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Abstract
Introduction: Previous analysis showed that passive smok-
ing and overweight were associated with an increased risk 
of gestational diabetes mellitus (GDM) in a synergistic man-
ner, while GDM increased the risk of macrosomia/large for 
gestational age (LGA). This study aimed to examine any in-
teractive effects between passive smoking and overweight/
obesity on risk of macrosomia/LGA. Methods: From 2010 to 
2012, 22,302 pregnant women registered for pregnancy at a 
primary hospital in Tianjin, China. Data were collected longi-
tudinally; that is, from their first antenatal care visit, at the 
glucose challenge test (GCT) time (24–28 weeks of gestation) 
and at delivery. Passive smoking was self-reported. Macroso-
mia was defined as birth weight ≥4,000 g. Binary logistic re-
gression was used to obtain odds ratios (ORs) and 95% con-
fidence intervals (CIs). Additive interaction was used to test 

the synergistic effect. Results: Passive smokers accounted 
for 57.4% of women (n = 8,230). Using nonpassive smoking 
and prepregnancy body mass index (BMI) <24.0 kg/m2 as the 
reference, the adjusted ORs of overweight alone and passive 
smoking alone for macrosomia were 2.39 (95% CI: 2.11–2.71) 
and 1.17 (95% CI: 1.04–1.32). Copresence of passive smoking 
and prepregnancy BMI ≥24.0 kg/m2 increased the OR to 2.70 
(95% CI: 2.28–3.20), with a significant additive interaction. 
After further adjustment for GDM or GCT, the OR of copres-
ence of both risk factors was slightly attenuated to 2.52 
(2.13–3.00) and 2.51 (2.11–2.98), with significant additive in-
teraction. However, the additive interaction between pre-
pregnancy overweight/obesity and passive smoking for LGA 
was nonsignificant. Conclusions: Prepregnancy overweight/
obesity was associated with an increased risk of macrosomia 
in Chinese women synergistically with passive smoking dur-
ing pregnancy, and most of the association was not modified 
by hyperglycemia during pregnancy.
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Introduction

Macrosomia is associated with increased risk of ad-
verse pregnancy outcomes such as emergency cesarean 
section, postpartum hemorrhage, and obstetric anal 
sphincter injuries for mothers, and shoulder dystocia, ob-
stetrical brachial plexus injury, and fractures for neonates 
[1]. It also predisposes these infants to a high risk of obe-
sity during their childhood [2].

Fetal macrosomia is one of major concerns of preg-
nancy complicated by gestational diabetes mellitus 
(GDM) [3]. In this regard, randomized controlled trials 
demonstrated that intensive management of women with 
GDM substantially reduced birth weight and the rate of 
macrosomia and/or large-for-gestational-age (LGA) in-
fants [4, 5]. Although management of GDM in China and 
elsewhere is widespread, a survey showed that the preva-
lence of macrosomia remained high, for example, 8.5% in 
northern China in 2011 [6]. This suggests that many oth-
er factors rather than GDM might also contribute to the 
high prevalence of macrosomia/LGA.

Some studies investigated other risk factors of macro-
somia in Western pregnant women and Asian pregnant 
women [7, 8]. Maternal overweight/obesity and smoking 
during pregnancy are 2 well-researched factors for mac-
rosomia. Overweight is consistently found to be associ-
ated with fetal overgrowth and macrosomia [7]. On the 
other hand, the association between maternal smoking 
and macrosomia is inconclusive. Although a study has 
shown that exposure to smoking in utero was associated 
with increased risk of overweight and obesity in children 
and adolescents, the association of exposure to smoking 
with early fetal development remains unclear [9]. For ex-
ample, an early study reported that maternal smoking 
was associated with decreased risk of macrosomia [8]. It 
is also noted that maternal smoking was associated with 
increased risk of low birth weight (LBW) [10]. Both mac-
rosomia and LBW were associated with obesity/over-
weight later in life [2]. However, the complex interrela-
tionships between maternal overweight/obesity and 
smoking for the risk of fetal growth and macrosomia are 
a topic that deserves further investigations.

Although the smoking rate of women was quite low in 
China, 71.6% of Chinese women were exposed to second-
hand smoking [11]. It has been shown that cigarette 
smoke increases insulin resistance by altering the distri-
bution of body fat or by exerting a direct toxic influence 
on pancreatic tissue [12], so that women exposed to pas-
sive smoking are more likely to develop GDM. In this 
context, our group found that passive smoking was asso-

ciated with the risk of GDM independently and synergis-
tically with prepregnancy obesity [13]. Given that GDM 
is an independent risk factor for macrosomia [14] and 
that prepregnancy obesity and passive smoking can joint-
ly promote the risk of GDM, maternal overweight/obe-
sity and passive smoking may also have an additive inter-
action on the risk of macrosomia, possibly via increased 
risk of GDM or hyperglycemia during pregnancy. There-
fore, we analyzed the data of the established population-
based cohort of pregnant women in Tianjin, China, to 
examine (1) the association between exposure to mater-
nal passive smoking and macrosomia; (2) whether there 
was an additive interaction of prepregnancy overweight/
obesity and passive smoking on risk of macrosomia; and 
(3) whether the additive interaction was modified by 
GDM or hyperglycemia during pregnancy.

Materials and Methods

Study Population and Settings
The study design, participant characteristics, and data collec-

tion process of the study were published previously [15]. Briefly, 
Tianjin, a gateway to Beijing, is 1 of the 4 cities directly under the 
administration of the central government of China. It has 6 central 
urban districts with a population over 4.5 million, where prenatal 
care was delivered through a 3-tiered prenatal care system. The 
prenatal care system consisted of 65 primary care hospitals (the 
first tier), 6 district-level women and children’s health centers and 
other secondary obstetric hospitals (the second tier), and a city-
level women and children’s health center, Tianjin Women and 
Children’s Health Center, and other tertiary obstetric hospitals 
(the third tier).

Screening for and Diagnosis of GDM
A two-step GDM screening procedure was utilized to identify 

GDM cases. All women were offered a 50-g 1-h glucose challenge 
test (GCT) in nonfasting status from 24 to 28 weeks of gestation, 
and then a 75-g 2-h oral glucose tolerance test after more than 8 h 
of fasting was performed if the GCT result was ≥7.8 mmol/L. Fast-
ing plasma glucose, 1-h PG, and 2-h PG were measured immedi-
ately using an automatic analyzer (TBA-120FR; Toshiba, Tokyo, 
Japan) with a coefficient of variance <2.59%. GDM was diagnosed 
according to the International Association of Diabetes and Preg-
nancy Study Group criteria: fasting plasma glucose ≥5.1 mmol/L, 
or 1-h PG ≥10.0 mmol/L, or 2-h PG ≥8.5 mmol/L [16].

Data Collection and Clinical Measurement
The data were collected through questionnaires and physical 

examinations at the time of the first antenatal care visit and at the 
GCT time (24–28 weeks of gestation) or retrieved from the data-
base of the Maternal and Child Health Information System. At the 
first antenatal care visit, we collected the information on maternal 
age, parity, education attainment, and alcohol consumption be-
fore/during pregnancy through a questionnaire. Alcohol con-
sumption was queried by an item, “whether you drank alcohol in 
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the last 3 months,” with 5 response options: “no,” “occasionally,” 
“averaging 1–3 days a week,” “more than 3 days a week,” and “al-
most every day.” An answer “no” was coded as not drinking during 
pregnancy and any others were coded as alcohol drinker during 
pregnancy. Education attainment was classified into 2 categories: 
>12 years of schooling and ≤12 years of schooling. After participat-
ing in a series of training workshops to standardize the data collec-
tion procedures, nurses or clinicians performed anthropometric 
and clinical measurements at the fieldwork sites. Maternal height 
and weight were measured without shoes and in light clothing us-
ing a beam balance scale (RGZ-120, Jiangsu Suhong Medical In-
struments Co., Changzhou, China). Weight at the first antenatal 
care visit was used as baseline body weight because weight gain 
during the first 12 weeks of gestation was small [17]. Weight gain 
from prepregnancy to the GCT time (24–28 weeks of gestation) 
was calculated as the difference in body weight from the first ante-
natal care visit to the GCT time, that is, 24–28 weeks of gestation. 
Body mass index (BMI) was calculated as weight (kg) divided by 
the square of body height (m). BMI was categorized into 4 catego-
ries: underweight (<18.5 kg/m2), normal weight (18.5–23.9 kg/

m2), overweight (24.0–27.9 kg/m2), and obesity (≥28.0 kg/m2) 
based on the criteria recommended by the Working Group on 
Obesity in China [18]. Sitting blood pressure was measured after 
at least 10 min of rest using a calibrated mercury sphygmomanom-
eter at registration. Blood pressure was measured twice at a 5-min 
interval and the mean value was adopted.

At the time of GCT, that is, 24–28 weeks of gestation, informa-
tion on passive smoking was obtained through a self-reported 
questionnaire by asking “Are you exposed to cigarette smoke from 
others in working and/or living places during your pregnancy?” 
An answer “Yes” was coded as exposure to passive smoke and “No” 
was coded as nonexposure to passive smoke. Plasma glucose levels 
of GCT were measured immediately using an automatic analyzer 
(TBA-120FR; Toshiba, Tokyo, Japan) with a coefficient of variance 
<2.59%. Pregnancy outcome information including birth weight, 
infant gender, and date of birth were retrieved from an electronical 
antenatal care management system, the Tianjin Maternal and 
Child Health Information System, which was established in 2009 
and recorded clinical data of all the antenatal care, delivery, and 
postpartum at the 3 levels of hospitals.

Original database (Pregnant women registered 

in a primary care hospital) 

(n=22302) 

 Excluded due to missing of passive 

smoking (n=7664) 

Women with passive smoking status 

documented (n=14638) 

 Excluded due to missing of pregnancy 

outcomes (n=236) 

 Excluded due to missing of infant gender (n=1) 

 Excluded due to active smoking 

(n=53) 

Women with pregnancy outcomes documented 

(n=14401) 

Women included in the analysis  

(n=14348) 
Fig. 1. Flowchart of selection procedure for 
inclusion of the pregnant women in the 
analysis.
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Definition of Clinical Outcomes
Fetal macrosomia was defined as birth weight being equal to or 

greater than 4,000 g. LGA was defined as birth weight value great-
er than the gestational week and gender-specific 90th percentiles 
according to Tianjin local references.

Statistical Analyses
Statistical Analysis System, release 9.4 (SAS Institute Inc., Cary, 

NC, USA) was used to perform all the statistical analyses and a p 
value <0.05 for a 2-tailed test was considered statistically signifi-
cant. Continuous variables were presented as mean ± standard de-
viation (SD), and categorical variables were presented as number 
(percentage). When comparing the difference between the passive 
smoking group and the nonpassive smoking group, Student’s t test 
or Wilcoxon 2-sample test where appropriate was used for con-

tinuous variables and χ2 test or Fisher exact test where appropriate 
was used for categorical variables. Binary logistic regression was 
used to obtain odds ratios (ORs) and 95% confidence intervals 
(CIs) of prepregnancy BMI and passive smoking for macrosomia 
or LGA (model 1). In multivariable analysis, we adjusted for age, 
body height, parity, education attainment >12 years, gestational 
age at delivery (only for macrosomia), gender (only for macroso-
mia), weight gain from prepregnancy to GCT, insulin treatment, 
alcohol drinker during pregnancy, multiple pregnancies, and sys-
tolic blood pressure at first antenatal care visit (model 2). In order 
to further investigate whether glucose metabolism is an interme-
diating variable between passive smoking and macrosomia, we 
further adjusted for the GDM status (model 3) and GCT levels 
(model 4). We divided the GDM status into 3 groups: (1) the es-
tablished GDM, (2) GCT ≥7.8 mmol/L but without a subsequent 

Table 1. Clinical characteristics of participants by passive smoking status

Variables Exposure to 
passive smoking

Nonexposure to 
passive smoking

p value All participants

N 8,230 6,118 14,348
At the first antenatal care visit, n (%)

Age, years 28.2±2.9 28.8±3.0 <0.0001* 28.5±2.9
Gestational age, week 10.4±2.3 10.4±2.3 0.269* 10.4±2.3
Height, cm 163.2±4.7 163.2±4.8 0.373* 163.2±4.7
Parity >1 296 (3.6) 248 (4.1) 0.156** 544 (3.8)
Han ethnicity 7,833 (95.2) 5,835 (95.4) 0.581** 13,668 (95.3)
Education >12 years 6,578 (85.2) 5,217 (79.9) <0.0001** 11,795 (82.2)
DBP, mm Hg 68.3±7.7 68.5±7.8 0.120* 68.4±7.8
SBP, mm Hg 105.5±10.7 105.6±10.8 0.576* 105.5±10.7
Prepregnancy BMI, kg/m2 22.5±3.6 22.2±3.3 <0.0001* 22.4±3.5
Prepregnancy BMI group, kg/m2 <0.0001**

<18.5 758 (9.2) 593 (9.7) 1,351 (9.4)
≥18.5–<24.0 5,149 (62.6) 3,950 (64.6) 9,095 (63.4)
≥24.0–<28.0 1,685 (20.5) 1,214 (19.8) 2,903 (20.2)
≥28.0 638 (7.8) 361 (5.9) 999 (7.0)

At GCT, n (%)
GCT, mmol/L 6.6±1.6 6.6±1.5 0.661* 6.6±1.6
GDM 621 (8.0) 384 (6.7) 0.005** 1,005 (7.0)
Alcohol drinker during pregnancy 597 (7.3) 248 (4.1) <0.0001** 845 (5.9)
Weight gin up to GCT, kg 7.3±3.6 7.3±3.9 0.342* 7.3±3.7

At delivery, n (%)
Gestational age at delivery, weeks 39.0±1.5 39.1±1.7 0.727* 39.1±1.6
Multiple pregnancies 0 (0.0) 145 (1.1) <0.0001** 145 (1.0)
Preterm birth 284 (3.5) 214 (3.5) 0.879** 498 (3.5)
Infant male gender 4,285 (52.1) 3,173 (51.9) 0.811** 7,458 (52.0)
Infant birth weight 3,376.1±476.1 3,363.0±475.0 0.103* 3,370.5±475.7
LGA 761 (9.3) 514 (8.4) 0.079** 1,275 (8.9)
Macrosomia 783 (9.5) 518 (8.5) 0.031** 1,301 (9.1)
Low birth weight 238 (2.9) 184 (3.0) 0.685** 422 (2.9)
SGA 396 (4.8) 323 (5.2) 0.204** 719 (5.0)
Stillbirth or neonatal death 12 (0.15) 3 (0.05) 0.076** 15 (0.10)

BMI, body mass index; GDM, gestational diabetes mellitus; GCT, glucose challenge test; SBP/DBP, systolic/diastolic blood pressure; 
LGA, large for gestational age; SGA, small for gestational age. * Derived from Student’s t test. ** Derived from χ2 test or Fisher’s exact 
test.
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oral glucose tolerance test, and (3) GCT <7.8 mmol/L. Subgroup 
analyses of the association of passive smoking with macrosomia 
and LGA among participants with and without prepregnancy BMI 
≥24 kg/m2 were also performed to test the consistency of ORs of 
passive smoking for macrosomia and LGA across subgroups.

We used additive interaction to test interactions between ma-
ternal prepregnancy BMI ≥24 kg/m2 and passive smoking during 
pregnancy for macrosomia or LGA. Three indicators were used to 
evaluate additive interaction: relative excess risk due to interaction 
(RERI), attributable proportion due to interaction (AP), or syn-
ergy index (S). RERI > 0, AP > 0, or S > 1 indicated an additive 
interaction [19]. Separate analyses of the additive interactions be-
tween passive smoking and overweight (but not obesity) and be-
tween passive smoking and obesity were also performed to check 
the consistency of the interactions of passive smoking with over-
weight and obesity for macrosomia.

Results

Selection of Participants
Figure 1 is a participant flowchart of the current analy-

sis. From October 2010 to August 2012, 22,302 pregnant 
women registered for pregnancy at a primary hospital 
(mean gestational age was 10.4 ± 2.3 weeks). Among them, 
we sequentially excluded 7,664 women with missing pas-
sive smoking information, 237 women without informa-
tion on pregnancy outcomes or infant gender, and 53 ac-
tive smoking pregnant women. At last, a total of 14,348 
pregnant women were included in the final analysis. We 

had carefully compared the characteristics of the included 
women and those women excluded but did not find sig-
nificant differences in maternal age, height, infant gender, 
BMI, drinking habits, and other features between the 2 
groups (online suppl. Table S1; for all online suppl. mate-
rial, see www.karger.com/doi/10.1159/000517846). Only 
the parity and the gestational age at the first antenatal vis-
it differed between the 2 groups. The excluded women had 
a greater proportion of parity >1 and older gestational age 
at the first antenatal visit. The ethics of this study was ap-
proved by the Clinical Ethics Committee of Tianjin Wom-
en and Children’s Health Center and written informed 
consent was obtained before data collection.

Characteristics of Participants
Table 1 compared the differences in clinical character-

istics of participants by passive smoking status. Among the 
14,384 women, 9.1% and 8.9% delivered a macrosomic in-
fant or a LGA infant, respectively. At the first antenatal care 
visit, their mean age was 28.5 (SD: 2.9) years, the mean 
height was 163.2 (SD: 4.7) cm, and the mean BMI was 22.4 
(SD: 3.5) kg/m2. Of them, 8,230 (57.2%) women were ex-
posed to passive smoking. The passive smokers had youn-
ger maternal age, higher prepregnancy BMI, higher levels 
of education, and were more likely to have drinking habit 
and delivered a macrosomic infant or LGA infant. More-
over, women exposed to passive smoking had higher rates 
of GDM and lower rates of multiple pregnancies.

Table 2. Odds ratios of prepregnancy overweight/obesity and passive smoking for macrosomia and LGA

Macrosomia LGA

OR (95% CI) p value OR (95% CI) p value

Passive smoking versus nonpassive smoking
Model 1 1.14 (1.01–1.28) 0.0308 1.11 (0.99–1.24)  0.0593
Model 2 1.17 (1.04–1.32) 0.0109 1.12 (1.00–1.27)  0.0569
Model 3 1.15 (1.02–1.30) 0.0271 1.10 (0.98–1.25)  0.1225
Model 4 1.15 (1.02–1.30) 0.0214 1.11 (0.99–1.25)  0.0980

Prepregnancy BMI ≥24 kg/m2 versus <24 kg/m2

Model 1 2.37 (2.11–2.66) <0.0001 2.39 (2.14–2.67) <0.0001
Model 2 2.39 (2.11–2.71) <0.0001 2.30 (2.06–2.58) <0.0001
Model 3 2.25 (1.98–2.55) <0.0001 2.14 (1.89–2.44) <0.0001
Model 4 2.22 (1.96–2.53) <0.0001 2.13 (1.85–2.41) <0.0001

Model 1: univariable analysis. Model 2: multivariable analysis, adjusted for age, height, parity, education >12 
years, gestational age at delivery (only for macrosomia), gender (only for macrosomia), weight gain from pre-
pregnancy to GCT, insulin treatment, alcohol drinker during pregnancy, multiple pregnancies, and systolic blood 
pressure at first antenatal care visit. Model 3: further adjusted for GDM, in addition to the variables listed in 
model 2. Model 4: further adjusted for GCT value, in addition to the variables listed in model 2. BMI, body mass 
index; OR, odds ratio; CI, confidence interval; GDM, gestational diabetes mellitus; GCT, glucose challenge test; 
LGA, large for gestational age.
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Prepregnancy Overweight and Passive Smoking for 
Macrosomia or LGA
Table  2 presents ORs of prepregnancy overweight/

obesity and passive smoking for macrosomia and LGA. 
The ORs of prepregnancy BMI ≥ 24 versus <24 kg/m2 and 
passive smoking versus nonpassive smoking for macro-
somia were 2.37 (95% CI: 2.11–2.66) and 1.14 (95% CI: 
1.01–1.28) in univariable analysis, respectively. In the 
multivariable model (model 2), the ORs of prepregnancy 
BMI ≥24 kg/m2 and passive smoking for macrosomia 
were 2.39 (95% CI: 2.11–2.71) and 1.17 (95% CI: 1.04–
1.32), respectively. Adjustment for GDM status (model 3) 
and GCT levels (model 4) slightly decreased their ORs of 
passive smoking for macrosomia, but their statistical sig-
nificance persisted (OR in model 3: 1.15, 95% CI: 1.02–
1.30; OR in model 4: 1.15, 95% CI: 1.02–1.30). Similarly, 
adjustment for GDM status and GCT levels also slightly 
attenuated the association sizes of prepregnancy BMI ≥24 
kg/m2 for macrosomia (OR in model 3: 2.25, 95% CI: 
1.98–2.55; OR in model 4: 2.22, 95% CI: 1.96–2.53). How-
ever, passive smoking was not significantly associated 

with LGA (except for in model 2), although prepregnan-
cy BMI ≥24 kg/m2 was also associated with increased risk 
of LGA in all the models.

Additive Interactions between Prepregnancy 
Overweight/Obesity and Passive Smoking for 
Macrosomia and LGA
Table 3 shows the ORs of passive smoking versus non-

passive smoking for macrosomia and LGA among women 
with BMI ≥24 kg/m2 and <24 kg/m2. Among women with 
prepregnancy BMI ≥24 kg/m2, the OR of passive smoking 
versus nonpassive smoking for macrosomia was 1.27 (95% 
CI: 1.06–1.52) in univariable analysis and 1.25 (95% CI: 
1.04–1.51) in multivariable analysis (model 2), both being 
numerically higher than the ORs in the entire cohort. Sim-
ilarly, the OR of passive smoking versus nonpassive smok-
ing for LGA among women with prepregnancy BMI ≥ ver-
sus <24 kg/m2 was numerically higher (OR: 1.22, 95% CI: 
1.01–1.47) than among women with BMI <24.0 kg/m2 (OR: 
1.03, 95% CI: 0.88–1.21). After adjusting for GDM status 
(model 3) and GCT glucose levels (model 4), the ORs of 

Table 3. Interactive associations of passive smoker and prepregnancy overweight/obesity for macrosomia and LGA

Model 1 Model 2 Model 3 Model 4

Macrosomia as the outcome
Independent models
Among prepregnancy BMI ≥24 kg/m2

Passive smoking versus nonpassive smoking 1.27 (1.06–1.52) 1.25 (1.04–1.51) 1.22 (1.01–1.48) 1.23 (1.01–1.49)
Among prepregnancy BMI <24 kg/m2

Passive smoking versus nonpassive smoking 1.01 (0.87–1.18) 1.08 (0.92–1.26) 1.07 (0.91–1.26) 1.08 (0.92–1.26)
Additive interaction models

BMI <24 kg/m2 and nonpassive smoking 1.00 1.00 1.00 1.00
BMI <24 kg/m2 and passive smoking 1.01 (0.87–1.18) 1.05 (0.90–1.24) 1.04 (0.89–1.23) 1.06 (0.90–1.24)
BMI ≥24 kg/m2 and nonpassive smoking 2.06 (1.71–2.48) 2.13 (1.75–2.59) 2.04 (1.67–2.48) 2.01 (1.65–2.45)
BMI ≥24 kg/m2 and passive smoking 2.61 (2.23–3.06) 2.70 (2.28–3.20) 2.52 (2.13–3.00) 2.51 (2.11–2.98)

LGA as the outcome
Independent models
Among prepregnancy BMI ≥24 kg/m2

Passive smoking versus nonpassive smoking 1.21 (1.02–1.43) 1.22 (1.01–1.47) 1.19 (0.98–1.44) 1.19 (0.98–1.44)
Among prepregnancy BMI <24 kg/m2

Passive smoking versus nonpassive smoking 0.99 (0.85–1.16) 1.03 (0.88–1.21) 1.02 (0.87–1.19) 1.03 (0.88–1.21)
Additive interaction models

BMI <24 kg/m2 and nonpassive smoking 1.00 1.00 1.00 1.00
BMI <24 kg/m2 and passive smoking 0.99 (0.85–1.16) 1.02 (0.87–1.20) 1.01 (0.86–1.18) 1.02 (0.87–1.19)
BMI ≥24 kg/m2 and nonpassive smoking 2.11 (1.75–2.54) 2.05 (1.69–2.49) 1.94 (1.60–2.36) 1.93 (1.59–2.34)
BMI ≥24 kg/m2 and passive smoking 2.59 (2.21–3.04) 2.49 (2.11–2.95) 2.30 (1.94–2.73) 2.30 (1.94–2.72)

Model 1: univariable analysis. Model 2: multivariable analysis, adjusted for age, height, parity, education >12 years, gestational age 
at delivery (only for macrosomia), gender (only for macrosomia), weight gain from prepregnancy to GCT, insulin treatment, alcohol 
drinker during pregnancy, multiple pregnancies, and systolic blood pressure at first antenatal care visit. Model 3: further adjusted for 
GDM, in addition to the variables listed in model 2. Model 4: further adjusted for GCT value, in addition to the variables listed in mod-
el 2. BMI, body mass index; LGA, large for gestational age; GDM, gestational diabetes mellitus; GCT, glucose challenge test.
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passive smoking versus nonpassive smoking for macroso-
mia among women with prepregnancy BMI ≥24 kg/m2 
were also numerically higher than among women with pre-
pregnancy BMI <24 kg/m2 (Table 3).

Tables 3 and 4 also show the interactive interactions 
between passive smoker and prepregnancy BMI ≥24 kg/
m2 for macrosomia and LGA. Using women with pre-
pregnancy BMI <24.0 kg/m2 and nonpassive smoking as 
the reference group, the presence of passive smoking in-
creased the ORs of prepregnancy BMI ≥24 kg/m2 for 
macrosomia from 2.13 (95% CI: 1.75–2.59) to 2.70 (95% 
CI: 2.28–3.20) after adjusting for traditional or potential 
confounding factors including maternal age, height, par-
ity, education >12 years, systolic blood pressure, gesta-
tional age at delivery, insulin treatment, weight gain from 
prepregnancy to GCT, multiple pregnancies and alcohol 
consumption during pregnancy, as well as infant gender. 
On the other hand, the presence of passive smoking alone 
was not associated with the increased risk of macrosomia 
(OR: 1.05, 95% CI: 0.90–1.24). Table 4 presents the 3 mea-
sures of the additive interactions between prepregnancy 
overweight/obesity and passive smoking for macrosomia 
and LGA. The measures indicate that the additive interac-
tion for macrosomia was significant (RERI: 0.52, 95% CI: 
0.05–0.98; AP: 0.20, 95% CI: 0.03–0.35; S: 1.44, 95% CI: 
1.00–2.06). After further adjustment for GDM status 
(model 3) or GCT levels (model 4), the interaction be-
tween passive smoking and prepregnancy BMI ≥24 kg/m2 

persisted and remained significant. On the other hand, 
the additive interaction between prepregnancy BMI ≥24 
kg/m2 and passive smoking during pregnancy for LGA 
was nonsignificant (RERI: 0.42, 95% CI: −0.02–0.85; AP: 
0.16, 95% CI: −0.01–0.33; S: 1.39, 95% CI: 0.95–2.03).

Separate Analysis of Additive Interactions between 
Passive Smoking and Overweight (but Not Obesity) 
and between Passive Smoking and Obesity for 
Macrosomia
Online suppl. Tables S2 and S3 show the results of sub-

group analyses of the additive interactions of passive smok-
ing with overweight (but not obesity) and obesity for mac-
rosomia. The OR of copresence of both obesity and passive 
smoking (OR: 3.56, 95% CI: 2.78–4.54) was numerically 
higher than the OR of copresence of overweight and passive 
smoking (OR: 2.45, 95% CI: 2.04–2.94). However, only the 
additive interaction between overweight and passive smok-
ing for macrosomia was significant (RERI: 0.47, 95% CI: 
0.00–0.95; AP: 0.20, 95% CI: 0.01–0.38; S: 1.51, 95% CI: 
0.95–2.40). The additive interaction between obesity and 
passive smoking did not reach statistical significance.

Additive Interaction between Prepregnancy 
Overweight/Obesity and Passive Smoking for 
Macrosomia after Adjusting for Underweight
Online suppl. Table S4 shows the results of additive 

interaction between prepregnancy overweight/obesity 

RERI (95% CI) AP (95% CI) S (95% CI)

Macrosomia as the outcome
Model 1 0.54 (0.11–0.97) 0.21 (0.05–0.36) 1.50 (1.03–2.19)
Model 2 0.52 (0.05–0.98) 0.20 (0.03–0.35) 1.44 (1.00–2.06)
Model 3 0.44 (0.00–0.89) 0.17 (0.01–0.34) 1.40 (0.95–2.07)
Model 4 0.44 (0.00–0.88) 0.18 (0.01–0.34) 1.41 (0.96–2.08)

LGA as the outcome
Model 1 0.49 (0.05–0.93) 0.19 (0.03–0.35) 1.44 (0.99–2.01)
Model 2 0.42 (−0.02 to 0.85) 0.16 (−0.01 to 0.33) 1.39 (0.95–2.03)
Model 3 0.35 (−0.07 to 0.76) 0.15 (−0.03 to 0.33) 1.36 (0.90–2.06)
Model 4 0.35 (−0.07 to 0.76) 0.15 (−0.03 to 0.33) 1.36 (0.90–2.06)

Model 1: univariable analysis. Model 2: multivariable analysis, adjusted for age, height, 
parity, education >12 years, gestational age at delivery (only for macrosomia), gender 
(only for macrosomia), weight gain from prepregnancy to GCT, insulin treatment, alcohol 
drinker during pregnancy, multiple pregnancies, and systolic blood pressure at first ante-
natal care visit. Model 3: further adjusted for GDM, in addition to the variables listed in 
model 2. Model 4: further adjusted for GCT value, in addition to the variables listed in 
model 2. GDM, gestational diabetes mellitus; CI, confidence interval; LGA, large for ges-
tational age; RERI, relative excess risk due to interaction; AP, attributable proportion due 
to interaction; S, synergy index. RERI > 0, AP > 0, or S > 1 suggest significant additive 
interaction.

Table 4. Three measures of the additive 
interactions between prepregnancy 
overweight/obesity and passive smoking 
for macrosomia and LGA
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and passive smoking for macrosomia after adjusting for 
underweight. After adjustment of underweight, the OR of 
prepregnancy BMI ≥24.0 kg/m2 for macrosomia and the 
measures for additive interaction between passive smok-
ing and prepregnancy overweight for macrosomia were 
largely unchanged (RERI: 0.47, 95% CI: 0.04–0.90; AP: 
0.19, 95% CI: 0.03–0.35; S: 1.46, 95% CI: 0.99–2.17).

Discussion

In our study, prepregnancy overweight/obesity and 
passive smoking were associated with increased risk of 
macrosomia and exposure to both risk factors had a sig-
nificant additive interaction toward a higher risk of mac-
rosomia. The interaction between passive smoking and 
prepregnancy overweight/obesity for macrosomia was 
not modified by the occurrence of GDM or hyperglyce-
mia during pregnancy. However, passive smoking was 
not significantly associated with LGA and the additive 
interaction between both risk factors was also nonsignif-
icant, although prepregnancy overweight/obesity was as-
sociated with increased risk of LGA.

There are inconclusive findings regarding the associa-
tion between maternal smoking during pregnancy and 
fetal overgrowth and macrosomia. A study found that 
maternal smoking reduced the risk of macrosomia [8], 
while others found no crude or adjusted association be-
tween maternal smoking and macrosomia [20, 21]. Simi-
larly, there were inconsistent findings regarding the as-
sociation between passive smoking and birth weight [22, 
23]. A study conducted in 2 different cities of China found 
that there were no differences in mean birth weight by 
exposure from all sources of second-hand smoking [22]. 
Another study found that the average birth weight among 
infants whose fathers smoked a pack a day or more was 
3,213 g (95% CI: 3,025, 3,401) and that among those in-
fants whose fathers did not smoke was 3,191 g (95% CI: 
2,995, 3,367), a slight increase of 32 g in average birth 
weight (p < 0.01) [23]. Several studies explored the rela-
tionship between passive smoking and small for gesta-
tional age (SGA) or LBW, but the results were also incon-
sistent. Many studies failed to find that second-hand 
smoke exposure (SHS) was associated with significantly 
reduced birth weight [24]. However, in a review of 20 
studies on the association between second-hand smoke 
and SGA/LBW, SHS during pregnancy was associated 
with increased risk of SGA/LBW or significantly reduced 
birth weight [24]. In the current study, passive smoking 
exposure was associated with macrosomia. However, 

passive smoking alone was not associated with increased 
risk of macrosomia after considering its additive interac-
tion with overweight/obesity for macrosomia.

A large body of literature consistently reported that 
maternal overweight was associated with increased risk of 
macrosomia/LGA [25]. A meta-analysis of over 1.6 mil-
lion Chinese mothers reported that maternal overweight/
obesity before pregnancy was associated with about a 
1.91-fold risk of macrosomia [26]. Consistently, we found 
that prepregnancy overweight/obesity was associated 
with a 2.39-fold risk of macrosomia and a 2.30-fold risk 
of LGA. Our study further found that a large part of the 
risk association was not attributable to the occurrence of 
GDM or hyperglycemia during pregnancy, although 
overweight itself predisposes to a high risk of GDM [27].

There are several mechanisms proposed to explain the 
association between maternal overweight and fetal over-
growth or macrosomia. Maternal overweight/obesity can 
change the inflammatory response, resulting in increased 
concentration of TNF-α, IL-1b and IL-6, and leptin and 
then worsening insulin resistance and fetal overgrowth 
[28]. Further, a study reported that leptin enhances the ac-
tivity of the amino acid transporter system A that is among 
the primary determinants for the supply of nutrients to the 
fetus [29]. In addition, being overweight/obese also increas-
es the risk of GDM, which further increases the risk of mac-
rosomia. Pedersen’s hypothesis states that maternal hyper-
glycemia can be transported to the fetus via the placenta but 
insulin could not [30]. The hyperglycemia in the fetus stim-
ulates secretion of insulin in the fetus, which leads to fat ac-
cumulation in the fetus [30]. In this context, our group ob-
served that GDM had an interaction with prepregnancy 
overweight toward increasing the risk of macrosomia [31]. 
In addition, women without GDM who were overweight 
before pregnancy also had a higher rate of macrosomia [32].

It is of interest that our current study observed an ad-
ditive interaction between passive smoking and over-
weight/obesity for macrosomia independent of GDM or 
hyperglycemia, suggesting that there are other common 
mechanisms in addition to glycemia for fetal overgrowth. 
In this context, a study found that women with GDM 
whose hyperglycemia was under tight control were still at 
higher risk of macrosomia [33]. Overweight/obesity is of-
ten accompanied by hypertriglyceridemia and insulin re-
sistance [34], a risk factor for macrosomia independent 
of hyperglycemia [35]. It is more interesting to note that 
passive smoking increased the odds of maternal over-
weight/obesity. Our observation is supported by both hu-
man and animal studies. Intrauterine exposure to smok-
ing increases the risk of hypertriglyceridemia in adult-
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hood [36]. An animal study found that nondiabetic rats 
exposed to tobacco smoke had higher triglyceride levels 
(515.22 ± 118.05 mg/dL) than unexposed nondiabetic 
rats (352.46 ± 42.67 mg/dL) [37]. Therefore, our finding 
regarding the additive interaction between maternal 
overweight/obesity and passive smoking for macrosomia 
is biologically plausible.

Our research has public health implications. Macroso-
mia is associated with increased risk of maternal and neo-
natal complications including birth injuries, poor 5-min 
Apgar score, and early neonatal death [38]. Adverse con-
sequences of increased fetal growth may not be limited to 
the perinatal period because it may increase the risk of 
diabetes, hypertension, and obesity later in life [39]. In ad-
dition, epigenetic changes in embryonic organ develop-
ment and morphogenesis resulting from high birth weight 
may contribute to transgenerational programming of 
chronic disease, and increase the risk of cardiac disease in 
adults who were born with macrosomia/LGA [40]. There-
fore, reducing the incidence of macrosomia has potential 
public health implications. Overweight/obesity is highly 
prevalent in Chinese women of reproductive age [41]. The 
prevalence of overweight/obesity and passive smoking 
was up to 27.1% and 57.2% in our cohort. Given the high 
rates of passive smoking and maternal overweight, weight 
control before pregnancy and reducing exposure to pas-
sive smoking may reduce the risk of macrosomia. More-
over, passive smoking and overweight/obesity are also as-
sociated with increased risk of chronic diseases such as 
multiple cancers [42, 43], cardiovascular disease, and 
mortality in later life [44, 45]. For these reasons, reducing 
exposure to these 2 factors may have health benefits in 
both the mothers and their offspring.

Our study had strengths and limitations. A major 
strength of our study was that our study was a prospective 
study, and the data were collected longitudinally. Second, 
our study had excluded all active smokers and adjusted 
for possible confounders in the analysis. Our study also 
had limitations. First, a high proportion of women 
(34.6%) were not included in the analysis because their 
passive smoking status was not reported. We had care-
fully compared the characteristics of the included women 
and those women excluded but did not find significant 
differences in most features except for parity and the ges-
tational age at the first antenatal visit (online suppl. Table 
S1). Second, passive smoking was self-reported rather 
than objectively measured and self-reported passive 
smoking may not be an accurate indicator of plasma nic-
otine levels. However, questionnaires are widely used to 
assess SHS. Arechavala et al. [46] examined the correla-

tion between self-reported SHS exposure indicators and 
nicotine concentrations in the home and found self-re-
ported SHS exposure indicators correlated moderately 
strongly with airborne nicotine concentrations (Spear-
man r = 0.65, p < 0.001). Third, we did not systematically 
collect maternal body weight at birth and we were there-
fore not able to adjust for weight gain in our analysis. 
However, we had included weight gain to 24–28 weeks of 
gestation, that is, at the GCT time, and adjustment of 
weight gain to 24–28 weeks of gestation may have par-
tially removed the confounding effect of weight gain dur-
ing pregnancy. Fourth, we used body weight at the first 
antenatal visit as prepregnancy weight. Although weight 
gain during the first 12 gestational weeks was quite small 
[17], use of body weight at the first antenatal care visit for 
prepregnancy body weight may have resulted in a small 
overestimation of prepregnancy BMI. Fifth, some infor-
mation including gestational age at delivery and birth 
weight was not measured or collected in a prospective 
manner but retrieved from Tianjin Maternal and Child 
Health Information System.

In conclusion, our study found that prepregnancy 
overweight/obesity was associated with increased risk of 
macrosomia independently and synergistically with pas-
sive smoking during pregnancy for macrosomia. A large 
part of the interactive association was not attributable to 
hyperglycemia during pregnancy. The underlying mech-
anism warrants further investigations. Our study high-
lights the importance of maintaining a healthy weight be-
fore pregnancy and reducing exposure to passive smok-
ing for health benefits in the mothers and their offspring.
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