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Background: Fine particulate matter (PM2.5) is one of the most common outdoor air pollutants, and secondhand smoking (SHS) is an important source of inhalable indoor air pollution. Previous studies were controversial and inconsistent about PM2.5 and SHS air pollutants on neonatal birth weight outcomes, and no studies assessed the potential interactive effects between PM2.5 and SHS on birth weight outcomes.

Purpose: To investigate the interaction between gestational PM2.5 and SHS air pollution exposure on the risk of macrosomia among pregnant women and examine the modifying effect of SHS exposure on the association of PM2.5 air pollution and birth weight outcomes during pregnancy.

Methods: Research data were derived from the National Free Preconception Health Examination Project (NFPHEP), which lasted 3 years from January 1, 2010, to December 31, 2012. At least 240,000 Chinese women from 220 counties were enrolled in this project. PM2.5 exposure concentration was obtained using a hindcast model specific for historical PM2.5 estimation from satellite-retrieved aerosol optic depth. Different interaction models about air pollution exposure on birth weight outcomes were established, according to the adjustment of different confounding factors and different pregnancy stages. The establishment of interaction models was based on multivariable logistic regression, and the main confounding factors were maternal age at delivery and pre-pregnancy body mass index (BMI) of participants. SHS subgroups analysis was conducted to further confirm the results of interaction models.

Results: In total, 197,877 participants were included in our study. In the full-adjusted interaction model, maternal exposure to PM2.5 was associated with an increased risk of macrosomia in whole, the first-, second-, and third trimesters of pregnancy (p < 0.001). The interactive effect was statistically significant between maternal exposure to PM2.5 and SHS on the risk of macrosomia in the whole (interaction p < 0.050) and the first-trimester pregnancy (interaction p < 0.050), not in the second (interaction p > 0.050) or third trimester (interaction p > 0.050) of pregnancy. The higher frequency of SHS exposure prompted the stronger interaction between the two air pollutants in the whole pregnancy and the first-trimester pregnancy.

Conclusions: In the whole and first-trimester pregnancy, maternal exposure to SHS during pregnancy enhanced the risk of macrosomia among pregnant women exposed to PM2.5 air pollutants, and the interaction became stronger with the higher frequency of SHS exposure.
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INTRODUCTION

Birth weight is a key indicator in newborn and infant survival and is associated with health outcomes across the whole life course, including cardio-metabolic and mental health, some cancers, and mortality (1, 2). A fetus larger than 4,000 g is considered macrosomia, regardless of gestational age (3). Macrosomia is associated with an increased risk of maternal and fetal complications, such as birth canal trauma, shoulder dystocia, and perinatal asphyxia (4). Compared with infants born at normal weights, macrosomia newborns are at more risk for long-term complications, such as obesity and insulin resistance (5). It was well-established that both genetic and environmental elements played indispensable roles in pregnancy outcomes, such as birth weight (6, 7). Genetic elements include parental hereditary material, epigenetic variation, and maternal placenta factors (8, 9), while environmental elements include gestational air pollutants, maternal addiction to smoking or alcohol, and maternal nutritional conditions (10, 11). It is more practicable to control environmental elements than genetic elements to improve adverse pregnancy outcomes. Among environmental elements, fine particulate matter (PM2.5) is one of the most common outdoor air pollutants caused by fossil fuel burning and vehicle emissions, while secondhand smoking (SHS) is an important source of inhalable indoor air pollution produced by smokers (12, 13). Both air pollutants are mainly caused by human activities and are likely to be changed and avoided by taking some measures. Pregnant women exposed to PM2.5 during pregnancy can lead to adverse pregnancy outcomes, such as fetal congenital malformation, premature delivery, abnormal birth weight of the fetus, and in severe cases, neonatal death (14, 15). Gestational SHS exposure at work and/or at home increased the risk of fetal stillbirth, neonatal death, and perinatal death (16).

Previous studies have established strong epidemiological linkages between pre-natal exposure to PM2.5 or SHS and fetal birth weight outcomes. Concerning PM2.5, the majority of studies reported that the increased risk of low birth weight (LBW) was associated with maternal exposure to PM2.5 (17). Links between gestational PM2.5 exposure and small for gestational age (SGA) have been observed in some studies (10). A nationwide cohort study also suggested that gestational exposure to PM2.5 during pregnancy was significantly associated with an increased risk of macrosomia (18). In terms of SHS, evidence on the association of neonatal birth weight and gestational cigarette smoke exposure was accumulated with a growing number of studies (7, 19, 20). The LBW prevalence was higher among newborns whose mothers were pre-natally exposed to SHS comparing with newborns whose mothers were not exposed (7). The link between maternal passive smoking and increased risk of delivering SGA also exists (20). All in all, the findings of the above studies about PM2.5 and SHS air pollutants on neonatal birth weight outcomes have been controversial and inconsistent.

There are some research gaps in the areas of association between environmental pollutants and newborn birth weight. First, whether the PM2.5 pollutants and SHS were associated with an increase or decrease in birth weight was unclear. Second, most related studies were confined to certain cities or provinces. The research based on nationwide cohorts was limited and scarce. Third, all the previous studies have separately evaluated the effects of PM2.5 or SHS air pollutants on birth weight outcomes, or considered SHS as a possible confounding factor in studies. No published studies have assessed the potential interaction between PM2.5 and SHS and evaluated the interactive effects on birth weight outcomes.

In our study, we aimed to investigate the interaction between gestational PM2.5 and SHS air pollution exposure on the risk of macrosomia among pregnant women and examine the modifying effect of SHS exposure on the association of PM2.5 air pollution and birth weight outcomes during pregnancy. We conducted the data cleaning process following strict screening standards to ensure the inclusion eligibility of all the enrolled women. We established different interaction models about air pollution exposure on birth weight outcomes, according to the adjustments of different confounding factors, and different pregnancy stages. SHS subgroups analysis was conducted to further confirm the results of interaction models. Our study expanded the region of investigation, achieving nationwide evidence, including 220 countries from 31 provinces or municipalities in China. This study was the first nationwide, population-based prospective cohort study to identify the interactions between gestational PM2.5 and SHS exposure among pregnant women on birth weight outcomes.



METHODS


Study Design and Participants

Our research data were derived from the National Free Preconception Health Examination Project (NFPHEP), which has lasted 3 years from January 1, 2010, to December 31, 2012. This project was launched by the National Health and Family Planning Commission and the Ministry of Finance of the People's Republic of China in 2010. The NFPHEP aimed to provide free preconception health examinations in rural areas to married couples who planned to get pregnant within the next 4–6 months. Well-trained local community health workers and obstetricians provided free preconception counseling, medical examinations, and management during pregnancy. In all, at least 240,000 Chinese women in 220 counties from 31 provinces or municipalities of China were enrolled in this project. In this study, we initially obtained 248,501 pregnant women from the NFPHEP. The follow-up success rate of the study is about 97.97% according to the dataset. After 6,914 mismatches of birthplace and follow-up place or missing were removed, 241,587 participants were involved preliminarily. Participants lost to follow-up (5,036), unreported birth weight (26,275), unreported gestational PM2.5 concentration (1,121), unreported SHS exposure (7,471), and active smoking (1,434) were excluded. Pregnant women with adverse pregnancy outcomes, including birth defects (177), spontaneous abortion (121), medical abortion (24), induced labor (136), stillbirths (332), non-singleton births pregnancies (1,099), and LBW (484), were also excluded from the study. The selection process, including reasons for excluding some pregnant women, is summarized in a flow diagram (Figure 1). Finally, 197,877 participants were included in the current study. In addition, multiple imputations were also done for missing data, including the concentration of PM2.5 in different pregnancies, birth weight, SHS conditions, and the flowchart for the inclusion and exclusion of participants is added in Supplementary Figure A.1.


[image: Figure 1]
FIGURE 1. Flowchart of participants' inclusion and exclusion. aPM2.5, fine particulate matter. bSHS, secondhand smoking. cLBW, low birth weight.


The study was approved by the institutional review board of the National Research Institute for Family Planning, Beijing, China. All participants provided written informed consent. The detailed design and implementation of NFPHEP have been described elsewhere (18, 21, 22).



Referred Variables

In this project, information of both enrolled pregnant women and neonates were collected by face-to-face investigation and examination conducted by trained and qualified staff. In total, 371 items in 19 aspects, including social demographic characteristics, family history, lifestyle factors, history of diseases, physical examinations, laboratory tests, and diagnostic imaging, were obtained. All data were uploaded to a nationwide electronic data capture system and underwent quality control by the National Quality Inspection Center for Family Planning Techniques.

The variables analyzed in our study included PM2.5 concentration, age at delivery, birth weight of neonate, sex of neonate, educational level, smoking during pregnancy, alcohol intake during pregnancy, prolonged pregnancy, multiparity, pre-pregnancy BMI, pre-pregnancy diabetes mellitus, pre-pregnancy hypertension, family history of diabetes mellitus, and the season of delivery.



Outcome and Exposure Assessment

As recommended by the WHO, a newborn baby ≥4,000 g is considered macrosomia (23). We defined normal birth weight (NBW) as the birth weight between 2,500 and 4,000 g (23). The weight of each newborn was recorded by information recorders. In this study, the PM2.5 exposure concentration of each country was provided by the Chinese Center for Disease Control and Prevention through a hindcast model specific for historical PM2.5 estimation from satellite-retrieved aerosol optic depth. It was an ensemble machine-learning model that provided reliable PM2.5 hindcast capabilities comprised of random forest, generalized additive model, and extreme gradient boosting. The missing satellite data were first filled by multiple imputations. To control for unobserved spatial heterogeneity, China was divided into seven regions through a spatial clustering method. Ensemble machine-learning models above were trained in each region separately. Satellite data and PM2.5 ground monitoring records at 1,593 monitoring stations across mainland China from 2013 to 2016 were used to train the model. Finally, a generalized additive ensemble model was developed to combine predictions from different algorithms. The ensemble prediction characterized the spatiotemporal distribution of daily PM2.5 well with the cross-validation (CV) R2 (root mean square error, RMSE) of 0.79 (21 μg/m3). The cluster-based sub-region models outperformed national models and improved the CV R2 by ~0.05. Specific parameter settings and model building have been reported in detail elsewhere (18, 24). Daily county-specific PM2.5 concentration of each included pregnant woman was used to calculate monthly PM2.5 concentration to evaluate PM2.5 exposure condition during the pregnancy in our study. The average monthly PM2.5 concentrations in 1–3 months' gestation, 4–6 months' gestation, and 7 months to delivery were regarded as the first-, second-, and the third- trimester of pregnancy, respectively. Address information of each woman at the county level has been registered. SHS is passive inhalation of cigarette smoke produced by active smoking of smokers, also commonly known as “passive smoking” or “forced smoking.” Women in our study may be exposed to different degrees of SHS in the workplace or at home. They were divided into three groups according to exposure levels. Being exposed to one full cigarette was defined as one time. Those who never touched smokers or secondhand smokers were classified into the “None exposure SHS” subgroup. Then being exposed to smoking 1–6 times per week was defined as “Occasional Secondhand Smoke Exposure,” and being exposed to smoking ≥ 7 times per week was defined as “Frequent Secondhand Smoke Exposure.” The conditions of SHS exposure were collected through the questionnaires filled out by women prepared for a baby within next 4–6 months. In our study, women who moved during the follow-up were excluded to avoid the bias induced by moving during perinatal period, which could ensure the stability of pre-natal living environment. Additionally, When couples are prepared for pregnancy, lifestyle and metabolic control before and during pregnancy would be maintained properly for a successful pregnancy (25). So the conditions of SHS exposure during prepared pregnancy period could be regarded as pregnancy period.



Statistical Analysis

All the enrolled pregnant women in NFPHEP needed to be screened for the eligibility of inclusion into our study. The definition of loss to follow-up was that participants got preconception examination but had not received pre-natal or post-natal examination and questionnaires yet by 1 month after the expected date of confinement. To avoid the bias induced by moving during pregnancy, women who moved during the follow-up were excluded. The pregnant women who had missing data of PM2.5 concentration, birth weight, SHS conditions were excluded from the analysis. Extreme observations in other variables were replaced with missing data and were included in our analysis. Multiple imputations were also done for missing data, including the concentration of PM2.5 in different pregnancies, birth weight, and SHS conditions to conduct a sensitivity analysis.

The establishment of models was based on multivariable logistic regression, such as main effect item, interaction effect item, and other confounding factor adjustments. Four models were constructed on the basis of directed acyclic graphs (DAGs; Supplementary Figure A.2). Model 1 included PM2.5 concentration, different exposure levels of SHS, and the interaction between PM2.5 and SHS. Based on Model 1, maternal age at delivery and pre-pregnancy BMI were added in Model 2, and then neonate's sex (male or female), prolonged pregnancy ≥ 42 weeks (yes or no), and multiparity (yes or no) were added in the Model 3. Based on Model 3, preconception diabetes (yes or no), preconception hypertension (yes or no), family history of diabetes (yes or no), the highest maternal educational level (junior high school, senior high school, or college), the season of delivery (spring: March to May, summer: June to August, autumn: September to December, winter: November to February), and alcohol consumption status (current, former, or never drinker) were added in the fully adjusted Model 4. The statistical significance of interaction items was evaluated using the hypothesis test for the coefficient in the model. According to the DAGs, the major confounding factors were age at delivery and pre-pregnancy BMI, which were also confounding factors that need to be corrected most in the models. So the Model 2, which adjusted age at delivery and pre-pregnancy BMI, could be regarded as the primary results of models. Models 3 and 4 played supported and assistant roles in the study. The strategies of the confounding factors adjustment for the first-, second-, and third trimesters of pregnancy followed the full-adjusted principle, and all the three trimesters adopted Model 4 above to evaluate the trimester-specific interaction effect. Odds ratios (ORs) and their 95% CI were reported.

To further confirm the results of the interaction models, we conducted subgroup analyses stratified by SHS exposure (None exposure, Occasional exposure, and Frequent exposure). In each exposure level of SHS, binary logistic regression was established to evaluate the association between trimester-specific PM2.5 and fetal macrosomia. ORs and their 95% CI were reported.

The data cleaning process was conducted using Stata 16. All the interaction models and SHS subgroup analyses were performed using R 4.0.3, and “rms,” “mice,” “MASS,” “Rcpp,” “foreign,” “pool,” “maps,” “ggplot2” packages were used in analyses. A two-sided p-value < 0.05 was considered statistically significant.




RESULTS

Table 1 shows the baseline characteristic of women and neonates included in the study. Among all newborns (n = 197,877), macrosomia (n = 15,348) accounted for 7.76% and the last were non-macrosomia (n = 182,529). Male neonates (n = 9,191) were more than female neonates (n = 6,140) among the macrosomia group. The average birth weight of newborns in the whole study was 3,318.59 g. Other characteristics are also clearly shown in Table 1. The distributions of the sample size of included pregnant women, PM2.5 concentration, and SHS exposure in 220 counties are shown in maps in Figure 2.


Table 1. Baseline characteristics of the included pregnant women and neonates.
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FIGURE 2. Distribution of PM2.5 concentration, SHS exposure, and a number of included pregnant women of study in whole pregnancy in province-level regions in mainland China.


Table 2 summarizes the mean concentration of PM2.5 during pregnancy according to different pregnancy stages. The whole, first-, second-, and third-semester pregnancy had 77.57, 73.35, 73.82, and 83.88 μg/m3 PM2.5 exposure in the macrosomia group, and 75.28, 71.01, 71.83, and 81.43 μg/m3 PM2.5 in the overall group.


Table 2. Mean PM2.5 concentration during pregnancy (μg/m3).
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Table 3 shows the interaction between PM2.5 exposure in whole pregnancy and SHS exposure on risk of macrosomia. Among the four models, the latter model in turn added some confounding factors based on the previous model. In each interactive model, maternal exposure to PM2.5 during pregnancy was associated with an increased risk of macrosomia in whole pregnancy separately (p < 0.001; p < 0.001; p < 0.001; p < 0.001). However, there was no significant association between different frequencies of SHS exposure and risk of macrosomia, not only occasional SHS exposure (p = 0.246; p = 0.124; p = 0.116; p = 0.099) but also frequent SHS exposure (p = 0.374; p = 0.289; p = 0.289; p = 0.272). The interactive effect was statistically significant between maternal exposure to PM2.5 and SHS on the risk of macrosomia (interaction p < 0.05). In four different confounding factor-adjusted models, different frequencies of SHS exposure significantly enhanced the risk of macrosomia among pregnant women exposed to PM2.5 air pollutants (interaction p < 0.05). From Models 1–4, interactive effects between occasional SHS exposure and PM2.5 were significant (interaction p = 0.021; p = 0.010; p = 0.010; p = 0.010), and interaction effects between frequent SHS exposure and PM2.5 were also significant (interaction p = 0.050; p = 0.046; p = 0.051; p = 0.047). The higher frequency of SHS exposure prompted a stronger interaction between the two air pollutants. The ORs of all confounding factors in Model 4 are listed in Supplementary Table A.1. The interactions between PM2.5 exposure in whole pregnancy and SHS exposure on risk of macrosomia after multiple imputations are added in Supplementary Tables A.2, A.3.


Table 3. The interaction between PM2.5 exposure (10 μg/m3 increase) in whole pregnancy and SHS exposure on risk of macrosomia.
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Table 4 shows the interaction between PM2.5 exposure in the first trimester, second trimester, and third trimester of pregnancy and SHS exposure on risk of macrosomia. Each interactive model was based on full confounding factor-adjusted model. In the first trimester, the interaction effect was statistically significant between maternal exposure to PM2.5 and occasional SHS exposure on the risk of macrosomia (interaction p < 0.001). Occasionally exposed to SHS significantly enhanced the risk of macrosomia among pregnant women exposed to PM2.5 air pollutants (interaction p < 0.001). Frequently exposed to SHS was not associated with the risk of macrosomia among pregnant women exposed to PM2.5 air pollutants (interaction p = 0.100). In the second or third trimester, there was no interaction between maternal PM2.5 exposure and occasional exposure to SHS (interaction p = 0.081; p = 0.592). There was no interaction between maternal PM2.5 exposure and frequently exposed to SHS during the second or third trimester of pregnancy (interaction p = 0.302; p = 0.067). The interaction between PM2.5 exposure in the first trimester, second trimester, and third trimester of pregnancy and SHS exposure on risk of macrosomia after multiple imputations are added in Supplementary Table A.4.


Table 4. The interaction between PM2.5 exposure (10 μg/m3 increase) in the first-, second-, and third trimesters of pregnancy and SHS exposure on risk of macrosomia.
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Table 5 and Supplementary Figure A.3 represent the association between PM2.5 concentration in different stages of pregnancy and the risk of macrosomia in different SHS Subgroups. The results of the whole pregnancy were consistent with the results of the first trimester. The higher exposure concentration of PM2.5 during the whole pregnancy or the first trimester among pregnant women was associated with the higher risk of macrosomia (OR = 1.041, p < 0.001; OR = 1.030, p < 0.001). Different frequencies of SHS exposure significantly increased the risk of macrosomia among pregnant women exposed to PM2.5 air pollutants, not only exposed to SHS occasionally (interaction p < 0.001; p < 0.001), but also exposed to SHS frequently (interaction p < 0.001; p < 0.001). Higher frequency of SHS exposure among pregnant women induced a stronger interactive effect between PM2.5 and SHS air pollutants during the whole pregnancy (Frequent exposure OR = 1.072 > Occasional exposure OR = 1.062) and the first trimester (Frequent exposure OR = 1.083 > Occasional exposure OR = 1.062). In the second and the third trimesters, maternal PM2.5 exposure was associated with an increased risk of macrosomia (OR = 1.030, p < 0.001; OR = 1.020, p < 0.001). But there was no interaction between maternal PM2.5 exposure and SHS exposure in the second (OR = 1.030, p < 0.001; OR = 1.051, p < 0.001; OR = 1.041, p = 0.069) and the third trimester of pregnancy(OR = 1.020, p < 0.001; OR = 1.051, p < 0.001; OR = 1.051, p = 0.007). Associations between PM2.5 concentration in different stages of pregnancy and the risk of macrosomia in different SHS subgroups after multiple imputations are added in Supplementary Table A.5.


Table 5. Association between PM2.5 concentration (10 μg/m3 increase) in different stages of pregnancy and the risk of macrosomia in different SHS Subgroups.
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DISCUSSION

In the full-adjusted interaction model, we found that maternal exposure to PM2.5 was associated with an increased risk of macrosomia in the whole pregnancy, the first-, second-, and third trimesters of pregnancy. In whole pregnancy, for every 10 μg/m3 increase in the concentration of PM2.5, the risk of macrosomia was increased by 4.1% among pregnant women. The interaction effect was statistically significant between maternal exposure to PM2.5 and SHS on the risk of macrosomia in the whole pregnancy and the first-trimester pregnancy. The higher frequency of SHS exposure prompted a stronger interaction between the two air pollutants in the whole pregnancy and the first-trimester pregnancy. In conclusion, in the whole and the first-trimester pregnancy, maternal exposure to SHS during pregnancy enhanced the risk of macrosomia among pregnant women who were exposed to PM2.5 air pollutants, and the interaction became stronger with the higher frequency of SHS exposure.

There is a rigorous methodology in our study. First, the process of data cleaning was conducted following strict screening standards. All the enrolled pregnant women in NFPHEP needed to be screened for the eligibility of inclusion into our study. Multiple imputations were added to process missing data. Second, the confounding factors were adjusted gradually in different models to avoid bias to the outcomes. Third, the subgroup analyses stratified by SHS exposure were conducted to further confirm the results of interactive models.

There are several innovations in our research. First, our study was conducted among a new study cohort, that is, the national pregnant Chinese women. Previous studies on the adverse effects of air pollution exposure on birth outcomes were mostly carried out in the developed countries or regions (26, 27). The differences between Chinese and people from other countries were reflected in several aspects, such as the higher exposure condition of maternal SHS (28, 29), higher PM2.5 pollution levels (30, 31), and more vulnerable metabolism characteristics of the Chinese population compared with people from other countries (32, 33). Hence, our study provided new evidence on the prognosis of air pollution-related diseases among the Chinese population, which represented 18.5% of the population of the world. Second, our study established a new interaction model between two human-caused air pollutants. Previous studies have focused on the interaction between genetic inheritance and environmental pollutants on birth outcomes (34, 35). No study has paid attention to the interaction between two air pollutants caused by human activities during different stages of pregnancy. Third, our study has identified a new risk that reinforced the association between maternal PM2.5 air pollutant exposure and macrosomia newborns. We found that maternal SHS exposure enhanced the risk of macrosomia associated with PM2.5 exposure.

Our study found that maternal exposure to PM2.5 during pregnancy was associated with an increased risk of macrosomia in whole pregnancy and different stages of pregnancy. The findings were consistent with a previous study on the association between PM2.5 exposure and birth weight (18). In CHEN et al.'s study (18), significant associations were found between the increased risk of macrosomia and every 10 μg/m3 increase of PM2.5 concentration over the first-, second-, and third trimesters in a nationwide prospective cohort study in China.

Our study suggested that there was an interaction between maternal exposure to SHS and PM2.5 air pollutants on the risk of macrosomia in the whole pregnancy and the first-trimester pregnancy. The higher frequency of SHS exposure prompted the stronger interaction between the two air pollutants in the whole pregnancy and the first-trimester pregnancy. No studies before have concentrated on the interaction effect of two air pollutants on adverse pregnancy outcomes, such as birth weight. The interaction between air pollutants and other factors on birth weight outcome has been reported in previous studies. Huang et al. (36) examined the interaction effects of pre-natally exposure to environmental tobacco smoke (ETS) and genotypes of cytochrome P4501A1 (CYP1A1), glutathione S-transferases (GSTs) on the risk of full-term low birth weight (FT-LBW). The study (36) revealed that gene polymorphisms of CYP1A1 and GSTs played modified roles in associations between pre-natal ETS exposure and FT-LBW. However, it was harder to take measures to change genetic endowments, compared with controlling manmade pollutant factors, such as PM2.5 and SHS exposure. Wang et al. (37) also assessed the interaction of air pollutants and meteorological factors on birth weight in Shenzhen, China. Wang et al. (37) found that, an interactive effect of air temperature and humidity on the relationship between PM10 exposure and SGA among newborns existed. Other studies also reported the interaction between air pollutants and life-related risk factors of mothers during pregnancy on fetal birth weight, such as maternal pre-pregnancy overweight (38), maternal employment (39), and maternal illicit drug use (40). However, in all, no studies before assessed the interaction effect of two air pollutants on birth weight outcomes.

The detailed mechanism of interaction between maternal exposure to SHS and PM2.5 air pollutants on the risk of macrosomia during pregnancy remained unclear. A few possible explanations or hypotheses were as follows. First, SHS is important indoor air pollution that could be inhaled into lung and blood circulation (12, 13, 41, 42). When SHS exposure from surrounding smokers and PM2.5 exposure from the atmosphere existed simultaneously, the concentration of PM2.5 changed and certain effects, such as synthesis, may happen. Hence, the interaction between maternal exposure to SHS and PM2.5 may exist. Secondly, studies on the association of PM2.5 air pollutants and newborn birth weight outcomes suggested that the changes of oxidative stress (43), immune response (44), and epigenetic regulation (45) may influence birth weight. Furthermore, studies on the association of maternal tobacco smoke exposure and fetal birth weight suggested that placental toxicity (46) and epigenetic modifications, such as DNA methylation (47), could be potential mediators affecting fetal birth weight outcomes. So epigenetic modification could be an explanation for the interaction between maternal exposure to SHS and PM2.5 air pollutants on the risk of macrosomia. Maybe the two air pollutants had some common gene methylation or overlapped molecular pathway of macrosomia leading to the interaction. In our study, SHS enhanced the risk of macrosomia among pregnant women who were exposed to PM2.5 air pollutants. The explanation maybe that the genes or signal pathways related to the association between SHS and macrosomia could be activated by the gene or signal pathway related to PM2.5. SHS exposure alone could not lead to macrosomia, because macrosomia-related genes were not activated by PM2.5. Our study suggested only in the whole pregnancy and the first trimester that the interaction between maternal exposure to SHS and PM2.5 air pollutants on the risk of macrosomia existed. The results indicated that exposure to PM2.5 in the first trimester had the biggest effect on birth weight. Maybe it was because that the exposure to air pollution in the first trimester could lead to placental adaptation through epigenetic modification (48).

Our study has some strengths and several potential limitations. The strengths included an emphasis on the harm of SHS to pregnant women, especially in high-exposed PM2.5 regions. Another strength was to point out that future studies could focus on the epigenetic aspects to explore the mechanism of birth weight changes associated with environmental pollutants. The study had also some limitations. The majority of pregnant women in NFPHEP were from rural areas in China, and thus, the conclusions made in this study were most pertinent to this region. Since the survey of SHS condition in our study was conducted through the questionnaire completed by the pregnant women, the collected information could be inevitably influenced by subjective ideas. Our research obtained the estimated PM2.5 concentration by the county-level data from satellite-retrieved aerosol optic depth rather than the ground-monitored levels, which may increase the exposure misclassification. This was also a limitation of our research. However, in China, the national air quality-monitoring network was established in 2013 such that PM2.5 measurements before 2013 were unavailable. Our study was conducted from January 1, 2010, to December 31, 2012, just before the training of the national air quality monitoring system. Additionally, the ground monitoring of PM2.5 was limited in most developing regions, while all participates enrolled in our project were from rural areas. So satellite-based PM2.5 prediction was common to be used to evaluate air quality at that time. In addition, our hindcast model showed higher accuracy than previous models because of the spatial clustering method and the long period of data used in model training. Although we used a satellite-based comprehensive model and assigned exposures according to country level, misclassification of the exposure could still exist. The pollution at micro-environmental levels (e.g., indoor, outdoor, or associated with commuting) or maternal activity patterns may have contributed to a misclassification. Although we ruled out women who moved during pregnancy in our study to avoid the misclassification of exposure, there still might be misclassification of the exposure that we could not control. In addition, wealth score, deprivation index, urban rurality, and other socioeconomic factors may have effects on birth weight and should be added to the models. Owing to the lack of such information in the original dataset, wealth score, deprivation index, urban rurality, and other socioeconomic factors are failed to be added into models as confounding factors. This was also one of the limitations of our research.

Generally, our study highlighted the impact of environmental air pollutants on adverse pregnancy outcomes, such as birth weight, and inspired us to emphasize controllable human activity-caused environmental pollutants, such as PM2.5 and SHS, which could be reduced or removed by taking some measures in the future. Our results strengthened the evidence that maternal exposure to PM2.5 during pregnancy was associated with an increased risk of macrosomia in China and meanwhile, firstly, suggested that SHS may enhance the risk of macrosomia associated with PM2.5. Therefore, pregnant women should avoid exposure to SHS during pregnancy, especially those who lived in areas with heavy PM2.5 pollution and who were in the first trimester of pregnancy. These findings helped to identify high-risk pregnant women for giving birth to macrosomia, providing an opportunity for targeted preventive interventions to protect the vulnerable populations as early as possible. Strengthening air pollution control could have a beneficial impact on avoiding adverse birth outcomes, improving the quality of the national population, and alleviating the national financial burden. Furthermore, the results of our study also suggested that the detailed mechanism of pregnancy outcome should focus more on epigenetic aspects of embryonic development in the future.



CONCLUSION

In the whole pregnancy and the first-trimester pregnancy, maternal exposure to SHS during pregnancy enhanced the risk of macrosomia among pregnant women exposed to PM2.5 air pollutants, and the interaction became stronger with the higher frequency of SHS exposure.



DATA AVAILABILITY STATEMENT

The data analyzed in this study is subject to the following licenses/restrictions: Our research data were derived from the National Free Preconception Health Examination Project (NFPHEP). Requests to access these datasets should be directed to Hui Pan, PanHui@pumch.cn.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institutional Review Board of the National Research Institute for Family Planning, Beijing, China. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

YL has drafted the work and completed the manuscript. YZ has made substantial contributions to the acquisition, analysis, or interpretation of data for the work. HP has provided editing and writing assistance for important intellectual content. SC has made substantial contributions to the conception or design of the work. All authors contributed to the article and approved the submitted version.



FUNDING

This study was funded from the National Natural Science Foundation of China, grant/award number: 81673184; Beijing Municipal Natural Science Foundation, grant/award number: 7192153; CAMS Innovation Fund for Medical Science CAMS Initiative for Innovative Medicine, grant/award number: CIFMS-2016-I2M-1-008; the National Key Program of Clinical Science, grant/award number: WBYZ2011-873.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2021.735699/full#supplementary-material



REFERENCES

 1. O'Donnell KJ, Meaney MJ. Fetal origins of mental health: the developmental origins of health and disease hypothesis. Am J Psychiatry. (2017) 174:319–28. doi: 10.1176/appi.ajp.2016.16020138

 2. Risnes KR, Vatten LJ, Baker JL, Jameson K, Sovio U, Kajantie E, et al. Birthweight and mortality in adulthood: a systematic review and meta-analysis. Int J Epidemiol. (2011) 40:647–61. doi: 10.1093/ije/dyq267

 3. Araujo Júnior E, Peixoto AB, Zamarian AC, Elito Júnior J, Tonni G. Macrosomia. Best Pract Res Clin Obstetr Gynaecol. (2017) 38:83–96. doi: 10.1016/j.bpobgyn.2016.08.003

 4. Beta J, Khan N, Khalil A, Fiolna M, Ramadan G, Akolekar R. Maternal and neonatal complications of fetal macrosomia: systematic review and meta-analysis. Ultrasound Obstetr Gynecol. (2019) 54:308–18. doi: 10.1002/uog.20279

 5. Kc K, Shakya S, Zhang H. Gestational diabetes mellitus and macrosomia: a literature review. Ann Nutr Metab. (2015) 66(Suppl. 2):14–20. doi: 10.1159/000371628

 6. Küpers LK, Monnereau C, Sharp GC, Yousefi P, Salas LA, Ghantous A, et al. Meta-analysis of epigenome-wide association studies in neonates reveals widespread differential DNA methylation associated with birthweight. Nat Commun. (2019) 10:1893. doi: 10.1038/s41467-019-09671-3

 7. Wang R, Sun T, Yang Q, Yang Q, Wang J, Li H, et al. Low birthweight of children is positively associated with mother's prenatal tobacco smoke exposure in Shanghai: a cross-sectional study. BMC Pregn Childb. (2020) 20:603. doi: 10.1186/s12884-020-03307-x

 8. Beaumont RN, Kotecha SJ, Wood AR, Knight BA, Sebert S, Mccarthy MI, et al. Common maternal and fetal genetic variants show expected polygenic effects on risk of small- or large-for-gestational-age (SGA or LGA), except in the smallest 3% of babies. PLoS Genet. (2020) 16:e1009191. doi: 10.1371/journal.pgen.1009191

 9. Creeth HDJ, John RM. The placental programming hypothesis: placental endocrine insufficiency and the co-occurrence of low birth weight and maternal mood disorders. Placenta. (2020) 98:52–9. doi: 10.1016/j.placenta.2020.03.011

 10. Yuan L, Zhang Y, Gao Y, Tian Y. Maternal fine particulate matter (PM(2.5)) exposure and adverse birth outcomes: an updated systematic review based on cohort studies. Environ Sci Pollut Res Int. (2019) 26:13963–83. doi: 10.1007/s11356-019-04644-x

 11. Grangé G, Berlin I, Bretelle F, Bertholdt C, Berveiller P, Blanc J, et al. Smoking and smoking cessation in pregnancy. Synthesis of a systematic review. J Gynecol Obstetr Hum Reprod. (2020) 49:101847. doi: 10.1016/j.jogoh.2020.101847

 12. Charles SM, Jia C, Batterman SA, Godwin C. VOC and particulate emissions from commercial cigarettes: analysis of 2,5-DMF as an ETS tracer. Environ Sci Technol. (2008) 42:1324–31. doi: 10.1021/es072062w

 13. Aquilina NJ, Havel CM, Cheung P, Harrison RM, Ho KF, Benowitz NL, et al. Ubiquitous atmospheric contamination by tobacco smoke: nicotine and a new marker for tobacco smoke-derived particulate matter, nicotelline. Environ Int. (2021) 150:106417. doi: 10.1016/j.envint.2021.106417

 14. Wojtyla C, Zielinska K, Wojtyla-Buciora P, Panek G. Prenatal fine particulate matter (PM(2.5)) exposure and pregnancy outcomes-analysis of term pregnancies in Poland. Int J Environ Res Public Health. (2020) 17:5820. doi: 10.3390/ijerph17165820

 15. Tapia VL, Vasquez BV, Vu B, Liu Y, Steenland K, Gonzales GF. Association between maternal exposure to particulate matter (PM(2.5)) and adverse pregnancy outcomes in Lima, Peru. J Exposure Sci Environ Epidemiol. (2020) 30:689–97. doi: 10.1038/s41370-020-0223-5

 16. Pineles BL, Hsu S, Park E, Samet JM. systematic review and meta-analyses of perinatal death and maternal exposure to tobacco smoke during pregnancy. Am J Epidemiol. (2016) 184:87–97. doi: 10.1093/aje/kwv301

 17. Liu Y, Xu J, Chen D, Sun P, Ma X. The association between air pollution and preterm birth and low birth weight in Guangdong, China. BMC Public Health. (2019) 19:3. doi: 10.1186/s12889-018-6307-7

 18. Chen S, Wang S, Li T, Zhu H, Liang S, Xu K, et al. Effect of PM2.5 on macrosomia in China: A nationwide prospective cohort study. Pediatr Obes. (2020) 15:e12584. doi: 10.1111/ijpo.12584

 19. Edi M Chin YS Woon FC Appannah G Lim PY On Behalf Of The Micos Research G. Inadequate Gestational Weight Gain and Exposure to Second-Hand Smoke during Pregnancy Increase the Risk of Low Birth Weight: a cross-sectional study among full-term infants. Int J Environ Res Public Health. (2021) 18:1068. doi: 10.3390/ijerph18031068

 20. Kobayashi S, Sata F, Hanaoka T, Braimoh TS, Ito K, Tamura N, et al. Association between maternal passive smoking and increased risk of delivering small-for-gestational-age infants at full-term using plasma cotinine levels from The Hokkaido Study: a prospective birth cohort. BMJ Open. (2019) 9:e023200. doi: 10.1136/bmjopen-2018-023200

 21. Pan Y, Zhang S, Wang Q, Shen H, Zhang Y, Li Y, et al. Investigating the association between prepregnancy body mass index and adverse pregnancy outcomes: a large cohort study of 536 098 Chinese pregnant women in rural China. BMJ Open. (2016) 6:e011227. doi: 10.1136/bmjopen-2016-011227

 22. Wang YY, Li Q, Guo Y, Zhou H, Wang X, Wang Q, et al. Association of long-term exposure to airborne particulate matter of 1 μm or less with preterm birth in China. JAMA Pediatr. (2018) 172:e174872. doi: 10.1001/jamapediatrics.2017.4872

 23. Ye J, Torloni MR, Ota E, Jayaratne K, Pileggi-Castro C, Ortiz-Panozo E, et al. Searching for the definition of macrosomia through an outcome-based approach in low- and middle-income countries: a secondary analysis of the WHO Global Survey in Africa, Asia and Latin America. BMC Pregn Childb. (2015) 15:324. doi: 10.1186/s12884-015-0765-z

 24. Xiao Q, Chang HH, Geng G, Liu Y. An ensemble machine-learning model to predict historical PM(2.5) concentrations in china from satellite data. Environ Sci Technol. (2018) 52:13260–9. doi: 10.1021/acs.est.8b02917

 25. Durackova L, Kristufkova A, Korbel M. Pregnancy and neonatal outcomes in women with type 1 diabetes mellitus. Bratisl Lek Listy. (2017) 118:56–60. doi: 10.4149/BLL_2017_011

 26. Adibelli D, Kirca N. The relationship between gestational active and passive smoking and early postpartum complications. J Mater Fetal Neonat Med. (2020) 33:2473–9. doi: 10.1080/14767058.2020.1763294

 27. Carreras G, Lachi A, Cortini B, Gallus S, López MJ, López-Nicolás Á, et al. Burden of disease from exposure to secondhand smoke in children in Europe. Pediatr Res. (2020) 6:59. doi: 10.18332/tpc/128300

 28. Boulet SL, Alexander GR, Salihu HM, Pass M. Macrosomic births in the united states: determinants, outcomes, and proposed grades of risk. Am J Obstetr Gynecol. (2003) 188:1372–8. doi: 10.1067/mob.2003.302

 29. Fetal macrosomia. ACOG Technical Bulletin Number 159–September 1991. Int J Gynaecol Obstetr. (1992) 39:341–5. doi: 10.1016/0020-7292(92)90270-S 

 30. Li X, Huang S, Jiao A, Yang X, Yun J, Wang Y, et al. Association between ambient fine particulate matter and preterm birth or term low birth weight: an updated systematic review and meta-analysis. Environ Pollut. (2017) 227:596–605. doi: 10.1016/j.envpol.2017.03.055

 31. Zhao N, Qiu J, Ma S, Zhang Y, Lin X, Tang Z, et al. Effects of prenatal exposure to ambient air pollutant PM10 on ultrasound-measured fetal growth. Int J Epidemiol. (2018) 47:1072–81. doi: 10.1093/ije/dyy019

 32. Lu J, Wang L, Li M, Xu Y, Jiang Y, Wang W, et al. Metabolic syndrome among adults in china: the 2010 China noncommunicable disease surveillance. J Clin Endocrinol Metab. (2017) 102:507–15. doi: 10.1210/jc.2016-2477

 33. Xu Y, Wang L, He J, Bi Y, Li M, Wang T, et al. Prevalence and control of diabetes in Chinese adults. JAMA. (2013) 310:948–59. doi: 10.1001/jama.2013.168118

 34. He F, Lin J, Yu T, Zhang X, Liu Z, Xiong W, et al. [Interaction research on smoking and microRNA genes SNP related to lung cancer in Fujian Han population]. Zhonghua Yu Fang Yi Xue Za Zhi. (2016) 50: 168–74. doi: 10.3760/cma.j.issn.0253-9624.2016.02.013

 35. Hedström AK, Bomfim IL, Barcellos LF, Briggs F, Schaefer C, Kockum I, et al. Interaction between passive smoking and two HLA genes with regard to multiple sclerosis risk. Int J Epidemiol. (2014) 43:1791–8. doi: 10.1093/ije/dyu195

 36. Huang L, Luo Y, Wen X, He Y H, Ding P, Xie C, et al. Gene-gene-environment interactions of prenatal exposed to environmental tobacco smoke, CYP1A1 and GSTs polymorphisms on full-term low birth weight: relationship of maternal passive smoking, gene polymorphisms, and FT-LBW. J Mater Fetal Neonat Med. (2019) 32:2200–8. doi: 10.1080/14767058.2018.1429394

 37. Wang Q, Liang Q, Li C, Ren M, Lin S, Knibbs LD, et al. Interaction of air pollutants and meteorological factors on birth weight in Shenzhen, China. Epidemiology. (2019) 30(Suppl 1):S57–66. doi: 10.1097/EDE.0000000000000999

 38. Chattrapiban T, Smit HA, Wijga AH, Brunekreef B, Vonk JM, Gehring U, et al. The joint effect of maternal smoking during pregnancy and maternal pre-pregnancy overweight on infants' term birth weight. BMC Pregn Childb. (2020) 20:132. doi: 10.1186/s12884-020-2816-3

 39. Choe SA, Jang J, Kim MJ, Jun YB, Kim SY. Association between ambient particulate matter concentration and fetal growth restriction stratified by maternal employment. BMC Pregn Childb. (2019) 19:246. doi: 10.1186/s12884-019-2401-9

 40. Reynolds CME, Egan B, Daly N, Mckeating A, Sheehan SR, Turner MJ. The interaction between maternal smoking, illicit drug use and alcohol consumption associated with neonatal outcomes. J Public Health. (2020) 42:277–84. doi: 10.1093/pubmed/fdz010

 41. Hirano T, Shobayashi T, Takei T, Wakao F. exposure assessment of environmental tobacco aerosol from heated tobacco products: nicotine and PM exposures under two limited conditions. Int J Environ Res Public Health. (2020) 17:8536. doi: 10.3390/ijerph17228536

 42. Yamato H, Kato T, Jiang Y, Shimizu D, Tomonaga R, Fujimoto T, et al. Secondhand smoke from a veranda spreading to neighboring households. J UOEH. (2020) 42:335–8. doi: 10.7888/juoeh.42.335

 43. Valavanidis A, Fiotakis K, Bakeas E, Vlahogianni T. Electron paramagnetic resonance study of the generation of reactive oxygen species catalysed by transition metals and quinoid redox cycling by inhalable ambient particulate matter. Redox Rep. (2005) 10:37–51. doi: 10.1179/135100005X21606

 44. Bezemer GF, Bauer SM, Oberdörster G, Breysse PN, Pieters RH, Georas SN, et al. Activation of pulmonary dendritic cells and Th2-type inflammatory responses on instillation of engineered, environmental diesel emission source or ambient air pollutant particles in vivo. J Innate Immun. (2011) 3:150–66. doi: 10.1159/000321725

 45. Janssen BG, Godderis L, Pieters N, Poels K, Kiciński M, Cuypers A, et al. Placental DNA hypomethylation in association with particulate air pollution in early life. Particle Fibre Toxicol. (2013) 10:22. doi: 10.1186/1743-8977-10-22

 46. Rogers JM. Smoking and pregnancy: epigenetics and developmental origins of the metabolic syndrome. Birth Defects Res. (2019) 111:1259–69. doi: 10.1002/bdr2.1550

 47. Kheirkhah Rahimabad P, Anthony T, Jones AD, Eslamimehr S, Mukherjee N, Ewart S, et al. Nicotine and its downstream metabolites in maternal and cord sera: biomarkers of prenatal smoking exposure associated with offspring DNA methylation. Int J Environ Res Public Health. (2020) 17:9552. doi: 10.3390/ijerph17249552

 48. Maghbooli Z, Hossein-Nezhad A, Adabi E, Asadollah-Pour E, Sadeghi M, Mohammad-Nabi S, et al. Air pollution during pregnancy and placental adaptation in the levels of global DNA methylation. PLoS ONE. (2018) 13:e0199772. doi: 10.1371/journal.pone.0199772

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Luo, Zhang, Pan and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpubh-09-735699-t003.jpg
Ods ratio (95%Cl) p-value

Whole pregnancy

Model 12

PMp 5 exposure 1.041 (1.030,1.051) <0.001
Occasional SHS® exposure 0.416 (0.093,1.825) 0.246
Frequent SHS exposure 0.171 (0.003,7.798) 0.374

PM,.5 & Occasional SHS exposure! 1.020 (1.000,1.041) 0.021

PMy.5 & Frequent SHS exposured 1.041 (1.000,1.094) 0.050
Model 2>

PM, 5 exposure 1.041(1.030,1.051) <0.001
Occasional SHS exposure 0.308 (0.069,1.370) 0.124

Frequent SHS exposure 0.120 (0.002,6.647) 0.289
PM,5 & Occasional SHS exposure 1.020 (1.000,1.041) 0.010
PM, 5 & Frequent SHS exposure 1.051 (1.000,1.094) 0.046
Model 3°

PM, 5 exposure 1.041 (1.030,1.041) <0.001
Occasional SHS exposure 0.308 (0.067,1.331) 0.116
Frequent SHS exposure 0.120 (0.002,5.695) 0.289
PM,.5 & Occasional SHS exposure 1,020 (1.010,1.041) 0.010
PM, 5 & Frequent SHS exposure 1.041 (1.000,1.094) 0.051

Model 4

PM,.5 exposure 1.041(1.030,1.051) <0.001
Occasional SHS exposure 0.282 (0.062,1.268) 0.099
Frequent SHS exposure 0.125 (0.002,6.278) 0272
PMy.5 & Occasional SHS exposure 1,020 (1.010,1.041) 0010
PM,.5 & Frequent SHS exposure 1.051 (1.000,1.004) 0.047
Unadusted.

bAdjusted for age at delivery, pre-pregnancy BMI.

CAdjusted for age at delivery, pre-pregnancy BMI, neonatal sex, prolonged pregnancy,
and multiparity

9Adjusted for age at delivery, pre-pregnancy BII, neonatel sex, prolonged pregnancy,
multiperity, pre-pregnancy diabetes melltus, pre-pregnancy hypertension, family history
of diabetes melltus, educational level, drinking during pregnancy, and season of delivery.
2SHS, secondhand smoking.

"The interaction between mean PM.s concentration of whole pregnancy and occasional
SHS exposure.

9The interaction between mean PMa.5 concentration of whole pregnancy and frequent
SHS exposure.





OPS/images/fpubh-09-735699-t004.jpg
First trimester®

PMys exposure

Occasional SHS? exposure®
Frequent SHS exposure

PMys & Occasional SHS exposure
PMys & Frequent SHS exposure
Second trimester®

PMys exposure

Occasional SHS exposure®
Frequent SHS exposure

PMyss & Occasional SHS exposure
PMys & Frequent SHS exposure
Third trimester®

PMys exposure

Occasional SHS exposure®
Frequent SHS exposure

PMys & Occasional SHS exposure
PMys & Frequent SHS exposure

Ods ratio (95%Cl)

1.030 (1.020,1.041)
0.148 (0.045,0.479)
0479 (0.022,9.539)
1.030 (1.020,1.051)
1.030 (0.990,1.072)

1.080 (1.020,1.041)
0.737 (0.235,2.303)
1.138 (0.051,23.807)
1.010(0.990,1.030)
1,020 (0.980,1.051)

1,080 (1.020,1.030)
1.424 (0.444,4.527)
0369 (0.017,7.648)
1.030 (0.990,1.020)
1.030 (0.990,1.062)

p-value

<0.001
0.001
0.631
0.000
0.100

<0.001
0.604
0.936
0.081

0.302

<0.001
0.551

0.524
0.592

0.067

#Adjusted for age at delivery, pre-pregnancy BMI, neonatal sex, prolonged pregnancy,
multiparty, pre-pregnancy diabetes melitus, pre-pregnancy hypertension, family history
of diabetes melitus, educational level, drinking during pregnancy, and season of delivery.
bThe interaction between mean PMj s concentration of the first-trimester pregnancy and

occasional SHS exposure.

©The interaction between mean PMz 5 concentration of the second-trimester pregnancy

and occasional SHS exposure.

9The interaction between mean PMz.s concentration of the third-trimester pregnancy and

occasional SHS exposure.
SHS, secondhand smoking.





OPS/images/fpubh-09-735699-t001.jpg
Characteristics

Birth weight, g
Neonate's sex
Male

Female

Missing

Age at delivery, y

Pre-pregnancy
BME, kg/m?

Prolonged pregnancy

Yes
No
Multiparity
Yes
No

Macrosomia
Yes (n = 15,348) No (n = 182,529)

4322.43 + 469.90 3234.18 + 428.42

9,191 (59.90%) 95,332 (52.20%)
6,140 (40.00%) 87,101 (47.70%)
17 (0.10%) 96(0.10%)
25824897 2523393
2130£276 2102260

523 (3.40%) 4103 (2.20%)
14,825 (96.60%) 178,426 (97.80%)

11,804 (77.50%) 37,983 (20.80%)
3,454 (22.50%) 144,546 (79.20%)

Highest education level

Junior high school
Senior high school

10,753 (70.10%) 128,280 (70.30%)
2,892 (18.80%) 34,594 (19.00%)

College 1,632 (10.00%) 17,368 (2.50%)
Missing 171 (1.10%) 2,287 (1.20%)
Pre-pregnancy diabetes melitus

Yes 3(0.02%) 18 (0.05%)

No 15,345 (99.98%) 178,426 (97.75%)
Missing 0(0.00%) 4,085 (2.20%)
Pre-pregnancy hypertension

Yes 8(0.05%) 93(0.10%)
No 15,340 (99.95%) 182,436 (99.90%)
Family history of diabetes melitus

Yes 100 (0.70%) 1,040 (0.60%)
No 15,248 (99.30%) 181,489 (99.40%)

Drinking during pregnancy

No, has never drunk

No, but used to
drink

Yes
Missing

Season of delivery

Spring
Summer
Autumn
Winter

Secondhand Smoking

None exposure
Occasional
exposure

Frequent exposure

aBMI, body mass index.

15,205 (99.10%) 180,573 (98.90%)

99 (0.60%) 1,169 (0.60%)
35 (0.20%) 720 (0.40%)
9(0.10%) 67 (0.10%)

4,085 (26.50%) 48,959 (26.80%)
2,421 (15.80%) 28,626 (15.70%)
3,807 (25.40%) 47,184 (25.90%)
4,965 (32.30%) 57,760 (31.60%)

12,320 (80.30%) 149,308 (81.80%)
2,683(17.50%) 29,845 (16.40%)

345 (2.20%) 3,376 (1.80%)

Overall

(n =197,877)

3318.59 + 520.74

104,523 (52.80%)
93,241 (47.10%)
113(0.10%)
25.24+8.94
21.04 + 2,61

4626 (2.30%)
198,251 (97.70%)

49,877 (25.20%)
148,000 (74.80%)

139,083 (70.30%)
37,486 (18.90%)
18,900 (9.60%)
2,458 (1.20%)

21(0.01%)
198,771 (97.93%)
4,085 (2.06%)

101 (0.10%)
197,776 (99.90%)

1,140 (0.60%)
196,737 (99.40%)

195,778(98.90%)
1,268 (0.60%)

755 (0.40%)
76 (0.10%)

53,024 (26.80%)
31,047 (15.70%)
51,081 (25.80%)
62,725 (31.70%)

161,628 (81.70%)
32,528 (16.40%)

3,721 (1.90%)





OPS/images/fpubh-09-735699-t002.jpg
Stage of pregnancy Macrosomia

Yes (n = 15,348) No (n = 182,529)

First trimester 73.35+29.25
Second trimester 73.82 + 29.00
Third trimester 83.88 & 32.46

whole pregnancy  77.57 + 22.11

PMa s, Fine particulate matter.

70.81 £29.26
71.67 £29.97
81.23 +33.08
75.08 £22.93

Overall (n = 197,877)

71.01 £20.27
71.83 £29.90
81.43 +33.04
75.28 +22.87





OPS/images/fpubh-09-735699-t005.jpg
SHS® subgroup

Whole pregnancy®  None exposure
Occasional exposure
Frequent exposure
First trimester® None exposure
Occasional exposure
Frequent exposure
Second trimester®  None exposure
Occasional exposure
Frequent exposure
Third trimester® None exposure
Occasional exposure
Frequent exposure

Odds ratio (95%Cl)

1.041 (1.080, 1.051)
1.062 (1.051, 1.083)
1.072 (1030, 1.127)
1.080 (1020, 1.041)
1.062 (1.051, 1.083)
1.083 (1.041, 1.127)
1.080 (1.020, 1.030)
1.051 (1.030, 1.062)
1.041 (1.000, 1.083)
1.020 (1.020, 1.080)
1.051 (1.030, 1.062)
1.051 (1.010, 1.094)

p-value

<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.089
<0.001
<0.001
0.007

#Adjusted for age at delivery, pre-pregnancy BII, neonatal sex, prolonged pregnancy,
multparity, pre-pregnancy diabetes melltus, pre-pregnancy hypertension, femily history
of diabetes melitus, ecucational level, dfinking during pregnancy, and season of delivery.

PSHS, secondhand smoking.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Maternal Secondhand Smoke Exposure Enhances Macrosomia Risk Among Pregnant Women Exposed to PM2.5: A New Interaction of Two Air Pollutants in a Nationwide Cohort



		Introduction



		Methods



		Study Design and Participants



		Referred Variables



		Outcome and Exposure Assessment



		Statistical Analysis







		Results



		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Public Health

Maternal Secondhand Smoke
Exposure Enhances Macrosomia
Risk Among Pregnant Women
Exposed to PM, 5: A New Interaction
of Two Air Pollutants in a Nationwide
Cohort





OPS/images/fpubh-09-735699-g001.gif
248501 pregpances besween Jmory 1,
201010 Desember 31,2012

201587 puricipant imolvd

6914 mismach of binbplce 304
ollowuppisce

200250 paricpas molsed

5036 paricpans ot o llowap
26275 ucporedtincight

1121 ueponed gsonl P
701 wnrponcd S exposis
13t acive smoking

R ———

7 b detcs
sponancousshrion

24 medical borion

136 nducsdabor

32 ilbinks

Casiiew

1,09 nonsincon s






OPS/images/fpubh-09-735699-g002.gif
PM25(ugim)

SHS(%)
o8
04
0z

Number

O 10000

O 20000
O w0000









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Public Health





