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Abstract

Preterm birth is one of the leading causes of perinatal mortality and is associated with long-term
adverse health consequences for surviving infants. Preterm birth rates are rising worldwide, and no
effective means for prevention currently exists. Air pollution exposure may be a significant cause
of prematurity, but many published studies lack the individual, clinical data needed to elucidate
possible biological mechanisms mediating these epidemiological associations. This paper presents
the design of a prospective study now underway to evaluate those mechanisms in a cohort of
pregnant women residing in Mexico City. We address how air quality may act together with other
factors to induce systemic inflammation and influence the duration of pregnancy. Data collection
includes: biomarkers relevant to inflammation in cervico-vaginal exudate and peripheral blood,
along with full clinical information, pro-inflammatory cytokine gene polymorphisms and air
pollution data to evaluate spatial and temporal variability in air pollution exposure. Samples are
collected on a monthly basis and participants are followed for the duration of pregnancy. The data
will be used to evaluate whether ambient air pollution is associated with preterm birth, controlling
for other risk factors. We will evaluate which time windows during pregnancy are most influential
in the air pollution and preterm birth association. In addition, the epidemiological study will be
complemented with a parallel toxicology invitro study, in which monocytic cells will be exposed
to air particle samples to evaluate the expression of biomarkers of inflammation.
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1. Introduction

Preterm births, defined as delivery before 37 weeks of gestation, represented 12.5% of live
births in the U.S. in the year 2004 (Behrmanand Butler, 2007). Preterm birth is a leading
cause of perinatal mortality, representing 75% percent of infant deaths and 62% of early
neonatal deaths among pregnancies in six developing countries (Ngoc et al., 2006).
Additionally, the rate of preterm deliveries is steadily rising in the U.S. and worldwide
(Behrmanand Butler, 2007). The United Nations Millennium Development Goals include
reducing child mortality by two thirds between the years 1990 and 2015 (United
Nations2000). Reducing the incidence of preterm birth may contribute toward meeting this
goal. Prematurity has major repercussions on infant morbidity that range from long-term
neurologic disability (especially cerebral palsy) to pulmonary outcomes with no current
effective means of prevention. The Institute of Medicine (I0M) *Committee on
Understanding Premature Birth and Assuring Healthy Outcomes’, which issued a report in
early 2007 regarding current knowledge on the causes and consequences of preterm birth,
characterized preterm birth as a complex disease with multiple influences,

including "individual-level behavioral and psychosocial factors, neighborhood social
characteristics, environmental exposures, medical conditions, infertility treatments,
biological factors, and genetics, all of which vary by population (Behrmanand Butler, 2007).
The 10M placed among its priority recommendations the need to ‘conduct etiologic and
epidemiologic investigations’ about preterm birth.

1.1 Air pollution and preterm birth

Several epidemiologic studies have evaluated air pollution and preterm delivery (Leem et
al., 2006; Lin et al., 2001; Liu et al., 2003; Ritz et al., 2007). However, most studies have
relied on population birth registries, except for one case-control study nested within a birth
registry cohort (Ritz et al., 2007). One study used proximity to an industrial source as an
exposure proxy (Lin et al., 2001) and estimated exposure using data from ambient air
pollution monitoring networks which routinely measure gaseous and particulate pollutants
regulated by health-based standards in many countries (WHO, 2006). These pollutants
include: total suspended particles (TSP); particulate matter less than 10 and 2.5 microns in
aerodynamic diameter (PM1g and PM 5, respectively); carbon monoxide (CO), ozone (O3),
sulfur dioxide (SO,), and nitrogen dioxide (NO,). Previous reviews of air pollution and
preterm birth epidemiology literature found that evidence was insufficient and inadequate to
infer causality or make a strong conclusion about the association of air pollution with
preterm delivery, in part because of inconsistencies in study design and potentially selective
reporting of results for particular measured pollutants (Glinianaia et al., 2004; Maisonet et
al., 2004; Sram et al., 2005). Studies published since those 2004 and 2005 reviews have
found positive associations with preterm delivery. In addition, Chapter 8 "The Role of
Environmental Toxicants’ in the 2007 IOM report which reviewed 21 published studies
concluded that “the epidemiological findings suggest that air pollution contributes to a
woman’s risk for preterm birth” (p. 236), most notably for particulate matter and SO,
(Behrmanand Butler, 2007). Evidence for a role of CO, NO,, and O3 inconclusive, but a
recently published Los Angeles study adds new evidence strengthening the case for a role of
CO in the etiology of prematurity (Ritz et al., 2007), and other recent work suggests that O3
may be relevant (Hansen et al., 2006; Salam et al., 2005).
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1.2 Research gaps

The limited and inconsistent knowledge on the epidemiology of air pollution and
prematurity, among other perinatal health issues, inspired two international workshops, held
in 2007, to discuss ways to advance the science (Slama et al., 2008; Woodruff et al., 2009).
Research needs described by the previously published reviews and discussed by the experts
convened for these 2007 workshops include: evaluating exposure at various time windows
during pregnancy (gestational months or trimesters); examining cumulative effects;
including the range of routinely monitored pollutants, instead of selected subsets, and
reporting results with and without adjustment for other air pollutants; assessing spatial as
well as temporal variability in pollution exposure; using individual measurements of
exposure to ambient air pollution; estimating gestational age using fetal ultrasound;
examining source and chemical composition of particles; better understanding differences in
underlying susceptibility and access to care of various populations studied; obtaining
information on mechanisms underlying epidemiological associations; and using biomarkers
of both exposure and biological response to air pollution. To accomplish this diverse range
of research goals, interdisciplinary collaborations between “environmental and perinatal
epidemiologists, molecular biologists and environmental toxicologists” have been
encouraged (Glinianaia et al., 2004). This paper describes a study designed with
interdisciplinary collaboration, which aims to understand mechanisms by which air
pollutants may influence preterm delivery risk. First, we discuss the knowledge motivating
this study.

1.3 Potential mechanisms for air pollution and preterm delivery

Several biological mechanisms, some of which may be specific to particular time windows
in gestation (Liu et al., 2003), are hypothesized to mediate the association between air
pollution and preterm delivery, but the specific biologic pathways remain largely unknown.
Although the gaseous pollutants are distinct compounds, particulate matter is a complex
mixture of suspended aggregates of transition metal oxides, ammonium nitrate and sulfate
salts, organic material such as polycyclic aromatic hydrocarbons, and protein complexes
(Monn and Becker, 1999). Concentration, size, and composition affect particle toxicity.
Coarse fraction particles, between 2.5 and 10 pm in diameter (PM» 5.10), are emitted
primarily by natural sources and include geogenic material, resuspended dust, pollen, and
bacteria (Monn and Becker, 1999). These larger particles, upon inhalation, are either
removed or are deposited on the ciliated epithelium in the tracheobronchial region (Nel et
al., 2001). Fine fraction particles (PM, 5) are mostly associated with anthropogenic,
combustion-related emission sources, such as vehicles. These smaller particles have a higher
chance of depositing into the alveolar region of the lungs and potentially entering the
circulatory system (Monn and Becker, 1999; Sioutas et al., 2005).

1.4 Studying air pollution and the inflammatory pathway to preterm birth

Particulate and gaseous pollutants routinely monitored in many parts of the world (PM s,
PMjg O3 SOy, NOy, CO) present some epidemiologic evidence as contributors to the
etiology of preterm delivery. Mechanistic evidence suggests that they may contribute to the
inflammatory processes of relevance to preterm delivery, for which pro-and anti-
inflammatory cytokines are key markers. We next describe the design of our ongoing study
examining air pollution effects on inflammatory processes related to preterm birth.

2. Material and Methods

Our study seeks to understand the relation between ambient air pollution exposure and
preterm delivery, including effect modifiers, in a cohort of pregnant women who are
clinically monitored on a monthly basis, using both epidemiological and toxicological
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approaches to shed light on mechanistic pathways that may underlie the associations. The
study setting is metropolitan Mexico City where pollutant levels are high and a large
population is exposed. We examine both preterm birth outcomes and the association
between air pollution and markers of inflammation that are emerging as potential screening
tools for providing early indication of preterm delivery risk. Our hypothesis is that air
pollution exposure contributes to the etiology of preterm birth and that it influences the
mechanistic pathway of inflammation.

2.1 Study population

We are enrolling a cohort of 800 pregnant women living in Mexico City. These women, who
reside in diverse regions of metropolitan Mexico City, are seen monthly over the course of
their pregnancy, clinical and behavioral information gathered, and pro-and anti-
inflammatory cytokines in monthly cervico-vaginal exudates and blood samples assayed.
We are spatially locating the homes of these women in the Mexico City metropolitan area
using global positioning system technology and estimating their exposure to five ambient
pollutants using geo-statistical techniques. We will evaluate associations of these pollutant
exposures with the cytokine measures in repeated measures design, as well as the
association with preterm birth, and further evaluate effect modification by anti-oxidant
vitamin intake and cytokine polymorphisms.

2.2 Parallel toxicology study

In a complementary, parallel toxicology study, we are obtaining monthly samples of
particles from five regions of the MCMA near where the women live and evaluating their
composition (metals, carbon and endotoxins). These regions are known to be impacted by
different sources of pollution (natural -particularly windblown-dust, industrial, and traffic
pollution). We are exposing a cell line to these particles and evaluating expression of the
same cytokines as will be evaluated in the women. Differential responses according to
region, likely related to different composition as previously suggested (Alfaro-Moreno et al.,
2002), may be paralleled among the women, and guide future mechanistic research.

2.3 Study location and sampling strategy

Metropolitan Mexico City, altitude 2240 meters above sea level, is in a valley with
mountains on three sides. Major pollution sources include vehicles, stationary combustion
sources, and a dry lake basin that contributes windblown dust (O’Neill et al., 2004). The
metropolitan population is estimated at 20 million (Brinkhoff, 2012). Pollution levels there
are high relative to many U.S. and European cities, and PM1g and O3 regularly exceed
national health-based standards.

We are recruiting women as they come seeking clinical care at health centers throughout the
city. They are then referred to the Hospital Materno Infantil Inguaran (HMII), the biggest
hospital within the Mexico City government public hospital network. The first visit involves
a screening questionnaire and informed consent. Conservative power calculations based on
logistic regression suggested that this sample size of 800 participants will enable detection
of odds ratios for preterm birth from 1.43 to 1.70 per inter-quartile range increase in
pollution over pregnancy, depending on the pollutant evaluated. Since we plan to employ
survival analysis (O’Neill et al., 2003), these figures underestimate study power. We are
interested in enrolling a broad geographic distribution of women across the metropolitan
area, and approximately equal coverage of women by month across five major regions
where the particle monitors are sited, so are working with other government health centers
and hospitals to achieve this.
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Inclusion criteria require that the women 1) present at HMII with a pregnancy of less than
18 weeks gestation; 2) have a reliable recall of last menstruation and confirmatory
ultrasound for gestational age; 3) agree to prenatal visits every 3 to 4 weeks throughout their
current pregnancy; 4) give written consent for their inclusion in the study. Eligibility is
determined at the first visit. Exclusion criteria include 1) living in a household outside the
metropolitan area; 2) presence of any medical or obstetric complication in the current
pregnancy; 3) self-reported smoker; 4) presence of multiple fetuses as determined by a
physician’s diagnosis. Women who develop pregnancy complications such as gestational
diabetes and pre-eclampsia will be withdrawn from the study so these conditions can be
treated; however, we keep track of their experiences. Study protocols and data collection
instruments were reviewed and approved by the Institutional Review Boards of all
participating institutions.

2.4 Data collection and analytical methods

Enrolled pregnant women are followed every 3 to 4 weeks during their pregnancy. At each
visit, a questionnaire is administered to assess daily time activity patterns relevant to air
pollution exposure (time spent at home and away from home); general health status,
including infectious symptoms; and confirmation of basic social and demographic
characteristics. Dietary intake is assessed by food frequency questionnaire and a multi-step
24 hour dietary recall for quantitative analysis. Nutritional status and weight gain are
assessed at different times during the prenatal follow up. Occupation and smoking/ second-
hand smoke exposure questions are also asked.

If symptoms of infection are present participants are treated with ad-hoc broad antibiotics.
The women give blood, urine, saliva and cervico-vaginal exudate samples and are evaluated
for presence of cervicovaginal infections and evidence of intrauterine infection.
Anthropometrics are obtained. Their nutritional state is evaluated using anthropometric and
biochemical data, and diet counseling is given by trained dieticians. Participants provide a
saliva sample for DNA analysis. At birth, the women provide a blood sample and umbilical
cord blood is collected, and a saliva sample is taken from the infant. At the 22" week visit,
a glucose tolerance test is administered to assess gestational diabetes, which is treated if
present.

Glucose, lipids, creatinine, uric acid and cord blood acid-base assessment is run in a clinical
chemistry laboratory according to routine assay schedules. The presence of cervico-vaginal
and of urinary tract infections is evaluated at each visit. Samples of cervico-vaginal exudates
and urine are evaluated using standard microbiological cultivation. If clinical infection is
present, as determined by report and clinical exam, we supplement this method with a
confirmatory molecular probe using polymerase chain reaction amplification followed by
ribosomal DNA 16s identification for specific bacterial species using denatured gradient gel
electrophoresis (DGGE) technique (Hillier, 2005). IL-2, IL-4, IL-10, IL-6, IL-8, IL-1p and
TNFa will be measured in monthly cervico-vaginal exudate samples using the Millipore
Magpix Multiplex system (Millipore Corporation, Billerica, Massachusetts). Ferritin is
measured using a specific ELISA as an overall indicator of nutritional status. Vitamin C and
E are determined in plasma and leukocytes using high pressure liquid chromatography (Bieri
etal., 1979; Lee et al., 1982).

For the genetic analysis of cytokine polymorphisms, DNA will be extracted from saliva
samples from mother and newborn using the Oragene system (Oragene 2007). The DNA
fragments will be amplified with PCR and followed by a pattern analysis of the fragment
size with restriction enzyme digestion (RFLP) or direct determination of the size of the
amplified fragment. The genetic polymorphisms of interest are TNF-a (19), IL-1p and the
antagonist of the IL-1 receptor (Pociot et al., 1992; Santtila et al., 1998; Wilson et al., 1992).
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Figure 1 is a summary chart showing data type and frequency of data collection.

2.5 Air pollution exposure assessment

The latitude and longitude of each woman’s residential and working locations is recorded
using a global positioning system (GPS) device, which will subsequently be used to
determine each participant’s proximity to emission sources. Spatial contrasts in exposure
will allow for maximum use of residential information as well as reported time-activity
patterns of subjects to further refine exposure estimates. We will use geostatistical kriging
(Waller and Gotway, 2004), a method of exposure assessment that has been employed in air
pollution studies (Leem et al., 2006; Liao et al., 2006), by assigning each mother to the
exposure level that is predicted by a continuous surface of air pollution, weighted by her
activities and proximity to monitors in the network. The purpose of kriging is to spatially
predict potential air pollution exposure based on fixed and known locations of
environmental data (i.e. Mexico City fixed-site air pollution monitors). Kriging is based on
the spatial data characteristic of spatial autocorrelation: that observations closer together
tend to be more alike than observations further apart. Spatial autocorrelation is quantified by
a function called a semivariogram.

2.6 Toxicology study

This study is occurring over the same time frame as the enroliment of the epidemiologic
cohort. We have selected five monitoring stations of the MCMA fixed-site monitoring
network that represent a broad coverage of metropolitan area and zones with different
pollution emission source mixes. Particles are being collected three times a week over 24
hours and pooled processed particles are added to cell cultures. Elemental analysis of
particles will be accomplished by mass spectrometry with inductively coupled plasma (ICP-
MS). Particle samples (1 mg) will be used for carbon content determination using the
evolved gas technique (Ellis et al., 1984) that has been previously applied to Mexico City
measurements (Rosas Perez et al., 2007). Endotoxins are evaluated in 1 mg particle samples
by a kinetic chromogenic Limulus Amebocyte Lysate. The secretion of cytokines (IL-1f,
IL-1ra, IL-6, IL-8, IL-10, TNFa) by confluent 774A.1 cells stimulated with 40 wg/cm? of
particles (non-lethal concentrations) will be measured by the same Millipore Multiplex
system.

2.7 Integrating toxicology and epidemiology approaches

Based on the sampling sites, we have divided the study area into five regions around each of
the five fixed-site monitors using Thiessen polygons, where the point representing each
monitor is a polygon centroid and the polygon boundary circumscribes the area closest to
the given monitor. These polygons were used to 1) identify areas within which we are
recruiting women for the epidemiologic study with an adequate distribution across the study
area to ensure highest spatial contrast in pollution exposure, and 2) create indicator variables
for each woman to evaluate concordance by region between epidemiologic and toxicologic
study results. Figure 2 shows a schematic of how we are integrating these two approaches

3. Preliminary Results

To date, we have enrolled over 600 women in the study who live in the five regions of
Mexico City and we are in the process of entering and quality checking the data from the
extensive paper forms used by our study staff. Some pilot analyses from the epidemiologic
study and preliminary construction of exposure metrics have been carried out. (Castillo-
Castrejon et al., 2011; Rivera et al., 2011; Smarr et al., 2011)
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4. Discussion and Conclusions

Preterm birth is a major public health problem of global consequence which may be
influenced by exposure to air pollution, Therefore, understanding the mediating
inflammatory and infectious pathways, using study designs such as the one described here,
would provide further insights on mechanistic pathways linking pollution to adverse birth
outcomes and potentially inform prevention efforts. Translation of research results in this
field into in a clinical setting, in addition to the typical standards of care, might involve
guidance relating to reduction in exposure to relevant pollutants, especially among those
who may have a genetic susceptibility, or careful dietary supervision to ensure optimal
resilience. Although interventions that target individual risk factors and behaviors are often
emphasized in prenatal care, there is growing recognition that aspects of the environment,
including air pollution, can have important consequences for fetal and infant health. Air
pollution exposure is ubiquitous, so even small observed associations can have large overall
impacts on public health. Ultimately, interdisciplinary collaborations can produce
knowledge needed to inform preventive strategies as well as provide evidence supporting
policies to target the most health-relevant emission sources, improve environmental quality
and public health.
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ABBREVIATIONS
TSP Total suspended particles
PM 10 Particulate matter less than 10 microns in aerodynamic diameter
PM, g Particulate Matter less than 2.5 microns in aerodynamic diameter
CcO Carbon monoxide
O3 Ozone
SO, Sulfur dioxide
NO» Nitrogen dioxide
IOM Institute of Medicine
NOy Oxides of nitrogen
TNF-a Tumor necrosis factor -alpha
IL-12 Interleukin 12
IL-1B Interleukin 1-beta
IL-6 Interleukin-6
HMII Hospital Materno Infantil Inguaran
DGGE Denatured gradient gel electrophoresis
RFLP Restriction fragment length polymorphism
PCR Polymerase chain reaction
GPS Global positioning system
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Inclusion criteria: must be yes to all; 800 women in final sample

<18 weeks of pregnancy, >18 years old, non-smoker, single fetus, recalls last menstruation,
ultrasound confirms gestational age, agrees to visit hospital every 4 weeks, lives in Mexico City,
no pregnancy complications, no diabetes or pre-eclampsia

Informed consent: Samples, DNA analyses, global positioning system (GPS) permission

Monthly visits (at approximately 3, 4, 5, 6, 7 and 8 months of gestation)
Questionnaire and location data
1) Demographics, previous pregnancies, behaviors, medical history (1% visit-any updates in
following visits)
2) Time-activity diary (for one weekday and one Sunday)-for estimated air pollution exposure
3) Food frequency questionnaire (alternate 24 hour recall with previous month’s intake)
4) GPS coordinates of home residence, work location (if she works outside of home)-obtained
once unless she changes residence or place of work
Clinical data
1) Anthropometric and clinical measures; ultrasound of baby; glucose tolerance test (22
weeks)
2) Status of actual pregnancy and clinical evaluation
3) Samples obtained from women: blood, urine, and cervico-vaginal exudates; saliva (one
visit only)

Birth: Infant characteristics, gestational age and baby’s saliva (for genotyping) are obtained
Mother’s blood and a sample of umbilical cord blood obtained

Figure 1.
Air pollution and preterm birth in Mexico City: Summary of data collection
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Figure 2.

Overall schematic of study design integrating toxicology and biologic outcome
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Study component involving pregnant women will evaluate if there is a causal relationship
between air pollution (in particular PM;s, PMg, O3, SO,, NO,, and CO) and preterm birth

as mediated by pro- and anti-inflammatory cytokines; whereas the in vitro component
will evaluate inflammatory response of cells exposed to PM, s, PMj particles collected
from five regions in Mexico City.
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