessments, making
evaluating the sustainability of intervention effects over time challenging. The quality of evidence varied among studies,
with some lacking rigorous methodologies such as RCTs or blinding of assessors. This variability in study quality could
impact the reliability and strength of conclusions drawn from the collective evidence. Additionally, the reliance on
parent-reported outcomes in many studies may introduce bias, as subjective perceptions of improvement in feeding
behaviors and mealtime practices could influence reported outcomes. Furthermore, the complexity of ASD as a hetero-
geneous neurodevelopmental disorder presents challenges in identifying universally effective interventions. Children
with ASD often present with diverse sensory sensitivities, oral motor deficits, and behavioral patterns, necessitating
personalized and adaptive approaches to treatment. The effectiveness of interventions may vary depending on individual
characteristics, comorbidities, and family dynamics, highlighting the need for tailored intervention strategies. Lastly,
publication bias may influence the availability of studies included in this review, as studies reporting positive outcomes
may be more likely to be published than those with null or negative findings. This potential bias could impact the
comprehensiveness and representativeness of the evidence base synthesized in this review.

CONCLUSION

In conclusion, this systematic review synthesizes current evidence on feeding therapy, behavioral interventions, and
mealtime practices for children with ASD. The findings highlight the multifaceted nature of interventions to improve this
population's feeding behaviors and mealtime practices. Feeding therapy approaches, including oral motor skills
development, sensory integration techniques, and structured mealtime routines, show promise in addressing the unique
challenges faced by children with ASD. Behavioral interventions based on ABA principles, such as gradual exposure,
modeling, and positive reinforcement, offer effective strategies for reducing food selectivity and enhancing mealtime
behaviors. Additionally, creating supportive mealtime environments that cater to sensory sensitivities and providing
parental education and support are critical components of successful interventions. Despite the promising results
observed across various studies, several limitations warrant cautious interpretation of findings, including study hetero-
geneity, small sample sizes, and methodological biases. The variability in intervention outcomes underscores the need for
personalized, tailored approaches that consider individual differences in sensory profiles, oral motor skills, and
behavioral patterns among children with ASD. Future research should focus on conducting well-designed RCTs with
larger sample sizes and standardized outcome measures further to elucidate the effectiveness and long-term benefits of
specific interventions. Longitudinal studies are needed to assess the sustainability of intervention effects over time and to
understand better the complex interplay between intervention components, individual characteristics, and family
dynamics. Overall, while significant strides have been made in understanding and addressing feeding difficulties and
mealtime challenges in children with ASD, continued research and clinical innovation are essential to optimize
interventions and improve outcomes for this vulnerable population.
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Published online: December 9, 2024 Diazoxide is the sole approved drug for congenital hyperinsulinism; however,
Processing time: 231 Days and 21 diuretic administration and vigilant monitoring are crucial to prevent and pro-
mptly identify potentially life-threatening adverse effects. This report aims to
highlight a seldom-considered rare side effect of diazoxide. We believe that this
brief report is of general interest to World Journal of Clinical Pediatric readership
and increase the physicians’ awareness of the guideline importance. Moreover, it
underlines the importance of stopping immediately the drug if suspected side
effects.

Hours

CASE SUMMARY

The manuscript describes a patient diagnosed with congenital hyperinsulinism
(CHI) treated with diazoxide not overlapping with diuretic. He resulted in su-
dden respiratory distress and therefore was transferred to the Neonatal Intensive
Care Unit. The cardiological evaluation showed pericardial effusion and left
ventricular myocardial hypertrophy, absent before. In suspicion of an iatrogenic
effect of diazoxide it was progressively reduced until stop while introducing
diuretic treatment, with resolution of symptoms. Once clinically stabilized, an 18
fluoro-diydroxy-phenylalanine positron emission tomography/computed tomo-
graphy (PET/CT) was performed to differentiate between a focal or diffuse form
of CHI. The PET/CT highlighted the presence of a single focal accumulation of
the tracer located in the pancreatic tail, consistent with a focal form of hyperin-
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sulinism. At the age of four months, the patient underwent a distal pancreatectomy with histological confirmation
of a focal form of nesidioblastosis, resulting in a curative operation.

CONCLUSION
Diuretic administration and vigilant monitoring of diazoxide therapy are crucial to prevent and promptly identify
potentially life-threatening adverse effects.

Key Words: Diazoxide; Hypoglycemia; Congenital hyperinsulinism; Side effect; Case report
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Core Tip: Diazoxide can be effective in treating congenital hyperinsulinism, but its use requires diuretic administration and
careful surveillance to prevent and promptly diagnose potential life-threatening adverse effects. Although diazoxide cardiop-
ulmonary side effects were previously described in sporadic case reports, the United States Food and Drug Administration
(FDA) has clearly listed them as severe adverse events since 2015. Despite this, numerous reports were published after the
FDA statement, describing the increasing rate of these diazoxide side effects. Further studies are needed to identify the
underlying mechanism and precise predisposing factors.
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INTRODUCTION

Congenital hyperinsulinism (CHI) comprises a rare group of hypoketotic hypoglycemia disorders, characterized by
abnormal insulin secretion leading to transient or persistent hypoglycemia[l]. While transient forms are linked to
perinatal factors (i.e. Infant of diabetic mother, intrauterine growth retardation, maternal toxemia, birth asphyxia and
perinatal stress) and can resolve rapidly (lasting less than 6 months), persisting forms of CHI typically persist beyond 6
months of age and are often associated with mutations in genes involved in regulating pancreatic B-cell function (e.g.
ABCCS8, KCNJ11, GLUD1, GCK, HADH, SLC16A1, HNF4A, HNF1A, HK1, PGM1, PMM?2) or genetic syndromes (e.g.
Beckwith Wiedemann); however in some of these forms the exact genetic cause remains unknown[2]. If misdiagnosed,
this condition can lead to irreversible brain damage[3]. The treatment of CHI depends on the underlying condition and
can be medical, surgical or both. Currently, the only approved treatment for CHI is diazoxide, though some patients may
be resistant or intolerant, necessitating alternative options[4,5]. Surgical intervention may be curative in focal forms of
CHI[6], while others can benefit from administration of continuous enteral glucose or drugs such as octreotide or its long-
acting analogs[7]. This report aims to describe a rare side effect of diazoxide that, though documented in literature, lacks
defined incidence, pathogenesis, and timing of appearance.

CASE PRESENTATION

Chief complaints

The manuscript describes a patient diagnosed with CHI treated with diazoxide not overlapping with diuretic. He
resulted in sudden respiratory distress and therefore was transferred to the Neonatal Intensive Care Unit (NICU). The
cardiological evaluation showed pericardial effusion and left ventricular myocardial hypertrophy, absent before. In
suspicion of an iatrogenic effect of diazoxide it was progressively reduced until stop while introducing diuretic treatment,
with resolution of symptoms

History of present illness
The patient was referred to our center at the age of 45 days of life (see History of past illness) for the suspicion of
diazoxide-resistant CHI.

Once admitted, we conducted glucose monitoring without altering the ongoing treatment (diazoxide 15mg/kg/day).
We opted not to reintroduce thiazide, considering the baby’s age and the normal findings of the recent cardiac ultrasound
scan (US). The baby showed poor glycemic control (average glycemia 40-60 mg/dL), so a second-line therapy with
subcutaneous octreotide was started. Octreotide was administered at an initial dosage of 5 mcg/kg/day in three daily
administrations. After four days, the patient developed tachypnea [respiratory rate (RR) = 70 breaths/min], intercostal,
subcostal and jugular retractions, tachycardia (180-190 bpm), diuresis contraction (0.6-0.7 mL/kg/h) and mild increase in
body weight, with adequate oxygen saturation in room air. Due to respiratory distress, high-flow oxygen therapy
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Table 1 Blood tests during relative hypoglycemia and glucagon stimulation test

Glycemia (mg/dL) Insulin (mcU/mL) C-peptide (ng/mL) ACTH (pg/mL) Cortisol (mcg/dL) GH (ng/mL) Glucagon test (mg/dL)

46 (nv > 70) 14.4 (nv < 1.25) 2 (nv <0.5) 17.1 (nv 4.7-48.8) 17 (nv > 18) 7.76 (nv >8)  Glycemia 36-85

ACTH: Adrenocorticotropic hormone; GH: Growth hormone.

(maximum flow 10 L/min, maximum FiO2 0.25%) was initiated. Considering the acute presentation and the uncertain
etiology of the symptoms, the infant was transferred to the NICU for intensive observation.

History of past illness

The patient was born at 39 gestational weeks through eutocic delivery; he weighed 3300 g (41* weight percentile, -0.24
standard deviation score) and measured 51 cm in length (66™ length percentile, 0.4 standard deviation score). The preg-
nancy was uneventful and no physical abnormalities were observed at birth.

At two hours of life, the infant exhibited hyporeactivity and difficulty in sucking. A blood gas analysis revealed a blood
glucose level of 11 mg/dL. Consequently, early enteral feeding with both breast and formula milk was initiated. Despite
these measures, persistent hypoglycemia necessitated his transfer to the NICU. Intravenous (IV) infusion therapy with a
10% glucose solution was initiated, but hypoglycemia persisted. Subsequently, IV infusion with glucose 33% was
administered via an umbilical venous catheter, gradually increased to 50%, achieving an IV glucose infusion rate (GIR) of
10. 4 mg/kg/min. Simultaneously, enteral feeding was supplemented first with fortified breast milk, then with formula
milk containing a high-calorie glucolipid preparation, and finally with maltodextrins, resulting in an increased GIR of
15.3 mg/kg/min. On the 4th day of life, blood tests and a glucagon test during hypoglycemia strongly suggested CHI

Table 1).

( Due t)o the high suspicion of CHI, subsequent genetic analysis was carried out and identified a heterozygous variant,
c.4477C>Tp. (Argl493Trp), in the ABCC8 gene, inherited from the father and classified as a pathogenetic variant. On 22
day of life, diazoxide and thiazide treatment was initiated, with diazoxide gradually increased to 15 mg/kg/day
(administered in three daily doses), resulting in a partial improvement in the glycemic profile. IV glucose infusion was no
longer required, but the patient still experienced blood sugar levels < 70 mg/dL 2-3 times/day, leading to suspicion of a
resistant-diazoxide form. For this reason the patient was transferred to our center at the age of 45 days of life (see history
of present illness).

Personal and family history
The patient is the only child of non-consanguineous parents from India. No family history of endocrinopathies described
nor pancreatic diseases.

Physical examination

After four days of second-line therapy with subcutaneous octreotide the patient developed tachypnea (RR = 70 breaths/
min), intercostal, subcostal and jugular retractions, tachycardia (180-190 bpm), diuresis contraction (0.6-0.7 mL/kg/h) and
mild increase in body weight, with adequate oxygen saturation in room air. Due to respiratory distress, high-flow oxygen
therapy (maximum flow 10 L/min, maximum FiO2 0.25%) was initiated.

Laboratory examinations

Urgent laboratory-instrumental tests were performed due to the clinical conditions: Cell blood count, electrolytes, renal-
liver function and inflammatory indexes, blood culture resulted negative, blood gas analysis showed respiratory
alkalosis, leading us to exclude sepsis and infectious etiologies.

Imaging examinations
The chest X-ray revealed an enlargement of the cardiac image beyond normal limits with clear lungs and pleural spaces
(Figure 1).

Subsequent cardiological evaluation with US showed pericardial effusion in the anterolateral site (0.5-0.7 cm), with no
pulmonary hypertension signs, and left ventricular myocardial hypertrophy.

MULTIDISCIPLINARY EXPERT CONSULTATION

After consultation with our pediatric anesthesiologist and cardiologist, we suspected cardiovascular iatrogenic side-effect
of diazoxide.

FINAL DIAGNOSIS

We diagnosed a diazoxide’s side effect; in particular we diagnosed a cardiovascular side effect considering the patient’s
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Figure 1 Chest and abdomen X-ray, showing a cardiomediastinal image slightly above normal limits.
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Figure 2 Timeline of therapies. HCT: Hydrochlorothiazide; US: Ultrasound scan.

history and clinical manifestations and the cardiological evaluation.

TREATMENT

On 52" day of life therapy with IV furosemide was initiated and the diazoxide dosage was progressively reduced until
stopped. Octreotide therapy was gradually increased. Furosemide was continued for five days, and hydrochlorothiazide
was initiated on the third day, continuing for a total of eight days (Figure 2).
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OUTCOME AND FOLLOW-UP

During the permanence in NICU, the infant continued meals with formula integrated with maltodextrins via bottle and
nasogastric tube. After three days form therapies editing, the patient’s conditions improved, prompting the suspension of
oxygen support. Daily monitoring by echocardiography revealed a progressive reduction of the pericardial effusion,
culminating in complete resolution after 15 days from the onset of symptoms and four days after the complete suspension
of diazoxide therapy.

Once clinically stabilized, an 18 fluoro-diydroxy-phenylalanine positron emission tomography/computed tomography
(PET/CT) was performed to differentiate between a focal or diffuse form of CHI. The PET/CT highlighted the presence
of a single focal accumulation of the tracer located in the pancreatic tail, consistent with a focal form of hyperinsulinism.
At the age of four months, the patient underwent a distal pancreatectomy with histological confirmation of a focal form of
nesidioblastosis, resulting in a curative operation. The patient’s glycemic profile, after surgery, became normal and he did
not require anymore administration of glucose, nor other drugs. Nowadays, he’s an infant with adequate neurological
development. Moreover he presented a complete regression of the cardiological manifestations.

DISCUSSION

Diazoxide currently remains the only drug approved by the United States Food and Drug Administration (FDA) for
treatment of CHI[8]. However, over the last 50 years, severe adverse events (SAEs) related to diazoxide have been
reported, including necrotizing enterocolitis[9], pericardial effusion[10-13], pulmonary hypertension, respiratory de-
compensation, congestive heart failure and death[14,15]. In 2015 FDA emphasized the risk of pulmonary hypertension in
patients treated with diazoxide. Additionally, the FDA listed risk factors for this side effect[16]: Various studies highlight
that patients with a higher risk of cardiopulmonary diazoxide side effects include neonates with transient hyperin-
sulinism, premature neonates, neonates receiving high fluid rate infusion, neonates with sepsis, meconium aspiration
syndrome, pneumonia, and congenital heart disease. Despite these risks, the effectiveness of diazoxide, coupled with a
low overall number of SAEs[17], has led to a significant increase in its use over the years. Consequently, the rate of severe
cardiorespiratory adverse events has risen from 5% to more than 16%[16,17-22].

The physiological effect of diazoxide is to bind to the SUR1 subunit of the KATP channels keeping them open and
thereby inhibiting insulin secretion[18]. In addition, it also binds to the SUR2 subunit expressed in the cardiac muscle,
smooth muscles, skeletal muscles and the brain. Due to its action on renal arterioles and renal tubular system, it also has
antidiuretic and antihypertensive effects[19,20]. Thus, the off-target effects of diazoxide through its binding to the SUR2
subunit of the KATP channel may explain the most serious side effects (pulmonary hypertension, pericardial effusion and
congestive heart failure) even though their physiopathology is not well defined: It remains unclear whether they are
caused by primary damage to the cardiovascular system or by a secondary effect due to fluid retention. To reduce the risk
of SAEs, the European Society for Pediatric Endocrinology suggests performing a cardiopulmonary assessment (cardiac
examination and US) in all infants before starting diazoxide and one week after the beginning of the treatment, even if in
the absence of signs of fluid overload[8,21]. They also strongly recommend starting thiazide diuretics at the same time of
diazoxide due to risk of fluid retention and pulmonary hypertension[22]. Furthermore, fluid restriction before diazoxide
treatment and routine surveillance during the treatment course are advised. These clinical practice guidelines for dosing
and monitoring adverse events in infants treated with diazoxide can be highly useful for clinicians treating CHI patients.
In line with these recommendations, it is crucial to discontinue the treatment promptly if a diazoxide-related side effect is
suspected. Other previous publications describe different diazoxide collateral effects[22] such as hypertrichosis, bone
marrow suppression (neutropenia and thrombocytopenia), hyperuricemia and gastrointestinal symptoms (poor appetite
and vomiting). While these collateral effects are more frequent and well-known, they are generally considered minor and
rarely require discontinuation of the drug.

When the patient was admitted to our center, he was only taking diazoxide. At the age of 45 days, thiazide treatment
was discontinued while diazoxide was continued. Before suspending thiazide, cardiac US was normal. We chose to
continue diazoxide based on the baby’s age and the normal cardiac ultrasound. After three days in our center, we
observed that the patient was diazoxide resistant and therefore octreotide was initiated (48 days of life). When the patient
became symptomatic (at 52 days of life), he was transferred to NICU due to his serious clinical conditions. The patient
was stabilized with High Flow Nasal Cannula and diuretic treatment. We conducted a comprehensive evaluation (blood
tests and instrumental work-up) to understand the etiology of the acute symptoms. We considered the possibility of drug
side effects and two factors made octreotide side effects more probable. Firstly, the timing of symptom onset: The patient
had been taking diazoxide for over a month, while octreotide had only been initiated for 4 days. Additionally, the patient
did not have any risk factors for diazoxide side effects, such as IV fluid administration, transient hyperinsulinism,
abnormal cardiac ultrasound findings, or prematurity. The most serious octreotide side effect is necrotizing entero colitis,
which we ruled out through abdominal X-rays and observation over the following days. However, guidelines re-
commend immediately discontinuing diazoxide when cardiovascular side effects appear, even if the etiology of sym-
ptoms is unclear: It is advised to discontinue diazoxide promptly if the patient develops respiratory distress or fluid
overload, while investigating other potential causes of the symptoms. Glycemic control should be managed without
diazoxide. This case underscores the challenge of identifying diazoxide’s cardiovascular effects, as each patient may
present different confounding factors in their medical history (such as concomitant drugs or diseases, the presence or
absence of risk factors, timing of symptom onset, etc.). It suggests considering diazoxide-related effects even when invest-
igating other potential causes, and emphasizes that the diagnostic workup should not delay diazoxide discontinuation.
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CONCLUSION

Diazoxide can be effective in treating CHI, but its use requires diuretic administration and careful surveillance to prevent
and promptly diagnose potential life-threatening adverse effects. Although diazoxide cardiopulmonary side effects were
previously described in sporadic case reports, the FDA has clearly listed them as SAEs since 2015. Despite this, numerous
reports were published after the FDA statement, describing the increasing rate of these diazoxide side effects. Further
studies are needed to identify the underlying mechanism and precise predisposing factors of diazoxide cardiopulmonary
side effects. In current clinical practice, it is crucial to adhere to guidelines when initiating diazoxide, and if there is
suspicion of cardiopulmonary side effects, the treatment should be promptly interrupted. Additionally, for patients with
baseline comorbidities such as congenital heart disease or intolerance to diazoxide, alternative therapies for hyper-
insulinism should be considered.

FOOTNOTES

Author contributions: Pajno R conduct writing original draft; Visconti C conduct data collection; Bucolo C conduct conceptualization of
the case report; Guarneri MP, Barera G and Silvani P proceed manuscript review; Barba PD and Gregnanin M proceed manuscript
editing.

Informed consent statement: The authors obtained informed consent from both caregivers for the publication of the images and clinical
data contained herein prior to study enrollment.

Conflict-of-interest statement: All the authors declare that they have no competing interests.

CARE Checklist (2016) statement: The authors have read the CARE Checklist (2016), and the manuscript was prepared and revised
according to the CARE Checklist (2016).

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by external reviewers.
It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-NC 4.0) license, which permits others to
distribute, remix, adapt, build upon this work non-commercially, and license their derivative works on different terms, provided the
original work is properly cited and the use is non-commercial. See: https:/ /creativecommons.org/ Licenses/by-nc/4.0/

Country of origin: Italy
ORCID number: Roberta Pajno 0009-0007-6406-8345.

S-Editor: Liu H
L-Editor: A
P-Editor: Yuan YY

REFERENCES

1 Demirbilek H, Hussain K. Congenital Hyperinsulinism: Diagnosis and Treatment Update. J Clin Res Pediatr Endocrinol 2017; 9: 69-87

[PMID: 29280746 DOI: 10.4274/jcrpe.2017.5007]

Galcheva S, Demirbilek H, Al-Khawaga S, Hussain K. The Genetic and Molecular Mechanisms of Congenital Hyperinsulinism. Front

Endocrinol (Lausanne) 2019; 10: 111 [PMID: 30873120 DOI: 10.3389/fendo.2019.00111]

3 Banerjee I, Raskin J, Arnoux JB, De Leon DD, Weinzimer SA, Hammer M, Kendall DM, Thornton PS. Congenital hyperinsulinism in infancy
and childhood: challenges, unmet needs and the perspective of patients and families. Orphanet J Rare Dis 2022; 17: 61 [PMID: 35183224 DOI:
10.1186/s13023-022-02214-y]

[\S)

4 Banerjee I, Salomon-Estebanez M, Shah P, Nicholson J, Cosgrove KE, Dunne MJ. Therapies and outcomes of congenital hyperinsulinism-
induced hypoglycaemia. Diabet Med 2019; 36: 9-21 [PMID: 30246418 DOI: 10.1111/dme.13823]
5 Sikimic J, Hoffmeister T, Gresch A, Kaiser J, Barthlen W, Wolke C, Wieland 1, Lendeckel U, Krippeit-Drews P, Diifer M, Drews G. Possible

New Strategies for the Treatment of Congenital Hyperinsulinism. Front Endocrinol (Lausanne) 2020; 11: 545638 [PMID: 33193079 DOI:
10.3389/fendo.2020.545638]

6 Barthlen W, Varol E, Empting S, Wieland I, Zenker M, Mohnike W, Vogelgesang S, Mohnike K. Surgery in Focal Congenital
Hyperinsulinism (CHI) - The "Hyperinsulinism Germany International" Experience in 30 Children. Pediatr Endocrinol Rev 2016; 14: 129-137
[PMID: 28508606 DOI: 10.17458/PER.2016.BVE.Surgeryinfocal]

7 McMahon AW, Wharton GT, Thornton P, De Leon DD. Octreotide use and safety in infants with hyperinsulinism. Pharmacoepidemiol Drug
Saf2017; 26: 26-31 [PMID: 27910218 DOI: 10.1002/pds.4144]

8 De Leon DD, Arnoux JB, Banerjee I, Bergada I, Bhatti T, Conwell LS, Fu J, Flanagan SE, Gillis D, Meissner T, Mohnike K, Pasquini TLS,
Shah P, Stanley CA, Vella A, Yorifuji T, Thornton PS. International Guidelines for the Diagnosis and Management of Hyperinsulinism. Horm
Res Paediatr 2024; 97: 279-298 [PMID: 37454648 DOI: 10.1159/000531766]

9 Theodorou CM, Hirose S. Necrotizing enterocolitis following diazoxide therapy for persistent neonatal hypoglycemia. J Pediatr Surg Case
Rep 2020; 52 [PMID: 32161713 DOI: 10.1016/j.epsc.2019.101356]

10 Silvani P, Camporesi A, Mandelli A, Wolfler A, Salvo 1. A case of severe diazoxide toxicity. Paediatr Anaesth 2004; 14: 607-609 [PMID:

Buissidenge VWICP | https://www.wijgnet.com 6 December 9,2024 | Volume13 | Issue4 |


https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0009-0007-6406-8345
http://orcid.org/0009-0007-6406-8345
http://www.ncbi.nlm.nih.gov/pubmed/29280746
https://dx.doi.org/10.4274/jcrpe.2017.S007
http://www.ncbi.nlm.nih.gov/pubmed/30873120
https://dx.doi.org/10.3389/fendo.2019.00111
http://www.ncbi.nlm.nih.gov/pubmed/35183224
https://dx.doi.org/10.1186/s13023-022-02214-y
http://www.ncbi.nlm.nih.gov/pubmed/30246418
https://dx.doi.org/10.1111/dme.13823
http://www.ncbi.nlm.nih.gov/pubmed/33193079
https://dx.doi.org/10.3389/fendo.2020.545638
http://www.ncbi.nlm.nih.gov/pubmed/28508606
https://dx.doi.org/10.17458/PER.2016.BVE.Surgeryinfocal
http://www.ncbi.nlm.nih.gov/pubmed/27910218
https://dx.doi.org/10.1002/pds.4144
http://www.ncbi.nlm.nih.gov/pubmed/37454648
https://dx.doi.org/10.1159/000531766
http://www.ncbi.nlm.nih.gov/pubmed/32161713
https://dx.doi.org/10.1016/j.epsc.2019.101356

Pajno R et al. Diazoxide rare side effect in CHI

15200661 DOI: 10.1111/.1460-9592.2004.01276.x]

Maffre I, Vincenti M, Dalla Vale F, Amouroux C, Werner O, Meilhac A, de Barry G, Amedro P. Diazoxide Causality Assessment of a
Pericardial Effusion in a Child with Kabuki Syndrome. J Clin Res Pediatr Endocrinol 2019; 11: 218-219 [PMID: 30362323 DOI:
10.4274/jcrpe.galenos.2018.2018.0193]

Avatapalle B, Banerjee I, Malaiya N, Padidela R. Echocardiography monitoring for diazoxide induced pericardial effusion. BMJ Case Rep
2012; 2012 [PMID: 22761225 DOI: 10.1136/ber.03.2012.6110]

Hastings LA, Preddy J, McCready M, Neville K, Verge CF. Pericardial Effusion Associated with Diazoxide Treatment for Congenital
Hyperinsulinism. Horm Res Paediatr 2020; 93: 206-211 [PMID: 32580193 DOI: 10.1159/000507624]

Timlin MR, Black AB, Delaney HM, Matos RI, Percival CS. Development of Pulmonary Hypertension During Treatment with Diazoxide: A
Case Series and Literature Review. Pediatr Cardiol 2017; 38: 1247-1250 [PMID: 28642988 DOI: 10.1007/s00246-017-1652-3]

Kylat RI. Pulmonary hypertension occurring with diazoxide use in a preterm infant with hypoglycemia. Drug Healthc Patient Saf2019; 11: 7-
10 [PMID: 30881142 DOI: 10.2147/DHPS.S198255]

US Food and Drug Administration. FDA drug safety communication: FDA warns about a serious lung condition in infants and newborns
treated with Proglycem (diazoxide). 2015. Available from: https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-
communication-fda-warns-about-serious-lung-condition-infants-and-newborns-treated#:~:text=The%20U.S.%20F00d%20and%20Drug%
20Administration%20%28FDA%29%20is,treated%20with%20Proglycem%20%28diazoxide%29%20for%20low%20blood%20sugar
Thornton P, Truong L, Reynolds C, Hamby T, Nedrelow J. Rate of Serious Adverse Events Associated with Diazoxide Treatment of Patients
with Hyperinsulinism. Horm Res Paediatr 2019; 91: 25-32 [PMID: 30889588 DOI: 10.1159/000497458]

Shyng S, Ferrigni T, Nichols CG. Regulation of KATP channel activity by diazoxide and MgADP. Distinct functions of the two nucleotide
binding folds of the sulfonylurea receptor. J Gen Physiol 1997; 110: 643-654 [PMID: 9382893 DOI: 10.1085/jgp.110.6.643]

Taylor RM, Rubin AA. Studies on the renal pharmacology of diazoxide (an antidiuretic benzothiadiazine). J Pharmacol Exp Ther 1964; 144:
284-292 [PMID: 14183441]

Fine LG, Weber H. Effect of diazoxide on renal handling of sodium in the rat. Clin Sci Mol Med 1975; 49: 277-282 [PMID: 1175343 DOI:
10.1042/cs0490277]

Brar PC, Heksch R, Cossen K, De Leon DD, Kamboj MK, Marks SD, Marshall BA, Miller R, Page L, Stanley T, Mitchell D, Thornton P.
Management and Appropriate Use of Diazoxide in Infants and Children with Hyperinsulinism. J Clin Endocrinol Metab 2020; 105 [PMID:
32810255 DOI: 10.1210/clinem/dgaa543]

Herrera A, Vajravelu ME, Givler S, Mitteer L, Avitabile CM, Lord K, De Ledn DD. Prevalence of Adverse Events in Children With
Congenital Hyperinsulinism Treated With Diazoxide. J Clin Endocrinol Metab 2018; 103: 4365-4372 [PMID: 30247666 DOI:
10.1210/jc.2018-01613]

Buissidenge WICP | https://www.wijgnet.com 7 December 9,2024 | Volume13 | Issue4


http://www.ncbi.nlm.nih.gov/pubmed/15200661
https://dx.doi.org/10.1111/j.1460-9592.2004.01276.x
http://www.ncbi.nlm.nih.gov/pubmed/30362323
https://dx.doi.org/10.4274/jcrpe.galenos.2018.2018.0193
http://www.ncbi.nlm.nih.gov/pubmed/22761225
https://dx.doi.org/10.1136/bcr.03.2012.6110
http://www.ncbi.nlm.nih.gov/pubmed/32580193
https://dx.doi.org/10.1159/000507624
http://www.ncbi.nlm.nih.gov/pubmed/28642988
https://dx.doi.org/10.1007/s00246-017-1652-3
http://www.ncbi.nlm.nih.gov/pubmed/30881142
https://dx.doi.org/10.2147/DHPS.S198255
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-warns-about-serious-lung-condition-infants-and-newborns-treated#:~:text=The%20U.S.%20Food%20and%20Drug%20Administration%20%28FDA%29%20is,treated%20with%20Proglycem%20%28diazoxide%29%20for%20low%20blood%20sugar
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-warns-about-serious-lung-condition-infants-and-newborns-treated#:~:text=The%20U.S.%20Food%20and%20Drug%20Administration%20%28FDA%29%20is,treated%20with%20Proglycem%20%28diazoxide%29%20for%20low%20blood%20sugar
https://www.fda.gov/drugs/drug-safety-and-availability/fda-drug-safety-communication-fda-warns-about-serious-lung-condition-infants-and-newborns-treated#:~:text=The%20U.S.%20Food%20and%20Drug%20Administration%20%28FDA%29%20is,treated%20with%20Proglycem%20%28diazoxide%29%20for%20low%20blood%20sugar
http://www.ncbi.nlm.nih.gov/pubmed/30889588
https://dx.doi.org/10.1159/000497458
http://www.ncbi.nlm.nih.gov/pubmed/9382893
https://dx.doi.org/10.1085/jgp.110.6.643
http://www.ncbi.nlm.nih.gov/pubmed/14183441
http://www.ncbi.nlm.nih.gov/pubmed/1175343
https://dx.doi.org/10.1042/cs0490277
http://www.ncbi.nlm.nih.gov/pubmed/32810255
https://dx.doi.org/10.1210/clinem/dgaa543
http://www.ncbi.nlm.nih.gov/pubmed/30247666
https://dx.doi.org/10.1210/jc.2018-01613

g }p World Journal of
Clinical Pediatrics

Submit a Manuscript: https:/ /www.f6publishing.com World | Clin Pediatr 2024 December 9; 13(4): 94755

DOI: 10.5409/ wijcp.v13.i4.94755 ISSN 2219-2808 (online)

LETTER TO THE EDITOR,

Influence of social media on maternal decision-making and
breastfeeding practices

Gowda Parameshwara Prashanth

Specialty type: Pediatrics Gowda Parameshwara Prashanth, Department of Paediatrics, National University of Science and
Technology, Sohar 321, Oman
Provenance and peer review:

Invited article; Externally peer Corresponding author: Gowda Parameshwara Prashanth, DNB, MBBS, MD, MRCPCH, Asso-
reviewed. ciate Professor, Department of Paediatrics, National University of Science and Technology, Al
Tareef, Sohar 321, Oman. prashanth lucknow(@yahoo.com

Peer-review model: Single blind

Peer-review report’s classification Abstract
Scientific Quality: Grade C
Novelty: Grade C

Creativity or Innovation: Grade C
Scientific Significance: Grade C

Breastfeeding practices are influenced by multifactorial determinants including
individual characteristics, external support systems, and media influences. This
commentary emphasizes such complex factors influencing breastfeeding prac-
tices. Potential methodological limitations and the need for diverse sampling in
studying breastfeeding practices are highlighted. Further research must explore

P-Reviewer: Aydin S . 1. . .
ydm the interplay between social influences, cultural norms, government policies, and

Received: March 25, 2024 individual factors in shaping maternal breastfeeding decisions.
Revised: August 27, 2024
Accepted: August 28, 2024 Key Words: Exclusive breastfeeding; Breastfeeding promotion; Mass communication;

Published online: December 9, 2024 Maternal decision-making; Social media
Processing time: 219 Days and 10.1
Hours ©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Maternal breastfeeding decisions are influenced by multifactorial biopsycho-
social determinants. Inaccurate information on social media may exaggerate potential
difficulties in breastfeeding, promote the use of formula milk alternatives, or undermine
mothers' confidence in their abilities to breastfeed. Addressing misinformation on social
media channels is crucial for empowering informed maternal decision-making.

Citation: Prashanth GP. Influence of social media on maternal decision-making and breast-
feeding practices. World J Clin Pediatr 2024; 13(4): 94755

URL: https://www.wjgnet.com/2219-2808/full/v13/i4/94755.htm

DOI: https://dx.doi.org/10.5409/wjcp.v13.14.94755

Buissidenge VWICP | https://www.wijgnet.com 1 December 9,2024 | Volume13 | Issue4 |


https://www.f6publishing.com
https://dx.doi.org/10.5409/wjcp.v13.i4.94755
mailto:prashanth_lucknow@yahoo.com
https://www.wjgnet.com/2219-2808/full/v13/i4/94755.htm
https://dx.doi.org/10.5409/wjcp.v13.i4.94755
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TO THE EDITOR

Maternal education about breastfeeding using the Women- and Child-Friendly Institution model (WCFI) in Columbia has
been recently found to be significantly associated with increased exclusive breastfeeding (EBF) rates[1]. This research
highlights key factors associated with EBF discontinuation and reveals a link between exposure to information from mass
communication channels and lower rates of achieving EBF for up to 4 months (OR 0.52; 95%CI: 0.31-0.84). While this
finding suggests a negative association between receiving information from mass communication media and maintaining
EBF, it is important to consider further expositions on this topic.

Determinants of breastfeeding practice are known to be multifactorial and influenced by a complex interplay of
individual characteristics (age, occupation, smoking, obesity, pre-pregnancy feeding patterns), external support systems
(social support, birth complications, cesarean delivery), and psychological well-being (stress, anxiety, self-efficacy) apart
from ideological, racial, and ethnic determinants[2]. It is clear that no single factor operates in isolation, and the interplay
between these elements must be considered to fully grasp how mothers decide on breastfeeding practices. The authors of
the study have considered several confounding factors in the analysis of results but may have missed others, such as
maternal occupation, socioeconomic status, social support, or infant health, which could influence EBF[1]. Also, the large
number of variables considered in the regression analysis relative to the sample size may have lead to overfitting, which
potentially reduces the reliability of reported associations. Therefore, conducting a sensitivity analysis would be helpful
to address likely biases and to test the robustness of the reported findings apart from addressing multicollinearity among
included variables.

Further, providing information on standardizing interview methods could help readers comprehend the influence of
interviewer questions on the participant responses. The validity and reliability of the 25-question telephone survey are
also worth discussing. Recording the interviews with participant consent could allow quality control and minimize
interviewer variation. An additional qualitative research approach with focus group discussions involving participants
could provide deeper insights into mothers' breastfeeding experiences and reasons for EBF discontinuation. Some of the
other limitations of the study are potential selection and recall biases. Employing a more diversified sampling strategy
that includes mothers from different socioeconomic backgrounds could reduce selection bias. Mothers may not accurately
recall details about breastfeeding practices and subtle factors influencing them from months or even years earlier.

The findings reported by Murillo Galvis et al[1] significantly contribute to the existing knowledge on breastfeeding
practices by laying the groundwork for further exploration of the distinct roles that different forms of mass commu-
nication media (including digital social media, newspapers, television advertisements, etc.) may play in influencing
breastfeeding practices. Factors such as maternal age, education level, socioeconomic status, cultural background, and
access to healthcare resources may impact the extent to which mothers are influenced by media messages and their
subsequent breastfeeding practices[3]. A reciprocal relationship exists between individuals' beliefs in their ability to
successfully perform a behavior and their social environments[4]. Media messages about breastfeeding can reflect and
perpetuate broader cultural norms, societal attitudes, and healthcare practices related to infant feeding. The quality and
content of breastfeeding-related information disseminated as well as individual characteristics and behaviors of mothers
are, therefore, worth considering in such investigations.

The problem of misinformation about breastfeeding on social media and other mass communication platforms is
complex to tackle. Previous studies indicated that inaccurate or harmful information about breastfeeding, such as ex-
aggerating potential difficulties in breastfeeding and promoting the use of formula milk alternatives undermine mothers'
confidence in their abilities to breastfeed[5-7]. Social media has become a key battleground for marketing commercial
complementary foods, raising concerns alongside its growing popularity[5]. While traditional marketing methods for
infant feeding formulas have been extensively critiqued, the strategies employed in the digital realm remain unexamined.
Formula milk companies often use social media and other mass media for subtle and sometimes less obvious marketing
that can create an inclination towards supplementing or replacing breastfeeding[6]. Mothers fre-quently seek breast-
feeding information and support on social media, but the lack of reliability and the presence of conflicting information
can be more confusing than helpful[7].

To conclude, while the current study offers valuable insights into the impact of the WCFI model on EBF, a deeper
understanding of breastfeeding practices requires exploring a broader range of influences. Future studies should focus on
refining research methodologies to explore how media interactions with cultural norms and individual factors influence
breastfeeding practices. Individual characteristics, media literacy, social support systems, and government policies play
significant roles in this regard. Given the challenges of misinformation and marketing tactics online, ensuring supportive
media environments with accurate information is crucial to empower mothers' infant feeding decisions.
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