

[image: Cover of the book titled "Prenatal Environmental and Genetic Interactions: An Exploration from Fetal Development to Child Health," edited by Xin Li, Tianjiao Liu, Yalan Li, Xue Xiao, and Ting Hu. Published in Frontiers in Pediatrics and Public Health. The image below the text shows a person cradling a baby's head.]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-7336-5
DOI 10.3389/978-2-8325-7336-5

Generative AI statement

Any alternative text (Alt text) provided alongside figures in the articles in this ebook has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact












	
	TYPE Editorial

PUBLISHED 16 December 2025
DOI 10.3389/fped.2025.1753612






[image: image2]

Editorial: Prenatal environmental and genetic interactions: an exploration from fetal development to child health

Yalan Li1,2†, Tianjiao Liu3,4†, Xijing Liu2,5, Jiamin Wang2,5, Ting Hu2,5*, Xue Xiao2,6* and Xin Li2,5*

1Department of Psychiatry, West China Second University Hospital, Sichuan University, Chengdu, Sichuan, China

2Key Laboratory of Birth Defects and Related Diseases of Women and Children, Ministry of Education, West China Second Hospital, Sichuan University, Chengdu, China

3Chengdu Women’s and Children’s Central Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China

4Department of Molecular Genetics, Graduate School of Medicine, Kyoto University, Kyoto, Japan

5Department of Medical Genetics, West China Second University Hospital, Sichuan University, Chengdu, Sichuan, China

6Department of Obstetrics, West China Second University Hospital, Sichuan University, Chengdu, Sichuan, China

EDITED AND REVIEWED BY
Michelle Plusquin, University of Hasselt, Belgium

*CORRESPONDENCE Ting Hu huting4123@163.com
Xue Xiao xiaoxuela@scu.edu.cn
Xin Li xinlicwcch@163.com

†These authors have contributed equally to this work

RECEIVED 25 November 2025
REVISED 25 November 2025
ACCEPTED 03 December 2025
PUBLISHED 16 December 2025

CITATION Li Y, Liu T, Liu X, Wang J, Hu T, Xiao X and Li X (2025) Editorial: Prenatal environmental and genetic interactions: an exploration from fetal development to child health.
Front. Pediatr. 13:1753612.
doi: 10.3389/fped.2025.1753612

COPYRIGHT © 2025 Li, Liu, Liu, Wang, Hu, Xiao and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



KEYWORDS
fetal development, child health, genetic, maternal-fetal medicine, environment




Editorial on the Research Topic Prenatal environmental and genetic interactions: an exploration from fetal development to child health


The idea that the intrauterine environment can shape lifelong health has increasingly been recognized as an important theme in contemporary pediatrics, perinatal medicine, and developmental science. The Developmental Origins of Health and Disease (DOHaD) paradigm proposes that pregnancy is not merely a transient physiological state, but a critical window during which environmental signals “program” trajectories of growth, metabolism, neurodevelopment, and disease susceptibility (1, 2). Within this framework, the fetus is viewed as an active responder to a complex milieu of nutritional, hormonal, inflammatory, and toxic exposures that may have consequences extending well beyond birth (3).

In this context, prenatal environmental factors and genetic or epigenetic influences can no longer be considered in isolation. Maternal nutrition, cardiometabolic status, tobacco smoke, heavy metals, infections, and psychosocial stress interact with inherited variation and dynamic epigenetic marks to shape organogenesis, immune maturation, endocrine regulation, and brain development (4–6). At the same time, advances in genomics, epigenomics, imaging, and biostatistics have begun to enable a shift from simple associations toward more mechanistic understanding, risk stratification, and the design of early interventions (7, 8). Nevertheless, important knowledge gaps remain regarding how these multiple layers of influence converge in diverse real-world settings and populations.

Against this backdrop, the Research Topic “Prenatal Environmental and Genetic Interactions: An Exploration from Fetal Development to Child Health” was established as a platform to bring together clinical, epidemiologic, mechanistic, and consensus work in this evolving field. The 16 contributions span rare imprinting disorders and placental pathology, common obstetric complications, environmental and nutritional exposures, oral and constitutional health, and the lived experience of families raising children with congenital conditions. Taken together, these articles suggest that improved understanding of prenatal environmental-genetic interactions is an important prerequisite for refining prevention strategies and moving toward more personalized pediatric care.

A first group of studies focuses on common maternal exposures and nutritional factors that are linked to measurable pediatric outcomes. The reported association between prenatal environmental tobacco smoke exposure and reduced selenium concentrations in childhood suggests that a single pervasive exposure, namely tobacco smoke, may disrupt micronutrient status long after birth and potentially compromise antioxidant defenses and immune function. Complementing this, a retrospective clinical study on combined calcium and vitamin D3 supplementation during pregnancy indicates that relatively simple nutritional interventions may be associated with a lower risk of gestational diabetes, preeclampsia, and gestational hypertension, as well as improved birth weight and early neonatal adaptation. Considered together, these findings illustrate both risk and potential resilience: adverse exposures such as tobacco smoke may deplete micronutrient reserves, whereas targeted supplementation may partially mitigate pregnancy-related complications and support early growth.

Several contributions further characterize how maternal cardiometabolic health may influence fetal growth and later outcomes. A longitudinal analysis of three timepoint maternal blood pressure trajectories reports that women with high-medium systolic blood pressure patterns have a substantially increased risk of delivering low birth weight infants, particularly when additional vulnerabilities such as older age, high BMI, low income, or dyslipidemia are present. Another multicenter cohort examining gestational diabetes mellitus (GDM) finds that in utero exposure to GDM is associated with higher weight-for-age z-scores at six months and an elevated risk of food allergy, thereby linking the maternal glycemic milieu not only to growth but also to early immune-related outcomes. These studies collectively support the view that it may be useful to move beyond single-measure “snapshot” assessments toward evaluation of dynamic trajectories of blood pressure and glucose, and to consider GDM and hypertensive disorders as early-life programming events with implications for both somatic and immune health in offspring.

Environmental adversity and toxicant exposure constitute another key dimension of prenatal and early-life risk. A nested case-control study from a Chinese birth cohort reports that higher maternal blood concentrations of barium and arsenic, both individually and in combination, are associated with increased odds of congenital heart defects and specific subtypes, with evidence of a multiplicative interaction between the two metals. At the population level, a national survey-based analysis of early-life famine exposure indicates that fetal and childhood exposure to severe undernutrition is associated with a higher risk of physical disability in later life, with nuanced differences by sex, place of residence, and famine severity. Viewed together, these contributions suggest that both acute toxicants and large-scale nutritional shocks can act as powerful prenatal and early-life stressors that leave durable marks on cardiovascular, musculoskeletal, and functional outcomes into older adulthood.

The Topic also includes mechanistic and rare-disease insights that illustrate how genetic and epigenetic factors may intersect with the intrauterine environment. A case report of Beckwith-Wiedemann syndrome with gain of methylation at IC1 and reduced H19 expression highlights the diagnostic value of methylation testing in infants presenting with macrosomia, macroglossia, and umbilical hernia, and underscores the need for long-term tumor surveillance and cardiac monitoring in such cases. At the level of common obstetric complications, a small RNA sequencing study in intrahepatic cholestasis of pregnancy identifies differentially expressed tRNA-derived fragments in maternal serum, with pathway analyses implicating fatty acid degradation. These preliminary data raise the possibility that tRF dysregulation contributes to cholestatic pathophysiology and provide an initial basis for the exploration of novel biomarkers and therapeutic targets. A case report and literature review of placental chorioangiomatosis further draws attention to under-recognized placental vascular lesions that may substantially influence maternal-fetal outcomes and for which prenatal diagnosis, etiologic understanding, and management strategies remain limited.

Bridging basic science, imaging, and clinical practice, an expert consensus on fetal ventriculomegaly provides graded, evidence-based recommendations across 23 key clinical questions spanning diagnosis, etiologic evaluation, antenatal management, delivery planning, and neurodevelopmental follow-up. The consensus emphasizes standardized ultrasound and fetal MRI protocols, routine use of chromosomal microarray analysis in all ventriculomegaly cases, and multidisciplinary decision-making informed by genetics, neonatology, neurology, rehabilitation, and informatics. Importantly, it also highlights the potential future integration of dynamic imaging parameters and multi-omics approaches to refine risk stratification. This work exemplifies how the field is beginning to promote closer integration of technology, genetics, and clinical care.

The downstream expression of prenatal and early-life influences is not limited to organ-specific morbidity. It also appears in oral health and constitutional patterns in early childhood. A cross-sectional study from Shaanxi Province reports that hypomineralized second primary molars affect approximately 7% of 3- to 5-year-old children and are associated with maternal vomiting during pregnancy and lower maternal education. This work suggests that pregnancy-related factors may interfere with enamel mineralization and also points to socio-educational inequities that can exacerbate pediatric oral health disparities. In parallel, the development and validation of a Traditional Chinese Medicine constitution scale for children aged 3–6 years offers an innovative tool to assess physical and mental health profiles in early childhood. With strong internal consistency and acceptable test-retest reliability, this 47-item instrument opens possibilities for integrating constitutional assessment into large-scale health surveys and for exploring how prenatal and early-life exposures may shape holistic health patterns within a specific cultural framework.

Finally, this Topic highlights that the consequences of prenatal and congenital conditions unfold within families and social systems. A cross-sectional survey of caregivers of children with hemifacial microsomia in Chinese online support communities describes substantial medical, financial, and psychosocial burdens. Caregivers, predominantly mothers, report high levels of financial strain, dissatisfaction with surgical outcomes in a subset of children, and heightened sensitivity to social reactions, with rural residence and unemployment further intensifying the care burden. These findings extend the concept of developmental origins beyond biological processes to include the lived experience of families navigating complex congenital conditions, and they emphasize the need to consider integrated medical, psychosocial, and educational support.

Taken together, the articles in this Research Topic span a continuum from molecular signatures and rare imprinting disorders to common obstetric complications, environmental toxicants, nutritional interventions, oral and constitutional health, and family-level psychosocial impacts. Several cross-cutting themes emerge. First, prenatal and very early-life exposures, whether nutritional, metabolic, vascular, or toxic, are repeatedly associated with long-term differences in structural anomalies, growth patterns, functional capacities, and micronutrient status. Second, genetic and epigenetic mechanisms, including imprinting defects and non-coding RNA dysregulation, appear to be key mediators of these associations and will require larger and more integrative studies to be clarified. Third, the importance of robust measurement, whether through blood pressure trajectories, exposure scales, constitution indices, or standardized imaging and genetic protocols, is evident across these studies. Finally, social determinants such as maternal education, income, and rural-urban residence consistently modulate risk and resilience, suggesting that efforts to advance precision child health should be informed by both biological data and equity considerations.

Looking ahead, future research inspired by this Topic may usefully prioritize longitudinal, multi-omics cohorts that link detailed prenatal exposure profiling with genetic, epigenetic, and imaging data, and extend follow-up into childhood and adulthood (9). Integrating mechanistic insights with scalable screening tools and pragmatic interventions, such as micronutrient supplementation, optimized cardiometabolic management in pregnancy, and targeted smoking cessation support, is likely to be important for translating DOHaD principles into clinical practice and public health policy (10). Equally important will be the systematic incorporation of family-centered and psychosocial perspectives, so that interventions address not only biological risk but also the real-world contexts in which children grow and develop.

On behalf of the Topic Editors, we express our sincere appreciation to all authors, reviewers, and multidisciplinary collaborators who contributed to this Research Topic. Their collective work adds to the growing evidence on how prenatal environmental and genetic interactions may shape the foundations of child health and provides a valuable starting point for future research and preventive strategies.
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Background: Previous studies have identified that exposure to heavy metals increases the prevalence of congenital heart defects (CHDs); however, limited information exists regarding the association between combined exposure to barium (Ba) and arsenic (As), and CHDs. This study aims to investigate the association between prenatal exposure to Ba and As (both independently and in combination) and the risk of CHDs in offspring.
Methods: In a birth cohort study conducted in Lanzhou, China, a total of 97 mother-newborn pairs were designated as the case group, with an additional 194 pairs constituting the control group. The concentrations of Ba and As in maternal blood were quantified utilizing an inductively coupled plasma mass spectrometer. A multivariate logistic regression model was employed to examine the association between Ba and As exposure levels and the risk of neonatal CHDs and their subtypes. Interaction effects were further evaluated through the application of both additive and multiplicative models.
Results: The concentration of As in the blood of pregnant women is positively correlated with Ba levels. Higher concentrations of maternal blood Ba level was associated with greater odds of CHDs (p = 0.008), including the isolated CHDs (p = 0.013), the multiple CHDs (p = 0.032), PDA (p = 0.014), and ASDs (p = 0.031); Similarly, higher concentrations of maternal blood As level was associated with greater odds of CHDs (p = 0.013), including the isolated CHDs (p = 0.016), the multiple CHDs (p = 0.003), PDA (p = 0.005), ASDs (p = 0.017), and AVSDs (p = 0.034). Elevated levels of barium and arsenic in maternal blood were significantly associated with increased odds of CHDs and their subtypes in offspring (All p < 0.05). Furthermore, a significant multiplicative interaction between Ba and As levels in maternal blood was identified in relation to total CHDs (p = 0.04).
Conclusion: Exposure to Ba or As individually, as well as combined exposure to both, is significantly associated with an increased risk of CHDs in offspring.

Keywords
 congenital heart defects; barium; arsenic; pregnancy; maternal blood; interaction


1 Introduction

Congenital heart defects (CHDs) refer to congenital abnormalities involving the structure of the heart and large blood vessels and is the most common congenital disease in newborns, the worldwide prevalence of CHDs is 8 to 10‰ (1). Over the past 40 years, the total prevalence of CHDs at birth in China has continued to rise to 4.9‰ (2). CHDs is caused by genetic factors, environmental factors alone or both (3). The 3rd to 8th week of pregnancy is a critical period for the formation of the heart and large blood vessels, during which environmental factors have the greatest impact on the fetus, which is easy to cause fetal malformation (4). Previous studies have shown that many non-genetic factors such as maternal obesity, diabetes, systemic lupus erythematosus, and smoking may increase the risk of CHDs (5–8). Consequently, in contrast to genetic factors, environmental factors are more amenable to control and identification. By recognizing and mitigating environmental risk factors, the prevention of CHDs can be effectively pursued. Among the most critical environmental challenges globally is heavy metal pollution, which represents a significant threat to both environmental integrity and human health. Prolonged exposure to heavy metals has been associated with an increased risk of breast cancer, endometriosis, endometrial cancer, menstrual irregularities, spontaneous abortion, preterm delivery, and stillbirth (9). In addition, previous studies have found that exposure to heavy metals during pregnancy, including cadmium, mercury, lead, cobalt, titanium and stannum, is also a risk factor for CHDs (10–13).

Barium (Ba) is also a common heavy metal element, it occurs in nature only as the divalent cation Ba2+, mainly in sulfate and carbonates. In addition, Gansu Province’s ranking among the foremost regions in China for barium resource reserves (14). Barium salts are used in many products, such as plastics, ceramics, adhesives, drilling fluids, paints and hair dyes (15, 16). High levels of barium exposure can occur in some occupations, while environmental barium exposure can be low-level and chronic, with non-occupational human exposure primarily through water, food, and soil (17). Previous studies have shown that barium can be detected in the aorta, brain, eyes, skeletal muscle, spleen, pancreas, placenta, hair, blood, urine, and feces (17). The most important toxic effects of chronic barium exposure through oral or inhalation include pulmonary edema, gastrointestinal bleeding, heart failure, kidney failure, and respiratory failure (16). Animal studies on the reproductive and developmental effects of barium exposure indicate that high levels may result in abnormal ovarian morphology, spontaneous abortion, restricted fetal growth, and fetal death (17, 18). The relationship between barium exposure and CHDs remains inconclusive. A multi-center case–control study conducted by Zhang in China revealed that the median concentration of barium in the hair of pregnant women with CHDs-affected offspring was significantly higher compared to that of the control group (19). Conversely, a case–control study by Zierler in the United States found no significant association between barium levels in drinking water consumed during pregnancy and the overall prevalence of CHDs in offspring (20).

Arsenic (As) is a naturally occurring metalloid with toxic properties that is widely distributed in the environment, including in soil, water, and living organisms. It exists in various forms, such as trivalent and pentavalent states, as well as inorganic and organic compounds, with trivalent arsenic being the most toxic form (21). Arsenic contamination represents a significant global public health concern, predominantly attributed to anthropogenic activities including the extraction and processing of arsenic-bearing minerals, the widespread application of arsenic-based compounds, and the combustion of coal (22, 23). The human body is primarily exposed to arsenic through three main routes: ingestion via the digestive tract, inhalation through the respiratory system, and dermal contact in occupational settings (24, 25). Arsenic enters the body and primarily accumulates in the liver, kidneys, lungs, bones, skin, hair, nails, and other tissues and organs, posing significant risks to human health. Numerous studies have confirmed that environmental arsenic exposure is a significant risk factor for various cancers, including those of the lung, bladder, liver, kidney, and non-melanoma skin (24, 26). In addition, arsenic is capable of crossing the placental barrier, resulting in dual toxic effects on both the fetus and the mother (27). A national cohort study conducted in Denmark demonstrated that maternal exposure to low concentrations of arsenic in drinking water (0.5–0.9 μg/L) is associated with an increased risk of CHDs in offspring (28). In a similar vein, a study conducted in China revealed that increased arsenic levels in the hair of pregnant women were associated with a higher risk of coronary heart disease in their offspring (29).

Currently, research on the association between barium exposure during pregnancy and cardiac development in offspring remains inconclusive. Furthermore, the potential effects of combined exposure to barium and arsenic during pregnancy on CHDs in offspring have not been investigated. To investigate the relationship between maternal barium and arsenic exposure alone and combined exposure to maternal CHDs risk, we conducted a prospective nested case–control study in Lanzhou, China.



2 Methods


2.1 Study population

A birth cohort study was carried out between 2010 and 2012 at the Gansu Provincial Maternity and Child Care Hospital in Lanzhou, China (30). In our previous research, further details regarding the recruitment procedure were provided (12). A total of 10,542 people in this birth cohort completed baseline questionnaires and blood samples. According to the exclusion criteria, the study excluded 310 cases of multiple births, 53 cases of stillbirths, 88 cases involving non-CHDS birth defects, and 1 case with incomplete information. Based on the diagnosis of CHDs in singleton births, a total of 97 mother-newborn pairs were included as the case group; according to the assessment of singleton births as healthy, full-term, and with normal birth weight, and meeting the matching conditions of maternal age within 2 years of the case group and residing in the same neighborhood, a total of 194 mother-newborn pairs were included as the control group at a 1: 2 ratio. Ultimately, a total of 291 mother-newborn pairs were included as the study subjects. This research project was conducted with the informed consent of pregnant women and with the approval of the Medical Ethics Committee of Gansu Provincial Maternal and Child Health Hospital.



2.2 Questionnaire interview and sample collection

After pregnant women participating in the survey signed the informed consent form, trained investigators completed the filling out of the “China Birth Cohort Study – Maternal Health Survey Questionnaire,” jointly designed by Gansu Provincial Maternal and Child Health Hospital and the Yale School of Public Health, through face-to-face interviews. Finally, we integrated the following variables into our analysis of the study population: maternal age, maternal education, age of menarche, pregnancy history, childbearing history, health education before pregnancy, morning sickness, premature birth, delivery mode, and newborn birth weight.

Blood samples were collected from pregnant women upon hospital admission prior to delivery. In the morning, 3 mL of median cubital venous blood was drawn from fasting participants, along with 7 mL collected in specialized vacuum tubes containing EDTA anticoagulant. After collection, the samples were gently inverted to ensure proper mixing and stored at −80°C. All sample details were recorded in an electronic biological sample database.



2.3 Diagnosis and classification of CHDs

Fetal echocardiography is a widely accessible and commonly utilized diagnostic tool for detecting CHDs (31). Senior sonographers with extensive experience conducted the examinations in accordance with the guidelines and standards set by the American Society of Echocardiography and the International Society of Ultrasound in Obstetrics and Gynecology (32, 33). Diagnostic imaging was performed using multiple views, with CHDs diagnoses based on grayscale imaging, color Doppler, and pulsed-wave Doppler assessments.

Each type of CHDs is categorized based on its severity as “isolated,” “multiple,” or “syndromic.” Additionally, we classified these anomalies using clinical phenotypes and the International Classification of Diseases, 10th Revision (ICD-10) codes (Q20–Q28). Further details regarding the classification of CHDs are available in our previous research (12).



2.4 Blood samples analyzed for barium and arsenic

The frozen blood samples were thawed at ambient temperature, and precisely 200 μL of each sample was transferred into a polytetrafluoroethylene digestion vessel. Subsequently, 1 mL of 68% HNO₃ and 200 μL of 40% H₂O₂ were added sequentially. After ensuring that all bubbles had completely dissipated within the digestion vessel, the lid and steel cap were securely sealed. The sealed vessels were then placed in an oven and maintained at 175°C for 6 to 8 h. Upon cooling, the digestate was transferred to a 10 mL centrifuge tube and diluted to a final volume of 10 mL with deionized water, followed by thorough mixing prior to instrumental analysis. A blank solution was prepared by treating 200 μL of deionized water using the same procedure as the blood samples.

Subsequently, considering the widespread application of inductively coupled plasma mass spectrometry (ICP-MS) in environmental heavy metal detection (34), the concentrations of barium and arsenic in the blood of pregnant women were analyzed using ICP-MS (ICAP RQ; Thermo Fisher, United States). After tuning the ICP-MS instrument to optimal conditions, Sc45, Ge72, Rh103, and Re187 were selected as internal standards to mitigate matrix effects arising from non-spectrometric interferences. Calibration curves for barium and arsenic were then established, yielding correlation coefficients (R2) of 0.9999 and 1.0000, respectively. Both R2 values exceeded 0.9990, demonstrating excellent linearity within the tested concentration ranges and confirming the suitability of the method for sample analysis. Next, the blank solution was analyzed 11 consecutive times. The standard deviation (SD) of the ratio of the barium and arsenic counts per second (CPS) to the internal standard CPS was determined. The limits of detection (LOD) were calculated as three times the SD divided by the slope of the respective calibration curve (35). The LOD for barium and arsenic in whole blood are 0.206 and 0.044 μg/L, respectively. Concentrations below the LOD are recorded as zero.



2.5 Statistical analysis

Data were processed and analyzed using the SPSS 25.0 statistical software (IBM, Chicago, United States), with categorical variables expressed as percentages (%). Quantitative data that conform to a normal distribution are represented as the mean ± SD, while quantitative data that do not conform to a normal distribution are expressed using interquartile ranges. Univariate analysis between the case and control groups involved the use of chi-square tests for categorical variables, and for continuous variables that conform to a normal distribution, t-tests were employed; for those that do not conform to a normal distribution, rank sum tests were used. We further examined the distribution patterns of barium and arsenic concentrations in the study subjects and evaluated the inter-element correlation between these two trace elements.

In the absence of established reference ranges for barium and arsenic levels in the blood of pregnant women, this study utilized methods from previous research to determine optimal cut-off values. These values were calculated by constructing a receiver operating characteristic (ROC) curve (36, 37). The optimal cut-off values for barium and arsenic concentrations in maternal blood were determined to be 213.84 and 7.28 μg/L, respectively. Based on these cut-off values, the concentrations of barium and arsenic in the blood of pregnant women were categorized into low exposure and high exposure groups. To examine the relationship between prenatal exposure to barium and arsenic and the risk of coronary heart disease in offspring, odds ratios (ORs) and 95% confidence intervals (CIs) were calculated. The analysis used exposure concentrations below the optimal cut-off value as the reference point. A p-value of less than 0.05 indicated statistically significant differences, and factors with p-values less than 0.05 from the univariate analysis were included in the multivariate analysis. We employed both multiplicative and additive interaction models to examine the modifying effects of barium and arsenic on CHDs.




3 Results


3.1 Characteristics of participants

The 97 cases of CHDs comprised isolated CHDs (43 cases), multiple CHDs (48 cases), syndromic CHDs (6 cases), patent ductus arteriosus (PDA, 70 cases), atrial septal defects (ASDs, 48 cases), ventricular septal defects (VSDs, 7 cases), and atrioventricular septal defects (AVSDs, 4 cases). Table 1 presents the baseline characteristics of the study subjects. Notably, significant differences were observed between the two groups in premature birth, delivery mode, newborn birth weight, barium levels in maternal blood, and arsenic levels in maternal blood (p < 0.05), while no significant differences were found in other characteristics. The correlation analysis revealed a positive association between the arsenic concentration in the blood of pregnant women and the concentration of barium (r = 0.863, p < 0.001).



TABLE 1 Study sample characteristics.
[image: Table comparing characteristics between cases and controls for maternal and birth variables. Variables include maternal age, education, age of menarche, pregnancy and childbirth history, health education, morning sickness, delivery mode, newborn birth weight, and blood levels of barium and arsenic. P-values are shown for statistical significance using the chi-square test, with significant results indicated for premature birth, delivery mode, newborn birth weight, and both barium and arsenic blood levels.]



3.2 The association between maternal blood barium concentrations and the prevalence of CHDs in offspring

Maternal blood samples were stratified into categories of low and high barium concentrations based on predetermined cut-off values to facilitate a detailed analysis of the association between varying barium levels and the odds of CHDs in offspring. As shown in Table 2, the aOR2 model reveals an increased odds of CHDs (aOR2 = 2.750, 95% CI [1.309–5.781]), including the isolated CHDs (aOR2 = 3.191, 95% CI [1.283–7.936]), the multiple CHDs (aOR2 = 2.719, 95% CI [1.091–6.777]), PDA (aOR2 = 2.754, 95% CI [1.229–6.170]), and ASDs (aOR2 = 2.723, 95% CI [1.096–6.768]), in the group with high maternal blood barium concentrations. These findings suggest that maternal blood barium exposure may elevate the odds of CHDs in offspring.



TABLE 2 Risks for fetal CHDs in different barium in maternal blood concentrations.
[image: Table comparing congenital heart defect groups with cases, controls, and adjusted odds ratios (aOR) for low and high levels of exposure. High exposure shows increased aOR for all groups compared to low. Levels are categorized as low or high, with cases ranging from 1 to 68. Controls consistently total 175. Adjusted odds ratios display confidence intervals, exploring the impact of factors like premature birth and arsenic concentration.]



3.3 The association between maternal blood arsenic concentrations and the prevalence of CHDs in offspring

Maternal blood samples were stratified into categories of low and high arsenic concentrations based on predetermined cut-off values to facilitate a detailed analysis of the association between varying arsenic levels and the odds of CHDs in offspring. As shown in Table 3, the aOR2 model reveals an increased odds of CHDs (aOR2 = 2.793, 95% CI [1.247–6.254]), including the isolated CHDs (aOR2 = 3.513, 95% CI [1.263–9.775]), the multiple CHDs (aOR2 = 3.830, 95% CI [1.600–9.166]), PDA (aOR2 = 3.390, 95% CI [1.438–7.992]), ASDs (aOR2 = 2.983, 95% CI [1.220–7.294]), and AVSDs (aOR2 = 27.805, 95% CI [1.287–600.889]), in the group with high maternal blood arsenic concentrations. These findings suggest that maternal blood arsenic exposure may elevate the odds of CHDs in offspring.



TABLE 3 Risks for fetal CHDs in different arsenic in maternal blood concentrations.
[image: Table displaying groups of congenital heart defects (CHDs) with their levels, cases, controls, and adjusted odds ratios (aOR) with 95% confidence intervals (CI). Groups include all CHDs, isolated CHDs, multiple CHDs, syndrome CHDs, PDA, ASDs, VSDs, and AVSDs. Each group is separated into low and high levels with associated case and control numbers. The table compares odds ratios calibrating for various factors. A footnote explains the logistic regression, model calibration, and group categorization based on arsenic concentrations in pregnant women's blood.]



3.4 Interaction effects between barium and arsenic

As shown in Table 4, the combined high levels of barium and arsenic in maternal blood were significantly associated with an increased odds of CHDs in offspring. The joint high levels of barium and arsenic significantly elevated the odds of total CHDs (aOR = 12.35, 95% CI [4.39–34.74]), the isolated CHDs (aOR = 16.47, 95% CI [4.98–54.46]), the multiple CHDs (aOR = 9.89, 95% CI [3.00–32.64]), and the syndromic CHDs (aOR = 28.7, 95% CI [3.33–247.75]). We also observed that the combined high levels of barium and arsenic were significantly associated with an increased odds of PDA (aOR = 13.53, 95% CI [4.54–40.3]), ASDs (aOR = 8.85, 95% CI [2.61–29.99]), VSDs (aOR = 29.29, 95% CI [4.45–192.71]), and AVSDs (aOR = 23.33, 95% CI [1.31–415.89]). A multiplicative interaction between barium and arsenic levels in maternal blood was observed in relation to total CHDs (aOR = 6.04, 95% CI [1.07–34.11]). However, no significant additive interaction was detected. Similarly, neither multiplicative nor additive interactions were found in analyses of specific CHDs subtypes.



TABLE 4 Analyzes the effect of barium and arsenic interaction in maternal blood on offspring CHDs using multivariate logistic regression.
[image: Table showing odds ratios for various congenital heart defects (CHDs) associated with different levels of barium (Ba) and arsenic (As) exposure. Categories include all CHDs, isolated CHDs, multiple CHDs, and syndrome CHDs, as well as specific defects like PDA, ASDs, VSDs, and AVSDs. The table provides case/control numbers and adjusted odds ratios with 95% confidence intervals for each exposure level. Logistic regression calculations adjust for birth conditions.]




4 Discussion

The objective of this study was to examine the potential interaction between maternal exposure to barium and arsenic during pregnancy and the associated risk of CHDs in offspring. Utilizing multifactorial logistic regression analysis, we identified a significant association between individual exposures to barium and arsenic and an increased risk of CHDs in offspring. Our findings indicate that pregnant women with elevated blood concentrations of barium and arsenic are at a significantly heightened risk of having offspring with CHDs compared to those with lower levels of these substances. Additionally, a significant multiplicative interaction between maternal blood levels of barium and arsenic was observed concerning the overall incidence of CHDs.

While a consensus on the relationship between barium exposure and CHDs has yet to be reached, our study’s findings align with those of Zhang’s multi-center case–control study conducted in China (19). Specifically, we observed that elevated barium levels in the blood of pregnant women are associated with an increased risk of CHDs (aOR2 = 2.750, 95% CI [1.309–5.781]; p = 0.008). Furthermore, our study indicates that the degree of barium exposure in pregnant women’s blood correlates with the risk of some CHDs subtypes. Although the mechanism underlying barium toxicity is not yet fully understood, it is believed to involve barium’s role as a competitive antagonist of K+ channels, which disrupts the passive efflux of intracellular K+. Additionally, barium interferes with the metabolic regulation of K+ levels (38). In addition, an animal study found that barium causes heart damage, disrupts REDOX balance, impairs cholinergic function, and inhibits the activity of Na+-K+ ATPase and Mg2+ ATPase. However, the combination of selenium and vitamin C significantly enhanced the antioxidant defense system in barium-treated rats. The mechanisms underlying this effect include the scavenging of free radicals and the improvement of antioxidant status (39).

Previous epidemiological studies have demonstrated an association between maternal arsenic exposure and an increased risk of CHDs in offspring, primarily through the measurement of arsenic concentrations in maternal drinking water and hair (28, 29, 40, 41). Consistent with these findings, our case–control studies assessing arsenic levels in the blood of pregnant women also identified a similar association with CHDs in their offspring. Animal studies have also shown that offspring of mice exposed to arsenic-contaminated drinking water before and during pregnancy exhibit cardiovascular abnormalities, including significantly elevated rates of atrial septal defects and other heart malformations (42). Arsenic exposure may contribute to heart disease through several mechanisms during cardiac development. Firstly, research has demonstrated that arsenic has the potential to disrupt epithelial-mesenchymal transformation during cardiac development by interfering with the TGF-β/Smad signaling pathway (43). Secondly, a study conducted on animals indicates that folic acid supplementation during the periconception period may mitigate the cardiotoxic effects of arsenic. This protective mechanism is hypothesized to involve a reduction in the acetylation levels of histone H3K9 within cardiac tissues, which subsequently leads to decreased expression levels of Mef2C, a factor that may contribute to heart development in fetal rats (44).

Previous research has not thoroughly investigated the interaction between barium and arsenic in relation to CHDs. Our study demonstrated that pregnant women with elevated blood levels of barium and arsenic face a significantly higher risk of having offspring with CHDs compared to those with lower levels of these substances. Additionally, we identified a significant multiplicative interaction between maternal blood levels of barium and arsenic and the occurrence of total CHDs. The study found that exposure to barium or arsenic in pregnant women elevated biomarkers of oxidative stress (45). These metals may induce oxidative stress through various mechanisms, such as binding to protein sulfides and directly disrupting the antioxidant system by depleting glutathione (46, 47), ultimately contributing to adverse pregnancy outcomes. However, the molecular mechanisms underlying these interactions require further investigation.

This study employed a nested case–control design within a prospective maternal and offspring birth cohort of 10,542 individuals who completed baseline questionnaires and provided blood samples, establishing a robust foundation for our research. However, there are some limitations to consider. First, in the analysis of CHDs subtypes, the sample size within each subgroup decreases as stratification levels increase, potentially impacting statistical power. This may explain the absence of multiplicative or additive interactions in the CHDs subtype analysis. Second, we only measured the concentrations of arsenic and barium during the third trimester prior to hospital delivery and could not assess changes in arsenic and barium levels during pregnancy. Third, while this study examined the association between barium and arsenic exposure during pregnancy and CHDs in offspring from a population-based perspective, further research is needed to investigate the metabolic dynamics and pathogenesis of CHDs.



5 Conclusion

Overall, our study demonstrates that exposure to barium or arsenic individually, as well as combined exposure to both, is significantly associated with an increased risk of CHDs in offspring. Additionally, a significant multiplicative interaction was observed between maternal blood levels of barium and arsenic and the occurrence of total CHDs. Further research is required to investigate the mechanisms through which barium and arsenic exposure during pregnancy contribute to the development of CHDs.
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Objective: To investigate the impact of gestational diabetes mellitus (GDM) on maternal and neonatal pregnancy outcomes and fetal growth patterns.



Methods: A cohort of 418 pregnant women was analyzed, comprising 203 with normal glucose tolerance and 215 diagnosed with GDM. Key maternal factors, including age, pre-pregnancy body mass index (BMI), gestational weight gain, and gestational hypertension, were assessed for their association with infant growth and food allergy outcomes. At six months of corrected gestational age, weight-for-age z-scores (WAZ) and food allergy incidence were compared between the two groups. Binary logistic regression and linear regression analyses were performed to identify significant predictors of these outcomes.



Results: Infants born to mothers with GDM exhibited significantly higher WAZ scores (p = 0.026) and an increased neonatal susceptibility to food allergies (p = 0.043) compared to those born to mothers with normal glucose tolerance. Maternal factors such as advanced age, higher pre-pregnancy BMI, gestational hypertension, and twin pregnancy were identified as key risk factors for GDM. Additionally, preterm birth, birth weight, and parental history of allergies were independently associated with the development of food allergies in infants.



Conclusion: GDM exerts a notable influence on infant growth trajectories and elevates the risk of food allergies. Effective glycemic management during pregnancy, early monitoring of infant development, and targeted interventions addressing risk factors such as preterm birth and parental allergy history are critical for mitigating long-term health risks in children exposed to GDM in utero. Further research is warranted to explore the underlying mechanisms and potential preventive strategies for this at-risk population.
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Introduction

Gestational diabetes mellitus (GDM), a prevalent metabolic disorder during pregnancy, is characterized by glucose intolerance that is first recognized or diagnosed during gestation (1). The global incidence of GDM has risen significantly over the past few decades, paralleling the increase in obesity, sedentary lifestyles, and advanced maternal age (2, 3). GDM is associated with a spectrum of adverse maternal and neonatal outcomes, including hypertensive disorders of pregnancy, macrosomia, preterm birth, and an elevated risk of cesarean delivery (4, 5). Moreover, its impact often extends beyond delivery, with both mothers and their offspring facing elevated risks of long-term metabolic complications such as type 2 diabetes and obesity (6).

In addition to these well-established outcomes, growing evidence suggests that GDM may influence fetal growth trajectories and early developmental processes. Intrauterine exposure to maternal hyperglycemia can lead to impaired placental function, altered nutrient transport, and an inflammatory intrauterine environment, which in turn may affect fetal growth patterns and organ development (7, 8). While macrosomia is a frequent outcome, some fetuses may exhibit growth restriction, depending on the degree and timing of glycemic control during pregnancy. These alterations in the intrauterine environment have been linked to potential long-term consequences for neurodevelopment, including increased risks of cognitive and behavioral disorders in childhood (9, 10).

Recent studies also indicate that maternal hyperglycemia may adversely impact neonatal immune maturation. Mechanisms such as epigenetic modification, systemic inflammation, and changes in the maternal and neonatal gut microbiota have been proposed to mediate this effect (11). These changes may increase the susceptibility of the offspring to immune-related disorders, including food allergies, which have been rising in prevalence globally (12).

Despite progress in GDM screening and treatment, the interplay between maternal hyperglycemia, fetal growth, and immune development remains incompletely understood. This study aims to comprehensively assess the impact of GDM on maternal and neonatal pregnancy outcomes, fetal growth, and early immune development, using data from a large-scale multicenter longitudinal cohort. Findings from this study may help address important gaps in current knowledge and inform both clinical practice and public health interventions.



Material and methods


Study design and participants

This clinical study aimed to investigate the impact of gestational diabetes mellitus (GDM) on maternal and neonatal outcomes and fetal growth. It was conducted as a retrospective, multicenter longitudinal cohort study between March 2021 and June 2023 (ChiCTR2100052428), representing a completed clinical phase with postnatal follow-up. Pregnant women in their second trimester were recruited from two tertiary hospitals: West China Second University Hospital and Chengdu Women's and Children's Central Hospital. Participants were eligible if they had no preexisting diabetes or autoimmune diseases and provided written informed consent for both maternal and infant follow-up, including postnatal assessments at 6 months of corrected infant age. The study was approved by the Ethics Committee of Chengdu Women's and Children's Central Hospital (Approval No. 2021107) and conducted in compliance with the Declaration of Helsinki. GDM diagnosis was made between 24 and 28 gestational weeks using a 75-g oral glucose tolerance test (OGTT), and participants were categorized into either the GDM group or the normal glucose tolerance (NGT) group based on OGTT results.



GDM diagnostic criteria

GDM was diagnosed between 24 and 28 weeks of gestation using a standard 75-g OGTT, in accordance with the International Association of Diabetes and Pregnancy Study Groups (IADPSG) criteria (13). GDM was defined if one or more of the following thresholds were met: fasting plasma glucose ≥5.1 mmol/L, 1-h glucose ≥10.0 mmol/L, or 2-h glucose ≥8.5 mmol/L.



Data collection

Maternal demographic information, medical history, and obstetric outcomes were collected from hospital records. Pregnancy outcomes, including preterm birth, mode of delivery, neonatal birth weight, and Apgar scores, were recorded. Using pediatric health data at six months of corrected age for neonates to collect breastfeeding practices, infant feeding patterns, and parental allergy history.



Infant growth assessment and skin prick test

Infant growth was assessed at 6 month of corrected age using weight, length, and head circumference measurements. Growth parameters were standardized using World Health Organization (WHO) growth standards.

The skin prick test (SPT) was conducted at 6 months to assess food allergy sensitization. The panel of allergens included cow's milk proteins (casein and β-lactoglobulin), egg white (ovalbumin), egg yolk, wheat, soybean, peanut, tree nuts (including walnut, cashew, and almond), fish (cod and salmon), and shellfish (shrimp and crab). These allergens were selected based on their known prevalence and clinical relevance in early childhood food allergy. A positive SPT result was defined as a wheal diameter ≥3 mm greater than the negative control.



Statistical analysis

A priori sample size calculation was performed based on estimates from previous cohort studies examining the effects of GDM on infant development. Assuming a power of 80% and an alpha level of 0.05 to detect meaningful differences in infant outcomes, a minimum of 158 participants per group was required. To account for an anticipated 10% attrition rate, the target enrollment was set at 174 participants per group.

Descriptive statistics were used to summarize maternal and neonatal characteristics, with means (±SD) or medians (IQR) reported for continuous variables and frequencies (%) for categorical variables. Comparisons between the GDM and control groups were conducted using Student's t-tests or corrected Student's t-tests for continuous variables and chi-square tests for categorical variables. Multivariable logistic regression models were used to examine the association between GDM and adverse pregnancy outcomes, adjusting for potential confounders such as maternal age, body mass index, and parity. Generalized linear models were applied to assess the impact of GDM on infant growth parameters. Logistic regression was also employed to investigate the relationship between GDM and food allergy sensitization, as determined by SPT results. A two-tailed p-value <0.05 was considered statistically significant. Analyses were conducted using SPSS version 26.0 (IBM Corp., Armonk, NY, USA).




Results

A total of 430 eligible pregnant women were initially enrolled in the study. Of these, five cases were excluded due to preexisting diabetes, and seven cases were excluded due to autoimmune diseases. Ultimately, 418 participants were included in the final analysis, comprising 203 women in the normal glucose tolerance (NGT) group (48.6%) and 215 women in the GDM group (51.4%). The selection process for the study population is illustrated in Figure 1. At the time of enrollment, the mean maternal age was 29.57 ± 4.42 years. The mean gestational age at delivery was 39.04 ± 1.78 weeks, and the mean neonatal birth weight was 3,185.35 ± 424.42 g. Notably, 29 cases (6.9%) were twin pregnancies, and 20 cases (4.8%) resulted from assisted reproductive technology (ART), as detailed in Table 1.


[image: Flowchart illustrating the selection process for a study on pregnant women. Starting with 430 eligible women in their second trimester, 12 are excluded due to preexisting diabetes or autoimmune diseases. The remaining 418 form the analytic sample, consisting of 203 without gestational diabetes (GDM) and 215 with GDM. The study follows up at the infant's six-month corrected age to assess neonatal growth and food allergy susceptibility.]
FIGURE 1
The selection process for this study.



TABLE 1 Description of the maternal and neonatal characteristics.

[image: Table showing data on mothers and infants. It includes variables like maternal age, pre-pregnancy BMI, mode of conception, and type of pregnancy. Gestational statistics include weight gain and age. It details the glucose tolerance status of mothers and provides infant data, including gender, birthweight, and susceptibility to food allergies. BMI is body mass index and OGTT is oral glucose tolerance test.]

Univariate analysis revealed that, compared to pregnant women with normal glucose tolerance, those in the GDM group exhibited significantly higher pre-pregnancy BMI and neonatal birth weight (p < 0.05). Additionally, the GDM group had a higher risk of gestational hypertensive disorders (GHD), fetal growth restriction (FGR), and fetal asphyxia (p < 0.05) (Table 2).


TABLE 2 Description of the maternal and neonatal characteristics by pregnant women types.

[image: Comparison table of normal glucose tolerance and gestational diabetes mellitus groups. Includes variables such as age, pre-pregnancy BMI, mode of conception, gestational weight gain, gestational age, preterm birth, and others. Significant differences (p<0.05) are noted in pre-pregnancy BMI, gestational hypertension, fetal growth restriction, and infant birthweight.]

After adjusting for covariates such as mode of conception, gestational weight gain, gestational age, gravidity, parity, and FGR, the results of binary logistic regression analysis indicated that maternal age (OR = 1.09, 95% CI: 1.02–1.27, p = 0.025), pre-pregnancy BMI (OR = 1.17, 95% CI: 1.06–1.66, p < 0.001), GHD (OR = 2.14, 95% CI: 1.29–3.44, p = 0.008), and twin pregnancy (OR = 1.75, 95% CI: 1.32–2.71, p = 0.033) were independent risk factors for GDM (Figure 2A). Specifically, for each additional year of maternal age, the risk of developing GDM increased by 9%; for each additional unit of pre-pregnancy BMI, the risk of GDM increased by 17%. Moreover, GHD and twin pregnancy were statistically associated with an increased risk of GDM, with adjusted OR of 1.14 and 0.75, respectively. However, given the relatively small number of cases for these variables—particularly twin pregnancies (n = 29)—these associations should be interpreted with caution due to the wide confidence intervals and potential instability of the estimates (Figure 2A).


[image: Chart A is a forest plot showing risk factors for the development of gestational diabetes mellitus (GDM) with adjusted hazard ratios and p-values. Chart B is a scatter plot showing a positive correlation between pre-pregnancy BMI and GDM incidence, with an R-squared of 0.488. Chart C is a bar graph comparing GDM incidence across BMI categories, showing significant differences with p-values below 0.001, 0.021, and 0.175.]
FIGURE 2
The impact of maternal characteristics on the risk of GDM. (A) After adjusting for covariates such as mode of conception, gestational weight gain, gestational age, gravidity, parity, and FGR, the results of binary logistic regression analysis indicated that maternal age (β = 1.09, 95% CI: 1.02–1.27, p = 0.025), pre-pregnancy BMI (β = 1.17, 95% CI: 1.06–1.66, p < 0.001), GHD (β = 2.14, 95% CI: 1.29–3.44, p = 0.008), and twin pregnancy (β = 1.75, 95% CI: 1.32–2.71, p = 0.033) were independent risk factors for GDM. (B) Further linear regression analysis demonstrated a positive correlation between pre-pregnancy BMI and the incidence of GDM (R = 0.488, p < 0.001). (C) Subgroup analysis revealed a stepwise increase in the incidence of GDM across BMI categories: normal/underweight women (BMI ≤24.9), overweight women (BMI 25.0–29.9), and obese women (BMI ≥30). The incidence of GDM was significantly higher in overweight compared to normal/underweight women (BMI ≤24.9 vs. 25.0–29.9, p = 0.021), with a trend toward higher incidence in obese compared to overweight women (BMI 25.0–29.9 vs. ≥30, p = 0.175).


Given that pre-pregnancy BMI demonstrated the most significant association with the occurrence of GDM in the multiple linear regression analysis, a further linear correlation analysis was conducted to examine the relationship between BMI and the incidence of GDM. The result demonstrated a positive correlation between pre-pregnancy BMI and the incidence of GDM (R = 0.488, p < 0.001) (Figure 2B). Subgroup analysis revealed a stepwise increase in the incidence of GDM across pre-pregnancy BMI categories: normal/underweight women (BMI ≤24.9), overweight women (BMI 25.0–29.9), and obese women (BMI ≥30). The incidence of GDM was significantly higher in overweight compared to normal/underweight women (BMI ≤24.9 vs. 25.0–29.9, p = 0.021), with a trend toward higher incidence in obese compared to overweight women (BMI 25.0–29.9 vs. ≥30, p = 0.175) (Figure 2C).

At the corrected gestational age of six months, infants in the GDM group demonstrated a significantly higher weight-for-age z-score (WAZ) compared to the control group (p = 0.003). Additionally, the neonatal susceptibility to food allergies was notably higher in the GDM group (p = 0.025) (Table 3).


TABLE 3 Description of the neonatal growth and susceptibility to food allergies by pregnant women types.

[image: A table compares variables between two groups: Normal glucose tolerance (N=212) and gestational diabetes mellitus (N=235). Variables include WHZ, WAZ, HAZ, BAZ, food allergies, and number of food allergic kinds, with corresponding p-values. WHZ, WAZ, HAZ, and BAZ represent z-scores for weight and height measures. Allergies to food and number of allergic kinds are also shown. Statistical significance is noted for WAZ (p=0.003) and allergy to one or more foods (p=0.025). WHZ, HAZ, BAZ, and the number of food allergic kinds show higher scores in the gestational diabetes group but without statistical significance.]

After adjusting for covariates such as infant gender, breastfeeding status, and household pets, binary logistic regression analysis identified preterm birth (OR = 2.55, 95% CI: 1.43–4.15, p = 0.032), birth weight (OR = 0.33, 95% CI: 0.09–0.54, p = 0.045), maternal history of GDM (OR = 1.83, 95% CI: 1.05–3.65, p = 0.048), and parental allergy history (OR = 1.79, 95% CI: 1.16–2.83, p < 0.001) as independent factors associated with the risk of food allergies in infants. Specifically, for every 100 g increase in neonatal birth weight, the risk of food allergies decreased by 6.7%. Conversely, preterm birth, maternal history of GDM and parental allergy history increased the risk of food allergies by 155%, 83% and 79%, respectively (Table 4).


TABLE 4 Association between neonatal susceptibility to food allergies and maternal and infant characteristics.

[image: Table showing variables, Exp(B), 95% confidence intervals, and P-values related to certain factors. Significant associations are with preterm birth (Exp(B) 2.55, p = 0.032), birthweight (Exp(B) 0.33, p = 0.045), maternal history of gestational diabetes (Exp(B) 1.83, p = 0.048), and parental allergy history (Exp(B) 1.79, p < 0.001). Other factors are less significant. Exp(B) refers to the odds ratio for each variable.]



Discussion

This study provides a comprehensive examination of the impact of GDM on infant development, particularly in relation to growth patterns and the risk of food allergies. The findings underscore the significant influence of maternal metabolic conditions during pregnancy on offspring health, with implications for clinical care and public health strategies.


Implications for infant growth trajectories

Infants born to mothers with GDM exhibited altered growth trajectories, as evidenced by higher weight-for-age z-scores at six months of corrected gestational age. This observation reflects the influence of intrauterine metabolic conditions on postnatal growth dynamics. Maternal hyperglycemia likely leads to increased transplacental glucose transfer, stimulating fetal insulin production, a potent growth factor (4, 14). These growth patterns may predispose affected infants to accelerated weight gain, which could have long-term health implications, including an increased risk of obesity and metabolic disorders (15). Clinically, these findings highlight the importance of early monitoring and potential growth interventions in infants exposed to GDM, as such measures may help mitigate future health risks.



The role of GDM in immune development

The increased neonatal susceptibility to food allergies observed in infants born to mothers with GDM is a notable finding with significant public health implications. While the precise pathways remain to be fully elucidated, this association suggests that maternal GDM may predispose offspring to immune dysregulation, potentially due to systemic effects of maternal hyperglycemia (16, 17). Clinical recognition of this increased risk is critical, particularly in guiding dietary management and early allergen introduction in high-risk infants.

This study also identified other maternal and perinatal factors, including preterm birth, birth weight, and parental allergy history, as independent determinants of food allergy risk in infants. These findings underscore the multifactorial nature of allergic disease development and suggest potential opportunities for risk stratification and targeted intervention. The association between preterm birth and increased food allergy risk is consistent with evidence that premature infants have underdeveloped immune and gastrointestinal systems (18). This highlights the need for enhanced nutritional and immunological support for this population to reduce allergy susceptibility. The inverse relationship between birth weight and allergy risk suggests that adequate fetal growth plays a protective role in immune system development (19, 20). This finding reinforces the importance of promoting optimal fetal growth during pregnancy to support immune health. A strong familial predisposition to allergies emphasizes the interplay between genetic and environmental factors (21). Parental allergy history should be considered a critical component in assessing and managing the allergy risk in infants, guiding preventive measures such as tailored feeding practices and allergen exposure protocols.

The findings of this study have direct implications for maternal and child health care. For women with GDM, achieving optimal glycemic control during pregnancy should be prioritized not only to reduce perinatal complications but also to minimize long-term risks to their offspring (22, 23). Postnatal care strategies should include growth monitoring and early screening for allergic conditions, particularly in infants with additional risk factors such as preterm birth or a family history of allergies. Additionally, promoting exclusive breastfeeding and supporting dietary diversification during infancy may serve as effective measures to enhance immune resilience.

While our findings support an association between maternal GDM and increased neonatal susceptibility to food allergies, it is important to acknowledge that not all studies have reached similar conclusions. For example, a recent population-based birth cohort study did not find a significant relationship between maternal metabolic conditions and the risk of food allergies in offspring (24). This discrepancy may reflect differences in population genetics, environmental exposures, or diagnostic criteria used across studies. In our study, food allergy sensitization was assessed via standardized SPT, which is widely accepted as a reliable method for evaluating IgE-mediated allergic responses in infancy. However, it is important to recognize that SPT results reflect sensitization rather than clinical allergy, and oral food challenges—the gold standard for diagnosis—were not performed due to ethical and logistical constraints. Therefore, while the observed associations are meaningful, they should be interpreted cautiously.

The increasing prevalence of GDM worldwide necessitates heightened awareness of its potential impacts on offspring health. These findings highlight the need for public health initiatives that integrate maternal health management into broader child health strategies. Educational campaigns aimed at reducing modifiable risk factors, such as maternal obesity and poor glycemic control, could have far-reaching benefits for both mothers and their children.

Moreover, our findings underscore the relevance of additional maternal and perinatal variables in influencing infant outcomes. For instance, preterm birth emerged as an independent risk factor for food allergy sensitization, aligning with the hypothesis that immune system immaturity in preterm infants may increase allergen susceptibility. Similarly, low birth weight, which may indicate suboptimal intrauterine nutrition or placental dysfunction, was inversely associated with food allergy risk. Parental allergy history, a proxy for genetic predisposition, remained one of the strongest predictors. These results reinforce the multifactorial etiology of allergic diseases and highlight the need for integrative risk assessment models that account for both metabolic and immunologic pathways in the maternal-fetal interface.

This study's strengths include its robust statistical analysis and the consideration of multiple confounding factors. However, several limitations should be acknowledged. The study's sample size, while sufficient to detect significant associations, may limit the generalizability of the findings to broader populations. The small sample sizes for subgroups may have led to wide confidence intervals and increased susceptibility to variability, which could affect the robustness of the findings. Additionally, the reliance on a single-center cohort highlights the need for multi-center studies to confirm these results. Finally, while the associations observed are compelling, causality cannot be definitively established, underscoring the need for further research. Future research should focus on the long-term outcomes of infants born to mothers with GDM, particularly regarding metabolic and immune health. Expanding the scope of research to include diverse populations and larger cohorts will enhance the generalizability of findings. Additionally, exploring preventive and therapeutic strategies, such as tailored dietary interventions for mothers and infants, could provide actionable solutions to mitigate the risks associated with GDM.




Conclusions

This study highlights the significant impact of GDM on infant development, particularly in terms of altered growth patterns and an increased susceptibility of food allergies. Infants born to mothers with GDM demonstrated higher weight-for-age z-scores and a greater likelihood of developing food allergies compared to those born to mothers without GDM. Key factors influencing these outcomes included preterm birth, birth weight, and parental allergy history. These findings emphasize the importance of effective maternal glycemic control during pregnancy and early monitoring of at-risk infants to mitigate long-term health risks. Further research is needed to explore the long-term effects and potential interventions for children exposed to GDM.
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Objective: This study aims to evaluate the effects of combined calcium and vitamin D3 supplementation on maternal, pregnancy, and neonatal outcomes.



Methods: Clinical data from 122 pregnant women were retrospectively analyzed and categorized into three groups based on their actual intake: control (n = 48), Calcium 600-Vitamin D (600 mg calcium + 1,000 IU vitamin D daily, n = 41), and Calcium 1,200-Vitamin D (1,200 mg calcium + 1,000 IU vitamin D daily, n = 33). Baseline characteristics and outcomes including gestational diabetes, preeclampsia, gestational hypertension, birth weight, and Apgar scores were collected and analyzed.



Results: Calcium and vitamin D₃ supplementation was associated with significantly lower rates of gestational diabetes (P = 0.035), preeclampsia (P = 0.032), and gestational hypertension (P = 0.047), as well as reduced leg cramp frequency (P < 0.001). Neonatal outcomes improved with higher birth weights (P < 0.001) and better 1-minute Apgar scores (P < 0.001). Multivariable logistic regression confirmed that high-dose supplementation (Calcium 1,200–Vitamin D) was independently associated with reduced risks of gestational diabetes (OR = 0.423, 95% CI: 0.123–0.869, P = 0.043) and gestational hypertension (OR = 0.342, 95% CI: 0.126–0.875, P = 0.012). Both supplementation groups significantly reduced leg cramp frequency: Calcium 600–Vitamin D (OR = 0.507, 95% CI: 0.355–0.723, P < 0.001) and Calcium 1,200–Vitamin D (OR = 0.512, 95% CI: 0.256–0.985, P = 0.012). No significant differences were found in other outcomes including preterm birth, neonatal infection, or NICU admission (P > 0.05).



Conclusion: This study suggests that combined calcium and vitamin D₃ supplementation during pregnancy may help reduce the risk of pregnancy-related complications and improve neonatal outcomes, supporting its potential as an adjunct to prenatal care. Further large-scale and long-term studies are warranted to confirm these findings.
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Introduction

Calcium and vitamin D are essential nutrients that play critical roles in various physiological processes, including bone health, immune function, and cellular metabolism (1). During pregnancy, the demand for these nutrients increases significantly to support fetal development and maternal health (2, 3). Calcium is crucial for the development of the fetal skeleton, while vitamin D facilitates calcium absorption and maintains proper calcium and phosphate balance in the body (4). Deficiencies in either nutrient can lead to adverse health outcomes for both the mother and the fetus, making adequate intake during pregnancy particularly important (4).

Despite the well-established importance of calcium and vitamin D, deficiencies remain common among pregnant women worldwide (5, 6). Factors such as dietary inadequacies, limited sun exposure, and increased physiological demands contribute to the high prevalence of these deficiencies (6). Inadequate calcium intake during pregnancy has been associated with increased risks of hypertensive disorders, including preeclampsia (7), while vitamin D deficiency has been linked to gestational diabetes, preterm birth, and impaired fetal growth (8). These complications underscore the need for effective strategies to ensure sufficient intake of these nutrients during pregnancy.

Previous studies have highlighted the clinical significance of calcium and vitamin D supplementation. For instance, Kinshella et al. (9) have demonstrated that calcium supplementation during pregnancy reduced the risk of preeclampsia by 52% and significantly lowered the incidence of preterm birth. Another study by Yue and Ying (10) has found that vitamin D supplementation in pregnant women led to a high reduction in the risk of gestational diabetes and improved glucose metabolism. Furthermore, Wagner et al. (11) have reported that higher doses of vitamin D supplementation were associated with improved birth outcomes, including higher birth weights and lower rates of neonatal complications.

However, the optimal dosages and combined effects of these supplements remain areas of ongoing research. Additionally, few studies have comprehensively evaluated the combined supplementation of calcium and vitamin D at different dosages, particularly in populations with a high prevalence of deficiencies.

This study aims to evaluate the effects of combined calcium and vitamin D supplementation at two different dosages on maternal, pregnancy, and neonatal outcomes. By comparing outcomes among pregnant women receiving no supplementation, those receiving a moderate dose of calcium and vitamin D, and those receiving a higher dose, we aim to determine the optimal supplementation strategy to improve health outcomes for both mothers and their infants. The findings of this study could play a pivotal role in shaping future nutritional recommendations and ensuring that all pregnant women receive the nutrients they need for a healthy pregnancy and optimal fetal development.



Methods


Study design and participants

This study was conducted at Suzhou Ninth People's Hospital and retrospectively analyzed the clinical data of 122 pregnant women who underwent prenatal check-ups between May 2023 and April 2024. They were divided into three groups according to the actual dose of calcium and vitamin D3 supplementation: the control group (n = 48), the Calcium 600-Vitamin D group (n = 41), and the Calcium 1,200-Vitamin D group (n = 33). The study protocol was approved by the Ethics Committee of Suzhou Ninth People's Hospital (KY-2023004). All subjects signed the consent form before participation in the study.

Inclusion criteria: healthy pregnant women; aged 20–40 years; with a singleton pregnancy of at least 20 weeks gestation; no severe complications or chronic diseases; no calcium or vitamin D metabolic disorders; and the ability to comply with the treatment protocol. Exclusion criteria: multiple pregnancies; Women with pre-existing hypertension/diabetes or complications diagnosed before supplementation initiation were excluded to isolate supplement effects on incident outcomes; a history of severe pregnancy complications; use of diuretics or calcium channel blockers; and allergies to the study medications.



Intervention

Participants in the control group did not receive any calcium or vitamin D supplements. Those in the Calcium 600-Vitamin D group were given 600 mg of calcium and 1,000 IU of vitamin D daily, while participants in the Calcium 1,200-Vitamin D group received 1,200 mg of calcium and 1,000 IU of vitamin D daily. The supplementation continued from enrollment until delivery. Compliance with the supplementation regimen was monitored through regular follow-ups. The three regimens reflected: (1) Standard care (control), (2) WHO-recommended pregnancy dose (600 mg/1,000 IU), and (3) High-dose for women with baseline insufficiency [serum 25(OH)D < 30 nmol/L or calcium < 2.1 mmol/L]. Allocation was based on baseline nutritional status.



Data collection

Clinical baseline data were collected, including age, gestational age, parity (nulliparous or multiparous), smoking status (non-smoker or smoker), weight gain during pregnancy (categorized as inadequate, adequate, or excessive), and physical activity levels before and during pregnancy (classified as none, low, moderate, or high intensity).

Maternal outcomes were assessed by recording the incidence of gestational diabetes, preeclampsia, gestational hypertension, and weekly frequency of leg cramps. Blood pressure [Systolic Blood Pressure (SBP) and Diastolic Blood Pressure (DBP)], blood calcium levels, and vitamin D levels were measured at baseline and at delivery.

Pregnancy and neonatal outcomes were thoroughly documented, including miscarriage rates, live birth rates, mode of delivery (vaginal delivery or cesarean section), preterm birth, premature rupture of membranes, chorioamnionitis, polyhydramnios, gestational age, neonatal sex, birth weight, birth length, head circumference, 1- and 5-minute Apgar scores, neonatal asphyxia, neonatal infection, and Neonatal Intensive Care Unit (NICU) admissions. The Apgar scores, which evaluate the health of newborns at 1 and 5 min after birth, were assessed based on five criteria: heart rate, respiratory effort, muscle tone, reflex response, and color, with each criterion scoring between 0 and 2, and a total score ranging from 0 to 10 (12).

The occurrence of adverse effects such as fever, diarrhea, rash, joint pain, and dizziness/headache was monitored throughout the study period. These adverse effects were recorded based on self-reports from participants and verified through clinical assessments.



Statistical analyses

Statistical analyses were conducted using SPSS 24.0 (SPSS Inc., Chicago, IL, USA). Continuous variables were expressed as mean ± SD and compared using ANOVA or the Kruskal–Wallis test, based on Shapiro–Wilk normality results. Post-hoc comparisons were performed using the Dunnett test. Categorical variables were analyzed using the Chi-square or Fisher's exact test. Multivariable logistic regression assessed associations between supplementation and binary outcomes (e.g., GDM, gestational hypertension, NICU admission), adjusting for maternal age, parity, gestational weight gain, smoking, and physical activity. Results were presented as odds ratios (ORs) with 95% confidence intervals, and P < 0.05 was considered significant.




Results


Baseline characteristics

The baseline characteristics of the participants are summarized in Table 1. There were no significant differences among the three groups regarding age, gestational age, parity, smoking status, weight gain during pregnancy, physical activity levels before and during pregnancy, Dietary Calcium, and Dietary Vitamin D (P > 0.05 for all comparisons).



TABLE 1 Baseline characteristics of participants.



	Characteristics
	Control group (n = 48)
	Calcium 600-vitamin D group (n = 41)
	Calcium 1,200-vitamin D group (n = 33)
	P





	Age (years)
	28.94 ± 5.98
	29.00 ± 5.39
	29.36 ± 5.53
	0.941



	Gestational age (weeks)
	38.60 ± 0.54
	38.66 ± 0.57
	38.42 ± 0.66
	0.212



	Parity
	
	
	
	0.981



	Nulliparous
	38 (79.2)
	33 (80.5)
	26 (78.8)
	



	Multiparous
	10 (20.8)
	8 (19.5)
	7 (21.2)
	



	Smoking status
	
	
	
	0.913



	Non-smokers
	42 (87.5)
	37 (90.2)
	29 (87.9)
	



	Smokers
	6 (12.5)
	4 (9.8)
	4 (12.1)
	



	Weight gain during pregnancy
	
	
	
	0.748



	Inadequate
	3 (6.3)
	2 (4.9)
	1 (3.0)
	



	Adequate
	42 (87.5)
	38 (92.7)
	29 (87.9)
	



	Excessive
	3 (6.3)
	1 (2.4)
	3 (9.1)
	



	Physical activity pre-pregnancy
	
	
	
	0.191



	None
	4 (8.3)
	0 (0.0)
	4 (12.1)
	



	Low
	38 (79.2)
	31 (75.6)
	22 (66.7)
	



	Moderate
	3 (6.3)
	6 (14.6)
	6 (18.2)
	



	High
	3 (6.3)
	4 (9.8)
	1 (3.0)
	



	Physical activity during pregnancy
	
	
	
	0.944



	None
	1 (2.1)
	1 (2.4)
	1 (3.0)
	



	Low
	40 (83.3)
	35 (85.4)
	25 (75.8)
	



	Moderate
	3 (6.3)
	3 (7.3)
	4 (12.1)
	



	High
	4 (8.3)
	2 (4.9)
	3 (9.1)
	



	Dietary calcium (mg/day)
	1,127 ± 300
	1,098 ± 244
	1,027 ± 280
	0.275



	Dietary vitamin D (IU/day)
	448 ± 200
	494 ± 147
	453 ± 136
	0.393




	P < 0.05 represents statistically significance.









Maternal outcomes

As shown in Table 2, the supplementation of calcium and vitamin D3 had significant effects on several maternal outcomes. The incidence of gestational diabetes was significantly lower in both the Calcium 600-Vitamin D group (7.3%) and the Calcium 1,200-Vitamin D group (6.1%) compared to the control group (22.9%) (P = 0.035). Similarly, preeclampsia rates were reduced to 2.4% and 0% in the Calcium 600-Vitamin D and Calcium 1,200-Vitamin D groups, respectively, vs. 12.5% in the control group (P = 0.032). Gestational hypertension was significantly lower in the supplemented groups, with rates of 9.8% and 0%, compared to 16.7% in the control group (P = 0.047). The frequency of leg cramps per week was also significantly reduced in the Calcium 600-Vitamin D and Calcium 1,200-Vitamin D groups (P < 0.001 for both comparisons). There were no significant differences in baseline SBP and DBP among the groups (P > 0.05), but at delivery, both SBP and DBP were significantly lower in the Calcium 600-Vitamin D and Calcium 1,200-Vitamin D groups (P < 0.05 for both).



TABLE 2 Effects of calcium-vitamin D3 supplementation on maternal outcomes.



	Outcome
	Control group (n = 48)
	Calcium 600-vitamin D group (n = 41)
	Calcium 1,200-vitamin D group (n = 33)
	P





	Gestational diabetes
	11 (22.9)
	3 (7.3)
	2 (6.1)
	0.035



	Preeclampsia
	6 (12.5)
	1 (2.4)
	0 (0.0)
	0.032



	Gestational hypertension
	8 (16.7)
	4 (9.8)
	0 (0.0)
	0.047



	Leg cramps frequency (per week)
	5.40 ± 2.35
	3.32 ± 2.04
	2.52 ± 1.35
	<0.001



	SBP (mmHg)
	115.02 ± 11.11
	116.98 ± 9.90
	120.88 ± 11.63
	0.058



	Baseline
	137.67 ± 12.02
	132.49 ± 10.95a
	127.18 ± 9.19b
	<0.001



	At delivery
	
	
	
	



	DBP (mmHg)
	72.60 ± 8.27
	72.17 ± 7.85
	70.09 ± 8.03
	0.338



	Baseline
	85.33 ± 8.77
	79.2 ± 7.39a
	78.06 ± 9.25a
	0.001



	At delivery
	
	
	
	



	Blood calcium (mmol/L)
	1.76 ± 0.94
	1.68 ± 0.75
	2.09 ± 0.89
	0.112



	Baseline
	1.54 ± 0.83
	1.99 ± 0.84a
	2.41 ± 0.99b
	<0.001



	At delivery
	
	
	
	



	Vitamin D (ng/ml)
	9.95 ± 1.63
	9.96 ± 1.44
	10.47 ± 1.18
	0.288



	Baseline
	10.50 ± 2.10
	11.78 ± 1.50a
	12.44 ± 1.76a
	<0.001



	At delivery
	11 (22.9)
	3 (7.3)
	2 (6.1)
	0.035




	SBP, systolic blood pressure; DBP, diastolic blood pressure. P used Dunnett methods. P < 0.05 represents statistically significance.


	aP < 0.05 vs. control group.


	bP < 0.05 vs. calcium 600-vitamin D Group.









Pregnancy and neonatal outcomes

The effects of calcium and vitamin D3 supplementation on pregnancy and neonatal outcomes are detailed in Table 3. The miscarriage rate was significantly lower in both the Calcium 600-Vitamin D (2.4%) and Calcium 1,200-Vitamin D (3.0%) groups compared to the control group (14.6%) (P = 0.049). The mode of delivery also differed significantly, with a higher rate of vaginal deliveries in the Calcium 600-Vitamin D (87.5%) and Calcium 1,200-Vitamin D (84.4%) groups compared to the control group (65.9%) (P = 0.039). The preterm birth rate was significantly lower in the supplemented groups (5.0% and 3.1%) compared to the control group (19.5%) (P = 0.029). The incidence of polyhydramnios was reduced to 2.5% and 3.1% in the Calcium 600-Vitamin D and Calcium 1,200-Vitamin D groups, significantly lower than the control group's 19.5% (P = 0.011). Other pregnancy complications, such as premature rupture of membranes and chorioamnionitis, did not show significant differences among the groups (P > 0.05). Regarding neonatal outcomes, birth weight was significantly higher in the Calcium 600-Vitamin D (3,413.53 ± 251.29 g) and Calcium 1,200-Vitamin D (3,561.78 ± 230.64 g) groups compared to the control group (3,179.54 ± 409.81 g) (P < 0.001). Additionally, the 1-minute Apgar score was significantly higher in the supplemented groups (P = 0.001), though the 5-minute Apgar score and the incidence of neonatal asphyxia did not differ significantly (P > 0.05).



TABLE 3 Effects of calcium-vitamin D3 supplementation on pregnancy and neonatal outcomes.



	Outcome
	Control Group (n = 48)
	Calcium 600-Vitamin D Group (n = 41)
	Calcium 1,200-Vitamin D Group (n = 33)
	P





	Miscarriage rate
	7 (14.6)
	1 (2.4)a
	1 (3.0)a
	0.049



	Live birth rate
	41 (100.0)
	40 (100.0)
	32 (100.0)
	-



	Mode of delivery
	
	
	
	0.039



	Vaginal delivery
	27 (65.9)
	35 (87.5)
	27 (84.4)
	



	Cesarean section
	14 (34.1)
	5 (12.5)
	5 (15.6)
	



	Preterm birth
	8 (19.5)
	2 (5.0)a
	1 (3.1)a
	0.029



	Premature rupture of membranes
	4 (9.8)
	2 (5.0)
	2 (6.3)
	0.690



	Chorioamnionitis
	3 (7.3)
	1 (2.5)
	1 (3.1)
	0.525



	Polyhydramnios
	8 (19.5)
	1 (2.5)a
	1 (3.1)a
	0.011



	Neonatal outcomes
	
	
	
	0.977



	Male
	30 (73.2)
	30 (75.0)
	24 (75.0)
	



	Female
	11 (26.8)
	10 (25.0)
	8 (25.0)
	



	Gestational age (weeks)
	36.1 ± 3.44
	38.33 ± 1.75a
	37.97 ± 1.84a
	<0.001



	Birth weight (g)
	3,179.54 ± 409.81
	3,413.53 ± 251.29a
	3,561.78 ± 230.64b
	<0.001



	Birth length (cm)
	49.5 ± 2.01
	50.09 ± 2.13
	50.19 ± 2.28
	0.252



	Head circumference (cm)
	35.64 ± 2.11
	36.23 ± 2.04
	35.32 ± 2.26
	0.168



	1-minute Apgar score
	6.02 ± 2.24
	7.15 ± 0.97
	7.22 ± 0.91
	<0.001



	5-minute Apgar score
	9.85 ± 1.13
	9.70 ± 1.22
	9.75 ± 1.05
	0.828



	Neonatal asphyxia
	1 (2.4)
	0 (0.0)
	0 (0.0)
	0.314



	Neonatal infection
	7 (17.1)
	1 (2.5)a
	1 (2.5)a
	0.026



	NICU admission
	5 (12.2)
	1 (2.5)a
	0 (0.0)a
	0.043




	NICU, neonatal intensive care unit. P used Dunnett methods. P < 0.05 represents statistically significance.


	aP < 0.05 vs. control group.


	bP < 0.05 vs. calcium 600-vitamin D group.









Multivariable logistic regression analyses

To assess the independent effect of supplementation, multivariable logistic regression was performed, adjusting for maternal age, parity, gestational weight gain, smoking status, and physical activity. After adjustment, Calcium 1,000-Vitamin D supplementation was significantly associated with reduced odds of gestational diabetes (OR = 0.423, 95% CI: 0.123–0.869, P = 0.043) and gestational hypertension (aOR = 0.342, 95% CI: 0.126–0.875, P = 0.012), compared to the control group. The Calcium 600–Vitamin D group showed similar trends, with a borderline association for gestational diabetes (OR = 0.136, 95% CI: 0.018–1.022, P = 0.053). Both supplementation groups were also significantly associated reduced weekly leg cramp frequency (Calcium 600: OR = 0.507, 95% CI: 0.355–0.723; Calcium 1,200: OR = 0.512, 95% CI: 0.256–0.985; P < 0.001). No significant associations were observed for preeclampsia, 1-minute Apgar score, neonatal infection, or NICU admission, although the effect estimates generally favored supplementation. Full results are presented in Table 4.



TABLE 4 Multivariable logistic regression analysis of maternal and neonatal outcomes associated with calcium and vitamin D supplementation.



	Outcome
	Calcium 600-vitamin D vs. control
	Calcium 1,000-vitamin D vs. control



	aOR (95% CI)
	P
	aOR (95% CI)
	P





	Gestational diabetes mellitus
	0.136 (0.018–1.022)
	0.053
	0.423 (0.123–0.869)
	0.043



	Preeclampsia
	0.024 (0.000–2.457)
	0.115
	0.785 (0.562–1.526)
	0.089



	Gestational hypertension
	0.184 (0.021–1.599)
	0.125
	0.342 (0.126–0.875)
	0.012



	Leg cramps (frequency/week)
	0.507 (0.355–0.723)
	0.000
	0.512 (0.256–0.985)
	0.000



	Gestational age
	1.315 (0.864–2.003)
	0.201
	1.201 (0.596–2.132)
	0.156



	Neonatal birth weight (g)
	1.003 (0.999–1.006)
	0.132
	1.245 (0.569–3.263)
	0.263



	1-minute Apgar score
	1.512 (0.6989–2.312)
	0.057
	1.333 (0.562–1.956)
	0.123



	Neonatal infection
	0.376 (0.032–4.433)
	0.437
	1.523 (0.562–3.263)
	0.423



	NICU admission
	0.084 (0.005–1.356)
	0.081
	2.123 (0.452–5.699)
	0.486




	OR, adjusted odds ratio; CI, confidence interval. Logistic regression models adjusted for maternal age, parity, gestational weight gain, smoking status, and physical activity level. P < 0.05 represents statistically significance.









Adverse effects

In addition to clinical efficacy, the tolerability and adverse effects of the interventions were assessed. The adverse effects of calcium and vitamin D3 supplementation are summarized in Table 5. There were no significant differences in the incidence of fever, diarrhea, rash, joint pain, and dizziness/headache among the control, Calcium 600-Vitamin D, and Calcium 1,200-Vitamin D groups (P > 0.05 for all comparisons). The occurrence of these adverse effects was low and comparable across all groups, indicating that calcium and vitamin D3 supplementation was well-tolerated by the participants. Notably, constipation—a frequently reported adverse effect of calcium supplementation—was comparably low across groups (Control: 8.3% vs. Calcium 600: 7.3% vs. Calcium 1,200: 6.1%, P = 0.928), indicating the regimens were well-tolerated.



TABLE 5 Adverse effects of calcium-vitamin D3 supplementation in pregnant women.



	Adverse effect
	Control group (n = 48)
	Calcium 600-vitamin D group (n = 41)
	Calcium 1,200-vitamin D group (n = 33)
	P





	Fever
	2 (4.2)
	1 (2.4)
	1 (3.0)
	0.897



	Diarrhea
	2 (4.2)
	1 (2.4)
	1 (3.0)
	0.897



	Rash
	1 (2.1)
	1 (2.4)
	1 (3.0)
	0.964



	Joint pain
	3 (6.3)
	1 (2.4)
	0 (0.0)
	0.280



	Dizziness/Headache
	4 (8.3)
	1 (2.4)
	1 (3.0)
	0.370



	Constipation
	4 (8.3)
	3 (7.3)
	2 (6.1)
	0.928




	P < 0.05 represents statistically significance.










Discussion

This study demonstrates that combined calcium and vitamin D3 supplementation significantly improves maternal, pregnancy, and neonatal outcomes among pregnant women. The findings provide compelling evidence for the benefits of such supplementation, particularly in reducing the incidence of gestational diabetes, preeclampsia, gestational hypertension, and preterm birth. The results also indicate improved neonatal outcomes, such as higher birth weights and better Apgar scores, which are critical indicators of newborn health.

The beneficial effects of calcium and vitamin D supplementation may be attributed to their essential roles in various physiological processes (13, 14). Calcium is critical for maintaining vascular smooth muscle tone and endothelial function, which may contribute to the reduced risk of gestational hypertension and preeclampsia (15, 16). Vitamin D facilitates intestinal calcium absorption and modulates immune function, potentially offering protective effects against gestational diabetes and preeclampsia (17). Moreover, the active form of vitamin D, 1,25-dihydroxyvitamin D₃, regulates placental calcium and phosphate transport, which is essential for fetal skeletal mineralization. Dysregulation of vitamin D metabolism—such as downregulation of CYP2R1 and VDR—has been linked to gestational diabetes and preeclampsia and may impair calcium signaling and increase oxidative stress, thereby reducing neonatal bone mineral content (18). Insufficient calcium and vitamin D intake may also disrupt placental morphogenesis, potentially elevating the risk of preterm birth. Therefore, combined supplementation may improve maternal and neonatal outcomes through multiple mechanisms, supporting the clinical benefits observed in this study (15).

Our study adds to the growing body of evidence linking calcium and vitamin D deficiencies to adverse pregnancy outcomes. The significant reduction in the incidence of gestational diabetes and preeclampsia with supplementation underscores the importance of addressing these deficiencies (19). Gestational diabetes and preeclampsia are serious conditions that can lead to long-term health issues for both mother and child, including an increased risk of type 2 diabetes and cardiovascular diseases (20). By mitigating these risks, calcium and vitamin D supplementation has the potential to improve long-term health outcomes significantly (21).

Our findings are consistent with several previous studies that have reported the benefits of calcium and vitamin D supplementation during pregnancy. For instance, a study by Wang et al. (22) has found that vitamin D supplementation significantly reduced the risk of gestational diabetes and improved glucose metabolism in pregnant women. Similarly, another study by Gomes et al. (23) has demonstrated that calcium supplementation reduced the risk of preeclampsia and hypertensive disorders in pregnant women. However, our study goes further by evaluating the combined effects of these supplements at different dosages, providing more nuanced insights into the optimal levels required for maximal benefit.

In contrast, some studies have reported no significant benefits of calcium and vitamin D supplementation, which could be due to differences in study design, population characteristics, and supplementation protocols (24, 25). For example, the lack of effect in some studies might be attributed to lower baseline deficiencies in the study populations or variations in the timing and duration of supplementation (26). Our study's rigorous design and comprehensive data collection contribute to a more robust understanding of these nutrients' impact during pregnancy.

Furthermore, our multivariable logistic regression analysis confirmed that the observed benefits of supplementation were not merely attributable to baseline differences among participants. After controlling for potential confounders—maternal age, parity, gestational weight gain, smoking status, and physical activity—high-dose calcium and vitamin D supplementation remained significantly associated with reduced risks of gestational diabetes and gestational hypertension. These findings strengthen the validity of our conclusions and support the likelihood of an independent protective effect of supplementation. While our study provides valuable insights, it is not without limitations. The sample size, although adequate, could be expanded in future studies to enhance the generalizability of the findings. Additionally, we did not assess long-term maternal and child health outcomes, which could provide further evidence of the lasting benefits of calcium and vitamin D supplementation (27). Future research should explore these long-term effects and investigate the underlying biological mechanisms in more detail.



Conclusion

This study demonstrates that combined calcium and vitamin D3 supplementation is associated with significantly improved maternal and neonatal health outcomes. The observed reductions in gestational diabetes, preeclampsia, gestational hypertension, and preterm birth, along with increases in neonatal birth weight and Apgar scores, highlight the importance of addressing nutritional deficiencies during pregnancy. Incorporating such interventions into routine prenatal care may enhance pregnancy outcomes and long-term child health. Further studies are warranted to explore long-term benefits and define optimal dosing strategies across diverse populations.
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Background: Dynamic changes in maternal blood pressure influence neonatal birth weight however, studies investigating the association between blood pressure trajectories during pregnancy and low birth weight (LBW) remain limited. This study aims to identify maternal blood pressure trajectories based on three time points using group-based trajectory modeling (GBTM) and explore their association with LBW.



Methods: This study was based on the NHANES 2005–2006 database and included 330 pregnant women meeting the eligibility criteria (41 cases in the LBW group and 289 in the control group). GBTM was applied to model three blood pressure measurements [systolic blood pressure (SBP), diastolic blood pressure (DBP), pulse pressure (PP)] taken during pregnancy. Multilevel logistic regression was used to assess the relationship between blood pressure trajectories and LBW. Additionally, stratified analyses were conducted to evaluate the modifying effects of age, body mass index (BMI), and education level, and directed acyclic graph (DAG) were employed for covariate selection.



Results: Three distinct blood pressure trajectory patterns were identified. Logistic regression revealed that, compared with the low blood pressure trajectory, mothers with a high-medium SBP trajectory had a significantly increased risk of delivering an LBW infant [odds ratio [OR] = 4.479, 95% confidence interval [CI]: 2.541–7.895, P < 0.001]. Stratified analyses indicated that this association was more pronounced in mothers who were older than 40 years, had a BMI >28, had lower income, did not consume alcohol, and had abnormal cholesterol levels. The DAG analysis further supported the independent effect of blood pressure trajectories on LBW.



Conclusions: Maternal blood pressure trajectories based on three prenatal measurements are closely associated with LBW, particularly among mothers with a high-medium SBP trajectory. This study underscores the importance of monitoring blood pressure fluctuations during pregnancy and suggests that early intervention may help reduce the risk of LBW.



KEYWORDS
pregnancy blood pressure trajectories, low birth weight (LBW), group-based trajectory modeling (GBTM), directed acyclic graph (DAG), systolic blood pressure (SBP), maternal risk factors





Introduction

Low birth weight (LBW) refers to a newborn's birth weight of less than 2,500 g (1). It is not only a significant factor influencing neonatal mortality and morbidity, but is also associated with an increased risk of long-term metabolic diseases, cardiovascular diseases, and neurodevelopmental disorders (2–4). Maternal blood pressure changes during pregnancy may affect placental perfusion and fetal growth, thereby having a significant impact on neonatal birth weight (5, 6). Previous studies have shown that hypertensive disorders of pregnancy (HDP) significantly increase the risk of LBW (7). However, even in pregnant women without HDP, the dynamic changes in blood pressure (trajectories) may still have a potential impact on LBW (8, 9). For example, Teng et al. (10) examined the association between systolic blood pressure (SBP) trajectories and a range of pregnancy outcomes, including low birth weight (LBW), and found that variations in SBP patterns were significantly associated with LBW risk. Building upon this line of research, our study focuses specifically on the relationship between SBP trajectories and LBW by applying a data-driven clustering approach to classify SBP change patterns over time, aiming to better capture dynamic maternal blood pressure profiles during pregnancy. Currently, research on the relationship between blood pressure trajectories during pregnancy and LBW is still limited, especially regarding long-term blood pressure patterns in non-HDP populations and their impact on LBW. Therefore, exploring maternal blood pressure trajectories during pregnancy and evaluating their potential effects on LBW is of significant clinical importance. The methodological innovation of this study lies in the first-time application of Group-based trajectory modeling (GBTM) and Directed Acyclic Graphs (DAG) to study maternal blood pressure trajectories during pregnancy and their association with LBW.

GBTM has been widely applied in epidemiology and public health to analyze health parameter patterns over time, allowing researchers to identify different blood pressure trajectory groups and revealing long-term trends in maternal blood pressure (11–13). Although Linear Mixed Effects (LME) models could also analyze longitudinal data, GBT was chosen because it better captures the heterogeneous, non-linear changes in blood pressure over time, whereas LME assumes a single, linear trajectory for the entire population. This method offers a novel perspective for early prediction and intervention to prevent LBW (14). Moreover, this study is the first to use DAG methodology for covariate selection in this context, with the goal of reducing, confounding, optimizing model specification, and informing suggestive of causality in the analysis of pregnancy blood pressure and LBW (15).

Previous studies have mainly focused on the association between a single blood pressure measurement during pregnancy and LBW, while neglecting the dynamic changes in blood pressure patterns. Some studies suggest that stable blood pressure trajectories may have a protective effect on fetal growth, whereas persistently elevated or highly fluctuating blood pressure trajectories may increase the risk of adverse pregnancy outcomes (16, 17). However, how different blood pressure trajectory patterns affect the risk of LBW remains to be further investigated.

In addition, the relationship between maternal blood pressure trajectories and LBW may be influenced by various factors, including maternal age, BMI, education level, economic status, smoking, and alcohol consumption behaviors (18, 19). For instance, older pregnant women (>40 years) and those with a BMI > 28 may be more likely to exhibit abnormal blood pressure trajectories, thereby increasing the risk of LBW (8, 20). To more accurately assess the independent effect of blood pressure trajectories on LBW, this study employed DAG methodology for covariate selection, aiming to reduce the influence of potential confounding factors. The DAG method is widely used in causal inference studies, helping researchers identify and adjust for potential confounders, thereby optimizing statistical models and enhancing the robustness of causal inference (15).

Building on this background, this study utilized the NHANES 2005–2006 database and applied GBTM to identify maternal blood pressure trajectories during pregnancy and assess their relationship with LBW. Additionally, the study explored potential moderating effects of various population characteristics (such as age, BMI, and education level) on this relationship through stratified analyses, and employed DAG for suggestive of causality. The results of this study may provide new epidemiological evidence for managing maternal blood pressure during pregnancy and offer potential intervention strategies for preventing LBW.



Methods


Data sources and study population

This study utilized the NHANES 2005–2006 dataset, organized by the National Center for Health Statistics (NCHS) and the Centers for Disease Control and Prevention (CDC). The dataset employs a multi-stage, stratified, probability sampling method to collect health data from a nationally representative sample of the U.S. population (21). The data includes various health indicators, including health behaviors, physical examinations, and laboratory tests, providing key health metrics such as maternal blood pressure measurements and neonatal birth weight. The study population consisted of pregnant women who participated in the NHANES 2005–2006 survey, with the following inclusion criteria: complete data for three pregnancy-related blood pressure measurements (systolic blood pressure, SBP; diastolic blood pressure, diastolic blood pressure, DBP); pulse pressure, PP) and complete neonatal birth weight records. Exclusion criteria included participants with missing data, those with pregnancy complications (such as gestational hypertension or diabetes), and pregnant women with chronic diseases (such as chronic hypertension or cardiovascular diseases). All participants provided written informed consent prior to data collection. Due to the use of de-identified publicly available data, and the absence of personal identifiers, this study did not require approval from an institutional review board. All results were reported in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines to ensure transparency and reliability.



Data selection

To ensure data integrity and enhance the comparability of the results, the following data selection process was applied in this study (Figure 1). First, data on maternal blood pressure and neonatal birth weight from the NHANES 2005–2006 dataset were selected, with an initial sample size of 9950 participants. Next, participants with complete data on blood pressure and neonatal birth weight were selected, resulting in a total of 1,281 participants. Additionally, missing data were identified in variables such as BMI, education level, family income, marital status, alcohol consumption, smoking, and cholesterol levels, and participants with missing data in these variables were excluded. After the data cleaning process, a final sample of 330 participants with complete data was included, comprising 41 cases in the LBW group (birth weight <2,500 g) and 289 controls in the non-LBW group (birth weight ≥2,500 g).


[image: Flowchart detailing participant selection from the NHANES database for 2005-2006. Initial data included 9,950 participants, with exclusions for missing data: 4,765 on systolic blood pressure and 3,904 on birth weight. Further exclusions occurred for missing BMI (7), educational status (40), family income (35), marital status (1), alcohol consumption (256), smoking status (488), and cholesterol levels (124). Final participant count is 330, including 41 cases and 289 controls.]
FIGURE 1
Flowchart of sample data selection.




Study design

This study employed GBTM to analyze the trends in maternal blood pressure during pregnancy and to explore the association between different blood pressure trajectories and neonatal LBW. GBTM uses a finite mixture model to analyze longitudinal data and selects the optimal trajectory classification scheme based on the Bayesian Information Criterion (BIC) and the Likelihood Ratio Test (LRT). In this study, maternal blood pressure trajectories during pregnancy were categorized into high-medium, high-low, and medium-low patterns to reflect different trends in blood pressure changes over pregnancy.

The exposure variable in this study was maternal blood pressure trajectory, based on three measurements of SBP, DBP, and PP, taken at the 10th, 20th, and 30th weeks of pregnancy. The outcome variable was neonatal LBW, defined as birth weight <2,500 g. Additionally, demographic factors (age, race, education level, income, marital status), health behaviors (alcohol consumption, smoking during pregnancy), and biological factors (BMI, cholesterol levels) were included as covariates to control for potential confounding factors. To improve the scientific rigor of covariate selection, DAG analysis was used to screen variables, ensuring the rationality of model construction and minimizing confounding bias. The final selected covariates were used for subsequent statistical analyses.




Statistical analysis

This study used GBT to analyze the relationship between maternal blood pressure trajectories and neonatal LBW, adjusting for covariates stepwise. The modeling was performed using R with the “traj” package. The Bayesian Information Criterion (BIC) was used to select the optimal number of trajectory groups. In this study, the number of groups was determined by minimizing the BIC, and the optimal solution was three trajectory groups based on maternal blood pressure measurements (systolic blood pressure, diastolic blood pressure, and pulse pressure). Three distinct blood pressure trajectory groups were initially identified during pregnancy using group-based trajectory modeling. In the multilevel model, individual-level random effects were included to account for the repeated blood pressure measurements within each participant. Specifically, the random effect in the multilevel model was applied to the participant level to account for the correlation between multiple blood pressure measurements collected from the same individual. Exposures were categorized into three types based on maternal blood pressure trajectories (systolic blood pressure, diastolic blood pressure, and pulse pressure). Inverse probability weighting (IPW) was calculated based on propensity scores derived from the covariates. The weights were stabilized to improve the precision of the potential causal relationship. Stabilized weights were used to reduce the potential bias in the estimation caused by extreme weights. Standardized mean differences were computed to compare the balance of measured variables between groups before and after applying IPW. In model 1, only blood pressure trajectories were adjusted to assess their primary impact on LBW. Model 2 incorporated maternal age to explore the moderating effect of age on the relationship between blood pressure trajectories and LBW. In model 3, additional covariates such as BMI, race, education level, income, marital status, alcohol consumption, smoking, and cholesterol levels were included to control for potential confounding factors. Finally, in model 4 (the final model), inverse probability weighting (IPW)-logistic regression was used based on model 3 to perform causal inference, reducing the impact of confounding factors and improving the precision of potential causal relationship.

To further investigate the relationship between blood pressure trajectories and LBW, this study performed stratified analyses to evaluate the impact of blood pressure trajectories on LBW across different subgroups. The stratification criteria included: age (≤40 years vs. >40 years), BMI (≤28 vs. >28), education level (high school or below vs. college and above), income (≤75,000 vs. >75,000), and lifestyle (alcohol consumption vs. no alcohol, smoking vs. no smoking). Stratified analyses help to examine whether different population characteristics influence the relationship between blood pressure trajectories and LBW. Additionally, IPW-Logistic regression was employed for potential causal relationship to simulate a randomized controlled trial (RCT) scenario, minimizing the impact of covariate imbalance. By calculating propensity scores based on covariates, weights were assigned to each individual, and samples were weighted to balance the covariate distribution across different blood pressure trajectory groups, thereby enhancing the accuracy of potential causal relationship. All statistical analyses were performed using R and the “traj” package for the group-based trajectory modeling. The Bayesian Information Criterion (BIC) was used to select the optimal number of trajectory groups.



Results


Comparison of demographic data between high-medium and medium-low groups

Table 1 summarizes the baseline demographic and clinical characteristics of participants in the high-medium and medium-low systolic pressure groups. No significant differences were observed between the two groups in terms of age (24.9 ± 10.8 vs. 24.3 ± 10.5 years, P = 0.826), BMI (28.8 ± 6.76 vs. 27.6 ± 6.59, P = 0.291), education level, income, marital status, smoking, or cholesterol status (P > 0.05 for all). However, a significant difference was observed in drinking behavior: 74.4% of participants in the high-medium group reported alcohol consumption, compared to 53.7% in the medium-low group (P < 0.001).



TABLE 1 Demographic data of high-medium and medium-low groups.



	Subgroup
	High-medium
	Medium-low
	P value





	Age
	24.9 ± 10.8
	24.3 ± 10.5
	0.826



	BMI
	28.8 ± 6.76
	27.6 ± 6.59
	0.291



	Education
	
	
	0.899



	High school and below
	148 (51.2%)
	22 (53.7%)
	



	College and above
	141 (48.8%)
	19 (46.3%)
	



	Income
	
	
	0.745



	≤75,000
	222 (76.8%)
	33 (80.5%)
	



	>75,000
	67 (23.2%)
	8 (19.5%)
	



	Marital status
	
	
	>0.999



	Married
	151 (52.2%)
	21 (51.2%)
	



	Others
	138 (47.8%)
	20 (48.8%)
	



	Drinking
	
	
	<0.001



	No
	74 (25.6%)
	19 (46.3%)
	



	Yes
	215 (74.4%)
	22 (53.7%)
	



	Smoking
	
	
	0.666



	No
	169 (58.5%)
	26 (63.4%)
	



	Yes
	120 (41.5%)
	15 (36.6%)
	



	Cholesterol
	
	
	0.166



	No
	171 (59.2%)
	19 (46.3%)
	



	Yes
	118(40.8%)
	22(53.7%)
	









Consistency and stability analysis: reproducibility assessment of blood pressure measurements during pregnancy

To assess the stability of blood pressure measurements during pregnancy, this study compared three repeated measurements of SBP, DBP, and PP taken at the 10th, 20th, and 30th weeks of pregnancy. These measurements were collected using standardized automatic blood pressure measurement devices and visualized their variations using box plots (Figure 2). The results indicate that a significant difference was observed only between the first (Systolic1) and third (Systolic3) SBP measurements (P = 0.039), whereas no significant differences were found in other blood pressure measurements, including DBP and PP (P > 0.05). These findings suggest that SBP may fluctuate over time, particularly between early and later measurements, highlighting the need for careful monitoring of its dynamic changes during pregnancy. In contrast, DBP and PP remained stable across the three measurements, indicating good reproducibility and reliability as blood pressure assessment indicators during pregnancy.


[image: Boxplot comparing values of systolic, diastolic, and pulse measurements across three categories each, labeled Systolic1-3, Diastolic1-3, and Pulse1-3. The plot includes significance values between groups and an accompanying legend.]
FIGURE 2
Box plot analysis of three blood pressure measurements during pregnancy.




Maternal blood pressure trajectories and dynamic changes during pregnancy

GBTM identified three distinct maternal blood pressure patterns for each indicator throughout pregnancy (Figure 3). For systolic blood pressure (SBP), the high–medium group maintained the highest levels with a slight decline over time, the high–low group showed a moderate initial level with a gradual decrease, while the medium–low group presented the lowest SBP levels and a steady downward trend. DBP trajectories demonstrated relative stability in the high–medium group, a modest decline in late pregnancy in the high–low group, and a shallow U-shaped pattern in the medium–low group, characterized by a slight mid-pregnancy dip followed by a late rebound. In terms of PP, the high–medium group exhibited the highest values with a slight decrease, the high–low group remained intermediate and stable, and the medium–low group maintained the lowest PP with minimal fluctuation. These trajectory characteristics suggest that persistently elevated SBP and PP, especially in the high–medium group, may reflect increased vascular stiffness or subclinical hypertensive changes during pregnancy, which are known to impair placental perfusion and elevate the risk of adverse outcomes such as low birth weight (10, 14). In contrast, the declining SBP and stable, low DBP and PP observed in the medium–low group may indicate favorable cardiovascular adaptation. The mild rebound of DBP in late gestation seen in this group could represent a physiological response to increasing circulatory demands. Collectively, these findings suggeated that both the level and pattern of maternal blood pressure changes during pregnancy are critical for predicting perinatal outcomes.


[image: Three line charts depict blood pressure values across gestational weeks. The first shows systolic pressure, the second diastolic pressure, and the third pulse pressure. Each chart includes three trend lines: high-low (green), high-medium (red), and medium-low (blue), all generally decreasing from weeks ten to thirty.]
FIGURE 3
Maternal blood pressure trajectory model (GBTM) analysis results. This figure displays three distinct trajectory groups for (A) systolic blood pressure, (B) diastolic blood pressure, and (C) pulse pressure across gestational weeks 10, 20, and 30. The identified trajectories are labeled as high–low, high–medium, and medium–low, reflecting different trends in blood pressure changes over time. Pulse pressure was calculated as the difference between systolic and diastolic blood pressure.




Impact of blood pressure trajectories on LBW

As shown in Table 2, this study analyzed the relationship between maternal blood pressure trajectories and LBW using multilevel logistic regression models. The analysis was conducted on 330 pregnant women from the NHANES 2005–2006 database. Model 1 adjusted for blood pressure trajectories only. The results indicated that the high-medium systolic pressure trajectory had an odds ratio (OR) of 3.520 [95% confidence interval (CI): 1.422–8.713], suggesting a significant association between maternal systolic pressure trajectories and LBW. Additionally, the high-medium diastolic pressure trajectory had an OR of 0.935 (95% CI: 0.486–1.792), showing some degree of association. However, the high-medium pulse pressure trajectory had an OR of 1.658 (95% CI: 0.086–10.396), indicating a weaker relationship.



TABLE 2 Association between maternal blood pressure trajectories and LBW across different pressure loci.



	Group
	Systolic pressure locus
	Diastolic pressure locus
	Pulse pressure locus



	High-medium
	Medium-low
	High-medium
	Medium-low
	High-medium
	Medium-low



	(n = 44)
	(n = 169)
	(n = 168)
	(n = 7)
	(n = 224)





	OR (95% CI)



	Model 1
	3.520 (1.422- 8.713)
	2.164 (1.023–4.575)
	0.935 (0.486–1.792)
	-
	1.658 (0.086–10.396)
	2.580 (1.325–5.043)



	Model 2
	4.262 (1.576–11.523)
	2.432 (1.104–5.355)
	0.934 (0.486–1.792)
	-
	2.439 (0.121–17.124)
	3.506 (1.579–8.022)



	Model 3
	7.833 (2.253–27.238)
	3.243 (1.246–8.436)
	0.784 (0.388–1.559)
	-
	1.831 (0.086–14.342)
	3.874 (1.656–9.432)



	Model 4
	4.479 (2.541–7.895)
	2.145 (1.247–3.690)
	0.788 (0.491–1.265)
	-
	1.058 (0.374–2.995)
	3.599 (2,098–6.175)




	Note: Odds ratios (OR) and 95% confidence intervals (CI) were estimated using multilevel logistic regression models.


	Model 1 was adjusted for maternal age, BMI, and race.


	Model 2 was adjusted for maternal age, BMI, race, and education level.


	Model 3 was adjusted for maternal age, BMI, race, education level, and income.


	Model 4 was adjusted for maternal age, BMI, race, education level, income, alcohol consumption, smoking status, and cholesterol levels.


	In Model 4, inverse probability weighting (IPW) was applied to minimize residual confounding.


	The reference group for all comparisons was the group with the lowest blood pressure trajectory in each pressure locus.


	The number of participants in the medium-low diastolic pressure group was too small for valid comparison and was excluded from the analysis.


	SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure.







In model 2, maternal age was added as a covariate to examine its moderating effect on the relationship between blood pressure trajectories and LBW. The results showed that maternal age played a moderating role. The OR for the high-medium systolic pressure trajectory increased to 4.262 (95% CI: 1.576–11.523), suggesting that age strengthens the relationship between systolic blood pressure trajectories and LBW. Other blood pressure trajectory groups showed similar trends, indicating that age plays a moderating role in the relationship between blood pressure trajectories and LBW.

In model 3, the relevant covariates are further added. The results showed that the OR for the high-medium systolic pressure trajectory was 7.833 (95% CI: 2.253–27.238), significantly increasing the risk of LBW. Moreover, OR values for other blood pressure trajectory groups also changed substantially, indicating that these covariates played a moderating role in the relationship between blood pressure trajectories and LBW.

Finally, in model 4, based on model 3, IPW logistic regression was used for potential causal relationship, further controlling for confounding factors. The results showed that the OR for the high-medium systolic pressure trajectory was 4.479 (95% CI: 2.541–7.895), further supporting the potential causal relationship between blood pressure trajectories and LBW. The analysis of other blood pressure trajectory groups also showed that the IPW method effectively reduced the impact of confounding factors, enhancing the reliability of association.



Stratified analysis of systolic pressure locus and LBW

Due to the limited sample size for DBP and PP trajectories, stratified analysis was only conducted to examine the relationship between systolic pressure locus and LBW in 330 pregnant women from the NHANES 2005–2006 database, as shown in Table 3. The results indicate that maternal age, BMI, education level, income, marital status, alcohol consumption, and cholesterol levels may be important modifiers of this association.



TABLE 3 Stratified analysis of systolic pressure locus and LBW.



	Subgroup
	Systolic pressure locus



	High-medium
	Medium-low



	OR (95% CI)
	P
	P (interaction)
	OR (95% CI)
	P
	P (interaction)





	Age
	
	
	0.358
	
	
	0.999



	≤40
	0.878 (0.876–8.80)
	<0.001
	
	0.829 (0.121–5.671)
	0.848
	



	>40
	5.475 (2.896–10.350)
	<0.001
	
	2.526 (1.360–4.693)
	0.003
	



	BMI
	
	
	0.875
	
	
	0.053



	≤28
	2.429 (1.046–5.637)
	0.039
	
	0.575 (0.244–1.354)
	0.205
	



	>28
	6.801 (2.589–17.862)
	<0.001
	
	4.663 (1.950–11.150)
	
	<0.001



	Education
	
	0.007
	
	
	
	0.947



	High school and below
	11.960 (5.357–26.701)
	<0.001
	
	2.410 (1.096–5.292)
	0.028
	



	College and above
	0.841 (0.194–3.645)
	0.817
	
	2.096 (0.939–4.679)
	0.071
	



	Income
	
	
	0.050
	
	
	0.050



	≤75,000
	3.849 (2.044–7.248)
	<0.001
	
	1.745 (0.948–3.212)
	0.073
	



	>75,000
	2.021 (0.293–13.92)
	0.475
	
	1.671 (0.402–6.955)
	0.480
	



	Marital status
	
	
	0.002
	
	
	0.525



	Married
	3.920 (1.867–8.229)
	<0.001
	
	1.956 (0.958–3.994)
	0.066
	



	Others
	3.028 (1.179–7.772)
	0.021
	
	2.144 (0.907–5.067)
	0.082
	



	Drinking
	
	
	0.002
	
	
	<0.001



	No
	18.992 (6.002–60.095)
	<0.001
	
	6.959 (2.551–18.984)
	<0.001
	



	Yes
	3.0129 (1.443–6.293)
	0.003
	
	1.385 (0.672–2.857)
	0.377
	



	Smoking
	
	
	0.780
	
	
	0.987



	No
	5.875 (2.538–13.59)
	<0.001
	
	2.367 (1.135–4.937)
	0.022
	



	Yes
	6.600 (2.636–16.52)
	<0.001
	
	1.971 (0.777–5.003)
	0.153
	



	Cholesterol
	
	
	0.281
	
	
	0.106



	No
	1.712 (0.769–3.812)
	0.188
	
	1.111 (0.553–2.235)
	0.767
	



	Yes
	14.388 (5.226–39.607)
	<0.001
	
	4.889 (1.950–12.258)
	<0.001
	




	Note: The model adjusted for maternal age, BMI, education level, income, marital status, and drinking behavior. The analysis was based on model 4, IPW- logistic regression. The remaining covariates were adjusted.







In the age-stratified analysis, the association between high-medium SPL and LBW was more pronounced in mothers aged > 40 years (OR = 5.475, P < 0.001) compared to those aged ≤40 years (OR = 0.878, P < 0.001). The BMI-stratified analysis showed that the association was stronger in the BMI > 28 group (OR = 6.801, P < 0.001) than in the BMI ≤ 28 group (OR = 2.429, P = 0.039). Mothers with lower education levels (high school or below) exhibited the highest LBW risk in the high-medium SPL group (OR = 11.960, P < 0.001), whereas the association was not significant in those with higher education (P = 0.817). In the low-income group (≤75,000 USD), the association was stronger (OR = 3.849, P < 0.001), while no significant relationship was observed in the high-income group (P = 0.475). Regarding marital status, married women in the high-medium SPL group had a higher LBW risk (OR = 3.920, P < 0.001). For lifestyle factors, the association between SPL and LBW was more pronounced in non-drinkers (OR = 18.992, P < 0.001), whereas smoking status had a minimal effect on this relationship (P for interaction = 0.780). Additionally, in the abnormal cholesterol group, the association between high-medium SPL and LBW was stronger (OR = 14.388, P < 0.001), while no significant relationship was found in those with normal cholesterol levels (P = 0.188).

In summary, advanced maternal age (>40 years), higher BMI (>28), lower education levels, lower income, non-drinking status, and abnormal cholesterol levels may enhance the association between SPL and LBW. These findings highlight the importance of maternal demographic and lifestyle factors in pregnancy management.



Association and covariate selection: DAG analysis

To explore the potential association between blood pressure trajectories (exposure) and LBW (outcome), this study utilized DAG approach for covariate selection and identification of potential confounders among 330 pregnant women from the NHANES 2005–2006 database, as shown in Figure 4). The analysis involved adjusting for all confounders identified by the DAG to improve the robustness of the association estimation between blood pressure trajectories and LBW. The results showed that, after adjustment, blood pressure trajectories remained significantly associated with LBW, suggesting a potential independent effect and a possible causal relationship. Additionally, the DAG results indicated that, although variables such as age, BMI, education level, income, marital status, alcohol consumption, smoking, and cholesterol levels had some influence on LBW, they did not fully explain the effect of blood pressure trajectories.


[image: Diagram illustrating a network of factors influencing LBW (Low Birth Weight), connected by pink arrows. Factors include blood pressure locus, age, BMI, cholesterol, income, marital status, education, race, smoking, and alcohol consumption. An arrow points from the blood pressure locus to LBW.]
FIGURE 4
DAG analysis for covariate selection. The green node represents the exposure variable (blood pressure trajectory), the blue node represents the outcome variable (LBW), and the pink nodes represent potential confounders, including age, BMI, race, education level, income, marital status, alcohol consumption, smoking, and cholesterol levels.





Discussion

This study, based on the NHANES 2005–2006 database, utilized GBTM to identify maternal blood pressure trajectories during pregnancy and examine their relationship with LBW. The results showed that maternal blood pressure trajectories during pregnancy exhibited distinct grouping characteristics. Mothers with a high-medium systolic pressure trajectory had a significantly increased risk of LBW in their newborns (OR = 4.479, 95% CI: 2.541–7.895, P < 0.001). Further stratified analyses revealed that this association was more pronounced among mothers aged >40 years, with a BMI > 28, low income, non-drinkers, and those with abnormal cholesterol levels. Additionally, DAG analysis further supported the independent effect of maternal blood pressure trajectories on LBW.

Maternal blood pressure trajectories may influence fetal growth and birth weight through various physiological mechanisms. Although women with diagnosed chronic hypertension and gestational diabetes were excluded from this study, it is possible that some participants—particularly those in the high-medium blood pressure trajectory group—may have exhibited subclinical vascular dysfunction or pre-hypertensive states. These latent abnormalities, although not clinically apparent, could still impair placental perfusion and fetal nutrient exchange, thereby contributing to the observed associations (22, 23). Prior studies have shown that hypertensive conditions are associated with inadequate placental blood flow, reduced oxygen and nutrient delivery to the fetus, and an increased risk of intrauterine growth restriction (IUGR) and LBW (24–26). Moreover, dynamic fluctuations in blood pressure may reflect maternal vascular maladaptation, such as decreased arterial compliance or increased vascular contractility, which could further compromise uteroplacental circulation (22, 27). This study found that even in the absence of a diagnosis of HDP, pregnant women with a high-medium systolic pressure trajectory still faced a higher risk of LBW, suggesting that it is not only the absolute blood pressure values but also the patterns of its changes over time that may have significant effects on fetal growth.

Stratified analysis results showed that the relationship between maternal blood pressure trajectories and low birth weight (LBW) was more pronounced in older mothers (>40 years) and those with a BMI > 28. Older pregnant women may exhibit early vascular aging or subclinical arterial stiffness, which—although not clinically diagnosed as hypertension—can impair vascular adaptability during pregnancy and potentially reduce placental perfusion (23, 28). Similarly, pregnant women with elevated BMI may present with insulin resistance and low-grade systemic inflammation, which are not limited to overt gestational diabetes but may reflect underlying metabolic disturbances associated with vascular dysfunction (29, 30). These early or subclinical changes may act synergistically to exacerbate the adverse effects of abnormal blood pressure trajectories on fetal development, particularly in older or high-BMI pregnant women. Furthermore, this study found that the relationship between blood pressure trajectories and LBW was more significant in pregnant women with low income and abnormal cholesterol levels. The impact of socioeconomic status on maternal health has been well-documented in numerous studies (31). Low-income pregnant women may face higher risks of malnutrition, increased pregnancy stress, and limited access to medical resources, all of which can further exacerbate the adverse effects of blood pressure on fetal growth by affecting placental function (32). On the other hand, abnormal cholesterol levels may be associated with vascular dysfunction and metabolic abnormalities, which could influence blood pressure regulation during pregnancy and increase the risk of LBW (33). DAG analysis results showed that even after adjusting for potential confounders such as age, BMI, education level, income, marital status, alcohol consumption, smoking, and cholesterol levels, blood pressure trajectories still had a significant impact on LBW. These findings suggest that maternal blood pressure trajectories may be an independent predictor of LBW, rather than merely an indirect reflection of other confounding factors.

The covariate selection based on DAG further support for a potential causal association between blood pressure trajectories and LBW, highlighting the clinical importance of monitoring blood pressure patterns throughout pregnancy.

This study has several limitations. First, the NHANES database includes only three blood pressure measurements during pregnancy, which may not fully reflect the long-term trends in maternal blood pressure changes over the course of pregnancy. Future studies could integrate higher-frequency blood pressure monitoring data to derive refined blood pressure trajectory patterns. Second, this study did not include maternal lifestyle factors (such as diet and physical activity), which may influence maternal blood pressure trajectories and their impact on LBW (34, 35), we further acknowledge that additional important confounding variables—including maternal dietary intake, physical activity levels, medication use (especially antihypertensive drugs), and pregnancy-related complications (e.g., gestational diabetes, preeclampsia)—were not systematically available or complete in the selected sample of pregnant women from NHANES. Therefore, these variables could not be included in the current analysis, which may result in residual confounding and bias the reported associations. Future research should incorporate such covariates to better isolate the independent effect of blood pressure trajectories on LBW. Furthermore, since the NHANES data are observational, although a potential causal relationship was explored using DAG in this study, RCTs are needed to further validate the suggestive causal link between blood pressure trajectories and LBW. Despite statistical adjustments using DAG and IPW, the potential for residual confounding in observational studies remains. Therefore, these findings should be interpreted as suggestive of causality rather than definitive evidence. Additionally, it is important to note that the data used in this study were derived from the American population, which may limit the generalizability of the findings to other populations. Lastly, due to the sampling methodology used in NHANES, the sample size in this study was relatively small. Future studies should validate these findings using larger datasets to enhance the robustness and generalizability of the conclusions.



Conclusion

This study found that mothers with a high-medium systolic blood pressure trajectory during pregnancy had a significantly increased risk of LBW in their newborns, with this association being more pronounced in older mothers, those with a BMI >28, low income, and those with abnormal cholesterol levels. DAG analysis further suggested a potential causal association between maternal blood pressure trajectories based on three time points and LBW. This study emphasizes the importance of monitoring blood pressure trajectories during pregnancy and suggests that early identification of high-risk pregnant women and personalized interventions may help reduce the risk of LBW.
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Background: Due to ethical constraints, famines, which can lead to severe malnutrition, are often viewed as natural experiments to assess the impact of early-life nutritional malnutrition on adverse health outcomes in adulthood. However, evidence regarding the effect of early-life famine exposure on later-life physical disability remains scarce. This study aims to investigate the association between early-life famine exposure and physical disability in the Chinese population.
Methods: This study is based on survey data from the China Health and Retirement Longitudinal Study released in 2018. Famine exposure was determined based on participants’ birth years, and all individuals were categorized into four groups: non-exposed, fetal exposed, preschool exposed, and school-age exposed. Logistic regression analysis was conducted to examine the association between early-life famine exposure and physical disability. Stratified analyses were further performed by gender, residence, and severity of early-life famine exposure.
Results: After adjusting for all covariates, fetal exposure to famine was associated with a 1.57-fold increased risk of severe disability compared to the non-exposed group. Among males, older people with fetal exposure to famine was significantly associated with a 1.69-fold increased risk of severe disability compared to the non-exposed group. Among females, older populations with famine exposure during the school-age period was associated with a 1.52-fold increased risk of severe disability compared to the non-exposed group. In areas with less severe famine exposure, those with fetal exposure was linked to a 1.66-fold increased risk of severe disability compared to the non-exposed group. In areas with more severe famine exposure, older individuals exposed during the preschool period had a 1.57-fold higher risk of mild disability. In rural areas, older adults who were exposed to famine during the fetal period had a 1.65-fold increased risk of severe disability compared to their non-exposed counterparts. In urban areas, those exposed to famine during the preschool period exhibited a 1.63-fold higher risk of mild disability than their non-exposed counterparts.
Conclusion: The findings underscore the critical role of early-life adversity and nutritional status in shaping health outcomes in later life, highlighting the need for public health policies to prioritize nutritional interventions during early developmental stages.
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1 Introduction

According to the developmental origins of health and disease (DOHaD) hypothesis, adversity in early life may affect growth, metabolism and neurodevelopment, thus leading to early adaptations of body structure and function, which may facilitate short-term survival but raise the risk of adverse health outcomes in the long run (1). Adversity experienced in early life not only exerts a direct impact on physical health but also spills over into social factors such as mental health and socioeconomic status, which in turn influences an individual’s access to healthcare resources as well as what health challenges they will face in the future (2). Over time, the cumulative effect of these health resources or risks may exacerbate health inequalities among individuals.

For ethical reasons, few studies have directly assessed the relationship between early-life adversity and adverse health outcomes. Many researchers have used external shocks such as wars, famines, natural disasters, and economic recessions as proxies for early-life adversity to investigate their effects on adverse health outcomes (3–5). A recent article published in The Lancet explored the impacts of wildfires and heatwaves on early childhood physical health, mental health, and neurodevelopment (5). A 2021 review highlighted that natural disasters such as floods, earthquakes, tsunamis, and hurricanes increase the burden of long-term metabolic health damage (6). Another review exploring the relationship between famine exposure and health outcomes found that early famine exposure (EFE) was associated with physical size, diabetes, and schizophrenia (7). The long-term effects of early malnutrition on fetal, infant, and child physical and mental health have been extensively reported (8–10). A study by Ting Wu et al. showed that EFE is associated with a higher risk of possible sarcopenia in older adults (11). Moreover, a recent meta-analysis also revealed that EFE is linked to osteoporosis and low bone mineral density, particularly among females and older adults (12). Previous studies have confirmed a significant association between sarcopenia, osteoporosis, and physical disability (13, 14). It is evident that EFE may contribute to an increased risk of physical disability to some extent.

Physical disability in middle-aged and older adults seems inevitable as they get older (15). Globally, about 1 billion people are reported to suffer from disabilities, and this number is still increasing as aging exacerbates (16). In China, approximately one in five older adults have a disability (17). A substantial body of research findings indicates that disability is associated with low quality of life, obesity, depression, chronic diseases, and an increased risk of death (18–21). Additionally, disability imposes considerable economic costs on families and healthcare systems (22). Studying the impact of EFE on disability deeply is therefore critical to delineating priority intervention populations and developing clinical care strategies to reduce the adverse effects of disability.

The Great Chinese Famine (1959–1961) provides a natural experimental context to study the effects of early-life malnutrition on adverse health outcomes in adulthood (23). The Great Famine, caused by a combination of natural disasters and policy errors during the Great Leap Forward (GLF), is also known as the GLF Famine (24). It is noteworthy that the Great Chinese Famine was a nationwide catastrophe rather than a regional event, and it is widely considered the most severe famine in recorded human history (25). During this period, nearly all of mainland China suffered from extreme food deprivation, leading to an estimated 30 million deaths and a mortality rate of over 3.0% (26).

Notably, the effects of EFE on adverse health outcomes may vary by gender. For instance, recent literature suggests that prenatal malnutrition leads to physical dysfunction in late adulthood, particularly in males, but not in females (27). Moreover, different residences may be characterized by varying socioeconomic backgrounds, healthcare resources, and living conditions (28), which could act as moderating factors in the long-term health outcomes following early-life famine exposure. Previous studies have also shown that in regions severely affected by famine, EFE significantly increases the risk of adult-onset diabetes and metabolic syndrome, whereas this effect does not occur in areas with less severe famine exposure (29, 30). This suggests that the severity of famine exposure may lead to different health outcomes. Therefore, it is important to explore the association between EFE and physical disability under different genders, residence and famine severity conditions.

In summary, this study aims to analyze the association between EFE and physical disability using cross-sectional survey data from the China Health and Retirement Longitudinal Study (CHARLS) released in 2018. And this study also further explores the specific associations under stratifications by gender, residence and famine severity.



2 Materials and methods


2.1 Population

The data used in this study were derived from the cross-sectional dataset of the CHARLS released in 2018. CHARLS is a nationally representative survey designed to collect comprehensive information on the health and aging of adults aged 45 years and older in China. CHARLS covers 28 provinces, 150 counties, and 450 villages. Since its initiation in 2011, the survey has been conducted every 2–3 years (31). CHARLS was approved by the Ethics Review Committee of Peking University, and all participants provided written informed consent (32). The study followed the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines for reporting (33).

A total of 19,816 individuals participated in the 2018 follow-up survey. We included 10,084 participants born within the following periods: (1) January 1, 1950 to December 31, 1957; (2) January 1, 1959 to December 31, 1962; (3) January 1, 1964 to December 31, 1967. We excluded 3,455 participants who lacked data on Basic Activities of Daily Living (BADL) and Instrumental Activities of Daily Living (IADL), as well as 1,028 participants with missing covariate information. Ultimately, 5,479 participants were included in the analysis, with the detailed selection process shown in Figure 1.

[image: Flowchart illustrating the data selection process for CHARLS 2018. Out of 19,816 participants, 9,732 were excluded for unnecessary famine exposure data, leading to 10,084 participants. Missing data on BADL and IADL removed 3,455, leaving 6,629. Further exclusion of 1,150 for missing covariate data resulted in 5,479. These were selected by birthdate range, divided into groups: none-exposed (1,302), fetal exposed (1,110), preschool exposed (1,571), and school-aged exposed (1,496).]

FIGURE 1
 Flowchart for the study design and participants.
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(34): (1) n represents the required sample size; (2) p denotes the prevalence rate of IADL or BADL among older Chinese adults; (3) q = (1 - p); (4) Zα/2 was set at 1.96, and α was set at 0.05 for the two-sided test; (5) δ denotes the allowed error, which was calculated as 0.1p. According to a previous study, the prevalence of BADL and IADL among older Chinese adults was 34.3 and 50.5% (35), which indicated that at least 736 and 377 participants were needed, respectively, to meet the required sample size. We included 5,479 participants, which is substantially greater than the minimum required sample size, thus ensuring that the sample size for this study is adequate.



2.2 Grouping

Given that famine status peaked between 1959 and 1962 (23), we adopted the birth year to measure famine exposure across different periods and divided all participants into four groups: non-exposed (born January 1, 1964 to December 31, 1967), fetal exposed (born from January 1, 1959 to December 31, 1962), preschool exposed (born from January 1, 1954 to December 31, 1957), and school-age exposed (born from 1950 January 1 to December 31, 1953) (36).



2.3 Assessment of physical function

The Basic Activities of Daily Living Scale and Instrumental Activities of Daily Living Scale were utilized to assess one’s physical functioning (37, 38). BADL s are skills that meet basic physical needs, including dressing, bathing, eating, getting up and off the bed, going to the toilet, and controlling urination and defecation. IADLs are activities that reflect the ability to live independently, including housework, food preparation, shopping, financial management, and taking drugs. ADL restriction is defined as the inability to independently perform any one or more of the BADL or IADL, and are named BADL restriction and IADL restriction, respectively (39). Disability status was grouped into three levels: patients who could complete all BADL and IADL independently had no disability; those who could complete BADL items independently but needed assistance in completing IADL items had mild disability; and those who could not complete BADL tasks independently had severe disability (40). In the present study, the Cronbach’s alpha for the IADL and BADL scales were 0.833 and 0.831, respectively.



2.4 Assessment of covariates

Sociodemographic, behavioral characteristics, and health-related data from CHARLS were used as covariates in this study to control for potential confounding biases. These covariates include age, gender, education level, residence, living arrangement, self-rated economic situation, smoking, drinking, exercise, self-rated health, life satisfaction, cognitive impairment, depressive symptom, hypertension, diabetes, stroke, osteoarthritis, altitude, and famine severity.

Education level was split into three groups: illiteracy, primary school or below, and secondary school or below. Residence was categorized as urban and rural, and living arrangement was classified as living with family and others. Economic situation was self-rated as wealthy, fair, or poor. Smoking and drinking were categorized as yes and no. Exercise was divided into four categories based on the level of physical activities per week: no exercise, low intensity (e.g., walking, etc.), average intensity (e.g., lifting light objects, bicycling at a regular speed, etc.), and high intensity (e.g., lifting heavy objects, digging, and plowing, etc.). Self-rated health was categorized as good and bad, and life satisfaction was classified as satisfaction and dissatisfaction. Depressive symptoms and cognitive impairment were dichotomized according to the CESD-10 and MMSE scales, respectively. Chronic diseases (hypertension, diabetes, stroke and osteoarthritis) were categorized as yes and no. Previous studies have shown a higher prevalence of disability among middle-aged and older adults living at high altitude, possibly due to chronic hypoxia and malnutrition, which exacerbate age-related declines in physiological reserve, leading to greater susceptibility to disability as a result of impaired muscle function (41, 42). So we divided China into three parts according to regional average altitude: regions with an average altitude of more than 4,000 m above sea level, regions with an average altitude of 1,000–2,000 m above sea level, and regions with an altitude of less than 500 m above sea level (43).

In addition, despite the fact that the whole mainland China suffered from famine, the severity of famine varied from region to region due to differences in regional climate, local policies, and population density. Referring to previous studies (44), we defined the severity of famine with the excess mortality rate, namely the percentage change from the highest mortality rate in 1959–1961 to the average mortality rate in 1956–1958. In this study, the excess mortality rate of 50% was employed to distinguish between two levels of famine: provinces with an excess mortality rate of less than 50% were considered as mild famine areas, and provinces with an excess mortality rate of more than 50% were regarded as severe famine areas (44).



2.5 Statistical analysis

The Kolmogorov–Smirnov test was used to assess the normality of continuous variables. Continuous variables that followed a normal distribution were presented as mean ± standard deviation (M ± SD), while categorical variables were presented as frequencies and percentages. Analysis of variance (ANOVA) and chi-square (χ2) tests were used to compare differences between groups. Logistic regression analysis was performed to determine the association between EFE and physical disability. Model 1 is a crude model. Model 2 adjusted for age, gender, residence, marital status, education level, smoking, drinking, exercise, self-rated health, life satisfaction, altitude, famine severity, cognitive impairment, depressive symptom, hypertension, diabetes, and stroke. Odds ratios (ORs) and 95% confidence intervals (CIs) were reported for all regression models. The goodness-of-fit of the logistic regression models was assessed using the Hosmer-Lemeshow test, with a p-value greater than 0.05 indicating a good fit. The linearity assumption for continuous variables in the logistic regression model was tested using the Box-Tidwell procedure. First, the natural logarithms of the continuous variables were calculated, and the interaction terms of the original variables and their natural logarithms were added to the model. If the interaction term p-value was less than 0.05, it was concluded that there was no linear relationship between the variable and the log-odds of the outcome. Given the differential impact of EFE on males and females, as well as variations in resource allocation by residence and the severity of famine exposure, stratified analyses were conducted by gender, residence, and famine severity. Additionally, two sensitivity analyses were conducted to assess the robustness of the results. First, missing data were handled using chained equations to ensure a comprehensive examination of the dataset. Second, recognizing the unreliability of self-reported data from older adults with cognitive impairment, participants with cognitive impairment were excluded from the analysis. All statistical analyses were performed using SPSS version 27.0. A two-sided p-value of <0.05 was considered statistically significant.




3 Results


3.1 Basic characteristics of the study population

The mean age of the 5,479 participants involved was 60.20 ± 5.38 years old, with 2,769 (50.54%) females and 2,710 (49.46%) males (Table 1). A total of 302 individuals were unexposed to EFE, while 20.25, 28.67, and 27.30% of participants were exposed during the fetal, preschool, and school-age periods, respectively. ANOVA results revealed a significant association between age and EFE (p < 0.05), with a progressive increase in mean age observed across the unexposed, fetal, preschool, and school-age exposed groups. Chi-square tests indicated significant associations between EFE and gender, education level, residence, living arrangement, economic situation, exercise, self-rated health, life satisfaction, cognitive impairment, stroke, and altitude (p < 0.05). Among individuals exposed to famine during the school-age period, the prevalence of disability was higher in males than in females. In contrast, within the unexposed group and those exposed during the fetal and preschool periods, females exhibited a higher prevalence of disability than males. Rural participants exposed to famine during the preschool and school-age periods had a higher prevalence of disability compared to their urban counterparts. Additionally, in regions less severely affected by the famine, the prevalence of disability was higher among those exposed during the fetal and school-age periods than among those in more severely affected areas.


TABLE 1 Characteristics of participants by period of famine-exposure.


	Variables
	Total (n = 5,479)
	Non- exposed (n = 1,302)
	Fetal exposed (n = 1,110)
	Preschool exposed (n = 1,571)
	School-age exposed (n = 1,496)
	p

 

 	Age, Mean ± SD 	60.20 ± 5.38 	52.63 ± 1.08 	57.32 ± 1.16 	62.55 ± 1.12 	66.47 ± 1.10 	<0.001


 	Gender, n (%) 	 	 	 	 	 	<0.001


 	 Male 	2,710 (49.46) 	591 (21.81) 	494 (18.23) 	754 (27.82) 	871 (32.14) 	


 	 Female 	2,769 (50.54) 	711 (25.68) 	616 (22.25) 	817 (29.51) 	625 (22.57) 	


 	Education level, n (%) 	 	 	 	 	 	<0.001


 	 Illiteracy 	3,546 (64.72) 	773 (21.80) 	556 (15.68) 	1,034 (29.16) 	1,183 (33.36) 	


 	 Primary school or below 	1,303 (23.78) 	416 (31.93) 	328 (25.17) 	339 (26.02) 	220 (16.88) 	


 	 Secondary school or below 	471 (8.60) 	69 (14.65) 	201 (42.68) 	149 (31.63) 	52 (11.04) 	


 	 College or above 	159 (2.90) 	44 (27.67) 	25 (15.72) 	49 (30.82) 	41 (25.79) 	


 	Residence, n (%) 	 	 	 	 	 	0.030


 	 Rural 	932 (17.01) 	194 (20.82) 	177 (18.99) 	281 (30.15) 	280 (30.04) 	


 	 Urban 	4,547 (82.99) 	1,108 (24.37) 	933 (20.52) 	1,290 (28.37) 	1,216 (26.74) 	


 	Living arrangement, n (%) 	 	 	 	 	 	<0.001


 	 Living with family 	5,365 (97.92) 	1,260 (23.49) 	1,078 (20.09) 	1,551 (28.91) 	1,476 (27.51) 	


 	 Others 	114 (2.08) 	42 (36.84) 	32 (28.07) 	20 (17.54) 	20 (17.54) 	


 	Economic situation, n (%) 	 	 	 	 	 	<0.001


 	 Low 	1,936 (35.33) 	381 (19.68) 	554 (28.62) 	615 (31.77) 	386 (19.94) 	


 	 Common 	2,091 (38.16) 	514 (24.58) 	577 (27.59) 	581 (27.79) 	419 (20.04) 	


 	 High 	1,452 (26.50) 	407 (28.03) 	365 (25.14) 	375 (25.83) 	305 (21.01) 	


 	Smoking, n (%) 	 	 	 	 	 	0.559


 	 No 	5,263 (96.06) 	1,252 (23.79) 	1,069 (20.31) 	1,514 (28.77) 	1,428 (27.13) 	


 	 Yes 	216 (3.94) 	50 (23.15) 	41 (18.98) 	57 (26.39) 	68 (31.48) 	


 	Drinking, n (%) 	 	 	 	 	 	0.312


 	 No 	3,608 (65.85) 	833 (23.09) 	742 (20.57) 	1,053 (29.19) 	980 (27.16) 	


 	 Yes 	1,871 (34.15) 	469 (25.07) 	368 (19.67) 	518 (27.69) 	516 (27.58) 	


 	Exercise, n (%) 	 	 	 	 	 	<0.001


 	 No 	418 (7.63) 	77 (18.42) 	70 (16.75) 	115 (27.51) 	156 (37.32) 	


 	 Low intensity 	1,511 (27.58) 	276 (18.27) 	281 (18.60) 	449 (29.72) 	505 (33.42) 	


 	 Average intensity 	1,655 (30.21) 	402 (24.29) 	353 (21.33) 	474 (28.64) 	426 (25.74) 	


 	 High intensity 	1,895 (34.59) 	547 (28.87) 	406 (21.42) 	533 (28.13) 	409 (21.58) 	


 	Self-rated health, n (%) 	 	 	 	 	 	0.015


 	 Good 	3,618 (66.03) 	886 (24.49) 	762 (21.06) 	1,016 (28.08) 	954 (26.37) 	


 	 Bad 	1,861 (33.97) 	416 (22.35) 	348 (18.70) 	555 (29.82) 	542 (29.12) 	


 	Life satisfaction, n (%) 	 	 	 	 	 	<0.001


 	 Satisfaction 	4,730 (86.33) 	1,077 (22.77) 	966 (20.42) 	1,353 (28.60) 	1,334 (28.20) 	


 	 Dissatisfaction 	749 (13.67) 	225 (30.04) 	144 (19.23) 	218 (29.11) 	162 (21.63) 	


 	Cognitive impairment, n (%) 	 	 	 	 	 	<0.001


 	 No 	3,657 (66.75) 	1,193 (32.62) 	976 (26.69) 	784 (21.44) 	704 (19.25) 	


 	 Yes 	1,822 (33.25) 	109 (5.98) 	134 (7.35) 	787 (43.19) 	792 (43.47) 	


 	Depressive symptom, n (%) 	 	 	 	 	 	0.290


 	 No 	3,257 (59.45) 	751 (23.06) 	655 (20.11) 	935 (28.71) 	916 (28.12) 	


 	 Yes 	2,222 (40.55) 	551 (24.80) 	455 (20.48) 	636 (28.62) 	580 (26.10) 	


 	Hypertension, n (%) 	 	 	 	 	 	0.554


 	 No 	4,834 (88.23) 	1,163 (24.06) 	975 (20.17) 	1,378 (28.51) 	1,318 (27.27) 	


 	 Yes 	645 (11.77) 	139 (21.55) 	135 (20.93) 	193 (29.92) 	178 (27.60) 	


 	Diabetes, n (%) 	 	 	 	 	 	0.059


 	 No 	5,133 (93.68) 	1,239 (24.14) 	1,040 (20.26) 	1,467 (28.58) 	1,387 (27.02) 	


 	 Yes 	346 (6.32) 	63 (18.21) 	70 (20.23) 	104 (30.06) 	109 (31.50) 	


 	Stroke, n (%) 	 	 	 	 	 	<0.001


 	 No 	5,166 (94.29) 	1,263 (24.45) 	1,060 (20.52) 	1,469 (28.44) 	1,374 (26.60) 	


 	 Yes 	313 (5.71) 	39 (12.46) 	50 (15.97) 	102 (32.59) 	122 (38.98) 	


 	Osteoarthritis, n (%) 	 	 	 	 	 	0.125


 	 No 	5,005 (91.35) 	1,185 (23.68) 	1,001 (20.00) 	1,456 (29.09) 	1,363 (27.23) 	


 	 Yes 	474 (8.65) 	117 (24.68) 	109 (23.00) 	115 (24.26) 	133 (28.06) 	


 	Altitude, n (%) 	 	 	 	 	 	<0.001


 	 <500 m 	1,583 (28.89) 	330 (20.85) 	457 (28.87) 	463 (29.25) 	333 (21.04) 	


 	 1,000 m-2,000 m 	3,217 (58.72) 	760 (23.62) 	854 (26.55) 	938 (29.16) 	665 (20.67) 	


 	 >4,000 m 	679 (12.39) 	212 (31.22) 	185 (27.25) 	170 (25.04) 	112 (16.49) 	


 	Famine severity, n (%) 	 	 	 	 	 	0.525


 	 Less severe 	2,091 (38.16) 	487 (23.29) 	439 (20.99) 	610 (29.17) 	555 (26.54) 	


 	 Serious 	3,388 (61.84) 	815 (24.06) 	671 (19.81) 	961 (28.36) 	941 (27.77) 	





F: ANOVA, χ2, Chi-square test; SD, Standard deviation. Bold values indicate statistical significance (p < 0.05).
 

A total of 4,513 participants (82.37%) had no disability, with 7.83 and 9.80% of participants being classified as having mild and severe disability, respectively (Supplementary Table 1). ANOVA results revealed a significant association between age and disability status (p < 0.05). The mean ages of participants with no disability, mild disability, and severe disability were 59.98 ± 5.40, 60.92 ± 5.13, and 61.53 ± 5.10 years old, respectively. Chi-square tests indicated that gender, education level, residence, economic situation, drinking, exercise, self-rated health, life satisfaction, cognitive impairment, depressive symptom, diabetes, stroke, altitude and famine severity were significantly associated with disability status (p < 0.05). The prevalence of both mild and severe disability was higher among female participants compared to males. Urban participants had higher rates of mild and severe disability than those in rural areas. Additionally, individuals from less severely affected famine regions had a higher prevalence of both mild and severe disability compared to those from more severely affected regions.



3.2 Association between EFE and physical function in adults

Table 2 presents the association between EFE and physical disability. All logistic regression models we constructed passed the Hosmer-Lemeshow test, and no linear relationship was found between continuous independent variables and the log-odds of the outcome. After adjusting for all covariates, we found that older adults exposed to famine during the school-age period had a 1.51-fold increased risk of restrictions in BADL compared to the unexposed group (OR = 1.51, 95% CI: 1.03–2.21, p < 0.05). Additionally, older individuals exposed to famine during the fetal period (OR = 1.30, 95% CI: 1.01–1.69, p < 0.05) and the school-age period (OR = 1.32, 95% CI: 1.03–1.70, p < 0.05) had 1.30 and 1.32 times higher risk, respectively, of restrictions in IADL compared to those unexposed. Compared with individuals unexposed to famine, those exposed during the fetal period had a 57% higher risk of severe disability (OR = 1.57, 95% CI: 1.14–2.16, p < 0.05). Results from the ordinal logistic regression model also indicated that early-life famine exposure was significantly associated with increased disability in later life (β = 0.34, 95% CI: 0.10–0.58, p < 0.05).


TABLE 2 Association of EFE and physical function.


	Model
	OR (95% CI)



	Non- exposed
	Fetal exposed
	Preschool exposed
	School-age exposed

 

 	BADL restrictiona


 	 Model 1 	Ref. 	1.30 (0.89,1.89) 	1.49 (1.06,2.10)* 	2.18 (1.57,3.02)***


 	 Model 2 	Ref. 	1.31 (0.90,2.20) 	1.11 (0.75,1.63) 	1.51 (1.03,2.21)*


 	IADL restrictiona


 	 Model 1 	Ref. 	1.22 (0.96,1.55) 	1.48 (1.19,1.83)*** 	1.80 (1.46,2.23)***


 	 Model 2 	Ref. 	1.30 (1.01,1.69)* 	1.15 (0.89,1.47) 	1.32 (1.03,1.70)*


 	Disabilityb


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	1.71 (1.28,2.28)*** 	1.29 (0.94,1.77) 	1.43 (1.06,1.91)*


 	 Model 2 	Ref. 	1.24 (0.89,1.73) 	1.36 (0.96,1.90) 	1.05 (0.76,1.46)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.14 (1.65,2.77)*** 	1.21 (0.89,1.64) 	1.51 (1.15,1.98)**


 	 Model 2 	Ref. 	1.57 (1.14,2.16)** 	1.32 (0.94,1.84) 	1.17 (0.85,1.60)


 	 	β (95% CI)


 	Disabilityc 	Non- exposed 	Fetal exposed 	Preschool exposed 	School-age exposed


 	 Model 1 	Ref. 	0.69 (0.47,0.87)*** 	0.22 (−0.01,0.44) 	0.38 (0.18,0.59)***


 	 Model 2 	Ref. 	0.34 (0.10,0.58)** 	0.28 (−0.03,0.53) 	0.10 (−0.14,0.34)





BADL: Basic Activities of Daily Living; IADL: Instrumental Activities of Daily Living; Ref.: Reference; *p < 0.05; **p < 0.01; ***p < 0.001. aBinary Logistic Regression. bMultinomial Logistic Regression. cOrdinal Logistic Regression. Model 1: Crude model. Model 2: Adjusted for age, gender, living arrangement, residence, education level, economic situation, smoking, drinking, exercise, self-rated health, life satisfaction, altitude, famine severity, cognitive impairment, depressive symptoms, hypertension, diabetes, stroke, osteoarthritis.
 



3.3 Association between EFE and physical function in Chinese people, grouped by gender, residence and famine severity

Table 3 shows the association between EFE and physical disability after stratifying by gender. After adjusting for all covariates, older men exposed to famine during the fetal period had a 1.69-fold increased risk of severe disability compared to those unexposed (OR = 1.69, 95% CI: 1.03–2.60). Among women, exposure during the school-age period was associated with a 1.52-fold increased risk of severe disability compared to those unexposed (OR = 1.52, 95% CI: 1.05–2.19, p < 0.05). School-age famine exposure was significantly associated with restrictions in BADL among men (OR = 1.71, 95% CI: 1.01–2.89, p < 0.05) and restrictions in IADL among women (OR = 1.42, 95% CI: 1.01–1.99, p < 0.05).


TABLE 3 Association of EFE and physical function, grouped by gender.


	Model
	OR (95% CI)



	Non- exposed
	Fetal exposed
	Preschool exposed
	School-age exposed

 

 	Males


 	BADL restriction


 	 Model 1 	Ref. 	1.01 (0.57,1.81) 	1.41 (0.86,2.31) 	2.14 (1.35,3.38)**


 	 Model 2 	Ref. 	1.17 (0.63,2.16) 	1.29 (0.74,2.22) 	1.71 (1.01,2.89)*


 	IADL restriction


 	 Model 1 	Ref. 	1.20 (0.82,1.76) 	1.63 (1.17,2.27)** 	1.90 (1.38,2.61)***


 	 Model 2 	Ref. 	1.37 (0.89,2.10) 	1.22 (0.83,1.81) 	1.13 (0.77,1.66)


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	1.48 (0.92,2.36) 	1.35 (0.79,2.29) 	1.55 (0.97,2.49)


 	 Model 2 	Ref. 	0.87 (0.51,1.47) 	1.45 (0.83,2.53) 	1.13 (0.68,1.91)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.31 (1.58,3.39)*** 	1.06 (0.65,1.72) 	1.60 (1.07,2.41)*


 	 Model 2 	Ref. 	1.69 (1.03,2.60)* 	1.26 (0.73,2.16) 	1.35 (0.83,2.18)


 	Females


 	BADL restriction


 	 Model 1 	Ref. 	1.56 (0.94,2.58) 	1.56 (0.97,2.50) 	2.17 (1.35,3.48)**


 	 Model 2 	Ref. 	1.70 (1.00,2.90)* 	1.030 (0.59,1.79) 	1.32 (0.75,2.32)


 	IADL restriction


 	 Model 1 	Ref. 	1.23 (0.91,1.66) 	1.39 (1.05,1.84)* 	1.87 (1.40,2.48)***


 	 Model 2 	Ref. 	1.31 (0.95,1.82) 	1.10 (0.788,1.52) 	1.42 (1.01,1.99)*


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	0.95 (0.58,1.55) 	0.90 (0.56,1.46) 	0.91 (0.59,1.40)


 	 Model 2 	Ref. 	0.91 (0.52,1.62) 	0.86 (0.49,1.49) 	0.95 (0.60,1.49)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.04 (1.42,2.94)*** 	1.55 (1.08,2.22)* 	1.41 (1.02,1.96)*


 	 Model 2 	Ref. 	1.51 (0.96,2.37) 	1.06 (0.68,1.65) 	1.52 (1.05,2.19)*





BADL, Basic activities of daily living; IADL, Instrumental activities of daily living; Ref., Reference. *: p < 0.05; **: p < 0.01; ***: p < 0.001. Model 1: Crude model. Model 2: Adjusted for age, gender, living arrangement, residence, education level, economic situation, smoking, drinking, exercise, self- rated health, life satisfaction, altitude, famine severity, cognitive impairment, depressive symptom, hypertension, diabetes, stroke, osteoarthritis.
 

Table 4 presents the association between EFE and physical disability stratified by residence. After controlling for all covariates, older adults in rural areas who were exposed to famine during the fetal period had a 1.65-fold increased risk of severe disability compared to those unexposed (OR = 1.65, 95% CI: 1.34–2.77, p < 0.05). In urban areas, individuals exposed during the preschool period had a 1.63-fold increased risk of mild disability (OR = 1.63, 95% CI: 1.23–2.25, p < 0.05).


TABLE 4 Association of EFE and physical function, grouped by residence.


	Model
	OR (95% CI)



	Non- exposed
	Fetal exposed
	Preschool exposed
	School-age exposed

 

 	Rural


 	BADL restriction


 	 Model 1 	Ref. 	1.16 (0.69,1.72) 	1.04 (0.71,1.56) 	1.88 (1.18,2.18)**


 	 Model 2 	Ref. 	1.35 (0.49,2.57) 	0.73 (0.67,1.68) 	1.14 (0.72,1.36)


 	IADL restriction


 	 Model 1 	Ref. 	1.15 (0.74,1.87) 	1.77 (1.15,2.26)** 	1.58 (1.18,2.46)**


 	 Model 2 	Ref. 	1.21 (0.89,1.36) 	1.26 (0.83,1.40) 	1.23 (0.72,1.89)


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	1.63 (0.39,1.94) 	1.36 (0.75,2.28) 	1.30 (1.07,2.23)*


 	 Model 2 	Ref. 	1.23 (0.57,3.64) 	1.23 (0.67,2.34) 	1.48 (0.94,2.02)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.37 (1.12,3.33)*** 	1.91 (1.13,2.55)** 	1.39 (1.10,2.52)*


 	 Model 2 	Ref. 	1.65 (1.34,2.77)* 	1.24 (0.85,1.87) 	1.36 (0.77,2.19)


 	Urban


 	BADL restriction


 	 Model 1 	Ref. 	1.46 (0.84,2.36) 	1.44 (0.81,2.10) 	2.33 (1.66,3.43)***


 	 Model 2 	Ref. 	1.42 (0.97,2.90) 	1.55 (0.86,2.42) 	1.56 (1.08,2.99)*


 	IADL restriction


 	 Model 1 	Ref. 	1.19 (0.95,1.48) 	1.38 (1.00,1.58)* 	1.39 (1.17,2.50)***


 	 Model 2 	Ref. 	1.39 (0.88,1.77) 	1.02 (0.89,1.49) 	1.49 (0.67,1.94)


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	1.74 (1.14,2.00)*** 	1.68 (0.97,2.23) 	1.49 (0.87,1.92)


 	 Model 2 	Ref. 	1.35 (0.74,2.35) 	1.63 (1.23,2.25)* 	1.27 (0.34,1.63)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.21 (1.59,2.48)*** 	1.67 (0.37,1.74) 	1.57 (1.27,2.74)*


 	 Model 2 	Ref. 	1.63 (0.69,2.37) 	1.26 (0.59,2.86) 	0.90 (0.68,1.57)





BADL, Basic activities of daily living; IADL, Instrumental activities of daily living; Ref., Reference. *: p < 0.05; **: p < 0.01; ***: p < 0.001. Model 1: Crude model. Model 2: Adjusted for age, gender, living arrangement, residence, education level, economic situation, smoking, drinking, exercise, self- rated health, life satisfaction, altitude, famine severity, cognitive impairment, depressive symptom, hypertension, diabetes, stroke, osteoarthritis.
 

Table 5 shows the association between EFE and physical disability after stratification by famine severity across mainland China. After adjusting for all covariates, in regions with less severe famine exposure, those exposed to famine during the fetal period had a 1.66 times higher probability of experiencing severe disability compared to those unexposed (OR = 1.66, 95% CI: 1.01–2.71, p < 0.05). In regions with more severe famine exposure, school-age famine exposure was significantly associated with limitations in BADL (OR = 1.75, 95% CI: 1.03–2.97, p < 0.05), while those exposed to famine during the preschool period had a 1.57 times higher probability of experiencing mild disability compared to those unexposed (OR = 1.57, 95% CI: 1.02–2.41, p < 0.05).


TABLE 5 Association of EFE and physical function, grouped by famine severity.


	Model
	OR (95% CI)



	Non- exposed
	Fetal exposed
	Preschool exposed
	School-age exposed

 

 	Less severely affected famine area


 	BADL restriction


 	 Model 1 	Ref. 	1.16 (0.67,2.02) 	1.05 (0.62,1.77) 	1.91 (1.18,3.10)**


 	 Model 2 	Ref. 	1.25 (0.69,2.28) 	0.78 (0.43,1.43) 	1.33 (0.75,2.36)


 	IADL restriction


 	 Model 1 	Ref. 	1.15 (0.79,1.67) 	1.55 (1.11,2.16)** 	1.63 (1.17,2.29)**


 	 Model 2 	Ref. 	1.27 (0.84,1.91) 	1.27 (0.86,1.90) 	1.18 (0.78,1.78)


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	1.63 (0.91,2.94) 	1.38 (0.77,2.49) 	1.80 (1.09,2.97)*


 	 Model 2 	Ref. 	1.75 (0.90,3.39) 	1.44 (0.74,2.72) 	1.68 (0.99,2.84)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.16 (1.44,3.24)*** 	1.77 (1.19,2.64)** 	1.55 (1.09,2.21)*


 	 Model 2 	Ref. 	1.66 (1.01,2.71)* 	1.22 (0.75,1.98) 	1.41 (0.94,2.10)


 	Severely affected famine area


 	BADL restriction


 	 Model 1 	Ref. 	1.41 (0.84,2.36) 	1.91 (1.21,3.01)** 	2.13 (1.56,3.80)***


 	 Model 2 	Ref. 	1.49 (0.85,2.60) 	1.46 (0.86,2.46) 	1.75 (1.03,2.97)*


 	IADL restriction


 	 Model 1 	Ref. 	1.26 (0.93,1.72) 	1.42 (1.07,1.88)* 	1.92 (1.47,2.52)***


 	 Model 2 	Ref. 	1.33 (0.95,1.87) 	1.02 (0.73,1.42) 	1.31 (0.94,1.82)


 	Mild disability vs. no disability


 	 Model 1 	Ref. 	2.00 (1.38,2.89)*** 	1.49 (0.98,2.25) 	1.33 (0.90,1.97)


 	 Model 2 	Ref. 	1.50 (0.98,2.29) 	1.57 (1.02,2.41)* 	1.01 (0.65,1.57)


 	Severe disability vs. no disability


 	 Model 1 	Ref. 	2.12 (1.51,2.98)*** 	1.19 (0.80,1.78) 	1.59 (1.12,2.26)*


 	 Model 2 	Ref. 	1.52 (0.99,2.33) 	1.29 (0.83,2.03) 	0.18 (0.77,1.80)





BADL, Basic activities of daily living; IADL, Instrumental activities of daily living; Ref.: Reference. *: p < 0.05; **: p < 0.01; ***: p < 0.001. Model 1: Crude model. Model 2: Adjusted for age, gender, living arrangement, residence, education level, economic situation, smoking, drinking, exercise, self- rated health, life satisfaction, altitude, famine severity, cognitive impairment, depressive symptom, hypertension, diabetes, stroke, osteoarthritis.
 



3.4 Sensitivity analysis

This study conducted two sensitivity analyses. First, we performed multiple imputation using chained equations (MICE) for missing variables in the participants (Supplementary Table 2). Second, we excluded participants with cognitive impairment, and the results consistently indicated a statistically significant association between EFE and physical disability (Supplementary Table 3).




4 Discussion

The results of this study showed that fetal famine exposure was significantly associated with severe disability after adjusting for covariates. When stratified by sex, a significant correlation between fetal famine exposure and severe disability was held for males; and a strongly association between school-age famine exposure and severe disability was observed for females. Fetal famine exposure was significantly associated with severe disability among rural participants, whereas preschool famine exposure was significantly associated with mild disability among urban participants. Fetal famine exposure was significantly associated with severe disability among participants from mild famine areas, and preschool-age famine exposure was significantly associated with mild disability among participants from severe famine areas.

Previous studies have confirmed that good child health increases the likelihood of better physical functioning in Chinese adults by 14% (45), which suggests that early life may be a critical period for the development of physical function. However, few studies have directly investigated the association between EFE and physical disability. Our results showed that exposure to famine during fetal life is significantly associated with severe disability in later life. Epigenetics may help explain the underlying mechanisms between the two. Epigenetics reveals genetic imprinting, programming, and reprogramming in early life and increased disease susceptibility in later life (46). The fetus anticipates the environment it will encounter in the future in the mother’s womb and appropriately alters metabolic, physiological and developmental trajectories to maximize postnatal survival (46). However, if the postnatal environment is different than predicted, these adaptations may lead to metabolic and endocrine changes that lead to lifelong changes in body function and structure, and may lead to the onset of disease in later life (47). EFE resulted in the fetus displaying a specific epigenetic state of famine exposure, whereas the Great Chinese Famine lasted only 3 years, after which the rapid development of the new China and the gradual affluence of the people resulted in a different epigenetic state from that of the later growth environment and thus became a predisposing factor for the disease. In addition, in the fetal period, malnutrition alters the expression of certain genes in the hypothalamus that regulate nutrient sensing and energy homeostasis, leading to abnormal growth and metabolic function in adulthood, which partly explains the association between exposure to famine in the fetal period and disability in later life (48). Abnormalities in the development of the musculoskeletal system as a result of EFE may also be closely associated with the onset of disability. The development of the musculoskeletal system may explain this association to some degree. The development of immature muscle fiber depends on protein synthesis and the proliferation of satellite cells, which become quiescent as muscle fiber becomes mature and muscle protein anabolism decreases (46). Early malnutrition directly affects the growth and metabolism of immature muscle fibers. In addition, impaired nutrient delivery to the fetus leads to shifts in blood flow and nutrients, in which situation the organism protects the brain and organs at the expense of muscle growth (49). Early development is a critical window for muscle growth, during which period poor nutrition early in life can lead to inadequate muscle mass, a disease unlikely to fully recover, which can further result in reduced physical function and even disability later in life. A recent study has also demonstrated that EFE is related to potential sarcopenia in adults (11), which is a major contributor to their functional dependency and physical disability (50). In this study, only EFE was observed to be significantly associated with severe disability rather than mild disability. Some studies have seen EFE as a type of adverse childhood experience (51), and the adverse health effects of these adverse experiences accumulate as people age (52). At the same time, aging, accompanied by declining physical functioning, is more likely to manifest as severe disability in old age.

When stratified by sex, we discovered that we found that the significant correlation between fetal famine exposure and severe disability continued to hold in males, which is consistent with the majority of studies supporting the greater vulnerability of males to early adverse environmental effects (53, 54). The placenta provides oxygen and nutrients and facilitates the exchange of substances between the maternal and fetal circulations (55). When maternal malnutrition occurs, placental weight, morphology, vascular development and amino acid transport functions are altered, resulting in impaired nutritional supply to the fetus (56). A study published in The Lancet highlights that the first 1,000 days–from conception to a child’s second birthday—constitute a critical window for growth and development (57). Evidence suggests that stunting after this period is largely irreversible, perpetuating an intergenerational cycle of impaired growth and development (58). Fetal exposure to famine may result in undernutrition during this crucial period, thereby adversely affecting lifelong health and productivity (59). Erikson et al. found that boys were larger and grew faster in utero during early pregnancy (60). However, boys have lower placental reserve capacity (the ability to transfer oxygen and nutrients to the fetus), and where nutrients cannot be sourced directly from the mother and need to be sustained through the transfer capacity of the placenta, boys have fewer reserves available than girls of the same weight, meaning that boys are at increased risk of prenatal malnutrition. The same study also suggests that boys are more sensitive than girls to their mothers’ gestational diets during uterine development (61), and that boys may be more likely than girls to exhibit malnutrition when their mothers are exposed to famine. In addition, we observed that school-age famines exposure in females was associated with severe disability. This may be attributed to the lower social status of females in traditional Chinese culture (62, 63). China’s preference for sons over daughters leads to the birth of girls who grow up with less access to food and resources for growth, and thus girls may be thinner and show less resistance to adversity than boys. Girls may be more susceptible to the hazards of school-age famine exposure and thus exhibit severe disabilities later in life. However, the potential mechanisms by which exposure to famine during the fetal period affects disability in middle-aged and older adults and gender differences require further research.

Stratified analyses by residence revealed significant urban–rural disparities in the association between early-life famine exposure and disability risk. Among rural participants, fetal exposure to famine was significantly associated with an increased risk of severe disability. This may be attributable to nutritional deprivation during critical periods of organogenesis, potentially resulting in irreversible structural damage (64). The limited availability of perinatal healthcare resources in rural areas may further exacerbate the severity of these developmental impairments. In contrast, among urban participants, exposure to famine during the preschool period was significantly associated with mild disability. This developmental stage is characterized by rapid physical and neurological growth particularly in the central nervous system (65), marked by both high plasticity and vulnerability; nutritional deficiency during this window may lead to functional impairments. Moreover, more comprehensive systems for child health screening and management in urban areas may facilitate earlier detection and intervention for mild deficits. These findings suggest that the health consequences of famine are modified by sociogeographic context, highlighting the need for taking into consideration regional disparities in launching disability prevention strategies. We also observed that fetal famine exposure was significantly associated with severe disability in mild famine areas, and preschool famine exposure was significantly associated with mild disability in severe famine areas. The harmful effects of severe undernutrition on the organism are severe and long-lasting and may lead to oxidative stress, metabolic disorders, liver disease, kidney disease, and brain damage, which can lead to disability, whereas the effects of mild malnutrition on the organism may not be sufficient to manifest as disability (66). However, the fetal period is an important period of human development and its sensitivity to adverse external stimuli is much higher than that of the preschool period. So exposure to famine, though milder in the fetal period, is significantly associated with the development of severe disability. In contrast, sensitivity to external stimuli is relatively low during the preschool period when the most obvious consequences of nutritional deficiencies are loss of body weight and adipose tissue, as well as micronutrient deficiencies that result in slowed linear growth (67). Based on these findings, we hypothesize that exposure to severe famine during the preschool period may not induce the epigenetic alterations typically associated with fetal-stage exposure, nor substantially impair the development of immature muscle fibers, and thus may manifest primarily as mild disability. Nevertheless, caregiving during the preschool years—particularly adequate early-life nutrition—remains critical for optimal child growth and development. The second critical window of child development (ages 2–5 years old, referred to as the second 1,000 days of life) plays an irreplaceable role in consolidating the developmental gains achieved during the first 1,000 days (68). This period not only strengthens the protective effects of early interventions and mitigates the adverse impacts of environmental risk factors but also offers a developmental compensation mechanism, enabling children who lacked sufficient developmental opportunities in the first 1,000 days to reconstruct a positive trajectory for healthy growth (68).

Little literature has focused on the effects of fetal famine exposure on physical disability in later life, but this cannot be ignored in China where aging is currently a serious problem. With the rapid development, individuals exposed to the Great Chinese Famine during the fetal period are gradually reaching an advanced age, and the prevalence of disability is significantly increasing, which not only affects their quality of life and well-being in their later years, but also limits family labor, leads to a decrease in family income and affects family harmony. In addition, the increasing number of adults with disabilities has also raised the demand for medical services and long-term care. But at the current stage, the number of long-term care resources in China is insufficient, the distribution is unreasonable, and most families can hardly afford long-term medical care. This suggests a need for improvement in the current healthcare system, namely, to reasonably reduce the cost of medical care and rationalize the distribution of medical care resources. Social security organizations should also provide certain social security for families with disabilities to promote family harmony. Additionally, we can try to collect more detailed information about the famine-exposed population to build a prediction model of disability in this population in future research, and take more targeted measures to intervene, to reduce the incidence of disability and improve the quality of life of the middle-aged and older adults.



5 Conclusion

This study, through the analysis of large-scale data from CHARLS, revealed a significant association between exposure to famine during early life stages and the risk of disability in middle and older age. Further subgroup analyses by gender, residence and famine severity uncovered the specificity of this association. The findings provide critical evidence for understanding the impact of early-life malnutrition on long-term health outcomes, underscoring the importance for public health policymakers to prioritize nutritional status during early life stages due to its enduring effects on health. Additionally, this study calls upon individuals who have experienced famine to pay attention to their physical health and adopt targeted measures in a timely manner to prevent or delay the onset and progression of disability.



6 Limitations

This study has several limitations. First, as an observational study, it cannot establish causal relationships. Second, due to missing data, some participants were excluded from the analysis, which may limit the generalizability of the findings. However, after multiple imputations for missing variables, the significant association between EFE and disability remained, indicating the robustness of the results. Third, as famine exposure occurred in early life and was assessed retrospectively, the findings may be subject to recall bias. Nevertheless, previous studies have demonstrated the reliability of these retrospective measures. Furthermore, after excluding participants with cognitive impairment, the significant association between EFE and disability persisted, further supporting the validity of our findings. Fourth, although we adjusted for a wide range of covariates, including demographic characteristics, lifestyle factors, and health status, some relevant variables (e.g., prior fractures) could not be assessed due to limitations in the questionnaire. Despite these limitations, this is the first study to use nationally representative data to evaluate the impact of the Chinese Great Famine on disability. These important findings enhance our understanding of the long-term consequences of famine on disability in older Chinese adults and provide evidence for sex-specific patterns of disability, which may inform strategies to prevent disability in high-risk populations.
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The placenta is a highly specialized temporary organ during pregnancy. As the hinge of material exchange between mother and fetus, it plays a crucial role in maintaining the fetus's intrauterine life and growth period of fetus. Placental lesions or dysfunction can cause pregnancy diseases. Placental chorioangioma is a benign tumor originating from the placental with an incidence rate of 1%, whose etiology has not yet been fully elucidated. Prenatal diagnosis can usually be done by clinical ultrasound. However, placental chorioangiomatosis, as a placental choriovascular disease, is rarely reported or studied at home and abroad. Due to the unclear etiology and pathogenesis, prenatal diagnosis of placental chorioangiomatosis before early recognition of severe maternal and fetal complications during pregnancy is sparse. Therefore, patients cannot be effectively treated, and pregnancy outcomes are often poor. Herein we provide a case at our hospital and conduct a series of literature reviews around this case to further improve the understanding of placental chorioangiomatosis, and promote early recognition and early intervention.
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Introduction

As a common placental tumor, chorioangioma is a benign hamartomatous vascular tumor composed of proliferating capillaries originating from chorionic mesenchyme. Most chorioangiomas are small in size, with only about 1% detectable during histological placental examination (1). Currently, the prenatal diagnosis of chorioangioma is primarily reliant on prenatal ultrasound, which detects increased vascular flow within a placental mass distinct from the increased peripheral placental blood flow. Typically, chorioangioma is solitary, encapsulated vascular nodule that cause no maternal or fetal symptoms. Only large lesions exceeding 4cm in diameter may induce potentially fatal fetal complications such as anemia, thrombocytopenia, hydrops, and even heart failure (2–4).

Chorioangiomatosis, in contrast, refers to the diffuse, multifocal proliferation of placental capillaries within the chorionic villi, involving multiple cotyledons without well-defined margins. It is distinguished from solitary chorioangioma by its non-encapsulated, widespread microvascular pattern, absence of mass effect, and association with chronic placental insufficiency. Due to the small and scattered nature of its lesions, prenatal ultrasound diagnosis of chorioangiomatosis is considerably more challenging, and it is often only identified during pathological examination. Consequently, the risk of intrauterine fetal demise is even higher when chorioangiomatosis is present. We report a case of chorioangiomatosis associated with neonatal death.



Case report

A 26-year-old primipara who conceived spontaneously was admitted to the hospital due to potential fetal intrauterine growth restriction at 32 weeks' gestation. Her abdominal circumference and palace height were 90 cm and 29 cm, respectively. This woman has routine check-ups during pregnancy, and the check-up items for 25 weeks were normal. Fetal heart color Doppler ultrasound indicated mild tricuspid regurgitation of the fetus, and grade IV targeted fetal echocardiography showed no obvious abnormalities. The fetal four-dimensional color ultrasound prompts at the 27 + 1 weeks of pregnancy was equivalent to those at the 26 + 2 weeks of pregnancy. Patient was instructed to pay attention to balanced nutrition. The routine fetal ultrasound at 28 + 1 weeks' gestation indicated fetal development corresponding to 27 + 5 weeks, and the fetal cardiothoracic ratio was slightly larger. Until the 32 + 1 week of pregnancy, the fetus's routine ultrasound indicated that the placenta was thickened, with multiple irregular low-weak echoes in the parenchyma, some of which showed honeycomb changes. The fetal heart grew up with pericardial effusion. The size of the fetus was equivalent to that at the 30 + 2 weeks of pregnancy (Figure 1). The patient has no discomfort and the fetal movements were normal.
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FIGURE 1
(A) The placenta was thickened (placenta thickness 5.7 cm), with multiple irregular low-weak echoes in the parenchyma, some of which showed honeycomb changes; (B) the fetal color Doppler showed that PSV was greater than 1.5 MOM; (C) the fetal heart grew up with pericardial effusion; (D) increased fetal cardiothoracic ratio.


After admission, the fetal color Doppler examination was conducted. The result showed that the PI measurement value of umbilical artery blood flow was between 5th–50th, and the PI measurement value of fetal middle cerebral artery blood flow was also between 5th–50th. A wave of the venous catheter spectrum was not missing or vice versa, and PSV was greater than 1.5 MOM (Figure 1B). Fetal monitoring repeatedly prompted non-responsive type (variation and acceleration were not good). Considering intrauterine anemia and fetal distress, cesarean section was performed.

During the cesarean section, the uterus was seen to be 7+ months old, and a live baby girl was delivered smoothly with APGAR scores of 6-8-8 at 1, 5 and 10 min, respectively. The umbilical cord was normal, and the gas of umbilical artery showed normal pH value and base deficiency. The newborn received initial resuscitation, oxygenation of the balloon for 30 s, endotracheal intubation, and cord blood reinfusion. Then the newborn was transported to the neonatology department in an incubator for further rescue.

A little amniotic fluid was sent for culture, and the placenta was sent for pathological examination. The placenta weighed 400 g and wmeasured 18 × 16 × 2 cm. The maternal surface of the placenta can be seen diffusely in the cauliflower-like changes, and the texture was brittle (Figure 2). The cesarean section proceeded smoothly, with an estimated blood loss of approximately 400 ml and a urine output of 100 ml. Maternal vital signs (including blood pressure and heart rate, etc.) remained stable and within normal limits throughout the procedure. The mother was conscious and responsive. Total recorded blood loss within the first 24 h postoperatively was 497 ml. Her recovery was uneventful and positive. She was able to ambulate on Postoperative Day 1 and had a return of bowel function, evidenced by passing flatus on the same day. In addition, the surgical wound was healing well, with no signs of infection.


[image: Surgical image showing a mass of variegated tissue with a dense and irregular surface, held by a gloved hand, possibly in a medical setting.]
FIGURE 2
Grossly, the surface of the placenta presented a cauliflower-like protrusion (multiple small nodules of 1 mm–10 mm), and the placental parenchyma presented a dark brown soft zone with unclear boundaries.


No obvious abnormalities were found in the results of amniotic fluid culture. The results of the pathological examination returned (Figure 3) are as follows: (placenta) single placenta, immature placenta, overgrowth of capillary vessels on multiple cuts of the placenta, and extensive involvement of placenta. Combined with immunohistochemistry, it was considered as diffuse multifocal chorioangiomatosis [vascular endothelial CD31 (+)]. There was no obvious inflammation in the fetal membranes.


[image: Panel A shows a low magnification histological image with dense clusters of cells and pink fibrous stroma. Panel B displays a higher magnification with cells exhibiting prominent nuclei and cytoplasm. Panel C presents an immunohistochemical stain, highlighting brown-stained cellular elements throughout the tissue.]
FIGURE 3
(A) Under low magnification (10×), the tumors were scattered among the normal placental villi with nodular; (B) under high magnification (40×), the small blood vessels proliferating in the tumor, the lesion only involved immature intermediate villi or stem villi; (C) in immunohistochemistry, CD31 (platelet endothelial cell adhesion factor-1, as a vascular-derived tumor identification factor, is highly expressed.


Neonatal bedside cardiac color Doppler ultrasound showed: ASD, large right ventricle and large left atrium, weakened heart function (EF about 40%), mild regurgitation of mitral, tricuspid and pulmonary valves, PDA (3.6 mm, shunt right to left), pulmonary hypertension (moderate-severe); The left ventricle was D-shaped, and the inferior cavity collapse rate was less than 50%. Abdominal ultrasound showed: liver congestion.

Neonatal progress was unprosperous. After invasive ventilation treatment, meropenem actively fought against infection, blood transfusion, milrinone strengthened the heart, dopamine improved circulation, multiple blood transfusions and other supportive treatments, the newborn was still in poor conditions and died five days after delivery.



Discussion

Placenta is a highly specialized temporary organ during pregnancy. As the hinge of material exchange between mother and fetus, it plays a crucial role in maintaining the fetus's intrauterine life and growth period. Placental lesions or dysfunction can cause pregnancy diseases. Placental chorioangioma, whose etiology has not yet been fully elucidated, is a benign tumor originating from placental with an incidence rate of 1% (1). It is generally considered to be the result of abnormal blood vessel proliferation of fibrous matrix originating from villi tissue at different stages of differentiation. 80% of the patients are asymptomatic, because their placenta has not yet reached the degree of compressing the umbilical vein or affecting the growth and development of the fetus. In other words, chorioangioma that leads to symptoms or clinically diagnosed are rare. The prenatal diagnosis of placental chorioangioma mainly relies on color Doppler ultrasound prompts, while the definite diagnosis mainly relies on postpartum placental pathological examination. However, chorioangiomatosis, defined as a diffuse proliferation of the placental capillaries permeating villous tissue, is an even rarer manifestation and needs to be differentiated from placental chorioangioma.

The vascularization of placental villi mainly undergoes two stages: the vasculogenesis stage that begins in the early pregnancy and the angiogenesis stage in the late pregnancy. Current studies suggest that chorioangiomatosis occurs in the angiogenesis stage of early pregnancy. Thus, although it has the characteristics of increased villus capillaries, it only involves immature intermediate villi or primary stem villi, and the terminal villi are generally undamaged. The blood vessels are surrounded by loose reticular fiber and merge with the surrounding interstitium. Histologically, placental chorioangiomatosis is divided into two categories: localized (focal or partial) and diffuse. Localized chorionic hemangioma lesions involve more than 5 villi, and focal chorionic hemangioma lesions involve less than 5 villi. Diffuse chorioangioma disease involves multiple independent areas that are not easily visible to the naked eye, and occasionally involves multiple small nodules that can be recognized by the naked eye (5, 6). In most cases, healthy vascular can be confirmed by color Doppler. But for chorioangiomatosis, no Doppler flow is visualized in the diseased area. This can be explained by the predominance of small capillaries, in which the flow velocities are too low to be detected, or by the occurrence of thrombosis, necrosis, fibrosis or calcifications (7–9). Hence, prenatal ultrasound is difficult to identify or capture it. However, prenatal ultrasound remains the primary diagnostic modality for placental chorioangiomatosis, particularly in patients with a prior diagnosis. Given the unpredictable clinical course, they suggested that if patients with placental chorioangiomatosis exhibit placental thickening, weekly ultrasound monitoring is advisable to diagnose fetal complications associated with an early inpatient hospitalization, and daily surveillance should be carried out at the age of previous accidents (9).

The diagnosis of chorioangiomatosis mainly depends on the pathological examination of the placenta after delivery. Placental chorioangiomatosis is characterized by the proliferation of capillaries in the villous interstitium and the disordered arrangement, and the latter instance will affect the blood supply of the placental villi and hinder the transport of glucose and oxygen from the mother to the fetus, thereby negatively affecting the mother and the fetus, such as polyhydramnios (30%), massive umbilical vein thrombosis (10), fetal hydrops (11–13), fetal distress, anemia, thrombocytopenia (13), heart failure, IUGR (30%), congenital malformations (5, 6, 14, 15), and neonatal death. The main cause of these complications is the arteriovenous shunt and hemolysis in tumor blood vessels (16). The histological classification of chorioangiomatosis has a certain influence on the complications: Limited type with premature delivery, preeclampsia and multiple pregnancy, diffuse multifocal type with extremely preterm delivery (<32 weeks), preeclampsia, intrauterine growth restriction (smaller than gestational age), giant placenta and congenital deformity (5, 17). Tumor vascularization may be an essential prognostic element because the impact of chorioangiomatosis depends more on the abundance of its vascularization than on its size (8). The tumors of diffuse chorioangiomatosis are almost very small, and some are even easy to be ignored, but their number is so large that the function of placenta is halved. The rate of intrauterine abortion, neonatal morbidity, and mortality of patients with diffuse chorioangiomatosis are significantly higher than those of patients with localized chorioangiomatosis. Some scholars believe that patients with diffuse chorioangiomatosis and localized chorioangiomatosis are not a group of lesions and should be treated differently (5, 18, 19).

Chorioangiomatosis is an extremely rare placental disease, which often causes adverse pregnancy outcomes. Intrauterine treatments such as amniocentesis for polyhydramnios, embolization for vascular shunting and laser therapy for devascularization are still under evaluation, but the severity involved in these cases often leads to fetal death (15). The selection of fetal therapies and timing of delivery should be dictated by the fetus's viability and prognosis, prioritizing stabilization of acute complications before viability, aggressive intervention to prolong pregnancy during the peri-viability period, and expedited delivery when risks outweigh benefits at advanced gestation. Therefore, early detection and timely termination of pregnancy are essential for such patients. Maternal serum alpha-fetoprotein (AFP) elevation is thought to be associated with placental diseases, including chorioangiomas and mesenchymal dysplasia. They argued that the increase of placental volume and stem villi vessels leading to the increase of surface transfer area may be the pathogenic mechanism (15). In addition, some studies believed that AFP in the fetus of patients with maternal-fetal transfusion syndrome can reach the mother through the placenta, thus significantly increasing the concentration of alpha-fetoprotein in the mother. Moreover, the level of maternal serum b-HCG may be increased in these entities (1).

In our case, when the outpatient obstetric ultrasound indicates the possibility of fetal intrauterine growth restriction, thickening of the placenta, and a slightly larger fetal cardiothoracic ratio, the maternal serum AFP and HCG can be considered, rather than expecting the fetus to be almost dying in the uterus when gestation to 32 weeks. Additionally, increasing the frequency of routine ultrasound monitoring is warranted. This includes not only fetal factors, but also assessment of parameters such as uterine artery blood flow, maternal blood flow and placental boundaries (maternal surface/edge), as these indicators can guide early identification and assessment of such lesions. Despite these instructive insights—which aim to enhance clinical recognition of placental chorioangiomatosis and reduce diagnostic errors—methodological limitations require acknowledgment: the single-case design limits generalizability; absent controls preclude comparative analysis; retrospective data risks documentation bias; and observational methods prevent causal inference. Critically, longitudinal follow-up of subsequent pregnancies in this patient could yield valuable insights into disease recurrence patterns and long-term outcomes. Nevertheless, it is hoped that this hybrid analysis lays crucial groundwork for future prospective studies on this under-characterized pathology.
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Introduction: The aim of the study was to investigate the relationship between prenatal environmental tobacco smoke (ETS) exposure and blood selenium concentration (Se-B) in a selected group of children.
Methods: A total of 299 children were recruited for this study. Prenatal ETS exposure (understood as active as well as passive mother’s exposure) was assessed among all the study participants using a standardized exposure scale. The participants were tested for Se-B.
Results and discussion: Se-B (μg/L) was statistically significantly lower in the group of children with prenatal exposure to ETS compared to those without prenatal exposure (74.35 ± 12.45 vs. 78.60 ± 11.66, p < 0.01). Similarly, children whose mothers actively smoked tobacco during pregnancy exhibited lower Se-B than children whose mothers did not smoke (72.09 ± 14.20 vs. 77.58 ± 11.70, p < 0.05), and a similar trend was observed for passive smokers (74.63 ± 12.35 vs. 78.40 ± 11.75, p < 0.01). While negative correlations were observed between the severity of ETS exposure and Se-B, these results were not statistically significant. Independent risk factors for lower Se-B included advanced age (Rc: −2.398, p < 0.05), body weight deficiency (Rc for lower body mass index within the range of underweight to normal body weight: 0.687, p < 0.05), and prenatal ETS exposure (Rc: −4.209, p < 0.05). This study highlights the association between maternal tobacco smoke exposure during pregnancy and reduced selenium levels in offspring, emphasizing the importance of targeted interventions in prenatal care to minimize ETS exposure.
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Introduction

Selenium is one of the trace elements with a significant impact on the functioning of the entire human body (1). It plays a critical role in maintaining homeostasis, mainly as a structural component of a wide range of enzymes (2). Selenium is incorporated into amino acid derivatives, which form compounds essential to crucial proteins, such as selenoproteins (3). These selenoproteins play a vital role in redox regulation, immune function, and cellular defense mechanisms, thus supporting overall health (4–7). For instance, a strong relationship has been established between blood selenium concentration (Se-B) and a higher risk of cardiovascular mortality (8–12). Notably, both high selenium levels and insufficient Se-B concentrations are linked to metabolic syndrome (13, 14) or metabolic dysfunction-associated steatotic liver disease (MASLD) (15).

Moreover, selenium is involved in processes such as carcinogenesis, immune response regulation, and reproductive system functioning (16–19). As an antioxidant, selenium is crucial for protecting cells from oxidative stress, which is particularly important in inflammatory processes and during fetal development (17, 20). As a key component of thioredoxin reductase, selenium regulates cellular proliferation and apoptosis (20).

Despite the well-established roles of selenium, there is a notable gap in understanding how prenatal environmental tobacco smoke (ETS) exposure specifically affects selenium levels in children. This study addresses a novel and underexplored area by investigating the link between prenatal ETS exposure and selenium levels, offering valuable insights into an intersection of environmental and nutritional health impacts. While existing research highlights the general impact of ETS and selenium deficiencies on health, studies directly linking prenatal ETS to blood selenium concentrations in children are scarce. Addressing this gap can provide new insights into the combined impact of environmental exposures and trace elements on early childhood health outcomes.

Exposure to environmental tobacco smoke (ETS) is an urgent issue in environmental medicine (21). Despite significant advancements in understanding the dangers of ETS exposure since the late twentieth century, public awareness remains insufficient (22). ETS refers to any tobacco smoke exposure outside of active smoking, encompassing second-hand smoke (SHS) and third-hand smoke (THS) (23). Although smoke-free laws have been implemented in many countries, less than 22% of the global population is fully protected by comprehensive smoking bans in public spaces (24).

Maternal smoking during pregnancy is a modifiable yet critical risk factor for low birth weight and preterm birth (25). Studies increasingly suggest that children of mothers who smoked during pregnancy have a higher susceptibility to cardiovascular and metabolic diseases later in life (26–29). However, despite the known harmful effects of maternal smoking, the potential impact of passive ETS exposure during pregnancy on micronutrient status in offspring remains insufficiently explored. Prenatal exposure to ETS may interfere with selenium metabolism by increasing the demand for antioxidant defenses and disrupting the placental transport of essential micronutrients. Cigarette smoke is a potent source of reactive oxygen species (ROS) and nitrogen species (RNS), which can increase oxidative stress and deplete antioxidant defenses (30), including selenium-dependent enzymes. Although studies have primarily focused on active smoking, prenatal ETS exposure, particularly passive exposure during pregnancy, is also a critical source of oxidative stress in the developing fetus (31).

The scientific debate regarding optimal selenium intake remains ongoing (20, 32–34). Since the first recommendation in 1957 (35), the most often cited requirement values are in the range of 20–70 μg (32, 34, 36, 37) or 40–50 μg Se per day (38). European Food Safety Authority (EFSA) instituted adequate Se daily intake as 70 μg for adults and 85 μg for lactating women (39). Tolerable upper intake of Se was established by the Institute of Medicine of the National Academy of Sciences of the United States as 400 μg per day for adults (40).

In the literature there is a surprising number of studies supporting the idea that selenium can either ameliorate or harm human health depending on the dose (41–45). There remains considerable uncertainty regarding the ideal serum selenium levels, as various studies have yielded inconsistent findings (46, 47). The uncertainty over the definition of optimal selenium status seems to be the main reason for the difference between dietary recommendations for selenium in various countries (48–51). In fact, the way of measuring the impact of selenium intake on Se-B is troublesome itself. Current dietary recommendations are mostly based on the activity of glutathione peroxidase, which in turn does not seem to be an appropriate endpoint. In a randomized, double-blind, placebo-controlled dietary intervention performed by Hurst et al. (52), the Plasma selenoprotein P was found to be a useful biomarker of selenium status, as it responds to different dietary forms of selenium.

The aim of this study was to examine the relationship between prenatal ETS exposure and blood selenium concentration in children residing in industrial areas of the Silesian Voivodeship in Poland. By identifying this link, the study underscores the broader significance of understanding how environmental exposures during pregnancy can impact essential micronutrient levels, which are critical for the long-term health and development of children. By providing evidence of this relationship, we hope to inform public health policies and prenatal care strategies aimed at minimizing ETS exposure during pregnancy, ultimately contributing to improved health outcomes for children.



Methods

Children were recruited from classes of preliminary education of primary school located in industrial area in Upper Silesia, Poland. This was a cross-sectional study and that participants were recruited using convenience sampling from selected schools. 365 children were invited to participate in the study. The final database included 299 subjects (the participation rate was 82%).

Group size was determined using a sample size calculator. The selection conditions were as follows: population size 200,000 (the size of the population of early school children in the Upper Silesian Voivodeship in Poland), fraction size 0.25 (the percentage of smokers in the population of this region), maximum error 5%, confidence level 95%. The required minimum size of the study group was 290.

The mean age in the group amounted to 7.92 years, the mean height was 1.32 m, the mean body mass was 29.82 kg, and the mean body mass index (BMI) was 17.01 kg/m2. The examined children were healthy. Selenium supplementation was not used in the study group. General characteristics of the investigated group of children is shown in Table 1.


TABLE 1 Principal clinical characteristics of the studied group of children.


	Parameter
	X
	XG
	SD
	Min
	Max

 

 	Age (years) 	7.92 	7.88 	0.86 	5.00 	11.00


 	Height (m) 	1.32 	1.31 	0.08 	1.05 	1.60


 	Body mass (kg) 	29.82 	28.85 	8.00 	14.00 	62.00


 	BMI (kg/m2) 	17.01 	16.75 	3.08 	8.54 	28.96


 	 	n 	%


 	Male gender 	165 	55.2


 	Female gender 	134 	44.8





BMI, body mass index; Max, maximal value; Min, minimal value; n, number; SD, standard deviation; X, arithmetic mean; XG, geometric mean.
 

Among all children included in the study, a survey analysis was conducted using an original questionnaire. The information about sex of the child, age, family income, mother’s and father’s education, as well as the child’s medical history, development and habits, and exposure to tobacco smoke (ETS) was obtained basing on this questionnaire which was completed by the parents of the children.

Body height and mass were measured. BMI was calculated using the equation: BMI = body mass/height2, in which body mass was expressed in kg and body height in meters.

Exposure to tobacco smoke was characterized based on 7 questions of the questionnaire regarding: prenatal exposure to ETS, active tobacco smoking by mother during pregnancy, number of cigarettes smoked daily by the mother during pregnancy (n/day), mother’s passive exposure to ETS during pregnancy, number of hours of the passive exposure to ETS of mother during pregnancy (n/day), current exposure to ETS and number of hours of current passive exposure to ETS (n/day).

The survey form was validated by conducting a re-examination in a randomly selected sample of approximately 10% of the surveys, obtaining similar results.

The participants were tested for blood selenium concentration (Se-B). Hydride generation atomic absorption technique was performed to determine the Se-B. For the digestion of blood samples the mixture of nitric acid/perchloric acid: 7/3 was used. This process was performed under the conditions of standard temperature. The completion of digestion was obtained within 16 h with the maximum temperature of 225°C. The reduction of Se from VI to IV was achieved by adding the 2.5 M hydrochloric acid and warming the samples up to 110°C for 30 min. The UNICAM continuous vapor generation system was used to analyze the samples after dilution. The calibration was accomplished by the usage of calibration standards, which were prepared in advance in the mixture of perchloric acid and hydrochloric acid solution.

Mean Se-B were calculated for the entire group and for subgroups distinguished considering prenatal exposure to ETS, maternal active tobacco smoking during pregnancy, mother’s passive exposure to ETS during pregnancy and current exposure to ETS.

Statistical analysis was conducted using the “STATISTICA 13” software (StatSoft Polska). For quantitative variables geometric means (XG), arithmetic means (X), standard deviations (SD) and range (Min and Max values) of examined parameters were established for each group and subgroup. Distribution of the variables was examined using tests of Lilliefors and W-Shapiro–Wilk. In view of the abnormal distributions, in further analysis testing of hypotheses involving equality of means in two subgroups employed the non-parametric U test of Mann–Whitney, while testing of hypotheses in three or more numerous subgroups took advantage of the nonparametric equivalent of analysis of variance, the test ANOVA of Kruskal–Wallis. Statistically significant differences between arithmetic means were determined using the post hoc test of Tukey. Results for qualitative (nominal) variables were expressed in absolute values. For independent qualitative variables, the chi-square test was used for further statistical analysis. Relationships between studied variables were determined using analyses of correlation and backward stepwise multivariate regression analysis. Due to the abnormal distribution of variables, correlation coefficients r of Spearman was determined. The dependent variable in the multivariate regression analysis was the blood selenium concentration (Se-B), and the potentially independent variables were age, gender, body mass, BMI, and variables characterizing ETS. The parameters of the model obtained in the regression analysis were estimated using the least squares method. Results at the p < 0.05 level were accepted to be statistically significant.



Results

Se-B concentrations in the studied group of children amounted to 76.93 ± 12.08 μg/L. Normative blood selenium concentration (Se-B ≥ 80 μg/L) characterized only 33.8% of the investigated population. The characteristics of exposure to ETS and the status of blood selenium concentration in the studied group are summarized in Table 2.


TABLE 2 Exposure to ETS and Se-B in investigated group of children.


	Parameter
	
n

	%

 

 	Prenatal exposure to ETS 	124 	41.5


 	Active tobacco smoking by mother during pregnancy 	39 	13.0


 	Mother’s passive exposure to ETS during pregnancy 	114 	38.1


 	Current exposure to ETS 	79 	26.4


 	Selenium deficiency (Se-B < 40 μg/L) 	0 	0.0


 	Threshold low Se-B (Se-B: 40–59 μg/L) 	18 	6.0


 	Suboptimal Se-B (Se-B: 60–79 μg/L) 	147 	49.2


 	Optimal Se-B (Se-B ≥ 80 μg/L) 	101 	33.8


 	 	X 	XG 	SD 	Min 	Max


 	Number of cigarettes smoked daily by the mother during pregnancy (n/day) 	8.86 	7.28 	5.44 	2.00 	20.00


 	Number of hours of the passive exposure to ETS of mother during pregnancy (n/day) 	4.72 	3.46 	3.94 	0.50 	20.00


 	Number of hours of current passive exposure to ETS (n/day) 	3.10 	3.05 	2.68 	0.25 	12.00


 	Se-B (μg/L) 	76.93 	76.00 	12.08 	51.00 	130.00





ETS, environmental tobacco smoke; n, number; Se-B, blood selenium concentration.
 

Analysis of blood selenium concentration demonstrated a statistically significant difference between subgroup of children prenatal exposed to ETS and subgroup of children prenatal unexposed to ETS, respectively, 74.35 ± 12.45 μg/L vs. 78.60 ± 11.66 μg/L, p < 0.01. The above-mentioned difference was observed in active as well as passive exposure to ETS during pregnancy (respectively for mothers with active exposure during pregnancy: 72.09 ± 14.20 μg/L vs. 77.58 ± 11.70 μg/L, p < 0.05 and for mothers with passive exposure during pregnancy: 74.63 ± 12.35 μg/L vs. 78.40 ± 11.75 μg/L, p < 0.01). Comparative analysis of blood selenium concentration failed to demonstrate any significant differences between subgroups of children distinguished based on current exposure to ETS. Children with current exposure and without current exposure to ETS manifested statistically equal Se-B (75.34 ± 11.61 μg/L vs. 77.49 ± 12.24 μg/L, p > 0.05). The status of blood selenium concentration in the studied subgroups distinguished based on the characteristics of exposure to ETS is summarized in Table 3.


TABLE 3 Blood selenium concentration (μg/L) in subgroups divided based on the characteristics of ETS exposure.


	Differentiation criterion
	Subgroup
	
n

	Se-B (μg/L)
	Threshold low Se-B (%)
	Suboptimal Se-B (%)
	Optimal Se-B (%)

 

 	Prenatal exposure to ETS 	YES 	124 	74.35 ± 12.45 	10.9 	56.4 	32.7


 	NO 	175 	78.60 ± 11.66 	4.1 	55.5 	40.4


 	p 	<0.01 	ns 	ns 	ns


 	Maternal active tobacco smoking during pregnancy 	YES 	39 	72.09 ± 14.20 	21.9 	50.0 	28.1


 	NO 	260 	77.58 ± 11.70 	4.9 	56.3 	38.7


 	p 	<0.05 	<0.01 	ns 	<0.05


 	Mother’s passive exposure to ETS during pregnancy 	YES 	114 	74.63 ± 12.35 	9.7 	57.3 	33.0


 	NO 	185 	78.40 ± 11.75 	5.2 	53.9 	40.9


 	p 	<0.01 	ns 	ns 	ns


 	Current exposure to ETS 	YES 	79 	75.34 ± 11.61 	8.4 	53.5 	38.0


 	NO 	220 	77.49 ± 12.24 	6.4 	56.1 	37.4


 	p 	ns 	ns 	ns 	ns





ETS, environmental tobacco smoke; ns, statistically insignificant; Se-B, blood selenium concentration.
 

Statistically non-significant correlations were found between the quantitative variables characterizing exposure to ETS and Se-B. The results of the correlation analysis are summarized in Table 4.


TABLE 4 Results of correlation analysis in the studied group of children.


	Parameter
	Se-B (μg/L)

 

 	Number of cigarettes smoked daily by mother during pregnancy (n/day) 	r = − 0.15 / ns


 	Number of hours of the passive exposure to ETS of mother during pregnancy (n/day) 	r = − 0.16 / ns


 	Number of hours of current exposure to ETS (n/day) 	r = − 0.05 / ns





ETS, environmental tobacco smoke; ns, statistically insignificant; Se-B, blood selenium concentration.
 

In the investigated group of children, the independent risk factors for a lower Se-B represented: a more advanced age, lower BMI values (with BMI according to the percentile charts falling within the range of underweight to normal body weight) and prenatal exposure to ETS. The results of the regression analysis are summarized in Table 5.


TABLE 5 Results of the analysis of the final model obtained in backward stepwise multivariate regression analysis in the investigated group of children.


	Model for: Se-B (μg/L) a



	Regression model evaluation parameter
	Intercept
	Age (years) b
	BMI (kg/m2) b
	Prenatal exposure to ETS b, #

 

 	Regression coefficient 	86.262 	−2.398 	0.687 	−4.209


 	SEM of Rc 	8.163 	0.957 	0.268 	1.692


 	p value 	<0.001 	<0.05 	<0.05 	<0.05


 	p 	<0.01





Risk factors for Se-B. #, dichotomous variable, where 1 – no, 2 – yes; BMI, body mass index; ETS, environmental tobacco smoke; a, dependent variable; b, independent variable; Rc, regression coefficient; Se-B, blood selenium concentration; SEM, standard error mean.
 

A summary of the key findings, including ETS exposure characteristics, selenium levels, identified risk factors, and potential health implications, is presented in Figure 1.

[image: Flowchart detailing a study on 299 children from Silesian Voivodeship, Poland. Key points include: mean age of 7.92 years, no selenium supplementation, and prenatal ETS exposure of 41.5%. Mean selenium level is 76.93 micrograms per liter. Suboptimal selenium affects 66.2% of children. Lower selenium levels are linked to prenatal ETS, with no difference observed from current exposure. Independent risk factors include advanced age, low body weight, and prenatal ETS exposure. Health implications involve increased risks of cardiovascular disease, metabolic disorders, impaired immunity, and oxidative stress.]

FIGURE 1
 Flow chart summarizing the study population, exposure characteristics, selenium levels, main findings, independent risk factors, and potential health implications.




Discussion

There is much evidence to support the hypothesis that low Se status is correlated with an elevated risk of several diseases. These include among others: malignant tumors, thyroid and neurological impairments, infectious diseases, mood disorders and cardiovascular diseases (53–56). The available studies justify the statement that environmental tobacco smoke exposure needs to be regarded as an independent risk factor of suboptimal blood selenium concentration (57–59). The results obtained in our study, however, additionally emphasize the novel discovery – the influence of prenatal smoke exposure. Future research should further develop and confirm these initial findings.

To our knowledge, there has been little discussion on the direct impact of passive or active smoking on Se-B. There is already plenty of evidence however supporting the idea that smoking-induced reactive oxygen- and nitrogen species (ROS and RNS) result in oxidative stress in inflammation and carcinogenesis (59). While Se keeps playing a vital role in oxidative stress (60) as an antioxidant of protective properties (61), it is undeniably one among many components afflicted by tobacco smoke.

However, interestingly, the discrepancy in findings across studies, such as those by Pizent et al. (62) and Liu et al. (63), may reflect differences in study design, sample size, or measurement techniques. While some studies found no association between ETS exposure and selenium status, others, including our own, suggest that prenatal exposure to ETS could lead to reduced selenium levels, potentially due to increased oxidative stress and selenoprotein consumption.

Prior research suggests that oxidative stress induced by tobacco smoke may increase the utilization of selenium-dependent antioxidant enzymes, such as glutathione peroxidase (GPx), leading to the depletion of circulating selenium levels. This is particularly concerning during fetal development, as selenium plays a crucial role in fetal growth and immune system development. Further studies are required to clarify the precise biological pathways through which prenatal ETS exposure disrupts selenium metabolism and to identify potential interventions that could mitigate these effects.

However, interestingly, Pizent et al. (62) conducted a study on trace element-dependent enzyme concentrations (among others Se-GPx (glutathione peroxidase (GPx) dependent on selenium (Se) present in the cytoplasm and the mitochondria)) in maternal and neonatal plasma in a group of smoking and non-smoking mothers and found no difference in selenium-dependent enzyme concentrations between the groups. Selenium concentrations in maternal and fetal serum were also compared, with the result of significantly lower selenium concentrations in the fetal sample, regardless of the mother’s tobacco smoking history. An association between passive exposure to tobacco smoke and maternal plasma selenium concentration was also not observed in a study conducted by Liu et al. (63). However, different results were obtained by Sun et al. (64). It has been demonstrated that due to the consumption of selenoproteins as antioxidants in oxidative stress, Se levels are low in pregnant women exposed to secondhand smoke. Discrepancies in the test results obtained may be due to limitations of the sample size and/or measurement accuracy.

Arnaud et al. (65) showed that smoking habits were inversely related to Se-B. According to van den Brandt et al. (66) however, an inverse association between Se-B was observed with active smoking but not with smoking in the past. Kocyigit et al. (67) compared a group of adult non-smokers with those with at least a 10-year history of active smoking and described the change in antioxidative enzyme activity depending on their cofactor concentrations in tobacco smokers. According to obtained results, plasma selenium concentration and erythrocyte glutathione peroxidase activities were significantly lower in tobacco smokers than in non-smokers. Aycicek et al. (68) conducted research on the effect of passive exposure to ETS among infants on micronutrients concentrations, however, its subjects were iron, zinc and copper, and selenium concentration dependence was not studied. A decrease in iron and zinc concentrations and no difference in copper concentrations in infants exposed to secondhand smoke were described.

We found that the independent risk factors for a lower Se-B included body weight deficiency and more advanced age. Our data suggest that both lower and higher BMI values may be associated with reduced selenium levels in children, potentially indicating a non-linear, U-shaped relationship. However, we emphasize that this observation is preliminary and based on a relatively small sample size. Therefore, it should be interpreted with caution and regarded as hypothesis-generating. Further research in larger and more diverse populations is needed to verify the existence of such a pattern and to explore the underlying mechanisms, which may involve nutritional status, metabolic demands, or differential selenium utilization across weight categories. Similarly, according to a study by Conner et al. (69), individuals with higher selenium deficiency were more likely to have lower BMI and be older, but also to be male and non-European. Other studies have reported associations between excessive BMI and lower selenium concentrations. Awasthi et al. (70) observed decreased selenium levels in overweight, obese, and severely obese schoolchildren and adolescents in India. Ortega et al. (71) described excessive BMI as a factor associated with lower plasma selenium concentrations in a group of Madrid schoolchildren aged 8–13 years. Navia et al. (72) also found a statistically significant negative correlation between BMI and serum selenium (r = −0.396; p < 0.001). The inverse correlation between age and selenium concentration in the general population has also been well documented (49, 63, 73, 74).

In light of our findings, several preventative strategies could be considered for integration into prenatal care guidelines to better protect maternal and child health. Educational programs targeting pregnant women and their families may help raise awareness of the risks associated with ETS exposure during pregnancy. In addition, routine screening for active and passive tobacco exposure, combined with tailored counseling interventions, should be implemented in antenatal settings. Promoting smoke-free environments—both at home and in shared public spaces—remains a critical public health objective (75). These strategies, if systematically applied, could contribute to the reduction of prenatal ETS exposure and its potential adverse effects, including alterations in micronutrient status such as selenium levels. Emphasizing such preventative approaches aligns with current efforts to improve perinatal outcomes and reduce health disparities related to environmental exposures.

Although our study adds novel evidence regarding the inverse association between prenatal ETS exposure and selenium levels in children, we acknowledge that its observational design precludes direct exploration of biological mechanisms. The lack of mechanistic data represents a limitation in fully elucidating the pathways involved. Nevertheless, prior research suggests that oxidative stress induced by tobacco smoke may increase the utilization of selenium-dependent antioxidant enzymes, such as glutathione peroxidase (GPx) (76), thereby depleting circulating selenium levels. Moreover, fetal exposure to ETS could potentially interfere with trace element transport and metabolism during critical stages of development. Future studies incorporating biomolecular analyses—such as markers of oxidative stress, inflammation, or selenoprotein activity—are needed to clarify these mechanistic links and deepen our understanding of how prenatal environmental exposures affect selenium bioavailability.

The strength of the investigation conducted is that it is a study emphasizing yet undiscovered influence of prenatal passive tobacco smoke exposure on blood selenium concentration in children but are aware that our research has some limitations. In terms of material, the main limitation of the study is the relatively small number of patients included. Further studies involving a larger sample group are needed to confirm our research results. In terms of methodology, to assess the environmental smoke exposure, we used a survey method. Therefore, it can be suspected that, consciously or not, some respondents may have provided misleading answers due to an inaccurate awareness of their addiction or a reluctance to admit to a habit commonly perceived as harmful to health. Self-reports may also be subject to recall bias or underreporting, as individuals might inaccurately disclose their smoking habits due to social desirability or a lack of awareness about the extent of their exposure. While this approach was chosen as the most feasible method within the scope of our study, we recognize that it may not capture the full complexity of ETS exposure. Future studies could benefit from incorporating biomarkers such as cotinine levels to provide a more objective measure of exposure, complementing self-reported data. A similar problem was described by Benedetti et al. (77). The authors point out that data collected through a questionnaire filled out by study participants does not necessarily coincide with the truth, as they tend to describe their unhealthy addiction on a smaller scale than it is (77). Overall, the data show trends of underestimating smoking prevalence when based on self-report compared to an estimation of smoking prevalence based on cotinine concentrations (78–81). Conducting a similar study in the future using cotinine concentration to determine actual exposure to tobacco smoke could improve the accuracy and repetitiveness of the results obtained. The lack of data on nutrition should also be pointed out as a significant limitation of the study.



Conclusion

Our study demonstrated a significant association between prenatal exposure to environmental tobacco smoke (ETS) and reduced blood selenium concentration in children, with the findings emphasizing the impact of maternal tobacco exposure during pregnancy on critical micronutrient levels. The strength of this association was evident in the statistical analyses, which indicated that prenatal ETS exposure serves as an independent risk factor for suboptimal selenium levels.

The implications of our findings are particularly relevant in the context of the established health risks associated with selenium deficiency, including its effects on immune function, oxidative stress regulation, and long-term metabolic health. By identifying prenatal ETS exposure as a contributing factor to these deficiencies, our study highlights a crucial area for public health intervention.

This new understanding underscores the importance of public health policies aimed at reducing tobacco smoke exposure during pregnancy. Educational campaigns targeting expectant mothers and stricter regulations to minimize ETS exposure could have profound implications for improving maternal and child health outcomes.

We recommend that future research further investigates the mechanisms linking ETS exposure to selenium metabolism and evaluates the potential benefits of selenium supplementation in mitigating the adverse effects of prenatal ETS exposure. Additionally, integrating these findings into prenatal care guidelines could enhance preventative strategies and support better health for both mothers and their children.
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Objective: Intrahepatic cholestasis of pregnancy (ICP) is a common obstetric complication that occurs predominantly in the mid-to-late gestational period, but its exact etiology remains unclear. Recent studies have revealed that transfer RNA-derived fragments (tRFs) are closely associated with various diseases; however, whether tRFs contribute to ICP pathogenesis remains unknown. This study was designed with the objectives of investigating the expression profiles of tRFs in patients with ICP, exploring the potential correlation between tRF expression and maternal–fetal pathophysiological changes, identifying novel early diagnostic biomarkers, and ultimately enhancing clinical management strategies.
Methods: Serum samples were collected from 3 ICP patients and 3 healthy controls before delivery. Small RNA sequencing was performed via the Illumina platform, and the obtained sequences were aligned and screened against the tRFdb database to identify differentially expressed tRFs. Potential target genes of tRFs were predicted, followed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses to assess their functional implications.
Results: Compared with controls, ICP patients presented significant differential expression of 5 tRFs, including 2 upregulated tRFs and 3 downregulated tRFs, in prenatal serum. Furthermore, GO and KEGG analyses suggested that fatty acid degradation might be associated with 3003a_trf-3 and 3005b_trf-3.
Conclusion: This study provides preliminary data for the validation of serum-based biomarkers in ICP patients. The findings suggest that tRF dysregulation may be involved in ICP pathogenesis via the fatty acid degradation pathway, offering new molecular insights and a foundation for the development of early intervention strategies to prevent adverse fetal outcomes. These conclusions require further validation in larger sample cohorts.

Keywords
 intrahepatic cholestasis of pregnancy (ICP); tRNA-derived small RNAs (tsRNAs); tRNA-derived fragments (tRFs); fatty acid; total bile acid (TBA)


1 Introduction

Intrahepatic cholestasis of pregnancy (ICP) is a common obstetric complication that occurs predominantly in the mid-to-late gestational period, with an incidence rate of 0.2–2% (1). Clinically, ICP is characterized by unexplained pruritus and liver dysfunction. Although symptoms and abnormal biochemical indicators typically resolve spontaneously within 4–6 weeks postpartum and pose minimal risk to the mother, ICP significantly increases fetal complications, e.g., respiratory distress, intrauterine hypoxia, preterm birth, meconium-stained amniotic fluid, and stillbirth (2). The exact etiology of ICP remains incompletely understood, although genetic predisposition, environmental factors, estrogen levels, and immune dysregulation have been implicated in its pathogenesis (3). Owing to the lack of characteristic clinical manifestations in the early stages and the potential for irreversible fetal consequences as the condition progresses, early diagnosis and timely intervention are critical for improving pregnancy outcomes (4).

Transfer RNAs (tRNAs) are a type of small noncoding RNAs (tncRNAs) that decode mRNA codons into amino acid sequences during protein synthesis. tRNA-derived small RNAs (tsRNAs) are a class of single-stranded noncoding RNAs derived from mature tRNAs or tRNA precursors. Based on their cleavage sites (5), they are broadly classified into two major types in human cells: tRNA halves (tiRNAs) and tRNA-derived fragments (tRFs). Although the precise biological functions of tRFs and tiRNAs have not been fully elucidated, accumulating evidence suggests their involvement in gene expression regulation, apoptosis, signal transduction, and epigenetic modifications (6–8).

Emerging studies have linked tRFs and tiRNAs to various diseases. However, their expression patterns and regulatory roles in maternal–fetal systems during pregnancy remain poorly explored.

This study employed small RNA sequencing to profile differentially expressed tRFs between an ICP group and a control group. Subsequently, the differentially expressed genes (DEGs) were evaluated by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses to reveal the associated functions. Furthermore, we investigated the potential involvement of tRFs in ICP pathophysiology and explored their utility as novel diagnostic biomarkers to improve clinical management strategies.



2 Materials and methods


2.1 Study participants

We collected prenatal serum samples from 3 pregnant women diagnosed with ICP (without other comorbidities) (ICP_B_P group) and 3 healthy pregnant women (without complications) as controls (CON_B_P group). Each participant contributed one serum sample, resulting in a total of 6 samples for analysis.



2.2 Experimental methods

Serum Sample Collection and Processing: Peripheral blood (4–5 mL) was collected into red-top coagulation tubes (typically in the morning). The samples were processed within 1 h (room temperature) or 2 h (4°C) via centrifugation at 3,000 rpm and 4°C for 10 min. The upper serum layer (1 mL) was carefully aspirated with a pipette, transferred to a 1.5-mL Eppendorf (EP) tube, labeled, and immediately stored at −80°C.

Small RNA Library Preparation and Sequencing: Small RNA libraries were constructed and sequenced from the collected samples.

Sequencing Platform and Parameters: The Illumina HiSeq X 10 system was used in a paired-end (PE150) mode.




3 Data processing and analysis


3.1 Small RNA sequencing data preprocessing

The raw FASTQ files were processed to remove adapter and primer sequences. Quality control (QC) and length filtering were performed, and only high-quality sequencing fragments were retained. The key filtering step included length selection, with sequences within 15–40 nt (typical range for tsRNAs) retained and those <15 nt or >40 nt discarded. The quality threshold was set at Q20 ≥ 80%. Readings containing ambiguous bases (N) were excluded. Adapter trimming involved the removal of 3′ and 5′ sequencing primer regions from the raw reads. The output metrics included 23.77–32.48 million (M) clean reads per sample. Unique reads were quantified via the fastx_toolkit (v0.0.13). Length distribution analysis of the clean reads and repeat sequence statistics for the unique reads were performed.



3.2 tRFs sequence alignment and annotation

To classify and annotate tRFs from the sequencing data, the clean reads were aligned against the tRFdb database 1via the following pipeline. Reads with lengths between 15 and 30 nt (characteristic of tRFs) were extracted from the clean_data. Exact-matched alignment (zero mismatches) was performed via Bowtie against the species-specific tRF reference sequences in the tRFdb. The annotated tRFs were categorized into three subtypes: tRF-1 (derived from the precursor tRNA 3′ trailer), tRF-3 (3′ end-derived, including the CCA tail), and tRF-5 (5′ end-derived).



3.3 tRFs expression analysis

The expression levels of tRFs were quantified on the basis of their abundance, with higher read counts indicating higher expression. Expression quantification was performed via TPM (transcripts per million) for normalization (9). For differential expression analysis, fold change (FC) values between groups were computed via TPM values. Statistically significant differences were determined by the following criteria: |log2FoldChange| > 1 and a p < 0.05 (t-test). Each tRF was assigned a unique ID in the differential expression list. A volcano plot (significance vs. magnitude of change) and hierarchical clustering heatmap (samplewise expression patterns) were generated.



3.4 GO and KEGG pathway enrichment analysis

To elucidate the potential biological functions of the differentially expressed tRFs, we performed target gene prediction, followed by functional enrichment analysis via the following pipeline. Potential tRF target genes were predicted via the miRanda algorithm, which evaluates sequence complementarity and binding energy. For functional annotation, GO analysis was used to categorize the target genes into three domains, namely, biological process (BP), molecular function (MF), and cellular component (CC). KEGG pathway analysis was used to map target genes to KEGG pathways to identify associated metabolic and signaling networks. The results are presented as bar charts (GO term distribution), bubble plots (integrated significance and enrichment scores), and pathway maps (KEGG topology with highlighted genes).




4 Results


4.1 Differential expression of tRFs in ICP patients vs. controls

Figure 1 provides an overview of tRF expression profiles between the ICP patients and healthy controls. By using the thresholds of |log2FoldChange| > 1 and p < 0.05, we identified 5 significantly dysregulated tRFs in the ICP group, comprising 2 upregulated tRFs and 3 downregulated tRFs (Table 1 and Figures 1, 2).
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FIGURE 1
 Volcano plot of differentially expressed tRFs in ICP. The volcano plot visualizes tRF expression differences between ICP and control groups:gray points: non-significant tRFs,red points: significantly upregulated tRFs,green points: Significantly downregulated tRFs. X-axis: log2(fold change) values, Y-axis: -log10(p-value) for statistical significance.



TABLE 1 Summary statistics of differentially expressed tRFs.


	tRFs_id
	log2foldChange
	pval
	Up_down
	Sequence
	Length

 

 	3003a_trf-3 	−5.332 	0.000 	Down 	TCCGGGTGCCCCCTCCA 	17


 	3005b_trf-3 	−1.128 	0.033 	Down 	TCAAATCTCGGTGGGACCTCCA 	22


 	3021b_trf-3 	−3.809 	0.024 	Down 	TCGATCCCCGGCATCTCCACCA 	22


 	3026b_trf-3 	3.596 	0.037 	Up 	TCGATTCCCGGCCAACGCACCA 	22


 	5012b_trf-5 	1.490 	0.048 	Up 	GGCTCGTTGGTCTAGGGGTATGA 	23




 

[image: Heatmap showing hierarchical clustering of data across two conditions, CON_B_P and ICP_B_P. Columns represent conditions, and rows represent items labeled 3026b_trf-3 to 3021b_trf-3. Color gradient from blue to red indicates data values ranging from negative two to positive two.]

FIGURE 2
 Heatmap of differentially expressed tRFs in ICP. The heatmap displays expression patterns of tRFs meeting the threshold (fold change ≥ 2, p < 0.05). Rows: individual tRFs. Columns: biological samples (ICP vs. controls). Red: high expression. Blue: low expression.




4.2 Target gene prediction of differentially expressed tRFs

To investigate the potential functional roles of tRFs in ICP pathogenesis, we predicted putative target genes of the dysregulated tRFs via the miRanda algorithm (Figure 3).

[image: Network diagram showing connections between multiple nodes. Nodes are represented by colored shapes: blue and red squares at the center and yellow diamonds around them. Lines connect central nodes to peripheral nodes, illustrating relationships or pathways in the network.]

FIGURE 3
 Predicted target genes of differentially expressed tRFs in ICP.




4.3 GO and KEGG pathway enrichment analysis

GO enrichment analysis revealed that the predicted target genes of the tRFs were predominantly involved in multicellular organism development among BP terms, metal ion binding and ATP binding among MF terms, and the cytosol among CC terms (Figure 4). Pathway enrichment analysis revealed 20 significantly enriched pathways, among which the fatty acid degradation pathway might play a critical role in the pathogenesis and progression of ICP (Figure 5). In the fatty acid degradation signaling pathway, two downregulated nodes (CPT1 and 1.3.3.6) were associated with 3003a_trf-3, and another downregulated node (2.3.1.16) was associated with 3005b_trf-3 (Figure 6).
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FIGURE 4
 TOP30 GO term distribution. The vertical axis represents the number of enriched genes in each GO term, while the horizontal axis displays the GO term names.


[image: Scatter plot showing enrichment scores on the x-axis and pathways on the y-axis, with bubble sizes representing the number of genes and colors indicating p-values. Larger red bubbles signify significant enrichment for cancer-related pathways like breast cancer and basal cell carcinoma.]

FIGURE 5
 KEGG Enrichment TOP20. In the figure, each dot represents a pathway. Color gradient follows the spectral sequence (red → orange → yellow → green → blue → indigo → violet), corresponding to ascending p-values (red = most significant, violet = least significant). Dot size scales with the number of genes in each pathway (larger dots = more genes).


[image: Diagram illustrating the process of fatty acid degradation, highlighting pathways involving enzymes, intermediates, and end-products. It shows connections to other metabolic processes like fatty acid biosynthesis, glycerolipid metabolism, and the citrate cycle, along with pathways for synthesis and degradation of ketone bodies.]

FIGURE 6
 Positioning of the fatty acid degradation signaling pathway. Green indicates downregulated genes. The nodes marked in blackish green (CPT1 and 1.3.3.6) are associated with 3003a_trf-3, the another node marked in blackish green (2.3.1.16) is associated with 3005b_trf-3.





5 Discussion

tRFs, novel noncoding RNAs, are attracting increasing research attention because of their stability and high expression levels, making them ideal diagnostic and prognostic biomarkers. However, compared with those of classical biomarkers, tRF functions, mechanisms, advantages, and disadvantages remain poorly understood and require further investigation.

ICP is one of the most common complications during the second and third trimesters, and its incidence is influenced by multiple factors (e.g., ethnicity, geographic location, and genetic predisposition) (1). The primary pathological feature of ICP involves excessive accumulation of bile acids in hepatocytes and impaired bile excretion. Elevated serum bile acid levels in pregnant women lead to bile salt deposition in the placental villous space, causing its narrowing and subsequent impairment of maternal–fetal exchange. This pathological process may result in serious complications, e.g., meconium-stained amniotic fluid, fetal distress, preterm birth, and stillbirth (10). While the exact etiology and pathogenesis of ICP remain incompletely understood, genetic factors, environmental influences, estrogen levels, and immune dysfunction have all been implicated in its development. Currently, the most sensitive diagnostic laboratory marker for ICP is elevated serum total bile acid (TBA) levels. Most international consensus guidelines define ICP as TBA levels ≥10 μmol/L, with 40 μmol/L serving as the threshold for distinguishing mild from severe cases (11). The Royal College of Obstetricians and Gynecologists guidelines (12) indicate that abnormal liver function tests and/or elevated bile acid levels are sufficient for ICP diagnosis. However, serum testing shows poor stability, whereas liver function tests, although more reliable, are time consuming and costly. Current diagnostic methods based on clinical symptoms do not allow early ICP detection; therefore, there is an urgent need for auxiliary biomarkers to facilitate early diagnosis, timely treatment, and intervention.

tRFs have been identified across multiple species. Although their precise biological functions remain incompletely characterized, accumulating evidence suggests that they play diverse regulatory roles. tRFs are specific degradation products of tRNAs, and the aberrant expression and functional significance of tRFs in various diseases have attracted considerable research interest (13). Recent advances in sequencing technologies have enabled more comprehensive investigations of tRF regulatory mechanisms. Current studies have demonstrated that tRFs are closely associated with numerous diseases, e.g., cancers and metabolic disorders. Zhang et al. reported altered levels of tRFs in patients with breast cancer (14). Small RNA transcriptome analyses of prostate cancer revealed tRF enrichment in both nonmetastatic and metastatic lymph node samples (15, 16). In addition, animal studies have indicated that sperm tRFs can transgenerationally mediate diet-induced metabolic disorders (17). These significant findings strongly suggest critical roles for tRFs in disease development.

Although current research on tRF expression patterns and regulatory functions during pregnancy is limited, a recent study of maternal immune activation (MIA) in a mouse autism model revealed that tRF expression profiles, similar to those of miRNAs, could distinguish among placental, decidual, fetal brain, and fetal liver tissues. This study demonstrated that tRFs exhibited tissue specificity, developmental variation, and acute responses to environmental stress. These findings suggest potential roles for tRFs in fetal responses to MIA (18).

In our study, we hypothesized that tRFs were differentially expressed and played essential roles in ICP pathogenesis. Our results revealed dysregulated tRF expression profiles in patients with ICP, with 2 upregulated tRFs and 3 downregulated tRFs, suggesting their potential involvement in ICP development. To better understand tRF functions in ICP, we predicted target genes of the differentially expressed tRFs via the miRanda algorithm. Several genes were identified as potential targets, e.g., CPT1C (predicted target gene of 3003a_trf-3) and HADHB (predicted target gene of 3005b_trf-3). The CPT1C-encoded protein regulates beta-oxidation and the transport of long-chain fatty acids into mitochondria and may play a role in the regulation of feeding behavior and whole-body energy homeostasis. CPT1C can increase fatty acid utilization, increase cellular ATP levels and preserve redox homeostasis, thereby facilitating cell survival in harsh metabolic environments (19). The HADHB gene encodes the beta subunit of the mitochondrial trifunctional protein, which catalyzes the last three steps of the mitochondrial beta-oxidation of long-chain fatty acids. Functional studies have demonstrated that HADHB upregulation significantly enhances mitochondrial fatty acid β-oxidation (FAO) and reduces intracellular lipid accumulation (20).

On the basis of the GO analysis results, we speculate that abnormal cytoplasmic metal ion and ATP binding-related multicellular organism development processes may be influenced by these differentially expressed tRFs, potentially leading to developmental dysfunction and ICP initiation. The KEGG pathway analysis identified the top 20 enriched pathways, with fatty acid degradation emerging as the most significantly involved pathway. Notably, our experimental results suggested that 3003a_trf-3 and 3005b_trf-3 might be involved in the downregulation of this pathway. Fatty acid metabolism is a complex process, which involves fatty acid uptake and oxidation (21) and can affect endothelial cell function (22). Endothelial cells form the vascular lining and maintain circulatory system homeostasis (23), whereas fatty acid metabolism helps regulate vascular stability (24). Lipid malabsorption during ICP reduces vitamin K absorption, prolongs the prothrombin time and increases the risk of fetal central nervous system (CNS) hemorrhage and perinatal bleeding (3, 25). There is a close mutual regulatory relationship between fatty acid metabolism and bile acid homeostasis, and disruption of this dynamic balance plays an important role in the occurrence and development of various liver diseases. Excessive cholesterol stimulates hepatic bile acid receptors, promoting bile acid synthesis to excrete excess cholesterol, which leads to bile acid accumulation (26, 27). In the event of fatty acid metabolic disorders, the accumulation of free fatty acids in the liver activates inflammatory signaling pathways (e.g., NF-κB), inhibiting farnesoid X receptor (FXR) activity (28, 29). FXR fails to effectively suppress the transcription of cholesterol 7α-hydroxylase (CYP7A1), leading to uncontrolled bile acid synthesis and subsequent bile acid accumulation in the liver (30). In diseases such as metabolic-associated fatty liver disease (MAFLD), excessive accumulation of fatty acids in the liver induces lipotoxicity, which inhibits the expression of bile acid transporters, preventing bile acids from being normally excreted from hepatocytes (28, 31, 32). This leads to bile acid accumulation within hepatocytes, exacerbating oxidative stress and hepatocyte apoptosis, thus forming a vicious cycle (27). Elevated TBA levels, which may result from impaired hepatocellular uptake, altered bile acid synthesis, or defective biliary excretion, are a hallmark of ICP (1). Our findings suggest that tRFs, specifically 3003a_trf-3 and 3005b_trf-3, may be associated with the fatty acid degradation pathway. tRFs may impact bile acid metabolism by regulating genes involved in fatty acid oxidation, thereby contributing to ICP pathogenesis. We understand that these suggestions are speculative at this stage and require further experimental validation.

Our study has several limitations. First, although sequencing analysis of three ICP patients initially indicated potential regulatory roles for 3003a_trf-3 and 3005b_trf-3 in ICP, further validation of their expression levels in larger patient cohorts is essential. In this study, the small sample sizes of the ICP and control groups were an intentional preliminary approach. The limited-sample research facilitated the efficient identification of research directions and potential biomarkers, optimizing resource allocation and increasing the effectiveness of subsequent large-cohort studies. Second, we did not experimentally demonstrate the expression and function of ICP-related pathways. Our findings are based solely on tRF sequencing and bioinformatics predictions, and different severities of ICP may influence small RNA sequencing outcomes, as the current sequencing results represent a preliminary screening. Multiple functional experiments are needed to elucidate the regulatory mechanisms of tRFs in ICP pathogenesis. In subsequent experiments, the role of tRFs in the relationship between fatty acid metabolism and bile acid accumulation will be further explored.



6 Conclusion

In summary, our pilot study yielded preliminary data that tentatively indicated the possibility that serum-derived tRFs could serve as potential candidate biomarkers for ICP. Through bioinformatics and experimental analyses, we detected significant dysregulation of tRFs (e.g., 3003a_trf-3 and 3005b_trf-3) in ICP patients, which may contribute to disrupted fatty acid degradation. These findings offer novel mechanistic insights into the role of tRF-mediated regulation in hepatic lipid homeostasis and bile acid transport. However, further validation in larger, independent cohorts is needed to confirm the diagnostic utility of these tRFs and their causal relationship with ICP progression. This work establishes a foundational framework for future investigations aimed at developing early intervention strategies to mitigate fetal complications associated with ICP.
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Background: Down syndrome (DS), a neurodevelopmental disorder caused by a chromosomal abnormality, poses a major burden on global health. Analyzing the disease burden of DS, both in China and globally, is crucial for refining public health strategies.
Methods:

Progress of infant obesity is associated with higher aspartyl-glutamate and alanyl-aspartate in maternal and neonatal blood
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Objective: Neonatal obesity may be associated with the intra-uterine environment during pregnancy. The objective of this study was to evaluate the risk of neonatal obesity born from the mothers with abnormal glucose and lipid metabolism.
Methods: Twenty neonates born from maternal glucose and lipid metabolism disorders and developed obesity at 6 months of age were enrolled as study group, and 20 neonates without obesity were included as control group. Non-targeted metabolomic analysis was performed in maternal serum during pregnancy and neonatal cord blood at birth to identify differential metabolites.
Results: The concentrations of aspartyl-glutamate and alanyl-aspartate in maternal serum progressively rise steadily as gestational age advances, peaking in umbilical cord blood. Additionally, at each stage of pregnancy (early, middle, and late), the levels in both maternal serum and umbilical cord blood are significantly higher in the obese group than in the non-obese group. Their mechanisms of action may be associated with pathways involving immune-inflammatory regulation, energy metabolism, and gut microbiota modulation. Their mechanisms of action may be associated with pathways involving immune-inflammatory regulation, energy metabolism, and gut microbiota modulation.
Conclusion: Through the analysis of maternal blood during pregnancy and umbilical cord blood, this study putatively identified some differential metabolites associated with neonatal obesity. In the future, it is expected that analyzing maternal blood or umbilical cord blood at birth could help predict potential infant obesity risks, enabling more dietary guidance and interventions during infancy to reduce the risk of obesity later in life.
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Introduction

Research indicates that abnormalities in glucose and lipid metabolism during the neonatal period are closely associated with the development of obesity later in life. Such metabolic disturbances may already exist in embryonic period and exert profound impacts on individual health (1). The study on the Hyperglycemia and Adverse Pregnancy Outcome (HAPO) cohort shows that exposure to higher levels in utero is significantly associated with childhood glucose and insulin resistance. In recent years, with changes in lifestyle and nutritional structure, an increasing number of neonates are influenced by intrauterine environments, leading to potential risks of glucose and lipid metabolism abnormalities at birth. This population exhibits an elevated risk of developing neonatal obesity in the long term. Obesity not only increases the risk of chronic diseases such as cardiovascular diseases, type 2 diabetes, and metabolic syndrome but may also have long-term adverse effects on children’s growth, psychological well-being, and quality of life (2). Early prediction of neonatal obesity risk associated with glucose and lipid metabolism abnormalities is crucial for developing early interventions and improving long-term health outcomes (3).

However, current research on the association between neonatal glucose and lipid metabolism abnormalities and obesity is largely confined to traditional biochemical indicators, lacking comprehensive analysis of metabolic pathways (4). Untargeted metabolomics, as a systems biology approach, enables a holistic and unbiased analysis of dynamic changes in metabolites within biological systems, providing new perspectives for elucidating the underlying mechanisms linking metabolic abnormalities and obesity. Based on this, the present study aims to utilize untargeted metabolomics technology to identify biomarkers capable of predicting the risk of obesity in neonates with potential glucose and lipid metabolism abnormalities, thereby offering scientific evidence for early risk assessment and personalized intervention. Through this research, we aim to pioneer new approaches for the early prevention and control of neonatal obesity and provide novel insights into the mechanisms of related metabolic diseases.



Method

This study is a prospective case–control study based on a longitudinal pregnancy cohort. It includes neonates with potential risks of glucose and lipid metabolism abnormalities, whose mothers underwent regular prenatal care and delivered at Peking University Third Hospital from April 2023 to June 2024. Follow-up was conducted at 6 months postpartum to monitor the newborns’ body length, weight, and growth development. The diagnostic criteria for obesity were defined as a body weight greater than 9.65 kg for male infants and greater than 9.2 kg for female infants at 6 months postpartum. A total of 20 obese newborns were selected as the study group, and 20 non-obese newborns born during the same period were selected as the control group. The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of Peking University Third Hospital, and written informed consent was obtained from the parents of all enrolled newborns, The study was registered as a clinical trial at the Chinese Clinical Trial Registry on September 10, 2024(registration number: ChiCTR240008953).

Inclusion Criteria including Preterm infants; Low birth weight infants; Macrosomia; Mothers diagnosed with diabetes before pregnancy; Mothers with glucose metabolism abnormalities such as impaired glucose tolerance.

Exclusion Criteria including newborns with confirmed malformations or chromosomal abnormalities; newborns diagnosed with endocrine diseases or congenital genetic metabolic disorders.

Mothers of the newborns underwent regular prenatal examinations at our hospital. Venous blood samples were collected using EDTA anticoagulant tubes during the following gestational periods: Early pregnancy (5–12 weeks of gestation); Mid-pregnancy (22–26 weeks of gestation); Late pregnancy (28–32 weeks of gestation). Additionally, umbilical cord venous blood was collected at delivery. All specimens were centrifuged at 1000 r/min for 15 min at 2–8°C within 30 min of collection. The supernatant was separated and stored at −80°C for subsequent analysis, with precautions taken to avoid repeated freeze–thaw cycles. Only cases with complete blood samples from early, mid, and late pregnancy along with umbilical cord blood samples were included in the study.

After mixing 10 μL from each actual sample, QC samples are obtained. A QC sample is added before and after the formal sample in the analysis queue, and one QC sample is added every 10 samples in between. The ionization signals in the QC samples are monitored based on the peak intensity of the internal standard to ensure that there is no decline in signal intensity (within 20%) and that the retention times show no drift (within 0.05 min) throughout the entire run. The average QC correlation coefficient is 0.99, indicating that the metabolite data generated from liquid chromatography-mass spectrometry analysis is highly consistent, reflecting high data quality.

Untargeted metabolomics was conducted at LipidALL Technologies. Polar metabolites were extracted from 50 μL of plasma using 200 μL of ice-cold methanol containing 0.28 mM phenylhydrazine. Samples were vortexed and kept at −20°C for 1 h for derivatization of alpha-keto acids (5). Following derivatization, samples were centrifuged for 10 min at 12000 rpm at 4°C. Clean supernatant was transferred to a new tube and dried in a SpeedVac under H2O mode. The dried extract was reconstituted in 5% acetonitrile in water prior to LC–MS analysis on an Agilent 1,290 II UPLC coupled to Sciex 5,600 + quadrupole-TOF MS. For reverse phase liquid chromatography (RPLC), polar metabolites were separated on a Waters ACQUITY HSS-T3 column (3.0 × 100 mm, 1.8 μm), while a Waters ACQUITY BEH Amide column (2.1 × 100 mm, 1.7 μm) was utilized for hydrophilic interaction liquid chromatography (HILIC). MS parameters for detection were: ESI source voltage positive ion mode 5.5 k V, negative ion mode −4.5 kV; vaporizer temperature, 500°C; drying gas (N2) pressure, 50 psi; nebulizer gas (N2) pressure, 50 psi; curtain gas (N2) pressure, 35 psi; The scan ranges were set at m/z 60–700 during RPLC, and m/z 70–850 during HILIC analysis, respectively (6). Information-dependent acquisition mode was used for MS/MS analyses of the metabolites. Collision energy was set at (±) 35 ± 15 eV. Data acquisition and processing were performed using Analyst® TF 1.7.1 Software (AB Sciex, Concord, ON, Canada). All detected ions were extracted using MarkerView 1.3 (AB Sciex, Concord, ON, Canada) into Excel in the format of two dimensional matrix, including mass to charge ratio (m/z), retention time, and peak areas, and isotopic peaks were filtered. PeakView 2.2 (AB Sciex, Concord, ON, Canada) was applied to extract MS/MS data and perform comparisons with the Metabolites database (AB Sciex, Concord, ON, Canada), HMDB, and standard references to annotate ion identities (7). A cocktail of isotopically-labeled internal standards (IS) purchased from Cambridge Isotope Laboratories were spiked into the samples for metabolite quantitation, including L-Tryptophan-d5, L-Isoleucine-d10, L-leucine-d10, L-Methionine-d3, L-Valine-d8, L-Proline-d7, L-Alanine-d4, DL-Serine-d3, L-Glutamine-d5, Glycine-13C2, L-Aspartic acid-d3, L-Arginine-13C6, L-Glutamate-d5, L-Lysine-d9, L-Histidine-13C6, Taurine-13C2, Betaine-d11, Urea-(13C,15 N2), L-lactate-d3, Trimethylamine N-oxide-d9, Choline-d13, Malic acid-d3, Citric acid-d4, Succinic acid-d4, Fumaric acid-d2, Hypoxanthine-d3, Xanthine-15 N2, Thymidine (13C10,15 N2), Inosine-15 N4, Cytidine-13C5, Uridine-d2, Methylsuccinic acid-d6, Benzoic acid-d5, Creatine-d3, Creatinine-d3, Glutaric acid-d4, Hippuric acid-d5, Kynurenic acid-d5, L-Citrulline-d4, L-Threonine-(13C4, 15 N), L-Tyrosine-d7, P-cresol sulfate-d7, Sarcosine-d3, Trans-4-hydroxy-L-proline-d3, Uric acid-(13C; 15 N3), Oleic acid-d9, Carnitine-C16:0-d3, Carnitine-C12:0-d9, Carnitine-C14:0-d9, Glycodeoxycholate-d4, L-Carnitine trimethyl-d9, Pyruvate-d3, Pyruvate-d3, vate-d3, L-Asparagine-13C4. Peak areas of endogenous metabolites were normalized to the areas of their corresponding isotopically labeled structural analogues for quantitation. For endogenous metabolites without labeled structural analogues, an automated algorithm selects the optimal internal standard for quantitation based on the rule of minimal coefficients of variations (COVs) after normalization (7).

Normalized metabolite peak areas were log2-transformed, Pareto-scaled, and filtered to retain features detected in ≥ 70% of all tissue samples. Missing-at-random values were imputed within each study group by random forest (missForest 1.5). Metabolites with an absolute log2-fold change ≥ 0.58and Benjamini–Hochberg adjusted p < 0.05 were deemed significant. An OPLS-DA model was built in ropls 1.34 using 7-fold cross-validation; variables with VIP > 1.2 and |p(corr)| > 0.4 were regarded as discriminative. Model stability was verified by 2000-time permutation testing (Q2-intercept < 0.05). Raw p-values from limma were corrected using the Benjamini–Hochberg false-discovery rate (FDR). For pathway enrichment and network topology tests, results were additionally confirmed with the Bonferroni method; only findings passing FDR < 0.05 (or Bonferroni-corrected p < 0.05) were interpreted. All analyses were executed in R 4.3.2.



Result

PCA was used to analyze the metabolic profiles of plasma. As shown in Figure 1, within the 95% confidence interval, the samples from each group exhibit clear clustering, indicating good instrument reproducibility, stable sampling methods, and reliable data. In both positive and negative ion modes, the PCA plot can be divided into two parts based on the degree of separation: one cluster corresponds to cord blood, and the other to maternal blood during pregnancy. This suggests significant differences in the metabolite profiles between cord blood and maternal blood, with notable changes in the types or levels of metabolites (see Figure 1).
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FIGURE 1
 Principal component analysis: the figure shows a discrete trend in the metabolic profiles of different groups (exp represents the obese group, con represents the non-obese group; G1 represents early pregnancy, G2 represents mid-pregnancy, G3 represents late pregnancy, and U represents umbilical blood).


The OPLS-DA (Orthogonal Partial Least Squares-Discriminant Analysis) was performed on the data from each group, and the results are shown in Figure 2. The analysis indicates that the model has good discriminative ability, with no signs of overfitting.
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FIGURE 2
 The OPLS-DA score chart: the analysis of obese and non-obese groups at the early, mid, and late stages of pregnancy as well as cord blood.


To identify the differential metabolites between groups, an S-plot was generated, and a volcano plot was constructed by combining the fold change (FC) of metabolites with their statistical significance (p-values). This approach allows for a more intuitive visualization of significant differential metabolites. In the volcano plot, metabolites on both sides represent significant upregulation or downregulation, while those at the top are statistically significant, further validating the differences between the groups (as shown in Figure 3).
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FIGURE 3
 The volcano plot: the figure illustrates the differential metabolites between the two groups at the early, mid, and late stages of pregnancy as well as cord blood.


To identify differential metabolites between the groups, both univariate and multivariate analysis methods were employed. The univariate analysis utilized fold change (FC), while the multivariate analysis was based on the OPLS-DA (Orthogonal Partial Least Squares-Discriminant Analysis) model. Ultimately, two potential biomarkers showing significant differences across the groups were identified: aspartyl-glutamate and alanyl-aspartate. The concentrations of aspartyl-glutamate and alanyl-aspartate in maternal serum progressively increase as gestational age advances, peaking in umbilical cord blood. Their mechanisms of action may be associated with pathways involving immune-inflammatory regulation, energy metabolism, and gut microbiota modulation. These results are illustrated in Figure 4.
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FIGURE 4
 Differential metabolite analysis: the figure shows the differentially expressed metabolites obtained from the overall analysis of the obese and non-obese groups. (a) Represents the aspartyl-glutamate and alanyl-aspartate during early, middle and late pregnancy, as well as in cord blood, between the obese and non-obese groups. “*” Indicates that the difference is statistically significant. (b) Presents a volcano plot analysis of the differential metabolites.


Due to significant differences between umbilical cord blood and prenatal blood, we analyzed umbilical cord blood separately and identified 16 significant differential metabolites that are involved in multiple biological processes such as oxidative stress, inflammatory response, and microbiota regulation. The relevant differential metabolites are shown in Table 1.


TABLE 1 Differential metabolites related to umbilical cord blood.


	Number
	Name
	p value
	Log2

 

 	HMDB0041513 	Isopropyl apiosylglucoside 	0.038146 	−2.2246


 	HMDB0028893 	Histidylproline 	0.038842 	−0.93135


 	HMDB0254199 	Lumichrome 	0.000885 	−0.83041


 	HMDB0033019 	7-Hydroxyterpineol 8-glucoside 	0.02605 	−0.79002


 	PubChem 71,367,139 	1-Carboxy-L-prolylglycine 	0.001828 	−0.75223


 	HMDB0000619 	Cholic acid 	0.016129 	−0.59337


 	HMDB0028683 	Alanyl-aspartic 	0.00154 	−0.58209


 	HMDB0028752 	Aspartyl-Glutamate 	0.000723 	−0.5117


 	HMDB0001173 	5′-Methylthioadenosine 	0.001014 	−0.49611


 	HMDB0001844 	Methylsuccinic acid 	0.002747 	−0.34886


 	HMDB0000730 	Isobutyrylglycine 	0.022298 	−0.27564


 	HMDB0001434 	3-Methoxytyrosine 	0.047355 	−0.27125


 	HMDB0011493 	sn2 LysoPE(22:4) 	0.02619 	−0.26725


 	HMDB0003320 	Indole-3-carboxylic acid 	0.009991 	−0.25279


 	HMDB0010724 	3-Oxodecanoic acid 	0.016325 	−0.23795


 	HMDB0041815 	6-Sulfatoxymelatonin 	0.022372 	−0.21514




 

Among the pathways enriched by the differential metabolites is Alpha-Linolenic Acid and Linoleic Acid Metabolism, for which the enrichment fold reaches 2.36. The results are presented in Figure 5.
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FIGURE 5
 Metabolite set enrichment analysis.




Discussion

Neonatal obesity is becoming increasingly prevalent worldwide and is one of the major health challenges nowadays. The causes of obesity remain unclear, but current research suggests that the occurrence of neonatal obesity partly originates from epigenetic modifications during the earliest stages of life, specifically the prenatal and perinatal periods. Maternal metabolism influences the metabolic programming of the fetus and newborn, thereby affecting the long-term metabolic health of the offspring (8, 9).

Metabolomics is an important tool for discovering new biomarkers and elucidating biochemical pathways. It can reveal the role of metabolites in the occurrence and development of diseases, providing significant value for studying disease mechanisms and prognosis (10). This study employs untargeted metabolomics analysis of maternal blood during pregnancy and umbilical cord blood at delivery, aiming to identify differential metabolites that can predict obesity, thereby enabling early intervention for neonatal obesity.

Through the analysis of maternal blood during pregnancy, differences in aspartyl-glutamate and alanyl-aspartate levels were observed between the obese and healthy groups. Both aspartyl-glutamate and alanyl-aspartate are derivatives of amino acids, and there is currently no research linking them to obesity. Aspartyl-glutamate is formed by the peptide bond between the α-amino group of asparagine and the carboxyl group of glutamate, potentially serving as an intermediate in certain metabolic pathways and participating in protein degradation or amino acid metabolism. Studies have shown that glutamate exhibits significant anti-obesity and insulin resistance-improving effects in high-fat diet-induced obese mice, primarily by regulating metabolic pathways (such as the TCA cycle) to promote energy expenditure and reduce fat accumulation. Additionally, glutamate can inhibit inflammatory signaling pathways (such as the NF-κB pathway), thereby reducing chronic inflammation and improving insulin resistance. Furthermore, as a neurotransmitter, glutamate may influence the function of the hypothalamic–pituitary axis to regulate appetite and energy expenditure. Alanyl-aspartate, on the other hand, is a dipeptide formed by the peptide bond between alanine and aspartate. Both alanine and aspartate are important metabolic amino acids, potentially related to energy metabolism, nitrogen metabolism, and neurotransmitter metabolism. Previous studies have shown that plasma levels of aspartate are significantly elevated in patients with obesity-related type 2 diabetes, and metabolites related to aspartate metabolism (such as asparagine and intermediates of the urea cycle) also undergo significant changes. Aspartate is a crucial intermediate in the TCA cycle, and its metabolic dysregulation may lead to abnormal energy metabolism. Aspartate also participates in the urea cycle, and its metabolic dysregulation may cause nitrogen metabolism abnormalities, further exacerbating metabolic burden. Currently, there is no research on the relationship between aspartyl-glutamate, alanyl-aspartate, and obesity. It is hypothesized that they may influence neonatal energy balance and fat storage by regulating the TCA cycle and amino acid metabolism.

In this study, the levels of aspartyl-glutamate and alanyl-aspartate in different stages of pregnancy and cord blood were analyzed. The results showed that the levels in the obese group were higher than those in the non-obese group, with significant differences observed in late pregnancy and cord blood. The levels of these metabolites were significantly elevated in maternal blood at different stages of pregnancy and in cord blood in the obese group. Although the roles of these two metabolites have not yet been confirmed, it is speculated that they may participate in the tricarboxylic acid (TCA) cycle and inflammatory stress responses to regulate glucose and lipid metabolism. Additionally, aspartyl-glutamate and alanyl-aspartate may serve as storage forms of aspartate and glutamate, releasing aspartate and glutamate through enzymatic reactions to participate in the TCA cycle, ultimately leading to abnormal energy metabolism. In the future, we will further validate these two metabolites, with the hope that early detection of metabolic abnormalities in newborns can be achieved through maternal blood during pregnancy or cord blood at birth, enabling timely postnatal interventions to reduce the incidence of neonatal obesity.

Further analysis of umbilical cord blood revealed differential metabolites such as isopropyl-D-aposide, carnosine, and 7-hydroxycitronellol-8-glucoside. Currently, there is a lack of research on the relationship between these metabolites and obesity. Isopropyl-D-aposide, a glycoside compound, is hypothesized to potentially reduce the risk of obesity by alleviating oxidative stress and chronic inflammation, thereby improving insulin sensitivity and energy metabolism. Additionally, this compound may indirectly influence the occurrence of obesity by modulating the composition of gut microbiota, affecting energy absorption and metabolism.

Regarding carnosine, there are limited reports in the literature. Previous studies have shown that histidyl-proline diketopiperazine (His-Pro DKP), a dipeptide derivative formed by the cyclization of histidine and proline, plays an important role in controlling appetite and regulating insulin and glucagon (11). It is speculated that carnosine may exert its effects on glucose metabolism through further cyclization in the body, ultimately contributing to neonatal obesity.

7-Hydroxycitronellol-8-glucoside is a compound formed by the glycosidic bond between 7-hydroxyterpineol and glucose. 7-Hydroxyterpineol exhibits antioxidant activity, suggesting that it may protect cells from oxidative damage by scavenging free radicals. Furthermore, 7-hydroxyterpineol possesses anti-inflammatory properties, which may reduce the risk of obesity by mitigating inflammatory responses.

Through further analysis of cord blood, we identified more differential metabolites. Although current research on these metabolites is relatively limited and their specific roles in neonatal obesity remain unclear, the diversity of metabolites provides more ideas and research directions for exploring biomarkers that can predict neonatal obesity in the future. We look forward to using targeted metabolomics to validate these differential metabolites, identify those involved in glucose and lipid metabolism and contributing to neonatal obesity, and ultimately apply them for the prediction and intervention of neonatal obesity.

The strength of this study lies in its use of a prospective longitudinal cohort design, which enables detailed data collection at different time points throughout pregnancy as well as comprehensive documentation of pregnancy-related conditions. Additionally, follow-up of newborns after birth provides robust data support for the research. However, as the study only tracked newborns up to 6 months of age, whether abnormalities in glucose and lipid metabolism will develop further during growth, or whether the obese state will persist with development, requires further long-term follow-up. It takes approximately 1 year to obtain specimens from each participant after enrollment. Although our single center handles a very high delivery volume, participants are enrolled during early pregnancy, making it impossible to predict in advance who will subsequently develop glucose-lipid metabolic disorders or deliver overweight newborns. As a result, many cases are excluded and the final sample size is relatively small. We will continue to accumulate additional cases and attempt to launch a multicenter enrollment to gather a larger cohort, which will allow us to further validate our findings in future analyses. In addition, the specific mechanisms of differential metabolites in glucose and lipid metabolism that we have identified need to be further validated through experimental design. Furthermore, in this study, umbilical venous blood was extracted for analysis, which can better reflect the placental-to-fetal circulation and may carry a stronger maternal signature than arterial cord blood. Although this homogeneous compartment mitigates variation introduced by mixed sampling, it limits direct inference on purely fetal metabolic status. Future studies with paired arterial–venous sampling will be valuable for disentangling maternal versus fetal metabolic contributions.

This study analyzed maternal blood during early, mid, and late pregnancy, as well as cord blood, aiming to predict obesity during the embryonic stage of newborns and enable early intervention in utero. Although no differential metabolites were identified in early pregnancy at this stage, the findings provide new ideas and directions for future research.

This study aims to identify biomarkers that facilitate the early detection of neonatal obesity by analyzing maternal blood during pregnancy and umbilical cord blood at birth. The differentially identified biomarkers currently screened are primarily dipeptides related to aspartic acid and glutamic acid, which are involved in various biological processes such as gut microbiota regulation, glucose metabolism, and lipid metabolism. However, the specific mechanisms by which these biomarkers participate in and influence these processes remain to be further investigated. In subsequent research, we plan to validate these biomarkers using targeted omics approaches and further analyze the related pathways to explore sensitive molecular biomarkers capable of predicting neonatal obesity.
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Objective: To study the impact of maternal physical activity levels before and after birth on the risk of spinal deformity in preschool children.



Methods: A cohort study of 760 preschoolers and their mothers tracked maternal physical activity levels during the prenatal period and the two years postnatally, as well as for two years after the child's birth, using standardized questionnaires at 6, 12, and 24 months. The risk of spinal deformity was assessed by the angle of trunk rotation (ATR) at the thoracic (T5), thoracic-lumbar (T12), and lumbar (L4) segments of the spine, with max values noted. An adjusted logistic regression model was used to explore the relationships between prenatal and postnatal physical activity levels and the risk of spinal deformity in preschoolers.



Results: In 98 children (12.9%), ATRs were 3 or above, and 3 had ATRs of 5 at age 4. The duration of physical activity during early pregnancy (min/week) indicated a moderate risk of spinal deformity (with an ATR between 3 and 5) in children at age 4 (OR: 0.986, 95% CI: 0.976–1.001, P = 0.084). Exercising outdoors <1 h/day during 0–6 months reduced spinal deformity risk (3 ≤ ATRs < 5) compared to >1 h (OR = 0.525, 95% CI 0.301–0.917, p = 0.024). The risen risk of high ATR with long outdoor time was more significant when maternal blood calcium levels were low (OR=0.302, 95% CI 0.134–0.682; p = 0.004).



Conclusion: Long outdoor times (>1 h/day) in infants under 6 months may be associated with changes in trunk rotation angle or postural stress. Exercise during early pregnancy may relate to good spine development in children. Further studies are needed on physical activity's role in scoliosis prevention.
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Introduction

Spinal health is a major global public problem associated with children, and scoliosis is the most common coronal plane spinal deformity in all childhood stages and can be screened early by measuring the angle of trunk rotation with the Adam test (1). Aggravated coronal curve deformity of the spine can lead to back pain (2), which is ranked 4th as the leading cause of years lived with disability in adolescents (3), resulting in a global economic stress burden that affects the quality of life throughout the lifespan and cannot be ignored.

Studies have reported that the etiology of spinal morphology starts early in life is multifactorial, with potential predisposing factors including bone development in perinatal, fetal and early infant stages (4–6). Recurrent low back pain and abnormal postural alignment in a 4-year-old child may be early manifestations of spinal disorders, which warrants attention (7).The formation of the spine begins during the embryonic period, and the spine continues to mature during the fetal period, so skeletal development during the fetal period has an important influence on the development of the spine after birth, affecting the structure and function of the spine after birth (8). The nutritional status of pregnant women, especially the level of blood calcium, has a direct impact on the formation of fetal bones (9, 10). In addition, studies have demonstrated that maternal lifestyle during pregnancy (physical activity, diet and body weight) is also crucial for fetal bone mineral density, influencing the increased risk of structural and functional abnormalities in bone during adulthood (11, 12). In the postnatal period, factors such as childhood nutrition (especially adequate calcium intake and vitamin D status) or physical activity contribute significantly to the bone health of the offspring. In infancy and childhood are characterized by a child's weakened muscle strength, poor stabilization and poor physiological curvature of the spine (13), which can be improved by habitual mechanical stimuli and physical activity. Studies have shown that bone quality and resistance to physical stress in childhood are largely dependent on habitual mechanical stimuli, while skeletal properties and postural development in childhood occur within a common, interrelated mechanical environment that may be modulated by specific patterns of anthropometry and body composition (14–16). Physical activity regulates the expression of muscle and bone cytokines to varying degrees to stimulate the development of muscles and bones (17). Preterm infants receiving 10 min of passive exercise three times per day experience 0.3% extra weight gain each day (18). For term infants between 2 and 4 months of age, fifteen minutes of passive exercise results in an increase of approximately 11.5 g/cm2 in bone mineral density (BMD) (19). A lack of proper exercise may lead to the underdevelopment of muscles and ligaments (20), which in turn affects the stability of the spine, prolonged exposure to poor posture may affect the normal growth of the spine, resulting in uneven spinal stress or asymmetrical growth (21). However, the relationship between lack of physical activity and spinal curvature in offspring is unclear, and what kind of physical activity is most beneficial for spinal morphology development in the preschool years remains unattended. To date no quantitative studies have examined this potential association.

The Shanghai birth cohort, which is an ongoing prospective study of health-influencing factors of child development (22). After signing informed consent forms, the recruited couples were followed up for at least 2 years after delivery. This study is a part of the Shanghai birth cohort, formulating a follow-up plan for children aged 4 and inviting these families to participate. It aims to examine the potential cumulative effect of the physical activity levels and blood calcium levels during the maternal prenatal period and child's first 2 years on the risk of spinal deformity among preschoolers at age 4.



Material and methods


Study design and participants

This study is a prospective cohort study, which utilized data from the Shanghai birth cohort, which enrolled couples planning pregnancies or in early stages of pregnancy from six major Shanghai hospitals. Participants were required to be long-term residents, and the cohort was established in 2014 with ongoing follow-ups of the children. Due to the complexity and radiation of x-rays, spinal deformity was defined as the risk of altered spinal morphology in the coronal plane detected by scoliosis screening, as recommended by the US Preventive Services Task Force (USPSTF) (23). The Adam forward bending test was performed for scoliosis screening for the purposes of reducing economic costs and minimizing radiation exposure (1). Out of 1,487 families, 768 with complete data underwent the Adam's forward bend test and were included. The study was approved by Xinhua Hospital's Medical Ethics Committee (XHEC-C-2013-001). Excluding children with a family history of scoliosis (n = 4), inherited metabolic disorders (n = 3), and central nervous system disorders (n = 1), the final sample comprised 760 families.



Data collection


Follow-up flow

The family would be reminded to order an offline follow-up visit in Follow-up Center of the Shanghai birth cohort when children reached 6, 12, 24, or 48 months. Mothers and children would attend the follow-up visit. We encourage other caregivers to participate as well if the mother was not the main caregiver. For children, one mineral density was measured at each visit. Body parameter measurements and scoliosis screening were conducted at age 4. For caregivers, they would be asked to fill out questionnaires about recent child care at each visit.




Scoliosis screening

The Adam forward bending test was performed for scoliosis screening, and the angle of trunk rotation (ATR) was measured by the Bunnell scoliometer (24). Researchers must be qualified as rehabilitation physicians and complete training in Bunnell scoliometer usage. The children were asked to stand relaxed, keep their palms together, and bend their trunks forward. One researcher demonstrated the proper posture beforehand and helped the children to keep their feet together and their legs straight. Then, the researcher centered the Bunnell scoliometer using the spinous process, measured the tilt at the thoracic (T5), thoracolumbar (T12), and lumbar (L4) segments of the spine, and recorded the maximum value of the three segments as the ATR. An ATR value of 5 or above was defined as a positive screening result. Another researcher monitored the child's posture throughout the test and made a repeated test call if the child did not maintain the correct posture. Most of the children completed the screening test, which lasted approximately 30 s. Children who failed to cooperate during tests were excluded (1, 25, 26).



Children's screen time and physical activity

Information on children's activities, including screen time, indoor and outdoor activity, was also collected through three specific questions at 6 months, 12 months, and 24 months of age, respectively. Screen time was described as “no screen time”, “0–60 min per day”, or “over 60 min per day”. Indoor activity required intimate contacts between children and caregivers in indoor environments. It was grouped by “every day” (7 days in a week), “most days” (4–6 days in a week) or “seldom” (3 or less than 3 in a week). Time that children spent outdoors with the supervision of their caregivers per day was collected and divided into two groups based on a duration of 60 min per day.



Children’s body parameter measurements

Includes height, weight, body fat ratio, muscle mass, sitting height and bone mineral density. Height and sitting height were measured through a wall-mounted meter. When measuring sitting height, the children sat on a 25 cm high stool, keeping their hip, scapulae, and head against the wall. Weight and body fat were measured by bioelectrical impedance analysis through InBody720 (InBodyUSA, Cerritos, CA). The bone mineral density of the left tibia was measured by quantitative ultrasound (Omnisense 7000P, Sunlight Medical Inc., Israel). Height and sitting height measurements would be repeated two times to get arithmetic means. Other body parameters were measured once.



Maternal physical activity and serum trace element levels during pregnancy

Mothers self-reported their daily moderate-to-vigorous-intensity activity time and activity frequency during pregnancy through a culturally adapted version of the International Physical Activity Questionnaire (IPAQ). In addition, maternal serum trace element levels during pregnancy were obtained from a blood sample taken during the first prenatal visit during the first trimester.



Statistical power

The statistical power check was based on the results of Cai et al. on scoliosis and activity duration (27). They categorized 2457 children age 6–12 into 4 × 2 contingency table based on daily physical activity duration and ATR value. Their results showed that children with less than 1 h of activity per day (OR = 7.29, 1.99–53.37) and with 1–2 h activity per day (OR = 7.09, 1.09- 52.17) exhibited a higher risk of scoliosis compared to those with more than 3 h/day. Based on the data distribution in Cai's contingency table, we calculated an effect size W of 0.59. The statistical power test was based on the existing sample size and the calculated effect size W, total sample size = 760, W = 0.59, set a = 0.05, the power of the Chi-square test was calculated as 0.99 > 0.95.



Covariates

The following variables were collected during pregnancy from medical records: maternal age, mode of delivery, birth weight, gestational age, and serum Ca level during pregnancy.



Statistical analysis

We compared parameter characteristics between the normal and high ATR groups. Continuous data are mean ± SD, and categorical variables are numbers (percentages). T-tests, chi-square, and Kruskal–Wallis tests were applied. The missing data proportion was within 5%, which can be considered as missing completely at random (MCAR), and listwise deletion was applied for handling. Logistic regression was used to estimate the interaction between ATR and physical activity during pregnancy and postpartum, with crude and adjusted estimates for covariates like early pregnancy blood calcium, bone mineral density at age 4, and sex. The odds ratio (OR) and 95% confidence interval (CI) for high ATR were reported. IBM SPSS Statistics 25 (IBM, Inc., USA) was used, with P < 0.05 indicating significance.




Results

A total of 760 families composed of mothers and children with complete data were included in the study after exclusions. Of these, 98 children (12.89%) with ATRs of 3 or higher were categorized as high risk for scoliosis, while 662 children (87.11%) with ATRs of 0–2 were considered low risk. Within the high ATR group, 3 children (0.39%) had ATRs of 5 or above, 10 children (1.32%) had ATRs of 4, and 84 children (11.05%) had ATRs of 3. Table 1 presents the demographic and perinatal history characteristics, and there was no significant difference between the high-ATR group and the normal-ATR group. Results of the normality test for demographic characteristics are shown in Supplementary Table S1.



TABLE 1 Distribution of ATR value.



	ATR value
	Paticipants (No.)
	Percentage





	0
	56
	7.4%



	1
	314
	41.3%



	2
	292
	38.4%



	3
	84
	11.1%



	4
	11
	1.4%



	5 or above
	3
	0.4%




	ATR, angle of rotation.







Parents usually pay a great deal of attention to children's physical activity after birth, with more than 90% of children in all visits reporting performing indoor activities every day. We therefore combined “most days” and “seldom” in the analysis (Table 2). In contrast, during early pregnancy, only 12.1% of mothers performed regular physical activity. According to the univariate analysis, children under 6 months of age with 0–60 min of outdoor time per day had lower ATR values at age 4 than did those with more than 60 min of daily outdoor time (OR = 0.581, 95% CI 0.382–0.958, P = 0.033). A similar association was found in multivariate analysis when blood calcium levels in early pregnancy, bone mineral density at age 4, and sex were adjusted (OR = 0.491, 95% CI 0.283–0.854; P = 0.012). Moreover, physical activity during early pregnancy tended to decrease the ATR in offspring, although the difference was not significant (OR = 0.989, 95% CI 0.976–1.001; P = 0.084) (Table 3).



TABLE 2 Demographic characteristics of children and their mothers.



	Characteristics
	Total, n = 760
	ATR 0–2, n = 662
	ATR ≥ 3, n = 98
	P





	Child characteristics



	Gender
	
	
	
	0.654



	Boy
	395
	342 (86.6)
	53 (13.4)
	



	Girl
	365
	320 (87.7)
	45 (12.3)
	



	Birth weight (g)
	3,375 (527.5)
	3,380 (535)
	3,350 (520)
	0.776



	Weight at age 4 (kg)
	17.2 (3.1)
	17.2 (3.1)
	16.9 (2.6)
	0.755



	Body fat at age 4 (%)
	13.3 (7.8)
	13.4 (7.7)
	12.6 (7.2)
	0.277



	BMI at age 4 (kg/m2)
	14.8 (1.8)
	14.8 (1.7)
	14.7 (1.8)
	0.265



	Height at age 4 (cm)
	108 (6)
	108 (6)
	109 (5)
	0.231



	Sitting height at age 4 (cm)
	60.5 (4.5)
	60.5 (4.5)
	60.5 (3.5)
	0.469



	Bone density Z score at 6 m
	−2.60 (1.95)
	−2.60 (2.05)
	−2.70 (1.95)
	0.438



	Bone density Z score at 12 m
	−1.20 (1.3)
	−1.20 (1.3)
	−1.20 (1.15)
	0.946



	Bone density Z score at 48 m
	−0.49 (1.25)
	−0.49 (1.24)
	−0.53 (1.03)
	0.852



	Maternal characteristics



	Maternal age at pregnancy (years)
	30 (5)
	29 (4)
	30 (5)
	0.177



	Gestational Weeks (weeks)
	39 (2)
	39 (2)
	39 (2)
	0.766



	Serum Ca during pregnancy (mg/dl)
	85.8 (16.2)
	85.9 (16.3)
	85.5 (15)
	0.685



	Smoking history
	
	
	
	0.092



	Yes
	17
	12 (70.6%)
	5 (29.4%)
	



	No
	742
	649 (87.5%)
	93 (12.5%)
	



	Way of delivery
	
	
	
	0.855



	Spontaneous
	422
	367
	55
	



	Cesarean
	318
	278
	40
	



	Regular phycical activity during pregnancy
	
	
	
	0.536



	Yes
	662
	580 (87.6)
	82 (12.4)
	



	No
	98
	88 (89.8)
	10 (10.2)
	




	Data presented were mean ± sd for continue variables obey normal distribution, median (interquartile range) for continue variables disobey normal distribution, number (percentage) for categorical variables.









TABLE 3 Association between physical activity and ATR value at age 4.



	Physical activity
	N (ATR ≥ 3)
	Crude OR (95% CI)
	Pb
	Adjusted OR (95% CI)b
	Pb





	Physical activity time during early pregnancy (min/week)
	760 (98)
	0.997 (0.993–1.001)
	0.179
	0.989 (0.976–1.001)
	0.084



	0–6 m



	Indoor activity



	Every day
	705 (89)
	Referent
	
	Referent
	



	Not every day
	50 (8)
	1.177 (0.719–1.927)
	0.516
	1.353 (0.805–2.274)
	0.254



	Daily outdoor time



	Over 60 min/day
	450 (61)
	Referent
	–
	Referent
	–



	0–60 min/day
	305 (37)
	0.581 (0.352–0.958)
	0.033c
	0.491 (0.283–0.854)
	0.012c



	Screen time



	No screen time
	693 (90)
	Referent
	–
	Referent
	–



	0–60 min/day
	53 (7)
	1.020 (0.447–2.328)
	0.963
	1.257 (0.455–3.470)
	0.659



	Over 60 min/daya
	3 (0)
	–
	–
	–
	–



	6 m−12 m



	Indoor activity



	Every day
	681 (88)
	Referent
	
	Referent
	



	Not every day
	63 (9)
	0.996 (0.551–1.801)
	0.991
	0.792 (0.364–1.720)
	0.556



	Daily outdoor time



	Over 60 min/day
	557 (71)
	Referent
	
	Referent
	–



	0–60 min/day
	203 (27)
	1.133 (0.694–1.852)
	0.617
	1.207 (0.661–2.205)
	0.540



	Screen time



	Near 0
	580 (77)
	Referent
	–
	Referent
	–



	0–60 min/day
	159 (20)
	0.940 (0.555–1.591)
	0.818
	1.133 (0.593–2.166)
	0.706



	Over 60 min/daya
	9 (1)
	–
	–
	–
	–



	12 m–24 m



	Indoor activity



	Every day
	693 (89)
	
	
	Referent
	



	Not every day
	67 (9)
	1.053 (0.504–2.200)
	0.891
	1.176 (0.496–2.785)
	0.713



	Daily outdoor time



	Over 60 min/day
	568 (75)
	Referent
	
	Referent
	–



	0–60 min/day
	192 (23)
	1.182 (0.679–1.841)
	0.662
	1.229 (0.650–2.626)
	0.526



	Screen time



	Near 0
	120 (12)
	Referent
	–
	Referent
	–



	0–60 min/day
	485 (64)
	0.861 (0.489–1.517)
	0.605
	0.864 (0.418–1.786)
	0.693



	Over 60 min/day
	147 (16)
	0.692 (0.336–1.424)
	0.317
	0.726 (0.291–1.808)
	0.491




	aDo not enter the model because of the small quantity.


	bAdjust for blood calcium of mons in early pregnancy, bone mineral density at age 4 and children’s gender.


	cThe result is significant at level of 0.05.







According to stepwise multivariate analysis (Figure 1), the model included physical activity time during pregnancy and daily outdoor time from 0 to 6 months after birth. Lower ATR values were found in children with short outdoor time in the age of 0–6 months when maternal serum Ca levels were adjusted (OR = 0.483, 95% CI 0.286–0.816; P = 0.007). This significant difference still existed after adding bone density and child sex to the regression model (OR = 0.525, 95% CI 0.301–0.917; P = 0.024). The relationship between maternal physical activity duration and the ATR was not statistically significant. No significant collinearity was found among the variables (Supplementary Table S2). Exploration of interaction effects was not conducted, as only the main effect of one variable was statistically significant.


[image: Forest plot depicting odds ratios (OR) with 95% confidence intervals (CI) for four models assessing the impact of variables including maternal physical activity and early outdoor time on various outcomes. Significant p-values are highlighted: Model 2 (0.007), Model 3 (0.020), and Model 4 (0.024). OR values with CIs are shown for each variable across models.]
FIGURE 1
Multiple analyses for high ATR at age 4. #The result is significant at level of 0.05. PA, physical activity.


We further conducted subgroup analyses based on maternal age (<30 vs. ≥30 years old), type of delivery (cesarean vs. normal delivery), maternal serum Ca level (≥85.8 mg/dl vs. <85.8 mg/dl), bone density Z score (≥−0.49 vs. <−0.49) and child sex. In offspring from mothers with low serum calcium levels, an outdoor time of less than 60 min per day significantly decreased the risk of high ATRs (OR = 0.302, 95% CI 0.134–0.682; P = 0.004) (Figure 2).


[image: Forest plot displaying odds ratios (OR) with 95% confidence intervals (CIs) for various subgroups related to pregnancy and child birth. Subgroups include serum calcium during pregnancy, bone mineral density at age four, children's gender, delivery methods, and mother's age. OR values are presented with corresponding P values and CIs, indicating statistical significance and effect sizes for each subgroup. The plot visually represents the association between these factors and the outcome, with a dashed line indicating the null value (OR = 1).]
FIGURE 2
Subgroup analyses for the associations between short outdoor time at 0–6 months of age and ATRs.




Discussion

This study demonstrated that an outdoor activity time of more than 60 min per day in infants aged 0–6 months may have a relationship with high ATR at 4 years of age, especially when mothers had a low blood level of calcium during early pregnancy. Moreover, maternal physical activity tended to decrease the ATR in offspring, according to univariate analysis. No relationship was found between physical activity and the ATR or between sedentary behavior, represented by screen time, and the ATR in children aged 6–24 months.

A correlation between scoliosis and bone metabolism has been reported previously. Our previous study showed that children with scoliosis have a risk of low bone density that is approximately 7 times greater than that of healthy children (28). Bone development is a process of accumulation, with a peak in puberty (29). Although the effect of differences in bone density at age 4 was not significant in this study, it might still contribute to the incidence of scoliosis in adolescents, which needs further research. Attention should be given to bone strength monitoring and bone quality improvement in children. Our findings showed that the average Z score of BMD in the enrolled children was −1.12 at 12 months of age and −0.36 at 24 months of age. This significant increase indicated the effectiveness of nutritional supplements in improving bone development, which was consistent with previous research. Moreover, unlike the higher incidence of scoliosis in girls, no difference was found in the rate of high ATRs between boys and girls in this study. In early childhood, studies have shown similar bone density and bone metabolism conditions in boys and girls (30, 31). This result is consistent with the bone development course in children and indicates that sex is not the main factor affecting ATRs at an early age.


Outdoor activities in early age, good or not?

Outdoor activities are generally closely related to physical exercise. Studies have established that exercise or physical activities can promote bone formation and subsequently prevent scoliosis even in infants from the perspectives of biomechanics and metabolism. Mechanical loads caused by exercise stimulate osteoblasts and activate their differentiation and mineralization (32, 33). In this process, the serum levels of inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) decrease, which inhibits bone resorption (34). Previous meta-analyses have shown moderate benefits for bone growth and weight gain in infants (35), and a cohort study revealed a negative correlation between motor ability at age 18 months and the risk of scoliosis at age 15 years (36). Our results showed that long periods of outdoor activity before 6 months of age might relate to high ATRs, which is not consistent with the findings of previous studies. Our study initiated follow-up from birth to 4 years old, covering earlier age groups, which may account for the divergent findings. We put forward the following two hypotheses to discuss the divergence.



Damage from exercise

For infants aged 0–6 months, the risk of damage from exercise should not be neglected. There is a temporary decrease in the bone mineral density of infants from 0 to 6 months after birth, which is mainly due to adaptation to the extralateral environment and rapid bone marrow formation. During this period, the osteocyte network monitors the bone deformation caused by mechanical stimulation and adjusts the bone structure. Excessive mechanical stimulation, which is related to improper posture, may cause unbalanced bone development, including plastic deformation of the spine and pseudo subluxation of small joints (37, 38).



Poor postures

According to Australian and Canadian movement guidelines, floor-based games are recommended for infants under 6 months due to the insufficient load-bearing capacity of their spine (39, 40). These games require a clean, comfortable, and safe environment, which may not be met under outdoor conditions. Based on this, we assume that infants under 6 months of age may usually stay in their parents’ arms or strollers. From this perspective, the time spent outdoors for infants under 6 months should not be recognized as physical activity time but rather as time spent staying in improper posture. Long-term poor posture may be a detrimental factor for spinal development. Compared to lying prone, being in the arm, car seat, or babysitter decreased the level of cervical paraspinal and erector spinae muscle activity, according to the results of surface electromyography (41). A long-term low level of paraspinal muscle activity results in a lack of mechanical loads toward the spine, which is closely related to abnormal ossification and tissue loss in joint regions (42).



Potential dual-hit effects: low calcium during pregnancy and external shocks after birth

During embryonic development, essential minerals such as calcium and phosphate are maintained at high levels in the uterus and enter the fetus's circulation through the placenta to complete bone formation (43). Insufficient and low-quality evidence indicates that maternal calcium levels affect children's bone formation and mineralization, possibly because maternal factors are masked by postpartum factors (44). This study showed that children whose mothers had low blood calcium levels were susceptible to negative effects from prolonged outdoor activity at 0–6 months when stratified according to the mother's blood calcium level. Subclinical bone loss might occur in offspring from mothers with low serum calcium levels, leading to vulnerability to external shocks.



Encouragement for activities during pregnancy

Previous studies have shown that exercise during pregnancy can promote placental function by enhancing placental blood flow, strengthening maternal-fetal connections, and promoting fetal development, which is similar to our result (45, 46). However, only 12.6% of pregnant women performed regular physical activity, which was not enough to reach a significant result. According to The American College of Obstetricians and Gynecologists, 150 min of moderate-intensity physical activities such as jogging and cycling per week are strongly recommended during pregnancy for the health of mothers and their offspring, particularly under conditions of low overall activity levels (47).



Limitations

There were several limitations in this study. First, the children in the study were evaluated at 4 years of age. The screening results at this time might not fully represent the occurrence of scoliosis at school age or during puberty. Follow-up visits will continue at 7 and 10 years of age in the SBC study. Second, the source of the data was mainly questionnaires based on subjective recall with semiquantitative options, which might cause bias in the results. Thirdly, the findings should be interpreted cautiously due to residual confounders like genetic/epigenetic factors, environmental differences (e.g., urban-rural settings, pollution, sunlight), and parental care behaviors (e.g., carrying methods, stroller use), requiring more comprehensive adjustments in future studies. Fourth, extensive sample exclusion occurred during the enrollment process, primarily due to missed follow-ups. The excluded subset of participants may exhibit characteristics such as low adherence, limited parental engagement, or lower prioritization of child health, which reduces the generalizability to the broader population. Additionally, their generalizability to non-Chinese or low-income populations may be limited by cultural, lifestyle, nutritional, healthcare, environmental, and socioeconomic differences. Thus, future studies should use quantitative methods such as accelerometers to measure activity levels, and multicohort studies with diverse populations are needed to validate the results and assess their broader applicability.

In conclusion, this prospective cohort study revealed that children staying outdoors for children unable to maintain their spine upright may have an adverse effect on spinal development. Children at this age are suggested to mainly engage in floor activities and stay prone. Physical activity in early pregnancy may be beneficial to the development of the spine in offspring, while low blood calcium levels during pregnancy might have a relationship with increased susceptibility to damage.
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Background: Fetal ventriculomegaly (VM), defined as an atrial diameter ≥10 mm, is one of the most frequently identified central nervous system anomalies on prenatal imaging. This expert consensus aims to address current gaps and inconsistencies in the prenatal diagnosis and management of fetal VM by providing evidence-based, graded recommendations across five key domains: diagnosis and etiology, systematic evaluation, antenatal management, delivery considerations, and short- and long-term prognosis.



Methods: A multidisciplinary panel employed a modified Delphi method to formulate and refine 23 critical clinical questions. The process involved iterative rounds of expert consultation, structured questionnaires, and consensus building among specialists in obstetrics, fetal imaging, genetics, neonatology, neurology, rehabilitation, nursing, and informatics. Recommendations were informed by current international guidelines, high-quality cohort studies, and meta-analyses, and were graded using a modified GRADE framework to reflect the strength and quality of supporting evidence.



Results: Key recommendations include the standardized use of ultrasound and fetal MRI, the application of chromosomal microarray (CMA) in all VM cases regardless of isolation status, individualized monitoring protocols based on ventricular progression, and the need for structured neurodevelopmental follow-up in selected high-risk cases. Novel insights highlight the potential role of dynamic imaging parameters, maternal systemic factors, and emerging multi-omics tools in risk stratification and etiological investigation.



Conclusion: This consensus provides a comprehensive, structured approach to fetal VM, promoting standardized clinical practice and facilitating early identification of high-risk fetuses. It emphasizes multidisciplinary decision-making and calls for future research into prognostic scoring systems, long-term outcomes, and novel etiological pathways.
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Background

Fetal ventriculomegaly is one of the most frequently identified abnormalities in prenatal imaging, particularly during the second and third trimesters. Although many cases—especially those with mild to moderate dilation—have favorable outcomes, uncertainties remain regarding optimal diagnostic thresholds, etiologic classification, and risk stratification (1). Borderline measurements (e.g., 12–13 mm), asymmetric or progressive dilation, and the influence of maternal factors complicate clinical decision-making (2). At the same time, advances in fetal magnetic resonance imaging (MRI) and genomic technologies have expanded the tools available for evaluating underlying causes, yet their application varies widely across clinical settings (3, 4).

A consensus has yet to be established regarding the optimal management of pregnancies affected by isolated or complex ventriculomegaly, particularly concerning the timing and mode of delivery, antenatal surveillance protocols, and the necessity for neonatal and long-term neurodevelopmental follow-up (5). To address these gaps, this expert consensus document was developed through a structured Delphi process, engaging a multidisciplinary panel of experts in maternal-fetal medicine, radiology, genetics, neonatology, and pediatric neurology. Unlike existing guidelines that provide overarching principles, this consensus adopts a structured, question-based approach to offer practical, graded recommendations for specific clinical scenarios, thereby enhancing usability in routine care. The consensus is organized into five key domains—diagnosis, evaluation, antenatal management, delivery, and prognosis—addressing 23 critical clinical questions and offering practical, evidence-based recommendations to guide more standardized and consistent care.

In formulating this expert consensus, recommendations were graded based on the strength of available evidence, clinical consistency, and expert agreement. The grading system is adapted from internationally recognized frameworks such as the GRADE methodology (6), categorizing recommendations as strong (Grade 1) or conditional (Grade 2), and quality of evidence as high (A), moderate (B), or low (C). For example, the recommendation that chromosomal microarray analysis (CMA) be offered to all fetuses with ventriculomegaly—including isolated cases—is graded as 1A, based on multiple cohort studies and meta-analyses demonstrating a substantial diagnostic yield of submicroscopic pathogenic variants (7) (Table 1).



TABLE 1 Expert recommendation grades and evidence levels.



	Recommendation grade
	Strength of recommendation
	Quality of evidence
	Typical source





	1A
	Strong recommendation
	High-quality evidence (e.g., RCTs or meta-analyses)
	Systematic review of RCTs or strong RCTs



	1B
	Strong recommendation
	Moderate-quality evidence (e.g., consistent observational studies)
	Well-done cohort studies or limited RCTs



	1C
	Strong recommendation
	Low-quality evidence (e.g., expert opinion or case series)
	Expert consensus or clinical experience



	2A
	Weak recommendation
	High-quality evidence (e.g., RCTs or meta-analyses)
	Systematic review of RCTs or strong RCTs



	2B
	Weak recommendation
	Moderate-quality evidence (e.g., consistent observational studies)
	Well-done cohort studies or limited RCTs



	2C
	Weak recommendation
	Low-quality evidence (e.g., expert opinion or case series)
	Expert consensus or clinical experience




	RCTs, randomized controlled trials.







Similarly, the guidance that delivery timing and mode should follow standard obstetric indications in isolated mild ventriculomegaly is graded as 1C, reflecting consistent observational evidence and expert consensus in the absence of randomized controlled trials (8, 9). Where evidence remains limited—such as in the long-term neuropsychological surveillance of infants with isolated mild ventriculomegaly—recommendations are made conditionally (Grade 2B), emphasizing individualized decision-making informed by emerging data and multidisciplinary judgment.



Material and methods

This consensus was approved by the Ethics Committee of West China Second University Hospital, Sichuan University (Approval No. 2024320) and registered with the Chinese Clinical Trial Registry (ChiCTR2400093980). To ensure scientific rigor and broad clinical applicability, this expert consensus was developed through a structured Delphi methodology. The process began with a systematic literature review and preliminary consultation with selected domain experts via in-person interviews and online discussions. Based on these inputs, the research team drafted the first-round expert questionnaire. This was followed by a multidisciplinary consultation involving specialists from obstetrics, neuroimaging, genetics, pediatric neurology, rehabilitation, nursing, and health informatics, who provided comprehensive feedback to refine the content. The revised version formed the basis for the second-round survey.

We conducted an literature search covering publications from 2000 to 2025, including high-quality evidence such as books, clinical trials, guidelines, meta-analyses, multicenter studies, randomized controlled trials, reviews, and systematic reviews related to fetal ventriculomegaly. A total of 42 key references were identified and incorporated into the revised manuscript, with their quality assessed and summarized in Supplementary Table S1.

A panel of 20–30 experts, each with over 10 years of professional experience in relevant fields, participated in the second-round Delphi survey. Their responses were analyzed, and further modifications were made, particularly addressing areas of persistent disagreement. This led to the development of a third-round questionnaire, which was redistributed to the expert panel—approximately half of whom had participated in the previous round—to collect final feedback and assess the level of consensus reached.

The exact number of participating experts from each specialty (obstetrics n = 8, fetal imaging n = 5, medical genetics n = 4, neonatology n = 3, neurology n = 3, rehabilitation n = 2, nursing n = 2, and informatics n = 2), the predefined consensus threshold (≥75% agreement), and the handling of disagreements through targeted discussions followed by re-voting in subsequent rounds. Attrition rates across the three Delphi rounds were also reported (Round 1: 29/29 responses; Round 2: 27/29 responses; Round 3: 25/29 responses), and reasons for non-response were documented. In addition, the unresolved disagreements after three rounds were addressed through in-person expert panel meetings to reach final consensus. Following statistical analysis of the responses, a draft version of the consensus was compiled. This draft underwent rigorous review through in-person expert panel meetings and cross-disciplinary discussions. The final version was established after thorough deliberation, ensuring that the resulting recommendations are scientifically sound, evidence-informed, and clinically relevant.



Results


Questions and recommendations


Advances in the precision diagnosis and etiological Spectrum of fetal ventriculomegaly


	1.Should diagnostic thresholds for fetal ventriculomegaly be adjusted based on gestational age, sex, or head circumference?



Fetal ventriculomegaly is traditionally defined on sonographic scan as an atrial diameter (AD) ≥ 10 mm measured in the axial transventricular plane during the mid-trimester examination, regardless of gestational age, fetal sex, or head circumference; this threshold is also applied for diagnoses made in the third trimester (2). Studies show that normal AD remains relatively stable (≈4.5–7.6 mm) between 15 and 40 weeks GA (10). Current consensus, including SMFM guidelines, does not adjust thresholds based on sex or head size, although individual head circumference may be relevant when macrocephaly coexists (11). However, emerging evidence suggests that sex-based differences may exist: some cohorts report higher detection of genetic variants in male fetuses with ventriculomegaly (≈19.1 % vs. 5.5% in females) (12). Despite these observations, there is no robust evidence justifying sex- or biometry-adjusted AD thresholds at present.

Recommendation: Maintain standard threshold (AD ≥10 mm) regardless of GA, sex, or head size

Grade: 1B—Based on consistent observational data and current guidelines; no robust RCT or high-level evidence supports modifying thresholds.


	2.How should fetuses in the “grey zone” of 12–13 mm be stratified and managed?



The categorization of ventriculomegaly is based on sonographic measurement of the atrial diameter (AD) at the level of the lateral ventricles on a standard axial transventricular plane. Ventriculomegaly is typically classified as mild (10–12 mm), moderate (13–15 mm), and severe (≥15 mm) to enhance prognostic clarity (7, 13). Fetuses in the 12–13 mm “grey zone” warrant more precise stratification due to variable outcomes. Most isolated mild cases (10–12 mm) have a favorable prognosis (>90% normal neurodevelopment), while moderate cases (≥13 mm) show higher risk (∼10%–40%) (11). For grey-zone cases, recommendations include serial neurosonographic monitoring, fetal MRI, and offering invasive genetic testing such as CMA regardless of isolation status (14, 15). A flowchart including dynamic tracking of AD progression, side differences, and imaging/genetic adjuncts is sensible in expert consensus frameworks.
Recommendation: It is suggested that fetuses with an atrial diameter of 12.1–12.9 mm be managed as moderate ventriculomegaly, with individualized care including serial ultrasound, fetal MRI, and CMA testing.
Grade: 1C—Supported by cohort studies and expert consensus; benefits of additional imaging and genetic testing outweigh risks.

	3.Should asymmetric or evolving ventriculomegaly be incorporated into diagnostic criteria?



Yes. While classic definitions focus on maximal atrial width, both lateral asymmetry and dynamic longitudinal change should be considered. Bilateral ventriculomegaly is associated with a higher yield of pathogenic variants than unilateral cases (∼16.5 % vs. ∼8.6 %) (12, 14). Progressive dilation during pregnancy occurs in ∼13–16 % of moderate cases and is associated with worse neurodevelopmental outcomes, supporting dynamic follow-up protocols (13). As such, diagnostic frameworks should incorporate both side-to-side differences and temporal trends to refine risk assessment.

Recommendation: Diagnostic criteria should include lateral asymmetry and dynamic progression

Grade: 1B—Strong biological plausibility and cohort evidence show their association with adverse outcomes and increased diagnostic yield.


	4.Are non-traditional maternal factors—such as immune or metabolic dysfunction—underestimated in etiology?



Most guidelines emphasize structural anomalies, infection (e.g., CMV, toxoplasma), and genetic causes. However, emerging literature suggests that maternal immune factors (e.g., antiphospholipid antibodies, ANA) and metabolic derangements might contribute to ventriculomegaly though high-quality RCT data are lacking (16). Currently no RCTs or meta-analyses directly address these associations. Nonetheless, case-series data and mechanistic hypotheses suggest a need for future research into maternal systemic or inflammatory influences as underexplored risk domains. Expert consensus should highlight this gap and recommend targeted research and screening protocols.

Recommendation: Currently insufficient evidence to support routine screening

Grade: 2C—Limited evidence base, primarily case series and mechanistic hypotheses; recommendation is conditional and highlights a research gap.


	5.What is the role of genomics [CMA/whole exome sequencing (WES)] and multi-omics in etiological evaluation?



CMA significantly improves detection of pathogenic copy number variants (CNVs): incremental yield over karyotype in ventriculomegaly is ∼8–12%—even in mild isolated cases—and totals detection rates of ∼9–16% overall (12, 17). A meta-analysis of prenatal exome sequencing (ES) in structurally abnormal neonates found an additional diagnostic yield of approximately 31 % when compared with normal karyotype and CMA results; yield is higher (≈45%) in non-isolated severe cases (18, 19). Although most data concern severe structural anomalies, similar incremental benefits likely apply in moderate ventriculomegaly, especially when MRI reveals additional anomalies or when ventricular dilation is bilateral. As such, integrating CMA and ES (or targeted panels) into the diagnostic pathway supports higher diagnostic precision and better-informed prenatal counseling (20).

Recommendation: CMA should be offered for all cases of ventriculomegaly; WES/ES considered in moderate/severe cases

Grade: 1A—High-level evidence from meta-analyses supports significant diagnostic yield; guideline-backed recommendation.





Summary of this section

This expert consensus supports the continued use of a fixed threshold (AD ≥10 mm) for diagnosing fetal ventriculomegaly across gestational ages and biometric profiles (Grade 1B). For fetuses within the 12–13 mm “grey zone,”. It is suggested that fetuses with an atrial diameter of 12.1–12.9 mm be managed as moderate ventriculomegaly. Individualized evaluation through serial neurosonography, MRI, and chromosomal microarray is recommended to refine prognostic stratification (Grade 1C). Asymmetric or progressively enlarging ventriculomegaly should be recognized as clinically meaningful and incorporated into diagnostic frameworks (Grade 1B). While traditional etiologies remain predominant, emerging hypotheses implicating maternal immune-metabolic dysfunction merit further research, though not yet routine clinical application (Grade 2C). Genomic technologies—particularly CMA and exome sequencing—have proven value in uncovering underlying etiologies and should be integrated into the diagnostic algorithm for all cases, with WES prioritized for non-isolated or moderate/severe presentations (Grade 1A).


Systematic evaluation of mild to moderate fetal ventriculomegaly


	6.How can prenatal ultrasound and MRI be combined into a standardized workflow to maximize detection of anomalies?



The ENSO Working Group meta-analysis by Di Mascio et al. demonstrated that in fetuses with mild to moderate ventriculomegaly (VM, 10–15 mm), prenatal MRI identified additional CNS anomalies in approximately 5%–16% of cases that were missed on dedicated neurosonography, and altered perinatal management in 3%–5% (21). A structured pathway is recommended: Begin with comprehensive neurosonography using standardized axial, coronal, and sagittal views. If VM ≥10 mm is detected, proceed to fetal MRI regardless of isolation status. MRI should ideally be scheduled after detailed ultrasound, with preference for third trimester timing when clinically feasible (see Q3) (22). Multidisciplinary review (perinatology, neuroradiology, genetics) ensures optimal interpretation and counseling (11, 23, 24).

Recommendation: Implement a structured protocol of neurosonography followed by fetal MRI for VM ≥10 mm, regardless of isolation status, with multidisciplinary review.

Grade: 1A—Supported by meta-analyses and international guidelines; strong evidence for improved anomaly detection and clinical decision-making impact.


	7.What advantages does fetal MRI offer in detecting occult central nervous system anomalies?



Fetal MRI has superior contrast resolution, is less affected by maternal habitus or oligohydramnios, and can more reliably identify anomalies such as agenesis or hypoplasia of the corpus callosum (ACC), cortical malformations, posterior fossa lesions, and white-matter abnormalities (22, 25). ENSO data indicate that associated anomalies—particularly cortical and white matter disorders—are more frequently detected by MRI than by ultrasound alone in VM cases during the third trimester (13, 26). For ACC specifically, MRI detected additional structural anomalies in about 11% when ultrasound suggested isolated ACC (27, 28).

Recommendation: Use fetal MRI to identify structural anomalies during the third trimester, especially corpus callosum abnormalities and cortical malformations, that may be missed on ultrasound.

Grade: 1A—Based on multiple high-quality cohort studies and meta-analyses demonstrating superior diagnostic yield compared to ultrasound alone.


	8.Should MRI timing (mid- vs. late gestation) be individualized?



Yes. The meta-analysis by Di Mascio et al. found no significant difference in detection rates of additional anomalies before or after 24 weeks (p = 0.265), but third-trimester MRI may improve detection of cortical or hemorrhagic lesions (21). Thus, MRI timing should be tailored: Early MRI (mid-trimester) is useful for rapid evaluation after ultrasound. Late MRI (third trimester) may offer better visualization of cortical development, white matter maturation, or hemorrhage. Selection of MRI timing should consider suspected lesion type, fetal gestational age, and availability (29).

Recommendation: Tailor MRI timing based on clinical context, lesion suspicion, and gestational age; late MRI may be optimal for cortical and white matter evaluation.

Grade: 1B—Moderate evidence from meta-analysis and expert consensus supports individualized scheduling, though no RCTs exist.


	9.If ventriculomegaly appears isolated, should invasive genetic testing (CMA or targeted panels) be routinely recommended?



Yes. International consensus, including the review by Giorgione et al., recommends offering chromosomal microarray analysis (CMA) to all fetuses with VM, even if isolated on imaging, due to elevated risk of submicroscopic CNVs (11, 21). While direct RCTs are not available, meta-analyses show that non-trivial proportions of apparently isolated VM harbor genetic aberrations detectable only by CMA or exome sequencing (17, 20). In addition, in line with the 2018 AJOG expert consensus on fetal ventriculomegaly, concurrent testing for congenital infections—particularly CMV and toxoplasmosis (TOX), and Zika virus in endemic regions—should also be considered as part of the diagnostic work-up to ensure comprehensive etiological evaluation (7). Hence, invasive genetic testing should be offered systematically.

Recommendation: Offer CMA to all fetuses with VM, including isolated cases; consider WES for unresolved or non-isolated cases.

Grade: 1A—Strong meta-analytic evidence for non-negligible CNV detection in isolated VM; widely supported by expert consensus and practice guidelines.


	10.How should assessment be adapted in multiple gestations or when soft markers (e.g., short nasal bone, echogenic bowel) co-occur?



In such complex scenarios, enhanced surveillance is warranted, including neurosonography and MRI when feasible. For isolated, non-progressive mild VM, the association with single nucleotide variants (SNVs) appears weak, and the presence of soft markers alone should not be overinterpreted as indicating increased structural risk. Genetic testing, particularly CMA, may be considered based on the overall clinical context, while exome sequencing should be reserved for cases with additional risk factors or unresolved findings. Individualized evaluation pathways should incorporate multidisciplinary input and precise imaging protocols.

Recommendation: Enhanced surveillance and CMA may be considered based on clinical context, while WES should be reserved for cases with additional risk factors or unresolved findings.

Grade: 2C—Evidence is low, and current practice is heterogeneous; represents an important research priority rather than a clinical directive.


	11.Are there defined criteria for dynamic monitoring of VM during late pregnancy? How are “improvement” or “worsening” delineated?



Although universally accepted standards are lacking, clinical series and meta-analyses identify dynamic trends as prognostic indicators: Progression of atrial diameter (AD) ≥2 mm over serial scans is associated with worse neurodevelopmental outcome (16). Worsening from mild (<12 mm) to moderate range (>13 mm), or onset of bilateral involvement, indicates elevated risk (29). Improvement (decrease in AD), stability, vs. progression should be defined in serial monitoring protocols, ideally spaced 2–4 weeks apart in mid to late pregnancy.

Recommendation: Use ≥2 mm change in AD, progression from unilateral to bilateral, or shift from mild to moderate as indicators of worsening; perform serial scans every 2–4 weeks.

Grade: 2B—Based on observational data and expert opinion; no universal standard, but growing agreement on prognostic value of dynamic trends.


	12.Is there any validated scoring system to predict adverse outcomes in fetuses with mild-moderate ventriculomegaly?



Currently, no widely validated scoring system exists. However: Prognostic factors identified in systematic reviews include maximal AD, bilateral vs. unilateral dilation, progression over time, and coexistence of structural or genetic anomalies (13, 30).

Many centers utilize composite risk assessment combining imaging (ultrasound/MRI) and genetic findings, but formal predictive models remain under development.

Expert consensus should recommend that future research establishes prognostic scoring tools based on large cohort data.

Recommendation: No validated model exists; future research should focus on establishing predictive scoring systems incorporating imaging and genetic data.

Grade: 2C—Evidence is low, and current practice is heterogeneous; represents an important research priority rather than a clinical directive.




Summary of this section

A stepwise imaging strategy combining detailed neurosonography with fetal MRI is strongly recommended for fetuses with ventriculomegaly, as it significantly improves the detection of occult CNS anomalies (Grade 1A). MRI offers particular advantages in identifying abnormalities such as agenesis of the corpus callosum and cortical dysplasia (Grade 1A), and its timing should be individualized based on the suspected lesion and gestational age (Grade 1B). Genetic evaluation using chromosomal microarray is advised even in isolated cases of VM due to the substantial risk of pathogenic CNVs (Grade 1A), and the presence of soft markers warrants enhanced genetic and imaging assessment (Grade 2C). Although there are no universally accepted criteria, dynamic changes in ventricular width or laterality can help guide clinical management and should be monitored serially (Grade 2B). At present, no validated scoring system exists for predicting neurodevelopmental outcomes, highlighting the need for future prospective studies to develop evidence-based prognostic models (Grade 2C).


Antenatal management strategies for fetal ventriculomegaly


	13.Does mild to VM necessitate modification of antenatal surveillance, such as increased fetal movement monitoring or intrauterine assessment?



According to the SMFM (Society for Maternal-Fetal Medicine) 2018 guidance, mild (10–12 mm) to moderate (13–15 mm) VM should trigger serial ultrasound follow-up to evaluate progression, but routine biophysical profile or non-stress testing is not generally indicated unless placental insufficiency, fetal growth restriction, or amniotic fluid abnormalities coexist (GRADE 1C) (7, 8, 31). The WHO ROMANCE meta-analysis also emphasises that VM alone does not predict fetal compromise requiring altered fetal movement surveillance. However, in fetuses with progressive dilation (defined as ≥2 mm increase over serial scans), increased surveillance—including more frequent growth scans and Doppler or biophysical assessment—is reasonable (4, 5).

Recommendation: For isolated mild to moderate VM, routine antenatal surveillance (e.g., fetal movement counts or biophysical profiles) does not require escalation unless coexisting complications are present.

Grade: 1C—Based on expert guidelines and consistent observational data, but limited by the absence of RCTs or high-level comparative studies.


	14.Should pregnancies with VM plus other soft markers—but no confirmed structural abnormality—be managed under an “enhanced surveillance” pathway rather than routine care?



Yes. Pregnancies combining VM with additional soft markers—particularly increased nuchal fold thickness—are associated with a higher risk of chromosomal or genetic anomalies, even when no definite structural malformations are identified. SMFM and other expert consensus advise offering chromosomal microarray and detailed neurosonography as part of an enhanced evaluation in such cases (7). Furthermore, serial ultrasound follow-up every 4 weeks is suggested to monitor the evolution of the ventriculomegaly, even if it initially appears isolated. This level of follow-up exceeds routine prenatal surveillance for low-risk pregnancies.

Recommendation: Yes. In the presence of additional soft markers, enhanced prenatal surveillance and genetic testing (e.g., CMA) should be offered, even without confirmed structural anomalies.

Grade: 1B—Supported by large cohort data and consensus guidelines; presence of soft markers is a recognized risk factor for chromosomal abnormalities.


	15.How should management and decision-making proceed during pregnancy when ventriculomegaly shows progressive enlargement?



Fetuses whose ventricular width increases by ≥2 mm or transitions from mild to moderate range are classified as progressive VM, which is associated with higher neurodevelopmental risk (up to ∼22% adverse outcomes) (5). In these cases, recommendations include: Intensified ultrasound monitoring, repeated every 2–4 weeks to assess ventricular trends, fetal biometry, amniotic fluid volume, and potential abnormalities in other organ systems. Prompt fetal MRI (if not already performed) to detect occult structural CNS anomalies. Invasive prenatal diagnosis, including CMA with sequential or combined whole exome sequencing (WES), to refine etiological evaluation and guide counseling. Multidisciplinary consultation (maternal–fetal medicine, genetics, neonatology, neurosurgery) for counseling. Discussing potential perinatal planning including referral to tertiary center, neonatal imaging at birth, and early neurodevelopmental follow-up (29). This approach aligns with high-quality observational data and expert consensus that highlight the prognostic importance of dynamic changes rather than initial ventricular width alone.

Recommendation: Progressive VM (≥2 mm increase or worsening classification) should prompt intensified ultrasound surveillance, fetal MRI, and multidisciplinary consultation for perinatal planning.

Grade: 1B—High-quality cohort studies support the prognostic value of progression; expert consensus consistently endorses intensified follow-up in these cases.




Summary of this section

In pregnancies with isolated mild to moderate ventriculomegaly, routine antenatal surveillance need not be intensified unless additional obstetric complications arise, such as fetal growth restriction or amniotic fluid abnormalities (Grade 1C). However, if soft markers—such as echogenic bowel or nasal bone hypoplasia—are also present, even without definitive structural malformations, these cases should be managed under an enhanced surveillance framework, including serial imaging and chromosomal microarray testing (Grade 1B). Furthermore, when ventriculomegaly progresses during gestation—defined as a ≥2 mm increase in atrial diameter or transition in severity—this dynamic change is associated with increased neurodevelopmental risk and warrants more intensive management. This includes repeated imaging every 2–4 weeks, prompt fetal MRI, and multidisciplinary counseling to guide delivery planning and postnatal follow-up. Invasive prenatal diagnosis, including CMA with sequential or combined whole exome sequencing (WES), to refine etiological evaluation and guide counseling. (Grade 1B).


Timing and mode of delivery in fetuses with ventriculomegaly


	16.Can isolated mild ventriculomegaly follow routine term vaginal delivery?



Yes. The Society for Maternal-Fetal Medicine (SMFM) 2018 Expert Consult Series strongly recommends that both timing and mode of delivery for isolated mild (10–12 mm) or moderate (13–15 mm) ventriculomegaly be based on standard obstetric indications. There is no evidence from randomized trials that cesarean section or early delivery improves neonatal or neurodevelopmental outcomes in these cases (GRADE 1C) (7). Meta-analytic data show that most infants with isolated mild VM (>90%) experience normal neurodevelopment and require no deviation from routine delivery pathways.

Recommendation: Yes. Delivery timing and mode should follow standard obstetric indications for isolated mild VM.

Grade: 1C—Based on consistent observational studies and expert consensus; no randomized trial evidence available.


	17.Should a more proactive delivery strategy be adopted for moderate VM with mild growth restriction or amniotic fluid abnormalities?



Current guidelines and observational studies suggest no definitive benefit from elective early delivery or cesarean section purely due to ventriculomegaly, even in the presence of mild fetal growth restriction or oligohydramnios. Management should remain individualized based on obstetric risk factors. For moderate VM coexisting with significant obstetrical complications, more active fetal surveillance and timely delivery when standard clinical thresholds are met (e.g., nonreassuring fetal monitoring, worsening growth restriction) is prudent, but routine early delivery is not indicated without other clinical indications (7).

Recommendation: No. Delivery decisions should remain individualized and based on standard obstetric risk indicators, not solely on the presence of ventriculomegaly.

Grade: 2C—Supported by observational data and guidelines; lacks high-level comparative trials.


	18.Is neonatal brain imaging immediately after birth recommended, and who should lead this?



Yes. Postnatal cranial imaging is advised when prenatal VM has been detected, especially in moderate cases or if additional risk factors are present. Cranial ultrasound (CrUS) is the typical first-line modality in newborns, often performed by neonatologists or trained pediatric radiologists within the first few days of life to exclude unseen complications such as hemorrhage or persistent ventriculomegaly (32, 33). If abnormalities persist or more detailed assessment is needed, a neonatal brain MRI at term-corrected age may be considered, ideally under the guidance of pediatric neurology and neuroradiology teams (34). Ownership of the imaging and interpretation should rest with the pediatric/neonatal team, in consultation with neurology or neurosurgery as appropriate.

Recommendation: Yes. Postnatal cranial ultrasound should be performed in neonates with prenatal VM, especially moderate or non-isolated cases. MRI may follow based on clinical findings. Pediatric radiology or neurology should lead the imaging evaluation.

Grade: 1B—Moderate evidence from large cohorts and clinical practice guidelines supports its diagnostic value and clinical utility.


	19.Do different modes of delivery have any microstructural impact on neonatal brain structures?



There is no high-quality evidence—such as RCTs or meta-analyses—demonstrating that vaginal vs. cesarean delivery materially affects neonatal brain structures or long-term neurological outcomes in fetuses with ventriculomegaly (34). The literature consistently supports that delivery mode should reflect obstetric indications rather than perceived neuroprotective advantage. Macrocephaly is rare, and cesarean delivery might be considered only in exceptional situations such as markedly enlarged head circumference (e.g., >40 cm), where standard obstetric risks dictate operative delivery (2).

Recommendation: No. There is no evidence supporting the use of cesarean section over vaginal delivery for neuroprotection in VM. Mode of delivery should follow obstetric indications.

Grade: 1C—No RCTs or meta-analyses available; consistent observational evidence and expert consensus support this approach.




Summary of this section

In cases of isolated mild ventriculomegaly, term vaginal delivery following standard obstetric criteria is appropriate and does not require alteration based on fetal brain findings (Grade 1C). Even in moderate ventriculomegaly coexisting with mild obstetric complications (e.g., borderline growth restriction or amniotic fluid anomalies), a proactive delivery approach is not routinely justified, and decisions should be guided by conventional obstetric thresholds (Grade 2C). Postnatal cranial imaging is recommended for all moderate or complex VM cases, with cranial ultrasound as the first-line modality and MRI considered for further evaluation. These should be managed under pediatric or neonatal leadership, in consultation with neurology as needed (Grade 1B). Finally, there is no scientific evidence indicating that delivery mode influences neonatal brain microstructure or long-term neurodevelopment in ventriculomegaly cases; cesarean section should be reserved for obstetric indications rather than presumed neuroprotection (Grade 1C).


Short- and long-term outcomes of mild to moderate fetal ventriculomegaly


	20.Can prognostic scoring models based on prenatal variables (maximal atrial width, progression, co-existing anomalies) accurately predict outcome?



While no universally validated prognostic scoring system currently exists, multiple studies have identified consistent prenatal risk factors. A meta-analysis of 652 isolated mild ventriculomegaly (≤15 mm) cases found neurodevelopmental delay in 7.9% (95% CI: 4.7–11.1%), with false-negative postnatal imaging in ∼7.4% (9, 35). Additionally, a large cohort study of 324 cases demonstrated that early diagnosis (≤24 + 6 weeks), non-isolated ventriculomegaly, and intrauterine progression significantly increased risk (OR: 2.86, 2.62, and 11.15 respectively) (19, 35). Thus, combining variables such as initial gestational age at diagnosis, laterality, evolution, and structural context into a composite risk model may provide meaningful prognostic stratification, though formal scoring systems remain in development.

Recommendation: Composite prenatal risk models are promising but not yet formally validated; their development is encouraged for clinical use.

Grade: 2C—Supported by consistent cohort and meta-analytic evidence, but formal scoring tools are not yet widely implemented or prospectively validated.


	21.What domains of neurodevelopmental risk are most commonly affected?



Systematic reviews show that even isolated mild ventriculomegaly carries an elevated risk (∼8%–11%) of neurodevelopmental impairments—most commonly affecting language, fine and gross motor skills, and mild global developmental delay (11, 35, 36). Severe VM is associated with a relative risk of 4.24 for neurodevelopmental delay compared to mild cases, and nearly 45% of severe cases exhibit developmental delay (15, 32).

Recommendation: Language, motor, and cognitive domains are most at risk, and should be a focus of postnatal developmental surveillance.

Grade: 1B—Based on multiple systematic reviews and large observational cohorts indicating reproducible patterns of developmental vulnerability.


	22.Should high-risk postnatal follow-up protocols be recommended, and how early should interventions begin?



Yes. The literature supports structured, risk-stratified follow-up. For fetuses with VM plus risk factors—especially early onset, progression, or co-existing anomalies—coordination with pediatric neurology and developmental pediatrics soon after birth is recommended. Initial neurodevelopmental screening should commence by 6 months of age, with ongoing formal testing (Bayley, ASQ-3) through early childhood, particularly in those with identified prenatal risk (33). Early intervention—when developmental delays are identified—can improve function in language, motor coordination, and cognitive domains (8).

Recommendation: Yes. Structured follow-up beginning by 6 months of age is advised for infants with prenatal risk factors (e.g., progression, early onset, non-isolation).

Grade: 1B—Strong support from longitudinal studies and expert consensus demonstrating benefit of early developmental screening and intervention.


	23.If a child is born with isolated mild ventriculomegaly and normal neurological examination, is long-term neuropsychological follow-up still warranted?



Yes, especially in cases with early-onset or progression prenatally, despite normal newborn examinations (35). While most isolated mild VM cases (≈ 90%) have normal outcomes, subtle vulnerabilities—such as attention, language, or social cognition deficits—may emerge later (37, 38). Therefore, periodic developmental surveillance up to at least school age is advisable. Even where initial pediatric neurology assessment is normal, follow-up through preschool years ensures early detection of subtle behavioral or learning difficulties and enables timely intervention (7, 39).

Recommendation: Yes. Even with normal neonatal findings, long-term developmental surveillance is recommended due to risk of subtle late-emerging deficits.

Grade: 2B—Evidence suggests a minority of such children may develop learning or behavioral issues later; recommendation is based on best practices and preventive value.




Summary of this section

Although a universally validated prognostic scoring system for fetal ventriculomegaly is not yet available, current evidence supports stratifying risk based on prenatal variables such as atrial width, gestational timing, lesion laterality, and progression over time (Grade 2C). Neurodevelopmental impairments, particularly in language, fine and gross motor skills, and global functioning, are among the most frequently reported outcomes in affected children (Grade 1B). High-risk neonates—especially those with early-onset, progressing, or non-isolated ventriculomegaly—should undergo structured follow-up beginning by six months, including formal developmental testing and early intervention if delays are identified (Grade 1B). Even infants with isolated mild VM and reassuring newborn exams benefit from long-term neuropsychological monitoring, as subtle deficits may not manifest until preschool or school age (Grade 2B).




Discussion

This expert consensus comprehensively addresses the clinical challenges and knowledge gaps surrounding fetal ventriculomegaly, one of the most frequently encountered prenatal CNS anomalies. By organizing 23 key questions across five domains—diagnosis, evaluation, antenatal management, delivery planning, and prognosis—it offers a structured and evidence-based framework to support clinical decision-making. The summary of recommendations in this consensus is presented in Table 2. The consensus emphasizes precision in diagnostic criteria, advocates for standardized use of fetal MRI and genetic testing, and provides recommendations for individualized management strategies based on the severity and progression of ventriculomegaly.



TABLE 2 Summary of expert recommendations and grades.



	No.
	Clinical question
	Recommendation summary
	Strength of recommendation
	Quality of evidence





	1
	Should diagnostic thresholds be adjusted by gestational age, sex, or head circumference?
	Use fixed ≥10 mm threshold; no adjustment by GA, sex, or biometry
	1B
	Moderate



	2
	How to manage fetuses in 12–13 mm “grey zone”?
	Stratify with MRI, serial ultrasound, and genetic testing (CMA)
	1C
	Low



	3
	Should asymmetric/dynamic VM be incorporated into diagnosis?
	Yes, monitor bilateral involvement and progressive dilation
	1B
	Moderate



	4
	Are maternal immune/metabolic factors underestimated in VM etiology?
	Currently insufficient evidence
	2C
	Low



	5
	Should CMA/WES be used in etiologic workup?
	CMA for all cases; WES for unresolved or complex cases
	1A
	High



	6
	How to structure combined ultrasound–MRI workflow?
	Begin with neurosonography → MRI → multidisciplinary review
	1A
	High



	7
	What are MRI's advantages in CNS anomaly detection?
	Superior for ACC, cortex, posterior fossa, white matter
	1A
	High



	8
	Should MRI timing be individualized (mid vs. late gestation)?
	Yes, based on anomaly type and GA
	1B
	Moderate



	9
	Should CMA be offered in isolated VM?
	Yes, due to non-trivial CNV detection rate
	1A
	High



	10
	How to assess VM in twin pregnancy or with soft markers?
	Enhanced evaluation with MRI, genetic testing, and expert review
	2C
	Moderate



	11
	Are there standard criteria for serial monitoring?
	Progression = AD increase ≥2 mm or bilateral involvement; reassess every 2–4 weeks
	2B
	Moderate



	12
	Are prognostic scores validated for predicting outcome?
	Not yet; risk stratification recommended based on current evidence
	2C
	Low



	13
	Does mild/moderate VM need enhanced fetal surveillance (e.g., BPP, NST)?
	Not routinely, unless complications exist
	1C
	Low



	14
	Should soft markers without structural anomalies lead to enhanced pathway?
	Yes, due to elevated risk
	1B
	Moderate



	15
	How to manage progressing VM during pregnancy?
	Serial scans + MRI + multidisciplinary consultation + perinatal planning
	1B
	Moderate



	16
	Can isolated mild VM follow routine term vaginal delivery?
	Yes, unless obstetric indications arise
	1C
	Low



	17
	Should delivery strategy change for moderate VM with FGR or Oligo?
	No. Delivery decisions should base on standard obstetric risk indicators
	2C
	Low



	18
	Should newborns undergo cranial imaging post-delivery?
	Yes, CrUS followed by MRI if necessary; led by neonatology/neuro teams
	1B
	Moderate



	19
	Does mode of delivery affect neonatal brain structure?
	No evidence supporting neuroprotective benefit from cesarean
	1C
	Low



	20
	Can prognostic scoring models based on prenatal variables accurately predict outcome?
	Composite prenatal risk models are promising but not yet formally validated.
	2C
	Low



	21
	What neurodevelopmental domains are most affected?
	Language, motor, cognition most common
	1B
	Moderate



	22
	Should high-risk neonates have structured follow-up from birth?
	Yes, start by 6 months, continue through early childhood
	1B
	Moderate



	23
	Is long-term surveillance needed after normal neonatal exam in isolated mild VM?
	Yes, to detect subtle deficits emerging later (e.g., attention, learning)
	2B
	Moderate




	RCTs, randomized controlled trials, GA, gestational age; CMA, chromosomal microarray analysis; WES, whole exome sequencing; VM, ventriculomegaly; AD, atrial diameter; CNS, central nervous system; ACC, agenesis of the corpus callosum; CNV, copy number variation; BPP, biophysical profile; NST, non-stress test; FGR: fetal growth restriction; Oligo, oligohydramnios, CrUS: cranial ultrasound.







A major strength of this consensus is its integration of current high-quality evidence, including cohort studies, meta-analyses, and international guidelines, with expert clinical judgment. Recommendations are graded using an adapted GRADE framework to reflect both the strength of the guidance and the underlying quality of evidence. In areas where definitive data remain limited—such as long-term neurodevelopmental surveillance or scoring model validation—conditional recommendations are made, encouraging further research and individualized care.

The recommendations regarding the application of CMA and WES are based on high-level evidence from meta-analyses and large cohort studies demonstrating their incremental diagnostic yield in fetuses with ventriculomegaly. Similarly, the prognostic role of ventricular progression and the advantages of MRI for detecting occult CNS anomalies are supported by consistent observational data and meta-analytic evidence, and are presented as strong recommendations (Grades 1A–1B). In contrast, statements regarding maternal immune and metabolic factors are now explicitly framed as preliminary research hypotheses, reflecting limited current evidence from case series and mechanistic studies, and are not included as formal clinical recommendations. Standardized definitions and universally accepted guidelines are currently lacking for several key prenatal issues, including the “grey zone” of 12–13 mm ventricular width, asymmetric or evolving ventriculomegaly, dynamic monitoring strategies in late pregnancy, and the management of progressive ventriculomegaly. In these areas, our recommendations were primarily based on expert consensus, whereby items supported by ≥85% agreement among the panel were assigned lower recommendation grades.

We recognize that access to advanced imaging modalities such as fetal MRI, and genetic technologies including CMA and WES, remains limited in many low- and middle-resource regions. Practical barriers—including cost-effectiveness considerations, availability of trained personnel, and infrastructure disparities—may influence the feasibility of implementing certain recommendations. Tailored strategies, such as regional referral networks, prioritized testing for higher-risk cases, and phased implementation, may help bridge these gaps. And this consensus was developed by a multidisciplinary panel based in China, and therefore reflects the healthcare infrastructure, clinical practice patterns, and resource availability of this context. While the core principles are aligned with international guidelines and evidence, adaptations may be needed to accommodate regional differences in healthcare systems, diagnostic resources, and population characteristics. We view this consensus as a framework that can be refined and validated through international collaboration and future multicenter studies.

Future research should focus on developing and validating robust prognostic models through large, multicenter prospective cohorts that integrate clinical, imaging, genetic, and maternal systemic factors. Advanced statistical methods and machine learning approaches can be leveraged to construct risk stratification tools with high predictive accuracy. International collaboration will be essential to ensure model generalizability and facilitate the establishment of standardized prognostic scoring systems for clinical use.



Conclusion

This document aims to bridge the gap between evolving research and daily prenatal practice. By promoting standardized, multidisciplinary, and data-driven approaches to fetal ventriculomegaly, it strives to improve diagnostic accuracy, optimize perinatal outcomes, and facilitate longitudinal follow-up tailored to each fetus's risk profile. This consensus serves as both a clinical guide and a call for future studies to refine the management of this complex and heterogeneous condition.
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Background: Beckwith–Wiedemann syndrome (BWS) is a congenital imprinting disorder characterized by macrosomia, umbilical hernia, macroglossia, and increased tumor susceptibility. DNA methylation changes at 11p15.5 are its primary molecular mechanisms. This report presents a case of BWS wherein the patient registered a gain of methylation at imprinting control region 1 (IC1) and reduced H19 expression, along with typical clinical features and recurrent atrial tachycardia.



Case presentation: A 2-month-old female infant presented with macroglossia, umbilical hernia, organomegaly, and arrhythmia. She had a history of fetal macrosomia and polyhydramnios. Echocardiography revealed a patent ductus arteriosus, and an electrocardiogram confirmed atrial tachycardia. Multiplex ligation–dependent probe amplification testing showed normal copy number at 11p15.5 but a gain of methylation at IC1, confirming the diagnosis of BWS. When the patient was 12 months old, a tongue reduction surgery with ablation was performed because of feeding and speech difficulties experienced by the patient. A follow-up examination at 18–20 months showed no evidence of tumor development, improved pronunciation, and recurrence of atrial tachycardia without myocardial hypertrophy.



Conclusion: This case underscores the diagnostic value of methylation testing in BWS, especially when the copy number is normal. Infants with macrosomia, macroglossia, and umbilical hernia should be evaluated for BWS. Long-term multidisciplinary follow-up, including tumor surveillance and cardiac monitoring, is essential for improving prognosis and quality of life.
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Introduction

Beckwith–Wiedemann syndrome (BWS) is a congenital imprinting disorder caused by epigenetic dysregulation of imprinted genes in the chromosome 11p15.5 region. Primary diagnostic features are macroglossia, prenatal and postnatal overgrowth, and abdominal wall defects (1), with associated findings often including organomegaly, neonatal hypoglycemia, and structural cardiac anomalies (1). In this study, we present a case of BWS in a 2-month-old female infant, with genetically confirmed imprinting control region 1 (IC1) hypermethylation and reduced H19 expression. This patient also presented with recurrent atrial tachycardia, a cardiac manifestation that is relatively uncommon in BWS.



Case presentation

A two-month-old female infant presented with lethargy lasting 2 h and arrhythmia lasting 1.5 h. She had congenital macroglossia, with supine shortness of breath and apnea relieved by lateral positioning. A karyotype genetic analysis performed at another hospital showed a 46, XX karyotype. A brain magnetic resonance imaging (MRI) was performed, revealing no abnormalities in the brain parenchyma. Her tongue was enlarged. A physical examination on admission revealed a body weight of 7.9 kg and height of 61 cm. She was breathing steadily without cyanosis. She displayed no rash. Her facial appearance was symmetrical. She exhibited signs of macroglossia with protrusion beyond the oral cavity (Figure 1). No rales were auscultated in the lungs. Her heart sounds were clear, although her pulse was irregular with a heart rate of 184 beats/min. No murmurs were heard. She had a soft abdomen but a bulging umbilicus that could be retracted. Her liver was palpated 3 cm below the right costal margin and the spleen 2 cm below the left costal margin, both with a soft consistency and well-defined margins.


[image: Infant swaddled in a towel with a nasal tube. The face is partially obscured by a black bar, and the infant's tongue is visible.]
FIGURE 1
Clinical photograph showing macroglossia with the tongue protruding beyond the oral cavity at 2 months of age.


The patient was delivered at full term by cesarean section because of fetal macrosomia. Her mother had experienced two pregnancies with one living child (G2P1). The infant had a history of perinatal hypoxia and neonatal asphyxia. Antenatal polyhydramnios was detected at 28 weeks of gestation; however, data regarding the amount of amniotic fluid after delivery were unavailable. In the mother’s first pregnancy, an induced abortion at 8 weeks of pregnancy was performed because of the absence of fetal heart rate and fetal bud. The patient’s parents were healthy, with no family history of genetic disorders or congenital anomalies.

A comprehensive set of investigations was conducted after admission. An electrocardiogram (ECG) revealed atrial tachycardia and paired or isolated premature ventricular contractions combined with aberrant ventricular conduction. An echocardiogram (Echo) revealed a patent ductus arteriosus measuring 1.7 mm, without myocardial hypertrophy. The dimensions of the cardiac chamber were normal. No anomalies were detected in the complete blood count (CBC), C-reactive protein (CRP), blood gas analysis, liver and kidney function testing, myocardial injury markers, blood sugar, thyroid function, and metabolic disease screening. A multiplex ligation–dependent probe amplification (MLPA) assay revealed a normal gene copy number on chromosome 11p15.5 but a gain of methylation at IC1 (Figure 2). A diagnosis of BWS was established.


[image: Two comparative box plots display genetic data, with IC1 region highlighted in the second plot. Both plots feature boxes, whiskers, and scatter points, against orange and gray backgrounds, representing different samples.]
FIGURE 2
The MLPA assay reported a normal gene copy number on chromosome 11p15.5 but a gain of methylation at IC1.


The patient’s atrial tachycardia was effectively controlled with metoprolol and digoxin on the third day. Repeat ECG and Holter monitoring showed normal results. No neoplastic lesions were found. Follow-up visits after discharge showed normal psychomotor development, with no reported hemihyperplasia. However, her enlarged tongue significantly impacted pronunciation and feeding, due to which a tongue reduction surgery combined with ablation therapy was performed at the age of 12 months (Figure 3). The patient’s speech improved postoperatively and she was able to pronounce two-syllable words by the age of 18 months. Regular follow-up examinations of abdominal and kidney ultrasonography and serum tumor biomarkers did not identify tumor lesions. Repeat echocardiography showed a patent ductus arteriosus measuring 1.2–1.7 mm, without myocardial hypertrophy. Atrial tachycardia was not detected by repeat ECG and Holter monitoring, and therefore, digoxin was withdrawn. However, atrial tachycardia recurred at 20 months of age, and this was managed by adjusting the dosage of metoprolol. This recurrence, despite the absence of myocardial hypertrophy, underscores the necessity of ongoing cardiac surveillance in BWS.


[image: A baby with short dark hair is wearing a white outfit with decorative details. The eyes are covered by a black bar. The baby appears to be looking forward with the mouth slightly open.]
FIGURE 3
Postoperative photograph at 12 months showing reduced tongue volume following tongue reduction surgery and ablation therapy.




Discussion

BWS is a congenital overgrowth disorder characterized by prenatal and postnatal macrosomia and an increased risk of embryonal tumors (1). It was first reported by Beckwith and Wiedemann in the 1960s, and has an estimated prevalence of 1:10,000–26,000 (2). Reports of BWS remain limited, and most cases occur in children, particularly among those conceived via assisted reproductive technologies (3). Although rare, adult presentations or diagnoses of BWS have also been documented (4).



Molecular subtypes and pathogenesis of BWS

BWS is a genomic imprinting disorder. Imprinted genes are characterized by monoallelic expression in a parent-of-origin-specific manner; in other words, only the allele inherited from one parent (either maternal or paternal) is expressed, while the allele from the other parent is silenced. This monoallelic expression is primarily regulated by epigenetic mechanisms, including DNA methylation and histone modifications.

BWS is associated with varying alterations in the chromosome 11p15.5, leading to distinct phenotypes. Molecular aberrations can be detected in the majority of BWS patients (80%) (5–7). Specifically, gain of methylation at IC1 is found in 5%–10% of BWS patients. IC1 is a region of DNA that controls the expression of imprinted genes H19 and IGF2. The H19 gene is a maternally expressed allele and encodes untranslated RNA, serving as a tumor suppressor gene; on the other hand, the IGF2 gene expresses the paternal allele and encodes a potent fetal growth factor. Gain of methylation at IC1 results in a biallelic expression of IGF2 and silencing of H19. Conversely, loss of methylation at imprinting control region 2 (IC2), the most common molecular defect (approximately 50% of cases), results in a biallelic expression of the non-coding RNA KCNQ1OT1 and downregulation of CDKN1C, a maternally expressed cell cycle inhibitor. A paternal uniparental disomy (UPD) of 11p15.5 accounts for approximately 20% of BWS cases, leading to a biallelic expression of IGF2 and reduced expression of both H19 and CDKN1C. Primarily sporadic mutations in CDKN1C are observed in approximately 5% of BWS cases. Paternal duplication or maternal translocation/inversion at 11p15.5 collectively accounts for another 1%. However, approximately 20% of BWS cases lack detectable molecular abnormalities, potentially because of tissue-limited mosaicism, uncharacterized epigenetic dysregulation, or novel pathogenic mechanisms. Recent studies have further highlighted the complexity of the BWS pathogenesis, demonstrating that multilocus imprinting disturbances and tissue-specific mosaic epigenetic alterations may contribute to phenotypic heterogeneity (8–10). In addition, advances in methylation profiling and high-throughput sequencing have offered new insights into genotype–phenotype correlations and refined surveillance strategies.



Phenotypic heterogeneity and diagnostic criteria in BWS

The clinical manifestations of BWS in infants and children vary with molecular defects and tissue mosaicism on chromosome 11p15.5. The diagnostic criteria for BWS have evolved over time. The European Cooperation in Science and Technology (COST) established a collaborative network for BWS research and management (1). This network developed consensus guidelines for the diagnosis and treatment of BWS, proposing that BWS can range from a classic presentation to an isolated lateralized overgrowth (hypertrophy) (9). A scoring system is used for diagnosis. Each dominant clinical manifestation—macroglossia, omphalocele, lateralized overgrowth, bilateral Wilms’ tumor, hyperinsulinism, and pathological findings of adrenal cortical hyperplasia, placental mesenchymal dysplasia, or pancreatic adenomatous disease—is assigned 2 points. Supportive features—such as birthweight greater than 2 SD above the mean, nevus simplex, polyhydramnios, ear creases, transient neonatal hypoglycemia, BWS-associated tumors, organomegaly, or umbilical defects—are each assigned 1 point. A clinical score greater than or equal to 4 points is sufficient to establish a diagnosis of classic BWS, even without molecular confirmation. Genetic testing is recommended for individuals scoring greater than or equal to 2 points. Those scoring less than 2 are not candidates for testing, while individuals with greater than or equal to 2 points but negative genetic findings require further evaluation or referral to BWS experts. The present patient scored more than 4 points based on cardinal and supportive features. Combined with the MLPA finding, she was finally diagnosed with BWS.

Congenital heart disease is the most common cardiac anomaly in patients with BWS (11). Previous studies have reported that patients with BWS may present with long QT syndrome (LQTS), which has been associated with copy number variations or genomic rearrangements involving the IC2 region (12, 13). Non-inflammatory localized myocardial hypertrophy and secondary supraventricular tachycardia are also occasionally reported in patients with BWS (14, 15). The patient with BWS in this study was diagnosed with a patent ductus arteriosus and atrial tachycardia. Despite the absence of myocardial hypertrophy, cardiac follow-up is warranted given the potential for arrhythmias associated with structural progression in BWS. In this context, the recurrent atrial tachycardia observed in our patient may represent a primary arrhythmia rather than a secondary manifestation of hypertrophic changes, underscoring the need for further investigation into the arrhythmogenic mechanisms of BWS.



Genotype–phenotype correlation of BWS

Gain of methylation at IC1 is associated with an increased risk of macroglossia, umbilical hernia, and nephroblastoma (16), while loss of methylation at IC2 is more frequently associated with omphalocele, macroglossia, ear creases and/or pits, facial nevus simplex, and prematurity, but confers a relatively low risk of tumor development (17). A paternal UPD of 11p15.5 carries a high risk of tumor development, mainly hepatoblastoma and nephroblastoma (1). Paternal UPD mosaicism is strongly associated with lateralized overgrowth (10). Polyhydramnios is reported in some BWS cases with hypermethylation at IC1 (11). In the present case, the patient—with a gain of methylation at IC1—had typical features of BWS, such as polyhydramnios, macrosomia, and umbilical hernia. A reduced H19 expression was detected, warranting long-term follow-up to monitor tumor risk. Currently, there is no established correlation between IC1 hypermethylation and atrial tachycardia in the literature; therefore, this finding in our patient should be interpreted with caution, and additional studies should be conducted to clarify whether such an association exists.

Reduced expression of the H19 gene, a maternally expressed long non-coding RNA with tumor-suppressive properties, may have important implications in Beckwith–Wiedemann syndrome. H19 normally antagonizes IGF2 activity and regulates cell proliferation and differentiation through multiple pathways, including modulation of microRNAs and epigenetic regulators. Its downregulation has been associated with enhanced IGF2 signaling, increased cell growth, and tumor susceptibility. Although gain of methylation at IC1 is a well-established cause of H19 silencing, the specific contribution of reduced H19 expression to the phenotype of BWS, particularly in relation to arrhythmogenesis, remains unclear. Further studies are warranted to elucidate the mechanistic role of H19 loss in the clinical heterogeneity of BWS.



Treatment and follow-up

The prognosis of BWS depends primarily on neonatal complications and tumors (11). Life-threatening complications in the neonatal period are hypoglycemia, macroglossia-induced respiratory obstruction, and giant omphaloceles. While the risk of tumor development in BWS is highest during infancy and early childhood, it does not increase significantly in adolescence or adulthood; however, late-onset complications such as renal medullary dysplasia and male subfertility have been reported and warrant clinical attention (18). Therefore, treatment and follow-up strategies for BWS should be guided by the patient's specific complications and molecular subtype.

Surgery is required for infants with BWS who have macroglossia that results in breathing problems, obstructive sleep apnea, feeding difficulties, persistent drooling, and speech and joint issues. During the neonatal period, airway compromise is the primary surgical indication. More favorable outcomes are generally achieved when surgery is performed prior to 2–3 years of age (11, 19). The patient in this study exhibited shortness of breath and breath-holding in the supine position after birth. However, surgical intervention was deferred as her symptoms were relieved by lateral positioning. At 12 months of age, because of persistent feeding difficulties and delayed speech development, tongue reduction surgery with ablation therapy was performed.

The risk of embryonal tumors in children with BWS is estimated to be approximately 8%, and both tumor type and incidence vary based on molecular subtype (9, 20). Tumor screening and monitoring are essential for children diagnosed with or suspected of having BWS (21). The American Association for Cancer Research (AACR) recommends abdominal ultrasound every 3 months until the age of 4 years, and renal and adrenal ultrasound every 3 months until the age of 7 years. Serum alpha-fetoprotein (AFP) levels should also be measured every 3 months until the age of 4. COST suggests an abdominal ultrasound at an interval of 3 months until the age of 7. Our follow-up strategy, which includes an abdominal ultrasound and serum AFP measurement every 3 months, is consistent with the AACR recommendations for IC1 hypermethylation, while also aligning with COST guidelines for tumor surveillance in BWS. Given the presence of IC1 hypermethylation, our patient was at an elevated risk for Wilms’ tumor and required careful tumor surveillance. In addition, owing to the presence of both patent ductus arteriosus and atrial tachycardia, echocardiographic follow-up was scheduled every 3 months to evaluate cardiac morphology and detect potential progression to myocardial hypertrophy. At 20 months, follow-up echocardiography confirmed a persistent patent ductus arteriosus without evidence of myocardial hypertrophy. However, the recurrence of atrial tachycardia at 20 months underscores the importance of long-term cardiac monitoring, given the potential for progression to structural changes such as non-inflammatory myocardial hypertrophy.

Because of the need for multidisciplinary follow-up visits every 3 months—involving the cardiology, dentistry, and oncology departments across multiple hospitals—the patient's family faced a substantial financial burden. In addition, ongoing anxiety about the risk of tumor caused psychological distress, adversely impacting the family's work and overall quality of life.

Although rare in occurrence, BWS can have diverse clinical phenotypes. BWS affects multiple systems and organs and, notably, also increases the risk of embryonal tumors during early childhood. Multidisciplinary collaboration is crucial for diagnosing and managing BWS, while long-term follow-up is vital for monitoring complications and tumors to improve outcomes. Support for families of children with BWS may help improve adherence to follow-up and contribute to more effective long-term management of the condition.



Data availability statement

The data used to support the findings of this study are available from the corresponding author upon request.



Ethics statement

The studies involving humans were approved by the Institutional Ethics Committee of Tianjin Children's Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the minor(s)' legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



Author contributions

MW: Writing – original draft, Data curation, Conceptualization, Funding acquisition, Writing – review & editing, Project administration, Formal analysis. JD: Writing – review & editing, Investigation, Formal analysis, Validation, Methodology. SX: Resources, Data curation, Writing – review & editing, Visualization. XN: Formal analysis, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study is supported by the Tianjin Key Medical Discipline (Specialty) Construction Project (TJYXZDXK-040A).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence, and reasonable efforts have been made to ensure accuracy, including review by the authors, wherever possible. If you identify any issues, please contact us.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References


	1. Brioude F, Kalish JM, Mussa A, Foster AC, Bliek J, Ferrero GB, et al. Expert consensus document: clinical and molecular diagnosis, screening and management of Beckwith-Wiedemann syndrome: an international consensus statement. Nat Rev Endocrinol. (2018) 14(4):229–49. doi: 10.1038/nrendo.2017.166


	2. Barisic I, Boban L, Akhmedzhanova D, Bergman JEH, Cavero-Carbonell C, Grinfelde I, et al. Beckwith Wiedemann syndrome: a population-based study on prevalence, prenatal diagnosis, associated anomalies and survival in Europe. Eur J Med Genet. (2018) 61(9):499–507. doi: 10.1016/j.ejmg.2018.05.014


	3. Mussa A, Molinatto C, Cerrato F, Palumbo O, Carella M, Baldassarre G, et al. Assisted reproductive techniques and risk of Beckwith-Wiedemann syndrome. Pediatrics. (2017) 140(1):e20164311. doi: 10.1542/peds.2016-4311


	4. Chen J, Xu J, Yu Y, Sun L. Case report: a novel deletion in the 11p15 region causing a familial Beckwith-Wiedemann syndrome. Front Genet. (2021) 12:621096. doi: 10.3389/fgene.2021.621096


	5. Jiang H, Ping Z, Wang J, Liu X, Jin Y, Li S, et al. A Beckwith-Wiedemann syndrome case with de novo 24 Mb duplication of chromosome 11p15.5p14.3. Mol Cytogenet. (2021) 14(1):14. doi: 10.1186/s13039-021-00532-7


	6. Lin HY, Lee CL, Fran S, Tu RY, Chang YH, Niu DM, et al. Quantitative DNA methylation analysis and epigenotype-phenotype correlations in Taiwanese patients with Beckwith-Wiedemann syndrome. J Pers Med. (2021) 11(11):1066. doi: 10.3390/jpm11111066


	7. Cao F, Jiang Y, Zhong W, Huang H, Li P, Zhou Q, et al. Two cases of Beckwith-Wiedemann syndrome. Chin J Med Genet. (2019) 36(3):287–8. doi: 10.3760/cma.j.issn.1003-9406.2019.03.033


	8. Chou YH, Rebhun LI. Purification and characterization of a sea urchin egg Ca2+-calmodulin-dependent kinase with myosin light chain phosphorylating activity. J Biol Chem. (1986) 261(12):5389–95. doi: 10.1016/S0021-9258(19)57228-3


	9. Duffy KA, Cielo CM, Cohen JL, Gonzalez-Gandolfi CX, Griff JR, Hathaway ER, et al. Characterization of the Beckwith-Wiedemann spectrum: diagnosis and management. Am J Med Genet C Semin Med Genet. (2019) 181(4):693–708. doi: 10.1002/ajmg.c.31740


	10. Ibrahim A, Kirby G, Hardy C, Dias RP, Tee L, Lim D, et al. Methylation analysis and diagnostics of Beckwith-Wiedemann syndrome in 1,000 subjects. Clin Epigenetics. (2014) 6(1):11. doi: 10.1186/1868-7083-6-11


	11. Wang KH, Kupa J, Duffy KA, Kalish JM. Diagnosis and management of Beckwith-Wiedemann syndrome. Front Pediatr. (2019) 7:562. doi: 10.3389/fped.2019.00562


	12. Urakawa T, Ozawa J, Tanaka M, Narusawa H, Matsuoka K, Fukami M, et al. Beckwith-Wiedemann syndrome with long QT caused by a deletion involving KCNQ1 but not KCNQ1OT1:tSS-DMR. Eur J Med Genet. (2023) 66(1):104671. doi: 10.1016/j.ejmg.2022.104671


	13. Kaltenbach S, Capri Y, Rossignol S, Denjoy I, Soudee S, Aboura A, et al. Beckwith-Wiedemann syndrome and long QT syndrome due to familial-balanced translocation t(11;17)(p15.5;q21.3) involving the KCNQ1 gene. Clin Genet. (2013) 84(1):78–81. doi: 10.1111/cge.12038


	14. McElroy TD, Duffy KA, Hathaway ER, Byrne ME, Kalish JM. Investigation of a pervasive immune, cardiac, and behavioral phenotype in Beckwith-Wiedemann syndrome: a case report. Am J Med Genet A. (2023) 191(4):1107–10. doi: 10.1002/ajmg.a.63114


	15. Kapur S, Kuehl KS, Midgely FM, Chandra RS. Focal giant cell cardiomyopathy with Beckwith-Wiedemann syndrome. Pediatr Pathol. (1985) 3(2–4):261–9. doi: 10.3109/15513818509078786


	16. Cammarata-Scalisi F, Avendano A, Stock F, Callea M, Sparago A, Riccio A. Beckwith-Wiedemann syndrome: clinical and etiopathogenic aspects of a model genomic imprinting entity. Arch Argent Pediatr. (2018) 116(5):368–73. doi: 10.5546/aap.2018.eng.368


	17. Eggermann T, Bruck J, Knopp C, Fekete G, Kratz C, Tasic V, et al. Need for a precise molecular diagnosis in Beckwith-Wiedemann and Silver-Russell syndrome: what has to be considered and why it is important. J Mol Med (Berl). (2020) 98(10):1447–55. doi: 10.1007/s00109-020-01966-z


	18. Mussa A, Molinatto C, Baldassarre G, Riberi E, Russo S, Larizza L, et al. Cancer risk in Beckwith-Wiedemann syndrome: a systematic review and meta-analysis outlining a novel (epi)genotype specific histotype targeted screening protocol. J Pediatr. (2016) 176:142–9.e1. doi: 10.1016/j.jpeds.2016.05.038


	19. Kadouch DJ, Maas SM, Dubois L, van der Horst CM. Surgical treatment of macroglossia in patients with Beckwith-Wiedemann syndrome: a 20-year experience and review of the literature. Int J Oral Maxillofac Surg. (2012) 41(3):300–8. doi: 10.1016/j.ijom.2011.10.021


	20. Kim G, Oh S, Kim Y, Choi N. Reduction glossectomy in a 3-month-old female infant with Beckwith-Wiedemann syndrome. Korean J Otorhinolaryngol Head Neck Surg. (2025) 68(2):74–7. doi: 10.3342/kjorl-hns.2024.00185


	21. Kalish JM, Doros L, Helman LJ, Hennekam RC, Kuiper RP, Maas SM, et al. Surveillance recommendations for children with overgrowth syndromes and predisposition to Wilms tumors and hepatoblastoma. Clin Cancer Res. (2017) 23(13):e115–22. doi: 10.1158/1078-0432.CCR-17-0710









Back-Cover



[image: Frontiers in Pediatrics promotional flyer on a red background. It highlights ongoing challenges in child health and patient care, mentioning neonatal screening to adolescent development. Includes contact information and a "See more" button for research topics, with an image of an adult holding an infant.]



OPS/images/fped-13-1604845/fped-13-1604845-g002.jpg
200
H . R
s
.
0.154
0 0602
.
0.251 : . .
E 0.334 — . :
S — . :
> 100 1 . ]
L .
. .
0
M 5 3 P

AT {TF AT IHHIH T

Systolict
Systolic2
Systolic3
Diastolict
Diastolic2
Diastolic3
Pulse1
Pulse2
Pulse3





OPS/images/fped-13-1604845/fped-13-1604845-g003.jpg





OPS/images/fped-13-1604845/fped-13-1604845-g004.jpg





OPS/images/fped-13-1592550/fped-13-1592550-t004.jpg
Variables 95% ClI

Preterm birth 255 1.43-415 0032
Gender 140 0.65-2.07 0483
Birthweight (kg) 0.33 0.09-0.54 0.045
Maternal history of GDM 183 097-3.65 0.048
Parental allergy history 179 116-283 <0001
Non exclusive 155 0.88-291 0726
Pet at home 132 096-2.35 0.563

Exp(B), odds ratio calculated as the exponential of the regression coefficient B, GDM,
sstudional dishetes: msllitns:
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Data on blood pressure during pregnancy
and birth weight of newborns in the
NHANES public database were selected
for the years 2005-2006(N=9950)

Participants with complete data on blood
pressure and neonatal birth weight
(N=1281)

Missing data on systolic blood pressure
(N=4765)

Missing data on birth weight(N=3904)
\

A total of 330 participants were finally
included(N=330), comprising 41 cases
and 289 controls

L issing data on BMIN=7)

g data on educational status(N=40)
g data on family income (N=35)

Missing data on marital status (N=1)

g data on alcohol consumption(N=256)
g data on smoking status (N=488)
sing data on cholesterol levels(N=124)
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Variables

Mothers 418
Maternal age (year) 2957+ 442
Pre-pregnancy BMI (kg/m?) 2226+2.63
Mode of conception
Natural conception [ 398 (95.2%)
Assisted reproductive technology [ 20 (4.8%)
Type of pregnancy

Singleton pregnancy 389 (93.1%)

‘Twin pregnancy 29 (6.9%)
Gestational weight gain (kg) 1303311
Gestational age (week) 3904+ 178
Preterm birth 16 (3.8%)
Type of pregnant women by OGTT

Normal glucose tolerance women 203 (48.6%)

Gestational diabetes mellitus women 215 (51.4%)
Infants 447
Gender (male) 226 (50.6%)
Birthweight (g) 3,18535 = 424.42
Neonatal susceptibility to food allergies 42 (9.4%)

BMI, body mass index, OGTT, oral glucose tolerance test.
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Variables Normal Gestational P-value
glucose IELSES
tolerance mellitus group

Mothers N=215
Age (yvear) 2925+423 2987459 0.151°
Pre-pregnancy 2170 +2.44 22.79+2.80 <0.001*
BMI (kg/m’)

Mode of conception
Natural 194 (95.6%) 204 (94.9%)
conception
Assisted 9 (44%) 11 (5.1%)
reproductive
technology
Gestational weight 1287 +2.83 13.18 +3.36
gain (kg)
Gestational age 39.17+133 3891+2.12
(week)
Preterm birth | 5 (25%) 11 (5.1%)
Gravidity 2.01 +051 1.95 +0.46
Parity 0.92+0.18 0.89£0.15

Pregnancy-induced illness
13 (6:4%) 16 (7.4%)
8 (3.9%) 23 (107%)
7 (3.4%) 18 (8.4%)
‘Twin pregnancy 9 (44%) 17 (79%)
Mode of delivery 87 (42.9%) 97 (45.1%)
(Cesarean section)
24hbleeding | 43493+ 12332 460.93 = 188.40
volume after
delivery
Infants n=212 n=235
Gender (male) 104 (49.1%) 122 (51.9%)
Birtheight (g) 3,000.45 = 396.48 3,27097 = 448.13
2(09%) 10 (3.8%)

food allergies

BMI, body mass index, ICP, intrahepatic cholestasis of pregnancy, GHD, gestational
hypertension disorder, FGR, fetal growth restriction.

*Average and standard deviation. Students rtest.

"Number (percentage). Chi-squared test.

“Number (percentage). Fisher exact test.
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Variables Normal Gestational P-value
glucose diabetes mellitus
tolerance group
group N=235
N =212
0372081 0482073
035062 0572093
041065 052070
039076 0482089
Allergic to one 13 (6.1%) 29 (12.3%)
or more food

Number of food 147 £ 056 1.58 +0.65
allergic kinds

WHZ, z-score for weight-for-height; WAZ, z-score for weight-for-age; HAZ, z-score for
height-for-age; BAZ, z-score for BMI-for-age.

“Average and standard deviation. Students t-test.

PNumber (percentage). Chi-square test.
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Group Levels

All CHDs Low
High
‘The isolated CHDs Low
High
The multiple CHDs Low
High
‘The Syndrome CHDs Low
High
PDA Low
High
ASDs Low
High
VSDs Low
High
AVSDs Low
High

Cases

2

29

49

21

36

3

1

rols

175

19

175

19

175

19

175

19

175

19

175

19

175

19

175

19

aOR! (95% ClI)
Reference
4261 (2.212-8.206)
Reference
5027 (2.217-11.399)
Reference
3.825 (1.674-8.742)
Reference
6366 (0.974-41.599)
Reference
4446 (2.169-9.113)
Reference
3.463 (1.503-7.977)
Reference
6976 (1.392-34.957)
Reference

3.262 (0.318-33.418)

aOR? (95% Cl)
Reference

2.750 (1.309-5.781)
Reference

3.191 (1.283-7.936)
Reference

2719 (1.091-6.777)
Reference

2761 (0.283-26.988)
Reference

2.754(1.229-6.170)
Reference

2.723 (1.096-6.768)
Reference

4136 (0.706-24.220)
Reference

0.960 (0.058-15.833)

Logistic regression was used to calculate odds ratios and 95% Cls; Based on the optimal cut-off value derived from the ROC curve analysis, barium concentrations in the blood of pregnant
women can be categorized into high and low concentration groups. The aOR' models are calibrated for, premature birth, delivery mode, and newborn birth weight. The sOR’ model further

corrects the arsenic concentration based on the 2R’ model.

OR, adjusted odds ratio; CHDs, congenital heart defects; PDA, patent ductus arteriosus; ASDs, atrial septal defects; VSDs, ventricular septal defects; AVSDs, atrioventricular septal defects
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Group
All CHDs

The isolated CHDs

The multiple CHDs

‘The Syndrome CHDs

PDA

ASDs.

VSDs.

AVSDs

Low
High
Low
High
Low
High
Low
High
Low
High
Low
High
Low
High
Low

High

evels

Cases

71

31

50

20

38

2

2

rols

178

16

178

16

178

16

178

16

178

16

178

16

178

16

178

16

aOR! (95% ClI)
Reference
4621 (2.272-9.402)
Reference
5.928 (2.363-14.873)
Reference
3.708 (1.617-8.502)
Reference
14.691 (1.644-131.321)
Reference
5.339 (2:470-11.544)
Reference
2928 (1.234-6.948)
Reference
8269 (1.511-45.272)
Reference

27.246 (1.782-416.484)

aOR? (95% Cl)
Reference
2793 (1247-6.254)
Reference
3513 (1.263-9.775)
Reference
3.830 (1.600-9.166)
Reference
8.283 (0.683-100.505)
Reference
3.390 (1.438-7.992)
Reference
2983 (1.220-7.294)
Reference
4,902 (0.79-30.186)
Reference

27.805 (1.287-600.889)

Logistic regression was used to calculate odds ratios and 95% Cls; Based on the optimal cut-off value derived from the ROC curve analysis, arsenic concentrations in the blood of pregnant
women can be categorized into high and low concentration groups. The aOR' models are calibrated for premature birth, delivery mode, and newborn birth weight. The sOR’ model further

corrects the barium concentration based on the aOR' model.

OR, adjusted odds ratio; CHDs, congenital heart defects; PDA, patent ductus arteriosus; ASDs, atrial septal defcts; VSDs, ventricular septal defects; AVSDs, atrioventricular septal defects





OPS/images/fpubh-13-1597178/crossmark.jpg
©

2

i

|





OPS/images/fpubh-13-1597178/fpubh-13-1597178-t001.jpg
Variable Total Cases Control P-value*

N =291 (%) N =97 (% N =194 (%)

Maternal age (years, n) 0082
<5 254 (87.3) 80 (82.5) 174 (89.7)
>35 37012.7) 17(17.5) 20(10.3)

Maternal education 0.658
Junior high or below 94 (32.3) 34(35.1) 60 (30.9)
Technical secondary school, high school 45(155) 16(165) 29(14.9)
Undergraduate college or above 152(52.2) 47 (48.4) 105 (54.2)

Age of menarche (years, 1) 0373
<14 199 (68.4) 63(64.9) 136 (70.1)
14 92(31.6) 34(35.1) 58 (29.9)

Pregnancy history 0.863
Yes 106 (36.4) 36(37.1) 70 (36.1)
No 185 (63.6) 61(62.9) 124 (639)

Childbearing history 0791
Yes. 96 (33.0) 31(320) 65(33.5)
No 195 (67.0) 66 (68.0) 129.(6.5)

Health education before pregnancy 0559
Yes 128 (44.0) 45 (46.4) 83 (42.8)
No 163 (56.0) 52(53.6) 111(57.2)

Morning sickness 0618
Yes. 156 (53.6) 50(51.5) 106 (54.6)
No 135 (46.4) 47(48.5) 88 (45.4)

Premature birth <0.001
Yes 29(10.0) 29(29.9) 0(00)
No 262 (90.0) 68 (70.1) 194 (100.0)

Delivery mode <0.001%
Vaginal delivery 169 (58.1) 41(42.3) 128 (6.0)
Cesarean delivery 122 (419) 56(57.7) 66 (34.0)

Newborn birth weight (g) <0001
<2500 27(93) 27(27.8) 0(0.0)
2500- 253(86.9) 59(60.8) 194 (100.0)
24,000 1168 13149 0000)

Barium levels in maternal blood <0001%
Low concentration (<213.84 pg/L) 243(83.5) 175 (90.2) 68 (70.1)
High concentration (>213.84 ug/L) 48(16.5) 1998) 29(299)

Arsenic levels in maternal blood <0001
Low concentration (<7.28 pig/L) 249.(85.6) 178(918) 71(732)
High concentration (27.28 pg/L) 42(14.4) 16(8.2) 26(26.8)

#p-values were derived using the chi-square test.
“Significant results, p-value < 0.05.
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Exposure

Low Baand low As

Low Baand high As
High Baand low As
High Baand high As
Multiplicative interaction

RERI

Exposure

Low Baand low As

Low Ba and high As
High Baand low As
High Baand high As
Multiplicative interaction
RERI

AP

st

AllCHDs
Case/control aOR (95% Cl)
(n)
631164 Reference
i 129 (0.42-4.01)
8/14 1.58 (0.62-4.01)
25 12.35 (4.39-34.74)

6.04(1.07-34.11)
10.48 (~2.19-23.15)

085 (063-1.07)
1297 (0.98-172.22)

aOR (95% ClI)

44/164 Reference
B 192 (0.61-6.09)
6/14 176 (0.63-4.94)
15/5 1353 (4.54-40.3)

400 (0.65-24.54)
10.85 (~3.76-25.46)
0.80(0.52-1.09)

7.46 (1.02-54.33)

The isolated CHDs

Case/control aOR (95% Cl)
(n)
271164 Reference
m 142(0.28-7.19)
a4 170 (0.50-5.80)
105 16.47 (4.98-54.46)

6.84(0.73-64.41)
1435 (~5.03-33.73)

0,87 (0.64-1.10)
13.84 (0.72-266.19)

ASDs
Case/control aOR (95% ClI)
(n)
347164 Reference
211 0,80 (0.17-3.91)
414 151 (0.46-5.02)
85 885 (2.61-29.99)

7.27 (075-70.36)
7.53 (~3.22-18.28)
085 (055-1.15)

24,61 (0.02-32950.47)

The multiple CHDs

Case/control aOR (95% CI)
(n)

320164 Reference
am 131(0.33-5.18)
a4 162 (0.49-5.37)
915 9.89 (3.00-32.64)

4.65 (0.57-38.06)
7.95 (<3.77-19.67)
0.80 (0.47-1.14)
951 (0.44-206.8)

VSDs
Case/control aOR (95% Cl)
(n)
41164 Reference
o -
o014 -
315 29.29 (4.45-192.71)

30.29 (~24.89-85.47)
103 (097-1.10)

Logistic regression was used to calculate odds ratios and 95% CIs; The aOR models are calibrated for premature birth, delivery mode, and newborn birth weight.

10R, adjusted odds ratio; Ba, barium; As, arsenic; CHDs, congenital heart defects; PDA, patent ductus arteriosus; ASDs, atrial septal defects; VSDs, ventricular septal defects; AVSDs, atrioventricular septal defects.

The Syndrome CHDs

Case/control aOR (95% Cl)
(n)
4164 Reference
o -
o014 -
215 287 (333-247.75)

297 (<32.16-91.57)

103 (0.96-1.11)

AVSDs
Case/control aOR (95% Cl)
(n)
2164 Reference
m 17.43 (0.69-437.67)
o4 -
15 2333 (131-415.89)

691 (=59.11-72.93)
0.30 (~2.07-2.67)

145 (0.04-51.07)
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~Training includes a variety of photographs depicting dental diseases for
HSPM identification.

- Calibration exercise with 15 children (aged 3-5, not part of study
sample).

- Evaluate inter - examiner and intra - examiner reliability (Kappa = 0.97).

Conducted by a trained team (one examiner and one recorder) in a well -
lit arca within the kindergarten.
- Examiners:

- Wear headlamps and sterile gloves.

- Dry tooth surfaces with cotton swabs or sterile cotton balls.

- Clean molar pits with dental probes.

- Use disposable mouth mirrors for examination and verbally report
findings.
- Recorders: Document and summarize the results.

Training of Examiners
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 * 
 *  Licensed under the Apache License, Version 2.0 (the "License");
 *  you may not use this file except in compliance with the License.
 *  You may obtain a copy of the License at
 * 
 *      http://www.apache.org/licenses/LICENSE-2.0
 * 
 *  Unless required by applicable law or agreed to in writing, software
 *  distributed under the License is distributed on an "AS IS" BASIS,
 *  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
 *  See the License for the specific language governing permissions and
 *  limitations under the License.
 */

if (!window.MathJax) {window.MathJax = {}}

MathJax.isPacked = true;
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