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Abstract: Prenatal exposure to air pollution has been suggested as a major risk factor for preterm
birth (PTB). This study aimed to explore the independent and joint effects of prenatal exposure to
multiple household air pollution (HAP) sources on PTB. This study involved 63,038 mother–child
pairs from the Longhua Child Cohort Study in 2017. A series of logistic regression analyses on
associations of environmental tobacco smoke (ETS), cooking oil fumes (COFs), burning mosquito
coils (BMCs), indoor burning incense (IBI) and household renovation (HR) with PTB were conducted
to evaluate their independent and joint effects on PTB. Compared to mothers without exposure,
prenatal exposure to each individual HAP source increased the PTB risk. Moreover, the PTB risk
increased incrementally with the number of prenatal HAP exposure sources. Finally, we found a
synergistic interaction effect from COFs and HR on risk of PTB. Our results suggest that prenatal
exposure to five sources of HAP might increase the risk of PTB, with the risk increasing with the
number of exposure sources and synergistic interaction effects between some pollution sources.

Keywords: household air pollution; prenatal exposure; preterm birth; joint effect

1. Introduction

Preterm birth (PTB) is defined as birth delivery that occurs at less than 37 weeks’
gestational age, and the rate of PTBs has risen, rather than fallen, over time [1,2]. The
World Health Organization (WHO) reported that PTBs accounted for over 10% of newborns
worldwide, with about 15 million preterm births delivered each year [3]. In China, the
nationwide incidence of PTBs is 7.3% of all births and 6.7% of live births [4]. In 2015,
PTB-related complications were the leading and the second most common causes of mor-
tality for children under 5 years of age worldwide and in China, respectively [5,6]. PTB
is also associated with long-term adverse neurological effects and other health outcomes
in children’s later lives [7]. The economic burden of PTB relates not only to perinatal
intensive care unit use but also to the use of medical, social and specialist educational
services through individuals’ entire lives [8].

There are plenty of validated risk factors for PTB, including smoking, psychological
stress, multiple gestations, intraamniotic or intrauterine infections, use of assisted repro-
ductive technologies and prior PTB history [9]. Recently, consistent evidence has been
emerging that air pollution exposure might increase the risk of PTB [10–13]. These studies
have mainly focused on ambient air pollution. However, pregnant women spend a larger
portion of their daytime at home and are exposed to greater air pollution indoors than
outdoors [14]. It is likely that similar effects on PTB may exist with household air pollution
as for outdoor air pollution. Unfortunately, there is a paucity of evidence on the effects of
indoor household air pollution on PTB [15].

Household air pollution (HAP) has become a global public health problem in the past
few decades [16]. This is due to many individuals now spending 90% of their time indoors,
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with indoor air being up to five times more polluted than outside air [14]. It has been
reported by the WHO that 3.8 million people die prematurely from illnesses attributable
to HAP exposure each year [17]. The State of the Global Air 2020 reported that nearly
500,000 infants died in the first month of life because of air pollution exposure, with nearly
64% of these deaths being related to HAP [18].

HAP consists mostly of anthropogenic pollutants, which mainly come from (1) in-
door combustion process, such as cigarette smoking (environmental tobacco smoke (ETS)),
cooking (burning fuels for cooking/heating/lighting and cooking oil fumes (COFs)), burn-
ing mosquito coils (BMCs) and indoor burning incense (IBI); and (2) household renova-
tion/redecoration (HR) materials [19]. Recently, several studies reported that prenatal
ETS exposure and solid/biomass fuel use were associated with PTB [20–25]. Moreover,
other studies also indicated that household renovation exposure within one year before
pregnancy or during pregnancy may be a risk factor for PTB [24,26,27]. Furthermore, some
harmful substances commonly contained in household air pollutants, such as fine particular
matter (PM2.5), formaldehyde (FA) and polycyclic aromatic hydrocarbons (PAHs), have
been reported to be associated with PTB and the length of gestation [28–30]. However, most
studies regarding HAP have been conducted in Western countries. This is problematic
given that the concentrations and combinations of household air pollutants in Eastern
countries are different due to varying cultural factors and not well-recognized [31]. To the
best of our knowledge, few studies have so far examined the hazardous effects of household
air pollution from traditional Chinese cooking, mosquito coil burning and indoor incense
burning on the risk of PTB [32]. In addition, most studies have only focused on individual
indoor air pollutants or individual sources of HAP, but none have investigated the joint
effects of different sources of HAP on PTB.

Since pregnant women are frequently exposed to multiple sources of HAP at the same
time, it is critical to examine the effects of combinations of sources of HAP on the risk
of PTB. Thus, the current study aimed to explore the joint effects of prenatal exposure to
multiple sources of HAP (including ETS, COFs, BMCs, IBI and HR) on PTB. Our hypothesis
was that there would be accumulative effects, as well as synergistic effects, from multiple
HAP sources on PTB.

2. Methods
2.1. Study Population

This study was a sub-analysis of the data from the 2017 Longhua Child Cohort Study
(LCCS), which was designed to explore the impact of early-life exposure (including mothers’
prenatal exposure and children’s preschool exposure). In autumn of 2017, 67,861 children
aged around 3 to 5 years and their mothers were enrolled in this study at their first
entrance into any of the 171 kindergartens in the Longhua District of Shenzhen, China.
Mothers were asked to fill out an online, self-administered, structured questionnaire. After
excluding mothers (1) who were active smokers before or during pregnancy; (2) who did
not provide complete information on the five sources of HAP exposure and PTB outcomes;
(3) whose children (children who were included in our study) were not singleton births; and
(4) who had pregnancy complications, including pregnancy-induced hypertension (PIH),
preeclampsia (PE) and gestational diabetes mellitus (GDM), the final sample involved
63,038 child–mother dyads. The study protocol was approved by the Ethics Committee of
the School of Public Health of Sun Yat-sen University, and written informed consent was
obtained from all participants.

2.2. Data Collection

The mothers of enrolled children were asked to complete a self-administered, struc-
tured questionnaire under the guidance of well-trained interviewers regarding the socio-
demographic characteristics of the child’s parents (including age at delivery, educational
level, employment status, marital status and family income), the reproductive and medical
history of the mother (including parity, pre-pregnancy body mass index (BMI), use of
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assisted reproductive technology and the above-mentioned pregnancy complications), the
sex of the child, maternal HAP exposure during pregnancy and preterm birth (questions in
the questionnaire are presented in Table S1).

2.3. Measurement of HAP

In accordance with previous studies [31,33–35], as well as general knowledge about
Chinese lifestyles and local customs, ETS, COFs, BMCs, IBI and HR were defined as the
five main sources of HAP in this study. A set of questions were asked about prenatal HAP
exposure. Table 1 presents the questions and options. If the answers to Q1, Q2, Q3, Q4 and
Q5 were “Yes”, then the mother was considered to have been subject to exposure to ETS,
COFs, BMCs, IBI and HR, respectively. To analyze the association between accumulative
prenatal HAP exposure and PTB risk, we calculated the accumulative HAP exposure index
by counting the number of sources of HAP exposure (ranging from 0 to 5). For example, if a
mother was exposed to all five sources of HAP, the accumulative HAP exposure index was
counted as 5. Due to the low number of participants exposed to five sources of HAP, this
category was collapsed with the category for four sources of HAP, so the HAP exposure
index was categorized into 0, 1, 2, 3 and ≥4.

Table 1. Questions and options regarding prenatal HAP exposure.

No. Questions Options

Q1. Were there any family members smoking at home during
your pregnancy?

0 = “No”
1 = “Yes”

Q1.1 If “Yes”, how many cigarettes did your family members
smoked per day at home?

1 = “1–10 cigarettes per day”
2 = “>10 cigarettes per day”

Q2. Did you cook for your family during pregnancy 0 = “No”
1 = “Yes”

Q2.1 If “Yes”, how often did you expose to cooking oil fumes
during pregnancy?

1 = “Sometimes (at least 1 time twice a week)”
2 = “Often (at least 1 time per week)”

3 = “Everyday (at least 1 time per day)”

Q3. Did you burn mosquito coil during your pregnancy? 0 = “No”
1 = “Yes”

Q3.1 If “Yes”, how often did you burn mosquito coil during
your pregnancy?

1 = “Not everyday”
2 = “Everyday”

Q4. Did your family have a habit of burning incense indoor
during your pregnancy?

0 = “No”
1 = “Yes”

Q4.1 If “Yes”, how often did your family burn incense indoor
during your pregnancy?

1 = “Sometimes (at least 1 time twice a week)”
2 = “Often (at least 1 time per week)”

3 = “Everyday (at least 1 time per day)”

Q5. Had your house been renovated during your pregnancy? 0 = “No”
1 = “Yes”

HAP: household air pollution.

2.4. PTB Assessment

In the questionnaire in the current study, the mothers were asked “Whether the child
was diagnosed with PTB at birth by a doctor?”. The response options were “Yes” vs. “No”.
If the answer was “Yes”, the child was considered as a PTB.

2.5. Potential Confounders

Based on the previous published literature and in order to ensure data
accessibility [20,23,24,26,32], a range of potential confounders were initially included: ma-
ternal age at delivery, paternal age at delivery, maternal educational level, paternal educa-
tional level, maternal employment status, family income, marital status, parity, whether
this pregnancy was conceived through assisted reproductive technology and pre-pregnancy
BMI. Then, we put all these potential confounders into a multiple logistic model with PTB
as the dependent variable. If the p value of a certain variable was equal to or higher than
0.1 (p ≥ 0.1), then this variable was excluded from the list of potential covariates. We re-
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peated this process until the p values of all the potential confounders included in the model
were lower than 0.1 (p < 0.1). Finally, the following variables were used as covariates in
our analyses: child’s sex (male or female), maternal age at delivery (continuous), maternal
educational level (middle school or below, high school or college or above), family income
(≤10,000 CNY/month, 10,001–20,000 CNY/month or >20,000 CNY/month), marital sta-
tus (single or married), parity (nulliparous or multiparous) and maternal pre-pregnancy
BMI (<18.5, 18.5~23.9 or >24).

2.6. Statistical Analysis

For descriptive analysis, frequencies and proportions were used to describe cate-
gorical variables, while means (standard deviation) and medians (quartile) were ap-
plied to continuous variables, depending on whether the distribution of the data was
normal or skewed.

A series of logistic regression models were produced to evaluate both the independent
and joint effects of prenatal exposure to five different HAP sources on the risk of PTB.

The independent effect of prenatal exposure to each source of HAP on the risk of PTB
was assessed using binary logistic regression analyses, with each individual HAP source as
the independent variable and PTB as the dependent variable and either not adjusting or
adjusting for potential covariates.

In order to assess the joint effects of prenatal exposure to the five sources of HAP on
PTB [36], we first assessed the association between the HAP exposure index and the risk
of PTB to ensure that it reflected the accumulative effect of prenatal exposure to the five
HAP sources. Second, we estimated two-way interactions for prenatal exposure to HAP
sources and their effects on the risk of PTB. Since it has been suggested that reporting both
additive and multiplicative interactions is essential, we estimated the interactions on both
scales [37]. This was undertaken by calculating the risk of PTB in three different exposure
combinations compared to the no-exposure combination; for example: (1) ETS and NO
COFs (OR10), (2) COFs and NO ETS (OR01), (3) ETS and COFs (OR11) and (4) NO ETS and
NO COFs (OR00: the reference group).

We estimated the interactions on the multiplicative scale by adding the product term
into the two-pollution-source model [38]. In the results section, we present odds ratios
(ORs) for the independent effects and the interactions of odds ratio (IORs) for the interaction
effects. IOR measures the extent to which the effect of both exposures together exceeds the
product of the effect of the two exposures considered separately, and it was calculated with
the following equation:

IOR = OR11/(OR10OR01)

If the IOR was not equal to 1 and the 95% confidence interval (95% CI) of the IOR
did not span 1, the multiplicative interaction was considered significant. Then, if the IOR
was >1, the multiplicative interaction was understood to be positive (synergistic), and if the
IOR was <1, the multiplicative interaction was understood to be negative (antagonistic).

We further estimated the interactions on the additive scale. Interactions on the additive
scale are often not reported in logistic regression because they are not immediately available
in standard statistical software output [37]. However, we further estimated the interactions
on the additive scale because a general consensus has been reached in the epidemiological
community that measuring interactions on the additive scale is the most appropriate
method for assessing the public health significance of interactions [37,39–42]. The additive
interactions were estimated using the relative excess risk due to interaction (RERI), the
proportion attributable to interaction (AP). These terms were calculated based on excess
odds ratios (EORs) with the following equations:

EOR10 = OR10 − OR00 EOR01 = OR01 − OR00 EOR11 = OR11 − OR00

RERI = EOR11 − EOR10 − EOR01

AP = RERI/EOR11
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If the RERI and AP did not equal 0 and their 95% CIs did not span 0, then the additive
interaction was considered significant [43]. Then, if the RERI was >0 and the AP was >0,
the additive interaction was understood to be positive (synergistic), and if the RERI was <0
and the AP was <0, the additive interaction was understood to be negative (antagonistic).

p-values were two-sided. Type I errors were set at 0.05. The statistical analysis was
conducted with R statistical software (version 4.0.0, http://www.r-project.org (accessed on
6 May 2020)).

3. Results
3.1. Characteristics of the Participants

This study included 63,038 mother–infant dyads, and the summary description of
the characteristics of the study population and a comparison between PTBs and FTBs
are shown in Table 2. Among the total number of participants, the prevalence of PTB
was 6.9%, and 27.3%, 77.7%, 44.6%, 47.6% and 6.6% mothers were exposed to ETS, COFs,
BMCs, IBI and HR during pregnancy, respectively. There were slightly more boys than
girls (54.2% vs. 45.8%). Participating mothers were 27.0 years old (SD = 4.1) on aver-
age at the child’s delivery, and they tended to be married (97.4%) and well-educated
(with 74.7% completing at least high school). Furthermore, significant differences in
socio-demographic characteristics between PTBs and FTBs were found for child’s sex,
maternal age at delivery, maternal educational level, marital status, parity and maternal
pre-pregnancy BMI but not family income. Compared with FTB mothers, PTB mothers
were more likely to be exposed to ETS (31.3% vs. 27.0%), COFs (78.1% vs. 77.6%), BMCs
(47.8% vs. 44.4%), IBI (50.2% vs. 47.4%) and HR (7.8% vs. 6.5%) during their pregnancy.

Table 2. Characteristics of the study population and comparison of PTB and FTB participants.

Characteristics Total (N = 63,038) FTB (n = 58,709) PTB (n = 4329) p

Child’s sex, n (%) <0.001
Male 34,144 (54.2) 31,581 (53.8) 2563 (59.2)

Female 28,894 (45.8) 27,128 (46.2) 1766 (40.8)
Maternal age at delivery, mean ± SD 27.0 ± 4.1 26.9 ± 4.1 27.2 (4.3) 0.001

Maternal educational level, n (%) <0.001
Middle school or below 15,968 (25.3) 14,983 (25.5) 985 (22.8)

High school 18,746 (29.7) 17,434 (29.7) 1312 (30.3)
College or above 28,324 (44.9) 26,292 (44.8) 2032 (46.9)

Family income (CNY/month) 0.945
≤10,000 26,537 (42.1) 24,724 (42.1) 1813 (41.9)

10,001–20,000 21,147 (33.5) 19,693 (33.5) 1454 (33.6)
>20,000 15,354 (24.4) 14,292 (24.4) 1062 (24.5)

Marital status, n (%) 0.002
Single 1640 (2.6) 1496 (2.5) 144 (3.3)

Married 61,398 (97.4) 57,213 (97.5) 4185 (96.7)
Parity, n (%) <0.001
Nulliparous 29,315 (46.5) 27,053 (46.1) 2262 (52.3)
Multiparous 33,723 (53.5) 31,656 (53.9) 2067 (47.7)

Pre-pregnancy BMI, kg/m2, n (%) 0.001
Underweight (<18.5) 9184 (14.6) 8517 (14.5) 667 (15.4)
Normal (18.5–23.9) 48,390 (76.8) 45,157 (76.9) 3233 (74.7)
Overweight (>24) 5464 (8.7) 5035 (8.6) 429 (9.9)

ETS, n (%) <0.001
No 45,853 (72.7) 42,878 (73.0) 2975 (68.7)
Yes 17,185 (27.3) 15,831 (27.0) 1354 (31.3)

COFs, n (%) 0.480
No 14,084 (22.3) 13,136 (22.4) 948 (21.9)
Yes 48,954 (77.7) 45,573 (77.6) 3381 (78.1)

BMCs, n (%) <0.001
No 34,909 (55.4) 32,648 (55.6) 2261 (52.2)
Yes 28,129 (44.6) 26,061 (44.4) 2068 (47.8)

http://www.r-project.org
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Table 2. Cont.

Characteristics Total (N = 63,038) FTB (n = 58,709) PTB (n = 4329) p

IBI, n (%) <0.001
No 33,048 (52.4) 30,892 (52.6) 2156 (49.8)
Yes 29,990 (47.6) 27,817 (47.4) 2173 (50.2)

HR, n (%) <0.001
No 58,864 (93.4) 548,74 (93.5) 3990 (92.2)
Yes 4174 (6.6) 3835 (6.5) 339 (7.8)

PTB: preterm birth; FTB: full-term birth; BMI: body mass index; ETS: environmental tobacco smoke;
COFs: cooking oil fumes; BMCs: burning mosquito coils; HR: home renovation.

The socio-demographic data for the overall population (n = 67,861) and the included
population (n = 63,038) were compared (see Table S2). There were no significant differ-
ences between them, which means that the subjects included in the study were suitably
representative of the whole population.

3.2. Independent Effects of Prenatal Exposure to Five Sources of HAP on PTB

Table 3 summarizes the independent effects of prenatal exposure to five sources of
HAP on the risk of PTB. After adjusting for child’s sex, maternal age at delivery, maternal
educational level, family income, marital status, parity and maternal pre-pregnancy BMI,
compared to mothers with no exposure, prenatal exposure to ETS increased the risk of
PTB with an adjusted OR of 1.30 (95% CI: 1.22–1.40). The PTB risk increased with the
average level of daily ETS exposure (Table S3). Prenatal exposure to COFs was associated
with increased risk of PTB with marginal significance (OR = 1.07, 95% CI: 0.99~1.15). The
risk increased incrementally with the frequency (never, sometimes, often or always) of
COF exposure (Table S4). The other three sources of HAP, maternal exposure to BMCs,
IBI and HR during pregnancy, were all significantly associated with increased risk of PTB,
with their adjusted ORs being 1.15 (95% CI = 1.08~1.22), 1.12 (95% CI = 1.05~1.19) and
1.21 (95% CI = 1.07~1.35), respectively. As can be seen in Table S5, prenatal exposure to
BMCs both every day and not every day showed significantly higher risk of PTB, and only
those exposed to IBI every day had a significantly higher risk of PTB (Table S6).

Table 3. PTB risk attributable to prenatal exposure to individual HAP sources during pregnancy.

HAP Exposure Source No. of Subjects No. of PTBs cOR (95% CI) aOR (95% CI) a

ETS
NO 45,853 2975 1.00 1.00
YES 17,185 1354 1.23 (1.15, 1.32) *** 1.30 (1.22, 1.40) ***

COFs
NO 14,084 948 1.00 1.00
YES 48,954 3381 1.03 (0.95, 1.11) 1.07 (0.99, 1.15)
BMC
NO 34,909 2261 1.00 1.00
YES 28,129 2068 1.15 (1.08, 1.22) *** 1.16 (1.09, 1.24) ***
IBI
NO 33,048 2156 1.00 1.00
YES 29,990 2173 1.12 (1.05, 1.19) *** 1.13 (1.06, 1.20) ***
HR
NO 58,864 3990 1.00 1.00
YES 4174 339 1.22 (1.08, 1.36) *** 1.21 (1.07, 1.35) ***

a: Adjusted for child’s sex, maternal age at delivery, maternal educational level, family income, marital status,
parity and pre-pregnancy BMI. ***: p < 0.001. HAP: household air pollution; PTB: preterm birth; ETS: environ-
mental tobacco smoke; COFs: cooking oil fumes; BMCs: burning mosquito coils; IBI: indoor burning incense;
HR: home renovation.

3.3. Joint Effects of Prenatal Exposure to Five Sources of HAP on PTB

As shown in Figure 1, compared with mothers who were never exposed to any sources
of HAP, maternal exposure to two, three or four or more sources of HAP significantly
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increased the risk of PTB, with adjusted ORs of 1.36 (95% CI = 1.19~1.57),
1.49 (95% CI = 1.30~1.72) and 1.97 (95% CI = 1.62~2.40), respectively; while exposure to
one source of HAP alone was not significantly associated with an increased risk of PTB
(with adjusted OR of 1.08 (95% CI = 0.94~1.26)). The risk of PTB increased incrementally
with the number of HAP exposure sources (p for trend <0.001). The sample size and effect
size for each HAP exposure index are listed in Table S7.

Atmosphere 2022, 13, x FOR PEER REVIEW 7 of 16 
 

 

COFs     

NO 14,084 948 1.00 1.00 

YES 48,954 3381 1.03 (0.95, 1.11) 1.07 (0.99, 1.15) 

BMC     

NO 34,909 2261 1.00 1.00 

YES 28,129 2068 1.15 (1.08, 1.22) *** 1.16 (1.09, 1.24) *** 

IBI     

NO 33,048 2156 1.00 1.00 

YES 29,990 2173 1.12 (1.05, 1.19) *** 1.13 (1.06, 1.20) *** 

HR     

NO 58,864 3990 1.00 1.00 

YES 4174 339 1.22 (1.08, 1.36) *** 1.21 (1.07, 1.35) *** 
a: Adjusted for child’s sex, maternal age at delivery, maternal educational level, family income, 

marital status, parity and pre-pregnancy BMI. ***: p < 0.001. HAP: household air pollution; PTB: 

preterm birth; ETS: environmental tobacco smoke; COFs: cooking oil fumes; BMCs: burning mos-

quito coils; IBI: indoor burning incense; HR: home renovation. 

3.3. Joint Effects of Prenatal Exposure to Five Sources of HAP on PTB 

As shown in Figure 1, compared with mothers who were never exposed to any 

sources of HAP, maternal exposure to two, three or four or more sources of HAP signif-

icantly increased the risk of PTB, with adjusted ORs of 1.36 (95% CI = 1.19~1.57), 1.49 

(95% CI = 1.30~1.72) and 1.97 (95% CI = 1.62~2.40), respectively; while exposure to one 

source of HAP alone was not significantly associated with an increased risk of PTB (with 

adjusted OR of 1.08 (95% CI = 0.94~1.26)). The risk of PTB increased incrementally with 

the number of HAP exposure sources (p for trend <0.001). The sample size and effect size 

for each HAP exposure index are listed in Table S7. 

 

Figure 1. The accumulative effect of prenatal exposure to HAP on PTB. HAP exposure index: how 

many household air pollution sources the mother was exposed to during pregnancy; aOR: adjusted 

for child’s sex, maternal age at delivery, maternal educational level, family income, marital status, 

parity and pre-pregnancy BMI. 

Table 4 presents the interaction effects for prenatal exposure to the five sources of 

HAP on PTB. After adjusting for potential confounders, we only detected synergistic in-

teractions that affected the risk of PTB in both the multiplicative and additive scales for 

COFs and HR , with an IOR of 1.42 (95% CI = 1.04~1.97), RERI of 0.39 (95% CI = 0.08~0.70) 

and AP of 0.29 (95% CI = 0.08~0.51). Specifically, on the multiplicative scale, synergistic 

interaction between COFs and HR contributed to a 42% greater risk of PTB than the 

Figure 1. The accumulative effect of prenatal exposure to HAP on PTB. HAP exposure index: how
many household air pollution sources the mother was exposed to during pregnancy; aOR: adjusted
for child’s sex, maternal age at delivery, maternal educational level, family income, marital status,
parity and pre-pregnancy BMI.

Table 4 presents the interaction effects for prenatal exposure to the five sources of
HAP on PTB. After adjusting for potential confounders, we only detected synergistic
interactions that affected the risk of PTB in both the multiplicative and additive scales for
COFs and HR, with an IOR of 1.42 (95% CI = 1.04~1.97), RERI of 0.39 (95% CI = 0.08~0.70)
and AP of 0.29 (95% CI = 0.08~0.51). Specifically, on the multiplicative scale, synergistic
interaction between COFs and HR contributed to a 42% greater risk of PTB than the product
of their independent effects; on additive scale, synergistic interaction between COFs and
HR contributed to a 39% greater risk of PTB, and 29% of PTBs were attributed to their
interaction. More details are presented in Table 4.

Table 4. Interaction effects of prenatal exposure to five sources of HAP on PTB.

HAP Exposure FTB
(n = 58,709)

PTB
(n = 4329) OR (95% CI) IOR (95% CI) RERI (95% CI) AP (95% CI)

ETS COFs 0.91 (0.77, 1.07) −0.10 (−0.33, 0.12) −0.08 (−0.23, 0.08)
No No 10,244 691 1.00
Yes No 2892 257 1.40 (1.21, 1.63) ***
No Yes 32,634 2284 1.09 (0.99, 1.19)
Yes Yes 12,939 1097 1.39 (1.25, 1.54) ***
ETS BMC 0.95 (0.82, 1.11) 0.06 (−0.19, 0.32) 0.03 (−0.10, 0.17)
No No 19,811 1207 1.00
Yes No 12,837 1054 1.47 (1.34, 1.60) ***
No Yes 23,067 1768 1.32 (1.22, 1.43) ***
Yes Yes 2994 300 1.85 (1.61, 2.12) ***
ETS IBI 1.00 (0.80, 1.23) −0.23 (−0.21, 0.66) 0.10 (−0.07, 0.28)
No No 16,156 325 1.00
Yes No 14,736 1231 1.60 (1.46, 1.75) ***
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Table 4. Cont.

HAP Exposure FTB
(n = 58,709)

PTB
(n = 4329) OR (95% CI) IOR (95% CI) RERI (95% CI) AP (95% CI)

No Yes 26,722 2050 1.40 (1.29, 1.52) ***
Yes Yes 1095 123 2.23 (1.82, 2.71) ***
ETS HR 0.82 (0.64, 1.05) −0.22(−0.54, 0.11) −0.16 (−0.42, 0.11)
No No 40,333 2751 1.00
Yes No 14,541 1239 1.32 (1.23, 1.42) ***
No Yes 2545 224 1.27 (1.10, 1.46) **
Yes Yes 1290 115 1.37 (1.12, 1.66) **

COFs BMC 1.01 (0.86, 1.18) 0.02 (−0.16, 0.19) 0.01 (−0.13, 0.16)
No No 9009 622 1.00
Yes No 23,639 1639 1.04 (0.95, 1.15)
No Yes 4127 326 1.15 (1.00, 1.32) *
Yes Yes 21,934 1742 1.21 (1.10, 1.34) ***

COFs IBI 1.10 (0.95, 1.28) 0.11 (−0.05, 0.26) 0.09 (−0.04, 0.23)
No No 8058 574 1.00
Yes No 22,834 1582 1.01 (0.92, 1.12)
No Yes 5078 374 1.04 (0.91, 1.19)
Yes Yes 22,739 1799 1.16 (1.05, 1.28) **

COFs HR 1.42 (1.04, 1.97) * 0.39 (0.08, 0.70) 0.29 (0.08, 0.51)
No No 12,370 897 1.00
Yes No 42,504 3093 1.04 (0.96, 1.13)
No Yes 766 51 0.90 (0.67, 1.19)
Yes Yes 3069 288 1.33 (1.16, 1.53) ***

BMC IBI 1.01 (0.88, 1.17) 0.02 (−0.14, 0.18) 0.02 (−0.11, 0.15)
No No 24,467 1670 1.00
Yes No 6425 486 1.12 (1.01, 1.25) *
No Yes 8181 591 1.05 (0.96, 1.16)
Yes Yes 19,636 1582 1.20 (1.12, 1.29) ***

BMC HR 1.18 (0.94, 1.50) 0.25 (−0.05, 0.54) 0.17 (−0.02, 0.35)
No No 30,629 3108 1.00
Yes No 24,245 1882 1.15 (1.07, 1.22) ***
No Yes 2019 153 1.10 (0.92, 1.30)
Yes Yes 1816 186 1.49 (1.27, 1.74) ***
IBI HR 1.04 (0.83, 1.32) 0.08 (−0.21, 0.37) 0.06 (−0.15, 0.26)
No No 28,979 2001 1.00
Yes No 25,895 1989 1.12 (1.05, 1.20) ***
No Yes 1913 155 1.17 (0.99, 1.39)
Yes Yes 1922 184 1.37 (1.17, 1.60) ***

*: p < 0.05; **: p < 0.01, ***: p < 0.001. HAP: household air pollution; PTB: preterm birth; FTB: full-term birth;
ETS: environmental tobacco smoke; COFs: cooking oil fumes; BMCs: burning mosquito coils; IBI: indoor burning
incense; HR: home renovation; IOR: interaction of odds ratios; RERI: relative excess risk due to interaction;
AP: proportion attributable to interaction.

4. Discussion

To the best of our knowledge, this was the first study to examine both the independent
and joint effects of prenatal exposure to five different sources of HAP (ETS, COFs, BMCs,
IBI and HR) on PTB. Compared to mothers without exposure, maternal exposure to HAP
from the five sources during pregnancy demonstrated higher risks of PTB. Moreover, we
found the PTB risk accumulated with the number of HAP sources. Finally, we also found a
synergistic interaction effect for prenatal exposure to COFs and HR on the risk of PTB.

In the past few decades, scientists have generally focused on examining the association
between outdoor air pollution and PTB. For example, a study found significant associations
between traffic-related air pollution during pregnancy and preterm birth in populations
from four counties in California [44]. Another study found that prenatal exposure to air
pollution generated from dust episodes increased the risk of preterm birth [45]. However,
in contrast, Smith and his colleagues found that, in London, ozone (O3) and PM2.5 exposure
during pregnancy was associated with increased risk of PTB, but they did not find an
association between particulate matter smaller than 10 µm in diameter (PM10) and preterm
birth [46]. Three other studies did not find prenatal nitrogen dioxide (NO2) exposure to
be related to the occurrence of PTB [47–49]. As a consequence, the source and type of air
pollution may be important in terms of influence on the risk of PTB.
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Based upon the previous research, in the present study, we examined the impact of
five different sources of household air pollution on the risk of PTB. We found that maternal
exposure to HAP from ETS, COFs, BMCs, IBI and HR during pregnancy respectively
increased the risk of PTB, which indicates that prenatal exposure to each HAP source
could independently affect the occurrence of PTB. In agreement with our findings, several
previous studies also indicated that prenatal ETS exposure was a major risk factor for
PTB [50–53]. However, only one prior study found a detrimental effect from prenatal
exposure to cooking oil fumes on PTB [32], and two prior studies found that household
renovation during pregnancy was associated with increased risk of PTB [24,26]. Although
two recent studies found that prenatal exposure to ultrafine particles (PM0.1) generated
from burning mosquito coils indoors might increase the risk of low birthweight [54,55], and
a birth cohort study in Taiwan indicated that prenatal exposure to incense smoke might
be positively associated with lower birth weight for boys and smaller head circumference
for both boys and girls [56], there is no existing evidence showing any correlation between
prenatal BMC and IBI exposure with PTB. However, we found that 27.3% mothers were
exposed to ETS during pregnancy, and prenatal ETS exposure led to a stronger risk of PTB
than exposure to COFs, BMCs, IBI or HR. Pregnant women should be protected from ETS
as much as possible.

Given that environmental exposure often involves exposure to a complex mixture of
multiple sources of environmental pollution, it is possible that their joint effects might differ
from their individual effects. Therefore, there has been increased interest in examining
the joint effects of exposure to multiple sources of environmental pollution in the past few
years [57–59]. A few studies have reported joint effects from different types of ambient air
pollution or from ambient air pollution and other types of pollution on birth outcomes.
For example, one study found that prenatal cadmium and phthalate co-exposure, as well
as cadmium and arsenic co-exposure, were associated with reduced birth weight [60].
Siddika and his colleagues also discovered that exposure to individual air pollutants, such
as PM2.5 and O3, across the entire course of pregnancy may be synergistic and potentiate
the different pollutants’ adverse effects on the risk of PTB [61]. Additionally, a prospective
cohort study observed that the combined effects of PM10 and NO2 in early pregnancy and
of Pb and Hg in late pregnancy were associated with reduced birth weight [62]. Zhang and
his colleagues found a positive joint effect from prenatal phenol and phthalate exposure
on PTB [63]. Another study reported a potential synergistic interaction between Zn and
Cu on PTB [64].

In the present study, we tried to assess whether there were joint effects among
five different sources of HAP on the risk of PTB and obtained some interesting find-
ings. Firstly, we found that the PTB risk increased incrementally with the number of
prenatal HAP exposure sources (Figure 1). This indicated that mothers who were exposed
to more sources of HAP had a higher risk of PTB than mothers who were exposed to a
single source of HAP, which means that accumulative effects from prenatal exposure to
five HAP sources on the risk of PTB might exist [36]. Therefore, if some sources of HAP
exposure are unavoidable, the risk of PTB can be reduced by limiting exposure to other
HAP sources. Moreover, we further found synergistic interaction effects for prenatal COFs
and HR exposure on the risk of PTB. This indicates that simultaneous prenatal exposure to
both COFs and HR might produce an additional hazardous impact on PTB greater than the
sum or product of their independent effects.

The mechanisms that cause prenatal exposure to HAP and increase the risk of PTB
are not well-documented. However, it is known that HAP has many common sources,
such as ETS, cooking, burning mosquito coils, burning incense and home renovation, espe-
cially in developing countries. HAP from these five sources may contain many hazardous
components. For example, ETS contains over 4000 chemical constituents and additives,
among which nicotine, carbon monoxide (CO), PAHs and PM are proven to have roles in
the causes of pregnancy-related disease [65]. Moreover, Chinese-style cooking can involve
the volatilization of larger amounts of pollutants, including PM, PAHs, volatile organic
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compounds (VOCs), CO, sulfur dioxide (SO2), NO2 and other gaseous compounds [66].
Additionally, it has been reported that both burning mosquito coils and burning incense
indoors can produce larger amounts of PM than burning cigarettes [67,68] and a larger
amount of PAHs [69–71], as well as CO, SO2, NO2 and other gaseous compounds [72].
Furthermore, home renovation may produce plenty of PM and volatilize large amounts of
VOCs, including phthalate esters (PAEs), PAHs and bisphenol A (BPA), and, in addition
to pollutants, it may also produce high amounts of noise [73,74]. First, some of these
above-mentioned hazardous pollutants can move rapidly across the placenta barrier and
gain access to fetal circulation, leading to abnormal placentation and placental dysfunc-
tion, which have been linked to impaired uteroplacental perfusion, chronic hypoxia and
placental ischemia and result in many adverse birth outcomes, including PTB [75–78].
Moreover, some of these pollutants can induce oxidative stress and systemic inflammation,
which collectively stimulate prostaglandin and matrix metalloproteinase production [72],
leading to cervical ripening, membrane rupture and uterine contractions and resulting in
PTB [79,80]. Finally, studies have indicated that noise pollution might result in psychosocial
stress, which has been reported to be associated with adverse birth outcomes [26,81]. It
has been proven that exposure to noise may activate the hypothalamus–pituitary–adrenal
(HPA) axis and increase secretion of cortisol [82–85], which is involved in the biological
pathway that leads to preterm labor [80].

Drawing on the literature [86–88], we can explain the mechanism underlying the
joint effects of some sources of HAP on PTB as follows. First, before absorption into the
body, pollutants might react with each other, producing novel toxic pollutants that have
stronger detrimental effects than the sum of the original individual pollutants. Second,
some pollutants might enhance or inhibit the absorption, distribution, metabolism and
elimination (ADME) of one or more of the other components, which may cause their
combined effect to deviate from the sum of the original individual pollutants. Third, some
pollutants might alter the damage, repair, compensation and signaling processes of the
human body to amplify or reduce the health effects caused by other pollutants. However,
only one prior study discovered relevant evidence, showing that the lung epithelium barrier
becomes more permeable following oxidant gas exposure (e.g., NO2), which may then
facilitate the absorption of particles directly into the circulatory system [89]. This finding
might help to explain the interactive effect we found from COFs and HR on the risk of
PTB. Given the paucity of research in this area, further studies are needed to determine the
underlying biological mechanisms of the effects of different indoor air pollutants on PTB.

To the best of our knowledge, this is the first study with a very large sample size
to focus on both the independent and joint effects of multiple sources of HAP on PTB
within a Chinese population. However, when interpreting the results of our study, it is
important to be cognizant of the limitations of the study, since it was a cross-sectional
study that used the data provided by mothers completing a self-reported, structured
questionnaire in the 2017 LCCS. The prenatal HAP exposure was retrospectively recalled
by mothers, which may have resulted in information bias. However, there are results for
mothers’ retrospective recall of perinatal events that consistently support the validity and
reliability of this measurement strategy [90–92]. Furthermore, in practical terms, biological
monitoring and physician assessment or assessment of medical records are very expensive
(especially in studies with large sample sizes); as such, there is great value in conducting
preliminary large studies using self-report measures. Second, PTB was assessed using
mothers’ recall of the hospital diagnosis of PTB. However, it is common to apply self-report
information to assess birth outcome in large-scale observational study; for example, the
China, Children, Homes, Health (CCHH) study [24,26]. Moreover, the incidence of PTB in
this study was similar to the nationwide incidence of PTB in China [2,4]. Third, we did not
measure the specific ingredients contained in each HAP source (such as PM2.5, PAHs, CO,
etc.) or the exposure duration of each HAP source, which prevented us from investigating
the association of the ingredients and the exposure duration for different HAP sources with
PTB. Fourth, there were potentially residual or unmeasured covariates in our analysis. For
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example, unfortunately, we had no information on mothers’ previous history of PTBs and
the condition of houses (such as home ventilation, number of floors, distance from main
road, dampness), which might have influenced the veracity of the relationship between
prenatal HAP exposure and PTB in our results. Fifth, all subjects recruited in this study
were located in one district in Shenzhen, China. This might have introduced selection bias
and limit the generalizability of our results in different areas of China. Sixth, although the
recruited mothers were likely to have experienced similar ambient air pollution exposure
because they were from the same district, we could not obviate the influence of ambient air
pollution on indoor air pollution and the confounding effect on the association between
HAP and PTB. We did not collect home addresses, so we were unable to consider mothers’
exposure to ambient air pollution during their pregnancy.

5. Conclusions

To conclude, our study provides evidence of the hazardous effects of pregnant mothers’
exposure to HAP from multiple sources on PTB. In particular, this is the first study to report
the synergistic interaction effects from specific sources of HAP on the risk of PTB. In
addition, we found that the PTB risk increased incrementally with the number of prenatal
HAP exposure sources. Given the widespread exposure to HAP and the profound effect that
PTB has upon children’s future development, it is important to further test these identified
associations through longitudinal studies. If replicated, then these findings highlight the
importance of public health interventions aiming to minimize prenatal exposure to HAP
from multiple sources in reducing the risk of PTB.
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