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Abstract
Aim: This study aimed to explore the cumulative effects of metabolic, behavioral, and early-life risk factors on 
metabolic dysfunction-associated steatotic liver disease (MASLD).

Methods: Data were obtained from a school-based longitudinal survey conducted in Beijing in 2023. Logistic 
regression models were used to examine independent associations, construct a risk score, and assess the 
cumulative effects of risk factors on pediatric MASLD. The risk score was further validated using data from the 
National Health and Nutrition Examination Survey (NHANES) 2017-2020 cycles.

Results: The prevalence of MASLD among Chinese children was 4.4% at baseline and 7.6% at follow-up. Baseline 
MASLD was significantly associated with exposure to second-hand smoke (OR = 2.36) and sedentary behavior 
(SB, OR = 3.21). Each one-unit increase in the risk score was associated with a 73% higher risk of MASLD at 
baseline, with similar cumulative effects observed in the NHANES cohort. At follow-up, each unit increase in the 
score corresponded to a 263% higher risk of MASLD. Furthermore, the risk of incident MASLD and persistent 
MASLD increased by 150% and 111%, respectively, for each unit increase in the score.
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Conclusion: Within a conceptual framework addressing multiple levels of risk, we found that metabolic, behavioral, 
and early-life factors exert cumulative effects on pediatric MASLD. These effects were evident despite the 
substantial differences between the Chinese and U.S. populations. Targeted intervention strategies informed by 
this framework - such as improving the early-life environment, promoting healthier lifestyle behaviors, and 
maintaining favorable metabolic profiles - are essential for the management of pediatric MASLD.

Keywords: Metabolic dysfunction-associated steatotic liver disease, pediatrics, metabolic, behavioral, and early-life 
risk factors, independent and cumulative effects

INTRODUCTION
Metabolic dysfunction-associated steatotic liver disease (MASLD) is a newly adopted term that replaces 
non-alcoholic fatty liver disease (NAFLD) and metabolic dysfunction-associated fatty liver disease 
(MAFLD)[1]. MASLD is now recognized as the leading cause of chronic liver disease, affecting nearly 24% of 
the global population[2]. With rapid economic and social changes, accompanied by more sedentary lifestyles, 
less physical activity (PA), and excessive calorie intake from unhealthy diets[3], the prevalence of MASLD is 
expected to continue increasing alongside the growing rates of obesity. China, which has one of the largest 
obese populations worldwide, is projected to experience an increase in MASLD cases from 246.33 million in 
2016 to 314.58 million by 2030[4]. Although the prevalence in children is lower than in adults, the burden of 
MASLD in children is also concerning, as they may develop more severe steatosis due to unawareness[5]. 
These trends underscore the need to investigate the risk factors of MASLD to inform policy-making and 
guide preventive interventions.

Previous studies have examined a range of risk factors for MASLD in adults, including genetic[6], metabolic, 
behavioral[7], and early-life factors. Compared with genetic factors, metabolic, behavioral, and early-life 
factors are modifiable and have a significant effect on the burden of non-communicable diseases. Among 
metabolic factors, obesity is considered the strongest risk factor for MASLD[8], while waist-to-height ratio 
(WHtR)[9], triglyceride (TG), and uric acid (UA) have also been shown to be correlated with MASLD[10]. 
Behavioral factors such as exposure to second-hand smoke[11], PA[12], sedentary behavior (SB)[13], and dietary 
patterns[12] are likewise linked to MASLD. In terms of early-life factors, low birth weight (LBW)[14], preterm 
birth (PB), and lack of breastfeeding[15] may increase susceptibility to MASLD. However, relatively few 
studies have investigated these risk factors in children, and very few have explored their cumulative effects. 
Considering that the histological features of MASLD in children differ from those in adults, and that their 
pathogenesis, prognosis, and treatment responses may also vary[8], it is necessary to assess the individual and 
combined effects of metabolic, behavioral, and early-life factors in pediatric populations.

Building on findings from adult studies, we hypothesized that metabolic, behavioral, and early-life factors 
are independently associated with MASLD in children, and that cumulative effects of these risk factors exist. 
The objectives of this study were to: (1) explore the independent and cumulative associations of metabolic, 
behavioral, and early-life factors with MASLD in children and (2) develop a nomogram for predicting 
MASLD risk in pediatric populations. We examined these associations using cross-sectional data, validated 
them in the National Health and Nutrition Examination Survey (NHANES), and further confirmed them 
with longitudinal data. The results of this study may help identify key modifiable risk factors requiring 
greater attention, provide evidence to guide future policy and interventions, and ultimately contribute to 
reducing the burden of MASLD and promoting overall health and well-being.
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METHODS
Study population
Participants were selected from a cluster-randomized clinic trial conducted between April and December 
2023 in Changping District, Beijing. The detailed study design has been published elsewhere[16,17]. Briefly, at 
baseline, a multistage stratified cluster sampling method was applied. In the first stage, 12 schools were 
selected from regions with different levels of economic development; six were randomly assigned to the 
intervention group (receiving myopia and obesity interventions), and the remaining six to the control 
group. In the second stage, classes were randomly selected from grades 1 to 4 and grade 7 (age range: 6-14 
years). All students who provided informed consent, along with their parents, were included. In total, 597 
students underwent abdominal ultrasonography and fasting blood tests for cross-sectional analysis. For 
longitudinal analysis, only 289 students from the control group were included. Comparisons between the 
populations included in the cross-sectional and longitudinal analyses are presented in Supplementary Table 
1. The study was approved and supervised by the Ethics Committee of Review Board of Peking University 
Health Science Center (Approval No. 00001052-22018).

Diagnosis of MASLD
Hepatic steatosis was diagnosed using ultrasound scanners (GE Vivid i, Probo Medical, USA; M9, Mindray 
Medical, China) based on the presence of hepatorenal echo contrast, increased liver parenchymal 
brightness, deep attenuation, and vascular blurring[18]. A diagnosis of MASLD was made when hepatic 
steatosis was present in combination with one or more of the following five criteria: (1) Body mass index 
(BMI) ≥ the 85th percentile for age/sex or waist circumference (WC) > the 95th percentile; (2) fasting 
plasma glucose (FPG) ≥ 5.6 mmol/L; (3) blood pressure ≥ the 95th percentile[19], or ≥ 130/80 mmHg for 
children < 13 years and ≥ 130/85 mmHg for children ≥ 13 years; (4) TG concentration ≥ 1.15 mmol/L for 
children < 10 years and ≥ 1.70 mmol/L for children ≥ 10 years; and (5) high-density lipoprotein cholesterol 
(HDL-C) concentration ≤ 1.0 mmol/L[1].

Anthropometric measurements, questionnaire surveys, and clinical examination
Height, weight, and WC were measured via standardized procedures by well-trained examiners. Blood 
pressure was measured three times while participants were at rest. BMI and WHtR were calculated using the 
following formulas: BMI (kg/m²) = weight (kg)/height squared (m²); WHtR = WC (cm)/height (cm). To 
ensure accuracy, 5% of students were randomly selected for repeat measurements. Blood samples were 
analyzed in a certified laboratory, with 5% randomly reanalyzed for quality control. Two structured 
questionnaires - a student version and a parent version - were administered. These were developed based on 
preliminary and pilot studies and were found to be feasible and reliable for this research[16], with high 
internal consistency (Cronbach’s α = 0.921). The questionnaires collected information on exposure to 
second-hand smoke, PA, SB, diet, birth date, birth weight, PB, and breastfeeding history.

Definitions
Based on previous adult studies, we constructed a conceptual framework of three levels of risk factors for 
MASLD: metabolic, behavioral, and early-life factors [Figure 1].

Metabolic factors
UA and TG were included in the analysis. Children were categorized into two groups for each indicator, 
according to the Guideline for the Diagnosis and Management of Hyperuricemia and Gout in China 
(2019)[20] and the Chinese Guidelines for Lipid Management (2023)[21] [Table 1].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/mtod5088-SupplementaryMaterials.pdf
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Table 1. Definitions of metabolic, early-life, and modifiable behavioral factors associated with MASLD

Risk factors Definition Reference category

Metabolic factors

UA Classified into two categories: (1) > 0.42 mmol/L; (2) ≤ 0.42 mmol/L ≤ 0.42 mmol/L

TG Classified into two categories: (1) ≥ 1.1 mmol/L (children < 10 years) or ≥ 1.5 
mmol/L (children ≥ 10 years); (2) < 1.1 mmol/L (children < 10 years) or < 1.5 
mmol/L (children ≥ 10 years)

< 1.1 mmol/L (children < 10 years) 
and < 1.5 mmol/L (children ≥ 10 
years)

Behavioral factors

Exposure to second-
hand smoke

Number of days exposed to second-hand smoke in the past 7 days. Classified into: 
(1) 0 days; (2) 1-7 days

0 days

PA Average daily MVPA during the past week.Classified into: (1) ≥ 70 min/day; (2) < 
70 min/day

≥ 70 min/day

SB Average daily sedentary time. Classified into: (1) ≤ 6 h/day; (2) > 6 h/day ≤ 6 h/day

Diet Number of days with adequate intake of fruits, vegetables, and protein in the past 7 
days. Classified into: (1) 0 days; (2) 1-7 days

1-7 days

Early-life factors

LBW/PB Children with birth weight < 2,500 g were classified as LBW; those with gestational 
age < 37 weeks were classified as PB. Classified into: (1) No LBW and no PB; (2) 
LBW or PB

No LBW and no PB

Breastfeeding history Classified into two categories: (1) ≥ 6 months; (2) < 6 months ≥ 6 months

UA: Uric acid; TG: triglyceride; LWB: low birth weight; PB: preterm birth; PA: physical activity; SB: sedentary behavior; MASLD: metabolic 
dysfunction-associated steatotic liver disease; LBW: low birth weight.

Behavioral factors
Behavioral risk factors included second-hand smoke, PA, SB, and diet habits. Each was dichotomized as 
shown in Table 1.

Early-life factors
Breastfeeding history was classified as ≥ 6 months or < 6 months. Children with a birth weight < 2,500 g 
were categorized as having LBW, and those with a gestational age < 37 weeks as PB[22]. LBW/PB referred to 
children with either LBW or PB. Detailed definitions are provided in Table 1.

Data imputation
We used multivariate imputation by chained equations (R package “mice”) to address missing values for 
early-life and behavioral risk factors, with anthropometric characteristics, age, sex, school, and grade as 
predictors. A comparison of datasets before and after imputation is presented in Supplementary Table 2.

Statistical analysis
Basic characteristics of the children
Continuous variables with normal distributions are presented as means with standard errors (SEs), whereas 
those with non-normal distributions are reported as medians with interquartile ranges (IQRs). Categorical 
variables are shown as frequencies and percentages. To assess group differences, we used one-way ANOVA, 
the Kruskal-Wallis test, and either the Chi-square test or Fisher’s exact test, as appropriate. We also 
estimated prevalence rates and examined sex-specific differences in risk factor levels.

Model construction for independent effects in cross-sectional data
We applied multivariate binary logistic regression to construct the crude model (Model 1), with reference 
categories displayed in Table 1. Model 2 additionally adjusted for WHtR group (≥ 0.48 vs. < 0.48), Model 3 
further adjusted for sex and age group, and Model 4 additionally accounted for the cluster effect of school. 
We also developed a nomogram to predict MASLD, enabling comparison of factor importance and 
providing a user-friendly tool to assess childhood MASLD risk[23].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202509/mtod5088-SupplementaryMaterials.pdf
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Figure 1. The iceberg model of MASLD: conceptual framework of risk factors. Figure generated using Microsoft PowerPoint. UA: Uric 
acid; TG: triglyceride; LBW/PB: low birth weight/ preterm birth; PA: physical activity; SB: sedentary behavior; MASLD: metabolic 
dysfunction-associated steatotic liver disease.

Risk score construction and cumulative effects in cross-sectional data
Based on the results of Models 1 to 4, we constructed a risk score to capture the combined influence of risk 
factors on MASLD. For factors with odds ratio (OR) > 1, the reference category was assigned a score of 0 
and the alternative category a score of 1. For factors with OR < 1, the scoring was reversed. Total scores were 
then summed across all risk factors. We used a generalized additive model (GAM) to examine the 
relationship between MASLD and the risk score and to test for nonlinear associations. Logistic regression 
was also applied, with the same adjustment sequence as above (Models 1-4).
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Model validation for independent and cumulative effects in longitudinal data
The same models were applied to longitudinal data to validate both independent and cumulative effects of 
metabolic, behavioral, and early-life factors on MASLD. Children without MASLD at baseline who 
developed MASLD during follow-up were classified as the incident MASLD group, whereas those with 
MASLD at both baseline and follow-up were classified as the persistent MASLD group. We evaluated the 
cumulative effects of risk factors on both MASLD incidence and persistence.

Sensitivity analyses
We performed sensitivity analyses by reclassifying breastfeeding duration, PA, and SB using cutoffs of 12 
months, 60 min, and 300 min, respectively, to assess model robustness. Additionally, the effect size (β) from 
the independent associations was applied as a weight when constructing risk scores in both cross-sectional 
and longitudinal analyses.

10-fold cross-validation
We used 10-fold cross-validation to further validate the model. Participants were randomly divided into 10 
equal subsets. For each subset, the model was trained on the remaining nine and tested on the current 
subset. Model performance was evaluated by averaging log-likelihood error measures.

External validation
Due to data accessibility, we validated our risk score in a cross-sectional dataset of 1,584 adolescents aged 
12-19 years from the 2017-2020 NHANES cycles, who had complete data on body measurements, TG, 
second-hand smoke exposure, PA, and birth weight[24]. Hepatic steatosis was defined as controlled 
attenuation parameter > 248 dB/m.

Figures were created using R version 4.2.1 and Microsoft PowerPoint. All statistical analyses were 
performed in R version 4.2.1, and a two-tailed P < 0.05 was considered statistically significant.

RESULTS
General characteristics of the participants
In the baseline survey, 597 children aged 6 to 14 years were enrolled, including 297 boys (49.7%) and 300 
girls (50.3%). Boys had a higher prevalence of overweight (15.8% vs. 14.0%) and obesity (24.2% vs. 16.7%) 
compared with girls. Boys also showed a higher WHtR, a higher prevalence of UA, and a higher rate of not 
being breastfed, whereas girls were more likely to have non-optimal PA and SB [Supplementary Table 3]. 
The overall prevalence of MASLD was 4.4%, higher in boys (7.4%) than in girls (1.3%). Children with 
MASLD had higher WHtR and were more likely to have elevated UA levels (34.6% vs. 14.0%) and a non-
optimal diet (20.8% vs. 6.8%). Among the 289 children included in the follow-up survey, 137 (47.4%) were 
boys and 152 (52.6%) were girls. Boys again had a higher WHtR than girls [Supplementary Table 3]. The 
prevalence of MASLD was 7.6%. Children with MASLD had higher WHtR and were more likely to present 
with elevated UA (31.8% vs. 13.5%) and TG (40.9% vs. 9.7%), no breastfeeding history (35.3% vs. 13.8%), and 
exposure to second-hand smoke (63.6% vs. 32.6%) [Table 2].

Independent effects of metabolic, behavioral, and early-life factors associated with MASLD
In the final multivariate model, two factors were independently associated with MASLD: exposure to 
second-hand smoke [OR = 2.36, 95% confidence interval (CI): 1.07-5.17] and non-optimal SB (OR = 3.21, 
1.02-10.11), after adjustment for WHtR, sex, age group, and school clustering [Figure 2 and Supplementary 
Figure 1A]. Sensitivity analyses produced results consistent with the main analysis [Supplementary Figure 
2A]. The log-likelihood error for 10-fold cross-validation was 0.039 [Supplementary Table 4].
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Table 2. Basic features of participants by MASLD status

Cross-sectional Longitudinal

No MASLD MASLD P No MASLD MASLD P

N 571 26 267 22

Sociodemographic and anthropometric factors

Age at baseline, year* 9.00 (8.00, 10.00) 9.00 (8.00, 10.00) 0.396 9.00 (8.00, 11.00) 10.00 (9.00, 10.75) 0.083

Girls** 296 (51.8) 4 (15.4) 0.001 144 (53.9) 8 (36.4) 0.173

WHtR* 0.42 (0.39, 0.46) 0.55 (0.52, 0.58) < 0.001 0.42 (0.40, 0.45) 0.54 [0.50, 0.59] < 0.001

Nutrition status**
< 0.001 < 0.001

Non-overweight/obese 386 (67.6) 0 (0.0) 185 (69.3) 1 (4.5)

Overweight 86 (15.1) 3 (11.5) 45 (16.9) 3 (13.6)

Obese 99 (17.3) 23 (88.5) 37 (13.9) 18 (81.8)

Metabolic factors

High UA** 80 (14.0) 9 (34.6) 0.009 36 (13.5) 7 (31.8) 0.044

High TG** 74 (13.0) 6 (23.1) 0.235 26 (9.7) 9 (40.9) < 0.001

Early-life factors

LBW/PB 30 (15.2) 4 (30.8) 0.278 13 (14.9) 3 (37.5) 0.255

No breastfeeding** 90 (19.0) 6 (35.3) 0.176 28 (13.8) 6 (35.3) 0.045

Behavioral factors

Exposure to second-hand smoke** 181 (31.7) 12 (46.2) 0.185 87 (32.6) 14 (63.6) 0.007

Non-optimal PA** 392 (68.7) 21 (80.8) 0.275 181 (67.8) 16 (72.7) 0.811

Non-optimal SB** 111 (36.2) 6 (42.9) 0.822 51 (32.1) 5 (41.7) 0.716

Non-optimal diet** 36 (6.8) 5 (20.8) 0.030 21 (8.5) 3 (15.0) 0.568

*Values are median [IQR]; **values are number (%). Bold P values indicate variables with statistically significant differences between the No-
MASLD and MASLD groups. BMI: Body mass index; WHtR: waist-to-height ratio; UA: uric acid; TG: triglyceride; LWB: low birth weight; PB: 
preterm birth; PA: physical activity; SB: sedentary behavior; MASLD: metabolic dysfunction-associated steatotic liver disease.

We used eight metabolic, behavioral, and early-life factors, together with age, sex, and WHtR, to construct a 
nomogram for predicting MASLD [Figure 3A]. WHtR had the strongest effect on MASLD. After 
controlling for WHtR, sex, and age group, non-optimal SB, non-optimal diet, and second-hand smoke 
exposure contributed the greatest point values among the eight factors. The total score and corresponding 
probability of MASLD are shown at the bottom of the nomogram. Sensitivity analyses yielded results 
consistent with the main analysis [Supplementary Figure 3A].

Cumulative effects of metabolic, behavioral, and early-life factors associated with MASLD
We observed a linear relationship between the cumulative risk score and the log-transformed OR for 
MASLD. After adjusting for WHtR, sex, age group, and school clustering, each unit increase in the risk 
score was associated with a 73% higher risk of MASLD (95%CI: 27%-137%) [Figure 4 and Supplementary 
Figure 4]. Sensitivity analyses confirmed these findings [Supplementary Figures 5 and 6]. The log-likelihood 
error for 10-fold cross-validation was 0.033 [Supplementary Table 4]. In U.S adolescents, where only four 
factors were available, each unit increase in the risk score was associated with a 20% higher risk of MASLD 
(95%CI: 0.4%-43%) [Supplementary Figure 7].

Independent and cumulative effects in longitudinal analyses
In longitudinal analyses, six baseline factors were independently associated with follow-up MASLD after 
adjustment for baseline WHtR, sex, age group, and school clustering: high UA, high TG, second-hand 
smoke exposure, non-optimal SB, LBW/PB, and no breastfeeding history [Figure 2 and Supplementary 
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Figure 2. Independent effects of metabolic, behavioral, and early-life factors on baseline and follow-up MASLD. Numbers represent ORs 
for each factor. Models were adjusted for age, sex, WHtR group, and school clustering. Figure generated using R 4.2.1. UA: Uric acid; 
TG: triglyceride; LBW/PB: low birth weight/ preterm birth; PA: physical activity; SB: sedentary behavior; MASLD: metabolic 
dysfunction-associated steatotic liver disease; WHtR: waist-to-height ratio; OR: odds ratio. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 1B]. Sensitivity analyses yielded consistent results [Supplementary Figure 2B]. The log-likelihood 
error for 10-fold cross-validation was 0.050 [Supplementary Table 4]. After adjustment for baseline WHtR, 
sex, and age group, non-optimal SB, high UA, and high TG contributed the highest point values among the 
eight factors in the nomogram [Figure 3B]. Sensitivity analyses again confirmed the findings 
[Supplementary Figure 3B].

Each unit increase in the cumulative risk score was associated with a 263% higher risk of follow-up MASLD 
(95%CI: 136%-457%) [Figure 4]. Sensitivity analyses were consistent [Supplementary Figures 5 and 6]. The 
log-likelihood error for 10-fold cross-validation was 0.045 [Supplementary Table 4]. Furthermore, the risk 
of incident MASLD and persistent MASLD increased by 150% (95%CI: 87%-234%) and 111% (95%CI: 35%-
229%), respectively, for each unit increase in the risk score [Figure 4 and Supplementary Figure 4]. The log-
likelihood errors for 10-fold cross-validation were 0.038 and 0.037, respectively [Supplementary Table 5].

DISCUSSION
Using the updated definition of MASLD, we investigated metabolic, behavioral, and early-life factors 
associated with MASLD in children aged 6 to 14 years in Beijing, China, and further validated these 
associations in U.S. adolescents. In our study, 4.4% (26/597) of children were diagnosed with MASLD at 
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Figure 3. Nomograms of sociodemographic and anthropometric, metabolic, behavioral, and early-life factors for (A) baseline MASLD 
and (B) follow-up MASLD. Figure generated using R 4.2.1. WHtR: Waist-to-height ratio; UA: uric acid; TG: triglyceride; LBW/PB: low 
birth weight/ preterm birth; PA: physical activity; SB: sedentary behavior; MASLD: metabolic dysfunction-associated steatotic liver 
disease.

Figure 4. Cumulative effects of metabolic, behavioral, and early-life factors on (A) baseline MASLD; (B) follow-up MASLD; (C) MASLD 
incidence; and (D) persistent MASLD. Models were adjusted for age, sex, WHtR group, and school clustering. Figure generated using R 
4.2.1. OR: Odds ratio; MASLD: metabolic dysfunction-associated steatotic liver disease; WHtR: waist-to-height ratio.

baseline, whereas the prevalence increased to 7.6% (22/289) at follow-up, with higher rates observed in boys 
than girls. Several modifiable metabolic, behavioral, and early-life factors were identified as being associated 
with MASLD risk. Additionally, we observed a dose-response relationship between the cumulative risk 
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score and baseline MASLD in both Chinese and U.S. adolescents. In longitudinal analyses, the risk score 
was also associated with follow-up MASLD, MASLD incidence, and persistent MASLD.

At baseline and follow-up, 4.4% and 7.6% of children had MASLD, respectively, which is higher than the 
rates reported in a 2007 study[25] but consistent with findings from several recent studies[26-28]. This trend may 
reflect the gradual development of metabolic changes in children with long-term obesity[29,30]. Boys were at 
higher risk than girls, consistent with previous reports[31], likely reflecting sex differences in childhood 
obesity. These findings highlight the importance of sex-specific interventions.

Previous studies have indicated that the WHtR is a strong predictor of pediatric MASLD[17]. Accordingly, we 
adjusted for WHtR while exploring associations between metabolic, behavioral, and early-life factors and 
MASLD. After controlling for age, sex, WHtR, and school cluster effects, cross-sectional analyses revealed 
that exposure to second-hand smoke and non-optimal SB (> 6 h per day) were significantly associated with 
pediatric MASLD. In longitudinal analyses, high UA, high TG, LBW/PB, and lack of breastfeeding were 
associated with follow-up MASLD. These findings align with previous studies[10-13]. Mechanistically, second-
hand smoke may cause liver damage by activating fibroblasts and pro-fibrotic pathways or through 
nicotinic acetylcholine receptors[32]. Breast milk oligosaccharides might promote beneficial gut microbiota, 
offering protection against MASLD[33], and mouse experiments reveal that breast milk-derived extracellular 
vesicles can effectively alleviate liver steatosis and insulin resistance in MASLD mice induced by a high-fat 
diet by inhibiting lipogenesis and enhancing lipolysis[34]. Notably, non-optimal SB emerged as the strongest 
factor affecting pediatric MASLD in both cross-sectional and longitudinal analyses, even after adjusting for 
confounders. This supports previous evidence that SB is an independent risk factor for pediatric MASLD[35], 
underscoring the importance of interventions to reduce sedentary time in children. For metabolic factors, 
UA and TG were not significant in cross-sectional analyses, unlike in adults[10]; however, longitudinally, 
both were significantly associated with MASLD and ranked as the second and third most influential factors. 
Elevated UA may contribute to MASLD via insulin resistance and mitochondrial oxidative stress[36]. The 
lack of significance for TG in cross-sectional analyses could reflect a transient protective effect against 
metabolic disturbances, masking short-term impacts[37]. Nevertheless, follow-up data indicate that TG levels 
significantly influence future MASLD development, likely through inflammatory mechanisms[37]. These 
results emphasize the importance of maintaining healthy metabolic profiles to prevent MASLD in children.

Constructing cumulative risk scores is a common approach[38] to simplify assessment and highlight the 
impact of multiple factors. In this study, we developed a cumulative risk score for metabolic, behavioral, and 
early-life factors. We observed a clear dose-response relationship, with MASLD risk increasing as the 
number of risk factors rose. Similar trends were observed in the NHANES adolescent population, even 
though not all risk factors were included. Specifically, each unit increase in the risk score was associated 
with a 73% increase in baseline MASLD risk, a 263% increase in follow-up MASLD, a 150% increase in 
MASLD incidence, and a 111% increase in persistent MASLD. These findings highlight the importance of 
addressing multiple modifiable risk factors and implementing targeted interventions for high-risk children 
and their families.

This study comprehensively examined metabolic, behavioral, and early-life factors and their cumulative 
effects on pediatric MASLD under the updated definition. The NHANES adolescent population was used 
for external validation. Hepatic steatosis was assessed using semi-quantitative ultrasonography, 
distinguishing this study from older investigations[39]. Our findings emphasize the importance of 
multidimensional interventions targeting metabolic, behavioral, and early-life factors. Such interventions 
require coordinated efforts across individual, family, and school levels to promote healthier behaviors and 
environments that can reduce pediatric MASLD prevalence.
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Several limitations should be noted. First, the sample size was relatively small, and focusing on specific 
regions and age groups limited subgroup analyses by sex or pubertal status. Previous studies suggest these 
differences are important[40-45], indicating the need for future research focusing on boys and pre-pubertal 
children, as they are at greater risk of MASLD, and the specific mechanisms and interventions still warrant 
further exploration and validation in large populations[46]. Second, due to data limitations, surrogate 
biomarkers of liver fibrosis (e.g., ALT: AST ratio, fibrosis-4 index) were unavailable[47,48], and other 
metabolic factors, such as insulin resistance and glycated hemoglobin A1C, were not included. Third, the 
short follow-up interval may have limited detection of true changes in MASLD prevalence; the observed 
increase over eight months raises the possibility of selection bias. Thus, the findings of longitudinal analysis 
should be interpreted with caution. Fourth, while external validation was performed, not all risk factors 
were captured in NHANES, longitudinal data were not available, age ranges differed, and ethnic differences 
existed. Despite attenuated effects, significant associations suggest some generalizability. Future work 
should establish a large, cross-ethnic, longitudinal pediatric MASLD data-sharing platform. Fifth, recall bias 
may have affected early-life and behavior factor measurements; however, our questionnaire was developed 
from pilot studies and considered feasible[16]. Finally, unmeasured confounders could have influenced 
findings.

In conclusion, metabolic, behavioral, and early-life factors significantly influence pediatric MASLD risk, and 
their cumulative effects can rapidly increase risk in both Chinese and U.S. children and adolescents. 
Interventions targeting children and their families to improve early-life conditions, promote healthier 
lifestyles, and maintain optimal metabolic health are essential to reduce these risks and the overall burden of 
pediatric MASLD.
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