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Abstract
Background
Developmental exposure to particulate matter (PM) air pollution may impair children’s behaviors. Our objectives were to quantify the impact of reducing indoor PM using portable HEPA filter air cleaners during pregnancy on behavioral problems in children and to assess associations between indoor fine PM (PM2.5) concentrations during pregnancy and children’s behavior.

Methods
This is a secondary analysis of a single-blind parallel-group randomized controlled trial in which we randomly assigned 540 non-smoking pregnant women to receive 1 or 2 HEPA filter air cleaners or no air cleaners. We administered the Behavior Assessment System for Children (BASC-3) to caregivers when children were a mean age of 23 months, and again at a mean age of 48 months. Primary outcomes were the four BASC-3 composite scales: externalizing problems, internalizing problems, adaptive skills, and the behavioral symptoms index. We imputed missing data using multiple imputation with chained equations. The primary analysis was by intention-to-treat. In a secondary analysis, we evaluated associations between BASC-3 composite indices and modeled trimester-specific PM2.5 concentrations inside residences.

Results
We enrolled participants at a median of 11 weeks gestation. After excluding miscarriages, still births and neonatal deaths, our analysis included 478 children (233 control and 245 intervention). We observed no differences in the mean BASC-3 scores between treatment groups. An interquartile increase (20.1 µg/m3) in first trimester PM2.5 concentration was associated with higher externalizing problem scores (2.4 units, 95% CI: 0.7, 4.1), higher internalizing problem scores (2.4 units, 95% CI: 0.7, 4.0), lower adaptive skills scores (-1.5 units, 95% CI: -3.0, 0.0), and higher behavior symptoms index scores (2.3 units, 95% CI: 0.7, 3.9). Third trimester PM2.5 concentrations were also associated with some behavioral indices at age 4, but effect estimates were smaller. No significant associations were observed with PM2.5 concentrations during the second trimester or for any of the BASC indices when children were 2 years old.

Conclusion
We found no benefit of reducing indoor particulate air pollution during pregnancy on parent-reported behaviors in children. Associations between indoor PM2.5 concentrations in the first trimester and behavioral scores among 4-year old children suggest that it may be necessary to intervene early in pregnancy to protect children, but these exploratory findings should be interpreted cautiously.

Trial registration
ClinicalTrials.gov: NCT01741051

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12940-021-00763-6.
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Introduction
Exposure to fine particulate matter air pollution (PM2.5) during pregnancy is linked to impaired fetal growth [1, 2], which may in turn cause developmental programming that adversely affects health in childhood and beyond [3]. Evidence from animal and epidemiologic studies suggests that prenatal exposure to air pollution may adversely affect brain development [4–6]. Results from birth cohort studies of prenatal exposure and children’s behaviors have varied [7–14].
Given the speed and complexity of brain development, the impact of an exposure may depend on timing [11, 15, 16]. Two studies of PM exposure and behavior problems in childhood have evaluated the impacts of exposure during specific stages of pregnancy and suggested that exposures in the first and third trimesters may be most important [7, 11].
Investigators have not definitively identified the biological mechanism(s) through which air pollution exposure in pregnancy may impact brain development, but such a link is biologically plausible. Systematic inflammation may play a role [17]. Animal experiments have suggested that prenatal exposure to airborne particles induces inflammation in mothers followed by changes in brain morphology in the offspring [4, 18].
Portable high efficiency particulate air (HEPA) filter air cleaners (“HEPA cleaners”) reduce indoor PM2.5 concentrations by 29–82% [19, 20]. Because outdoor air pollution infiltrates into buildings, indoor air contains pollution emitted from both outdoor and indoor sources. As a result, a substantial portion of the health impacts from outdoor pollution sources stem from exposure that occurs indoors. For example, indoor exposures account for 61% and 81% of the deaths attributed to outdoor-generated PM2.5 in the US and China, respectively [21, 22]. Thus, reducing particle concentrations indoors may mitigate the health impacts of outdoor pollution sources.
To date, no studies have evaluated the impact of reducing PM2.5 during pregnancy on behavioral problems in childhood. The objective of this randomized controlled trial (RCT) was to quantify the impact of reducing PM2.5 using HEPA cleaners during pregnancy on behavioral problems in children at 2 and 4 years of age. In addition, we sought to explore associations between indoor PM2.5 during different periods of pregnancy and behavior in these children.
Materials and methods
The Ulaanbaatar Gestation and Air Pollution Research (UGAAR) study is a single-blind parallel-group RCT. The study was originally designed to estimate the effect of PM exposure reductions from portable HEPA cleaner use during pregnancy on fetal growth (ClinicalTrials.gov: NCT01741051). The study was later extended to include observations of early childhood development. We conducted the trial in Ulaanbaatar, Mongolia’s polluted capital city, where the primary source of PM2.5 is coal combustion in home heating stoves [23–26]. The UGAAR study protocol was approved by the Simon Fraser University Office of Research Ethics and the Mongolian Ministry of Heath Medical Ethics Approval Committee.
Participants
We recruited participants at two perinatal health clinics in the centrally located Sukhbaatar district of Ulaanbaatar. We enrolled a total of 540 non-smoking women who met the following criteria: ≥ 18 years of age, ≤ 18 weeks into a single gestation pregnancy, non-smoker, living in an apartment, not using portable air cleaner(s) at enrollment, and planning to give birth in a medical facility in Ulaanbaatar.
All participants provided written informed consent prior to data collection. We compensated participants up to 65,000 Mongolian tugriks (approximately $30 USD) during prenatal follow-up and up to 260,000 tugriks (approximately $100 USD) during the 4 years of post-natal follow-up. Compensation was pro-rated based on the specific activities that participants completed.
Randomization and blinding
Participants were randomly assigned to the control or intervention group on a 1:1 ratio using sealed opaque envelopes containing randomly generated cards indicating “filter” or “control”. In this single-blind trial participants were not blinded to intervention status but staff responsible for outcome assessment were blinded. After a woman provided consent, a study coordinator drew an envelope in sequential order, opened it, and informed the participant of her allocation. The envelope was then discarded and a new one was opened when the next participant was enrolled.
Intervention
The intervention group received one or two HEPA cleaners (Coway AP-1009CH) depending on the size of the home. In smaller apartments (< 40 m2) we placed an air cleaner in the main living area of the home; in larger apartments (≥ 40 m2), we placed a second air cleaner in the participant’s bedroom. We deployed the HEPA cleaners in intervention homes shortly after enrollment into the study. The control group received no HEPA cleaners. We did not replace the HEPA filter(s) during the study and we collected the HEPA cleaner(s) after pregnancy ended.
Prenatal data collection
Participants visited our study office shortly after enrollment, between 5 and 19 weeks gestation, and again at 24–37 weeks gestation [27]. At both visits we administered questionnaires on demographics, lifestyle, housing, and health. Participants completed the 4-question perceived stress scale (PSS4) as part of both prenatal questionnaires [28]. During the second visit, we also collected a venous whole blood sample, which was analyzed within 6 weeks of collection for lead, mercury, and cadmium concentrations using quadrupole-based inductively coupled plasma-mass spectrometry (ICP-MS), with matrix-matched calibration [27, 29].
We measured indoor PM2.5 in participants’ apartments over 7 days at a median of 11 weeks (shortly after enrollment and air cleaner deployment) and again at a median of 30 weeks using Dylos DC 1700 laser particle counters. As described elsewhere, these measurements were used to develop a blended multiple linear regression / random forest regression prediction model that provides estimates of PM2.5 concentrations during each week of pregnancy for each UGAAR participant [30].
We obtained birth weight, length, head circumference, gestational age, sex, and mode of delivery from medical records. We also collected information from medical records on stillbirths, pregnancy complications and co-morbidities [31]. Participants self-reported the occurrence and timing of spontaneous abortions.
Postnatal data collection
Between February 2016 and January 2017, we invited all living UGAAR mother–child dyads to continue in a follow-up study of health and development in childhood. We re-enrolled dyads when the children were a median of 15.4 months of age (range: 7.7 to 28.9). Participants again provided written informed consent.
We made annual visits to participants’ homes, roughly corresponding with the child’s birthdays. During the first of these home visits we also assessed nurturing and stimulation of the child using the Home Observation Measurement of the Environment (HOME) inventory [32]. We again measured PM2.5 concentrations over 7 days in a subsample of participants’ homes based on availability of Dylos laser particle counters. Shortly after re-enrollment and at 6-month intervals thereafter, we asked participants to complete questionnaires about family characteristics and the child’s home environment, diet, activities, and health.
Mothers and children were invited to our study office when the children were approximately 2 and 4 years of age. At the 2-year visit, we obtained a venous whole blood sample from children for analysis of lead, mercury, and cadmium concentrations [31]. At the 2-year visit, trained assessors also administered the matrix reasoning and vocabulary subtests of the Wechsler Abbreviated Scale of Intelligence (WASI) and the Beck Depression Inventory-II (BDI) to the mothers [33].
Assessment of behavioral outcomes
We administered the Behavior Assessment System for Children (BASC-3) to caregivers during the 2-year visits (January 2014 to December 2015) and 4-year visits (January 2016 to December 2017) in our study office. We obtained BASC-3 data for a total of 407 children including 391 children (214 intervention, 177 control) at age 2 and 388 children (205 intervention, 183 control) at age 4. The BASC-3 asks caregivers how frequently their child exhibited 139 specific behaviors or activities over the past several months. All English BASC-3 materials were translated by native Mongolian speakers. The translations were then back translated to English. We piloted the BASC-3 on Mongolian children, updated the translations, and piloted with additional children prior to finalizing the translation to assess the UGAAR children. Research staff who administered and scored the BASC-3 were blinded to intervention status.
Our primary outcomes were the four BASC-3 composite scales: externalizing problems, internalizing problems, adaptive skills, and the behavioral symptoms index (BSI). For externalizing problems, internalizing problems, and the BSI higher scores indicate more behavioral problems. For adaptive skills, lower scores indicate poorer functioning.
Sample size
The UGAAR study was originally designed to evaluate the effects of HEPA cleaners on fetal growth, so our sample size calculations were based on term birth weight. Assuming a type I error rate of 0.05 (2-sided) and a type II error rate of 0.20, we estimated that 460 participants, in equal numbers in the treatment and control groups, were needed. We targeted a population of 540 participants assuming 18% attrition due to withdrawal and pregnancy loss.
Data analysis
To evaluate the influence of the intervention on indoor PM2.5 concentrations, we compared 7-day measurements of indoor residential PM2.5 between intervention and control participants during pregnancy and after delivery. To account for temporal variations in outdoor PM2.5 concentrations and lack of independence in repeated measurements in some homes, we regressed measured PM2.5 concentrations on intervention status in a mixed model with random participant intercept while adjusting for month of measurement.
To our knowledge, this was the first use of the BASC-3 in Mongolia. Calculation of composite indices from BASC-3 responses requires the conversion of raw scores into sex-specific T scores based on the distribution of scores in a reference population. Since there was no Mongolian reference population with which to normalize BASC-3 scores, we transformed the UGAAR raw scores to have the same mean and variance as the US reference population (Table S1). This allowed us to then estimate sex-specific T-scores according to the BASC-3 protocol.
Our primary analysis was by intention-to-treat (ITT) and included 478 children. The complete-case analyses included 407 children whose caregivers completed the BASC-3 on at least one-time point (391 at age two and 388 children at age four). The 478 children in the ITT analysis represent the full study population except those who withdrew prior to baseline data collection (N = 8), known pregnancy losses and neonatal deaths (N = 51), and three children with conditions unrelated to air pollution that could affect behavior or our ability to reliably impute BASC-3 scores (one child with Down’s syndrome, one with cerebral palsy, and one with a hearing and speech impairment).
We used multiple imputation with chained equations (MICE) to impute outcome and covariate data for 71 children. We created 20 imputed data sets stratified by treatment group (SAS Proc MI and PROC Mianalyze). Variables included in the imputation model were those that met one of two criteria: 1) variables associated (p < 0.20) with the outcome that were missing for < 15% of participants, 2) variables associated (p < 0.05) with missingness in the outcome variable that were missing for < 15% of participants. Variables that met these criteria included maternal age at baseline, marital status at baseline, maternal smoking at baseline, maternal self-reported stress level at baseline, maternal vitamin use at baseline, maternal pre-pregnancy BMI, and living with a smoker late in pregnancy. We also included in the imputation model the outcome variables (BASC-3 T-scores at ages 2 and 4) and all exposure and adjustment variables for our primary and secondary analyses (Figure S2).
In our primary ITT analysis, we regressed outcomes on a binary intervention variable in both unadjusted models and models adjusting for preterm birth (PTB), which is defined as a birth at < 37 weeks gestation. We previously reported that the HEPA cleaner intervention was associated with a decreased risk of spontaneous abortion but an increased risk of preterm birth in this cohort [31]. We hypothesized that the intervention may have enabled fetuses who might have otherwise died in utero to be born preterm. We also evaluated the effect of the intervention in models stratified by child’s sex.
In a secondary analysis, we evaluated the associations between BASC-3 composite indices and trimester-specific and full-pregnancy averaged indoor PM2.5 concentrations estimated from a previously developed model of weekly concentrations [30]. The R2 for that model in a tenfold cross validation was 81.5% [30]. We used a directed acyclic graph to select adjustment variables in our analysis of PM2.5 concentrations and behavior (Figure S1). We identified four variables as potential confounders: intervention status, maternal age at baseline, family income at baseline, and living with a smoker during pregnancy. In addition, to improve precision in our estimates we also adjusted for variables that, while unlikely to be confounders, contribute to variability in parent-reported behavior and are unlikely to be on the causal pathway between PM2.5 and behavior: mother’s self-reported depression score on the BDI and maternal matrix reasoning and vocabulary subtest scores on the WASI. Trimester-specific models were also adjusted for PM2.5 concentrations in other trimesters. We did not adjust for sex because BASC T-scores were derived from sex-specific distributions for the reference population. To allow for comparisons of effect estimates from the full pregnancy and different trimesters of exposure we scaled our effect estimates to the interquartile ranges (IQR) of PM2.5 concentrations.
In both our primary and secondary analyses, we analyzed data collected when children were 2 years old and 4 years old separately and with the two time points combined. We used multiple linear regression for the age-specific models, and in the analysis combining 2- and 4-year data we used linear mixed models with random participant intercepts to account for repeated measurements of behavioral outcomes. We used variance inflation factors (VIF) to evaluate multicollinearity in the multiple linear regression models. All analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC USA).
Results
We recruited 540 participants (272 control and 268 intervention) from January 9, 2014 to May 1, 2015. Participants were enrolled at a median (25th, 75th percentile) gestational age of 11 (9, 13) weeks. There were 532 participants enrolled at the start of data collection, 468 known live births, and five neonatal deaths (Fig. 1). At baseline, control and intervention participants had similar characteristics (Table 1). For example, mothers’ median (25th, 75th percentile) ages at enrollment were 28 [25, 33] years in the control group and 29  [25, 33] years in the intervention groups. In both groups, 80% of participants reported completing university.[image: ../images/12940_2021_763_Fig1_HTML.png]
Fig. 1Trial profile

Table 1Comparison of baseline characteristics for control and intervention participants included in the intention-to-treat analysis


	Characteristic
	n (%)
	Control (n = 233)
	Intervention (n = 245)

	Median (25th, 75th percentile) or n (%)
	Median (25th, 75th percentile) or n (%)

	Season of enrollment

	 Winter (Dec, Jan, Feb)
	151 (32)
	77 (33)
	74 (30)

	 Spring (Mar, Apr, May)
	138 (29)
	73 (31)
	65 (27)

	 Summer (Jun, July, Aug)
	56 (12)
	24 (11)
	32 (13)

	 Fall (Sep, Oct, Nov)
	133 (28)
	59 (25)
	74 (30)

	 Gestational age, wk
	478 (100)
	10 (9, 12)
	11 (9, 13)

	 Maternal age, yr
	478 (100)
	28 (25, 33)
	29 (25, 33)

	Monthly household income, Tugriks

	  ≥ 800,000
	376 (79)
	182 (78)
	194 (79)

	  < 800,000
	93 (19)
	46 (20)
	47 (19)

	 Not reported, n (%)
	9 (2)
	5 (2)
	4 (2)

	Maternal marital status

	 Married
	282 (59)
	135 (58)
	147 (60)

	 Engaged/Common-law
	180 (38)
	88 (38)
	92 (38)

	 Single
	10 (2)
	7 (3)
	3 (1)

	 Not reported, n (%)
	6 (1)
	3 (1)
	3 (1)

	Maternal education

	 Completed university
	383 (80)
	187 (80)
	196 (80)

	 Less than university
	60 (13)
	31 (13)
	29 (12)

	 Not reported, n (%)
	35 (7)
	15 (6)
	20 (8)

	Lived with a smoker baseline

	 No
	248 (52)
	120 (52)
	128 (52)

	 Yes
	218 (46)
	107 (46)
	111 (45)

	 Not reported, n (%)
	12 (3)
	6 (3)
	6 (2)

	Maternal pre-pregnancy BMI, kg/m2
	449 (94)
	21.7 (19.6, 23.9)
	21.4 (19.7, 24.0)

	 Not reported, n (%)
	29 (6)
	21 (9)
	8 (3)

	Paternal age, yr
	453 (95)
	31 (26, 35)
	30 (26, 35)

	 Not reported, n (%)
	25 (5)
	9 (4)
	16 (7)

	Paternal education

	 Completed university
	364 (76)
	179 (77)
	185 (76)

	 Less than university
	85 (18)
	45 (19)
	40 (16)

	 Not reported, n (%)
	29 (6)
	9 (4)
	20 (8)




During pregnancy, the HEPA cleaners reduced mean indoor PM2.5 concentrations by 29% (95% CI: 21%, 37%) from a geometric mean of 24.5 µg/m3 in control homes to 17.3 µg/m3 in intervention homes [27]. The post-natal PM2.5 concentrations were similar between groups (3% lower in the intervention group, 95% CI: -14%, 7%).
The characteristics of mother–child dyads in the intervention and control groups were generally similar during pregnancy and during postnatal follow-up (Table 2). The median maternal blood lead concentration late in pregnancy was 1.5 (1.2, 1.8) ug/dL in the control group and 1.4 (1.2, 1.9) ug/dL in the intervention group. As previously reported, there were more preterm births in the intervention group (10%) than in the control group (5%). In both groups, approximately 5% of mothers reported moderate to severe depression during the 2-year visit (Table 2).Table 2Comparison of pregnancy and post-natal characteristics for control and intervention participants included in the intention-to-treat analysis


	Characteristic
	n (%)
	Control (n = 233)
	Intervention (n = 245)

	Median (25th, 75th percentile) or n (%)
	Median (25th, 75th percentile) or n (%)

	Maternal blood lead concentration in late pregnancy ug/dL
	375 (78)
	1.5 (1.2, 1.8)
	1.4 (1.2, 1.9)

	 Missing, n (%)
	103 (22)
	61 (26)
	42 (17)

	Type of birth

	 Cesarean
	174 (36)
	86 (37)
	88 (36)

	 Vaginal
	285 (60)
	134 (57)
	151 (62)

	 Missing, n (%)
	19 (4)
	13 (6)
	6 (2)

	Preterm birth

	 Preterm (< 37 weeks)
	31 (7)
	10 (4)
	21 (9)

	 Full tern (≥ 37 weeks)
	428 (89)
	210 (90)
	218 (88)

	 Missing, n (%)
	19 (4)
	13 (6)
	6 (3)

	Birth weight, grams
	458 (96)
	3450 (3125, 3800)
	3550 (3200, 3800)

	 Missing, n (%)
	19 (4)
	13 (6)
	6 (2)

	Child’s sex

	 Female
	220 (46)
	110 (47)
	110 (45)

	 Male
	239 (50)
	111 (48)
	128 (52)

	 Missing, n (%)
	19 (4)
	13 (5)
	6 (3)

	Child’s blood lead concentration at age 2, ug/dL
	328 (69)
	2.6 (1.9, 3.6)
	2.5 (1.7, 3.5)

	 Missing, n (%)
	150 (31)
	80 (46)
	70 (45)

	Maternal depression level (BDI) at 2-year visit

	 Mild
	369 (77)
	168 (72)
	201 (82)

	 Moderate to severe
	31 (6)
	8 (4)
	13 (5)

	 Missing, n (%)
	88 (18)
	57 (24)
	31 (13)

	Maternal WASI matrix reasoning raw score
	387 (81)
	16 (12, 19)
	17 (13, 19)

	 Missing, n (%)
	91 (19)
	58 (25)
	33 (13)

	Maternal WASI vocabulary raw score
	387 (81)
	36 (32, 40)
	36 (32, 40)

	 Missing, n (%)
	91 (19)
	58 (25)
	33 (13)


BDI Beck Depression Inventory-II, WASI Wechsler Abbreviated Scale of Intelligence



We found no significant difference in the mean BASC-3 scores by treatment group in our ITT analysis of 478 participants (Table 3). Results were not sensitive to adjustment for PTB and results from the complete case analysis also indicated no benefits from this intervention (Table S2). Children’s behavior T scores measured 2 and 4 years of age were moderately correlated, ranging from r = 0.39 (adaptive skills) to 0.46 (BSI). In a stratified analysis we found no benefits of the intervention among girls or boys and no difference in effect estimates between sexes.Table 3Estimated effects of the intervention on BASC composite scores in an intention-to-treat analysis


	Composite score
	Unadjusted
	Adjusted for preterm birth

	Change in mean T score (95%CI)
	p-value
	Change in mean T score (95%CI)
	p-value

	Age 2

	 Externalizing
	0.21 (-1.69, 2.12)
	0.83
	0.21 (-1.70, 2.12)
	0.83

	 Internalizing
	-0.84 (-2.84, 1.16)
	0.41
	-0.84 (-2.84, 1.16)
	0.41

	 Adaptive skills
	-0.06 (-1.77, 1.64)
	0.94
	-0.01 (-1.73, 1.71)
	0.99

	 Behavioral Symptoms Index
	-0.28 (-1.98, 1.42)
	0.75
	-0.29 (-1.99, 1.40)
	0.73

	Age 4

	 Externalizing
	0.09 (-1.98, 2.17)
	0.93
	0.09 (-1.98, 2.17)
	0.93

	 Internalizing
	-0.48 (-2.51, 1.54)
	0.64
	-0.47 (-2.50, 1.55)
	0.65

	 Adaptive skills
	-0.29 (-2.12, 1.55)
	0.76
	-0.17 (-1.99, 1.66)
	0.86

	 Behavioral Symptoms Index
	-0.21 (-2.17, 1.76)
	0.84
	-0.20 (-2.17, 1.76)
	0.84

	Ages 2 and 4 combineda

	 Externalizing problems
	0.15 (-1.54, 1.85)
	0.86
	0.13 (-1.55, 1.82)
	0.88

	 Internalizing problems
	-0.66 (-2.36, 1.04)
	0.44
	-0.60 (-2.29, 1.10)
	0.49

	 Adaptive skills
	-0.18 (-1.65, 1.30)
	0.82
	-0.09 (-1.56, 1.38)
	0.91

	 Behavioral symptoms index
	-0.24 (-1.81, 1.32)
	0.76
	-0.28 (-1.84, 1.28)
	0.72


aAge 2 and 4 BASC scores modeled together in a linear mixed effects model



In our secondary observational analysis we did not observe any associations between PM2.5 concentrations and behavior scores at age 2 (Fig. 2). We did, however, find that indoor PM2.5 during the first trimester of pregnancy was consistently associated with worse behavior scores at age 4 (Fig. 2). Specifically, an IQR increase (20.1 µg/m3) in PM2.5 was associated with difference of 2.4 units (95% CI: 0.7, 4.1), 2.4 units (95% CI: 0.7, 4.0), 2.3 units (95% CI: 0.7, 3.9), and -1.5 units (95% CI: -3.0, 0.0) in mean externalizing problems, internalizing problems, BSI, and adaptive skills T scores, respectively. For comparison, the estimated effect of maternal depression (moderate/severe vs. mild) on BASC scores at age 4 was 2.7 points (95% CI: -1.8, 7.1). Third trimester PM2.5 concentrations were associated with some behavioral indices, but effect estimates were smaller. We did not observe associations between PM2.5 exposure in the second trimester and any of the BASC indices (Fig. 2). Variance inflation factors were < 1.7 for all variables.[image: ../images/12940_2021_763_Fig2_HTML.png]
Fig. 2Associations between indoor PM2.5 concentrations during pregnancy and BASC composite scores at age 2, age 4, and combined1. 1Age 2 and 4 BASC scores modeled together in a linear mixed effects model. 1st trimester IQR = 20.1 ug/m3, 2nd trimester IQR = 21.6 ug/m3, 3rd trimester IQR = 13.5 ug/m3, full pregnancy IQR = 9.63 ug/m3. Models adjusted for intervention status, maternal age at baseline, monthly family income at baseline, living with a smoker at any time during pregnancy, mother’s depression score at the 2-year visit, and maternal WASI matrix reasoning and vocabulary scores at the 2-year visit. Trimester-specific models were also adjusted for PM2.5 concentrations in other trimesters


Discussion
In this cohort of women living in a heavily polluted community, we found no evidence that reducing indoor particulate matter with HEPA air cleaners starting late in the first trimester of pregnancy improved parent-reported behavioral problems. In a secondary observational analysis, we found no associations between PM2.5 concentration during pregnancy and behavior at age 2. We did, however, find that first trimester PM2.5 concentrations were consistently associated with worse behavioral problem scores when children were 4 years old. Third trimester PM2.5 concentration were also associated with some behavioral indices at age 4, but effects were smaller. PM2.5 concentrations during the second trimester were not associated with behavior at any age. These results suggest that behavior scores in childhood may be particularly sensitive to air pollution exposure early in pregnancy, but these are exploratory findings and should be interpreted cautiously.
Brain development is a rapid and complex process and the timing of exposure to neurotoxicants may be an important determinant of adverse impacts [15, 34, 35]. Our finding of consistent associations with exposure in the first trimester is similar to a recent analysis of 4 to 6-year-old children in Mexico City [11]. In that study, which assessed behavior using an earlier version of the BASC (BASC-2), a 5 µg/m3 increase in outdoor PM2.5 concentration during the first trimester was associated with a 1.1 unit (95% CI: -0.2, 2.4) increase in mean BSI T score and a decrease of 1.5 units (95% CI: -2.6, -0.3) in mean adaptive skills T score. PM2.5 concentrations in other trimesters were not associated with behavior scores. In the Upstate KIDS study, a 10 µg/m3 increase in PM2.5 exposure during the first and third trimesters was associated with increases of 1.6% (95% CI: 0.1%, 3.2%) and 2.7% (95% CI: 0.6%, 4.9%), respectively, in the risk of a failed developmental screening between 8 and 36 months of age. The estimated effect of second trimester exposure to PM2.5 was smaller [7].
For individual children, a change in behavioral symptoms T scores of 1–3 units would generally not be problematic. At a population level, however, these impacts could be important given that 90% of the world’s population is exposed to PM2.5 above the World Health Organization guideline concentration [36, 37].
Our study may have been influenced by the live birth bias. Bias is possible if the intervention affects the probability of a live birth and other unmeasured exposures affect both the probability of a live birth and BASC scores. We previously reported that the air cleaner intervention was associated with a lower risk of spontaneous abortion in this cohort [31]. Thus, unmeasured exposures that increase risk of both fetal death and behavioral problems may have led us to underestimate the benefits of this intervention [38, 39].
This study had several limitations. We may have been underpowered for this outcome as the sample size calculation was based on term birth weight, the original outcome of this trial. Staff who administered and scored the BASC-3 were blinded to the participants’ group assignment, but the participants were not blinded. The lack of blinding could also partly explain the greater loss of control participants. This may have introduced some selection bias, which we tried to address through an ITT analysis using multiple imputation. To our knowledge, this was the first use of the BASC-3 in Mongolia. We translated the BASC-3 using an iterative process that included back-translation and extensive pilot testing in Mongolian children before collecting data from UGAAR participants. However, even careful translation may not account for important cultural differences in the way behaviors are described and interpreted [40]. Behaviors may be accepted differently in different settings, so use of an instrument designed for North American children may not have fully captured behavior problems in this cohort of Mongolian children. This would likely have introduced non-differential errors leading to underestimated effects. In addition, because there was no Mongolian reference population, we scaled the raw scores to match those of the US reference population before calculating scaled scores and composite indices. While this may have introduced some error in the BASC-3 scores, these errors were also likely non-differential. Although we demonstrated that the intervention reduced PM2.5 in participants’ homes, we did not measure personal exposure to PM2.5 and the impacts of this residential intervention would be attenuated by exposure encountered outside of the home. In our secondary exploratory analysis, we ran numerous models involving many combinations of exposure periods, behavioral indices, and children’s ages.
Conclusions
In this randomized controlled trial, we found no benefit of reducing indoor air pollution during pregnancy on parent-reported behaviors in children at 2–4 years of age. In secondary analyses, however, we found that first trimester residential PM2.5 concentrations were associated with worse behavior scores at 4 years of age, suggesting that it may be necessary to intervene early in pregnancy to protect children. However, these exploratory findings should be interpreted cautiously and require replication.
Acknowledgements
We thank the UGAAR study participants and all study personnel. In addition, we are grateful to Weiran Yuchi for providing PM2.5 exposure model estimates. We also thank Christopher Palmer and Patrick Parsons for measuring blood metals concentrations.

Authors’ contributions
Conceptualization, R.W.A.; methodology R.W.A.; software, U.E.; validation, U.E. and R.W.A.; formal analysis U.E; investigation U.E; resources R.W.A..; data curation E.G. Ch.B. S.B. B.B. E.E.; writing—original draft preparation, U.E; writing—review and editing, R.W.A., D.C.B., B.P.L. and L.C.M.; visualization, R.W.A., U.E; supervision, R.W.A.; project administration, R.W.A. E.G; funding acquisition, R.W.A. All authors have read and agreed to the published version of the manuscript.

Funding
This research was funded by the Canadian Institutes of Health Research (MOP 123441 and 142380).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable request.

Declarations
Ethics approval and consent to participate
All participants provided written consent prior enrollment. This study was reviewed and approved by the Simon Fraser University Office of Research Ethics and the Mongolian Ministry of Heath Medical Ethics Approval Committee.

Consent for publication
Not applicable.

Competing interests
The air cleaners used in this study were purchased at a discounted rate from the manufacturer, who also made minor modifications to the air cleaners at our request (described in the paper). The authors have no other competing interests to disclose.


References
	1.
Li C, Yang M, Zhu Z, Sun S, Zhang Q, Cao J, et al. Maternal exposure to air pollution and the risk of low birth weight: a meta-analysis of cohort studies. Environ Res. 2020;190:109970.Crossref

	2.
Sun X, Luo X, Zhao C, Zhang B, Tao J, Yang Z, et al. The associations between birth weight and exposure to fine particulate matter (PM2.5) and its chemical constituents during pregnancy: a meta-analysis. Environ Pollut. 2016;211:38–47.Crossref

	3.
Gluckman PD. Living with the past: evolution, development, and patterns of disease. Science. 2004;305(5691):1733–6.Crossref

	4.
Klocke C, Allen JL, Sobolewski M, Mayer-Pröschel M, Blum JL, Lauterstein D, et al. Neuropathological consequences of gestational exposure to concentrated ambient fine and ultrafine particles in the mouse. Toxicol Sci. 2017;156:492–508.

	5.
Rauh VA, Margolis AE. Research review: environmental exposures, neurodevelopment, and child mental health - new paradigms for the study of brain and behavioral effects. J Child Psychol Psychiatr. 2016;57(7):775–93.Crossref

	6.
Suades-González E, Gascon M, Guxens M, Sunyer J. Air pollution and neuropsychological development: a review of the latest evidence. Endocrinology. 2015;156(10):3473–82.Crossref

	7.
Ha S, Yeung E, Bell E, Insaf T, Ghassabian A, Bell G, et al. Prenatal and early life exposures to ambient air pollution and development. Environ Res. 2019;174:170–5.Crossref

	8.
Harris MH, Gold DR, Rifas-Shiman SL, Melly SJ, Zanobetti A, Coull BA, et al. Prenatal and childhood traffic-related air pollution exposure and childhood executive function and behavior. Neurotoxicol Teratol. 2016;57:60–70.Crossref

	9.
Jorcano A, Lubczyńska MJ, Pierotti L, Altug H, Ballester F, Cesaroni G, et al. Prenatal and postnatal exposure to air pollution and emotional and aggressive symptoms in children from 8 European birth cohorts. Environ Int. 2019;131:104927.Crossref

	10.
Loftus CT, Ni Y, Szpiro AA, Hazlehurst MF, Tylavsky FA, Bush NR, et al. Exposure to ambient air pollution and early childhood behavior: a longitudinal cohort study. Environ Res. 2020;183:109075.Crossref

	11.
McGuinn LA, Bellinger DC, Colicino E, Coull BA, Just AC, Kloog I, et al. Prenatal PM2.5 exposure and behavioral development in children from Mexico city. Neurotoxicology. 2020;81:109–15.Crossref

	12.
Mortamais M, Pujol J, Martínez-Vilavella G, Fenoll R, Reynes C, Sabatier R, et al. Effects of prenatal exposure to particulate matter air pollution on corpus callosum and behavioral problems in children. Environ Res. 2019;178:108734.Crossref

	13.
Perera FP, Tang D, Wang S, Vishnevetsky J, Zhang B, Diaz D, et al. Prenatal polycyclic aromatic hydrocarbon (PAH) exposure and child behavior at age 6–7 years. Environ Health Perspect. 2012;120(6):921–6.Crossref

	14.
Yorifuji T, Kashima S, Diez MH, Kado Y, Sanada S, Doi H. Prenatal exposure to outdoor air pollution and child behavioral problems at school age in Japan. Environ Int. 2017;99:192–8.Crossref

	15.
Rice D, Barone S. Critical periods of vulnerability for the developing nervous system: evidence from humans and animal models. Environ Health Perspect. 2000;108(suppl 3):511–33.Crossref

	16.
Sunyer J, Dadvand P. Pre-natal brain development as a target for urban air pollution. Basic Clin Pharmacol Toxicol. 2019;125(S3):81–8.Crossref

	17.
Calderón-Garcidueñas L, Engle R, Mora-Tiscareño A, Styner M, Gómez-Garza G, Zhu H, et al. Exposure to severe urban air pollution influences cognitive outcomes, brain volume and systemic inflammation in clinically healthy children. Brain Cogn. 2011;77(3):345–55.Crossref

	18.
Chang Y-C, Cole TB, Costa LG. Prenatal and early-life diesel exhaust exposure causes autism-like behavioral changes in mice. Part Fibre Toxicol. 2018;15(1). Available from: https://​particleandfibre​toxicology.​biomedcentral.​com/​articles/​10.​1186/​s12989-018-0254-4. Cited 2020 Oct 16.

	19.
Allen RW, Barn P. Individual- and household-level interventions to reduce air pollution exposures and health risks: a review of the recent literature. Curr Environ Health Rep. 2020;7(4):424–40.Crossref

	20.
Kelly FJ, Fussell JC. Improving indoor air quality, health and performance within environments where people live, travel, learn and work. Atmos Environ. 2019;200:90–109.Crossref

	21.
Azimi P, Stephens B. A framework for estimating the US mortality burden of fine particulate matter exposure attributable to indoor and outdoor microenvironments. J Expo Sci Environ Epidemiol. 2020;30(2):271–84.Crossref

	22.
Yun X, Shen G, Shen H, Meng W, Chen Y, Xu H, et al. Residential solid fuel emissions contribute significantly to air pollution and associated health impacts in China. Sci Adv. 2020;6(44):eaba7621.Crossref

	23.
Allen RW, Gombojav E, Barkhasragchaa B, Byambaa T, Lkhasuren O, Amram O, et al. An assessment of air pollution and its attributable mortality in Ulaanbaatar, Mongolia. Air Qual Atmos Health. 2013;6(1):137–50.Crossref

	24.
Guttikunda SK, Lodoysamba S, Bulgansaikhan B, Dashdondog B. Particulate pollution in Ulaanbaatar, Mongolia. Air Qual Atmos Health. 2013;6(3):589–601.Crossref

	25.
Hill LD, Edwards R, Turner JR, Argo YD, Olkhanud PB, Odsuren M, et al. Health assessment of future PM2.5 exposures from indoor, outdoor, and secondhand tobacco smoke concentrations under alternative policy pathways in Ulaanbaatar, Mongolia. Coulombe RA, editor. PLoS One. 2017;12(10):e0186834.Crossref

	26.
World Bank. Air quality analysis of Ulaanbaatar: improving air quality to reduce health impacts. World Bank; 2011. Available from: http://​elibrary.​worldbank.​org/​doi/​book/​10.​1596/​26802. Cited 2020 Nov 23.

	27.
Barn P, Gombojav E, Ochir C, Laagan B, Beejin B, Naidan G, et al. The effect of portable HEPA filter air cleaners on indoor PM2.5 concentrations and second hand tobacco smoke exposure among pregnant women in Ulaanbaatar, Mongolia: the UGAAR randomized controlled trial. Sci Total Environ. 2018;615:1379–89.Crossref

	28.
Cohen S, Kamarck T, Mermelstein R. A global measure of perceived stress. J Health Soc Behav. 1983;24(4):385.Crossref

	29.
Palmer CD, Lewis ME, Geraghty CM, Barbosa F, Parsons PJ. Determination of lead, cadmium and mercury in blood for assessment of environmental exposure: a comparison between inductively coupled plasma–mass spectrometry and atomic absorption spectrometry. Spectrochim Acta B At Spectrosc. 2006;61(8):980–90.Crossref

	30.
Yuchi W, Gombojav E, Boldbaatar B, Galsuren J, Enkhmaa S, Beejin B, et al. Evaluation of random forest regression and multiple linear regression for predicting indoor fine particulate matter concentrations in a highly polluted city. Environ Pollut. 2019;1(245):746–53.Crossref

	31.
Barn P, Gombojav E, Ochir C, Boldbaatar B, Beejin B, Naidan G, et al. The effect of portable HEPA filter air cleaner use during pregnancy on fetal growth: the UGAAR randomized controlled trial. Environ Int. 2018;121:981–9.Crossref

	32.
Bradley RH. The home inventory: review and reflections. In: Advances in child development and behavior. Elsevier; 1994. p. 241–88. Available from: https://​linkinghub.​elsevier.​com/​retrieve/​pii/​S006524070860054​3. Cited 2020 Nov 14.

	33.
Beck AT, Steer RA, Brown G. Beck Depression Inventory–II. American Psychological Association; 2011. Available from: http://​doi.​apa.​org/​getdoi.​cfm?​doi=​10.​1037/​t00742-000. Cited 2021 Jan 21.

	34.
Adams J, Barone S, LaMantia A, Philen R, Rice DC, Spear L, et al. Workshop to identify critical windows of exposure for children’s health: neurobehavioral work group summary. Environ Health Perspect. 2000;108(suppl 3):535–44.Crossref

	35.
Chiu Y-HM, Hsu H-HL, Coull BA, Bellinger DC, Kloog I, Schwartz J, et al. Prenatal particulate air pollution and neurodevelopment in urban children: examining sensitive windows and sex-specific associations. Environ Int. 2016;87:56–65.Crossref

	36.
Bellinger DC. A strategy for comparing the contributions of environmental chemicals and other risk factors to neurodevelopment of children. Environ Health Perspect. 2012;120(4):501–7.Crossref

	37.
Health Effects Institute. State of Global Air 2020. 2020. Available: www.​stateofglobalair​.​org. Accessed 25 June 2021.

	38.
Liew Z, Olsen J, Cui X, Ritz B, Arah OA. Bias from conditioning on live birth in pregnancy cohorts: an illustration based on neurodevelopment in children after prenatal exposure to organic pollutants. Int J Epidemiol. 2015;44(1):345–54.Crossref

	39.
Leung M, Kioumourtzoglou M-A, Raz R, Weisskopf MG. Bias due to selection on live births in studies of environmental exposures during pregnancy: a simulation study. Environ Health Perspect. 2021;129(4):EHP7961, 047001.Crossref

	40.
Tan TX, Yi Z, Li Z, Cheng K, Li J. Comparing Chinese youth with American youth on adjustment: an illustration of measurement issues in crosscultural research. Int J Psychol. 2021;56:286–95.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		Portable HEPA filter air cleaner use during pregnancy and children’s behavior problem scores: a secondary analysis of the UGAAR randomized controlled trial


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/12940_2021_763_Fig2_HTML.png
First Trimester
Extemalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Second Trimester
Extemnalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Third Trimester
Extemalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Full Pregnancy
Externalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

First Trimester
Extemalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Second Trimester
Externalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Third Trimester
Extemalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Full Pregnancy
Extemnalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Ages 2 and 4 Combined

First Trimester
Extemalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Second Trimester
Externalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Third Trimester

roblems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

Full Pregnancy
Externalizing Problems
Internalizing Problems
Behavioral Symptoms Index
Adaptive Skills

43 2 4 0 1 2 3 4 43 2 A 0 1 2 3 4 43 2 A 0 1 2 3 4

Change in Mean T Score per Interquartile Change in Mean T Score per Interquartile

Change in Mean T Score per Interquartile
Range Increase in Indoor PMz.s Concentration Range Increase in Indoor PMz.s Concentration

Range Increase in Indoor PMz.s Concentration





OEBPS/css/envelope.png





OEBPS/css/sidebar.gif





OEBPS/images/12940_2021_763_Fig1_HTML.png
540 randomized

v

Allocated to control (n = 272) |

| Allocated to intervention (n = 268)

Lost before start of data collection {n = 7}
Withdrew consent (n = 5)
Moved out of study area (n = 1)
Spontaneous abortion (n = 1)

Lost before start of data collection (n = 1}
Withdrew consent (n = 1)

y

Enrolled at start of data collection (n = 265)
Received allocated control (n = 260)
Did not recsive allocated control (n = 5)

A

Enrolled at start of data collection {n = 267)
Received allocated control {n = 264)
Did not receive allocated control (n = 3)

—

Lost before end of pregnancy (n = 12)
Withdrew consent (n = 8)
Moved out of study area (n = 4)

b

l Followed to the end of pregnancy (n = 253)

Lost before end of pregnancy (n = 6)
Withdrew consent (n = 2)
Moved out of study area (n = 4)

A

Followed to the end of pregnancy (n = 261)

—

Pregnancy losses (n = 28)
Spontaneous abortions (n = 23)
Stillbirths (n = 5)

Pregnancy losses (n = 18)
Spontaneous abortions (n = 10)
Stillbirths (n = 8)

A

| Live births (n = 225)

Live births (n = 243)

A

—

Lost during postnatal surveillance (n = 31)
Neonatal death (n = 1)
Did not re-enroll (n = 30)

A 4

Lost during postnatal surveillance {(n = 21)
Neonatal death (n = 4)
Did not re-enroll {(n = 17)

A

| Enrolled at stal

rt of post-natal study (n = 194)

| Enrolled at start of post-natal study (n = 222)

A

A

BASC age 2 analysis |

Intention-to-treat (n = 233)
Complete case (n = 177)

Intention-to-treat (n = 245}
Complete case (n = 214)

A

A

| BASC age 4 analysis

Intention-to-treat (n = 233)
Complete case (n = 183)

Intention-to-treat (n = 245)
Complete case (n = 205)






