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Abstract
Objective Rapid infant weight gain is a key risk factor for paediatric obesity, yet there is very little evidence on how healthy
behaviours in childhood might modify this association. We aimed to examine how the association of infant weight gain with
adolescent adiposity might be attenuated by moderate-to-vigorous physical activity (MVPA) in childhood.
Methods The sample comprised 4666 children in the UK Millennium Cohort Study. The two outcomes were BMI Z-score
and % fat at 14 years. Sex-stratified regression models were developed testing for interactions between infant weight Z-score
gain between 0 and 3 years (continuous or categorical) and MVPA at 7 years (continuous or binary). Models were
sequentially adjusted for basic covariates, socioeconomic variables, and parental BMI levels.
Results Effect modification was observed in boys but not girls and, among boys, was stronger for % fat than BMI. In a fully
adjusted model for boys, the association between infant weight Z-score gain and adolescent % fat was 1.883 (1.444, 2.322) if
MVPA < 60 min/day and 1.305 (0.920, 1.689) if MVPA ≥ 60 min/day; the difference between these two estimates being
−0.578 (−1.070, −0.087). Similarly, % fat was 2.981 (1.596, 4.367) units higher among boys who demonstrated rapid
infant weight gain (+0.67 to +1.34 Z-score) compared to normal weight gain (−0.67 to +0.67 Z-scores), but having
MVPA ≥ 60 min/day reduced this effect size by −2.259 (−3.989, −0.535) units.
Conclusions In boys, ~75% of the excess % fat at 14 years associated with rapid infant weight gain was attenuated by
meeting the MVPA guideline. In boys known to have demonstrated rapid infant weight gain, increasing childhood MVPA
levels, with the target of ≥60 min/day, might therefore go a long way to towards offsetting their increased risk for adolescent
obesity. The lack of effect modification in girls is likely due to lower MVPA levels.

Introduction

The NCD Risk Factor Collaboration has estimated that,
between 1975 and 2016, the worldwide prevalence of
childhood obesity (5–19 years) increased from 5 to 50
million in girls and 6 to 74 million in boys [1]. In the United

Kingdom (UK), using harmonised data from a series of
national birth cohort studies, we have demonstrated a
secular trend toward higher body mass index (BMI) at
increasingly younger ages [2]. By adolescence, overweight
or obesity prevalence is already 2–3 times higher in cohorts
born into the obesity epidemic era (>1970) compared to
those born before the obesity epidemic era (<1970). More
recent data from the 2018–2019 National Child Measure-
ment Programme for England (NCMP; N > 1,000,000)
show that 9.7% of 4–5-year olds and 20.2% of 10–11-year
olds are obese [3]. The prevalence of obesity, therefore,
approximately doubles between early childhood and ado-
lescence, highlighting how critical the intervening period is
for obesity prevention.

Weight gain during infancy is arguably the strongest
early-life determinant of paediatric BMI. Rapid infant
weight gain, defined as upward crossing through one UK
centile band in the first few years of life, has consistently

* William Johnson
W.O.Johnson@lboro.ac.uk

1 School of Sport, Exercise and Health Sciences, Loughborough
University, Loughborough, UK

2 Division of Surgery and Interventional Sciences, Faculty Medical
Sciences, University College London, London, UK

Supplementary information The online version of this article (https://
doi.org/10.1038/s41366-020-00656-7) contains supplementary
material, which is available to authorized users.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-020-00656-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-020-00656-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41366-020-00656-7&domain=pdf
http://orcid.org/0000-0002-0347-4354
http://orcid.org/0000-0002-0347-4354
http://orcid.org/0000-0002-0347-4354
http://orcid.org/0000-0002-0347-4354
http://orcid.org/0000-0002-0347-4354
http://orcid.org/0000-0002-8726-7992
http://orcid.org/0000-0002-8726-7992
http://orcid.org/0000-0002-8726-7992
http://orcid.org/0000-0002-8726-7992
http://orcid.org/0000-0002-8726-7992
http://orcid.org/0000-0002-7774-6711
http://orcid.org/0000-0002-7774-6711
http://orcid.org/0000-0002-7774-6711
http://orcid.org/0000-0002-7774-6711
http://orcid.org/0000-0002-7774-6711
mailto:W.O.Johnson@lboro.ac.uk
https://doi.org/10.1038/s41366-020-00656-7
https://doi.org/10.1038/s41366-020-00656-7


been found to be associated with increased obesity risk [4].
In a recent systematic review, Zheng et al. found that 15 out
of 17 studies reported a significant positive association
between rapid infant weight gain and risk of future over-
weight/obesity [5]. The pooled odds ratio for paediatric
overweight/obesity of 4.16 (3.26, 5.32) is larger than the
meta-analyzed estimates for other early-life risk factors (e.g.
maternal smoking during pregnancy and not breastfeeding)
[6], including maternal obesity and birth weight. For
example, in a meta-analysis of 20 studies, Heslehurst et al.
reported that maternal obesity before conception was
associated with a 2.69 (2.10, 3.46) times increased odds of
paediatric obesity in the offspring [7]. Similarly, Yu et al.
reported that high birth weight (>4.0 kg) was associated
with a 2.23 (1.91, 2.61) times increased odds of obesity
compared to normal birth weight (2.5–4.0 kg) [8].

The prevention of rapid infant weight gain is clearly
important, and this is a new and evolving field [9], but we
also need to understand how the adverse relationship of
rapid infant weight gain with adolescent obesity can be
modified. Literature on this topic has tended to focus on
prenatal and infancy factors, mainly birth weight and
breastfeeding [10–13], and there is real dearth of evidence
regarding the potentially important role of healthy lifestyle
behaviours in childhood. Greater physical activity, espe-
cially at high intensity, is a key candidate because of its
strong relationship with lower adiposity [14, 15], yet only
two publications have investigated moderate-to-vigorous
physical activity (MVPA). Using data on 1874 participants
in the 1982 Pelotas birth cohort study, Kolle et al. found no
evidence that the association of infant weight gain between
0 and 2 years and fat mass index at 30 years was modified
by MVPA levels, although modification for weight gain
between 2 and 4 years was observed [16]. Bernhardsen et al.
had a much earlier outcome at 9–12 years and showed that
the association of weight gain between 0 and 1 years with
BMI was attenuated by greater MVPA levels, but only in
boys [17]. This study was limited, however, by a small
sample size of just 445 children (186 with fat mass out-
comes) from the Norwegian Mother and Child Cohort
Study (MoBa). Further, the physical activity data were
collected at the same time point as the outcomes, thereby
limiting causal inference due to possible reverse causation.
As discussed by Bernhardsen et al. [17], the lack of evi-
dence for effect modification in girls is most likely because
they are not meeting levels of MVPA high enough to
attenuate the adverse relationship of rapid infant weight
gain with obesity risk [18–20]. This sex difference does,
however, require further investigation.

Using data from the large UK Millennium Cohort Study
(MCS), we recently reported strong positive relationships of
infant weight gain between 0 and 3 years with adolescent
BMI at 14 years [21]. The aim of the present study is to

examine the extent to which MVPA levels at age 7 years
might attenuate these deleterious associations. We hypo-
thesise that any effect modification will be stronger in boys
than girls. Given the known limitations of BMI [22], per-
centage body fat (% fat) at 14 years is also investigated.

Methods

Sample

The MCS is based on 18,818 people born between Sep-
tember 2000 and January 2002 who were living in England,
Scotland, Wales, or Northern Ireland at age 9 months [23].
Subsequent sweeps have occurred when the children were
aged 3, 5, 7, 11, and 14 years. The study has received
ethical approval and obtained informed parental and parti-
cipant consent.

Our sample comprised 4666 singleton children (2267
males, 2399 females) with complete data on the exposures,
outcomes, and effect modifiers. The sample represents 74%
(4666/6309) of the singletons with reliable accelerometer
data and 85% (4666/5478) of the singletons with reliable
accelerometer data who attended the 14-year sweep.

Exposures

Birth weights were collected from the main carer at the
9-month sweep and have been shown to demonstrate a
high level of agreement with registration data [24]. Weight
was measured at 3 years of age. Both measurements were
converted to Z-scores according to the World Health
Organisation (WHO) Child Growth Standards [25]. A
continuous exposure was calculated as change in infant
weight Z-score between ages 0 and 3 years. A categorical
exposure was also computed to identify infants with slow
(<−0.67 Z-scores), normal (−0.67 to +0.67), rapid (+0.67
to +1.34), and very rapid weight gain (>+1.34). A change
of 0.67 or 1.34 Z-scores represents shifting upward/
downward through one or two, respectively, UK centile
bands [26].

Outcomes

Weight and height were measured at age 14 years; details of
the measurement protocols are available in the user guide
[27]. BMI was calculated as kg/m2 and Z-scores (sex and
age specific) were computed according to the WHO Child
Growth References [28]. Overweight and obesity were
defined according to the International Obesity Task Force
cut-offs [29]. % fat was assessed via bioelectrical impe-
dance using electronic Tanita scales (Tanita UK Ltd,
Middlesex, UK).
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Effect modifiers

Accelerometers (Actigraph GT1M, Pensacola, Florida)
were used to measure physical activity levels (15 s sampling
epochs) at age 7 years. Participants were instructed to wear
the accelerometers, on an elastic belt around the waist,
during waking time (excluding bathing or during other
aquatic activities) for 7 consecutive days. Details of the data
processing have been published elsewhere [30]. The cut-
points developed by Pulsford et al. were used to define
sedentary, light, moderate, and vigorous physical activity
(VPA) [31]. Participants were required to have ≥10 h wear
time on at ≥2 days for their data to be considered reliable or
useable. Average time per day in MVPA was computed, as
was a binary variable indicating whether or not the parti-
cipant met the guideline of ≥60 min per day in MVPA [32].
Within our sample, the correlation of MVPA with wear time
(0.09) was negligible. Sedentary time was not considered
due to its much stronger correlation (0.67) with wear time.

Potential confounders

Set 1 comprised ethnicity, birth weight Z-score, and gesta-
tional age in weeks estimated using mother’s report of her
expected due date; this has been shown to correlate highly
with routine hospital records of gestational age [33].

Set 2 comprised seven measures of socioeconomic
position. Family income and tenure were reported at the 9-
month sweep. Mother’s and father’s age of leaving full-time
education, as well as highest qualification according to the
National Qualifications Framework (NQF), were based on
data collected up until the 11-year sweep. Father’s or
mother’s (if no father figure was present; N= 693) occu-
pation was assessed at the 11-year sweep and was classified
according to the Registrar General’s Social Class [34].

Set 3 comprised maternal and paternal BMI values,
based on weights and heights reported by the mother at the
9-month sweep.

Statistical analysis

Based on the literature [17], an a priori decision was made
to stratify all analyses according to sex. Descriptive statis-
tics for all variables were produced. To further describe the
sample and data, infant weight gain status was tabulated
against MVPA guidelines status at 7 years and IOTF weight
status at 14 years.

General linear regression (within a structural equation
modelling framework) was used for inferential analyses,
with full-information maximum likelihood (FIML) to han-
dle missing confounder data under a missing at random
assumption [35, 36]. All independent variables were grand
mean centred and, for parsimony, all socioeconomic

position variables (except tenure which is binary) were
modelled as ridit scores [37]. In exploratory work, no evi-
dence was found that the associations of infant weight gain
Z-scores and MVPA with the outcomes were non-linear.
BMI Z-score and % fat at age 14 years were each regressed
on infant weight gain Z-scores, MVPA at age 7 years
(scaled so that effect sizes represent a change of 10 min/
day), and the interaction between these two independent
variables. After running completely unadjusted analyses,
models were sequentially adjusted for confounder sets 1–3.
Sensitivity analyses were conducted investigating VPA and
moderate physical activity (MPA) separately.

Analyses were re-run using the binary (instead of the
continuous) MVPA variable. For each model, we obtained
and present an effect size (of infant weight gain Z-score) for
children who met the guideline of ≥60 min per day, an effect
size (of infant weight gain Z-score) for children who did not
meet the guideline of ≥60 min per day, and the difference
between these two estimates (i.e. the interaction term).
Finally, fully adjusted regression models were develop
using the binary MVPA variable and the categorical infant
weight gain variable. A figure was produced to illustrate the
extent to which the association of rapid infant weight gain
with % fat in boys was modified by meeting the MVPA
guidelines.

All procedures were performed in Stata 14 (StataCorp
LP, College Station, TX, USA).

Results

As shown in Table 1, average infant weight Z-score gain
between 0 and 3 years was higher in boys than in girls.
Approximately 36% of boys demonstrated infant weight
gain greater than 0.67 Z-scores (equivalent to one UK
centile band) compared to 32% of girls. Boys, however, had
lower BMI Z-score and % fat at 14 years than girls. At age 7
years, average time in MVPA was 69 min/day in boys and
55 min/day in girls, with 63% of boys meeting the guideline
of ≥60 min/day in MVPA compared to just 36% of girls.
Approximately 10% of children with very rapid infant
weight gain developed obesity compared to 5% of children
with rapid infant weight gain, but here was little difference
across the infant weight gain groups in terms of meeting the
MVPA guidelines (Supplementary Table 1).

Table 2 presents regression models for BMI Z-score and
% fat at 14 years using continuous exposure and effect
modifier variables (the unadjusted estimates are shown in
Supplementary Table 2). As hypothesised, all the infant
weight Z-score gain estimates were positive, all the MVPA
estimates were negative, and all the interaction estimates
were negative. There were also clear patterns in the strength
of the estimates. For boys, in the baseline models adjusted
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Table 1 Description of study sample, by sex.

Males (N= 2267) Females (N= 2399) % missing

Exposures Weight gain 0–3 years (Z-score) Mean (SD) 0.33 (1.22) 0.19 (1.24) 0

Slow (<−0.67) N (%) 449 (19.8) 550 (22.9)

Normal (−0.67 to +0.67) N (%) 1008 (44.5) 1087 (45.3)

Rapid (+0.67 to +1.34) N (%) 399 (17.6) 387 (16.1)

Very rapid (>+1.34) N (%) 411 (18.1) 375 (15.6)

Modifiers VPA at 7 years (min/day) Mean (SD) 22.4 (11.3) 17.6 (9.1) 0

MPA at 7 years (min/day) Mean (SD) 46.7 (13.2) 37.8 (11.3)

MVPA at 7 years (min/day) Mean (SD) 69.1 (22.5) 55.4 (18.8)

Meets guidelines (≥60) N (%) 1431 (63.1) 869 (36.2)

Does not meet guidelines (<60) N (%) 836 (36.9) 1530 (63.8)

Valid days Mean (SD) 5.8 (1.5) 5.6 (1.6)

Valid weekend days Mean (SD) 1.4 (0.8) 1.3 (0.8)

Wear time (h/day) Mean (SD) 12.3 (1.0) 12.2 (1.0)

Outcomes BMI at 14 years (Z-score) Mean (SD) 0.28 (1.22) 0.41 (1.07) 0

% fat at 14 years Mean (SD) 16.2 (7.8) 26.3 (6.6) 0

Adjustment set 1 Birth weight (Z-score) Mean (SD) 0.23 (1.12) 0.21 (1.14) 0

Gestational age (weeks) Mean (SD) 39.4 (1.7) 39.4 (1.7) 0

Ethnicity 0

White British N (%) 2019 (89.1) 2132 (88.9)

Other N (%) 248 (10.9) 267 (11.1)

Adjustment set 2 Family income per annum (£) 7.3

>52,000 N (%) 173 (8.2) 166 (7.5)

31,200–51,999 N (%) 458 (21.8) 438 (19.7)

20,800–31,199 N (%) 535 (25.4) 578 (26.0)

10,400–20,799 N (%) 653 (31.0) 691 (31.1)

3100–10,399 N (%) 261 (12.4) 323 (14.6)

0–3099 N (%) 26 (1.2) 24 (1.1)

Tenure 0

Own (outright or mortgage) N (%) 1713 (75.6) 1749 (72.9)

Other N (%) 554 (24.4) 650 (27.1)

Occupational class 16.0

I (professional) N (%) 140 (7.3) 141 (7.0)

II (managerial and technical) N (%) 928 (48.5) 945 (47.1)

IIIN (skilled non-manual) N (%) 233 (12.2) 216 (10.8)

IIIM (skilled manual) N (%) 379 (19.8) 414 (20.7)

IV (partly skilled) N (%) 196 (10.2) 239 (11.9)

V (unskilled) N (%) 39 (2.0) 50 (2.5)

Maternal age left full-time education 0.02

≥23 N (%) 190 (8.4) 200 (8.3)

21–22 N (%) 358 (15.8) 378 (15.8)

19–20 N (%) 197 (8.7) 201 (8.4)

18 N (%) 428 (18.9) 424 (17.7)

17 N (%) 300 (13.2) 307 (12.8)

≤16 N (%) 793 (35.0) 889 (37.1)

Paternal age left full-time education 6.7

≥23 N (%) 170 (8.1) 193 (8.6)

21–22 N (%) 337 (16.0) 335 (14.9)
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for confounder set 1, each 10 min/day increase in MVPA
attenuated the association of infant weight gain with BMI Z-
score by −0.015 (−0.032, 0.003) units and with % fat by
−0.118 (−0.233, −0.004) units. Additional adjustment for
the SEP variables in confounder set 2 only attenuated the
interaction estimates slightly, while additional adjustment
for the parental BMI variables in confounder set 3 atte-
nuated the interaction estimates more substantially. For
example, the −0.118 (−0.233, −0.004) interaction estimate
for % fat was reduced to −0.065 (−0.173, 0.043) in the
fully adjusted model. For girls, there was no strong evi-
dence of effect modification in any of the models, with the
P values for all interaction terms being >0.6. Note also that
the main effects of MVPA in girls were small, with all but
one set of 95% confidence intervals crossing zero. As
shown in Supplementary Tables 3 and 4, the observed
patterns of effect modification were driven more by vigor-
ous than MPA.

The pattern of results was the same in regression models
replacing the continuous MVPA variable with the binary
MVPA variable (Table 3; the unadjusted estimates are
shown in Supplementary Table 5). Evidence of effect
modification was present in boys but not girls and, among
boys, was stronger for % fat than BMI. In model adjusted
for all confounders, the association between infant weight
Z-score gain and adolescent % fat was 1.883 (1.444,
2.322) among boys with MVPA < 60 min/day and 1.305

(0.920, 1.689) among boys with MVPA ≥ 60 min/day; the
difference between these two estimates being −0.578
(−1.070, −0.087).

The results in Table 4 build on the fully adjusted models
in Table 3 and examines a categorical infant weight gain
variable. As expected, for both boys and girls, children with
rapid or very rapid infant weight gain had higher BMI Z-
score and % fat than children with normal weight gain.
Again, however, it is only in boys that we found evidence
that meeting the MVPA guidelines attenuated these asso-
ciations. For example, % fat was estimated to be 2.981
(1.596, 4.367) units higher among boys who demonstrated
rapid infant weight gain compared to boys who had normal
weight gain, but meeting (as opposed to not meeting) the
MVPA guideline reduced this difference by −2.259
(−3.989, −0.535) units. As shown in Fig. 1, this meant that
boys with rapid weight gain who meet the MVPA guideline
had comparable % fat at 14 years to boys whose infant
weight gain was normal. Evidence of effect modification for
very rapid infant weight gain was weaker.

Discussion

The association of rapid infant weight gain with obesity
has been extensively documented [4–6], but there is very
little empirical evidence on what healthy lifestyle

Table 1 (continued)

Males (N= 2267) Females (N= 2399) % missing

19–20 N (%) 125 (5.9) 127 (5.7)

18 N (%) 235 (11.1) 271 (12.1)

17 N (%) 211 (10.0) 225 (10.0)

≤16 N (%) 1035 (49.0) 1091 (48.7)

Maternal highest qualification 0.02

NQF Level 5+ N (%) 121 (5.3) 132 (5.5)

NQF Level 4 N (%) 887 (39.1) 869 (36.2)

NQF Level 3 N (%) 348 (15.4) 346 (14.4)

NQF Level 2 N (%) 567 (25.0) 663 (27.6)

NQF Level 1 N (%) 186 (8.2) 205 (8.6)

None N (%) 157 (6.9) 184 (7.7)

Paternal highest qualification 6.6

NQF Level 5+ N (%) 183 (8.7) 175 (7.8)

NQF Level 4 N (%) 729 (34.5) 761 (33.9)

NQF Level 3 N (%) 330 (15.6) 334 (14.9)

NQF Level 2 N (%) 528 (25.0) 557 (24.8)

NQF Level 1 N (%) 172 (8.1) 192 (8.6)

None N (%) 171 (8.1) 224 (9.9)

Adjustment set 3 Maternal BMI Mean (SD) 24.6 (4.6) 24.5 (4.6) 10.7

Paternal BMI Mean (SD) 25.9 (3.5) 25.9 (3.7) 17.1
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behaviours might help a child attenuate their increased
obesity risk related to rapid infant weight gain. The key
finding of the present paper is that higher childhood
MVPA was consistently found to reduce the effect size of
infant weight gain on adolescent adiposity outcomes in
boys, but not girls. As shown in sensitivity analyses, this
pattern of effect modification in boys was driven more by
vigorous than MPA. This is in agreement with previous
MCS research showing that VPA, as a percentage of
MVPA, is important in preventing excessive weight gain
in young people [38].

Our findings are in agreement with those of Bernhard-
sen et al. [17] and represent a necessary replication in a
much larger sample (N= 4666 vs 445). The size of our
sample allowed us to also investigate rapid infant weight
gain and the modifying effect of meeting the MVPA
guideline of ≥60 min/day [32]. In boys, ~75% (i.e. 2.259/
2.981 from Table 4) of the excess % fat at 14 years
associated with rapid infant weight gain was attenuated by
meeting the MVPA guideline. This result is novel and
supports a clear public health message regarding the
importance of childhood physical activity levels. Evidence
of effect modification for very rapid infant weight gain was
weaker, suggesting that there is a level of infant weight
gain above which meeting the MVPA guideline is not
enough, by itself, to reduce obesity risk. Further investi-
gation considering multiple lifestyle behaviours is war-
ranted. The other study on this topic by Kolle et al. found
no evidence that the association of infant weight gain
between 0 and 2 years and fat mass index at 30 years was
modified by MVPA levels at 30 years [16]. It would make
sense that this lack of effect modification is because of the
later outcome (and effect modifier) age, but it remains
unclear why the authors observed modification for weight
gain between 2 and 4 years.

The sex differences in our findings were consistent
across all models. Bernhardsen et al. also found no evidence
that MVPA modified the relationship of infant weight gain
with % fat in girls [17]. The most likely explanation is that
girls are simply not meeting levels of MVPA high enough
to attenuate the adverse relationship of rapid infant weight
gain with obesity risk. Indeed, childhood MVPA was not
even associated with adolescent BMI in girls. In our sample,
just 36% of girls meet the guideline of ≥60 min/day in
MVPA at age 7 years compared to 63% of boys. Numerous
other studies have similarly reported lower childhood
MVPA levels in girls than boys [18, 20]. The decline in
MVPA between childhood and adolescence is also greater
in girls than boys [19], suggesting that sex differences in
MVPA after age 7 years would become even more pro-
nounced. Because greater age-related declines in MVPA
have been reported in overweight/obese childhood com-
pared to normal weight children [39], part of the fasterTa
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decline in MVPA in girls than boys might be explained by
their higher overweight/obesity prevalence [2].

Infant growth clearly reflects gains in fat and fat-free
mass and infant weight gain is therefore positively asso-
ciated with childhood lean mass as well as adiposity
[40, 41]. The effect modification we observed was stronger
for % fat than BMI, thereby providing evidence that MVPA
is reducing the association of greater infant weight gain with
higher adiposity not lean mass. The interaction estimates in
boys attenuated most upon adjustment for parental BMI
values. This is unsurprising given the known strong asso-
ciations between parental and offspring BMI [7, 42], part of
which are genetic and part of which are due to shared
environmental factors [43, 44]. Shared environmental fac-
tors are likely to promote rapid infant weight gain and low
MVPA, perhaps in addition to genetic effects related to
parental BMI [45, 46]. We do not interpret our results as
evidence that reductions in parental BMI would make child
MVPA levels obsolete in reducing the obesity risk asso-
ciated with rapid infant weight gain.

The main strengths of this paper include the large sample
size and crucially the collection of device-measured physi-
cal activity in between the exposure (0–3 years) and out-
comes (14 years). By properly considering the temporal
order of events, our analysis is less likely to be biased by
reverse causation, which is a real possibility given evidence
in children that higher BMI can cause lower MVPA [47].
Having our MVPA effect modifier measured in between the
exposure and outcomes could be problematic if it also acts
as a mediator [48], but there is no strong evidence that
infant weight gain affects childhood physical activity levels.
In our sample, the correlation between infant weight Z-score
gain and MVPA (min/day) was only ~0.01 in both sexes.
We are similarly confident in adjusting for confounders
measured during or after 0–3 years of age on the basis that
there is no evidence they are “caused” by the exposure.
Infant weight gain was computed as weight Z-score at 3
years minus weight Z-score at birth. It is worth noting that,
with adjustment for Z-score at birth, the regression of an
outcome on this change variable gives exactly the same
results as using a “conditional change” or “unexplained
residuals” exposure or indeed just using Z-score at 3 years
as the exposure [49, 50]. Unfortunately, length is not
available in the MCS before 3 years of age, which meant
that we were not able to investigate infant weight-for-length
change. This is a common limitation in the rapid infant
weight gain literature [5] and means that infants who are
just becoming large (in weight and length) are grouped with
those who are most at risk of obesity, due to rapid weight
but not length gain. We suspect that our effect sizes may
have been larger if we were able to use infant weight-for-
length gain instead of weight gain. While BMI and % fat are
also available in the MCS at 11 years of age, we decided toTa
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focus on the 14-year data, because by this age most girls
and boys will have reached at least Tanner stage 4 of
pubertal development and many will have reached full
maturity [51–53]. Our results are less likely to be con-
founded by pubertal timing than those in the Bernhardsen
et al.’s study, in which the outcomes were at 9–12 years.
Time in MVPA has a correlation with sedentary time that is
not negligible (approximately −0.4 in our sample). It is
possible that part of the effect modification we document is
due to lower sedentary time rather than higher MVPA [54],
but this is unlikely given the relatively weak (compared to
MVPA) relationship of sedentary time with BMI in children
[55–57]. A pragmatic approach was taken by using FIML to
handle missing confounder data, but known patterns of non-
response in the accelerometer data could have potentially
biased the results [58]. The MCS was designed to be
nationally representative at inception [23], but due to attri-
tion and non-response our results might not be generalizable
to the UK paediatric population or specific sub-groups (e.g.
ethnic minorities).

In conclusion, we provide robust evidence that higher
MVPA in childhood attenuates the positive association of
infant weight gain with adolescent adiposity in boys, but not
girls. Boys with rapid weight gain who meet the MVPA
guideline of ≥60 min/day were found to have comparable
BMI and % fat at 14 years to boys whose infant weight gain
was normal. In boys known to have demonstrated rapid
infant weight gain, increasing childhood MVPA levels, with
the target of ≥60 min/day, might therefore go a long way to
towards offsetting their increased risk for adolescent
obesity.

Supplementary information is available at the Interna-
tional Journal of Obesity’s website.
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