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Summary

Summary

Cardiovascular and respiratory illnesses represent a large burden to the National
Health Service and exposure to air pollution, specifically particulate pollution, has
been put forward as a risk factor for the development and exacerbation of such
illnesses. Vehicular traffic is thought to be the largest contributor of ultrafine

particles to the atmosphere in urban areas.

This thesis aimed primarily to investigate whether healthy persons living in areas
with high volumes of traffic presented with higher levels of certain cardiovascular
and respiratory indicators (biomarkers of effect) that might be involved in causal

pathways for disease.

Participants were recruited from the general Cardiff population by sending letters
out to each household. A visit was made to each participant and measures of
ultrafine particles were made indoors and outdoors at each location. Participants
donated a blood sample which was then analysed to determine the levels of the
various biomarkers of interest. Each participant answered a questionnaire
designed to determine the personal perceptions of participants regarding traffic

levels in their area.

The mean numbers of particles were compared for each area using analysis of
variance (ANOVA) and Mann-Whitney U tests. Similarly for the biomarkers of
effect, analysis of variance and Mann-Whitney tests were conducted in an effort
to elucidate whether or not a difference in the levels existed between the
exposed and unexposed groups. The presence of a dose-response relationship
between exposure and effect was also investigated. Areas with higher levels of
traffic had significantly greater concentrations of ultrafine particles but no

differences were observed in the levels of biomarkers.

A separate but related investigation of a database of respiratory and
cardiovascular admissions revealed a significant variation by category of road

but the observed associations were not what were expected.
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Abstract

Abstract

Cardiovascular and respiratory illnesses represent a large burden to the National
Health Service in the UK. In recent times interest has turned to air pollution as a
possible cause of such illnesses and a large amount of research has been
conducted in an effort to elucidate the true extent of these associations. Both in
the USA and in Europe, extensive research has resulted in a large body of
evidence intimating that the respirable particulate fraction of air pollution is
responsible, particularly ultra fine particles, to some degree, for increases in a
variety of health outcomes including mortality, hospital admissions and
emergency room visits and effects on pulmonary function. Possible mechanisms
of effect have been also been put forward on the basis of results from
experimental work suggesting that ultrafine particulate poliution elicits its effect
by the generation of reactive oxygen species and/or inflammation. In many urban
areas, legislation effectively controls emissions from industrial sources and as a
result the most likely contributor of ultra fine particulate air pollution in towns and
cities is motor traffic. Part A describes an epidemiological study comparing the
levels of various biomarkers of effect in the blood of supposed healthy individuals
who are estimated to be exposed to differing levels of ultra fine particles,
generated from traffic, by virtue of their own area of residence.

Part B of the thesis uses an epidemiological database of hospital admissions to
determine whether proximity to certain road types might affect one’s likelihood of

being admitted to hospital with a cardiovascular or respiratory iliness.

Methods: Part A

Based on the volumes of traffic estimated to be using the roads, various streets
were assigned to either an exposed group or an unexposed group.

Recruitment of participants to each group involved sending letters to each
address on the relevant streets, outlining the study and the exclusion criteria and

inviting residents to take part in the study. A total of 70 persons from the

vil
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exposed areas and 51 persons from the unexposed areas were recruited to the
study.

A visit was made to each home during which measurements of mean number of
ultra fine particles/cm® were measured both inside the home of the participants
and on the street outside their home using a P-Trak ultra fine particle counter. A
brief questionnaire detailing the participants’ personal perceptions regarding the
traffic in their area was also administered.

Participants were then invited to provide a blood sample for analysis at the
hospital outpatients unit and these blood samples were then passed on to the
laboratories for analysis.

Statistical analysis was performed on all the data in an effort to elucidate any
relationships between the particle numbers measured and the levels of the

various biomarkers in the blood of participants.

Methods: Part B

A database was constructed using the Patient Episode Database for Wales and
NHS Administrative Register databases. These contained respectively
information on all hospital admissions for a variety of respiratory and
cardiovascular diseases in the year 2002 as well as for the base population of
Cardiff which consisted of every person registered with a Welsh GP in July 2002.
The final database contained a category of road, defined by road type and
distance from the city centre, for each person along with information on their age,
sex, socioeconomic status and hospital admission date for those individuals from

the base population who were admitted.

Results: Part A

Mean outdoor levels of particles/cm® between the exposed and unexposed
groups, indoor levels between the two groups and indoor and outdoor levels
within each group were compared using Analysis of Variance (ANOVA) and
Mann-Whitney U tests.

The levels of each individual biomarker of effect were examined by constructing
scatter plots for each one to examine how the individual measurements in the

groups differed from each other. Comparison of medians was also conducted to

viil



il y Abstract

investigate whether there was a difference between the exposed and unexposed
groups in relation to the combined levels of biomarkers measured in each group.
The presence of a dose-response relationship was also investigated by grouping
the data according to the mean numbers of particles/cm® measured outdoors in

each street and comparing the levels of biomarkers between exposure groups.

Results: Part B

Three different independent variables of interest, 1) road category, which
combined road type and distance from the city centre; 2) distance, which only
accounted for distance from the city centre; and 3) road type, which considered
only the type of road on which the person lived were analysed to check whether
they were associated with increased hospital admissions for a variety of
cardiovascular and respiratory illnesses. A variety of other independent variables
known to affect the associations, such as age, were included in each run of the
analysis. Logistic Regression analysis was conducted on three different
dichotomous variables to examine whether living on a given road type increased
the odds of a person being admitted to hospital with a primary diagnosis

corresponding to an ICD code of interest.

Conclusions

Although a statistically significant difference was found between the mean
numbers of particles/cm® measured outdoors in the exposed and unexposed
areas, no such difference was observed between the levels of the various
biomarkers of effect examined. These findings suggest that despite the
difference in mean particle numbers, no effect on the levels of biomarkers is
apparent. Lack of numbers of participants willing to provide blood samples
resulted in reduced power and therefore the general conclusion is that further
investigation is needed before it can be stated with any confidence that the
increased levels of particles observed in the exposed areas do not have any
adverse health implications for the population.

There was no evidence of a dose-response relationship with respect to the levels

of the biomarkers measured, although a statistically significant difference was

1X
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found between the three groups examined in terms of the mean number of

particles measured outdoors.

Although there were significant associations with hospital admissions for the
independent variables road category, distance and road type, and although the
results may be altered by residual confounding, these associations were not
what were expected. It was therefore concluded that using road type as a proxy
for exposure to traffic generated particulate pollution may not be appropriate in

this setting.



Aims Objectives

Aims and Objectives

The primary aim of this thesis was to investigate whether healthy individuals
residentially exposed to traffic generated particulate pollution showed any
difference in the levels of certain biomarkers of inflammation and of oxidative
stress as compared with similar non-exposed individuals. Two objectives relating

to this aim were;

1. To make measurements of ultra fine particulates, both indoors and
outdoors in an attempt to gain a better idea of the variations in ultra fine
concentrations in different areas of Cardiff City. Further, to see if the
variation observed was sufficient to categorize individuals into groups of
differing exposure.

2. To investigate the relationships between exposure and biomarker
concentrations in order to show the possible presence of any dose-

response relationships.
A related and subsidiary aim of the thesis was to attempt to elucidate whether

residing in certain urban areas increases an individual's likelihood of being

admitted to hospital with one of a number of cardiac or respiratory diseases.

X1
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Chapter One Coflege of medicine Introduction
Chapter 1

Particulate Air Pollution and the Links to Health Outcomes

1.1) An Introduction to the History of Air Pollution Research

‘It is horrid Smoake which obscures our Church and makes our palaces look old,
which fouls our Cloth and corrupts the Waters, so as the very rain, and refreshing
Dews which fall in the several Seasons, precipitate to impure vapour, which, with it
black and tenacious quality, spots, contaminates whatever is exposed to it.’

John Evelyn; Fumifugium 1661."

In recent times, interest in the environment has grown for a number of reasons.
One of the main reasons for the increase in interest is due to more attention
being paid to the potential adverse health effects of environmental pollution. One
of the main areas of concern is that of Air Pollution and its’ potential effects on
the respiratory and cardiovascular health of the population. There are many
different sources and types of air pollution. Although long since recognised as a
problem, air pollution really came to the fore during the great London Smog
episode of December 1952 when, due to a particularly cold spell, people kept
coal fires burning more than usual. The resulting increase in smoke from homes,
in addition to the sulphurous emissions from industries, together with ideal
weather conditions (i.e. lack of wind and freezing air temperatures) created thick
pungent smog that lay over London for days. The word smog was coined by Dr
HA de Vouex and referred to the sooty smoke filled fogs experienced in Britain.
Smog had been occurring in Britain long before the 1952 episode and was
actually seen as a tourist attraction of sorts, with tins of London fog available for
purchase. Life in Victorian cities was very much influenced by coal smoke, to the
point where the effects were more far reaching than the medical and physical,
and even something as simple as being confused became known as ‘being
fogged’ and London became widely referred to as ‘The Big Smoke’. Finally, as a
direct result of the increase in the number of deaths both during and immediately
following the 1952 smog episode, air pollution was recognised as a threat to the
health of the population. The primary result of the episode was to deliver the
clear message that air pollution was not good for health and that steps needed to

be taken to improve air quality.
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The chairman of the Air Pollution Committee 1953-1954, Sir Hugh Beaver,

presented a report stating that domestic fires contributed more smoke to the

environment than industry. “The domestic fire is the biggest single smoke
producer. In ratio to the coal burnt, it produces twice as much smoke as industry
and discharges it at a lower level”. In light of his findings, Sir Hugh Beaver
recommended that the government create smokeless zones that prohibit smoke
emissions, encouraging use of smokeless fuels, as well as areas of smoke
control where the use of bituminous coal would be restricted. In spite of this, the
government were reluctant to act and it was not until Gerald Nabarro won a
ballot for a private members bill that allowed him to introduce a Clean Air Bill,
which was based on Sir Hugh Beaver's original document, that the government
paid much attention. Rather than allowing Gerald Nabarro’s bill, they brought
forward their own resulting in the Clean Air Act of 1956. The 1956 Act introduced
‘smoke control areas’ and more rigidly enforced smoke control in towns and
cities. In 1968 the Clean Air Act was amended and extended and in 1993 the
1956 and 1968 Clean Air Acts were consolidated to form a single Clean Air Act
governing air pollution as well as encompassing clean air legislation that had
previously been governed by other Acts; for example part IV of the new Clean Air
Act now regulated the quality of such fuels as petrol and diesel and part V
facilitates the conduction of investigation and research relating to air pollution by
local authorities. It does not, however, apply to industrial processes, which are
covered by the 1990 Environmental Protection Act. As the effect of these Clean
Air and Environmental Protection Acts began to come to fruition and smoke from
industry and domestic fuel burning declined, there also came a rise in motor
vehicles and their exhaust fumes and emissions resulting in another source of air
pollution to be controlled. Nowadays the word smog is used with reference to the
fogs polluted by traffic fumes and emissions and although never as severe as the
Great London Smog, it still represents one of the major health threats to the

general population.l#*

Since the UK joined the European Union in the 1970’s, European legislation has
been used to control the amount of pollution both from industry and transport. In
response to EU legislation, the UK government developed the National Air

Quality Strategy (NAQS), the purpose of which was to set targets for air
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Chapter One Introduction

There are many different categories and types of air pollution and each bring

their own problems. The principal pollutants found in the air include:

Carbon Monoxide

Carbon Monoxide (CO) is an odourless, colourless and tasteless gas that is
produced as a result of the incomplete combustion of fossil fuels. CO is slowly
oxidised to CO, once emitted into the atmosphere. Idling and decelerating traffic
are a major source of CO with the contribution from traffic having increased from
60% in 1970 to 90% in 1992. Inhalation of CO can lead to reduced oxygen
availability as it forms carboxyhaemoglobin by binding free haemoglobin
molecules in the blood stream. There is a wide range of health problems
associated with exposure to CO including exhaustion in young healthy adults
and ECG changes in patients with ischemic heart disease.

Sulphur Oxides

Sulphur Dioxide (SO;) is the primary pollutant associated with acid deposition
following oxidation to Sulphuric Acid (H2SO,4). Concentrations of SO, have
decreased in the last number of years, as a result of the move away from coal
use as a domestic fuel. In fact in many major cities there is now legislation in
place banning the use of coal as a fuel in urban areas. In the UK however, the
burning of fossil fuels in industry means that SO, is still being produced. High
levels of SO, together with high levels of particulate matter are believed to have
been jointly responsible for the increased number of deaths and hospital
admissions for respiratory complaints during the London Smog of 1952.

Nitrogen Oxides

Nitrogen Oxides, collectively known as NOx comprise several different gases
such as Nitric Oxide (NO), Nitrous Oxide (N,O) and Nitrogen Dioxide (NO,) with
NO. being the one that causes the most concern for human health.
Approximately 50% of the atmospheric NO, in the UK is produced by motor
vehicles resulting in higher levels of NO; in urban areas. NO, is a health concern
because it is an airway irritant and high levels of NO2 can affect people with
respiratory problems such as asthma and may possibly result in hospital
admissions.
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Volatile Organic Compounds

Volatile Organic Compounds (VOC's) comprise a broad range of organic
compounds. The major problem with VOC's is their ability to generate ozone,
particularly the short-lived compounds that contribute significantly to atmospheric
photochemical reactions. Some VOC’s however are potential health threats in
themselves, for example Benzene, which is known to have carcinogenic and
toxic effects. Most of the Benzene in urban air (~80%) comes from the benzene
content and partial combustion of petrol in spark ignition cars.

Ozone

Ozone (O3) is a highly reactive oxidising agent that is present naturally in the
atmosphere as a result of the action of sunlight on NO,. As already mentioned,
VOC's also contribute substantially to the levels of ozone as a result of their
contribution to the atmospheric photochemical reactions. Ozone is a secondary
pollutant and evidence suggests that ozone levels have increased dramatically in
recent years. In terms of the risk to the population, ozone is a highly reactive
oxidising agent, which attacks biological materials including cell membranes and
proteins and causes inflammatory reactions in the respiratory tract.

Particulate Matter

Essentially particulate matter is dust found suspended in the atmosphere. It is a
complex mixture of organic and inorganic materials resulting from a variety of
activities and arising from a number of different sources such as industrial
processes as well as natural sources. These tiny particles of solid material or
liquid aerosol are always present in the air but if their concentration becomes
high they become an air pollution concern and as such a potential health
concern. There are many different types of particulate matter and due to its
varying sizes and its ability to be inhaled deep into the lungs; it's presence in the
atmosphere poses a potentially serious health threat to the general population as
well as to certain individuals within the population.

Cardiff and other cities in Britain should be able to attain the standards and
objectives laid out by the Government and this is beneficial in terms of improving
the quality of the air and the health of the general population. Unfortunately this
doesn’t change the fact that those living close to the side of very busy urban
roads are potentially being exposed to high levels of both fine and ultrafine

particles from traffic on a regular basis, levels of air pollution vary across urban
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areas with certain area like busy roadsides always likely to have higher levels of

particulate pollution. It is a well known fact that exposure to pollution has
potentially serious side effects, particularly for those with already compromised

health and for the very young and very old.[*"]

Pollutants in the air are much more difficult to treat and control than other
pollutants and for standards to be achieved full co-operation from governments is
required so as to limit the effects pollution in one country has in another. For
example, Ozone is considered a trans-boundary pollution resulting in high levels
of ozone in the UK that have been generated in countries across Europe and
carried in on the winds. This means that European governments must support
each other in an effort to clean up the air. With the evidence suggesting that
particulate air pollution is a principal reason for aggravated respiratory and/or
cardiovascular problems as well as for increases in hospital admissions and
deaths it looks as if most countries are willing to set and comply with air quality
regulations and standards. Unfortunately as long as traffic levels in urban centres
continues to rise the risk presented by particulate pollution remains all too real
and the prospect of even healthy individuals being at risk from the effects of
prolonged exposure to particulates from traffic is becoming a more legitimate
possibility.

Particle size is the most important parameter for characterizing the behaviour of
aerosols. Most aerosols cover a wide range of sizes with a hundredfold range
between the smallest and largest particles of an aerosol quite normal. Particles
are generally described in four modes; nucleation mode, accumulation mode,
fine particle mode and coarse mode. The nucleation mode consists of particles
formed by condensation of hot vapours or nucleation mode are generally <0.2um
in diameter. The accumulation mode consists of particles that have grown from
the nucleation mode as a result of the coagulation or condensation of vapours,
resulting in particles ranging in size from 0.2um-2um in diameter. The fine
particle mode simply consists of the combined nucleation and accumulation
modes. The coarse mode consists of particles derived mainly from natural
sources, such as from soil or sea spray and consists of particles greater than

2um diameter.
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Although their size, shape and density determine the ability of particles to remain

suspended in the air, these properties will also influence where in the respiratory
tract they are deposited and this will also potentially reflect the ability of the
particles to cause damage. The ISO defines four main fractions of airborne dust;
the inhalable, thoracic, respirable and high-risk respirable fractions. Briefly, the
inhalable fraction consists of the mass fraction of total airborne particles inhaled
through the nose and mouth; the thoracic fraction consists of the mass fraction of
particles capable of penetrating the respiratory system beyond the larynx; the
respirable fraction consists of the mass fraction of particles penetrating further
still to the uncilliated airways or the alveolar region of the lungs where gas
exchange occurs and; the high risk respirable fraction is a definition of the
respirable fraction which is applied to the sick, the infirm and to children, i.e.
those who are possibly more susceptible to the effects of the respirable fraction
than are generally healthy individuals.®®)

Various studies have been carried out using different particle sizes as indicators
of particulate air pollution. The most common measures of particles are; total
suspended particles (TSP) which refers to the mass of airborne particles and
consists of particulate matter as measured by a sampler with a cut-off point of
between 25 and 40um aerodynamic diameter; Respirable suspended particles
as measured by a sampler with a 3.5um cut-off point; Thoracic particles (PMyo)
as measured by a sampler with a cut-off point of 10um and; Fine particles

(PM,5) as measured by a sampler with a cut-off point of 2.5um.
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Chapter One Introduction

There is also evidence to suggest that on days where pollution levels are high
the contribution of road transport is often higher than usual. For example,
analysis by Government experts shows that when particulate levels exceed
health standards, the contribution by road traffic is in the range of 75-85%.!""!
Emissions from motor vehicles fall into two main categories;

1) Particles generated from vehicle exhaust

2) Vehicle related particles from tyre, clutch and brake wear

Emissions from vehicles depend on two main factors; the use of the engine and
the type of fuel used. If an engine is running efficiently then the main emissions
are carbon dioxide and water, slow or idling engines however are very inefficient
and therefore emissions are mainly the products of incomplete combustion such
as carbon monoxide and VOC's from petrol engines and particulates, smoke,
VOC's and carbon monoxide from diesel engines. Products of incomplete
combustion also result from cold engines with petrol engines taking up to 10km
to warm up to complete efficiency and diesel engines taking up 5km to reach the
same levels of efficiency. Diesel engines have a number of advantages over
petrol engines; primary among which is the fact that diesel fuel contains more
energy per litre than petrol and diesel engines take less time to reach an efficient
working temperature. Diesel engines however are not without their own problems
because although overall they emit fewer hydrocarbons, carbon monoxide and
lead pollution than petrol cars they produce more noxious gases and significantly
particulate matter. Diesel fuel is a mixture of many different hydrocarbon
molecules. The combustion, both complete and incomplete, of diesel fuel forms a
complex mixture of organic and inorganic compounds in the gas and particle
phases. Those found in the gas-phase, under normal atmospheric conditions are
the volatile organic compounds (VOC'’s) and despite the tendency to focus on
the particle phase one must be aware that the gas phase also emits toxic
compounds such as aldehydes, aromatics (e.g. benzene) and polyaromatic
hydrocarbons (PAH's). Diesel particles also contain PAH’s, nitro-PAH’s,
sulphates and metal. Diesel particles are complex and cover a range of sizes
and morphologies with the ability to penetrate the lung, thus presenting a health
threat. Like most engine combustion particles, diesel exhaust particles are quite

fine with quite small aerodynamic diameters. The size distribution shows a

11
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significant fraction of the mass at about 0.3um in the accumulation mode, which

accounts for about 80-95% of the total mass. The formation of accumulation
mode particles as aggregates of carbonaceous material and ash results in
particles with a very large surface area and hence they are incredibly efficient at
absorbing toxic elements such as PAH’s to their surface.

With the ever-increasing numbers of vehicles on the roads in recent years and
ever expanding knowledge regarding both the environmental and health effects
of exposure, control of vehicular emissions has become a vitally important part of
air quality management. Clearly, the best option is to prevent these emissions
from being generated as far as is possible and this can be accomplished through
several different means. For example since January 1993 all new cars sold in the
EU have been fitted with a catalytic converter which resulted in the dramatic
decrease in emissions of nitrogen oxides and other harmful pollutants. Diesel
engines could be replaced with engines using alternative fuels such as propane
or compressed natural gas. Diesel fuels themselves could be reformulated to
reduce the amount of sulphur and other contaminant generating compounds they
contain. Diesel fuel reformulation can be a relatively simple and straightforward
process and the reformulation most commonly used today and required by the
EPA for On Road diesel engines in 2007 is to reduce the sulphur content of
diesel fuel from as high as 3000ppm to less than 15ppm. Another option is to use
biodiesel, a clean burning alternative fuel, produced from domestic, renewable
resources. Biodiesel contains no petroleum, but it can be blended at any level
with petroleum diesel to create a biodiesel blend. It can be used in compression-
ignition (diesel) engines with little or no modifications. Biodiesel is simple to use,
biodegradable, non-toxic, and essentially free of sulphur and aromatics.

Although not strictly caused by traffic there are considerable quantities of dusts
on road surfaces which arise from the ingress of soil on vehicle tyres and from
the atmosphere, the erosion of the road surface itself and the degradation of
parts of the vehicle — especially the tyres. Because these particles lie on a
surface that readily dries and are subject to atmospheric turbulence caused by
passing vehicles, this provides a ready source of particles that are resuspended
into the atmosphere. I 124

12
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1.4) The Fate of Atmospheric Particles

Introduction

Particles in the air are affected by a variety of forces and undergo turbulent
coagulation, turbulent diffusive deposition and gravitational sedimentation. For
example coagulation increases the size of dust particles, resulting in a decrease
in concentration. Coagulation occurs when Brownian motion, differential
sedimentation, or turbulent flows force two particles into contact and the particles
stick to form an aggregate. The rate of coagulation depends on both the forces
driving the relative motion of the particles and the hydrodynamic, van der Waals
and electrostatic inter particle interactions.

There are numerous environmental impacts resulting from the presence of
ultrafine particles in the atmosphere. Ultrafine particles are an important
component of atmospheric aerosols and the beneficial effect of removing trace
gases such as sulphur dioxide and volatile organic compounds as they can act
as sinks for reactive species since their exposed surfaces can catalyse
heterogeneous reactions.

As particle diameter becomes larger, particle concentration decreases. Ultrafine
particles that originate via direct emissions from gasoline and diesel combustion
coagulate quickly through diffusion. The rate of coagulation is dependent on the
square of the particle number concentration. For example, a particle mass
distribution of an urban aerosol has a bimodal distribution with a maximum in the
accumulation range (0.1-1 or 2um) and another in the coarse particle range (>1
or 2um). Particles in the accumulation mode have a longer residence time than
UFP's because removal by diffusion is negligible. These particles grow slowly by
coagulation until they exceed 2um where sedimentation and impactation become

significant. 517}

13



) o i 8%
7! $ &' $
' & - '& & 6 ?
3 * ' 6 ' ( 6 &
& ,'& & & ' & (
6 6 & & (( &' (& , & B ?" ' ' (
, . & ' v ' , &
& ( & : ' ‘& ! (
- & 6 & 6'
6' 78 % 6 , - ( 6
' & ' & ( & %! ! ' (
- & 6 & &' - " ( ; '
- (( ( '&, Co!
7 .
Co2> # (%" )" @ % ';(, #% "1 )" (< )(
L% " o o# (% (% ' (: 8 ; 362 (18 > #8 @™ 5
1 777
) & £ & | ((
( 7, . ' ' ' vy & b
- 6 & $+7 &-""' &
& ' & & ,'& & ! 6 &
' ' ' & & , & =2
- 6 , ' - R R 6 6'

# o

' 6
(% #%
(&
( $+7 D, &'
& & '



6  "(( & , & (& :
!
t%( (: 8# 1% - 8 &# (% #% %* 1<
%* #;:# (%
-$(, % 8 &# (%
-(5) % 8 &# (%
? (8" ; 8# < # &
? (( # 8 &# (%
%8 #' '8(" %
%8 #' -(## (%
b # o ¢
=#8 ()"#: & (#
% # - 1%8 (%

% # HE&H (% (* < % - (% (%" '"18" #' ' ":# #% K( -
L I> & %8 ‘l::t ot &# (M O)( R8O (<) (! (" #
& ?, & & , &

6 & ' ( : ' & &
6' , & B ?' & ' * & & ' '
- 6 L& e ((
- ' 6' & ' & & ' &
'- & & ' ' &
& & & ' I $ &' & '
I* 1 1 & 1 1 & 1
. & & & (v oo
- ' ' - && & &
, onr ( & ' ( & &'
' " ( & & , |
$ &' $ ' & &
, ¥ $ & & ' & " ((
& ?* -& ' & !
& * g o & - &
D "$ * ' ( X , ' & ,&
( & ' N$ & - &
( & 5 6 - & & ,'& &

"

(%



)
6 ' ' 5'" * - ' , & ' -
" ( ' ( &! , ! R JH* & -& 6 5 &
' - 6 ! Y Y , & ' & , '
- , ' ' & & ( & ' ' ' o
S (O
S % # (% ' C % $ o #& 3 % ' ( (88! % " #: # Q@#$'
% # (88! " @" % #% # ' #;, 8"#%: ' 8 (% % #:
)#8 # (% # @#S$' )# 81 #$ " %(
#)) '« SU# O Y# 8 gt g x o (1o
% 8 ) (% # (@' 8" # % 8) $8 '(%@ " "
(%8" # @# '
(% "#& (! (*& $# # (( )# 8 '@" 8"
B #% (S (G # $ " (81 v (*#
# . 6> = "('(*)# 8 YO (% % " 1%
A ey (- 2
' ;! - 6 B &' & ( 6'
& & & 6 & *
'& & !
2 # ( bo- ' 1 & , & %
' , & & " ' & ? & & ,, ' ,, & '&6 (
& '& & ?, ! , & 6 & 5 ' L
( ' & & 2 ' -
, &' & 4 & & ' & - . '
s '&6 &, * - B &' - « " t
&( % & (& 72, 2 , & &
' 6 &5 & , & & ,'& & (& ((
Q &' ( , &' 2 ' 6 &* 6'
' - & ' (& b7 » ' , & & &
- &, - ! & ' & & ‘&6 !
& - , & ' D$+ I * 6 ' , & - t ‘&6 %
- & - ' ' - &
(& ' I 2 , &' & , ' '



£
L
2
col

Chapter One Introduction

the population. In the alveoli the main lung defence is provided by the
macrophages, cells that are attracted to and ingest invading micro-organisms.
Macrophages have many functions including; the secretion of defensive
chemicals, the ability to attract other inflammatory cells to aid clearance and the
ability to digest some organisms. Once they have ingested a particle, the
macrophages transport it either up the airway or through the alveolar membrane
into the lymphatic system that drains fluid from the peripheral lung to the lymph
nodes and thence into the blood stream. This system has evolved to ensure that
virulent organisms are either removed or carried to places where the body’s
immune defences are concentrated and where the organism can be most
effectively neutralised. The effects of respirable particles in the lungs include;
slowing down the exchange of carbon dioxide and oxygen in the blood, resulting
in shortness of breath and straining the heart because it must work harder to
compensate for oxygen loss. Other carcinogenic and non-carcinogenic effects
have been seen in the post-mortem examination of the lungs of various animals

exposed to insoluble, low toxicity particles.!” ® '

1.5.2 Particulate Pollution and the Cardiovascular System

Cardiovascular Disease: Cardiovascular Diseases (CVD’s) are diseases that
affect the proper functioning of the heart and blood vessels, chief among which
are: myocardial infarction (heart attack), cerebrovascular diseases (stroke),
trasient ischaemic attacks (TIA) and peripheral vascular diseases. According the
the World Health Organisation, an estimated 17 million people die of CVD's,
particularly heart attacks and strokes, each year. There is some evidence to
suggest that smaller particles bypass the respiratory defence mechanism and
cross into the bloodstream. The effects of this are currently unclear however
some studies suggest particles in the cardiovascular system could be related to
increases in heart rate and blood pressure, fibrinogen and blood coagulation
factors; arterial vasoconstriction; inflammatory mediators and decreases in heart
rate variability. A person's relative risk due to air pollution is small compared with
the impact of established cardiovascular risk factors such as smoking, obesity or
high blood pressure. In spite of this however, exposure to particulate air pollution
presents a potentially serious public health problem because of the enormous

number of people that are exposed over an entire lifetime %"
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It is now accepted that exposure to particulate pollution, whatever the source, is

a potential health risk for the susceptible population subgroups and there is a
whole range of evidence to support this. In this setting susceptibility relates to the
higher probability of any given individual developing certain diseases of a
respiratory or cardiac nature under a given exposure or set of exposures, or
indeed simply showing a worsening of symptoms of an already existing illness.
Susceptibility describes the higher probability of an individual to develop certain
diseases under a given exposure or set of exposures. This is, in most cases,
associated to a higher sensitivity of these individuals to a specific exogenous or
endogenous substance or a physical agent. With regard to particulate air
pollution, susceptible population subgroups appear to include; children, those
with industrial exposure, elderly and anyone with pre-existing cardiac and/or

respiratory ilinesses.
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Chapter 2
Evidence of the Health Effects of Particulate Air Pollution: A

Literature Review

As far back as the 1600's, there was some recognition of the potential problems
posed by air pollution. Jon Evelyn attempted, in Fumifugium, to draw attention to
the problem of air pollution in London and even suggested some solutions for
dealing with the problem. Evelyn stressed the vital role which air plays in the well
being of a body, highlighting how quickly the air we breathe reaches vital organs
such as the lungs.

“Aer that is corrupt insinuates it self into the vital parts immediately; whereas the
meats we take though never so ill condition’d, require time for the concoction, by
which its effects are greatly mitigated; whereas the other, passing so speedily to
the Lungs, and virtually to the Heart itself, is deriv'd and communicated over the
whole masse” "]

At the time the use of sea-coal, possibly so called because it was brought by sea
to coastal centres in England during the 13" century, was widespread throughout
London and according to Evelyn this created a ‘hellish and dismall cloud’ and the
smoke and grime was making the air unbreathable. It was almost three centuries
later however, after the Great London Smog of 1952 resulted in the premature
death of more than 4,000 people, before anyone paid much attention and began
to consider ways to combat air pollution.'! Although it was becoming clear that
air pollution was a problem, it was not clear how and why.

Over the centuries the nature of air pollution in Britain has changed drastically,
thanks in part to legislation introduced after the 1952 smog. Back in the 1600’s,
John Evelyn wrote about the numerous effects of smoke, pointing out that it
made churches and palaces look old, paintings, clothes and furnishings were
discoloured, not to mention the health effects!!. Nowadays the extreme air
pollution episodes that left the cities buried under a thick blanket of smog for
days appear to be a thing of the past. This does not mean, however, that air
pollution is no longer a threat and just because pollution episodes are not as

obvious as in the past, does not mean to say that they are a thing of the past.

19



coleg meddygaeth
<
%
c
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Based on evidence, vast numbers of studies carried out in the last number of
years, it would appear that there are still serious health implications of exposure
to air pollution.

The first early attempts at keeping medical statistics would appear to be the Bills
of Mortality, which would seem to have been brought into place as a result of the
plagues that had ravaged London. Gathering together all the statistical
information from the London Bills of Mortality, a draper, John Gruant attempted
to comment on the effects of coal-burning on health. Much of the statistical
material available to Gruant still exists today, allowing re-examination it his
conclusions in light of modern knowledge, thus assessing the relevance of
factors not then considered, such as meteorological factors!??.

Since then, numerous studies have been carried out, employing various different
methodologies, in an attempt to determine the implications of exposure to air
pollution. The primary study types of interest for this thesis are epidemiological in
their methods, providing information as to the effects of exposure to air pollution
in populations. However, the laboratory based studies such as chamber studies,
in vitro and in vivo studies are not to be over-looked as they provide a large body
of evidence as to the mechanisms of effect and the effects of exposure

themselves at an individual and molecular level.
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2.1) Epidemiological study designs

Generally, epidemiological studies of air pollution can be divided into acute
exposure studies or chronic exposure studies. Acute exposure studies will be
typically use short-term temporal changes in air pollution levels as the source of
exposure variability whereas chronic exposure studies tend to employ spatial
differences in pollution as the source of exposure variability. Acute exposure
studies evaluate short term changes in health associated with short term
changes in air pollution, with studies ranging from simple observations of
changes in health over a single air pollution episode of one or more days, to
sophisticated analysis of daily time series over several decades. Because these
studies typically evaluate only short term temporal relationships (usually 1-5
days), the observed effects of pollution are usually interpreted as health effects
of acute exposure. Chronic exposure studies, on the other hand, compare
various health outcomes across communities or neighbourhoods with different
levels of pollution. These studies are often interpreted as evaluating chronic
and/or cumulative effects of exposure. In general time series studies can be
classed as acute exposure studies whereas cohort studies are more likely to be

chronic exposure studies./*>24

Time Series Studies

With regard to time series studies, the effect of interest, often a health outcome
will be measured both before and after the suspected cause (e.g. an air pollution
episode) has occurred. In its simplest form a time series study can be defined as
a study consisting of a set of observations made sequentially in time or in other
words the observation of the relationship between change in the average
exposure level or intervention and the change in the disease rate for a single
population. Due to the fact that time series methodology lends itself quite well to
examining the effects of short-term fluctuations in air pollutant exposures on
acute morbidity and mortality, they are quite frequently the design of choice for
researchers wishing to use longitudinal study designs to investigate the
relationship between ambient air pollutants and various health outcomes. Time
series studies are stochastic in nature; what this means is that future outcomes

cannot be exactly predicted from past values, i.e. one can only use evidence
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Chapter Two Cotlege of medkcne Literature Review

are exposure based and are either prospective or retrospective. A retrospective
cohort study is one where all the relevant exposures and health outcomes have
occurred at the time of the study commencing whereas in a prospective study
the relevant causes/exposures may or may not have occurred at the time of the
study commencing. Certainly the cases of disease will not have occurred at the
time the study begins and following the selection of the cohort, the researcher
must then wait for the materialization of the disease within the cohort. Although
fundamentally the methodologies are similar for both retrospective and
prospective studies, there is one very distinct and important difference between
them and that is the ability to control for confounders and effect modifiers. It is
easier to control for confounders at the outset of a prospective study when
planning the data collection, but in a retrospective study, because the relevant
events have already happened, the researcher must make do with what
information is available, making it much more difficult to identify and control
factors other than those of interest that may have had an effect on outcome.

The word cohort is often used to describe a group of people who share a
common experience or condition a group of people sharing the same year of
birth might be described as a birth cohort. Within cohort studies there are two
main types of cohort; closed/fixed cohorts and open/dynamic cohorts.

A fixed or closed cohort is a group of people who are followed from a certain
point in time until a defined end-point. The starting point of observation may be
the exposure defining event or a point in time related to it and a comparable
point in the non-exposed group. The endpoint is the occurrence of the disease of
interest, death from another cause, loss to follow-up or a defined common
endpoint in time, whichever comes first.

An open or dynamic cohort consists of persons who may enter or leave the
cohort at any time without compromising the integrity of the study design. Thus
open cohorts consist of persons whose exposure status or other characteristics
relevant to the disease may change over time.

A cohort study can, in theory, be used to estimate rates, relative risks or
occurrence times. In most situations, however, relative risks and occurrence
times cannot be measured directly because this would require that everyone in
the cohort remain at risk and under observation for the entire duration of the

follow-up period. Alternatively the average risk and occurrence time must be
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Certainly the focus of attention appears to have shifted away from the thoracic

fraction and towards the seemingly more high risk respirable fraction.

Although this thesis is concerned primarily with the possible adverse health
effects of respirable particles, very little evidence exists in the current literature
and, as a result, what follows is an extensive review of the available literature
examining the health effects of both short-term and long-term exposure to
particulate air pollution using measurements of thoracic particles and, where
available, respirable particles as indicators of the levels of particulate air
pollution.

Commonly employed methods for measuring levels of particulate pollution
include measurements of black smoke (BS), total suspended particles (TSP),
coefficient of haze and direct measurements of particles.

The methodology used to measure black smoke concentrations was developed
over 50 years ago and are fully described in ISO 9835. Briefly, particulate matter
is collected on a filter over a 24 hour period and the darkness of the stain is
measured using a reflectometer. The size fraction of the material measured is
defined by three factors — the inlet size, sample tube and the sample flow rate.
The main advantage with measuring black smoke concentrations is that the
monitoring equipment is simple robust and relatively inexpensive.

Coefficient of Haze (COH) is a measure of visibility interference in the
atmosphere and is calculated using optical analysers such as photometers or
nephalometers. These optical particle monitors utilise the interaction between air
borne particulate matter and visible, infra red or laser light.

Total suspended particulates are measured by drawing air through a glass fibre
filter at a rate of between 40 and 60 ft*/min. The suspended particulates are then
calculated by dividing the net weight of the particulate by the total air volume
samples and are reported in pg/m®.

Direct measurements of particles can be carried out in a variety of ways, most
common of which is the use of TEOM analysers. The tapered element oscillating
microbalance (TEOM) is widely used throughout the world for measuring
continuous concentrations of particulate matter. The TEOM instrument works on
the principle that the frequency of oscillation of a glass tapered tube (the
element) changes by an amount that is proportional to the mass of the tube and

as a result any change in mass of the tube due to deposition of particles will
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result in a change in resonant frequency that is proportional to the additional

mass.["%
Many studies have recently associated airborne particle concentrations with

(28881 increased respiratory symptoms and illness;’®%'%!

increased mortality;
increased hospitalisation or emergency department visits;'®'?"! reduced

pulmonary function!'?®"%* and school absence."*"'*]

2.2) Epidemiological Evidence: Acute Exposure Studies

Mortality studies

Focusing on specific air pollution episodes, early studies examined the effects of
acute exposures, evaluating changes in health before during and after the air
pollution episode. These air pollution episodes varied in duration, lasting
anything from a few days to a few weeks. Examples of severe air pollution
episodes that have been studied include episodes at the Meuse Valley,

Belgium;?® Donora, Pennsylvania;®® and London, England.?%

In October 1948, a four day air pollution episode occurred in Donora,
Pennsylvania. At the time the Public Health Service surveyed a sample of the
population of Donora, collecting health effects information which then enabled
Ciocco et al to conduct a follow-up study in 1957. Essentially the findings of the
follow-up study were a) that of persons who had reported an acute illness at the
time of the pollution episode appeared to show higher subsequent mortality and
morbidity than did persons who had not reported any such illnesses and b) that
of those who reported an acute illness, those who reported more severe acute
illness appeared to show higher mortality and morbidity than those reporting only
mild complaints. As they stand, these results would appear to suggest that
persons who fell ill at the time of the episode were more likely to develop
subsequent ilinesses or to die than persons who did not. However when persons
who reported cardiovascular diseases predating the 1948 episode were removed
from the comparisons the difference between the two groups, those reporting
illness and those not, was narrowed substantially, suggesting that in fact those
who had a pre-existing cardiovascular illness were more likely to have developed
acute illness during the pollution episode and that it was the pre-existing

condition that resulted in the subsequently higher mortality and morbidity. A lack
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of data regarding individual pollutants meant that there was no way to discern

which pollutant or combination of pollutants was responsible for the effects seen.

Logan demonstrated a possible linkage between cardiopulmonary mortality and
morbidity with episodes of extremely elevated concentrations of particulate
and/or sulphur dioxide air pollution by presenting figures from the Registrar-
General's weekly returns in conjunction with additional data which indicate that
the incident had an almost catastrophic effect on health, where for a few days,
the deaths rates reached levels only previously seen at the height of the cholera
epidemic of 1854. Based on the available figures, Logan estimates that the result
of one of the most infamous pollution episodes, the Great London Fog of 1952,
was to bring about approximately 4,000 deaths in the greater London area. As
for cause of death Logan calculated that deaths from bronchitis increased by
over eight times while pneumonia deaths increased by almost three times in the

days during and immediately following the episode.

Later studies, examining the effects of less severe episodes, suggested the
presence of smaller mortality effects associated with less severe and lower

levels of pollution.

Wichmann et al®®"! carried out a retrospective study in which the effects of a
smog episode that occurred in parts of the North-Rhine Westfalia region from
January 17" to January 23™ were investigated. The study examined data
collected for a six week period from January 3™ to Feb 13" and in an effort to
allow comparisons, data was collected from the state of North Rhine Westfalia,
including the areas that were not affected by the air pollution episode. Mortality
data; morbidity data including hospital admissions; ambulance transports;
outpatients and consultations in doctors offices’ were collected, along with
ambient air pollution data and meteorological data. The main features of the
smog episode were elevated levels of SO, and suspended particles (S.P.’s). In
the polluted area a daily average SO, level of 0.83 mg/m* and a maximum daily
measurement of 2.17 mg/m® were reached while for SP the corresponding
concentrations were 0.6 mg/m?® for daily average and 0.85 mg/m? for a three hour
value. On analysis an increase of 8% in the number of deaths per day for the
polluted area is noted with an increase of only 2% in the control area, with a

clear increase in deaths from cardiovascular disease for both areas. As for
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morbidity, hospital admissions increased by 15% in polluted areas, five times as

much as the 3% increase in the control areas. The strongest increase, an
increase of 28% was recorded in the number of cardiovascular or respiratory
patients who were taken to hospital in an ambulance. Splitting the group
according to illness showed that there was a 25% increase in the number of
cardiovascular patients while the increase of 36% for respiratory patients was
larger. As far as the outpatients were concerned there was increase of 12% in
the number of outpatient visits for the polluted area compared with a 5%
increase for the control area. No major changes were seen in the number of
consultations in doctors’ offices although this could be due to a number of
factors. One reason for this lack of change may be due to the fact that people
are more inclined to remain indoors during periods of bad weather, a theory
supported by the fact that visits to the doctor were strongly correlated with
temperature but not with air pollution. Another reason for the lack of change in
numbers could be down to the fact that those who would ordinarily visit their G.P.
first may have been possibly have been more affected by the pollution episode
and therefore by-pass their doctors’ surgery and go straight to the Accident and
Emergency Department.

In 1995, Anderson et al®? reported on the effects of a 1991 air pollution episode
in London, England. In December of 1991, an anticyclone (an area of moving air
of high pressure in which the winds rotate outwards) lay over most of Britain and
Western Europe. The resulting cold and stagnant air conditions, along with the
corresponding temperature inversion which meant that emissions from vehicles
and power sources were trapped close to ground level and prevented from
circulating and dispersing as normal, provided the ideal conditions for the
development of one of the thick and lasting fogs long since associated with
London. Data for ten weeks around the 1991 episode week and for the same
period for four control years were examined. Although for all five years there
appeared to be an increase in deaths around December the dominant feature
was a large increase in mortality and morbidity in 1989-90, one of the control
years. This increase was later found to be associated with an influenza epidemic.
Although the largest increase in mortality over the five years examined did not
occur during 1991-92, a small peak, late in the episode week was observed and
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showed the highest number of daily deaths in the ten week period. Apart from

ischemic heart disease in the age group 0-64 years, log linear analysis showed
that the relative risks were increased for both all age and diagnostic categories.
Overall the results of log linear analysis appeared to indicate that during the air
pollution episode week, London experienced more deaths and hospital
admissions than would have been predicted using data from control weeks years

and areas.

Fairley®® explored the relationship between daily mortality and suspended
particulates in Santa Clara county from 1980-1986 and found that on days with
increased particle numbers, the mortality rates appeared to increase. Using
coefficient of haze as a measure of particulates, he found that same day
coefficient of haze (COH) measures appeared as a significant predictor of
mortality in all regression models examined bar two. However Fairley took care
to highlight the fact that the associations observed do not necessarily imply

causation and that further investigation was warranted.

Kinney and Ozkaynak®! reported results of a multiple regression analysis in
which they examined the associations between aggregate daily mortality counts
and environmental variables in Los Angeles County, California. Five pollutant
variables were included in the analysis including KM, a measure of particulate
optical reflectance. Significant associations were found with KM and daily
mortality, however KM was also highly correlated with NO, and CO, which were
both significantly associated with mortality, making it difficult to estimate the
individual effect of KM on mortality.

Subsequent time series studies increasingly used more formal time series
modelling, including Poisson regression and began to hint at the emergence of a
consistent pattern. These included studies in Steubenville, Ohio;*® Philadelphia,
Pennsylvania;®® St Louis, Missouri and Kingston, Tennessee:®” Detroit,
Michigant®®! and Cincinnati, Ohio."*®!

In Steubenville, Ohio Schwartz found that a 100ug/m?® increase in particulate
levels was associated with a 4% increase in mortality on the succeeding day and
that no statistically significant association with sulphur dioxide was observed
after adjusting for particles.
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The study carried out in Philadelphia, PA, compared daily total mortality and

cause specific mortality with TSP and SO, concentrations. An average of 48
people died in the city each day and approximately 65% of the deaths occurred
in people over 65 years of age. Initial analysis of weather factors showed that hot
days, previous days mean temperature; mean dew point temperature and winter
temperature were all significant predictors of daily mortality. Including TSP in the
model indicated that particulates on both current and previous days were highly
significant predictors of daily mortality using two day mean as the index for
particles (previous and current day), resulting in an stronger association as
compared with either day on its own. Adding both TSP and SO, to the model
caused the effect of SO, to be reduced in magnitude considerably and become
insignificant. TSP on the other hand remained significantly associated with
mortality. In an effort to test the hypothesis that TSP might be serving as a vector
to deliver SO; into the respiratory tract, the sample was divided into days above
and below the median SO, concentrations (18 ppb). The coefficient of TSP was
0.000707+/-0.000238 during low SO, days and 0.000645+/-0.000187 during the
high SO, days, hence there is no evidence that TSP act as a vector for SO,.

In Kingston, TN and St Louis, MO positive associations were found with PM;q
and daily mortality, although the Tennessee results did not reach significance. In
St Louis neither SO,, NO, nor ozone were significantly associated with total
mortality. What was interesting about this study was that for both St Louis and
Kingston the maximum daily PM;, concentrations during the year were
considerably lower than the National Ambient Air Quality Standard of a 24 hour
average of 150ug/m>. This may indicate that the PM; was acting as a proxy for
some other factor, but on examination the associations found did not appear to
be confounded by either meteorological factors or other pollutants. It is therefore
also a possible indicator of the ineffectiveness of the NAQS in protecting the
health of the population and indicate the need to reassess the standards.

The results of the Detroit study were quite similar to those found in Philadelphia.
Data from over 500 days in Detroit, Michigan were collected and a site-specific
predictive model for TSP was developed. From this, concentrations of predicted
TSP were assessed as predictors of daily mortality. Again, in Poisson
regressions controlling for year and time trend; various temperature variables

including previous day’s temperature, hot days and humid days were predictive
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of variations in daily mortality. Adding air pollution variables to the model showed

that previous days predicted TSP was a highly significant predictor of mortality,
as was previous days SO,. Considering both previous days SO, and predicted
TSP in the model, only predicted TSP remained significantly associated with
daily mortality while SO, became highly insignificant. Unlike the Philadelphia
study, the two day mean (previous and same day) was a less significant
predictor of daily mortality, as were both current day measures on their own.

In Cincinnati, Ohio, the relationship between airborne particles and daily mortality
was examined in an effort to determine if the findings of higher relative risks for
pneumonia, cardiovascular disease and the elderly observed in Philadelphia
could be replicated. TSP was found to be a significant risk factor for mortality
(RR=1.03; 95% CI=1.03-1.10), an association almost identical to that observed
with TSP in Philadelphia. Similarly for cause and age specific mortality, the
relative risks were higher for the elderly and for deaths from pneumonia and
cardiovascular disease (RR=1.09; 95% CI=1.04-1.14, RR=1.16; 95% Ci=0.95-
1.42 and RR=1.08; 95% CI=1.03-1.14 respectively).

Although previous groups of studies have shown consistency in their results
across different communities, critics have suggested that the effects seen may
be due to modelling techniques or the result of confounding by long-term time
trends, season, weather or pollutants other than particles. There has been some
replication and reanalysis of time-series studies that have found that the results
of the original studies could be reproduced, as well as new studies carried out in
different communities in which similar observations have been made. There have
also been some studies in which the results did not agree with previous findings.
In two separate studies Moolgavkar et al reanalysed the Steubenville and
Philadelphia data and in contrast to the results reported by Schwartz et al, the
reanalysis of the data by Moolgavkar did not produce the same results despite
the fact that every effort was made to use exactly the same data as had been
used by Schwartz %" For example, similar to the original study in Steubenville,
Moolgavkar et al found that TSP was significantly associated with mortality in the
subsequent day; they also found however, unlike Schwartz et al, that the
inclusion of SO, into the model caused the effect of TSP to be substantially
decreased and become statistically insignificant. Similarly in Philadelphia, when

TSP was the only pollutant considered in the model it was associated with
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mortality, as was SO,. On the other hand and again, contrary to the results found

by Schwartz et al, when pairs of pollutants were examined, the effect of TSP was
greatly diminished in all seasons except summer. When ozone, a pollutant not
examined in the original study, was added, the effect of TSP was again
attenuated in the summer, suggesting that it is not possible to distinguish which
of the pollutants was responsible for the effect observed.

There are a number of credible reasons why the results found in Moolgavkar's
studies did not agree with the findings of Schwartz et al. The primary and
probably most likely explanation for the discrepancies in findings is that although
Moolgavkar et al went to the same primary data source as Schwartz, they were
unable to exactly replicate either the mortality data or the pollution data sets. If
this was in fact the reason for the difference in the findings then it points to the
theory that neither study is robust to minor alterations in the data which in turn
makes it incredibly difficult to draw any firm conclusions from either group of
studies.

Other reasons for the differences in findings include the fact that Moolgavkar
analysed the data by season in an effort to control for possible confounding by
weather, although Moolgavkar did reanalyse the data as a single series (not
separated by season) and found that it made little difference to the findings. The
inclusion of ozone in his analysis by Moolgavkar may also bear some
explanation as to the differences observed. With regard to the Philadelphia data,
when ozone is introduced into the model, the effect of TSP is greatly affected in
the summer and in addition, the seasonal effect of ozone was concealed when
the data was analysed as a single season which would give credence to
Moolgavkar’s decision to both to include ozone in his analysis and to analysis the
data series by season and raises the question of what difference the inclusion of
ozone would have made to the findings of Schwartz et al. Differences in
methodology may also affect the results and explain some of the differences in
findings. Moolgavkar et al criticise the decision by Schwartz to use generalised
estimating equations (GEE) in their analysis, claiming that the sample size was
too small and the lack of correlations among daily counts of mortality rendered
the use of GEE methods inappropriate and as such Moolgavkar et al chose
instead to carry out straight Poisson Regression.
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Although Moolgavkar's aim was to reproduce the findings of Schwartz et al, the

inability to do so shows up the weaknesses in the work, the primary weakness
being the lack of robustness of the results thus making it incredibly difficult to
accept the findings presented by either group and highlighting the fact that
associations presented in various studies can often times be tenuous at best.
Despite large differences in socio-economic factors, climate, environmental and
other conditions, time series studies conducted in more than twenty cities across
the world have found positive associations with particulate pollution and various
health outcomes.

Among these studies is the APHEA study (Air Pollution and Health: European
Approach), which evaluated data from 12 European cities in 10 different
countries and the APHEA 2 study, which expanded on the original APHEA study
to cover 29 cities and were conducted in an effort to provide quantitative
estimates of the short-term health effects of air pollution.*?*®! For both studies
substantial heterogeneity was found among the cities, with large differences
observed in means levels of various pollutants across different cities, for
example the mean 24hr level of black smoke ranged from 15-292mg/m®. In the
first APHEA study some of the heterogeneity for the effects of black smoke and
sulphur dioxide was explained by using a list of predefined explanatory variables,
which included the levels of pollutant elevated as well as levels of other
pollutants, geographical differences and meteorological factors such as annual
mean or seasonal temperature and humidity. On top of which, it was noticed that
separation between western and central eastern European cities generated more
homogenous subgroups, although significant heterogeneity remained for the
effect of SO, in western cities. Overall an increase of 50ug/m’ in the one day
pollutant levels was associated with an increase in daily mortality of 3% for black
smoke and 2% for PMy, in western European cities. The corresponding figures
for central eastern cities were 1% for sulphur dioxide and black smoke. Only one
city, Bratislava, had PM,q data and an increase in 4% was found there. The size
of the effects of particles found was compatible with those reported in other
studies and the effect of sulphur dioxide on mortality was consistent with, and of
a similar size to, the effect of particles. Evidence from three different approaches

was presented suggesting that the effects of particles and sulphur dioxide are
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independent. Firstly, if the effect of one pollutant was a surrogate of the other

then ranking the effects estimated for one pollutant by the mean level of the
other, for example plotting the SO, coefficient for all cities ranked by their black
smoke level should show a monotonic trend in the size of the effect. This was not
found for either SO, or any particulate measurements. Secondly, models for the
two pollutants during days with low and high levels of other pollutants were fitted
and the pooled results indicated independent effects. Thirdly, the results of the
two pollutant models showed a similar moderate decrease in the effects of both
pollutants which remained significant.

The expanded APHEA 2 study showed effects of particles, which were
comparable to those in the original study. The effects were more intense for
older individuals with a percentage increase in mortality for a 10ug/m?® increase
in PMyo of 0.8% (95% CI = 0.7-0.9%) under the fixed effects model and 0.7%
(95% CI = 0.5-1.0%) under the random effects models when considering deaths
among the elderly (>65 years of age). The primary difference between the two
studies was that in the second, a range of pollutants were considered, whereas
the first examined only particulates and SO.. In the second study NO, was found
to reduce the mortality associations for a 10pg/m® increase in black smoke
concentrations with a reduction in total mortality of 55% and a reduction of 48%
in PM,o associations. On examining the heterogeneity observed in the effect
estimates of both PM;o and black smoke by taking into account the potential
effects modifier, the authors found that NO, was the most important effect
modifier and that in a city with low long-term average NO, concentrations the
estimated increase in daily mortality associated with a 10ug/m? increase in PM1o
was 0.19% as compared with 0.8% for a city with high NO, concentrations. The
ratio of PM4o to NO, was also found to be of some importance, with a lower ratio
associated with a larger PMy, effect thus intimating that perhaps the effects of
PM;o and NO; could not be separated. Several other variables appeared to be
effect modifiers but only those explaining more than 10% of the heterogeneity
were presented. Apart from NO,, the most important effect modifiers appeared to
be temperature, humidity and standardized mortality (A Standardised Mortality
Rate is calculated as the number of deaths observed within an area divided by

the expected number of deaths within that area, multiplied by 100. To calculate
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the expected number of deaths, for each age group, the standard age-specific

death rate is multiplied by the local population in that age group. The numbers of
expected deaths in each age group are then summed across all ages resulting in
the expected number of deaths for the population). The heterogeneity of single-
city effect estimates supports the hypothesis that the composition of particles
differs among locations in a way relevant to their health effects. An indirect way
to investigate the toxicity of particles according to specific aspects of their
particular characteristics is to evaluate the potential effect modification of factors
influencing their composition across a number of environments. The relation
found between NO; (an indicator of pollution originating from traffic) and particles
suggest that particles originating from vehicle exhausts are more toxic than those
from other sources. A conclusion supported by the work of others such as Laden

I“4l who examined the elemental compositions of all the PM; s filters from the

eta
Harvard Six Cities study. Using the elemental composition of size fractioned
particles, Laden et al identified several distinct source related particle fractions of
particles. They then examined the association of the fractions with daily mortality
in each of the six cities and combined the city specific results in a meta-analysis
to derive overall relative risks for each fraction. Using lead as a marker of mobile
source particles (the study was conducted when lead was still in use) they found
the strongest increase in daily mortality associated with the mobile source (lead)
factor. In the combined analysis across the six cities, daily mortality increased by
3.4% (CI=1.7-5.2%) with each 10ug/m® increase in the two day mean of the
mobile source factor. Similarly, although not significant, (Cl=-1.1-5.2%), there
was evidence of a 2% increase in daily mortality from ischemic heart disease.
Other European studies of note include; the three cities study in Switzerland
where Wietliebach et al analysed daily mortality and air pollution data for three
large Swiss urban areas — Zurich, Geneva and Basle which, in 1980, had a
combined population of 1406000;%! the four cities study in Poland;“®! and a
time-series study conducted by Anderson et al, which aimed to investigate
whether associations existed between air pollution and daily mortality.”]
There were several specific aims of the Swiss study, including:

1) To investigate whether daily mortality counts were associated with

ambient concentrations of particulate air pollution as appeared to be

evidenced in previous studies
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2) To investigate whether any of the estimated mortality effects were

robust to the application of various regression techniques
3) The potential effect of confounding by other factors including time
trends was to be assessed
4) To evaluate the effect of other pollutants on the outcome in order to
determine whether particulate pollution was the sole pollutant
responsible for the observed effect
5) To explore the linearity of the dose-response relationship between
pollution and mortality
Series of daily counts were calculated for several categories including; total
mortality, mortality for persons >=65 year, respiratory mortality and
cardiovascular disease mortality. Three separate regression modelling
techniques were used in this study, the first of which used standard Poisson
Regression techniques and included several indicator variables for year, month
and ranges of minimum temperature and humidity, in an effort to evaluate the
potential impact of such confounders as time-trends, seasonal factors and
weather. A second series of semi and fully non-parametric models and a third
series of Gaussian regression models were also estimated. In an effort to
account for the probable delayed and/or cumulative effects of particulate
pollution, 3-day lagged moving averages were found to best fit the model. Even
after controlling for seasonality and daily temperature and relative humidity
variations, particulate pollution was found to be statistically significantly
associated with counts of mortality in both Basle and Zurich and after controlling
for time trends and seasonality, the estimated pollution effects did not appear to
be sensitive to the type of model applied, or to the addition of other covariates to
the models, indicating that particulate pollution may indeed have been
responsible for the observed mortality effects. There did remain the possibility
however, that other pollutants may have contributed to the observed effects and
so regression models for a range of other pollutants were also estimated and
mortality was found to be associated with TSP, SO, and NO, and when all
pollutants were included in the model together, the regression coefficients
became unstable and statistically insignificant. One wonders however, whether
estimating two pollutant models for various pairs of pollutants would have been a
more appropriate next step, especially given that SO, and TSP appear to be
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highly correlated and past evidence suggests that the same is true for TSP and

NO,. As it was, the results of the multi-pollutant model meant that no particular
pollutant or combination of pollutant could be assigned responsibility.

Anderson et af*” constructed a time series from 1987 to 1992 of daily counts of
all age mortality, for all causes of death excluding accidents, in London with daily
number of deaths used as the outcome variable. They also included mortality for
respiratory and cardiovascular diseases (ICD 9 codes 460-519 and 390-459
respectively). The aim of the study was to determine whether or not outdoor air
pollution had a significant effect on the level of daily mortality. The findings of the
study showed associations between daily mortality and various indicators of air
pollution. Black Smoke and Ozone showed the strongest associations which
were independent of other pollutants, with a 2.5% increase in all cause mortality
in the warm season for black smoke, an effect that remained virtually unchanged
on inclusion of ozone in the model. For respiratory diseases, the effect of black
smoke in the warm season almost doubled on inclusion of ozone, from a relative
risk of 1.0064 to 1.0143., although the correlation matrix shows little or no
correlation between ozone and black smoke. Although some associations were
found with nitrogen dioxide and sulphur dioxide, these could partly be explained
by their correlations with ozone or black smoke. The authors point out that
poliution levels in London are much lower now than they were twenty years ago
and as such there may not be a comparable effect nowadays. They do however
acknowledge the potential for effects in the already vulnerable population and
advise that consideration be taken when determining policies for reducing
emissions of pollutants.

Outside of Europe and North America, time-series studies of mortality include
studies from Brazil,*®*% Mexico,”" South Korea,®*®¥ China, Hong Kong,©? &
Australia and New Zealand.®-8!

In Brazil two time-series studies were carried out in Sao Paulo during the early
1990’s looking at various aspects of air pollution and its effects. One
concentrated on the levels of nitrogen oxides and the levels of mortality in
children under five while the other examined the effects of PMs, on mortality in
the elderly.*®*% A third study, conducted in the late 1990's sought to combine
and expand on the effects of the previous two studies and examined the daily

mortality for a range of age-groups but with specific emphasis on the elderly
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(>=65 years of age).®® Using single pollutant models, Gouveia found that

cardiovascular and respiratory deaths were associated with a range of pollutants
including PMy, with adjusted relative risks of 1.060 (95% CI = 1.005 — 1.158)
and 1.038 (95% CI = 1.001 — 1.076) for respiratory diseases and cardiovascular
disease respectively, for an increase in PM;o from the 10" to the 90" centile. In
children under five years PM;, was not significantly associated with either
mortality outcome in children. These results do not correspond with the results
found by Saldiva et al who found that NO, was positively and significantly
associated with respiratory mortality in children under five. Reasons for the
differences in results may have been the result of differences may been the
result of differences in methodology, for example Saldiva et al used only one
year of data as compared with the three years used by Gouveia. Using only one
year of data makes it incredibly difficult to identify and control for such potential
confounders as time-trends or seasonality. Both studies reported high co linearity
between pollutants, and Gouveia et al were unable to report on the results of a
multi-pollutant model, claiming that the results were too difficult to interpret.
Saldiva et al on the other hand found that the regression coefficient for NO, was
not hugely altered across different models suggesting that the association
between respiratory mortality and NO, was robust relative to controls considered.
So does this mean that the results of one study can be considered more reliable
than the other? In fact what it means is that more investigation is needed and
that while Saldiva et al may be correct in their assumption that NOy is
responsible for respiratory mortality in children, there still remain questions as to
the accuracy of the results based on the lack of data. It may be that NOy is
masking the effects of other pollutants or synergistic interactions may be
occurring between pollutants and despite the apparent robustness of the
association of NO, and mortality, the results cannot be taken as read. In terms of
Gouveia's study, although considerably more data was analysed, three years of
data may still be insufficient to reveal any major cyclic patterns in the data,
although it will provide more information than could be seen when using a single
year of data, thus making it more possible to control for such trends and perhaps
resulting in more accurate estimates, for this reason perhaps more weight should
be given to the results presented by Gouveia. On the other hand, Gouveia
hypothesises that the lack of an association between mortality and pollution in
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children points to the possibility that Brazilian children may some-how be
immune to the effects. It is more plausible however, that children, while not
affected seriously enough to result in death are likely to show effects such as
increased asthma, cough, wheeze and reduced pulmonary function (discussed in
detail later), all of which may result in children being more susceptible to the
effects of air poliution later in life.

A study in Mexico City found that a 10ug/m® increase in fine particles was
associated with a 1.3% increase in total mortality on the same day (Cl = 0.2 -
2.5) and a 1.4% increase after a four day lag (C! = 0.2 — 2.5).*") Two pollutants
models, combining fine particles first with O3 and then with NO; found essentially
the same results as the single pollutant models and for the three pollutant model
a 10pug/m?® increase in PM;, was associated with a 1.7% increase in all-cause
mortality, a 2.3% increase in mortality in persons aged >65 years and a 3.4%
increase in cardiovascular mortality. In spite of the fact that there were positive
associations between fine particles and mortality, none reached significance and
for a city with over three million motor vehicles, this lack of any significant
association, in conjunction with the lack of an association with NO, is perhaps
somewhat surprising.

In Hong Kong, Wong et al analysed four years of data from 1995 to 1998 to
investigate the association between air pollution and mortality from respiratory
and cardiovascular conditions.®? During the four years of the study, 46% of all
deaths could be attributed to either respiratory or cardiovascular causes. On
investigation a significant increase in mortality was observed for all four
pollutants examined (SO,, O3, NO; and PMyp). The increase ranged from 0.8%
for a 10ug/m® increase in PMyo to 1.5% for a 10pg/m® in SO,. For mortality from
COPD, a 10ug/m® increase in all pollutants except SO, were significantly
associated with and a significant increase in mortality from ischemic heart
disease was associated with a 10pug/m® increase in concentrations of all four
pollutants and ranged from an increase of 0.9% for a 10ug/m® increase in O3 to a
2.8% increase in mortality for a 10pg/m3 increase in SO,, with a 1.3% increase in
mortality from IHD associated with a 10ug/m® increase in PM;o. Further analysis
was conducted in the form of a multi-pollutant model and for respiratory mortality
only SO; and O3 remained significant (R.R. = 1.015 and R.R = 1.010

respectively) after elimination of any non-significant pollutants (p>0.05), although
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only O3 remained significant, with a stable RR for all three models and O3 was

also the only pollutant to remain significantly associated with COPD mortality.
For IHD mortality, only NO, remained significant in the two, three and four
pollutant models but its relative risks were smaller than in the single pollutant
model. No significant effect for PM4o was observed for any outcome in the multi-
poliutant model, not even for respiratory diseases or IHD, the two outcomes for
which positive associations were seen in the single pollutant models. Although
this lack of effect is surprising, there are some possible explanations; PM;g
concentrations were highly correlated with NO, (r = 0.78) and moderately
correlated with O3 (r = 0.538) and so the effects of PM1o may have been masked
by the effects of those two pollutants. Hong-Kong has high ambient levels of NO,
and as mentioned previously, NO; is an indicator of pollution originating from,
traffic, also known to be one of the primary sources of particulate pollution in
urban areas and so perhaps there is the possibility of PM,g acting as a vector to
deliver NO; to the lungs, rather than eliciting an effect of its own. Another reason
for the lack of observed associations could be down to the composition of the
PMio in Hong Kong. Although it is recognised that diesel exhaust is a major
source of PMy, it appears that crustal dust and particles of marine origins are
also large contributors to the PM;q levels, thus it is maybe possible that the lack
of association was due to the PMyy consisting primarily of these crustal and
marine particles, which in the past have not shown significant associations with
mortality and if this were the case then perhaps PM, s would have been a more
appropriate measure of particulates in order that any possible toxic effects of
particles from diesel exhaust could be evaluated.

Hong et al conducted a time-series study in Inchon, South Korea in an effort to
examine the associations between particulate air pollution and mortality.®* The
study period was almost two years and measured 24 hour averages of PMyp,
S0O,, O3 and CO and 8 hour averages of O;. Using a five day moving average,
PM;,, was found to be positively associated with all cause mortality,
cardiovascular mortality and respiratory mortality although the associations were
only statistically significant for all-cause and cardiovascular mortality. A 10ug/m?®
increase in the five day moving average of PM;o was associated with an increase
in all-cause mortality of 0.8% and in cardiovascular mortality the increase was
1.1%. In the muilti-pollutant models however, PM;, was positively and
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significantly associated with respiratory mortality and a 10ug/m?® increase in the

five day moving average was associated with an increase of 1.5% in respiratory
mortality. It is the opinion of the authors that the low frequency of non-malignant
respiratory deaths was the reason for the non-significant association in the single
pollutant model. It is possible however that the significant association with PM1q
observed in the multi-pollutant model was the result of interactions with other
pollutants. In this study PMio was highly correlated with SO, and there was a
near linear increase in relative risk when using PMyo and SO, as the pollution
index, which may suggest that a joint effects model of PM1o and SO, would have
been a better predictor of mortality risk than single pollutant models.

Another study in Korea, this time conducted in Seoul and Ulsan found, that in
contrast to the Inchon study, the effects of TSP were significant in the single
pollutant model, as were all other pollutants measured, but in the multi-pollutant
model the effect was no longer significant.®* Again particulates and SO, were
highly correlated (r = 0.42 in Seoul and r = 0.72 in Ulsan) which may again
suggest that a joint PM and SO, model may be a better predictor of mortality or,
bearing in mind the different effects associated with different particle
compositions it may well be that in order to determine the effect of combustion
source particles, joint PM and gaseous pollutant models are needed, or perhaps
simply examining gaseous pollutants as indicators of combustion source
particulate pollution.

One of the major limitations of both studies is again the lack of data analysed
and although in both studies there was control for factors such as season, time
and weather, with limited data the cyclic trends in the time-series may not be
easily identified and adequately controlled for. Other issues with this study
include the fact that Lee et al used GEE methods, an approach that has
previously been criticised by Moolgavkar et al for being used on data sets that
were too small.

Xu et al analysed a single year (1989) of data from two residential areas in
Beijing, China.®® The use of coal as the primary fuel for heating was, at the time,
widespread in both areas and so domestic coal burning was considered to be the
main source of particles (measured as TSP) and SO, supported by the fact that
negative correlations were observed between TSP and SO, and temperature

and humidity. Ln(SO;) was a significant predictor of daily mortality but no
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significant association with TSP could be discerned. In the two pollutant model,

SO, remained significant following inclusion of TSP in the model. Again TSP and
SO, concentrations were highly correlated (r = ~0.6) and similarly to the Korean
cities, a large quantity of the ambient TSP concentrations in Beijing are largely
derived from coastal and other natural sources, all of which again brings into
question the importance of particle composition and implies that more work is
required to be concentrated in the area of particle compositions. The lack of
association with particulate pollution in the study may ailso have been the result
of the masking of the effects of particles by SO, and so possibly suggesting that
other pollutants should be used as proxy measures or that in fact the effects of
an individual pollutant cannot readily be ascertained and that any observations
observed may simply be taken as an indication of the possible effects of a
complex mixture of pollutants only.

Employing the same methodology as that used in the APHEA project, Simpson
et al examined associations between daily mortality and air pollution levels in
Brisbane, Australia.®® Same day pollutant averages were found to be most
significantly associated with daily mortality with maximum 1hour and 24 hour
black smoke particles and 1 hour and 8 hour average O3 levels being the two
pollutants that were most significantly associated with total daily mortality,
particularly in the summer season (October to March). When analysed
separately, by cause of death, the associations were no longer significant for
respiratory illnesses and only maximum 1 hour bsp data was significantly
associated with cardiovascular mortality. Analysis by age for the three mortality
categories resulted in positive and significant associations in the >=65 years age
group but not in the <65 years.

Morgan et al constructed a time-series for the period 1989 through 1993
examining the effects of outdoor air pollution on daily mortality in Sydney,
Australia.®”! After adjusting for seasonal and cyclic factors an increase in daily
mean particulate concentrations from the 10" to the 90" percentile was
associated with an increase of 2.63% (95% Cl| = 0.87 — 4.41) in all cause
mortality and an increase in cardiovascular mortality of 2.68% (95% Cl = 0.25 —
5.16) although neither association reached significance.

Hales et al reported on an investigation of the relationships between mortality

and ambient particle concentrations in Christchurch, New Zealand.®® The
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relationship between mortality and weather variables was also investigated. An
increase in previous days PM;o by 10ug/m® was associated with an increase of
1% in all-cause mortality and 4% in respiratory mortality and when the analysis
was restricted to mortality in people >65 years a slightly stronger association
between PM;, and respiratory mortality was observed. No significant

associations were observed between PM;o and cardiovascular mortality.

Hospitalisation Studies and visits to general practitioners (GP)

In the same way that daily counts of mortality can and have been examined for
associations with air pollution, hospital admissions can also be evaluated.
Studies of the same severe air pollution episodes as previously mentioned have
not only found associations with mortality but have also pointed towards
increased morbidity and an increase in hospitalisations and related health care

endpoints.

Numerous studies have analyzed emergency department visits and found them
to be associated with particulate air poliution. In 1981 Samet et al reported a very
small but statistically significant increase in emergency room visits for respiratory
complaints in Steubenville, OH that were associated with elevated levels of
particulate pollution and sulphur dioxide.['®! Samet wanted to ascertain whether
emergency room visits could reasonably be used as a sensitive index of the
short-term effects of air pollution. In the first instance, the magnitude of
deviations from expected values within specific pollution and temperature strata
were assessed. Secondly, a linear threshold model was implemented. For both
techniques no consistent correlation of lagged and unlagged pollutant levels was
found either with total emergency room visits or with visits for diagnosis other
than trauma. For respiratory diseases, the regression model identified a
significant effect of both unlagged TSP and SO, but not NO.. Introduction of a 24
hour lag eliminated the effect of TSP and SO,. According to the authors, this
effect of TSP should be interpreted with caution because although the regression
coefficients reached statistical significance at p<0.05, the contribution of the
pollutant variables to the multiple R? is only 0.01 — that is 1% of the variance of

respiratory disease is explained by TSP and SO,.
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