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Purpose: Maternal metabolic health is increasingly recognized as a critical factor influencing early childhood development. This 
study examined the relationship between maternal pre-pregnancy glycemic status and neurodevelopmental outcomes in early child
hood using a large national cohort in Korea.
Patients and Methods: We conducted a population-based retrospective cohort study using national health examination and Korean 
Developmental Screening Test data from 2014 to 2021. Maternal fasting plasma glucose levels measured within one year prior to 
conception through delivery were used to classify women into normal, prediabetes, and diabetes mellitus (DM) groups. 
Neurodevelopmental outcomes were assessed at 18–24 and 30–36 months across six domains: gross motor, fine motor, cognition, 
language, sociality, and self-care. Inverse probability of treatment weighting was applied to adjust for baseline differences and 
weighted relative risks (RRs) and 95% confidence intervals (CIs) were estimated.
Results: Among 258,367 mother-child dyads, both prediabetes and DM were associated with significantly increased risks of 
developmental delays in multiple domains. Offspring of mothers with DM exhibited significantly increased risks of developmental 
delay across all domains at both 18–24 and 30–36 months, with the highest risk observed for self-care at 30–36 months (RR 1.466, 
95% CI 1.408–1.525). Children of mothers with prediabetes also demonstrated increased risks in cognition (RR 1.061, 95% CI 
1.008–1.117) and self-care (RR 1.119, 95% CI 1.058–1.184) at 18–24 months. Additionally, statistically significant elevations were 
observed in gross motor (RR 1.101, 95% CI 1.037–1.169), language (RR 1.058, 95% CI 1.019–1.100), and sociality (RR 1.106, 95% 
CI 1.060–1.154) skills at 30–36 months.
Conclusion: Maternal pre-pregnancy glycemic abnormalities, even at the prediabetic level, were associated with an increased risk of 
developmental delays in early childhood. Optimizing maternal glycemic control prior to conception may promote more favorable 
developmental outcomes in offspring.
Keywords: glucose, child development, language development, personality development, administrative claims, health care

Introduction
Hyperglycemia is increasingly prevalent among young adults in their 20s and 30s globally, including in South Korea. In 
Korea, the prevalence of diabetes among women reached approximately 7.8% in 2021, with even higher rates observed 
in older age groups.1 Globally, the age-standardized prevalence of gestational diabetes mellitus (GDM) was 14.0% in 
2019, with the highest prevalence reported in the South-East Asia region at 27.0%.2 As the average maternal age at 
childbirth continues to increase,3 there is a growing need to understand the implications of maternal hyperglycemia on 
offspring outcomes.
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Previous cohort and case-control studies have reported that children born to mothers with either GDM or pregesta
tional diabetes mellitus (DM) are at increased risk for delays in gross and fine motor development.4,5 A meta-analysis 
confirmed that children exposed to maternal DM demonstrate lower performance in motor milestones compared to their 
unexposed peers, with more pronounced effects observed in cases of pre-existing DM.4 Intrauterine exposure to 
hyperglycemia is thought to alter neuronal differentiation, synaptogenesis, and insulin dysregulation, which in turn 
increases the risk of neurocognitive and behavioral developmental disorders in offspring,6 including autism spectrum 
disorder, attention-deficit/hyperactivity disorder (ADHD) and general developmental delays.7–10

Unfortunately, most of these studies have focused on specific developmental domains or particular neurodevelop
mental conditions rather than providing a comprehensive assessment of early childhood developmental outcomes. 
A large 29-year national cohort study of 3,407,961 Canadian mother–infant pairs reported that maternal DM was 
associated with higher long-term risks of cardiovascular disease, type 2 diabetes, and hypertension in the offspring, 
whereas no significant associations were observed with neurobehavioral outcomes.11 These discrepancies may be 
attributable to several methodological considerations. Many prior investigations included relatively small sample sizes 
or assessed developmental status at a single time point, thereby limiting the ability to evaluate developmental trajectories 
or capture domain-specific variations over time. Such variability underscores the need for large, longitudinal studies with 
repeated developmental assessments to clarify the true impact of maternal glycemia on offspring neurodevelopment.

To address these gaps, the present study utilized data from the Korean Developmental Screening Test (K-DST) to 
assess neurodevelopmental outcomes at two time points—18–24 months and 30–36 months—allowing for a more 
longitudinal perspective. By examining multiple developmental domains, this study also offers a more comprehensive 
understanding of how maternal glycemic status may influence child development.

Therefore, this study aimed to investigate the association between maternal pre-pregnancy glycemic status and early 
childhood neurodevelopment across multiple developmental domains using a large nationwide cohort in Korea.

Materials and Methods
Study Data Sources and Participants
This retrospective cohort study utilized data from the National Health Examination jointly maintained by the National 
Health Insurance Service (NHIS) and the National Health Screening Program for Infants and Children (NHSPIC). The 
NHIS database offers extensive, population-wide data on diagnoses, procedures, and prescriptions in South Korea, coded 
according to the International Classification of Disease, Tenth Revision (ICD-10). Additionally, the NHIS administers 
biennial health screenings for individuals aged 20 years and older, collecting both self-reported health histories and 
anthropometric measurements. This deidentified dataset is considered nationally representative and has been widely 
employed in epidemiological research.

The study population was initially derived from 886,641 participants in the NHSPIC between 2014 and 2021 who 
underwent a health screening within one year prior to pregnancy. Among these, 779,091 mother–child pairs were linked 
using the family’s unique health insurance card number and the recorded delivery date in the NHIS system. Of these, 
a total of 258,367 mother–child dyads who completed developmental assessments using the K-DST at both the 18–24 
months and 30–36 months screening periods were included in the final analysis (Figure 1).

The study was conducted in accordance with the Declaration of Helsinki. As the research used previously collected, 
fully anonymized data that are publicly available, the study protocol was exempted from full Institutional Review Board 
(IRB) review by the Konkuk University Medical Center (KUMC: 2025–06-023). The requirement for informed consent 
was also waived by the same IRB because the analysis involved only de-identified data and posed no potential risk to the 
participants.

Maternal Pre-Pregnancy Glycemic Status
Maternal glycemic status was assessed based on fasting plasma glucose levels obtained from national health screenings 
conducted one year prior to pregnancy. Due to data limitations, it was not possible to isolate glucose levels measured 
strictly before conception. However, given that pregnant women are typically transitioned to antenatal care under the 
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Maternal and Child Health Act,12 and that national health screenings are not routinely advised during pregnancy, it is 
reasonable to infer that the majority of glucose values in this dataset represent pregestational levels.

Participants were classified into three groups according to their fasting glucose levels measured after at least 8 hours 
of fasting: normal (< 100 mg/dL), prediabetes (100–125 mg/dL), and DM (≥ 126 mg/dL or current use of antidiabetic 
medications).13 We obtained the pregestational DM as ICD-10 code (O24.0–O24.3, E100–E109, E110–E119, E120– 
E129, E130–E139, E140–E149).

Korean Developmental Screening Test (K-DST)
K-DST was developed within the framework of the NHSPIC, which began in 2007 to monitor growth and development, 
detect early abnormalities, and provide guidance to caregivers. The program schedules six routine health check-ups: the 
first at 4–6 months, the second at 9–12 months, the third at 18–24 months, the fourth at 30–36 months, the fifth at 42–48 
months, the sixth at 54–60 months of age, and the seventh at 61–71 months of age. All examinations are conducted based 
on the child’s chronological age, not the corrected age. Each screening visit includes a medical history review, physical 
examinations, anthropometric assessments, visual screening, developmental evaluation using the K-DST, oral examina
tion, and anticipatory guidance through structured questionnaires.

The K-DST is a parent-administered screening tool that evaluates six developmental domains: gross motor, fine motor, 
cognition, language, sociality, and self-care. Each domain comprises eight items scored from 0 to 3 with a maximum of 24 points 
per domain. The self-care domain is assessed only for children aged 18 months or older. Based on standard deviation cutoffs, 
developmental status is categorized as advanced (> +1 SD), age-appropriate (−1 to +1 SD), follow-up needed (−2 to −1 SD), or 
further evaluation needed (< −2 SD); the latter was defined as “abnormal” in this study.

The test was initially standardized in 2012–2014 using data from 3284 children aged 4–71 months, and was later re- 
standardized in 2015–2016 based on over 3 million children from the NHSPIC cohort, resulting in the current revised version.14

Statistical Analysis
Descriptive statistics were presented as mean ± standard deviation (SD) for continuous variables and as numbers with 
percentages for categorical variables. Baseline characteristics were compared across maternal glycemic groups using 
ANOVA and chi-square tests, as appropriate.

To minimize potential confounding across maternal glucose categories (normal, prediabetes, and DM), inverse probability 
of treatment weighting (IPTW) was applied using propensity scores (PS) estimated via multinomial logistic regression, with 
maternal characteristics as covariates. These covariates included maternal age (linear), comorbidities (hypertension [ICD-10 

Women with a National Health Examination conducted 
within one year prior to pregnancy (n = 886,641)

Study population (n = 258,367)

Normal 
glycemic 

(n = 231,304)

Prediabetes
(n = 34,548)

Diabetes
(n = 3088)

Exclusion
- Mother-child dyads mismatch (n = 107,550)
- No NHSPIC visit at 18-24 or 30-36 months (n = 520,724)

Figure 1 Study flow.
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code: I10–I15, O10], pregnancy-induced hypertension [O12-15], and depression [F329, F332, and F530]), preterm birth, 
delivery method including normal delivery or cesarean section (O800-O809, O820-O829, R435, R436, RA314-318, RA36- 
38, RA43, R314, R450, R451, R452, and R500), multiple births, major anomalies, small for gestational age (SGA), birth- 
weight, sex, neonatal intensive care unit (NICU) admission (AJ101, AJ111, AJ121, AJ131, AJ144, AJ161, AJ201, AJ211, 
AJ221, AJ231, AJ244, AJ261, AJ301, AJ311, AJ321, AJ331, AJ351, AJ051~ AJ054), and gestational age. Covariate balance 
before and after IPTW was evaluated using absolute standardized differences (ASD). An ASD value <0.1 for all covariates 
was considered indicative of adequate balance across the three maternal glycemic groups, indicating that residual confounding 
was minimized after weighting. Stabilized IPTW were applied and the weights were truncated at the 1st and 99th percentiles to 
reduce the influence of extreme values. Outcome models were fitted using binomial generalized linear models with a log link 
and robust standard errors were calculated using the sandwich estimator.15

Subsequently, to examine the association between maternal glycemic status and developmental outcomes in offspring, 
weighted relative risks (RRs) and 95% confidence intervals (CIs) were estimated using generalized linear models after 
applying IPTW. The reference group was defined as mothers with normal fasting glucose levels (< 100 mg/dl). 
Developmental outcomes were assessed separately at 18–24 months and 30–36 months of age across six domains 
using the K-DST: gross motor, fine motor, cognition, language, sociality, and self-care. Developmental delay was defined 
as a score < −2 SD and the incidence of developmental delay was reported per 100 individuals.

All statistical analyses were conducted using SAS software (version 9.4; SAS Institute, Inc., Cary, NC, USA).

Results
We analyzed 258,367 mother–child pairs categorized by maternal fasting glucose into normal (n = 231,304), prediabetes 
(n = 23,975), and DM (n = 3088). IPTW was used to balance baseline covariates between groups (post-weighting 
absolute standardized differences < 0.1 for all variables; residual imbalances remained for BMI [ASD = 0.053], vaginal 
delivery [ASD = 0.073], and SGA [ASD = 0.050]; see Table 1).

As presented in Table 1, baseline characteristics were assessed by maternal glycemic status prior to the application of 
IPTW. The normal glycemic group consisted of 231,304 individuals, the prediabetes group included 23,975 individuals, 
and the DM group comprised 3088 individuals. The mean maternal age was highest in the DM group at 34.17 years, with 
the highest proportion of mothers aged 35 years or older also observed in this group. Chronic hypertension, pregnancy- 
induced hypertension, and depression were most prevalent among the DM group. The incidence of preterm birth was also 
highest in the DM group. The rate of spontaneous vaginal delivery was highest in the normal group and lowest in the DM 
group, suggesting a higher likelihood of cesarean delivery among mothers with DM. The incidence of multiple births, 
major anomalies, and SGA was highest in DM group. The DM group also exhibited the greatest mean birth weight, as 

Table 1 Baseline Characteristics of Study Population According to the Glucose Status

Characteristics IPTW-Pre IPTW-Post

Normal Prediabetes Diabetes ASD Normal Prediabetes Diabetes ASD

N (%) 231,304 (89.5) 23,975 (9.3) 3088 (1.2) 231,304 (89.5) 23,975 (9.3) 3088 (1.2)

Maternal age, years 32.2±3.9 33.0±4.1 34.2±4.3 0.1776 32.4±3.9 32.3±12.5 32.2±33.8 0.0106

Maternal age ≥ 35 years 60,544 (26.2) 8028 (33.5) 1398 (45.3) 64,195.9 (27.5) 61,912.3 (27.3) 60,043.5 (26.9)

Body mass index, kg/m2 21.6±3.2 22.8±3.9 25.7±5.2 0.3409 22.2±6.2 21.7±10.4 21.4±29.7 0.0539

Chronic hypertension 4506 (2.0) 723 (3.0) 345 (11.2) 0.3218 5030.2 (2.2) 4816.6 (2.1) 4773.5 (2.1) 0.0024

PIH 24,764 (10.7) 3129 (13.1) 604 (19.6) 0.1769 25,596.3 (11.0) 24,833.3 (10.9) 24,158.8 (10.8) 0.0035

Depression 4028 (1.7) 461 (1.9) 89 (2.9) 0.0627 4103.3 (1.8) 4043.3 (1.8) 4540.3 (2.0) 0.0186

Preterm birth 9728 (4.2) 1172 (4.9) 277 (9.0) 0.1616 10,052.4 (4.3) 9889.3 (4.4) 9028.4 (4.0) 0.0154

Vaginal delivery 129,697 (56.1) 12,124 (50.6) 1059 (34.3) 0.3339 129,821.4 (55.6) 125,689 (55.3) 131,587.9 (59.0) 0.0733

Multiple births 8220 (3.6) 938 (3.9) 183 (5.9) 0.0932 8400.2 (3.6) 8291.2 (3.7) 8088.2 (3.6) 0.0028

Major anomalies 14,611 (6.3) 1616 (6.7) 357 (11.6) 0.1678 14,893.1 (6.4) 14,583.7 (6.4) 11,932 (5.4) 0.0456

SGA 1953 (0.8) 162 (0.7) 37 (1.2) 0.0543 1934.5 (0.8) 1808.7 (0.8) 2918.8 (1.3) 0.0502

(Continued)

https://doi.org/10.2147/DMSO.S555935                                                                                                                                                                                                                                                                                                                                                                                                                                  Diabetes, Metabolic Syndrome and Obesity 2026:19 4

Han et al                                                                                                                                                                             

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



well as the highest prevalence of macrosomia (birth weight ≥ 4kg). Additionally, NICU admission rate was highest in the 
DM group, whereas the mean gestational age at birth was the lowest. While not shown in the table, the mean interval 
between childbirth and health screening was 1.39 ± 0.77 years for the normal group, 1.46 ± 0.70 years for the prediabetes 
group, and 1.36 ± 0.79 years for the DM group, indicating that most screenings were likely conducted prior to pregnancy.

Table 2 presents the associations between maternal glycemic status and the risk of developmental delay in offspring. 
Among children of mothers with DM, the risks of developmental delay at both 18–24 months and 30–36 months were 

Table 2 The Risks of Developmental Assessment in Children of 18–24 Months or 30–36 Months According to the Maternal Glycemic Status

Glycemic Status N 18-24 Months 30-36 Months

Event IR Weighted RR (95% CI) p-value Event IR Weighted RR (95% CI) p-value

Gross motor
Normal 231,304 1627 0.70 1(ref.) 2023 0.87 1(ref.)

Prediabetes 23,975 184 0.77 1.011 (0.944–1.083) 0.747 241 1.01 1.101 (1.037–1.169) 0.002
Diabetes 3088 35 1.13 1.107 (1.035–1.184) 0.003 48 1.55 1.242 (1.172–1.317) <0.001

Fine motor
Normal 231,304 1528 0.66 1(ref.) 3591 1.55 1(ref.)
Prediabetes 23,975 184 0.77 1.066 (0.994–1.143) 0.073 438 1.83 0.971 (0.927–1.017) 0.210

Diabetes 3088 39 1.26 1.178 (1.100–1.261) <0.001 70 2.27 1.166 (1.116–1.219 <0.001

Cognition
Normal 231,304 2818 1.22 1(ref.) 3512 1.52 1(ref.)

Prediabetes 23,975 325 1.36 1.061 (1.008–1.117) 0.023 419 1.75 1.116 (1.067–1.168) <0.001

Diabetes 3088 67 2.17 1.215 (1.156–1.277) <0.001 86 2.78 1.135 (1.085–1.188) <0.001
Language
Normal 231,304 3719 1.61 1(ref.) 5047 2.18 1(ref.)

Prediabetes 23,975 406 1.69 1.010 (0.966–1.057) 0.655 608 2.54 1.058 (1.019–1.100) 0.004
Diabetes 3088 74 2.40 1.182 (1.132–1.235) <0.001 112 3.63 1.116 (1.075–1.158) <0.001

Sociality
Normal 231,304 2246 0.97 1(ref.) 3991 1.73 1(ref.)
Prediabetes 23,975 262 1.09 1.058 (0.999–1.121) 0.055 477 1.99 1.106 (1.060–1.154) <0.001

Diabetes 3088 55 1.78 1.348 (1.276–1.423) <0.001 86 2.78 1.210 (1.161–1.262) <0.001

Self-care
Normal 231,304 2271 0.98 1(ref.) 4013 1.73 1(ref.)

Prediabetes 23,975 280 1.17 1.119 (1.058–1.184) <0.001 463 1.93 1.080 (1.034–1.126) <0.001

Diabetes 3088 53 1.72 1.303 (1.234–1.376) <0.001 93 3.01 1.466 (1.408–1.525) <0.001

Notes: Incidence rates were calculated per 100 people. 
Abbreviations: IR, Incident rates; RR, relative risk; CI, confidence interval; ref, reference.

Table 1 (Continued). 

Characteristics IPTW-Pre IPTW-Post

Normal Prediabetes Diabetes ASD Normal Prediabetes Diabetes ASD

Birthweight, kg 3.18±0.4 3.22±0.5 3.26±0.6 0.0953 0.0022

< 2 kg 2354 (1.0) 277 (1.2) 60 (1.9) 2403.7 (1.0) 2513.5 (1.1) 2545.5 (1.1)

2–3 kg 60,480 (26.2) 5736 (23.9) 771 (25.0) 59,910.5 (25.7) 60,330.1 (26.6) 79,468 (35.6)

3–4 kg 161,695 (69.9) 16,807 (70.1) 1897 (61.7) 164,007.1 (70.2) 156,389.8 (68.8) 132,793.4 (59.5)

≥ 4 kg 6775 (2.9) 1155 (4.8) 360 (11.7) 7204.1 (3.1) 7961.7 (3.5) 8415.5 (3.8)

Sex, male 118,058 (51.0) 12,202 (50.9) 1583 (51.3) 0.0074 118,370.3 (50.7) 116,083.8 (51.1) 110,523.2 (49.5) 0.0316

NICU admission 13,769 (6.0) 1695 (7.1) 497 (16.1) 0.2849 14,335.6 (6.1) 13,914.2 (6.1) 12,280.5 (5.5) 0.0266

Gestational age at birth, weeks 35.4±2.4 35.2±2.5 34.9±2.4 0.1076 35.4±2.4 35.2±7.6 34.9±15.1 0.0462

Notes: Data was shown as number (%) or mean value ± standard deviation. 
Abbreviations: IPTW, inverse probability of treatment weighting; ASD, Absolute Standardized Difference; PIH, Pregnancy-Induced Hypertension; SGA, Small for 
Gestational Age; NICU, Neonatal Intensive Care Unit.
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consistently higher across all six K-DST domains compared with those of mothers with normal glucose levels. At 18–24 
months, the weighted RRs for developmental delay in the DM group ranged from 1.107 (95% CI, 1.035–1.184) in gross 
motor to 1.348 (95% CI, 1.234–1.376) in sociality. For offspring of mothers with prediabetes at 18–24 months, 
significant increases were observed in cognition (RR 1.061; 95% CI, 1.008–1.117) and self-care (RR 1.119; 95% CI, 
1.058–1.184). Other developmental domains showed modest elevations, although these did not reach statistical sig
nificance. At 30–36 months, maternal DM remained associated with elevated risks across all developmental domains, 
with weighted RRs ranging from 1.116 (95% CI, 1.075–1.158) in language to 1.466 (95% CI, 1.408–1.525) in self-care. 
A noteworthy finding is that children of mothers with prediabetes also exhibited modest but statistically significant 
increases in the risks of developmental delay at 30–36 months—particularly in gross motor, cognition, language, 
sociality, and self-care—compared with children of mothers with normal glycemic levels.

Discussion
This study analyzed the association between maternal glycemic status and developmental delays in early childhood using 
a large-scale national cohort in Korea. Pregestational DM was associated with an increased risk of abnormal development for 
gross motor, fine motor, cognition, language, sociality, and self-care skills. Notably, even prediabetes was linked to an elevated 
risk of abnormal development in gross motor, cognitive, language, social, and self-care delays—particularly at 30–36 months 
—suggesting that maternal pre-pregnancy glucose status may have long-term consequences for developmental trajectories.

Mechanistically, the intrauterine environment shaped by maternal metabolic conditions plays a critical role in early 
brain development. Maternal hyperglycemia can induce inflammation, oxidative stress, placental vascular dysfunction, 
and fetal hypoxia during critical windows of neurogenesis.4 The resulting inflammatory environment increases placental 
vascular resistance and facilitates the transfer of pro-inflammatory cytokines to the fetus, altering neuroimmune 
development and increasing susceptibility to emotional and behavioral difficulties.16,17 Fetal hypoxia may impair 
neuronal survival and synaptogenesis, particularly in the hippocampus—an area crucial for learning and memory— 
potentially contributing to multi-domain developmental delays.18 Experimental studies further support these mechanisms, 
demonstrating neuronal apoptosis and delayed maturation in offspring exposed to diabetic intrauterine environments.19 In 
addition, compensatory fetal hyperinsulinemia may promote excessive fetal growth, consistent with our observation of 
a higher prevalence of macrosomia in infants of mothers with diabetes.20

Comparison with prior research highlights the importance of developmental timing and measurement approaches. 
While some studies, such as Nivins et al, reported null associations at early ages,21 others observed fluctuating motor 
development depending on the assessment period.22 These discrepancies underscore that early neurodevelopment is 
dynamic, potentially sensitive to both neuroplasticity and environmental enrichment such as caregiving and play-based 
stimulation.23 Our inclusion of two distinct time points and six developmental domains allowed us to capture age- and 
domain-specific variations that may have been missed in earlier studies.

Emerging evidence also indicates that the developmental impact of hyperglycemia differs by pregnancy trimester. Because 
routine clinical care typically evaluates maternal glucose levels in the second trimester, research on early-pregnancy 
hyperglycemia has remained limited. Recent studies, however, indicate that trimester-specific glycemic exposure may 
differentially influence neurodevelopment. For instance, in a Chinese cohort of 1888 mother–child pairs, first-trimester 
hyperglycemia (≤13 weeks) was associated with impaired cognitive development (OR 1.54, 95% CI 1.08–2.18).24 Early 
exposure may confer greater vulnerability due to critical periods of brain organogenesis, during which hyperglycemia can 
induce epigenetic alterations linked to neural tube defects and later neurodevelopmental disorders.25 Moreover, even within 
the non-diabetic range, elevated FPG levels in early pregnancy are consistently associated with a substantially increased risk of 
GDM and gestational hypertensive disorders, including preeclampsia and gestational hypertension.26 In contrast, a large US 
cohort of 322,323 births from the Kaiser Permanente Southern California hospitals reported that hyperglycemia identified 
after 26 weeks showed weak or null associations with neurodevelopmental delay (HR 0.98, 95% CI 0.84–1.15).27 However, 
conflicting results suggest that late-pregnancy hyperglycemia may still exert adverse effects. In the same Chinese cohort, 
hyperglycemia in late pregnancy and at full term was associated with increased risks of fine motor and social developmental 
delays—2.18-fold (95% CI 1.26–3.77) and 2.64-fold (95% CI 1.38–5.05), respectively—whereas early-pregnancy hypergly
cemia was not.24 These mixed findings suggest that early-pregnancy hyperglycemia may be more detrimental to 
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neurodevelopmental pathways, while mid- or late-pregnancy hyperglycemia more strongly reflects contemporaneous fetal 
growth conditions, contributing to outcomes such as large-for-gestational-age birth, macrosomia, preterm delivery, and 
cesarean section.28,29 These findings suggest that maternal glycemic trajectories across pregnancy influence neurodevelop
mental pathways, although trimester-specific associations warrant further investigation.

The observed multi-domain associations in our study also reflect the interdependent nature of early childhood develop
ment. Gross motor skills facilitate environmental exploration, which supports cognitive and social development; fine motor 
skills contribute to problem-solving and self-regulation; and sociality and language domains are highly integrated through 
joint attention, emotional recognition, and communication.30,31 Our findings align with existing evidence linking maternal 
diabetes with neurodevelopmental disorders such as autism spectrum disorder and ADHD.8,9,20 These findings are consistent 
with ours and further support the hypothesis that maternal hyperglycemia negatively influences early neurodevelopment.

This study has several limitations. First, the K-DST is based on subjective responses from parents or caregivers, 
which may introduce reporting bias. However, in practice, pediatricians perform brief physical examinations (eg, 
walking, crawling) based on the questionnaires, lending credibility to results indicating “further evaluation needed”. 
Second, FPG values were measured within one year before pregnancy, and although women rarely undergo routine health 
examinations during pregnancy, the exact timing within the one-year window is not fully verifiable. Third, the DM group 
included both mothers on anti-diabetic medication and those with fasting glucose ≥ 126 mg/dL. Because we did not 
further classify these individuals according to their level of glycemic control, we were unable to assess how differences 
in glucose management may have influenced the risk of developmental delay. Finally, unmeasured confounders such as 
socioeconomic status could not be fully accounted for.

Despite these limitations, the study offers significant strengths. The use of a large nationwide cohort enhances general
izability and provides robust statistical power. The assessment of developmental outcomes at two time points provides 
longitudinal insight, while evaluation across six domains offers a comprehensive developmental profile. Importantly, the 
differentiation of maternal glycemic status into normal, prediabetes, and diabetes—rather than a binary classification of 
“normal vs DM”—allowed for the identification of developmental risks associated with prediabetes, a group often overlooked 
in previous research. Furthermore, by focusing on maternal glycemia prior to pregnancy rather than gestational diabetes alone, 
this study provides clearer insights into the preconception metabolic influences on offspring neurodevelopment.

Conclusion
Maternal glycemic abnormalities, even at the prediabetic level, were associated with an increased risk of developmental 
delays in early childhood. From the preconception period onward, continuous glycemic screening and intervention 
should be considered as part of early childhood developmental strategies. Although associations between maternal pre- 
pregnancy FPG and key developmental and birth outcomes are becoming clearer, the broader implications for other 
obstetric and neonatal risks remain uncertain. To better understand these relationships, future large-scale longitudinal 
studies with repeated maternal glycemic assessments across pregnancy are needed. In addition, intervention studies 
focused on improving maternal glycemic control—through lifestyle modification, early screening, or targeted metabolic 
management—will be essential to determine whether reducing maternal hyperglycemia can mitigate adverse neurode
velopmental and perinatal outcomes.
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