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ABSTRACT

Background Knowledge on the long-term
development of adiposity throughout childhood/
adolescence and its prenatal determinants and health
sequelae is lacking. We sought to (1) identify trajectories
of Body Mass Index (BMI) from 1 to 18 years of age,
(2) examine associations of maternal gestational smoking
and early pregnancy overweight with offspring BMI
trajectories and (3) determine whether BMI trajectories
predict health outcomes: asthma, lung function
parameters (forced expiratory volume in one second
(FEV,)/forced vital capacity (FVC) ratio), and blood
pressure, at 18 years.

Methods The Isle of Wight birth cohort, a population-
based sample of 1456 infants born between January
1989 and February 1990, was prospectively assessed at
ages 1, 2, 4, 10 and 18 years. Group-based trajectory
modelling was applied to test for the presence of latent
BMI trajectories. Associations were assessed using log-
binomial and linear regression models.

Results Four trajectories of BMI were identified:
‘normal’, “early persistent obesity’, ‘delayed overweight’,
and "early transient overweight'. Risk factors for being in
the early persistent obesity trajectory included maternal
smoking during pregnancy (RR 2.16, 95% CI 1.02 to
4.68) and early pregnancy overweight (3.16, 1.52 to
6.58). When comparing the early persistent obesity to
the normal trajectory, a 2.15-fold (1.33 to 3.49)
increased risk of asthma, 3.2% (0.4% to 6.0%) deficit
in FEV4/FVC ratio, and elevated systolic 11.3 mm Hg
(7.1 to 15.4) and diastolic 12.0 mm Hg (8.9 to 15.1)
blood pressure were observed at age 18 years.
Conclusions Maternal prenatal exposures show
prolonged effects on offspring’s propensity towards
overweight-obesity. Distinct morbid BMI trajectories are
evident during the first 18 years of life that are
associated with higher risk of asthma, reduced FEV,/FVC
ratio, and elevated blood pressure.

INTRODUCTION

The burden of obesity and being overweight has
reached epidemic levels globally by affecting more
than 1.5 billion adults and accounting for 0.7% to
2.800 of healthcare expenditures worldwide.! 2
Particularly concerning is the increase in childhood
and adolescence overweight obesity, which is a pre-
dictor of adulthood obesity, morbidity and mortal-
ity> * A survey in English schoolchildren found
that 22.6% and 33.9% of ‘4 and 5* and ‘10 and
11° year old children, respectively, are obese or
overweight,” suggesting that obesity may have its
origins in early life.

Multiple prenatal exposures have been associated
with increased risk of subsequent overweight
obesity among exposed offspring.® 7 Maternal
smoking during pregnancy and prepregnancy/early
pregnancy adiposity have demonstrated consistent
associations with single measurements of childhood
and adolescence overweight and obesity,> ! but
their effects on the long-term development of adi-
posity are unknown. The consequences of early life
overweight obesity are highlighted by earlier
expression of parameters associated with adult con-
ditions like cardiovascular disease.'? * Meanwhile,
conflicting associations of overweight obesity with
childhood asthma and lung function have been
reported; with more positive findings emerging for
asthma,'* '° but no replicated associations reported
for lung function parameters among children/
adolescents.'®

A pragmatic challenge of many past studies is
that Body Mass Index ((BMI); an indicator of
obesity and overweight) is assessed at one point in
time. This static assessment ignores the dynamics of
BMI over time and may misdirect etiologic
research. In addition to the ‘intensity’ of adiposity,
simultaneously considering ‘duration’ plus ‘inten-
sity” may improve predictive value and unveil
greater effects of BMI on health-related outcomes.
Obesity-years, a recently developed measure
accounting for duration and intensity of obesity,'”
is associated with elevated morbidity and mortal-
ity.'® 1820 One promising approach overcoming
limitations of static analyses is to identify develop-
mental BMI trajectories and their risk factors.
A trajectory is defined as established sequences of
transitions from one state or phenotype to another,
describing its evolution over time.*! Identifying
BMI trajectories, that is groups of individuals fol-
lowing similar developmental patterns of BMI over
age,” provides three integral pieces of information
on the developmental patterns of adiposity:
‘age-of-onset’, ‘duration’ and ‘intensity’. A limited
number of longitudinal studies have identified
developmental trajectories of BMI in childhood
and/or adolescence (see online supplementary table
$1).2373% Of these eight studies, only two prospect-
ively covered childhood and adolescence periods,
but neither of these included early childhood.>® *°

Given the potential importance of prenatal influ-
ences on childhood overweight obesity, there is a
need to extend our understanding to BMI trajector-
ies that commence in infancy. Using data from the
Isle of Wight birth cohort, covering infancy to late
adolescence (18 years), we sought to (1) identify
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distinct BMI trajectories, (2) examine associations of maternal
gestational smoking and early pregnancy overweight with off-
spring BMI trajectories and (3) determine whether BMI trajec-
tories predict health outcomes including asthma, forced
expiratory volume in one second (FEV) to forced vital capacity
(FVC) ratio, and blood pressure, at 18 years of age.

METHODS

Setting and participants

The Isle of Wight birth cohort, an unselected population-based
study, was recruited between January 1989 and February 1990
in the Isle of Wight, UK, to study the natural history and aeti-
ology of asthma and allergic diseases. After excluding adoptions,
perinatal deaths, and refusals for follow-up, 1456 children
(95%) were enrolled, with follow-up assessments conducted at
1 (5th-95th percentile: 0.8-1.1), 2 (1.7-2.3), 4 (3.9-4.4),
10 (9.7-10.3), and 18 (17.6-18.5) years of age. Ethics approvals
were obtained from the Isle of Wight Local Research Ethics
Committee at recruitment and for subsequent follow-ups
(06/Q1701/34). Written informed consent was obtained from
parents, participants, or both. In our analysis we included parti-
cipants who had two or more measurements of height and
weight across the follow-ups. Of the original cohort, 1240
(85.2%) participants satisfied our inclusion criteria.

Anthropometric measures

Height and weight were directly measured during follow-up
visits in the research centre (100% at ages 1, 2, and 4, 99.8%
(1020/1022) at age 10, and 90.2% (841/932) at age 18 years)
or self-reported when a visit was not possible. BMI was calcu-
lated as weight in kilograms divided by height in meters
squared. An increase in BMI during early life is a feature of
natural growth. To increase comparability across ages, we calcu-
lated individual BMI z-scores (SD scores) based on age-specific
averages in the birth cohort. The terms ‘overweight’ and
‘obesity” in this article comply with the age-specific thresholds
of BMI proposed by the International Obesity Taskforce
(IOTF)*! for ages 4, 10 and 18 years, and WHO standards for
age 1 year.>”

Prenatal maternal characteristics

Maternal smoking during pregnancy and early pregnancy over-
weight were considered as prenatal risk factors for offspring
BMI trajectories. Information on maternal smoking during preg-
nancy was ascertained soon after birth of the child. Records of
measured height and weight at antenatal visit were obtained and
used to calculate maternal early pregnancy BMI. We dichoto-
mised maternal early pregnancy BMI as normal (BMI <25.0)
and overweight (BMI >25.0). The underweight (BMI <18.5)
group was analysed with the normal group due to a small pro-
portion (1.8%) of mothers being underweight. Similarly, due to
a limited number (n=86, 8.9%) of mothers being obese (BMI
>30), we analysed maternal overweight and obesity as one

group.

Health outcomes at 18 years of age

We tested whether BMI trajectories are predictors of asthma,
FEV,/FVC ratio, and blood pressure at age 18 years. Asthma
was defined as a history of physician-diagnosed asthma plus at
least one episode of wheezing or asthma treatment in the previ-
ous 12 months, using the International Study of Asthma and
Allergies in Childhood questionnaire.>® Pulmonary function
tests, measuring FVC and FEV,, were performed using a Koko
Spirometer and software with a desktop portable device (PDS

Instrumentation, Louisville, Colorado, USA), according to
American Thoracic Society guidelines.>* During the 18 years
follow-up, blood pressure was measured in a rested and seated
position, with the appropriate cuff size, by a trained study nurse
using an aneroid sphygmomanometer.

Confounders

Adjustments for potential confounders were carried out based
on prior knowledge in published literature and plausible direct/
indirect association with the outcome variable. Information on
child’s sex, birth weight, gestational age at birth, maternal age at
delivery, and maternal education was collected soon after birth.
Information on duration of breastfeeding was obtained at the 1
and/or 2 years follow-ups. Socioeconomic status is a composite
variable that captures the family social class across the first
10 years of life (see online methods I for more details on
confounders).

Statistical analysis

Determining BMI z-score trajectories

A group-based trajectory modelling, also referred to as a semi-
parametric mixture model>® was applied using PROC TRAJ
macro in SAS to identify BMI z-score developmental trajectories
across ages 1, 4, 10 and 18 years.>® To ensure that early child-
hood BMI is not overweighted in the developmental trajector-
ies, the follow-up at 2 years of age was not included in the
determination of BMI z-score trajectories. The group-based tra-
jectory method presumes that the data comprises latent distinct
groups (trajectories) that best summarise the complex develop-
mental information collected over a life-course.”* We followed
the general recommendations of selecting the model with smal-
lest absolute Bayesian Information Criterion value that also
minimises overlap in the CIs of adjacent trajectories while sum-
marising the distinctive features of the data in a fashion as parsi-
monious as possible.?* *° Models were estimated with two to
six groups (see online supplementary figure S1) while testing
parameter estimates for linear and quadratic terms. The previous
exploratory steps were performed for boys and girls separately
and in combination. After selecting the best fitting model, indi-
viduals were assigned to one of the trajectories/groups based on
their highest estimated group-membership probabilities. This
categorical variable was used in all subsequent analyses. To
further assess model adequacy, we ensured that the average of
group-membership probabilities for individuals in each trajec-
tory/group exceeded a threshold of 0.7.%*

Descriptive and association analyses

All statistical analyses were conducted using SAS V9.3 (SAS
Institute, Cary, North Carolina, USA). The statistical significance
level was set to a=0.05 for all association analyses. To assess
whether the analytical sample (n=1240) was representative of
the total cohort (n=1456), we compared proportions of cat-
egorical variables (using x> tests) and means of continuous vari-
ables (using t tests) across these two samples. Average weight
gain per year across different developmental intervals (birth to
1, 1-4, 4-10, and 10-18 years) was estimated for each of the
identified BMI z-score trajectories. Risk ratios (RR) and their
associated 95% ClIs were calculated using log-binomial regres-
sion, which was applied to estimate associations between mater-
nal prenatal characteristics (predictors) and BMI trajectories
(outcome variable; ‘normal’ trajectory formed the reference cat-
egory). Two models were tested: the first model only adjusted
for sex, whereas, the second model controlled for the following
potential confounders: birth weight, gestational age at birth,
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maternal age at delivery, duration of breastfeeding, maternal
education, and socioeconomic status. Multivariable linear
regression was used to determine the association between BMI
trajectories (predictors) and health outcomes measured on a
continuous scale at age 18 years. Log-binomial regression was
used when asthma was the outcome variable.

Sensitivity analysis

To explore whether including participants who self-reported
their anthropometric measurements (n=2 at age 10 and n=91
at age 18 years) could have biased our findings, we repeated our
analyses excluding the 93 participants who self-reported their
measurements. Additionally, we controlled for concurrent BMI
while assessing the association of BMI trajectories with health
outcomes at age 18 years.

RESULTS

Description of study sample

The analysed sample (n=1240) and the total cohort (n=1456)
were similar with respect to all characteristics under study (table 1),
indicating that a restriction on participants with >2 repeated BMI
measurements did not result in obvious selection bias. Of the ana-
lytical sample, BMI measurements at ages 1, 4, 10 and 18 years
were available for 967 (78%), 1022 (82%), 1022 (82%) and 932
(75%) participants, respectively. Maternal BMI was measured, on
average, during the 14th (+4) week of gestation.

BMI z-score trajectories
In an exploratory step, we determined the trajectories separately
for boys and girls to decide whether both sexes followed similar

Table 1 Characteristics of enrolled participant children and
children included in the analysis

Enrolled study
sample (n=1456)

Analytical study
sample (n=1240)

Sex, n (%)

Male 745 (51.2) 626 (50.5)

Female 711 (48.8) 614 (49.5)
Maternal smoking during pregnancy, n (%)

No 1078 (74.8) 959 (77.5)

Yes 364 (25.2) 278 (22.5)
Missing, n 14 3
Maternal early pregnancy BMI (kg/m?), n (%)

<25.0 760 (64.7) 637 (66.0)

>25.0 415 (35.3) 328 (34.0)
Missing, n 281 275
Asthma at age 18 years, n (%)

No 1074 (82.3) 937 (82.1)

Yes 231 (17.7) 204 (17.9)
Missing, n 151 99
FEV1/FVC % at age 18 years, 87.3(7.2) 87.3(7.2)
Mean (SD)
Missing, n 617 416
Systolic blood pressure at age  108.6 (11.9) 108.5 (11.9)

18 years, Mean (SD)
Missing, n 608 409

Diastolic blood pressure at 64.7 (9.1) 64.7 (9.1)
age 18 years, Mean (SD)
Missing, n 608 409

BMI, Body Mass Index; FEV;, forced expiratory volume in one second; FVC, forced
vital capacity; n, number.

trajectories. In agreement with previous reports (see online
supplementary table S1), we identified four trajectories in both
sexes that were similar in their developmental patterns, but dif-
fered in their proportions. Thus, BMI z-score trajectories were
combined and we controlled for the effect of sex in the multi-
variable models.

The four distinct trajectories that best characterised the complex
developmental course of BMI z-score across the first 18 years of
life in the IOW study population are shown in figure 1. The trajec-
tories were labelled as ‘normal’ (71.5%; n=886), ‘early persistent
obesity’ (3.9%; n=48), ‘delayed overweight' (11.5%; n=143),
and ‘early transient overweight’ (13.1%; n=163). Descriptive sta-
tistics of these four trajectories are provided in table 2. At ages 4,
10 and 18 years, the mean BMI of the early persistent obesity tra-
jectory exceeded the age-specific obesity cut-offs suggested by the
IOTE?! The delayed overweight trajectory crossed the age-specific
overweight thresholds at ages 10 and 18 years in regard to their
mean BMI. The mean BMI of the early transient overweight tra-
jectory was higher than the age-specific overweight cut-off sug-
gested by the WHO?? only at 1 year of age. Furthermore, average
weight gain per year was estimated for each of the four trajectories
across different developmental time-windows (see online
supplementary figure S2 and online results I).

Prenatal predictors of BMI z-score trajectories

Associations between maternal smoking during pregnancy and
early pregnancy overweight (BMI >25) with offspring BMI
z-score trajectories are presented in table 3. The ‘normal’ BMI
z-score trajectory was considered as reference group. In the sex-
adjusted model and the model adjusted for potential confoun-
ders, maternal smoking during pregnancy and early pregnancy
overweight were associated with increased risk of being in the
‘early persistent obesity’ and ‘delayed overweight’ trajectories
(table 3). Maternal smoking during pregnancy showed higher
risk (RR=2.16, 95% CI 1.02 to 4.68) for the early persistent
obesity trajectory in comparison to its association with the
delayed overweight trajectory (RR=1.69, 95% CI 1.15 to 2.49).
Similar patterns of associations between maternal early preg-
nancy overweight and BMI z-score trajectories were observed.

BMI z-score trajectories as predictors of health outcomes

at 18 years

At 18 years of age, the risk of asthma was 2.15-fold higher in
the early persistent obesity trajectory as compared with the
normal trajectory (table 4). Also, a 1.70-fold increased risk of

——&—— Normal (n = 886) — — -@— — - Delayed overweight (n = 143)
30 — - #l- — Early transient overweight (n = 163) ——&— — Early persistent obesity (n = 48)
- & A
2.5 - —
© 2.0 el
J/
N 1.5 - .
— 5 & ——mmmmmmmm
g 1.0 ~. -7
. _ . _-" -
>
0.5 - .
e Sl — - — e .
00-_.~ -
:\f * *
-0.5 ol
T T T T
1 4 10 18
Age (years)

Figure 1 Trajectories of Body Mass Index z-score from 1 to 18 years
of age. The four trajectories represent the latent growth patterns of
body mass from 1 to 18 years of age.
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Table 2 Descriptive statistics of BMI z-score trajectories

BMI z-score trajectories

Normal (n=886)

Early persistent obesity (n=48)

Delayed overweight (n=143)

Early transient overweight (n=163)

Age 1 year
BMI
BMI z-score
Age 4 years
BMI
BMI z-score
Age 10 years
BMI
BMI z-score
Age 18 years
BMI
BMI z-score

16.9 (16.8 to 17.0)

—0.28 (-0.34 to —0.22)

15.6 (15.5 to 15.7)

—0.38 (—0.43 to —0.33)

16.9 (16.7 to 17.0)

—0.42 (-0.46 to —0.38)

21,5 (21.3 t0 21.7)

—0.39 (-0.44 to —0.35)

18.5 (18.0 to 19.0)
0.67 (0.37 to 0.97)

19.2 (18.7 t0 19.7)
2.1 (1.73 to 2.46)

26.4 (25.5 to 27.4)
2.80 (2.48 t0 3.12)

34.9 (33.4 to 36.4)
2.70 (2.35 to 3.05)

17.1 (16.8 to 17.3)

—0.20 (-0.33 to —0.06)

16.7 (16.5 to 16.9)
0.36 (0.23 to 0.48)

21.8 (21.4 t0 22.1)
1.23 (112 to 1.34)

29.0 (28.4 to 29.6)
1.35 (1.21 to 1.48)

19. 9 (19.6 t0 20.2)
1.51 (1.34 to 1.67)

17.7 (17.5 t0 17.9)
1.07 (0.94 to 1.19)

18.6 (18.2 to 18.9)
0.15 (0.04 to 0.27)

23.5 (23.1 to 24.0)
0.07 (-0.03 to 0.18)

All figures are presented as: Mean (95% Cl).
BMI, Body Mass Index.

asthma was observed for the delayed overweight trajectory. By
contrast, the early transient overweight trajectory was not asso-
ciated with an elevated risk of asthma. The FEV,/FVC ratio was
reduced by 3.2% and 1.7% among participants in the early per-
sistent obesity and delayed overweight trajectories, respectively,

in comparison to the normal trajectory (table 4). In regard to
blood pressure, the early persistent obesity trajectory, on
average, experienced higher systolic and diastolic blood pressure
than the normal trajectory. Although the delayed overweight tra-
jectory showed higher systolic and diastolic blood pressure than

Table 3 Associations of maternal smoking during pregnancy and maternal early pregnancy overweight (BMI >25.0) with offspring BMI z-score

trajectories

Sex-adjusted model*

Maternal smoking during pregnancy

Maternal early pregnancy BMI (kg/m?)

BMI z-score trajectories No (n=750) Yes (n=213) <25.0 (n=636) >25.0 (n=327)
Normal (Reference), n (%) 550 (73.3) 132 (62.0) 483 (75.9) 199 (60.9)

Early persistent obesity, n (%) 27 (3.6) 12 (5.6) 17 (2.8) 22 (6.7)

RR (95% Cl) 1.00 1.83 (1.02 to 3.49) 1.00 2.84 (1.54 to 5.25)
p Value 0.044 <0.001

Delayed overweight, n (%) 80 (10.7) 34 (16.0) 53 (8.3) 61 (18.7)

RR (95% Cl) 1.00 1.61 (1.13 to 2.28) 1.00 2.32 (1.66 to 3.25)
p Value 0.008 <0.001

Early transient overweight, n (%) 93 (12.4) 35 (16.4) 83 (13.1) 45 (13.8)

RR (95% Cl) 1.00 1.41 (0.93 to 2.01) 1.00 1.28 (0.92 to 1.77)
p Value 0.076 0.144

Adjusted modelt

Maternal smoking during pregnancy

Maternal early pregnancy BMI (kg/m?)

BMI z-score trajectories No (n=657) Yes (n=164) <25.0 (n=543) >25.0 (n=278)
Normal (Reference), n (%) 474 (72.2) 100 (61.0) 409 (75.3) 165 (59.4)

Early persistent obesity, n (%) 19 (2.9) 9 (5.5) 12 (2.2) 16 (5.8)

RR (95% Cl) 1.00 2.16 (1.02 to 4.68) 1.00 3.16 (1.52 to 6.58)
p Value 0.041 0.002

Delayed overweight, n (%) 79 (12.0) 28 (17.1) 49 (9.0) 58 (20.8)

RR (95% Cl) 1.00 1.69 (1.15 to 2.49) 1.00 2.45 (1.73 to 3.46)
p Value 0.008 <0.001

Early transient overweight, n (%) 85 (12.9) 27 (16.4) 73 (13.5) 39 (14.0)

RR (95% Cl) 1.00 1.35 (0.90 to 2.00) 1.00 1.25 (0.88 to 1.77)
p Value 0.144 0.215

*Model included the flowing variables: maternal smoking during pregnancy, maternal early pregnancy BMI, and sex.
tModel included the following variables: maternal smoking during pregnancy, maternal early pregnancy BMI, sex, birth weight, gestational age at birth, maternal age at delivery,
duration of breastfeeding, maternal education and socioeconomic status.

BMI, Body Mass Index; n, number; RR, Risk ratio.
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Table 4 BMI z-score trajectories as predictors of asthma, FEV,/FVC ratio, and blood pressure at 18 years of age

BMI z-score trajectories

Health outcomes at 18 years Normal

Early persistent obesity

Delayed overweight Early transient overweight

Asthma, % (n/total) 15.4 (114/740)
RR (95% CI)* 1.00 (Reference)
p Value 0.001
FEV/FVC %, mean (SE) 87.7 (0.6) 84.5 (1.4)
Mean difference (95% Cl)t 0.0 (Reference)
p Value 0.027
Systolic BP (mm Hg), mean (SE) 106.6 (0.7) 117.9 (2.1)
Mean difference (95% ClI)t 0.0 (Reference)
p Value

Diastolic BP (mm Hg), mean (SE)
Mean difference (95% Cl)t

p Value

35.1 (13/37)

<0.001
63.7 (0.5) 75.7 (1.6)
0.0 (Reference)

<0.001

2.15 (1.33 to 3.49)

—3.2 (—6.0 to —0.4)

11.3 (7.1 to 15.4)

12.0 8.9 to 15.1)

26.9 (35/130)
1.70 (1.22 to 2.38)

15.7 (19/121)
1.01 (0.65 to 1.58)

0.002 0.968

86.0 (0.8) 87.3 (0.9)

—1.7 (-3.2 to —0.2) —04 (2.1 10 1.3)
0.025 0.637

112.7 (1.2) 107.5 (1.3)

6.1 (3.7 to 8.5) 0.9 (-1.6 to 3.5)
<0.001 0.477

69.2 (0.9) 66.6 (1.0)

5.5 (3.5107.3) 2.9 (0.9 to 4.8)

<0.001 0.004

*Adjusted for sex, smoking status at age 18 years, duration of breastfeeding, and socioeconomic status.
tAdjusted for sex, height at age 18 years, smoking status at age 18 years, duration of breastfeeding, and socioeconomic status.
BMI, Body Mass Index; BP, blood pressure; FEV;, forced expiratory volume in one second; FVC, forced vital capacity; RR, risk ratio.

the normal trajectory, the magnitude of the increase in blood
pressure (effect size) was larger for the early persistent obesity
trajectory than the delayed overweight trajectory (table 4).

Sensitivity analysis

Our reported results that included 93 participants who self-
reported their anthropometric measurements did not differ
from the results based on participants with directly measured
height and weight (see online supplementary figure S3, tables
S2 and S3). Additionally, concurrent BMI at age 18 years
showed associations with health outcomes (see online
supplementary table S4). Additionally, controlling for concur-
rent BMI did not attenuate the association between BMI trajec-
tories and asthma at 18 years (see online supplementary table S5
and online results II).

DISCUSSION
Principle findings
In this longitudinal study, we identified and characterised four
BMI trajectories that spanned the first 18 years of life. The iden-
tified patterns of BMI trajectories in our study highlighted that
the key ‘change in path’ occurred between ages 1 and 4 years
(figure 1). Against that, between 4 and 10 years of age, the
course of the BMI trajectories did not experience any direc-
tional changes. Therefore, our study demonstrates that the first
4 years of life is a critical developmental window where long-
term developmental patterns of BMI might be established.
However, this does not exclude that individual children who
changed their lifestyle could experience a different trajectory. In
support of a critical time window, our results also showed that
average weight gain between 1 and 4 years was higher in the
early persistent obesity and delayed overweight trajectories, in a
gradient manner, compared to the normal trajectory (see online
supplementary figure S2). Hence, weight gain and BMI trends
need to be monitored during the first 4 years of life with focus
on those at higher risk of later overweight obesity status.
Maternal smoking during pregnancy and maternal overweight
in early pregnancy, increased an offspring’s risk for being in the
early persistent obesity and delayed overweight trajectories. In
turn, morbid BMI trajectories predicted adverse health out-
comes at 18 years of age. For instance, elevated risk of having
asthma was associated with being in the early persistent obesity

and delayed overweight trajectories. Reductions in the FEV,/
FVC ratio were also seen for these two morbid BMI trajectories.
Of special note is that 18-year-olds in the early persistent
obesity trajectory, on average, had elevated systolic and diastolic
blood pressure than the normal trajectory. Blood pressure para-
meters of children in the delayed overweight trajectory were
also higher than the normal trajectory; however, the effect size
was not as large as for those in the early persistent obesity tra-
jectory. These strong and consistent associations between
morbid BMI trajectories and different health outcomes empha-
sise the criticalness of considering age-of-onset, duration and
intensity of adiposity.

Comparison with previous studies

An indispensable observation is that the patterns and numbers
of BMI trajectories, in our and previous studies, across different
populations and time-periods showed high resemblance (see
online supplementary table S1). In almost all studies, in addition
to a normal trajectory, a trajectory of chronically early obese
children, and a trajectory of children gradually exceeding the
overweight threshold late in childhood were identified (see
online supplementary table S1). Finding common developmen-
tal trajectories across populations supports the validity and gen-
eralisability of our trajectories and may indicate shared
predisposing factors that need further elucidation.

Associations between maternal prepregnancy/early pregnancy
adiposity and offspring overweight obesity at different stages
during childhood and adolescence have been reported previ-
ously.® ¥’ Our observation of an association between early
pregnancy overweight and early persistent obesity and delayed
overweight trajectories in offspring suggests that maternal pre-
natal adiposity may have long-term consequences for overweight
obesity risk in their offspring. The current state of knowledge
does not provide clear biological understanding of this observed
association; however, interplay between genetic factors, in utero
priming, and the shared obesogenic environment could be rele-
vant.** In agreement with our findings, a number of prior
studies also identified maternal smoking during pregnancy as a
risk factor for childhood overweight obesity.'® 3 4! A possible
mechanism is that exposure to nicotine during fetal develop-
ment results in an abnormal appetite regulation system, which
ultimately regulates body weight and energy balance.*' **
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However, we cannot exclude a shared overweight obesity-
inducing environment, including reduced physical activity'® and
poor nutritional status*® that clusters with gestational smoking.
Despite the clear deleterious effects, the prevalence of maternal
prenatal adiposity and gestational smoking showed no declining
trends in the last decades.**™” Although of utmost importance,
these risks are widely ignored in the current debate on how to
prevent childhood overweight obesity.

Based on prior reports, the association between obesity and
asthma among children and adolescents is weak and inconsist-
ent.'* > A drawback of the majority of prior studies is the use
of BMI status at one time point as predictor of either concurrent
(cross-sectional studies) or subsequent (longitudinal studies)
asthma. This snapshot approach considers the ‘intensity’ of adi-
posity while ignoring the ‘age-of-onset’ and ‘duration’, which,
we hypothesise, to be major factors in the development of
asthma. In this study, we demonstrated that early persistent
obesity and delayed overweight trajectories predicated the
prevalence of asthma at 18 years of age. In support of the
importance of adiposity ‘duration’, we did not observe any asso-
ciation between BMI trajectories and asthma at age 10 years (see
online supplementary table S6); indicating that the duration, in
addition to age-of-onset and intensity, of adiposity is an import-
ant factor for the association with asthma. The FEV/FVC ratio,
has been shown to be preserved in overweight obese adults*®;
however, inconclusive and conflicting findings in children and
adolescents hamper existing literature.*” We found that being in
the early persistent obesity and delayed overweight trajectories
was associated with reduced FEV/FVC ratio, which is in agree-
ment with other reports.*® >! This observation that being obese
for longer duration is associated with worse impairment in
FEV,/FVC ratio is consistent with prior work that investigated
associations of obesity duration and lung function parameters.'®
Hence, results of this study demonstrate that accounting for the
‘age-of-onset’, ‘duration’, and ‘intensity’ of adiposity through
BMI trajectories facilitated imparting strong and consistent asso-
ciations of adiposity with asthma and lung function parameters
among adolescents.

Markers of adiposity, including BMI, waist circumference,
and fat mass, are associated with increased cardiovascular risk
profiles among children and adolescents.'* '* °2 We sought, for
the first time, to determine whether accounting for the develop-
mental patterns of BMI could serve as a predictor of later blood
pressure among adolescents. Systolic and diastolic blood pres-
sures were noticeably elevated among the early persistent
obesity trajectory in comparison to the normal trajectory. The
delayed overweight trajectory experienced similar but lesser
magnitude associations.

Although concurrent obesity at age 18 years was associated
with health outcomes (see online supplementary table S4), dis-
entangling the effects of BMI trajectories from concurrent BMI
at age 18 years on health outcomes is difficult due to their inter-
dependence (see online supplementary table S5 and online
results II). Findings of this report highlight the importance of
recognising the epidemic of overweight obesity in early life to
overcome later adverse health-related consequences. Our study
demonstrates that there are at least two opportunities to reduce
later childhood and adolescence obesity. First, before and during
pregnancy, by reducing smoking and adiposity in the mothers
which, presumably, reduces the proportion of overweight
obesity in offspring that is induced by these prenatal factors.
Second, during early childhood by focusing on children with
above-average weight gain between 1 and 4 years, in whom a
focus on dietary and other lifestyle factors may prove beneficial.

Strengths and limitations
Using trajectory analysis allowed us to identify developmental
patterns of BMI over age. However, inherent limitations of tra-
jectory modelling include (1) determining the optimal number
of latent trajectories/groups in the study population, which is a
process guided by statistical fit indices and investigator’s discre-
tion that might overestimate or underestimate the true number
of trajectories/groups and (2) the assignment of individuals to
trajectories/groups is based on individuals’ highest estimated
group-membership probabilities; hence, the identified trajector-
ies/groups should not be considered as the actual latent develop-
mental categories, rather should be viewed as approximations of
more complex developmental patterns.*>

Although previous studies were able to identify BMI trajector-
ies in restricted time windows of childhood and/or adolescence
(see online supplementary table S1), our study has the advan-
tage of prospectively covering the whole period from infancy to
adolescence. The advantage of long-term follow-up is exempli-
fied by finding strong associations between early persistent
obesity and delayed overweight trajectories with asthma at
18 years, which was not clearly demonstrated in a study analys-
ing eight European birth cohorts with follow-ups until 6 years
of age.”® Additionally, the prospective repeated measurements
of BMI add to the strengths of this study. A potential limitation
of our study is that only four assessments of BMI (at ages 1, 4,
10 and 18 years) were used to obtain BMI developmental trajec-
tories from 1 to 18 years of age. However, the comparability of
the observed BMI trajectories patterns with previous studies (see
online supplementary table S1) is an indicator of the validity
and generalisability of our findings. The use of maternal early
pregnancy BMI (measured 14+4 weeks after conception)
instead of prepregnancy BMI is a possible drawback of our
study. Nevertheless, we speculate that expecting mothers have
not gained much weight during the first trimester. In support, it
has been suggested that self-reporting of prepregnancy weight is
unreliable, while weight during the first trimester is representa-
tive of prepregnancy weight.** Another possible limitation is the
lack of information on gestational weight gain, which has been
shown to predict offspring overweight obesity.® ° Moreover,
lack of data on maternal nutritional status during pregnancy and
early childhood energy intake (diet) and energy expenditure
(physical activity) are additional limitations to our study.

CONCLUSIONS

Our data showed that developmental trajectories of BMI during
the period from 1 to 18 years of age are set in early childhood,
supporting early origins of adiposity. Maternal smoking during
pregnancy and early pregnancy overweight demonstrated long-
term effects on offspring’s propensity towards overweight
obesity. Both these prenatal exposures are associated with
increased risk for being in the early persistent obesity and
delayed overweight trajectories which, in turn, predispose to
various adverse health outcomes at 18 years of age. Increased
risk of asthma, decreased FEV,/FVC ratio, and elevated blood
pressure were associated with these two morbid BMI trajector-
ies. The importance of BMI trajectories, abridging the
‘age-of-onset’, ‘duration’, and ‘intensity’ of adiposity, is demon-
strated through their predictive ability. Our study demonstrates
the criticalness of preventing overweight obesity and smoking in
women of childbearing age, and focusing public health pre-
ventative efforts towards early childhood. The prenatal and
early childhood periods should be regarded as crucial windows
of opportunity to combat the obesity epidemic.
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What is already known on this subject

» A limited number of longitudinal studies have identified
developmental trajectories of Body Mass Index (BMI) in
childhood and/or adolescence; however, none have covered
the period from early infancy to late adolescence and also
investigated prenatal risk factors and health consequences of
such BMI trajectories.

» Although maternal gestational smoking and prenatal
adiposity have shown associations with offspring’s
overweight obesity, knowledge on whether these prenatal
exposures influence the long-term developmental patterns of
BMI in offspring is lacking.

» BMI measured at one time-point during childhood and/or
adolescence have been associated with adverse
health-related outcomes, but whether accounting for the
age-of-onset, duration and intensity of adiposity through
BMI trajectories serve as a better predictor of later morbidity
remains unclear.

What this study adds

» Body Mass Index (BMI) trajectories, up to 18 years, are set
in early childhood and are predicted by maternal gestational
smoking and early pregnancy overweight.

» Early onset of obesity that persists is associated with higher
risk of asthma and airway obstruction as compared to
concurrent obesity.

» Pregnancy and early childhood are plastic developmental
periods in which surrounding conditions can influence the
long-term developmental patterns of BMI.
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