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Background Maternal smoking during pregnancy is associated with reduced
offspring birth length and has been postulated as a risk factor
for obesity. Causality for obesity is not established. Causality is
well-supported for birth length, but evidence on persistence of
height deficits is inconsistent.

Methods We examined the association between maternal smoking during
pregnancy and trajectories of offspring height (0-10 years,
N =9424), ponderal index (PI) (0-2 years, N=9321) and body
mass index (BMI) (2-10 years, N=8887) in the Avon
Longitudinal Study of Parents and Children. To strengthen infer-
ence, measured confounders were controlled for, maternal and part-
ner smoking associations were compared, dose-response and
associations with post-natal smoking were examined.

Results Maternal smoking during pregnancy was associated with shorter
birth length, faster height growth in infancy and slower growth
in later childhood. By 10 years, daughters of women who smoke
during pregnancy are on average 1.11cm (SE =0.27) shorter after
adjustment for confounders and partner smoking; the difference is
0.22cm (SE=0.22) for partner’s smoking. Maternal smoking was
associated with lower PI at birth, faster PI increase in infancy, but
not with BMI changes 2-10 years. Associations were stronger for
maternal than partner smoking for PI at birth and PI changes in
infancy, but not for BMI changes after 2 years. A similar dose-
response in both maternal and partner smoking was seen for
BMI change 2-10 years.

Conclusion Maternal smoking during pregnancy has an intrauterine effect on birth
length, and possibly on adiposity at birth and changes in height and
adiposity in infancy. We do not find evidence of a specific intrauterine
effect on height or adiposity changes after the age of 2 years.

Keywords Smoking, growth, obesity, pregnancy, child, ALSPAC
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Introduction

It is well established that maternal smoking during
pregnancy is associated with lower birth size in off-
spring."™ The evidence relating to the associations
between maternal smoking during pregnancy and off-
spring post-natal growth is, however, less consistent.
Some studies have found that height deficits in chil-
dren born to mothers who smoke during pregnancy
persist,””” whereas others have shown that the gap
narrows soon after birth.®?

More recently, there has also been interest in the
potential effects of maternal smoking during preg-
nancy on offspring obesity. A systematic review and
meta-analysis (N=84563) showed that smoking
during pregnancy is associated with increased odds
of being overweight in the offspring [pooled odds
ratio (OR) 1.50, 95% confidence interval (95% CI)
1.36-1.65],'"° with results not attenuated by adjust-
ment for confounders. However, a recent study com-
paring siblings for whom maternal smoking during
pregnancy was discordant (an approach which can
partially control for unmeasured confounders) con-
cluded that observed associations between smoking
during pregnancy and offspring obesity are likely to
be confounded by shared familial characteristics
rather than causally related to intrauterine
mechanisms. "’

Previous publications from the Avon Longitudinal
Study of Parents and Children (ALSPAC) have
demonstrated associations between maternal smoking
during pregnancy and reduced height at the age of 7.5
years,'> and increased adiposity at the ages of 7 and
9.9 years using single measures of height and adipos-
ity.">'* We build on this work to explore associations
between maternal smoking during pregnancy and in-
dividual trajectories of height and adiposity between
birth and the age of 10 years. This will enable us to
explore the extent to which differences in height and
adiposity at birth between the offspring of smokers
and non-smokers are overcome with age, and identify
the ages at which any such changes occur. In order to
investigate the extent to which any observed associ-
ations are due to confounding, we apply several
techniques. First, we control for a wide set of socio-
economic and familial variables. Secondly, we com-
pare the associations of maternal smoking during
pregnancy with those of her partner’'s smoking
during pregnancy in order to explore the existence
of any unmeasured familial confounders including
socio-economic, behavioural and genetic factors."” If
the associations of maternal and her partner’s smok-
ing with offspring growth trajectories are similar,
this is suggestive of confounding by familial factors
rather than any causal intrauterine effect of maternal
smoking. As proof of principle of the validity of this
approach, we have previously shown that the associ-
ation of maternal smoking in pregnancy with off-
spring birthweight (an association accepted as causal
via intrauterine factors) is considerably stronger than
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the association of partner smoking with offspring
birthweight in ALSPAC."”> Our third tool to improve
inference is to explore whether there is a dose—
response for intensity of maternal and partner smok-
ing. Finally, we compare the growth trajectories of
offspring of women who smoke during pregnancy
with those of women who do not smoke during preg-
nancy but (re-)start soon after delivery, since if the
growth patterns in these two groups are similar then
confounding is more likely.

Subjects and Methods

ALSPAC is a prospective birth cohort study in South-
West England.'® Pregnant women resident in one
of the three Bristol-based health districts with an
expected delivery date between April 1, 1991 and
December 31, 1992 were invited to participate. Of
these women, 14541 were recruited; there were
14062 live-born children, 13988 of whom were alive
at 1 year. Follow-up has included parent- and
child-completed questionnaires, links to routine data
and clinic attendance. Ethical approval was obtained
from the ALSPAC Law and Ethics Committee and the
local research ethics committees.

Dichotomous indicators of any/no smoking during
pregnancy were based on self-report data, the details
of which are found in the Supplementary Data, avail-
able as Supplementary data at IJE online.

In addition to the dichotomous variables, a three-
category measure of smoking dose was created for
both mothers and their partners; individuals were
classified as non-smokers, light smokers (<10 cigar-
ettes/day) and heavy smokers (>10 cigarettes/day).
A three-category indicator of maternal post-natal
smoking status was created: did not smoke during
pregnancy and had not (re-)started smoking by
8 weeks post delivery, did not smoke during preg-
nancy but had (re-)started smoking by 8 weeks post
delivery, or smoked during pregnancy.

Height and weight data were available for ALSPAC
participants from several sources; measurement
methods and number of measures per child are de-
tailed in the Supplementary Data, available as
Supplementary data at IJE online. Within ALSPAC,
the only measures of adiposity repeated across the
whole of childhood were those based on height and
weight. Body mass index (BMI, kg/m?) is the most
common way of adjusting weight for height. Patterns
of BMI change in early childhood are extremely com-
plicated. Given this, we decided not to model BMI
from birth. Rather, ponderal index (PI, kg/m’) was
used as the measure of adiposity from birth to
the age of 2 years. BMI was modelled from the age
of 2-10 years.

Individual trajectories of height between the ages 0
and 10 years, PI between the ages 0 and 2 years and
BMI between the ages 2 and 10 years were estimated
using random-effects linear spline models'” (two
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levels: measurement occasion and individual). These
models allow for the change in scale and variance of
growth measures over time and use all available data
from all eligible children under a missing at random
assumption. They allow for individual variation in tra-
jectories, since random effects allow each individual
to have different intercepts and slopes (rates of
growth in each linear spline period). Trajectories
were modelled separately for boys and girls, and not
beyond the age of 10 years since puberty would ne-
cessitate individual spline points due to variation in
age at puberty onset. Full statistical methodology is in
the Supplementary Data, available as Supplementary
data at IJE online.

Variables considered as potential confounders were
maternal education, household occupational social
class, parity, maternal age, maternal height, maternal
BMI, gestational age at birth and breastfeeding.
Measurements are detailed in the Supplementary
Data, available as Supplementary data at IJE online.
Associations  between maternal/partner smoking
during pregnancy and confounders were assessed by
tabulations and logistic regressions.

Analyses were restricted to children alive at the age
of 1 year, with at least one measure of height/adipos-
ity between the ages 0 and 10 years, data on maternal
and her partner’s smoking during pregnancy and all
confounders. Where relevant, analyses were further
restricted to those with dose/maternal post-natal
smoking data.

Associations between growth trajectories and (i)
maternal/partner smoking during pregnancy, (ii) ma-
ternal/partner smoking dose and (iii) maternal
post-natal smoking were modelled by including inter-
action term(s) in the random-effects models between
the smoking variables and the intercept (birth length,
PI at birth, or BMI at the age of 24 months) and each
growth coefficient (rate of height growth, PI change
or BMI change in each linear spline period). An ex-
ample model is shown in the Supplementary Data,
available as Supplementary data at IJE online.
Heterogeneity tests were performed in Stata using
the ‘metan’ command to assess the statistical evi-
dence for differences between maternal and partner
coefficients.

Analyses were carried out using the statistical pack-
ages Statall,'® MLwiN v2.24'" and the Stata com-

mand ‘runmlwin’.?°

Results

The eligible sample for the main analysis was
9424 offspring for height models, 9321 for PI models
and 8887 for BMI models (64-67% of the cohort
members alive at the age of 1 year). Of the mothers
included in our analysis, 20.5% of them and 36.1%
of their partners smoked during the pregnancy.
Overall, 3471 (39%) of households were discordant for
parental smoking (further details in Supplementary

Data, available as Supplementary data at IJE
online). Sample sizes and prevalences for dose-
response and post-natal smoking analysis are de-
tailed in Supplementary Data and Supplementary
Tables S1 and S2, available as Supplementary data
at IJE online.

Although the participants included in our analyses
were of higher socio-economic position than those
excluded (Supplementary Table S3, available as
Supplementary data at IJE online), the association
between maternal smoking during pregnancy and
birth length did not differ between participants
included in our analyses and those excluded due to
missing data on confounders (Supplementary Table
S4, available as Supplementary data at IJE online).
Women who smoked during pregnancy tended to be
of lower socio-economic position, higher parity,
younger age and shorter height than those who did
not (Supplementary Table S5, available as Supple-
mentary data at IJE online); similar associations
with these characteristics were observed for partner
smoking (Supplementary Table S6, available as
Supplementary data at IJE online). There was some
evidence that associations with maternal education,
age and height and breastfeeding were stronger for
partner smoking than maternal smoking; the reverse
was true for household social class and no differences
were observed for parity, gestational age or maternal
BMI (Supplementary Table S7, available as
Supplementary data at IJE online).

The multi-level models identified (Supplementary
Figures S1-S3, available as Supplementary data at
IJE online):

(i) four periods of length/height growth (boys:
birth to 3, 3-10, 10-29, 29-120 months;
girls: birth to 2, 2-11, 11-32, 32-120 months);
two periods of PI change in boys (birth to 2 and
2-24 months);

three periods of PI change in girls (birth to 1,
1-4 and 4-24 months); and

six periods of BMI change (boys: 24-56, 56-67,
67-73, 73-79, 79-105 and 105-120 months;
girls: 24-60, 60-65, 65-75, 75-81, 81-103 and
103-120 months).

(ii)
(i)

(iv)

Maternal smoking during pregnancy is associated
with lower birth length (Tables 1 and 2) and this
association remains after adjustment for confounders
and after mutual adjustment for partner’s smoking.
In fully adjusted models, maternal smoking is asso-
ciated with a 0.67cm (SE=0.09) lower birth length
in girls and 0.63cm (SE=0.08) in boys. In un-
adjusted models, partner’s smoking is also associated
with lower birth length, but this is attenuated by ad-
justment for confounders and maternal smoking
(Table 3). There is strong evidence for a statistical
difference between the coefficients of maternal and
partner’s smoking for birth length (P <0.001)
(Tables 1 and 2). For girls, there is evidence of a
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Table 3 Predicted differences in height and adiposity between the offspring of smokers and non-smokers

Predicted
measurement for
offspring of
non-smokers (SE)

Predicted change (SE) comparing offspring
of smokers with non-smokers

Maternal smoking Partner smoking

Girls
Height (cm)
Birth 50.75 (0.11)
Age 2 years 86.52 (0.12)
Age 10 years 140.67 (0.16)
Adiposity
PI at birth (kg/m’) 26.37 (0.12)
BMI at age 2 years) (kg/m?) 16.55 (0.10)
BMI at age 10 years 17.79 (0.11)
Boys
Height (cm)
Birth 51.55 (0.10)
Age 2 years 88.33 (0.11)
Age 10 years 141.53 (0.15)
Adiposity
PI at birth (kg/m’) 25.86 (0.10)
BMI at age 2 years 16.85 (0.19)
BMI at age 10 years 16.22 (0.08)

—0.67 (0.09) +0.04 (0.07)
—0.37 (0.12) +0.13 (0.10)
—1.11 (0.27) +0.22 (0.22)
—0.09 (0.10) +0.03 (0.10)
+0.14 (0.10) +0.05 (0.08)
+0.39 (0.14) +0.35 (0.11)
—0.63 (0.08) +0.11 (0.07)
—0.26 (0.12) +0.04 (0.10)
—0.46 (0.26) —0.10 (0.22)
—0.21 (0.11) —0.06 (0.09)
—0.14 (0.48) +0.07 (0.37)
+0.24 (0.08) +0.10 (0.07)

Values are predicted from the multi-level models, based on models adjusted for confounders and mutually adjusted for both
maternal and partner’s smoking. Height/lengths are in centimetres, PI is in kilograms cubic per metre, BMI is in kilograms per

square metre.

dose-response in the relationship between maternal
smoking and offspring birth length, with the lower
birth length among smokers compared with
non-smokers being twice the magnitude for heavy
smokers (—1.02cm) compared with light smokers
(—0.53cm); in boys there was no dose-response,
with differences in comparison with non-smokers
being the same for heavy and light smokers (both
—0.64cm) (Table 4). There is no reduction in birth
length for the offspring of women who do not
smoke during pregnancy but (re-)start within 8
weeks of delivery in either girls or boys (Table 5).
In the first year of life, the offspring of women who
smoke during pregnancy grow faster than the off-
spring of non-smokers (growth periods 1 and 2 in
Tables 1 and 2). In girls, the association between part-
ner’'s smoking and offspring growth in the first few
months of life (growth period 1 in Tables 1 and 2) is
similar to the association with maternal smoking after
mutual adjustment (P-value for heterogeneity is 0.93);
in boys, the coefficients are in opposite directions
with maternal smoking associated with faster
growth and partner’'s smoking associated with
slower growth, but there is no statistical evidence of
heterogeneity (P=0.46) and the coefficients have
large standard errors in both girls and boys. The

positive association between maternal smoking in
pregnancy and growth in later infancy (growth
period 2 in Tables 1 and 2) is not attenuated by ad-
justment for measured confounders or mutual adjust-
ment for partner’s smoking. A positive association for
growth in this period is also seen for partner’s smok-
ing, but the magnitude is ~4-fold weaker than for
maternal smoking, with some evidence of statistical
heterogeneity between the maternal and partner coef-
ficients (P=0.07 for girls, 0.11 for boys).

Later in childhood, between the ages ~1 and
10 years, the offspring of women who smoke grow
more slowly in height than those of non-smokers.
This association is weak but not attenuated by mea-
sured confounders. In boys, the associations with
growth between the ages 1 and 10 years are approxi-
mately similar for maternal and partner’s smoking; in
girls, there is some indication of maternal smoking
being more strongly associated with slower growth
than partner smoking in the final growth period
only (growth period 4 in Table 1); P-value for hetero-
geneity is 0.01.

By the age of 10 years, the daughter of a woman
who smoked during pregnancy is on average 1.11 cm
(SE=0.27) shorter than the daughter of a non-
smoker once measured confounders and partner’s
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Table 4 Dose-response in predicted differences in height and adiposity between the offspring of smokers and non-smokers

Predicted change (SE) comparing offspring of
smokers with non-smokers

Predicted Light Heavy
measurement for maternal maternal Light partner = Heavy partner
offspring of smoking: <10 smoking: >10 smoking: <10 smoking: >10
non-smokers (SE) cigarettes/day cigarettes/day cigarettes/day cigarettes/day
Girls
Height (cm) N=3351
Birth 50.39 (0.14) —0.53 (0.12) —1.02 (0.15) +0.04 (0.11) +0.11 (0.10)
Age 2 years 86.23 (0.15) —0.21 (0.17) —0.31 (0.22) —0.08 (0.16) —0.01 (0.15)
Age 10 years 140.55 (0.20) —0.74 (0.38) —1.70 (0.51) —0.31 (0.34) —0.19 (0.33)
Adiposity N=3189
PI at birth (kg/m?) 26.25 (0.15) +0.01 (0.17) —0.53 (0.21) —0.06 (0.15) +0.08 (0.14)
BMI at age 2 years (kg/m?) 16.49 (0.12) +0.29 (0.14) —0.15 (0.17) 40.10 (0.13) +0.05 (0.11)
BMI at age 10 years 17.73 (0.13) +0.22 (0.19) +0.47 (0.25) +0.29 (0.17) +0.43 (0.17)
Boys
Height (cm) N=3544
Birth 51.11 (0.15) —0.64 (0.12) —0.64 (0.16) +0.18 (0.11) +0.03 (0.11)
Age 2 years 87.94 (0.15) —0.06 (0.17) —0.27 (0.23) +0.09 (0.16) —0.26 (0.15)
Age 10 years 141.26 (0.20) —0.24 (0.36) —0.73 (0.50) —0.04 (0.33) —0.33 (0.32)
Adiposity N=3288
PI at birth (kg/m?) 25.83 (0.14) —0.07 (0.15) —0.37 (0.20) 40.04 (0.14) —0.09 (0.14)
BMI at age 2 years 16.89 (0.25) +0.40 (0.67) —2.10 (1.02) +0.45 (0.58) +0.24 (0.52)
BMI at age 10 years 16.23 (0.11) +0.09 (0.11) +0.14 (0.16) —0.08 (0.10) +0.21 (0.10)

Values are predicted from the multi-level models, based on models adjusted for confounders

and mutually adjusted for both
maternal and partner’s smoking. Height/lengths are in centimetres, PI is in kilograms per cubic metre, BMI is in kilograms per
square metre. Maternal smoking dose calculated from the highest smoking level reported from three antenatal questionnaires.

Partner smoking dose calculated from reported smoking behaviour in a questionnaire at 18 weeks’ gestation.

smoking have been adjusted for; the difference is
0.22cm (SE=0.22) for partner’s smoking (Table 3).
The equivalent differences in boys are 0.46cm
(SE=0.26) for maternal smoking and 0.10cm
(SE=0.22) for partner smoking. The offspring of
women who (re-)started smoking within 8 weeks of
delivery show a much smaller height deficit than
those whose mothers smoked during pregnancy
(Table 5).

The offspring of women who smoke during preg-
nancy have a PI at birth 0.09kg/m’ (girls, SE =0.10)
or 0.21kg/m’> (boys, SE=0.11) lower than offspring
of women who do not smoke in pregnancy (Tables 1
and 2) in adjusted models. For both boys and girls,
this association is not attenuated by adjustment for
measured confounders. In mutually adjusted models,
the negative association of maternal smoking with PI
at birth is stronger for maternal than partner smok-
ing. However, the standard errors of coefficients for
both maternal and partner smoking and PI at birth
are large, and there is little statistical evidence of a
difference between the associations of maternal and
partner’s smoking with PI at birth (P-values for

heterogeneity of maternal and partner coefficients
0.30 for boys, 0.37 for girls). There is, however, an
indication of a dose-response, with the reduction in
PI at birth being much greater in the offspring of
women who smoke heavily during pregnancy com-
pared with the reduction association with light smok-
ing (Table 4). The associations with post-natal
smoking and PI at birth are qualitatively different
for boys and girls (formal interaction tests were not
performed); in girls both maternal smoking during
pregnancy and post-natal smoking are associated
with a reduced PI at birth, whereas in boys the re-
duction in PI at birth is confined to maternal smoking
during pregnancy (Table 5).

Male offspring of women who smoke have faster
rates of PI increase in the first 2 months of life, and
female offspring have slower rates of PI decrease in
the first 1 month of life and faster rates of PI increase
between the ages 1 and 4 months. Among girls, the
associations with PI changes are in opposite directions
for maternal and partner’s smoking, although there is
only statistical evidence of a difference between the
coefficients for the first 1 month of life (P=0.03).
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Table 5 Differences in predicted differences in height and adiposity between the offspring of women who do not smoke
during or after pregnancy, those who stop smoking during pregnancy but restart soon afterwards, and those who smoke

during pregnancy

Predicted measurement
for offspring of
non-smokers (SE)

Predicted change (SE) comparing offspring with
those whose mothers are non-smokers

Restarters: no smoking during
pregnancy but resumed within

8 weeks of delivery Pregnancy smokers

Girls
Height (cm) N =4302
Birth 50.55 (0.13)
Age 2 years 86.31 (0.13)
Age 10 years 141.04 (0.17)
Adiposity N =4095
PI at birth (kg/m’) 26.25 (0.13)
BMI at age 2 years (kg/m?) 16.53 (0.11)
BMI at age 10 years 17.83 (0.12)
Boys
Height (cm) N =4503
Birth 51.21 (0.13)
Age 2 years 87.96 (0.13)
Age 10 years 141.20 (0.16)
Adiposity N =4245
PI at birth (kg/m’) 25.92 (0.12)
BMI at age 2 years 16.84 (0.20)
BMI at age 10 years 16.22 (0.10)

40.20 (0.20) —0.66 (0.08)
+0.17 (0.30) —0.27 (0.12)
—0.08 (0.69) —0.96 (0.27)
—0.10 (0.28) —0.05 (0.12)
—0.25 (0.24) +0.15 (0.10)
—0.11 (0.35) +0.54 (0.14)
+0.33 (0.20) —0.55 (0.08)
+0.08 (0.29) —0.26 (0.12)
—0.23 (0.62) —0.60 (0.25)
40.25 (0.27) —0.17 (0.11)
40.19 (1.05) —0.26 (0.47)
+0.26 (0.20) +0.24 (0.08)

Values are predicted from the multi-level models, based on models adjusted for confounders and mutually adjusted for both
maternal and partner’s smoking. Height/lengths are in centimetres, PI is in kilograms per cubic metre, BMI is in kilograms square
per. Non-smokers are those who reported no smoking in any of the three antenatal questionnaires. Restarters are those who
reported no smoking in any of the three antenatal questionnaires but who reported that they had (re-)started smoking since the
birth in a questionnaire at ~8 weeks after delivery. Pregnancy smokers are those who reported smoking at any time during

pregnancy in the three antenatal questionnaires.

Among boys, the associations with PI changes in the
first 2 months are ~5-fold stronger for maternal
smoking than for partner’s smoking (P-value for het-
erogeneity of coefficients is 0.05). All of these associ-
ations, however, are of small magnitude when
compared with the mean and standard deviation of
average PI change rates, and have large standard
eTTOorS.

There is little evidence of differences in PI changes
later in infancy and BMI changes between the ages 2
and 10 years between the offspring of smokers and
non-smokers. Some of the coefficients are of greater
magnitude for maternal smoking and others are
stronger for partner’s smoking, but all effect sizes
are very small with large standard errors and there
is no statistical evidence of maternal-partner differ-
ences in any of the coefficients.

By the age of 2 years, the male offspring of women
who smoked during pregnancy remain slightly less
adipose than the offspring of non-smokers; their

BMI is on average 0.14kg/m” (SE=0.48) lower than
the offspring of smokers. In girls, however, maternal
smoking during pregnancy is associated with higher
BMI by the age of 2 years of 0.14kg/m? (SE=0.10)
(Table 3). When the cumulative effect of all adiposity
changes up to the age of 10 years is calculated, ma-
ternal smoking during pregnancy has a similar asso-
ciation with offspring adiposity compared with
partner’s smoking for girls; but for boys, there is a
stronger association for maternal smoking. After ad-
justment for confounders, maternal smoking in preg-
nancy is associated with higher BMI at the age of 10
years by an average 0.39kg/m® (SE=0.14) in girls
and 0.24kg/m? (SE=0.08) in boys. The observed in-
creases in BMI by the age of 10 years for partner’s
smoking during pregnancy are 0.35kg/m” (SE=0.11)
for girls and 0.10 kg/m? (SE =0.07) for boys (Table 3).
The difference in BMI at the age of 10 years compared
with the baseline group of non-smokers is greater for
the offspring of women who smoked heavily during
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pregnancy than for the offspring of women who
smoked lightly (Table 4). However, a similar differ-
ence between heavy and light smokers is observed for
partner smoking. In girls, the difference in BMI at the
age of 10 years compared with the baseline group of
non-smokers is greater for the offspring of women
who smoked during pregnancy than for women who
(re-)started smoking within 8 weeks of delivery, but
in boys these groups have a similar elevation in BMI
at the age of 10 years (Table 5).

Discussion

Our data are consistent with maternal smoking redu-
cing offspring birth length through a causal intrauter-
ine effect; this association was strong, resistant to
adjustment for observed confounding factors, not
observed for partner’s smoking during pregnancy
and not observed in the offspring of women who
(re-)started smoking within 8 weeks of delivery.
This is consistent with the large body of literature
suggesting a causal effect of maternal smoking
during pregnancy on birth size."*?'?? Several poten-
tial mechanisms for the causal effect of smoking on
birth size have been postulated, including the vaso-
constrictive action of nicotine and fetal hypoxia,?***
and it is possible that these mechanisms could result
in lasting changes to the infant that would affect
post-natal growth. In our study, there was some in-
dication of different post-natal growth patterns in the
offspring of maternal smokers compared with non-
smokers, with children of smokers growing more rap-
idly in infancy but more slowly later in childhood.
However, differences in post-natal height growth
rates between the offspring of smokers and non-
smokers are relatively small, and could be explained
by chance. Thus the height differential, which persists
across childhood as previously observed in this co-
hort,'? appears to be largely due to smaller birth
length rather than to different post-natal height
growth patterns.

Animal studies have suggested an association be-
tween maternal nicotine exposure and changes in adi-
pose tissue and glucose metabolism, which would be
consistent with maternal smoking during pregnancy
having a causal effect on greater offspring adipos-
ity.”*7 Although many observational studies in
human populations have also demonstrated an asso-
ciation between maternal smoking during pregnancy
and increased offspring adiposity,'®''**~! including
one showing stronger maternal than paternal effects’
and another carried out on a cohort born between
1959 and 1966, when smoking during pregnancy
was more common and less socio-economically con-
founded, and average BMI levels were lower,’' the
degree to which this association is causal via intra-
uterine mechanisms is uncertain, with confounding
by familial factors potentially very important."' In
our data, the offspring of women who smoke during

pregnancy have a slightly lower PI at birth, and faster
rates of adiposity change in the first few months of
life. By the age of 2 years, male children born to
women who smoked during pregnancy remain of
slightly lower BMI than those born to non-smokers
or to women whose partners smoked, but female off-
spring of smokers have slightly higher BMI. By the
age of 10 years, children of both genders born to
women who smoked during pregnancy have greater
BMI. Associations between maternal smoking during
pregnancy and adiposity changes were not attenuated
by adjustment for measured confounders. For PI at
birth, we did not demonstrate statistical heterogeneity
between the coefficients for maternal and partner’s
smoking, indicating that this observed maternal-part-
ner difference may be due to chance, although a
dose-response was observed such that the reduction
in PI at birth was largely restricted to the offspring of
women who smoked heavily (>10 cigarettes/day). For
PI changes in the first months of life, there is some
evidence that the coefficients for maternal and part-
ner's smoking are different, indicating a possible
effect of maternal smoking during pregnancy on adi-
posity changes in the early months of life. However,
the coefficient sizes were small with large standard
errors, thus the associations could be due to chance
and require replication in other studies. For PI
changes in later infancy and BMI changes between
the ages 2 and 10 years, however, the associations
with maternal and partner’s smoking are equivalent,
suggesting that any associations between smoking
during pregnancy and adiposity changes after early
infancy may be due to either confounding by unmeas-
ured familial factors. These findings contrast with re-
sults from a recent publication, which reported that in
Brazilian children born either in 1993 or 2004, mater-
nal smoking in pregnancy was associated with greater
offspring BMI at ages 12 and 48 months, with no
association with partner’s smoking and statistical evi-
dence for differences between maternal and paternal
smoking.’? The population differences between the
two studies and the inability of the Brazilian study
to examine associations into later childhood might
explain these differences. Although we found a
dose-response such that the offspring of women
who smoke heavily (>10 cigarettes/day) have a
higher BMI at the age of 10 years than the offspring
of light smokers, a similar dose response is observed
for partner’s smoking. At least in boys, the increase in
BMI at the age of 10 years is also similar for the
offspring of women who (re-)started smoking
within 8 weeks of delivery. Together, these observa-
tions suggest that the associations we observe in later
childhood for BMI are due to confounding rather
than a causal effect of maternal smoking in
pregnancy.

The main strengths of our analyses are the large
sample size, the use of repeat measures of height
and adiposity, the multiple approaches to control for
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both measured and unmeasured confounding factors
and the use of dose information and data on
post-natal smoking. One limitation of our study is
that we have used self-reported data on smoking
during pregnancy, although a meta-analysis of studies
comparing self-reported smoking with biochemical
measures provides reassurance for using self-reported
smoking behaviour, since it was found to have good
sensitivity and specificity.”®> This meta-analysis did
not, however, include studies during pregnancy,
when the bias may be greater due to the stigma at-
tached to pregnancy smoking. However, the fact that
we do not see a reduction in birth length for the off-
spring of women who report not having smoked
during pregnancy, but (re-)started within 8 weeks of
delivery, provides support for the validity of the
self-reported smoking data. We have reported results
separately for boys and girls because the growth tra-
jectories were modelled separately by gender; thus we
cannot formally test for interactions by gender. Any
gender differences may be due to chance, and differ-
ences observed between girls and boys should be in-
terpreted with caution.

Thus, overall, these analyses are consistent with an
intrauterine effect of maternal smoking on birth
length and possibly also on adiposity at birth and
on height and adiposity changes in infancy. We do
not find any strong evidence of an intrauterine
effect on changes in height or adiposity after infancy.
Apart from the associations with birth length, most
other coefficient sizes were small with large standard
errors, and therefore these associations require repli-
cation in other studies and utilization of other meth-
odologies such as Mendelian randomization.’*

Supplementary Data

Supplementary Data are available at IJE online.
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KEY MESSAGES

Maternal smoking during pregnancy is a known causal risk factor for smaller birth size, but associ-
ations with post-natal growth are less clear.

Although smoking during pregnancy has been postulated as a risk factor for offspring obesity, caus-
ality has not been established.

Using longitudinal analysis of growth trajectories and several approaches to control for known and
unknown confounders, we show that although height deficits for offspring of women who smoke
during pregnancy persist into childhood, these are largely due to the lower birth length rather than
differences in post-natal growth rates.

We observe that children of women who smoke during pregnancy have higher BMI, but comparisons
with partner smoking during pregnancy indicate that this association may be confounded by
unmeasured familial factors.

Taken together, our different methods for assessing causality suggest that maternal smoking during
pregnancy has an intrauterine effect on birth length, and possibly on adiposity at birth and changes
in height and adiposity in infancy, but does not affect the change in height or adiposity after the age
of 2 years.
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