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Abstract

Background Despite many efforts, preterm birth (PTB) is poorly understood and remains a major public health
problem in the United States. Toxicological work suggests gestational parent (GP) diet may modify the effect of
ambient pollutants on birth outcomes. We assessed risk of PTB in humans in relation to fine particulate matter (PM, ),
ozone (O;), and nitrogen dioxide (NO,) and variation by diet.

Methods 684 GP-singleton infant pairs in the Newborn Epigenetics Study prospective birth cohort were attributed
ambient air pollutant exposures for each trimester based on residence. Total energy intake, percent of energy intake
from saturated fat, and percent of energy intake from total fat were dichotomized at the 75th percentile. >We used
log binomial regressions to estimate risk ratios (RR (95%Cl)) for PTB by pollutant interquartile ranges, adjusting for GP
age, pre-pregnancy body mass index, GP race/ethnicity, GP education, season of conception, household income, and
each diet factor. We assessed departure from additivity using interaction contrast ratios (ICRs). We addressed missing
covariate data with multiple imputation.

Results Point estimates suggest that O; may be inversely associated with PTB when exposure occurs in trimester

2 (min RR: 0.77,95% ClI: 0.39, 1.49), but may be harmful when exposure occurs in trimester 3 (max RR: 1.51, 95% Cl:
0.62, 3.64). Additionally, PM, 5 may be inversely associated with PTB when considered with total fat and saturated fat
in trimester 2. Imprecise ICRs suggest departure from additivity (evidence of modification) with some pollutant-diet
combinations.

Conclusions While confidence intervals are wide, we observed potential modification of pollutant associations by
dietary factors. It is imperative that large cohorts collect the required data to examine this topic, as more power is
necessary to investigate the nuances suggested by this work.
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Introduction

Despite numerous research programs and public health
initiatives, preterm birth (PTB) in the United States (US)
remains a major public health challenge. In 2018, 10%
of births in the US were preterm [1] and 66% of infant
deaths occurred in those born preterm [2], statistics
which were unchanged from the previous year [3, 4].
PTB is also associated with long-term effects. Long-term
health outcomes associated with PTB include death in
early adulthood (18-36 years) [5], neurodevelopmental
impairment [6], use of psychiatric medications in early
adulthood [7], and potentially cardiovascular disease [8].
Additionally, long-term social and economic outcomes
associated with PTB include lower educational attain-
ment [9-11], attention deficit/hyperactivity disorder [12],
and collecting disability support [9, 11]. Despite decades
of research, the contributing factors of PTB remain
poorly understood. Gestational parent (GP) diet and
environmental exposures are two potential contributors
of growing interest, and may act both independently and
as modifiers of adverse birth outcomes.

Among environmental exposures, ambient pollutants
resulting from fossil fuel combustion are of particu-
lar interest. Many studies report positive associations
between air pollutants and birth outcomes, including
PTB; however, there are also studies that report null or
inverse associations between air pollutant exposures
and PTB, and there remain uncertainties across the
research in this area, including on why some individu-
als may be more or less susceptible to the impacts of air
pollution than others [13-15]. Air pollutants potentially
act through mechanisms of inflammation and oxidative
stress to increase the risk of PTB [16]. Ambient pollutants
from fossil fuel combustion include, but are not limited
to, particulate matter less than 2.5 microns in diameter
(PM,;5), ozone (Os), and nitrogen dioxide (NO,), criteria
air pollutants regulated under the Clean Air Act. PM,;
and O; levels are influenced and exacerbated by cli-
mate change due to changes in pollutant movement and
reaction rates in the atmosphere [17]. Exploring factors
which modify the relationship between air pollutant and
birth outcomes is essential to understanding the present
uncertainties in the literature and to better inform policy
decisions that protect the most vulnerable.

Although GP diet has been associated with PTB, data
remain inconsistent; this is in part because of differing
methods of dietary analysis. Traditionally, dietary con-
sumption has been conceptualized in research as indi-
vidual food items (e.g., fish) [18]. However, individual
foods are not consumed in isolation and may therefore
exert differential influences on health outcomes depen-
dent on their context. As a result, dietary consumption
is increasingly conceptualized as dietary patterns (i.e.,
the overall diet, composed of individual food items) as
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opposed to consumption of individual foods; the most
recent dietary guidelines published by the US federal
government focused on dietary patterns [19]. GP dietary
patterns, both empirically derived (e.g., exploratory fac-
tor analysis) and defined a priori (e.g., Western, Mediter-
ranean, Prudent, Dietary Approach to Stop Hypertension
[DASH] diets), have been investigated in relation to PTB
both prior to conception and during pregnancy. This pre-
vious literature suggests that certain dietary patterns,
such as those characterized by red meat, fried foods,
desserts, and white bread are associated with increased
risk of PTB [20, 21], while others, such as the DASH
diet, Mediterranean diet, and vegetable-fruit-rice diet,
are associated with decreased risk of PTB [20, 21]. The
literature, however, is inconsistent [20] and faces some
comparability challenges resulting from common terms
being applied across various empirically-derived dietary
patterns [21]. Another approach to incorporating GP diet
that may help to address these issues is the use of specific
nutrients as dietary indicators.

Despite the importance of understanding the inter-
play between ambient pollutants and diet characteristics
in relation to birth outcomes, few studies focus on this
topic. The four related studies focusing on ambient air
pollutants (PM, NO,) and dietary factors (folate, fish con-
sumption, methyl donor nutrients) in relation to various
birth outcomes (PTB, livebirth, low birthweight, birth
defects) [22-25] suggest associations between specific
diet characteristics and ambient pollutants in relation
to birth outcomes. These studies are described in more
detail in the discussion. With only four studies addressing
this complex topic, there is a marked paucity of research
in this area.

In toxicologic research, a study in rats showed that
maternal tobacco smoke effect on adverse reproductive
and birth outcomes is potentially modified by maternal
diet protein content [26]. Additionally, other toxicologi-
cal studies of rodent models that center on overall mater-
nal diet characteristics, such as high fat and high energy
intake, provide evidence of pollutant-diet influence on
later health outcomes which may indicate the potential
for prenatal interactions as well [27, 28]. There has been
speculation that ambient pollution and diet characteris-
tics may together exert an influence on birth outcomes.
These theories include nutrient deficiencies which hob-
ble compensation mechanisms normally responsible
for moderating physiological responses [29], potentially
leading to systemic alterations including inflammation
and oxidative stress [16]. Humans following diets charac-
terized by levels of higher saturated fat have higher lev-
els of inflammation biomarkers, lending support to these
theories [30].

Despite toxicological suggestions of a diet modi-
fied effect of air pollution on birth and offspring health
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outcomes and tangential epidemiological work inves-
tigating diet modified effect of air pollution on birth
outcomes, few epidemiologic studies have explicitly
interrogated this interplay. This study investigated the
association of ambient pollution on PTB and effect mea-
sure modification of this association by caloric intake,
percent caloric intake from fats, and percent caloric
intake from saturated fats. We hypothesize that diet char-
acteristics, particularly saturated fat intake, will enhance
any relationship between pollution and PTB.

Methods

Study design and population

This study utilized data from the Newborn Epigenetics
Study (NEST), a prospective birth cohort in central
North Carolina (NC). Pregnant individuals between 6
and 42 weeks of pregnancy (median: 15.6 interquartile
range [IQR]: 11.6, 22.7 weeks) were recruited between
2009 and 2011 from prenatal clinics associated with
Duke University Hospital and Durham Regional Hospi-
tal Obstetrics. Participants were required to be at least 18
years of age, to communicate in English or Spanish, and
to intend delivery at one of the aforementioned hospi-
tals. Exclusion criteria were HIV positivity, no intention
to retain custody of the infant, and active plans to move
residence before the infant’s first birthday.

Data on participants of the NEST cohort were gath-
ered through interviews (English or Spanish) and medi-
cal record abstraction. Data gathered during interviews
via questionnaire included sociodemographic informa-
tion, occupation, medical history, lifestyle characteristics,
pre-pregnancy anthropometrics, and a food frequency
questionnaire (FFQ). Any questionnaire modules not
completed during the interviews were sent home with
participants for self-administration. During interviews,
participants also contributed anthropometric measure-
ments and biospecimens. Information abstracted from
medical records included offspring information at the
time of delivery including clinical estimate of gestational
age, and sex. This study was approved by Institutional
Review Boards at both the University of North Caro-
lina at Chapel Hill and Duke University. In this manu-
script we are choosing to use the term gestational parent
instead of maternal when referring to humans in order to
provide substantive specificity and to include those for
which “maternal” does not apply.

Exposure assessment

Air pollution

We leveraged two well-accepted daily ambient air pollu-
tion models for estimated concentrations of O3, PM, 5, and
NO,: the EPA’s Fused Community Multiscale Air Quality
(CMAQ) model [fCMAQ] [31, 32] (available at https://
www.epa.gov/hesc/rsig-related-downloadable-data-files)
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and an ensemble model created by researchers from
Harvard University [33]. The ensemble model estimates
pollutant concentrations from a group of machine learn-
ing algorithms which include a neural network, random
forest models, and gradient boosting models. These algo-
rithms utilize satellite derived data (e.g., aerosol optical
depth), pollutant monitoring data, meteorological data
(e.g., ambient temperature, barometric pressure, wind
speed), land use data (e.g., normalized difference vegeta-
tion index), elevation data, and chemical transport model
predictions as inputs, and then outputs PM,; and NO,
concentrations at a 1 km? grid. In the f{CMAQ model,
outputs from the Models-3/Community Multiscale Air
Quality and data from the national and state level moni-
toring systems are combined using a bivariate Bayesian
space-time downscaler approach to produce “fused” con-
centration estimates at the census tract level for PM, 5
and O, [31, 32]. Ambient pollutants are represented in
the metrics by which they are currently regulated: Oq4
exposure is represented as 8-hour maxima in parts per
billion (ppb), PM, s as 24-hour averages in micrograms
per meter cubed (pg/m?), and NO, as 1-hour maxima in
ppb.

Addresses at enrollment were geocoded by the NEST
team then linked to census tract for f{CMAQ output and
nearest grid for ensemble model output. Concentrations
for each pollutant available from each source (PM2.5 and
O, for f{CMAQ and PM2.5 and NO2 for ensemble model)
were then assigned for each day of pregnancy and aver-
aged across trimester periods (T1, T2, T3) to produce tri-
mester-specific estimates of air pollution exposure. PM, 5
daily estimates from the ensemble model were used in
the primary analyses. As all air pollutant concentrations
are model estimations, there is no spatial or temporal
missingness in air pollution exposure assignment.

Diet

At enrollment, all participants were requested to com-
plete self-administered Block FFQs for the time-period
up to 6 months before pregnancy (median completion
date was 134 (IQR: 119) days before delivery). The FFQ
was modified to reflect dietary patterns prevalent in NC
(University of Texas Anderson Cancer Center Nutrition
and Lifestyle Core Questionnaire 2008v.2). This FFQ
addressed frequencies and portions of intake for over
150 food items and supplements. Responses to the FFQ
were analyzed by Nutrition Quest, resulting in estimates
of grams per day intake of specific nutrients as well as
overall daily caloric intake. Caloric intake, percent of
caloric intake from saturated fat, and percent of caloric
intake from total fat were used due to toxicological evi-
dence, saturated fat being associated with inflammatory
markers, and missingness in specific diet items in the
FFQ. Dietary values for caloric intake, percent of caloric
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intake from saturated fat, and percent of caloric intake
from total fat were dichotomized at the 75th percentile to
designate “high” intake, using an empirical definition of
“high” intake to preserve a sufficient number of records
to allow models to converge. The dichotomization val-
ues for kilocalories (kcal), percent total fat, and percent
saturated fat (sfat) were 2844 kcals, 35.265%, and 11.775%
respectively. The dichotomization value for saturated fat,
11.775%, is marginally greater than the recommended
10% or lower percent intake from saturated fat [19].
Caloric needs change with GP characteristics and gesta-
tional period.

Outcome assessment

We define PTB as birth before 37 weeks of completed
gestation based on clinical estimate of gestational age
at birth abstracted from medical records. Among those
for whom clinical estimate of gestational age at birth was
not available (n=184), we recovered 23 by leveraging
last menstrual period month and delivery date, applying
a mean imputation with random variation. Those miss-
ing both gestational age and last menstrual period were
excluded from analysis (n=161).

Potential confounders

Covariates considered potential confounders were deter-
mined by a priori assumptions encoded in a directed
acyclic graph (see Supplementary eFigureS1) [34]. Cat-
egorical covariates included season of conception (Spring
[March 21st - June 19th]; Summer [June 20th - Septem-
ber 21st]; Fall [September 22nd - December 20th]; Win-
ter [December 21st - March 20th]) estimated using date
of birth and gestational age, self-classified race/ethnic-
ity (Black, non-Hispanic white, other), education (less
than high school, high school or equivalent/some col-
lege, any higher degree), and annual household income
while pregnant (< $10,000; $10,000 - $49,999; > $50,000).
Race/ethnicity was collapsed from its original catego-
ries (Black, non-Hispanic white, Hispanic, Asian/Pacific
Islander, Native American, biracial, other) in order to
allow our models to converge given the modest num-
ber of PTBs among the analysis sample. This variable
is conceptualized as a proxy for experiences of racism,
understanding that our “other” race/ethnicity category
represents diverse experiences and may not always pro-
vide useful insights. Continuous variables considered
were age (years) at delivery and calculated pre-pregnancy
body mass index (BMI) (kg/m?) from self-reported pre-
pregnancy height and weight. Forms of each continuous
covariates were determined by a functional form analy-
sis (linear, quadratic, restricted cubic splines, and cat-
egorical), with Akaike Information Criterion values and
biological plausibility. For age and BMI variables, we col-
lapsed the extreme 2.5% tails of the distributions (at 19
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and 39 years, and 18.27 and 44.31 kg/m? respectively).
We used linear age and quadratic BMI in analysis models.

For sensitivity analyses, we considered dichotomous
variables for eversmoking (y/n) and for having at least
30 min of outdoor exercise (jogging, walking, playing
with children while walking, gardening, lawn work) per
day (y/n).

Statistical analysis

We used log binomial regression to estimate risk ratios
(RRs (95%CI)) for PTB for IQR increase of each ambi-
ent air pollutant. We ran three models: model 1 included
age, race, and education; model 2 included everything in
model 1 as well as pre-pregnancy BMI and household
income; model 3 (fully adjusted model) included every-
thing in model 2 as well as conception season. To assess
potential effect measure modification, we included inter-
action terms between pollutants and dietary character-
istics in all models. The presence of interaction on the
additive scale was determined through interaction con-
trast ratios (ICRs) [35, 36]. with confidence intervals cal-
culated using the delta method [37]. Estimates for ICRs
from the fully adjusted single pollutant models are con-
sidered of note if the estimate is at least 0.2 magnitude
with reasonable precision (range between confidence
intervals of less than 5). We addressed missing covari-
ate data with multiple imputation using chained equa-
tions fully conditional on all other variables included in
the analysis models (all exposures, outcome, all covari-
ates, and exposure-diet characteristic interactions) with
17 iterations [38]. We aggregated analysis results using
Rubin’s rules. Demographic distributions for individuals
with missing gestational age were compared to the full
NEST cohort.

We conducted sensitivity analyses to assess the influ-
ence of measurement error among PM, . measures by
repeating analyses utilizing the f{CMAQ PM, ; estimates
in place of the ensemble model, retaining the IQR derived
from the ensemble model for RR estimates. All data pro-
cessing and analysis was completed using SAS v9.4 (Cary,
North Carolina) and R (Vienna, Austria) [39].

Comparing those missing gestational age (11%) to the
whole cohort where non-missing covariates permit, we
observed that race/ethnicity, education, and household
income during pregnancy are reasonably balanced. Pre-
pregnancy BMI is slightly less balanced, but this may
be due to a higher proportion of missingness among
those missing gestational age. The comparison between
the whole NEST cohort (n=1505) and those missing
gestational age (n=161) gives us no reason to believe
that those who are missing gestational age are missing
because of their gestational age: that is, we have no rea-
son to believe that the outcome is missing not at random.
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This supports our use of multiple imputation to address
covariate missingness.

As a sensitivity analysis, we included the dichotomous
variable for ever-smoking in the fully adjusted model.
As a second sensitivity analysis, we included in the fully
adjusted model the dichotomous variable for outdoor
exercise at least 30 min a day. In addition, we performed
analyses excluding any births that did not reach the third
trimester (gestational age<189 days) to assess influence
of early PTBs.

Results

The NEST cohort is comprised of GPs largely between
the ages of 25 and 29 years, majority HS graduates, a
majority under/normal weight pre-pregnancy BMI, and
is an overrepresentation of Black and Hispanic/other rel-
ative to the contributing population of NC and the sur-
rounding region (Table 1). Imbalances in demographics
between GPs who experienced PTB and those who did
not are seen in race/ethnicity (51% Black preterm vs. 39%
term), educational attainment (76% HS diploma/some
college preterm vs. 68% term), household income during
pregnancy (27% less than $10,000 annually preterm vs.
21% term), and pre-pregnancy BMI (27% under/normal
weight preterm vs. 42% term).

Comparing those missing diet data (50.56%) to the
whole cohort (Supplementary elable S1), relative miss-
ingness in covariates is higher among those missing diet
data (with absolute numbers missing similar). GP age at
delivery, pre-pregnancy BMI, and season of conception
are reasonably well balanced considering the difference
in relative proportion of missingness between the groups.
Those missing diet data had higher proportions of Black
individuals, higher proportions of those with a high
school diploma or equivalent, and lower proportions of
those with an annual household income at least $50,000;
the maximum difference in proportions between the
whole cohort and those missing diet data was not greater
than 8.19% points. This indicates that there may be some
selection bias in the analysis sample.

Among the analysis sample, median (IQR) gestational
age at enrollment was 14.4 (11.6, 21.4) weeks and at
birth was 39 (38.4, 40.1) weeks. From an enrollment total
of 1505, we excluded 761 without complete FFQ data,
and 129 who could not be geocoded (75 missing both).
We also excluded those with implausible values of daily
caloric intake: those with a value of 0 kcal (n=9) and
those in the upper (5090 kcals) and lower (832 kcals) 2.5%
of the kcal distribution (n=124 and n=136 respectively).
The analysis sample was thus reduced to 684 pairs for tri-
mester 1 and 2, and 682 for trimester 3 (pair reduction
due to 2 births which occurred during trimester 2, and
thus did not experience air pollutant exposures during
trimester 3). Those missing gestational age, where data
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availability allows comparison, are similar to the whole
cohort (Table 1). See Supplementary eTable S2 for infor-
mation about the analysis sample.

Ambient pollutants had relatively constant means and
IQRs across trimesters, with the largest difference in
means shown by NO, at 1.11 ppb and the largest varia-
tion in IQRs seen in {CMAQ PM, ; (Table 2). IQRs used
in this analysis to place association estimates in context
are as follows: 6 ppb NO, 1-hour daily maxima, 14 ppb
O, 8-hour maxima; 2 ug PM, ; 24-hour average. Correla-
tions between different pollutant-trimester combinations
ranged from not correlated (0.00) to highly correlated
(0.97) and 46 of the 132 correlations had a magnitude of
over 0.5 (Supplementary Materials eTable 3). Of note, the
different PM,; measures were not strongly correlated
during all trimesters.

Dietary characteristics between GPs who experienced
PTB and those who did not are reasonably balanced as
pertains to daily energetic percent of total fat and daily
energetic percent of saturated fat (Table 3). Daily caloric
intake was slightly different between preterm and term,
with a difference between means of 195 kcals. After
dichotomizing at the 75th percentile, we again see this
imbalance in caloric intake between preterm and term
individuals (20% high caloric intake preterm vs. 12%
term) (Table 1).

The precision of pollutant estimates from the fully
adjusted models is overall acceptable (max confidence
limit ratio [CLR] for all models across trimesters, diet
characteristics, and pollutants is 5.83). It should be noted
that PM, 5 (both values from the ensemble model and
fCMAQ) tended to be unstable, especially in second tri-
mester models including kcal. The precision of ICR esti-
mates in the fully adjusted model was somewhat more
variable than that of the pollutant estimates, with a mean
CI width of 3.71 across all models but again with PM, ¢
models (with values from both the ensemble model and
fCMAQ) offering much wider confidence intervals (up to
20.24 in the third trimester with high overall fat intake).

Pollutant estimates of note from the fully adjusted
single pollutant models (all including interaction terms)
(Table 4) are as follows: for the first trimester, PM2.5
seems inversely associated in models including total fat
(RR (95%CI): 0.86 (0.48, 1.53)); for the second trimester,
NO2 is harmful in models including sfat (RR (95%CI):
1.10 (0.75, 1.61)), O3 is inversely associated when con-
sidered with all diet characteristics (kcal RR (95%CI):
0.77 (0.39, 1.49); fat RR (95%CI): 0.80 (0.40, 1.64); sfat
RR (95%CI): 0.79 (0.43, 1.47)), and PM2.5 seems to be
inversely associated when considered with total fat and
saturated fat (fat RR (95%CI): 0.72 (0.40, 1.30); sfat RR
(95%CI): 0.77 (0.44, 1.36); for the third trimesterNO2
seems inversely associated when considered with kcal
and total fat (kcal RR (95%CI): 0.87 (0.57, 1.31); RR
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o9 9 > < on the log scale. That is, one estimate is essentially null
PNg 9 Y 9t % and the other lends more support for a non-null esti-
£ § g mate. ICR estimates from the fully adjusted models have
8 _ g 3 the same signs, overall similar magnitudes, and simi-
g E % S lar widths of confidence intervals between the different
T i o o oo |8 g PM, ; values for each trimester and with each diet char-
A I istics. The model of the first tri PM
2 5 g acteristics. The model of the first trimester 2.5 €XpO-
§ 3 sure from fCMAQ and sfat also show an ICR of note
£2F (ICR (95%ClI) -0.31 (-2.38, 1.77)), similar to the ensemble
s £z del PM, ;.
598 ~gg3s mode’ Vs . .
NS 8aglETy Results for sensitivity analyses excluding the 2 births
@ £ g g occurring in the 2nd trimesters showed generally minor
€ ) . . . ) .
s % -] differences in effect estimates that did not impact esti-
g ) 5 % Z g mate interpretation (results not shown).
8o £ 28 g5
=¢ LB5 R 3|538% 8 = ; ;
<E B2R BATRygg e 83 Discussion
T &3 et With this analysis we investigated the effect of ambient
g T £ g §_ pollution on PTB and effect measure modification by
= 5 5 i £ dietary characteristics. We observed complex relation-
g2 s s = ships between pollutants, diet, and PTB. Specifically:
=2 P P § point estimates for NO, exposures that are harmful for
g g3 R PTB in trimester 2 and inversely associated in trimes-
I [ - © Y
£ % z 3 g2 ter 3; point estimates for O exposures that are inversely
g 2 5 § 73 g S associated for PTB in trimester 2 and harmful in trimes-
522383 2% ter 3; and point estimates for PM, . exposures that are
S 33 35 2.5
_§ 2 9 % 2 2 inversely associated for PTB in trimesters 1 and 2. Point
5 - - ST g s estimates of exposure association have 95% Cls that span
S Z a4 - X
§ % 2T §5 & % R the null. We observed suggestion of interaction on the
= . é % §§ ¢ < Ly additive scale in ICR values as well, though with variable
S < 9 = £ h 2 0© .. . . . .

S % = S &8 ET TS ICR precision - point estimates of interaction should be
- é 25 o ¢ 7 § s oz S s considered with caution due to limited precision. More
< ] Z|l s O o T < .. . . .

5 = é é‘ £c z %I_ﬁ 25 < £z o8 statistical power is needed to adequately investigate these

o 3 sz <o Zad complex relationships.
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Table 2 Ambient pollutant exposure distributions among analysis sample
Trimester Mean sD Min Q1 Median Q3 Max
NO,(ppb)? 1€ 15.92 4.55 3.51 12.87 16.04 19.65 25.02
2¢ 16.71 4.32 4.55 13.96 16.66 2049 24.60
3f 17.03 4.49 4.68 1391 17.39 20.73 3296
03(ppb)b 1 41.90 793 27.71 34.16 44.49 49.01 52.19
2 40.94 8.17 26.78 3212 42.59 48.88 53.86
3 41.52 7.68 20.54 34.08 42.76 4891 55.61
Ensemble model PM, 5(pg/m3)° 1 9.95 132 6.97 897 9.75 11.01 12.84
2 9.89 1.26 5.78 9.01 9.71 10.83 13.90
3 10.01 1.32 7.34 8.98 9.73 10.97 14.28
fCMAQ PM2.5 (Hg/m3)Cd 1 10.05 147 7.16 8.75 9.64 11.35 1322
2 9.99 1.38 7.20 8.97 9.58 11.05 13.86
3 10.01 1.40 742 8.93 9.52 11.04 14.24
Abbreviations: SD=standard deviation; min=minimum; Q1=quantile one (25th percentile); Q3=quantile 3 (75th percentile); max=maximum
anitrogen dioxide (NO,) is reported as 1-hour daily maxima in parts per billion (ppb)
b ozone (05) is reported as 8-hour maxima in ppb
c fine particulate matter (PM, 5) is reported as 24-hour average in micrograms (ug) per meter cubed.
d fCMAQ estimates used in sensitivity analyses
en=684
fn=682
Table 3 Distribution of gestational parent diet characteristics (n=684)
Preterm? Term Total
Mean (SD) N Mean (SD) N N
Caloric intake (kcal/day)? 2530(1283) 2334 (1081)
High 50 473 523
Low 25 136 161
Fat intake (%)¢ 3049 (8.89) 30.71 (7.54)
High 56 459 515
Low 19 150 169
Saturated fat intake (%)¢ 9.76 (3.14) 10.18 (2.86)
High 59 451 510
Low 16 158 174

a less than 37 weeks completed gestation

b Kcal/day at 75th percentile (2844 kcals)

c Percent of caloric intake attributed to total fat at 75th percentile (35.265%)

d Percent of caloric intake attributed to saturated fat at 75th percentile (11.775%)

While our interpretations must be limited due to
cohort size with complete dietary information, we did
observe some evidence of effect measure modification
of ambient air pollutant-PTB associations by GP dietary
characteristics. The proposed mechanisms underly-
ing this interaction include established air pollution
mediated pathways of inflammation, particularly pla-
cental inflammation, systemic oxidative stress [16], and
increased susceptibility to infection during pregnancy.
Inflammation may impair placental function and thus
may lead to fetal growth restriction, abnormal response
to infection [40-42], and subsequent PTB, and certain
nutrients (e.g., saturated fat) may exacerbate an inflam-
matory state more than others [16, 30, 43]. Oxidative
stress may lead to DNA damage and subsequent cellular
dysfunction or may reduce placental response to growth

factors, but certain nutrients (such as methyl donor
nutrients) have been associated with anti-oxidant quali-
ties and thus may mitigate or reduce this damage [16,
25]. Of note, both inflammation and oxidative stress have
been implicated in metabolic outcomes such as obesity,
which has traditionally been associated with diet char-
acteristics and is increasingly investigated in relation to
ambient air pollutant exposures. There is also evidence of
linkages between parent cardiometabolic conditions and
PTB, and between PTB and later adverse cardiometa-
bolic outcomes [44—46], suggesting the potential contri-
bution of common inflammatory/oxidation pathways.
Though there have been plausible mechanisms pro-
posed for dietary and air pollution interactions with
birth outcomes, only a handful of studies examine these
interactions, and few examine the same dietary factors or
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Table 4 Adjusted risk ratios and 95% confidence intervals for preterm birth by interquartile range change of NO,, O3, PM, 5 modified

by diet
Pollutant’ Diet characteristics ~ Adjustment 1° Adjustment 29 Adjustment 3"
RR (95% Cl) RR (95% Cl) RR (95% ClI)
Trimester 1 NO,? kcal® 1.00 (0.69,144) 100 (0.70,143) 093 (067,1.27)
fat' 1.09 (0.77,153) 1.08 (0.76,153) 094 (063,139
dfat™ 117 (083,1.63) 115 (081,162) 099 (0.70,141)
03b kcal 091 (058,144) 089 (0.56,142) 099 (046,2.12)
fat 084 (055,129 081 (052,126) 097 (047,2.00)
sfat 087 (0.58,132) 089 (059,133) 104 (0.65165)
HPM, ;5 @ Keal 093 (063,137) 093 (064,136) 094 (0.54,161)
fat 085 (0.58,1.24) 084 (057,123) 086 (048,1.53)
sfat 091 (063,1.31) 091 (063,1.31) 093 (057,1.54)
CPM,  kcal 097 (068,137) 097 (069,136) 1.04 (061,1.75)
fat 091 (064,127) 089 (063,126) 098 (0.56,1.71)
sfat 094 (068,1.31) 094 (068,1.31) 101 (061,1.66)
Trimester 2 NO, kcal 096 (067,138 100 (069,145 103 (069 155)
fat 095 (067,1.35) 097 (068,1.38) 097 (065,1.44)
sfat 105 (0.76,147) 107 (0.77,150) 1.10 (0.75,1.61)
0, kcal 098 (0.63,153) 095 (062,146) 077 (039,149
fat 112 (0.74,169) 1.08 (0.71,1.65) 0.80 (040,1.64)
sfat 103 (069,153) 1.00 (067,150)0 079 (043,147)
HPM,;  kcal b - - - -
fat 0.87 (059,1.28) 083 (0.551.24) 0.72 (040,1.30)
sfat 088 (060,129 084 (057,125 077 (044,1.36)
CPM,; kcal - - - - - -
fat 091 (064,129 088 (062,126) 073 (040,133)
sfat 089 (0.63,127) 087 (061,124) 082 (048,141)
Trimester 3 NO, kcal 080 (0.57,1.13) 082 (0.58,1.16) 087 (0.57,1.31)
fat 079 (056,1.11) 079 (055,1.13) 083 (0.55,1.26)
sfat 088 (063,123) 088 (063,123) 095 (065139
(O kcal 125 (0.77,204) 124 (0.76,201) 1.51 (0.62,3.64)
fat 134 (0.83,216) 134 (0.83,217) 143 (0.60,3.398)
sfat 1.33 (O 84,212) 131 (082,2100 136 (0.58,3.17)
HPM, 5 kcal 1.07 (0.71,160) 105 (0.71,154) 092 (0.55,1.55)
fat 135 (O 97,189) 134 (096,1.88) 1.07 (0.65,1.76)
sfat 1.14 (0.81,163) 112 (0.79,158) 095 (0.76,1.18)
CPM,; kcal 115 (O 78,167) 113 (078,164 106 (061,1.83)
fat 146 (1.05,202) 140 (096,205 121 (0.70,2.08)
sfat 1.19 (086,165 1.17 (084,164) 1.00 (0.70,1.45)

anitrogen dioxide (NO,) is reported as 1-hour daily maxima in parts per billion (ppb)
b ozone (O5) is reported as 8-hour maxima in ppb

c fine particulate matter (PM, ;) is reported as 24-hour average in micrograms (ug) per meter cubed.
d Ensemble Model derived PM, 5 exposure

e fCMAQ derived PM, 5 exposure used in sensitivity analyses

fmodel 1: exposure +diet+exposure*diet+age +race+education

g model 2: model 1+BMI+household income

h model 3 (fully adjusted model) : model 2+conception season

iIQR NO,: 6 ppb; IQR O5: 14 ppb; IQR PM, 5: 2 ug

j “—"indicates invalid results

k Kcal/day at 75th percentile (2844 kcals)

| Percent of caloric intake attributed to total fat at 75th percentile (35.265%)

m Percent of caloric intake attributed to saturated fat at 75th percentile (11.775%)
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Table 5 Effect measure modification assessment of diet characteristics on fully adjusted risk ratios and 95% confidence intervals for

preterm birth by interquartile range change? of NO2, 03, PM2.5 modified by diet

Caloric intake (kcal/day) h

Fat intake (%)

Saturated fat intake (%)

interaction ICR interaction ICR interaction ICR
parameter (95%Cl) parameter (95%Cl) parameter (95%Cl)
estimate estimate estimate
(95% CI) (95% Cl) (95% CI)
Trimester 1 NO,? 1.20(0.73,1.96) 0.15(-0.13,043) 1.14 (0.64, 2.05) 0.10 (-0.27,0.48) 0.97 (0.56, 1.69) -0.02 (-0.54, 0.49)
03b 0.77 (0.36, 1.64) -0.76 (-4.12, 2.60) 0.90 (0.42, 1.94) -0.12 (-1.28, 1.03) 0.79 (0.45,1.38) -0.35(-2.01,1.31)
H PMZ.SCd 0.80(0.39,1.62) -1.25(-8.87,6.38) 1.15 (0.55, 2. 37) 0.13(-0.35,0.61) 0.85(0.43,1.69) -0.29(-2.70,2.11)
CPM, 081(043,1.54) -0.77 (-5.73,4.18) 1.03 (0.54, 1.99) 0.03 (-0.50, 0.55) 0.83 (0.44, 1.60) -0.31(-2.38,1.77)
Trimester 2 NO, 4(0.60, 2.16) 0.14 (-0.28,0.55) 1.27 (0.66, 2. 43) 0.13(-0.15,042) 0.86 (O 44,1.67) -0.17 (-1.02,0.69)
0, 8(0.66,2.12) -0.76 (-4.12, 2.60) 0.82(0.37,1.84) -040(-2.91,2.11) 0(0.60,2471) 0.19 (-0.24,0.62)
HPM, o - - 0.99 (048, 2. 04) -0.01 (-1.75,1.72) 0.99 (O 53,1.86) 0.04 (-1.17,1.25)
CPM, 5 - - 0.86 (043, 1.74) -0.50 (-4.44,3.43) 0.96 (0.59, 1.59) -0.03 (-1.29,1.24)
Trimester 3 NO, 1.14 (0.62, 2.09) 0.12 (-0.49,0.72) 1.25(0.67, 2. 30) 0.18 (-0.18,0.54) 0.83 (045, 1.55) -0.20 (-1.24,0.84)
0O, 1.17 (0.51, 2.66) 0.17 (-0.51,0.84) 0.95 (0.43, 2.08) -0.04 (-0.35,0.27) (O 48,2.15) -0.11 (-0.58,0.36)
HPM, 5 1.36 (0.74,2.48) 0.14 (-0.18,0.46) 0.68 (033, 1.39) -1.94 (-12.06, 8.18) 3(0.84,1.80) 0.10 (-0.08, 0.28)
CPM, 5 1.24(0.72,2.15) 0.06 (-0.23,0.35) 0.70(0.36, 1.40) -1.54 (-11.12,8.05) (O 75,2.19) 0.04 (-0.32,0.40)

a nitrogen dioxide (NO,) is reported as 1-hour daily maxima in parts per billion (ppb)

b ozone (O5) is reported as 8-hour maxima in ppb

c fine particulate matter (PM, ;) is reported as 24-hour average in micrograms (ug) per meter cubed.

d Ensemble Model derived PM, 5 exposure

e fCMAQ derived PM, 5 exposure used in sensitivity analyses

f model: exposure+diet+exposure*diet+age+race+education+BMI+household income+conception season

g IQR NO,: 6 ppb; IQR O5: 14 ppb; IQR PM, 5: 2 ug
h Kcal/day at 75th percentile
i Percent of caloric intake attributed to total fat at 75th percentile

j Percent of caloric intake attributed to saturated fat at 75th percentile

birth outcomes. Due to the paucity of studies evaluating
associations between both ambient air pollution and diet
with PTB, we are unable to directly compare the results
of this study to epidemiologic studies on the same topic.
The closest related study examines folic acid supple-
mentation before conception and PM in relation to PTB,
finding interactions with all sizes of PM — those who ini-
tiated early supplemental folic acid showed a reduced
impact of PM on PTB compared to those who did not
initiate early folic acid supplementation [24]. Another
examined folate intake and exposure to NO,, O,, PM,;,
and black carbon three months preconception in rela-
tion to livebirth [22]. Low folate intake modified the NO,
— livebirth association such that higher supplemental
folic acid intake reduced the negative effects of NO,, but
none of the other pollutant associations were strongly
modified. Previous work also includes a study concern-
ing PM, ; and the frequency of fish consumption in rela-
tion to low birth weight, finding that a higher frequency
of fish consumption may reduce negative impact that
high PM,; has on birth weight [23]. Finally, Stingone
et al. [25] examined NO, methyl donor nutrient intake
(including folate) specifically from food in relation to
congenital heart defects, finding strong evidence of effect
measure modification when considering NO, in relation

to perimembranous ventricular septal defect; although,
the study was unable to elucidate the nuances of the com-
plex pollutant-diet-PTB relationship due to a fairly lim-
ited analysis sample.

The results of this study taken together with the small
number of related previous studies and mechanistic
plausibility strengthen the case for studying ambient air
pollutants and diet characteristics in relation to birth
outcomes.

This question warrants further research, as it concerns
both immediately modifiable factors, as well as those
which may take on the scale of years to address through
systematic action and technological advances [47]. It may
also serve to illuminate another mechanism by which
we can work to reduce the known disparities in PTB, as
systemic racism makes certain populations less likely to
have access to non-processed, high quality food items
[48]. While the existing epidemiologic body of litera-
ture on this topic remains limited, there is a great deal of
potential for connections with health care professionals
and educators not only on the hazards of air pollution
but also on how individual actions might change those
hazards. In particular, for pregnant individuals living in
areas that experience higher ambient pollution concen-
trations which are out of their control. Better information
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on and understandings of interactions between diet and
environmental exposures could improve practitioner
understanding and give individuals more tools to reduce
environmental impacts on their health and well-being. In
addition, this work adds to the body of evidence inform-
ing policy decisions around air pollutants, including
those who may be more susceptible or vulnerable to the
effects of air pollution.

As with nearly all studies involving live births and ges-
tational exposure, there is potential for live birth bias.
That is, fetuses exposed to stressors during gestation may
be miscarried and therefore would not have been able to
contribute a preterm birth outcome. This bias can lead
researchers to incorrectly conclude that certain stressors
result in decreased risk of preterm birth because those
who survive gestation may be more resilient [49]. Pre-
vious work concerning live birth bias suggests that this
may not have substantially altered results [50]. There
were some noted losses in the initial NEST cohort [51],
however these individuals were removed from the cohort
population by design and available data does not allow us
to assess the potential for bias due to fetal loss and mis-
carriage effectively.

This analysis assumes residential stasis over gestation.
This is not an unreasonable assumption, as previous work
has shown low residential mobility during gestation [52—
56]. Additionally, exposure measures assume a relatively
equal proportion of time indoors and outdoors for each
participant, as well as relative geographic stasis when
outside. This may lead to exposure mismeasurement.
Diet data were not available for over 50% of the whole
cohort, and comparisons of demographics between the
whole cohort and those missing diet data show there
may be limited selection bias. Additionally, the dietary
assessment assumes a stasis in dietary status over gesta-
tion. These static representations of potentially dynamic
variables may make it more difficult to isolate an asso-
ciation if one exists. The dietary variables also provide
an extremely simple presentation of diet which, while
still informative and important, is not able to reflect the
nuances of the human diet and thus may obscure any
influence those nuances exert. Caloric requirements vary
greatly by individual and over the course of pregnancy,
and these individual needs may not be ideally reflected
in the available information. This analysis focuses on fat
related variables because there is limited toxicological
evidence supporting pollutant-diet influence on offspring
health, saturated fat may contribute to inflammatory
mechanisms, and specific diet items contained missing-
ness. While this analysis was intended to be preliminary,
other macronutrients are of interest beyond fat related
alone. Instability in models including PM, indicates
a complex relationship which we were unable to inter-
rogate in this analysis due to limited sample size with
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complete information. As such we were unable to fully
assess models which included other lifestyle factors,
such as smoking and physical activity, for potential influ-
ence of unmeasured confounding. While this analysis
was limited in some aspects, it nevertheless has notable
strengths which allow it to contribute meaningfully to the
literature.

Strengths of this study include the temporal and spatial
granularity in ambient pollution exposure estimates and
the leveraging of detailed dietary information in conjunc-
tion with residential information, which allowed us to
examine EMM of ambient air pollutants-PTB by dietary
characteristics.

Conclusions

This study should be used as a substantive contribution
to the scientific literature, as well as a call to action. This
understudied topic is extremely important, but the data
necessary to interrogate this question are not available
in larger study populations. More illuminating analyses
are necessary and possible only through building larger
cohorts on whom this data is collected. Additionally,
future work on this topic should include consideration
of exposure mixtures (of multiple exposures, and expo-
sures at different time periods) as our participants were
not exposed to only one pollutant but likely many or all
pollutants simultaneously.
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ppb Parts per billion

PTB Preterm birth

RR Risk ratio

sfat Saturated fat

T1,T2,T3 Trimester 1,2, 3

ug/m? micrograms per meter cubed

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512889-023-15676-x.

[ Supplementary Material 1 J

Acknowledgements
We would like to thank Candice Alick for their advice concerning this analysis,
as well as Dr. Adrien A Wilkie, and Dr. Colette M Miller for their review and


http://dx.doi.org/10.1186/s12889-023-15676-x
http://dx.doi.org/10.1186/s12889-023-15676-x

Jardel et al. BMC Public Health (2023) 23:822

thoughtful suggestions, and Ms. Debora Andrews for her quality assurance
review.

Authors’ contributions

HJ analyzed the data (with the guidance of KR) and wrote the main
manuscript text and produced all tables. KR and CM each contributed to the
conception of the work, the analysis design, and data interpretation. CH is the
principal investigator of the study, and contributed to the conception of the
analysis. All authors reviewed the manuscript.

Funding

HJ was supported in part by an appointment to the Internship/Research
Participation Program at Office of Research and Development (CPHEA), U.S.
EPA, administered by the Oak Ridge Institute for Science and Education
through an interagency agreement between the U.S. Department of
Energy and the U.S. EPA. The Newborn Epigenetic Study was supported

by NIA (R21AG041048), NIEHS (ROT1ES016772, R24ES028531), and NIMHD
(ROOMDO012808, ROTMDO11746).

Data availability

The datasets generated and analyzed during the current study are not publicly
available due to the presence of identifiable information on NEST participants
but can be made available from Chantel L. Martin and Cathrine Hoyo upon
reasonable request. Code files can be requested from corresponding author
(Rappazzo.kristen@epa.gov).

Declarations

Competing interests
The authors declare that they have no competing interests”in this section.

Ethics approval and consent to participate

The Newborn Epigenetics Study was approved by Institutional Review Boards
at both the University of North Carolina at Chapel Hill and Duke University.
Written informed consent was obtained from all gestational parents included
in this cohort. The secondary data analysis undertaken here was approved by
the University of North Carolina at Chapel Hill Institutional Review Board (#18-
1380). All methods of this study were performed following relevant guidelines
and regulations.

Consent for publication
Not applicable.

Disclaimer

The views expressed in this article are those of the authors and do not
necessarily represent the views or policies of the U.S. Environmental Protection
Agency.

Received: 16 December 2022 / Accepted: 14 April 2023
Published online: 04 May 2023

References

1. Hamilton BE, Martin JA, Osterman MJK, Rossen LM. Births: Provisional Data
for 2018 [Internet]. National Center for Health Statistics; 2019 [cited 2021 Aug
29]. (Vital Statistics Rapid Release). Report No.: 007. Available from: https://
stacks.cdc.gov/view/cdc/104993.

2. Ely D, Driscoll A. Infant Mortality in the United States, 2018: Data From the
Period Linked Birth/Infant Death File. 2020 Jul p. 18. (National Vital Statistics
Reports). Report No.: volume 69, number 7.

3. Ely D, Driscoll A, Infant mortality in the United States., 2017: Data from the
period linked birth/infant death file. US. Department of Health and Human
Services, Centers for Disease Control and Prevention, National Center for
Health Statistics; 2019 p. 20. (National Vital Statistics Reports). Report No.:
Volume 68, Number 10.

4. Hamilton B, Martin J, Osterman M, Births. Provisional Data for 2017 [Internet].
National Center for Health Statistics; 2018 [cited 2021 Aug 30]. Available from:
https://stacks.cdc.gov/view/cdc/104993.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Page 12 of 13

Crump C, Sundquist K, Sundquist J, Winkleby MA. Gestational age at Birth
and Mortality in Young Adulthood. JAMA. 2011 Sep;21(11):1233-40.
Blencowe H, Lee AC, Cousens S, Bahalim A, Narwal R, Zhong N, et al. Preterm
birth-associated neurodevelopmental impairment estimates at regional and
global levels for 2010. Pediatr Res. 2013 Dec;74(1):17-34.

Crump C, Winkleby MA, Sundquist K, Sundquist J. Preterm birth and psychi-
atric medication prescription in young adulthood: a swedish national cohort
study. Int J Epidemiol. 2010 Dec;39(6):1522-30.

Bavineni M, Wassenaar TM, Agnihotri K, Ussery DW, Luscher TF, Mehta JL.
Mechanisms linking preterm birth to onset of cardiovascular disease later in
adulthood. Eur Heart J 2019 Apr 7;40(14):1107-12.

D'Onofrio BM, Class QA, Rickert ME, Larsson H, Langstrom N, Lichtenstein P.
Preterm Birth and Mortality and Morbidity: a Population-Based quasi-experi-
mental study. JAMA Psychiatry. 2013 Nov;1(11):1231-40.

Mathiasen R, Hansen BM, Anderson AMN, Greisen G. Socio-economic
achievements of individuals born very preterm at the age of 27 to 29 years: a
nationwide cohort study. Dev Med Child Neurol. 2009;51(11):901-8.
Lindstrom K, Winbladh B, Haglund B, Hjern A. Preterm Infants as young
adults: a Swedish National Cohort Study. Pediatrics. 2007 Jul;120(1):70-7.
Lindstrom K, Lindblad F, Hjern A. Preterm Birth and Attention-Deficit/Hyper-
activity Disorder in Schoolchildren. Pediatrics. 2011 May 1;127(5):858-65.
Bekkar B, Pacheco S, Basu R, DeNicola N. Association of Air Pollution and Heat
Exposure With Preterm Birth, Low Birth Weight, and Stillbirth in the US: A
Systematic Review. JAMA Netw Open 2020 Jun 18;3(6):e208243-3.

Jul, LiC Yang M, Sun S, Zhang Q, Cao J et al. Maternal air pollution exposure
increases the risk of preterm birth: Evidence from the meta-analysis of cohort
studies. Environ Res. 2021 Nov 1,202:111654.

Johnson S, Bobb JF, Ito K, Savitz DA, Elston B, Shmool JLC, et al. Ambient fine
particulate matter, Nitrogen Dioxide, and Preterm Birth in New York City.
Environ Health Perspect. 2016 Aug;124(8):1283-90.

Kannan S, Misra DP, Timothy DJ, Ambika K. Exposures to Airborne Particulate
Matter and adverse perinatal outcomes: a biologically plausible mechanistic
Framework for exploring potential effect modification by Nutrition. Environ
Health Perspect. 2006 Nov;114(1):1636-42.

Ebi KL, McGregor G. Climate Change, Tropospheric Ozone and Par-

ticulate Matter, and Health Impacts. Environ Health Perspect 2008
Nov;116(11):1449-55.

Hu FB. Dietary pattern analysis: a new direction in nutritional epidemiology.
Curr Opin Lipidol. 2002 Feb;13(1):3-9.

US Department of Agriculture, US Department of Health and Human Ser-
vices. Dietary Guidelines for Americans, 2020-2025. 2020 p. 164.

Gete DG, Waller M, Mishra GD. Effects of maternal diets on preterm birth and
low birth weight: a systematic review. Br J Nutr. 2020 Feb;28(4):446-61.
Martin CL, Sotres-Alvarez D, Siega-Riz AM. Maternal Dietary Patterns during
the Second Trimester Are Associated with Preterm Birth. J Nutr. 2015 Aug
1;145(8):1857-64.

Gaskins AJ, Minguez-Alarcon L, Fong KC, Abu Awad Y, Di Q, Chavarro JE et al.
Supplemental Folate and the Relationship Between Traffic-Related Air Pollu-
tion and Livebirth Among Women Undergoing Assisted Reproduction. Am J
Epidemiol. 2019 Sep 1;188(9):1595-604.

Jedrychowski W, Perera F, Mrozek-Budzyn D, Flak E, Mroz E, Sochacka-Tatara
E, et al. Higher fish consumption in pregnancy May Confer Protection against
the harmful effect of prenatal exposure to fine particulate matter. Ann Nutr
Metab. 2010 Mar;56(2):119-26.

Li Q Wang YY, GuoY, Zhou H, Wang X, Wang QM, et al. Folic acid supplemen-
tation and the association between maternal Airborne Particulate Matter
exposure and Preterm Delivery: A National Birth Cohort Study in China.
Environ Health Perspect. 2020 Dec;128(12):127010.

Stingone JA, Luben TJ, Carmichael SL, Aylsworth AS, Botto LD, Correa A, et

al. Maternal exposure to Nitrogen Dioxide, Intake of Methyl Nutrients, and
congenital heart defects in offspring. Am J Epidemiol. 2017 Sep;15(6):719-29.
Florek E, Szymanowski K, Wrzosek J, Piekoszewski W, Biczysko W, Marszaek A.
The influence of simultaneous whole body exposure to cigarette smoke and
low-protein diet feeding on fertility, reproduction, and progeny of rats. Hum
Exp Toxicol. 2002 Nov;21(11):615-21.

Snow SJ, Phillips PM, Ledbetter A, Johnstone AFM, Schladweiler MC, Gordon
CJ, et al. The influence of maternal and perinatal high-fat diet on ozone-
induced pulmonary responses in offspring. J Toxicol Environ Health A. 2019
Jan;17(2):86-98.

Snow SJ, Broniowska K, Karoly ED, Henriquez AR, Phillips PM, Ledbetter AD, et
al. Offspring susceptibility to metabolic alterations due to maternal high-fat


https://stacks.cdc.gov/view/cdc/104993
https://stacks.cdc.gov/view/cdc/104993
https://stacks.cdc.gov/view/cdc/104993

Jardel et al. BMC Public Health

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2023) 23:822

diet and the impact of inhaled ozone used as a stressor. Sci Rep. 2020
Dec;10(1):16353.

Miller CN, Rayalam S. The role of micronutrients in the response to ambient
air pollutants: potential mechanisms and suggestions for research design. J
Toxicol Environ Health Part B. 2017 Jan;2(1):38-53.

Lopez-Garcia E, Schulze MB, Fung TT, Meigs JB, Rifai N, Manson JE et al.

Major dietary patterns are related to plasma concentrations of markers

of inflammation and endothelial dysfunction. Am J Clin Nutr. 2004 Oct
1;80(4):1029-35.

Berrocal VJ, Gelfand AE, Holland DM. A bivariate space-time downscaler
under space and time misalignment. Ann Appl Stat 2010 Dec 1;4(4):1942-75.
Berrocal VJ, Gelfand AE, Holland DM. Space-Time Data fusion under error in
computer model output: an application to modeling Air Quality. Biometrics.
2012,68(3):837-48.

Di Q, Kloog |, Koutrakis P, Lyapustin A, Wang Y, Schwartz J. Assessing PM2.5
Exposures with High Spatiotemporal Resolution across the Continental
United States. Env Sci Technol. 2016;10.

Greenland S, Pearl J, Robins JM. Causal diagrams for epidemiologic research.
Epidemiology. 1999;10(1):37-48.

Knol MJ, VanderWeele TJ. Recommendations for presenting analyses of effect
modification and interaction. Int J Epidemiol. 2012 Apr;41(2):514-20.
Andersson T, Alfredsson L, Kéllberg H, Zdravkovic S, Ahlbom A. Calculating
measures of biological interaction. Eur J Epidemiol. 2005 Jul;20(7):575-9.
Hosmer DW, Lemeshow S. Confidence interval estimation of Interaction.
Epidemiology. 1992;3(5):452-6.

White IR, Royston P, Wood AM. Multiple imputation using chained equations:
issues and guidance for practice. Stat Med. 2011;30(4):377-99.

R Core Team. R: a langage and environment for statistical computing [Inter-
net]. Vienna, Austria: R Foundation for Statistical Computing. ; 2021. Available
from: https.//www.R-project.org/.

Hertz -Picciotto, Irva, Herr CEW, Yap PS, Dost al M, Shumway RH, Ashwood P,
et al. Air Pollution and Lymphocyte phenotype proportions in cord blood.
Environ Health Perspect. 2005 Oct;113(10):1391-8.

Hertz-Picciotto I, Dostal M, Dejmek J, Selevan SG, Wegienka G, Gomez-
Caminero A, et al. Air Pollution and Distributions of Lymphocyte Immu-
nophenotypes in Cord and maternal blood at delivery. Epidemiology.
2002;13(2):172-83.

Slama R, Darrow L, Parker J, Woodruff TJ, Strickland M, Nieuwenhuijsen M, et
al. Meeting Report: Atmospheric Pollution and Human Reproduction. Environ
Health Perspect. 2008 Jun;116(6):791-8.

Buxton MA, Perng W, Tellez-Rojo MM, Rodriguez-Carmona Y, Cantoral A,
Sénchez BN, et al. Particulate matter exposure, dietary inflammatory index
and preterm birth in Mexico city, Mexico. Environ Res. 2020 Oct;1:189:109852.
Raju TNK, Pemberton VL, Saigal S, Blaisdell CJ, Moxey-Mims M, Buist S. Long-
Term Healthcare Outcomes of Preterm Birth: An Executive Summary of a

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 13 of 13

Conference Sponsored by the National Institutes of Health. J Pediatr. 2017
Feb;181:309-318.e1.

Sipola-Leppanen M, Vaarasmaki M, Tikanmaki M, Matinolli HM, Miettola S,
Hovi P et al. Cardiometabolic Risk Factors in Young Adults Who Were Born
Preterm. Am J Epidemiol. 2015 Jun 1;181(11):861-73.

Yun J, Jung YH, Shin SH, Song IG, Lee YA, Shin CH, et al. Impact of very
preterm birth and post-discharge growth on cardiometabolic outcomes at
school age: a retrospective cohort study. BMC Pediatr. 2021 Dec;21(1):373.
Wesselink AK, Hatch EE, Wise LA. Invited Commentary: Interaction Between
Diet and Chemical Exposures. Am J Epidemiol. 2019 Sep 1;188(9):1605-7.
Brunst KJ, Wright RO, DiGioia K, Enlow MB, Fernandez H, Wright RJ, et al.
Racial/ethnic and sociodemographic factors associated with micronutrient
intakes and inadequacies among pregnant women in an urban US popula-
tion. Public Health Nutr. 2014 Sep;17(9):1960-70.

Leung M, Kioumourtzoglou MA, Raz R, Weisskopf MG. Bias due to Selection
on Live Births in Studies of Environmental Exposures during Pregnancy: A
Simulation Study. Environ Health Perspect [Internet]. 2021 Apr 1 [cited 2021
Apr 26];129(4). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC8043129/.

Heinke D, Rich-Edwards JW, Williams PL, Hernandez-Diaz S, Anderka M, Fisher
SC, et al. Quantification of selection bias in studies of risk factors for birth
defects among livebirths. Paediatr Perinat Epidemiol. 2020;34(6):655-64.
Liu'Y, Murphy SK, Murtha AP, Fuemmeler BF, Schildkraut J, Huang Z, Overcash
F, et al. Depression in pregnancy, infant birth weight and DNA methylation of
imprint regulatory elements. Epigenetics. 2012;7(7):735-46.

Bell ML, Belanger K. Review of research on residential mobility during preg-
nancy: consequences for assessment of prenatal environmental exposures. J
Expo Sci Environ Epidemiol. 2012 Sep;22(5):429-38.

Chen L, Bell EM, Caton AR, Druschel CM, Lin S. Residential mobility during
pregnancy and the potential for ambient air pollution exposure misclassifica-
tion. Environ Res 2010 Feb 1;110(2):162-8.

Fell DB, Dodds L, King WD. Residential mobility during pregnancy. Paediatr
Perinat Epidemiol. 2004;18(6):408-14.

Lupo PJ, Symanski E, Chan W, Mitchell LE, Waller DK, Canfield MA, et al. Differ-
ences in exposure assignment between conception and delivery: the impact
of maternal mobility. Paediatr Perinat Epidemiol. 2010,24(2):200-8.

Miller A, Siffel C, Correa A. Residential Mobility During Pregnancy: Patterns
and Correlates. Matern Child Health J 2010 Jul 1;14(4):625-34.

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


https://www.R-project.org/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8043129/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8043129/

	﻿Interplay of gestational parent exposure to ambient air pollution and diet characteristics on preterm birth
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study design and population
	﻿Exposure assessment
	﻿Air pollution
	﻿Diet


	﻿Outcome assessment
	﻿Potential confounders
	﻿Statistical analysis
	﻿Results
	﻿Discussion
	﻿Conclusions
	﻿References


