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OBJECTIVE—In light of the obesity epidemic, we aimed to characterize novel childhood
adiposity trajectories from birth to age 14 years and to determine their relation to adolescent
insulin resistance.

RESEARCH DESIGN AND METHODS A total of 1,197 Australian children with car-
diovascular/metabolic profiling at age 14 years were studied serially from birth to age 14 years.
Semiparametric mixture modeling was applied to anthropometric data over eight time points to
generate adiposity trajectories of z scores (weight-for-height and BMI). Fasting insulin and ho-
meostasis model assessment of insulin resistance (HOMA-IR) were compared at age 14 years
between adiposity trajectories.

RESULTS —Seven adiposity trajectories were identified. Three (two rising and one chronic
high adiposity) trajectories comprised 32% of the population and were associated with signif-
icantly higher fasting insulin and HOMA-IR compared with a reference trajectory group (with
longitudinal adiposity z scores of approximately zero). There was a significant sex by trajectory
group interaction (P < 0.001). Girls within a rising trajectory from low to moderate adiposity did
not show increased insulin resistance. Maternal obesity, excessive weight gain during pregnancy,
and gestational diabetes were more prevalent in the chronic high adiposity trajectory.

CONCLUSIONS A range of childhood adiposity trajectories exist. The greatest insulin re-
sistance at age 14 years is seen in those with increasing trajectories regardless of birth weight and
in high birth weight infants whose adiposity remains high. Public health professionals should
urgently target both excessive weight gain in early childhood across all birth weights and ma-
ternal obesity and excessive weight gain during pregnancy.
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he worldwide increase in overweight
and obesity in childhood is associ-
ated with increasing rates of early-
onset diabetes (1) and is likely to lead to
greatly increased incidence of adult car-
diovascular disease. There has therefore
been considerable interest in patterns of
childhood growth and the subsequent
rapid increases in obesity as a predictor

of adult cardiovascular risk (2). Previous
studies have generally assumed that
childhood adiposity trajectories are ho-
mogenous or limited to few in number
according to whether infants were low
or normal birth weight (3). Barker et al.
(3) showed that adults developing cardio-
vascular disease had below average early
BMI, which subsequently exceeded the
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average after 11 years. Although a low
early birth weight followed by higher
BMI by 11 years may have been the dom-
inant pattern in the earlier birth cohort
(1934-1944) in the study by Barker
et al., we hypothesized that other latent
growth trajectories predisposing to car-
diovascular disease may exist in contem-
porary populations because of general
increases in birth weight consequent on
improved maternal nutrition and in-
creased maternal obesity. In all likeli-
hood, there are multiple pathways to
obesity given the many lifestyle (diet
and physical activity) and genetic factors
contributing to obesity.

Epidemiologic studies suggest an in-
verse linear relation between birth weight
and cardiovascular and metabolic risk (4).
Some reports show a U-shaped relation-
ship in which both low and high birth
weight infants are at increased risk (5,6).
In this context, the issue of critical impor-
tance is the effect on insulin resistance of
accelerated weight gain over the entire
range of birth weight.

Some studies using dichotomized
BMI (7) determined from early childhood
(8) have confirmed heterogeneity in BMI
trajectories (7-9), but they have not been
able to interrogate the role of childhood
trajectories across the whole spectrum of
birth weight.

To allow for the possibility that more
than one pattern of infant and childhood
growth is associated with greater insulin
resistance, we have used a group-based
trajectory modeling technique (10), well
established for defining developmental
and behavioral trajectories.

In a prospective study of the West
Australian Pregnancy Cohort (Raine
Study), our first aim was to determine
whether multiple adiposity trajectories
existed from birth to age 14 years and to
assess their relation to a cross-sectional
measure of insulin resistance (homeosta-
sis model assessment of insulin resistance
[HOMA-IR] and fasting insulin) at age 14
years. In adolescents, sex differences and
pubertal stage have also been shown to
strongly affect cardiovascular risk factors
(11). The second aim was to determine
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whether sex differences occurred in the
relationship between adiposity trajecto-
ries and insulin resistance at age 14 years.
We hypothesized that rapid gain in
weight/adiposity in early life is causative
for insulin resistance regardless of birth
weight. Further, we proposed that in-
creased insulin resistance demonstrated
for higher birth weight infants (12) would
also be influenced by their childhood adi-
posity trajectories.

RESEARCH DESIGN AND
METHODS

Population

The Raine Cohort (5) enrolled pregnant
women in the =18th week of gestation
(1989-1991) into a randomized con-
trolled trial to evaluate the effects of
repeated ultrasound in pregnancy (N =
2,900) through the antenatal clinic at
King Edward Memorial Hospital (KEMH)
and nearby private clinics. A total of 2,868
live births eventuated. Detailed clinical as-
sessments were performed at birth. Birth
information (including birth weight) was
obtained by midwife records. The chil-
dren were followed up at 1, 2, 3, 5, 8,
10, and 14 years of age by questionnaire
and physical assessments as shown in
Supplementary Table 1. Questionnaires
included sociodemographic and behav-
ioral data.

Participants

To be eligible for enrollment, the women
were required to have a pregnancy be-
tween 16 and 20 weeks gestation, pro-
ficient English language, an expectation
to deliver at KEMH, and an intention to
reside in Western Australia. Ninety per-
cent of eligible women agreed to partici-
pate in the study. Informed consent to
participate in the study was obtained from
the mother of each child at enrollment
and at each subsequent follow-up. The
Human Ethics Committees (KEMH or
Princess Margaret Hospital) approved all
protocols.

Loss to follow-up at 14-year contact
A total of 1,860 of the original 2,868 live
births were included in the 14-year follow-
up (357 deferred from participating, 412
had withdrawn, 207 were lost to follow-
up, and 32 were deceased). Of these, 1,377
consented and underwent phlebotomy.
Because multiple births and congenital
anomalies (13) are significant potential
confounders previously identified to affect
both cardiovascular risk and birth size/

growth, these exclusions were made. Ex-
cluding congenital anomalies resulted in
1,255 participants. Excluding multiple
births resulted in 1,197 participants. The
original cohort more closely reflected
those patients referred to a tertiary center,
overrepresenting socially disadvantaged
families. Socially disadvantaged partici-
pants were less likely to remain in the
study beyond 3 years (14). The remaining
study participants had sociodemographic
characteristics equivalent to those of the
general Western Australian population
by age 3 years (14) and 14 years (15).

Comparison of participants with
nonparticipants in cardiovascular
follow-up at age 14 years

Those without cardiovascular data at 14
years had lower maternal education,
family income, and maternal age of con-
ception. There was no difference in ges-
tational age, birth weight, or birth length
(Supplementary Table 2).

Anthropometry

At each follow-up, height and weight
were measured by Holtain Infantometer
and Stadiometer (nearest 0.1 cm) and
Wedderburn Chair Scales (nearest 100 g).
BMI z scores (2—14 years) and weight-for-
height z scores (<2 years) customized by
age and sex were calculated using U.S.
Centers for Disease Control and Preven-
tion growth chart software recommended
for Australian children. Because the Cen-
ters for Disease Control and Prevention
does not provide BMI z scores for those
aged =24 months, weight-for-height z
scores were used as the best adiposity
measurement available for this age. Be-
cause BMI-for-age and weight-for-length
percentiles are highly correlated (16),
combining z scores (weight-for-height
and BMI) achieved a consistent scale for
approximating adiposity.

Assessment of 14-year-old children
Biochemistry. Overnight fasting venous
blood samples obtained at the children’s
homes were analyzed (Royal Perth Hos-
pital) for serum insulin and glucose
by previously described methods (17).
HOMA-IR approximating insulin resistance
was calculated by (insulin [pU/mL] X
glucose [mmol/L])/22.5 (18).

Other measures. Physical activity was
scored from questionnaires answered by
the adolescents as exercise causing
breathlessness or sweating (monthly or
less, weekly, 2—3 times weekly, 4-6 times
weekly, daily). Kilojoules per day were

based on adolescent food frequency ques-
tionnaires developed by Commonwealth
Scientific and Industrial Research Organi-
zation, Adelaide, Australia.

Socioeconomic status was assessed by
annual family income (Australian dollars
<$25,000 and >$25,000) at the 14-year
survey in 2004-2007. Adolescents self-
rated puberty by Tanner stage diagrams
(19). Maternal weight and height were
measured at 18 and 34 weeks gestation
by a trained midwife. Prepregnancy
weight was self-reported by question-
naire. Occurrence of self-reported gesta-
tional diabetes was recorded by midwives
2 days after delivery.

Data analysis

SPSS v15.0 (SPSS Inc., Chicago, IL) and
SAS v9.1 (SAS Institute Inc., Cary, NC)
were used for statistical analyses. Log
transformation was undertaken for out-
come variables (insulin and HOMA-IR)
not normally distributed. Significance
was set for P values <0.05.

Stage 1: identification of distinctive
adiposity trajectories (birth to 14 years).
To allow for the possibility that more than
one pattern of infant and childhood
growth is associated with cardiovascular
risk, we used a group-based trajectory
modeling technique (10), well established
for defining developmental and behav-
ioral trajectories.

This technique contrasts with con-
ventional growth modeling (linear mixed
effects). This technique allows data
grouping and identifies subpopulations.
In regard to obesity, in which multiple
physiologic, genetic, and environmental
factors are implicated, groupings may
represent components for approximating
unknown (possibly complex) data distri-
bution. The trajectories were identified a
priori before relating them to cardiovas-
cular risk. We avoided the assumption
that all those with high cardiovascular
risk had a homogeneous adiposity growth
trajectory.

The shape (rising, falling, stable, or
hump-shaped) and the estimated popu-
lation proportion in each trajectory were
defined using SAS Proc Traj (10). The op-
timal model was selected by maximum
Bayesian Information Criterion (BIC).
Models were estimated with three to seven
groups and linear or quadratic shapes us-
ing adiposity z scores at eight time points.
Improvement in BIC was judged using the
Bayes Factor, which was required to be

reater than 10 and was calculated by
™<= P Model adequacy was judged
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using three diagnostic tests (Supplementary
Appendix 1). The posterior probability of
membership for each trajectory was esti-
mated, and individuals were assigned to
their highest probability trajectory best con-
forming to their z scores. These trajectories
were identified a priori to the cardiovascular
disease risk analysis.

Proc Traj accommodates data missing
completely at random (10). When Proc
Traj was applied to all available data
points without restricting to those who
had cardiovascular assessment at 14 years
or alternatively to a dataset restricted to
only participants with complete data for
every available time point, comparable
shape and proportions were obtained in
each trajectory.

Stage 2: relation of adiposity trajectories
to cardiovascular risk at age 14 years.
Significant sex with trajectory interac-
tions were present (P = 0.001 for interac-
tion). Insulin resistance with strong sex
differences was analyzed separately by
sex. One-way ANOVA and x> assessed
differences between trajectories for
HOMA-IR and insulin. Linear regression

was performed without (model 1) and
with (model 2) adjustment for age, gesta-
tional age, ethnicity, diet, exercise, and
family income. Additional adjustment
was made for puberty (model 3), exclud-
ing 170 girls and 164 boys who were
incorrectly shown diagrams with ambig-
uous labeling. Multivariate models were
built with inclusion of covariates that
play a role in cardiovascular risk.

RESULTS

Adiposity trajectories

Seven adiposity trajectories were identi-
fied (Fig. 1). Two trajectories reached
high adiposity, designated “stable high”
(trajectory 1) and “rising to high” (trajec-
tory 2). Two trajectories reached moder-
ate adiposity, designated “falling to
moderate” (trajectory 3) and “rising to
moderate” (trajectory 4). Three trajecto-
ries were stable low-moderate adiposity
(trajectories 5-7). Group 5, the largest
group (27.5%) of individuals, had life-
long average adiposity z scores approxi-
mating zero and slightly above average
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Legend 1--- Stable high (7%)
2--- Rising to high (10.2%)

Falling to moderate (22.5%)

4
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Rising to moderate (14.4%)
Reference Group (Optimal normal growth) (27.5%)

Moderately low stable (15.2%)
Very low stable (3.2%)

Figure 1—The seven adiposity trajectories identified across the lifecourse of these adolescents
frombirth to 14 years of age. The trajectories are shown in solid lines, and the 95% CIs are shown
in dotted lines. The proportions in each trajectory are shown in brackets. Trajectory 5 (“optimum
normal growth”) is the reference group with adiposity z scores approximating zero across the
lifetime of these individuals after the period of infancy.

Huang and Associates

adiposity at birth designated “optimum
normal growth.”

Characteristics of the different
adiposity trajectories

All trajectories were similar for sex, age,
ethnicity, and maternal education. Tra-
jectories 1, 2, and 7 had a greater pro-
portion (24-29%) of parents in the lowest
income group compared with the remain-
ing groups (15-20%) (x2 P =0.025).
Group 7 (very low stable trajectory) in-
cluded more preterm births than the
other trajectories (P = 0.01). There were
no differences in gestational age at deliv-
ery for the remaining six trajectory groups
(Table 1).

Maternal BMI, weight gain, and gesta-
tional diabetes in the adiposity trajec-
tories. Maternal BMI, pregnancy weight
gain, and prevalence of gestational diabe-
tes differed among the trajectory groups
(allP < 0.001). Group 1 had a higher than
average pregnancy maternal weight gain
of 450 g per week vs. 341-413 g seen in
the other trajectories. Mothers giving
birth to group 1 trajectory children also
had a higher prevalence of gestational di-
abetes at 6.5%, approximately 4 times the
average prevalence of gestational diabetes
in the sample, and a prevalence of obesity
of 26%, >3.5 times the average preva-
lence of the sample.

Insulin resistance and trajectories
Group 5 was used as the reference group
for comparison because it had average
adiposity z scores stabilized at approxi-
mately zero up to age 14 years, resem-
bling “normal” growth, and included the
largest proportion of children (27.5%). In
boys, HOMA-IR and insulin were higher
in “stable high,” “rising to high,” and “ris-
ing to moderate” trajectories (1,2,4) com-
pared with group 5 (all adjusted models
P < 0.001). In girls, HOMA-IR and insu-
lin were higher in the “stable high” trajec-
tory (1) and “rising to high” trajectory (2)
compared with reference group 5 (allP =
0.002 in models 1 and 2). Model 3, with
additional adjustment for puberty in a re-
stricted number of children, did not reach
significance in relation to trajectory 2
(Table 2).

Because insulin resistance is highly
correlated with current BMI, we specifi-
cally compared risk factors within pairs
of trajectories with similar 14-year-old
BMI (1 vs. 2, and 3 vs. 4) but different
gradients (Table 3). Boys in a “rising to
moderate” trajectory 4 had higher insulin
resistance compared with boys in a
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“falling to moderate” trajectory 3, despite
both trajectories having similar current
BMI (all P = 0.001).

CONCLUSIONS —This study identi-
fied seven different trajectories of adi-
posity in a contemporary childhood
population from a developed country
studied from in utero to 14 years of age.
Three adiposity trajectories (two rising
and one “chronic high” adiposity) were
related to significantly higher insulin re-
sistance than the reference group. The
three highest risk trajectories comprised
approximately one third of the sample.
Higher insulin resistance at age 14 years
was not restricted to those with low birth
weight and occurred with both moderate
adiposity at age 14 years and moderate
birth weight, providing there was acceler-
ated adiposity gain (rising trajectory).
Higher HOMA-IR and insulin levels
were also seen in the subpopulation
whose trajectory was associated with sus-
tained high adiposity. This group also
showed higher maternal BMI, greater ma-
ternal weight gain during pregnancy, and
increased rates of gestational diabetes.

If more than one subpopulation of
growth leading to cardiovascular disease
were to exist, a priori group-based tra-
jectory modeling would be more likely
to detect this. We identified two distinct
high-risk trajectories (1 and 2) not identified
in the 1934-1944 cohort (3). Arguably,
these trajectories, containing individuals
achieving high adolescent adiposity, may
have only reached prominence in con-
temporary cohorts in which both mothers
(12) and children (20) are exposed to
obesogenic lifestyles.

Lietal. (21) demonstrated an “early-
onset overweight” trajectory correspond-
ing to our trajectory 1 (“chronic high”
adiposity) and a “late-onset overweight”
trajectory corresponding to trajectory 2
(“moderate to high rising adiposity”).
Ventura et al. (9) identified an upward
percentile group associated with more
metabolic risk factors. This corresponds
to our “rising to high” adiposity trajectory
2. We describe a further trajectory 4 (rising
to moderate adiposity) containing individ-
uals not ultimately obese and therefore un-
detectable with dichotomized BMI, but
nevertheless associated with high meta-
bolic risk.

The importance of accelerated adi-
posity gain in relation to insulin resistance
at age 14 years was attenuated in females
compared with males. In females, the “ris-
ing to moderate adiposity” trajectory 4,
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Table 3—Comparison of trajectories reaching similar final BMI to ascertain importance

of accelerated adiposity gain

Comparison groups 1 and 2

Comparison groups 3 and 4

Cardiovascular
risk factor B (95% CI) P value B (95% CI) P value
Boys
HOMA-IR
Model 1 1.2 (1.0-1.5) 0.063 1.3 (1.1-1.5) 0.001
Model 2 1.2 (1.0-1.5) 0.072 1.3(1.1-1.5) 0.001
Insulin
Model 1 1.2 (1.0-1.5) 0.090 1.3(1.1-1.5) 0.001
Model 2 1.2 (1.0-1.5) 0.096 1.3(1.1-1.5) 0.001
Girls
HOMA-IR
Model 1 1.0 (0.8-1.3) 0.84 1.1 (0.9-1.2) 0.34
Model 2 1.0 (0.8-1.3) 0.83 1.0 (0.9-1.2) 0.54
Insulin
Model 1 1.1 (0.8-1.3) 0.76 1.1 (0.9-1.2) 0.41
Model 2 1.0 (0.8-1.3) 0.75 1.1(0.9-1.2) 0.64

Model 1 adjusted for age, gestational age, ethnicity, diet, exercise, low family income, and current BMI. Model
2 also adjusted for birth weight. Groups 1 (“stable high”) and 3 “falling to moderate” are referent groups.
These referent groups are compared with rising trajectories that reach similar current BMI. The bold text

indicates results associated with a P value < 0.05.

most closely akin to the low birth weight
(3,4) groups underlying Barker’s hypoth-
esis, showed no increase in insulin resis-
tance. Fetal programming is more often
observed in males than females in
animal and human studies (22). During
puberty, girls are more insulin resistant at
all pubertal stages. This needs to be further
studied to see whether sex differences in
fetal programming persist when the sub-
jects become adults.

An increasing proportion of women
of childbearing age are becoming obese
and developing gestational diabetes
(20,23). These women give birth to large
for gestational age babies and infants who
subsequently are at risk for diabetes and
obesity themselves (12). Group 1 (the
“stable high” adiposity) is likely to be-
come more common and the descending
trajectory 3 (“falling to moderate” adipos-
ity) less common. Current contemporary
trends toward early onset of childhood
obesity (20) are also likely to be reflected
in a greater proportion of children in the
“rising to high” trajectory 2 and “stable
high” trajectory 1.

A limitation of the study is its mod-
erate size and selective attrition. A total of
1,197 subjects who had a complete met-
abolic dataset at 14 years (42% of original
cohort) defined the trajectories. Never-
theless, the number of subjects is larger
than in previous obesity studies using
latent class or semiparametric mixture
models. Some degree of selective attrition
occurred with loss of families from lower

socioeconomic status (14). Because the
population initially recruited was at rela-
tively high risk, this pattern of attrition is
likely to result in those remaining being
more characteristic of the general com-
munity (15,16). Furthermore, subjects
with and without metabolic data at age
14 years did not differ with regard to crit-
ical birth anthropometry.

“Proc Traj” accommodates random
missing data (10). Missing data in the
Raine study is not entirely random. How-
ever, using “Proc Traj” on subjects with no
missing data revealed similar trajectories
albeit with wider Cls (data not shown).

BMI may not be the optimal measure
of adiposity, but it is a good approxima-
tion for a large population study in which
measures have been repeated in a cohort
of 1,197 at eight time points. Further, we
have shown that BMI correlates strongly
with all the other traditional cardiovas-
cular risk factors at age 14 years in this
population (24). The outcome measure-
ment of insulin resistance at the final time
end point is cross-sectional and reflects
risk at age 14 years. Nevertheless, insulin
resistance is known to track from adoles-
cence into adult life (25); thus, a cross-
sectional measure of insulin resistance at
age 14 years can approximate risk of adult
cardiovascular disease and diabetes.

In conclusion, by using the statistical
approach of semiparametric mixture
modeling, we show the existence of mul-
tiple adiposity trajectories. We also dem-
onstrated increased insulin resistance at

age 14 years with rising trajectories across
the full spectrum of birth weights. This is
more obvious in boys than girls. In
addition, a constantly high trajectory is
associated with increased insulin resis-
tance at age 14 years, maternal gestational
diabetes, and obesity and weight gain
during pregnancy. The three highest risk
trajectories comprise 32% of the popula-
tion. These data provide refined defini-
tions of growth trajectories in childhood
and may give further impetus for identi-
fying and targeting appropriate individ-
uals for prevention of childhood and
maternal obesity and managing excessive
weight gain during pregnancy.
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