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BACKGROUND: Limited data suggest air pollution exposures may contribute to pediatric high blood pressure (HBP), a known predictor of adult cardiovascular diseases.
METHODS: We investigated this association in the Conditions Aﬀecting Neurocognitive Development and Learning in Early Childhood (CANDLE)
study, a sociodemographically diverse pregnancy cohort in the southern United States with participants enrolled from 2006 to 2011. We included 822
mother–child dyads with available address histories and a valid child blood pressure measurement at 4–6 y. Systolic (SBP) and diastolic blood pressures (DBP) were converted to age-, sex-, and height-speciﬁc percentiles for normal-weight U.S. children. HBP was classiﬁed based on SBP or DBP
≥90th percentile. Nitrogen dioxide (NO2 ) and particulate matter ≤2:5 lm in aerodynamic diameter (PM2:5 ) estimates in both pre- and postnatal windows were obtained from annual national models and spatiotemporal models, respectively. We ﬁt multivariate Linear and Poisson regressions and
explored multiplicative joint eﬀects with maternal nutrition, child sex, and maternal race using interaction terms.
RESULTS: Mean PM2:5 and NO2 in the prenatal period were 10.8 [standard deviation (SD): 0.9] lg=m3 and 10.0 (SD: 2.4) ppb, respectively, and 9.9
(SD: 0.6) lg=m3 and 8.8 (SD: 1.9) ppb from birth to the 4-y-old birthday. On average, SBP percentile increased by 14.6 (95% CI: 4.6, 24.6), and
DBP percentile increased by 8.7 (95% CI: 1.4, 15.9) with each 2-lg=m3 increase in second-trimester PM2:5 . PM2:5 averaged over the prenatal period
was only signiﬁcantly associated with higher DBP percentiles [b = 11.6 (95% CI: 2.9, 20.2)]. Positive associations of second-trimester PM2:5 with
SBP and DBP percentiles were stronger in children with maternal folate concentrations in the lowest quartile (pinteraction = 0.05 and 0.07, respectively)
and associations with DBP percentiles were stronger in female children (pinteraction = 0.05). We did not detect signiﬁcant association of NO2 , road
proximity, and postnatal PM2:5 with any outcomes.
CONCLUSIONS: The ﬁndings suggest that higher prenatal PM2:5 exposure, particularly in the second trimester, is associated with elevated early childhood blood pressure. This adverse association could be modiﬁed by pregnancy folate concentrations. https://doi.org/10.1289/EHP7486

Introduction
High blood pressure (HBP) is a major contributor to cardiovascular disease (CVD) in adults (Benjamin et al. 2017). In U.S. children and adolescents, the HBP prevalence has been shown to be
15–20% based on a single blood pressure measurement (Bell et al.
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2019; Jackson et al. 2018), with the highest rates in Hispanic and
African American youth (Cheung et al. 2017). Early identiﬁcation of children with HBP is crucial given than untreated hypertension is associated with target organ damage in childhood,
including left ventricular hypertrophy and decreased arterial compliance (Aatola et al. 2013). In addition, HBP in early life may
persist over time and progress to clinical hypertension in adulthood (Chen and Wang 2008). Child HBP is multifactorial.
Primary HBP has been chieﬂy attributed to heredity, obesity, and
diet, whereas major determinants of secondary HBP include renal
abnormalities, medications, and neoplasms (Patel and Walker
2016). However, currently recognized risk factors do not suﬃciently explain disease occurrence, and a growing body of literature suggests that environmental risk factors may play a role
(Bruno et al. 2017; Sanders et al. 2018; Warembourg et al. 2019).
Air pollution exposures have been linked with several chronic
health conditions in children, including asthma and neurodevelopmental disorders, even in regions where the level of exposure
is in compliance with regulations (Kim et al. 2018; Loftus et al.
2019; Orellano et al. 2017). There is mounting evidence from
animal studies and epidemiologic studies of adult cohorts implicating air pollution as a driver of cardiovascular outcomes, with a
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particular focus on ambient particulate matter [PM ≤2:5 lm in
aerodynamic diameter (PM2:5 )] and nitrogen dioxide (NO2 )
(Brook et al. 2010; Giorgini et al. 2016). However, studies of prenatal or early life air pollution exposure and child cardiovascular
health are sparse. To the best of our knowledge, only two population studies—one in Boston and one in Mexico City (Rosa et al.
2020; Zhang et al. 2018) have estimated the associations of child
blood pressure with air pollution exposures in both pre- and postnatal windows, and three other studies—two in the United States
and one in Europe (Breton et al. 2016; Madhloum et al. 2019;
van Rossem et al. 2015)—have assessed the associations with
prenatal exposures only. All of them provided evidence of positive relationships. More studies—mainly conducted in China and
Europe—investigated adverse eﬀects of postnatal air pollution
exposures on child blood pressure (Bilenko et al. 2015a, 2015b;
Clark et al. 2012; Dong et al. 2014, 2015; Lawrence et al. 2018;
Liu et al. 2014; Ntarladima et al. 2019; Pieters et al. 2015;
Poursafa et al. 2014; Sughis et al. 2012; Wang et al. 2019; Zeng
et al. 2017; Zhang et al. 2019). These studies varied by population characteristics, study design, pollutant types, and exposure
windows, and many of them found signiﬁcant associations with
one or both blood pressures while some reported null results.
This study seeks to build on the emerging hypothesis that
both pre- and postnatal air pollution exposures may increase child
blood pressure. Using data from the Conditions Aﬀecting
Neurocognitive Development and Learning in Early Childhood
(CANDLE) study, a large sociodemographically diverse pregnancy cohort in the urban southern United States, we investigated
associations of child blood pressure with air pollution exposures
in diﬀerent windows, and assessed whether the associations
would be modiﬁed by child sex and maternal race. Furthermore,
we examined pregnancy nutritional factors as potential modiﬁers,
a topic that has not been previously explored despite their known
critical roles in fetal programming.

Methods
Study Population
The CANDLE study is an ongoing longitudinal study established
to identify risk factors that impact child neurodevelopment and
learning. Women were considered eligible if they were Shelby
County, Tennessee, residents between 16–40 y of age, had singleton pregnancies without complications, and planned to deliver at
a participating study hospital (Sontag-Padilla et al. 2015). From
2006 to 2011, the research staﬀ recruited 1,503 pregnant women
in their second trimester in two stages. The ﬁrst stage of enrollment took place between December 2006 and August 2008 at the
University of Tennessee Medical Group clinics, where 343
women were recruited during their regular obstetric appointments. In the second stage, which happened between September
2007 and July 2011, an additional 1,160 women were recruited
from the general community via media campaigns. All women
provided informed consent upon enrollment. The enrolled
CANDLE population was considered representative of the source
population in Shelby County, with similar distributions of major
sociodemographic characteristics such as race and household
income (Sontag-Padilla et al. 2015). The participants recruited
from the Medical Group clinics were more likely to have socioeconomic disadvantages compared with those recruited from the
general community. From the prenatal period to child age 3 y,
families completed eight in-person visits (two prenatal clinic visits, one hospital visit at delivery, three postnatal clinic visits, and
two postnatal home visits) and nine phone-based assessments.
At the age 4- to 6-y visit, 1,143 mother–child dyads completed
self-administered questionnaires and anthropometric measures,
Environmental Health Perspectives

achieving a retention rate of 76%. For this analysis, conducted as
part of the ECHO PATHWAYS Consortium (https://deohs.
washington.edu/echo/), we included 822 mother–child dyads
who completed the age 4- to 6-y visit with blood pressure assessment and had valid residential address histories. All CANDLE
research activities were approved by the institutional review
board of the University of Tennessee Health Sciences Center,
and the analyses were approved by the University of Washington
Human Subjects Division.

Blood Pressure Assessment
At the age 4- to 6-y visit, child SBP and DBP were measured by
clinical researchers using BP Tru Medical Devices Model BPM100 blood pressure monitor according to a standardized protocol
(NHANES 2009–2010 Procedure Manuals). Arm circumference
was measured to select the correct cuﬀ size. Following at least a
2-min rest, child blood pressure was measured twice in the right
arm at heart level. Up to four measurements were taken if there
was a discrepancy >5 mmHg. Final blood pressure values were
calculated by averaging the measurements within a 5-mmHg diﬀerence. Using the American Academy of Pediatrics 2017 Clinical
Practice Guideline (Flynn et al. 2017), we calculated sex-, age-, and
height-speciﬁc blood pressure percentiles based on the U.S. pediatric population with normal weight. HBP was deﬁned as SBP and/or
DBP at ≥90th percentile.

Air Pollution Assessments
Residential addresses were collected at enrollment and updated at
each subsequent visit. NO2 exposures were estimated using
regionalized annual average national models—land-use regressions with universal kriging components (Young et al. 2016).
Brieﬂy, the models used monitoring data from regulatory networks, further enhanced with satellite data. We used a geographic
information system to identify covariates representing land-use
characteristics that could reﬂect spatial variability in air pollution
distributions. Final dimension-reduced regression covariates
were obtained using partial least squares from more than 400 geographic variables. Daily NO2 concentrations obtained from the
U.S. Environmental Protection Agency’s Air Quality System network were aggregated into calendar year annual averages and further modeled separately by region (“East,” “Mountain West,”
and “West Coast”). We calculated ﬁnal NO2 exposures by applying the year-speciﬁc models from 2006 to 2014 to participants’
residential history corresponding to both pre- and postnatal windows (from birth to the 4-y-old birthday).
PM2:5 exposures were estimated from spatiotemporal models
predicting point-based estimates on a 2-wk time scale (Keller et al.
2015). The models used monitoring data from regulatory networks
supplemented with PM2:5 measurements from intensive research
cohort-speciﬁc monitors. The model decomposed the space–time
ﬁeld of concentrations into spatially varying long-term averages,
spatially varying seasonal and long-term trends, and spatially correlated but temporally independent residuals. Time trends were
estimated from observed time series, and spatial smoothing spline
methods were used to borrow strength between observations. We
estimated PM2:5 by averaging biweekly predictions over the following windows: ﬁrst, second, and third trimesters; full prenatal
period; and postnatal period from birth to the 4-y-old birthday.
Three children born before the 27th gestational week were missing
the third-trimester predictions. For families who moved between
two points of contact and did not report a move date, we used the
midpoint of the two contact dates to calculate the time-weighted
averages of PM2:5 and NO2 in the relevant exposure windows.
Postnatal predictions for families who moved out of Shelby
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County between childbirth and the age 4- to 6-y visit (N = 42) were
further excluded to avoid outliers. No families moved out of the
study area before childbirth.
Finally, we estimated residential distance to the nearest roadways as a proxy of exposure to traﬃc-related air pollutants.
Speciﬁcally, major roads were classiﬁed as A1, A2, or A3
according to the U.S. Census feature class, and “near road” was
deﬁned as a distance of <150 m from any major roadway. If a
family moved during one of the pre- or postnatal time windows,
road proximity was assigned based on the single address with the
longest residential history in the window.

Covariates
In the CANDLE study, extensive data collection was conducted
on mother, child, and family characteristics, including multilevel
social determinants of health. Maternal characteristics included
age at delivery, self-identiﬁed race (Black vs. non-Black), education (high school and below vs. postsecondary education), pregnancy insurance status (no insurance or Medicaid/Medicare only
vs. some or only private insurance), pregnancy smoking measured by urinary cotinine concentrations in the second trimester
adjusted by speciﬁc gravity (Boeniger et al. 1993), pregnancy
maternal psychological distress measured by the Global Severity
Index (GSI) from the Brief Symptom Inventory (Derogatis and
Melisaratos 1983), maternal hypertensive disorder for the index
pregnancy obtained from medical records, gestational age
abstracted from birth records, and self-reported breastfeeding
practice (never vs. ≤6 months vs. >6 months). Reported family
income and household size was collected primarily at enrollment,
with missing data supplemented by the information at the following visits. We adjusted the midpoint of each income category by
household size, incorporating diﬀerent weights for adults and
children (Burniaux et al. 1998). Prepregnancy height and weight
were requested at enrollment. Maternal prepregnancy obesity
was deﬁned as a body mass index (BMI) of 30:0 kg=m2 or
higher; overweight was deﬁned as a BMI of 25:0–30:0 kg=m2 ;
normal weight was deﬁned as a BMI of 18:5–25:0 kg=m2 ; underweight was deﬁned as a BMI of <18:5 kg=m2 (Garrow and
Webster 1985). Child characteristics included sex, age, height,
and BMI at blood pressure assessment and birthweight obtained
from birth records. At the age 4- to 6-y visit, parents reported the
child’s physical activity level (never or occasionally vs. once or
twice per week vs. three or more times per week), secondhand
smoking exposures (anyone living in the child’s home smoked
vs. no one smoked), and current use of medications. We used the
questionnaire data to identify medications that were relatively
common in pediatric disease management and may increase
blood pressure, such as albuterol, methylphenidate, and prednisone. Child sleep quality was also measured at the same visit by
using the Children’s Sleep Habits Questionnaire, the total score
of which encompassed the major medical and behavioral sleep
disorders (Owens et al. 2000). Neighborhood conditions were
estimated using the Childhood Opportunity Index (COI), a spatial
measurement of relative childhood neighborhood opportunity
(Acevedo-Garcia et al. 2014). We used two of the three “opportunity domains” comprising the COI—educational and economic
opportunity—and calculated these indices based on the residual
address history in pre- and postnatal windows. Other potential
confounders were also incorporated, including recruitment sites
(Medical Group clinics vs. general community) that diﬀered in
enrollment patterns and socioeconomic status (SES) of participants, and time splines of conception date and visit date.
The Maternal Healthy Eating Index (HEI-2010) was calculated from the Block (2005) Food Frequency Questionnaire during the second trimester (Guenther et al. 2014). In addition,
Environmental Health Perspectives

maternal folate concentration was derived from maternal secondand third-trimester blood samples. Plasma folate was assessed
using the Lactobacillus casei microbiological assay, with a minimum detection limit of 3 ng=mL (Roy et al. 2018), and measurements from both trimesters were averaged. We dichotomized
HEI at the median, and folate at the ﬁrst quartile.

Statistical Analysis
We conducted descriptive analyses to summarize the characteristics of the participants. Associations of each outcome measurement with PM2:5 and NO2 in each window were examined
independently using complete-case analyses, with observations
missing data for any model variable excluded. Linear regressions
with robust standard error were preformed to quantify the associations between air pollution exposures and continuous blood
pressure percentiles, and Poisson regressions with robust standard
error were used to estimate the incidence rate ratio (IRR) of binary HBP. To enable comparisons with studies with relatively
low levels of air pollutants, eﬀect estimates were rescaled to twounit increments of PM2:5 and NO2 , which were close to interquartile ranges (IQRs) for exposures across diﬀerent windows in the
study area.
We developed directed acyclic graphs (DAGs) to inform our
thinking about the role of the various covariates in the associations of interest with pre- and postnatal exposure windows
(Textor et al. 2016), based on existing literature on CVD risk factors and biological plausibility (Figure S1), and used a hierarchical adjustment approach of four models to assess the sensitivity
of the eﬀect estimates to covariate selection. Model 1 was
adjusted for child sex, age, and height at the age 4- to 6-y visit,
and recruitment site. In Model 2, we additionally controlled for
times splines of both visit date and conception date for PM2:5 and
NO2 . Time was not adjusted for proximity to major roadway
(<150 m vs. ≥150 m) given its lack of temporal variability in either the pre- or postnatal window. Visit date was used to capture
the secular trends of child blood pressure, and time splines for
visit date were universally modeled with 1 degree of freedom
(df)/y in all models. Conception date was correlated with air pollution concentrations and might be associated with child blood
pressure owing to time-varying enrollment patterns. The graphic
descriptions of air pollution exposures by conception date
showed higher temporal variabilities in PM2:5 than in NO2 , and
higher temporal variabilities in pollutant aggregations over
shorter windows than longer windows (Figure S2). Thus, we
modeled conception date with 1 df/y for analyses with NO2 , and
applied varied df to time splines for PM2:5 in diﬀerent windows:
8 df/y of conception date for trimester-speciﬁc PM2:5 , 4 df/y for
prenatal PM2:5 , and 1 df/y for postnatal PM2:5 . Model 3 was considered the full model, and it included other potential confounders: maternal race, maternal age at childbirth, maternal education
levels, log-transformed income adjusted by household size,
breastfeeding, log-transformed urinary cotinine levels in the second trimester adjusted by speciﬁc gravity, BMI class before pregnancy, insurance status, maternal GSI, child sleep scores, child
physical activity levels, child use of medication that potentially
increased blood pressure, child secondhand smoking exposures,
and COI. We further identiﬁed and adjusted for several potential
confounders that might also be in the causal pathway in Model 4
(the extended model) to estimate their role in the associations of
interest—including maternal hypertensive disorder, gestational
age, birthweight, and child BMI at the age 4- to 6-y visit in the
models with prenatal exposures but only child BMI in the models
with postnatal exposures.
Previous research indicated that low SES populations disproportionately exposed to ambient air pollution may have poor
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nutrition status (Drewnowski et al. 2016; Hajat et al. 2015). It is
increasingly recognized that in utero exposure to poor maternal
nutrition may predispose to a future cardiometabolic abnormality
(Barker 1988, 1999; Whincup 1995). We elected to use maternal
HEI because it reﬂects the adherence to the dietary guideline for
general American populations (Guenther et al. 2014). Systematic
reviews and large meta-analyses have convincingly shown that
higher diet quality as measured by the HEI is associated with
lower risks of CVD morbidity and mortality (Schwingshackl et al.
2018; Sotos-Prieto et al. 2015). Suﬃcient maternal folate intake
may protect against elevated blood pressure in children by
improving endothelial functions (McRae 2009), and folate biomarkers directly reﬂect physiological responses to overall intakes
after absorptive and metabolic processes (Picó et al. 2019). There
is also evidence for sex-speciﬁc diﬀerences and racial disparities
in CVD programming (CDC 2011). As such, we assessed these
eﬀect modiﬁcations by including cross product terms of maternal
HEI (<median vs. ≥median), plasma folate (the ﬁrst quartile vs.
the second to fourth quartiles), child sex (male vs. female), or
maternal race (non-Black vs. Black) with exposures in each window in separate analyses using the full models, and estimated
interaction p-values as well as strata-speciﬁc associations.
Six sensitivity analyses were performed. a) To disentangle the
estimated eﬀects of spatial contrast from temporal variability, we
replaced time-varying NO2 concentrations from the annual
national models and the PM2:5 concentrations from the spatiotemporal models in the pre- and postnatal windows with predictions
from 2006 (the ﬁrst year of recruitment) and 2011 (the ﬁrst year of
age 4- to 6-y visit) ﬁxed-year models respectively, based on residential history during the relevant exposure periods. b) We varied
the df for date of conception from zero (no adjustment of conception date) to 12 in fully adjusted models for the second-trimester
PM2:5 and prenatal PM2:5 with blood pressure percentiles to evaluate the robustness of results when progressively controlling for
temporal trends. c) We simultaneously included PM2:5 estimates in
all three trimesters in the fully adjusted model and also adjusted for
postnatal exposures in the models with prenatal exposures in each
window. d) Based on the signiﬁcant associations of the secondtrimester PM2:5 and prenatal PM2:5 with blood pressure percentiles, we modeled child age and height at the age 4- to 6-y visit ﬂexibly using two-dimensional unpenalized thin-plate regression
splines (TPRS) for adjustment in the analyses of two sets of continuous outcomes—blood pressure percentiles and blood pressure
raw measurements—to examine their potential combined eﬀect
because of multidimensional appearance. TPRS were generated
from the MGCV package (Wood 2017) with df varying from 5 to
12. e) To further assess potential nonlinear relationships between
the covariates and the outcomes, we adjusted for linear restricted
cubic splines of all continuous variables in the fully adjusted models, including child age, child height, maternal age at delivery,
income adjusted by household size, maternal GSI, maternal urinary
cotinine adjusted by speciﬁc gravity, child sleep scores, and COI. f)
Considering the left-skewed DBP percentiles, we log transformed
this measurement and repeated the primary analysis with fully
adjusted models to conﬁrm the patterns of associations. All analyses were conducted in STATA 15 (StataCorp) and R (version
3.6.2; R Development Core Team).

Results
Characteristics of the Study Population
Figure 1 illustrates CANDLE cohort retention between enrollment
and the age 4- to 6-y visit as well as sample sizes for primary analysis of each exposure. Mothers included in the analysis were racially
diverse, with 67% identifying as Black and 26% identifying as
Environmental Health Perspectives

Figure 1. Inclusion ﬂowchart. Shown are the CANDLE cohort retention
between enrollment and the age 4- to 6-y visit as well as sample sizes for
primary analysis of each exposure. Note: CANDLE, Conditions Aﬀecting
Neurocognitive Development and Learning in Early Childhood.

White (Table 1). There were 62% of mothers with a high school
education or less, and 45% who had never been married. One-third
of the participating families had a household income of <$20,000
per year, and more than half were covered by Medicaid or
Medicare only. Many (60%) breastfed their newborn, and 25%
breastfed for >6 months. The median urinary cotinine concentration in the second trimester was 0.5 (IQR: 4.7) ng/mL, and only 7%
of mothers had urinary cotinine concentrations >200 ng=mL, a
common cutoﬀ to deﬁne smokers set by medical testing kits manufacturers (Schick et al. 2017). The median maternal HEI was 60.1
(IQR: 16.2) (Table 1 and Table S1). According to a grading system
recently proposed by Krebs-Smith et al. (2018), overall HEI scores
of 0–59 and 60–69 are the two lowest categories among ﬁve in the
general population. Hence, we deﬁned maternal HEI below the median in the current analysis as poor adherence to the Dietary
Guidelines for Americans. The lowest quartile of plasma folate
ranged from 2.6 to 15:0 ng=mL. Although universally accepted
cutoﬀs to characterize folate deﬁciency using plasma samples in
pregnancy are undetermined, the folate concentrations within the
second to fourth quartiles were considered adequate according to a
report from the World Health Organization Technical Consultation
and a population-based randomized trial in China (Chen et al.
2019; de Benoist 2008).
Children were on average 4.4 years of age (SD: 0.6) at the time
of blood pressure measurement, with an approximately equal sex
distribution (Table 1). The mean BMI was 16.5 (SD: 2.3), and 16%
of the children with a BMI of ≥95th percentile met the deﬁnition
of obesity. According to parent reports, 7.8% were taking medications that potentially increased blood pressure, and one-third were
exposed to secondhand smoking. Compared with the 1,503 participants who enrolled in the CANDLE study, children in our analysis
were more likely to have a mother self-identiﬁed as Black and
come from low-income families (Table S2). The two groups were
similar with respect to other characteristics. Mean SBP was
92:3 mmHg (SD: 10.0) for raw measurement and 48.6 (SD: 25.7)
for percentile, and mean DBP was 61:1 mmHg (SD: 9.2) for raw
measurement and 75.6 (SD: 19.3) for percentile (Table S3). Both
blood pressure raw measurements were normally distributed,
whereas the DBP percentile was left skewed (Figure S3). There
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Table 1. Characteristics of CANDLE study participants included in analysis
(n = 822).

Table 1. (Continued.)
Analytic sample (N = 822)

Analytic sample (N = 822)

Variables
Child characteristics
Age at age 4–6 visit (y)
Height at age 4–6 visit (cm)
Sex
Male
Female
Birth weight (kg)
Gestational age at childbirth (wk)
BMI at the age 4- to 6-y visit (kg=m2 )
BMI class at the age 4- to 6-y visita
Underweight
Normal
Overweight
Obese
Missing
Medication use potentially increasing
blood pressureb
No
Yes
Sleep score at the age 4- to 6-y visit
Vigorous activity frequency at the age
4- to 6-y visitc
Never or occasionally
Once or twice per week
Three or more times per week
Missing
Secondhand smoking exposure age
4- to 6-y visitd
No
Yes
Missing
Maternal characteristics
Age at childbirth (y)
Race
Black
White
Asian
Other
Multiple race
Education at enrollment
<High school
High school/GED
Technical school
College degree
Graduate/professional degree
Missing
Marital status at enrollment
Married/living with partner
Widowed/divorced/separated
Never married
Missing
Insurance status at enrollment
No insurance
Medicaid or Medicare only
Medicaid/Medicare and private
insurance
Private insurance only
Household income at enrollment
$0–$19,999
$20,000–$44,999
$45,000–$74,999
≥$75,000
Missing
Income adjusted by household size
(thousand)
Urinary cotinine adjusted by specific
gravity (ng/mL)

Environmental Health Perspectives

n

Mean (SD)/percentage/
median
(25th, 75th percentile)

822
822

4.4 (0.6)
106.5 (6.1)

410
412
817
818
821

49.9
50.1
3.2 (0.5)
38.8 (1.8)
16.5 (2.3)

17
524
115
134
32

2.1
63.8
14.0
16.3
3.9

758
64
816

92.2
7.8
46.9 (7.2)

119
87
604
12

14.5
10.6
73.5
1.5

540
276
6

65.7
33.6
0.7

Variables
Prepregnancy BMI classe
Underweight
Normal
Overweight
Obese
Missing
Breastfeeding
No
Yes (≤6 months)
Yes (>6 months)
Missing
Pregnancy hypertensive disorder
No
Yes
Pregnancy BSI Global Severity Indexf
Plasma folate in the mid-late
trimester (ng/mL)
Healthy eating index in the second
trimester
Other characteristics
Childhood Opportunity Indexg
Prenatal educational index
Prenatal economics index
Postnatal educational index
Postnatal economics index
Recruitment site
General community
Medical Group clinics

n

Mean (SD)/percentage/
median
(25th, 75th percentile)

38
329
180
272
3

4.6
40.0
21.9
33.1
0.4

312
295
205
10

38.0
35.9
24.9
1.2

773
49
798
822

94.0
6.0
46.8 (10.9)
23 (11.1)

725

60.1 (52.2, 68.4)

818
818
812
812
628
194

−0:03 (0.5)
−0:1 (0.6)
−0:03 (0.5)
−0:1 (0.6)
76.4
23.6

552
217
8
1
44

67.2
26.4
1.0
0.1
5.4

113
398
84
142
84
1

13.8
48.4
10.2
17.3
10.2
0.1

Note: BMI, body mass index; BSI, Brief Symptom Inventory; CANDLE, Conditions
Affecting Neurocognitive Development and Learning in Early Childhood; GED,
Graduate Equivalency; SD, standard deviation.
a
Child obesity was defined as a BMI of ≥95th percentile for children of the same age
and sex; overweight was defined as a BMI from the 85th to <95th percentile; normal
weight was defined as a BMI from the 5th to <85th percentile; and underweight was
defined as a BMI of <5th percentile.
b
Child current medication use was reported by the parents at the age 4- to 6-y visit, and
those who were taking medications that may increase blood pressure—such as albuterol,
methylphenidate, and prednisone—were defined as positive.
c
Child vigorous activity frequency was reported by parents at the age 4- to 6-y visit.
d
Child secondhand smoking was reported by parents at the age 4- to 6-y visit, and for
those with any family members who smoked at home, it was defined as positive.
e
Maternal prepregnancy obesity was defined as a BMI of 30:0 kg=m2 or higher; overweight was defined as a BMI of 25:0 kg=m2 to <30:0 kg=m2 ; normal weight was
defined as a BMI of 18:5 kg=m2 to <25:0 kg=m2 ; and underweight was defined as a
BMI of <18:5 kg=m2 .
f
Pregnancy maternal psychological distress was measured by the Global Severity Index
from the BSI via self-report.
g
Childhood Opportunity Indices were calculated based on the overall address history in
pre- and postnatal window.

430
22
369
1

52.3
2.7
44.9
0.1

were 29.2% of the children who had a SBP and/or a DBP ≥90th
percentile and were classiﬁed as having HBP, largely driven by
isolated elevation in DBP.

2
503
28

0.2
61.2
3.4

Air Pollution Exposures

289

35.2

303
197
138
110
74
817

36.9
24.0
16.8
13.4
9.0
10.9 (3.6, 23.8)

816

0.5 (0.1, 4.8)

822

26 (5.5)

A summary of air pollution exposures is shown in Table 2, and the
distributions are shown as box plots in Figure S4. Trimester-speciﬁc
PM2:5 levels ranged from 6.2 to 17:2 lg=m3 . Mean PM2:5 levels
were 10:8 lg=m3 (SD: 0.9) during the prenatal period, and
9:9 lg=m3 (SD: 0.5) averaged between birth and the 4-y-old birthday. There was little correlation among the PM2:5 measurements in
the three trimesters (corr: −0:10 to 0.15), but there was a moderate
correlation between prenatal and postnatal measurements (corr:
0.34) (Table S4). Prenatal and postnatal NO2 had average levels of
10:0 ppb (SD: 2.4) and 8:9 ppb (SD: 1.9), respectively, and were
highly correlated (corr: 0.82). There were 28.0% and 27.2% of the
families living <150 m from an A1, A2, or A3 main road in the preand postnatal window, respectively. We inspected distributions of
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Table 2. Distributions of exposure measurements in the CANDLE cohort.
Measurements
Prenatal exposures
PM2:5 in the first trimester (lg=m3 )
PM2:5 in the second trimester (lg=m3 )
PM2:5 in the third trimester (lg=m3 )
Prenatal PM2:5 (lg=m3 )
Prenatal NO2 (ppb)
Distance to A1 roadway (m)
Distance to A2 roadway (m)
Distance to A3 roadway (m)
Proximity to any major roadwaya
<150 m
≥150 m
Missing
Postnatal exposures
Postnatal PM2:5 (lg=m−3 )
Postnatal NO2 (ppb)
Distance to A1 roadway (m)
Distance to A2 roadway (m)
Distance to A3 roadway (m)
Proximity to any major roadwaya
<150 m
≥150 m

N

Mean (SD)/percentage

Min

25th percentile

Median

75th percentile

Max

IQR

818
818
815
818
818
818
818
818

10.7 (1.5)
10.7 (1.4)
11.0 (1.7)
10.8 (0.9)
10.0 (2.4)
2,490 (1,841)
1,920 (1,631)
449 (542)

7.8
7.7
6.2
8.6
4.0
35
9
9

9.8
9.9
9.9
10.2
8.3
1,130
580
155

10.4
10.5
10.7
10.8
10.0
2,017
1,385
307

11.2
11.4
11.7
11.3
11.7
3,443
2,900
559

16.8
16.6
17.2
13.8
16.4
11,400
8,658
6,220

1.4
1.5
1.8
1.1
3.4
2,313
2,320
404

230
588
4

71.5%
28.0%
0.5%

780
780
780
780
780

9.9 (0.5)
8.9 (1.9)
2,529 (2,013)
1,932 (1,609)
440 (452)

8.7
3.7
38
9
9

9.5
7.6
1,090
617
156

9.8
8.9
1,991
1,438
316

10.2
10.2
3,462
2,912
557

11.6
13.5
16,307
8,069
3,090

0.7
2.6
2,372
2,295
401

212
568

27.2%
72.8%

Note: IQR, interquartile range; NO2 , nitrogen dioxide; PM2:5 , ambient particulate matter (particulate matter ≤2:5 lm in aerodynamic diameter); SD, standard deviation.
a
Proximity to major roadway was estimated based on the single address with the longest residential history in the pre- and postnatal window and was dichotomized at 150 m from any
major roadway of A1, A2, or A3.

exposure between strata of eﬀect modiﬁers. Compared with their
counterparts, mothers who self-identiﬁed as Black, had HEI lower
than the median, or had plasma folate level in the lowest quartile were
more likely to live within 150 m of any major roadway and to have
higher NO2 exposures in the pre- and postnatal windows (Table S5).
The proportion living within 150 m of any major roadway in both
windows was 6.9–10.6% greater for Black mothers, 4.0–6.3% greater
for mothers with a maternal HEI less than the median, and 2.8–3.4%
greater for mothers with folate levels in the lowest quartile. The average NO2 exposures in the pre- and postnatal window were
1:2–1:4 ppb higher for Black mothers, 0:7–0:9 ppb higher for mothers with a maternal HEI less than median, and 1:0–1:2 ppb higher for
mothers with folate level in the lowest quartile. There were no meaningful diﬀerences in PM2:5 by any eﬀect modiﬁers.

Associations between Air Pollution Exposures and Child
Blood Pressure
The estimated associations between air pollution exposures in
each window and child blood pressure are shown in Table 3.
When blood pressure was analyzed as continuous percentiles, we
found evidence supporting positive associations of PM2:5 in the
second trimester with both SBP and DBP. The fully adjusted
model estimated a 14.61-percentile increase in SBP [95% conﬁdence interval (CI): 4.62, 24.6] and an 8.65-percentile increase in
DBP (95% CI: 1.38, 15.92) for each 2-lg=m3 increase of PM2:5
in the second trimester. Prenatal average PM2:5 was signiﬁcantly
associated with DBP only, with each 2-lg=m3 increase of PM2:5
associated with an 11.58-percentile elevation (95% CI: 2.94,
20.22), although a positive but insigniﬁcant association with SBP
was also suggested [b = 8.83 (95% CI: −2:45, 20.11)]. These
detected associations were slightly attenuated after extensively
adjusting for potential confounders that might also be in the
causal pathway, but the conclusions remained the same. Postnatal
PM2:5 was insigniﬁcantly associated with higher SBP [b = 9.55
(95% CI: −8:85, 27.94)] and DBP percentiles [b = 9.94 (95% CI:
−3:15, 23.02)]. There was also no evidence that either NO2 or
road proximity was associated with blood pressure, regardless of
exposure timing. When blood pressure was analyzed as a binary
outcome, we found increased risks of HBP with both pre- and
Environmental Health Perspectives

postnatal PM2:5 , although these associations were insigniﬁcant
[IRRprenatal = 1.50 (95% CI: 0.71, 3.14); IRRpostnatal = 2.12 (95%
CI: 0.73, 6.15)].
We investigated four potential eﬀect modiﬁers of associations
between air pollution and child blood pressure: maternal HEI,
maternal plasma folate, child sex, and maternal race (Figure 2 and
Tables S6 and S7). The associations between the second-trimester
PM2:5 and SBP percentile were positive and signiﬁcant in strata of
all potential eﬀect modiﬁers. Except for maternal plasma folate
[b = 18.53 (95% CI: 7.85, 29.2) in the lowest folate quartile; b =
12.89 (95% CI: 2.68, 23.09) in the second to fourth folate quartiles;
pinteraction = 0.05], there was no appreciable divergence in association by other potential modiﬁers. For DBP percentile, the estimated
eﬀects of PM2:5 in the second trimester were more pronounced in
female children [b = 10.64 (95% CI: 3.03, 18.25) in females;
b = 6.39 (95% CI: −1:15, 13.93) in males; pinteraction = 0.05]. There
was a potential but insigniﬁcant modiﬁcation by maternal plasma
folate concentrations [b = 11.38 (95% CI: 3.66, 19.09) in the lowest folate quartile; b = 7.43 (95% CI: −0:03, 14.89) in the second to
fourth folate quartiles; pinteraction = 0.07], but we observed no modiﬁcation of associations by maternal HEI during pregnancy
[b = 8.92 (95% CI: 0.89, 16.94) for HEI below median; b = 7.80
(95% CI: −0:88, 16.48) for HEI median and above; pinteraction =
0.66] or maternal race [b = 9.35 (95% CI: 2.00, 16.70) in Black;
b = 7.68 (95% CI: −0:26, 15.62) in non-Black; pinteraction = 0.47].
Associations between prenatal PM2:5 and DBP percentile were
positive and similar across strata of all potential modiﬁers
(pinteraction = 0.18–0.59). The results also suggested a possible modiﬁcation by maternal race for the associations between prenatal
proximity to major roadway and SBP (pinteraction = 0.03) and a modiﬁcation by maternal plasma folate for the associations between
postnatal proximity to major roadway and SBP (pinteraction = 0.03),
but these ﬁndings need to be interpreted with caution owing to the
null results from the primary analysis and multiple comparisons in
the eﬀect modiﬁer analysis.

Sensitivity Analyses
Replacing PM2:5 and NO2 assessments with predictions from the
ﬁxed-year 2006 and 2011 models did not produce meaningful
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Table 3. Estimated effects of air pollution exposures on blood pressure percentiles and HBP from multivariate linear and Poisson regressions in the CANDLE
cohort.
Measurementsa
Prenatal exposures
PM2:5 in the first trimester
Model 1
Model 2
Model 3
Model 4
PM2:5 in the second trimester
Model 1
Model 2
Model 3
Model 4
PM2:5 in the third trimester
Model 1
Model 2
Model 3
Model 4
Prenatal PM2:5
Model 1
Model 2
Model 3
Model 4
Prenatal NO2
Model 1
Model 2
Model 3
Model 4
Proximity to major roadway
(≥150 m vs. <150 m)e
Model 1
Model 3
Model 4
Postnatal exposures
Postnatal PM2:5
Model 1
Model 2
Model 3
Model 4
Postnatal NO2
Model 1
Model 2
Model 3
Model 4
Proximity to major roadway
(≥150 m vs. <150 m)e
Model 1
Model 3
Model 4

Nb

SBP percentile

DBP percentile

b (95% CI)c

b (95% CI)c

HBP
N of HBPd

IRRb (95% CI)c

818
817
756
754

−1:71 (−4:24, 0.83)
2.52 (−5:75, 10.8)
2.11 (−7:18, 11.4)
1.44 (−7:65, 10.52)

−0:23 (−2:04, 1.57)
2.12 (−3:81, 8.04)
3.87 (−2:88, 10.63)
3.66 (−3, 10.31)

238
237
219
218

0.95 (0.83, 1.1)
0.79 (0.48, 1.32)
0.9 (0.5, 1.59)
0.88 (0.5, 1.58)

818
817
756
754

0.03 (−2:55, 2.62)
13.1 (4.54, 21.66)
14.61 (4.62, 24.6)
13.42 (3.39, 23.44)

0.22 (−1:76, 2.21)
6.3 (0.21, 12.39)
8.65 (1.38, 15.92)
7.91 (0.66, 15.16)

238
237
219
218

0.88 (0.74, 1.05)
0.93 (0.54, 1.61)
0.97 (0.52, 1.82)
0.9 (0.48, 1.69)

815
814
753
751

−0:28 (−2:75, 2.19)
0.31 (−6:36, 6.97)
−1:55 (−9:15, 6.05)
−0:55 (−8:05, 6.95)

−0:42 (−2:19, 1.36)
4.12 (−1:26, 9.49)
4.28 (−1:48, 10.05)
4.83 (−0:84, 10.49)

238
237
219
218

0.94 (0.83, 1.07)
1.17 (0.79, 1.73)
1.11 (0.72, 1.71)
1.15 (0.74, 1.78)

818
817
756
754

−1:96 (−6:75, 2.83)
9.06 (−0:16, 18.28)
8.83 (−2:45, 20.11)
8.26 (−3:15, 19.66)

−0:06 (−3:48, 3.36)
8.81 (1.77, 15.85)
11.58 (2.94, 20.22)
11.03 (2.54, 19.52)

238
237
219
218

0.78 (0.59, 1.03)
1.26 (0.7, 2.28)
1.5 (0.71, 3.14)
1.39 (0.66, 2.94)

818
817
756
754

0.79 (−0:92, 2.49)
1.13 (−0:56, 2.82)
1.28 (−0:74, 3.31)
1 (−1:01, 3.02)

−0:1 (−1:39, 1.19)
0.29 (−0:99, 1.57)
0.47 (−1:03, 1.97)
0.36 (−1:1, 1.81)

238
237
219
218

0.97 (0.87, 1.08)
1 (0.9, 1.12)
1.03 (0.91, 1.18)
1.03 (0.9, 1.17)

818
757
755

1.02 (−2:83, 4.86)
0.45 (−3:7, 4.59)
−0:18 (−4:27, 3.92)

0.39 (−2:51, 3.28)
−0:09 (−3:22, 3.04)
−0:6 (−3:69, 2.49)

238
220
219

1.05 (0.84, 1.32)
1.02 (0.8, 1.3)
0.97 (0.76, 1.25)

780
775
715
714

16.99 (7.46, 26.51)
15.08 (1.42, 28.73)
9.55 (−8:85, 27.94)
8.79 (−9:73, 27.31)

6.7 (−0:25, 13.65)
8.98 (−0:78, 18.74)
9.94 (−3:15, 23.02)
9.72 (−3:36, 22.81)

228
225
208
208

1.74 (0.98, 3.1)
1.78 (0.76, 4.17)
2.12 (0.73, 6.15)
2.1 (0.71, 6.17)

780
775
715
714

1.55 (−0:66, 3.77)
1.09 (−1:15, 3.32)
0.25 (−2:53, 3.04)
0.14 (−2:59, 2.88)

1.13 (−0:52, 2.77)
0.86 (−0:79, 2.52)
1 (−1:08, 3.07)
0.94 (−1:11, 2.99)

228
225
208
208

1.13 (0.98, 1.3)
1.11 (0.96, 1.28)
1.15 (0.96, 1.37)
1.14 (0.95, 1.36)

780
719
718

1.75 (−2:29, 5.79)
0.2 (−4:09, 4.49)
−0:2 (−4:43, 4.02)

−0:1 (−3:12, 2.92)
−1:26 (−4:58, 2.05)
−1:48 (−4:79, 1.83)

228
210
210

1.01 (0.8, 1.28)
0.96 (0.74, 1.24)
0.94 (0.73, 1.22)

Note: BMI, body mass index; CANDLE, Conditions Affecting Neurocognitive Development and Learning in Early Childhood; CI, confidence interval; DBP, diastolic blood pressure;
df, degrees of freedom; HBP, high blood pressure; IRR, incidence rate ratio; NO2 , nitrogen dioxide; PM2:5 , ambient particulate matter (particulate matter ≤2:5 lm in aerodynamic diameter); SBP, systolic blood pressure.
a
PM2:5 and NO2 in each window were rescaled to 2-unit increments.
b
N is the analytic sample size for each model.
c
Multivariate linear regressions were used for blood pressure percentiles and Poisson regressions were used for HBP based on complete data. Model 1 was adjusted for child sex, child age and
height at the age 4- to 6-y visit, and recruitment site. Model 2 was additionally adjusted for times splines for visit date and conception date for PM2:5 and NO2 . Visit date was universally modeled
with 1 df/y in all models. Conception date was modeled with 1 df/y for analyses with NO2 and was modeled with varied df for PM2:5 in different windows: 8 df/y of conception date for trimester-specific PM2:5 , 4 df/y for prenatal PM2:5 , and 1 df/y for postnatal PM2:5 . There was no time adjustment for proximity to major roadway in all models. Model 3 (the fully adjusted model) was
additionally adjusted for maternal race, maternal age at childbirth, maternal education, income adjusted by household size, breastfeeding, maternal Global Severity Index, urinary cotinine
adjusted by specific gravity in the second trimester, BMI class before pregnancy, insurance status, child sleep scores, child physical activity levels, child secondhand smoking exposures, child
use of medication that potentially increased blood pressure, and Child Opportunity Indices. Model 4 (the extended model) was further controlled for maternal hypertensive disorder, gestational
age, birthweight, and child BMI at the age 4- to 6-y visit for prenatal exposures, and was only additionally for child BMI at the age 4- to 6-y visit for postnatal exposures.
d
N of HBP is the number of cases in the analytic sample size for each model.
e
Proximity to major roadway was estimated based on the single address with the longest residential history in the pre- and postnatal window and was dichotomized at 150 m from any
major roadway of A1, A2, or A3.

changes in the eﬀect estimates derived from the models that
incorporated time spline adjustment (Models 2–4) (Table S8 and
S9). In the primary analysis, we modeled conception date with 8
df/y for the second-trimester PM2:5 and 4 df/y for PM2:5 averaged
over the pregnancy, according to the relatively high temporal variabilities in shorter windows. With varied df from 0 to 4 for
Environmental Health Perspectives

conception date, the estimated eﬀects of the second-trimester
PM2:5 and prenatal PM2:5 on both blood pressure percentiles
became stronger, and the result gained signiﬁcance. Both the
point estimates and precisions remained steady with time splines
of ≥5 df=y (Figure S5 and Table S10). For prenatal PM2:5 , similar patterns were observed in the associations with DBP
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Figure 2. Shown are estimated eﬀects of air pollution exposures on BP percentiles and HBP by maternal HEI levels (≥median vs: <median), maternal plasma
folate (ﬁrst quartile vs. second to fourth quartile), child sex (female vs. male), and maternal race (Black vs. non-Black) from the interaction models. In addition
to eﬀect modiﬁers and interaction terms, the models (linear regressions for blood pressure percentiles and Poisson regressions for HBP) were controlled for
child sex, child age and height at the age 4- to 6-y visit, study site, time splines of both visit date and date of conception (only for PM2:5 and NO2 ), maternal
age at childbirth, maternal race, maternal education, income adjusted by household size, breastfeeding, urinary cotinine adjusted by speciﬁc gravity in the second trimester, BMI class before pregnancy, insurance status, maternal Global Severity Index, child sleep scores, child physical activity levels, child secondhand
smoking exposures, child use of medication that potentially increased blood pressure, and Child Opportunity Indices. Visit date was universally modeled with
1 df/y in all models. Conception date was modeled with 1 df/y for analyses with NO2 and was modeled with varied df for PM2:5 in diﬀerent windows: 8 df/y
of conception date for trimester-speciﬁc PM2:5 , 4 df/y for prenatal PM2:5 , and 1 df/y for postnatal PM2:5 . There was no time adjustment for proximity to major
roadway in all models. The symbols of triangles and circles indicate the eﬀect estimate, the error bars show 95% conﬁdence intervals, and the dotted lines
show null values. Numeric data is shown in Table S6 and S7. Note: BMI, body mass index; BP, blood pressure; df, degrees of freedom; HBP, high blood pressure; HEI, Healthy Eating Index; NO2 , nitrogen dioxide; PM2:5 , ambient particulate matter (particulate matter ≤2:5 lm in aerodynamic diameter).

percentile, with 3 df/y as the turning point. Varying the df/y had
a smaller impact on the precision of the associations between prenatal PM2:5 and SBP percentile. In addition, the partial autocorrelations of PM2:5 were low (0.09, −0:10, and 0.14 for PM2:5 in the
second trimester, third trimester, and postnatal period with PM2:5
in the ﬁrst trimester). Neither the inclusion of all three trimesterspeciﬁc PM2:5 exposures in the full models (Table S11) nor further adjustments for postnatal exposures in the models of prenatal
exposures produced appreciable changes (Table S12). When controlling for child age and height using unpenalized TPRS with
varied degrees of freedom, we obtained similar eﬀect estimates
with those from primary analysis of the second-trimester PM2:5
and prenatal PM2:5 with blood pressure percentiles and equivalent
estimates of raw blood pressure (1 percentile is ∼ 0:4 mmHg)
(Figure S6 and Table S13). When all the continuous covariates
were modeled ﬂexibly using linear restricted cubic splines, the
magnitude of exposure–outcome associations did not change
noticeably (Table S14). We did not ﬁnd discrepancy in the patterns of associations after replacing DBP percentiles with the logtransformed measurements (Table S15).

Discussion
In this community-based pregnancy cohort in the southern United
States, higher in utero PM2:5 exposures were associated with
higher age-, sex-, and height-speciﬁc blood pressure percentiles in
Environmental Health Perspectives

children 4–6 years of age (Flynn et al. 2017). Speciﬁcally, PM2:5 in
the second trimester and averaged over the full pregnancy period
was associated with increased child SBP and DBP percentiles,
whereas the association between PM2:5 in the pregnancy period
and DBP percentile was insigniﬁcant. These ﬁndings were robust
to extensive adjustment for confounders that might also be in the
causal pathway and to PM2:5 exposures in other pre- and postnatal
windows. The conclusions remained unchanged in sensitivity analyses as well. Notably, our derived associations occurred in a setting
with PM2:5 levels that fall within current regulatory guidelines.
The estimated eﬀects of the second-trimester PM2:5 on both blood
pressure percentiles were stronger in children whose mother had
plasma folate levels in the lowest quartile, and the associations
between the second-trimester PM2:5 and DBP percentile were
more evident in female children. Associations of SBP and DBP
percentile with postnatal PM2:5 were similar in magnitude to associations with prenatal PM2:5 , but not statistically signiﬁcant. We
did not ﬁnd clear or consistent evidence of relationships of child
blood pressure with NO2 or with living within 150 m of a major
roadway in either the pre- or postnatal window.
This study has several important strengths. The cohort was
well characterized, allowing control for key confounders of concern. Missing data was limited, and the large sample size enabled
us to conduct analyses of eﬀect modiﬁcation with a better statistical power than many other cohort studies with a similar research
topic. In addition, we estimated spatiotemporally resolved PM2:5
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and spatially resolved NO2 using well-validated advanced modeling approaches that predict exposures at individually geocoded
participant home locations, allowing us to exploit small-scale
spatial variability in the pollutant surfaces. Moving is common in
families with young parents and low SES (Phinney 2013), and
we were able to leverage detailed address history data collected
by the CANDLE study and further improve the accuracy of the
exposure assessment. The biweekly resolution of the PM2:5
model also enabled averaging the exposures over multiple preand postnatal windows, chosen a priori. Last, two nutritional
measurements—the HEI (a validated and standardized tool) and
plasma folate (a biomarker), were used to assess potential eﬀect
modiﬁcation by maternal diet during pregnancy.
The eﬀect estimates derived from our study were generally
larger than those from previous studies conducted in lowpolluted areas. We estimated positive associations between prenatal PM2:5 and both blood pressure percentiles, in common with
the study of Madhloum et al. (2019) in Belgium, although the
results were statistically insigniﬁcant with DBP. Similar to the
two studies conducted in Massachusetts (van Rossem et al. 2015;
Zhang et al. 2018) and the one in Mexico City (Rosa et al. 2020),
we found adverse relationships of both blood pressure percentiles
with trimester-speciﬁc PM2:5 , but with the second instead of the
third trimester. However, no association of NO2 averaged over
the pregnancy period with child blood pressure was found in the
CANDLE cohort, whereas the Child Health Study in California
(Breton et al. 2016) detected eﬀects of NO2 exposure in the third
trimester on SBP. Because residential distance to the nearest
roadways was used as a proxy for exposure to traﬃc-related air
pollutants, which predominantly consist of nitrogen oxides (NOx :
NO and NO2 ), we detected null associations for the population as
whole, consistent with ﬁndings for NO2 . We also did not estimate
signiﬁcant associations between postnatal exposures and the outcomes of interest, contrary to most recent well-powered studies
conducted in medium to highly polluted areas. Five studies in
China have reported positive relationships between air pollution
exposures and both SBP and DBP (Dong et al. 2014, 2015;
Lawrence et al. 2018; Wang et al. 2019; Zeng et al. 2017),
whereas ﬁve other studies (Bilenko et al. 2015a, 2015b; Pieters
et al. 2015; Poursafa et al. 2014; Zhang et al. 2019), mainly in
Europe, detected positive associations with either measurement
but not both. Several factors could potentially explain the diﬀerent ﬁndings between our study and the others: First, the blood
pressure was assessed earlier in life in our participants than in
most of the other studies. In particular, the studies conducted outside of the United States primarily targeted schoolchildren or
adolescents. Second, our population was diverse, with a substantial number of low-SES families, a high proportion having at least
one relative with family history of hypertension (75%) and diabetes (55%) and an elevated child obesity rate, likely contributing
to the high incidence of HBP. The outcomes of interest were
standardized using the 2017 guidelines with the normal-weight
pediatric population as the reference. Compared with previous
studies with blood pressure percentiles determined by the 2004
guidelines with the general pediatric population as the reference,
our outcome deﬁnition performed better in identifying children
with adverse cardiometabolic proﬁles (Du et al. 2019). Third, we
deﬁned the postnatal window as 4 y after childbirth, which was
the longest postnatal period in common for all CANDLE study
children. Compared with the previous studies with exposures in
shorter periods, our aggregated air pollution measurements may
have a lower variability. Fourth, all air pollution exposure prediction models, including ours, may induce complex forms of exposure measurement error that can introduce bias in either direction
and lead to excess variability in estimating eﬀect sizes
Environmental Health Perspectives

(Spiegelman 2010; Szpiro and Paciorek 2013). Last, but not least,
diﬀerences may also reﬂect varieties in residual confounding
among studies.
In hypertensive youth, elevated peripheral DBP is superior to
SBP in predicting future CVD, but with advancing age, SBP
gradually overtakes DBP as a more powerful predictor (Franklin
et al. 2001). We elected to examine both SBP and DBP and found
positive associations for both. The existing science suggests that
potential mechanisms for associations of prenatal air pollution
exposures with child blood pressure may involve induction of
placenta and fetal systematic inﬂammation, oxidative stress or
endocrine disruption, subsequent changes of placental vascularization, and restricted fetal programming (Gold and Zanobetti
2018; Nachman et al. 2016). Recent research has also indicated
that complex layers of epigenetic regulation in placental tissue
and cord blood may play a role through methylation changes and
telomere length shortening (Breton et al. 2016; Maghbooli et al.
2018; Rosa et al. 2019). Three major pathways linking postnatal
air pollution exposures and cardiovascular health have been substantiated from previous studies, including spillover of pulmonary inﬂammation, which further induces systemic inﬂammation,
modulation of autonomic inﬂuences, and direct target organ
eﬀects of pollutants or their products (Brook 2007; Brook et al.
2010; Franklin et al. 2015; Rajagopalan et al. 2018). The diﬀerences in routes of exposure and biological mechanism of disease
progression between the two windows may partially explain why
we detected signiﬁcant associations in only the prenatal period.
In addition, although the cardiovascular and renal systems develop throughout pregnancy, there is an exponential increase in
nephrons between 18 and 32 wk of gestation, which may explain
the trimester-speciﬁc associations detected in this study
(Hinchliﬀe et al. 1991; Potter 1972; Rosenblum et al. 2017).
Animal and human data also support the theory that maternal
nutritional deﬁciencies may cause intrauterine growth restriction
(Barker 1995; Lewis et al. 2002). When exposed to an adequate
nutrient supply after birth, an undernourished infant might experience catch-up growth, which has been associated with ampliﬁed
risks of hypertension, diabetes, and CVD later in life (Kelishadi
et al. 2015; Kerkhof et al. 2012; Vuguin 2007). Folate may protect against elevated blood pressure by increasing nitric oxide
synthesis in endothelial cells and subsequently counteracting oxidative stress caused by prenatal air pollution exposure and promoting resilience (Krikke et al. 2016; Wang et al. 2017). A
limited number of studies reported no sex-speciﬁc associations
between prenatal air pollution exposures and child blood pressure
(van Rossem et al. 2015; Zhang et al. 2018), or reported associations only in boys (Rosa et al. 2020), which are inconsistent with
our ﬁndings. The biomechanisms for sex-speciﬁc cardiovascular
eﬀects of air pollution exposures are unclear. A recent natural
twin study has shown that male infants had higher levels of oxidative stress than their female counterparts, suggesting that male
fetus may be more susceptible to in utero exposure to environmental challenge and have higher risks of subsequent adverse
health outcomes (Minghetti et al. 2013). Continued investigations
on potential mechanisms underlying our observed associations
are required.
Our study has some limitations. One is the potential misclassiﬁcation of HBP. Although blood pressure was measured repeatedly during assessment, the examination was performed on a
single occasion. As such, the deﬁnition of HBP in our analysis
does not meet the clinical deﬁnition (Du et al. 2019; Gillman and
Cook 1995; Pickering et al. 2005). The distribution of DBP percentiles in CANDLE study children was left skewed. Young children may have a high vascular compliance but also premature
maturation of the vascular system, and overweight/obese children
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are more likely to have cardiovascular dysfunction compared with
lean children (Cote et al. 2013). The diﬀerent distributions in DBP
and SBP percentile could be explained by the fact that DBP may be
more sensitive to capturing adverse cardiometabolic proﬁles such
as obesity in early childhood. Beyond that, previous pediatric studies reported upward bias in both SBP and DBP and overestimation
of hypertension when comparing oscillometric measurements to
auscultatory measurements (Flynn et al. 2012; Park et al. 2001),
and a greater diﬀerence in DBP than in SBP was observed in obese
children (Fonseca-Reyes et al. 2018). Therefore, we cannot rule
out the possibility of higher measurement errors in DBP. In addition, we used the mother’s address at enrollment (16–28 gestational wk) to estimate exposures during the ﬁrst and second
trimesters, which could reduce the accuracy of exposure assessment for families who moved prior to enrollment. In addition, the
annual national model was suboptimal for capturing temporal variability of NO2 , resulting in longer aggregated periods and relatively high correlations across windows. Future implementation of
spatiotemporal models on this exposure may remedy this deﬁciency. Moreover, given that a high proportion of disadvantaged
young mothers are extremely mobile and diﬃcult to contact, it is a
signiﬁcant accomplishment for the CANDLE study to achieve a
high retention rate of 76% for 8–9 y of follow-up. Nevertheless,
approximately half of the study population at enrollment was
excluded from the current analysis largely because participants did
not complete the age 4–6 years visit. Although the characteristics
of mothers and children included in the present study were similar
to the population at enrollment, selection bias remains a concern.
The CANDLE population may represent only the source population in Shelby county, and thus the external generalizability of our
results is restricted. In addition, as plasma folate is an indicator for
recent folate exposure, it is an imperfect measure of chronic deﬁciency in the prenatal period (WHO 2015). Another limitation is
the lack of data regarding PM2:5 composition as well as information on indoor air pollution exposures. Furthermore, even if we
averaged the pollution measurements over a 4-y period, which
reﬂected relatively long-term exposure levels before blood pressure measurements at the age 4- to 6-y visit, reverse causality could
still exist. Finally, some other potential limitations, such as residual
confounding and missing data in covariates, need to be acknowledged as well.
Despite the limitations, the primary contribution of this study is 2fold. It highlights the potential harmful associations of prenatal
PM2:5 , even at low levels, with an important feature of child cardiovascular health. Such considerations can inform regulatory policy on
acceptable air pollution levels and appropriate controls, and further
improve the health of urban high-risk pediatric populations, who have
been underrepresented in research. We also identiﬁed that maternal
folate concentrations in pregnancy could ameliorate the adverse associations between air pollution and child health. Continuing investigations are needed to conﬁrm these modiﬁed associations in other study
populations to inform future intervention.
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