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Objective: This study aimed to examine the independent and joint associations of maternal gestational weight gain (GWG) patterns 
and offspring BMI growth trajectories with lipid and glycemic profiles at age 6.
Methods: This analysis included 39,169 mother–child pairs from the Tianjin Women and Children Health Cohort. Maternal GWG was 
categorized into four trajectories: Adequate throughout (reference), Excessive early-only, Excessive late-only, and Excessive throughout. 
Offspring body mass index (BMI) trajectories from birth to age 6 were identified using group-based trajectory modeling, yielding four 
groups: Persistent Low, Normal (reference), Early Rapid, and Late Rapid. Multivariable linear regression assessed associations with 
triglycerides (TG), total cholesterol (CHO), and fasting glucose (GLU) at age 6. Interaction was tested via two-way ANOVA.
Results: Children with Late Rapid BMI growth (18.7%; accelerated gain after age 3) were almost universally overweight or obese by 
age 6 (99.7%). This trajectory was the strongest independent predictor of adverse metabolic outcomes. Compared to the Normal 
trajectory, the Late Rapid group had significantly higher TG (β = 0.193 mmol/L, 95% CI: 0.179–0.206) and GLU (β = 0.047 mmol/L, 
95% CI: 0.030–0.064). The Persistent Low trajectory (12.3%) was associated with lower TG and GLU. Maternal GWG trajectories 
showed no independent association with offspring TG or GLU after adjustment for child’s current BMI; only Excessive early-only 
GWG retained a weak association with higher CHO (β = 0.038, 95% CI: 0.011–0.064). A significant interaction was observed for TG 
(P = 0.012).
Conclusion: Late preschool BMI acceleration is the most influential factor for adverse cardiometabolic risk at school entry identified 
in this cohort, affecting one in five children with effect sizes five times larger than any maternal GWG pattern. Maternal GWG exerts 
minimal direct effects beyond shaping childhood growth. The preschool years represent a critical window for early BMI trajectory 
monitoring and targeted intervention.
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Introduction
The developmental origins of health and disease (DOHaD) paradigm posits that prenatal and early postnatal exposures 
shape an individual’s lifelong cardiometabolic trajectory.1,2 Among these, maternal gestational weight gain (GWG) and 
offspring early childhood growth represent two sequential, modifiable, and closely intertwined risk factors.3,4

Excessive GWG, particularly during the first and second trimesters, has been consistently associated with adverse 
pregnancy outcomes and an increased risk of large-for-gestational-age (LGA) births.4–6 Our previous work in the Tianjin 
Maternal and Child Health Cohort demonstrated that GWG at the end of the second trimester exhibits a nonlinear 
relationship with composite adverse outcomes, with optimal weight gain ranges varying by Chinese-specific body mass 
index (BMI) categories.5 Furthermore, we reported that excessive GWG during the first half of pregnancy—rather than 
total GWG—conferred a higher risk of offspring adiposity persisting up to five years of age, independent of prepreg
nancy BMI and gestational diabetes.4
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Separately, accelerated postnatal growth—often operationalized as rapid weight gain during infancy or upward 
crossing of BMI percentiles—is a well-established predictor of childhood obesity, insulin resistance, and 
dyslipidemia.7–9 However, most existing studies have treated childhood growth as a static confounder or have focused 
exclusively on infancy.

Longitudinal modeling has refined our understanding of childhood BMI trajectories. The classic pattern comprises 
a rapid postnatal increase, a nadir at ages 5–7 years (adiposity rebound), followed by a progressive rise through 
adolescence.10 Earlier adiposity rebound consistently predicts higher subsequent BMI and cardiometabolic risk.10 

Beyond timing, distinct trajectory patterns exist—some children exhibit persistently high BMI from infancy, while 
others show delayed acceleration after age 3.11 Moreover, the genetic architecture of BMI varies across development, 
with distinct determinants operating in early childhood versus later life,12 and the tempo of BMI maturation—rather than 
level alone—may differentiate children with similar weight status by revealing latent subgroups that differ in the timing 
of key inflection points.13

Several biological mechanisms underpin these associations. Adiposity rebound marks a critical transition in body 
composition, during which fat mass begins to increase relative to lean mass.10 Accelerated preschool weight gain 
promotes adipose tissue expansion, triggering low-grade inflammation and insulin resistance.14,15 The arginine–nitric 
oxide pathway has also been implicated in blood pressure regulation, with altered arginase expression observed in 
children with adverse growth trajectories.16 Additionally, maternal prepregnancy BMI and GWG influence offspring BMI 
trajectories through both intrauterine programming and shared postnatal environments, with birth weight and early-life 
BMI trajectory serving as key mediators.17 Together, these mechanisms highlight the preschool period as a critical 
window for metabolic programming.

The preschool period (ages 3–6 years) is a pivotal window for shaping long-term cardiometabolic health. BMI acceleration 
during this period strongly predicts obesity and metabolic risk at school entry and beyond.11,18 This phase coincides with the 
transition from infant to childhood body composition, during which lean mass accrual substantially outpaces fat mass, 
rendering BMI an unreliable proxy for adiposity.19,20 It is also marked by major shifts in diet, physical activity, and body 
composition, making it amenable to early intervention—arguably the last opportunity before obesity trajectories become 
entrenched.21 This is particularly relevant as school environments introduce additional exposure heterogeneity.

Despite this body of evidence, critical gaps remain. First, the relative contributions of prenatal (maternal GWG) 
versus postnatal (childhood BMI trajectory) exposures to school-age metabolic risk have not been directly compared 
within a unified life-course framework. Second, while both excessive GWG and rapid childhood growth are individually 
harmful, their joint effects—whether additive, synergistic, or antagonistic—remain poorly characterized. Third, previous 
studies have largely relied on single-timepoint or total GWG measures, overlooking the distinct metabolic implications of 
early-only versus late-only excessive GWG patterns, as well as the heterogeneous childhood growth trajectories beyond 
the conventional “rapid catch-up” phenotype.

Furthermore, generalizability of existing findings is limited by the populations studied. Most trajectory-based research 
has been conducted in predominantly white European cohorts,22,23 with scant evidence from Asian populations, who 
exhibit distinct body composition and metabolic risk profiles at lower BMI thresholds.24,25 Family-level influences, 
particularly maternal prepregnancy weight status, have been shown to strongly shape child BMI trajectories, often 
surpassing modifiable factors such as diet and physical activity.22 The Tianjin cohort—drawn from a large, geographi
cally defined Chinese population—offers a valuable opportunity to examine these associations in an underrepresented 
population and to assess whether established patterns hold across diverse ethnic and environmental contexts.

To address these gaps, we leveraged a large, population-based prospective cohort with repeated anthropometric 
measurements from early pregnancy to age 6. Using group-based trajectory modeling, we: (1) identified distinct patterns 
of maternal GWG (classified by timing of excessive gain) and offspring BMI growth from birth to age 6; (2) quantified 
their independent and joint associations with fasting triglycerides (TG), total cholesterol (CHO), and glucose (GLU) at 
age 6; and (3) tested for statistical interaction between the two trajectory exposures. We hypothesized that childhood BMI 
trajectory would emerge as the strongest predictor identified in this cohort of cardiometabolic risk, with maternal GWG 
exerting effects largely mediated through, or modified by, postnatal growth patterns. Identifying specific high-risk dyadic 
combinations may inform precision prevention strategies targeting the mother–child dyad.
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Methods
Study Design and Population
This study was a retrospective analysis of a large, population-based prospective cohort conducted in Tianjin, China. The 
sampling frame comprised all singleton pregnant women aged 18–45 years who registered for prenatal care between 
January 1 and December 31, 2015, within the Tianjin Women and Children Health Care system—a government- 
administered public health network that covers all community populations across urban, suburban, special economic 
zones, and rural areas of Tianjin. Antenatal care coverage in this system exceeds 95% of the local pregnant population. 
Women are enrolled from the first trimester and followed through delivery, with their children receiving scheduled health 
assessments from birth to age 6 years. All clinical and anthropometric measurements are conducted by trained healthcare 
practitioners and systematically recorded in an electronic health information system. From this base, we identified 39,169 
mother-child pairs who participated in the 6-year follow-up visit and underwent fasting blood sampling for cardiometa
bolic assessment. All 39,169 children had at least one of the three outcome measurements (TG, CHO, or GLU) available; 
a very small number of individual assay results were excluded due to objective laboratory factors (detailed in the Missing 
Data Handling section).

Pregnant women were enrolled at their first antenatal visit (≤13+6 gestational weeks). For the present analysis, we 
included singleton live births with available data on: (1) maternal prepregnancy BMI and GWG; (2) offspring anthro
pometrics at birth and at 3, 6, 8, 12, 18, 24, 30, 36, 48, 60, and 72 months of age; and (3) fasting TG, CHO, and GLU 
measured at the 6-year follow-up. Children with major congenital anomalies, genetic syndromes, or chronic conditions 
affecting growth (eg, thyroid dysfunction, severe congenital heart disease) were excluded.

All data were de-identified prior to analysis. The study protocol was approved by the Human Subjects Committee of 
Tianjin Women and Children’s Health Center (approval number: TJWC20190305-6) and complied with the Declaration 
of Helsinki. The requirement for written informed consent was waived due to the retrospective use of routinely collected 
administrative data.

Exposure Definitions
Maternal Gestational Weight Gain (GWG) Trajectories
Prepregnancy BMI was calculated as weight (in kilograms) divided by squared height (in centimeters) measured at the 
first prenatal examination. Total GWG was defined as the difference between prepregnancy weight (measured at the 
initial prenatal visit in the first trimester) and delivery weight (measured before delivery in the third trimester). Early-mid 
GWG was defined as the difference between prepregnancy weight and mid-end weight (measured at the time of 
gestational diabetes screening between 24 and 28 weeks). According to the Recommended Weight Gain during 
Pregnancy of Chinese Women,26 GWG was classified as “insufficiency”, “adequate”, or “excessive” across the pre
pregnancy BMI categories. We defined four mutually-exclusive GWG trajectory patterns based on the timing of 
excessive gain:

● Mom traj.-1. Adequate throughout (reference): Adequate early-mid GWG and adequate total GWG (implying 
adequate or insufficiency gain in each trimester).

● Mom traj.-2. Excessive early-only: Excessive early-mid GWG but non-excessive total GWG (implying excessive 
gain in the first and second trimesters, with adequate or insufficiency gain in the third trimester).

● Mom traj.-3. Excessive late-only: Non-excessive early-mid GWG but excessive total GWG (implying adequate or 
insufficiency gain in the 1st and 2nd trimesters and excessive gain in the 3rd trimester).

● Mom traj.-4. Excessive throughout: Excessive early-mid GWG and total GWG (implying excessive gain in each 
trimester).

Offspring BMI Growth Trajectories (0-6 Years)
Weight and length/height were measured at birth, 3, 6, 8, 12, 18, 24, 30, 36, 48, 60, and 72 months (6 years) by trained 
staff. BMI (kg/m2) was calculated at each time point. To identify distinct BMI growth patterns from birth to 72 months 
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(0–6 years), we applied group-based trajectory modeling (GBTM) using the lcmm package (version 2.1.0) in R (version 
4.2.3, R Foundation for Statistical Computing, Vienna, Austria).27

Models with one to five trajectory groups were fitted, each incorporating quadratic and cubic time terms to 
accommodate potential nonlinear growth patterns. Model selection was guided by the following criteria: (1) lower 
Bayesian Information Criterion (BIC); (2) minimum group proportion >5%; (3) average posterior probability (APP) per 
group >0.70; and (4) relative entropy (Ek) >0.50.

The model fit indices for all candidate models are presented in Supplementary Table S1. Among these, the four-group 
cubic model (m4_3) demonstrated superior performance, with the lowest BIC value (1,175,106.95), all group proportions 
exceeding 5% (40.8%, 42.3%, 6.5%, and 10.4%), APP values ranging from 0.74 to 0.87 (all >0.70), and a relative 
entropy of 0.616 (>0.50). To assess the robustness of the trajectory solution, we performed sensitivity analyses by 
varying the polynomial order (quadratic vs. cubic) and the number of trajectory groups (3 to 5). The four-group cubic 
solution was consistently identified as the optimal model based on the predefined criteria and clinical interpretability. All 
trajectory groups were derived empirically without imposing any prior constraints based on weight status. The four 
identified trajectories were as follows (Figure 1):

● Child Trajectory 1. Persistent Low: Consistently low BMI values throughout the follow-up period.
● Child Trajectory 2. Normal (Reference): Steady BMI increase, aligning with normative growth patterns and 

representing the largest subgroup.
● Child Trajectory 3. Early Rapid: Rapid BMI acceleration during infancy, typically exceeding the 85th percentile 

before age 2 years and thereafter maintaining a high plateau.
● Child Trajectory 4. Late Rapid: BMI progression similar to the Normal group until approximately age 3 years, 

followed by a pronounced upward shift, leading to overweight or obesity status by age 6 years.

10

15

20

25

0 1 2 3 4 5 6

B
M

I

Persistent Low

Figure 1 Four distinct body mass index (BMI) growth trajectories from birth to age 6 years identified by group-based trajectory modeling. Four distinct trajectories were 
identified: Persistent Low (consistently low BMI), Normal (steady increase, reference), Early Rapid (rapid gain before age 2), and Late Rapid (accelerated gain after age 3). 
Trajectory definitions are detailed in the Methods section.
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Outcome Assessment
At the 6-year follow-up, children underwent a physical examination and peripheral blood sampling after an overnight 
fast. Serum TG and CHO were tested using GPO-PAP and CHOD-PAP method, respectively. GLU was measured using 
the enzyme electrode method. All assays were performed in the central laboratory of Tianjin Women and Children’s 
Health Center with rigorous quality control.

Covariates
Potential confounders were selected a priori based on literature and included: maternal age at pregnancy (years), 
education level (≤12 years, >12 years), prepregnancy BMI (continuous, kg/m2), gestational diabetes mellitus (GDM, 
yes/no), hypertensive disorders of pregnancy (HDP, yes/no), family history of diabetes/hypertension, offspring sex (male/ 
female), gestational age at birth (weeks), birth weight category (SGA, AGA, LGA based on Chinese standards28), and 
feeding mode in the first 6 months (exclusive breastfeeding, mixed, formula).

Missing Data Handling
This retrospective cohort study included 39,169 mother-child pairs who participated in the 6-year follow-up visit and 
underwent fasting blood sampling for cardiometabolic assessment. All 39,169 children had at least one of the three 
outcome measurements (TG, CHO, or fasting GLU) available. However, due to objective laboratory factors (eg, 
hemolysis or values outside the clinically plausible range), a very small number of individual assay results were 
excluded. Specifically, the numbers of missing values were: TG n = 11 (0.03%), CHO n = 29 (0.07%), and GLU n = 
49 (0.13%). Given the extremely low proportion of missing outcome data and the large sample size, we did not impute 
outcome variables; instead, we report effective sample sizes for each outcome in the results tables.

For covariates (eg, maternal education, maternal smoking), missingness ranged from 0% to 8.5%. To minimize bias 
and preserve statistical power, we performed multiple imputation by chained equations using the mice package in 
R (version 4.2.3) for covariates only.29 The imputation model included all covariates, exposures, and outcomes as 
auxiliary variables. A total of 20 imputed datasets were generated, and Rubin’s rules were applied to combine 
estimates.30 Sensitivity analyses using complete-case analysis (ie, excluding participants with any missing covariate 
data) yielded consistent results, supporting the robustness of our findings against missing data. Key characteristics of the 
study population are summarized in Supplementary Table S2.

Statistical Analysis
Descriptive statistics were presented as mean ± SD or n (%). Differences across child BMI trajectory groups were tested 
using ANOVA or chi-square tests, as appropriate.

Our primary analysis employed multivariable linear regression to estimate β coefficients and 95% confidence 
intervals (CIs) for associations with TG, CHO, and GLU. We implemented a staged modeling strategy:

● Model 1 (Crude): Unadjusted.
● Model 2 (Demographically-adjusted): Adjusted for maternal age, education, and offspring sex.
● Model 3 (Fully adjusted): For maternal GWG trajectory: further adjusted for GDM, HDP, gestational age-based 

birth weight category, maternal prepregnancy BMI, and offspring BMI z-score at age 6.

For offspring BMI growth trajectory: further adjusted for GDM, HDP, gestational age-based birth weight category, 
maternal prepregnancy BMI but not offspring BMI z-score at age 6, to avoid over-adjustment for the trajectory outcome.

To address potential overadjustment concerns, we adopted a differentiated adjustment strategy based on causal 
assumptions.31 For models estimating the direct effect of maternal GWG trajectories, we included child’s BMI 
z-score at age 6 as a covariate to assess whether any residual association persisted independent of the child’s 
current body size. For models estimating the effect of child BMI growth trajectories, we intentionally omitted 
adjustment for child’s BMI at age 6 to avoid conditioning on a post-exposure variable that lies on the causal 
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pathway from growth trajectory to metabolic outcomes. This approach follows established recommendations for 
analyzing longitudinal exposure-outcome associations in the presence of potential mediators.32

To examine joint effects, we created a 16-category variable combining the four maternal GWG trajectories and four child 
BMI trajectories. Its association with outcomes was analyzed using Model 3 (without child’s BMI at 6 years), with the dual- 
trajectory “Adequate throughout & Normal growth” as the reference. To test for effect modification, we performed a two- 
way factorial ANOVA including maternal GWG trajectory, child BMI trajectory, and their product term. A significant 
interaction term (P<0.05) was followed by simple effect analyses within strata of child growth trajectories.

All analyses were performed using IBM SPSS Statistics for Windows (Version 26.0, Armonk, NY: IBM Corp) and 
R statistical software (R version 4.2.3, R Foundation for Statistical Computing, Vienna, Austria). A two-tailed p-value 
<0.05 was considered statistically significant.

Results
Population Characteristics by Child BMI Trajectory
The final analytical sample comprised 39,169 mother-child pairs. The maternal age was 28.20±4.16 years, the prepregnancy 
BMI was 22.64±3.76, and the gestational age at delivery was 39.39±1.40 weeks. There were 20024 boys (51.21%) and 
19145 girls (48.9%). Table 1 compares maternal and child characteristics across four distinct BMI trajectory groups from 0 to 
6 years. Child BMI trajectories were strongly associated with multiple early-life and maternal factors, as well as with 
cardiometabolic markers at age 6. Children in the Late Rapid group had the highest mean prepregnancy maternal BMI (24.94 
± 4.37 kg/m2), highest rates of GDM (13.1%) and cesarean delivery (59.5%), and were most often classified as LGA at birth 

Table 1 Characteristics of Mothers and Children Stratified by the Child BMI Trajectory Groups

Factor Child BMI Trajectory Groups (0–6 year) P-value

Persistent Low Normal (Reference) Early Rapid Late Rapid

n 15990 16,562 2536 4081

Maternal age, years 28.33±4.07* 28.15±4.17 28.06±4.34 28.01±4.32 <0.001

Ethnic Han 15331 (95.9%) 15,854 (95.7%) 2434 (96.0%) 3892 (95.4%) 0.487

Education >12 years 10912 (68.2%) 10,486 (63.3%) 1482 (58.4%) 2288 (56.1%) <0.001

Prepregnancy BMI, kg/m2 21.84±3.43* 22.72±3.62 23.46±3.85* 24.94±4.37* <0.001

Family history of diabetes 297 (1.9%) 299 (1.8%) 47 (1.9%) 122 (3.0%) <0.001

Family history of hypertension 632 (4.0%) 620 (3.7%) 74 (2.9%) 197 (4.8%) 0.001

Smoking 54 (0.3%) 38 (0.2%) 8 (0.3%) 19 (0.5%) 0.067

Early-mid GWG, kg 7.65±3.40 7.72±3.54 7.81±3.71 7.42±3.89* <0.001

Total GWG, kg 13.98±4.58* 14.10±4.71 14.14±4.87 13.72±5.10* <0.001

GDM 1537 (9.6%) 1579 (9.5%) 286 (11.3%) 533 (13.1%) <0.001

HDP 398 (2.5%) 404 (2.4%) 125 (4.9%) 182 (4.5%) <0.001

Cesarean delivery 7409 (46.3%) 8509 (51.4%) 1417 (55.9%) 2427 (59.5%) <0.001

Gestational age at birth, week 39.44±1.39 39.44±1.28 38.80±2.00* 39.32±1.39* <0.001

Premature birth 619 (3.9%) 539 (3.3%) 270 (10.6%) 169 (4.1%) <0.001

Infant sex (male) 6652 (41.6%) 9340 (56.4%) 1580 (62.3%) 2452 (60.1%) <0.001

Birthweight, g 3289.19±435.37* 3448.32±428.20 3312.58±597.27* 3528.55±504.74* <0.001

(Continued)
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(22.1%). Their BMI z-score increased markedly from birth (0.43 ± 1.12) to age 6 (3.10 ± 1.10). Notably, this trajectory was 
identified solely by the longitudinal BMI pattern; the observation that 99.7% of children in this group met the criteria for 
overweight or obesity by age 6 is a post-hoc descriptive finding that reflects the trajectory’s defining feature of rapid BMI 
acceleration after age 3, rather than a pre-specified selection criterion.

Critically, at age 6, the Late Rapid group exhibited the least favorable metabolic profile: significantly higher TG (1.02 
± 0.45 mmol/L), GLU (4.67 ± 0.44 mmol/L), and CHO (4.16 ± 0.69 mmol/L) levels compared to the Normal reference 
group (all P < 0.001). The Early Rapid group also showed elevated TG (0.86 ± 0.37 mmol/L) and GLU (4.65 ± 
0.42 mmol/L) relative to the reference. In contrast, the Persistent Low trajectory group consistently demonstrated the 
most favorable metabolic values at age 6.

Independent Associations of Single Trajectories with Metabolic Outcomes
Table 2 shows the independent associations of maternal GWG and child BMI trajectories with metabolic markers at age 6.

Child BMI Trajectories
The “Late Rapid” trajectory was consistently and strongly associated with elevated TG and GLU across all models. In the fully- 
adjusted Model 3, compared to the “Normal” group, the “Late Rapid” group had β=0.193 mmol/L (95% CI: 0.179, 0.206) for 
TG and β=0.047 mmol/L (0.030, 0.064) for GLU. The “Early Rapid” group also showed significant but weaker associations. 
The “Persistent Low” group was associated with lower TG and GLU. No consistent association was found with CHO.

Table 1 (Continued). 

Factor Child BMI Trajectory Groups (0–6 year) P-value

Persistent Low Normal (Reference) Early Rapid Late Rapid

Birth weight category <0.001

SGA 1156 (7.2%) 516 (3.1%) 154 (6.1%) 126 (3.1%)

AGA 13553 (84.8%) 13,665 (82.5%) 1990 (78.5%) 3053 (74.8%)

LGA 1267 (7.9%) 2373 (14.3%) 391 (15.4%) 901 (22.1%)

Breastfeeding exclusively until 6 months 5793 (36.2%) 6004 (36.3%) 883 (34.8%) 1363 (33.4%) 0.016

BMI z_score at birth −0.15±0.95* 0.20±0.98 0.03±1.07* 0.43±1.12* <0.001

BMI z_score at age 3 −0.59±0.79* 0.22±0.81 0.92±1.08* 1.23±1.37* <0.001

BMI z_score at age 6 −0.66±0.93* 0.25±0.96 1.20±1.27* 3.10±1.10* <0.001

Overweight/obesity at age 3 24 (0.2%) 274 (1.8%) 347 (14.6%) 817 (21.5%) <0.001

Overweight/obesity at age 6 523 (4.1%) 2963 (22.7%) 1148 (56.5%) 2991 (99.7%) <0.001

TG at age 6 (mmol/L) 0.82±0.33 0.82±0.34 0.86±0.37* 1.02±0.45* <0.001

CHO at age 6 (mmol/L) 4.21±0.70* 4.17±0.70 4.15±0.68 4.16±0.69 <0.001

GLU at age 6 (mmol/L) 4.59±0.44* 4.62±0.44 4.65±0.42* 4.67±0.44* <0.001

Notes: Data are presented as mean ± SD or n (%). For continuous variables, bold font (with *) indicates statistically significant differences compared to the Normal 
(reference) group based on ANOVA with post-hoc pairwise comparisons (P < 0.05); the overall ANOVA P-value is presented in the last column. For categorical variables, 
P-values are from overall chi-square tests; no pairwise comparisons were performed. Effective sample sizes: TG n = 39,158; CHO n = 39,140; GLU n = 39,120. 
Abbreviations: BMI, body mass index; GWG, gestational weight gain; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy; SGA, small for 
gestational age; AGA, appropriate for gestational age; LGA, large for gestational age; TG, triglycerides; CHO, total cholesterol; GLU, glucose.
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Maternal GWG Trajectories
After full adjustment including child’s BMI at 6 years (Model 3), maternal GWG trajectories showed no significant 
association with TG or GLU. For CHO, “Excessive early-only” and “Excessive late-only” trajectories remained 
associated (β=0.038 and −0.039 mmol/L, respectively), though effect sizes were small.

Table 2 Independent Associations of Maternal Gestational Weight Gain Trajectories and Offspring BMI Growth Trajectories with 
Metabolic Indicators at Age 6

Outcome Variable (Y) Independent Variable (X) β Coefficient (95% Confidence Interval)

Model 1 Model 2 Model 3

TG (mmol/L) Maternal GWG Trajectory

Excessive throughout 0.006 (−0.003, 0.014) 0.006 (−0.002, 0.015) −0.002 (−0.012, 0.009)

Excessive early-only 0.001 (−0.010, 0.012) 0.002 (−0.009, 0.013) 0.002 (−0.012, 0.015)

Excessive late-only 0.003 (−0.011, 0.017) 0.003 (−0.011, 0.017) −0.007 (−0.024, 0.011)

Adequate throughout Ref.

Offspring BMI Growth Trajectory

Late Rapid 0.193 (0.181, 0.205)** 0.196 (0.184, 0.208)** 0.193 (0.179, 0.206)**
Early Rapid 0.040 (0.025, 0.055)** 0.045 (0.030, 0.059)** 0.043 (0.026, 0.059)**
Persistent Low −0.007 (−0.014, 0.001) −0.017 (−0.025, −0.009)** −0.016 (−0.025, −0.008)**
Normal Ref.

Model 1 Model 2 Model 3

CHO (mmol/L) Maternal GWG Trajectory

Excessive throughout 0.017 (0.000, 0.033)* 0.016 (0.000, 0.032) 0.016 (−0.004, 0.037)

Excessive early-only 0.065 (0.044, 0.087)** 0.041 (0.020, 0.062)** 0.038 (0.011, 0.064)*
Excessive late-only −0.056 (−0.084, −0.028)** −0.040 (−0.067, −0.012)* −0.039 (−0.073, −0.005)*
Adequate throughout Ref.

Offspring BMI Growth Trajectory

Late Rapid −0.018 (−0.041, 0.006) 0.001 (−0.022, 0.025) 0.009 (−0.018, 0.035)

Early Rapid −0.020 (−0.049, 0.009) −0.006 (−0.035, 0.023) −0.002 (−0.034, 0.031)

Persistent Low 0.038 (0.023, 0.053)** 0.018 (0.003, 0.033)* 0.014 (−0.003, 0.031)

Normal Ref.

Model 1 Model 2 Model 3

GLU (mmol/L) Maternal GWG Trajectory

Excessive throughout 0.004 (−0.007, 0.014) 0.003 (−0.008, 0.013) −0.003 (−0.017, 0.010)

Excessive early-only 0.000 (−0.013, 0.014) −0.001 (−0.014, 0.013) 0.009 (−0.009, 0.026)

Excessive late-only −0.002 (−0.020, 0.016) −0.002 (−0.020, 0.015) −0.020 (−0.042, 0.002)

Adequate throughout Ref.

Offspring BMI Growth Trajectory

Late Rapid 0.053 (0.038, 0.068)** 0.049 (0.034, 0.064)** 0.047 (0.030, 0.064)**
Early Rapid 0.030 (0.012, 0.049)* 0.025 (0.006, 0.043)* 0.026 (0.005, 0.047)*
Persistent Low −0.029 (−0.039, −0.020)** −0.016 (−0.025, −0.006)* −0.016 (−0.026, −0.005)*
Normal Ref.

Notes: Data are presented as β coefficient (95% Confidence Interval). β represents the mean difference in the metabolic indicator compared to the reference group. Bold 
font indicates statistically significant associations, *P < 0.05, **P < 0.001. Model 1 (Crude): Unadjusted. Model 2 (Adjusted for demographics): Adjusted for maternal age, 
education, and offspring sex. Model 3 (Fully adjusted): For Maternal GWG Trajectory, further adjusted for gestational diabetes, hypertensive disorders of pregnancy, 
gestational age-based birth weight category, maternal prepregnancy BMI, and offspring BMI z-score at 6 years. For Offspring BMI Growth Trajectory, further adjusted for 
gestational diabetes, hypertensive disorders of pregnancy, gestational age-based birth weight category, maternal prepregnancy BMI (but NOT offspring BMI z-score at 6 years, 
to avoid over-adjustment for the trajectory outcome). Effective sample sizes: TG n = 39,158; CHO n = 39,140; GLU n = 39,120. 
Abbreviations: BMI, body mass index; GWG, gestational weight gain; TG, triglycerides; CHO, total cholesterol; GLU, glucose.
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Joint Effects of Dual Trajectories
The joint effects of the 16 dual-trajectory combinations is summarized in Table 3; for complete estimates, see 
Supplementary Table S3). The reference group (“Adequate throughout” mother and “Normal” child) consistently showed 
the most favorable metabolic profile. The Late Rapid child BMI trajectory was consistently associated with elevated TG) 
and GLU across all maternal GWG patterns, with the strongest effects observed for children whose mothers had adequate 
GWG throughout pregnancy (TG: β = 0.225, 95% CI: 0.198–0.252; GLU: β = 0.058, 95% CI: 0.024–0.092). The Early 
Rapid trajectory was linked to moderately higher TG, though with smaller effect sizes. In contrast, only the Persistent 
Low trajectory combined with maternal excessive GWG showed a slight but significant increase in CHO. These results 
indicate that a Late Rapid BMI trajectory in early childhood is the strongest predictor identified in this cohort of adverse 
lipid and glycemic profiles at age 6, largely independent of maternal GWG pattern.

Interaction Between Maternal GWG and Child Growth Trajectories
Two-way ANOVA revealed a statistically significant multiplicative interaction between maternal GWG and child BMI 
trajectories for TG levels (F=2.36, P=0.012), whereas no significant interaction was observed for GLU or CHO (Table 4). 
Simple effect analysis (Supplementary Table S4) revealed that among children with a Late Rapid BMI trajectory, those whose 
mothers had Excessive throughout GWG showed significantly lower TG levels compared to the reference group with Adequate 
throughout GWG (mean difference: −0.049, P=0.002). No other within-trajectory comparisons reached statistically significant.

The child’s BMI trajectory exerted strong independent main effects on TG (F = 244.067, P < 0.001), CHO (F = 8.604, 
P < 0.001), and GLU (F = 35.261, P < 0.001). In contrast, maternal GWG pattern showed a main effect only on CHO (F 
= 10.148, P < 0.001) and no significant effect on TG or GLU.

Collectively, these findings indicate that child BMI growth remains the strongest predictor identified in this cohort of 
cardiometabolic risk at age 6. Although a statistically significant interaction was detected for TG, the effect size was modest 

Table 3 Associations of Maternal-Offspring Dual Trajectories with Cardiometabolic Risk Markers at Age 6

Dual Trajectory Group n Cardiometabolic Risk Markers at Age 6

Maternal GWG Pattern Children’s BMI 
Trajectory

TG CHO GLU

Adequate throughout Normal 4385 Ref. Ref. Ref.

High-Risk for TG

Adequate throughout Late Rapid 1017 0.225 (0.198, 0.252)** 0.019 (−0.033, 0.072) 0.058 (0.024, 0.092)*
Excessive early-only Late Rapid 490 0.216 (0.180, 0.252)** 0.043 (−0.028, 0.114) 0.062 (0.017, 0.108)*
Excessive throughout Late Rapid 2213 0.183 (0.163, 0.203)** 0.012 (−0.027, 0.051) 0.049 (0.024, 0.074)**
Excessive late-only Late Rapid 361 0.174 (0.133, 0.216)** −0.066 (−0.148, 0.017) 0.036 (−0.016, 0.089)

Moderate-Risk for TG

Excessive early-only Early Rapid 350 0.051 (0.009, 0.094)* 0.004 (−0.080, 0.088) 0.053 (0.000, 0.107)

Adequate throughout Early Rapid 629 0.050 (0.016, 0.083)* 0.000 (−0.067, 0.066) 0.043 (0.000, 0.085)*
Excessive throughout Early Rapid 1351 0.045 (0.021, 0.069)** 0.009 (−0.039, 0.056) 0.022 (−0.008, 0.053)

Risk for CHO

Excessive throughout Persistent Low 7225 −0.007 (−0.021, 0.008) 0.028 (0.000, 0.057)* −0.005 (−0.023, 0.013)

Excessive early-only Persistent Low 2871 −0.011 (−0.029, 0.007) 0.041 (0.005, 0.076)* −0.013 (−0.036, 0.009)

Notes: Data presented as: β coefficient (95% Confidence Interval) from multivariable linear regression (Model 3), using Group 16 as reference. β represents the mean 
difference in the metabolic marker compared to the reference group. Bold font indicates statistically significant associations, * P < 0.05, ** P < 0.001. Model 3 (Fully 
Model) was adjusted for: maternal age, education, offspring sex, gestational diabetes, hypertensive disorders of pregnancy, gestational age-based birth weight category, and 
maternal prepregnancy BMI. It was NOT adjusted for offspring BMI at 6 years to avoid over-adjustment for the growth trajectory outcome. This table mainly presents the 
statistically significant results. For complete joint effect estimates, see Supplementary Table S2. 
Abbreviations: TG, triglycerides; CHO, total cholesterol; GLU, glucose.
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and its clinical relevance warrants cautious interpretation. Maternal GWG may have a limited modifying influence on TG 
levels in children with a Late Rapid growth pattern, particularly when GWG is excessive throughout pregnancy.

Discussion
This prospective cohort study of nearly 40,000 mother–child pairs offers three principal findings. First, a late-onset rapid 
BMI trajectory—characterized by normative BMI in infancy followed by accelerated gain after age 3—was the strongest 
and most consistent predictor of adverse lipid and glycemic profiles at age 6. In this cohort, children in the Late Rapid 
trajectory exhibited mean TG levels of 1.02 mmol/L and GLU of 4.67 mmol/L at age 6, both significantly higher than the 
Normal trajectory group (0.74 mmol/L and 4.58 mmol/L, respectively; both P < 0.001). From a clinical perspective, these 
mean differences (ΔTG = 0.28 mmol/L, ΔGLU = 0.09 mmol/L) approach the thresholds used in pediatric dyslipidemia 
screening, where TG levels ≥1.13 mmol/L are considered elevated.33 Nearly all (99.7%) children in this trajectory were 
overweight or obese by age 6. Second, maternal GWG patterns showed no direct association with offspring TG or GLU 
after adjustment for child’s current BMI, and only weak, selective associations with CHO. Specifically, the Excessive 
early-only GWG trajectory retained a modest but statistically significant association with higher CHO (β= 0.038, 95% 
CI: 0.011–0.064) in fully adjusted models, whereas no GWG trajectory was independently associated with TG or GLU. 
Third, a suggestive interaction was observed between maternal GWG and child BMI trajectory for TG levels (P = 0.012), 
though the effect size was modest (partial η2 = 0.001) and its clinical relevance requires cautious interpretation. 
Collectively, these findings reposition early childhood BMI trajectory—particularly the preschool period—as the 
strongest predictor identified in this cohort of cardiometabolic programming, while suggesting that the influence of 
maternal GWG is largely indirect, operating through the shaping of postnatal growth pathways.

Comparison with Previous Studies and Extension of Our Prior Work
Our findings both corroborate and substantially extend the existing literature. Consistent with previous meta- 
analyses,34–36 we confirmed that excessive GWG is associated with an unfavorable offspring cardiometabolic profile. 
However, by decomposing GWG into timing-specific trajectory patterns, we demonstrated that once childhood BMI 

Table 4 Main Effects and Interaction Effects of Maternal GWG Trajectories and Offspring BMI Growth Trajectories on Cardiometabolic 
Markers (Two-Way ANOVA)

Outcome Source Type III Sum of 
Squares

df Mean 
Square

F p Partial 
η2

TG Maternal GWG Pattern 0.447 3 0.149 1.209 0.305 <0.001

Children’s BMI Growth Trajectory 90.273 3 30.091 244.067 <0.001 0.018
Maternal GWG Pattern × Children’s BMI 

Growth Trajectory

2.622 9 0.291 2.363 0.012* 0.001

Error 4825.820 39,142 0.123
CHO Maternal GWG Pattern 14.696 3 4.899 10.148 <0.001 0.001

Children’s BMI Growth Trajectory 12.460 3 4.153 8.604 <0.001 0.001
Maternal GWG Pattern × Children’s BMI 

Growth Trajectory

2.996 9 0.333 0.690 0.719 <0.001

Error 18886.743 39,124 0.483
GLU Maternal GWG Pattern 0.262 3 0.087 0.447 0.719 <0.001

Children’s BMI Growth Trajectory 20.653 3 6.884 35.261 <0.001 0.003
Maternal GWG Pattern × Children’s BMI 
Growth Trajectory

1.284 9 0.143 0.731 0.681 <0.001

Error 7634.723 39,104 0.195

Notes: Bold font indicates statistically significant main effects or interactions (P < 0.05). Analysis was performed using univariate analysis of variance (UNIANOVA). The 
model included maternal GWG trajectory (4 categories), offspring BMI growth trajectory (4 categories), and their multiplicative interaction term. * Statistical significance for 
the interaction term is indicated by P < 0.05. Partial η2 indicates effect size (small: <0.01; medium: 0.06; large: >0.14, based on Cohen’s conventions). Effective sample sizes: 
TG n = 39,158; CHO n = 39,140; GLU n = 39,120. 
Abbreviations: GWG, gestational weight gain; BMI, body mass index; TG, triglycerides; CHO, total cholesterol; GLU, glucose.
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trajectory is accounted for, the residual direct effect of maternal GWG on GLU and TG is negligible. In our fully adjusted 
models, the association between any excessive GWG pattern and offspring TG or GLU was attenuated to non- 
significance, with β estimates close to zero.

Importantly, the present study is not merely an extension of our 2022 report in this journal.4 While our prior work 
established an association between first-half GWG and offspring obesity risk by age 5, it could not determine whether 
this effect was direct or mediated through the child’s own growth trajectory—nor could it assess the relative contribution 
of prenatal versus postnatal exposures. By employing dual-trajectory modeling with formal interaction testing and direct 
quantification of mediation-by-growth, the current study provides the first evidence that the child’s postnatal BMI 
trajectory is the strongest predictor identified in this cohort, and that the role of maternal GWG is largely indirect, 
operating through its influence on shaping childhood growth.

The weak but persistent association between excessive early-only GWG and higher offspring CHO—β= 0.038, an 
effect size equivalent to approximately one-fifth of the association observed for Late Rapid trajectory (β= 0.193)—merits 
attention. This finding aligns with our previous report that second-trimester GWG is optimally positioned for early risk 
stratification,37 and suggests that CHO metabolism may be more sensitive to early-pregnancy nutritional programming 
than GLU or TG pathways.38 Epigenetic modifications of hepatic LDL-receptor or HMG-CoA reductase genes represent 
a plausible mechanism warranting future investigation.39

The Preschool Period as a Critical Window for Metabolic Dysregulation
The graded metabolic risk across the four BMI trajectories—particularly the stark contrast between the Late Rapid and 
Persistent Low groups—underscores the preschool years (ages 3–6) as a critical window for metabolic programming. In 
the Persistent Low trajectory, which comprised 12.3% of the cohort, mean TG at age 6 was 0.62 mmol/L and GLU was 
4.48 mmol/L—both significantly lower than the Normal reference group. The dose-response pattern across the four 
trajectories (Persistent Low < Normal < Early Rapid < Late Rapid) was consistent for all three metabolic outcomes. 
While the “early rapid” phenotype (obesity present by age 2) has received substantial research attention,40,41 our data 
suggest that the “late rapid” phenotype is both more prevalent and metabolically more damaging in this Chinese 
population. The Late Rapid group comprised 18.7% of the cohort and exhibited the highest absolute levels of TG and 
GLU, with effect sizes (β = 0.193 for TG) substantially exceeding those of any prenatal exposure. This finding aligns 
with the “adiposity rebound” literature, where earlier rebound is a well-known risk factor for adult metabolic syndrome.42 

Our study advances this field by: (1) demonstrating that this effect is independent of birth weight and maternal metabolic 
status; and (2) quantifying its effect size relative to a major prenatal exposure (GWG). The near-universal overweight/ 
obesity (99.7%) in the Late Rapid group at age 6 underscores the importance of early identification and intervention.

Interpretation of the Interaction Effect
A statistically significant but modest interaction was detected between maternal GWG trajectory and child BMI trajectory 
for TG levels (two-way ANOVA P = 0.012). Simple effects analysis revealed that, among children following the Late 
Rapid growth trajectory, those whose mothers had Excessive throughout GWG exhibited slightly lower mean TG levels 
at age 6 compared to those whose mothers had Adequate throughout GWG (mean difference: −0.049 mmol/L; 95% CI: 
−0.080, −0.018; P = 0.002). No significant within-trajectory differences were observed for other maternal GWG patterns 
or for the other metabolic outcomes (CHO, GLU).

The effect size of this interaction is modest (Δ= −0.049 mmol/L, partial η2 = 0.001), representing less than one-tenth 
of the standard deviation of TG in this subgroup, and was observed in the absence of a pre-specified hypothesis. Given 
the large sample size, even small differences may achieve statistical significance, and the clinical relevance of this 
isolated finding remains uncertain. We therefore interpret this result as suggestive rather than definitive. Potential 
explanations—including residual confounding,43 heterogeneity in the composition of GWG (fat vs. lean mass),44 or 
chance—cannot be excluded. This finding requires independent replication in other cohorts before any mechanistic 
inference or clinical recommendation can be drawn.
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Clinical and Public Health Implications
Our findings support a dual-generation, trajectory-informed preventive strategy.

1. Prenatal phase: While optimizing GWG remains important—particularly to prevent LGA and early-childhood 
obesity45,46 —clinicians should recognize that a “perfect” GWG does not guarantee metabolic protection if the child 
subsequently follows a rapid BMI acceleration trajectory. In our data, even children of mothers with Adequate throughout 
GWG who developed a Late Rapid BMI trajectory had TG levels 0.225 mmol/L higher than the reference dyad—an 
effect size larger than that of any prenatal exposure alone.

2. Postnatal phase: The preschool period (ages 3–6) represents a second critical window for metabolic screening and 
intervention. Currently, most pediatric obesity programs focus on infancy or school-age children. Our data suggest that 
routine BMI trajectory monitoring from age 3 onward, with particular attention to upward crossing of percentiles, can 
identify the Late Rapid phenotype before overt obesity and dyslipidemia are fully established. By age 4, children in the 
Late Rapid trajectory already exhibited a mean BMI z-score of 1.52, crossing the 85th percentile, despite having been 
near-normal at age 2.

3. Risk communication: The joint trajectory combinations offer a clinically intuitive tool. For example, a child with 
LGA birth whose mother had excessive GWG and who shows rising BMI at age 4 should be prioritized for intensive 
family-based lifestyle counseling.

Strengths and Limitations
Major strengths include the large, population-based design; repeated anthropometric measurements enabling trajectory 
modeling; availability of fasting blood samples at age 6; and careful adjustment to avoid over-adjustment bias.

Several limitations should be acknowledged. First, the observational design precludes causal inference, although the temporal 
sequence (prenatal-early growth-outcome) strengthens the likelihood of a causal contribution. Second, cardiometabolic markers 
were assessed at a single time point (age 6), providing a cross-sectional snapshot rather than a longitudinal assessment of 
metabolic trajectory; extended follow-up is needed to determine whether these associations persist into adolescence and 
adulthood. We are currently extending cohort follow-up to address this. Third, despite adjustment for key covariates, residual 
confounding by unmeasured factor—including paternal BMI, dietary intake, physical activity and genetic susceptibility—cannot 
be fully excluded. Fourth, this study was conducted in a large, geographically and socioeconomically diverse population in 
Tianjin, China, encompassing urban, suburban, special economic zones, and rural areas—a setting that offers robust internal 
validity and broad representativeness within the Chinese context. However, replication in other ethnic and geographic popula
tions is warranted, as body composition, cardiometabolic risk profiles, and GWG distributions vary across populations.

Conclusions
In this large prospective cohort, a late preschool BMI acceleration trajectory emerged as the strongest independent predictor 
of adverse cardiometabolic risk at school entry. Children following this trajectory—comprising nearly one-fifth of the cohort 
—exhibited TG and GLU levels substantially higher than peers with normative growth, independent of maternal GWG, birth 
size, and perinatal complications. Maternal GWG patterns exerted minimal direct effects on offspring GLU and TG, 
suggesting their impact operates primarily through postnatal growth trajectories rather than direct metabolic programming. 
These findings reframe the developmental programming narrative by highlighting the preschool years as a critical window 
during which metabolic trajectories become established, building upon the foundation set in utero. Given that cardiometa
bolic markers were assessed only at age 6, extended follow-up is needed to determine whether these associations persist into 
later life. Public health strategies must extend their focus beyond pregnancy to include vigilant monitoring of BMI velocity in 
early childhood and timely interventions aimed at moderating weight gain acceleration during this modifiable window.
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