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Abstract

tobacco dosage.

and development.

Background: Despite considerable global efforts to reduce growth faltering in early childhood, rates of stunting
remain high in many regions of the world. Current interventions primarily target nutrition-specific risk factors, but
these have proven insufficient. The objective of this study was to synthesize the evidence on the relationship
between active tobacco use during pregnancy and growth outcomes in children under five years of age.

Methods: In this systematic review and meta-analysis, six online databases were searched to identify studies
published from January 1, 1980, through October 31, 2016, examining the association between active tobacco use
during pregnancy and small-for-gestational age (SGA), length/height, and/or head circumference. Ecological studies
were not included. A meta-analysis was conducted, and subgroup analyses were carried out to explore the effect of

Results: Among 13,189 studies identified, 210 were eligible for inclusion in the systematic review, and 124 in the
meta-analysis. Active tobacco use during pregnancy was associated with significantly higher rates of SGA (pooled
adjusted odds ratio [AORs] = 1.95; 95% confidence interval [Cl]: 1.76, 2.16), shorter length (pooled weighted mean
difference [WMD] = 043; 95% Cl: 0.41, 0.44), and smaller head circumference (pooled WMD = 0.27; 95% Cl: 0.25, 0.29)
at birth. In addition, a dose-response effect was evident for all growth outcomes.

Conclusion: Tobacco use during pregnancy may represent a major preventable cause of impaired child growth

Keywords: Tobacco, Pregnancy, Child growth, Length/height, Small for gestational age, Head circumference

Background

Globally, chronic undernutrition and the resultant growth
faltering affect approximately 23% of children under five
years of age [1]. The prevalence of stunting, the most
common indicator for growth faltering and defined as
height-for-age z-score (HAZ) two or more standard devia-
tions below the median of the reference population, is high-
est in Asia and Africa, where it is estimated to affect 87
million and 59 million children under five years of age,
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respectively [1]. Chronic undernutrition and growth falter-
ing are associated with long-term health outcomes that
span all life stages. These include increased childhood mor-
bidity and mortality, loss of physical growth potential, re-
duced neurodevelopmental and cognitive function, elevated
risk of chronic disease in adulthood, reduced educational
attainment, and impaired economic productivity [2, 3].

In 2013, The Lancet series on Maternal and Child Nu-
trition highlighted that beyond a package of ten proven
nutrition-specific interventions, the factors contributing
to stunting have still not been comprehensively charac-
terized [4]. There is a growing awareness of the com-
plexity of growth faltering and the need to complement
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nutrition-specific efforts that address the immediate
determinants of malnutrition with nutrition-sensitive
approaches that address the underlying determinants of
malnutrition in order to accelerate progress.

The first 1000 days of life, from conception through age
two years, present a critical developmental period, in
which most linear growth faltering occurs [3, 5]. Within
this timeframe, the gestational period is considered the
most critical because linear growth occurs most rapidly in
utero. Therefore, pregnancy is an essential window of op-
portunity in which nutrition-sensitive interventions target-
ing the mother can have an optimal effect on stunting
reduction in the child later in life [3]. In addition to factors
associated with the mother’s characteristics and under-
lying health conditions, there are several external modifi-
able exposures that may have an important impact on the
developing fetus during pregnancy.

Tobacco use by women of reproductive age is highly
prevalent in many regions [6], yet it is often understudied
and underestimated, especially among vulnerable and re-
mote populations in low-income country settings. In 2015,
there were an estimated 933 million daily smokers world-
wide, representing 25% of all men and 5.4% of all women
[7]. The total number of tobacco users is on the rise,
particularly in the developing world, due to population
growth, an emerging market for consumption, and a lack
of regulations [7]. Without the implementation of re-
duction strategies, estimated smoking rates will in-
crease to 20% by 2025 among women in low-income
countries [6, 8]. Globally, 1.7% of pregnant women
smoke and 8.1% of pregnant European women smoke
[9]. Almost three-quarters (72.5%) of pregnant women
who smoke are daily smokers, and 27.5% of them are
occasional smokers. The proportion of women who
smoke daily and continue to smoke daily during preg-
nancy is 52.9%, ranging from 30.6% in the European
Region to 79.6% in the Western Pacific Region [9].

In addition to cigarette and pipe smoking, the global to-
bacco burden encompasses smokeless products such as
snuff, chewing products, and other traditional products.
More than 300 million people in at least 70 countries use
smokeless tobacco products [10]. An analysis of 54 low-
and middle-income countries found that in 21 countries,
smokeless tobacco was the primary form of tobacco use
among pregnant women [11]. Interestingly, there is some
geographic overlap of high prevalence of tobacco use by
women and high prevalence of stunting in children. This is
the case for countries in South Asia such as India and
Bangladesh and for certain countries in sub-Saharan Africa.

There is considerable existing evidence linking tobacco
use during pregnancy with child measurements such as
low birth weight (LBW) [12—-19] or small fetal size during
gestation [20]. However, these measurements have often
lacked an adjustment for gestational age, and therefore the
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relationship between tobacco use during pregnancy and
linear growth faltering has not yet been fully established.

Recent years have seen the emergence of descriptive and
inferential studies using gestational growth outcomes that
are better indicators of early linear growth faltering than is
LBW. Specifically, small-for-gestational age (SGA), most
often defined as a fetal/infant length/weight for gestational
age below the tenth percentile of the reference population,
has been shown to be a useful marker for early linear
growth faltering. Three recent studies have established the
relationship between SGA and stunted linear growth by
five years of age, suggesting that SGA is an important
potential precursor of stunting [21-23].

In addition, length at birth, particularly among term
births, has been shown to be a strong predictor of height
later in life [24]. Also of interest is head circumference,
which is reflective of brain size and linked to cognitive func-
tion in young children, independent of birth weight [25].

To date, no systematic review has been conducted to
characterize the association between tobacco use during
pregnancy and linear growth faltering using these indica-
tors. To explore this potential nutrition-sensitive risk fac-
tor, we considered it important and timely to review and
synthesize the current literature on the relationship be-
tween tobacco use during pregnancy and gestational
growth outcomes that likely lead to linear growth faltering.

The objective of this systematic review and meta-analysis
was therefore to examine the impact of tobacco use during
pregnancy on child growth, as measured by SGA, length/
height, and head circumference in children under five years
of age.

Methods
Search strategy and selection criteria
In this systematic review and meta-analysis, we conducted
comprehensive and structured literature searches in CABI
Global Health, CINAHL, Embase, Global Index Medicus,
PubMed, and Web of Science databases to identify studies
published from January 1, 1980, through October 31,
2016, on the association between active tobacco use dur-
ing pregnancy and child growth. Our search strategies
consisted of a combination of Medical Subject Headings
(MeSH), free-text words, and words in titles and abstracts,
for the exposure population, the exposure of interest, the
outcome population, and the outcomes of interest. We
limited the search to published studies in English, French,
Portuguese, and Spanish. No regional restrictions were
imposed, and all study designs except ecological were
considered. The detailed search strategy used for PubMed
is provided in Additional file 1: Appendix 1. The complete
list of all studies included in this systematic review is listed
in Additional file 2: Appendix 2.

During the screening process, studies that collected data
on active tobacco use as either a dichotomous measure,
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dosage, and/or frequency at any time during pregnancy
based on self-reporting and/or biomarker assessment were
included in the review. At least one of the following child
growth outcomes was considered, when measured during
gestation, at birth, or until five years of age: SGA,
length/height, and head circumference (Additional file 3:
Table S1). Two definitions for SGA were considered:
fetal/infant length/weight for gestational age either
below the tenth percentile, or two standard deviations
or more below the median, according to a population
reference or standard growth curves. We excluded
LBW as an outcome during the screening process after
verifying that a systematic review focusing on this spe-
cific association was being conducted simultaneously.
Titles and abstracts were independently screened by
two reviewers to identify eligible studies according to
the inclusion and exclusion criteria (Additional file 4:
Table S2), and conflicts were resolved by a third re-
viewer. Finally, full texts were independently assessed
by the two reviewers.

Data from each study were extracted and synthesized in
Microsoft Excel. A quality assessment of all 210 studies
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included in the systematic review was conducted using a
set of 12 criteria adapted from National Institutes of
Health quality assessment tools (Additional file 5: Table
S3). Case-control studies were scored on a scale of 0 to 26
points based on these criteria, where the quality of studies
with 0 to 12 points was considered ‘poor;13 to 17 points
“fair; and 18-26 points ‘good.” All other study types were
scored on a scale of 0 to 24, where the quality of studies
with 0 to 10 points was considered ‘poor; 11 to 15 points
“fair; and 16 to 24 points ‘good.’” In addition, the proportion
of studies that met each quality criterion was calculated.

Data analysis

Meta-analyses using random effects models were conducted
in a subset of statistically comparable studies. Only studies
that provided sufficient information to compute pooled ef-
fect size for the relationship between active tobacco use and
child growth outcomes were included in the meta-analysis.
Effect measures that did not include measures of sig-
nificance and/or sample sizes were not included. In the
meta-analyses, only studies defining SGA as a birthweight
below the 10th percentile, were included. Studies defining

CABI: 1,365

PubMed: 638
WHO: 85

CINAHL: 2,208 13,189 potentially eligible studies
Embase: 4,742 ) identified by database search

WosS: 4,151

y

3,822 duplicates removed

9,367 titles identified
for screening

A4

8,752 excluded after

A

title screening

615 abstracts identified
for screening

242 excluded after
abstract screening

v

373 reviewed in-depth

163 full-text articles excluded, with

reasons:
1 Other language than English,

v

\4

French, Portuguese, or Spanish

210 studies included in
qualitative synthesis

16 Conference abstracts
15 Review papers

3 Wrong study population
10 Wrong exposure

l

64 Wrong outcome
4 Ecological study
8 Relevant data not shown

124 studies included in
quantitative synthesis

16 Inappropriate association analysis
7 Full-text not available

Fig. 1 Flow diagram of the study selection process
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SGA as a birthweight below > 2 standard deviations (SD)
were therefore excluded. Additionally, for associations
between tobacco use and SGA, we only included studies
that adjusted their analyses for at least one potential con-
founder variable, either through multivariate or stratified
analyses. For length and head circumference, only studies
reporting these outcomes as a continuous measurement
in centimeters, were included. Studies reporting out-
comes as Z-scores were therefore excluded. For these
outcomes, only unadjusted results were reported in the
studies, and therefore all such studies were included.
To compute meaningful pooled effect sizes and to
understand sources of between-study heterogeneity, we
conducted subgroup analyses planned post hoc based on
how studies stratified their tobacco exposure variables.
The most frequent comparisons were between “never”
smoking during pregnancy and either “quitting” smoking
anytime during pregnancy, “ever” smoking during preg-
nancy (meaning smoking any unspecified amount of
cigarettes), smoking 1 to 10 cigarettes per day, or smok-
ing more than 10 cigarettes per day. In terms of the
child’s age, to maintain comparability, we limited these
subgroup analyses to outcome measures taken at birth.
We generated forest plots to summarize the pooled effect
size. We report SGA results as pooled adjusted odds ratios
(AORs) with 95% confidence intervals (CIs), and length/
height and head circumference results, as pooled weighted
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mean differences (WMDs) with a 95% CI. Heterogeneity was
assessed with the /* statistic. A sensitivity analysis was done
by conducting a meta-regression using as explanatory vari-
ables the following study characteristics: study design, quality
score, and number of co-variates adjusted for. All analyses
were done using STATA version 13.1. (Stata Corporation,
College Station, Texas, USA) and R version 3.5.1. (The R
Foundation for Statistical Computing, Vienna, Austria).

The PROSPERO ID of this systematic review’s protocol is
CRD42016045636, and the PRISMA guidelines for reporting
results were followed (Additional file 6: Appendix 3) [26].

Availability of data and materials

The data files were deposited into the public repository
Figshare.com and are labeled ‘Quelhas Data Extraction;
‘Quelhas SGA; and ‘Quelhas Length and HC.

Results

Among 13,189 citations identified by the search strategy,
406 studies were eligible for full text review. Of these, 210
studies were eligible for inclusion in the systematic review
and 124 for inclusion in the meta-analysis (Fig. 1). Our
review included 29 case-control studies, 41 cross-sectional
studies, 75 prospective cohorts, 42 retrospective cohorts,
and 23 with unclear study designs. Sample sizes ranged
from 41 to 12,461,312 mother-child pairs, and a total of
26,541,086 pairs were included in all studies. SGA was

Table 1 Meta-analysis summary pooled estimates for the effect of overall and subgroups of tobacco use on each growth outcome at birth

No. of No. of Pooled estimates Heterogeneity
studies associations X2 P 2

SGA at birth AOR ? (95% ClI)

All tobacco use (all of the below) 71 168 195 (1.76, 2.16) 2125397 <0.001 99.2%

Quit during pregnancy 14 25 7 (0.95, 1.44) 45862 <0.001 94.8%

Ever smoked during pregnancy 52 70 7 (1.82, 2.60) 1747592 <0.001 99.6%

Smoked 1-10 cigarettes/day 22 34 1.69 (1.59, 1.79) 118.70 <0.001 72.2%

Smoked >10 cigarettes/day 23 37 2.53(2.31,2.78) 267.16 <0.001 86.9%
Length at birth WMD © (95% Cl)

All tobacco use (all of the below) 47 72 043 (041, 0.44) 1157.71 <0.001 93.9%

Quit during pregnancy 4 4 -0.11 (-0.22, -0.01) 202 0.569 0.0%

Ever smoked during pregnancy 40 44 046 (044, 048) 969.73 <0.001 95.6%

Smoked 1-10 cigarettes/day 7 7 030 (0.21,0.38) 15.56 0016 61.4%

Smoked >10 cigarettes/day 8 10 051 (037, 0.65) 34.87 <0.001 78.6%
Head circumference at birth WMD ® (95% CI)

All tobacco use (all of the below) 43 71 0.27 (0.25, 0.29) 707.87 <0.001 90.1%

Quit during pregnancy 5 5 0.01 (-0.08, 0.11) 325 0.517 0.0%

Ever smoked during pregnancy 37 41 0.28 (0.26, 0.30) 631.13 <0.001 93.7%

Smoked 1-10 cigarettes/day 7 7 7 (0.08, 0.25) 5.04 0.539 0.0%

Smoked >10 cigarettes/day 8 1" 0.35(0.25, 0.45) 2440 0.010 54.9%

?AOR, Adjusted odds ratio
PWMD, Weighted mean difference
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measured in 125 studies, length/height in 85 studies, head
circumference in 77 studies and stunting in 2 studies.
These studies were conducted in 43 countries, which
were mostly middle- and high-income nations; one multi-
country study included countries in Africa and South Asia.
Most commonly, tobacco use was defined as cigarette
smoking. All studies collected data on active tobacco use
from self-reporting by recall during antenatal visits, or
retrospectively post-delivery. In addition, 29 of these stud-
ies assessed cotinine levels, a specific biomarker of nicotine
absorption, present in maternal serum, saliva, urine or hair,
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and/or infant umbilical cord or meconium specimens.
Additional file 3: Table S1 summarizes the characteristics
of each study.

All meta-analyses focus on self-reported cigarette smok-
ing as the only mode of tobacco use and on growth
outcomes measured at birth.

Small for gestational age at birth

The following mutually exclusive categories of reported
smoking were considered: smoked 1 to 10 cigarettes per
day, smoked > 10 cigarettes per day, “ever” smoked during
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Fig. 2 Summary plots for the overall and subgroups of tobacco use on each growth outcome at birth: a. SGA; b. Length; ¢. Head circumference
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pregnancy, and “quit smoking” anytime during pregnancy.
When all of these categories were pooled, smoking during
pregnancy was associated with an odds of 1.95 of having an
SGA infant as compared to women who never smoked dur-
ing pregnancy (AOR=1.95, 95% CI 1.76, 2.16; Table 1,
Additional file 7: Figure S1, Fig. 2). When the association
between the quantity of tobacco used and the risk of SGA
was evaluated in the subgroup analyses, quitting smoking
at any time during pregnancy showed no association with
having an SGA infant (AOR = 1.17, 95% CI 0.95, 1.44; Table
1, Figs. 2 and 3). “Ever” smoking during pregnancy was
strongly associated with SGA (AOR=2.17, 95% CI 1.82,
2.60; Table 1, Figs. 2 and 4) as compared to “never” smok-
ing during pregnancy. When the amount of tobacco
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consumption was specified, women who smoked up to 10
cigarettes daily were 1.69 times more likely to give birth to
SGA infants as compared to women who did not smoke
any cigarettes during pregnancy (AOR = 1.69, 95% CI 1.59,
1.79; Table 1, Figs. 2 and 5). Women who smoked more
than 10 cigarettes daily were 2.53 times more likely to give
birth to SGA infants as compared to those who did not
smoke any cigarettes during pregnancy (AOR =2.53, 95%
CI 2.31, 2.78; Table 1, Figs. 2 and 6).

A high level of between-study heterogeneity was
observed when pooling all studies measuring the asso-
ciation between tobacco use during pregnancy and
SGA (I = 99.2%, p < 0.001) (Table 1). Study quality (p =
0.06), study design (p=0.98), and the number of

Study ID

Odds Ratio [95% CI]

Ahmadi-Montecalvo, 2016
Bickerstaff, 2012

England, 2007 (cotinine validated)
England, 2007 (self-reported)
Hodyl, 2014a

Horta, 1997 (quit in 1st trim)

1.86 [1.06, 3.27]
1.02 [0.80, 1.30]
1.00 [0.68, 1.46]
1.00 [0.76, 1.32]
1.74 [1.20, 2.53]
1.24 [0.67, 2.30]

Horta, 1997 (quit in 2nd or 3rd trim) 2.09[1.36, 3.22]
Infante-Rivard, 2006 (quit in 1st trim) 1.80[1.29, 2.51]
Infante-Rivard, 2006 (quit in 2nd trim) 1.87 [1.33, 2.62]
Infante-Rivard, 2006 (quit in 3rd trim) 1.76 [1.25, 2.48]
Lang, 1992 1.00 [0.51, 1.95]
Lang, 1996 (quit in 1st trim) 1.00 [0.76, 1.32]
Lang, 1996 (quit in 2nd or 3rd trim) 1.90 [1.24, 2.90]
Polakowski, 2009 (quit in 1st trim) . 0.45[0.42, 0.48]
Polakowski, 2009 (quit in 2nd trim) L E 0.59 [0.54, 0.64]
Raatikainen, 2007 | 0.97 [0.85, 1.11]
Scrilli, 1986 (Milan) | 0.90 [0.78, 1.03]
Scrilli, 1986 (Naples) I-.—l 1.08 [0.73, 1.59]
Scrilli, 1986 (Parma) L 0.90 [0.68, 1.20]
Scrilli, 1986 (Rome) = 0.98[0.79, 1.22]
Scrilli, 1986 (Trieste) o 0.82 [0.67, 1.00]
Spinilla, 1994b (female fetuses) i > 6.01[1.20, 30.13]
Spinilla, 1994b (male fetuses) : —_ 13.40 [2.51, 71.45]
Xie, 2016 e E— 0.91[0.30, 2.78]
Zambonato, 2004 i 0.94 [0.32, 2.74]
Overall (p = 0.00; I* = 94.8%) { 1.17 [0.95, 1.44]
[ I I I 1
-1 075 25 425 6

Fig. 3 Effect of active tobacco use during pregnancy on SGA: Quitters. Reference group is Non-smokers
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Study ID

Odds Ratio [95% CI]

Aagaard-Tillery, 2008

Aagaard-ﬁlle?l, 2010

Akahoshi, 2016

Almeida, 2011

Anderson, 2013

Barros, 1992

Berg, 2013

Bickerstaff, 2012.2

Bickerstaff, 2012.1

Blatt, 2015

Campbell, 2012 (moderate SGA)
Campbell, 2012 (severe SGA)

Castro, 1993

Chiavaroli, 2016

Delpisheh, 2008 )

England, 2007 (cotinine validated)
England, 2007 (self-reported)

Figueras, 2008

Fitzgerald, 2007 (<32 wks gestational age)
Fitzgerald, 2007 (32-36 wks gestational age)
Fitzgerald, 2007 (37+ wks gestational age
Gao, 2006

Heaman, 2013
Herman, 2016
Hodyl, 2014b
Horta, 1997

Inde, 2011
Kuja-Halkola, 2014
Lang, 1996
Lanting, 2009
Meyer, 2009
Mitchel, 2008
Miyake, 2013
Okah, 2007
Okah, 2010
Panaretto, 2006
Polakowski, 2009
Raatikainen, 2007

Rasmussen, 2006 (normotension in term birth)

Rasmussen, 2006 (mild preeclampsia)
Rasmussen, 2006 (severe preeclampsia)
Rasmussen, 2006 (transient hypertension)
Read, 1993

Rodrigues. 2007

Salihu, 2005 (mother 20-29 yrs

Salihu, 2005 (mother 30-39 yrs

Salihu, 2005 (mother 40-49 yrs
Scholl, 1986
Schwendemann, 2005
Spinilla, 1994a

Spinilla, 1994b (female fetuses)
Spinilla, 1994b (male fetuses)
Spinillo, 1994¢

Suzuki, 2014.2

Suzuki, 2014.1

Thompson, 2001.2
Thompson, 2001.1

Tveit, 2010

Vardavas, 2010

Varvarigou, 2010

Walfisch, 2013

Wen, 1990 (mother =<16 yrs
Wen, 1990 (mother 17-19 yrs
Wen, 1990 (mother 20-25 yrs
Wen, 1990 (mother 26-30 yrs
Wen, 1990 (mother 31-35 yrs
Wen, 1990 (mother 36+ yrs)
Wu, 1998

Xaverius, 2014

Zambonato, 2004

Overall (p = 0.00; I = 99.6%)

3.53[3.38, 3.69
1.90 [1.51, 2.39

6.89
3.69
2.26
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Fig. 4 Effect of active tobacco use during pregnancy on SGA: Ever smoked during pregnancy. Reference group is Non-smokers

co-variates adjusted for (p =0.83) had no influence on
heterogeneity, as indicated by a meta-regression. However,
when these factors were examined through subgroup ana-
lyses across all tobacco use categories, studies with a “fair”

quality score and case-control studies were more likely to
show stronger associations between tobacco use during
pregnancy and SGA. Importantly, the strong associ-
ation between women who smoked more than 10
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Study ID Odds Ratio [95% CI]
Burns, 2008 I 1.90 [1.80, 2.00
Clausson, 1998 : HIlH 1.70 [1.56, 1.85
Dejmek, 2002 = 1.39[0.84, 2.31
Erickson, 2012 (1-4 cig/day) b 1.24 [0.80, 1.93
Erickson, 2012 (5-9 cig/day) 1.74 [1.57, 1.93
Hamisu, 2005 (1-5 cig/day) 1.63[1.54, 1.72
Hamisu, 2005 (6-10 cig/day) : [ 1.94 [1.85, 2.03
Hodyl, 2014a ;o HEH 1.56 [1.38, 1.77
Horta, 1997 (<1 cig/day) —— 1.07 [0.58, 1.99
Horta, 1997 (1-4 cig/day) —— 2.01[1.50, 2.69
Horta, 1997 (5-9 cig/day) : I — 2.15[1.56, 2.97
Ko, 2014.2 - 234 [1.82, 3.00
Ko, 2014 1 H—— 2.06 [1.62, 2.61
Krentz, 2011 : [ ] 1.83[1.76, 1.91
Lang, 1992 ——— 1.20 [0.66, 2.18
McCowan, 2010 | 1.30[1.08, 1.57
Millar, 1998 b - i 260[1.92, 3.53
Nordentoft, 1996 : b s i 240[1.51, 3.81
Scrilli, 1986 (Milan) PoHEH 1.39[1.21, 1.60
Scrilli, 1986 (Naples) —— 1.37[0.97, 1.93
Scrilli, 1986 (Parma) : 1.59[1.23, 2.05
Scrilli, 1986 (Rome) - 1.25[1.00, 1.56
Scrilli, 1986 (Trieste) : 1.64 [1.38, 1.95
Spinilla, 1994a H—-—y 1.22[0.91, 1.64
Spinilla, 1994b (female fetuses) — { 1.02[0.59, 1.77
Spinilla, 1994b (male fetuses) b » 1.61[0.21, 12.48
Spinillo, 1994c s m— 1.49[0.99, 2.25
Tsukamoto, 2007 — { 1.04 [0.51, 2.11
Varvarigou, 2010.2 ] 227 [1.71, 3.02
Varvarigou, 2010.1 L B 1.85([1.40, 244
Watanabe, 2010 T 1.20 [0.68, 2.13
Xie, 2016 P 0.67[0.24, 1.89
Zambonato, 2004 (<5 cig/day) 1.64 [0.94, 2.87
Zambonato, 2004 (5-10 cig/day) I - » 262 (140, 491]
Overall (p = 0.00; ¥ = 72.2%) 0 1.69 [1.59, 1.79]

| | | | |

0 05 15 2 4

Fig. 5 Effect of active tobacco use during pregnancy on SGA: 1-10 cigarettes/day. Reference group is Non-smokers

cigarettes daily and SGA remained unchanged irre-
spective of the number of covariates that were ad-
justed for in the model.

Length at birth

When all categories of smoking were pooled, children born
to mothers who actively used tobacco during pregnancy
were 043 cm shorter in length at birth compared with
those born to mothers who did not smoke (WMD = 0.43,
95% CI 0.41, 0.44; Table 1, Additional file 8: Figure S2 and
Fig. 2). A subgroup analysis of the association between the

quantity of tobacco used and the child’s length at birth
found that mothers who quit smoking at any time during
pregnancy had infants who were 0.11 cm longer than
mothers who did not report smoking (WMD = - 0.11, 95%
CI -0.22, - 0.01; Table 1, Figs. 2 and 7). “Ever” smoking
during pregnancy was associated with infants who were
0.46 cm shorter at birth (WMD = 0.46, 95% CI 0.44, 0.48;
Table 1, Figs. 2 and 8). When the tobacco amount was
specified, women who smoked up to 10 cigarettes daily
had infants who were 0.30 cm shorter as compared to
those who did not smoke any cigarettes during pregnancy
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Study ID

Odds Ratio [95% CI]

Burns, 2008

Clausson, 1998

Dejmek, 2002

Erickson, 2012

Hamisu, 2005

Hodyl, 2014a

Horta, 1997 (10-19 cig/day)
Horta, 1997 (20+ cig/day)

Ko, 2014 (11-20 cig/day 1st trim)

Ko, 2014 (20+ cig/day 1st trim)

Krentz, 2011.2

Krentz, 2011.1

Lang, 1992 (10-20 cig/day)
Lang, 1992 (20+ cig/day)
Millar, 1998

Nieto, 1994

Nordentoft, 1996 (10-15 cig/day)
Nordentoft, 1996 (15+ cig/day)
Scrilli, 1986 (Milan)

Scrilli, 1986 (Naples)

Scrilli, 1986 (Parma)

Scrilli, 1986 (Rome)

Scrilli, 1986 (Trieste)

Spinilla, 1994a

Spinilla, 1994b (female fetuses)
Spinilla, 1994b (male fetuses)
Spinillo, 1994c.2

Spinillo, 1994c.1

Tenovuo, 1987

Tsukamoto, 2007

Varvarigou, 2010.2
Varvarigou, 2010.1

Watanabe, 2010

Xie, 2016

Zambonato, 2004

Overall (p = 0.00; I° = 86.9%)

\

Ko, 2014 (11-20 cig/day 2nd or 3rd trim)

Ko, 2014 (20+ cig/day 2nd or 3rd trim)

Fig. 6 Effect of active tobacco use during pregnancy on SGA: > 10 cigarettes/day. Reference group is Non-smokers

i 2.30 [2.20, 2.40]

240[2.12, 272
: — 7.10 [1.90, 26.57]
n 214[1.98, 2.32]
‘m 2.05[1.93, 2.17]
- 1.32[1.13, 1.55]
m 2.32[1.67, 3.22)
248[1.68, 3.67)]
- 217 [1.28, 3.67]

T 2.61[1.40, 4.86]
: 0.88 [0.11, 6.96]
b : 1.10[0.14, 8.72]

: 2.99[2.85, 3.14]

239[2.29, 2.50]
" 0.90 [0.50, 1.61]
.- 1.10 [0.48, 2.51]

P 2.70 [1.86, 3.92]

O — 23.50 [3.01, 183.32)

L 2.68 [1.53, 4.70]

2.88[1.36, 6.09]

T 1.73[1.24, 2.41]

e 3.57[2.02, 6.29]

e 2.86[1.16, 7.05]

.y 2.11[1.18, 3.78]

P 3.44[2.37, 5.00]

P -— 418 [2.89, 6.04]

S 3.57[2.04, 6.25]

b ——— 5.94 [3.41, 10.35]

——————m 9.90 [4.03, 24.33]

N 4.10[2.66, 6.33]

Hr-:—u 3.00 [2.12, 4.24]

2.31[158, 3.38]

s e 7.71 [4.72, 12.58]

r 2.89[2.15, 3.88]

250 [1.79, 3.49]
e 1.81[0.73, 4.48]

. 2.01[1.02, 3.95]

O 2.53[2.31, 2.78]

— T 1
0 25 5 75 10

(WMD =0.30, 95% CI 0.21,0.38; Table 1, Figs. 2 and 9). Head circumference at birth

Women who smoked more than 10 cigarettes daily had  When all categories of smoking were pooled, children
infants who were 0.51 cm shorter as compared to those  born to mothers who actively used tobacco during
who did not smoke during pregnancy (WMD =0.51, pregnancy had an average head circumference that was

95% CI 0.37, 0.65; Table 1, Figs. 2 and 10).

0.27 c¢cm smaller than that of infants born to mothers
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Study ID SMD [95% CI]
Himes, 2013 -0.22 [-0.69, 0.25]
Iniguez, 2012 ~—l—v— -0.13 [-0.32, 0.07]
Naeye, 1981 '——I—' -0.04 [-0.19, 0.10]
Sasaki, 2008 —_— -0.22 [-0.43, -0.01]
Overall (p = 0.57: I = 0.0%) <t -0.11 [-0.22, -0.01]
[ — [ —
08 06 04 02 0 02 04
Fig. 7 Effect of active tobacco use during pregnancy on length (cm): Quitters. Reference group is Non-smokers

who did not smoke (WMD =0.27, 95% CI 0.25, 0.29;
Table 1, Additional file 9: Figure S3, Fig. 2). Among
mothers who reported quitting smoking during preg-
nancy, no statistically significant difference was ob-
served in child head circumference in comparison to
mothers who reported not smoking (WMD = 0.01, 95%
CI -0.08, 0.11; Table 1, Figs. 2 and 11). “Ever” smoking
during pregnancy was associated with 0.28 ¢cm smaller
head circumference at birth (WMD = 0.28, 95% CI 0.26,
0.30; Table 1, Figs. 2 and 12). When the amount of to-
bacco consumption was specified, women who smoked
up to 10 cigarettes daily give birth to infants whose
average head circumference was 0.17 cm smaller than
that of infants of women who did not smoke during
pregnancy (WMD =0.17, 95% CI 0.08, 0.25; Table 1,
Figs. 2 and 13). Women who smoked more than 10 cig-
arettes daily gave birth to infants whose average head cir-
cumference was 0.35 ¢cm smaller than that of infants
whose mothers did not smoke during pregnancy
(WMD = 0.35, 95% CI 0.25, 0.45; Table 1, Figs. 2 and 14).

Quality assessment

Based on our quality assessment of individual studies,
80 studies were judged as “good,” 118 as “fair,” and 12
as “poor” quality (Additional file 3: Table S1). Figure 15
shows the proportion of studies meeting each quality
criterion. Nearly all studies had clearly defined re-
search questions, exposures, and outcomes. Only 67%
of studies controlled for one or more confounders in
their analysis.

Discussion
To our knowledge, this is the first study to review and
synthesize evidence on the association between tobacco
use during pregnancy and SGA, length, and head circum-
ference in children under five years of age.

Our search strategy for this systematic review was
designed to include studies from all geographical

regions, by using international databases and including
studies published in four languages. We aimed to in-
clude all forms of tobacco use, by using more than 40
terms for conventional as well as traditional smoked
and smokeless tobacco used in different countries. We
also included terms to include measurement of growth
outcomes in children from the gestation period up to
five years of age.

As such, our expectation was that we would identify
studies from regions with overlapping high prevalence of
child stunting and tobacco use among women of repro-
ductive age. However, despite the large number of stud-
ies included, our compilation did not represent those
regions of interest or the diversity of tobacco products
available. Again, despite the inclusive age search terms,
very few studies included anthropometric measurements
taken during gestation or beyond the moment of birth.

Based on the studies included in our meta-analysis,
focused only on measurements taken at birth, tobacco
use during pregnancy has a negative impact on all growth
outcomes considered. These findings suggest that prenatal
exposure to tobacco could potentially lead to stunting and
compromise brain development during early childhood
and perhaps later in life.

Additionally, we observed a clear dose-response relation-
ship across all three growth outcomes such that increased
consumption of tobacco further exacerbated growth re-
striction. Previous studies examining the effect of maternal
smoking on LBW and perinatal and neonatal mortality also
found a clear dose-response gradient [27, 28]. This finding
may have practical relevance for efforts to reduce stunting,
because considerably reducing the number of cigarettes
smoked or quitting early in pregnancy may significantly
improve gestational growth outcomes measured at birth.

It has been suggested that restrictions to linear growth
during gestation may be compensated for with effective
interventions implemented during the early develop-
mental years [29, 30]. Interestingly, the six studies that
tracked child length and head circumference for longer
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Study ID

SMD [95% CI]

Berlanga, 2002

Eliopoulos, 1996
Escartin, 2013
Espy, 2011

Godel, 1992

Gray, 2008

Himes, 2013
Ingvarsson, 2007
Iniguez, 2012
Kayemba-Kay, 2010
Kirchengast, 2003
Kobayashia, 2016
Kutan Fenergioglu, 2009a

Ahlsten, 1993 im

Bolat, 2012 0.72 [ 0.59, 0.85)
Bosley, 1981 ,_m 0.64 [ 0.41, 0.87)
Chelchowska, 2016 0.57 [0.13, 1.02)
Chernick, 1983 —— 1.90 [ 1.11, 2.68]
Delpisheh, 2009 e 0.25 [0.17, 0.67)

0.33[0.24, 0.41)
1.02[0.41, 1.64]

1.16 [ 0.66, 1.66]
0.31[0.18, 0.44]
0.00 [0.23, 0.23]
0.390.06, 0.71)
0.07 [0.52, 0.66)
0.74[0.32, 1.17)
0.83[0.37, 1.28)
0.21[0.04, 0.38)
0.41[0.19, 0.63]
0.79 [ 0.74, 0.84]
0.13 [ 0.06, 0.20]
0.13 [0.18, 0.45)

\

Kutan Fenergioglu, 2009b.3 - 0.69[0.29, 1.09]
Kutan Fenergioglu, 2009b.2 - 0.91[0.50, 1.32]
Kutan Fenergioglu, 2009b.1 0.22 [-0.17, 0.61]
Lampl, 2003 -0.15 [-1.06, 0.76)
Lindsay, 1997 0.41[0.00, 0.83)
Lopez-Bermejo, 2008 0.00 [-0.46, 0.46]
Luke, 1981 > 8.31[7.61,9.02)
Muscati, 1994 0.41[0.30, 0.52]
Olsen, 1992 0.48[0.44,052]
Ong, 2002 0.58[0.43,0.73)
Pavic, 2011.2 —=— 1.75[1.29, 2.22]
Pavic, 2011.1 = 1.16 [ 0.71, 1.61]
Pena, 2012 0.29[0.14, 0.44)
Pichini, 2002 0.23[0.01, 0.44)
Samper, 2012 0.53[0.39, 0.66)
Sasaki, 2006 0.33[0.06, 0.59]
Sasaki, 2008 0.26 [-0.42, 0.93]
Shankaran, 2004 0.20 [-0.22, 0.61]
Tenovuo, 1987 (non-SGA) 0.42[0.28, 0.56]
Tenovuo, 1987 (SGA) 0.04 [-0.10, 0.18]
Vardavas, 2010 0.24[0.10, 0.39]
Varvarigou, 2009 0.24[0.15, 0.33]
Wang, 1997 0.42[0.24, 0.60]
Zaren, 1996 0.41[0.26, 0.56)
Zhang, 2011 0.31[0.21, 0.41]
Overall (p = 0.00; I = 95.6%) 0.46 [0.44, 0.48]
[ I I I 1
2 05 1 25 4

Fig. 8 Effect of active tobacco use during pregnancy on length (cm): Ever smoked during pregnancy. Reference group is Non-smokers

periods suggested a slight catch-up growth trend. This
was illustrated by a steadily decreasing difference be-
tween the tobacco-exposed children and non-exposed
children between 2 and 5 years of age [31-36].

The observed associations between smoking during
pregnancy and impaired linear growth may reflect several
known biological mechanisms that may lead directly or
indirectly to suboptimal development of the fetus and
young child. Tobacco use results in oxidative stress in the
placenta, leading to restricted flow of oxygen and nutrients

to fetus [37], and in reduced folate levels, which affects
child development and growth [38]. Additionally, epigen-
etic modification in utero occurs and manifests in DNA
methylation and disruption of human growth plate
chondrocytes, delaying skeletal growth [39-41].

Our systematic review highlights the limitations of the
available data and a need for future inquiry. The fact that
only 29 studies used biomarkers to examine tobacco use
may have resulted in an important misclassification of
smoking status and thus an underestimation of true
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Study ID SMD [95% CI]
Karatza, 2003 '—"—* 0.06 [-0.21, 0.33]
Roquer, 1995 P —_— 0.58 [ 0.08, 1.08]
Theodoros, 2007 —— 0.56 [ 0.28, 0.85]
Wertelecki, 1987 '-—I— 0.14 [-0.03, 0.31]
Zaren, 1996 I- 0.29[0.11, 0.48]
Zaren, 2000a 0.28 [ 0.11, 0.45]
Zaren, 2000b P 0.56 [ 0.32, 0.80]
Overall (p = 0.00; I = 61.4%) < 0.30 [0.21, 0.38]
[ | I I 1
-1 -0.25 0.5 125 2
Fig. 9 Effect of active tobacco use during pregnancy on length (cm): 1-10 cigarettes/day. Reference group is Non-smokers

tobacco use [42]. Future research should rely more on bio-
markers than on self-reported data. Further, most studies
reported only on cigarette smoking despite the inclusion of
40 search terms for different types of smoked and smoke-
less tobacco products. The impact of smokeless tobacco is
likely to be under-studied and under-reported, leaving out
information on this association from our analysis.

It is also essential that future studies control for known
and potential confounding factors to more confidently distin-
guish the attributable effect of maternal tobacco use on child
growth from other factors influencing growth during the first
1000 days of life, including maternal physical and mental
health, education level, and socio-economic status [43]. The
effect of tobacco exposure before conception, after birth,
during lactation, or co-exposure to environmental tobacco
smoke should be explored in further research [44]. Longer
follow-up periods will also allow researchers to assess trends

over time to better understand the long-term impact. Further,
for the purpose of assessing long-term growth, LBW is insuf-
ficient, and measures such as SGA, HAZ, and potentially
HAD (height-for-age difference), which account for age,
should be prioritized. Importantly, more research is needed
in low- and middle-income countries, where the burden of
stunting is highest and tobacco use in on the rise.

Tobacco use has historically been understood as a general
public health concern that causes diseases such as cancer,
cardiovascular disease, chronic obstructive pulmonary dis-
ease, and hypertension. Yet our findings suggest the need
for a shift in perception among the public health commu-
nity. Tobacco use is not only a risk behavior for the general
population but also a potential cause of impaired child
growth and development. Given the heavy global burden of
stunting that hinders individuals, families, communities,
and even nations from reaching their full potential, policy

Study ID SMD [95% CI]
Karatza, 2003 (10-19 cig/day) —— 0.53[0.26, 0.79]
Karatza, 2003 (20+ cig/day) i —— 0.98 [0.68, 1.29]
Naeye, 1981.2 i 0.36 [0.22, 0.49]
Naeye, 1981.1 s 2 0.23[0.10, 0.35]
Roquer, 1995 —_— 1.16 [0.65, 1.67]
Theodoros, 2007 —— 0.63[0.35, 0.92]
Wertelecki, 1987 —-— 0.45[0.14, 0.75]
Zaren, 1996 : I 0.48 [0.31, 0.64]
Zaren, 2000a 0.45[0.29, 0.61]
Zaren, 2000b — 0.40 [0.19, 0.60]
Overall (p = 0.00; I* = 78.6%) <> 0.51[0.37, 0.65]

[ I [ 1

-1 -0.25 05 125 2
Fig. 10 Effect of active tobacco use during pregnancy on length (cm): > 10 cigarettes/day. Reference group is Non-smokers
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Study ID SMD [95% CI]
Himes, 2013 —-—— -0.34 [-0.81, 0.13]
Iniguez, 2012 : 0.06 [-0.13, 0.26]
Naeye, 1981 3': 0.00 [-0.15, 0.15]
Pringle, 2005 —— 0.07 [-0.12, 0.26]
Sasaki, 2008 — -0.16 [-0.66, 0.34]
Overall (p = 0.53; I = 0.0%) <> 0.01[-0.08, 0.11]

| T ' T |
-1 -05 0 05 1
Fig. 11 Effect of active tobacco use during pregnancy on head circumference (cm): Quitters. Reference group is Non-smokers

Study ID SMD [95% CI]
Bolat, 2012 0.07 [-0.06, 0.20]
Bosley, 1981 0.51[0.29, 0.74
Chelchowska, 2016 0.48[0.04, 0.92
Chernick, 1983 —» 261[1.72, 3.50
Delpisheh, 2009 0.68[0.25, 1.11
Ekblad, 2010 0.18 [-0.15, 0.52
Eliopoulos, 1996 0.62[0.15, 1.10
Espy, 2011 0.05[-0.17, 0.28
Godel, 1992 0.33[0.00, 0.65
Gray, 2008 0.41[-0.18, 1.01
Harrod, 2015.2 -0.10 [-0.40, 0.19
Harrod, 2015.1 0.15[-0.14, 0.45
Himes, 2013 0.49[0.08, 0.91
Ingvarsson, 2007 0.87[041, 1.32
Iniguez, 2012 0.20 [ 0.04, 0.37
Kayemba-Kay, 2010 0.29[0.07, 0.51
Kirchengast, 2003 0.21[0.17, 0.26
Kobayashia, 2016 0.20[0.13, 0.27
Kutan Fenergioglu, 2009a 0.81[0.48, 1.13
Kutan Fenergioglu, 2009b 0.90[0.49, 1.31
Lindsay, 1997 0.35[-0.06, 0.76
Lopez-Bermejo, 2008 > 4.07[3.29, 486
Luke, 1981 > 477[4.31, 5.24
Miyao, 1995 0.75[0.34, 1.17
Muscati, 1994 0.41[0.30, 0.52
Olsen, 1992 0.32[0.28, 0.36
Ong, 2002 0.41[0.26, 0.56
Pena, 2012 0.21[0.06, 0.36
Pichini, 2002 0.20 [-0.02, 0.42
Samper, 2012 0.30[0.17, 0.44
Sasaki, 2008 0.29[-0.21, 0.79
Shankaran, 2004 0.28 [-0.13, 0.69
Tenovuo, 1987 (non-SGA) 0.23[0.09, 0.37
Tenovuo, 1987 (SGA) -0.19[-0.33,-0.04
Vardavas, 2010 0.17[0.03, 0.31
Varvarigou, 2009 0.28[0.19, 0.37
Wang, 1997 0.30[0.12, 0.48
Zaren, 1996 0.25[0.10, 0.40
Zhang, 2011 0.35[0.25, 0.46

Overall (p = 0.00; I = 93.7%) 0.28 [0.26, 0.30]

— T T |
05 012 075 138 2
Fig. 12 Effect of active tobacco use during pregnancy on head circumference (cm): Ever smoked during pregnancy. Reference group is Non-smokers
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SMD [95% CI]

Zaren, 1996
Zaren, 2000a
Zaren, 2000b

Overall (p = 0.54: 2 = 0.0%) L <>

Study ID

Karatza, 2003 -—-—'—'
Pringle, 2005 —
Roquer, 1995 '—-——-—-—'
Theodoros, 2007 —

0.15 [-0.13, 0.42)
0.07 [-0.12, 0.27]
0.09 [-0.40, 0.58]
0.09 [-0.18, 0.37)
0.17 [0.02, 0.35]
0.16 [-0.01, 0.33]
0.40 [ 0.16, 0.64]

0.17 [0.08, 0.25)

| i
05 0

Fig. 13 Effect of active tobacco use during pregnancy on head circumference (cm): 1-10 cigarettes/day. Reference group is Non-smokers

I 1
1 15

and programmatic efforts to optimize child growth and
development should consider tobacco use as an important
determinant.

Tackling tobacco prevention and cessation, especially
among women, is challenging. Tobacco rates are rising in
the developing world for several reasons. Tobacco, in all its
forms, is an addictive substance, and the lack of public
health awareness in low-resource settings means women
may not know the risks associated with its use. Behavior
change communication, coupled with tobacco cessation
support, is essential for developing targeted and culturally
appropriate approaches to reducing tobacco use among
reproductive-aged women. Market-based approaches tar-
geting the tobacco industry, such as taxes and advertising
regulations, should also be considered. Indeed, stunting
may be attributed to the presence of additive or multi-
plicative risk factors. With this in mind, it is important to
put in place better systems for tracking tobacco use
among pregnant women, and to design complementary

and collaborative public health interventions that target
children identified as already being at risk for growth
faltering due to in-utero exposure to tobacco.

The global health community has already made strides in
addressing tobacco use through the development of the
2005 World Health Organization Framework Convention
on Tobacco Control, a treaty that obligates 181 signatory
countries to implement measures to reduce tobacco use.
However, tobacco control strategies have been imple-
mented to various degrees around world, and if additional
steps are not taken, tobacco use is projected to rise in
low-income nations.

Conclusion

Tobacco use during pregnancy has a negative impact on
all growth outcomes considered in this systematic review
and meta-analysis: SGA, length and head circumference
at birth. These findings suggest that prenatal exposure

Study ID SMD [95% CI]
Karatza, 2003 (10-19 cig/day) —— 0.39[0.12, 0.65]
Karatza, 2003 (20+ cig/day) — 0.69[0.39, 0.98]
Naeye, 1981.2 . 0.42[0.28, 0.55]
Naeye, 1981.1 s 0.24 [ 0.11, 0.36)
Pringle, 2005 (>20 cig/day) e 0.07 [-0.32, 0.46]
Pringle, 2005 (10-20 cig/day) - 0.21[-0.00, 0.43]
Roquer, 1995 i —_— 1.04 [ 0.54, 1.55]
Theodoros, 2007 Poe— 0.47[0.19, 0.75]
Zaren, 1996 — 0.33[0.17, 0.50]
Zaren, 2000a i 0.18 [ 0.02, 0.34]
Zaren, 2000b Do 0.35[0.14, 0.56)
Overall (p = 0.01; = 54.9%) <> 0.35[0.25, 0.45]
[ I I [ 1
-1 -0.25 05 1.25 2
Fig. 14 Effect of active tobacco use during pregnancy on head circumference (cm): > 10 cigarettes/day. Reference group is Non-smokers
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0% 10%

Was the research question or objective clearly stated?
Was the study population clearly specified and defined?
Were there pre-specified inclusion and/or exclusion criteria?
Was the exposure clearly defined and valid?
Was the outcome clearly defined and valid?
Was a biomarker used to assess exposure?
Did the study examine different levels of exposure?
Was the exposure assessed more than once over time?
Was the outcome assessed more than once over time?
Were outcome assessors blinded to the exposure status?
Were potential confounders measured and adjusted statistically for?

For case-control studies, were controls selected from the same or similar
population that gave rise to the cases, and in the same timeframe?

\

20% 30% 40% 50% 60% 70% 80% 90%  100%

BYES HENO MUNCLEAR NOT APPLICABLE

Fig. 15 Quality assessment of studies included in the systematic review: proportion of studies that meet each of the quality criteria

to tobacco could potentially lead to stunting and com-
promise brain development during early childhood and
perhaps later in life.

Policy and programmatic efforts to optimize child
growth and development should consider tobacco use as
an important determinant.
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