Infant body mass index peak and early childhood cardio-metabolic risk markers in a multi-ethnic Asian birth cohort
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Abstract

Background: Infant body mass index (BMI) peak has received much interest recently as a potential predictor of future obesity and metabolic risk. No studies, however, have examined infant BMI peak in Asian populations, in whom the risk of metabolic disease is higher.
Methods: We utilized data among 1020 infants from a mother-offspring cohort, who were Singapore citizens or permanent residents of Chinese, Malay, or Indian ethnicity with homogeneous parental ethnic backgrounds, and did not receive chemotherapy, psychotropic drugs, or have diabetes mellitus. Ethnicity was self-reported at recruitment and later confirmed using genotype analysis. Subject-specific BMI curves were fitted to infant BMI data using natural cubic splines with random coefficients to account for repeated measures in each child. We estimated characteristics of the child’s BMI peak (age and magnitude at peak, average pre-peak velocity (aPPV)). Systolic (SBP) and diastolic blood pressure (DBP), BMI, sum of skinfolds (SSF) and fat-mass index (FMI) were measured during a follow-up visit at age 48 months. Weighted multivariable linear regression was used to assess the predictors (maternal BMI, gestational weight gain, ethnicity, infant sex, gestational age, birthweight-for-gestational age and breastfeeding duration) of infant BMI peak and its associations with outcomes at 48 months. Comparisons between ethnicities were tested using Bonferroni post-hoc correction.
Results: Of 1020 infants, 80.5% were followed up at the 48-month visit. Mean (SD) BMI, SSF and FMI at 48-months was 15.6 (1.8) kg/m2, 16.5 (5.3) mm and 3.8 (1.3) kg/m2 respectively. Mean (SD) age at peak BMI was 6.0 (1.6) months, with a magnitude of 17.2 (1.4) kg/m2 and pre-peak velocity of 0.7 (0.3) kg/m2/month. Compared to Chinese infants, the peak occurred later in Malay [B(95% CI): 0.64 mo (0.36, 0.92) and Indian infants [1.11 mo (0.76, 1.46)] and was lower in magnitude in Indian infants [-0.45 kg/m2 (-0.69, -0.20)]. Adjusting for maternal education, BMI, gestational weight gain, ethnicity, infant sex, gestational age, birthweight-for-gestational age and breastfeeding duration, higher peak and aPPV were associated with greater BMI, SSF and FMI at 48 months. Age at peak was positively associated with BMI at 48-months [0.15 units (0.09, 0.22)], while peak magnitude was associated with SBP [0.17 units (0.05, 0.30)] and DBP at 48-months [0.10 units (0.01, 0.22)]. Older age and higher magnitude at peak were associated with increased risk of overweight at 48 months [Relative Risk (95% CI): 1.35 (1.12-1.62) for age; 1.89 (1.60-2.24) for magnitude]. The associations of BMI peak with BMI and SSF at 48 months were stronger in Malay and Indian children than in Chinese children.
Conclusions: Ethnic-specific differences in BMI peak characteristics, and associations of BMI peak with early childhood cardio-metabolic markers, suggest an important impact of early BMI development on later metabolic outcomes in Asian populations.
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Introduction 
Overweight and obesity are commonly associated with increased risk of chronic diseases, including type 2 diabetes and cardiovascular disease 1()
. The current worldwide obesity epidemic poses a massive public health challenge 2()
. The tracking of obesity from childhood to adulthood has been well described 3()
, implying that even if obese children evade health problems in their youth, they have an increased likelihood of remaining obese in adulthood and thereby increasing their risk of developing cardio-metabolic disease later in life 4(, 5)
. Hence, an understanding of the causes and consequences of childhood obesity is important for formulating prevention strategies.
Obesity in childhood is often defined using the body mass index (BMI). BMI trajectory changes substantially with age in early childhood 6()
, resulting in two characteristic points on the BMI curve. In infancy, BMI typically increases from birth and peaks between the ages of 6 and 12 months (the “infant BMI peak”) before gradually decreasing to a nadir during early childhood (~4 to 6-years of age), then rising again (the “adiposity rebound”) 7-10


( ADDIN EN.CITE )
. While evidence illustrating that adiposity rebound characteristics reflect changes in fat-mass exists 11


( ADDIN EN.CITE , 12)
, such evidence for infant BMI peak remains speculative at best. It is still not clear whether BMI peak characteristics (e.g. age or magnitude at peak) coincides strongly with direct measures of adiposity. While many studies have identified early adiposity rebound to be a significant marker for later obesity 
 ADDIN EN.CITE 
(13-15)
, hypertension 14()
 and metabolic risk
 ADDIN EN.CITE 
(16)
, the relevance of infant BMI peak to later cardio-metabolic outcomes is only starting to emerge. 
The current literature on infant BMI peak is based primarily on Western populations 
 ADDIN EN.CITE 
(7, 10, 17-20)
; we are aware of no studies conducted in Asian populations. Given that the Asian susceptibility to obesity and metabolic disease differs from that of Europeans 21()
, studies on the relation between infant BMI peak with later cardio-metabolic outcomes in Asian populations are needed. In this study, we aimed to characterize the infant BMI peak and to assess its predictors and associations with later childhood cardio-metabolic risk markers in the Growing Up in Singapore Towards healthy Outcomes (GUSTO) birth cohort.
Methods
Study population


The GUSTO study has been previously described in detail 
 ADDIN EN.CITE 
(22, 23)
. Briefly, pregnant women in their first trimester were recruited from two major public hospitals in Singapore with obstetric services (KK Women’s and Children’s Hospital and the National University Hospital) between June 2009 and September 2010. Eligible women were Singapore citizens or permanent residents who were of Chinese, Malay, or Indian ethnicity with homogeneous parental ethnic backgrounds (mother and father of infant), and did not receive chemotherapy, psychotropic drugs, or have diabetes mellitus. Of 1247 women recruited, 1170 had singleton deliveries (Figure 1). Informed written consent was obtained from the women, and the study was approved by both the National Healthcare Group Domain Specific Review Board and SingHealth Centralized Institutional Review Board.

Antenatal data


Socio-demographic data (age, ethnicity (self-reported), education level, housing, and parity) were obtained at recruitment, while gestational diabetes (GDM) status was ascertained at 26-28 weeks of gestation using World Health Organization guidelines24()
. Homogeneous ethnicity was later confirmed by genotype analysis25


( ADDIN EN.CITE )
. Gestational age (GA) was assessed at the first ultrasound dating scan after recruitment. Scans were conducted in a standard manner at both hospitals by trained ultrasonographers, with GA reported in completed weeks.
Anthropometric measures

All anthropometric measurements were obtained using standardized protocols 
 ADDIN EN.CITE 
(26)
. Maternal pre-pregnancy weight was self-reported at study enrollment. At 26–28 weeks of gestation, maternal weight and height were measured using SECA 803 Weighing Scale (SECA Corp, Hamburg, Germany) and SECA 213 Stadiometer, respectively. Maternal pre-pregnancy BMI (ppBMI) was calculated as self-reported pre-pregnancy weight (in kg) divided by the square of height (in m). Gestational weight gain (GWG) was calculated as the difference between last measured weight before delivery (between 35-37 weeks of gestation) and pre-pregnancy weight. 
Measurements of child weight and length were obtained at birth, 3 weeks and at 3, 6, 9, 12, 15, 18 and 48 months of age. Weight was measured to the nearest gram using calibrated scales [SECA 334 Weighing Scale (birth to 18 months) and SECA 803 Weighing Scale (48 months)]. Recumbent length (birth to 18 months) was measured from the top of the head to soles of feet using an infant mat (SECA 210 Mobile Measuring Mat) to the nearest 0.1 cm. Standing height at 48 months was measured using a stadiometer (SECA stadiometer 213) from the top of child’s head to his or her heels. All measurements were taken in duplicates and averaged. Four skin-folds (triceps, biceps subscapular and suprailiac) were measured at 48 months in triplicates using Holtain skinfold callipers (Holtain Ltd, Crymych, UK) on the right side of the body and recorded to the nearest 0.2 mm. Fat mass was measured in a subset of children (n=274), whose parents provided written consent when approached, at 48 months using air displacement plethysmography (BOD POD®, Life Measurement Inc, Concord, CA, USA). 

Anthropometric training and standardization sessions were conducted every 3 months, and observers were trained to obtain measurements that, on average, were closest to the values measured by an expert anthropometrist. Reliability was estimated by inter-observer technical error of measurement (TEM) and coefficient of variation (CV) 27()
 (Supplementary Table 1). We derived birth weight-for-gestational-age z-scores using references from our cohort 28()
. Child BMI at each time point was calculated as measured weight divided by the square of length (or height at 48 months), and overweight status was defined as sex-specific BMI above 85th percentile of the local Singapore reference 29()
. Sum of skinfolds (SSF) at 48-months was calculated by adding the four skinfolds. Fat mass index (FMI) was defined as fat mass divided by the square of the height.
Blood pressure

Based on a standardized protocol 30()
, maternal blood pressure (BP) was taken by trained research coordinators. Mothers rested for at least 10 minutes prior to BP measurement, and the peripheral systolic (SBP) and diastolic BP (DBP) were measured three times from the upper arm at 30 to 60 second intervals with an oscillometric device (MC3100, HealthSTATS International Pte Ltd, Singapore). An average of the three readings was calculated if the difference among readings was <10  mm Hg; otherwise, measurements were repeated.

Child BP was measured by trained research personnel during the clinic visits. The child was required to sit with the mother for at least 5 minutes in a quiet room. Peripheral systolic BP (SBP) and diastolic BP (DBP) were measured twice from the right upper arm using a Dynamap CARESCAPE V100 (GE Healthcare, Milwaukee, WI), with the arm resting at chest level. An average of the two blood pressure readings was calculated if the difference between readings was <10  mm Hg; otherwise, a third reading was taken and the average of the three readings used instead. In addition, median values of BP across the two or three measurements were calculated, based on recent studies that showed median of three replicates is a safe and robust approach to combine participants' raw data values for use in subsequent analyses 31(, 32)
. Prehypertension was defined as SBP or DBP above the 90th percentile for the child’s sex, age and height. As there is currently no reference for blood pressure percentiles in the Singapore population, we utilized the U.S reference values published by the American Academy of Pediatrics 
 ADDIN EN.CITE 
(33)
.
Infant feeding
Mothers were asked about infant milk feeding using interviewer-administered questionnaires at home visits when the infants were 3, 6, 9, and 12 months of age. Feeding practices were classified into exclusive, predominant, and partial breastfeeding 34()
. Both direct breastfeeding and expressed breast milk intakes were classified as breastfeeding.
Inclusion criteria

On average, each child was measured 7 ± 2 times (mean ± SD) in the first 18-months. To estimate infant BMI peak, we included only children who had completed a minimum of 3 measurements of weight and length within the age window of 3 to 9 months in the first 18 months of life. These ages were chosen because the observed BMI peak during infancy from a cross-sectional Singapore population data was estimated to be around 6-months of age 29()
; this number and range of measurements permits the modeling of BMI data to capture the BMI peak. A total of 1020 infants met the requisite minimum number of measurements (Figure 1). 
Statistical analysis


The main analyses were performed in two stages. In stage 1, we modeled subject-specific BMI curves and estimated BMI peak characteristics (age and magnitude at peak and pre-peak BMI velocity). In stage 2, we examined predictors of these peak characteristics and their associations with cardio-metabolic markers at 48-months (BMI, SSF, FMI, SBP and DBP).
Stage 1: Modeling BMI trajectory and estimating infant BMI peak characteristics
Subject-specific BMI curves were fitted to infant BMI data from birth to 18 months, using natural cubic splines with random coefficients to account for repeated measures in the same child. This modelling approach has been described in greater detail 35(, 36)
. Cubic splines are used to model the relationship between BMI and age without the inflexibility of a rigid parametric form such as higher-order polynomials. They are formed by piecewise connection of cubic polynomial curves between a series of internal knots, which ensures that the fitted curve is smooth and flexible in shape. For natural cubic splines, constraints are used to increase stability of the curve: fixing the spline to be linear beyond the two boundary knots (i.e., linear prior to and after the first and last knot, respectively). Mixed effects models with natural spline functions for both fixed and random effects were then fitted to capture the non-linear trend in BMI trajectories. The basic model is as follows:
Where k = knot point, m = number of knots,  j = 1, 2, …, m and (Age-kj)3+ is defined as Age−k if Age ≥ k and 0 otherwise
The number and placement of knots determines the smoothness of the relationship between BMI and age. Using too many knots may lead to overfitting, while too few knots may lead to a linear fit of the data. Knot locations were placed closer to each other in the region where BMI was expected to change rapidly (near the expected infant BMI peak).The optimum number and location of knots was determined using the Bayesian Information Criterion 36()
, and was respectively 5 knots for both fixed and random effects, located at 0.1, 3, 6, 9 and 18-months of age in our study sample. The fit of the model was assessed using a residual plot of the observed and predicted BMI. As infant BMI peak is the highest point on the BMI curve in early childhood, it can be estimated by differentiation (with respect to age) of the child-specific BMI curve. The age (months) and magnitude (kg/m2) at peak BMI is located at the point where the derivative of the subject-specific BMI curve equals zero. The average pre-peak BMI velocity (aPPV, in kg/m2/month) was defined as the linear velocity from birth to the BMI peak. Trajectories by different subgroups (ppBMI, GWG, GA at delivery, infant sex, ethnicity, birth weight and exclusive breastfeeding duration) were then derived by two approaches: (i) a two-step approach, by first deriving the individual BMI trajectories without including the variables into the model, followed by stratification according to subgroups, or (ii) a one-step approach, by including the variables and its interactions with spline terms as fixed parameters into the BMI model to derive group-specific trajectories. 
Stage 2: Examining predictors of BMI peak characteristics and associations of these characteristics with cardio-metabolic markers at 48-months

Associations between maternal (education level, ppBMI, GWG, GDM status, parity and GA at delivery) and infant (sex, ethnicity, birth weight and duration of any or exclusive breastfeeding) factors was assessed for each BMI peak characteristic using multiple weighted linear regression, with the number of BMI observations for each subject acting as weights for the best-fitting growth curves. As the distributions of child BMI, SSF, FMI, SBP and DBP at 48 months were skewed, the data were log-transformed and standardized to z-scores with a mean 0 and SD of 1. The log-transformation reduced the skewness and the problem of non-normality. Associations between BMI peak characteristics and each cardio-metabolic marker were assessed using multiple weighted linear regression, with the number of BMI observations for each subject acting as weights. These associations were also assessed in two sensitivity analyses: (i) an unweighted regression analysis, and (ii) a Markov Chain Monte Carlo sample (m=1000) from the posterior distribution of the fitted mixed effect model from the first stage37()
. BMI peak characteristics were also standardized to z-scores to allow for direct comparison of effect estimates across different peak characteristics. Poisson regression models with robust variance 38()
 were used to calculate the relative risk of overweight or prehypertension at 48 months for each BMI peak characteristic. Models were adjusted for maternal education level, ppBMI, gestational weight gain, gestational age, birthweight-for-gestational age, breastfeeding duration, ethnicity and infant sex, as well as actual age at measurement to improve precision. Regressions of age or magnitude at peak with each cardio-metabolic marker included both age and magnitude at peak in the same model. Potential effect modification by ethnicity and parity was investigated by adding interaction terms with each BMI peak characteristic to the fully-adjusted model. Non-linearity was assessed by including the squared terms of the peak characteristics into the model. All analyses were performed using Stata 13 software (StataCorp LP, Texas, USA).
Results


Characteristics of the study participants (n=1020), stratified by ethnicity, are summarized in Table 1. Maternal characteristics differed by ethnicity, including age, education level, accommodation type, parity, ppBMI, SBP, DBP and breastfeeding duration. Compared to Chinese mothers, Malay mothers were younger, had lower educational attainment, more likely to live in government housing, less likely to breastfeed more than 4 months and had the highest ppBMI, GWG, SBP and DBP. Child characteristics also differed across ethnic groups, with Malay children having the highest BMI and SSF, and Indian children having the highest FMI and DBP at 48 months compared to Chinese children. Between included (n=1020) and excluded (n=150) study participants, there were differences in maternal age (31.1 vs 29.6 years), ethnicity (higher proportion of Chinese in included sample), GA at delivery (38.4 vs 37.7 weeks) and birth weight (3.1 vs 2.9 kg) (Supplementary Table 2). There were no differences in birthweight-for-gestational age and 48-month BMI between infants with (n=274) and without (n=746) BOD POD® data (Supplementary Table 3)
Estimated BMI peak characteristics


Individual BMI peak characteristics were estimable in 1004 of the 1020 (98.4%) study children; 16 subjects with inestimable BMI peak (due to monotonic increase in BMI) were excluded from further analyses. The residual plot (Supplementary Figure 1A) showed that the mean of residuals at each time point was found to be close to 0, indicating a relatively good fit of our model. No differences in infant characteristics, nor in number of BMI measurements in the first 18 months, were observed between subjects with estimable and inestimable BMI peak (Supplementary Table 4). Mean (standard deviation) magnitude of the infant BMI peak was 17.2 (1.4) kg/m2 and occurred at 6.0 (1.6) months; the aPPV was 0.7 (0.3) kg/m2/month. The correlations between the three peak characteristics are described in Supplementary Table 5; aPPV was observed to be highly correlated with both age (ρ = -0.58) and magnitude at peak BMI (ρ = 0.66). 
Predictors of infant BMI peak characteristics

In multivariable analyses (Table 2), boys had a higher magnitude of peak [B(95% CI): 0.61 kg/m2 (0.43, 0.78)] and aPPV [0.09 kg/m2/mo (0.05, 0.14)] compared to girls (Figure 2A). Malay and Indian children tended to peak later [0.64 mo (0.36, 0.92) for Malay; 1.11 mo (0.76, 1.46) for Indian], while Indian children exhibited a lower magnitude [-0.45 kg/m2 (-0.69, -0.20)] and lower aPPV [-0.09 kg/m2/mo (-0.15, -0.03)] than Chinese children (Figure 2B). Birth weight for gestational age was positively associated with magnitude of peak and inversely associated with aPPV (Figure 2C). Children with a longer duration of any or exclusive breastfeeding (Table 2 and Figure 2D) exhibited an earlier age at peak and higher aPPV. Group-specific BMI trajectories derived by the two-step approach (stratifying individual BMI trajectories according to subgroups) (Figures 2A-D) or by the one-step approach (including the variables into the BMI models) (Supplementary Figures 2A-D) were found to be similar. The residual plots of both approaches also showed that the mean of residuals at each time point were similar (Supplementary Figures 1A-B). ppBMI and GWG (Supplementary Figures 3A-B) were both positively associated with magnitude of peak but negatively associated with aPPV. GA at delivery did not influence age and magnitude at peak but was negatively associated with aPPV (Supplementary Figure 3C).
Associations of peak characteristics with cardio-metabolic markers at 48-months
Supplementary Table 6 shows the unadjusted and adjusted estimates (and their 95% CIs) of the associations of peak BMI characteristics with cardio-metabolic markers at 48-months. Adjusting for predictors of BMI peak showed that these factors modestly confound the relationship between peak BMI characteristics and cardio-metabolic markers at 48-months. Both magnitude of peak BMI and aPPV were positively associated with BMI, SSF and FMI at 48 months (Figure 3A). Every unit z-score increase in age at peak BMI was positively associated with BMI [0.15 units (95% CI 0.09, 0.22)] at 48-months, while every unit z-score increase in magnitude of peak was positively associated with child SBP [0.17 units (0.05, 0.30)] and DBP [0.10 units (0.01, 0.22)]. Similar effect estimates and 95% CI were observed when BP was analyzed using its median values (Supplementary Table 7). Additional sensitivity analyses using an unweighted regression analysis (Supplementary Table 8), and a Markov Chain Monte Carlo sample (m=1000) from the posterior distribution of the fitted mixed effect model from the first stage (Supplementary Table 9), also showed similar effect estimates and 95% CI to those obtained in the weighted regression analysis approach. Both age and magnitude at peak were associated with increased risk of overweight at 48 months [RR (95%CI): 1.35 (1.12-1.62) per unit z-score increase for age; 1.89 (1.60-2.24) per unit z-score increase for magnitude], but no associations were observed between BMI peak and prehypertension at 48 months (Figure 3B). Magnitude of peak BMI had the strongest associations with cardio-metabolic markers (Figures 3A-B). This was also reflected in the explained variances (R2) of models with and without BMI peak characteristics (Supplementary Table 10). For BMI, SSF and FMI at 48 months, the explained variances were 33.8, 20.7 and 33.6%, respectively, in models with magnitude of peak included, substantially higher than models with age at peak (14.0, 10.7 and 22.1%, respectively) or aPPV (17.2, 14.1 and 24.6%, respectively). 
We also identified interactions between ethnicity and magnitude of peak and aPPV for BMI, SSF and SBP at 48 months (Supplementary Table 11), suggesting that the relationship between magnitude of peak and aPPV with BMI, SSF and SBP at 48-months is modified by ethnicity. After stratifying by ethnicity, the association between magnitude of BMI peak with BMI and SSF at 48 months was more pronounced in Malay and Indian children (Supplementary Figures 4A-B). The relationship between aPPV and SBP at 48 months, however, was weakest in Malay children (Supplementary Figure 4C). In addition, no interactions between parity and BMI peak characteristics, as well as non-linearity of BMI peak characteristics, were observed for outcomes at 48-months.
Discussion


We observed ethnic-specific differences in BMI peak characteristics and associations of BMI peak with early childhood cardio-metabolic risk markers. We additionally identified several maternal (ppBMI, GWG and GA) and infant factors (sex, birth weight for gestational age and breastfeeding duration) as predictors of BMI peak. Higher BMI peak had stronger associations with adiposity at 48 months in Malay and Indian children, and this coincides with the observed higher age-standardized prevalence of obesity and hypertension in Malay and Indian adults in the Singapore population39()
. To our knowledge, ours is the first study that has characterized infant BMI peak, assessed its predictors, and examined its associations with childhood cardio-metabolic markers in an Asian cohort. Research on infant BMI peak as a predictor of future metabolic disease has been limited, with most studies conducted in Western populations 
 ADDIN EN.CITE 
(18, 20, 40)
. In addition, it is still unclear whether BMI peak characteristics coincide strongly with direct measures of adiposity. Thus, our findings provide evidence that early infant BMI characteristics reflect changes in fat-mass later in life, and should help understand the role of early BMI development in Asian populations and its contribution to their increased risk of metabolic disease.


BMI peak normally occurs between the ages of 6 and 12 months. Recent studies suggest that the age at peak BMI may be population-specific. Earlier studies in European populations reported an average age at BMI peak of 9 months 
 ADDIN EN.CITE 
(17, 18, 20)
, while two recent cohort studies in the USA found a slightly earlier age at peak: 7 to 8.5 months 
 ADDIN EN.CITE 
(10, 19)
. Girls peaked slightly later than boys in both populations 
 ADDIN EN.CITE 
(10, 17-20)
. Our study findings suggest that Asian children peak earlier (~6-months, on average) than their European or American counterparts, and that sex does not significantly influence age at peak in Asian infants. Children in European and American populations also tend to have higher peaks (~18.0 kg/m2 vs the ~17.0 kg/m2 in our cohort). 
It is possible that different modelling methods (such as shape-invariant SITAR modelling, fractional polynomials) used to derive BMI peak characteristics could account for the observed differences in BMI peak characteristics across populations. Nonetheless, we observed differences among our three Asian ethnicities in our study using the same modelling method; thus the differences observed in other population are likely to be real. Modelling the BMI trajectories with or without including variables into the model showed similar residual errors between observed and predicted BMI, suggesting that using both approaches would lead to similar conclusions downstream. Other modeling methods such as growth mixture model, or group-based trajectory model, would be able to relate the entire BMI trajectory to each outcome. However, as our primary objective is to characterize the infant BMI peak, the current modelling approach would sufficiently address this. It is known that BMI in Asian populations is generally lower than in non-Asian populations 41()
, and our findings suggest that these differences extend to other BMI characteristics as well, at least during early infancy. In addition, we observed ethnic differences in BMI peak characteristics, with Malay and Indian children peaking later and Indian children showing a lower magnitude peak than their Chinese counterparts. Similar differences in BMI peak characteristics have been reported between African-American and white children 19()
. Taken together, these findings are indicative of ethnic differences in BMI peak characteristics.

We found maternal adiposity-related factors (ppBMI, GWG) to be associated with higher magnitude of peak. The positive relation between maternal ppBMI and GWG and child size and adiposity has been reported in other populations 
 ADDIN EN.CITE 
(42, 43)
, as well as in our own cohort 
 ADDIN EN.CITE 
(44, 45)
. GA at delivery did not appear to influence age or magnitude of peak BMI but was negatively associated with pre-peak velocity, consistent with previous studies reporting accelerated growth in preterm infants 46()
. Birth weight for gestational age was also associated with higher magnitude of peak and lower pre-peak velocity, consistent with recent reports by Jensen et al 20()
 and Wen et al 10()
. 
Duration of breastfeeding has previously been associated with BMI peak characteristics and growth patterns. Chivers et al reported that children who were breastfed longer exhibited a later adiposity rebound at a lower level 47()
, while a recent Danish cohort study noted that longer breastfeeding duration reduces age at peak 20()
, consistent with our findings. Breastfed infants also tend to gain more fat-mass in the first few months of life 48()
, which may explain our observation of increased pre-peak BMI velocity with increased breastfeeding duration. 

In line with earlier findings 
 ADDIN EN.CITE 
(17, 18, 20)
, adiposity outcomes were strongly associated with magnitude of peak. This relationship might be explained by BMI tracking, which has been demonstrated from infancy to middle childhood 49()
. While magnitude at peak had the strongest associations with adiposity in terms of explained variance, it should be noted that all BMI peak characteristics are positively associated with adiposity at 48 months. Age at peak BMI was positively associated with early childhood BMI and risk of overweight in our study, consistent with the findings by Silverwood et al 18()
. The association we observed between longer breastfeeding duration and younger age at peak suggests that longer breastfeeding duration may protect against later overweight by accelerating the age at peak BMI, although the findings may reflect the converse, whereby slower-growing infants may be less likely to require supplementation and less likely to become overweight50()
.
Our findings confirm that children with higher BMI later in life have a later BMI peak in infancy. Previous studies have reported that overweight and obese children show an earlier adiposity rebound 
 ADDIN EN.CITE 
(13, 14)
. Those findings however, beg the question as to whether the same children with later BMI peak also have earlier adiposity rebound. Further follow-up of the GUSTO cohort will allow us to answer this question. The positive associations we observed between aPPV and later adiposity are also consistent with recent findings by Jensen et al 20()
 and may reflect the well-documented association between rapid growth in infancy and later childhood adiposity 
 ADDIN EN.CITE 
(51, 52)
. Our findings also confirm that aPPV is a function of age and magnitude at peak, as the effect estimates for aPPV are midway between those for age and magnitude at peak. Current evidence supports an association between early growth characteristics and later blood pressure 53()
, also in line with our findings. Although the associations between magnitude of peak BMI and later BP were statistically significant in our cohort, the gain in explained variance was relatively low in comparison with adiposity measures. Our observations may be attributed to the shared genetic and environmental determinants of BMI peak characteristics and later cardio-metabolic markers. Nevertheless, these study findings suggest that BMI peak characteristics may be useful predictors of later cardio-metabolic markers.
Strengths of our study include its prospective design, which is crucial for assessing the predictors of BMI peak and associations with later cardio-metabolic markers. To our knowledge, no previous studies have characterized BMI peak and its relation to later health outcomes in Asian populations. Our study also had the advantage of several measures of child adiposity, including BMI, skinfolds and fat mass. The use of nonparametric modelling to fit BMI trajectory is also a strength, as cubic spline models are more flexible and fit the data better 36()
. Limitations of our study include the fact that some recruited children did not contribute to the analysis, either because they had fewer than three BMI measurements or (for sixteen of them) because their BMI peak was not estimable from their BMI curves. We acknowledge that the differences between included and excluded children may potentially influence the generalizability of the findings. Comparisons of those excluded vs included however, showed no evidence of differences in cardio-metabolic markers at 48-months (Supplementary Table 2), and hence their exclusion is unlikely to have substantially biased our results. The BMI peak is also only an estimation of the true peak. A potential problem of using estimated BMI peak relates to the uncertainty of the estimated peak in subsequent regression models. However, we have incorporated a weighted regression analysis, with the number of BMI observations as weights, to potentially correct for this uncertainty. Another limitation is that we cannot yet assess the relationship between BMI peak and later adiposity rebound, which is estimated to occur between 5 to 6 years in the Singapore population 29()
. Finally, our study lacked other cardiovascular measures such as insulin, triglycerides and C-peptide, which would be helpful in understanding the associations we observed.
In conclusion, we found that all characteristics of the infant BMI peak were associated with early childhood adiposity and BP, which in turn are known predictors of cardio-metabolic outcomes later in life 4(, 5)
.  These findings should help understand the role of early BMI development in Asian populations and its potential contribution to future metabolic disease risk. The predictors of infant BMI peak, and especially those which are modifiable (i.e., ppBMI, gestational weight gain, breastfeeding duration), suggest that early targeted interventions to change these modifiable determinants of infant BMI peak may help prevent metabolic and cardiovascular disease later in life. Future follow-up of our cohort will help determine if our observed associations have long-term consequences later in life.
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Figure Legends

Figure 1: GUSTO recruitment flow chart and eventual study sample
Figure 2: Infant BMI trajectory in the first 18-months according to (A) sex, (B) ethnicity, (C) size-at-birth and (D) exclusive breastfeeding duration. AGA: appropriate-for-gestational age; SGA: small-for-gestational age; LGA: large-for-gestational age; Exc BF: exclusive breastfeeding. Error bars represent ± 1 SE. 
Figure 3A: Association of infant BMI peak characteristics with cardio-metabolic markers at 48-months. Data symbols represent regression coefficient estimates, error bars represent 95% confidence intervals. ♦ = Age at peak; ▲ = Magnitude at peak; ■ = average pre-peak velocity;. Regression models with BMI, SSF and FMI as outcomes were adjusted for maternal education, ppBMI, gestational weight gain, ethnicity, infant sex, gestational age, birthweight for gestational age, breastfeeding duration and actual age at measurement. Regression models with SBP and DBP as outcomes were adjusted for the same covariates, with the addition of maternal blood pressure. Regressions of age or magnitude at peak with each cardio-metabolic marker included both age and magnitude at peak in the same model *p<0.05; **p<0.01

Figure 3B: Relative risk and 95% CI of overweight and pre-hypertension at 48-months according to infant BMI peak characteristics. Data symbols represent relative risk estimates, error bars represent 95% confidence intervals. ♦ = Age at peak; ▲ = Magnitude at peak; ■ = average pre-peak velocity. Regression models with overweight as an outcome were adjusted for maternal education, ppBMI, gestational weight gain, ethnicity, gestational age, birthweight for gestational age, breastfeeding duration and actual age at measurement.  Regression models with prehypertension as an outcomes were adjusted for the same covariates, with the addition of maternal blood pressure. Regressions of age or magnitude at peak with overweight and prehypertension included both age and magnitude at peak in the same model *p<0.05; **p<0.01

No previous studies that have assessed infant body mass index (BMI) peak in Asian populations, in whom the risk of metabolic disease is higher compared to Europeans. 


To evaluate this, we characterized the infant BMI peak using natural cubic spline modelling, and assessed its predictors and associations with later childhood cardio-metabolic risk markers at 48-months in an Asian pregnancy/birth cohort


We show that there are ethnic-specific differences in BMI peak characteristics (age and magnitude at peak, and average pre-peak BMI velocity)


All characteristics of the infant BMI peak were associated with early childhood cardio-metabolic markers at 48-months (BMI, sum of skinfolds, fat-mass index, systolic and diastolic blood pressure), which in turn are known predictors of cardio-metabolic outcomes later in life


These findings should help understand the role of early BMI development in Asian populations and its potential contribution to future metabolic disease risk








