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Abstract

Background: Few studies have examined the independent and combined relationships

of body mass index (BMI) peak and rebound with adiposity, insulin resistance and meta-

bolic risk later in life. We used data from Project Viva, a well-characterized birth cohort

from Boston with repeated measures of BMI, to help fill this gap.

Methods: Among 1681 children with BMI data from birth to mid childhood, we fitted indi-

vidual BMI trajectories using mixed-effects models with natural cubic splines and esti-

mated age, and magnitude of BMI, at peak (in infancy) and rebound (in early childhood).

We obtained cardiometabolic measures of the children in early adolescence (median

12.9 years) and analysed their associations with the BMI parameters.

Results: After adjusting for potential confounders, age and magnitude at infancy BMI

peak were associated with greater adolescent adiposity, and earlier adiposity rebound

was strongly associated with greater adiposity, insulin resistance and metabolic risk
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score independently of BMI peak. Children with a normal timing of BMI peak plus early

rebound had an adverse cardiometabolic profile, characterized by higher fat mass index

{b 2.2 kg/m2 [95% confidence interval (CI) 1.6, 2.9]}, trunk fat mass index [1.1 kg/m2 (0.8,

1.5)], insulin resistance [0.2 units (0.04, 0.4)] and metabolic risk score [0.4 units (0.2, 0.5)]

compared with children with a normal BMI peak and a normal rebound pattern. Children

without a BMI peak (no decline in BMI after the rise in infancy) also had adverse adoles-

cent metabolic profiles.

Conclusions: Early age at BMI rebound is a strong risk factor for cardiometabolic risk, in-

dependent of BMI peak. Children with a normal peak-early rebound pattern, or without

any BMI decline following infancy, are at greatest risk of adverse cardiometabolic profile

in adolescence. Routine monitoring of BMI may help to identify children who are at great-

est risk of developing an adverse cardiometabolic profile in later life and who may be tar-

geted for preventive interventions.

Key words: Lifecourse epidemiology, body mass index peak, body mass index rebound, cardiometabolic outcomes,

growth trajectories

Introduction

The obesity epidemic remains a global public health chal-

lenge.1 Studies have shown that child and adolescent obe-

sity tracks strongly into adulthood,1 which likely increases

the risk of developing later chronic disorders such as meta-

bolic syndrome and type 2 diabetes.2,3 Understanding early

life predictors of later obesity is therefore important for de-

veloping and testing preventive interventions.

In the past decade, researchers have studied two mile-

stones of early life body mass index (BMI) trajectories: the

BMI peak, which typically occurs during infancy, and the

BMI rebound, which occurs during early childhood.4

Previous studies have reported that characteristics of the

BMI peak (e.g. later age and higher magnitude at peak)

predicted obesity and cardiometabolic risk later in child-

hood,5,6 and characteristics of the adiposity (BMI) rebound

(e.g. age at rebound <4 years) predicted increased adipos-

ity,7 risk of obesity8 and metabolic dysfunction9 in adoles-

cence. Those studies were limited, however, by relatively

short follow-up (e.g. from birth to early childhood5,6 or

from early to late childhood7,9) and did not include the re-

peated BMI measures in infancy and childhood required to

assess both BMI peak and BMI rebound. Furthermore, the

associations of BMI peak and rebound with later cardio-

metabolic health outcomes have not been well character-

ized, which should help in developing potential

interventions to prevent later cardiometabolic consequen-

ces in children with at-risk BMI peak-rebound patterns.

To address these gaps, we used data from a prospective

birth cohort with repeated measures of BMI in infancy and

early childhood and assessment of cardiometabolic out-

comes in early adolescence. We hypothesized that: (i) later

age and higher magnitude at BMI peak and earlier age at

BMI rebound would be associated with greater adiposity,

insulin resistance and metabolic risk; and (ii) at-risk pat-

terns of BMI peak and rebound (late peak and early re-

bound) would confer greater risks of adverse

cardiometabolic outcomes in early adolescence.

Key Messages

• Few studies have examined the relationships of body mass index (BMI) peak in infancy and rebound later in child-

hood, with later cardiometabolic risk.

• We examined these relationships among 1681 children participating in Project Viva, a Boston-area birth cohort study.

• Age at BMI rebound was a strong risk factor for cardiometabolic risk in adolescence, independently of BMI peak.

Children with a normal timing of BMI peak plus an early adiposity rebound, or without any BMI decline after infancy,

were at greatest risk of having adverse cardiometabolic profiles in adolescence.

• Routine monitoring of BMI trajectory patterns may help to identify children who are at greatest risk of developing an

adverse cardiometabolic profile in later life and who may be targeted for preventive interventions.
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Methods

Study population

Children were participants in Project Viva, an ongoing

prospective cohort study of pre- and perinatal influences

on maternal, fetal and child health. Between 1999 and

2002, we recruited eligible pregnant women at clinical vis-

its during the first trimester of pregnancy from eight ob-

stetric offices of Atrius Harvard Vanguard Medical

Associates, a multisite group practice in Eastern

Massachusetts.10 During research examinations at birth, in

infancy (median 6.3 months; range 4.9–10.6 months), early

childhood (37.9; 33.6–72.5 months) and mid childhood

(92.5; 78.8–131.2 months),10 trained research assistants

measured weight and length/height, using standardized

protocols detailed previously.11–13 We also obtained addi-

tional data on weight and length/height from medical

records where paediatric clinics recorded length/height and

weight data at routine well-child visits during infancy and

childhood. As described previously, clinicians used the

paper-and-pencil technique for measuring recumbent

length for infants 0–2 years at paediatric clinics.14 We ap-

plied a correction algorithm to account for overestimation

of length measured below 24 months, resulting from the

paper-and-pencil technique.14 Using both research and

clinical measurements, we calculated BMI (in kg/m2) as

weight divided by length or height squared.

Of 2128 live singleton births, we modelled BMI trajec-

tories in 1681 children who satisfied the inclusion criteria

of having three or more BMI measurements from birth to

mid childhood15 (Figure 1). Mothers provided written in-

formed consent at enrolment and at each postnatal follow-

up visit, and children provided verbal assent at the early

adolescent visit. The Institutional Review Board of

Harvard Pilgrim Health Care approved the project in line

with ethical standards established by the Declaration of

Helsinki.

Exposure: BMI peak and rebound

In an earlier publication, we provided details on deriving

the BMI curves and BMI peak and rebound.15 We used ac-

tual BMI values, rather than z-scores, to assess each child’s

absolute BMI peak and rebound. This approach has been

used in other studies.5–7 Briefly, we fitted individual BMI

curves using mixed-effects models with natural cubic spline

functions for age, to capture the non-linear trend in BMI.

We derived sex-specific trajectories by including interac-

tions of child sex with spline terms as fixed parameters in

the model. Random effects for the intercept, linear age

slopes and spline functions were included in the model to

account for repeated measures in the same child, as de-

tailed previously.15 We estimated the age (months) at peak

Figure 1. Flow chart of study sample.

International Journal of Epidemiology, 2019, Vol. 48, No. 1 159



and rebound by differentiating each child-specific BMI

curve; the peak and rebound are located at ages where the

derivative of the curve equals to zero (i.e. at the maximum

inflection point during infancy for peak, and the minimum

inflection point during childhood for rebound). We esti-

mated the magnitude (kg/m2) of BMI at peak and rebound

as the highest and lowest points, respectively, of each

child-specific BMI curve.

Among 1681 BMI trajectories modelled, 1608 had esti-

mable BMI peak and rebound, 42 did not exhibit a BMI

peak (i.e. no decline in BMI was observed after the rise in

infancy) and 30 children did not exhibit a BMI rebound

(i.e. no rise in BMI was observed after a decline in early

childhood) (Figure 1).

Outcomes: Early adolescent cardiometabolic

measures

Adiposity

Trained research assistants measured weight, standing

height and waist circumference (WC) according to

standardized protocols.16 We then calculated BMI and

waist-to-height ratio (WHtR), and computed age- and sex-

specific height and BMI z-scores using Centers for Disease

Control and Prevention reference data.17 We performed

whole-body dual X-ray absorptiometry scans with a

Hologic Model Discovery (Hologic, Bedford, MA). A sin-

gle trained investigator assessed fat, lean and trunk fat

mass according to a standardized protocol.10,18 We calcu-

lated the following adiposity indices (all in kilograms of

mass/height in metres squared): fat mass index (FMI), lean

mass index (LMI) and trunk fat mass index (TFMI).

Metabolic risk score and its components

Trained research assistants measured systolic blood pres-

sure (SBP) five times on the child’s upper arm at 1-min

intervals, using calibrated automated oscillometric moni-

tors (Omron HEM-907XL, IL). We used the mean of the

five measurements for SBP to improve precision, given in-

dividual BP variability. We calculated age-, sex- and

height-specific SBP z-scores according to the NHANES BP

reference for children and adolescents.19 Trained techni-

cians collected fasting blood specimens; all samples were

centrifuged within 24 h, with plasma aliquots stored at -

80�C. Fasting glucose, insulin, high-density lipoprotein

(HDL) cholesterol and triglycerides were measured

according to standard protocols.16 We calculated insulin

resistance using the homeostasis model assessment

(HOMA-IR), and log-transformed the values using natural

logarithms to normalize the distribution. As described else-

where,20 we calculated a metabolic risk z-score using the

mean of sex- and cohort-specific z-scores for waist circum-

ference, SBP, log-transformed triglycerides, HDL choles-

terol (inverted) and log-transformed HOMA-IR.

Covariates

Mothers reported their pre-pregnancy weight, height,

smoking history and highest education and their partner’s

weight, height and highest education via questionnaires

and interviews at recruitment. We calculated maternal

pre-pregnancy and paternal BMI and categorized parental

obesity as follows: both parents without obesity (pre-preg-

nancy and paternal BMI <30 kg/m2), only mother with

obesity (pre-pregnancy BMI �30 kg/m2), only father with

obesity or both parents with obesity. We categorized pa-

rental educational level as neither parent university-

educated or mother, father or both university-educated.

We used the last prenatal weight (within 4 weeks of deliv-

ery) recorded in prenatal care records and self-reported

pre-pregnancy weight to calculate total gestational weight

gain. We obtained results of two-stage clinical glycaemic

screening to categorize women as having normal glucose

tolerance, isolated hyperglycaemia, impaired glucose toler-

ance, or gestational diabetes (GDM).13 We extracted data

on gestational hypertensive disorders, infant birthweight

and delivery date from hospital medical records. We calcu-

lated length of gestation in days by subtracting the date of

the last menstrual period (LMP) from the date of delivery.

If gestational age according to the second-trimester ultra-

sound differed from that according to the LMP by

>10 days, we used the ultrasound result to determine ges-

tational duration. We calculated birthweight for gesta-

tional age z-scores using national reference data.21

Mothers reported their child’s race/ethnicity, which we cat-

egorized as White, Black, Hispanic, Asian or other. We

obtained information on initiation of breastfeeding at post-

delivery interviews.22 Trained research assistants also

obtained parent-reported assessment of pubertal character-

istics at early adolescence (for boys: voice deepening, facial

and body hair growth, skin changes and growth spurt; for

girls: breast development, menstrual period, facial and

body hair growth, skin changes and growth spurt) using

questionnaires, from which we derived a pubertal score.

Statistical analyses

We assessed associations between the BMI trajectory mile-

stones and cardiometabolic outcomes using multivariable

linear regression. We separately modelled each outcome,

expressed per standard deviation (1 SD) increase in each

trajectory parameter, to allow direct comparison of the

magnitude of effect for different trajectory milestones.
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We adjusted for factors associated with both BMI trajec-

tory parameter and outcome (selected a priori from previ-

ous publications4–9,15,23). Parental covariates included

educational attainment, obesity status, total gestational

weight gain, maternal smoking history (never, smoked be-

fore pregnancy or smoked during pregnancy), prenatal glu-

cose tolerance status (normoglycaemia, isolated

hyperglycaemia, impaired glucose tolerance or GDM) and

gestational hypertensive disorders (normal blood pressure,

chronic hypertension, gestational hypertension and pre-

eclampsia). Child covariates included gestational age at de-

livery, race/ethnicity (White, Black, Hispanic, Asian or

other), sex, birthweight for gestational age z-score, breast-

feeding initiation (yes or no) and age at outcome. We in-

cluded both age and magnitude (at peak or rebound) in the

same regression model with each outcome. For models

with age and magnitude at rebound as the primary predic-

tors, we additionally adjusted for age and magnitude at

peak (which occurs at an earlier age than rebound) but did

not adjust models of BMI peak for characteristics of BMI

rebound, which occurs later.

As normal ranges for age at peak or rebound have not

been established, we categorized each as early (<25th per-

centile), normal (�25th to �75th percentile) or late (>75th

percentile) internally within the cohort, resulting in nine

groups based on the combined timing of BMI peak and re-

bound (see illustration in Supplementary Figure 1, available

as Supplementary data at IJE online). We assessed associa-

tions between peak-rebound pattern (with ‘normal’ timing of

BMI peak and rebound as the reference category) and each

cardiometabolic outcome, using multivariable linear regres-

sion models adjusted for the covariates listed above. We also

examined outcomes of children without estimable trajectory

characteristics, compared with those whose trajectories were

estimable. We investigated effect modification by child sex

by adding multiplicative interaction terms with each BMI

milestone characteristic to each fully adjusted model.

In all analyses, we used chained equation multiple impu-

tation to impute values for children with missing covariate

or outcome data. We generated 50 imputed datasets for all

2128 Project Viva participants with live births. The imputa-

tion model included all exposures, outcomes and covariates

under study. In final analytical models after imputation, we

combined imputed datasets using MI ESTIMATE in Stata,

after excluding 447 subjects who did not satisfy the inclu-

sion criteria for this study, that is children without three or

more BMI measurements from birth to mid childhood.15

Last, to assess robustness of our study findings, we repeated

all analyses in subjects without missing covariate or out-

come data (n¼ 837; Figure 1). We performed all analyses

using Stata 15 software (StataCorp LP, TX).

Results

Cohort description

Table 1 describes the anthropometric characteristics of

children with estimable BMI peak and rebound. The mean

(SD) age at peak was 8.4 (2.7) months and at rebound was

60.9 (21.0) months, and the mean (SD) magnitude of BMI

at peak was 18.0 (1.4) kg/m2 and at rebound was 15.9

(1.2). Asian children had an earlier age at peak (7.5 vs

8.6 months) and Black children had an earlier age at re-

bound (55.2 vs 62.3 months) compared with White chil-

dren. Girls had later age at peak, earlier age at rebound

and lower magnitude at peak and rebound compared with

boys. In adolescence, girls had higher FMI, TFMI,

HOMA-IR and pubertal score, but lower height, SBP z-

score and LMI than boys.

Children without outcome measurements at adoles-

cence were more likely to be Black, not to initiate breast-

feeding, had parents without university education and

mothers who smoked during pregnancy, compared with

children with at least one outcome measurement

(Supplementary Table 1, available as Supplementary data

at IJE online). Children who did not exhibit a BMI peak

(i.e. no decline in BMI was observed after the rise in in-

fancy) were more likely to have obese parents (either

mother, father or both), and less likely to have both

parents with university education compared with children

with estimable BMI peak and rebound.

Associations of BMI peak and rebound with

cardiometabolic outcomes in early adolescence

Age at BMI peak was positively associated, and age at re-

bound was strongly inversely associated, with lean mass

and total and central adiposity in early adolescence. Age at

rebound was inversely associated with metabolic risk score

[�0.1units (�0.2,�0.09)] (Figure 2). Age at BMI rebound

significantly interacted with child sex in its association

with metabolic risk score; the relationship of age at re-

bound with metabolic risk score was pronounced in boys

[�0.2 units (�0.3,�0.1)] but not in girls [0.007 units

(�0.1, 0.1); pint<0.001].

Magnitude of BMI at both peak and (especially) re-

bound was positively associated with lean mass and total

and central adiposity (Figure 2). Magnitudes of BMI at

both peak and rebound were associated with insulin resis-

tance [peak: 0.05 units (0.004, 0.1); rebound: 0.1 units

(0.0, 0.2)], and magnitude of BMI at peak was associated

with metabolic risk score [0.1 units (0.05, 0.1)]. Neither

magnitude significantly interacted with child sex for any of

the study outcomes.
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Associations of BMI peak-rebound combinations

with cardiometabolic outcomes in early

adolescence

Children with normal timing of BMI peak but early BMI

rebound had a more adverse cardiometabolic profile than

children with normal timing of both peak and rebound,

characterized by higher total and central adiposity,

HOMA-IR and metabolic risk score. In contrast, children

with early BMI peak but late BMI rebound pattern were

protected from an adverse cardiometabolic profile, as char-

acterized by lower total and central adiposity, HOMA-IR

and metabolic risk score (Table 2). Associations of normal

peak but early rebound showed significant interactions

with child sex for WC, WHtR, HOMA-IR, triglycerides

and metabolic risk score. For example, the association be-

tween the normal peak-early rebound pattern and meta-

bolic risk score was more pronounced in boys [0.6 units

(0.3, 0.9) vs 0.3 units (0.03, 0.6); pint¼ 0.04], whereas the

associations with HOMA-IR was pronounced only in girls

[0.3 (0.01, 0.6) vs 0.1(�0.2, 0.4); pint¼ 0.02].

No association with systolic BP z-score, HDL choles-

terol or triglycerides was observed for any BMI milestone

or peak-rebound combination. Children without an esti-

mable BMI peak had outcomes that mirrored children with

a normal peak-early rebound pattern (higher total and cen-

tral adiposity, higher HOMA-IR and metabolic risk score),

whereas those without an estimable BMI rebound had

lower lean mass and total and central adiposity than chil-

dren whose peak and rebound were both estimable

(Supplementary Table 2, available as Supplementary data

at IJE online). The associations of non-estimable v. estima-

ble BMI peak with FMI (7.6 vs 3.7 kg/m2; pint¼ 0.007),

trunk FMI (4.0 vs 1.9 kg/m2; pint¼ 0.002) and metabolic

risk score (1.2 vs. 0.4 units; pint¼0.02) were more

Table 1. Distributions of growth parameters and cardiometabolic outcomes in children

Boys n¼417 Girls n¼387 Totald n¼804

Gestational age at deliverya 39.6 (1.6) 39.6 (1.5) 39.6 (1.6)

Race/ethnicityb

White 279 (66.9) 284 (73.4) 563 (70.0)

Black 56 (13.4) 41 (10.6) 91 (12.1)

Hispanic 19 (4.6) 12 (3.1) 31 (3.9)

Asian 14 (3.4) 13 (3.4) 27 (3.4)

Others 49 (11.8) 37 (9.6) 86 (10.7)

Birthweight-for-gestational age z-scorea 0.2 (0.9) 0.2 (1.0) 0.2 (0.9)

Age at peak (months)a 7.9 (1.7) 9.0 (3.4)c 8.4 (2.7)

BMI at peak (kg/m2)a 18.3 (1.4) 17.6 (1.3)c 18.0 (1.4)

Age at rebound (months)a 63.7 (21.1) 57.8 (20.5)c 60.9 (21.0)

BMI at rebound (kg/m2)a 16.0 (1.2) 15.8 (1.2)c 15.9 (1.2)

Lean mass

Height z-score (SD units) 0.4 (1.0) 0.2 (1.0)c 0.3 (1.0)

Lean mass index (kg/m2) 15.0 (1.8) 14.5 (1.8)c 14.7 (1.8)

Total adiposity

BMI z-score (SD units) 0.4 (1.0) 0.3 (1.0) 0.3 (1.0)

Fat-mass index (kg/m2) 5.8 (2.8) 6.4 (2.5)c 6.1 (2.7)

Central adiposity

Waist-to-height ratio 0.4 (0.07) 0.4 (0.06) 0.4 (0.06)

Trunk fat-mass index (kg/m2) 2.2 (1.3) 2.4 (1.2)c 2.3 (1.2)

Metabolic risk score components

Waist circumference (cm) 72.6 (11.4) 71.7 (9.6) 72.1 (10.6)

Systolic BP z-score (SD units) 0.09 (0.8) 0.3 (0.8)c 0.2 (0.8)

Log HOMA-IR 0.9 (0.6) 1.1 (0.6)c 0.9 (0.6)

HDL cholesterol (mg/dl) 55.4 (14.3) 56.0 (12.6) 55.7 (13.5)

Triglyceride (mg/dl) 69.5 (32.7) 71.8 (30.1) 70.5 (31.5)

Global metabolic risk score (units) �0.02 (0.62) �0.08 (0.53) �0.04 (0.58)

Pubertal score 2.2 (0.8) 2.6 (0.4)c 2.4 (0.6)

aMean (SD).
bn (%).
cP< 0.05 compared with boys, using two-sample t test.
dSample is restricted to children with no missing covariates, at least one outcome measure and estimable BMI peak and rebound.

162 International Journal of Epidemiology, 2019, Vol. 48, No. 1

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy286#supplementary-data
https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyy286#supplementary-data


pronounced in boys than girls, respectively. For all analy-

ses, we observed no appreciable changes in effect estimates

after additional adjustment for pubertal score. We also ob-

served similar patterns of associations of age and magni-

tude at BMI peak and rebound, and of peak-rebound

combined timing categories, with the cardiometabolic out-

comes in subjects without missing covariate or outcome

data (Supplementary Table 3, available as Supplementary

data at IJE online; n¼ 837).

Discussion

We found age at BMI rebound to be a strong risk factor

for adiposity and markers of cardiometabolic risk almost a

decade later, independently of age and magnitude at BMI

peak. We also observed that children with a normal peak-

early rebound pattern had a poorer cardiometabolic

profile, exemplified by associations with higher total and

central adiposity, insulin resistance and global metabolic

risk score, than children with the normal peak-normal

Figure 2. Associations of ages at BMI peak and rebound, and magnitudes of BMI at peak and rebound with lean-, fat- and trunk fat-mass indices, insu-

lin resistance and metabolic risk score. ~¼ age at BMI peak; �¼ age at BMI rebound; �¼magnitude of BMI at peak; �¼magnitude of BMI at

rebound.

Table 2. Associations between timing of BMI peak-rebound patterns and cardiometabolic outcomes at early adolescence

b (95% CI)a

Fat-mass index

(kg/m2)b
Trunk fat-mass

index (kg/m2)b
Log HOMA-IR

(units)b
Metabolic risk

score (units)c

Early peak Early rebound (n¼194) 1.2 (0.5, 1.8) 0.5 (0.2, 0.9) �0.1 (�0.3, 0.1) 0.2 (�0.02, 0.4)

Normal rebound (n¼118) �0.4 (�1.1, 0.2) �0.2 (�0.5, 0.1) 0.0 (�0.2, 0.2) 0.0 (�0.2, 0.2)

Late rebound (n¼154) �1.1 (�1.7, �0.5) �0.4 (�0.7, �0.1) �0.3 (�0.4, �0.1) �0.2 (�0.4, 0.0)

Normal peak Early rebound (n¼118) 2.2 (1.6, 2.9) 1.1 (0.8, 1.5) 0.2 (0.04, 0.4) 0.4 (0.2, 0.5)

Normal rebound (n¼470) Ref Ref Ref Ref

Late rebound (n¼177) �0.8 (�1.4, �0.2) �0.3 (�0.6, 0.0) �0.2 (�0.3, 0.01) �0.1 (�0.3, 0.0)

Late peak Early rebound (n¼81) 2.0 (1.2, 2.8) 1.0 (0.6, 1.3) �0.1 (�0.3, 0.1) 0.2 (�0.1, 0.4)

Normal rebound (n¼221) 0.5 (�0.2, 1.1) 0.3 (�0.1, 0.6) 0.1 (�0.1, 0.3) 0.2 (0.0, 0.4)

Late rebound (n¼68) �0.5 (�1.3, 0.3) �0.2 (�0.6, 0.2) �0.1 (�0.3, 0.2) �0.1 (�0.3, 0.1)

aEffect estimates and 95% confidence intervals are relative to children with normal timing of both peak and rebound.
bAdjusted for parental university education, parental obesity status, maternal total gestational weight gain, smoking history, glucose tolerance status, hyperten-

sive disorders of pregnancy, child sex, race/ethnicity, gestational age at delivery, birthweight for gestational age z-scores, breastfeeding initiation, magnitude at

BMI peak and child age at outcome measurement.
cAdjusted for parental university education, parental obesity status, maternal total gestational weight gain, smoking history, glucose tolerance status, hyperten-

sive disorders of pregnancy, child race/ethnicity, gestational age at delivery, birthweight for gestational age z-scores, breastfeeding initiation, magnitude at BMI

peak and child age at outcome measurement.
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rebound. Furthermore, children without a BMI peak

exhibited poorer cardiometabolic outcomes, than children

with estimable BMI peak or rebound.

In line with recent studies,5,7,23 we observed adiposity

outcomes to be positively associated with magnitude of

BMI at peak and rebound. These associations may be

explained by BMI tracking from infancy to middle child-

hood.2,24 Furthermore, we found age and magnitude at re-

bound to be more strongly associated with adiposity and

markers of cardiometabolic risk compared with age and

magnitude at peak, suggesting that BMI rebound, which

occurs later in childhood than BMI peak and thus is more

proximal to outcomes, is a stronger risk factor for later

cardiometabolic health. Our findings corroborate those of

Sovio et al.,23 which similarly reported stronger associa-

tions for age and magnitude at BMI rebound (compared

with BMI peak) with adult cardiometabolic outcomes, and

also those of other studies which have reported larger asso-

ciations of later cardiometabolic health with growth dur-

ing childhood than with growth during infancy.11,12,25–27

Although the exact mechanisms are unclear, we speculate

that accumulation of fat during mid childhood is more

likely to remain and less likely to be lost by early adoles-

cence than accumulation of fat during infancy.

Viva children with a normal peak-early rebound timing

pattern had a more adverse cardiometabolic profile, char-

acterized by higher total and central adiposity, insulin re-

sistance and metabolic risk score, compared with those

with a normal peak-normal rebound pattern. Our results

are consistent with recent studies reporting associations of

early age at rebound with higher FMI,7 HOMA-IR28 and

metabolic risk score.28 Other studies have also reported

associations of earlier rebound with increased risk of glu-

cose intolerance29 and type 2 diabetes mellitus30 in adults.

Viva children whose BMI did not decline after its initial

rise in infancy exhibited outcomes that mirrored those in

children with normal peak-early rebound pattern, consis-

tent with findings by Arisaka et al.31 Our finding that chil-

dren with an early peak-late rebound pattern are protected

from an adverse cardiometabolic profile also corroborates

observations by Sovio et al.23 who reported that later age

at rebound was associated with an improved cardiometa-

bolic profile (lower WC, triglycerides, insulin and odds of

metabolic syndrome). The link between BMI rebound and

cardiometabolic risk could be due to the increased fat de-

position often associated with early age at rebound.32

Taylor et al.33 reported a higher rate of fat gain in children

with an early rebound than in those with a late rebound.

Williams et al.34 also reported disproportionately high

increases in fat mass in children with early BMI rebound.

Excess fat can track into adulthood,35 leading to

cardiometabolic consequences later in life. Gonzalez et al.28

had reported that total body fat is a mediator in the associa-

tions between age at rebound and metabolic markers such

as insulin, triglycerides, HDL and metabolic risk score.

We observed sex differences in associations with cardio-

metabolic outcomes. The normal peak-early rebound pat-

tern was more strongly associated with central adiposity

and metabolic risk in boys, but with insulin resistance in

girls. Our findings are consistent with studies that have

reported sex differences in fat distribution and insulin re-

sistance. Adolescent boys are known to accumulate more

central adiposity,36 a known risk factor for increased meta-

bolic risk,37 and adolescent girls are known to be more in-

sulin-resistant.38 The underlying mechanism of these sex

differences may involve sex hormone levels, which are

known to have important effects on adiposity and insulin

resistance among adolescents.38,39 These sex differences

should be interpreted with caution, however. Children are

typically more insulin-resistant during adolescence (during

pubertal development), and girls are often further along in

puberty compared with boys.40 Further studies should aim

to understand these sex differences.

Our findings contribute important evidence concerning

BMI peak and rebound. We have identified the independent

and combined patterns of infant and early childhood BMI

milestones related to risk of adverse cardiometabolic pro-

files in adolescence. Previous studies lacked the repeated

BMI measures in infancy and childhood required to assess

both BMI peak and rebound concurrently,5–7,9 nor have the

relationships of BMI peak and rebound with later cardio-

metabolic health outcomes been well characterized.

Assessing patterns of BMI peak and rebound that predict

later cardiometabolic health outcomes may identify individ-

uals to target for preventive interventions. Children with

at-risk patterns cannot be identified until the peak and re-

bound have occurred, however. Therefore, prevention strat-

egies can be implemented only during school age. The US

Preventive Services Task Force (USPSTF) has recently pro-

vided evidence-based recommendations on comprehensive

and multicomponent behavioural interventions to treat

established obesity during school age.41–43 Recent interven-

tions involving nutrition counselling, physical activity, pa-

rental support and behavioural knowledge implemented

during school age have shown promise in effectively reduc-

ing BMI44 and other cardiometabolic risk markers45 in

obese children. Further studies are needed to identify

whether such interventions would be effective in preventing

later obesity and its cardiometabolic consequences in chil-

dren with at-risk BMI peak-rebound patterns.

Strengths of our study include its relatively large sample

size, prospective study design, multiple measures of early
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life growth, long-term follow-up and wide range of cardio-

metabolic outcomes measured in early adolescence by

highly trained staff using standardized protocols. This

study is not without limitations, however. First, we esti-

mated BMI peak and rebound from statistical models,

rather than direct observations using the ‘gold standard’ of

visual inspection of individual BMI-for-age curves.46 Our

models, however, showed mean residual errors that were

close to zero between observed and predicted BMI across

all ages, suggesting that modelling the entire curve from

birth provides more precise estimates of peak and rebound

than visual inspection of raw BMI values, which is subject

to large inter-observer variation.4,47 Second, a considerable

number of children did not have outcome measures at early

adolescence. Differences between children with and with-

out outcome measures might conceivably have led to selec-

tion bias, but our multiple imputation analyses showed

very similar findings compared with our complete-case

analyses. Third, we derived the patterns of BMI peak-

rebound combinations internally within our cohort, which

therefore may not be generalizable to other populations.

Fourth, we investigated multiple cardiometabolic out-

comes, therefore increasing the risk of false-positive

results. We chose not to adjust for multiple comparisons.

Instead, the ‘significance’ of our findings is based on the

strength and consistency of the associations observed

across related outcomes.48 Fifth, residual confounding due

to unmeasured risk factors of early adolescent outcomes

(e.g. low physical activity or over-nutrition in mid child-

hood) could explain our observations. Sixth, early age at

rebound may play a role in initiating puberty,49,50 which

could explain the metabolic results among early adolescent

subjects who had a more advanced pubertal stage than

others.51 However, we observed no appreciable changes to

our results after additional adjustment for pubertal score.

Finally, our study findings may not be generalizable to

other ethnic groups and populations from different set-

tings, since many of our participants were White and uni-

versity educated.10

In conclusion, we observed patterns of BMI peak and

rebound in infancy and early childhood which are associ-

ated with risk of an adverse cardiometabolic profile later

in life. Routine monitoring of BMI in young children and

tracking its trajectory, as recommended by the US

Preventive Services Task Force,41 may help to identify chil-

dren at greatest risk of developing an adverse cardiometa-

bolic profile in later life, and who may benefit from

preventive interventions.
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