i University

of Glasgow

e
[ vessas it |

Havyarimana, Enock (2023) Understanding environmental risk factors
associated with vasculitis in United Kingdom. PhD thesis.

https://theses.qla.ac.uk/83846/

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.gla.ac.uk/
research-enlighten@glasgow.ac.uk



https://theses.gla.ac.uk/83846/
mailto:research-enlighten@glasgow.ac.uk

University

of Glasgow

Understanding environmental risk factors associated

with vasculitis in United Kingdom

Enock Havyarimana

BSc MedSc (Hons), MPH

Submitted in fulfilment of the requirements for the degree of
Doctor of Philosophy

School of Infection and Immunity
College of Medical, Veterinary and Life Sciences

University of Glasgow

June 2023



Abstract

Systemic vasculitis constitutes a range of multi-system disorders that affect small, to
medium, and large blood vessels. These disorders affect 1 to 34 cases per million
population each year with ANCA-Associated vasculitis (AAV) and Giant cell arteritis
(GCA) being the most prevalent vasculitis in people over the age 50. The aetiology is
still unknown. Recent evidence has suggested that occupation airborne exposures
and serious infections may be an important risk factor for AAV. The extent to which

this is true at population level is not yet clear.

The primary objectives of this thesis were (i) to investigate the long-term impact of
outdoor air pollution on the onset of vasculitis, (ii) interrogate the role of geography in
mediating the relationship between air pollution and vasculitis (iii) assess the temporal
and seasonal variation of vasculitis onset and the possible links with environmental
exposures. The method used in this thesis encompassed a systematised review, an
environmental-wide association study (EWAS) approach using cross-sectional data
from UK Biobank and the Scottish Morbidity Record. A series of multivariable analyses
adjusted for important confounders were used to quantify the relationship between air

pollution and vasculitis

Findings from the systematised review indicated that the effects of air pollution on
vasculitis are variable depending on geography. It also showed that occupation
airborne exposures and farming were associated 2-fold risk of vasculitis, especially for
AAV. Results from UK Biobank and SMRO1 suggests that long-term exposure to
sulphur dioxide (SO3) is associated with 6.4% and 6.9% increased odds of developing
vasculitis, particularly AAV. Particulate matter (PM1io and PM2s5) was uniquely
associated with GCA. Importantly, geography was seen to play an important role in
vasculitis. Individuals from rural areas had 18% and 16% higher risk of vasculitis

compared with individual from urban areas in UK Biobank and SMRO01.

The temporal and seasonal analyses of AAV indicated that there are two major peaks
in the incidence of AAV in Scotland. The first was seen between 1996-2000 after the

introduction of antineutrophil cytoplasmic antibodies (ANCA) testing in clinical settings



in the early 1990s. The second peak was between 2017-2018 (2"? peak) and could
potentially be linked with environmental agent. Overall, there was no seasonal

variation in the incidence of AAV.

This thesis introduces important novel and validated results that show that outdoor
air pollution may be an important risk factor of vasculitis. There is scope to build on
this work in other international cohorts through data linkage of routine health data

and environmental data by means EWAS study design
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Chapter 1 - Introduction

1.1. Overview

This chapter provides a background on the definition and classification of
vasculitis. The first section provides brief history on the discovery of the different
forms of vasculitis, how they are classified, named, and lastly their
epidemiology and global occurrences. In closing the first section, a case is
made on why the thesis focuses on ANCA-associated vasculitis and giant cell
arteritis (GCA) as models for investigating environmental causes of vasculitis
in the UK. A brief description on existing approaches to investigating
environmental causes of adverse health outcomes is discussed. It provides the
basis for the methodology that is used in the thesis. It highlights the important
use of environmental-wide association studies as an important approach for
investigating environmental causes of vasculitis. The second section of the
introduction chapters provides a summary of the clinical definition and
assessment of AAV and GCA. Their occurrence and epidemiology both in
globally and in the UK including their pathogenesis. Lastly, this section ends
with a detailed summary of genetic and environmental risk factors of vasculitis,
with a special focus on AAV and GCA, and the gap in the literature as well as
future directions. The thesis aims and research questions are provided at the
end of this chapter and provides an overarching framework for this thesis and

its findings.

1.2. Introduction to systemic vasculitis

Systemic vasculitis refers to a group of heterogenous immune mediated
disorders characterised by inflammation of blood vessels, ischaemia, and
necrosis of the blood vessel wall. Onset of disease is usually seen later in life,
with a median age of onset being 50 years and older. Vasculitis as a disease
group accounts for 1 to 4 deaths per million people per year (1),and adds
enormous economic burden and pressure to society, the patient, and the wider
healthcare system (2). To date, the aetiology of vasculitis is not yet clear.

Current evidence suggests a complex interaction between the environment
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and genes. Several risk factors have been proposed, most of which require
further study. Due to its rare occurrence, systemic vasculitis aetiologies have
been challenging to study, mainly because due to a lack of consistent diagnostic
criteria that can be used compare studies globally and an unclear prodrome
period. Regardless of these historic challenges, today, many of the vasculitis
are widely studied, and new risk factors are beginning to be discovered as their

prevalence grow in countries with aging population.

1.2.1. History

Historically, the first clinical manifestation of vasculitis was described by Robert
Willan in 1808 after observing a blood spot rash appearing under the skin of
one his patient(3). The rash, also known as a purpura, was described by
Henoch and Schoenlein to be accompanied by a range of symptoms that
included abdominal pain, pulmonary haemorrhage, arthritis, peripheral

neuropathy, iritis, and nephritis (4,5).

In 1866, Kussmaul and Maier observed similar signs and symptoms in one of
their patients, which they described as taking place in the perivascular sheath
and outer layer of the arterial walls, and accompanied by a thickening of blood
vessels, tachycardia, abdominal pain, appearance of cutaneous nodules over
the trunk including general weakness caused by vasculitic neuropathy (6,7).
This condition was named "periarteritis nodosa". Further research into
periarteritis nodosa revealed that inflammation of the arterial wall was not fixed
but was widespread across the vessel and affected the entire thickness of both
the small and medium size vessels. Given this, it was appropriately renamed

as "Polyarteritis nodosa" (8).

Decades later, Peter McBride (1897), described a necrotising vasculitis with
granuloma lesions that affected the entire respiratory tract and
glomerulonephritis (kidney) (9). Friedrich Wegener (1939) provided a clinical
and pathological interpretation which was later ascribed into three distinct

criteria (necrotising granulomata of the respiratory tract, generalised vasculitis,
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and necrotising glomerulonephritis) and named as Wegener's granulomatosis
by Churg and strauss in 1954 (10).

In 1976, DeRemee and colleagues introduced a broad classification system
based on organ involvement (upper respiratory tract, lung, and kidney). The aim
was to provide a more targeted description and management of the disease
(11,12). In 1985, Van woude et al, described the role of autoantibodies as the
main driver of disease pathology. Specifically, he highlighted that these
conditions were driven by the presence of cytoplasmic autoantibodies targeting
humoral immune cells (neutrophils and monocytes). These antibodies were
later described as Anti-neutrophil cytoplasmic autoantibodies, associated with

small vessel vasculitis (13).

For large vessel vasculitis, Hutchinson, and colleagues (1890), were the first
to describe inflammation of larger sized blood vessels , specifically the temporal
arteries, after observing an elderly patient with two tender red streaks with
thrombosis on his scalp. They hypothesised that this inflammation was
immune mediated (14) and would later described this condition as a form of

thrombotic arteritis of the aged.

Decades later, Horton and colleagues (1932), coined a term Temporal arteritis
after observing widespread inflammation across the artery and surrounding
segments (14). In 1941, Gilmour offered the term giant cell arteritis after noting
that the inflammation of the vessel was associated with increased presence of
multi-nucleated giant cells in the vascular section (15). While many researchers
have come up with different names to describe inflammation of temporal

arteries, giant cell arteritis is the most widely used and accepted term .

21



1.2.2. Classification and definition of systemic vasculitis

The classification of systemic vasculitis has proved difficult over the past three
decades, mainly due to the lack of specific and sensitive diagnostic tools to
characterise the different forms of vasculitis, as well as limited knowledge
about the aetiology and mechanism associated with the disease prodrome.
Important distinctions must be made when referring to classification or

diagnostic criteria.

Classification criteria are used to identify a homogenous group of patients for
inclusion in clinical trials and other research studies while diagnostic criteria
focus on listing a combination criterion or clinical findings that aim to identify
with certainty the presence of a particular disease and improve its
management. Many attempts have been made to classify vasculitis using our
growing understanding of the disease pathology and the types of vessels

involved.

To date, the most widely used system of classification and disease definition is
the American College of Rheumatology (ACR) criteria, the Chapel Hill
Consensus Conference on Vasculitides nomenclature (CHCC) and the
European Medicine Agency four step algorithm of AAV and PAN classification
criteria (16—22) (Figure 1.1). Both ACR and CHCC provide a useful guidance
to rare disease physicians seeing vasculitis in its many form. The ACR is
particularly useful for identifying patients for inclusion in research studies, while
the CHCC has provided clarity to long standing issues related to the naming
and nomenclature system of vasculitis. Both also have limitations in their
application which are continually being addressed as we gain insight into the

vasculitis disease pathology and aetiology.
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Figure 1.1: Timeline summarising the development of vasculitis classification criteria and nomenclature.

[The figure was created with canva.com].
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1.2.2.1. American College of Rheumatology (ACR,1990)

The ACR was the first classification criteria developed for vasculitis in 1990. Its
aim was to improve communication between physicians regarding the different
types of vasculitis and to allow for direct comparison of research studies from
different region and centres(23). The ACR appointed a subcommittee tasked
with generating classification criteria that was based on clinical data rather than

empirical approach.

To achieve this, the committee set up a multi-centre study involving patients
from 48 clinical hospital mostly from across the US. The study included seven
forms of vasculitis considered clinically distinct from others: polyarteritis nodosa
(PAN), Churg-Strauss syndrome (now known as eosinophilic granulomatosis
with polyangiitis) , Wegener’s granulomatosis (now known as granulomatosis
with polyangiitis), hypersensitivity vasculitis, Henoch-Schoenlein purpura ,
giant cell arteritis and Takayasu arteritis (16—20). The criteria were not meant
for diagnostic purposes but to capture a high proportion of patients with a
particular form of vasculitis (sensitivity) from patients with other diseases

(specificity).

To validate this, a study was conducted few years later where several limitations
were identified and documented(24). Specifically, it was identified that the ACR
criteria does not perform well for diagnosis. The criteria identified 75% of
patients with vasculitis and 21% of patients with non-vasculitis. The positive
predictive values for the four vasculitis studied ranged from 29% to 75% for
those with a confirmed diagnosis for vasculitis(24,25).

Additionally, the ACR criteria did not highlight the role of serology and clinical
imaging as surrogate markers for vasculitis definition and did not include
microscopic with polyangiitis (MPA) in the disease classification. To address
this, the Chapel Hill Consensus Conference on Vasculitides consensus on
disease nomenclature was held in 1994 and 2012. It produced additional
definitions to reflect changes in medical terminology and understanding of the

disease pathophysiology.
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1.2.2.2. Chapel Hill Consensus Conference on Vasculitis
Nomenclature (CHCC 1994 and 2012)

The CHCC was first developed in 1994 and later adopted as the leading system
of vasculitis nomenclature. The CHCC 1994 was assembled by a group of
leading scientists and physicians from different medical disciplines with
extensive experience in systemic vasculitis(26). The aim of the meeting was to
reach a consensus on the names of some of the most common forms, with a
particular focus on non-infectious related vasculitis. Initially, the CHCC 1994

focused on a limited number of vasculitis known at the time.

To address this limitation, a second Chapel hill consensus meeting was held in
2012. The aim was to update the disease nomenclature and to reflect changes
in the naming and definitions of previously excluded vasculitis (Table 1.1) (22).
In this version, there are more than 20 forms of vasculitis captured by the
CHCC 2012. The definitions provide a framework for identifying and classifying
these disorders, however, they do not serve as diagnostic criteria, as this
requires empirical validation using observational studies that have confirmed

cases of vasculitis.
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Table 1.1: Names of systemic vasculitis listed in the chapel hill
consensus nomenclature system (CHCC,2012) by affected vessels.

Main vessel
involved

Primary

Secondary

Large vessel
vasculitis

Takayasu arteritis

Giant cell arteritis

Aortitis associated with
Rheumatoid arthritis (RA)
Infection (e.g.: Syphilis)

Medium vessel

vasculitis
Polyarteritis nodosa Hepatitis B virus-
associated vasculitis
Kawasaki disease
Small vessel
vasculitis

ANCA-associated vasculitis

Microscopic polyangiitis
Granulomatosis with polyangiitis

Eosinophilic granulomatosis with
polyangiitis

Immune complex small vessel
vasculitis

Anti-glomerular basement
membrane disease
Cryoglobulinaemic vasculitis
IgA vasculitis (Henoch

- Schoenlein purpura)
Hypocomplementemic
urticarial vasculitis (anti-C1q
vasculitis)

Vasculitis secondary to
RA, SLE, Sjogren
syndrome
Drug-associated immune
complex vasculitis
Drug-associated ANCA-
associated vasculitis
Cancer-associated
vasculitis

Variable vessel

Behcet's disease (BD)

vasculitis

Cogan's syndrome
Single organ Cutaneous leukocytoclastic
vasculitis angiitis

Cutaneous arteritis
Primary central nervous system
vasculitis isolated aortitis
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1.2.2.3. European Medicine Agency algorithm (EMA, 2007)

The EMA algorithm was developed and introduced in 2007 following the
recognition that the application of ACR and CHCC was proving difficult when
interpreting and comparing epidemiological data for ANCA-Associated
vasculitis (AAV) and polyarteritis nodosa (PAN) (27). For example, ACR has
shown to have a high number of patients being classified into more than one
disease while CHCC 1994 has many patients that remain unclassified when
applied in isolation. To address these limitations, a group of physicians
interested in the epidemiology of vasculitis met at the European Medicines
Agency in September 2004 and January 2006. The main objective was to
develop a consensus method and an algorithm that would use both the ACR
and CHCC criteria to allow for adequate comparison of clinical data from
epidemiological studies not confounded by the type of classification and
nomenclature system(27). From this meeting a consensus on four-step
algorithm merging the ACR 1990 and CHCC 1994 definition was constructed.

The algorithm was applied on patients with a diagnosis for small or medium
vessel vasculitis and no other conditions. This was to minimise misclassification
and sensitivity of algorithm. The patient had at least been followed for 3 months
where possible and the algorithm and had clinical features that were present
during the course of disease. Furthermore, the algorithm includes surrogate
markers of ANCA vasculitis and was successfully validated on 99 patients with
AAV/PAN who were appropriately classified into a single diagnosis. Today, the
EMA algorithm is widely used in epidemiological studies and is reproducible
and has fewer patient cases unclassified and with no overlapping diagnoses for
AAV and PAN(28,29).
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1.2.2.4. Diagnostic and Classification Criteria for Vasculitis
(DCVAS) study

The DCVAS study was conceived in 2013 after recognising that in the absence
of a validated criteria for vasculitis, has meant that the effectiveness of CHCC
and ACR classification criteria to achieve diagnostic accuracy and improve
early detection and management of patients living with vasculitis may be
limited(30). To address these limitation, DCVAS a multinational observation
study developed to validate the diagnostic and classification criteria of primary
vasculitis aims to address existing limitation in nomenclature and classification
criteria and guide future diagnostic criteria for vasculitis. Specifically, the study
uses existing approach of vessel size as method of classification, incorporates
detailed clinical data and the latest diagnostic tools like ANCA serology testing,
biopsy, and imaging. Importantly, DCVAS uses the American College of
Rheumatology and the European League against Rheumatism (EULAR)
guideline on classification criteria development and has recently helped inform
the 2022 ACR/EULAR classification criteria for AAV (31-33). These
classification criteria were informed by clinical data from more than hundred
centres across 31 countries in Asia, Europe, North America, Oceania, and
South America, making it one of the more generalisable criteria capturing a
wide array of disease presentation and occurrence of vasculitis in different

populations across globe.
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1.2.3. Epidemiology of systemic vasculitis

1.2.3.1. Time trend

The incidence of vasculitis has grown over the past four decades. This growth
can be explained by improvements in disease nomenclature and increased
recognition by clinician about the vasculitis clinical features and pathology.
These changes have also improved overall case ascertainment of both old and
existing cases. This improvement in case detection has also led to higher

prevalence of some of the common small and large vessel vasculitis.

Additionally, the growth in number of vasculitis patients have increased the
demand for funding to integrate national registries for multiple rare disease
research. One such initiative is FAIRVASC, a semantic web platform that aims
to integrate rare disease registry, with AAV being used as a case study(34).
These initiatives are important for improving the overall surveillance of
vasculitis, and addresses important questions related to aetiology, pathology

and outcomes associated with vasculitis(30,35).

While there are many benefits associated with a rise in number of registries
containing patients with vasculitis, vasculitis research faces several challenges
related to the timing and design of its epidemiology. One such challenge is the
collection of epidemiological data with sufficient sample size. Collecting data on
a rare disease like vasculitis takes a long time and requires careful planning.
Such ambition is often challenged by limited investment in resources to support
mass surveillance of rare diseases, as often the case in low-middle income
countries. A lack of diagnostic and standardised tools and criteria for data
collection and disease nomenclature make it difficult to compare incidence data

from different regions.

Regardless of these challenges, two important approaches are commonly

used: the first, is the use of case cohort studies to recruit and follow patients
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from at risk population (e.g.: those 50 years and older) and geographical-
defined areas. These patients are often recruited from a single or several
specialist centres covering a diverse population in terms of age, sex, income,
population density. The second, is the use of administrative health data that
includes hospital or primary care data and data from national insurance
database with whole population coverage. Both approaches have advantages

and disadvantages and are discussed below

1.2.3.2. Approaches to incidence measures and design.

1.2.3.2.1. Case Cohort

Case cohort studies are commonly used in vasculitis to characterise regional
and country-level incidence of the different forms of vasculitis over a given
period. With this design, patients are prospectively or retrospectively followed
and are often reported in aggregate form to protect the privacy of patients.
Patients are most often sourced from regional hospital registries or biobanks,

where consent has been provided.

The benefits of using this approach is that it allows for a detailed study of
geographic and temporal clusters in disease incidence, including prognostic
outcomes (like multimorbidity and mortality) and effectiveness of treatment
(36,37). Large biobanks are a great tool for identifying cases and groups and
populations at particular risk. Example of such resources are the Swedish
Biobanks (38), UK Biobank (39), the China kadoorie biobank (40). Biobanks
when combined with national patient registers and census records provide a
rich resource where major health determinants associated with poor health can

be studies including their associated mechanisms (41,42).

Important limitations facing case cohort studies are low sample size and limited
ability to achieve statistical power need when study new risk factors associated
with poor health. Patient from geographically dispersed populations with

insufficient clinical service are also underrepresented in cohort studies.
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Additionally, patients living with vasculitis experience high rates of
multimorbidity that can serve as potentially mediators when modelling new
aetiology associated with disease onset. Patient enrolment is less supervised
in some registries; follow up requires continual investment in human and
financial capital and may be difficult to motivate for when working with such rare
diseases. Limited support in this regard can reduce patient retention and
attrition, thereby propagating missing or incomplete data that may serve as a

source of bias (36).

1.2.3.2.2. Administrative health record

Administrative data collected for clinical, financial, and healthcare management
have shown great utility for public health research (39). This data can be linked
to demographic, social, environmental, and other public datasets that are
geocoded. Linking these datasets for rare disease research has many benefits.
They can provide substantial insight into the social and environmental
determinants of health. Importantly, they provide a sample size representative
of the larger population. There is better retention of patients, and the spatial
coverage is much wider which is essential for rare diseases surveillance.
Administrative health data can provide detailed evaluation of temporal variation
in the incidence and prevalence of vasculitis including potential aetiology of
disease. This data source is great for accessing of hard-to-reach populations

like those living in remote and rural areas and can allow cost effective research.

The challenge lies in its limited ability to allow for diagnostic specificity due to
methods used for record keeping. For example, most outcome data recorded
at hospitals are coded and standardised in an international classification of
disease (ICD) format. Such coding limits diagnostic accuracy essential for
reporting the incidence of different forms of vasculitis. Missing data can also
limit further study into outcomes associated with disease. This is especially true
for patients who fail to interact with a service because of diagnostic delay and
limited access to specialised services (43) often as the case in rural populations

and in countries with limited resources.
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1.2.3.3. Incidence and prevalence

Table 1.2. provides a summary of the annual incidence of primary vasculitis
using studies published across the globe. A main observation can be seen; the
overall incidence of vasculitis appears to vary by geography, latitude, and
genetic ancestry. The most prevalent form of vasculitis is giant cell arteritis
(GCA) and ANCA- Associated vasculitis (AAV). Both are common in
populations of Northern European Ancestry with the median age of onset being
between the age of 50 to 60. The incidence of giant cell arteritis starts from 0.7
to 4.0 cases per million population, with higher incidence being reported in

Scandinavia and lower incidence in Italy and South Australia(44).

Similarly, the incidence of ANCA-associated vasculitis seen in northern
European countries like Germany, Norway, and with the US account for the
highest number of new cases globally. This ranges from 2.1 to 34.0
cases/million population for GPA, 2.7 to 18.2 cases/million population for MPA
and 0.64 to 4.0 cases/million population for EGPA. EGPA is the least common
form of AAV.

The other more prevalent forms of vasculitis are Kawasaki disease, Takayasu
arteritis and Anti-glomerular basement membrane disease. Kawasaki disease
is prevalent in children with 85% of those affected being under the age of 5
years old (45). Takayasu arteritis (TA) is seen in adults (30- 40-years old) (20,
21). Both conditions have a high prevalence in populations of Southeast Asian
Ancestry where they were initially discovered (46,47). The global incidence of
Kawasaki disease starts ranges from 0.5 to 26.5 cases per million population.
Japan (24.3 and 26.4 cases per million in 2011 and 2012) and South Korea
(13.4 cases per million in 2012) have recorded the highest incidence annually
compared with the US (0.2 case per million) and Europe (1 case per million)
(48).Interestingly, the overall incidence of Takayasu arteritis ranges from 0.4 to
3.4 cases per million population, with recent data highlighting a rise in incidence

TA in Europe, particularly Turkey (49).
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It is worth noting that there are only few studies reporting the incidence of
Takayasu arteritis globally. This is due to long diagnostic delays and limited
recognition by physician operating in non-centralised healthcare systems, for
example Asia and South America. Similar challenges are true for other rare
vasculitis type like variable vessel vasculitis and single organ vasculitis whose
incidence is much lower and very rare compared with most small and large

vessel vasculitis.

For instance, studies reporting on the incidence of IgA vasculitis,
Cryoglobulinaemic vasculitis, Cogan's syndrome and Cutaneous
leukocytoclastic angiitis report an overall incidence of 0.1 to 1 case per million
population annually (44). To date, there are no data from regions such as
Oceania, South America, middle east, and Sub-Sahara Africa. Their rare

occurrence means it is difficult to study their aetiology.
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Table 1.2: The global incidence of primary vasculitis

Main vessel Primary Age of onset Annual References
involved (years) Incidence/
million
population
Large vessel
vasculitis
Takayasu arteritis 30-40 04to34 (50)
Giant cell arteritis 50-60 0.7 to 14.0 (44,51)
Medium vessel
vasculitis
Polyarteritis nodosa 50-60 0.5t00.9 (52)
Kawasaki disease <5-8 0.5t0 26.5 (48,53)
Small vessel
vasculitis
ANCA-associated vasculitis 40 - 65 24.7 t0 33.0 (51,54)
Microscopic polyangiitis 50-65 2.7t018.2 (51,55,56)
Granulomatosis with polyangiitis 50-60 2.1t034.0 (51,57,58)
Eosinophilic granulomatosis with 40-50 0.1464t04.0 (51,54,58)
polyangiitis
Immune complex small vessel ND ND ND
vasculitis
Antiglomerular basement 60-70 0.5t02.0 (59)
membrane disease
Cryoglobulinaemic vasculitis 45 -65 04t01.0 (60,61)
IgA vasculitis (Henoch 10 - 17 0.2t0 0.7 (62,63)
- Schoenlein purpura)
Hypocomplementemic 50 0.1t0 0.7 (64)
urticarial vasculitis (anti-C1q
vasculitis)
Variable vessel  Behcet's disease (BD) 30 0.1t0 0.4 (65,66)
vasculitis
Cogan's syndrome ND ND ND
Single organ Cutaneous leukocytoclastic angiitis 45 0.1t0 0.4 (60)
vasculitis
Cutaneous arteritis ND ND ND
Primary central nervous system ND ND ND

vasculitis isolated aortitis

**ND — No definite data available
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1.3. ANCA-associated vasculitis and Giant cell arteritis
as models for investigating environmental
causes of vasculitis.

1.3.1. The case for ANCA-associated vasculitis and Giant cell
arteritis

It is widely accepted that the aetiology of vasculitis is a result of the
dysfunctional interplay between a person’s genes, their epigenetics, and
environment (67,68). This interaction between the environment and genes can
be assessed using a retrospective observational study focused on population,
their environment and biology. For vasculitis, AAV and GCA provide such
opportunity because of their large prevalence compared with other vasculitis
(51). Their sample size has been growing over the past four decades and many
health registries and administrative health records have started to report their
incidence, while addressing the challenges of disease classification (69-71).
This is particularly true for regions with more structured health system and
record keeping including an ageing population (e.g.: Europe and Japan) (Figure
1.2.). Furthermore, AAV and GCA are the most studied vasculitis with much
greater evidence about their prodrome and aetiology, and including biological
mechanisms associated with the onset of disease. One such example
important for the study of vasculitis and its aetiology is the work published from
Sweden by Berglin et al.,2021 and Johansson et al.,2022 (28,72). In these
studies, the authors harnessed the power of five Swedish biobanks by linking
them with the national patient register. The aim was to characterise the
preclinical-prodromal changes in biomarkers of AAV until the initial
manifestation of disease and diagnosis. Results from these studies revealed
the onset of AAV is predated by significant increases in antineutrophil
cytoplasmic antibodies (ANCA) and Complement effector 5 (C5) levels that
range from 3 months to 7.7 years and 5 months to 5.5 years before the onset
of first symptom, respectively (28,72). Such evidence highlights the role of the
gene-environment interaction as initiating this transition from a quiescent phase

of disease to an active state of disease. Similarly, this hypothesis can be applied
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to GCA where environmental exposures have shown significant association
with surrogate markers of disease. For example, an increase in erythrocyte
sedimentation rate (ESR), interleukin-6 (IL-6) and C-reactive protein (CRP), the
three important surrogate markers of GCA disease activity(73), have shown to

be associated with air pollution, both gaseous and particulate matter (74,75).

This interaction between the environment and disease biology needs further
study. There is some evidence to support that the onset of AAV is associated
with occupational airborne particles and dusts released after mass explosions
(76—78). The extent to which this is true at a population level is not yet clear. By
harnessing the power of the growing registries in UK, this thesis will address

these gaps and further describe the role of population airborne exposure in the

onset vasculitis.

Kawasaki disease

Polyarteritis nodosa 8
Takayasu arteritis 3.4
Antiglomerular basement membrane 2
disease

Cryoglobulinaemic vasculitis 1

IgA vasculitis (Henoch - Schoenlein 0.7
purpura) ’
Hypocomplementemic urticarial vasculitis 0.7
(anti-C1q ’
Behcet's disease (BD) 0.4
Cutaneous leukocytoclastic angiitis 0.4

Figure 1.2: Maximum recorded incidence of vasculitis in routine health datasets in

Europe. The numbers represented incidence per 100,000 population . The estimates

were derived Watts et al.,2022 reviews on the global epidemiology of vasculitis.
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1.3.2. The use of environmental-wide association (EWAS)
studies as tools for investigating the aetiology of vasculitis

Environmental-wide association studies (EWAS) are untargeted, agnostic, and
hypothesis-generating approach that explore environmental causes of poor
health and diseases (79). It is an emerging approach coined by Patel et al.,2010
on the premise that putative environmental exposures identified through EWAS
assessment can be used to predict and prevent environmental risk associated
with disease while providing insight about disease mechanisms and possible
risk factors (80). EWAs are analogous and complementary to genome-wide
association (GWAS) studies, in that the risk associated with any adverse event
is not only explained by polygenic genetic risk, but by external environmental

factors that an individual experiences throughout their life.

Unlike GWAS, where single nucleotide polymorphisms (SNPs) are
homogenous in its categorisation (i.e.. SNPs being embedded in 23
chromosome pairs), EWAS studies are complex because environmental
factors have significant variation across geographies and time including an
inability to adjust for a range of myriad of potential confounders that cannot be
measured, for example, human mobility, and sources of exposure and
personalised levels of exposure across whole populations and geographies
(81).

Furthermore, EWAS require large sample size registries and biobanks
designed to sufficiently detect statistical significance and clinically meaningful
changes in outcomes that can be attributed to one or more environmental
exposures even after adjusting for confounders and multiple comparisons
(82,83) - Figure 1.3. This approach has been applied in several studies
evaluating the association between environmental exposures (lifestyle, air
quality and neighbourhood-level measures of social and economic status) and
cardiometabolic syndromes (80,84—86). Applying this approach to rare disease
research has the potential to bring about new evidence showing the role of
environmental aetiologies in the onset of vasculitis, as well as allow for

formation of new hypothesis of causation.
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Figure 1.3: A schematic example of one of the approaches that
can be used to conduct an environmental-wide association study
(EWAS).
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1.3.3. Section summary

This section made a case for the use of AAV and GCA as the two important
vasculitis that can be used to investigate potential environmental risk factors of
vasculitis. Their growing presence in routine health datasets across Europe
means more research can be done to try to understand the impact of
environmental triggers of vasculitis. Importantly, a case is made for the use of
environmental-wide association method as a tool for investigating potential risk
factors associated with vasculitis. This method is under-utilised in rare disease
research, in part because of the lack of awareness, limited access to
environmental variables that are meaningful as well as access to large enough
sample size that can allow for power to detect significant effect of environmental
exposure and onset of rare diseases. The next section will describe
epidemiology of AAV and GCA globally and across the UK. It will provide
empirical evidence of currently known and potential risk factors associated with
vasculitis and will discuss this in terms strength, weakness and gaps from the

existing literature and how this thesis aims to address them.
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1.4. ANCA-Associated vasculitis

1.4.1. Definition and clinical manifestation

ANCA-associated vasculitis is defined as group of overlapping disorders that
are characterised by necrotising inflammation of small vessels with few or no
immune deposits(68). The vessels most affected are capillaries, venules,
arterioles, and small arteries. AAV is divide into 3 clinical disease phenotypes:
granulomatous with polyangiitis (GPA), microscopic polyangiitis (MPA) and

eosinophil granulomatous with polyangiitis (EGPA)(70).

Each of these AAVs share non-specific clinical features of systemic
inflammation, such as weight loss, malaise, fatigue, arthralgia, and myalgia
including circulating ANCA targeted at protein antigens, proteinase 3 (PR3) and
myeloperoxidase (MPO). More specificallyy, GPA and MPA tend to have
overlapping features that can affect small vessels in any organ but mostly affect

the upper and lower respiratory track and kidneys (Table 1.3).

Many have suggested that they should be classified based on their ANCA
specificity (PR3 ANCA disease vs MPO ANCA disease). The CHCC 2012
advocates adding prefixes to AAV diseases based on the ANCA subtype (e.g.:
PR3/MPO ANCA+ GPA) (22). Regardless of these recommendations, GPA is
predominantly associated with PR3 ANCA while MPA is usually associated with
MPO-ANCA. MPA affect small vessels with some presentation of necrotising

arteritis involving small and medium arteries.

Clinically, MPA presents as a renal disease with some manifestation that are
analogous of GPA and EGPA but without granulomatous inflammation (87).
Other common features include Inflammation of the glomeruli and pulmonary
capillaries. GPA often presents as sino-nasal disease with lower respiratory
tract involvement that includes pulmonary haemorrhage and granulomatous

inflammation, and glomerulonephritis (88).
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Table 1.3: Clinical features of ANCA-Associated vasculitis and the rate of ANCA

specificity

GPA

MPA

EGPA

Organs involved

Nose and sinuses, upper
and lower airways,

kidneys, joints, eyes

Upper and lower

airways, kidneys

Upper airways,
lungs, peripheral

nerves, heart, skin

Common

features

Fever, weight loss,
malaise, and fatigue; ear
nose and throat (ENT)
signs and symptoms -
nasal and oral ulcers and
crusting, hoarseness,
cough, dyspnoea,
haemorrhage with
granulomatous
inflammation on biopsy.
Urinary abnormalities,
elevated serum
creatinine, rapidly

progressing pauci-

Fever, weight loss,
malaise and fatigue,
ENT signs and
symptoms like GPA
but without
granulomatous
inflammation on
biopsy and less
frequent. rapidly
progressing
necrotising pauci-
immune
glomerulonephritis

and necrotising

Fever, weight loss,
malaise, fatigue,
and
lymphadenopathy.
Asthma, ENT
involvement also
very common,
cardiomyopathy
involvement in
EGPA contributes
greatly to mortality,
serous otitis media,
allergic rhinitis,

nasal obstruction,

immune leukocytoclastic recurrent sinusitis,
glomerulonephritis on vasculitis. and nasal polyposis
biopsy, purpura, and
ulcers)

Frequency of ANCA positivity

MPO ANCA+ 20% 60% 30-40%

PR3 ANCA+ 75% 25% <10%
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Lastly, EGPA is an eosinophilic-rich and necrotising granulomatous
inflammation that affect small to medium vessels and often involving respiratory
tract. About 25% of EGPA patients who are ANCA positive have no renal
disease and all those who present with necrotising glomerulonephritis are
ANCA positive (89).

1.4.2. Diagnosis

There are no diagnostic criteria for AAV. Classification criteria provided by the
ACR 1990 (16,18-20), CHCC 2012 (22), and EMA 2007 (27) are used to guide
assessment of disease pathology and inform early and better treatment
strategy in affected patients . As initial manifestations are diverse and often
non-specific, AAV can remain undiagnosed for months or years until ANCA
testing is performed. Clinically, ANCA testing serves as a good classification
tool for early screening and detection of disease, together with the use of X-ray,
CT scan, ultrasonography guided percutaneous biopsy, haematuria and or
proteinuria testing (22). Chest X-ray and CT scan helps dissect underlying
pathology in patients with pulmonary symptoms. Both tools vary in their
sensitivity (90). For example, CT scans are sensitive in detecting alveolar
opacities as well as masses in the retro-orbital space, paranasal sinuses, and
the mastoids, while X-ray are sensitive in giving broad picture about lung
involvement (90). Tissue biopsy of the kidney, lung and nasal cavity are also
important in establishing diagnosis. A high diagnostic specificity of ANCA ELISA
(MPO or PR3) for a positive AAV may reduce the need for biopsies. Surrogate
markers of disease activity (C-reactive and erythrocyte sedimentation rate) also
contribute to overall diagnosis although limited in specificity and sensitivity
(27,91).

In practice, when AAV is suspected, ANCA testing is done first using indirect
immunofluorescence (IFF) and enzyme-linked immunosorbent assays (ELISA)
for PR3 and MPO ANCA (92). Approaches to ANCA testing are provided in the
consensus statements, although this varies by regions and clinical practice.
Diagnosis should be reviewed periodically, particularly in cases where not all

disease manifestations are consistent with AAV or when there is poor response
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to treatment. A key challenge to diagnosing AAV is in its heterogeneity of
symptom, and the need for dedicated clinical specialists, including laboratory
medicine. Patient with AAV should therefore be assessed and managed in
multidisciplinary team and early referral to specialist centre experienced in
diagnosing vasculitis can improve early diagnosis and assessment. Initial
assessment of AAV often targets disease activity, damage, prognosis, function,

or quality of life (4).

Validated tools such as the Birmingham Vasculitis Score (BVAS), the Disease
Extend Index (DEI) and the Vasculitis Damage Index (VDI) are used to evaluate
disease activity and severity (93). BVAS is used to score disease activity based
on 66 clinical features that are divided into 9 organ systems. Each item has a
numeric score organised according to clinical relevance. ltems that are scored
are only attributable to disease activity (5,6). BVAS is based on clinical
judgement. Difficulties arises when there is a need to distinguish between
ongoing active vasculitis and symptoms due to scars without active disease.
VDI assesses the extent of disease damage by using a cumulative score
describing long-term outcomes for vasculitis. It includes 64 items covering 11
organ systems and defines damage as an irreversible scar present for longer
than 3 months(7). The damage recorded needs to occur after the vasculitis
diagnosis, but do not need to be attributable to diagnosis (e.g.: might be related
to treatment). DEI is validated against BVAS and scores the number of organs
affected by the small to medium vessel vasculitis. It is calculated as a subset of
BVAS items and complements the overall score(8,9). Together these tools
inform better management and care of patients while giving insight about extent

of disease pathology.

1.4.3. Epidemiology

1.4.3.1. Global

The incidence of AAV has increased over the past four decades improved

recognition especially in regions like Latin America that historically has limited
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data on disease prevalence and dynamic. To date, most of the studies reporting
on the epidemiology of AAV come from Europe and North America (51).There
is a growing number of studies from Southeast Asia (51,94), South America and
middle east but none from Sub-Sahara Africa. Early studies, mainly from
Sweden indicated that GPA may be more common in Northern Europe than
MPA while countries in Southern Europe observe fewer cases (52). Figure 1.3
provides a summary of the global incidence of AAV from studies published from
North America (49,71), Northern Europe (25,52,72—77), Southern Europe
(53,78,79), Middle East (80,81), Southeast Asia (50,82), Oceania (83,84), and
South America (85).

Furthermore, data from a recent systematic review on AAV incidence shows
that GPA is indeed more common in countries from northern hemisphere with
the highest incidence being recorded Minnesota, US and while lower incidence
is seen ltaly Turkey (71) — Figure 1.4. Overall, the global incidence of AAV
is 17.2 per million person-years and a prevalence of 198 cases per million
persons with variation in incidence that ranges from 8.1 per million person
years to 33.0 per million person-years and for prevalence, 44.8 case per million
persons to 421 .0 cases per million persons. Incidence is slightly higher in men
than women and in those over the age of 50 years old being. When assessing
the incidence by AAV subtype, GPA accounts for the highest incidence (9.0 per
million), followed by MPA (5.9 per million) and EGPA (1.7 per million). When
assessed by geography, GPA and MPA have a higher occurrence in North
America while MPA occurs more in Asia in countries such Japan and China
(71). In all countries reporting on AAV, EGPA has the lowest incidence with the
ranges that starts from 0.14 to 4.0 cases per million persons per year and no
evidence of temporal variation. In general, GPA and MPA is more common in
white population, with recent data indicating potentially higher frequency in
minority Chinese Dong population. Further variation in incidence by ethnicity
have been examined in fewer studies, with one major study being from the UK

and is further discussed below.
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Figure 1.4: Global incidence of ANCA-Associated vasculitis by continent and summarised as incidence
per million persons 50 years and older.
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1.4.3.2. United Kingdom

The epidemiology of AAV in United Kingdom has also shown a steady increase
over the years, with estimated prevalence being expected to increase by 35%
in 2034 for areas such the Midlands of UK (95). Historic estimates show the
prevalence of AAV increased by more than two-fold between 1990 and 2005
(28.8 per million to 64.8 per million population) (95). This increase is again owed
to improved classification criteria and awareness by physicians in the UK. Like
global pattern of disease incidence, AAV appears to be more common in men
than women, with mean age of onset being 55 years and older. Data reported
from the UK General practice research database revealed the overall incidence
of AAV was 8.4 cases per million population for GPA, 5.9 per million population
for MPA and 0.9 cases per million population for EGPA (96). Estimates reported
from the Scottish renal biopsy registry, Norwich Health authority, medical
records from Nottingham derby urban area and Cheshire County shows some
temporal variability in incidence and prevalence of AAV, and higher incidence
being seen the Midlands of the UK (Table 1.5)

Table 1.4: Incidence of ANCA-Associated vasculitis in UK

Incidence per million population over 50 years old

Location AAV GPA MPA EGPA Latitude Ref
Norwich 18.3 10.6 8.4 3.1 52.6278  (96)
Nottingham 23.1 8.2 13.4 1.5 52.9540 (95)
West Cheshire 1.2 NR* NR NR 53.2303  (97)
Scotland 15.1 5.8 9.3 NR 56.4907  (98)

*NR - not reported.

Overall, the incidence rate in Nottingham was AAV 18.3 million case per million
population (1990 - 2005), 23.1 per million population (2007 to 2013) in
Nottingham. In West Cheshire, the incidence was 1.2 cases per million West
and for the Scottish renal biopsy (2014 - 2018), it was 15.1 million per million
population in (95,97,98).
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Figure 1.5: Incidence of ANCA-Associated vasculitis in the UK per million
persons aged 50 years and older. The figures summarise incidence estimates
by counties where incidence of AAV has been reported in the England and

Scotland. [Figure created with datawrapper.de]
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The incidence of AAV was lower in West Cheshire because the data were
derived from a single hospital centre. For the rest, the incidence was estimated
using administrative health data, with census population being used as a
population denomitor. Additionally, MPA appear to be more common in the
midland of UK, while GPA appears to be higher in the north and east of UK
(Figure 1.4). This variation in incidence can be explained by differences in
methodology including period of study, data source and geographic coverage.
The role of environment in AAV onset and incidence is not clear and has not
been studied in the UK. Addressing this gap will provide insight about the social,

demographic, and environmental determinant of vasculitis .

1.4.4. Pathogenesis

The pathogenesis of AAV is complex and includes genetic, environmental
exposures. Genome wide association studies, and in vitro and vivo animal
studies have identified several genetic associations that suggests that major
histocompatibility complex (MHC) and non-MHC genetic loci are distinct to PR3
and MPO may increases susceptibility of AAV (99). Specifically, polymorphisms
in genes coding HLA-DP, alpha-1 antitrypsin (SERPINA1 and PRTN3) and
HLA-DQ are linked with the development of PR3-AAV and MPO-AAV (100).
Environmental factors that will be discussed later (e.g.: Crystalline silica,
smoking, infection) are potential initiators of pathogenic pathways that lead to
the chronic and granulomatous inflammation of AAV in susceptible individuals
(101-104). The exact mechanisms by which genes and environment interact to
drive the onset of disease are not clear. Current evidence suggests molecular
mimicry and the priming of dendritic cells might play a role in inducing a
cascade of events that lead to increased activation of neutrophils and
monocytes, as well as the production of auto reactive CD4 and CD8 T cells that
promotes the production of ANCAs, that in turn activate the alternative
complement system (ACP), associated with kidney injury in GPA and MPA
(105). One way which ANCA-activated neutrophils drive disease pathology is
through Cba alternative pathway that involves priming of neutrophils and

inflammatory interaction with endothelial cell layers of affected vessels (68).
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Drugs targeting that inhibit the activation of C5a receptor (for e.g.: avacopan)
and B cell response have shown to be efficacious in managing patients with
AAV (106). Additionally, CD68+ CD163+ macrophages also play an important
role in initiating glomerular injury and fibrosis and are frequently found at the

site injury (69).

1.5. Giant cell arteritis

1.5.1. Definition and clinical manifestation

Giant cell arteritis is defined as a granulomatous inflammation of the blood
vessel wall and a maladaptive immune response to injury that promotes intimal
hyperplasia, adventitial thickening, and intramural vascularisation, that
ultimately threaten vessel integrity and tissue perfusion (107). GCA affects
medium and large vessels, usually the aorta and/or its major branches,
particularly branches of the carotid and vertebral arteries and with temporary
artery involvement, although not in all cases (67). The term temporal arteritis,
previously used to describe GCA is therefore not a suitable alternative naming
as other forms of vasculitis can also affect the temporal artery. In most cases,
temporal arteritis is still a common feature of GCA and may present with broad
spectrum signs and symptoms attributable to systemic inflammation and
ischaemia (108). The main clinical features of GCA are categorised into
systemic or tissue/organ specific symptoms related to ischaemia. Systemic
symptoms are broad and non-specific and include weight loss, anorexia,
arthralgia, fatigue, lethargy, low grade fever, and myalgia. Organ and tissue
specific symptoms related to ischaemia include headache, neck pain, jaw and
tongue claudication, neck pain and neurological deficit, vision disturbance,
tender scalps, neurological deficit (Table 1.4) (67,109). Nomenclature of GCA
has evolved to reflect changes in the naming and the involvement of broad large
and medium vessels and inflammation, with terms like large-vessel GCA (LV-
GCA), cranial GCA (C-GCA) and LV with cranial involvement now being
suggested (67). Patients with LV-GCA are generally younger at presentation,

more likely to be female and have bilateral arterial involvement than those with
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C-GCA (110). 20-80% of with symptoms involving large vessels, have clinical
manifestation of upper and/or lower extremity vasculitis that precede diagnosis
by up to 12 months (67). In these cases, there is visible unilateral or bilateral
manifestations of upper and or lower extremity claudication (111). Aortic
involvement is often clinically silent or may manifest as systemic inflammatory
syndrome, until aneurysm is discovered during routine chest radiography or

serious complications (112).

Table 1.4: Clinical manifestation of large-vessel GCA (LV-GCA) and Cranial
GCA (C-GCA)

Large-vessel Cranial
GCA GCA

Headache * ++
Fever, weight loss + +
Temporal artery swelling/ tenderness + +
Extra-cranial artery bruit ++ -
Visual symptoms or complications - ++
Limb claudication/and or blood pressure ++ -
discrepancy

Polymyalgia symptoms ++ +
Acute phase reactants + ++
Peripheral arthritis/RS3PE syndrome t t

1.5.2. Diagnosis

In general, there are no official diagnostic criteria for GCA, only classification
criteria (ACR, CHCC) designed to distinguish patients with GCA from patients
with  other  vasculitis  (22,113). The  American College  of
Rheumatology traditional criteria for giant cell arteritis recommends that patient
may be classified as having GCA if at least three of these five criteria are

present:

o Age of onset >50 years

¢ New onset of localised pain in the head
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o Temporal artery tenderness to palpation or decreased pulsation,
unrelated to arteriosclerosis of cervical arteries.

o Elevated erythrocyte sedimentation rate (ESR)

o Biopsy specimen with artery showing vasculitis characterised by a
predominance of mononuclear cell infiltration or granulomatous

inflammation, usually with multinucleated giant cells.

Temporal arterial biopsy is particularly important and serves as the most definite
evidence of GCA by identifying the typical histological features such as
inflammatory infiltrates in adventitia and media of arterial wall that may or may
not have the presence of giant cells in the elastic lamina fragments) (109).
Imaging techniques like angiography are used as reference standards, however
new radiation-based imaging is increasingly being used (for e.g.: computed
tomography (CT), CT angiography, magnetic resonance imaging (MRI) and
magnetic resonance angiography (MRA(114). MRI can be complemented by
MRA to detect extra-cranial involvement, however more data is needed to
support this method (115). Ultrasonography can also be used to examine large-
vessel involvement, mostly crania but does not allow evaluation of thoracic
arteries (116). 18F-fluoredeoxyglucose positron emission tomography (FDG-
PET) is a promising diagnostic tool for extra-cranial GCA and can detect early
signs of disease in its preclinical phase (117). However, it's limited in that there
is no standardised method to quantify the dose FDG uptake and may not be

suitable for temporal or cranial arteries.

1.5.3. Epidemiology

1.5.3.1. Global

GCA is the most common primary vasculitis with estimated global prevalence
of 51.7 cases per 100,000 people over the age of 50. This number is expected
to grow by 2050 owing to a growing ageing population in developed countries
(118). Specifically, it is estimated that more 3 million people will be diagnosed
with GCA in Europe, North America, and Oceania. The extent to which similar

pattern will be seen in other regions and continent is not yet clear. Currently,
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there is substantial variation in the incidence of GCA ranging from 0.34 cases
per 100,000 persons (Hong Kong) to 76 cases per 100,000 persons (Denmark)
(44). The exact estimate varies depending on case definition criteria (biopsy
proven cases vs diagnostic coding or classification criteria). To date, the global
pooled incidence of GCA is 10 per 100,000 persons over the age of 50 years
old. The global pooled incidence of GCA is 10 per 100,000 persons over the
age of 50 years old(44). The incidence appears to vary by latitude with
Scandinavian countries accounting for the highest incidence and Southeast
Asian countries the least (Figure 1.6). When assessed by continent, there is
considerable heterogeneity between and within continents. This is particularly
true for countries in northern Europe. Regional incidence ranges from 2.3 to
76.6 cases per 100,000 persons in Northern Europe, 2.2 to 14.1 cases per
100,000 for Southern Europe, 0.49 to 11.3 cases per 100, 000 person for Middle
east and North Africa, Sub-Sahara Africa, 0.34 for Southeast Asia, 8.6 for South
America, 1.02 to 19.8 in North America, and 3.2 to 12.73 for Oceania. Overall,
historic assessment of GCA incidence show that there has been a decrease in
the number of new cases with regions with a growing aging population showing

modest increases in incidence (119,120).
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Figure 1.6: Global incidence of Giant cell arteritis by continent and summarised as incidence per million
persons 50 years and older. The estimates are derived from a recent systematic by Li et al.,2021
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1.5.3.2. United Kingdom

The incidence of giant cell arteritis in the UK appears to be lower compared with

most Northern European countries, particularly Scandinavian countries, and

Germany (44,121-125). This variation in incidence could in part be explained

by the fact that majority of epidemiological studies in Europe come from hospital

records with much bigger surveillance and geographic coverage, unlike the UK.

In the UK, most studies on the epidemiology of giant cell arteritis come from

primary care records (Table 1.5). There is limited data from tertiary care/

hospital admission records where most of the patients are likely to be

diagnosed. To date, current estimates show that the incidence of GCA ranges

from 0.4 to 4.31 case per persons over the age 50 years old (121-125).

Table 1.5: Incidence of giant cell arteritis in the UK population 50 years and

older
Source GCA Setting Reference
cases
(n)
UK Clinical 4,671 Primary 2000 - 2011 Petri et al.,
Practice Research care 2015 (122)
Datalink (CPRD)
Norfolk primary 21 Primary Yates et al.,
care record care 2016 (125)
NHS England 7,864  Tertiary 2002 - 2013 Mollan et
Hospital Episode care al., 2015
Statistics (123)
UK General 3,928  Primary 1990 - 2001 Smeeth et
Practice Research care al.,2006
Database (GPRD) (121)

Incidence rate is particularly higher in women aged 70 to 79 years old in the

UK, with some data to indicate that the overall trend is growing over time,
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initially at the primary care level (1990 - 2001) and later tertiary care (2002 to
2013) (121,125). This growth can again be attributed to the introduction of
classification systems and potentially, an ageing population. It is not clear
whether there is variation in incidence of GCA that is attributable to geography
and overall environment. Smeeth et al., 2006 attempted to show this by
highlighting variation in GCA incidence across all UK geographies. From this
assessment, there is some indication that there might be higher incidence rate
in the Eastern and Southeast region of the UK (Figure 1.7) (121). Whether this
variation is true at tertiary care level is not yet clear. Understanding the role of
the environment deciphering the epidemiology and biology of GCA biology is
essential as the prevalence continues the to grow, potentially allowing for

imp
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Figure 1.7: Age standardised incidence ratio (with 95% confidence
interval) of giant cell arteritis. A map extract from Smeeth et
al.,2006.
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1.5.4. Pathogenesis

The past two decades have seen a growing number of studies implicating
several mechanisms associated with the pathogenesis of GCA and that
contribute to the loss of immune tolerance and disease pathogenesis that are
preceded by ageing, genetic and environmental factors (126). The exact

aetiology associated with the onset of GCA is not yet clear.

Evidence from genome-wide association studies have identified several links
between genetic polymorphism of HLA-DRB1*04 alleles, specifically
DRB1*0401 and DRB1*0404, and an increased risk of GCA(127). Age and
immunosenescence process that comes with ageing which is characterised
by a reduction of naive T cells and T reg, and increase in inflammatory
cytokines (TNF, IL-6, IL1-B) including a slow cellular immunity to inflammatory

signals may play an important role (67,128,129).

Seasonal infections and geographic exposures in combination with ageing, may
drive epigenetic changes in susceptive individuals, thereby increasing their risk
of GCA onset(130,131). In general, it is this interplay between ageing,
epigenetic genes and environment that contribute to the loss of immune
tolerance of the arterial wall and an innate immunological pathway involving

both the innate and adaptive immune response (67) .

This process involves several mechanisms. One: is the loss of anti-
inflammatory regulatory T cells involved in the regulation and suppression of
pro-inflammatory T cells in lymph nodes. Secondly, the dysfunctional regulation
of PD1 or PDL1 inhibitory pathways contribute to the inflammatory response of
the artery and activates pro-inflammatory T cells and macrophages and
accelerated hyperplasia (132). Thirdly, damage of the arterial is driven by the
leakiness of the endothelial barrier, which prevents migration of circulating cells
in the vessel wall. Specifically, circulating monocytes produce excess
metalloproteases (MMPs), digests the subendothelial basal lamina layers and
enable T cells, which are also independently capable of MMP2 and MMP9
production and infiltrates (133). Lastly, patients with GCA present with high
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concentration of circulating immature neutrophils in peripheral blood enriched
with reactive oxygen species. This enables them to breach the endothelial
barrier and propagate further inflammation through leukocyte-endothelial cell

interaction.

1.6. Genetic and environmental risk factors associated
with ANCA-Associated vasculitis and Giant cell
arteritis.

1.6.1. Genetic risk factors

Evidence of important genetic association of AAV and GCA have been growing
over the past decade and includes evidence of familial association. The most
convincing evidence has been with major histocompatibility complex (MHC)
and non-MHC genes. Polymorphisms in genes coding for HLA-DP, alpha-1
antitrypsin have particularly shown to be associated with the development of
AAV (100,134-136).

Variants in genes that encodes for the protein tyrosine phosphatase non-
receptor type 22 (PTNP22) have also shown significant association with AAV
(100). PTPN22 affects the responsiveness of B and T cell receptors and has
been implicated in multiple autoimmune diseases including systemic lupus
erythematosus, rheumatoid arthritis, suggesting that genetic risk factors
common to other autoimmune disease also apply to AAV (137). Furthermore,
there is a genetic distinction between GPA and MPA that are associated with
ANCA specificity and suggest that immune mediated response against PR3

may be central pathogenic feature of PR 3 AAV (100).

Similarly, polymorphism in genes that lie within HLA-class Il region are
associated with the development of GCA. Specifically, HLA-DRB1*04 alleles
gene which is most evident in people both from Scandinavian countries where
GCA is highly prevalent and from the Southern region of Europe (Spain and
Italy) (138). Besides the HLA-class |l encoded genes, it is likely that other genes

contribute to the susceptibility of these GCA and other overlapping inflammatory
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autoimmune diseases. For example, polymorphism of genes coding cytokines
including their receptors (TNF-alpha, IL-6, IL-1, I-CAM-1) implicated in the
pathogenesis of GCA plays an important role in increasing the susceptibility of
disease onset (67,127,139).

1.6.2. Environmental risk factors and exposures

1.6.2.1. Definition

There is no single definition to describe environmental exposures. The current
definition provided by the national institute of health (NIH) states that an
environmental exposure is any “chemical, biological, or physical substances
found in the air, water, food, or soil that may have harmful effect on a person’s

health” (140). These substance can be measured directly or indirectly (141).

Environmental protection agency guideline on exposure assessment (US
EPA,1992) highlights that direct exposure assessment is an “evaluation of an
exposure as it occurs, by using direct methods to measure the substance
concentration at the interface between the person and the environment as a
function of time” (142). Direct or ‘point of contact’ exposure assessment is
achieved through personal monitoring campaigns conducted using
personalised air samplers (e.g.: for temperature or air pollution) or laboratory
measurements (e.g.: for viral or bacterial infection or drug dose) (143). These
measurements can be continuous or fixed and aim to capture the exposure
dose concentration at a given time. It is important to note that direct exposure
assessment can vary in accuracy and may require extrapolation of short-term

sampling for long-term exposure.

In contrast, indirect exposure assessment “quantifies exposures by estimation
of both the amount of substance contacted, and the frequency/duration of
contact, and subsequently link these together to estimate exposure or dose”
(144). This approach uses indirect or broad estimation of dose and involves

quantitative values as an input through the development of exposure scenarios.
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Example of this approach include estimation of occupation pollutant through
exposure matrices. Other examples include estimation of food, alcohol, and
tobacco intake based on self-reported questionnaires or geographic estimates

related to distance measures from areas with high air pollution.

For vasculitis, most studies reporting on the aetiology of vasculitis uses indirect
exposure assessment tools and measures. For example, these measures cover
a myriad of environmental factors that include serious infections that precede
the onset of disease, the number of cigarettes consumed over a given period (
a measure of smoking), reaction to medication, occupational exposures, and
environmental dusts, including geographic exposures associated with rurality
and seasonality as proxy measure of exposures associated with seasonal
change (Figure 1.8).
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Figure 1.8: A schematic overview of current risk factors associated

with vasculitis.[Figure created with biorender.com.]

59



Studies reporting on the relationship between these exposure and onset of
vasculitis are discussed in following paragraphs. Overall, it is not clear which of
these factors have causal association with vasculitis. There is large
heterogeneity in the methods used for indirect exposure assessment, in terms
of accuracy and precision of exposure and size. This section provides a

summary of the method, the strength of results including limitation of the results.

1.6.2.2. Geo-epidemiology, Ultraviolet B, and vitamin D

There is strong evidence to show that the occurrences of autoimmune
diseases, like rheumatoid arthritis and systemic lupus erythematosus, follow a
north-south gradient, with countries in the northern hemisphere reporting higher
prevalence compared with southeast and south-west countries. In the case
vasculitis, studies on geo-epidemiological factors associate with the onset of
disease suggests that latitude and possibly a lack of ultraviolet B (UVB) in
preceding vitamin D may be associated with an increased risk of ANCA
vasculitis and GCA (145-147).

For example, studies on the epidemiology of AAV suggest that latitude may
explain variation in ANCA subtype between global north and south including
within country or regional incidence of AAV. Specifically, GPA appears to be
more common in people of European ancestry than those of Asian background
(148). Evidence from the DCVAS study suggests that MPO-ANCA is more
common in Japanese, Chinese and Southern Europeans compared with
northern Europe and America (149). Additionally, a recent study from China
reported the frequency of AAV increased with latitude. Scott et al., 2022 showed
that residential latitude was positively correlated with AAV relapse potentially

due to a lack of ultraviolet B exposure in winter (147,150)

In the case of GCA, a recent meta-analysis has shown that latitude is
significantly correlated with incidence of GCA but not prevalence or mortality
(44). This correlation may be explained by the lack of UVB exposure between

the northern and southern hemisphere. For example, Wing et al., 2015 reported
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that the incidence of GCA was correlated with geomagnetic activity and other
surrogate measures of the solar cycle and UVB exposure(151). It is not clear
whether the effects of latitude and UVB measures are a function of vitamin D
status and if so, what extent this is true at a population level. Currently, more
studies are needed to provide further clarity. Specifically, to characterise the
role of cumulative vitamin D dose and concentration and its link with vasculitis

risk.

1.6.2.3. Seasonality

It is not clear whether the epidemiology of vasculitis has a seasonal or periodic
cycles that may give insight about its aetiology. Unlike vasculitis in children
where the incidence of Kawasaki disease has shown to follow a seasonal and
periodic cycle that may be associated with tropospheric wind, and potentially
regional microbial agents (152), the incidence of AAV and GCA do not seem

show clear pattern in this regard.

For example there is data to suggest that the incidence of GCA is associated
with warmer seasons, specifically spring or summer (153—-156). It is worth
noting the higher frequency of GCA cases in these season do not show
statistically significant variation from other seasons, in part of because of the
low sample size from these studies and considerable heterogeneity between
studies in terms of quality, classification criteria and definition of disease. For
AAV, the evidence on seasonality is mixed with some studies reporting higher
frequency of AAV in warmer and cooler months (157—160). Chapter 2 will use
a systematic approach to assess this and to further understand the impact of
seasonality and potentially weather conditions and their effects on vasculitis

onset.

Temporal peaks in incidence of vasculitis have also been observed in studies
from Sweden and Spain (99,100). These peaks could in part be explained by
cycles of seasonal infections and generally regional outbreaks of seasonal flu
or infection. For example, Tidman et al.,1998 showed that in Sweden there were

a series of peaks in incidence of AAV that ranged from 0.5 cases per 100 000
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to 2.5 cases per 100 000 population every 3 to 5 years between 1975 to 1995
(161). Draibe et al., 2018 reported much shorter peaks in AAV incidence that
ranged from 10 to 12 months between 2001 to 2014 and mainly starting
February(162). There is limited data to show similar fluctuation in GCA
incidence. Given such gap, chapter 2 will assess in more detail the seasonal
pattern in both AAV and GCA to get further insight about the temporal cycles of

vasculitis incidence and potential links with environmental risk factors

1.6.2.4. Infection and vaccination

There is a consensus that infection plays an important role in the onset of AAV,
though this is not clear for GCA. The association between serious infection and
AAV is well documented. The exact microorganisms, whether bacterial or viral,
are not yet known. Upper respiratory and systemic infections seem to be the
most common occurrence in patients diagnosed with AAV(103,104,163—-166).
Pneumonia and sepsis are commonly reported in these patients when
compared with population controls (104). A recent systematic review showed
that Staphylococcus aureus (SA), Mycobacterium spp, Coccidioides spp,
Rickettsia rickettsii, nasal carriage of Staphylococcus spp, Epstein-Barr virus
(EBV), Cytomegalovirus (CMV) and Dengue virus are among the top reported
pathogens associated with MPO- ANCA, and often precede the onset of
disease (164). It is worth noting the number of patients included in most of
studies are small (n=<30), further validation studies assessing the role of
potential infectious pathogen are needed to provide clarity on important

antigens associated with onset of vasculitis

Additionally, vaccines are suspected to be associated with the onset of
vasculitis, particularly Kawasaki disease in children and AAV and GCA in adults.
Most studies reporting on the impact of vaccination on AAV are case series and
case reports (167). There are only a handful of observational studies and they
show no causal relationship between Influenza and Hepatitis B (HBV) vaccine
and the risk for the onset of GCA and GPA (167—-169). While case reports and

case series studies have provided some insight into potential association
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between vasculitis and vaccines and their corresponding antigens, further

study will be needed to validate this in retrospective cohort studies.

1.6.2.5. Geography

There is growing evidence to indicate the prevalence of vasculitis may vary by
urban and rural geographies. For AAV specifically, several observational
studies from Canada, France, Australia, and UK have reported a higher
frequency AAV incidence in rural areas (98,158,170,171). It is not clear whether
this difference is true based on AAV phenotype. For example, a recent study
by Aiyegbusi et al., 2021 showed that the incidence of biopsy-proven GPA was
associated with rurality in Scotland (98). Anderson et al., 2013 reported similar
results in the northern Saskatchewan population in Canada(171). Ormerod et
al., 2008 reported higher frequency of MPA in rural Australia (rural incidence
per million :13.9, 95%CI 7.7-23.5 vs urban incidence per million pop: 1.6,
95%Cl 0.2-7.2), while Mahr et al., 2004 showed no significant variation in AAV

incidence based on geography in France (170,172) .

Differences in AAV incidence may reflect heterogeneity in study methodology
in terms of sampling strategy and recruitment. They may also reflect real
differences driven by environmental exposures linked with each setting. For
example, Chung et al., 2020 attempted to show this in their investigation into
differences in AAV incidence based on rural and urban geographies in Australia
while considering the impact of environmental exposures(173). For this, the
authors used a standardised questionnaire to assess whether AAV patients
from urban and rural areas had variation in environmental and occupational
exposure that reflected each setting. Overall, the study reported that AAV
patients from rural areas had increased exposure to silica, solvents, and dust
from farming and gardening (173). It is worth noting that these results were
limited by small sample (less than 70 cases) in each urban and rural geography.
More work will need to validate and dissect the role of geography and
environmental exposures in driving the onset of AAV. Similarly, for GCA, there
is only one study reporting higher incidence of GCA in urban areas (171) and

no further evidence to support variation of incidence by geography.
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1.6.2.6. Environmental dust (organic and inorganic)

Environmental dusts are tiny air particles that are released in the air during
natural erosion of soil, sand, rock, and inorganic material (174). The particles
can be organic and inorganic source and often propelled after a dust storm or
strong wind and after large explosions or oscillation of concrete. Inorganic dusts
are a by-products of manufacturing processes like cement and coal
manufacturing. In some cases, they occur after a natural disaster, such as the
earthquake. Organic dusts are of plant and animal source and can consist of

manure and compost including soil from farmland.

The hypothesis that environmental dusts may be associated with vasculitis was
first described in two major publications that detected cases of vasculitis
several years after a collapse of buildings with large quantities of asbestos,
silica, and other major inorganic dusts. one such study is by Webber et al.,
2015. The authors looked at the impact of inorganic dusts exposure after the
collapse of the World Trade Centre (WTC) in September 2001, New York
(NY)(175). The study used a nested case-control design with first responders
(fire fighters, medical emergency personnel, law enforcement) who were at the
site after the incident. This group served as the main population of interest.
Outcome data were sourced from the NY heath district and included
rheumatologist confirmed diagnoses. Dust exposure was defined as time spent
working at site (acute: morning of 9/11 or shortly thereafter and chronic
exposure: number of months at spent on site). Overall, 59 cases with systemic
autoimmune disease were identified and included few cases of vasculitis. Each
case was matched by sex, race, work assignment, and the year of hire. Of the
59, 6.8% of cases had vasculitis (n=4), most incident cases were with
rheumatoid arthritis (37%, n=22), spondylarthritis (22%, n=13) and systemic
lupus erythematosus (12%, n=7).For each month worked at the site with
rubbles and inorganic dust exposure was associated with 13% increased odds
(odds ratio: 1.13 (95% CI 1.02—-1.26) ) of developing a systemic autoimmune

disease.
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In addition, a recent study by Ying et al 2021, reported that historic exposure to
inorganic dusts via military service was associated with systemic autoimmune
diseases including vasculitis (176). Proxy measures of inorganic dust exposure
comprised of any interaction with explosives, being involved in firefighting,

interacting with military utility, and vehicle repair.

Interestingly, majority of evidence on the impact of organic dust exposure on
vasculitis come from studies reporting higher occurrences of AAV after a mass
earthquake. For example, Yashiro et al., 2000 were the first to report an overall
increase in frequency of MPO-ANCA vasculitis three years after the 1995 Great
earthquake in Kobe (Japan). Patients seen in hospitals that were within 80km
radius of the earthquake (Kobe city) had increased levels of white blood cell
count (11,321cells vs 8,116 cells/uL; P<0.05) compared with those seen in care
settings beyond the 80km radius (Kyoto city) (76). Similarly, Takeuchi et
al.,2017 reported similar increases after the Great East Japan earthquake in
2011. Specifically, the authors showed that there was an increase in incidence
of MPA from 17.4 cases per million population per year before the earthquake
to 33.1 cases per million population after the earthquake (78). In contrast, a
study conducted after the Christchurch earthquake in New Zealand reported a
non-significant change in the incidence of AAV three years after the
earthquake(77).

While findings from all these studies are confounded by a myriad of
unmeasured factors (e.g.: social, economic, and behavioural), they support the
hypothesis that organic and inorganic substances propelled in the air during
natural disasters and through manufacturing in various settings may be

associated with an increased risk of vasculitis in susceptible individuals.

1.6.2.7. Smoking

Tobacco smoking has causally been linked with several autoimmune diseases,
such as rheumatoid arthritis and systemic lupus erythematosus and now
recently vasculitis (177,178). Evidence on smoking and the risk of vasculitis is

mainly on GCA with several studies emerging on AAV. For example, a recent
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metanalysis of 13 studies reporting the association between smoking history
and a risk for GCA, revealed that being a current or previous smoker was
associated with a 19% (OR: 1.19, 95% CI: 1.01 — 1.39) increased odds of
developing GCA(179). The meta-analysis reported large heterogeneity
between studies and highlighted the need for more better designed studies that

account for potential dose and time dependent risk factors.

For AAV, a recent study by McDermott et al., 2020, reported a dose-dependent
response between number of years of smoking and an increased risk of AAV in
US. Being a current smoker was associated with nearly 3-fold (OR: 2.7, 95%
Cl: — 1.8 — 4.1) increased odds of developing AAV. Previous smokers also
showed 60% (OR:1.6, 95% CI: 1.3-2.0) increased odds of developing AAV
compared with non-smokers (101). Overall, these associations were especially
strong for participants with MPO-ANCA—positive disease (former smokers: OR,
1.7; 95% CI, 1.3-2.3; current smokers: OR, 3.5; 95% ClI, 2.1-6.1) but not those
with PR3-ANCA—positive AAV (former smokers: OR, 1.3; 95% ClI, 0.9-2.0;
current smokers: OR, 1.7; 95% CI, 0.8-3.5). Furthermore, recent studies from
Germany and France also showed similar association of smoking and increase
odds of vasculitis (173,180). These findings suggest that smoking is an
important confounding factor that should be considered when studying the

impact of the environment on the onset of vasculitis.

1.6.3. Limitation of current literature and thesis rationale

The past four decades has seen a rise in the number of studies reporting on a
range of potential risk factors associated with vasculitis. The most notable
findings shows that infection is tightly associated with the onset of AAV, but the
exact microorganisms involved are not clear. Smoking also showed dose
dependent relationship with both AAV and GCA. Outdoor and indoor airborne
exposures through one’s occupation are beginning to show adverse association
with vasculitis. The role of organic and non-organic particles released during
natural disasters including outdoor air pollution exposures have received little

attention in vasculitis research. Systematic reviews on airborne exposures and
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vasculitis are lacking. For occupation airborne exposures where there is more
evidence, there are challenges in comparing the effect estimates from different
studies due to large heterogeneity in recruitment, exposure assessment and
disease definition. Furthermore, most of studies reporting on environmental risk
factor of vasculitis are clinic-based studies, and are limited in power, subjecting
them selection bias. Exposures are often derived from self-reported
questionnaires and may be prone to recall bias. In order to quantify and
understand the environmental footprint associated with airborne exposures, it
is essential that we obtain clear measures of exposures, not only at small area

and population level but that extend to regional and country level.

The recent rise in data systems including environmental surveillance of air
quality and personalised health monitoring provide enormous opportunity to
investigate the role of environmental exposure in the onset of vasculitis. One
such example is the use of widely collected data on ambient air pollution and
meteorology. These data provide quantitative measures on environmental
exposures that a person is exposed to throughout their life and includes leading
air pollutants that have historically shown to be associated with adverse health
event (181). It is important to note that these pollutants cover an array of
ambient particles and gases that include dust particles from organic and
inorganic source and urban and industrial gases emitted from power stations,
traffic, and other industrial related processes. Understanding the role of air
pollution in driving the risk associated with vasculitis onset will give insight into
who is potential at risk in the general population and can provide mechanistic

pathways that lead to the onset of disease.
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1.7. Thesis aims and structure.

1.7.1. Overview of the thesis

The aim of this thesis is to understand the short and long-term impact of outdoor
air pollution exposures on the onset vasculitis. The thesis pays particular
attention to the role of geography, seasonality, and their effects in explaining
the incidence of vasculitis. ANCA-associated vasculitis and giant cell arteritis
were used as case studies in the result chapters as they are more common

than other small and large vessel vasculitis.

1.7.2. Research Questions

1.7.2.1. What is the long-term impact of air pollution

exposures on vasculitis onset?

This question was investigated by first undertaking a systematised review of
studies reporting on the association between airborne exposures and onset
vasculitis. Secondly, an environmental wide association study approach was
used to investigate the association between multiple air pollution exposures and
the onset of vasculitis in UK Biobank and the Scottish Morbidity Record
(SMRO1).

1.7.2.2. What is the role of geography in mediating the effects

of air pollution on the onset of vasculitis?

This question was investigated by conducting a series of multivariable analyses
of cross-sectional data from UK Biobank and SMRO1 stratified based on
population density measures. The effects of air pollution were stratified based
on urban and rural geographies, so to investigate for possible geographic

disparity in effects of air pollution on vasculitis
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1.7.2.3. What is the temporal and seasonal pattern in the onset
of vasculitis, and can it provide insight about the

possible role of environmental exposures?

This question was investigated by conducting a time series analyses of routine
health data of patients diagnosed with AAV between the period of 1996 to 2020
in the SMRO1. Several modelling approaches were used to assess for peaks in
incidence of AAV and to related them to a possible environmental agent.
Seasonal variation was also assessed by comparing the frequency of AAV

cases from the different months of the year.

1.7.3. Thesis structure

Chapter 2 presents a systematised review of studies reporting on the effect
outdoor air pollution and occupational airborne exposures on vasculitis. Studies
reporting on the seasonal variation of vasculitis were also assessed. Chapter 3
provides a detailed description of the data resources used to address the
research of this thesis. It describes how vasculitis cases were ascertained from
the UK Biobank, and the Scottish morbidity record. Chapter 4 will provide a
detailed description on the environmental linkage method that were used in this
thesis and will give a demonstration on how they can be applied to study
environmental risk factors of vasculitis. The results chapters (chapter 5 to 7) will
report finding of the analyses showing an association between air pollution,
seasonality, and the role of geography in mediating the risk of vasculitis. The
last chapter will discuss the implication of thesis findings for clinicians, public
health practitioners and policy makers. This will be discussed in context of other
literature in the field, acknowledging both the strength and weakness of this

thesis and that of others.
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Chapter 2: A systematised review on the impact
of air pollution, occupation airborne exposures
and seasonality on vasculitis onset.

2.1. Overview

Chapter 1 provided an overall summary of the traditional risk factors known to
be associated with onset vasculitis. In addition to these risk factors, there are
emerging risk factors, such as outdoor air pollution and seasonal exposure,
whose impact on vasculitis is not yet recognised. The objective of this chapter
is to provide an up-to date systematised evidence of studies reporting on the
effects of 1) ambient air pollution exposures, 2) occupational airborne
exposures, and 3) seasonality on the risk of AAV and GCA. To achieve this, the
review was conducted using a structured protocol based on the Preferred
Reporting Items for Systematic review and Meta-Analysis protocol guidelines
(PRISMA-P)(182). A clear search strategy detailing the Population Exposure
Comparison Outcome (PECO) was employed. The electronic search was
conducted in Medline, Embase and several other leading empirical databases,
covering publication from 1946 to 2021. The search strings used included many
leading air pollutants and occupational airborne exposures known to be
associated with adverse health. A pilot search conducted on the 15 September
2021 revealed that there was only one publication reporting the association
between air pollution and vasculitis, particularly AAV and none on GCA. Given
this, the final search strategy was extended to include other inflammatory
autoimmune diseases, specifically rheumatoid arthritis, systemic lupus
erythematosus, ankylosing spondylitis, and psoriatic arthritis as outcomes. The
goal was to assess if there are any shared effects of air pollution on major
inflammatory autoimmune diseases. A summary of this comparison is provided
in the discussion section and will inform later discussion in the result section
(Chapter 5 and 6)

The search strategy for occupation exposures was targeted at AAV and GCA

as outcomes interest. For AAV, the pilot search conducted on September 2021
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revealed that there was a systematic review and meta-analysis reporting a
significant association between occupation exposure to crystalline silica and an
increased odds of AAV (102). This review by Gémez-Puerta and colleagues
was published in 2013. It specifically focused on crystalline silica as an
occupational airborne exposure but did not assess other major exposures and
occupational titles, such as organic solvent or farming, that have been reported
to be associated with vasculitis in several observational studies. Additionally,
this review’s meta-analysis included six articles published between 1993 and
2010. Two of the studies published in 1993 (183) and 1995 (184) were
susceptible to hospital control bias and selection bias (185) and generally had
inflated odds ratios (OR) and large confidence intervals (Gregorini et al., 1993
- OR 14, 95% CI: 1.7 — 113.8 and Nuyt et al.,1995 — OR: 5.0, 95% CI: 1.4 —
11.6). For both studies, cases (n=16) were matched on 1:2 ratio to hospital
controls (n=32). Study participants were recruited at a single clinical centre and
the control groups were generally not comparable to AAV population in terms
of age and sex. For example, one of the studies focused on males only and the
other did not have a sufficient population coverage of the people over the age
of 50 years old. To this end, the final search strategy and the reporting on
occupation airborne exposures was extended to include both the old (studied
published before 2010) and newer studies (studies published between 2010 to
2021). The newer studies included three more case-control studies published
between 2015 and 2021 (186-188). These studies had a much larger sample
sizes and population coverage and were from different parts of the globe
(Europe and Oceania). In line with this chapter’s objective, these studies (both
the old and new) were pooled in a meta-analysis to provide an up-to-date
estimation of the effect of silica on AAV, including a separate meta-analysis on
four studies reporting the association between farming, as an occupational title,
and AAV. Studies reporting occupation exposure to organic solvents, asbestos,
and coal particles and AAV have been synthesised and are narrated in the

result section.

Lastly, the search strategy on seasonality and vasculitis included search strings
with weather variables (wind, temperature, and humidity). The goal was to

assess if there are any studies reporting the association between historic
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weather pattern and the onset of vasculitis in adult population. There is a
growing body of literature on Kawasaki disease that shows that tropospheric
wind pattern may carry dust particles and microbial aerosols from various
regions that may serve as potential triggers of vasculitis (189-191). A
preliminary run of search strings from the pilot search (09/2021) showed that,
to date, there is one study that have reported an association between weather
features and the onset of GCA (155). This study found no significant association
between weather condition at the time of diagnosis and the onset of GCA. As
such, the reporting of seasonality and vasculitis only focused on seasonal

variation in the occurrence of AAV and GCA.

2.2. Methodology

2.2.1. Search strategy and eligibility criteria

As highlighted above, this review was conducted using a structured protocol
based on the Preferred Reporting Items for Systematic review and Meta-
Analysis guideline for writing a review protocol (PRISMA-P) (182). An electronic
search strategy was developed using the Population Exposure Comparison
Outcome (PECO) strategy and a data extraction template was generated and

validated to allow for a detailed quality assessment of included articles.

2.2.1.1.Population and Control group

The population of interest were adults over the age of 18 years. Outcome was
defined as a physician-confirmed diagnosis of AAV or GCA confirmed using one
of the following classification criteria: the International Chapel Hill Consensus
Conference Nomenclature of Systemic Vasculitides (CHCC), the European
Medicine Agency (EMA) algorithm for vasculitis, the American College of
Rheumatology (ACR) criteria for vasculitis, or the International Classification of
Disease (ICD) criteria in the case of hospital admission
record(19,21,22,27,192). An appropriate control group had to share similar
demographic or risk profile to patients with vasculitis. This could be individuals

who were systematically or randomly recruited from a local hospital or primary
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care database and preferably matched by age, sex, and region. Controls sought
from the general population or controls with a non or other inflammatory

rheumatic diseases were also considered.

2.2.1.2.Exposures

2.2.1.2.1. Air pollution

The following air pollutants were included in the electronic search strategy:
particulate matter with aerodynamic size of less than ten (PM1o) and particulate
matter with aerodynamic size of less than less than two-point five micrometre
in size (PM2:), nitrogen oxides (NO2 and NOx), sulphur dioxide (SO-), carbon
monoxide (CO) and ozone (Os3). These were selected based on existing
evidence that show they are important risk factors association with many health
outcomes, mainly cardio-respiratory diseases, according to the World Health
Organisation (WHO) (193), the European Environmental Agency (EEA) (194),
and the United States Environmental Protection Agency (US EPA)(195,196).
Some of these pollutants have also shown to be associated with major
inflammatory autoimmune diseases, like rheumatoid arthritis and systemic
lupus erythematosus (197-199). The search string included in the subject
heading (SH) and text words in the title or abstract fields (TW) included broad

search term which are summarised below

[1] SH: Air pollution// or ambient air pollution/or traffic-related pollution/or air
pollutants/ or atmospheric pollutant/or particulate matter/or nitrogen oxides/or
nitrogen dioxide/ or nitrous oxide/ Sulfur Dioxide/ or Sulphur Dioxide/or Carbon
Monoxide/ozone

[2] TW: Outdoor pollut*/or air qual*/ or air contamin+/or atmospheric pollut+/or
atmosphere contaminat+/or traffic pollut®/or ambient pollut*/ or traffic-related
pollut*/or vehicle emi*

TW: “PM10°/or “PM2.57/or “NOZ2’/ or “NOx’/or “SO2/ or “CO”

(1) OR (2)
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2.2.1.2.2. Occupational airborne exposures

Articles with data on harmful substances or particles associated with
occupational titles listed in the international standard occupational classification
system were assessed(200). These exposures are often identified through a
job exposure matrix (201,202), or a structured questionnaire validated by an
occupational health practitioner or a detailed literature review. Examples of
occupational exposures of interest included crystalline silica, asbestos, gas,
diesel, dusts, fumes, fibres, and mists. For the search strategy, non-specific
search terms such as “Occupational exposures/dusts/chemicals” were included
to ensure all potential occupation exposures and pollutants were identified.

Below is an example of search strings (subject heading, SH) applied:

SH: occupational exposures/or occupational dusts/or occupational airborne
chemicals/or occupational pollutants/or dust/or silica/or metals/or diesel/or

fibres/or asbestos/

2.2.1.2.3. Seasonality

Studies reporting on the seasonal variation of AAV and GCA were included if
they used a meteorological definition of seasonality. Meteorological definition of
seasonality is roughly divided into the coldest and hottest quarters of the year.
The northern hemisphere hottest seasons are spring (March, April, and May),
and summer (June, July, and August), while the coldest seasons are Autumn
(September, October, November) and Winter (December, January, February).
For studies reported from the southern hemisphere, for example Australia, the
seasonal months were expected to be opposite, with the coldest seasons being
from March to August and the hottest seasons being from September to
February. For studies where no such information was provided, this was

assumed to be the case.

TW: season®/ or seasonal®/ or seasonal temperat®/ or weather condit*/ or

wind/or tropospheric wind/ or atmospheric condit®/ or temperature/or outdoor
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temperat™/ or ambient temperat™/ or air temperat®/or surface temperat®/ or

atmosph”)

2.2.2. Data source and study selection

A detailed literature search was conducted on Medline, Embase, Web of
Science, Scopus, CINAHL and GreenFILE on October 23, 2021. It included
search terms covering studies in English and published between the 1946 and
2021. Additional studies were sought from reference lists of relevant articles. Al
eligible articles were managed, and duplicates removed, using Mendeley
software (v1.19.8). The title and abstract screening were conducted in
DistillerSR (DistillerSR v2.35. Evidence Partners, 2021, Accessed Nov 2021 —

February 2022 https://www.evidencepartners.com. A study was included if it

was an original article or a conference abstract with enough data for extraction.
Animal studies, case report, case series and studies on children were excluded.
A detailed overview of the electronic search strategy can be found in Appendix
1. The thesis author performed the search and screening of articles

summarised in the result section.

2.2.3. Data extraction and quality assessment

A spreadsheet with relevant data fields was used to extract pertinent
information from included articles. This was piloted on three studies included in
this review and was updated accordingly in the case where relevant information
were not being captured. The spreadsheet covered information on study
population, methodology and qualitative and quantitative results. Additional
information on exposure assessment and time of exposure was included.

All of the included studies were critically appraised by the thesis author using
the Joanna Briggs Institute (JBI) critical appraisal checklist for cross sectional
and case control studies(203,204). The checklist covered 10 questions on
internal validity and risk of bias, paying attention to selection and information
bias, confounding, clear reporting, and statistical analysis. These question are:
(1) Were groups comparable other than the presence of disease in cases or

absence of disease in controls? (2) Were cases and controls matched
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appropriately? (3) Were same criteria used for the identification of cases and
controls? (4) Was exposure measured in a standard, valid and reliable way?
(5) Was exposure measured in the same way for cases and controls? (6) Were
confounding factors identified? (7) Were strategies to deal with confounding
factors stated? (8) Were outcomes assessed in a standard, valid and reliable
way for cases and controls? (9) Was the exposure period of interest long
enough to be meaningful? (10) Was appropriate statistical analysis used? The
JBI appraisal tool does not provide a formal rating scale on the basis that each
question cannot be weighted equally and may not give accurate picture of the
quality of each study. Authors are encouraged to state how they derive their
rating and to report it in the methodology (203,204). As such this review
generated a quality rating that was based on how each study fulfilled the JBI
criteria or questions. For example, an article that did not fulfil at least four of the
ten questions stated above was rate low (score <4), those fulfilling four to seven
questions was rated moderate (score: 4 — 7) and those fulfilling seven to ten

question were rated high (score: 7 — 10) — see Appendix 2 and 3.

2.2.4. Data synthesis

A narrative synthesis of extracted data from studies the effect of air pollution,
occupational exposures and seasonality on vasculitis was performed alongside
tables and meta-analysis of extracted estimates. These estimates are
presented in a forest plot and funnel plot and mostly cover the effects of
occupation and occupational exposures on AAV. To address the first objective
of this review, studies on air pollution and AAV were summarised in a table with
odd ratios and 95% confidence intervals together details the study
methodology. Similarly, studies addressing the effects of occupational history
and exposures on AAV were pooled in a table with odd ratios and 95%
confidence intervals being reported together the method of exposure
assessment. Where there were more than three studies reporting the effects of
occupation exposures on AAV, those studies were pooled in meta-analysis. For
example, a random effects model was implemented using the metan package
in Stata and estimated the overall-effects of crystalline silica exposure and

farming as an occupation title on AAV (205). An in between-study heterogeneity
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was assessed by examining the Cochrane Q and I? statistics (206). A p-value
of <0.05 was used to capture a statistically significant heterogeneity of between
studies(207). The Funnel Plot was used to identify and estimate the amount of
publication bias by using the Egger’s test (208). For seasonality, most studies
reported absolute incidence or frequencies of AAV or GCA across the different
seasons of the year. These estimates were often compared using an ANOVA
or pairwise t-test. Results from these studies have been pooled in a table with

significant p-values being reported.

2.3. Results

2.3.1. Study selection and characteristics

Figure 1 shows a PRISMA flow diagram representing selection criteria of
included articles. Overall, the electronic search results identified 5,480 potential
studies whose titles were screened for inclusion in the review. Studies not
related to the review’s objectives were excluded, leaving 375 articles which
underwent a detailed abstract screening. As highlighted in search strategy,
studies were excluding for detail review if the outcome (diagnosis or onset of
vasculitis) and the exposures of interests were not the subject of the study.
Articles reporting the link between vasculitis flares and environmental
exposures were also excluded. In total, 123 eligible articles were screened for
full text review with only 24 articles being included in this review. The exclude
articles at this stage (n=99) were reporting on the effect air pollution and
occupation airborne exposures on rheumatoid arthritis, systemic lupus
erythematosus, ankylosing spondylitis, or psoriatic arthritis (Appendix 6). While
these studies were omitted, they were kept for background research and are

mentioned in the discussion section of the review.

Of the 24 studies included in this review, 19 were full articles and 5 conferences
abstracts. Most studies were from continental Europe (n=11), followed by the
United States (n=5), United Kingdom (n=4) and Australasia (n=3) including La-
reunion (n=1). The only study on air pollution and AAV was conducted in the
UK using two patient cohorts from Nottingham/Derby (2007 — 2013) and Norfolk
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(2000 — 2010). This study was a conference abstract and did not have all the
descriptive summary data. Further information on the patient cohort were
sourced from previously published parent studies using the same cohorts
(55,209). Overall, the median age of AAV population in this study was 60 and
70 years old with majority of patients being male (60%) in Nottingham/Derby
(33) and female (52%) in Norfolk (34). Similarly, studies reporting the effects of
occupational exposures and vasculitis were all on AAV. The median age of AAV
population in these studies ranged from 50 to 62 years old with some variation
in the proportion of male and female patients. Having a history of an
autoimmune disease, being younger than 18 years of age and having missing
data on ANCA status or having other forms of vasculitis were part of the
exclusion criteria. Two of the seven studies were from the US (210,211), one
from New Zealand(187), with the rest being from Europe (ltaly, Germany,
France) and UK (186,188,212,213). In all these studies, exposure assessment
was evaluated using a standardised questionnaire administered either by
occupational physician or epidemiologist or via mail. There was no mention of
the use of a job exposure matrix, a gold standard in the field occupational
medicine. Hogan et al.,, 2006 reported using the National Institute of
Occupational Safety and Health guideline to assess crystalline exposure (211).
However, this approach still required a generating an indirect estimation of
exposure which was conceived by the study’s author and does not reflect an
exposure matrix model. Lastly, nine of the fifteen studies on seasonality and
vasculitis, were on GCA. In these studies, GCA was diagnosed using the
American college of rheumatology criteria for giant cell arteritis and or using
histopathological evidence from a temporal artery biopsy (TAB) (214,215). In all
these studies, the median age ranges from 70 to 76 years older with increased
proportion of patients being female (51% to 79%). In general, patients were
excluded from a study if they had a negative TAB or had other conditions with
polymyalgia manifestations and in some case if they were younger than 50
years old. Table 2.1 has provided further detailed summary of characteristics

of included studies based on exposure of interest for this review.
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Identification

Eligibility Screening

Included

Records identified through
Medline, Web of Science,
Scopus, CINAHL, GreenFILE
and EMBASE
N =6136

A 4

Records after duplicates
removed

Records excluded
N =5,118

N = 5480

Records screened
N =375

\ 4

Full-text articles

Full-text articles excluded, with reasons.

(n = 246):
No main outcome of interest reported
(n=101)
The exposure is not the focus of the study
(n=100)
Case series or reports and review article
(n=42)

Commentary without original results (n = 3)

assessed for eligibility
N =123

\ 4

Studies on environment and
systemic vasculitis
N=24

Records excluded (n = 99)
Environment and other inflammatory rheumatic
diseases

Figure 2.1: PRISMA diagram summarising the selection criteria of

studies included in this review.
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Table 2.1: Characteristics of studies on the association between air pollution, occupation airborne exposures
and seasonality with AAV and GCA

Author, year Country  Study Case Age at Sex Criteria for Exclusion Criteria Quality
design definition diagnosis (Female) vasculitis assessment
(cases) diagnosis (Joanna
Briggs
Institute)

Air pollution

Mahmood-Rao, UK Case AAV 70.2 44% EMA Not applicable Moderate
2018 control algorithm for
(Conference AAV

abstract) (216)

Occupational pollutants

Lane, 2003 UK Case control PSV 60.2 NRT ACR and History of any High
(213) (GPA, CHCC autoimmune disease, or

MPA, secondary vasculitis (due

EGPA) to systemic lupus

erythematosus infection,
cryoglobulinemia or
malignancy), death.

Stamp, 2015 NZ Case control GPA 53.3 57% ACR, CHCC History of other High
(187) or EMA inflammatory diseases

Hogan, 2006 us Case control ANCA-SVV 62 40% CHCC Missing information on Moderate
(211) age, state of residency
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and ANCA status and not
speaking English

Maritati, 2021 Italy Case control EGPA 53 58% CHCC, ACR Lessthan 18 yearsoldat Moderate
(186) the time of diagnosis,

having other vasculitides

or cognitive impairment or

severe illness that could

impede the ability of

completing occupation

questionnaire
Willeke, 2015 Germany Case control AAV 51.2 47% ACR, CHCC, Notreported Moderate
(188) EMA
Beaudreuil, France Case control AAV 61.2 50% ACR Being treated with Moderate
2005 (212) neomercazole or suffering

from infectious disease

(particularly endocarditis),

antiphospholipid

antibodies, or

malignancies
Albert, 2003 US Case control GPA 57.2 50.9% ACR Having any other Moderate
(210) inflammatory, rheumatic,

or pulmonary disorder
Seasonality
Chung, 2020 Australia  Cross AAV 63 45% CHCC or Having EGPA Moderate
(158) sectional ACR
Aiyegbusi, 2021 UK Cross AAV 66 54% CHCC 16 years and younger, High
(159) sectional negative ANCA results,

EGPA and no kidney
biopsy at diagnosis
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Gonzalez-Gay, Spain Cross GCA 68 50.90% ACR Patients with other High
2001 (217) sectional diseases that may present

with polymyalgia

manifestations
Koldingsnes, Norway Cross GPA 48.2 38% ACR Not reported High
2000 (160) sectional
Richier, 2018 La- Cross GCA 73.7 60% ACR Not reported Moderate
(Conference reunion sectional
abstract) (218)
Gonzalez-Gay, Spain Cross GCA 75 54.50% ACR Other diseases that may Moderate
2007 (219) sectional present with polymyalgia

manifestations
Kisza, 2012 US Cross GCA 77.3 74% Temporal No TAB results, or no Moderate
(220) sectional artery biopsy medical record

(TAB)

Stamatis, 2019  Sweden  Cross GCA 75.1 72% Not able to Negative TAB High
(Conference sectional assess
abstract) (221)
Khelgi, 2017 Australia  Cross AAV 66 62% Not able to Not reported High
(Conference sectional assess
abstract)
Gokoffski, 2019  US Cross GCA 76.4 72% ACR Diagnoses outside the Moderate
(222) sectional recruiting centre (Davis

medical centre), no TAB

prior to 1995
Konig, 2021 Denmark Cross GCA 75.6 66.3% Temporal 50 years and younger, no  High
(15%5) sectional artery biopsy representative biopsy and

(TAB) no suspicion of

polyarteritis nodosa (PAN)

based on histopathological

criteria
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Raheel, 2018 usS Cross GCA 75.6 79% ACR Not able to assess High
(Conference sectional
abstract) (156)
Mahr, 2006 France Cross GPA 54.3 63% ACR No clear GPA by ACR Moderate
(223) sectional classification criteria and

no clear record of time of

GPA onset
Draibe, 2018 Spain Cross AAV 65.3 50.8% CHCC No precise month of AAV  High
(130) sectional onset that could be

calculated
Frieta-Gilchrist, UK Cross AAV 65.6 53% Biopsy Not reported High
2020 sectional proven AAV
(Conference
abstract) (157)
Petursdottir, Sweden  Cross GCA >50 NR Temporal No TAB High
1999 (224) sectional artery biopsy

(TAB)

T Not reported
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2.3.2. Representativeness of included studies.

The two cohorts assessed for the study on air pollution and AAV were generally
older for a vasculitis population in the UK, with the combine mean age of 66
years old. The Nottingham-Derby cohort was on average older (median:70.2
years old) compared with the Norfolk patients (60.1 years old). This may reflect
true differences in the aging population between these two counties.
Regardless of the age differences, the overall incidence of AAV in each cohort
was representative of the UK AAV estimates (15.1 to 23.1 cases per million
population) seen in chapter 1, with Nottingham-Derby cohort showing an
incidence of 23.1cases per million population and Norfolk being 22.6 cases per
million population. The male to female ratio was also similar to what is seen in
other studies in the UK and globally (51). Additionally, the control group and
denominator used covered the general population of the counties as the study
used census population data from the office of national statistics (ONS) 2011,
including the middle layer super output areas (MSOA) for each of the case-

catchment area.

In the case of occupation exposures and AAV, most studies were generally
representative of the AAV population in terms of age and sex. The study from
Germany, Italy and New Zealand had a generally younger population with a
mean age that ranged from 51 and 53 years old(186—188). The rest of the
studies had AAV population with a mean age starting from 60 and above which
is generally expect. In all the studies, the cases were recruited from hospital
databases or specialised clinics (e.g.: nephrology and rheumatology). Hospital
Controls were recruited in similar manner in five of the seven studies and
included individuals with a non-inflammatory rheumatic disease like gout,
osteoarthritis, cardiovascular disease and diabetes or other miscellaneous
diagnoses(187,188,210,212,213). Controls were matched by age, sex, and
geography in some cases. Two studies recruited from the general population
via random sampling involving calling and inviting local residents from nearby

regions or extended family members to participate in a study (186,211).
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Lastly for studies reporting on the seasonal variation in vasculitis, particularly
those focusing on GCA had a representative population with mean age of 70
years or old in majority of studies. The three studies on AAV were also
generalisable to the AAV population, except the study by Koldingsnes et al,
2000 in Norway, which had a younger cohort (mean age: 48 years old). Most
studies required a positive temporal artery biopsy confirmation and exclusion
patients with polymyalgia or a history of autoimmune disease, minimising
observation bias and overrepresentation of other rare disease associated with
GCA.

2.3.3. Appraisal of study methodology and reporting

Ratings of the methodology and reporting bias were assessed using the JBI
critical appraisal tool for case control and cross-sectional studies and are
summarised in Appendix 4 and 5. Overall, the rating for the one study on air
pollution and AAV was considered moderate. Reason being there was a limited
details in the methodology on the approach used for environmental linkage and
timing of exposure. For example, it was not clear whether the period of
exposure was the index year (i.e.: the year of diagnosis) or the years preceding
the start of disease. For occupational exposures, most studies varied in quality
and reporting, and ranged from moderate to high. Studies rated to be moderate
were due to limitations in methodology particularly related to the exposure
assessment and reporting. Few of the included studies used validated
questionnaires to capture lifetime job histories. These were developed by lead
investigators together with occupation health specialists and epidemiologist.
Irrespective of this, it was not clear whether common tools such as the job
exposure matrix or the international occupation classification system were used
for the exposure assessment (200,202). These tools are considered gold
standard and have been shown to provide quantitative estimates of both the
short and long-term impact of occupational exposure such as silica or asbestos
on various health outcomes (176,225-228). Lastly, studies on seasonality used
historic medical records to assess for seasonal and temporal variation in
incidence of AAV and GCA. Half of the studies were rated moderate due limited

reporting on case ascertainment or any further exclusion criteria.
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2.3.4. Finding of the electronic search

2.3.4.1.Effects of air pollution on AAV

As highlighted earlier, the results from the electronic search on air pollution and
vasculitis identified one study on AAV, a conference abstract published from the
British Society of Rheumatology (Table 2.2). The study assessed the short-term
impact of residential air pollution at the lower layer super output area (LSOA)
and its effect in ANCA-associated vasculitis. The study consisted of two cohorts
from Nottingham-Derby (2007-2013) and Norfolk (2000-2010) area. The
Nottingham-Derby cohort had 107 cases with census population controls of
741,071, while the patients from the Norfolk cohort were 86 with census
population controls of 459,000. The standardise incidence was 14.44 cases per
hundred thousand population in Nottingham-Derby and 18.74 case per
hundred thousand population in Norfolk. The study utilised air quality index data
from the office national statistics (ONS) for England for 2008 and covering the
‘study period’, although this period is not clearly defined in the method, in terms
of how far back or forward for the linkage done. The study focused on PMyo,
SO2, and NOz and it assigned pollution exposure by allocating decile exposure
measures to each case and a complete decile distribution for the whole
geographical area in each cohort. Differences in exposure between case and
controls were compared using chi-squared test, and logistic regression.
Overall, cases from Nottingham/Derby showed to be from areas with low levels
of air pollution, particularly SO2 and NO2 compared with the Nottingham/Derby
general population. This was statistically significant when assessed for
combined indices (SO2 odds ratio: 0.84, 95% CI: 0.74 - 0.95, NO2 odds ratio:
0.85, 95% CI: 0.75 - 0.96). For the Norfolk area, the effects of air pollution were
around the null and therefore were not statistically significant (PM1o odds ratio:
0.99, 95%ClI: 0.78 - 1.25, SO2: 1.01, 95%CI: 0.86 - 1.20, NO2: 1.02, 95%Cl:
0.89 - 1.18) (216). This variation in effects of air pollution by geography may
reflect the heterogeneity in air pollution distribution across the two counties.
Stratified analysis based on urban and rural classifications might have given

some indication about the effects of air pollution across space and geography
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and within each cohort. This limitation will be address in later chapters to gain

insight the varying effects of air pollution across urban and rural geographies.
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Table 2.2: Summary of one study reporting on the association between air pollution exposures and ANCA-
associated vasculitis

Author Case Control Sample size Matching/ Type of Assessmentof Time of Odds ratio (95% CI)
(year) definition definition Adjusted air air pollution exposure
pollutants exposure
Case Controls
n n
Mahmood-  AAV General 107 741,071 age, sex PMyo, Modelled At the Nottingham/Derby
Rao, 2018 population and and SOz, NO2  pollution data year of PM10: 0.85 (95% CI:
(216) controls 86 459,000 incl. ground diagnosis  0.72 - 1.00)
(Census, monitoring S02: 0.84 (95% CI:
2011) stations and 0.74 - 0.95)
satellite data NO2: 0.85 (95% CI:
0.75 - 0.96)
Norfolk
PM10: 0.99 (95%CI:
0.78 - 1.25),
S02: 1.01 (95%Cil:
0.86 - 1.20),
NO2: 1.02 (95%Cl:
0.89 - 1.18)
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2.3.4.2.Effects of occupational airborne exposures on AAV

Table 2.3 provides a detailed description of studies reporting the association
between occupational exposures and AAV. While most studies aimed to report
on all major airborne chemical exposures, such as mineral dust, fumes, diesel,
and biological dust, only crystalline silica exposure and farming as an
occupation title were the two factors mostly reported on in over half of the
included studies (187,188,211,213). The rest of reported exposures included
volatile organic compounds, metals, pesticides, inorganic dust, and organic
solvents (186,210,212). Of those reporting solely on silica and farming, the
heterogeneity between studies was small and not statistically significant
(1>=0.0%, p=0.458 and 1>=0.0%, p=0.548, respectively). The variation seen was
due to chance and is not reflective of real differences between studies - Figure
2.3 and 2.5. For silica, the pooled estimate of its effect on AAV was nearly two-
folds (pooled odds ratio: 1.95, 95% CI: 1.41 — 2.71) - Figure 2.2. Similarly,
lifetime exposure to farming, as an occupation, was associated with 80%
(pooled odds ratio: 1.80, 95% CI: 1.33 — 2.46) increased odds of AAV - Figure
2.4. When assessing this effect by disease subtype, individuals with EGPA
were at higher risk compared with MPA and GPA in two studies focusing farming
history as main exposure of interest (186,188). Other major exposures reported
in the included studies are organic solvents, asbestos, and coal. For organic
solvents, lifetime exposure was associated with over two-fold (odds ratio: 2.20,
95% CI: 1.14 — 4.25) increased odds of EGPA in Italy (186). Occupational
exposure to asbestos was also reported to be associated with 30% increased
odds of AAV (odds ratio:1.3, 95% CI: 0.5-3.2) in France. Lastly, long-term
exposure to coal (through mining, electricity generation, steel making and coal
furnaces) was not significantly associated with AAV (odds ratio: 1.80, 95% CI:

0.674-4.875) when compared with hospital controls with osteoarthritis and gout.
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Table 2.3: Studies on occupational exposures and ANCA-associated vasculitis

Author, Case Control Sample size Matching/ Occupation Time of odds ratio (95%Cl)
year definition definition Adjusted exposures exposure
Cases Controls
(n) (n)
Lane, 2003 PSV (GPA, Hospital controls 103 220 Age Farming and Any time during Farming - 2.2 (1.2-3.8)
(213) MPA, (hospital inpatients Crystalline silica  working life Silica - 1.4 (0.7-2.7)
EGPA) and outpatients with

NIRD*)
Stamp, GPA Non-inflammatory 49 196 Age, sex All jobs, farming, > 6 months Farming 1.7 (0.8-3.4)
2015 (187) musculoskeletal and Crystalline prior to index Silica 3.1 (1.3-7.4)

disease silica date

(osteoarthritis or

fracture)
Hogan, ANCA-SVV  General population 129 109 Age, sex, Crystalline Silica Lifetime job Silica 1.6 (0.9 to 2.8)
2006 (211) education, history held for

and region 12 months or
longer
Maritati, EGPA General population 111 333 age, sex, Farming, organic Lifetime job Farming 2.10 (1.19-
2021 (186) region solvent, history 3.73) Silica 2.26 (1.10—
Crystalline Silica 4.62), Organic solvents
- 2.20 (1.14-4.25)

Willeke, AAV RA and Large vessel 189 190 age, sex Farming Ever worked on Farming - 1.24 (0.66—
2015 (188) vasculitis or a farm 2.32)

Polymyalgia

Rheumatica (PMR)

Beaudreui, AAV Hospital Controls 60 120 age, sex Silica and Lifetime job Silica - 3.4 (1.1-9.9),
2005 (212) (In-patients with asbestos history held Asbestos 1.3 (0.5-3.2)
diabetes, CVD, or more than 6

months
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other miscellaneous

(median =16.3

diagnosis) years)
Albert, GPA Hospital controls 53 103 age, sex inhalants, liquid  Lifetime job Silica - 1.47 (0.55 -
2003(210) (Osteoarthritis and solvents, solid history held 3.93),
gout) metals, and more than 6 Coal - 1.80 (0.674-
other chemicals  months 4.875)

associated with
common hobbies
and industries
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Author

Lane 2003
Beaudreuil 2005
Hogan, 2006
Stamp 2015
Maritati 2021

Overall, IV (12 = 0.0%, p = 0.458)

exp(b) (95% ClI)

1.40 (0.70, 2.70)
3.40 (1.10, 9.90)
1.60 (0.90, 2.80)
3.10 (1.30, 7.40)
2.26 (1.10, 4.62)

1.95 (1.41, 2.71)

%

Weight

23.37

8.82
33.06
14.08
20.68

100.00

T
125

Figure 2.2: Meta-analysis on the association between Crystalline silica

exposure and ANCA-Associated vasculitis

Funnel plot with pseudo 95% confidence limits
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Figure 2.3: Funnel plot showing the publication bias of studies on the
association between crystalline silica exposure and ANCA-Associated

vasculitis.
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%

Author exp(b) (95% CI) Weight

Lane 2003 i 2.20 (1.20, 3.80) 28.63

Stamp 2015 : 1.70 (0.80, 3.40) 18.17

Willeke 2015 +* : 1.24 (0.66, 2.32) 24.07

Maritati 2021 i 2.10 (1.19, 3.73) 29.14

Overall, IV (12 =0.0%, p = 0.548) <> 1.80 (1.33, 2.46) 100.00
T T

s.e. of log_or

.25 1 4

Figure 2.4: Meta-analysis on the association between farming occupation and

ANCA-Associated vasculitis.
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Figure 2.5: Funnel plot on the association between lifetime exposure to

farming environment and ANCA-Associated vasculitis risk.
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2.3.4.3.Seasonal variation in vasculitis

The results on the seasonal variation of vasculitis revealed a mixed pattern in
the annual occurrences of AAV and GCA. A total of seven studies reporting on
the seasonality of AAV were identified. Five studies used the date of diagnosis
as proxy measure of disease onset while two studies reported using the date
of first symptom onset. Several methodologies were used in to quantify
seasonal variation in disease onset. These varied from hypothesis testing
approach using p-values from descriptive statistics (Chi-Square and one-way
ANOVA) comparing the frequency or mean of AAV cases from different seasons
of the year to regression-based methodology (Poisson regression) using
seasonality as a predictor in a model adjusting mostly for age and sex. Overall,
over half of the studies (57%, n=4) reported no seasonal variation in AAV,
regardless of the method used. Two studies reported a higher incidence of AAV
in warmer seasons (Spring and summer, p-value <0.01). A study by Draibe et
al.,2018 showed an increase in incidence of AAV during winter, when using the
date of first symptom onset as a measure of disease onset. This variation in
results between the last three studies may reflect variation in the methodology
used to define disease onset. For GCA, this variation in case definition was not
seen as onset of disease was defined using the date of diagnosis after a
confirmed temporal artery biopsy. Additionally, seasonal variation was
assessed using a regression-based method (logistic or Poisson regression) in
half of studies, the rest used chi-square and ANOVA to compare seasonal
frequencies in occurrence of AAV. The key findings from assessing studies
reporting on seasonality of GCA shows that incidence of GCA may be increased
during the warmer months of the year, spring, and summer. Half of the studies
reported a statistically significant increase in number of GCA cases during the
months of April to July (p<0.05). Three studies reported no seasonal variation
and one study higher incidence of GCA cases during winter and autumn months
(p<0.041).
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Table 2.4: Studies reporting on seasonal variation of AAV and GCA

Author, year Study Study Cases Definition for Statistical Sample Findings
years period disease onset analysis size
ANCA-Associated Vasculitis
Chung, 2020 (158) 2002-2017 16 years AAV Date of diagnosis Man-Whitney 100 No seasonal variation
and Holm- (p=0.08)
Bonferroni
correction
Koldingsnes, 2000 1984-1998 15years GPA Date of first Poisson 55 No seasonal variation
(160) symptom onset regression (p=NS)
Aiyegbusi, 2021 2014-2018 5Syears AAV Date of biopsy- One way 339 No seasonal variation
(159) proven diagnosis ANOVA (p=NS)
Mahr, 2006 2001-2004 4years GPA Date of diagnosis One-way 59 Higher incidence of GPA in
goodness of fit summer (p=0.001)
Chi Square
Draibe, 2018 (130) 2001-2014 15years AAV Date of first of One-way 234 Higher incidence of AAV in
symptom onset goodness of fit winter (p=0.003)
Chi Square
Khelgi, 2017 2006-2016 13 years AAV Date of biopsy- Not reported 29 Higher incidence of AAV in
(Conference proven diagnosis Spring (p=0.001)
abstract) (229)
Frieta-Gilchrist, 2014-2018 5Syears AAV Date of biopsy- One-way 339 No seasonal variation of
2020 (Conference proven diagnosis ANOVA AAV (p=NS)

abstract) (157)

Giant Cell Arteritis
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Richier, 2018 2005-2017 13 years GCA Date of diagnosis  Not reported 60 No seasonal variation
(Conference (p=NS)
abstract)
Gonzalez-Gay, 1981-2000 19 years GCA Date of diagnosis  Chi-square 255 No seasonal variation
2007 (219) and symptom test (p=0.13)
onset
Kisza, 2012 (220) 1994-2011 8years GCA Date of diagnosis  Chi-square 215 No seasonal variation
test (p=0.40)
Stamatis, 2019 1997-2016 10years GCA Date of diagnosis  One way 1202 Higher incidence of GCA
(Conference ANOVA in spring and summer
abstract) (221) (p=0.04)
Gokoffski, 2019 2003-2014 12years GCA Date of diagnosis  Logistic 29 Higher incidence of GCA
(222) regression in summer (p=0.028)
Konig, 2021 (155) 1990-2018 19years GCA Date of Logistic and 336 Higher incidence of GCA
confirmed Poisson in summer (p=0.037)
temporal artery regression
biopsy (TAB)
Raheel, 2018 1995-2009 15years GCA Date of diagnosis Quasi-Poisson 248 Higher incidence of GCA
(Conference regression in summer (p=0.018)
abstract) (217)
Petursdottir, 1999 1976-1995 20years GCA Date of Poisson 665 Higher incidence of GCA
(217) confirmed TAB regression in the late winter and

autumn (p=0.041)
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2.4. Discussion
2.4.1. Summary of findings

The first two aim of this systematised review were set to identify and provide
up-to-date effect of air pollution exposure and airborne exposures related to
occupation titles and their association with vasculitis. 9 articles were identified
with data on air pollution (n=1) and occupational airborne exposure (n=8) and
AAV. Results from the electronic search on air pollution indicated a clear need
for more studies looking at the impact of air pollution on the onset of vasculitis,
specifically AAV and GCA. The only study identified from the UK showed that
the effects of air pollution varied based on geography, with patients from the
Nottingham/Derby being residents of areas with historically low levels of SO2
and NO2 compared with their corresponding background population. These
effects were not seen in the second cohort used from the Norfolk areas. The
effects of PM+1o, SO2 and NO2 were not statistically significant. For studies
reporting on the relationship between occupational exposures, like silica,
asbestos, organic solvents, and farming, and AAV, showed that indeed
exposure to silica through jobs held for more than 6 months were associated
with increased likelihood of developing AAV. Similarly, working on a farm for
more than six month or throughout life was associated with close to 2-fold
increased risk of AAV. Occupational airborne exposure like asbestos and
organic solvents were also associated with more than 30% increased risk for
AAV. Furthermore, studies reporting on the seasonal variation of AAV and GCA
provided some evidence to indicate that the incidence rate of GCA may be
higher in warmer season (spring and summer) while no clear seasonal pattern

were seen for AAV.

2.4.2. Strengths and limitation of included studies

The first objective of this review aimed to identify all possible evidence that exist
on the effects of air pollution exposure on vasculitis onset. The only study

identified on this provided important evidence that showed that the effects of air
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pollution were heterogeneous based on geography. This finding is important as
it informs future studies on careful interpretation of pollution results when the
effect of geography is not considered. Additionally, the study is generalisable to
the AAV population and has provided the first data on the potential short-term
impact of air pollution on vasculitis. Key limitation of the study was related to
the assignment and reporting of the exposure estimates. It was not clear from
the reporting that the air pollution estimates were based on cumulative historic
exposure based on preceding months to years before the start of the disease.
The use of air quality indices is also not very common practice in air pollution
studies. Index measure may not accurately capture individual exposure needed

for case control studies comparison for a rare disease like AAV.

The second objective of this review provided the first up-to-date meta-analysis
of the association between occupation airborne exposures, in particular silica,
while minimising the inflated effects from older studies (1993 and 1995)
included in the previous meta-analysis(102), which was subject to selection and
hospital control bias (185,230). One of the key strengths of many of the included
studies especially those published after 2010, was the general rise in sample
size and power to detect statistically meaningful effects that could be attributed
to silica or asbestos or coal particle exposure(186-188). Majority of these
studies were representative of the AAV population, and all of them used the
ACR and CHCC classification criteria with some including ANCA testing to
confirm a diagnosis of AAV. The key limitation is that none of the studies used
a job exposure matrix (JEM) to ascertain exposure dose associated with
different occupation titles. Most studies used a validated, and an expert led
questionnaire which varied between studies and are not standardised to
capture silica unlike a JEM which is often designed to capture other major
exposures, such as fine particles or gases associated with multiple health

outcomes(231).

Lastly, the third objective of this review showed that nearly half of the studies
included for the seasonal variation of vasculitis were limited to single care
centres with limited spatial coverage and power to detect significant temporal

signal associated with seasonality (232). The one study from Sweden that used
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administrative health data with more than 1000 patients with GCA was among
few exemplar studies to capture a clear and significant temporal and seasonal
variation in GCA onset (221). Furthermore, the heterogeneity in between study
findings may have been impacted by the various in definition of disease onset.
As highlighted earlier, some studies reported using the date of first symptom
onset or date of biopsy-proven diagnosis or clinically confirmed date of
diagnosis that preceded ANCA testing. The seasonal variability capture in some
studies may have only represented the different stage of disease. For example,
one of the few studies reporting on the seasonality of AAV (Draibe et al.,2018)
and that used the date of first symptom as a measure of disease onset reported
higher incidence of AAV in winter(130). This increase in winter symptom onset
could be explained by environmental exposures associated with seasonality.
Such exposures range from influenza to air pollution associated with winter
heating and energy consumption to low UVB exposure and potentially lower
vitamin D. The increase of AAV cases reported in spring and summer from
studies using a date of diagnosis may represent similar lagged effects of
seasonal exposure mentioned and may be impacted by diagnostic delays seen
from the time of admission to diagnosis .This diagnostic delay can range from
0 to 53 days (233). Regardless of the reported limitations, the results from these
studies provided a wider picture about the role of seasonality in explaining the
temporal variation in the occurrence of AAV. For GCA, it can be seen there is
a trend towards increased incidence association with warmer seasons, similarly
giving indication that there may be lagged seasonal effect associated with

environmental trigger associated with winter and autumn.

2.4.3. Limitation of this review

This review was conducted using recommended practice for screening and
selecting studies for a systematised review. This included proper use of data
extraction and critical appraisal tools which allowed for appropriate assessment
of bias of each included studies. Overall, studies were screened for eligibility
based on information provided in the abstract and it is possible that necessary
data needed to address the review’s objective could have been missed. This is

particularly true if environmental exposures assessed here were not the main
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subject of the study but were included in the analysis and were highlighted in
result. It is sometime common that studies reporting on the incidence and
prevalence of vasculitis might look at seasonality but not explicitly report on it.
This review also included conference abstracts which meant that additional
information could not be extracted for some of the studies. In few cases, the
necessary information could be extracted from the parent study but not all.
Additionally, the JBI critical appraisal tool used for the seasonality studies was
set up for cross sectional studies and did not capture time series component
related to power and time-series coverage. These components were added to
the appraisal tool to capture them and for rigorously assess of each the included
study. Lastly, another limitation is the screening and selection of studies were
conducted by the thesis author only and were not further checked and

compared by another reviewer.

2.5. Chapter summary and next steps

The past three decade has seen a rise in number studies showing adverse
effects of occupation airborne exposures on vasculitis. Fine particles such as
silica and asbestos have stood out to be important risk factors. Alongside this,
emerging evidence has recognised that certain occupations titles such as
farming, and their associated environment (e.g.: rurality) may also impact the
risk for AAV. This review has provided an up-to-date summary of studies that
compliments this evidence while broadening the scope to include the role of
outdoor air pollution in the onset of vasculitis. A clear gap was identified
especially with the lack of evidence on the role of air pollution and their
association with AAV or GCA. An important lesson learned from the only study
air pollution and AAV shows the importance of considering geography when
investigating the impact of airborne exposures on vasculitis. Such lessons will
be used to inform analysis in the result chapters. The next two chapters will first
provide a detail summary of the data sources and recruitment approach of the
study population used this thesis. They will also discuss the methodology of
environmental exposure research. Highlighting the strengths and limitation of
each method in context history and case studies using those methods. The

method section will also provide a demonstration by means of a pilot study of
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how these methods can be used to address environmental aetiologies of

vasculitis.
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Chapter 3: Description of UK Biobank, UKIVAS
and Scottish Morbidity Record resources

3.1. Overview

This chapter will provide a detailed description of the cohort composition,
outcome definition and selection processes from which vasculitis patients were
derived and sourced used to investigate the relationship between airborne risk
factors and vasculitis in United Kingdom. The chapter includes a summary of
three main data resourced used in this these, 1)the UK Biobank (UKB), 2)UK
Ireland vasculitis registry (UKIVAS) and 3) Scottish Morbidity Record (SMRO01).
All three resources provided an excellent platform that allowed for adequate
identification of patients living with vasculitis in UK and included health-related
data that covered vasculitis patients diagnosed over the past two decades. The
data sources were also diverse in terms of demographic and geographic make-
up, with the UKB providing additional exposures that were used to enhance our
understand of the role of the environment on vasculitis. For UKB and SMR 01,
participants with vasculitis were identified using the International Classification
of Disease (ICD) chapter codes for systemic vasculitis, and specifically AAV and
GCA. For UKIVAS, patients with vasculitis were diagnosed by specialist
physicians using the Chapel hill Consensus Conference nomenclature. All
reported studies received favourable ethical approval from the National Health
Service (NHS) Research ethics committee (UKB: REC 21/NW/0157 and
UKIVAS:REC 10/H1102/77 — Appendix 7). Access to the Scottish vasculitis

cohort was achieved under the VOICES study which also received favourable

ethics approval from the NHS Scotland Public Benefit and Privacy panel for
Health and Social care (PBPP 1819-0069 — Appendix 8-9). Figure 1 provides a
detailed overview of how these data sources were used and set up to address

the overall research objectives of this thesis
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Figure 3.1: An overview of the resources used in this thesis to investigate the

relationship between environmental exposures and vasculitis.

3.2. Description of UK Biobank cohort

3.2.1. Background, study design and objectives

UK Biobank is large population-based cohort study (n=502,459, as of February
2021), established to investigate the genetic and non-genetic causes of poor
health and disease in middle- and older-aged people (234). UKB was
established by the Medical Research Council and the Wellcome trust and have
to date collect a wide range of exposures through detailed questionnaires and
physical measures, as well as biological sampling to allowed for important
assays to be performed for genetic, proteomic, metabolomic and biochemical
characterisation (235). UKB aims to combine extensive precise assessment of
exposure with comprehensive follow up and characterisations of many different
health-related outcomes, as well promote innovative science by maximising

open resource access. Recruitment of more than 500,000 participants
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consenting to be followed and have their health outcomes data linked from the
NHS took place between 2006 and 2010. The large sample size was based on
statistical power calculations for nested case-control studies (236) that show
that 5,000 to 10,000 cases of any particular conditions would be required to
reliably detect odds ratios for the main effects of different exposures of 1.3 to
1.5 (for genomic studies) and 20,000 for detection of interactions with ORs of
at least 2.0. The selection of the age range (40 - 69 years) represented a
pragmatic approach between participants being old enough for sufficient
incident health outcomes during the early years of follow up and young enough
for the initial assessment to occur before the start of disease that could be
attributed to important measured exposures. UKB provides its data and sample
as wide as possible for health-related research in the public interest by all bona
fide researchers, from academic, charity, public, and commercial sectors. This
access is both for UK and international researchers, without preferential or
exclusive access for any user. UKB provides an online access process, which

aims to be fair, transparent, and streamlined (234).

Applications are only approved for researchers that are in the public interest
and the data required or will become available. Only de-identified data are
provided to researchers, who must sign a material transfer agreement,
undertaking not to attempt to identify any participant, to keep the data secured,
and to use it only for the purposes of the approved research. UKB board of
directors has overall responsibility for its direction and management. An
executive management team, with epidemiology, clinical, management,
laboratory, legal and communication expertise, oversees the development and
day to day management of the resources and is responsible for staff at
coordinating centres. This governance structures have facilitated effective
working between scientific and management disciplines, allowing UK Biobank
to respond to advice from wider network of researchers on the most
scientifically valuable design and development of resources, with project
management and implementation being the responsibility of the UK Biobanks

executive management team and dedicated staff.
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Figure 3.2: Spatial location of UK Biobank recruitment centres and
their sample size, Sourced from Sarkar et al.,2015, Annals of GIS
(237)

3.2.2. Cohort recruitment and baseline assessment

Due to the broad scope of the UKB resource, the emphasis of the baseline
assessment was concentrated on the known and potential risk factors for
outcomes already known or are projected to become important public health
concerns for the adult population. Each question was set with respect to
feasibility, comprehension, and acceptability, as well as time taken to complete.
The response distribution was examined in pilot studies which aided the final
selection and presentation of suitable questions. The UK Biobank questionnaire

was administered in two sequential parts during the assessment centre visit: a
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touchscreen self-completed questionnaire followed by a computer-assisted
personal interview (CAPI). Due to the relative staff costs for self-completed
versus interviewer-administered questions, topic areas and questions
considered of an exploratory nature haven been restricted to the self-completed
questionnaire (wherever possible), and questions that needed to be asked by
an interviewer required greater evidence of their value to be included. Repeat
assessment of certain lifestyle factors (e.g.: diet) was deemed important for a

subset of the UKB population to account for their variation over time.

To optimise on the accuracy and completeness of the data collected while also
maximising the efficiency of the process of data capturing, the UKB devised
computer technology to record questionnaire responses based on platforms
used previously in large scale studies. This technology has been piloted to
determine its usability and acceptability among potential participants and has
been enhanced in the light of that experience. The self-administered
touchscreen questionnaire was used to collect most of the information, taking
30 minutes to complete and single member of staff able to monitor and assist
about 10-12 participants simultaneously. Information not collected via
touchscreen system were subsequently later collected via CAPI which was
designed to last for 5-10minute to control staff costs. A pre-visit aide memoire
was provided to participants prior to attending the assessment centre so that
they can note certain information (e.g.: medications, family history and birth

details) that may be difficult or time-consuming for them to recall during the visit.

Pre-coded lists of diseases, drugs, and occupations are built into the CAPI
system, along with structured search facilities, to help this information to be
recorded (and automatically coded) both rapidly and completely. Use of inbuilt
cross-checks between relevant questionnaire responses and check messages
when extreme values were entered or when no value were entered or when no
value was provided, were part of the general approach to improve data quality

and efficiency.
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Figure 3.3: Overview of assessment centre layout. Sourced from
the UK Biobank study protocol.

3.2.3. Scope of the self-administered questionnaire

The self-administered questionnaire focused on broad topic areas pertaining to
lifestyle and disease risk. These included: sociodemographic and occupation,
lifestyle exposures; psychological state; cognitive function, family history of
illness, and medical history and general health. Questionnaires previously used
in observational studies, clinical trials, and population survey to quantify
exposures in above interest areas were used to inform the UKB questions,
together with wider consultation with international experts in each area of
interest. For most of the topic areas, the questions to select for inclusion in the
questionnaire were non-contentious, variable such as the smoking, alcohol,
family history, early life exposures, general health and disability were easy to

generate and as they have been used and validated in many population studies.
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3.2.4. Measures relevant to this thesis.

3.2.4.1.Sociodemographic factors

A variety of socioeconomic factors known to be associated with health and
wellbeing were assessed using best practice tools. Potential factors that inform
socioeconomic class, deprivation, and education formed basis of the social
economic measures. This included questions on housing tenure, car
ownership, household income and structure, current occupation, ethnicity and
country of birth, qualifications and school leaving age. The questions were
mostly sourced and adapted from the general population surveys where they

have been assessed and validated on large and diverse populations.

3.2.4.2.Smoking and alcohol

Smoking and alcohol measures were included as they are known risk factors
for lung and other cancers, cardiovascular diseases, chronic obstructive
pulmonary disease, and other number of respiratory conditions. Questions on
smoking behaviour were adapted from several longitudinal epidemiological
studies and surveys, as well as consultations with experts in the field. Due to
the overwhelming evidence about the role of smoking in driving cancers and
cardiovascular disease, questions on smoking were comprehensive and
covered both duration and frequency of smoking. Alcohol was quantified by
means frequency of intake, and included beverage specificity due to some
evidence that suggest it may improve under-reporting and it may be an

important factor for certain outcomes.

3.2.4.3.0ther environment factors

Occupation was collected by trained interviewers with the Standard
Occupational Classification 2000 built into the CAPI system (238). This was to
allow precise and discriminatory occupational categorisation, and the ability to
explore the relevance of this factor as a socioeconomic and environmental

determinant disease.
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Additionally, many environmental exposures considered to be important
predictors of common diseases (respiratory and musculoskeletal conditions
and which provided reasonable response distribution were collected using the
questionnaire. These included current address, residence at birth, occupation
and other workplace factors, residential air pollution and noise pollution. Current
address was particularly important as it allowed researchers to explore multiple

potential environment risk factors by linkage with UK environmental databases.

3.2.4.4.Physical activity

Questions on physical activity were adapted following a pilot and a validated
survey instrument. They were principally intended to allow participants to be
ranked according to their levels of physical activity (vigorous, moderate, and
walking). Questions on sedentary activities were also included as measures of
physical inactivity. Repeat assessment of physical activity were recorded at
follow up visit to allow for variation and intensive assessment over time. Derived
variable generated from self-reported factors from the International Physical
Activity Questionnaire short form (239). This included different physical activity
type and duration (such as walking, moderate and vigorous physical activity,
strenuous sports...etc). These factors were converted into a single measure of
total physical activity in metabolic equivalent of task (MET) — hours per week

weighted by intensity (walking, moderate or vigorous)

3.2.5. Sources of health-related outcome

Permission to access health outcomes data, past and future were obtained at
enrolment from all participants at baseline. These health records were used to
supplement information recorded at enrolment about previous medical history,
family history, investigations (e.g.: radiology and blood tests), and exposures
(medication, occupational health). Most importantly, access to such records
was needed to provide follow-up information related to cause-specific mortality
and other health events (out-patient and in-patient hospital activity, cancer and
other registries and prescribing information). The most reliable single identifier

is the NHS number in England and Wales and the Community Health Index
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(CHI) number in Scotland. These numbers were obtained for all potential
participants prior to their invitation to attend the assessment centre. Other
identifiers (such as name, date of birth, address, general practice) were also
obtained prior to invitation, and checked during enrolment, to allow linkage to
other types of health-related information. These identifiers helped ensure that
participants are not lost to follow-up, which may continue for many decades. A
variety of different sources and systems were used to ascertain death, disease
occurrence and other health-related information among participants during
follow-up. Linkage of participants within some of these systems were initiated
during the recruitment phase, but linkage to other systems were done later with

evolution of the NHS digital systems.

3.2.5.1.Hospital records

Information about UKB health events and procedures experienced by
participants when they attend hospital were retrieved for three participating UK
countries (England, Wale, and Scotland). For England and Wales, this
information is held by the Department of Health’s Hospital Episode Statistics
(HES). HES is the national statistical data warehouse for England of the care
provided by NHS hospitals and for NHS hospital patients treated elsewhere. It
is the data source for a wide range of healthcare analysis for the NHS,
Government, and many other organisations and individuals. Data held in HES
are derived from the NHS-wide Clearing Service that provides the mechanism
by which HES data are transferred from individual hospital trusts clinical
systems. Each, there are approximately 12 million episodes of care in the
database representing all NHS funded admissions for patient care, and private
care within the NHS hospitals in England. HES includes information about
patient identifier, inpatient, and outpatient episodes, maternity records and
psychiatric census, administrative details and the organisation providing the
treatment and clinical information relating to diagnoses (ICD10 codes) and
procedures (OPCS4 codes).

Historical data is also included which allowed UKB to gain insight each

individual past medical history. For Scotland, the Scottish Morbidity Record
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(SMR) has been collecting data on all admissions to all Scottish NHS hospitals
since 1980, and these data are routinely collated by the information and
Statistics Division (ISD) of the Common Services Agency. With the permission
of the NHS Privacy Advisory Committee, the UKB was able to extract hospital
admissions data for Scotland (and the same structures allowed the retrieval of
primary care records, prescribing information, and the maternity, cancer, and
death data). Access to identifiable clinical information was obtained via the
agreement of the Security and Confidentiality Advisory Group, to allow access
to raw codes in specific circumstances. In Scotland, access to the SMR records
was provided with the agreement of the NHS Privacy Advisory Committee.
Provision of hospital records was acceptable as all participants gave written
and signed consent at enrolment for extraction of their individual hospital

records and other health related information.

3.2.5.2.Primary care records

Primary care records included a broad range of clinical care information that
ranged from organisational records, to detailed care information and pathway.
Currently, there is no single national system for collecting or sharing primary
care data. UKB consulted with necessary data suppliers and intermediaries to
obtain primary care data on all UKB study participants. For Scotland, individual
CHI numbers were used to link a range of health-related information, including
primary care, clinical and prescribing datasets, which dates to 1984. For
England and Wales, Connecting for Health programme, a programme part of
the NHS care and Secondary Uses Service. The data also included records
from healthcare professionals such as general practitioners, pharmacists,
dentists, and opticians. To date, 45% of the UKB cohort (n=231,000) have had

their primary care data linked and are available for use and analysis.

The primary care computer systems have different coding classifications for
clinical events and prescription. As part of the limited data curation that has
been applied, multiple clinical coding is provided per record where these are
available. The primary care data were coded using Read codes used in primary

care since 1985. There are two versions: version 2 (Read v2) and version 3
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(CTV3 and Read v3). Both provide a standard vocabulary for clinicians to
record patient findings and procedures. For the purpose of research, the UKB
provided key variables important for epidemiological research. These variables
included clinical events (diagnoses, history, symptoms, lab results and

procedures), prescriptions data and a range of administrative codes.

3.2.5.3.Self-reported health information

Additional information on health events and medication being taken by each
participant was captured at baseline and during the follow up. This information
served to supplement the data from the hospital and primary care data sources.
This method of collecting outcomes data provided an opportunity to collect
recent or current conditions (including those that might be under-reported in
other data sources) and the medications taken by participant during the follow
up period. This data allowed for cross-reference with other information
extracted the hospital and primary care records, minimising missing outcomes

and helping validate them.

3.2.6. Derived outcomes used in this thesis.

3.2.6.1.1. The mapping of the first occurrences data fields in
UKB

The mapping of first occurrences data fields involved integrating the routine
health data from England, Wales, and Scotland with UKB self-report outcome
data. As mentioned earlier, the linked routine data consisted of hospital
admission records, coded primary care data, and the death registry. This data
represents real-world administrative data whose purpose is to deliver care but
not to facilitate research. As such UKB created algorithms (combinations of
clinical codes with rules for case inclusion/exclusion, where appropriate for
specific outcomes) and this was mapped to the 3-digit coding from the
International Classification of Disease (ICD-10) Figure 3.4. The algorithms
have gone through expert peer review and consensus processes, with

information on the positive predictive value and other validation being provided
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where possible. In general, there were two main classification systems of

clinical coding, ICD and Read codes.

e Hospital inpatient records (ICD-10 and ICD-9)
e Primary care records (Read v2 and Read CTV3)
e Death records (ICD-10)

Hospital inpatient data does not record the date of diagnosis but rather provides
information on the date hospital episode started and ended including the date
of hospital admissions. The date of first occurrences was defined as the date
of first episode for a particular outcome of interest. If this date was missing,
either the date of admission, or the episode end date or discharge date were
used instead. In the case of primary care data, the date of event was recorded
except in the case where this date was improbable like if it corresponded to the
participants date of birth. In such cases, events were tagged as being unknown
or missing. The dates derived from self-reported information on diagnosis were
recorded during a verbal interview at baseline. Participants were asked when
they had first been diagnosed (by a doctor) with a condition they self-reported.
Participants could provide a year, or their age at diagnosis. These were
converted to interpolated year. For example, if the participant gave a year of
diagnosis of 1990, then then date of diagnosis was assigned to the middle of
the year (06/1990). If they gave the age at diagnosis (30 years old), then the
date was set at the year at which they were 30 years old plus 6 months. If the
date corresponding to a self-reported medical condition was unknown or had
“prefer not to say” response, these participants dates were ignored. If the same
‘first occurrence’ date was recorded in more than one source field, the source
featured first on this ordered list (1.Primary care, 2.Hospital admissions, 3. Self-

report, 4.Death) would be used’.

It is worth noting as with all administrative data, these data sources are subject
to a several potential biases related to linkage errors or uncertainty in the

linkage and missingness of data (240). The first occurrence date was compared

' https://biobank.ndph.ox.ac.uk/showcase/refer.cgi?id=593
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with the baseline attendance date to get indication if the condition was prevalent
or incident. Dates that were assigned special values (02/02/1902 or
03/03/1903) were also excluded

( ACCESSED VIA MAIN DATASET )
RECORD-LEVEL DATA
SOURCE ACCESSIBLE VIA DATA
o STANDARD ALGosg:"N“ggZA“-V
DATA-FIELDS

DATA-FIELDS

Self-reported cancers
(Category 100074)

ASSESSMENT CENTRE DATA

Self-reported non- Algorithmically
cancer conditions defined outcomes

(Category 100074) for certain
conditions

(Category 42)

Hospital inpatient Summary HES

Hospital inpatient
data (HES)

reco! data-fields -
(Category 2006) (Category 2002) ‘
‘ First occurrences
Death register Death registrations 3 charac;er ICD10
(Category 100093) codes
B (Category 1712)

Primary care records
(Category 3001)

Primary care data

RECORD LINKAGE

Cancer registrations
(Category 100092)

Cancer Register

Figure 3.4: Sources and method used to derive the first
occurrences data field in UKB.

114



3.2.7. Selecting and defining autoimmune diseases

As highlighted above, recorded health outcomes captured either through the
hospital or primary care and self-reported questionnaire were mapped centrally
by the UKB analyst to the International Classification of Disease (ICD10 and
ICD9) chapters. Participants who were diagnosed or who reported to have
systemic vasculitis (ICDM30-31), rheumatoid arthritis (ICDM05-06), systemic
lupus erythematosus (ICDM32), ankylosing spondylitis (ICDM45) and psoriatic
arthritis (ICDMOQ7) were included in this study (Appendix 3). Those assigned
more than one of these diagnoses simultaneously at their last date of diagnosis

were excluded (n=86)
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3.3. Description and composition of UK Ireland
Vasculitis Registry (UKIVAS)

3.3.1. Background

The United Kingdom and Ireland Vasculitis registry is a large database of
vasculitis patients from across the UK and Ireland. It is a collaboration between
patients, clinicians, and scientists, with a future vision of collecting longitudinal
data that will allow for a detailed picture of the clinical course of vasculitis, and
providing an evidence base for improved diagnosis and treatment of patients
with vasculitis. UKIVAS aims to facilitate and ensure that those working in the
field of vasculitis (clinicians, patients, commissioners) have robust and
meaningful information that will help drive informed decision making for
vasculitis services and patients, taking into the heterogeneity in outcomes
across the different centres and regions involved as well as mode of treatment.
Importantly, the registry aims to provide researchers working in the field with
rich resources that will facilitate large scale studies by enhancing the
identification of potential candidates and participants for clinical trials that will

improve the lives of patients.

3.3.2. Cohort recruitment

Patients who are under regular care at various specialist clinics across the UK
and Ireland were recruited since 2009. Over 7,500 patients have consented to
be enrolled to the registry and will be followed over time. Included in the registry
are information on patient demographics, clinical data related to diagnosis such
as signs of organ involvement, ANCA status and overall treatment regimen. The
diagnosis of vasculitis was determined by local physician specialist’s and using

the Chapel Hill Consensus Conference nomenclature of vasculitides criteria.
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3.3.3. Selecting and defining vasculitis cohort

For this thesis, patients diagnosed with ANCA-Associated vasculitis (GPA, MPA
an EGPA) and Giant cell arteritis and who had their postcode data available

were included for analysis.

Figure 3.5: Distribution of UKIVAS patient location by region
Source: Scott and Havyarimana et al.,2022.
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3.4. Description of the Scottish vasculitis cohort

3.4.1. Background

The data that will be used to address the second and third objective of this
thesis and that will be used in chapter 6 and 7 of the thesis were sourced from
the Information Services Division (ISD), a division of the National Services
Scotland (NSS), part of the National Health Services (NHS) and Public Health
Scotland (PHS). The ISD hosts the National Data Catalogue (NDC) which
serves as the single definitive resource of information on Scottish health and
social care. Its vision is to improve the provision of comprehensive national data
through a single point of access, eliminating duplication of information and
enhancing support for social and healthcare research. The ISD produces a wide
range of datasets that contributes to the understanding of health of Scotland’s
population. It hosts mainly information on population composition, material
deprivation, death, cause of Suicide as well as the hospital admission, and

primary care records.

This resource contains health information for over 5 million people in Scotland.
In some cases, it covers data on individual’s whole life (from before birth using
the mother’s antenatal record, through to the individual’s death). The data are
a great tool for looking at patient pathways and follow-up, including hospital
admissions and survival and is available for linkage and research. Data linkage
of multiple data resources hosted by NSS was achieved by using the
community health index (CHI). The CHI is a computer-based population index
whose main function is to support primary services. It contains details of all
Scottish residents registered with a General Practitioner and is intended to be
the Scottish equivalent of the new NHS number in England and Wales and
should serve as the unique patient identifier throughout NHS Scotland. For this
thesis we used mainly data from the Scottish Morbidity record (SMRO01). The
SMRO1 holds data on inpatient and day case hospital discharges from non-
obstetric and non-psychiatric hospitals in Scotland. Specifically, these are
hospital episode data collected at admission and discharge, and with the

purpose of providing clinical service, including monitoring wait times and
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duration of care. For instance, a single admission may contain multiple
episodes if a patient is transferred to another consultant and speciality. The
main condition of treatment and up to five other conditions may be recorded for
each episode and is coded using the International Classification of Disease

codes (ICD-10). It is possible for different episodes within one admission to
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3.4.2. Study population

We focused on AAV and GCA patients; due to the very small number of cases
of other systemic vasculitides which are potentially identifiable and therefore
would not be disclosed by ISD. Estimated prevalence of systemic vasculitis
ranges from 0.1 per 100 000 to 2.6 per 100 000 population for ANCA-associated
vasculitis (AAV) and 25 per 100,000 (Giant Cell Arteritis) and to date more than
1,500 AAV and GCA patients have been identified by the ISD team. All patients
with AAV and GCA in Scotland were identified from the national administrative
databases (SMRO01) with a control group comprising of general population
controls sourced from the CHI register. Cases and controls were matched by
age and sex and included all adults (aged =16 years old on index date). ICD-
10 codes, used in Scotland since April 1996, provide greater certainty and
specificity than ICD-9 codes. AAV and GCA were defined by at least one of the
following ICD 10 codes present during the study period (1996-2021),
Granulomatosis with Polyangiitis (GPA - M31.3), Microscopic Polyangiitis (MPA
- M31.7),Eosinophilic granulomatosis with polyangiitis [Churg-Strauss]/EGPA -
M30.1), Giant Cell Arteritis (GCA - M31.5 and M31.6), Polyarteritis nodosa
(M30.0),0ther conditions related to polyarteritis nodosa (M30.8)

3.4.3. Data linkage

Two types of data linkage were carried, one, for electronic administrative health
record and the second, for the environmental data linkage. The linking of
administrative health records held by the ISD was facilitated by the electronic
Data Research and Innovation Service (eDRIS). In line with our research goals,
the eDRIS provided the linkage of the following datasets consisting of important
measures and confounding measures which need to be considered when

adjusting for the impact of environmental factors on systemic vasculitis:

(a) Scottish Morbidity Record (SMR) — records of all hospital inpatient and day
case admissions, (SMRO01), cancer registry (SMR06) and mortality.
(b) CHI register— enabled matching of the control group and provide

confirmation of GP registration, and was used to determine loss to follow up
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(c) NRS Death Register (held in eDRIS) — mortality register
(d) Scottish Index of Multiple Deprivation — Deprivation Measures

(e) Scottish Government Urban Rural Classification — Population Density

The de-identified linked data were analysed in the National Safe haven and is
retained by eDRIS for the duration of study period.

To enable assessment of linkage and data extraction quality, validation metrics
including duplicate extraction of small number of variables across datasets (e.g.:
gender) and expected pairings (disease plus prescription pairing) were used as

positive and negative controls for the linkage process.

The environmental linkage was achieved transforming the patient’s postcode into
grid coordinates (easting and northing) and linking with annual pollution measures,
which were modelled estimates using the Pollution Climate Mapping models)
developed by UK department for Environment, Food and Rural Affairs (DEFRA)

(https://uk-air.defra.gov.uk/data/pcm-data). In brief air pollution measure was

estimated on a 1kmx1km square grid which has an associated central point
(centroid). The estimated pollution concentration provided were calculate at an
intermediate zone level around the centroid. A mean estimate for that zone is then
given and patient within that zone were assigned a measure of exposure based
on the year of diagnosis. For zones where there were no grid square centroids,
the pollution estimates from the nearest grid square were used. Similar approach
was used for the weather data sourced from the UK Met office

(https://www.metoffice.gov.uk/research/climate/maps-and-data/data/haduk-

grid/datasets).
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Chapter 4 — Environmental data linkage for

clinical benefit

4.1. Overview

The following chapter will discuss methodologies and approaches used to link
environmental data with routine and clinical health data. It will provide a brief
history of record linkage of routine data and the use case for research. It will lay
out the benefits and limitation of such data for research as well use for
investigating environmental aetiologies associated with diseases and health.
Specific methodology related to data linkage of environmental data with routine
health are also discussed. This is followed by a pilot study evaluating the
feasibility of linking clinical registry data with biobank to investigate the impact
of environmental exposure on vasculitis and ends with discussion of
consideration points of the pilot study and how they inform later chapters

addressing thesis objective.

4.2. History of record linkage in the context of health
research

William Farr (1874) was the first to recognise the benefits of bringing together
separately held records pertaining to important health events (241). He
recognised that these data could be used for research and to conduct cross-
sectional and longitudinal studies that would improve our understanding of the
risk factors associated with morbidities and mortalities across England and
Wales (242). Such recognition could not be achieved at the time of his
publication. There was limited ability to conduct any type of record linkage. The
idea of merging two large record data at a population level did not gain much
attention until Stocks (1944) and Dunn (1946) reiterated its advantages
(242,243). Dunn proposed the idea that, each person creates a “Book of Life”,
starting with birth, ending in death, and composed of records of important health
and social events(243). He developed the concept that it was important to

collate personal records into an individual file and would later name this process
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record linkage. He predicted that statistical analysis of linked records would be
useful to health and welfare agencies in evaluating their service programmes.
He also suggested that linking a person’s individual record would help establish
the accuracy of the source and provide a historic trajectory of a person’s life.
With this recognition, many attempted record linkage, first through manual
collation of vital events from birth certificates into single files. Canada was the
first to attempt this in 1947(244). Soon after, Newcombe and Kennedy (1959)
added important methodological contributions that would allow the linking of
stillbirth and birth certificates with marriage certificates leading to one of the first
genealogical mapping of the British Columbia population in Canada(245). At the
same time, Axford and James (1959) took advantage of the technological
revolution and rise in healthcare records and showed that it was possible to
programme a computer to link family groups and their corresponding data;
speeding the record linkage process, despite the discrepancies that may exist
in the data (246). Part of this recognition came after the inception of the UK
National Health Services (NHS) in 1948(247). During this time, it was
recognised that more health information was needed to evaluate the prognostic,
survival and reoccurrence of health outcomes affecting the public, while
improving the overall management of the NHS(242). Since then, the recent
advances in information technology and data platforms across the globe have
provided tremendous promise for the use of administrative health data including
social and environmental repositories to drive public health research. Example
of this can be seen with the substantial rise in the number of studies using these
data to investigate trends and risk factors associated with chronic
diseases(248-250). Furthermore, the recent discovery and detailed
classification of rare diseases like ANCA vasculitis (AAV) and Giant cell arteritis
(GCA) and their growing presence and prevalence in these administrative
health data is still under-appreciated and researched in the UK and worldwide.
It is this realisation that drives many of the questions addressed in this thesis.
This thesis and the result chapters will attempt to answer key questions aimed
at bringing new knowledge and evidence about possible new risk factors of
vasculitis. This method chapter will highlight the role of modern linkage methods
that can help us address these questions and improve our understanding of

environmental triggers of vasculitis in UK.
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4.3. Benefits and limitations of using routine data for
research

4.3.1. Benefits

There are many advantages to using routine data for research and to inform
new scientific evidence that can shape public health policies and improve our
understanding of disease aetiologies. Analyses of these data can answer
questions requiring statistical power or large sample sizes, improve research
coverage of hard-to-reach populations and provide high level validity that can
inform policy making (251). Routine data allow for the ability to undertake cost-
efficient research that is affordable and easy to implement when compared with
consent-based clinical studies involving the recruitment of study participants.
Through record linkage, these data can provide substantial return on
investment which hasn’t always been appreciated. Loss to follow up is a
problem in clinical studies as it is defined by time and frequency of visit by study
participants. Through linkage, attrition bias can be reduced as those lost to
follow up can often be different to those remaining in care. There is also added
value through improvement of data quality. For example, multiple errors are
picked up and corrected during data linkage, this including any other technical
challenges. This process leads to greater accuracy of records and methodology
used for record keeping (252). Contrasted to consent based approaches,
linkage studies can be better for conserving patient privacy regardless of
whether they would have given consent to the use of information (253). For
example, approval panels responsible for upholding the legal basis of disclosing
routine data, are often looking whether the proposed research is in the public
interest and benefit, taking to account whether the benefits outweigh any
potential risk for using these data (254). In the United Kingdom, approval panels
assess applications based on principles from the Data protection Act, 2018 of
‘fair and lawful basic for processing data’ (Information Commissioner’s Office,
2018) (255).Lastly, by bringing different data sources together, record linkage
provides a focal point for envisioning future possibilities, better cooperation, and

rigorous debate about the uses of data and the results in subsequent research.
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A good example of this is UK Biobank. UK Biobank brought together routine
data from national cohorts (England, Wales, and Scotland) with separate data
providers and coding systems to provide a rich resource that have allowed for
detailed investigation into genetic and environmental risk factors associated
with heath and disease (256). Such linkage can strengthen collaboration
between multidisciplinary teams (clinicians, administrators, researchers, patient
groups and the public), and encourages the necessary teamwork needed to
tackle health and social problems. Further, publications derived from linkage
projects provide important real-world evidence that can shape better care,
prevention strategies and treatment programs including policy formation and
service delivery reforms (251). Several examples of this can be seen in
references of policies addressing health inequalities in the UK population, in
particular policies on drug and alcohol use as well as clean air strategies for air
pollution (257-259).

4.3.2. Limitations

Limitations of administrative data are well documented in the literature,
particularly those related to data quality and missing data (39,251,260). For
example, missingness of data can occur if a person fails to interact with the
service, especially in hard-to-reach population and individuals with poor health-
seeking behaviour. Many administrative data contain inconsistency or
incomplete data that vary in structure, format, and content, especially with
repeat observations (261). Data pre-processing therefore is time-consuming
but is essential to achieve quality of linkage. Research applications and data
access can also take long time where the application processes are not
streamline. An example is in the case where approvals from different bodies are
required which could lead to same information being share with different panel.
Such instances can cause delays in application process and may hamper
project schedules (262). Importantly, linkage errors can affect the quality of the
data especially where records from the same individual fail to link as it happens
with typographical errors, changes in person’s characteristics (e.g.: changes to
a person’s name after marriage or address) or in cases where there are

incomplete characters or values in the linkage key (263). Such errors can
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threaten the reliability of results though it may be minimised if effective

communication between data providers, linkers and analysts is in place.

4.4. Use of routine data for environmental health
research

The use of routine health care data for research has shown to be important for
providing evidence on aetiologies of many diseases, inform better care and
management of patients as well as shape environmental health policies (264).
The shaping of environmental health policies has been possible because of the
advancements in environmental monitoring tools and methodologies which
have been established to monitor the impact of the natural and built
environment on people’s health and wider environment (265). A by-product of
availing such datasets (particularly environmental monitoring data and routine
health data) allows many researchers to study the long-term impact of outdoor
air environment on population health and disease. This is especially true for
diseases that are common in the general population. Similar approaches are
being applied to rare diseases where major gaps still exist about their risk
factors (197). Furthermore, the growth of these datasets in terms sizes and
coverage have meant that more studies are being conducted and allow for
investigation into spatial and temporal clusters of diseases and the relationship
with environmental exposures. For instance, the past ten years have seen a
rise in number of studies that show air pollution to be an important risk factor of
cardio-respiratory diseases and that its effect may vary based on geography
and deprivation status (181,266). Additionally, some health events have
uneven distribution across time, with some events (e.g.: rates of respiratory
disease admissions) being seen to increase at regular intervals (e.g.: higher
admissions in winter) while others at irregular intervals with environmental
exposures being a leading predictor of these trend (267,268). Such
investigations are possible because of the many linkage tools and methods
available to integrate environmental monitoring data with routine health data
based on location and time of event. These methods are summarised below
together with necessary consideration with regards to how one method may be

chosen over the other. The decision to use a specific method will depend on
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how environmental monitoring data are recorded and presented across the
population. For example, data from environmental monitoring stations are not
equally distributed across urban and rural geographies (269). The
representativeness of these exposure estimates may not accurately reflect real
exposure at population level. This is particularly common if the data is provided
at shorter time scales (daily and monthly). In some cases, environmental data
is provided as modelled estimates derived from pollution climate models (270).
These types of exposure metrics are calculated at annual scales and have been
used in Chapter 5 and 6. All these exposure estimates, whether modelled or
from monitoring stations, can be linked to clinical data based on an individual’s
postal code . In some instances, patient postcodes may not be available and
only location information about the primary and tertiary care provide is available.
In such instances, appropriate linkage method should be used and interpreted
with care. Further details about exposure assessment approaches are
discussed below and the corresponding linkage consideration which will further

be detailed in the result chapters.

4.5. Use of proximal vs indirect exposure assessment
in aetiology research

As highlighted above, the decision on how to assign environmental exposure
for individuals in a research study is dependent on the type of environmental
measures that can be accessed and the capacity to undertake specialised
linkages. Ideally, to investigate the effect of environmental exposures on health
outcomes requires the use of quantitative exposure measures that are
accurate, precise, and clinically relevant, preferably covering a range of
exposure doses for a given population. In reality, these ideals are often not met,
and exposure measures do not reflect ‘true exposure’, or dose and in many
cases, vary by methodology and tools used collect and estimate them.
Examples of environmental measures used in research can be grouped into
two categories: proximal based exposure estimation and indirect exposure
estimation. Indirect exposure estimation was introduced in chapter 1 and is

further detailed in this chapter and will be used in the result chapters.
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Proximal estimation of environmental exposure involves the use of distance-
base metrics that are calculated based on individuals proximity to areas with
high air pollution, such as the distance from major roads with increased traffic
intensity or industrial areas (271-273). Other major examples can be seen in
studies where access to individual postcode data is restricted or not available.
In such cases proximal estimates are derived from ground monitoring station
data nearest to the patient’s hospital or primary care physician (Figure 4.1).
Patients are often grouped based on spatial hierarchies, for example, the lower
or medium super output area in the UK, or county in the US, or prefecture in
Japan. Such grouping allows for comparison of disease clusters, based on

health boards while relating them to environmental exposures.

D
ﬁ Rare disease physician location

. Pollution monitoring station

@ Station 3

\

. Station 1

@ station 2 |

)

Figure 4.1: Schematic example of proximal based approach to exposure
assessment. [map of Scotland)]

Indirect exposure estimates are often achieved in studies where explicit

consent or panel approvals based on the legal basis for the use of study
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participant’s address. In this cases, indirect exposure measures are derived
from interpolated exposure data that is modelled at 1x1km spatial grid scale
and calculated using land use regression or neural network modelling
techniques (Figure 4.2) (270,274,275). The models are calculated using input
data from multiple source. These data include ground monitoring station data
for air pollution, weather, and atmospheric measure from satellite as well as
other measures related to the built environment (e.g.: population density). The
provision of such exposure estimates at granular spatial scale (1kmx1km) are
important especially for nested case controls studies where differences in
background air pollution exposure are needed for when estimating relative risk

associated with a particular disease or outcome.

{} Rare disease patient location
. est/postcode

@ cst/posicode Modelled pollution estimates by
’ postcode.

. est/postcode
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. est/postcode . est/postcode
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. est/postcode . est/postcode
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. est/postcode
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Figure 4.2: Schematic example of the indirect exposure estimation
assessment. [map of Scotland)]
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4.6. Sampling strategy and coverage

Sampling for rare disease that is not prevalent in the general population
requires the need to be as precise as possible compared to sampling for a more
prevalent disease such cardiovascular disease. In this case, multiple sampling
approaches are needed to allow for adequate sample size. The sampling frame
should incorporate both probabilistic and non-probabilistic sampling, while
aiming to minimise selection bias (276). Convenient sampling (non-
probabilistic) is often used when selecting vasculitis cases. This is due the low
prevalence of cases and the need to include as many patients as possible.
Random sampling (Probabilistic) will often be used to select a control group
(Figure 4.3).

' Control — population or hospital control

Case — vasculitis patient

°
' General population

ANCA-vasculitis
patient |

A random sample of
control group from
the same population
matched: by age and
sex

Figure 4.3: Schematic example of the random sampling approach used in

vasculitis research [map of Scotland]

In many of these cases, patients are recruited at a single specialist hospital or
clinic by treating physicians. In other cases, patients are retrieved from

administrative health datasets, where all patients with a specific diagnostic code
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for vasculitis are selected and included for analysis. A control group is retrieved
from hospital registry or general population census. The latter sampling
approach allow for broad coverage and inclusion of patients from the wider
population and covers hard to reach populations such as those remote and
rural areas. This is important as these patient are underrepresented in nested
case control studies, due to limited specialised care services where recruitment
often takes place. Random sampling based on age, sex and geography is also
important to allow for generalisability of results for the population at hand, in the

case of vasculitis, people who are 50 years or older.

4.7. Record linkage methods for environmental health
research

4.7.1. Background

There are several ways of linking and estimating exposure values based on
routinely collected data from environmental agencies like the UK department
for environment and rural affairs (DEFRA) and the meteorological office (Met
office) (270,277). The rationale for using one method over another, the
significance of each exposure value and their effect on the research question
at hand are factors that are often not explained by many researchers. When
using data from monitoring stations, there are factors that can complicate the
computation of exposure values. These include large variation in pollution or
temperature readings that are dependent on the ground elevation where
instruments are placed (278). The design of the monitoring network and the
density of recording stations can all impact the reliability of exposure estimates.
For instance, areas that have high density of monitoring stations, like urban
areas, provide more reliable pollution or temperature estimates when compared
with those from remote areas (279,280). The way the monitoring sites are set
up throughout an area can also affect exposure estimates, with reliable
estimates being expected from many sites, but this still depends on whether
they are evenly distributed or clustered. Importantly, when assessing the impact
of an exposure on health outcomes, the distribution of the population within an

area can affect the overall risk estimation and inference especially for less
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populated areas. Up to now, many researchers have used non-computationally
intensive methods to calculate pollution and weather exposure estimates(281).
These included using the mean value of all station’s recordings within a chosen
geographic radius. Another similar approach is to calculate the mean values
from the nearest neighbouring stations. These methods have shown popularity
over the years. However today, they are slowly being replaced with more
advanced and sophisticated methods that focuses on distance weighted
averages that take to account census and population density distribution in an
area of interest (281-284). Additionally, in air pollution research, there is effort
to minimise missingness of data in areas where monitoring station are sparse.
This is done by providing researchers with modelled estimates derived from
dispersion models or land use regressions. Some researchers still prefer using
raw data from monitoring stations and assign exposure values based on
polygon map centroids. It is worth noting that there is no clear consensus on
which method is best to use. Some methods are computationally intensive while
others that are commercially available are expensive and may not be user
friendly (283).

4.7.2. Linkage options for disease-exposure research

The maijority of environmental data provided to researchers are given in a form
of gridded map. Several methods have been developed to allow a linkage of
this data for assigning of exposure values to individuals in a particular study
(281,285,286). A summary of popular methods and their exposure estimation

approach are discussed below. These include exposure estimates assigned

based on:

i) Average of internal nearest neighbour stations using intersecting
polygon

ii) Average of nearest neighbour stations using intersecting proximity
polygons

iii) Geographic centroid inverse distance weighted average (using stations

that are with 10-50km from centroid)

132



iv) Population centroid inverse distance weighted average (using stations
10-50km from the centroid)

i) Average of internal nearest neighbour stations using intersecting

polygon

In this method the mean values from monitoring stations within a chosen
polygon, or the nearest neighbour polygon are calculated and assigned to each
study participant or patient. The following steps are used, first, the starting point
is to identify pollution or weather stations that are within a patient boundary
(e.g.: 1km from the participants address or lower super output area). If no
stations are available within this boundary, the nearest neighbour stations data
are used. The nearest neighbours are found by overlaying and intersecting the
proximity polygons (also known as Thiessen or Voronoi polygons) with LSOA.
With this approach, each monitoring station serves as the focal point to
calculate boundaries of proximity whose area is defined based on the polygon
structure. All other monitoring station and points nearest to the focal point serve
as a nearest neighbour. Finally, the mean daily or monthly or yearly observation
from each of the stations are calculated for each of the boundary and serve as

point estimate exposure for a patient or comparator within that boundary.

i) Average of nearest neighbour stations using intersecting proximity

polygons

This approach calculates the average of the “nearest neighbours” regardless of
their location inside or outside each LSOA boundary. Proximity polygons are
used to allocate estimates from the nearest neighbours as described in the first

method.

iii) Geographic centroid inverse distance weighted average (using

stations that are within 10-50km from centroid)

The third option is to use the distance between the geographic centroid of each
station by calculate the inverse distance weighted average. This is done by

establishing the geographic centroid (known as the mean centre), this serves
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as the geographic centre for a boundary of interest. The inverse distances from
this centre are used to weight the mean value from each the monitoring stations
observations. An arbitrary maximum distance of 10, 25 or 50km from the
centroid of each spatial unit is used because it is likely that stations that are

beyond this distance will not be like those from an area of interests

iv) Population centroid inverse distance weighted average (using

stations 10-50km away from the centroid

The last approach is to use the station or estimated measurements based on
distance between the LSOA population weighted centroid and the stations for
an inverse distance weighted average. The population weighted centroid is
calculated by splitting and dividing a LSOA grid into its population census
constituents’ sub-units. The centroid for each of these subunits is then
calculated. The population-weighted centroid is found by weighting the average
of the latitude and longitude coordinates of the sub-unit centre, by the

populations of those sub-units.

4.8. A case in point - Linking environmental exposure
data with UKIVAS registry: A pilot study

4.8.1. Background

As highlighted earlier chapter 1, one of the main objective of this thesis is to
investigate the impact of environmental exposures on vasculitis and to provide
new evidence on potential candidate triggers associated with AAV and GCA
onset. To achieve this, this thesis is using multiple data sources with patient
data of people living with vasculitis. One of the major sources containing a large
sample population of patients with vasculitis in the UK is UKIVAS and UK
Biobank (Figure 4.4). UKIVAS registry is a clinician led register that collect
robust clinical data to facilitate large scale research that can improve patients’
lives and improve our understanding of potential risk factors of vasculitis. The

registry holds clinical information on the diagnosis and management of patients
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with vasculitis. This includes data on variables such as the date of diagnosis,
postcode, and ANCA serotype. By using information about the patient address
and time of diagnosis, a pilot study was conceived to assess the possibility of
merging a vasculitis registry with a population biobank data to facilitate research
into environmental triggers of vasculitis. To make the pilot study meaningful, a
case-control design was used by merging AAV cases from UKIVAS with
unmatched population control group from UK Biobank (Figure 4.5). This was
possible because both data sources cover the same UK population in terms of

geography and age (e.g.: people mostly over the age of 40 years)
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Figure 4.4: Overview of the data sources used for the UKIVAS linkage and
pilot study

Outcomes data

DATA SOURCE

UKIVAS (AAV cases)

Over 7,500 participants with different forms of vasculitis
from the year 2004-2018

Population controls
0.5 million participant from UKB with follow up period
of 2001-2018

Environmental Exposures

DATA SOURCE

Criteria air pollutants

1kmx1km predicted annual averages for PM10, PM2.5, NO2, NOx,
S02, Benzene for the year 2001-2018 sourced from UK DEFRA

Confounders

DATA SOURCE
Population density
Urban an rural metrics (2001,2011) from ONS

Deprivation measures

Weather data o ) Income, education, demographics, employment
Monthly mean temperature, humidity, wind speed and UV metrics (2001-2017) from ONS

(number of sun hours) on 1kmx1km grid sourced UK Metoffice

Figure 4.5: Overview of the study design used for the UKIVAS linkage and
exposure estimation
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The merging of the two-health repository can be classified as a form of indirect
linkage, which was achieved by merging on common variables (age, sex,
ethnicity). As highlighted earlier in chapter 3, UK Biobank enrolled over 0.5
million participants between the age 37 and 70. Each participant consented to
have their health, personal and geographic data linked to UKB repository at
baseline and follow up. To maximise on participant privacy, postcode data were
converted to easting and northing coordinates (at 1km grid accuracy) before
being released to researchers. These coordinate data together with information
about participants outcomes from the first occurrences data field were used to
link air pollution data to each participant’s residential address. The selection of
UKB control group was based on its representativeness of the population at risk
(people over the age of 50 with a non-inflammatory diseases). More details
about the selection criteria are provided in the paragraph below. Both the
indirect linkage and environmental linkage of UKIVAS and UK Biobank was

conducted inside the university of Glasgow secure network (Figure 4.5).

4.8.2. Linkage approach and eligibility criteria

An unmatched control group consisting of participants diagnosed with a non-
inflammatory rheumatic disease (ICD M15-19) between 2004 and 2018 were
used from UKB in this pilot study. This group was selected because it mimics a
hospital control group and is also representative of the population at risk in
terms of age and sex (people over the age of 50 and female). The
environmental linkage was achieved using indirect exposure estimates
provided by the UK department for environment, food, and rural affairs
(DEFRA) and the UK Meteorological office (Metoffice). Each AAV case and
UKB control were assigned a modelled pollution estimates from 2004 to 2018
using the internal nearest estimates from the intersecting polygon (Figure 4.6)
(285). A similar approach was used for the linkage of weather variables. This
linkage involved the use of ground monitoring station data. As part of the data

pre-processing, cases who resided outside the 22 cities of UKB centre? and

2 https://biobank.ndph.ox.ac.uk/ukb/field.cgi?id=54
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recruitment boundaries were excluded in the linkage (Figure 4.7). For example,

AAV cases from north of Scotland and East of England were excluded. Table

4.1 and Table 4.2 provide a detailed summary of the format of the linked

variables, their data sources and the general characteristics of participants who

had environmental data linked to their place of residence.

Station 1

Station 2

1x1km

Location 1

Station 4

Station 5

\‘\Station 3

Centroid

Patient location

- - -- Centroid to station distance

Figure 4.6: A schematic overview of the UK weather monitoring
network (Perry and Hollis, 2005) and how this data was linked to
patient location in UKIVAS.
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Figure 4.7: A map showing the distribution of ANCA-associated vasculitis cases (A) from UKIVAS and
unmatched control group from UK Biobank (B). Each dot represents a study participant who were included
in the environmental linkage
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Table 4.1: Descriptive overview of the demographic variables from UKIVAS registry

UKIVAS clinical variables Linked variables
Weather Pollution

PR T Month of diagnosis 6-year avg. before the

date of diagnosis

Row ID Date of Diagnosis Age Sex Pop. | Deprivation | Temperature | Humidity PM2.5 S02

diagnosis dens (IMD) (Celsius) (%) pg/m3 pg/m3

1 ID 1 12/01/2004 AAV 46 F Urban 234 4.4 °C 70% 22.2 uyg/m3 | 0.8 ug/m3
2 ID 2 08/07/2008 AAV 55 F Rural 16.1 15.6 °C 30% 211 ug/m3 | 5.2 ug/m3
3 ID 3 12/03/2015 AAV 59 M Rural 9.9 7.7°C 45% 15.6 ug/m3 | 8.3 ug/m3

Age at index 3

Age at diagnosis

75

2 UKIVas

3 https://ukivas.ndorms.ox.ac.uk/

4 http://geoconvert.ukdataservice.ac.uk/
5 https://www.metoffice.gov.uk/research/climate/maps-and-data/data/haduk-grid/datasets
8 https://uk-air.defra.gov.uk/data/pcm-data

Population density 4

Urban Rural Classification of AAV in UKIVAS

Temperature °

Air pollution ®

popdens
Sos B rua
. Urban

MPA GPA

Vgl Office for

National Statistics

EGPA Unclassified AAV
Population Density

UK Data Service
Census Support

\\\
||||/
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Table 4.2: Characteristics of ANCA-associated vasculitis cases from UKIVAS and

population controls from UK Biobank

UKIVAS AAV cases UK Biobank p value
MPA GPA EGPA Controls
n 757 1,612 413 82,713
Age, mean (SD) 65.70 (10.39) 60.05(10.50) 57.43(10.13) 59.81 (6.86) <0.001
Gender
Female (%) 405 (53.50) 761 (47.21) 207 (50.12) 48,816 (59.02)
Latitude
Median (IQR) 51.87 52.45 52.24 53.36 <0.001
(51.55,52.76) (51.66,53.38) (51.59,53.39) (51.59, 53.79)
Population
density
Urban (%) 522 (73.5) 1016 (73.1) 245 (70.0) 70726 (86.2) <0.001
Index of multiple deprivation, n(%)
1 (Least 130 (20.50%) 257 (20.49%) 57 (18.57%) 14,124 (20.02) <0.001
deprived)
5 (Most deprived) 122 (19.24%) 267 (21.29%) 65(21.17%) 14,103
(19.99%)
Ethnicity, n (%) 0.003

White British
White Irish

Any Other White
Background
Chinese

Any Other Mixed
Background
African

Caribbean

Any Other Asian
Background
Bangladeshi

Pakistani
Indian

606 (80.2)
21 (2.8)
45 (6.0)

<10 (0.7)
<10 (0.4)

<10 (1.2)
11 (1.5)
<10 (0.7)

<10 (0.4)
<10 (0.9)
19 (2.5)

1438 (89.3)
27 (1.7)
42 (2.6)

<10 (0.1)
<10 (0.1)

<10 (0.4)
<10 (0.4)
10 (0.6)

<10 (0.1)
13 (0.8)
37 (2.3)

364 (88.1)
<10 (0.5)
11 (2.7)

<10 (0.2)
<10 (0.2)

<10 (0.2)
<10 (0.7)
<10 (0.5)

<10 (0.2)
<10 (1.5)
<10 (1.7)

74820 (90.6)
1990 (2.4)
2045 (2.5)

122 (0.1)
117 (0.1)

336 (0.4)
566 (0.7)
192 (0.2)

21(0.0)
288 (0.3)
831 (1.0)
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4.8.3. Results of the pilot study

Given that this was a feasibility study, the results of the linkage are provided as
descriptive summaries and are compared using one way ANOVA for hypothesis
testing (Table 4.3). No modelling approach were undertaken as the study was
designed to be exploratory and would not generalisable due to differences
between UKIVAS and UKB in terms of design and variables collected.
Regardless of this, findings from descriptive summary shows that AAV cases
from UKIVAS and controls from UKB were similar in terms of age and ethnicity.
MPA patients were older compared with controls while GPA and EGPA patients
were similar in age with UKB controls. Worth noting is the additional linkage
conducted here which led to the addition of small-area data of the UKIVAS
registry. The UKIVAS did not collect demographic data related to the patients’
place residence, specifically population density and the index of multiple
deprivation, which are important confounders in exposure-disease research.
These variables were added to the registry using census data from the Office
of national statistics (ONS) at a lower super output area (LSOA)’. The addition
of these two variables revealed that the majority of AAV patients from UKIVAS
were from urban areas (72%) with higher proportion of GPA and EGPA patient
being from more deprived areas compared with UKB controls and MPA patients
compared with UKB study controls (Table 4.2). The linking of environmental
data (air pollution data) showed that there were significant differences in air
pollution exposure between AAV cases from UKIVAS and UKB controls (Table
4.3). Specifically, AAV patients showed to reside in areas with high levels of
particulate matter compared with UKB controls (median PM+o: 16.6 vs 15.80,
p<0.001 and PM25: 11.3 vs 10.7, p<0.001). In contrast, exposure to transport
related pollutants, like NO2 and NOx was higher in UKB controls compared AAV
cases (median NO2: 17.06 vs 20.72, p<0.001, NOx: 24.6 vs 30.69, p<0.001 ).
This difference in nitrogen dioxide and oxide exposure may reflect the fact that
UK Biobank is mainly an urban cohort, with 86% of the population being from

Urban areas compared with 72% of UKIVAS. Similarly, for SO2 and Benzene,

7 http://geoconvert.ukdataservice.ac.uk/
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exposure estimates were higher for UKB controls compared with UKIVAS AAV
cases (median SO2: 2.16 vs 2.99, p<0.001, Benzene: 0.49 vs 0.55, p<0.001)
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Table 4.3: Summary statistic of residential pollution exposure estimates for ANCA-vasculitis cases and

population controls after the linkage.

UKIVAS registry UK Biobank
MPA GPA EGPA Control group ANOVA
(n=757) (n=1,612) (n=413) (n=82,713) p-value
Pollution exposure, median (IQR)
PM10 (ug/m3) 2004-2018 16.98 16.57 16.30 15.80 <0.001
(15.41, 18.64) (14.86,17.98)  (14.23,17.85) (14.15, 17.57)
PM2.5 (ug/m?®) 2004-2018 11.60 11.30 11.07 10.77 <0.001
(10.61, 12.91) (10.14,12.31)  (9.76, 12.11) (9.57, 12.02)
N02 (ug/m3) 2004-2018 17.85 17.77 15.56 20.72 <0.001
(12.35, 23.77) (12.71,22.68)  (11.68,20.65) (16.30, 25.37)
NOx (ug/m3) 2004-2018 25.96 25.90 21.94 30.69 <0.001
(16.91, 37.61) (17.55, 35.44)  (15.89,31.15) (22.78, 40.22)
S02 (ug/m?®) 2004-2018 1.93 2.39 217 2.99 <0.001
(1.40, 2.65) (1.70, 3.29) (1.46, 3.18) (2.23, 3.92)
Benzene (ug/m3) 2004-2018 0.51 0.50 0.47 0.55 <0.001
(2.04, 3.29) (2.05, 3.23) (1.93, 2.88) (2.19, 3.65)
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Figure 4.8: Schematic summary of the mean PM2.5 exposure estimates
in AAV cases (A) and controls (B). These estimates are a 6-year average
exposure from the date of diagnosis. Each dot represents an exposure
dose for case or control
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Figure 4.9: Schematic summary of temperature exposure estimates of
cases (A) and controls (B) at the month of diagnosis
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4.8.4. Appraisal of the pilot study

4.8.4.1.1. Validity of linking a clinical registry with a biobank

The results from the pilot study demonstrated the possibility of merging two
population health registries designed with different purposes to address
important questions related to the environmental aetiologies associated with
vasculitis. The linking of a clinical registry with population biobank is common
in several settings, with cancer registries being seen as a major example. For
instance, cancer diagnoses recorded in UK Biobank were linked from the UK
national cancer registry which hold records of all people diagnosed with cancer
each year, their treatment and prognostic outcomes (287). Linking this data with
the UKB and its rich biomarker samples and environmental data, have allowed
for important research into new aetiologies associated with cancer. Examples
of these can be seen in recent nested case control publications showing
significant association between air pollution exposures and an increased risk in

lung and laryngeal cancer (288-290).

Similar linkages have also been reported in several biobanks from Nordic
countries (Finland, Sweden, and Norway) (287,291). In these examples, direct
linkage of cancer registries to biobanks are achieved using unique set of
personal identifiers that are precise, robust and stable over time (292). This
form of linkage known as exact match linkage is regarded as gold standard
when linking multiple health registries. In some cases, indirect linkages using a
mix of numerous variables at a group level are used. Kollhorst et al.,2021
recently demonstrated possible linkage approach using indirect personal
identifiers, year of birth, sex, area of residence, and date of diagnosis, to merge
insurance claim data with cancer registry data (293). Such indirect linkage
approach, though not as sensitive and specific as exact matching, has the
potential to inform aetiology research in registries with a lack of access to
control groups. Such linkage approaches may have utility in informing future
linkages of rare disease registries that can facilitate research of potential risk

factors of vasculitis.
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4.8.4.2.Generalisability of pilot study

The generalisability of research studies assessing the effect of environmental
exposure on health is dependent on the design (e.g.: sampling strategy) and
accuracy of linkage features such as the timing and place of the health event
(e.g.: time of diagnosing and patient address). Care should be taken at all stage
of design and planning to minimise threats to validity, mostly selection bias,
measurement error, or missing data. For this pilot study, the validity of the
results from the exploratory analyses reflects the non-random nature of the
sampling approach used to identify cases and controls as well as major
differences in sampling strategy between UKIVAS and UK Biobank.
Specifically, UK Biobank sampling strategy targeted 22 regions of the UK with
the aim to have a representative sample of the UK population (between 37 —
70 years old) and in term of rural and urban classification (e.g.: urban population
of UKB was 86.5% vs 82.4% urban population from the 2011 census)(294). For
UKIVAS, the sampling strategy intended to cover as much of the UK population
and to reflect the vasculitis population as seen with higher proportion of UKIVAS
population being from rural areas compared with UKB and UK census
populations (UKIVAS rural population: 28.8% vs 13.52% of UK Biobank and
17.6% 2011 census). This difference in rural and urban population was reflected
in the air pollution exposure measures between cases and controls (Appendix
13). Controls from UKB had higher exposure to urban pollutants like NO2 and
NOx. Similar differences in particulate matter (PM1o and PM25) were seen and
may also reflect the sampling approach between the two ‘registries. These
considerations and limitation were used to inform analyses in chapter 5 and 6

and are further discussed in the section below

4.8.4.3.Key considerations for this thesis

As noted earlier in chapter 2 and now with the pilot study, the external validity
of studies investigating the effect of environmental exposure on vasculitis are
mainly affected by sampling approach and the source health data used.
Selection of cases and controls should consider the use of random sampling

techniques to minimise systematic differences that may be due to selection
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bias. These consideration are accounted for in the upcoming result chapter
which will be the first studies to use data from a biobank and administrative

health data to investigate environmental risk factors associated with vasculitis.

4.9. Summary

The first part of this chapter introduced the history of record linkage of routine
health data. It provided a summary of important events that led the evolution of
record keeping method that led birth of routine data which can now be linked
with other dataset such the census and environmental data to investigate social
and environmental determinants of health. The benefits and limitation of routine
using routine data for research were also discussed. This included the ability to
do cost-efficient research with large sample size studies that cover hard-to-
reach populations. Limitations related to data pre-processing, inconsistency
and missingness of data were also discussed. A detailed summary of how
routine data is used to investigate the impact of environmental exposures on
health were provided, together with associated linkage methods, from the
sampling strategy to linkage approaches commonly used to conduct
environmental-wide associated studies. The last part of this chapter provided
a demonstration of application of these methods in a pilot study linking air
pollution data to UKIVAS. Results of the pilot study informed linkage

approaches and analyses presented in the results section
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Chapter 5: Understanding the long-term impact
of residential air pollution exposures on
vasculitis and other autoimmune diseases in UK
Biobank

5.1. Overview

This chapter will report the first result of a study showing the long-term effects
air pollution exposure on the risk of vasculitis an EWAS study approach. The
term systemic vasculitis will be used to refer to patients from UKB who were
diagnosed with a small to large vasculitis based on a three-character ICD
coding for vasculitis (M30-31). These cases were identified from the first
occurrence data fields described in Chapter 3. Eligibility criteria used to guide
selection of vasculitis cases and disease comparators (rheumatoid arthritism,
systemic lupus erythematosus, ankylosing spondylitis and psoriatic arthritis) will
be provided. The inclusion of these inflammatory autoimmune disease
comparators mentioned in Chapter 2 were based on the evidence of shared
genetic risk profiles, including pathogenic pathways and potential
environmental triggers (137,295-300). For instance, results from the review in
chapter 2 showed that the effects of air pollution on vasculitis varied based on
geography and method of exposure assessment including linkage approach
undertaken(216). Similar heterogeneities are seen in studies reporting effects
of air pollution on inflammatory autoimmune diseases like rheumatoid arthritis
and systemic lupus erythematosus. Some studies report protective effects of
air pollution (like particulate matters, PM1o and PM2.5) and others have reported
adverse effects (like Ozone, O3)(198).

Comparing the impact of air pollution on vasculitis or any other autoimmune
disease is difficult because of the general differences in population source and
method of recruitment, especially sampling strategy and selection of controls,
including tools for exposure assessment and adjustment of confounders. Using
UK Biobank provides opportunity to overcome these limitation. This chapter will

demonstrate a comparison study of effects of air pollution on vasculitis and
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other autoimmune diseases in this large population cohort that may be
generalisable to the vasculitis population in the UK. A variety of potential
confounding measures will be considered as well as key environmental linkage
methods discussed in chapter 4. Additionally, this chapter will take advantage
of UK Biobank rich biomarker data collected at baseline to investigate short-
term effects of air pollution on surrogate markers of vasculitis and other major
autoimmune diseases. This is an important addition because smaller
observational studies have shown that air pollution exposures can induce short-
term increases in important markers of inflammation and immunity, including a
general rise in white blood cell count, C-reactive protein, and
fibrinogen(74,301-304).

5.2. Method

5.2.1. Participants

This chapter reports on analyses from the baseline and follow-up data from
participants recruited in UK Biobank (19). As highlighted in chapter 3, UK
Biobank enrolled over a half-million adults, aged 37 — 73 years, between 2006
and 2010. Individuals who resided within 25 miles of the UKB study centres and
who were registered with the National Health Service (NHS) were invited to take
part in the study. Participants were enrolled across 22 centres in the UK,
covering a variety of settings, in terms of sociodemographic heterogeneity and
urban-rural mix. At baseline, participants provided detailed personal,
demographic, and health-related information via a touchscreen questionnaire
and nurse interview. Additional information about individuals’ current and
historic health outcomes were retrieved from the NHS central repository as well
as various national health registries. This data was linked centrally by UK
Biobank to each participant following baseline assessment. Everyone enrolled
in the study gave a written informed consent. This chapter and the following
analyses were conducted under the generic ethical approval from the UK
Biobank (REC: 21/NW/0157 ).
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5.2.2. Outcome measures

5.2.2.1. Defining systemic vasculitis and other autoimmune
diseases

Systemic vasculitis and other autoimmune disease were selected and defined
using the International Classification of Disease (ICD10 and ICD9) chapters
(see Appendix 11 for complete of included ICD codes) . Participants who were
diagnosed or who reported having a systemic vasculitis (ICDM30-31),
rheumatoid arthritis (ICDM05-06), systemic lupus erythematosus (ICDM32),
ankylosing spondylitis (ICDM45) and psoriatic arthritis (ICDMO07) were
screened and included in the final analysis of this chapter. Those assigned more
than one of autoimmune disease diagnoses simultaneously at their last

date of diagnosis was excluded (n=86) (Figure 1). As highlighted in previous
paragraph, health outcome data and other clinical information pertaining to
each study participants were retrieved by means of record linkage of routine
data from the NHS. This linkage was conducted centrally by the UK Biobank
team (https://biobank.ndph.ox.ac.uk/ukb/refer.cgi?id=149480).These sources

of outcome data included hospital inpatient records, the primary care records,
the cancer registry, and death records and self-reported conditions captured at
baseline by each participant. The selection and identification of cases used in
the chapter were captured under the first occurrences data fields which were
generate by specially designed algorithm mapped using the International
Classification of Disease (ICD10 and ICD9) chapters
(https://biobank.ndph.ox.ac.uk/ukb/refer.cqgi?id=2112) .
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Figure 5.1: Study Flowchart summarising the eligibility criteria of participants

included in the final analysis of this chapter.
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5.2.2.2. Peripheral markers of disease activity and
inflammation

5.2.2.2.1. Blood sampling

Each participant enrolled in the UK Biobank had their blood collected at
baseline using a standardized and research-validated protocol for blood
collection. In summary, blood samples were drawn by a phlebotomist, or a
nurse trained and certified to conduct blood collection. For collection, each
participant was seated in a curtain blood collection office and was asked for
about 50ml of blood sample. This was the final stage of the baseline
assessment. Following blood collection, samples were packed and transported
according to an established protocol and were processed within few hours

(<24hrs) of collection.

5.2.2.2.2. C-reactive protein and rheumatoid factor

C-reactive protein (CRP) and rheumatoid factor (RF) were generated and
quantified using an immunoturbidimetric method (Beckman Coulter AU5800
immunoassay analyser). This is classical antigen-antibody reaction approach
which generate particles that can be optically detected by a photometer.
Measurements from the CRP assay were verified against the manufacturer’s
performance standards. Linearity and Ilimit of detection determined the
observed reportable range. Samples exceeding this range were diluted and re-
analysed. Quantitative measures captured from the CRP and RF assay are

reported in mg/ml.

5.2.2.2.3. Neutrophil, eosinophil, and monocyte count

Neutrophil, eosinophil, and monocyte count were generated using a Beckman
Coulter LH750 instrument. Results of neutrophil, eosinophil and monocyte
count are provided as a proportion (e.g.: neutrophils/100) x total white blood

cell count.
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5.3. Exposure measures

5.3.1. Air pollution measures

The pollution measures used in this chapter were sourced from the department
for Environment, Food and Rural Affairs (DEFRA) and were linked to UK
Biobank dataset by the thesis author. These measure include particulate matter
with aerodynamic diameter of up to 10um and 2.5um (PM1goand PM: ), nitrogen
dioxide (NO2), nitrogen oxide (NOx), sulphur dioxide (SO2) and benzene (CsHs).
These exposures represent outdoor background concentrations modelled at
1kmx1km resolution using a combination of historic and recent statistical
modelling that cover a variety of emission sources and land surface for the
period of 2001 to 2018 (305-307). These exposure estimates were derived from
the pollution climate mapping (PCM) models (https://uk-

air.defra.gov.uk/data/pcm-data) consisting of:

i) Air dispersion models and emission estimates from the UK National
Atmospheric Emissions Inventory, for large point source (e.g.: a power
station) - NOx, SO2, PM+o and PMzs.

i) Dispersion and linear models and repeated measurements collected
from small point sources (e.g.: factories) - NOx, SO2, PM1g and PM25

iii) Modelled estimates from distant sources, mainly rural background
sources - NOx, SO2, PM1o and PMz2s.

iv) Area sources related to domestic combustion, this being defined as
diffuse emissions from unspecified locations (e.g.: domestic heating or
emissions from shipping), small point sources related to combustion
industry, road traffic and other area sources. For these areas, pollution
estimates were modelled using time varying kernel dispersion models
and emission estimates from the national atmospheric inventory (2001-
2018) - NOx, SO2, PM10 and PM25

V) Fugitive source kernel modelling, estimating emission from fugitive
components derived from the National Atmospheric Emission Inventory
(2001-2018)- NOy, SO, PM+1o and PM2s.

Vi) Interpolated and dispersion (NAME) models of secondary organic and

inorganic aerosols formed by oxidation of non-methane volatile organic
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compounds and scaled measurements of SO4, NO3, NH4 at rural sites -
for PM1o and PM2s.

vii)  Dispersion kernel models, vehicle activity, and land use data on regional
calcium rich dusts from re-suspended soil, iron rich dusts from heavy
duty vehicles - PM1g and PM2s

viii)  Interpolated and scaled measurements of chloride and sea salt at rural
sites - PM+o and PM2s

iX) Oxidant-partitioning model which describes the complex interaction and
relationship between NO, NO> and O3 (Jenkin, 2004; Murrells et al.,
2008; Jenkin, 2012)

The decision to include above pollutants is based on a pragmatic approach;
firstly, because currently there is no evidence to support any association
between air pollution and systemic vasculitis. Secondly, there is a need for a
broad understanding about the long-term impact of different air pollutants on
vasculitis onset, and potentially relapse. Second rationale is that for pollutants
such as PM1g, PM25 and SOg, there is a large body of evidence to show they
are able impact health and are associated with adverse outcomes, including

cardiovascular and respiratory diseases including cancer.

5.3.2. Data linkage

UK Biobank provided data on participants residential history including changes
in participants address. This data was sourced from the Administrative Data
Liaison Service (ADLS) via GP registration and is managed by the NHS digital
for participants residing in England and Wales. For Scotland, the same data
were provided by the Information Services Division (ISD). Where full address
was present and verified to be valid, the software package, DataPlus, was used
to transform and geocode addresses into grid coordinates. Where only the
postcode was present, the coordinates were generated using Doogal

(https://www.doogal.co.uk) and UK postcodes (https://www.uk-

postcodes.com). The grid coordinates are provided in the British National Grid

(OSB1936) projection and refer to easting and northing with a reference point

near the Isles of Scilly. UK Biobank provided these coordinates at 1km grid
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postings. These coordinates and past coordinates corresponding to study
participants address history between 2001 and 2018 were link residential air
pollution exposures. For the data linkage, given the pollution data were
provided on a 1kmx1km grid square maps with associated central point
(centroid), pollution values were calculated and assigned based on
intermediate zone around a participant centroid. Specifically, participants who
resided within a particular intermediate zone were assigned a mean value for
that zone. For zones where there were no grid square centroids, pollution
estimates from the nearest grid square was used. It is worth noting 55% of UK
Biobank population who did not have a primary care incident, or a hospital
admission did not have longitudinal information about their address changes. A
median air pollution exposure covering the period between 2001 to 2018 was

assigned to each participant, both cases and controls.

5.4. Other measures

5.4.1. Socio-demographic

Participants age was derived by UK Biobank from individual’s date of birth and
the first date of visit to the assessment centre and is recorded in whole years.
Gender was self-reported as male or female and in some cases was acquired
from the NHS central registry at recruitment. Ethnicity was self-reported and is
recorded categorically as either White, Asian/Asian British, Black/Black British,
Chinese, or mixed/other ethnic group. Education was self-reported and for this
study, it is dichotomous so to look at participants with and without a university
degree. Smoking status was self-reported and was recorded categorically as
never, previous, and current smoker. The frequency of alcohol intake was self-
reported and is recorded categorically as daily/almost daily, three to four times
a week, one to two times a week, one to three times a month, special occasion

only or never.

Townsend deprivation index was calculated by UK Biobank immediately prior
to participants joining the UK Biobank. This was based on the preceding

national census output areas. Each participant was assigned a score
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corresponding to their output area in which their postcode is located. For this
study, the Townsend deprivation score was transformed into quintiles, with the
first category being representative of individuals from least deprived output

areas and the last category being representative of the most deprived areas.

Physical activity measure was generated using a number of self-reported
factors (e.g.: walking, moderate and vigorous physical activity, strenuous
sports...etc) related to the type and duration of physical activity that an
individual undertook in their daily life (239). These factors were converted into
a single measure of total physical activity in metabolic equivalent of task (MET)
— hours per week weighted by intensity (walking, moderate or vigorous). Lastly,
self-reported time spent outdoors was derived based on the average time (in

hours) that participants spent outdoors both in winter and summer.

5.4.2. Other environmental measures

Home area population density was derived by UK Biobank by combining each
participant postcode with data from 2001 census from the office of National

Statistics 2001. using the Geoconvert tool (http://geoconvert.mimas.ac.uk/ )

from the Census Dissemination Unit. This was measured categorically as
Urban, Town and Fringe, Village, Hamlet and isolated dwelling and rural mix.
Close to major road was recorded as binary indicating whether a residential
address was within 50 metres of a class 1 or 2 type of road (See Appendix 14

for detail summary of variables used in this chapter and how they were coded)

5.5. Statistical analysis

Statistical analyses were performed in R studio v1.2.5019 and Stata v13.
Baseline characteristic of participants with vasculitis and other autoimmune
diseases were summarised assessed using descriptive statistics. For normally
distributed variables (age), mean and standard deviation is reported. For
variables with skewed distribution (physical activity, time spent outdoors and

pollution), median and interquartile range were calculated and is reported.
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Relative frequencies in percentage are reported for categorical data. Incidence
rate was calculated as the sum of all new cases of vasculitis (h=802) captured
between the start of UKB recruitment and the end follow up period chosen for
this chapter (2006 and 2018) divided by the size of UKB cohort (n= 502,459)
then separately by UK population estimates of people between the age 40 — 75
years old (n =25.1 million from 2011 mid-term population estimates). To assess
the effects of air pollution on vasculitis and other autoimmune diseases, logistic
regression was used. All the outcomes reported here were modelled separately
(1-cases vs 0- population control), first unadjusted and adjusted for potential
confounders (age, gender, education, ethnicity, Townsend deprivation score,
smoking and alcohol intake status and time spent outdoors and population
density). All covariables included in the modelling stage were within reasonable
range of multicollinearity (variation inflation factor (VIF) =1.7 to 1.9) and were
selected to minimise confounding. Given there was a total of 30 cross-sectional
analyses combined for the outcomes of interest, the two-tail p-values were
adjusted using Simes-Benjamini-Hochberg false discovery rate (FDR)
method(308), both for the unadjusted and adjusted. Additionally, a stratified
analysis was undertaken to get insight into population groups that are at a risk
in terms of geography (urban vs rural), deprivation (least vs most deprived),
lifestyle (smokers vs non-smokers), and time spent outdoors. The stratified
analyses involved fitting separate models (unadjusted and adjusted for
potential confounders) for pollutants that showed to be significantly associated
with vasculitis or other autoimmune diseases. Stratified models were based on
variables population density, deprivation, smoking, and time spent outdoors.
For markers of inflammations, a linear regression was used to assess the
association between annual mean pollution exposures at baseline and log
transformed concentration of CRP and rheumatoid factor, including neutrophil,
eosinophil, and monocyte count. The standardised/beta coefficients result were
multiplied by 100 to give percentage of log transformed increase/decrease in
general biomarkers of inflammation. These results are presented using a

feature expression heatmap (309)
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5.5.1. Sensitivity analysis

To assess the robustness of the results and the extent to which the point
estimates could be affected by changes in methodology and study sample size,
a time to event analysis was undertaken, restricted to participants who entered
UKB without the disease. Specifically, the analysis included vasculitis and other
autoimmune disease cases who were diagnosed after baseline (date of
attending assessment centre). The follow up was calculated as time from date
of assessment centre visit to the date of disease of diagnosis (date of first
occurrences) or death if the participant died before the disease onset. A cox
proportional hazard model was used, first as unadjusted and adjusted for age,
gender, education, ethnicity, Townsend deprivation score, smoking and alcohol

intake status and time spent outdoors and population density.

5.6. Results

5.6.1. Cohort characteristics

Table 1 provides a detailed summary of cohort characteristics and median
pollution exposure in vasculitis cases and other autoimmune diseases including
the rest of the UK Biobank population. From the full cohort (n=502,459), 14,460
participants were identified to have one or more inflammatory autoimmune
disease. From this group, 9,494 had all the pollution exposure measures linked
to their place of residence and were eligible for inclusion in the final analysis.
This included 1,206 participants with systemic vasculitis, 6,451 with rheumatoid
arthritis, 401 with systemic lupus erythematosus (SLE, ), 624 with ankylosing
spondylitis (AS), 812 with psoriatic arthritis (PsA).

The incidence of vasculitis was 31.95 cases per million population when
calculated using 2011 census population estimates (n=25.1 per million between
40 and 75 years old). This incidence is higher than normal when compared
against studies reported in Chapter 1 (incidence range: 15.1 to 23.1 cases per
million population 50 years and older). Additionally, the incidence rate
calculated using UKB complete cohort (n=502,459) was 16.45 (95% CI: 15.36
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No of vasculitis cases per year

— 17.64) cases per 100,000 person-years. This incidence rate was particularly
higher in females, smokers, and those without a university degree (Appendix
15).

As noted in chapter 4, the majority of UKB participants were from urban areas,
reflecting UKB recruitment approach (Figure 2). When compared with the UK
Biobank control group (n=487,942), a higher proportion of cases with vasculitis
were females (64% vs 54%), without a university degree (76% vs 67%), from
the most deprived areas (22% vs 19%) and generally less active (24 vs 28
METhrs/week). Additionally, vasculitis cases were older compared with other

autoimmune diseases participants (ANOVA p<0.001).

B
B Rural
B Urban
RA SLE AS PsA

2017 UKB SV
Controls
Figure 5.2: Number of systemic vasculitis cases diagnosed during the study
period (2001-2018) in UK Biobank (A) and the urban and rural distribution of
these participants together with other autoimmune diseases and the rest of the
UK Biobank cohort (B)

140

100%
120

100 80%

80 60%

60 40%

40
20%

20

Y 0%

o HNN.
2001 2005 2009 2013

Time (years)

Besides age, cases with vasculitis were relatively similar with other autoimmune
disease participants in terms of education and behavioural risk factors like
smoking and alcohol intake. Interestingly, both vasculitis and other autoimmune

disease participants were from the most deprived areas (26% vs 19.8)
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compared with UKB population (X?p-value=0.001). Those with rheumatoid
arthritis and ankylosing spondylitis lived in areas near major roads compared
with UKB controls. With regards to air pollution measures, there were general
differences in air pollution exposure between vasculitis cases and controls
(Appendix 16). Similar differences were also seen for other autoimmune

disease when compare with UKB controls.
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Table 5.1: UKB Cohort characteristics of people with systemic vasculitis and other autoimmune disease and the general population

161

controls
Systemic Rheumatoid Systemic Lupus Ankylosing Psoriatic Population
Vasculitis Arthritis Erythematosus Spondylitis Arthritis Controls
n=1,206 n = 6,451 n =401 n =624 n=812 n = 487,942
Age mean (+SD), years 61.41 (£6.33) 58.99 (£7.30) 55.94 (£8.34) 57.42 (£+8.07) 56.85(+7.56) 56.46 (£8.11)
Gender female, n (%) 759 (62.9) 4342 (67.3) 334 (83.3) 310 (49.7) 450 (55.4) 264,026 (54.1)
Ethnicity, n (%)
White 1,138 (94.8) 6,002 (93.7) 349 (88.1) 589 (95.0) 779 (96.4) 459,032 (94.6)
Asian or Asian British 24 (2.0) 173 (2.7) 11 (2.8) 11 (1.8) 14 (1.7) 95,57 (2.0)
Black or Black British 15(1.2) 123 (1.9) 25 (6.3) 6 (1.0) 1(0.1) 78,32 (1.6)
Chinese 3(0.2) 18 (0.3) 1(0.3) 1(0.2) 3(0.4) 1,542 (0.3)
Mixed or other ethnic groups 20 (1.7) 87 (1.4) 10 (2.5) 13 (2.1) 11(1.4) 7,302 (1.5)
Educated to degree level
Yes, n (%) 285 (24.3) 1380 (21.9) 110 (28.6) 148 (24.3) 212 (26.5) 157,774 (33.0)
Townsend score quintile
1 Least deprived, n (%) 238 (19.8) 1106 (17.2) 57 (14.2) 95 (15.2) 145 (17.9) 98,104 (20.1)
5 Most deprived 269 (22.4) 1690 (26.2) 118 (29.4) 176 (28.2) 198 (24.5) 96,713 (19.8)
Total Physical activity (METhrs/week)
Median (p25, p75) 23.97 24.50 23.10 27.30 19.93 28.00
(10.55,50.93) (9.95, 56.00) (10.48, 48.20) (11.55,57.31)  (8.93,49.32) (12.60,57.70)
Smoking status
Never, n (%) 601 (50.3) 2931 (45.9) 207 (52.0) 290 (46.8) 376 (46.7) 266,704 (55.0)
Previous 453 (37.9) 2557 (40.0) 147 (36.9) 241 (38.9) 336 (41.7) 167,306 (34.5)



Current

Alcohol Frequency

Never, n (%)
Previous

Current

Time Spent Outdoors (in hrs)
Median, (p25, p75)

Close to major road (2008)

Yes, n (%)

141 (11.8)
75 (6.2)
72 (6.0)

1056 (87.8)

2.50
(1.50, 4.00)

76 (6.4)

904 (14.1)
434 (6.8)
459 (7.1)

5528 (86.1)

2.50
(1.50, 4.00)

494 (7.8)

Traffic intensity on nearest major road (2008) (vehicles/24 h)

Median
(p25; p75)

PM10 (2001-2018) (Mg/m3)

Median
(p25; p75)

PM2.5 (2002-2018) (Hg/m?)

Median
(p25; p75)

NO2 (2002-2018) (Mg/m?)

Median
(p25; p75)

NOX (2002-2018) (Mg/m?)

17,353
(12,98,25,59)

15.27
(13.62,16.98)

10.31

(9.16, 11.61)

19.23
(15.30,23.11)

17,139
(12,66, 25,31)

15.36
(13.80, 16.93)

10.40

(9.26, 11.59)

19.88
(16.13, 23.57)

44 (11.1)
34 (8.6)
26 (6.5)

337 (84.9)

2.00
(1.25, 3.00)

27 (6.8)

18,964
(13,73, 27,28)

15.44
(13.97, 17.28)

10.52
(9.48, 11.84)

20.30
(16.61, 24.27)
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88 (14.2)
35 (5.6)
38 (6.1)

548 (88.2)

2.50
(1.75, 4.00)

48 (7.8)

17,674.00
(13,06,25,81)

15.49
(13.98,17.03)

10.44

(9.37, 11.59)

19.96
(16.56,23.71)

94 (11.7)
41 (5.1)
70 (8.7)

698 (86.3)

2.50
(1.50, 4.00)

51 (6.3)

17,328
(12,42,25,35)

15.00
(13.57,16.62)

10.16

(9.06, 11.31)

19.42
(15.89,22.78)

51,110 (10.5)
21,433 (4.4)
17,088 (3.5)

447,820 (92.1)

2.50
(1.50, 3.75)

34,304 (7.1)

17,103
(12,59,25,26)

15.50
(13.81,17.07)

10.52

(9.29, 11.74)

19.65
(15.76,23.49)



Median

(p25; p75)

S02 (2002-2018) (ug/m?)
Median

(p25; p75)

Benzene (2003-2018) (Ug/m°)
Median

(p25; p75)

28.73
(21.71,36.22)

3.83
(3.13, 4.64)

1.60
(1.24, 2.01)

29.89
(23.03, 37.05)

3.94
(3.22, 4.69)

1.65
(1.31, 2.03)

31.08
(23.93, 38.28)

4.02
(3.22, 4.76)

1.69
(1.32, 2.16)

30.25
(23.82,37.54)

4.03
(3.31, 4.80)

1.66
(1.33,2.01)

29.22
(22.64,35.82)

3.82
(3.15, 4.66)

1.59
(1.27,1.95)

29.48
(22.39,37.03)

3.81
(3.10, 4.60)

1.62
(1.27, 2.02)
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5.6.2. Association between long-term air pollution exposure
and systemic vasculitis risk and risk for other
autoimmune diseases

Figure 5.3 shows the results from 30 separate logistic regression models
depicting the long-term the relationship between long-term air pollution
exposure and systemic vasculitis and other autoimmune disease. In summary,
it was observed that sulphur dioxide (SO2) was adversely associated with
systemic vasculitis. This was true before and after adjusting for select
confounders. Similar associations were seen in other autoimmune diseases like
rheumatoid arthritis and systemic lupus erythematosus. Specifically, a 1 ug per
cubic meter higher average level of sulphur dioxide between 2001 to 2018 was
associated with 6.4% (adjusted odds ratio: 1.064, 95% CI: 1.004 — 1.127) and
3.7% (adjusted odds ratio: 1.037 95% CI: 1.011 - 1.064) increased odds of
systemic vasculitis and rheumatoid arthritis. For systemic lupus erythematosus,
1 ug per cubic meter higher average level sulphur dioxide was associated with
9.7% (adjusted odds ratio: 1.097 95% CI: - 0.994 - 1.211) increased odds of
SLE. However, this was not statistically significant as confidence intervals
crossed the null. The effects air pollution on rheumatoid arthritis remained
statistically significant after adjusting for multiple comparison, but not for
systemic vasculitis. (Table 5.2). Conversely, particulate matters (PM1o and
PMo. 5) were inversely associated with rheumatoid arthritis (PM1o adjusted odds
ratio 0.965, 95%Cl 0.954—- 0.978, PM2 5 0dds ratio 0.947, 95% CI1 0.932—- 0.964),
Ankylosing Spondylitis (PM+o adjusted odds ratio 0.954, 95%CI 0.917- 0.994,
PM2s odds ratio 0.929, 95% CIl 0.880— 0.981) and psoriatic arthritis (PM1o
adjusted odds ratio 0.913, 95%CI 0.881— 0.946, PM2 s odds ratio 0.879, 95% ClI
0.838 — 0.923), both before and after adjusting for potential confounders.
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Figure 5.3: Odds ratio plot depicting the association between long-term
exposure to air pollution (2001-2018) and the odds of systemic vasculitis (A)

and other autoimmune diseases (B-E) in UK Biobank
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Table 5.2: Result of showing the relationship between long-term air pollution

exposures and the onset systemic vasculitis and other autoimmune disease in UKB.

Unadjusted Adjusted @
Pollutant  -op p- p(FDR) | OR p-value | p(FDR)
value
PM10 0.974 0.029 0.073 0.977 0.115 0.182
Systemic PM25 | 09638 | 0.019 |0.052 |94 0.072 | 0.144
Vasculitis NO2 0.996 0.132 | 0.240 0.992 0.181 | 0.259
NOX 0.993 0.159 0240 | (906 0.198 | 0.270
502 1.037 0151 0240 |4 opa 0.037 | 0.085
Benzene 0.996 0.695 0.719 0.998 0.882 0.912
PM10 0.982 0.001 [0.004 | (o6 0.000 | 0.000
Rheumatoid PM2.5 0.972 0.000 0.000 0.948 0.000 0.000
Arthritis NO2 1.001 0.103 | 0.238 0.994 0.020 | 0.060
NOx 1.003 0.172 0.246 0.997 0.012 0.051
S0O2 1.083 0.000 0.000 1.037 0.004 0.024
Benzene 1.005 0.16 0.240 0.989 0.019 0.060
PM10 1.031 0.136 0.240 0.996 0.880 0.912
Systemic Lupus '
Erythematosus PM2.5 1.042 0.131 0.240 0.997 0.930 0.930
NO2 1.011 0.005 0.015 1.008 0.395 0.474
NOx 1.021 0.004 0.013 1.004 0.462 0.533
S02 1.139 0.002 | 0.008 |4 097 0.067 | 0.144
Benzene 1.042 0.001 0.004 1.020 0.218 0.284
PM10 0.995 0.765 0.765 0.955 0.025 0.063
Ankylosing PM2.5 0.987 0.553 0.593 0.930 0.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>