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Abstract

The aims of this thesis are: 1) to evaluate the performance of low-
cost air quality monitors to monitor long-term exposure in rural
areas from low- and middle-income countries; 2) to identify the
determinants of personal air pollution exposure among women from
a semi-rural area in Mozambique; and 3) to evaluate the
associations between long-term exposure to ambient air pollution
and cardiometabolic health in adults from a peri-urban area in India.
We used data from: an experimental study, an observational study,
and a cross-sectional epidemiologic study (CHAI). Main results: 1)
the performance of low-cost monitors is not reliable yet to replace
more expensive research-grade monitors; 2) kerosene-based lighting
increased personal air pollution exposure in women from
Mozambique; 3) long-term air pollution is associated with elevated
blood pressure in women from India; and 4) we found no evidence
that long-term air pollution is associated with higher blood glucose
levels in peri-urban India.
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Resum

Els objectius d’aquesta tesi son: 1) avaluar el rendiment dels
monitors de qualitat de 1’aire de baix cost per monitoritzar
I’exposici6 a llarg termini en arees rurals en paisos de renda baixa o
mitjana; 2) identificar els determinants de 1’exposicio personal a la
contaminacio de l’aire en dones d’una area semi-rural de
Mogambic; i 3) avaluar les associacions a llarg termini entre
I’exposici0 ambiental a la contaminaci0 de l’aire i la salut
cardiometabolica en adults d’una area peri-urbana de la india. Hem
utilitzat dades provinents de: un estudi experimental, un estudi
observacional i un estudi epidemiologic transversal (CHAI).
Resultats principals: 1) el rendiment de monitors de baix cost encara
no és prou fiable per reemplacar a monitors més cars i establerts en
recerca; 2) la il-luminacié amb querose va incrementar 1I’exposicio
personal a la contaminaci6 de l‘aire en dones de Mogambic; 3)
I’exposicié a llarg termini de la contaminacié de 1’aire esta
associada a una major pressio arterial en dones de la India; i 4) no
hem trobat evidéncia que la exposicio a la contaminaci6é de 1’aire
estigui associada a nivells més alts de glucosa en sang a la india
peri-urbana.






Resumen

Los objetivos de esta tesis son: 1) evaluar el rendimiento de los
monitores de calidad del aire de bajo coste para monitorizar la
exposicion a largo plazo en areas rurales en paises de renta baja o
mediana; 2) identificar los determinantes de la exposicién personal
a la contaminacion del aire en mujeres de un area semi-rural de
Mozambique; y 3) evaluar las asociaciones a largo plazo entre la
exposicion ambiental a la contaminacion del aire y la salud
cardiometabdlica en adultos de un &rea peri-urbana de la India.
Hemos usado datos provenientes de: un estudio experimental, un
estudio observacional y un estudio transversal (CHAI). Resultados
principales: 1) el rendimiento de los monitores de bajo coste aun no
es suficientemente fiable para remplazar a monitores méas caros y
establecidos en investigacion; 2) la iluminacion con queroseno
incrementd la exposicion personal a la contaminacién del aire de
mujeres de Mozambique; 3) la exposicion a largo plazo de
contaminacion del aire esta asociada a una mayor presion arterial en
mujeres de la India; y 4) no hemos encontramos evidencia que la
exposicion a la contaminacion del aire esté asociada a niveles mas
altos de glucosa en sangre en la India peri-urbana.
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Preface

“The more you know, the more you know you don't know”
Aristotle

This thesis consists in a compilation of four original scientific
articles (one published, one accepted, one submitted, one in
preparation) first-authored by the PhD candidate and supervised by
Dr. Gregory A Wellenius and Dr. Cathryn Tonne. The work
presented started in February 2016 and has been conducted in most
of its part in the Campus Mar of the Barcelona Institute for Global
Health (ISGlobal). As part of the PhD, the candidate also did a one
month stay in the National Institute of Nutrition in Hyderabad
(Telangana, India) and a four month stay in the Department of
Epidemiology at the Brown University School of Public Health
(Rhode Island, USA).

According to the procedures of the PhD program in Biomedicine of
the Experimental and Health Science’s Department of the Pompeu
Fabra University (UPF), the thesis includes: an abstract in three
languages (English, Catalan, Spanish), a general introduction to the
topic and state of the art, a rationale, the main and specific
objectives, the methods, the results (or scientific articles), an overall
discussion, and final conclusions.

This thesis provides insights into three key components in
environmental epidemiology: exposure assessment, exposure
determinants, and links between exposure and health. In particular,
this thesis is focused on the potential of low-cost technology to
assess long-term household air pollution in low- and middle-income
countries, the identification of determinants in personal exposure to
particles in women from a semi-rural sub-Saharan African area, and
the links between ambient air pollution and cardiometabolic health
in adults from a peri-urban area in South Asia.

This thesis is conducted in the framework of the CHAI project, a
European-funded project aimed to investigate the cardiovascular
health effects of exposure to particulate air pollution from outdoor
and household sources in India. The results of this thesis are also
based on data obtained from one wood-combustion experiment in
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Spain and one collaborative project in Mozambique. The PhD
candidate designed, coordinated, and implemented the fieldwork
required for the experiment and collaborated with the fieldwork in
India. For all the work presented, she formulated the research
questions and performed the data management and analysis as well
as the interpretation and writing of the results. The PhD candidate
also disseminated results of this work in the Brown University and
three international conferences (see Annexes).

Besides the PhD work, during this period the PhD candidate has
taken the module “Advanced Statistical Methods in Epidemiology”
offered by the London School of Hygiene and Tropical Medicine
(LSHTM), has supervised two student’s final projects, has co-
authored two scientific articles (see Annexes), has peer-reviewed
two scientific articles (see Annexes), has coordinated the ISGlobal-
Campus Mar seminars and the Air Pollution and Urban
Environment group meetings, has organized the 3™ ISGlobal PhD
Symposium, has wrote three blog articles in the 1ISGlobal Health
Blog (see the one related with this PhD in Annexes), and has
volunteered for events aiming to bring science closer to the general
public (e.g., PRBB Open Day).

Barcelona, 3" of December 2018
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(by order of appearance)

HICs high-income income countries

LMICs low- and middle-income countries

DALYs disability-adjusted life-years

WHO World Health Organization

PM, s particulate matter with an aerodynamic diameter
of 2.5 um or less

ng/m?* micrograms per cubic meter

PM;, particulate matter with an aerodynamic diameter
of 10 pum or less

UFP ultrafine particles

BC black carbon

EC elemental carbon

OC organic carbon

CO carbon monoxide

LUR land-use regression model

GIS geographic information system

CVD cardiovascular disease

BP blood pressure

SBP systolic blood pressure

DBP diastolic blood pressure

mm Hg millimeters of mercury

ACC American College of Cardiology

AHA American Heart Association

JNC7 T7th report of the Joint National Committee on
prevention, detection, evaluation, and treatment of high
blood pressure

mmol/lI millimoles per litre

T2DM Type 2 diabetes mellitus

OGTT oral glucose tolerance test

HbA;. glycated hemoglobin
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1. INTRODUCTION

Humans are linked with the environment from time immemorial.
Humans depend on the natural systems they live in, as much as
natural systems are shaped by human actions. One of the major
global environmental changes we humans have experienced is air
quality deterioration or air pollution. Air pollution is one of the
greatest environmental stressors threatening human health today.
Air quality trends, however, are not equal across the globe. While
air quality is improving in some high-income countries (HICs), it
continues to worsen in low- and middle-income countries
(LMICs) (Health Effects Institute, 2018).

Indoor air pollution in rural and peri-urban areas in LMICs is
particularly dominated by the combustion of unclean fuels * for
household energy or the so called household air pollution. Chronic
exposure to household air pollution is currently hard to measure.
However, the growth of low-cost air quality monitors with long-
lasting batteries now may provide the opportunity to measure air
pollution in rural settings for several weeks to months without
intensive supervision, and could therefore potentially help to
estimate chronic exposure to household air pollution more easily.
Apart from conducting these measurement campaigns, it is essential
to understand the patterns and sources in exposure to combustion
particles to design, implement, and evaluate effective interventions
to reduce exposure and associated health effects.

Air pollution is not the only health burden facing LMICs. LMICs
are experiencing an emerging trend in hypertension and diabetes
burdens, both projected to increase dramatically in the near future.
Given the high burdens of air pollution and cardiometabolic risk
factors in LMICs, even small associations between these two would
have important public health implications. However, to date, most
epidemiologic studies evaluating the association between air
pollution and cardiometabolic health have been conducted in HICs.

! Bold terms are presented in the index by words (page 265).



This introduction gives the necessary background about the main
topics of this thesis within the framework of exposure science and
epidemiology, and the existing evidence and knowledge gaps before
this thesis started in 2016. The focus of this thesis is on LMICs, a
broad concept proposed by the World Bank to classify countries
according to their gross national income per capita. Although in its
broader concept includes 138 countries, these can be re-classified as
low-income (including Mozambique), lower-middle income
(including India), and upper-middle income (including China).

1.1 Air pollution

According to the last Global Burden of Disease study (Gakidou et
al., 2017), both ambient air pollution and household air pollution
are leading environmental causes of death and disability worldwide.
Both ambient and household air pollution burdens fall most heavily
on LMICs, which face a double air pollution burden (Health Effects
Institute, 2018).

a) Ambient air pollution

Ambient air pollution was responsible for 7.5% of the global deaths
in 2016, equivalent to 4.1 million deaths from heart disease and
stroke, lung cancer, chronic lung disease, and respiratory infections.
Among these deaths occurred in 2016, 32% were in South Asia and
11% in India (Gakidou et al., 2017). In terms of disability-adjusted
life-years (DALYS) or loss of healthy life expectancy, ambient air
pollution accounted for 4.4% of all global DALYsSs, a loss of 106
million DALYs. China and India together contributed 50% of the
total global DALYsS.

According to the latest World Health Organization (WHO) air
quality database, 98% of the low-middle-income population and
56% of the high-income population live in areas with unhealthy air.
India has the most polluted cities in the world, including
Hyderabad, the capital of the Telangana state and a city close to one
of the study areas of this thesis. In Hyderabad, the annual average
concentration of fine particulate matter (PM,s) is higher (59 pg/m?)
than in cities like New York (9 ug/m®), Barcelona (15 pg/m®), Hong



Kong (29 pg/m®) or Kathmandu (49 pg/m®) (World Health
Organization, 2016).

Although global population-weighted annual PM,s concentrations
increased by 18% from 2010 (43 pg/m®) to 2016 (51 pg/m®)
worldwide, some HICs (e.g., Russia, Japan, Unites States) have
experienced an improvement in ambient air quality (Health Effects
Institute, 2018). Some LMICs in the South Asian region (e.g.,
Pakistan, Bangladesh, India), on the other hand, have experienced
the steepest increases in air pollution levels since 2010, reaching
levels higher than 70 pg/m? in 2014.

b) Household air pollution

The incomplete combustion of unclean fuels (e.g., firewood, animal
dung, crop wastes, charcoal, coal) to meet domestic energy needs
such as cooking, heating, and lighting is known as household air
pollution (Figure 1).

Photo: Margarita Triguero

Figure 1 Exposure to household air pollution from lighting and
cooking activities in Mozambique, Vietnam, and Nicaragua. a)
Kerosene lamp (or candeeiro de vidro in Portuguese) in Manhica,
Mozambique. b) Woman making fire in Sa Pa, Vietnam. ¢) Cooking
pot and stove in Matagalpa, Nicaragua.



In many rural areas of low-income countries, biomass fuel is the
principal source of domestic energy so that indoor air pollution is a
serious health problem. In 2016, household air pollution was
responsible for 4.7% of the global deaths (equivalent to 2.6 million
deaths). Of these deaths, 46% were linked to ischemic heart disease
and stroke (Health Effects Institute, 2018). In terms of DALYS,
exposure to household air pollution accounted for 77 million
DALYsS (3.2% of the global total).

Although the proportion of the worldwide population using unclean
fuels has declined from over 3 billion in 1990 to about 2.4 billion in
2016 (34% of the global population), this reduction has been fastest
in HICs and slowest in LMICs. The highest burdens of household
air pollution are found in Asia and sub-Saharan Africa. When
selecting countries with populations over 50 million and with at
least 10% of unclean fuel use, India and China are the top leading
countries with largest numbers of people exposed to household air
pollution, with 43% (560 million) and 30% (416 million),
respectively. Sub-Saharan African countries such as Ethiopia,
Democratic Republic of the Congo, and Tanzania, however, have
higher proportion of population exposed to household air pollution
(>96%) (Health Effects Institute, 2018).

c) Air pollution composition and sources

Air pollution is a complex mixture of gases and particles whose
sources and composition vary spatially and temporally. Air
pollution sources can be either natural (e.g., volcano, wild fire,
Saharan dust) or anthropogenic. In this thesis we mainly refer to
anthropogenic sources. Air pollution anthropogenic sources greatly
differ between HICs vs. LMICs and rural (or semi-rural) vs. urban
areas. In turn, characteristics of air pollutants (e.g., particle size,
shape, chemical composition) depend on the source and determine
the toxicological profile of the air pollutants and therefore their
potential harmful effects on health.

In urban areas from LMICs, but also in HICs, air pollution is
typically dominated by traffic sources. Traffic-related pollution is
mainly generated by emissions from combustion processes of
motor-vehicle, but also from resuspension of road dust, tire and



brake wear (Schauer et al., 2006). A simplified summary of sources
differentiating rural and urban areas in LMICs is illustrated in
Figure 2. Estimates of source-specific burdens are country-specific.
In India for example, residential biomass burning was the largest
individual contributor to disease burden in 2015, responsible of
267,700 deaths (Health Effects Institute, 2018). It was followed by
anthropogenic dust, powerplant coal, industrial coal, open burning,
and brick production.

- I
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Figure 2 Comparison of air pollution sources in rural vs. urban
areas in low- and middle-income countries
Source: extracted from Martin et al., 2013

In this thesis we focus on PM, s, black carbon and carbon monoxide
as useful indicators of exposure to the mixture of particulate and
gaseous products of incomplete combustion.



¢ Fine particulate matter

Particulate matter (also called particle pollution) denotes to the
mixture of solid and liquid particles suspended in the air. Fine
particulate matter (PM,s) is the fraction of particulate matter with
an aerodynamic diameter of 2.5 um or less, being up to 30 times
smaller than human hair. Particulate matter can also contain larger
size fractions (e.g., PMyo or particulate matter with an aerodynamic
diameter of 10 um or less) and even smaller (e.g., UFP or ultrafine
particles with an aerodynamic diameter of 0.1 pm or less).
Classifying particles according to their size has been extensively
used in exposure science and epidemiology because it determines
their transport in the atmosphere and how far the particle gets in the
human respiratory system once they are inhaled. PM, s for example,
can travel deeply into the respiratory tract, reaching the lungs.
However, as mentioned earlier, shape, density and chemical and
toxic properties of the particulate material also determine the
potential harmful effect of particles on health.

e Black carbon

Black carbon (BC) is a light-absorbing component of PM;s
composed of carbon. While fine particles are undifferentiated, BC is
derived exclusively from incomplete combustion. BC has been
often used interchangeably for elemental carbon (EC) or soot.
Although they are supposed to be comparable, they have slightly
different thermal, optical and chemical properties (Petzold et al.,
2013). When measuring BC mass through optical absorption by
collection on filters, the term BC is used. Alternatively, when
measuring BC mass through thermal heating and optical absorption,
the term EC is used (Bond et al., 2013). Since EC determination is
complex and can be inconvenient (e.g., expensive, filter
destructing), absorbance measurements of PM,s filters have been
used as a cheaper and easier technique to measure EC. In sites
highly influenced by combustion sources such as traffic, correlation
between BC/EC and PM,5 absorbance can be as high as 0.97
(Cyrys et al., 2003). EC, together with organic carbon (OC),
constitutes the total particulate carbonaceous material. While EC is
considered graphite-like carbon, OC is chemically combined with
oxygen, hydrogen, and other elements (Petzold et al., 2013).



Although BC is a component of PM, s, it may serve as an additional
indicator of the potential harmful effects on health when air quality
is dominated by primary combustion sources, particularly when it
comes to cardiovascular-related mortality and hospital admissions
(Janssen et al., 2011). Additionally, BC emissions are also of
concern for climate health. BC is a short-lived greenhouse pollutant
that can have even stronger warming effects than carbon dioxide
(Smith et al., 2009).

e Carbon monoxide

Carbon monoxide (CO) is a colorless, non-irritant, odorless, and
tasteless gas. CO is one of the most common and widely distributed
air pollutants and is involved in the formation of ozone at the
ground level. Although CO can be found in urban outdoor areas due
to the presence of combustion engines (including petrol- and diesel-
powered motor vehicles and generators), its relevance is mainly
found in indoor environments. The most important source of
exposure to CO in indoor air is emissions of fuel-based cooking,
lighting or heating appliances (WHO, 2010). When poorly
maintained appliances are burned in confined and poorly ventilated
environments, concentrations of CO can easily rise to lethal levels.

In order to address the risk of long-term exposure to CO, the WHO
indoor air quality guideline establishes a value of 7 mg/m® (6.1
ppm) for 24-h average exposure to CO (WHO, 2010). In rural
settings from LMICs, CO indoor concentrations can exceed 50 ppm
from 4% to 20% of 24-h time (Klasen et al.,, 2015). Fuel
combustion releases a complex mixture of particles and gases,
varying according to the fuel type and combustion conditions. At
the beginning of combustion, the pollutants released are dominated
by particulate matter (elemental and organic carbon) but CO
dominates towards the end. Independently of the type of fuel used,
90% of the carbon released during biomass combustion is oxidized
to carbon dioxide or CO (Reid et al., 2005). Increased fire intensity
also creates high concentrations of CO by limiting the oxygen
entrance into the flame zone.






1.2 Air pollution exposure assessment

a) Exposure concept and classification of exposure
assessment

Exposure is the contact between an agent and a target. In
environmental epidemiology, the agent is a substance found in an
environmental medium (e.g., water, air, soil) and the target is the
surface of the human body (e.g.,, skin, respiratory tract)
(Nieuwenhuijsen, 2015). More precisely, in air pollution
epidemiology the agent (e.g., particle, gas) is found in the air and
the target is the respiratory tract. The physical pathway an air
pollutant takes from the source to the human is illustrated in Figure
3. The Figure provides a specific example of household air
pollution, when the source is combustion of biomass cooking fuel,
which generates emissions of products of incomplete combustion.
Dispersion of the resultant combustion-related pollutants leads to
environmental concentrations in air. If for example cooking occurs
in an indoor Kkitchen, the Kkitchen would be considered a
microenvironment or compartment where air pollutants have a
relatively homogeneous concentration and where they come into
contact with individuals. Thus, the concept of microenvironment is
closely linked to the location of the individual. If an individual
moves to another location (e.g., main living area, workplace) it
would be considered a different microenvironment and therefore,
potentially a different exposure (Lioy and Weisel, 2014).

o K * TS 7 ST

i N ENVIRONMENTAL MICROENVIRONMENTAL HEALTH
SOURCE == EMISSIONS === 5o\ CENTRATIONS CONCENTRATIONS ~+ EXPOSUREE=/DOSE == ypa ot
ENVIRONMENT HUMAN

Figure 3 Exposure pathway of health-damaging air pollutants from
the source (e.g., firewood) to receptor (e.g., human being).
Source: adapted from Smith, 1993 and Nieuwenhuijsen, 2015

The intake pathway (or exposure route) is the mechanism by which
the pollutant penetrates to the human body. In the case of air
pollutants it is via inhalation. The dose is the amount of the inhaled
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pollutant that penetrates to the lungs, where it may react with body
tissue and lead to a physiological change. The dose depends not
only on exposure characteristics (concentration, duration, and
frequency) but also on the characteristics of the pollutants (e.g.,
size, chemical composition) and the individuals (e.g., breathing rate,
body weight).

Exposure assessment is broadly understood as the study of the
distribution and determinants of the environmental agents affecting
health (Nieuwenhuijsen, 2015). Although this assessment can be
done in all stages presented in Figure 3, for air pollution
epidemiologic studies it is widely accepted that exposure
measurement accuracy is increased when microenvironmental
concentrations are used instead of emissions. In this context,
exposure assessment is specifically referring to the process of
quantifying the concentration of the air pollutant (e.g., pg/m? in air)
and the duration (e.g., hours to years) and frequency (e.g., times per
day) of the contact between the individual and the air pollutant both
at the microenvironmental and at the individual level.

Exposure assessment approaches to quantify the concentration or
level of exposure can be classified into direct and indirect. Direct
methods are those measuring the concentration using air monitoring
equipment. Indirect methods are those estimating exposure using
modelling techniques. Modelling exposure is optimally conducted
in conjunction with direct methods in order to build and/or validate
the model(s) (see more details in the following subsections).
Questionnaires are also indirect methods that are widely used to
quantify duration and frequency of past and present exposure as
well as to obtain information on individual socio-economic
characteristics (e.g., face-to-face interviews), location, and activities
(e.g., time-activity diaries). They are cheap and easy to distribute,
allowing the collection of relevant data for a large sample of the
population. However, they are subjective tools that if not properly
designed, administered, and validated can lead to high measurement
error (Nieuwenhuijsen, 2015). Thanks to advances in technology,
objective tools to assess patterns of exposure are growingly used.
This is for example the case of smartphone-based Global
Positioning System (or GPS) to track location of individuals
objectively and continuously (de Nazelle et al., 2013).
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e Direct methods

Air quality monitors can be classified as shown in Figure 4. Time-
integrated monitors are those monitors providing average or
accumulated concentrations for a specific sampling period (e.g., 24
hours). Time-resolved monitors are those monitors providing
continuous concentrations for a specific time interval (e.g., every 5
min). Only time-resolved monitors can therefore provide
information regarding the time when a high-polluting episode is
occurring.

Direct methods
for air pollution

Active

(with pump)
T\me-lntegrated

monitors

Gravimetric

(or fiter-based)

<

Passive

(without pump)

Passive samplers

CO/NO:z diffusion :
tubes

fan) monitors

monitoring :
Active Light-scattering i DustTrak
. LT pesssees - microAeth,
(with pump or fan) monitors : TZ0AR
Time-resolved . - S
Passive Light-scattering or :
) ; : HAPEX,
(Wlthout pump or electro-chemical fessssss ‘E EL-USB-CO

N _/

N

Alltypes can be personal monitors

Figure 4 Possible classification of air quality monitors. Boxes with
dashed lines show some examples of each type of monitors.
Source: elaborated by the author.

Air quality monitors can have either active or passive measuring
mechanisms. Active monitors are composed of a sampling pump
which draws air into a collection unit. This air passes through a
filter, which retains particles. The size of the particles retained in
the filter will depend on cut-off size of the impactors or cyclones
used. Commonly, impactors and cyclones are designed to retain
PMs and PMyy (i.e., remove particles larger than 2.5 um or 10 pm
and collect those smaller). Exposure concentration is then
determined by subtracting the weight of the filter after monitoring
from the weight of the filter before monitoring and dividing this
difference by the volume of air sampled. This is why they are also
known as gravimetric monitors. Filters can be analyzed afterwards
to determine the chemical composition of the aerosol sampled.
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Passive monitors work by the principle of diffusion of air. Since
they do not depend on a sampling pump, passive monitors do not
require electricity and are cheaper and simpler to operate than active
monitors. Passive monitors can be used to sample either gases or
particles, but are more commonly used to sample gaseous pollutants
such as nitrogen dioxide (NO,).

The same air quality monitor can be equipped with various sensors
(e.g., gas, temperature, and humidity sensors). In its broadest
definition, a sensor is a device that reacts with changes in
environment and sends the information to other electronics. Sensors
can be grouped into those measuring gas and those measuring
particles. Gas sensors operate either by electrochemical interaction
with the gas or with infrared light absorption (Aleixandre and
Gerboles, 2012). Particle sensors estimate the concentration of a
single or different particle size ranges when a beam of infrared light
is scattered after colliding with the aerosol sample. The amount of
light scattered will depend on the characteristics of the particles in
the aerosol (e.g., size, index of refraction, light-absorbing potential).
Electrochemical sensors are sensible to meteorological fluctuations
such as wind speed, temperature, and humidity, which negatively
influence the chemical equilibrium of the sensor and therefore, their
response to the gas (Aleixandre and Gerboles, 2012). Light-
scattering sensors are generally particle counters, so they do not
provide direct readings of particulate matter mass (Snyder et al.,
2013). Hence, the use of monitors mounted on light-scattering
sensors should be accompanied by side-by-side measurements from
a gravimetric monitor (more cumbersome and expensive), in order
to convert counts to mass or correct for bias in the mass
concentration estimate based on light-scattering devices.

Air quality monitors are optimally worn by individuals to obtain
exposure measurements in individual’s exact microenvironments.
Personal monitors are designed to be small in size and lightweight
in order to be wearable by individuals while they are doing their
normal daily activities. They should be placed at the breathing zone
(area immediately surrounding nose and mouth, ideally not
exceeding 30 cm) to better capture the inhaled air of the individual.
To do so, monitors can be either directly clipped to a backpack strap
or a shirt, or carried inside a backpack or pouch but with the inlet
(or where air enters) placed to the breathing zone through a tube.
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Personal monitoring is generally labour-intensive for researchers
(particularly if gravimetric monitors are employed) and can be
burdensome for participants. This is why their use is usually
restricted to small samples of individuals and so far their use has
been limited if compared to microenvironmental monitoring.
Microenvironmental monitoring has been the most common direct
method used in exposure science and environmental epidemiology
and implies the use of portable or stationary monitors. These
monitors are bigger, more robust, and usually more expensive than
personal monitors. While portable monitors (or hand-held) are
particularly used for mobile monitoring and are commonly
validated and accepted by researchers (research-grade monitors),
stationary monitors are widely used for regulatory purposes
(regulatory monitors) since they are sophisticated and well-
established monitors that ensure the accuracy of measurements
(Williams et al., 2014).

For decades, performance specifications of monitors such as
accuracy and precision have been a cause of concern and debate in
the air pollution community. Poor or unknown quality of data has
been considered as useless as lack of data, particularly when it
comes to decision-making (Snyder et al., 2013). Parameters such as
accuracy (or the degree to which a measurement represent the true
value), precision (or the degree of variability in a measurement),
bias (or systematic deviation of measurements from the true value)
(Figure 5), and reliability (or the degree of stability of a
measurement when repeated under same conditions) have a decisive
role when determining monitor’s performance.
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ACCURACY PRECISION BIAS

Figure 5 Graphics representing the concepts of accuracy, precision
and bias. Source: original idea extracted from the Air Sensor
Guidebook of the USA Environmental Protection Agency (Williams
et al., 2014). Dartboard icon made
by Freepik from www.flaticon.com

e Indirect methods

Modelling techniques are particularly useful since provide estimates
of exposure in larger number of individuals and are less
instrumentally demanding than personal or microenvironmental
monitoring. They are particularly used for assessing long-term
levels (months to years) of outdoor air pollution, although long-term
indoor modelling techniques exist too. Correlation between outdoor
and personal concentrations depend on the pollutant and the setting
(Montagne et al., 2013), but given the high amount of time that
people spend in their home and surroundings, outdoor
concentrations have been generally considered a valid proxy of
residential-based personal exposure.

Indirect methods used so far in epidemiological studies include: 1)
proximity-based assessments (e.g., linear distance from a major
road); 2) spatial interpolation (e.g., kriging); 3) land-use regression
(LUR) models; 4) dispersion modelling; and 5) hybrid models (i.e.,
combining at least two of the abovementioned techniques) (Jerrett
et al., 2005; Nieuwenhuijsen, 2015). LUR models have been one of
the most extensively applied approaches. LUR models combine
direct environmental measures of air pollution in a limited number
of locations in the study area (preferably at > 40 sites) (Basagafia et
al., 2012), geographic information system (GIS) data, available
throughout the study area. With these, regression models to predict
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small-area variations in exposure based on spatially varying GIS
covariates (e.g., land use, distance to source) are developed (Hoek
et al., 2008). The resulting models can then be used to predict
ambient exposures in any location of the study area such as the
home address of individuals.

When compared to dispersion models, which are based on physical
principles and emission data, LUR models have lower input demand
and have been shown to perform better or similarly (Briggs et al.,
2000; Hoek et al., 2008). Its use, however, has been restricted to
urban areas dominated by traffic (Hoek et al., 2008; Sanchez et al.,
2018). Besides, as all models, LUR models are also vulnerable to
exposure measurement error. If LUR models do not account
properly for all sources of variation or small number of monitoring
sites is used together with a high number of potential predictors,
derived health effects can suffer from bias (Basagafia et al., 2013).

b) Challenges of choosing the best exposure assessment
approach

In this thesis, different air pollution exposure assessment
approaches have been used. Choosing the best assessment strategy
is always challenging since it depends on multiple interlinked
factors. These factors can be grouped into: 1) scientific, 2) logistic,
and 3) economic.

Scientific factors are those related to the research aim, which
determines the time scale of the exposure (short-term vs. long-
term), the type of exposure (outdoor vs. indoor vs. personal), the
type of air pollutant (gas vs. particles), and the target population.
Logistic factors are those related to the ease of use of monitoring
equipment, participant burden, the feasibility of collecting or
gathering data based on available human and material resources,
and the complexity of the characteristics of the site (e.g., security,
remoteness). Economic factors are those related to the budget
available for the study and can determine factors such as the sample
size (e.g., individuals, households, sites) and the type of the
monitoring equipment (e.g., low-cost vs. research-grade).
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Assessing air pollution in LMICs has additional challenges. Apart
from the fact that air pollution levels can be higher and sources are
often different than those in HICs, there is also high complexity and
heterogeneity in cultural, seasonal, and behavioural patterns
influencing exposure. Fieldwork conditions are also rougher since
meteorological conditions are more extreme and there are areas
without reliable sources of electricity to power monitoring
equipment. Indeed, the short battery life of the majority of current
monitors is one of the main challenges for long-term, continuous,
and unattended sampling in all parts of the world.

c) Proliferation of low-cost sensors

Financial constraints are the main barrier to large-scale, long-term
deployments for personal or microenvironmental monitoring
campaigns. But rapid growth of low-cost sensors could shape the
future of air pollution research. Sensors are commercially-available
for prices as low as $10. Multiple manufacturers and start-up
companies custom-built air quality monitors putting together these
sensors with microprocessors to collect sensor output, convert it in
human-readable data (e.g., ug/m* of PM,s) and store data internally
or remotely. This in turn results in ready-to-use air quality monitors
that can be much cheaper (< $600) compared to their research-grade
counterparts (> $1,000).

The proliferation of low-cost sensors is seen as an opportunity for
personal, indoor, and outdoor air quality assessments broadly (e.g.,
empowerment of citizens, educational purposes), but concerns
remain about the accuracy and performance among the air pollution
research community (Lewis and Edwards, 2016). Most of the
manufacturers using low-cost technology release their products
without a validation or with validation tests restricted to controlled
laboratory environments, not representative of heterogeneous real-
world environments. There are field-validation studies testing some
of the emerging low-cost monitors, although most of these studies
have been conducted in outdoor environments such that the
performance of low-cost monitors in indoor environments is hard to
predict. To conduct measuring campaigns on large scales and in a
feasible way in terms of financial and practical grounds, we ideally
need: 1) easy-to-use, 2) inexpensive, 3) accurate, and 4) portable
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monitors. For household air pollution studies, monitors additionally
need to be robust to operate under a wide range of concentrations
and temperatures. Currently there is no monitor that meets all of
these criteria, highlighting the need for validation of affordable
monitors to accurately assess long-term household air pollution
(Clark et al., 2013).
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1.3 Blood pressure and hypertension

In this thesis we link air pollution with cardiometabolic health.
Chronic cardiometabolic conditions include hypertension (presented
in this section) and diabetes mellitus (presented in section 1.4).
Other conditions include atherosclerosis, chronic kidney disease,
and obesity, among others. The metabolic syndrome is the presence
of multiple cardiometabolic abnormalities that individually and
interdependently increase cardiovascular disease (CVD) and
diabetes morbidity and mortality (Ford, 2005). The risk factors
typically used to define the metabolic syndrome are: elevated waist
circumference, elevated triglycerides, reduced HDL-C (high-density
lipoprotein cholesterol), elevated blood pressure (presented in this
section), and elevated fasting glucose (presented in section 1.4)
(Alberti et al., 2009).

a) Definition, measurement, and classification of blood
pressure

Blood pressure (BP) is the pressure exerted by circulating blood on
the arterial vessels due to the pumping action of the heart. Along
with the cardiac cycle, BP is composed by a maximum and a
minimum pressure. The maximum pressure, named systolic BP
(SBP), occurs during the systole phase of the cardiac cycle (or
ventricular heart muscle contraction). In contrast, the minimum
pressure, named diastolic BP (DBP), occurs during the diastole
phase of the cardiac cycle (or ventricular heart muscle relaxation).

Palpation of the oscillations of the blood flow (or E)ulse) dates back
to the early Egyptians, but it was not until the 19" century that the
BP measurement technique emerged as we know it today: the
mercury sphygmomanometry. Although mercury
sphygmomanometers are considered the gold standard when used
by trained clinical staff, their use has been drastically reduced due
to mercury safety concerns. This has led to the proliferation of non-
mercury devices such as electronic (oscillometric) devices, which
use a sensor to detect the pulse during arm cuff inflation and
deflation and have led the way in clinical and public health practice
(Whelton et al.,, 2017). In all types of devices, BP is typically
expressed as millimeters of mercury (mm Hg).
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Classification of BP is sensitive to international guidelines (Table
1). To date, the most common accepted and used diagnostic cut-off
for hypertension in adults has been SBP >140 mm Hg and/or DBP
>00 mm Hg (Chobanian et al., 2003). But in 2017, the American
College of Cardiology (ACC) and the American Heart Association
(AHA) proposed to lower the cut-offs to SBP >130 mm Hg and/or
DBP >80 mm Hg based on new observational evidence (Whelton et
al., 2017).

Table 1 Classification of blood pressure for adults according to the
seventh report of the Joint National Committee on prevention,
detection, evaluation, and treatment of high blood pressure (JNC7)
and the 2017 guidelines from the American College of Cardiology
(ACC) and the American Heart Association (AHA).

JNC7 guidelines ACC/AHA guidelines
SBP DBP SBP DBP
(mmHg) (mmHg) | (mmHg) (mm Hg)

Normal <120 and < 80 <120 and < 80
Elevated 120-139 or 80-89 120-129 and < 80
Stage 1 140-159 or 90-99 130-139 or 80-89
hypertension
Stage 2 >160 or >100 >140 or >90
hypertension

Source: table adapted from Chobanian et al 2003 (JNC7) and
Whelton et al 2017(ACC/AHA). Abbreviations: SBP, systolic blood
pressure; DBP, diastolic blood pressure.

Since within-individual BP levels are very variable, JNC7 and
ACC/AHA agree that for a proper classification of hypertension at
least two BP readings should be obtained in at least two occasions.
Average of BP readings obtained in a single occasion may lead to
an overestimation of hypertension and it is therefore not
recommended for clinical decision-making (Chobanian et al., 2003;
Whelton et al., 2017).
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b) Burden and prevalence of high blood pressure and
hypertension

High BP is a major risk factor for CVD and chronic kidney disease.
The risk of CVD progressively increases with increasing BP levels.
At middle and old ages (40-69 years), every 20 mm Hg increase in
SBP (or equivalently 10 mm Hg in DBP) is associated with more
than a twofold risk of death from ischemic heart disease, stroke and
other vascular causes (Prospective Studies Collaboration, 2002).

According to the last Global Burden of Disease study, worldwide,
high BP accounts for 10.5 million deaths (representing up to 32% of
total deaths) and 212 million DALYs (representing up to 20% of
total DALYSs) (Gakidou et al., 2017). In terms of DALYS, high BP
was ranked at the second risk factor for men (only surpassed by
smoking) and the first risk factor for women.

Worldwide prevalence for high BP has increased over the past four
decades, going from 594 million adults in 1975 to more than one
billion in 2015 (Zhou et al., 2017). This increasing trend has large
regional disparities; while in the seventies prevalence was mostly
present in HICs, currently is mostly present in LMICs, particularly
in South Asia. Of all adults with high BP across the world, almost
half (44%) live in South and East Asia; India and China are the
countries with more prevalent cases in the world (18% and 20%,
respectively) (Zhou et al., 2017). Indeed, the expected 60% increase
in the worldwide prevalence by 2025 is mostly attributed to the rise
of the prevalence in LMICs, which will increase by 80% in the
coming decade and contrasts with the 24% increase in HICs
(Kearney et al., 2005). In the framework of this thesis, it is also
important to point out that the prevalence of hypertension among
adults with diabetes can be up to 80% (Whelton et al., 2017). When
both hypertension and diabetes coexist, there is a high risk of
developing CVD and microvascular complications. Each 10 mm Hg
decrease in SBP can reduce up to 13% microvascular complications
in patients with diabetes (Adler, 2000).

Prevalence of hypertension can have a distinctive urban-rural

pattern.When estimates for both HICs and LMICs are pooled
together, rural areas only have a slightly less prevalence of
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hypertension (39%) than urban areas (40%) (Chow, 2013).
However, in LMICs such as India, the prevalence of hypertension
can be much higher in urban populations (33%) than rural
populations (25%) (Anchala et al., 2014). In LMICs, prevalence of
hypertension is generally lower in women (36%) than men (37%)
(although the pattern is inverse after menopause) and women tend
to have higher rates of hypertension awareness, treatment, and
control than men (Chow, 2013).

c) Risk factors for hypertension

Hypertension is mainly driven by biological, sociological, and
environmental risk factors. The strongest non-modifiable
determinant of hypertension is age (above 50 years of age, higher
BP). Most relevant risk factors of hypertension are related to
lifestyle habits. Maintenance of a normal body weight, healthy
dietary habits (e.g., consumption of vegetables and fruits and low-
fat products), low salt intake, increased levels of physical activity,
and moderation of alcohol consumption (e.g., no more than two
drinks per day in men) have been shown to prevent high BP
(Chobanian et al., 2003). However, social and cultural norms can
limit the scope of these prevention strategies. Factors such as lack
of availability of healthy food and exercise programs and patient
reluctance to the health system can impede primary prevention.

Pervasive environmental factors can also affect BP: ambient
temperature (colder temperature, higher BP), geography (higher
altitude and latitude, higher BP), noise (louder noise, higher BP),
and air pollutants (higher concentrations of pollutants, higher BP)
(Brook et al., 2011).
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1.4 Glucose metabolism and diabetes

a) Definition, measurement, and classification of blood
glucose levels

Glucose is a simple sugar (or monosaccharide) that is used by the
human body as a key source of energy. Glucose is released into the
blood stream by the liver and its origin is primarily from the brake-
down of ingested carbohydrates. The amount of glucose in human
blood (i.e., the blood glucose level) is universally expressed in
millimoles per litre (or mmol/l). The hormone in charge of
regulating the blood glucose levels is insulin, which is produced by
the pancreatic beta-cells (B-cells). When the B-cells detect high
blood glucose levels, they produce insulin in response. When blood
glucose levels are persistently high (hyperglycaemic state), -cells
are forced to produce more insulin to compensate, which could lead
to insulin resistance (or low insulin sensitivity). Insulin sensitivity
and pB-cell function are therefore inversely and proportionally
related (Kahn, 2001).

Diabetes was defined in 1999 by the WHO as “a metabolic disorder
of multiple etiology, characterized by chronic hyperglycaemia
resulting from defects in insulin secretion, insulin action or both”.
Individuals with extensive f-cell destruction (attributable to an
autoimmune pathologic process) require insulin for survival. These
are individuals having Type 1 diabetes mellitus (Khatib et al.,
2006). When B-cells cannot cope with increased insulin resistance,
there is risk of developing Type 2 diabetes mellitus (T2DM) (Kahn,
2001). T2DM is more common (90-95% of all diabetes) than Type
1 and it remains asymptomatic even when pathologic and functional
changes in various target tissues have started (American Diabetes
Association, 2014). During this asymptomatic  period,
measurements of blood glucose levels are done for the detection and
control of diabetes.
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Table 2 Summary of cut-points and characteristics of diabetes
diagnostic tests.

Fasting Oral glucose Glycated
blood tolerance hemoglobin
glucose test (OGTT) (HbA1()
Cut-points for >7 mmol/l  >11.1 mmol/l >6.5%
diabetes
diagnosis in
adults
Fasting yes, >8 hours yes, >8 hours no
required
Technique widely widely may not be
availability available available available
Participant medium high low
burden
Biological high high low
variability
Day-to-day high high low
variability
Sample low low high
stability
Sensitive to... media (serum  medication  ethnicity and age
vs. plasma) of participant
Cost inexpensive expensive expensive

Source: table adapted from Sacks, 2011.

There are three different tests to detect high levels of blood glucose
(Table 2). The test used in this thesis and the most extensively used
for its low cost and availability is fasting blood glucose. In this test,
participants are asked to fast before blood withdrawal. Blood is
afterwards analyzed using standard enzymatic methods. There is no
consensus on an internationally recognized cut-point to define the
fasting state. While WHO defines fasting as no food or beverage
consumption (other than water) for at least 10-16 hours (Khatib et
al., 2006), the American Diabetes Association (ADA) defines it as
“no caloric intake for at least 8 hours” (American Diabetes
Association, 2014). However, participants are typically asked to fast
overnight and a minimum of 8 hours fasting is generally accepted.
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Other tests (to be done together with fasting blood glucose or
independently) are the oral glucose tolerance test (OGTT) and
glycated haemoglobin (HbA;;). Glycated haemoglobin is less
susceptible to biological and day-to-day variability if compared to
fasting blood glucose and OGTT (Table 2), so is believed that it
better represents long-term (3-months) average blood glucose
levels. However, its accuracy has been put into question due to its
susceptibility to ethnicity and age (Bansal, 2015).

In asymptomatic individuals, multiple testing is required in order to
confirm the diagnosis. In symptomatic individuals, unequivocal
high levels of blood glucose in a single test may be sufficient for
diagnosis (Khatib et al., 2006). In epidemiologic studies interested
in average population-based levels rather than diagnosis, levels
from a single test may be sufficient to identify people at risk,
although repeated tests are always preferable. According to WHO
and ADA, an adult having a fasting blood glucose level of > 7
mmol/l is considered to have diabetes.

Before the onset of diabetes, there is always the presence of a
prediabetes state. Prediabetes is an intermediate risk state where
the blood glucose levels are above normal but below the cut-point
defined for diabetes. The cut-points proposed for the definition of
prediabetes are not uniform. The WHO proposes that fasting blood
glucose levels should be between > 6.1 mmol/l and < 6.9 mmol/l,
while the ADA uses a lower cut-point (> 5.6 mmol/l).

b) Burden and prevalence of high blood glucose and
diabetes

The burden of deaths from high blood glucose in 2016 was 5.6
million deaths (accounting for 17% of the total global deaths). This
number includes 1.4 million diabetes deaths (26% of the total high
blood glucose deaths) (Gakidou et al., 2017). Other causes of death
included chronic kidney disease, ischaemic heart disease, and
ischaemic stroke, among others, highlighting the large mortality
burden of high blood glucose beyond diabetes. High blood glucose
was also a large contributor to global morbidity, responsible of 144
million DALY (accounting for 13% of the total global DALYSS).

25



An estimated 422 million adults were living with diabetes in 2014,
representing 8.5% of the total global population (WHO, 2016).
Although the highest prevalence is found in the Eastern
Mediterranean region (13.7%), most of the new cases are appearing
in LMICs. South-East Asia has seen a recent dramatic increase in
diabetes, with 96 million people having diabetes in this region and
with India and China being the countries with more prevalent cases
of diabetes in the world.

As occurs with hypertension, prevalence of diabetes also has a
distinctive urban-rural pattern. Prevalence of diabetes is
substantially higher in urban than rural areas. A multicenter study in
India estimated that people living in urban areas had 30% higher
risk of having diabetes than those living in rural areas (Anjana et al.,
2011). Indeed, the number of prevalent cases in India and China is
expected to grow with increasing economic development and
urbanization.

c) Risk factors for diabetes

Risk factors for T2DM development are a combination of genetic
and metabolic factors. Among genetic factors, ethnicity and family
history of diabetes are important factors. For example, South Asians
have a particular phenotype that predisposes them to higher insulin
levels, greater insulin resistance, and higher prevalence of T2DM
(Unnikrishnan et al., 2014). South Asians also progress from
prediabetes to diabetes at younger ages than white Europeans
(Sattar and Gill, 2015). Other ethnicities such as African American,
Latino, and Pacific Islander are also considered high-risk.

Among metabolic factors, overweight and obesity are the strongest
risk factors for T2DM. Both higher waist circumference and body
mass index are associated with increased risk of T2DM. Although
South Asians have lower BMI than other ethnicities, its association
with high blood glucose is as strong as in any other population
(Ramachandran et al., 2010). Obesity goes in hand with physical
inactivity and unhealthy dietary patterns (e.g., high intake of
saturated fatty acids and sugar-sweetened beverages), both
important risk factors for T2DM. Other important risk factors are
previous gestational diabetes, older age (prevention tests in
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assympomatic adults start at 45 years), and smoking (American
Diabetes Association, 2014).

Emerging evidence indicates that the built and natural environment
(e.g., walkability, green spaces) and environmental characteristics
(e.g., air pollution, temperature, noise) can also influence T2DM
(Mazidi and Speakman, 2017; Zare Sakhvidi et al., 2018; Dendup et
al., 2018).
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1.5 Effects of air pollution on cardiometabolic
health

a) Potential biological mechanisms

The potential biological mechanisms linking air pollution exposure
with cardiometabolic responses are not fully understood. However,
it is well-established that the mechanisms may differ according to
the particulate constituents, exposure duration (acute vs. chronic),
and the underlying susceptibility of individuals (e.g., patient with
heart failure).

With acute exposures (i.e., within minutes/hours after exposure),
principal non-mutually exclusive pathways are autonomic
imbalance favouring sympathetic activity, thrombosis (through the
release of pro-coagulant proteins), and alterations in endothelial
function (Minzel et al., 2016). Understanding the pathways for
chronic exposures (i.e., within weeks/months after exposure) is
more complex since multiple tissues can be involved and exposure
can occur with other more dominant risk factors. Additionally, little
is known about the effects of co-pollutant chronic exposures such as
noise, which may interact additively or synergistically.

Oxidative stress is the most common pathway proposed for short-
and long-term air pollution exposure in a range of different
pollution scenarios (diesel exhaust, wood smoke, PM,s, UFP).
Increase in oxidant stress can trigger endothelial injury or
dysfunction and consequently alter systemic hemodynamics
(leading to the development of hypertension) and increase insulin
resistance (leading to the development of diabetes). Other pathways
by which particulate matter and other air pollutants could lead to the
development of cardiometabolic disease include impaired renal
function, obesity and weight gain, and alterations in mitochondria
and brown adipose tissue (Rajagopalan and Brook, 2012).

29



b) Evidence for particulate air pollution and high blood
pressure and hypertension *

Before the start of this thesis in 2016, there was already a large
amount of epidemiological evidence supporting that short and long-
term exposure to particulate air pollution can increase BP (Brook
and Rajagopalan, 2009; Liang et al., 2014; Yamamoto et al., 2014,
Giorgini et al., 2016). In general, less evidence existed for long-
term exposures than for short-term and almost all the existing
evidence found heterogeneous results, mainly due to the different
populations studied and the different methodologies used across
studies.

All of the evidence regarding the effects of long-term exposure to
air pollution on BP or hypertension was based on HICs, particularly
North America and Europe, where annual ambient concentrations
reported are generally lower (< 20 ug/m®) and influence of traffic-
related sources is higher than in LMICs. Hence, there is a gap for
people exposed to higher doses than passive smoking but lower than
active smoking, typically found in LMICs due to the contribution of
household air pollution (Smith and Peel, 2010).

To the best of our knowledge, there was no evidence about the
effects of long-term exposure to PM, s on BP in South Asia before
starting this thesis. However, a systematic review covering evidence
until 2012 identified nine South Asian studies assessing the link
between PMjo and CVD, including BP (Yamamoto et al., 2014).
These studies assessed the role of PMy, and prevalent hypertension
using case-control designs (Banerjee et al., 2012; Dutta and Ray,
2013) and compared SBP and DBP levels in children from high-
polluted vs. less-polluted schools (Sughis et al., 2012). Others have
focused on the changes in BP after short exposure to household air
pollution (Dutta et al., 2011; Baumgartner et al., 2014; Norris et al.,
2016).

! Search terms used for literature review are shown in Annexes (page 272).
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Despite the influence of BC in cardiovascular and cardiorespiratory
health, there is still limited evidence about the long-term effects of
BC on high BP, as recently highlighted by a systematic review
(Magalhaes et al., 2018). Existing studies conducted before this
thesis started were based in the USA and only included older adults
(~70 to 80 years) (Schwartz et al., 2012; Wellenius et al., 2012;
Zhong et al., 2016). Although the three studies found positive and
significant associations with SBP and DBP per increased
concentrations in middle- or long-term BC, differences in the
exposure measurement approaches used by these studies make them
hard to compare.

c) Evidence for particulate air pollution and high blood
glucose and diabetes *

Compared to high BP and hypertension, at the start of this thesis the
evidence for the long-term effects of particulate air pollution on
blood glucose was even more limited (Thiering and Heinrich,
2015), with few studies having evaluated this association at that
time (Chuang et al., 2010; Chen et al., 2016; Liu et al., 2016; Wolf
et al., 2016). Some of these studies indicated a positive association
between long-term PM, s and blood glucose in: 11,847 middle-aged
Chinese adults (Liu et al., 2016), 1,023 Mexican American women
with previous diagnosis of gestational diabetes (Chen et al., 2016),
and 2,944 German adults (Wolf et al., 2016).

At the start of this thesis there were no studies including exposure to
long-term BC. Only Wolf and colleagues evaluated PM;s
absorbance as a comparable measure of BC, without finding a
strong association.

Most of the evidence at the beginning of this thesis was focused on
the link between particulate air pollution and diabetes. The first
study linking air pollution with diabetes prevalence in adults was an
ecological Canadian study conducted 16 years ago (Lockwood,
2002). Since then, there has been a substantial increase in the
number of studies assessing this potential association.

! Search terms used for literature review are shown in Annexes (page 272).
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Positive associations have been found for diabetes mortality,
prevalence, and incidence, all generally supported by several meta-
analyses (Balti et al., 2014; Janghorbani et al., 2014; Wang et al.,
2014; Eze et al., 2015). The systematic review conducted by Eze
and colleagues only identified studies in North America and
Europe. They also listed some of the limitations of the evidence
available in 2014, highlighting among other things the importance
of considering risk factors such as obesity, physical activity,
nutrition, and smoking when assessing the effect of air pollution on
diabetes (Eze et al., 2015).

During the course of this thesis, studies assessing potential air
pollution effects on cardiometabolic health have grown
considerably in East Asia, mostly in China (Lin et al., 2017; Liu et
al., 2017; Lietal., 2018; Qiu et al., 2018; Yang et al., 2018a, 2018c;
Zhang et al., 2018; Xie et al., 2018). These studies have provided
new insights on the etiologic role of long-term air pollution on BP
and blood glucose in LMICs. Besides, they were conducted in
settings with representation of rural areas and with comparable
burdens of air pollution and cardiometabolic diseases as those found
in South Asia.
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2. RATIONALE

LMICs are facing four of the main drivers of morbidity and
mortality worldwide, namely ambient air pollution, household air
pollution, high blood pressure, and high fasting blood glucose.
However, LMICs have received little attention in exposure and
environmental epidemiological studies so far, leaving important
research gaps in exposure science and global health.

Advances in battery technology, miniaturization, and other
technological advances have brought to market a number of low-
cost air quality monitors that may offer the opportunity to quickly
provide air pollution data, which hold particular promise for
measurements in LMIC settings, where ambient monitoring
networks can be sparse and household concentrations and personal
exposures significantly different from ambient concentrations.
However, many guestions have emerged about the potential benefits
of these low-cost monitors, including their performance for long-
term sampling in populations exposed to high levels of household
air pollution. Accurate, easy-to-use, and affordable monitors to
measure long-term household air pollution exposure are needed to
move beyond currently used short-term measurements as a proxy
for long-term exposure, which is of interest for many health
outcomes. Evaluating the accuracy and ease of use of these
monitors is also essential to design cost-effective sampling
strategies in population-based studies in LMICs.

Given the substantial proportion of the population still relying on
unclean fuels for household energy, it is crucial to identify specific
sources or activities contributing to personal particulate exposure,
especially among women, who bear a disproportionate burden of
household air pollution. This information could support the design,
implementation and evaluation of community-based interventions to
improve health.

Very little is known whether long-term exposure to ambient air
pollution is linked to higher levels of BP and fasting blood glucose
in LMICs. Existing evidence is based on populations inside of
HICs. Findings from these studies may have limited transportability
to populations in LMICs because air pollution levels are typically
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outside of the range observed in HICs and influenced by a complex
mixture of sources. Differences in the genetic profile, lifestyle
habits, and baseline health status are also important components that
could make previous findings have limited transportability to
LMICs. Epidemiological studies in LMICs can therefore shed light
on the exposure-response relationship in populations exposed to
higher ambient concentrations.

34



3. OBJECTIVES, HYPOTHESES, AND
CONCEPTUAL FRAMEWORK

General objectives

The overarching aims of this research are:

1)

2)

3)

To explore the potential benefits of low-cost technology for
conducting long-term monitoring campaigns in population-
based studies in rural low- and middle-income areas.

To characterize the levels of personal and ambient
particulate air pollution and to identify the sources of
personal particulate air pollution in a semi-rural area in
South Mozambique.

To evaluate the associations between long-term exposure to
ambient particulate air pollution and cardiometabolic
outcomes in adults from a peri-urban area in South India.

Specific objectives

1.1)

To evaluate the performance of three low-cost monitors
measuring indoor PM,s and CO in a wood-combustion
experiment in Spain and in a field-based study in India

(paper I).

2.1) To characterize levels of ambient PM2.5, EC, and OC in a

semi-rural area of Mozambique and temporal patterns of
personal exposure to BC among women in the same area

(paper I1).

2.2) To identify main predictors of personal exposure to BC

among women in a semi-rural area of Mozambique (paper

).

3.1) To evaluate associations between long-term exposure to

ambient PM, s and BC, systolic and diastolic blood pressure,
and prevalent hypertension in adults from peri-urban India

(paper I11).

3.2) To evaluate associations between long-term exposure to

ambient and personal PM;5s and BC, levels of fasting blood
glucose, and prevalent prediabetes and diabetes in adults
from peri-urban India (paper 1V).
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Hypotheses

v Low-cost technology is easy to use and provides material
benefits for conducting long-term monitoring campaigns in
rural low- and middle-income areas.

v Cooking-related indicators are the main determinants for
personal exposure in women in semi-rural Mozambique.

v" High exposure to ambient and personal air pollution is

associated with poorer cardiometabolic health in adults from
peri-urban India.
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Conceptual framework

The conceptual framework of this thesis is illustrated in Figure 6.

-
EXPOSURE EXPOSURE EPIDEMIOLOGIC
ASSESSMENT DETERMINANTS ANALYSIS
Direct  iindirect |  -Age sex ~Blood pressure
-Time- . Land-use §| . +Socio-economic status = »Hypertension
resolved regression i .Indoor sources (cooking, g = Fasting blood glucose
~Time- E-F’ersonal lighting, tobacco smoke) - Prediabetes and
integrated prediction ' +Household configuration diabetes
i models - Behavioral habits
Froseoseosacsaosaoseo + (physical activity,
"""" cooking)
s ST

Figure 6 Conceptual framework of this thesis, covering aspects of

air pollution exposure assessment, exposure determinants, and
environmental epidemiology.
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4. METHODS

4.1 Study areas and population

This thesis is based on two collaborative projects: the SUMA
project and the CHAI project. The SUMA project is the framework
for paper Il and the CHAI project for papers I, 111 and 1V.

SUMA builds on the health and demographic surveillance system
(HDSS) conducted by the Manhica Health Research Centre (Centro
de Investigacdo em Saude de Manhica, CISM) since 1996 in the
Manhica district (Maputo Province), in southern Mozambique. In
2014, the HDSS area covered 500 km? and 95,000 inhabitants
distributed in 22,000 geo-located households (Sacoor et al., 2013).
In this thesis, we used cross-sectional data from a measurement
campaign conducted during 2014-2015. The campaign aimed to
characterize levels of ambient particulate air pollution in the HDSS
area as well as levels of personal exposure to BC in women of
childbearing age living in the study area. Apart from collecting air
pollution data, the overarching goals of this measurement campaign
were to identify determinants of personal air pollution exposure
among women and to assess potential respiratory health effects.

CHAI builds on the Andhra Pradesh Children and Parents Study
(APCAPS), a prospective cohort investigating risk factors for
cardiometabolic disease over the life course conducted by
investigators in India (Public Health Foundation of India, National
Institute of Nutrition) and the UK (LSHTM, University of Bristol).
In this thesis, we used cross-sectional data from the third follow-up
of APCAPS, conducted during 2010-2012 and including around
7,000 participants residing in 28 peri-urban villages southeast of
Hyderabad city (Telangana state, South India). Participants from the
third follow-up of APCAPS were composed of participants
originally recruited as part of the Hyderabad Nutrition Trial in
1987-1990 (and also followed-up in young adulthood in 2003-2010)
and their family members (recruited for the first time in the third
follow-up) (Kinra et al., 2014). CHAI (Cardiovascular Health
effects of Air pollution in Andhra Pradesh, India) started in 2015
with the aim to characterize exposure to particulate air pollution
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from outdoor and household sources in the APCAPS study area and
population (see more details in the next subsection).

4.2 Air pollution exposure assessment

In this thesis, different air pollution exposure assessment
approaches have been used. In southern Mozambique (paper I1),
the ambient monitoring campaign consisted in collecting 24 hour
background levels of PM,5, EC, and OC once every three days
during a year (i.e. 115 days) using a gravimetric stationary monitor
located at the CISM facilities. PM, 5 concentrations were derived
using gravimetric analysis on collected filters and EC/OC
concentrations were derived from thermal-optical transmission
techniques. The personal monitoring campaign consisted in
collecting 24 hour time-resolved levels of BC in 202 women from
the study area. A portable monitor based on Aethalometer optical
absorption technology was used.

Approaches used in the framework of CHAI (papers I, 111, and 1V)
are summarised in Figure 7 and explained in more detailed
elsewhere (Tonne et al., 2017). Briefly, in CHAI, an intensive
monitoring campaign was conducted, collecting data at the
personal, indoor, and outdoor level. Personal measurements
consisted in gravimetric personal measurements in two seasons in a
subsample of 349 participants. Indoor measurements consisted in
24-hour PM, s measurements in two seasons in 34 households. Two
low-cost monitors measuring PM,s and CO were installed for a
week in the main living area of four of these households (paper I).
Outdoor measurements were conducted in the rooftops of 23
households located in 16 of the 28 villages of the study area using a
gravimetric sampler. Outdoor measurements at background
monitoring sites were also collected. PM,s concentrations were
derived using gravimetric analysis on collected filters and BC
concentrations were derived from optical attenuation of the mass
collected on the filters using an optical transmissometer. For
epidemiological analyses, regression models to predict long-term
personal and residential exposure to all APCAPS participants were
developed. For details on LUR models development, see Sanchez
et al (Sanchez et al., 2018) and for personal predicted models see
Sanchez et al (Sanchez et al.).
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Figure 7 Exposure assessment approaches used in this thesis within
the framework of the CHAI project.
Abbreviations: Geographic Information System (GIS)
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5. RESULTS

This thesis is composed of the following four scientific articles:

Paper I. Performance of low-cost monitors to assess household air
pollution, published

Paper Il. Predictors of personal exposure to black carbon among
women in southern semi-rural Mozambique, submitted

Paper 111. Ambient particulate air pollution and blood pressure in
peri-urban India, accepted

Paper V. Particulate air pollution and blood glucose and diabetic
status in peri-urban India, in preparation
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5.1 Paper |

Curto A, Donaire-Gonzalez D, Barrera-Gomez J, Marshall
JD, Nieuwenhuijsen MJ, Wellenius GA, Tonne C.
Performance of low-cost monitors to assess household air
pollution. Environmental Research. 2018: 163: 53-63. doi:
10.1016/j.envres.2018.01.024
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https://www.sciencedirect.com/science/article/pii/S0013935118300239

5.2 Paper Il

Curto A, Donaire-Gonzalez D, Manaca MN, Gonzalez R,
Sacoor C, Rivas I, Gascon M, Wellenius GA, Querol X,
Sunyer J, Macete E, Menéndez C, Tonne C. Predictors of
personal exposure to black carbon among women in
southern semi-rural Mozambique. Submitted. Environ Int.
2019 Oct;131:104962. DOI: 10.1016/
j-envint.2019.104962
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https://www.sciencedirect.com/science/article/pii/S0160412018330423

5.3 Paper lli

Curto A, Wellenius GA, Mila C, Sanchez M, Ranzani O,
Marshall JD, Kulkarni B, Bhogadi S, Kinra S, Tonne C.
Ambient particulate air pollution and blood pressure in
peri-urban India. Epidemiology. 2019 Jul;30(4):492-500.
DOI: 10.1097/EDE.0000000000001014
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https://insights.ovid.com/crossref?an=00001648-201907000-00005

5.4 Paper IV

Curto A, Ranzani O, Mila C, Sanchez M, Marshall JD,
Kulkarni B, Bhogadi S, Kinra S, Wellenius GA, Tonne C.
Lack of association between particulate air pollution
and blood glucose levels and diabetic status in peri-
urban India. Environ Int. 2019 Oct;131:105033. DOI:
10.1016/j.envint.2019.105033
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https://www.sciencedirect.com/science/article/pii/S0160412019303587

6. DISCUSSION

This section aims to provide an integrated discussion of the overall
thesis. It therefore provides a complementary view of the aspects
already addressed in each of the papers (Results section).
Additionally, this section discusses the contribution and implications
for exposure science and public health of this thesis along with
proposals for future research ideas within these fields.

6.1 Main findings and contribution to the current
knowledge

Overall, this thesis advances the frontier of air pollution
epidemiology in several ways. First, it addresses one of the priorities
in household air pollution research: the search for affordable and
accurate air quality monitors able to capture the wide range of indoor
concentrations typically found in LMICs. Second, this thesis fills an
important gap in exposure science, which is the characterization of
ambient and personal exposure to air pollution in sub-Saharan
Africa, where the availability of air pollution data has been so far
scarce. This characterization has in turn provided evidence regarding
the relative contribution of modifiable sources linked to personal
exposure. Finally, this thesis sheds light on the important scientific
question of the relationship between particle exposure and
cardiometabolic health in areas not dominated by traffic sources,
which have received far less attention than traffic-dominated areas.
All together, this thesis goes a step further in understanding the
measurement, determinants, and effects of air pollution on
cardiometabolic health.

a) Air pollution measurement and determinants:
contribution of papers | and Il

Papers | and Il used direct methods to assess microenvironmental
and personal air pollution exposures, respectively. Paper | was the
first to evaluate the performance of three low-cost monitors under
semi-controlled and real-world indoor conditions. Paper Il was the
first to characterize personal time-resolved exposure to BC in sub-
Saharan African women.
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The performance of the low-cost monitors of paper | was found to
be unsatisfactory in terms of high rates of failure or malfunction.
Rates of data logging failure are usually under-reported even though
they provide very helpful information for researchers aiming to start
new measurement campaigns. Indeed, the importance of developing
more transparent data communication practices in low-cost sensing
studies has been already highlighted (Clements et al., 2017). The
failure rates among the low-cost monitors measuring particulate
matter (HAPEX and TZOA-R) were possibly due to manufacturing
defects given by their early design stage. The CO monitor we tested
(EL-USB-CO), however, is a more established low-cost monitor in
the literature and still had high rates of malfunction. Frequent
calibration during sampling has been proposed as one of the
solutions to prevent this malfunction (Piedrahita, 2017). However,
under the desired scenario of unattended sampling, frequent
calibration would require intensive supervision by the field staff. In
some other cases, the reasons why a monitor fails remain unknown,
limiting the confidence in low-cost monitors for population-based
studies.

The households in India selected for the field-based study in paper |
used clean energy as a primary source for cooking, thus limiting our
ability to measure wide ranges of exposure. When low-cost sensors
are exposed to high indoor air pollution levels, they can fail to
provide quantitative information after saturation (observed at 5
mg/m?®) (Patel et al., 2017). In paper 11, we also found saturation or
clogging issues with the research-grade personal BC monitor used
(i.e., microAeth). In this case, the monitor kept providing
quantitative data, although likely with an underestimation of the true
value. Saturation issues can be sometimes solved by reducing the
flow rates, but in the case of our study, the flow rate was set at the
minimum (i.e., 50 ml/min).

In paper 11, temporal patterns of BC were evaluated for the first
time in sub-Saharan Africa, providing further understanding of the
personal BC levels among women during the day. As shown in
Figure 8, in European areas influenced by traffic (e.g., Barcelona),
the peaks of personal exposure are commonly determined by traffic
rush hours (8-9 am) (Nieuwenhuijsen et al., 2015). In semi-rural sub-
Saharan Africa, we found that peaks were determined by fuel-based
lighting activities starting in the evening (6-7 pm). Indeed, the use of
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kerosene lamps for lighting was identified as the major source
contributing to high personal BC average and peak levels. Although
we hypothesized that cooking-related indicators were likely to be the
greatest determinants for personal exposure in this population, the
study sample was quite homogenous in regards to the type of
cooking fuel. We acknowledge that this finding may not be
applicable to other areas in sub-Saharan Africa with higher access to
electricity, but it is still applicable to the 57% of the rural and semi-
rural areas from sub-Saharan Africa and 76% from Mozambique
where there is no access to electricity (World Bank, 2016).
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Figure 8 Daily temporal patterns of personal black carbon exposure
in Barcelona (Spain) and Manhica (Mozambique). Lines represent
the smoothed daily means of all personal measurements combined

and grey shadow represents the 95% Confidence Interval.

b) Cardiometabolic health effects: contribution of papers
[l and IV

Papers 111 and IV were the first to evaluate the associations
between long-term exposure to ambient particulate air pollution and
cardiometabolic outcomes in South Asia. This research therefore
expands the current evidence to a region that has been under-
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investigated so far (Yang et al., 2018b) and has higher air pollution
levels than other HICs. In paper 111, long-term exposure to ambient
PM,5s was associated with high BP and prevalent hypertension in
women, with stronger associations for SBP than for DBP. This
association was found to be independent of the type of fuel used for
cooking, highlighting the independent contribution that ambient and
household air pollution can have on cardiovascular health. In paper
IV, we found no evidence that ambient PM, 5 and BC are associated
with blood glucose or prevalence of prediabetes/diabetes in this
population.

Areas with high levels of ambient air pollution tend to have higher
risk of stroke and heart failure than those with lower levels (Shah et
al., 2013; Yang et al., 2014). As discussed earlier in Introduction and
Results (see pages 32 and 164-165), previous evidence in areas
covering high air pollution ranges has focused on East Asia, with the
majority of contributions coming from China. However, not all
regional differences are due to air pollution levels. When areas with
similar air pollution levels are compared, differences in health
estimates can remain. This was the case of our comparisons between
PM_5-BP associations in our study vs. Chinese studies, discussed in
paper Il (see pages 164-165). We hypothesized that the higher
magnitude of our PM,5-SBP association in women may partly
reflect the high rates of undiagnosed and untreated hypertension in
our study population, perhaps due to comparatively lower income
and socioeconomic status and lower access to health care systems
than the Chinese areas studied.

Apart from income and socioeconomic factors, regional differences
may be driven by other risk factors for hypertension such as genetic
susceptibility, lifestyle habits, and co-pollutant exposures such as
noise (Yang et al.,, 2018b). In the light of our null associations
between air pollution and blood glucose levels and prevalence of
prediabetes/diabetes in paper 1V, it is interesting to explore the
potential shape of the PM, s-diabetes exposure-response relationship.
A recent study has characterized an integrated concentration-
response function using worldwide existing evidence linking long-
term PM, s with incidence of diabetes (Bowe et al., 2018), observing
a non-linear exposure-response relationship (Figure 9). Although the
risk of diabetes increased substantially above 6.2 pg/m® of PMys (set
as the reference), it exhibited a more moderate increase at
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concentrations of PM, s above 10 pg/m® and reached a plateau at 13
ug/m® (Figure 9).
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Figure 9 Integrated exposure-response function for ambient PM; s
and risk of diabetes. Red line is representing the hazard ratio and
black lines the 95% confidence intervals. In the background, the

histogram with the distribution of PM, s exposure is presented.
Source: original plot extracted from Bowe et al., 2018

From this study, it becomes apparent the exposure gap in PM;s
concentrations > 17.5 pg/m®. Indeed, the concentrations observed in
the highest range of concentrations were derived from active
smoking studies due to the lack of studies reporting > 20 pg/m®.
Hence, our research helps to shed some light in PM; 5 concentrations
in a range where there is a lot of uncertainty. If this non-linear
concentration-response function is confirmed in future longitudinal
studies, it would have very relevant implications for policy,
environmental economics, engineering, and epidemiology (Marshall
et al., 2015).
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6.2 Strengths and limitations

The main strength and differentiating content of this thesis is the
research settings: rural Mozambique and India, both LMICs that
have received relatively little attention in environmental
epidemiologic literature despite their high air pollution burdens.
Assessment of the effect of air pollution on health in LMICs is
labour-intensive because it requires extensive data collection
campaigns due to the lack of air pollution data and a paucity of
disease surveillance data. Within the framework of the HDSS in
Manhica and the APCAPS in Hyderabad, solutions to the logistical
complexities of data collection have been overcome through the
experience of the teams in the field, as well as their positive working
relationship with local community members, who have facilitated
participation.

The main limitation of this thesis is the cross-sectional design used
in epidemiologic analyses. This could have affected the causal
sequence assumed. We assume that exposure preceded the outcome,
but it could have been the other way around (reverse causation).
Diseased participants could have moved to villages near to primary
roads to facilitate access to Hyderabad city, where more primary
health care services are available. Although some of the previous
longitudinal studies have supported an increased risk between long-
term air pollution and incident hypertension (Chen et al., 2014,
Zhang et al., 2016; Fuks et al., 2016; Zhang et al., 2018) and diabetes
(Coogan et al., 2012; Hansen et al., 2016; Requia et al., 2017; Qiu et
al., 2018; Bowe et al., 2018), none of these was conducted in South
Asia. Other strengths and limitations of this thesis are discussed in
the following subsections.

a) Paper |

The main limitation of paper | was the limited external validity of
results. The measurement procedures to collect and analyse data
were systematic and likely reproducible: we uploaded the raw data
from the experiment to a public repository and made accessible the
codes to read the output data. However, the validity of our results is
highly dependent on factors such as the amount of humidity in the
wood, the quality of the wood, the wind speed during ventilated
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hours, and the temperature and humidity reached during fire hours.
Environmental conditions in rural areas from LMICs could be more
extreme (e.g., high humidity levels during cooking activities or the
monsoon) and heterogeneous (e.g., multiple cooking fuels used) than
in the semi-controlled experiment. Therefore, the failure and
malfunction rates in these real-world environments could be even
higher than the ones observed in the experiment.

b) Paper Il

Paper Il was affected by measurement error due to the saturation
issues encountered among the most exposed women. This implies
that the true personal exposure concentrations of these women were
even higher than the ones reported. We decided to keep these women
in analysis to prevent selection bias that could have resulted if highly
exposed women who were more likely to perform specific activities
(e.g., cooking) were excluded. Participants were women of
childbearing age randomly selected from the HDSS, and all who
were invited agreed to participate reducing the influence of selection
bias. Another potential source of bias in this study was information
bias. Face-to-face interviews aimed at collecting socio-demographic
information and activities conducted during monitoring could be
affected by recall bias and social desirability bias. For example,
women more concerned about the wood smoke effects could better
recall the time of cooking events than those who were not.

c) Papers Il and IV

In papers Il and 1V, it is important to point out that 32% of
APCAPS members invited in the third follow-up did not accept to
participate. Nonetheless, the household survey administered to
almost all village residents allowed us to confirm that the
demographic characteristics between adult study participants and
adults from the general population in the villages were comparable
(see page 189), reducing the potential selection bias. We therefore
expect the epidemiological findings to be transportable to
populations in South Asia and elsewhere at a similar stage of
development as the APCAPS villages.
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Our epidemiologic analyses are based on the rationale that sex-
stratified are more informative than sex-adjusted results because of
the large differences in time-activities and the distribution of
confounders between men and women, as we found in paper IlI.
Due to the sparse data problems found in paper IV, we could not
perform sex-stratified analyses for the association between ambient
air  pollution and blood glucose and prevalence of
prediabetes/diabetes. When considering estimates of personal air
pollution exposure in paper 1V, we did sex-stratified analyses since
the personal prediction models were developed separately for each
sex. Although we observed differences by sex, these results were
strongly affected by unmeasured confounding. We did not have
sufficiently detailed data needed to adjust for the influence of
individual characteristics correlated with personal exposure and
predictive of cardiometabolic health (e.g., occupation-related
physical activity).

A limitation of our epidemiologic analyses was the lack of control
for potentially relevant co-pollutant exposures, which could have
increased our residual confounding. In the case of BP associations, it
is possible that airborne lead could have affected our observed
associations, since it is a well-known environmental determinant of
elevated BP (Lipfert et al., 2003). Apart from petrol-motored
vehicles that still use lead, exposure to airborne lead in LMICs may
come from lead mining, smelting, battery factories, and cottage
industries (Tong et al., 2000). In our study population, it may be the
case that associations between particulate air pollution and BP
among those households living closer to a brick kiln industry,
already linked with airborne lead emissions in South Asia (Ishaq et
al., 2010), could have been confounded by collinearity with airborne
lead. Another relevant environmental exposure for both hypertension
and diabetes is noise (Munzel et al., 2017; Zare Sakhvidi et al.,
2018). In our study area, two villages could be affected by aircraft
noise coming from the international airport in Hyderabad and other
few villages close to primary roads could be affected by traffic-
related noise. Since the closest distance from a household to these
sources was relatively large (closest proximity was 5.7 km for the
airport and 1.6 km for the primary road), we do not think noise
would have had a major impact in our estimates, although we do not
have data to support our hypothesis (e.g., traffic intensity). Residual
confounding was also possible due to the potential misclassification

240



of relevant covariates such as smoking, diet, and physical activity.
All were derived from questionnaires, which, as opposed to objective
measures, are prone to different sources of information bias.
However, the dietary and physical activity questionnaires used were
specifically designed for our study population and showed very
reasonable validity (Bowen et al., 2012; Matsuzaki et al., 2015).

e EXxposure assessment

The use of LUR models and personal prediction models to
characterize residential and personal exposure in a peri-urban area in
a LMIC is a major exposure assessment improvement. Previous
studies conducted in East Asia have commonly used proximity of
residence to fixed-site monitoring stations and estimates derived
solely from poor resolution satellite-based imagery to conduct
epidemiologic analyses (Chuang et al., 2010; Dong et al., 2013;
Chen et al., 2015; Lin et al., 2017; Liu et al., 2016, 2017; Qiu et al.,
2018; Yang et al., 2018a; Zhang et al., 2018). Both methods are built
under the assumption that each individual in the same spatial unit
(e.g., 10 km x 10 km) is equally exposed to air pollution and
therefore it is not reflecting the variability of air pollutants within the
same spatial unit. In contrast, LUR models assess long-term air
pollution at a finer spatial scale and help to reduce exposure
misclassification (Nieuwenhuijsen, 2015). However, LUR models
can also be affected by some degree of exposure misclassification
because their performance is sensitive to the ratio of number of sites
and predictor variables used and derived estimates may not correlate
to long-term average personal exposure. We acknowledge that we
had few number of sites (n=23) in relation to the number of
predictors (n>150). Although the number of sites was comparable to
previous studies (Sanchez et al., 2018), the variance explained in our
models could have overestimated (Basagafa et al., 2012).

As in all modelling approaches focusing on ambient air pollution as
a proxy of personal exposure, the LUR models did not capture the
contribution of indoor sources to personal exposure nor the
infiltration from the outdoor sources to the indoor environment,
where people spent most of their time. In traffic dominated areas in
HICs, is likely that BC, a combustion specific indicator, is less
affected by indoor sources than outdoor sources, that’s why
correlations between ambient and personal concentrations can be
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higher for BC (20-44%) than for PM,s (0-0.08%) in these areas
(Montagne et al., 2013). However, this may not be the case for
LMICs, where indoor environments are highly affected by household
combustion sources. This is the case in our study area, where
previous work showed that ambient concentrations were not
predictive of personal. Personal concentrations can therefore unmask
other relevant sources of exposure, such as indoor sources.

e Outcome assessment

Our BP assessment consisted in three repeated readings in a single
visit using an oscillometric device and following standard
procedures. To reduce misclassification of hypertensive participants,
taking readings in at least two occasions is recommended to obtain
more precise average BP levels. Since this misclassification could
have happened in both directions (either classifying undiagnosed
hypertensive participants as non hypertensive or classifying non
hypertensive participants as hypertensive), misclassification is non-
differential and possibly produced bias towards the null (Rothman et
al., 2008).

Our blood glucose level assessment consisted in 8-h fasting blood
glucose in a single blood extraction. Similarly than with BP, a
second blood sample would have reduced our outcome
misclassification, although as mentioned earlier in Introduction
(page 25), levels from a single test may be sufficient to identify
people at risk in epidemiologic studies.

The cut-points for the classification of hypertension, prediabetes, and
diabetes are arbitrary. We used the most updated guidelines, which
are the 2017 ACC/AHA guidelines for hypertension and the 2014
ADA guidelines for prediabetes and diabetes. These guidelines use
lower cut-points than the equivalent WHO guidelines. Given the
strong underlying risk of South Asians for cardiometabolic diseases,
we found convenient to apply lower cut-points even if it would
represent overestimating the prevalent cases if compared to the
WHO cut-points. In terms of clinical practice, however, the use for
the ACC/AHA guidelines has been discouraged in India because it
would suppose a collapse of the health systems given the significant
amount of new patients that would be identified (140% relative
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increase in the hypertension prevalence compared to the 43% in the
USA) (Venkateshmurthy et al., 2018).

6.3 Implications for public health and policy
making

This thesis has important implications in terms of indoor air
pollution and air pollution epidemiologic research. First, our study
populations in Mozambique and India were exposed to ambient
PM,s levels exceeding those recommended by international
guidelines, particularly in the case of India, where all participants
were exposed to higher annual average PM; s levels than the WHO
guideline and the US Environmental Protection Agency air quality
standards. Poor air quality is considered a major determinant of
health and in these countries is affecting likewise urban and rural
populations. Hence, policies aimed at mitigating air pollution levels
should be addressed equally in urban, rural and peri-urban areas.

Second, our research highlights the role of kerosene, previously
regarded as a “modern” fuel by the WHO (WHO, 2010), as unclean
lighting fuel. Liquid unclean fuels such as kerosene are often ignored
when the so-called term “solid fuels” is used to refer to the mixture
of unclean household fuels burned to meet energy demands. The
search for more inclusive standard terms is encouraged. Our findings
also highlights the need to replace fuel-based lighting to other
cleaner alternatives to reduce the adverse climate and human health
impacts of combustion particles in populations with very low levels
of access to household energy. Interventions and educational
campaigns aimed to implement cost-effective lighting alternative
sources would also have additional safety and health benefits. The
use of kerosene lamps for lighting is also linked with burns and fires
(lamps are easily spilled), poisoning by accidental ingestion among
children (kerosene is a transparent liquid often sold with plastic
bottles, easily confused with water) and poor visual health (light
emitted is dull and flickers) (Lam et al.,, 2012; Mills, 2016).
Furthermore, these interventions would be relatively more feasible to
implement and have less adoption barriers than interventions focused
on improved cookstoves. Improved cookstoves are more energy-
demanding and tend to have more impact on socio-cultural factors
(e.g., inability to cook traditional dishes, limited size of improved
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cookstoves for large pots and meals) (Debbi et al., 2014) than some
of the alternatives proposed to replace kerosene lamps (e.g., solar-
powered lamps).

Third, the magnitude of the association between ambient levels of
PM,sand SBP found in women suggests that women can have
higher risk of death due to CVD than men in this population, since it
has been shown that even small increases in BP can result in higher
risk of death due to CVD (Chobanian et al., 2003; Stamler et al.,
1993). Given the high burdens of ambient air pollution and CVD in
India, both projected to increase, air pollution abatement policies
should be a key target for health policy to ease this exposure burden
and decelerate the cardiovascular epidemic facing India.

6.4 Implications for future research

Development of low-cost sensors for measuring air pollutants is a
fast-growing area of research. While much has been invested in the
development of air quality sensors and monitors, improvement of
their responsiveness at high levels of indoor concentrations and
temperature requires further work. Further evaluations should be
conducted in the field and include several weeks of continuous
sampling to test the stability and durability of the monitors. To
improve external validity, future studies should also include larger
sample size of households, preferably covering settings with
different climate and energy-related behaviours to capture a wide
range of environmental conditions.

To prevent measurement error, future studies in rural or semi-rural
areas would benefit from strategies to avoid filter saturation when
using filter-based air quality monitors. During this thesis, a new
upgraded version of the microAeth used in Mozambique was
released. According to manufacturer, this newest model (MA350,
AethLabs, San Francisco, CA, USA) has an automatic filter tape
advance system which allows for 3-12 months of continuous
measurements without the need to replace the filter manually in a
daily basis. Although this monitor is prohibitively expensive
($10,000), this filter tape advance system could be soon applied to
more affordable monitors and would therefore provide a solution to
the saturation issues in environments with high concentrations. To
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prevent information bias from questionnaires, future studies should
seek for more objective tools to assess exposure determinants. To
better quantify and compare the contribution of air pollution sources
between men and women, it is recommended that further
investigations monitor men living in the same household than
women as well as other household members from a wide range of
ages.

Additional epidemiologic evidence is needed in LMICs, ideally from
studies using longitudinal designs. Further investigations should
overcome some of the limitations in the field that still remain. First,
and in the light of our null health associations for ambient BC,
further studies are needed aimed to explore source apportionment
and composition or toxicity of particles in areas not dominated by
traffic. Second, BP measurement should be repeated in a second
occasion out of the clinic to control for the “white-coat” effect (when
BP is higher in the clinic/office than in other locations such as at
home of the participant) (Whelton et al., 2017). To do so, the use of
a 24-h ambulatory BP device would be recommended to reduce this
source of misclassification and provide more accurate average BP
levels. Although fasting blood glucose is sufficient for the diagnosis
of diabetes, the use of additional tests such as the OGTT and HbAlc
would strengthen future studies. Third, future studies in peri-urban
areas should take into account the spatial patterning of villages (or
other spatial units) within the area. Clustering within spatial units is
likely to be present, meaning that participants in the same spatial unit
are likely to be more similar to each other than to participants in a
different spatial unit. In the framework of CHAI/APCAPS, the 28
peri-urban villages had the particularity to be distributed at different
distances from Hyderabad city (from 29 to 66 km), which created
distinctive spatial clusters in terms of socioeconomic, lifestyle, and
ambient air pollution. Fourth, efforts in predicting long-term
personal air pollution exposure should be maintained since better
capture location and activities of individuals than estimates based on
residential levels. Such efforts should be guided by the collection of
a wide range of multiple co-exposures (e.g., noise, built
environment, temperature) and the refinement in variables related to
household air pollution (e.g., historical data to quantify cumulative
exposure) and important risk factors for hypertension and diabetes
(e.g., physical activity, diet). Fifth, future studies should confirm if
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the effects of outdoor and indoor air pollution on cardiometabolic
health in LMICs are independent or synergistic.
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7. CONCLUSIONS

1)

2)

3)

4)

5)

The performance of low-cost monitors measuring PM, s and
CO is yet not reliable enough to replace more expensive and
established research-grade monitors.

People living in semi-rural Mozambique are exposed to
high levels of ambient EC and personal BC.

Kerosene-based lighting is an important contributor to
personal exposure to combustion particles in women from
semi-rural Mozambique.

Long-term residential levels of PM,5 can contribute to
elevated blood pressure in women residing in peri-urban
India.

There was no clear evidence that increased levels of
particulate air pollution were associated with blood glucose
levels and prevalence of prediabetes/diabetes in peri-urban
India.
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One of the contributions to the ISGlobal Health Blog

e Ariadng CUrto , predocieral Researche:

Rural India: A Challenging Setting for Air Pollution Epidemiology
Studies

28.3.2018

Almost half of the world's population [..] still depends on inefficient fuels

Most people living in urban areas in high income countries associate
air pollution with road traffic or possibly industry. However, lack of
access to clean household energy is also an important
contributor to air pollution exposure. Almost half of the world's
population (about 3 billion people) still depends on inefficient
fuels for cooking, lighting, and household heating.

In such homes, an everyday task such as cooking with fuels like
wood, coal, crop waste and cow dung becomes a source of high
exposure to polluting particles, especially in women, who are the
primary cook. The particles do not stay within the house. They travel
beyond the walls making household air pollution, together with
local industries and road traffic, a major source of outdoor air
pollution.

The CHAI study (Cardiovascular Health effects of Air pollution in
Andhra  Pradesh, |India) was
developed to look at air pollution

CHAI from outdoor and household

s i, SOUICes in an integrated way in

of Air pollution in Telangana, indiz FUFAl ~ South  India and link air
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pollution exposures to markers of cardiovascular disease.
Accurately measuring exposure to air pollution in settings like rural
India is a challenge. Environments are very dusty, access to
electricity is unreliable, and high temperature and humidity make
measurements challenging. Temperatures reached in summer
(>40°C), for example, were a strain for the field workers and
participants as well as a problem for the air pollution monitoring
equipment. During a particularly hot week, we painted the black
boxes protecting the sampling equipment white so they would not
absorb so much heat and keep working.

Lack of access to clean household energy is also an important contributor to air
pollution exposure

Many health studies are interested in the effects of several years or
a lifetime of exposure to household air pollution; however, this is
currently nearly impossible to measure. The growth of low-cost air
quality monitors with long-lasting batteries now provide
the opportunity to measure air pollution in rural settings for
several weeks to months without intensive supervision.

As a PhD, | tested two potentially useful low-cost monitors (<500€)
able to measure fine particulate matter and carbon monoxide and
deployed them for one week in households participating in CHAL In
this real-world (compared to laboratory) environment, the monitors
were very sensitive to environmental changes and often
malfunctioned. In light of our results, recently published
in Environmental Research, we concluded that the low-cost
monitors we tested were not yet ready to measure chronic
exposures for epidemiological studies in these challenging
settings. However, the technology is rapidly advancing and we can
expect low-cost monitors to help get closer to the goal of
unattended, long-term monitoring in the future.

Women were found to spend on average 13 hours of their daytime at home [.]
compared to just 9 hours for men

In one of the first publications from CHAI, postdoctoral researcher
Margaux Sanchez analyzed the daily mobility patterns of study
participants. Women were found to spend on average 13 hours
of their daytime at home or within 50 meters of the home,
compared to just 9 hours for men. | am now exploring whether
these sex differences in mobility and time-activity patterns are also
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reflected in the association between outdoor air pollution at the
home and blood pressure.

CHAl is providing evidence of the need to reduce air pollution exposure at multiple
levels

This association could imply a large burden of hypertension due to
air pollution in India given the pervasiveness of high exposure to air
pollution.

CHAI is providing evidence of the need to reduce air pollution
exposure at multiple levels including ambient air pollution,
household air pollution from cooking with biomass fuel, and
exposures in occupational settings. These issues relate to several of
the United Nations Sustainable Development Goals, including
reducing illness from air pollution (Goal 3) and universal access to
affordable, clean, and sustainable energy (Goal 7).
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Search terms

Evidence for particulate air pollution and high blood pressure
and hypertension

In Pubmed:

("Blood Pressure”[Mesh] OR "Hypertension"[Mesh]) AND
"Developing Countries"[Mesh] AND ("Air Pollution”[Mesh] OR
"Particulate Matter"[Mesh])

("Blood Pressure"[All Fields] OR "Hypertension"[All Fields]) AND
("Developing Countries"[All Fields] OR "low-income"[All Fields]
OR "poor"[All Fields]) AND ("Air Pollution"[All Fields] OR
"Particulate Matter"[All Fields] OR "black carbon"[All Fields] OR
"air quality"[All Fields])

("Blood Pressure"[All Fields] OR "Hypertension"[All Fields]) AND
(“south asia” OR “Afghanistan” OR “Bangladesh” OR “Bhutan” OR
“India” OR “Maldives” OR “Nepal” OR “Pakistan” OR “Sri
Lanka”) AND ("Air Pollution"[All Fields] OR "Particulate
Matter"[All Fields] OR "black carbon"[All Fields] OR ™air
quality"[All Fields])

In Google Scholar:

(air pollution OR particulate matter OR PM2.5) AND developing
countries AND (blood pressure OR hypertension)

(air pollution OR particulate matter OR PM2.5 OR black carbon)
AND (developing countries OR low-income OR poor) AND (blood
pressure OR hypertension)

(air pollution OR particulate matter OR PM2.5 OR black carbon)
AND (south asia OR Afghanistan OR Bangladesh OR Bhutan OR
India OR Maldives OR Nepal OR Pakistan OR Sri Lanka) AND
(blood pressure OR hypertension)
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Evidence for particulate air pollution and high blood pressure
and hypertension

In Pubmed:

("Insulin”[All Fields] OR ™"insulin resistance"[All Fields] OR
"diabetes"[All Fields] OR "type 2 diabetes"[All Fields] OR "HOMA-
IR"[All  Fields] OR "glucose"[All Fields] OR "glucose
metabolism"[All Fields] OR "glucose regulation”[All Fields] OR
"glucose  homeostasis"[All  Fields]) AND  ("Developing
Countries"[All Fields] OR "low-income"[All Fields] OR "poor"[All
Fields]) AND ("Air Pollution"[All Fields] OR "Particulate
Matter"[All Fields] OR "black carbon"[All Fields] OR ™air
quality"[All Fields] OR "Ambient Air Pollution"[All Fields])

("Insulin"[All Fields] OR "insulin resistance"[All Fields] OR
"diabetes"[All Fields] OR "type 2 diabetes"[All Fields] OR "HOMA-
IR"[AIl  Fields] OR "glucose"[All Fields] OR ™"glucose
metabolism"[All Fields] OR "glucose regulation"[All Fields] OR
"glucose homeostasis"[All Fields]) AND ("Air Pollution"[All Fields]
OR "Particulate Matter"[All Fields] OR "black carbon"[All Fields]
OR ™Mair quality"[All Fields] OR "Ambient Air Pollution"[All
Fields])

(“Insulin Resistance”’[Mesh] OR insulin resistan*[tiab] OR insulin
sensitivity[tiab] OR (resistan*[tiab] AND insulin*[tiab]) OR
metabolic syndr*[tiab]) AND ("Air Pollution"[All Fields] OR
"Particulate Matter"[All Fields] OR "black carbon"[All Fields] OR
"air quality"[All Fields] OR "Ambient Air Pollution"[All Fields])
AND "humans"[MeSH Terms]

(“Insulin Resistance”[Mesh] OR insulin resistan*[tiab] OR insulin
sensitivity[tiab] OR (resistan*[tiab] AND insulin*[tiab]) OR
metabolic syndr*[tiab] OR glucose*[tiab] OR diabetes*[tiab] NOT
“gestational diabetes”) AND ("Air Pollution"[All Fields] OR
"Particulate Matter"[All Fields] OR "black carbon"[All Fields] OR
"air quality"[All Fields] OR "Ambient Air Pollution"[All Fields])
AND "humans"[MeSH Terms]
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In Google Scholar:

(air pollution OR air pollutants OR particulate matter OR PM10 OR
PM2.5 OR black carbon) AND (type 2 diabetes OR diabetes mellitus
OR insulin OR glucose)

(air pollution OR air pollutants OR particulate matter OR PM10 OR
PM2.5) AND (developing countries OR low-income OR poor) AND
(type 2 diabetes OR diabetes mellitus OR insulin OR glucose)

(air pollution OR air pollutants OR particulate matter OR PM10 OR
PM2.5) AND south asia OR Afghanistan OR Bangladesh OR
Bhutan OR India OR Maldives OR Nepal OR Pakistan OR Sri
Lanka) AND (type 2 diabetes OR diabetes mellitus OR insulin OR
glucose)

(air pollution OR air pollutants OR particulate matter OR PM10 OR
PM2.5 OR black carbon) AND (developing countries OR low-
income OR poor) AND (type 2 diabetes OR diabetes mellitus OR
insulin OR glucose OR insulin resistance OR metabolic)
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