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Abstract 

Subway systems provide an important mode of sustainable urban transportation. However, there 

are increasing concerns over the elevated levels of particulate matter (PM) concentrations found 

in the subway and the potential health effects to passengers and staff. This thesis aimed to make 

high quality measurements of the concentrations and composition of PM, and other air pollutants, 

nitrogen dioxide and ozone (NO2, O3), that passengers travelling on the rail networks in London 

are exposed to. A small, wheeled measurement platform was developed – it made use of smaller, 

lower power technology which has enabled a long-term, exposure assessment of the spatial and 

temporal variability of air pollutants. A comprehensive set of laboratory and field experiments were 

undertaken to ensure the highest quality data from the different transport micro-environments. 

These measurements were used as part of a panel study examining the health impacts for 

participants with Cardiovascular Obstructive Pulmonary Disease (COPD) and healthy volunteers 

travelling on the subway and overground trains. 

PM2.5 concentrations on the subway journey were 321 µg m-3 in the tunnelled sections (198 µg m-

3 for the complete journey), with concentrations found to be affected by ventilation, tunnel depth 

and seasonality. These are far higher than the overground journey (4 ug m-3) and mean ambient 

concentrations in London over the same period (8 ug m-3). The oxidative potential of subway PM2.5 

was found to be highly correlated to transition metals generated underground by train-related 

emission processes. A methodology for a multi-omics assessment of molecular and biochemical 

pathways affected by subway exposure was developed for use in a further cross-omics subway 

study. This work will provide a better understanding of the exposure in different transport 

microenvironments, the potential health impacts and encourage the application of mitigation 

strategies to reduce exposure in London and other subway systems worldwide.   
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Chapter 1 Introduction 

1.1 Background 

My PhD formed part of an existing Medical Research Council (MRC) funded health study 

investigating “Exposure to particulate matter on the London Underground in healthy subjects and 

participants with Chronic Obstructive Pulmonary Disease (COPD)”. There were elements of the 

methodology of my PhD that were defined by the protocol of the MRC study. These were the days 

and the time of day that the measurements took place, the pollutants that were measured, namely 

PM2.5, NO2 and O3, as well as collecting PM2.5 mass onto filters for oxidative potential (OP) and 

elemental analysis. In addition, temperature, relative humidity and noise were required to be 

recorded. Similar journey time lengths on a London Underground deep tunnelled line and London 

Overground line were required, although the lines were not defined. I researched the most 

suitable lines (with my supervisor), and replacement lines if required, for this PhD and the MRC 

study. The Bakerloo line from Willesden Junction to Elephant & Castle and the London 

Overground line from Willesden Junction to Watford Junction were selected in conjunction with 

my supervisor, with the Jubilee line from Kilburn to Canning Town as the replacement subway 

line and the line from Kensal Rise to Stratford as the replacement overground line. 

The MRC study used an open, crossover experimental design whereby each participant was 

randomly assigned a 90 min exposure on a London Underground Bakerloo line journey and as a 

control, a similar overground journey. Both journeys started at Willesden Junction station. The 

study population comprised participants with at least GOLD stage 2 COPD (GOLD 2023) (n=36) 

and healthy volunteers (n=47) with no evidence of airflow obstruction. All participants were 

required to have ceased smoking for at least 12 months. The first train journey was randomised 

with the participants undertaking the second journey 3-6 weeks later.  

I was required to measure the personal exposure of all participants during all the train journeys 

on the subway and overground (n=108). To measure personal exposures on the journeys, in 

conjunction with my supervisor, I conceptualised and designed a Mobile Reference Station 

(MoRS) that I took on each train journey and used MoRS to measure personal exposure at the 

breathing height of the participants. In a similar way, all instrumentation contained within MoRS 

was selected by me in conjunction with my supervisor.  
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Apart from the clinical aspects associated with the MRC study and those outlined above, I 

conceptualised and carried out all the study design methodology discussed in this thesis. This 

included designing MoRS, personal exposure data collection, study routes, trial journeys, all 

quality assurance and quality control, resilience planning, laboratory and fields intercomparisons 

of all MoRS instrumentation against reference instrumentation and the derivation of scaling 

factors for all MoRS instrumentation. 

I carried out all filter weighing and the laboratory work and data analysis required to understand 

the oxidative potential of subway PM2.5 as well as the filter acid digestions for ICP-MS elemental 

analysis of subway PM2.5. I carried out all data analysis using the opensource data analysis 

software ‘R’ (R_Core_Team 2021). This thesis resulted from my individual intellectual and 

technical contributions that were derived in addition to the requirements of the MRC study in order 

to fulfil the aims and objectives of this PhD.  

1.2 Introduction

Air pollution is one of the leading contributors to non-communicable diseases globally. It is 

estimated that air pollution is attributable for 4.2 million premature deaths worldwide every year 

(Cohen et al., 2017, World Health Organisation 2021). The health risks of air pollution exposure 

have been well documented with toxicological, epidemiological and clinical studies linking it to 

adverse respiratory, pulmonary and cardiovascular health outcomes (Pope III et al., 2002, 

Atkinson et al., 2010, Brook et al., 2010, Hoek et al., 2013) and increased morbidity and mortality 

(Dockery et al., 1993, Burnett et al., 2018, Yang et al., 2018, Joshi, Miller and Newby 2022).  

Road traffic vehicle emissions are a key contributor to air pollution responsible for most of the 

urban air pollution in cities (Cames and Helmers 2013, Boogaard et al., 2022, Health Effects 

Institute 2022). Increasingly, people are moving to cities as the world’s population grows. As a 

result of which it is estimated that cities currently contain 55% of the world’s population and this 

is expected to increase to 68% by 2050 (Landrigan et al., 2018, United Nations 2019). This growth 

in urban population has been accompanied by an increase in vehicle ownership, resulting in 

increased traffic-related air pollution (TRAP) from vehicle exhaust (Health Effects Institute 2022).  

Traffic-related air pollutants comprise a complex mixture of gases and particles including oxides 

of nitrogen, particulate matter, PM10 and PM2.5 (particles with diameters of 10µm or smaller or 

2.5µm or smaller), ultrafine particles (particles with diameters of 100 nm or smaller) and black 
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carbon (Greenbaum 2018, Health Effects Institute 2022). Traffic-related air pollutants are a major 

source of urban air pollution which has led the International Agency for Research on Cancer 

(IARC) to declare air pollution from vehicle exhaust carcinogenic to humans (International Agency 

for Research on Cancer 2012).     

Due to the known health risks from vehicle emissions, there is clear need to reduce atmospheric 

emissions from motor vehicles (Barnes, Chatterton and Longhurst 2019). To reduce vehicle 

emissions and traffic congestion urban planners are increasingly incentivising public 

transportation systems (ITA 1987, Beaudoin, Farzin and Lin Lawell 2015, Carroll, Caulfield and 

Ahern 2019) as public transport accessibility, with fast and reliable services are a key 

consideration for commuters (Gascon et al., 2020). This has led to a focus on subway systems 

becoming the major public transportation mode in most cities.  As a result now almost every city 

possesses its own subway system (UTIP 2021). Subway systems have the greatest capacity, 

amongst urban transport systems, for moving millions of people rapidly around cities (ITA 1987, 

Midander et al., 2012, Ji, Li and Wang 2021). The use of subway electric trains promotes 

environmentally efficient travel by moving people through a network of underground tunnels 

incentivising the use of a public transport system with high daily capacity (Nieuwenhuijsen, 

Gomez-Perales and Colvile 2007, Martins et al., 2016). Subways are the arteries and veins of 

cities flowing under the surface providing a rapid, efficient and affordable alternative to private 

vehicular transport (Shakya, Saad and Aharonian 2020, Luglio et al., 2021, Yang et al., 2021).  At 

the same time, they promote increased public mobility without adding to traffic congestion and 

traffic emissions (Xu and Hao 2017, Moreno and de Miguel 2018).   

Given the urban community benefits of subway systems, they are anticipated to expand rapidly, 

including being introduced into new cities. This expansion in new subway lines leads to a 

decrease in air pollution due to reduced traffic congestion (Wang et al., 2020).  In addition, there 

is a substantial health benefit due to reduced mortality and morbidity. (Lu et al., 2018, Yang et al., 

2018, Li et al., 2019). This expansion of subways has been impressive, with the ridership on 

global subways increasing to over 58 billion journeys in 2019 through increased capacity 

worldwide (UTIP 2021). In London, which is the focus of this thesis, over 5 million passenger 

journeys per day were taken in 2023 and is likely to increase with the new Elizabeth Line 

(Transport for London 2023, Transport for London 2023).  
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As the use of subways have increased worldwide, researchers have identified exposure to 

elevated concentrations of dust as a major environmental disadvantage of subway travel. 

Subways operate in a confined space, often with poor ventilation, that can promote the 

accumulation of dust in tunnels and stations (Cheng, Lin and Liu 2008, Abadie et al., 2014, Hwang 

et al., 2017). Investigations have raised concerns (Mendes et al., 2018) after PM was shown to 

be present throughout the subway environment with particularly elevated concentrations of 

particulate matter (PM) observed in many subway systems (Branis 2004, Ripanucci et al., 2006, 

Luglio et al., 2021). Research has shown that the elevated concentrations of PM in subways can 

be significantly higher than outdoor air (Aarnio et al., 2005, Cusack et al., 2015, Bolourchi et al., 

2018). Given the time people spend commuting in the subway, (in London this is between 44 and 

57 mins), (Smith et al., 2020) this has raised increasing concerns that elevated PM concentrations 

may pose potential adverse health risks for commuters and workers (Salma et al., 2009, Grass 

et al., 2010, Zheng et al., 2017).  

Elevated PM concentrations occur in the subway due to the very distinctive microenvironment of 

the subway. The subway has its own unique specific PM sources which affect air quality (Kamani 

et al., 2014, Chang et al., 2021). These PM sources originate from train and subway source 

materials and generation methods specific to subway systems (Cha et al., 2018, Loxham and 

Nieuwenhuijsen 2019). 

Train-specific sources from the wear of train components occur from the movement of trains, 

principally at the wheel-rail interface and brakes due to friction and abrasion processes (Ma et al., 

2012, Querol et al., 2012, Colombi et al., 2013). Particulate matter in the subway is particularly 

rich in transition metals, especially iron (Fe), but also barium (Ba),  copper (Cu), Chromium (Cr) 

and Manganese (Mn) (Kang et al., 2008, Murruni et al., 2009). These metal particles from subway 

PM emission sources are very different from ambient particles due to their very different 

physicochemical properties (Lu et al., 2015, Martins et al., 2016, Kumar et al., 2023). Particles 

generated in the subway environment are mainly metallic with a small contribution from organic 

and elemental carbon, whereas organic carbon and secondary inorganic aerosols are most 

abundant in ambient particles (Smith et al., 2020).  

Particulate matter in the subway accumulates in tunnels due to restricted air flow, often with little 

air exchange with the outside environment (Jung et al., 2010, Babu, Khare and Goyal 2015). 
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Together with the continual resuspension of PM from the piston effect of moving trains (Pan et 

al., 2013), this maintains concentrations above those on roads in many cities (Johansson and 

Johansson 2003, Raut, Chazette and Fortain 2009, Ma 2015, Xu and Hao 2017). Despite the 

health effects from PM2.5 and PM10 exposure to traffic-related air pollution being well established 

(Cames and Helmers 2013, Samoli et al., 2016, Boogaard et al., 2022, Health Effects Institute 

2022) management of air quality regulations is restricted to outdoor ambient environments (World 

Health Organisation 2021) with no guidelines being issued for subway railway systems (Carteni, 

Cascetta and Campana 2015). Instead, in the UK, occupational exposure standard (HSE 2020) 

guidelines have been used to assess safety limits.  

Although PM concentrations are generally elevated in the subway environment, evidence of 

increased adverse health effects from PM exposure in this environment are less well understood 

compared to outdoor ambient environments (Pan et al., 2019, Azad et al., 2023). Health studies 

investigating potential adverse health effects from subway PM exposure have provided little clarity 

on whether subway PM is more toxic than ambient PM (Midander et al., 2012, Chang et al., 2021).  

There are a number of clear reasons why exposure to subway air may be hypothesised to pose 

a risk to health through increased genotoxicity (Karlsson, Nilsson and Moller 2005, Bergvall and 

Westerholm 2007), inflammatory processes (Seaton et al., 2005, Wang et al., 2023), reactive 

oxygen species activity (Kam et al., 2011, Jung et al., 2012), oxidative stress (Janssen et al., 

2015, Cooper and Loxham 2019), cytotoxicity (Vallabani et al., 2023) and susceptibility to 

bacterial respiratory infection (Miyashita et al., 2022). Overall, health research on the subway has 

been inconsistent (Loxham and Nieuwenhuijsen 2019), including finding no evidence of chronic 

effects from subway exposure (Bigert et al., 2007, Gustavsson, Bigert and Pollan 2008). .  

Given this contradictory evidence there is an urgent need to better understand if there are 

potential adverse health effects from subway PM exposure (Kam et al., 2011). This is especially 

important given the number of people potentially exposed through regularly commuting or working 

in subway systems (Jung et al., 2010, Chang et al., 2021). Although the known health effects of 

ambient air are not fully transferable to the subway, the possibility that there is a health risk from 

exposure to subway PM cannot be ruled out (Abbasi et al., 2013, COMEAP 2018).  



27 
 

1.3 Thesis rationale 

One of the earliest measured assessments of personal PM2.5 exposure on the London 

Underground (Pfeifer, Harrison and Lynam 1999) evaluated the health effects of a fuel additive 

MMT (methylcyclopentadienyl manganese tricarbonyl) high in manganese (Mn) on taxi drivers. 

Office workers were used as a control in this study and, surprisingly to the researchers, it was 

discovered that office workers had the highest Mn exposure. Further investigations concluded 

this was due to the high Mn concentration’s office workers experienced whilst travelling on the 

London Underground.  

A further report on the London Underground observed elevated concentrations of PM10 in the 

London Underground (Priest, Burns and Gorbunov 1998). This prompted London Underground 

to ask the Committee on the Medical Effects of Air Pollutants (COMEAP) to investigate any 

adverse health effects that could arise from exposure to dust on the London Underground 

(COMEAP 1998). COMEAP concluded that using published epidemiological studies based on 

outdoor ambient aerosol may not apply to the subway environment and called for a study into the 

health effects of exposure to subway dust to be undertaken.  

No studies were undertaken until 2003 when Transport for London (TfL) requested the Institute 

of Occupational Medicine (IOM) to investigate whether exposure to subway dust in the London 

Underground  presented a health risk to commuters and workers (Seaton et al., 2005). The 

authors conducted a series of toxicological studies using subway PM2.5. This confirmed that type 

II human alveolar-like epithelial cells when stimulated by tunnel dust had cytotoxic and 

inflammatory potential through increased levels of LDH and IL-8 as well as inducing DNA damage. 

This led Seaton et al., (2005) to state that although subway dust is not without toxicity users of 

the London Underground should not be seriously concerned and should continue to use the 

subway based on convenience not health risks. These conclusions were reached in accordance 

with UK occupational exposure standards (HSE 2020). These standards are based on PM 

respirable dust equivalent to PM4.3, in comparison to the WHO guidelines which are based on the 

much smaller size fraction of PM2.5. UK occupational exposure limit values are magnitudes of 

order higher than the WHO guideline limits (PM4.3 should not exceed 4 mg m-3 averaged over 

eight hours compared to annual average concentrations of PM2.5 not exceeding 5 µg m-3, while 

24-hour average exposures should not exceed 15 µg m-3 more than 3 - 4 days per year). It is 
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questionable whether workplace exposure limits should be applied to subway commuter exposure 

to PM2.5. In addition, there is also the question of the innate bias of occupational exposure 

standards due to the healthy worker effect (Chowdhury, Shah and Payal 2017). 

In 2017 COMEAP was again asked by TfL to re-assess the health risks of subway travel 

connected with PM exposure (COMEAP 2018). This followed  new  research investigating subway 

concentrations and composition throughout the London Underground network (Smith et al., 2020) 

and worldwide subway systems (Salma, Weidinger and Maenhaut 2007, Kam et al., 2011, Guo 

et al., 2014, Onat and Stakeeva 2014) including toxicological studies (Karlsson, Holgersson and 

Moller 2008, Lundstrom et al., 2011, Loxham et al., 2015).  

To assist with the report, COMEAP commissioned six working parties to produce reports for 

COMEAP to consider as evidence for the review. A literature review was commissioned as 

working party 1 (COMEAP 2018) identifying and summarising relevant studies and evidence from 

previous subway studies. Working party 2 (COMEAP 2018) summarised concentrations and 

components of PM in the London Underground  based on the paper by Smith et al., (2020).  This 

measured PM2.5 concentrations in train carriages over two to five journeys on all lines in the 

London Underground network. They found the highest concentrations on the Victoria Line, which 

had a median PM2.5 concentration of 361 µg m−3 with the deep tunnel lines having the highest 

PM2.5 concentrations. Mean PM2.5 concentrations in the LU were 88 µg m−3 compared to mean 

ambient background concentrations of 19 µg m−3.   

The authors found a great deal of variability between different lines and between locations within 

lines, which they concluded was influenced by station depth and distance from an above-ground 

station. PM2.5 mass and composition were measured on Hampstead station platform with PM2.5 

concentrations found to be highly correlated with train movements through the station (r2 = 0.96). 

Mean PM2.5 concentrations at Hampstead station ranged from 97 to 658 µg m−3 with the lowest 

concentrations occurring between 03:00 and 06:00 when there were no train movements 

following the last train. The chemical composition of LU PM2.5 at Hampstead station was found to 

comprise 47% iron oxide, 7% elemental carbon, 11% organic carbon, and 14% metallic and 

mineral oxides.  

COMEAP working party 3 (COMEAP 2018) investigated workers exposure to respirable dust: 

from 2005-2017. Information from TfL on routine London Underground worker dust-exposure 
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levels and PM sampling results, pre- and post-clean-up were discussed showing cleaning the LU 

was more successful when tunnels and platforms were cleaned compared to solely cleaning 

platforms. Occupational exposure in terms of respirable dust by workers in the LU were within 

occupational exposure limits.  Working Party 4 (COMEAP 2018) investigated the mechanistic 

evidence for health effects of particulate matter in the London Underground assessing the 

evidence for risks to health posed by exposure to PM in underground railway systems, analysing 

evidence from in vivo and in vitro studies performed in underground railway systems around the 

world. This concluded that currently there is little in-vivo and in-vitro evidence to suggest that 

underground PM poses a significantly increased risk to health compared to ambient PM. 

Working party 5 (COMEAP 2018) used statistical estimates and time-activity patterns from the 

London Hybrid Exposure Model (LHEM) (Smith et al., 2016) to estimate exposure to PM2.5 for the 

population of London and while traveling by the London Underground and bus. Finally, working 

party 6 (COMEAP 2018) looked at the comparison of published health-based exposure limits 

(occupational and population) with PM metal concentrations in the London Underground, from 

measurements made by Smith et al., (2020) on the platform at Hampstead underground station.  

After gathering evidence from the six working party reports, COMEAP made three research 

recommendations to further the understanding of the relationship between adverse health effects 

and exposure to subway PM. These were:  

1) Investigation of ways to increase the usefulness of employment health records of those working 

in the underground to assess potential adverse health effects of underground exposures. 

2) Well-conducted human exposure studies in volunteers, similar to the studies investigating the 

health effects of Oxford Street air pollution (Sinharay et al., 2018) and epidemiological studies, if 

power calculations suggest these could provide valuable additional understanding.  

3) Well-designed mechanistic studies (in vivo and in vitro) to better understand the relative toxicity 

of subway particle components and the molecular pathways involved. 

This thesis primarily focused on the second research recommendation of the COMEAP (2018) 

report by providing high-quality reference grade exposure data from the London Underground in 

support of a Medical Research Council (MRC) funded epidemiology study. This improved 

exposure estimates by undertaking a spatial and temporal monitoring campaign which 
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characterised PM2.5 in the London Underground and how PM2.5 varied with time and distance 

identifying environmental and other influencing factors. These exposure measurements were 

used with a series of respiratory and cardiovascular clinical outcomes measured in COPD 

participants and healthy volunteers with normal lung function before, during and after exposure 

on London Underground and London Overground train journeys. This was the first panel study to 

be undertaken in the subway and addressed the existing knowledge gap in understanding any 

adverse health effects of subway travel. 

The MRC study utilised a similar approach to the Oxford Street study (Sinharay et al., 2018) to 

address the possible health impacts of subway air in the London Underground. Using the same 

protocols as in the Oxford Street study the health impacts of using the London Underground 

network in healthy volunteers and subjects with cardio-respiratory problems was investigated. 

The MRC study used an open, crossover experimental design whereby each participant was 

randomly assigned a 90 min exposure on a London Underground Bakerloo line journey and as a 

control, a similar overground journey. Both journeys started at Willesden Junction station. The 

study population comprised participants with at least GOLD stage 2 COPD (GOLD 2023) (n=36) 

and healthy volunteers (n=47) with no evidence of airflow obstruction. All participants were 

required to have ceased smoking for at least 12 months. The first train journey was randomised 

with the participants undertaking the second journey 3-6 weeks later.  

On the morning of the participant train journeys, baseline measurements were taken of 

physiological and health metrics at Hammersmith Hospital, before participants were driven to and 

from Willesden Junction station in an electric taxi to undertake an exposure train journey. On 

return the physiological and health metrics were repeated at scheduled time points (Table 1.1). 

Participant personal exposures to PM, nitrogen dioxide (NO2) and ozone (O3) were characterised 

throughout each train journey to allow their effects on health to be disentangled to understand 

which pollutants were most responsible for any observed health effects arising from subway 

exposure. The exposure measurements were used to identify if travelling on the London 

Underground caused any changes to the participants measured physiological and health metrics 

relative to the overground. All health data was collected by the Clinical Research Fellow employed 

by the MRC study. 
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 Table 1.1: Time course of physiological and health outcome measurements. 

 Schedule of measurements  

Time (from start of 
subway exposure) 

-2hr 0hr +90mins +2hr +4hr +5hr +6hr +7hr +24hr 

Place lab site site lab lab lab lab lab lab 

Time (24hr) 8am 10am 11.30am 12pm 2pm 3pm 4pm 5pm 10am 

Symptoms X X X  X X X  X 

Arterial stiffness X   X  X X  X 

Venesection X       X X 

Diffusion capacity X       X X 

Urine collection X        X 

Spirometry X X X X X  X  X 

Induced sputum X       X X 

 

 

1.4 Aim and objectives 

The aim of this research was to provide high-quality reference grade exposure data from the 

London Underground and London Overground for use in a MRC funded study investigating 

“Exposure to particulate matter on the London Underground in healthy subjects and participants 

with Chronic Obstructive Pulmonary Disease (COPD)”.  

To deliver this there were five objectives: 

• Develop a mobile measurement system to measure PM2.5, nitrogen dioxide and ozone 

in subway and overground railway carriages. 

• Conduct a well-characterised exposure assessment of PM2.5, particle number count 

(PNC), particle size distribution, NO2 and O3 in the London Underground. 

• Measure the chemical composition and oxidative potential (OP) of PM2.5 in the London 

Underground. 

• Develop a cross-omics approach to understand molecular responses to exposures for 

use on the London Underground. 

• To provide evidence-based recommendations to Transport for London on reducing 

subway exposure for commuters. 
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1.5 Thesis structure 

Chapter 2 provides an in-depth literature review of the subway microenvironment, 

concentrations, factors affecting concentrations and sources of PM to provide a better 

understanding of PM variability within the subway microenvironment. An evaluation of subway 

health studies, personal exposure estimates and current methodology for deciding on safe 

exposure levels in the subway offers an insight into current knowledge of the health effects of 

subway travel. It then highlights remedial measures and air quality mitigation strategies that have 

been developed worldwide.  

Chapter 3 sets out how the aim to provide high-quality reference grade exposure data from the 

London Underground and London Overground for use in a MRC study was achieved. The 

methodology and instrumentation used to measure participant personal exposures is discussed 

and how measurement difficulties were overcome are described. An overview of the study 

locations, rationale of location choice, sampling strategy employed and the evolution and 

challenges of the study are outlined.  It is shown how laboratory and field intercomparisons and 

co-locations and the derivation of scaling factors were employed to ensure accurate 

measurements. 

Chapter 4 outlines an exposure assessment of the London Underground, focusing on the 

Bakerloo line. This evaluates the spatial and temporal resolution of all fractions of PM, NO2 and 

O3 in the subway.  The methodology of obtaining repeated measurements over an 18-month 

measurement period are discussed. PM2.5, NO2, particle number concentrations and particle size 

distributions found in the subway are compared to worldwide findings in the literature in 

understanding and identifying possible sources and influencing factors. Seasonal effects and the 

effect of tunnel depth on PM2.5 and NO2 concentrations are investigated.  

In Chapter 5 the methodology describes how particle mass was collected during the exposure 

trials onto two types of filter material for oxidative potential and chemical analysis. The 

composition of PM2.5 influences its toxicology, and it is important to gain knowledge about which 

chemical components could be causing particle toxicity. It explains the methodology of the 

laboratory work required for the assessment of PM2.5 oxidative potential and chemical composition 

in the subway. ICP-MS analyses conducted on those metals known to affect health and OP 
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analysis results are correlated and compared against previous research of OP analysis in 

Barcelona and London background and roadside sites. 

Chapter 6,outlines work on a multi-omic study carried out on metabolomics and transcriptomics 

data from the Oxford Street study (Sinharay et al., 2018) to be included in future work 

recommendations to investigate potential multi-omic signatures arising from exposure in the 

subway.  

The concluding chapter, Chapter 7, summarises and discusses the key points and conclusions 

of the PhD, including revisiting the aims and objectives of the thesis and the strengths and 

limitations of the study. The final section provides evidenced-based recommendations on 

reducing exposures in the London Underground, including any suggested remedial work and 

future directions for research. 
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Chapter 2 Literature Review 

2.1 Literature review search strategy 

To identify the relevant literature on all aspects of subway air quality a search strategy was 

developed for this PhD project with the title “Concentrations and Health Effects of particulate 

matter on the London Underground”. The literature search was used to identify relevant literature 

relating to subway air quality, subway health studies, particulate matter sources in the subway, 

transport microenvironment comparisons and interventions to improve air quality in the subway. 

The literature search was conducted across Ovid MEDLINE, Ovid EMBASE, Ovid Global, 

CINAHL and Google Scholar databases.  

The searches included all published papers, conference proceedings and thesis’ from inception 

to 20 January 2022 with no language criteria being specified. The search strategy was developed 

to find all papers relevant to this PhD project. The databases were searched for all entries 

containing the search headings (1) EITHER “underground” OR “London Underground” OR 

“subway” OR “Metro” OR “railroads”, AND (2) EITHER “air pollution” OR “air pollutants” OR 

“particulate matter” OR “pm2.5” OR “pm10”. In the Ovid databases “air pollutant*” and “pm2*” 

were searched. The terms “air pollution” and “air pollutants” were included to capture references 

to nitrogen dioxide and ozone. No results were excluded from each of the databases. The results 

are shown in Figure 2.1. The search strategy for this review is shown in Figure 2.2. 

Ovid MEDLINE 

Search Heading      Number of Results 

1. underground.mp      7415   
2. London Underground          50 

3. subway.mp or Railroads/     3685 

4. metro.mp       2017 

5. 1 OR 2 OR 3 OR 4                12087             

6. air pollution.mp                         65970 

7. air pollutant*                 73834 

8. particulate matter.mp                34578 

9. pm2*.mp                 15959 

10. pm10.mp                  7814 

11. 6 OR 7 OR 8 OR 9 OR 10             127359 

12. 5 AND 11         943 
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Ovid EMBASE 

Search Heading      Number of Results 

1. underground.mp      9643 

2. London Underground          61 

3. subway.mp       1040 

4. railroads.mp         221 

5. metro.mp       3388 

6. 1 OR 2 OR 3 OR 4 OR 5               13944 

7. air pollution.mp                           106801 

8. air pollutant*                 43257 

9. particulate matter.mp                66600 

10. pm2*.mp                 22098 

11. pm10.mp                 12402 

12. 7 OR 8 OR 9 OR 10 OR 11                    170513 

13. 6 AND 12         878 

Ovid Global Health 

Search Heading      Number of Results 

1. Underground.mp      2851 

2. Subway.mp         276 

3. London Underground.mp                  7 

4. railroads.mp         417 

5. metro.mp         896 

6. 1 OR 2 OR 3 Or 4 OR 5                  4264 

7. air pollution.mp                             29332 

8. air pollutant*.mp                18345 

9. particulate matter.mp                12441 

10. pm2*.mp       8987 

11. pm10.mp       5440 

12. 7 OR 8 OR 9 OR 10 OR 11               33891 

13. 6 AND 12         282 

CINAHL 

Search Heading      Number of Results 

1. Subway or metro or underground    2788 

2. London Underground              35 

3. railroad                    1007 

4. 1 OR 2 OR 3       3151 

5. air pollution                 11282 

6. air pollutants                   5870 

7. particulate matter                  4938 

8. pm2.5        1700 

9. pm10          902 

10. 5 OR 6 OR 7 OR 8 OR 9               13809 

11. 6 AND 12         104 
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Google Scholar 

Search Heading      Number of Results 

(subway OR railroad OR metro OR underground OR   773 

London underground) AND (air pollution OR air pollutants   

OR particulate matter OR pm2.5 OR pm10) 

 
Figure 2.1: Results for search strategies for each database. 

The searches generated 943 results in Ovid MEDLINE, 878 results in Ovid EMBASE, 282 results 

in Ovid Global Health, 104 results in CINAHL and 773 results in Google Scholler giving a total of 

2980 papers yielded by this initial search strategy. The abstracts for each citation identified for 

each database result were screened for relevance to air quality, subway pollutant sources, 

subway health studies, transport microenvironment comparisons, that included the subway, and 

intervention studies.  

Following this screening 479 citations were retrieved that fitted the screening criteria: 116 in Ovid 

MEDLINE, 153 in Ovid EMBASE, 58 in Ovid Global Health, 14 in CINAHL and 138 in Google 

Scholar. Duplicate removal yielded 233 citations being removed leaving 246 unique references. 

Further refinement removed 26 citations that were non-English (n=7), abstracts only (n=6), non-

subway (n=8) and non-PM (n=5). This resulted in 220 unique citations that were relevant to the 

PhD title. Only two references were found relating to nitrogen dioxide in the subway with no 

references to ozone found for the subway environment. This was supplemented by a further 25 

citations from a review by Chang et al., (2021) resulting in 245 unique citations. These included 

studies relating to subway exposure assessment (n=79), health studies (n=59), PM sources 

(n=58), transport microenvironments (n=25) and intervention studies (n=24). The 245 identified 

studies form the basis for the literature review. 
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Figure 2.2: Literature search methodology. Papers were selected for inclusion in the review by combining 
each of the search boxes with the Boolean operator “AND”, across five databases. The papers yielded by 
this initial search were refined to only those of relevance to the subway and supplemented by relevant papers 
used in the review of Chang et al., (2021). This yielded the 245 papers forming the core body of literature 

for this review. Further studies have been included and cited where appropriate. 

SEARCH TERM 
“underground” OR 
“london underground” 
OR 
“subway” OR 
“railroads” OR 
“metro”  
 

SEARCH TERM  
“air pollution” OR 
“air pollutants” OR 
“particulate matter” OR 
“pm2.5” OR 
“pm10”  

 
 

AND 

Databases Searched 
Ovid MEDLINE 
Ovid EMBASE 
Ovid Global Health 
CINAHL 
Google 
 

2980 records 
identified through 
database searching 

 

479 records identified 
through database 
searching 

2501 records excluded for 
relevance 

246 records after 
duplicates removed 

246 full-test articles 
assessed for 
eligibility 

26 studies not included as follows: 

• 7 studies written in non-English 

• 6 studies had abstracts only 

• 8 studies were non-subway 

• 5 studies were non-PM related 

 

220 studies included 
for suitability 

 
25 additional records 
identified from Chang et al., 
(2021) 

 245 studies included 
for final literature 
review 
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2.2 The subway microenvironment 

Urban transport plans are increasingly incentivising the use of public transport to relieve 

atmospheric emissions from traffic congestion (Yang et al., 2018). In this context, subway systems 

offer one of the greenest, most environmentally friendly methods of public transportation in large 

urban areas (Nieuwenhuijsen, Gomez-Perales and Colvile 2007). They provide a fast, energy 

efficient, low emission form of commuting whilst relieving surface traffic congestion and have 

become the leading mode of public transport in most metropolitan areas worldwide (Jung et al., 

2010, Moreno et al., 2014).  

However, there are increasing concerns regarding the potential health effects of long-term 

exposure to the elevated concentrations of particulate matter found in the subway (Roy et al., 

2022, Wang et al., 2023), leading to a focus on concentrations and the unique physicochemical 

properties of subway particulate matter (Aarnio et al., 2005, Moreno and de Miguel 2018). Thus, 

there is an urgent need, given the number of people potentially exposed every day, to understand 

the consequences to health.  

There is increasing toxicological, clinical, and epidemiological evidence linking human exposure 

to urban air pollution. Health hazards associated with increased mortality and morbidity include 

respiratory and pulmonary cardiovascular health effects (Amiri et al., 2019). Moreover, elevated 

levels of PM2.5 are strongly correlated with increased chronic obstructive pulmonary disease 

(COPD) prevalence (Ni, Chuang and Zuo 2015, Doiron et al., 2019, Han et al., 2019) with a 

lifelong burden on health (Fuller, Friedman and Mudway 2023). Indeed, there is strong evidence 

that PM2.5 exposure affects cardiovascular and respiratory health even at very low concentrations 

(Dominici et al., 2006) and there are no safe levels of particulate matter (PM), especially fine 

particulate matter (PM2.5) below which no damage to health is observed (Kelly and Fussell 2015). 

Although it has not yet been determined if subway particulate matter causes increased 

genotoxicity, inflammatory processes, reactive oxygen species  and oxidative stress than urban 

particulate matter across all size ranges of PM, it is likely, given the known health effects of urban 

PM, that subway exposure poses a risk to health (COMEAP 2018).  

It has long been recognised that subway railway particles originate predominantly from abrasion 

at the wheel/rail interface, producing differing size distributions, particle morphology, 

concentrations, and chemical composition relative to ambient particulate matter (Sitzmannn 
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1999). They are more angular and elongated in shape, chemically dominated by iron and loaded 

with other transition metals, in comparison to urban air particles (Querol et al., 2012, Moreno et 

al., 2015). Transition metals, such as Mn, Cr, Cu and Ba, have high oxidative potential, an 

important determinator for systemic inflammation, giving a clear reason why exposure to subway 

air may pose a risk to health (Jiménez et al., 2000, Kelly 2003). 

The complexity of subway air is compounded by the often poorly ventilated, confined spaces 

found in subway network systems. There is often little air exchange allowing dust to accumulate 

in tunnels and platforms (Kang et al., 2008, Chang et al., 2021). This was clearly demonstrated 

in a newly opened subway platform in Stockholm, where PM concentrations rapidly increased 

following the platform opening and were strongly linked to train-movements (Cha et al., 2019), 

thus demonstrating that much of the inhalable PM is produced underground and remains 

underground (Jung et al., 2010, Sheikh et al., 2022).   

2.3 Measuring air quality 

Worldwide, studies have found large differences in subway PM concentrations between cities 

(Johansson and Johansson 2003, Martins et al., 2016, Smith et al., 2020, Luglio et al., 2021). 

However, directly comparing cities is challenging, due to differing PM size fractions being 

measured, measurement techniques and instrumentation, measurement locations, measurement 

periods and whether a conversion factor was used to account for subway environments 

(Nieuwenhuijsen, Gomez-Perales and Colvile 2007). There are also many different subway 

factors such as train frequency, type of ventilation system, age, tunnel length and depth, rolling 

stock, wheel material and sources of particulate matter which directly affect measured PM 

concentrations (Salma, Weidinger and Maenhaut 2007, Carteni, Cascetta and Campana 2015, 

Pan et al., 2019).  

Due to the different physicochemical nature of subway PM in comparison to ambient air (Aarnio 

et al., 2005, Querol et al., 2012) not all ambient approaches to measuring PM are suitable in the 

subway (Querol et al., 2012, Cha, Abbasi and Olofsson 2018, Smith et al., 2020), although 

gravimetric measurements can be used in subway environments (Luglio et al., 2023). Subway 

PM is substantially denser than ambient PM and factors derived for ambient PM cannot be reliably 

used to calibrate in the subway (Querol et al., 2012)  It is therefore particularly important to derive 

source-specific correction factors for subway PM measurements as without correction factors 
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being applied the different instrumentation used by investigators are not directly comparable 

(Querol et al., 2012, Cha et al., 2019). Very few studies apply specific calibration factors 

separately for PM2.5 and PM10 (Querol et al., 2012). 

Optical particle counting (OPC) instruments are widely used in subway studies due to their small 

size and portability (Chen et al., 2016, Zhang, Xu and Su 2020, Luglio et al., 2023). Optical particle 

counting based devices have a 200-300 nm lower size cut-off and differences in the size 

distribution and density of particulate matter in the subway undermines the interpretation of these 

data without adequate calibration to the measured environments (Querol et al., 2012). 

Some researchers use a variety of instrumentation to obtain the full-size range of PM to include 

ultrafine particles (UFP’s) (< 100 nm) (Smith et al., 2020, Kumar et al., 2023). There is a wide 

variation in approaches adopted in the literature to ensure measurements are comparable to 

reference instrumentation. These range from not describing any calibration (Pan et al., 2019, 

Mousavi Fard, Asilian Mahabadi and Khajehnasiri 2021), applying no correction (Zhao et al., 

2017, Passi, Nagendra and Maiya 2021), calibrating to ambient air (Onat and Stakeeva 2014, 

Kumar et al., 2023) and calibration against independent reference instruments in subway 

environments, often using gravimetric techniques simultaneously with instrument measurements 

(Moreno et al., 2014, Martins et al., 2016, Luglio et al., 2021).  

The majority of subway studies are short-term campaigns (Zhao et al., 2017, Cheng, Ninh and 

Yeh 2019, Posselt, Neuberger and Kohler 2019), that take place in static locations such as on 

platforms (Mugica-Alvarez et al., 2012, Cusack et al., 2015, Kumar et al., 2023),  which do not 

accurately reflect exposure across the commuting population. There are very few studies similar 

to Smith et al., (2020), which reflect exposure across the commuting population and map entire 

networks that would allow a better comparison between cities. As an example of a city led 

approach, the Paris subway has been continuously monitoring concentrations of temperature, 

relative humidity, carbon dioxide, nitrogen oxides, PM2.5 and PM10 at five stations since 1997, to 

improve air quality and reduce PM emissions (RATP 2023). However, the contrasting 

measurement approaches in subway studies and unique subway factors which directly affect PM 

measurements in worldwide subway systems makes It difficult to directly compare cities. (Querol 

et al., 2012).  
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Despite this, most studies conclude that PM2.5 concentrations in subway systems are regularly 

higher than at street level (Russell et al., 2022, Azad et al., 2023). London is often reported as 

having the highest PM2.5 and PM10 concentrations worldwide (Seaton et al., 2005, Smith et al., 

2020). This is due to a combination of the systems age and deep, poorly ventilated tunnels 

allowing accumulation of particles (Nieuwenhuijsen, Gomez-Perales and Colvile 2007). Indeed, 

gravimetric measurements of PM2.5 at Hampstead station, the deepest platform in London, have 

shown values of 270 – 658µg m-3 (Seaton et al., 2005, Smith et al., 2020) with no improvement 

in concentrations occurring in the 15 years between these studies, in contrast to the big 

improvements seen in ambient air quality (Kitwiroon, Beevers and Williams 2019). 

Early measurements of size, mass and composition of particulate matter in the London 

Underground found mean PM9 concentrations of 795 µg m-3 (Priest, Burns and Gorbunov 1998). 

Moreover, a study of manganese (Mn) exposure of taxi drivers unexpectantly showed that the 

control group of office workers had higher Mn exposures than taxi drivers due to commuting on 

the subway (Pfeifer, Harrison and Lynam 1999). Further studies have demonstrated subway 

users had 3-10 times higher exposures than other transport users in London, when compared 

over 3-week periods in winter and summer (Sitzmannn 1999, Adams et al., 2001).  

In many of the world’s subway systems airborne PM2.5 concentrations have been reported as 

being elevated far beyond ambient levels; New York 779 µg m-3 (Luglio et al., 2021), Stockholm 

260 µg m-3 (Johansson and Johansson 2003), Seoul 129 µg m-3 (Kim et al., 2008), Shanghai 126 

µg m-3 (Guo et al., 2017), Barcelona 125 µg m-3 (Querol et al., 2012), New York 125 µg m-3 (Luglio 

et al., 2023), Seoul 105 µg m-3 (Park and Ha 2008), Toronto 100 µg m-3 (Van Ryswyk et al., 2017), 

Prague 93.9 µg m-3 (Cusack et al., 2015), Paris 93 µg m-3 (Raut 2009) and Los Angeles 57 µg m-

3 (Kam et al., 2011) among others (Table 2.1). These concentrations are significantly higher than 

the WHO PM2.5 annual guideline of 5 µg m-3 and the 24-hour guideline of 15 µg m-3, respectively 

(WHO 2024). Although these are often short-term campaigns that do not necessarily reflect 

exposure across commuting populations, they demonstrate the urgent need to improve subway 

air quality,  

2.4 Factors affecting concentrations. 

There are few studies observing spatial and temporal variations of PM concentrations throughout 

entire subway networks such as Smith et al., (2020). Studies observing PM concentrations 
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throughout entire subway networks, have shown heterogeneity where there is no active 

ventilation, with the highest concentrations on platforms, decreasing in train carriages, with the 

lowest concentrations at gate-lines and ticket halls (Jung et al., 2010, 4-Rail Services Ltd 2016, 

Guo et al., 2017). Gaseous pollutants, nitrogen dioxide (NO2) and ozone (O3) are generated 

outside of the subway system, primarily from vehicle exhaust, and enter through tunnel and 

station entrances as well as ventilation shafts (Cao et al., 2017). There is a paucity of 

measurements of NO2 and O3 in the subway, although Cao et al., (2017) demonstrated NO2 

concentrations decreased as measurements were taken deeper in the subway as the influence 

of outside air diminished. No measurements of O3 in subway systems have been found. 

Subway air quality depends on a complex interplay of factors involving the wheel/rail interface 

materials, braking mechanisms, train speed and frequency, passenger densities, ventilation and 

air conditioning systems, system age, presence or absence of platform screen doors (PSD’s), 

cleaning frequency, tunnel depth, proximity from above-ground air and station design (López 

González et al., 2014, Martins et al., 2016). The influence of the steel wheel/rail interface 

significantly increased PM2.5 concentrations in Toronto (mean 100 µg m-3) compared to the rubber 

wheel/rail interface used in Montreal (mean 36 µg m-3) (Van Ryswyk et al., 2017).  

Braking significantly increases the generation and resuspension of particulates on platforms and 

in train carriages (Cha, Abbasi and Olofsson 2018, Durand 2019) especially at track curvatures 

or gradients (Jung et al., 2010, Martins et al., 2016, Moreno and de Miguel 2018). Concentrations 

are enhanced by the turbulence created by the ‘piston effect’ of trains moving through the tight 

confines of tunnels (Amato, 2018; Cartenì et al., 2015; Johansson and Johansson, 2003; Ma et 

al., 2014). The piston effect pushes tunnel air in front of the train and pulls air particles in the 

vacuum behind, which in the absence of active ventilation (Moreno et al., 2014), pushes polluted 

air from the tunnel bore into station platforms (Salma, Weidinger and Maenhaut 2007, Saunders 

et al., 2019).      

 

 

 

 



43 
 

Table 2.1: Comparison of PM2.5 concentrations measured on platforms, inside train carriages and drivers’ 
cab in different subway systems worldwide. 

Measurement 

Location 

City PM2.5 (µg m-3)                                

Range (min-max)      Mean 

Reference 

Platform New York 392-1499 779 Luglio et al., (2021) 

 London  658 Smith et al., (2020) 

 London 270-480 - Seaton et al., (2005) 

 Stockholm 105-388 258 Johansson and Johansson 

(2003) 

 Seoul 82-176 129 Kim et al., (2008) 

 Shanghai 65-182 126 Guo et al., (2017) 

 Barcelona 110-186 125 Querol et al., (2012) 

 New York 45-233 125 Luglio et al., (2023) 

 Seoul  105 Park and Ha (2008) 

 Toronto 50-171 100 Van Ryswyk et al., (2017) 

 Prague - 93.9 Cusack et al., (2015) 

 Paris - 93 Raut (2009) 

 Oporto - 83.7 Martins et al., (2016) Martins 

et al., (2016)  

 Athens - 68.3 Martins et al., (2016) 

 New York - 62 Chillrud et al., (2004) 

 Helsinki 23-103 60 Aarnio et al., (2005) 

 Naples 48-90 58 Carteni, Cascetta and 

Campana (2015) 

 Los Angeles 9-130 57 Kam et al., (2011) 

Train Carriage London 39-734 306 Saunders et al., (2019) a  

 Athens - 124.8 Martins et al., (2016) 

 Seoul  117 Park and Ha (2008) 

 London <4-885 88 Smith et al., (2020) 

 London 14-368 68 Saunders et al., (2019) b  

 Mexico 31-99 57 Gomez-Perales et al., (2004) 

 Oporto - 54.1 Martins et al., (2016) 

 Naples 11-59 44 Carteni, Cascetta and 

Campana (2015) 

 Stockholm 7.8-65.9 37.5 Cha, Abbasi and Olofsson 

(2018) 

 Barcelona 17-32 25 Querol et al., (2012) 

Drivers Cab London 130-200 - Seaton et al., (2005) 

 New York  88 Azad et al., (2023) 

a Deep-tunnelled lines. 

b Shallow sub-surface lines. 
 

As a result, platform concentrations are closely corelated with train frequency, displaying a regular 

diurnal variation linked to vehicle intensity (Zhang, Xu and Su 2020, Kumar et al., 2023). 

Moreover, after train operating hours, a continuous decrease in concentrations rapidly occurs due 

to gravitational settling before increasing again when the service resumes, illustrating the coarser 
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properties of subway particles (Johansson and Johansson 2003, Cha et al., 2019, Kumar et al., 

2023).  PM concentrations vary in time and space along platforms with maximum levels at the 

tunnel entrance at train arrival before levels fall when the train stops before increasing at the 

tunnel exit platform point as trains depart  (Moreno et al., 2014, Wang 2016). In fact, 

concentrations vary throughout stations (Seaton et al., 2005, 4-Rail Services Ltd 2016) with tunnel 

cleansing only making a minor contribution to the reduction of PM2.5 levels (Johansson and 

Johansson 2003, Gustafsson et al., 2012) or no difference in the Toronto subway (Van Ryswyk 

et al., 2021)   

Train carriage concentrations are affected by the opening and closing of train doors, the presence 

of carriage air conditioning and windows being open or closed in tunnels (Kim et al., 2012, Martins 

et al., 2016, Cha et al., 2018). Although PM concentrations inside train carriages are usually lower 

than on subway platforms, they are often reported to be higher than ambient levels (Rivas, Kumar 

and Hagen-Zanker 2017, Mohsen, Ahmed and Zhou 2018, Carteni et al., 2020). There are large 

variations along a line and between lines; trains deep in tunnels away from the influence of outside 

air have the highest concentrations which decrease as the train goes above ground (Carteni, 

Cascetta and Campana 2015). In London, Saunders et al., (2019) observed mean PM2.5 

concentrations ranged from 68 µg m-3 in shallow above-ground lines to 306 µg m-3 in deep, 

tunnelled sections compared to an ambient surface mean of 21 µg m-3, confirming that PM2.5 is 

generated by subway sources with only a small contribution from the surface. However, a complex 

relationship exists between PM2.5 concentrations, tunnel depth and proximity to above-ground air, 

for which a better understanding is required (Figueroa-Lara 2019, Saunders et al., 2019).  

2.5 Sources of particulate matter 

Subway sources and activities generate particles that are physically and chemically different to 

those in ambient air. The majority of subway PM is created underground and is dominated by iron 

(Fe) containing particles; substantially different to urban particles (Martins et al., 2016). There is 

a variable contribution from ambient air drawn into the system through tunnels and stations 

dependant on the ambient concentration and proximity to outside air (Kim et al., 2008, Martins et 

al., 2016). Train-specific sources are primarily emitted from the mechanical abrasion processes 

at the wheel/rail interface, brake blocks, and collector shoes with a contribution from non-train 
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sources such as cleaning and passengers (Salma, Weidinger and Maenhaut 2007, Moreno et al., 

2015, Smith et al., 2020).  

These sources are common world-wide and give subway particles their very distinct 

physicochemical properties (Querol et al., 2012). Iron is consistently the most abundant element 

contributing between 40 and 80% of PM mass fraction  (Seaton et al., 2005, Querol et al., 2012, 

Martins et al., 2016) with magnetite the dominant form of iron in the London Underground (Sheikh 

et al., 2022, Kumar et al., 2023). Indeed, Jung et al., (2010) have shown iron containing particles 

are generated in the tunnels and are in a steady state with little daily change. Particle shape is an 

important source indicator with subway particles more angular, due to mechanical abrasion and 

friction, than agglomerates of carbon particles typical of traffic exhaust emissions (Sitzmannn 

1999). Consequently, particle number concentrations are dominated by the small fraction, 

although modal particle diameter is greater than in ambient air (Smith et al., 2020) and particle 

mass is dominated by particles larger than 1um in diameter (Cha et al., 2018), reflecting the 

coarser nature of particle composition. This is confirmed by the mean PM2.5/PM10 mass ratio of 

0.3 – 0.4 on platforms and in train carriages which is consistent across many systems (Salma, 

Weidinger and Maenhaut 2007, Querol et al., 2012) and lower than the ambient mean PM2.5/PM10 

mass ratio of 0.6 – 0.7 (Munir 2017).  

Elemental ratios of metals contained in steel dust can help identify potential sources. In New York 

City (Chillrud et al., 2004) demonstrated that teenagers using the subway showed increased 

exposure to manganese (Mn), chromium (Cr) and iron (Fe) and found ratios of the pairs Fe/Mn 

and Cr/Mn of 107 and 0.34. These are representative of the ratios found in steel, and greater than 

typical crustal ratios of 55 and 0.11 (Grass et al., 2010). These enhanced ratios have been 

observed worldwide (Aarnio et al., 2005, Salma, Weidinger and Maenhaut 2007, Smith et al., 

2020). Train braking generates high levels of trace elements dependent on the braking system 

and how hard the brakes are applied (Moreno et al., 2015). The introduction of new rolling stock 

on one subway line in Toronto led to a 31% decrease in PM2.5 concentrations due to reduced use 

of friction brakes, whereas on a separate line PM2.5 concentrations increased by a factor of 1.48 

due to the increased use of emergency braking (Van Ryswyk et al., 2021). 

In Stockholm, Cha et al., (2018) demonstrated that when trains are in tunnels, or doors are open, 

significant increases in particulate matter after braking is observed with many metallic elements 
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being substantially elevated. As a result, the differing metal concentrations observed in subway 

systems are dependent on the chemical composition of sources; wheels and rails (Fe, Mn, Cr), 

brakes (Ba, Sb, Cu, Zn, Pb, Ni, Sr), and current supply materials (Cu). Although trace metals 

represent less than 2% of total PM2.5 found in the subway, the determination of metal 

concentrations, trace metals and iron, is essential for source identification and its toxicological 

properties (Martins et al., 2016).  Both particle size and chemical composition of subway PM differ 

markedly from outside air and are important parameters when evaluating health effects. 

2.6 Health studies 

There remains a paucity of experimental studies assessing the deleterious health effects of 

exposure to subway particulate matter when compared to the knowledge acquired of exposure to 

ambient PM. There have been no subway epidemiological studies and the few subway in-vivo 

and in-vitro studies that have assessed health effects have shown inconsistent results. 

Consequently, little evidence of the short or long-term health impacts of subway PM exposure 

has been gathered, especially the impact on those with chronic diseases. This is partly due to low 

disease incidence and small study populations of subway workers leading to statistical 

underpowering. It is known that the transition metal-rich nature of subway PM could potentially 

stimulate oxidative stress and reactive oxygen species (ROS) generation, inducing systemic 

inflammation in biological tissues (Jiménez et al., 2000) but the clinical significance remains 

unclear. 

Three in-vivo studies of human exposure to subway PM have taken place in the Stockholm 

subway (Klepczynska Nystrom et al., 2010, Lundstrom et al., 2011, Klepczynska-Nystrom et al., 

2012). No effect on lung function was found following a 2h exposure on the Stockholm subway of 

20 young volunteers, but there was a statistically significant increase of plasma fibrinogen and 

blood T cell count, indicating a systemic biological response to the subway environment 

(Klepczynska Nystrom et al., 2010). This study involved mainly young, healthy volunteers or those 

with mild asthma, over short exposure periods. However, in a follow-up study, 16 mild asthmatics, 

with similar exposure, showed statistically significant increased activation of T cell markers in 

bronchoalveolar lavage fluid (BALF) but no increase in blood T cell counts (Klepczynska-Nystrom 

et al., 2012). Following exposure to Stockholm subway air of healthy and asthmatic individuals, 

healthy individuals showed increased oxylipin levels, suggesting asthma specific anti-
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inflammatory effects (Lundstrom et al., 2011). In contrast, a study in Taipei of heart rate variability 

(HRV) in young, healthy individuals in different transport modes found decreased HRV with 

increases in PM2.5 (Liu et al., 2015)  a marker of autonomic imbalance, similar to previous studies 

(Kelly and Fussell 2017). 

A recent study of nine subway workers in the Paris subway (Canu et al., 2021) quantified PM 

concentrations and metal concentrations in exhaled breath condensate (EBC), urine and PM. 

They investigated their associations and assessed the relevance of EBC in biomonitoring. The 

subway workers were security guards, train drivers and station agents. They were monitored over 

two-weeks with urine and EBC samples taken pre- and post-shift. For ultrafine particle number 

concentrations in PM a statistically significant relationship was found with EBC linked with Zn and 

Cu concentrations in PM10., suggesting EBC could be a relevant matrix when assessing human 

exposure to UFP’s in the subway. The small sample size makes the clinical significance of the 

study unclear. 

There have been six chronic exposure occupational health studies of subway workers, of which, 

four were in Stockholm (Bigert et al., 2007, Bigert et al., 2008, Gustavsson, Bigert and Pollan 

2008, Grass et al., 2010, Bigert et al., 2011, Mehrdad, Aghdaei and Pouryaghoub 2015). Bigert 

et al., (2007) concluded that subway drivers had no significantly increased risk of myocardial 

infarction compared to other manual workers and no evidence was found by Gustavsson et al., 

(2008) of an increase in lung cancer incidence compared to other workers. A study of subway 

workers in New York City (Grass et al., 2010) found urinary isoprostane concentrations were 

significantly correlated with cumulative subway PM2.5 exposure, suggesting a link to the number 

of years worked in the subway, although urinary isoprostane levels were not significantly higher 

than in bus drivers or office workers. These in-vivo studies suffered from a lack of statistical power 

and inconsistent clinical health outcomes, making it difficult to determine their clinical significance. 

On the other hand, in-vitro evidence is more compelling in revealing the toxicity of subway PM 

and the mechanisms involved.  

The first study in London to assess the health risks of exposure to subway dust involved in-vitro 

toxicological testing on type II human alveolar-like A549 epithelial cells (Seaton et al., 2005). 

Seaton et al., (2005) compared a series of toxicological outcomes of cell exposure to tunnel dust, 

ambient PM, and titanium oxide (TiO2). Tunnel dust stimulated more free radical activity, DNA 
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damage and greater release of lactate dehydrogenase (LDH) and interlukin-8 (IL-8) than the 

controls. The pro-inflammatory effects of IL-8 release were negated by chelation indicating that 

soluble transition metals were responsible.  

In a similar study in Stockholm, A549 cells were exposed to subway and urban street particles 

(Karlsson, Nilsson and Moller 2005) with subway particles found to be eight times more genotoxic 

and four times more likely to cause oxidative stress in lung cells than urban street particles. A 

further study using A549 cells compared the genotoxicity and ability to induce inflammatory 

mediators of subway PM, urban street PM, wood pellet combustion and tyre wear (Karlsson et 

al., 2006). DNA damage from subway PM was significantly higher than other PM types inducing 

significant changes in TNF-α from human monocyte-derived macrophages, as well as 

inflammatory cytokines, IL-6 and IL-8. Furthermore, subway particles caused four-fold damage in 

A549 cell mitochondrial depolarization, compared to controls Fe3O4, Fe2O4, Fe2O3, CuO and Cu-

Zn,  and was similar to wood and diesel PM, but greater than street PM and tyre/road wear 

PM(Karlsson 2008). The combination of Fe and Cu was the most efficient in generating ROS, 

which is significant as this reflects the general composition of subway PM (Loxham and 

Nieuwenhuijsen 2019).  

Inhalable PM10 from two deep platforms at Baker Street on the London Underground was 

introduced into cultures of A549 cells and human primary airway epithelial cells (Miyashita et al., 

2022). Evidence was found of increased risk of pneumococcal infection due to adhesion to airway 

cells and entry of bacteria in cells, increasing susceptibility to pneumococcal infection. In a mouse 

model increased mortality and the translocation of pneumococcus into the systemic circulation 

was observed. 

In Paris, the Réseau Express Régional (RER), with the traditional steel-based system (Fe 61%) 

and the Paris Metro using rubber tyres and wooden brakes (Fe 42%) operate. The elevated iron 

content of RER PM elicited greater biological effects on murine macrophages with enhanced 

expression of hemeoxygenase-1 (HO-1), a marker of antioxidant response to oxidative stress, 

and a time- and dose-dependent increase in TNF-α and MIP-2 production by RAW 264.7 cells 

(Bachoual 2007). Similarly, a concentration-dependent increase in IL-8 release, ROS generation 

and HO-1 upregulation from subway PM which crossed the mucous barrier was found (Loxham 

et al., 2015). There was a greater response to the fine fraction of PM compared to the coarser 
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fraction, ameliorated by deferoxamine (DFX) and N-acetylcysteine (NAC) in the fine fraction, 

suggesting an iron-dependent mechanism derived from the wheel/rail interface and braking 

systems.   

As part of the Risk of Airborne Particles - a hybrid Toxicological and Epidemiological study 

(RAPTES), 31 healthy volunteers were exposed at locations in the Netherlands, including two 

traffic sites, a subway train station, a farm and an urban background site, each with differing PM 

sources and concentrations. Subway particles were dominated by a high transition metal content, 

particularly Fe, Cu and Ni. An in-vitro toxicity study of PM collected at the different sites was 

conducted by Steenhof et al., (2011). They concluded that the high transition metal content of 

subway PM was responsible for the large decrease in metabolic activity in macrophages in 

comparison to the traffic and urban background sites. However, the pro-inflammatory response 

was highest for PM collected at traffic locations, making it difficult to draw firm conclusions about 

associations between in vitro toxicity and specific PM components. 

It has been proposed that the oxidative potential of PM could be more informative of the biological 

effects of exposure than PM mass alone (Janssen et al., 2014). The oxidative potential (OP) of 

PM2.5, collected from several stations in Barcelona, to deplete ascorbic acid (AA) and glutathione 

(GSH) found antioxidant depletion was not linked to PM2.5 concentrations, although it was 

positively associated with metallic trace elements (Moreno et al., 2017).  

In-vitro evidence suggests that the transition metal-rich nature of subway PM is able to elicit 

greater ROS generation and enhanced oxidative damage than ambient PM. Together with the 

ability to induce inflammatory responses in cultured human lung tissues, in-vitro studies indicate 

that the effect occurs despite having a lower particle number count (PNC) than ambient PM. The 

importance of elevated iron concentrations within the subway is highlighted by iron chelation 

which significantly reduced in-vitro toxicological effects. Nevertheless, inflammatory responses 

and ROS generation still took place indicating that genotoxic and oxidative stress potential occurs 

in the presence of trace metals. This infers these components are working synergistically with 

iron oxides and it is particle metal enrichment that is responsible for the increased toxicology 

rather than iron content alone. However, the coarser size fraction and the smaller surface area of 

subway PM lowers the proportion of the insoluble fraction possibly reducing the reactive toxic 

potential of subway particles (Loxham and Nieuwenhuijsen 2019). Overall, there are disparities 
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between the in-vivo and in-vitro evidence, which is likely due to statistical underpowering and poor 

selection of health outcome measures in-vivo. It is possible that the interplay of complex human 

tissues and organs modulate the effects of subway PM in-vivo more than cell cultures in-vitro. 

Despite this, studies suggest that following exposure, elevated levels of iron oxides and trace 

metals in subway PM cause increased genotoxicity, oxidative stress and systemic inflammation.   

2.7 Contribution to personal exposure 

Exposure to subway air is repeated daily for most commuters and attempts have been made to 

quantify the health effects of subway PM2.5 exposure based on the co-efficient used for quantifying 

mortality from ambient PM2.5 exposure. There are a number of problems with this; subway PM 

has different physicochemical properties to ambient PM and health effects are not related to mass 

concentrations alone (Franklin, Koutrakis and Schwartz 2008, Cassee et al., 2013, COMEAP 

2018). Moreover, the higher concentrations found in the subway may not linearly apply to the 

concentration-response relationship quantifying risk relating ambient exposure and health 

outcomes (Burnett et al., 2014). Nevertheless, the London Hybrid Exposure Model (LHEM) (Smith 

et al., 2016) showed that transport microenvironments are important in establishing daily personal 

exposures with those commuting, particularly by London Underground (mean PM2.5 94 µg m-3), 

having the highest exposures. Studies have estimated an 8-18 µg m-3 incremental increase in 

daily PM2.5 exposure to subway PM2.5 for passengers in London (Seaton et al., 2005, Saunders 

et al., 2019). In Barcelona passenger daily exposure was estimated to increase by 10%, but for 

specific metals this could be one order of magnitude higher (Querol et al., 2012).  

2.8 Remedial measures to reduce PM concentrations 

Reducing exposure to subway PM through remedial measures is essential to improving air quality 

for passengers. The combination of Platform Screen Doors (PSD’s) and tunnel, platform and 

carriage ventilation have been shown to be the most effective at reducing PM concentrations and 

improving air quality for passengers (Moreno et al., 2017, Carteni and Cascetta 2018, Choi et al., 

2019). Indeed, in Barcelona tunnel ventilation maintained clean air on platforms reducing PM 

mass and particle number concentrations by over 50% in the presence of PSD’s, with air 

conditioning in trains leading to substantially lower PM concentrations than on platforms (Moreno 

et al., 2017). The cleanest, subway system is the high-quality line constructed for the Winter 
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Olympics in 2006 with rubber wheels, PSD’s and a full tunnel and train ventilation system which 

reduced PM10 concentrations to 23 µg m-3 (Carteni and Cascetta 2018).. 

These measures are expensive to install in existing subway systems so an approach based on 

pollution hotspots that pose the greatest risk to exposure may be of more immediate benefit. 

Targeted measures are required to lower concentrations and any subsequent health effects, and 

understanding the concentrations and chemical composition is essential to quantifying the 

effectiveness of any measures introduced (Martins et al., 2016). Older networks with the worst air 

quality are the most difficult to change, and to tackle this Moreno and de Miguel, (2018) proposed 

a targeted approach to encourage incremental improvements in air quality towards the WHO 

PM2.5 Air Quality Guideline annual mean level of 10 µg m-3
 (as it was at the time of the work). In 

conjunction with the station population-exposure rankings proposed by Smith et al., (2020) 

transport authorities could dramatically reduce exposure by adopting targeted remedial measures 

such as active ventilation systems, full-length PSD’s and air conditioning in trains at the most 

polluted stations. (Querol et al., 2012, Cha et al., 2019).  Although it is difficult to  improve air 

quality in subway systems, local city or government initiatives to improve subway air quality such 

as in Paris (RATP 2023) and South Korea (Korea Legislation Research Institute , Kim et al., 

2022), where subway air quality PM2.5 and PM10 limits have been introduced, demonstrate how 

policy interventions can bring about improvements. 

2.9 Current Knowledge gaps  

This literature review has summarised the current knowledge about worldwide subway PM 

concentrations, the factors affecting PM concentrations, the sources of PM in the subway, current 

knowledge of the health effects caused by exposure to subway PM, both in-vivo and in-vitro, as 

well as an estimate of the contribution to daily personal exposure from subway travel and an 

outline of possible remedial measures. Nevertheless, several knowledge gaps in the current 

literature have been identified. 

Most subway studies have researched concentrations on station platforms for a relatively short 

period of time, focusing on short-term variations in PM mass in specific stations. There are few 

studies investigating long-term variability in stations or long-term commuter exposure in train 

carriages. There have been very few studies of air quality inside train carriages. These studies 

are difficult to carry out due to the confined space and lack of power in subway train carriages. 
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They require a large amount of researcher’s time travelling around the subway. The available 

evidence shows that there is a large variation of PM in train carriages and that the factors affecting 

PM in train carriages are poorly understood. This is important as subway travellers spend most 

of their commuting time in train carriages. 

The interaction between subway generated PM and ambient concentrations and how this is 

affected by ventilation, in particular passive ventilation systems such as in the London 

Underground, is unclear. The degree of ingress of ultrafine particles (UFP’s) from the ambient 

environment and how this relates to UFP’s generated within the subway system requires further 

investigation to further understanding of the sources and influencing factors of railway generated 

PM.  

There is evidence of PM chemical composition in subway systems worldwide, but these have 

focused on specific stations or locations with a limited number of samples. No study has 

investigated how PM chemical composition throughout an entire line varies over a long period of 

time and how the chemical composition of those metals most likely to affect the health of subway 

users varies over time. 

Current research into the health effects of PM2.5 exposure is based on ambient air, whereas the 

subway environment is very different, with high concentrations of ROS-generating transition 

metals. Very few studies have investigated the OP of subway PM to deplete ascorbic acid and/or 

glutathione. The studies that have taken place have used PM collected from station platforms 

(Moreno et al., 2017) rather than collected in a train carriage over a typical commuting journey. 

In-vitro studies have shown that London’s subway PM2.5 can generate free radicals (Seaton et al., 

2005) although no oxidative potential studies have used PM2.5 from the London Underground. 

There remain important knowledge gaps in the subway literature some of which this thesis will 

seek to address by undertaking an extensive monitoring campaign in train carriages in the London 

Underground as part of a MRC study. 
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Chapter 3 Materials and methods 

3.1 Introduction 

The MRC study required high-quality reference grade data of study participants personal 

exposures to all size fractions of PM, oxides of nitrogen (NO2 and NOx) and ozone on London 

Underground and London Overground journeys. To achieve this, I designed a Mobile Reference 

System (MoRS) that I took onto all train journeys accompanying participants at all times, using 

MoRS to measure participants personal exposures. MoRS incorporated instrumentation that 

made use of the of the miniaturisation and reduced power requirements of higher quality 

measurement instruments to accurately measure participant personal exposures during their train 

journeys. The instrumentation used in this study and the reasons for the choice of the 

instrumentation will be outlined in this chapter. Accurately measuring personal exposures was 

key to understanding any effects on health from linking the acute biological/physiological 

responses of the participants to subway exposures in comparison to overground exposures. 

These two environments presented contrasting measurement locations. It was expected that 

PM2.5 would be higher in the subway and NO2 and O3 would be higher in the overground making 

measurements of all three pollutants essential to be able to disentangle their potential effects on 

health. During all train journeys personal exposure measurements were carried-out whilst the 

participants were seated in a train carriage. 

Train carriages present a challenging measurement location with a lack of power, limited  space, 

constantly changing environmental conditions and differing sources (Querol et al., 2012, Cames 

and Helmers 2013). Pollutant concentrations change rapidly as the train moves between the 

underground and above-ground environments with these changing concentrations needing to be 

captured by the instruments without the influence of relative humidity, temperature, vibrations and 

changing light sources. There was a need for portable, compact instrumentation that provided a 

consistency and traceability of response during the journeys. Exposure sampling needed to be 

carried out at the breathing height of the participants when they were seated. The instruments 

were required to be battery powered and robust enough to undertake multiple measurements 

over an 18-month period. The measurements needed to be traceable and to accurately measure 

the full range of pollutant concentrations during the journeys. The equipment needed to be safe, 

to other passengers and from damage, when moved around the carriages or railway 
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environments. As part of the MRC study protocol the equipment was also required to collect PM2.5 

filter samples for oxidative potential and elemental analysis. I designed MoRS to collect the 

required PM2.5 filter samples and in the Imperial college laboratory I carried out the oxidative 

potential analysis and extracted the PM2.5 from the filters to send to King’s College, London, for 

ICP-MS elemental analysis.   

To meet these challenges in reporting high-quality data over the study period the instruments 

required a robust quality assurance and quality control programme (QA/QC) of testing (Koistinen 

et al., 1999, DEFRA 2016). I developed a QA/QC programme for instrument testing which is 

outlined in this chapter. This ensured that the reported data was consistent and comparable 

across the two measurement locations and was suitable for the statistical analysis required to link 

the health responses of the participants to subway exposures. This made the choice of sampling 

equipment critical in achieving a high-quality, exposure assessment in the differing railway 

environments of the subway and overground.  

This chapter outlines how I overcome these measurement challenges by taking advantage of the 

miniaturisation and reduced power requirements of higher quality measurement instruments. It 

will further outline how the housing of the instrumentation in a highly portable, manoeuvrable 

measurement system which I conceptualised and designed, ensured reliable personal exposure 

measurements were achieved.  

3.2 Addressing measurement challenges 

There were a number of considerations in how to address the challenges of measuring in train 

carriages of the two environments of the below-ground subway and the above-ground 

overground. Traditionally, fixed air quality monitoring stations using reference grade 

instrumentation have been used to provide ambient air pollution measurements for 

epidemiological health studies. However, they cannot provide data at the high spatial and 

temporal resolutions required to reflect the subway environment that participants were exposed 

to during this study (Castell et al., 2017, Kitagawa et al., 2022). Although the majority of people’s 

daily exposure is to indoor air pollutants (Klepeis et al., 2001, Barkjohn et al., 2020, Zhang and 

Srinivasan 2020), they are often subjected to their highest exposures in indoor microtransport 

environments (de Nazelle et al., 2013, Cepeda et al., 2017). Fixed monitoring stations fail to 

capture these indoor exposures leading to exposure misclassification and bias in personal 
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exposure estimates (Smith et al., 2016, Brokamp, Brandt and Ryan 2019). For these reasons 

using a fixed air quality monitoring station approach to measuring in the subway and overground 

was rejected. 

Small sensors were used in the Oxford Street study by Sinharay et al., (2018). They used recent 

advances in instrument miniaturisation which makes small sensing technologies portable, easy-

to-use and low-cost, enabling real-time, high resolution air pollutant monitoring (Castell et al., 

2017, Kang et al., 2021). Small air pollution sensors have the potential for detailed personal 

exposure assessment on an individual scale (Chatzidiakou et al., 2019) and can capture spatial 

variability to account for the significant disparity between air pollutant concentrations in these 

microenvironments (Evangelopoulos et al., 2021).  

However, when moving small sensors between different environments they are often highly 

sensitive to changing environmental metrological conditions, making accurate measurements 

difficult (Cross et al., 2017). Pollutant cross-sensitivities, sensor drift, sensor age and chemical 

interference often require complex algorithms to adjust for these factors compromising data 

quality and often leading to a lack reproducibility (Kumar et al., 2010, Aleixandre and Gerboles 

2012, Karagulian et al., 2019).  

There are also questions regarding quality control and without long-term validation using 

laboratory and field calibrations (Jiao et al., 2016, Barkjohn et al., 2020, Liu et al., 2020) this could  

lead to exposure misclassification and misleading data (Chatzidiakou et al., 2020). This makes 

their use in scientific studies such as panel studies questionable (Cross et al., 2017, Feinberg et 

al., 2018, Wang et al., 2021). Given the high contrast within and between the subway and 

overground train carriage environments, with constant changes in temperature and relative 

humidity and particle chemical and physical composition (Moreno et al., 2017, Martins et al., 

2021), and differences in pollutant concentrations, it was decided not to adopt a small sensor 

approach to this measurement campaign. 

There remained a need for a measurement methodology that would provide stable measurements 

in the two differing transport microenvironments. The instruments used in this study needed to 

allow intercomparability between these microenvironments without being affected by pollutant 

cross-sensitivities, sensor drift, sensor age and chemical interference, and respond to differences 

in particle chemical and physical composition.  Reference-grade data that aligned well with fixed 
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measurement stations was required to enable high-quality personal exposure data to be obtained. 

The miniaturisation and reduced power requirements of higher quality measurement approaches, 

similar to those used in fixed measurement stations was the preferred measurement solution. 

To address this gap between static reference monitoring stations and easy-to-use small sensing 

technologies, without compromising data quality, a highly portable air pollution Mobile Reference 

Station (MoRS) was developed to deliver reliable, reproducible data for the MRC study. In the 

configuration used for this study, MoRS provided simultaneous measurements of a broad particle 

size distribution (10nm to 35µm), gaseous pollutant concentrations (oxides of nitrogen and ozone 

O3), environmental parameters (noise, relatively humidity (RH) and temperature) as well as 

collecting filter samples for laboratory analysis. In addition, its highly flexible framework allowed 

MoRS to be rapidly adapted throughout the study in response to distinct challenges, including 

Covid-19 travel mandates, during its deployment in mainline, subway and overground railway 

environments. The next section describes the development of the MoRS instrumentation.   

3.3 Mobile Reference Station (MoRS) 

MoRS was developed to offer a small, flexible, wheeled platform for obtaining high quality 

measurements of air pollutants over relatively short timescales (minutes to hours) independent of 

power supply.  This was achieved using recent advances in commercially available monitoring 

equipment which has resulted in smaller, lower power technology. The monitoring equipment was 

chosen in conjunction with my supervisor, to meet the challenges of being moved between 

different environments and measuring in train carriages without data quality being compromised 

and to ensure data comparability between the subway and overground. 

Before MoRS could be constructed careful consideration was given to the design and instrument 

housing for the selected instrumentation for measurements of particulate matter, black carbon, 

oxides of nitrogen, ozone, carbon dioxide and noise. A major consideration was to select 

instruments making use of the smaller design and lower power technology. They also were 

required to report accurate measurements consistently in the varied environmental conditions that 

were encountered, particularly changes in temperature and relative humidity (Wei et al., 2018, 

Samad et al., 2020).  
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3.3.1 Instrument housing 

To facilitate repeated measurements on the railways I built a wheeled platform to provide a robust, 

maneuverable housing for the instrumentation, that could be moved between different 

environments, and over different surfaces to and from deployments by a single researcher. It also 

needed to be adaptable, have easy access for instrument repairs, setup and maintenance and 

with weight kept to a minimum. 

The platform was made of 40mm x 40mm aluminum profile to provide a rigid, lightweight structure, 

divided into four bespoke compartments. To allow MoRS to be wheeled longer distances over 

rough surface, it was fitted with 10cm diameter wheels with spring attachments to reduce 

vibrations.  

3.3.2 MoRS Measurement Instrumentation 

It was important that MoRS could be adapted for different measurement campaigns and the 

design could be flexible enough to allow for different instruments and configurations in the set-up. 

MoRS was built by me initially for an “Analysis of Air Quality On Board Trains” study (Rail Safety 

and Standards Board Ltd 2021).  This involved taking almost 100 mainline train journeys (13 Jan 

2020 to 02 Dec 2021) measuring all size fractions of PM, BC, NO2, NOX and CO2. This study 

allowed MoRS to be tested and adapted for measuring in train carriages and for the measurement 

instrumentation to be modified as required for the study. For the MRC study BC and CO2 were 

not measured whereas ozone and noise were measured, along with PM, NO2 and NOx and filter 

samples collected for oxidative potential and elemental analysis. This required me to be able to 

adapt MoRS for the different studies.  

3.3.2.1 Particulate matter measurements 

A large array of instrumentation has previously been used by researchers when measuring PM 

concentrations in subway train carriages. Many have used optical particle counter (OPC) based 

PM mass measurement devices (Martins et al., 2016, Zheng et al., 2017, Luglio et al., 2023) as 

these are small and easily carried by researchers in train carriages. Optical particle counting 

based devices have a 200 - 300 nm lower size cut-off. In this study the full particle size distribution 

range was required from a minimum of 10 nm to fully capture above and below ground subway 

sources. This allowed the evolution of the spatiotemporal changes to particle size distribution to 

be recorded throughout the journey. Previous research has identified particle size ranges in the 
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subway which are emitted from different source components and shown there is a large 

contribution of ultrafine particles in the subway (Midander et al., 2012, Cha et al., 2018).  

To compensate for the 200 - 300 nm lower size cut-off of optical particle counting devices a dual 

instrument approach combining an ultrafine particle counter was considered as this approach had 

been previously used (Cha, Abbasi and Olofsson 2018, Smith et al., 2020). This was rejected as 

it was decided, in conjunction with my supervisor, that the best measurement method was based 

on the direct measurement of particle size distribution, across the broad size range of 10 nm to 

10 μm. This allowed for the calibration of PM mass size fractions in the different environments to 

account for variability in sources. The only instrument identified that fulfilled the requirements 

listed above was a Grimm Mini-Wras Portable Wide Range Aerosol Spectrometer (Model 1371, 

Grimm Aerosol Technik GmbH, DE) which measured particle size distribution between 10 nm and 

35 μm. The Mini-Wras had been successfully used in previous studies in train carriages in the 

subway (Cha et al., 2019) so was deemed to be the best available instrument for comparable  

measurements between the overground and subway environments.  

3.3.2.2 Grimm Mini-Wras Portable Wide Range Aerosol Spectrometer 

The Mini-Wras is a self-contained portable, low power instrument that detects airborne particles 

based on particle diameter. The Mini-Wras detects a wide range of particle diameters ranging 

from 10 nm to 35µm allowing an approach based on the direct measurement of particle size 

distribution providing a time series for both mass and particle size distribution for each exposure. 

The Mini-Wras can measure mass concentration from 0.1 µg m-3 to 100 mg m-3 with a flow rate 

of 1.2 l min-1. Data storage is on a USB flash memory. It has an internal battery supply with a 

runtime of eight hours and a weight of 7.6 kg (16.8 lb). 

The Mini-Wras is able to detect particles from 10 nm to 35 µm by combining two measurement 

technologies. A continuous optical detection of particles using scattered light intensity to measure 

particles with diameters 250 nm–35 µm uses an optical particle counting (OPC) technique. All 

particles are first passed through the optical particle sensor before being sampled by a Nano-

Sizer.  Particles between 10 – 200 nm are measured by a Faraday cup electrometer Nano-Sizer 

using electrical classification detection.  The nano-sizer consists of three elements: a unipolar 

positive electrical diffusion charger, +3,000v to +4,000v, an electrical aerosol separator electrode 
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(deposition of particles), -320v to -0.85v, and a faraday cup electrometer. On entering the Mini-

Wras particles are positively charged in the unipolar corona charger by diffusion.  

The charged particles enter the deposition electrode where the particles are distributed over the 

entire cross-section between the inner and outer electrode. A negative voltage is applied to the 

inner electrode, which is reduced in 10 discrete steps from -320V down to -0.85V. The resulting 

variable electric field deflects the positively charged particles towards the inner electrode and the 

particle fraction that is able to be transmitted enters a Faraday cup electrometer for detection. 

The actual measurement result is a current that is dependent on the voltage applied to the 

deposition electrode which is converted by an inversion algorithm to a particle size distribution.   

The particle size reported by the Mini Wras nano sizer is based on the calibration curves of DMA 

classified, monodispersed particles and corresponds to an electrical mobility equivalent diameter. 

The OPC part of the Mini Wras reports polystyrene latex (PSL) optical equivalent diameters. The 

Mini-Wras reports particle size data as electrical mobility equivalent diameter for particle sizes 

from 10 – 200 nm and optical equivalent diameters for particles sizes 250 nm – 35 µm. Sampling 

over each size bi n in the nano-sizer is carried out over 6 seconds giving a total size resolution of 

60 seconds. The nano-sizer reports 10 size bins, with optical detection reporting 31 size bins 

allowing the full particle size range to be separated into 41 size bins.  

The default factory settings for the Mini-Wras are derived from two calibration methods. For the 

Nano-Sizer (10 – 200 nm) a polydisperse aerosol with particle diameters of 5 to 300 nm is 

generated from a 0.1% NaCl solution using an aerosol generator. The optical sensor is calibrated 

with mono-dispersive latex certified by the NIST (National Institute of Standards and Technology). 

These calibration methods have different properties to ambient and railway aerosols which can 

lead to incorrect measurements of particle size distributions and mass concentrations without 

appropriate scaling factors being used (Torrey et al., 2015).   

Midway through the MRC study measurements the Mini-Wras received a new software update 

which included a new data inversion algorithm which uses calibration curves to obtain the best fit 

for the data (Ahlawat et al., 2022). All data from the Mini-Wras was processed with the new data 

inversion algorithm. 
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The Mini-Wras can detect across the wide range of particle emissions from subway sources 

(wheel/rail interface, brakes, sparking and passengers) (Salma, Weidinger and Maenhaut 2007, 

Pan et al., 2019), especially the reporting of ultrafine particles (<100 nm). This is important 

when assessing personal exposure to particulate matter in the subway for the MRC study as it 

is known that ultrafine particles have the potential to cause adverse health outcomes (Loxham 

et al., 2013, Schraufnagel 2020). 

To reduce the maintenance frequency for the Mini-Wras dryer, an additional dryer (Perma Pure, 

Fluid Controls Ltd) was installed in the sample inlet stream with dry air supplied by an additional 

pump (SKC Leland Legacy) and silica gel column although this was later discarded as testing 

demonstrated that the relative humidity remained below 35% using only the internal silica gel 

column. 

The Mini-Wras recorded external temperature and relative humidity with a temperature and 

relative humidity sensor (model 1158-EE) and recorded internal relative humidity and 

temperature. 

3.3.2.3 Microaethalometer 

During a Rail, Safety and Standards Board (RSSB) (RSSB 2023) study investigating air quality  

on mainline trains., MoRS measured black carbon (BC) from diesel emissions, as a tracer of train 

engine activity, using a MA300 Microaethalometer (microAeth, USA). The MA300 measures the 

rate of decrease of light at 880nm through a sample filter loaded with a continuous collection of 

BC particles. To overcome filter loading the optical attenuation due to the absorbance of particles 

on the filter is measured relative to a portion of the filter with no accumulated particles. The optical 

attenuation is then converted to a mass BC concentration. The MA300 is a self-contained 

instrument with an internal battery, data storage, pump and an inbuilt GPS. The MA300 was not 

used in the MRC study as the iron oxide in subway particles is known to interfere with the 

Microaethalometer measurements of black carbon. 

3.3.2.4 Filter Samples 

Initially, a single PM2.5 filter sample was collected for independent mass calibration via a URG 

PM2.5 cyclone (URG-2000-30EH) at 5 l min-1 using proprietary pumps (Legacy, SKC) with inbuilt 

battery and flow control. Later this was increased to two identical filter samples with an increased 

flow rate to provide adequate mass for laboratory analysis. These were collected through an URG 
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PM2.5 cyclone (URG-2000-30EH) via an isokinetic splitter (Model 1102, Bechtel, USA) with flow 

controlled via two independent pumps each drawing 8.35 l min-1. Initially, these were Legacy 

pumps but later upgraded to more powerful vacuum pumps (Air Cadet, Cole Palmer, UK), 

independently controlled by two mass flow controllers (Model MCP-20SLPM, Alicat, USA) and 

powered with exchangeable 12v 22Ah Lithium polymer batteries (Tracer, UK).   

3.3.3 Gaseous Measurements 

Gaseous measurements for the MRC study were required due to potential confounders in the 

health study resulting from the contrasting measurement environments in the subway and the 

overground. The subway has much higher concentrations of PM2.5 compared to the overground 

but lower concentrations of NO2 and O3 were expected.  

3.3.3.1 Airyx ICAD NO2/NOx Analyser 

An Airyx ICAD (Iterative CAvity enhanced DOAS, Airyx GmbH, DE) NO2 /NOx analyser was used 

to measure NO2 at a 10s resolution via direct optical absorbance between wavelengths of 430 to 

465 nm. This allowed the absorption spectrum of NO2 to be identified and separated from 

overlapping absorptions such as water vapour. The ICAD method had no significant zero drift and 

appeared resistant to temperature and relative humidity variations, vibrations and changing light 

sources. This made the Airyx ICAD suitable for measuring in a railway environment and had 

previously been used in mobile vehicle measurements (Horbanski et al., 2019, Farren et al., 

2023). The instrument had a low weight (<10kg) and was powered with a 12v 22Ah Lithium 

polymer battery (Tracer, UK).   

3.3.3.2 2B Technologies Ozone Monitor 

Ozone was measured using a 2B Technologies Ozone Monitor (Model 205 Dual Beam Monitor, 

2B Technologies, USA) based on the well-established method of ultraviolet light (UV) absorption 

at a wavelength of 254 nm, which is a US Environmental Protection Agency Federal Equivalent 

Method. A photodiode measured the intensity of light in air that passed through an ozone scrubber 

(lo) and sampled air (l) that had not passed through the scrubber allowing ozone concentration to 

be calculated. Changes in relative humidity can influence ozone measurements but the 2B 

Technologies ozone monitor eliminates water vapour interference by maintaining a humidity 

equilibrium during the lo and l measurement cycles (Wilson and Birks 2006). The Ozone monitor 

has a limit of detection of 3.0 parts-per-billion by volume (ppbv) to an upper limit of 250 parts-per-
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million (ppmv) at a flow rate of 1 l min-1. This instrument had low weight (5.5 lb, 2.5 kg) and low 

power consumption (~7.2 watt) and was powered with a 12v 22Ah Lithium polymer battery 

(Tracer, UK).   

3.3.3.3 Li-Cor LI-820 CO2 gas analyser 

Carbon dioxide was measured during the RSSB study using a Li-Cor LI-820 CO2 gas analyser 

which used a single path, dual wavelength, infrared detection system. It had a measurement 

range of 0 - 20,000 ppm and was powered with a 12v 22Ah Lithium polymer battery. Carbon 

dioxide was not measured during the MRC study. 

3.3.4 Noise 

Noise is an environmental stressor linked with increased blood pressure and reduced heart-rate 

variability (HRV) as well as being a possible confounder to PM2.5 exposure (Huang et al., 2013, 

Yang et al., 2018, Manohare et al., 2022). Noise levels on the subway often exceed 100db (Xu, 

Jiang and Huang 2019, Singh et al., 2020). To account for any potential confounding on 

cardiovascular outcomes, noise was measured at 1s resolution on all subway and overground 

journeys using a RS-PRO DT-8852 Datalogging Sound Level Meter (RS-PRO, UK). To help 

reduce noise levels and any related stress, noise cancelling headphones were worn by the 

participants during each train journey. Noise was only measured during the MRC study. 

3.3.5 MoRS development  

This first set-up of MoRS (Figure 3.1 V1), measured PM10, PM2.5, NO2, NOX, CO2 and BC on 

mainline trains between 13 January 2020 and 02 December 2021 (Rail Safety and Standards 

Board Ltd 2021) over almost 100 journeys. This provided an opportunity to evaluate the 

performance of the system in a railway environment prior to deployment in the subway. During 

this study, the system was updated to include a battery powered PC and screen, controlled by a 

wireless keyboard. These were added allowing connections to the instrument interfaces, 

displaying real-time measurements. For the MRC study, the 2B Technologies Ozone instrument 

and the sound meter were added to MoRS and the Microaethalometer and Li-Cor CO2 analyser 

were removed. The filter sampling system was changed at this point to collect PM2.5 for OP 

analysis and chemical composition. 25mm PTFE coated glass fibre filters (Pall Corporation, USA, 

513-0034) were used to collect PM2.5 mass for oxidative potential and 25mm Whatman PTFE 

membrane filters (Pall Corporation, USA, 514-3122) to collect PM2.5 mass for ICP/MS analysis.  
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3.3.5.1 Adaption of MoRS for Mask Wearing 

During the Covid-19 pandemic, the UK entered the first national lockdown from 23 March 2020 

to 10 May 2020. On 15 June 2020 wearing a mask or a face covering became compulsory when 

travelling on public transport, this restriction was ended on 24 February 2022. The first trial 

measurements using MoRS on the London Overground took place on 27 May 2021.   At this time, 

it was compulsory for users of public transport to wear a mask, unless exempt, including on the 

London Underground and London Overground. Previous research had shown that participants 

wearing a mask were likely to experience reduced PM2.5 exposure which could lead to a 

subsequent reduced health effect (Ji, Li and Wang 2021, Kodros et al., 2021, Velasco et al., 

2022). At that stage, the longevity of the mask mandate was unknown and neither was the 

preference of individual COPD patients (who were medically exempt).  

A method for obtaining PM measurements that mimicked the mask wearing status of the 

participants on future journeys therefore needed to be developed. A mannequin head was fitted 

onto MoRS which was capable of having a mask fitted over the PM2.5 cyclone and Mini-Wras inlet. 

A wire mesh was placed between the mask and the inlets to ensure they remained separate and 

resembled a typical surgical mask fitting (Figure 3.1 V2). The mannequin head would always be 

fitted with the same type of surgical mask as the participants to replicate the personal PM2.5 

exposure of the participants as closely as possible. The gaseous inlets for NO2, NOX and O3 were 

not included in this adaption as there is no evidence that gaseous inhalation is affected by mask 

wearing. Fully laden, MoRS weighed 35kg and the final design and instrument selection is shown 

in detail in Figure 3.2 with a schematic of MoRS shown in Figure 3.3.  
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Figure 3.1: MoRS V1 (left) and MoRS V2 (centre) and the mannequin head (right) showing the filter holder 
set-up 
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Figure 3.2 The final design and configuration of the Mobile Reference Station (MoRS) for use in the subway exposure assessment to measure personal exposures of the participants 
in the MRC study. 
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Figure 3.3: Mobile Reference Station (MoRS) (schematic (left), sampling configuration (centre) and 
picture (right). 

 

3.4 Data Collection 

All the instruments contained within MoRS were able to sample simultaneously with each 

instrument configured to ensure that the time resolutions were compatible. The full range of 

instrument measurements are shown in Table 3.1. 

I switched on all instruments contained in MoRS in the Imperial College laboratory 30 minutes 

before deployment. This allowed the instruments to reach their operating temperatures and to 

perform self-zero tests and internal calibrations. Each instrument was time synched with the 

onboard PC to ensure that each instrument was time aligned with each other and the onboard 

PC.  If the participants were wearing a mask for the journey, I fitted MoRS with a mask, otherwise 

the mask would not be fitted. I placed pre-weighed filters into their respective filter holders and I 

checked the flow through the filters. I changed the filters before each individual train journey, for 

laboratory and gravimetric analysis. All instruments and batteries were secured with air wedges 

to stop any instrument or battery movement during the deployment. All time stamps were in GMT 

throughout the study.  

All instruments stored measurement data internally. During the service of the Mini-Wras in 

October 2022, the software was updated with a new data inversion algorithm included in software 

version 10 (Ahlawat et al., 2022). All data collected before the software update was recalculated 

using the data inversion algorithm to ensure data compatibility throughout the study. The Airyx 

ICAD stored data internally and was connected to the MoRS PC to display on the screen via the 

internal Wi-Fi module. The 2B Ozone Monitor was connected to the MoRS PC via a RS-232 
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interface for viewing and storing. This allowed all instrument measurements to be viewed and 

collected in real-time during the deployment of MoRS. On completion of the train journey, I 

returned MoRS to the Imperial College laboratory and I archived all data by downloading 

immediately to the Imperial server.  

Table 3.1: Instruments and configuration settings and typical runtimes between charges of equipment used 
in the Mobile Reference Station (MoRS) for the MRC study. 

Model  Make  Measurement  
Time 
Resolution 
(sec)  

Run Time 
(hours)  

ICAD  Airyx  NOX, NO2 (ppb) 10  7.8  

205 Dual Beam  
2B 
Technologies  

O3 (ppb) 10  16.6  

Mini-Wras 1371 
Spectrometer 

Grimm Aerosol 
Technik GmbH  

PM Mass (PM1, PM2.5, 
PM10) (µg m-3) 
 
Aerosol Size Distribution 
(10nm - 35μm)  

60  8.3  

DT-8852 
Datalogging Sound 
Level Meter 

 RS-Pro Sound (db) 1 18.0 

MCP-20SLPM Alicat 
Mass Flow Controllers  
(l min-1) 

60 15.2 

 

3.5 Measuring participant personal exposure 

3.5.1 Study Route 

When selecting the study journey routes there were three main criteria that needed to be fulfilled. 

These were: 

• Journey start station(s) needed to be within a 20-minute taxi journey of the Sir Michael 

Uren Hub, Imperial College White City campus (51.515768, -0.224009). 

• Journey start station(s) were required to have step-free access to the station platform 

from street level to ensure level access for the equipment and minimise exertion for the 

participants. 
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• Return journey station(s) needed to be terminus station(s) to avoid changing platforms 

and trains. 

Stations which met these criteria are shown in Table 3.2 and were ranked by predicted exposure 

to subway PM2.5 with reference to the PM2.5 exposures reported by Smith et al., (2020) and their 

suitability according to the study criteria.  

Table 3.2: Stations with step-free access within a 20-minute taxi journey of Imperial College White City 
campus showing PM2.5 concentrations from Smith et al., (2020) for the LU lines. 

Rank Station Step-
Free 

Access 

Overground 
Line 

LU Line Mean PM2.5 

concentrations 
for LU line 

4 Kensal Rise Yes Yes No  

3 Kilburn Yes No Jubilee Line 103 

6 Shepherd’s Bush Yes Yes No  

1 Willesden Junction Yes No Bakerloo Line 118 

2 Willesden Junction Yes Yes No  

5 Wood Lane Yes No Hammersmith 
& City Line 

25 

 

Willesden Junction station (51.6185, -0.5594) was chosen as the most suitable starting station as 

it had step-free access to the platform level with the Bakerloo and Overground lines both stopping 

at the station. Southbound Bakerloo line trains terminated at Elephant & Castle station 

(51.494424, -0.100752), while northbound Overground trains terminated at Watford Junction 

station (51.6637, 0.3964). Journey times on both routes were approximately 80 minutes with the 

Bakerloo line journey 27.3 km and the overground journey 37.8 km. All train journeys commenced 

between 10:00 and 11:00 and took place on Monday and Wednesday. Lift access and the layout 

of Willesden Junction station is shown in Figure 3.4. There was a regular, frequent service on 

both lines, with Bakerloo Line trains scheduled every 5 minutes and Overground trains every 15 

minutes. Willesden Junction is an above-ground station in an urban background location. 

3.5.2 Experimental design 

The MRC study addressed the second recommendation of the COMEAP (2018) Dust on the 

London Underground Report calling for “Well-conducted human exposure studies in volunteers, 

similar to the studies investigating the health effects of Oxford Street air pollution”  Similarly to the 

Oxford Street study (Sinharay et al., 2018), the MRC study used a randomised crossover design, 
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which recruited study participants for a London Underground journey and a separate London 

Overground journey, separated by 3-6 weeks. A cohort of aged matched (50-90), GOLD Stage 2 

COPD participants (n=36) and healthy lung function volunteers (n=47) were recruited throughout 

the study period (26 January 2022 to 17 July 2023). A full breakdown of participant characteristics 

is given in Table A 1. To ensure consistency across journeys I always deployed and used MoRS 

accompanying the participants to measure the required participant personal exposure data for 

each journey for the MRC study.  

3.5.3 Subway and Overground Trial Journeys 

Permission to travel on the Overground was granted by Arriva on 01 May 2021, however TfL did 

not grant permission until 1st December 2021. This delay allowed trial journeys to be undertaken 

to refine the exposure protocol to reduce the walking time for participants and the transportation 

of MoRS during the exposure journeys. As a result, the rear carriage of the Overground train was 

used on the outbound journey. When the train terminated, the participants and Mors remained in-

situ and returned in the front carriage of the train. The same protocol was followed on the subway 

journeys, the participants and MoRS boarded the rear of the train on the outbound journey and 

remained in-situ at Elephant & Castle returning in the front carriage of the train. 

 

 

 
Figure 3.4 The station layout at Willesden Junction train station showing (A) the entrance to the station 
and access bridge across the railway tracks to the lift. (B) the lift from the station concourse to the platform, 
(C)) the walk from the lift to the overground (X) and subway (Y) trains and (D) the subway track in the 
Elephant & Castle direction. 
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3.6 Resilience planning 

Resilience planning was used to identify potential hazards and threats, and then establish 

adaptation, mitigation, and recovery plans, thereby reducing likely impacts and ensuring that the 

study continued in the event of planned or unexpected disruptions. Potential factors included: 

Imperial College staff availability, participant availability, train and station infrastructure, and 

instrument breakdown (Table A 2).  

3.6.1 Alternative starting stations and lines 

Train and station infrastructure was expected to be a major cause of disruption. To mitigate 

against these railway disruptions a key consideration in the resilience plan was to identify 

alternative stations and lines that could be used on the subway and overground networks if trains 

were not available at Willesden Junction station. When seeking alternative stations and 

comparable subway journeys, there was limited choice within a 30-minute taxi journey from the 

Imperial White City Campus. Kilburn station on the Jubilee Line was the most suitable station to 

meet the selection criteria for the alternative subway journey. Smith et al., (2020) measured PM2.5 

concentrations on the Bakerloo and Jubilee lines and reported mean PM2.5 concentrations of 118 

and 91 µg m-3, respectively, on these lines, which included the non-tunnel outside sections of the 

journey. Kensal Rise was chosen as the Overground alternative journey.  

During the study period access to Willesden Junction was not possible on 15 of the study days. 

This was due to a combination of train strikes, Overground engineering works, train defects and 

the lift being out of service. As Overground and subway services share the track at Willesden 

Junction station, Overground engineering works prevented subway services running to Willesden 

Junction station. In total seven alternative subway journeys took place on the Jubilee Line and 

eight alternative journeys took place on the Kensal Rise Overground Line. The resilience plan 

proved essential in maximising the number of participant journeys by anticipating or being able to 

react to problems that occurred on the study day.  

3.6.2 Instrument Breakdown 

To minimise instrument breakdown, regular servicing was required. The Mini-Wras was returned 

to the manufacturer in Germany from 13 September 2022 to 17 October 2022 for an annual 

service. During this time a TSI AM520 SidePak (TSI Inc, Shoreview, MN, USA) was used in place 
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of the Mini-Wras. The SidePak uses a photometer to measure PM2.5 at a 1 sec resolution, and 

had been previously used in subway studies (Braniš 2006, Zheng et al., 2017). The SidePak was 

used to sample PM2.5 on five journeys including three subway Bakerloo Line journeys and two 

Overground journeys. Specific subway PM2.5 scaling factors were derived for the Sidepak by 

collocating alongside the Mini-Wras during a subway journey on 17 October 2022, immediately 

following the return of the Mini-Wras from servicing. Background scaling factors were derived by 

collating the Sidepak with the Mini-Wras during an overground journey on 24 October 2022. The 

disadvantage of using a SidePak is that only PM2.5 is measured without the full particle size range 

of the Mini-Wras. The Airyx ICAD and the 2B Ozone monitor were serviced during a break in the 

participant study journeys and no exposure journeys were missed. 

3.7 Quality Assurance and Quality Control 

A detailed quality assurance and quality control (QA/QC) procedure and verification process was 

developed to ensure consistency, comparability, completeness, transparency, and accuracy of 

the measured data throughout the measurement campaign. The QA/QC process consisted of a 

planned programme of testing involving standardised technical activities performed in the 

laboratory and field. The laboratory programme for QA/QC testing is shown in Table 3.3 . Regular 

baseline checks were performed with a Purafil Chemisorbant / activated charcoal scrubber and 

NO2 and NO standard gases (NPL 2023) and the NO2/NOX ICAD data was scaled accordingly.  

It was anticipated that due to low PM2.5 background concentrations during the overground 

journeys a high flow rate, through 25mm diameter filters would be required to enable sufficient 

mass to be collected on to the filters. A PM2.5 cyclone at 16.7 l/min with an isokinetic split via two 

pumps controlled by two mass flow controllers set to 8.35 l/min each was used to maximise flow 

through the filters.  The filters were pre-weighed and post-weighed after conditioning for 48 hours 

at 19-21OC and 45-50% relative humidity in accordance with the European reference standard 

(EN12341) (Green and Fuller 2006, European Commission 2012). Despite the high flow rate, the 

small mass collected during the overground journeys (0-35 µg) was below the limit of detection. 

To ensure consistency of approach between the overground and underground measurement 

approach, the technique adopted by Smith et al., (2020) was used here, whereby 

contemporaneous concentrations of ambient and subway air were collected and different density 

corrections were applied to the ambient and subway fractions. Mini-Wras measurements of mean 
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PM2.5 using the Smith et al., (2020) approach and PM2.5 mass concentrations measured on the 

filters were compared and showed a reasonable agreement (Slope = 1.36, R = 0.85) (Figure A 1 

A) for subway journeys. However, for the overground journeys there was little agreement between 

calculated mass after applying scaling factors and PM2.5 mass concentrations measured on the 

filters (Slope = 0.24, R = 0.52) (Figure A 1 B); likely due to the very low concentrations measured. 

Therefore, to ensure comparability between the subway and overground measurements, the 

Smith et al., (2020) method was used to calculate PM2.5 for all subway and overground journeys. 

Table 3.3: The QA/QC programme to ensure instruments were maintained for high-quality data collection. 

QA/QC 
Schedule 

Airyx ICAD  Mini-Wras 
2B Ozone 
Monitor  

Filters 
Noise 

Monitor 

Weekly 

Check 
instrument 

and 
connections 

Check 
instrument and 

connections 

Check 
instrument 

and 
connections 

Check 
instrument 

and 
connections  

 
Clean filter 

holders before 
every journey 

Check 
time and 

date 

Bi-Weekly Zero air check 
Zero air check, 

Flow check 
Zero air check Flow check 

Check 
battery 

Monthly 
Change filters, 

Gas 
Calibrations 

Dehumidify 
desiccant 

Change filters  
 

Quarterly  

Clean the 
spectrometer 

and pre-
impactor 

 
Clean PM2.5 

inlets 

  

 

Annually Service Service Service  
 

 

3.7.1 Mini-Wras NaCl Aerosol Laboratory Testing 

Laboratory measurements were conducted to characterise the Mini-Wras Nano-Sizer (electric 

sensor) against a reference Scanning Mobility Particle Sizer Spectrometer (SMPS) (3080 DMA, 

3775 CPC, TSI Incorporated, USA) using a polydisperse aerosol (5 - 300 nm) generated from 

0.1% NaCl solution using an aerosol generator (ATM 226, Topas GmbH, Ge). The aerosol was 

dried using a silica gel aerosol drier before passing via an isokinetic splitter (Model 1102, Bechtel, 

USA) to the Mini-Wras and the SMPS (Figure 3.5) 
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3.7.2 Field intercomparison campaigns 

This section presents the methodology for the validation of MoRS instrumentation against 

reference instrumentation in different locations representative of the locations where MoRS was 

deployed and the development of scaling factors. To ensure the MoRS instrumentation reported 

accurate data the instruments were calibrated by being co-located alongside certified reference 

instrumentation in the field. Co-location of MoRS alongside reference instrumentation allowed the 

performance of instruments to be assessed against reference instrumentation (NO2, NOX and O3) 

and location / source specific scaling factors to be developed using gravimetric filter 

measurements in the subway where reference instrumentation was not available (PM2.5) to 

maximise transferability to other locations (Querol et al., 2012, Clements et al., 2017). This 

allowed specific scaling factors to be derived for use when measuring subway PM2.5 (for the Mini-

Wras and Sidepak) using the  methodology developed by Smith et al., (2020) whereby urban 

background and subway scaling factors were proportionally applied to reflect the mix of subway 

air. 

 

 

As particulate matter in subway and overground environments has different properties, this 

required derivation of specific calibration factors (Torrey et al., 2015). Scaling factors for MoRS 

instrumentation against reference instrumentation were derived using Deming Regression which 

is a commonly used technique when obtaining correction values for atmospheric measurements 

of air pollution. Deming regression takes into account measurement error in both the dependent 

and independent variables which is the advantage of using this method over ordinary least 

squares regression (Wu and Yu 2018). All Deming regression calculations used the R package 

‘mcr’ (Potapov et al., 2023). 

 

Atomiser 
NaCl 

Dryer 
 Flow 
Splitter 

MINI-WRAS 

D
M

A
 

CPC 
 

Figure 3.5: Schematic representation of the Nano-Sizer calibration for the Mini-Wras. 
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Field intercomparison campaigns were carried out at an urban background site, a kerbside site 

and a subway station platform. These field campaigns were undertaken in four locations: Honor 

Oak Park (51.449674, -0.037418), North Kensington (51.521050, -0.213492) and Marylebone 

Road (51.522530, -0.154611) to represent ambient measurements and Hampstead subway 

station (51.5569, 0.1783) to represent the subway environment (Figure 3.6). Honor Oak Park, 

North Kensington and Marylebone Road are part of the Automatic Urban and Rural Network 

(AURN) which constitutes the UK’s largest automatic monitoring network (DEFRA 2023, DEFRA 

2023, DEFRA 2023, DEFRA 2023).  

3.7.3 Field intercomparison background sites 

Honor Oak Park and North Kensington are background monitoring stations, away from any 

immediate traffic influence characterising areas representing urban background environments.  

MoRS was located on the roof at Honor Oak Park with the inlets placed close to those of the 

reference instrumentation and sampled continuously for four days from 17 to 20 January 2022 

(Figure 3.7). For PM2.5 the Mini-Wras was co-located alongside a FIDAS 200E and for NO2 and 

NOx the Airyx ICAD was co-located alongside a N500 (TAPI, USA). This allowed 

intercomparisons to be made and PM2.5 scaling factors to be derived. At the North Kensington 

site, the 2B Ozone Monitor was co-located alongside a T400 (TAPI, USA) from 01 to 04 April 

2022 sampling continuously throughout that period.  

https://geohack.toolforge.org/geohack.php?pagename=Hampstead_tube_station&params=51.5569_N_0.1783_W_type:railwaystation_region:GB-CMD
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Figure 3.6 Location of fixed background and kerbside monitoring sites and Hampstead underground 
station used in this study for intercomparisons and co-locations of the Mobile Reference Station (MoRS) 
instruments against reference instruments. 

3.7.4 Marylebone Road Field intercomparison kerbside site 

The Marylebone Road kerbside site is on the kerbside of a six-lane highway in Central London 

and is representative of locations that are exposed to elevated levels of vehicle emissions. The 

Mini-Wras was co-located on the roof of Marylebone Road alongside a BAM 1022 (Met One 

Instruments Inc., US) from 16 to 21 November 2022 allowing a PM2.5 intercomparison and 

derivation of scaling factors for these environments (Figure 3.8). 

Fixed Monitor Type 

Underground 

Hampstead underground station 

North Kensington Marylebone Road 

Honor Oak Park 

Urban Background 

Kerbside 
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Figure 3.7: The Mobile Reference Station (MoRS) located at the Honor Oak Park, urban background site, 
for instrument intercomparisons and co-locations with reference instruments at the site. 

 

Figure 3.8: The Marylebone Road kerbside site, where the Mini-Wras intercomparison and co-location 
with the reference instruments took place. The Mini-Wras was placed in a Stevenson Box for protection. 

3.7.5 Hampstead Station measurement facility 

In conjunction with my supervisor, I installed an air quality measurement facility containing a 

Partisol 2025 (Thermo Scientific Partisol 2025, Waltham, Ma, USA) on the northbound 

Hampstead station platform. This facility is in the deepest part of the network, 58.5m below 

ground-level, giving a representation of air with a strong subway source (Figure 3.9). The Mini-



77 
 

Wras was calibrated for PM2.5 alongside the Partisol 2025 from 14 to 15 January 2021. Pre-

weighed filters were exchanged every two hours and post-weighed to obtain 13 PM2.5 two-hour 

mass concentrations. All gravimetric weighing took place in a purpose-built temperature and 

humidity-controlled weigh room in Imperial College, London, according to standard protocols 

(EN12341) (European Commission 2012).  

 

Figure 3.9: The Mobile Reference Station (MoRS) in the air quality facility on the northbound Hampstead 
subway platform being co-located alongside a Partisol 2025. 

 

3.8 Results and Discussion 

In this section the intercomparison results and scaling factors from co-locations at the urban 

background and kerbside sites and Hampstead Station are discussed.  The Mini-Wras is built for 

indoor measurements and deriving separate scaling factors for each environment enables a more 

accurate assessment of PM2.5 concentrations in subway and overground environments. 

3.8.1 Laboratory intercomparison using a polydisperse NaCl aerosol 

Laboratory intercomparison measurements were conducted in the Imperial College laboratory to 

evaluate the performance of the Mini-Wras Nano-Sizer against a SMPS configuration described 

in Tremper et al., (2022) to assess whether peak modal concentrations stay within the 20% 

uncertainty bounds recommended by the manufacturer (Ahlawat et al., 2022) (Figure 3.10). The 

Mini-Wras and SMPS modal particle number size diameters (PNSD) agreed well peaking at 52nm 

in the ultrafine particle size range. The Mini-Wras under reported the modal particle number count 

by 18% but was still within the ±20% and remains within the ±20% uncertainty between 40 - 100 
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nm. The Mini-Wras reports a significantly higher particle number count (PNC) than the SMPS at 

PNSD’s below 40nm which is outside of the ±20% uncertainty range of the SMPS. The Mini-Wras 

PNSD is within the ±20% uncertainty range in the 40nm to 100nm particle size range and above 

100nm the Mini-Wras overestimates PNC by 60%.  

The Mini-Wras Nano-Sizer had a lower size resolution (10 size bins) compared to the SMPS (73 

size bins). These results compared well with a similar NaCl test performed by Ahlawat et al., 

(2022). The accurate measurement of PSND remains challenging for a portable device, 

nevertheless, the Mini-Wras showed a good agreement (±20%) with the SMPS around the modal 

PNSD. However, aerosol PNSD’s below 40nm and above 100nm were overestimated which may 

be due to the Mini-Wras nan-sizer consisting of a unipolar diffusion charger. This is employed in 

small instruments to measure particles having a diameter of 10 to 200nm, in comparison to the 

reference SMPS which has a radioactive aerosol bipolar diffusion charger. The use of a non-

radioactive unipolar charger in the Mini-Wras could lead to additional uncertainties as it is known 

that pre-charged aerosol particles could have an impact on the unipolar charging efficiency of the 

sampled aerosol (Qi et al., 2009, Kaminski et al., 2013). This could lead to an overestimation of 

PNSD’s below 40nm and above 100nm, although this limitation is offset by the lack of a 

radioactive source in the Mini-Wras allowing the Mini-Wras to be portable. In the laboratory NaCl 

test the Mini-Wras overestimated PNSD’s in the size ranges likely to have been impacted by the 

use of an unipolar diffusion charger in the size ranges below 40nm and above 100nm described 

by Qi et al., (2009) and Kaminski et al., (2013). 
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Figure 3.10: Performance of the GRIMM Mini WRAS spectrometer 1371 and SMPS using a polydisperse 
aerosol generated from a 0.1% NaCl solution using an aerosol generator in the laboratory. The solid line 
shows the SMPS with the black dotted lines showing the ±20% range. The Mini-Wras is shown as a solid 
red line with mid points diameters shown as white dots. 

 

3.8.2 Urban background and kerbside site field campaigns 

3.8.2.1 Honor Oak Park PM2.5 field comparison 

During the inter-comparison at Honor Oak Park the Mini-Wras sampled continuously alongside a 

SMPS (3080, TSI Inc, USA) from 17 to 20 January 2022 (Figure 3.11). During this period the Mini-

Wras overestimated PNSD below 100nm beyond the ±20% uncertainty range, with an 

overestimation between 27nm and 37nm of 27-37%. The SMPS modal PNSD was 64 nm 

compared to the Mini-Wras modal PNSD of 52 nm. This was an overestimation of 37% of the 

SMPS modal PNSD by the Mini-Wras, although the Mini-Wras was within the ±20% uncertainty 

range for all size bins from 100 nm. However, these results are in line with the ambient aerosol 
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results obtained by Ahlawat et al., (2022) demonstrating why accurate measurement of particle 

size distribution remains challenging for a portable device. The reasons for the discrepancy 

between the Mini-Wras and the SMPS could be due to the differences in the size resolutions of 

the Mini-Wras and SMPS, the use of a non-radioactive unipolar charger by the Mini-Wras or the 

shorter sampling inlets of the Mini-Wras.  

Figure 3.11 : Inter-comparability of the GRIMM Mini Wras spectrometer 1371 and SMPS sampling 
ambient air at the Honor Oak Park urban background site. The blue solid line shows the SMPS with the 
black dotted lines showing the SMPS ±20% range. The Mini-Wras is shown as a solid red line with particle 
size midpoint diameters shown as white dots. 
 

To further understand why the Mini-Wras was overestimating PNSD’s below 100nm, temporal 

variations of the Mini-Wras and SMPS of particle number distribution and particle sizes were 

calculated and displayed graphically (Figure 3.12). On Monday 17 January the Mini-Wras agreed 

well with the SMPS peaking with a PNC of 43,067 particles cm-3 compared with 42,169 particles 

cm-3 for the SMPS within 2% of the SMPS. The modal peaks of the Mini-Wras and SMPS were 

52 nm and 66 nm, respectively. The Mini-Wras was within the ±20% uncertainty range for all size 

fractions. The temporal variation showed a high pollution episode late in the evening of the 17 th 

January which was picked up by the Mini-Wras and the SMPS.  
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Figure 3.12: Temporal variation of particle number distribution and particle number counts of (A) the Mini-
Wras and (B) the SMPS measured at Honor Oak Park from 17 January 2022 to 20 January 2022. 

 

 

On the 18 January the Mini-Wras overestimated PNC in the sub 100nm fractions by 42%. The 

overestimation by the Mini-Wras was from higher PNC’s recorded by the Mini-Wras in the 

afternoon and the high episode in the evening, which were both absent from the SMPS. During 

the following two days both instruments recorded PNC concentrations below 12,000 particles cm-

3 and displayed more variation in PNSD’s. The modal PNSD for the Mini-Wras remained at 52 

nm on 19 January compared to a much smaller PNSD mode of 31 nm for the SMPS. However, 

on 20 January the modal PNSD of the Mini-Wras shifted to 19 nm whereas the SMPS was 36 

nm. Although, the Mini-Wras stayed within ±20 for PNSD’s from 42 nm there was more variation 

in the ultrafine fraction in the Mini-Wras.  

The Honor Oak Park intercomparison took place on days when aerosol concentrations varied 

from over 40,000 to 10,000 particles cm-3. The Mini-Wras agreed with the SMPS at the highest 

concentrations and measured similar PNC’s at low concentrations, although the modal PNSD 

varied compared to the SMPS. There were occasions, particularly on the 18 and 19 January when 

the Mini-Wras measured high PNC concentration episodes not recorded by the SMPS, leading 

to an overestimation of PNCs by the Mini-Wras in comparison to the SMPS. This could potentially 

have been due to particle loses in the SMPS, as the Mini-Wras was on the roof of Honor Oak 

Park with a shorter sampling length and no diffusion dryer which may have reduced diffusion 

loses compared to the SMPS.  

A B 
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3.8.2.2 Deriving PM2.5 urban background scaling factors 

The Mini-Wras was co-located with a FIDAS 200E at Honor Oak Park from 17 to 20 January 2022 

to derive an urban background scaling factor using Deming regression for PM2.5. The Mini-Wras 

was averaged to 15-minute time resolution to directly compare with the FIDAS 200E. When 

calculating the Deming Regression, the Mini-Wras was always set to the x-axis and the reference 

instrument to the y-axis, therefore corrected values were calculated as: corrected data = (raw 

data * slope) + intercept. The results of the Honor Oak Park Mini-Wras raw co-location scatter 

plot, the Deming Regression and the corrected scatter plot are shown in Figure 3.13.  

The Mini-Wras had a R2 value of 0.99 in comparison with the FIDAS 200E at Honor Oak Park 

with a slope was 0.88, an uncertainty of ±0.02, and an intercept of -2.24 µg m-3. This gave a 

scaling factor of 0.88 * Mini-Wras measurement – 2,24 µg m-3 which was used to correct the Mini-

Wras in background locations. No assessment was made of the impact of relative humidity over 

the four-day intercomparison period as the Mini-Wras has an internal silica gel column that 

maintained relative humidity below 35% throughout the measurement period.  

 

Figure 3.13: Deming regression for the Mini-Wras at the Honor Oak Park urban background site alongside 
a FIDAS 200E reference instrument showing (A) the raw PM2.5 uncorrected values, (B) the PM2.5 Deming 
Regression and (C) the corrected PM2.5 values. 

 

3.8.2.3 Honor Oak Park NO2/NOx intercomparison 

In addition to regular checks against pollutant-free air and gas standards an additional field 

intercomparison experiment was undertaken at Honor Oak Park with the Airyx ICAD. This was to 

ensure accurate responses of the instrument in an urban background location. The Airyx ICAD 

was co-located alongside a N500 reference instrument at Honor Oak Park (Figure 3.14). The 

Airyx ICAD was averaged to a 15-minute time resolution to directly compare with the N500. The 

Airyx had an R2 value of 1 for NO2, with a slope of 0.96, uncertainty 0.0 and intercept of 0.25. For  

B A C 
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Figure 3.14: Deming regression for the Airyx ICAD at the Honor Oak Park urban background site 
alongside a N500 reference instrument showing (A) the raw NO2 uncorrected values, (B) the NO2 Deming 
Regression and (C) the corrected NO2 values. (D), (E) and (F) show the equivalent NOx values. 
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3.8.3 North Kensington Field Campaign 

3.8.3.1 North Kensington O3 intercomparison 

An intercomparison of the 2B Ozone Monitor with a T400 ozone reference instrument took place 

at the urban background site at North Kensington from 01 to 04 April 2022. The 2B Ozone Monitor 

was averaged to 15-minute time resolutions to directly compare with the T400 time resolution to 

allow a direct intercomparison. The 2B Ozone monitor had a R2 value of 0.99 compared to the 

T400, a slope of 0.93 and an intercept of 0.70 µg m-3 over the 5-day measurement period.  (Figure 

3.15). No adjustment was made as the 2B Technologies ozone monitor demonstrated R2 values 

close to 1 in comparison to the T400 during the measurement period. 

 

Figure 3.15: Deming regression for the 2B Ozone Monitor at the North Kensington urban background site 
alongside a T400 reference instrument showing (A) the raw O3 uncorrected values, (B) the O3 Deming 
Regression and (C) the corrected O3 values. 

 

3.8.4 Marylebone Road Kerbside PM2.5 Field Campaign 

3.8.4.1 Marylebone Road Kerbside PM2.5 intercomparison 

The inter-comparison of particle size distributions from a busy 6-lane highway in Central London 

measured by the Mini-Wras was compared to a SMPS (3080, TSI Inc, USA) at the Marylebone 

Road kerbside site. The Mini-Wras was placed on the roof of the Marylebone site and co-located 

with the SMPS for five days from 16 to 21 November 2022 with the Mini-Wras and SMPS inlets 

both placed within two metres of the kerbside. Ambient air was drawn separately into both 

instruments to assess the performance of the Mini-Wras when measuring at a kerbside location. 

(Figure 3.16). 

The Mini-Wras was within the ±20% uncertainty range for all size bins below 52 nm with a modal 

PNSD within 16% of the SMPS at 19 nm. Between PNSD’s of 52 and 139 nm the Mini-Wras 

B A 
C 
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overestimated particle numbers by up to 55%. The Mini-Wras failed to detect the increase in PNC 

at 193 nm underestimating by 21%. For PSND’s above 193 nm the Mini-Wras was within the 

±20% uncertainty range of the SMPS. The Marylebone Road kerbside site challenges the Mini-

Wras with a smaller aerosol size modal PNSD and higher PNC’s than the Honor Oak Park 

background site. 

 

 

Figure 3.16: Inter-comparability of the GRIMM Mini Wras spectrometer 1371 and SMPS sampling ambient 
air at the Marylebone Road kerbside site. The blue solid line shows the SMPS with the black dotted lines 
showing the SMPS ±20% range. The Mini-Wras is shown as a solid red line with particle size mid-point 
diameters shown as white dots. 

 

3.8.4.2 Deriving PM2.5 kerbside scaling factors 

The Mini-Wras was co-located with a BAM 1022 (Met One, USA) at Marylebone Road from 16 to 

21 November 2022 to derive a Mini-Wras scaling factor in an environment representative of traffic 

related air pollution. The Mini-Wras was averaged to two-hour time resolution to directly compare 

with the BAM 1020 and a Deming regression was calculated. The results of the raw scatter plot, 

the Deming Regression and the corrected scatter plot for the Marylebone Road kerbside site are 

shown in Figure 3.17. The Mini-Wras co-location gave a R2 of 0.99 with a slope of 0.97and an 
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intercept of -0.77 µg m-3. This gave a scaling factor of 0.97 * Mini-Wras measurement – 0.77 µg 

m-3 which was used to correct the Mini-Wras in traffic related or diesel environments. 

 

Figure 3.17: Deming regression for the Mini-Wras at the Marylebone Road kerbside site alongside a BAM 
1020 reference instrument showing (A) the raw PM2.5 uncorrected values, (B) the PM2.5 Deming 
Regression and (C) the corrected PM2.5 values. 

 

3.8.5 Hampstead subway Station PM2.5 Field Campaign 

3.8.5.1 Hampstead subway Station PM2.5 intercomparison 

The intercomparison when measuring subway particles at Hampstead station was assessed 

against a Dekati Electrical Low Pressure Impactor (ELPI+, Dekati, FI). The ELPI+ is a real-time 

spectrometer measuring a size range from 6 nm - 10 µm over 14 size bins. The intercomparison 

took place over two days from 26 to 27 January 2023 (Figure 3.18).  

The Mini-Wras modal peak was at 14 nm, close to the first peak of 16 nm of the Dekati.  For 

PSND’s between 10 and 27 nm the Mini-Wras was within the ±20% uncertainty range of the 

Dekati, however the modal peak of the Dekati occurred at 41 nm, which did not occur in the Mini-

Wras which was outside of the ±20% uncertainty range of the Dekati modal peak at 41 nm. For 

PNSD’s between 72 and 139 nm the Mini-Wras showed good agreement with the Dekati (±20%) 

although larger fractions greater than 139 nm were overestimated by the Mini-Wras. The Mini-

Wras reported a signal at 449 nm not detected by the Dekati which requires further investigation.  

 

B A C 
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Figure 3.18: Inter-comparability of the GRIMM Mini Wras spectrometer 1371 and a Dekati Electrical Low 
Pressure Impactor (ELPI+) simultaneously sampling PM2.5 on the northbound platform at Hampstead 
subway station. The solid blue line shows the Dekati with the black dotted lines showing the Dekati ±20% 
range. The Mini-Wras is shown as a solid red line with particle size mid-point diameters shown as white 
dots. 

 

3.8.5.2 Deriving PM2.5 subway scaling factors 

The Mini-Wras and SidePak required a source-specific calibration in the subway environment, to 

derive PM2.5 scaling factors due to variations in the physicochemical properties of outdoor and 

subway PM, such as refractive index, shape, and density (Querol et al., 2012). The Mini-Wras is 

designed for indoor environments and, consequently uses a particle density of 1.7 g cm-3 to 

represent typical indoor air particle density (Buonanno et al., 2009). However, this is not 

representative of particle density in the subway (Querol et al., 2012, Smith et al., 2020) which has 

been estimated at 5 g cm-3 (Cha, Abbasi and Olofsson 2018). Applying a density factor of 1.7 g 

cm-3 would report misleadingly low PM2.5 concentrations. Consequently, a PM2.5 scaling factor was 

required to account for the higher particle density of subway air. To obtain scaling factors for 

measurements of PM2.5 in the subway system the Mini-Wras was co-located alongside a Partisol 
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2025 at Hampstead station from 14 January 2021 to 15 January 2021. Gravimetric PM2.5 samples 

were collected by the Partisol 2025 onto pre-weighed filters which were exchanged every two 

hours to obtain 13 PM2.5 two-hour filter measurements over the measurement period. By using 

time-averaged two-hour means for the Mini-Wras corresponding to the two-hour time periods of 

the gravimetric samples obtained from the Partisol 2025, the Mini-Wras measurements were 

correlated with the Partisol measurements by applying the Deming regression technique (Figure 

3.19). This gave a specific subway PM2.5 scaling factor. 

 

Figure 3.19: Deming regression for the Mini-Wras at the Hamstead Station Measurement site alongside 
a Partisol 2025 reference instrument showing (A) the raw PM2.5 uncorrected values, (B) the PM2.5 Deming 
Regression and (C) the corrected PM2.5 values. 

 

From the Partisol gravimetric measurements a regression slope was calculated of 3.14 (±0.09) 

with an intercept of 3.12 µg m-3 (R2 = 0.99) to give a specific PM2.5 subway scaling factor for the 

Mini-Wras. A slope of 3.14 closely corresponded to the subway particle density of 5 g cm-3 

estimated by Cha, Abbasi and Olofsson (2018).. However, particles in subway air comprise a 

mixture of below-ground and above-ground aerosol sources. To reflect these differing sources 

urban background  and subway scaling factors were proportionally applied to derive  a 

proportionate subway scaling factor for the Mini-Wras for use in the tunnelled sections of the 

subway (Smith et al., 2020). The formula proposed by Smith et al., (2020) (Eq. 1) was used in all 

tunnelled sections for the scaling of subway PM2.5. For all sections of the subway above-ground, 

and for overground journeys, the background PM2.5 scaling factor of 0.88 was used (Figure A 2) 

to proportion subway and background PM2.5.  

[lutrue]i = ([lu]i – [sb]i * ks) * ku + [sb]I        (Eq. 1) 

B A C 
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Where lutrue is the calibrated concentration at time i, lu is the measured subway concentration, sb 

is the paired measured concentration from a surface background monitoring site, ku is the derived 

subway calibration factor (3.14), and ks is the surface background calibration factor (0.88). 

The SidePak is a laser photometer that requires specific scaling factors to be derived for the 

subway and overground environments. To obtain correction factors for the SidePak, the SidePak 

was collocated alongside the Mini-Wras on a Bakerloo subway journey on 17 October 2022. This 

gave a Deming regression slope of 2.48 (±0.23) (R2 = 0.87) (Figure 3.20). For the overground a 

colocation with the Mini-Wras on an Overground journey on 24 October 2022 a Deming 

regression slope of 0.72 (±0.25) (R2 = 0.83) was calculated (Figure 3.21). Equation 1 was used 

for the SidePak in all tunnelled sections for the scaling of subway PM2.5. For all sections of the 

subway above-ground, and for overground journeys, the background PM2.5 scaling factor of 0.72 

was used for the SidePak (Figure A 3). 

 

Figure 3.20: Deming regression for the SidePak alongside the Mini-Wras on a Bakerloo line subway 
journey on 17 October 2022 showing (A) the raw PM2.5 uncorrected values, (B) the PM2.5 Deming 
Regression and (C) the corrected PM2.5 values. 

 

 

Figure 3.21: Deming regression for the SidePak alongside the Mini-Wras on an Overground journey on 
24 October 2022 showing (A) the raw PM2.5 uncorrected values, (B) the PM2.5 Deming Regression and 
(C) the corrected PM2.5 values. 

B A C 
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3.8.6 Summary of derived scaling factors 

The Deming Regression technique was used to derive scaling factors for all MoRS 

instrumentation at those geographical location’s representative of the locations where MoRS was 

employed during the study. The inter-comparability of MoRS measurements to reference 

instrumentation and the derived scaling factors are shown in Table 3.4. 

At background sites, all instruments displayed excellent performance in comparison with 

reference instruments with R2 values of 1.00, 1.00, 0.99 and 0.99, for NO2, NOX, PM2.5 and O3, 

respectively. At the Urban Background sites all colocations took place over four days with 15-

minute time averages. This gave a total number of points (N) for the Deming regressions of 279 

for PM2.5, 278 for NO2 and NOX and 265 for O3 allowing a contrasting range of concentrations to 

be assessed for each pollutant. This gave a good representation of the scaling factors to be used 

for the Mini-Wras, and the agreement of the Airyx ICAD and 2B Technologies ozone instruments 

with reference instruments in urban background environments. The colocation of the Mini-Wras 

at the kerbside site took place over four days with the Mini-Wras was time-averaged to 2-hours 

giving a total of N=48 points, allowing contrasting variations in PM2.5 to be assessed over the four 

days. At the Hampstead station monitoring site the Mini-Wras was collocated with the Partisol for 

two days and time averaged to 2-hourly intervals. This gave a total of N=15 points (the number 

of filters in the Partisol), giving a representation of high and low concentrations of subway PM2.5 

at Hamstead during train and non-train periods. At the subway site and urban kerbside site the 

Mini-Wras displayed R2 values of 1.00 and 0.98. The slopes and intercepts of NO2 and O3 at the 

background sites were very close to 1 and 0 respectively, showing that there was no need to 

adjust the data for different environments. Similarly, the slopes and intercepts for PM2.5 at both 

the urban background and kerbside side were close to 1 and 0 respectively, showing that no 

substantial advantage would have been gained from adjusting to account for different ambient 

environments. However, the slope and intercept measured in Hampstead station demonstrates 

the significant adjustment required when measuring PM2.5 concentrations in the subway due to 

the greater density of subway particles. 

3.9 Conclusion 

Participant personal exposures to PM, NO2 and O3 in train carriages were required to be 

accurately measured for the MRC study. Accurately measuring participant personal exposures 
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during their train journeys was key to understanding any effects on health from linking the health 

responses of the participants to subway exposures. Selecting the correct instrumentation and the 

method of transporting the sampling equipment was crucial in achieving a high-quality, accurate 

and reliable exposure assessment in the differing railway environments. 

The large contrasts between the two pollutant environments of the subway and overground and 

the time spent in these microenvironments can significantly contribute to overall daily exposure, 

especially in the subway. It has been shown how relying on fixed outdoor measurement stations 

increases the likelihood of exposure misclassification making them unsuitable for this study 

(Smith et al., 2016). Many researchers have previously used small OPC, sensor-based 

measurement techniques in subway studies. However, the differing environmental conditions, 

particularly of temperature and relative humidity and changes in particle chemical and physical 

composition increase the uncertainties of these instruments. The method adopted made use of 

the developments in the miniaturisation and reduced power requirements of higher quality 

measurement approaches, similar to those used in fixed measurement stations. This enabled the 

development of the Mobile Reference Station (MoRS) used in this study bridging the gap between 

static reference monitoring stations and the easy-to-use and portability of low-cost sensing 

technologies. 

The MRC study measurement locations were in subway and overground train carriages which 

required a highly flexible, self-contained, fully battery operated and manoeuvrable measurement 

system. This led to the development of MoRS to provide the high data capture rate that was 

required for the MRC study in both measurement locations. MoRS reported PM, NO2 and O3 

measurements. The intercomparisons showed MoRS had good agreement (±20%) with the 

SMPS at the fixed ambient measurement locations of Honor Oak Park, North Kensington and 

Marylebone Road and for the subway at Hampstead station alongside the Dekati ELPI+. Scaling 

factors were derived for the Mini-Wras for use in the subway and above-ground demonstrating 

the need for source-specific scaling factors in the subway environment. This measurement 

approach achieved the aim of providing the high-quality data required for the MRC study. 
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Table 3.4: Field co-location comparisons between the MoRS and reference instrumentation at Hampstead subway station, an urban kerbside site and urban background sites (mean, 

median, range and intercept are displayed as µg m-3). 

Location 

Site Name Instrument Measurement 
Mean   

(µg m-3) 

Median    

(µg m-3) 

Range   

(µg m-3) 

Slope 

(uncertaint

y) 

Intercept  

(µg m-3) 
R2 N 

Subway 
Hampstead 

Station 

Mini-Wras 

1371 

Spectrometer 

PM2.5 453.7 489.8 
26.5 – 

904.3 
3.14 (±0.09) 3.12 1.00 13 

Kerbside Marylebone 

Mini-Wras 

1371 

Spectrometer 

PM2.5 7.1 6.2 0.0 – 31.2 0.97 (±0.02)         0.77 0.98 48 

Urban 

Background 

Honor Oak 

Park 

Mini-Wras 

1371 

Spectrometer 

PM2.5 14.5 12.8 1.8 – 68.2  0.88 (±0.02) -2.24 0.99 279 

Urban 

Background 

Honor Oak 

Park 

Airyx ICAD 

NO2 analyser 
NO2 43.0 38.5 

11.5 – 

93.2 
0.96 (±0.00) 0.25 1.00 278 

Urban 

Background 

Honor Oak 

Park 

Airyx ICAD 

NOx analyser 
NOX 81.6 45.9 

11.6 – 

305.0 
0.97 (±0.01) -0.31 1.00 278 

Urban 

Background 

North 

Kensington 

2B 

Technologies 

O3 analyser 

O3 60.1 68.6 
2.6 – 

107.4 
0.93 (±0.02) 0.70 0.99 265 
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Chapter 4 Characterising exposure in the London Underground 

4.1 Introduction 

The London Underground is an extensive network of electrified railway lines that run below ground 

in central London and predominantly above-ground in London’s suburbs. It is the world’s oldest 

subway system opening on the 10 January 1863, on what is now the Metropolitan Line. The 

London Underground network now comprises 11 lines (the Elizabeth line is not part of the London 

Underground network) with 402km of track and 272 stations. The network handles up to five 

million passenger journeys a day and 1.35 billion per year. The below ground tunnelled sections 

make up 45% of the network with 55% above-ground. The tunnelled sections of the subway 

include the deep-tunnelled lines the Bakerloo, Central, Jubilee, Northern, Piccadilly, Victoria and 

the Waterloo & City Lines. The Circle, District, Hammersmith & City and Metropolitan Lines were 

built as cut and cover shallow sub-surface lines and are effectively at ground level. On deep tunnel 

lines the trains are narrower than on sub-surface lines due to the smaller tunnels. (TfL 2019, TfL 

2023, TfL 2023).  

The Medical Research Council health study [grant number MR/S035613/1] took place on the 

London Underground Bakerloo line (with alternative journeys on the Jubilee line) and on the 

Willesden Junction station to Watford Junction station London Overground line (with alternative 

journeys on the Kensal Rise station to Stratford station line). The study measured exposure in 

train carriages on individual train journeys, with each participant undertaking one subway and one 

separate overground journey. Measurements of exposure to PM2.5, NO2 and O3 were made in 

train carriages on each journey. This provided a long-term exposure assessment of 

concentrations in subway and overground trains.  

Passengers spend the majority of their time in the subway travelling in train carriages, rather than 

waiting on platforms. A long-term exposure assessment with repeated journeys on a specific 

subway line over many seasons has not previously been undertaken in London or worldwide. It 

will help to further understand passenger exposure, and any related health effects, as well as 

identifying possible sources and processes influencing concentrations.  

Previous studies have measured PM2.5 concentrations in the London Underground. An early study 

found PM2.5 concentrations of 265 µg m-3 in the London Underground (Pfeifer, Harrison and 
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Lynam 1999). In a further study by Sitzmannn (1999) PM5 concentrations of 801 µg m-3 were 

measured. Seaton et al., (2005) measured PM2.5 concentrations and particle number counts 

(PNC’s) on three subway platforms and in driver’s cabs over three days and Smith et al., (2020) 

spatially mapped PM2.5 and PNC concentrations in train carriages on all lines on the London 

Underground network. The study by Smith et al., (2020) investigated the characteristics of the 

London Underground that could affect PM2.5 personal exposure by measuring PM2.5 carriage 

concentrations over several return train journeys. These studies provided an insight into PM2.5 

concentrations in the London Underground, the spatial variability within and between lines and 

factors that may have affected concentrations. However, none of these studies looked at NO2 and 

O3 concentrations in the subway nor undertook a long-term spatial and temporal exposure 

assessment of specific lines. This work therefore provides further evidence investigating factors 

and processes affecting PM2.5, NO2 and O3 concentrations in the subway. 

This chapter presents a comprehensive characterisation of the spatial and temporal variation of 

how pollutant concentrations vary along a return Bakerloo Line journey from Willesden Junction 

station to Elephant & Castle station, or for the alternative journey, a Jubilee Line return journey 

from Kilburn station to Canning Town station (Figure 4.1). The return overground journeys that 

form part of the MRC study run from Willesden Junction station to Watford Junction station, and 

as the alternative journey, from Kensal Rise station to Stratford station (Figure 4.2).  
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Figure 4.1: Map of the London Underground showing the return subway Bakerloo line from Willesden 
Junction station to Elephant & Castle station (brown circles) and the alternative return subway Jubilee 
line journey from Kilburn station to Canning Town station (silver circles). 

 

 

Figure 4.2: Map of the London Overground showing the return Overground line journey from Willesden 
Junction station to Watford Junction station (red circles) and the alternative return Overground line journey 
from Kensal Rise station to Stratford station (blue circles). 
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4.2 Methods 

4.2.1 Train journeys 

When determining the train journey routes for the MRC study there were several criteria that 

needed to be fulfilled. The starting stations were required to have lift access from ground to 

platform level to avoid stairs and minimise the walking distance for the COPD participants.  Ideally, 

the station was required to have a subway and overground route serving the station and a return 

train journey of at least 60 minutes (Smith et al., 2020). To fulfil these criteria journeys primarily 

took place on the Bakerloo Line (n=44) and the Overground line starting from Willesden Junction 

station (n=48). Provision was made for alternative journeys in cases where the lift was not 

operational at Willesden Junction station and trains were not available due to engineering works 

or train strikes. These alternative journeys took place on the Jubilee Line (n=7) and the Kensal 

Rise branch of the Overground (n=8), which both had lift access to the platforms. 

4.2.1.1 Subway journeys 

The Bakerloo Line opened in 1906 and runs underneath some of the busiest roads in Central 

London. Bakerloo Line trains were built in 1972 (Neil 2015) and are the oldest trains currently in 

service in the London Underground (indeed on any UK rail network). These trains are the only 

trains on the subway network to have friction and emergency braking, as opposed to regenerative 

or rheostatic braking, that is controlled by the driver. This type of braking is known to significantly 

increase braking emissions in comparison to regenerative or rheostatic braking (Van Ryswyk et 

al., 2017). The section of the Bakerloo Line used in this study starts above ground at Willesden 

Junction station and continues to Queens Park station above ground (there are three above 

ground stations) before entering the tunnel between Queens Park and Kilburn Park stations. The 

tunnelled section of the track runs from Kilburn Park station to Elephant & Castle station and 

consists of 15 subway stations at varying platform depths of between 7 to 25m (Table 4.1). All 

below ground Bakerloo line stations consist of a single narrow tunnel with one track and one 

platform in each direction.  
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Table 4.1: Tunnel depths (m) below ground-level and the number of interchanges at each station on the 
Bakerloo line. 

Station 
Tunnel Depth (m) 

        Outbound                         Return 

 

Interchanges 

Kilburn Park 7 7 0 

Maida Vale 14 14 0 

Warwick Avenue 14 14 0 

Paddington 16 16 1 

Edgware Road 25 25 0 

Marylebone 23 23 0 

Baker Street 22 19 2 

Regent’s Park 24 22 0 

Oxford Circus 22 22 2 

Piccadilly Circus 25 25 1 

Charing Cross 24 24 1 

Embankment 20 20 2 

Waterloo 16 19 2 

Lambeth North 16 16 0 

Elephant & Castle 23 23 1 

 

A study into station design in the Barcelona subway by Moreno et al., (2014) found that platforms 

with a design of one track and one platform, similar to the Bakerloo line, had the highest PM 

concentrations. Wider stations with multiple platforms had lower PM concentrations than single 

track platforms. The authors also found that passenger entrances to the platform were most 

effective at reducing platform PM concentrations when they were positioned at the train entry 

point. 

There is limited ventilation within the Bakerloo Line tunnels with air exchanged between the 

subway and the ambient environment principally through ventilation shafts and station entrances 

driven by the piston effect of moving trains. The trains are not air conditioned and have windows 

at either end of the carriage that can be opened. Power is supplied via a DC current third rail 

system. Trains run from 05:00 until midnight every day except Sunday which runs from 07:00 until 

midnight. All days have a train frequency of 3-4 minutes with higher frequencies during rush hours. 
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The Jubilee Line opened in 1977, with the Docklands extension opening in 1999, and is the 

newest line on the London Underground network. The trains were built in 1996 and have 

automatic train operation and regenerative braking (Neil 2015). The section of the Jubilee Line 

used in this study runs above ground from Kilburn station to Finchley Road station before entering 

the tunnel before Swiss Cottage Station. The train remains in the tunnel until leaving North 

Greenwich station approaching Canning Town station, which is the final station used in this study 

before returning to Kilburn station. The tunnelled sections are deeper than the Bakerloo Line 

consisting of 13 subway stations at varying depths between 14 and 31 m (Table 4.2). As with the 

Bakerloo Line all below ground stations consist of a single narrow tunnel with one track and one 

platform, except North Greenwich, which has four platforms and tracks.  

Table 4.2: Tunnel depths (m) below ground-level and the number of interchanges at each station on the 
Jubilee line. 

Station 
Tunnel Depth (m) 

        Outbound                         Return 

 

Interchanges 

Swiss Cottage 17 17 0 

St Johns Wood 18 18 0 

Baker Street 23 20 2 

Bond Street 31 31 2 

Green Park 31 31 2 

Westminster 23 31 1 

Waterloo 30 30 2 

Southwark 14 14 0 

London Bridge 27 27 1 

Bermondsey 14 14 0 

Canada Water 18 18 0 

Canary Wharf 19 19 1 

North Greenwich 15 15 0 

 

Tunnel ventilation in the Jubilee Line is also driven by train movements via ventilation shafts and 

platform entrances. Trains carriages have windows at either end of the carriage. Power is supplied 

via a DC current third rail system. Trains run from 05:00 until midnight every day except Friday 

night to Sunday morning when an all-night service operates. Train frequencies are 2-3 minutes 
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for all regular services. The stations common to the Bakerloo and Jubilee lines are Baker Street 

and Waterloo stations, although the trains are in different tunnels and at different depths. 

4.2.1.2 Overground journeys 

London Overground trains were brought into service in 2019. The Willesden Junction station to 

Watford Junction station route and the alternative journey from Kensal Rise station to Stratford 

station use the same rolling stock. The trains are air conditioned, with carriages having open 

gangways allowing passengers to walk through the length of the train and the trains run 

overground for the entirety of the journeys. Between Queen’s Park station and Willesden Junction 

station the Bakerloo and Overground trains share the track which results in a reduced Bakerloo 

Line service from Elephant & Castle station to Willesden Junction station. This meant that on 

return journeys from Elephant & Castle station the train terminated at Queens Park station 

requiring a change of trains to continue to Willesden Junction station. A change of trains was also 

required at Canning Town station for the return journey on the Jubilee Line. 

4.2.2 Exposure measurements 

I carried out all exposure measurements using MoRS to measure the personal exposures of 

participants in train carriages by placing MoRS between the participants (if there were two 

participants) or next to a single participant (Figure 4.3). I monitored MoRS’s on-board PC to 

ensure the instruments were functioning. For each exposure train journey, I loaded and 

accompanied MoRS into an electric taxi at Imperial College, White City Campus. Before loading 

MoRS into the taxi I started and checked all the instruments were working and sampling before 

leaving the White City laboratory. The taxi drove to Hammersmith Hospital where the participants 

and the Clinical Research Fellow entered the taxi alongside MoRS and I before driving to 

Willesden Junction station (or the alternative if it was used) where I unloaded MoRS and the 

participants disembarked the taxi. At all times during the taxi journey recirculation was on and the 

windows were closed to minimise exposure to traffic pollution. The same routine was followed on 

the return taxi journey after the exposure train journey. 
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Figure 4.3: The positioning of MoRS between the participants measuring at the breathing height of the 
participants on a subway journey (left) and an Overground journey (right). 

 

On arrival at the station the allocated train journey was taken. At Willesden Junction station the 

participants and MoRS boarded the Bakerloo Line train at the rear carriage or the Overground 

train at the front carriage and I placed MoRS in position between the participants (Figure 4.3). At 

Kilburn station the Jubilee Line train was boarded at the front carriage and at Kensal Rise station 

the Overground train was boarded at the front carriage.  Although it is known that the carriage 

position on diesel trains affects exposure concentrations (Ham et al., 2017, Jeong, Traub and 

Evans 2017) it was unknown if carriage position affected concentrations in subway trains. Subway 

and overground trains are electrically powered and the hypothesis before undertaking the 

journeys was that carriage position would not affect PM2.5 concentrations as there were no 

location specific sources, although train movement resuspends legacy PM on the subway 

journey. When deciding the carriage position, it was important to be as close to the platform lift 

as possible, to avoid participants walking along platforms. Seat position was maintained at termini 

stations to avoid participants having to change carriage position by walking along the platform. 

There were no windows in the Overground carriages (due to the air-conditioned carriages). In the 

underground carriage it was not possible to control the position of the window as in the Bakerloo 

and Jubilee line trains the windows were at the far end of the carriage with passengers between 

the participants and the window. The only window in the carriage was at the far end of the carriage 

as we sat immediately behind the driver compartment. No record was kept of the window position 

as this often changed during the journey. 

In total there were 107 participant exposure train journeys. These comprised 44 Bakerloo Line 

journeys, 7 Jubilee Line journeys, 48 Willesden Junction station to Watford Junction station 

Overground journeys and 8 Kensal Rise station to Stratford station Overground journeys. The 
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journeys and reasons for the alternative journeys are shown in Table B 1. On exposure journeys 

from 26 September 2022 to 12 October 2022 the Mini-Wras was serviced and a SidePak was 

used for PM2.5 sampling. 

Only one participant could undertake an exposure train journey from 26 January 2022 to 25 April 

2022. This was due to there being no research nurse to assist the Clinical Research Fellow in 

taking physiological heath measurements in Hammersmith Hospital. A research nurse was 

recruited to allow two participants to take exposure journeys from 27 April 2022. From 27 April 

2022 to 19 July 2023 two participants were taken on the exposure train journeys whenever 

possible. When the participant exposure journeys began on 26 January 2022 it was compulsory 

for the participants to wear a mask until the mandate finished on 24 February 2022. However, 

some participants still choose to wear a mask after 24 February 2022 with 28 journeys undertaken 

with participants wearing a mask. On all journeys MoRS replicated the mask wearing status of 

the participants. MoRS accompanied the participants on every exposure journey being placed 

between the two seated participants and sampling at the breathing height of the sitting 

participants.  

4.2.3 Spatial mapping 

All exposure train journeys took place between 10.00 and 13.00 on Mondays and Wednesdays. 

MoRS measured PM, NO2, O3, noise, %RH and temperature at all times from the moment the 

participants left Hammersmith Hospital. As no GPS location tracking was available underground 

on the Bakerloo and Jubilee lines a detailed data recording sheet was produced for each line to 

maintain consistency of recording. I recorded the arrival and departure time at each station and 

linked to the measured concentrations throughout the journey. All exposure data was averaged 

to a one-minute time resolution. 

4.2.4 Repeated exposure journeys 

Although spatially mapping a single journey measurement is useful for displaying pollutant 

concentrations and interactions throughout the journey, it does not reveal spatial and temporal 

variation over longer time scales. A strength of this study was the long-term monitoring of the 

Bakerloo line over 44 separate journeys over 18 months (there were also seven subway journeys 

on the Jubilee line). Long-term, repeated measurements have the advantages of assessing 
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detailed patterns in pollutants, reducing the dominance of short-term variability, reducing errors 

and eliminating outliers which help to formulate comprehensive conclusions (Chang et al., 2021).  

Although the return distance travelled on each line was known and was consistent over every 

journey, the time taken for a return journey varied throughout the study. For example, the return 

journey time on the Bakerloo line varied between 68 minutes (29 June 2022) and 87 minutes (24 

May 2023) with a mean journey time of 77 minutes. On all lines there was a variation in the return 

journey time over the track distance (Table 4.3). The differences in the return journey times were 

affected by factors such as train speed, passenger numbers, waiting times at platforms, delays 

due to signalling, slower trains running in front, speed restrictions, hold ups on the track and 

differing waits when changing trains at Queen’s Park station and at station termini. Due to 

Bakerloo line trains sharing the track with Overground trains after Queen’s Park station the 

subway train from Elephant & Castle terminated at Queen’s Park and the next train was boarded. 

Table 4.3: Return distances and return travel time for each line used in the MRC study. 

Line Return Distance (km) Return Time (mins) 
Min-Max    Mean 

Bakerloo 27.26 68 - 87      77 

Jubilee 42.28 67 – 81     72 

Willesden Junction Overground  37.82 75 – 96     81 

Kensal Rise Overground 21.32 85 – 93     89 

 

Repeated measurements along the same sections of track over time inevitably result in small 

spatial variations in the train position at a given time. Although the distances between stations are 

known the tunnel distance between stations are unknown. When a train is moving through a 

tunnel the exact location of the train is unspecified and cannot be allocated a time point to 

correspond to instrument measurements. These factors present difficulties in spatially resolving 

repeated measurements over an exposure journey as the trains spatial position at any given time 

is never identical over different exposure journeys. 

To compensate for the different speeds and journey times of each journey, journey distance was 

used instead of time as the independent variable. As distance travelled is independent of speed 

the journey was divided into equal chunks of distance (Apte et al., 2017, Wagner et al., 2021). 

The distance between each station and the number of measurement points (or minutes) between 
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each station is known for each journey. By assuming the train always moves at the same constant 

speed between each station the distance travelled by the train for each minute between the 

stations can be calculated. The distance between Willesden Junction Station and Kensal Green 

station is 1.5 km. If the train takes three minutes to travel between the stations this gives three 

equal chucks of 0.5 km for each minute of train travel allowing the position of the train to be 

estimated aligning spatial resolution between stations.  

The time spent at each station varied so each station was given a platform length distance of 200 

m. If the train spent longer than one-minute at the station, the 200 m platform distance was divided 

into equal chucks dependent on the time the train spent at the station. If the train spent over one-

minute at a station the 200 m platform distance was deducted from the distance from the previous 

stop. If the train stopped at Kensal Green station for one-minute and the train took three-minutes 

to travel from Willesden Junction station the chucks between the stations were 0.433 km (1.3 km 

divided by three-minutes) and the station length was 200 m, giving a total distance between 

Willesden Junction and Kensal Green stations of 1.5 km over four-minutes. This was applied to 

all measured data points over each exposure journey to give a total distance travelled equal to 

the return journey length of the line. Whilst each journey would be unique in the number of chunks 

and chuck lengths, journeys were compatible in total distance travelled for all subway and 

overground journeys. The chunking method was spatially mapped using geom_smooth in the 

ggplot2 package in ‘r’ (Wickham 2023). 

4.2.5 Train carriage measurement position  

The seating position of a person on diesel trains is known to influence personal PM2.5 exposure 

(Abramesko and Tartakovsky 2017, Ham et al., 2017, Jeong, Traub and Evans 2017), although 

there have been no studies on the subway. The MRC study protocol required participants to sit 

in the rear carriage of the Bakerloo line train on the outbound journey (which became the front 

carriage on the return journey) to reduce the distance walked by participants. To test whether the 

carriage position would affect PM2.5 concentrations three researchers travelled on three return 

Bakerloo line journeys from Willesden Junction station to Elephant & Castle station. Each 

researcher carried a TSI AM520 SidePak in a backpack with the sampling inlets at breathing 

height when sitting. All instruments were zeroed before the commencement of the trial and 

corrected with scaling factors generated through colocations with reference instruments at the 

Hampstead test station. Each researcher carried out one return journey measurement in the front 



104 
 

A B C 

carriage (A), middle carriage (C) and rear carriage (B) using the same Sidepak in each of the 

carriages. Researchers boarded at Willesden Junction station and stayed in position at Elephant 

& Castle station before disembarking the train at Willesden Junction station on return (Figure 4.4). 

 

Figure 4.4: Diagram showing the three measurement positions of the researchers for the three Bakerloo 
line return journeys from Willesden Junction station to Elephant & Castle station in the front (A), rear (B) 
and middle (C) carriages. 

 

On each return to Willesden Junction station researchers changed carriage position taking 

measurements with the same SidePak that was issued on the first journey. This ensured that 

each SidePak took return journey measurements in each of the front, middle and rear carriages.  

4.2.6 Calibration factors 

Scaling factors for PM2.5 of 3.14 and 0.88 were derived for correction of the measured subway 

and ambient concentrations measured using the Mini-Wras. Due to subway air comprising a mix 

of subway and ambient particulate sources, measured PM2.5 subway concentrations were 

corrected using the recommendations of Smith et al., (2020) that subway and ambient scaling 

factors should be proportionally applied to subway air. Urban background PM2.5 scaling factors 

were used to correct Overground train measurements and subway measurements outside of the 

tunnelled sections in ambient air. PM2.5 mass was collected onto the MoRS on-board filters for 

additional PM2.5 mass concentration measurements. 
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4.3 Results 

4.3.1 Subway and overground exposure assessment 

4.3.1.1 Subway journeys 

When undertaking personal exposure measurements during the train journeys, MoRS measured 

all PM size fractions, NO2, NOX, and O3 simultaneously. This allowed an exposure assessment 

of carriage concentrations throughout the journey to be spatially mapped for all four pollutants. 

An example return Bakerloo line exposure journey on 09 November 2022 characterised PM2.5, 

NO2 and O3 and is shown as a time-series in Figure 4.5. Although this only provides a ‘snapshot’ 

of one journey it is useful in giving an insight into the spatial variation of pollutant concentrations 

along the journey. 

For the first eight minutes of the journey the train was above-ground reflecting urban background 

PM2.5 concentrations of 2 µg m-3. Carriage PM2.5 concentrations built-up rapidly after the train 

entered the tunnel reaching 581 µg m-3 just before Warwick Avenue station within 3 minutes of 

entering the tunnel, before falling slightly as the train moved along the track before peak 

concentrations of 594 µg m-3 were reached at Marylebone station. From Marylebone station PM2.5 

concentrations gradually fell until the terminus at Elephant & Castle station. Here the train stopped 

for five minutes during which time PM2.5 concentrations fell from 337 to 113 µg m-3 before 

increasing again when the train started to move. PM2.5 increased as the train moved towards 

Oxford Street station (431 µg m-3) before falling until reaching peak concentrations on the return 

journey of 469 µg m-3 at Warwick Avenue station. High PM2.5 concentrations were maintained 

until the train left the tunnel when concentrations fell from 413 to 94 µg m-3 immediately after 

emerging from the tunnel, before quickly returning to background levels. Mean PM2.5 

concentrations were 382 and 281 µg m-3 for the tunnelled sections and the complete return 

journey, respectively, although it was noticeable that PM2.5 varied throughout the tunnelled section 

of the journey. The concentrations found in the Bakerloo Line on this journey were amongst the 

highest measured worldwide (Carteni 2016, Xu and Hao 2017).  
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Figure 4.5: Concentrations of PM2.5, NO2 and O3 measured along the return journey between Willesden 
Junction station and Elephant & Castle station on 09 November 2022 on a Bakerloo line subway train. 
Shaded green areas indicated the times when the train remained in a station. The dotted black lines 
indicate when the train entered and exited the subway tunnel. Red dotted lines indicate background 
concentrations. PM2.5 has been scaled using the formula proposed by Smith et al., (2020). 

  

Nitrogen dioxide is not generated in the subway system and enters through ventilation shafts and 

platform entrances from ambient air (Cao et al., 2017). It is evident that NO2 has a negative 

correlation with PM2.5 with a Pearson correlation between PM2.5 and NO2 for the tunnelled sections 

showing a moderate negative correlation of -0.55 and demonstrates that ambient air relatively 

more polluted with NO2 but less polluted with PM2.5 is mixing with air in the subway. The negative 

correlation with NO2 is especially noticeable where PM2.5 peaked at Maida Vale and Marylebone 

stations on the outbound journey and where PM2.5 falls at Baker Street station, with the inverse 

true for NO2. At Elephant & Castle station, where the train was stationary, the combination of an 

influx of ambient air and PM2.5 settling processes significantly reduced PM2.5 concentrations. This 

interaction between PM2.5 and NO2 in the subway has not been reported in the literature. Before 

entering the tunnel and after leaving the tunnel measured NO2 concentrations were higher than 

mean ambient background concentrations. After entry into the tunnel NO2 concentrations 

fluctuated between 5 - 27 µg m-3 throughout the journey with a mean of 15 µg m-3. Mean ambient 

background NO2 concentrations were 14 – 16 µg m-3 (mean 15 µg m-3), while the train was in the 

tunnel. The highest NO2 concentration was at Baker Street station on the return journey, with the 

lowest concentration at Warwick Avenue station on the return journey. The variation in NO2 
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concentrations in the tunnelled sections could be dependent on the trains proximity to ventilation 

shafts and platform passenger entrances through which ambient air was entering the tunnels. 

Due to the lack of sunlight in the tunnelled sections of the subway, ozone remained low 

throughout. During the journey mean O3 concentrations were 6 µg m-3 compared to mean ambient 

background concentrations of 45 µg m-3. In the subway the highest concentrations of O3 were at 

Elephant & Castle station, when the train was stationary (12 µg m-3), most likely due to ambient 

air entering the platform through passenger entrances.  

A Jubilee line journey on 19 December 2022 had mean PM2.5 concentrations of 150 µg m-3 in the 

tunnelled sections of the journey (Figure 4.6Figure 4.6). Although this was lower than the Bakerloo 

line journey, it is still high compared to worldwide subway concentrations. Before entering the 

tunnel PM2.5 concentrations were similar to background concentrations of 1 µg m-3 before rapidly 

rising to 199 µg m-3 at Baker Street station. The highest PM2.5 concentrations of 223 µg m-3 

occurred at Southwark station before gradually falling until the train exited the tunnel where they 

fell to 3 µg m-3. On the return journey, PM2.5 concentrations increased gradually to 211 µg m-3 

between Baker Street and Bond Street stations before falling to background concentrations as 

the train left the tunnel.  This journey showed a similar interaction between PM2.5 and NO2 that 

was found on the Bakerloo line, with a correlation of -0.57 between PM2.5 and NO2 in the tunnelled 

sections of the journey. NO2 concentrations were highest outside of the tunnelled sections (mean 

14 µg m-3). Similarly, to the Bakerloo line, NO2 concentrations in the tunnelled sections varied 

throughout the journey, although at lower concentrations (7 – 15 µg m-3, mean 10 µg m-3). 

Generally, NO2 concentrations in the Jubilee line were below ambient background levels of 13 – 

14 µg m-3
.  
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Figure 4.6:Concentrations of PM2.5, NO2 and O3 measured along the return journey between Kilburn 
station and Canning Town station on 19 December 2022 on a Jubilee line subway train. Shaded green 
areas indicated the times when the train remained in a station. The dotted black lines indicate when the 
train entered and exited the subway tunnel. Red dotted lines indicate background concentrations. PM2.5 
has been scaled using the formula proposed by Smith et al., (2020). 

 

The highest O3 concentrations were found outside of the tunnels when the train was above-

ground. At Canning Town station O3 concentrations approached background concentrations of 

38 µg m-3, rising from 4 to 23 µg m-3 after the train exited the tunnel. When the train re-entered 

the tunnel O3 concentrations fell to 8 µg m-3. Mean O3 concentrations in the tunnelled sections 

were 3 µg m-3 with maximum concentrations of 8 µg m-3 occurring in the tunnelled section between 

Bond Street and Baker Street stations. Low ozone concentrations were found in the Bakerloo and 

Jubilee lines suggesting this is a common phenomenon in the subway.    

4.3.1.2 Overground Journeys 

Overground journeys took place on two routes, Willesden Junction station to Watford Junction 

station and Kensal Rise station to Stratford station. An example journey of each overground 

journey in shown in Figure 4.7. In contrast to the subway journeys, the overground journeys had 

very low PM2.5 concentrations. On the Willesden Junction route PM2.5 remained below background 

concentrations for much of the journey, except at the start of the journey and at the Watford 

Junction station terminus, with a mean PM2.5 concentration of 3 µg m-3.  Mean PM2.5 background 

concentrations were 3 µg m-3
 during the journey. On the outbound journey mean NO2 

concentrations of 30 µg m-3 were above background concentrations of 10 µg m-3 before 
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approaching background concentrations on the return journey, with mean NO2 concentrations of 

17 µg m-3 on this section. During this journey mean ozone concentrations of 19 µg m-3 remained 

below mean background concentrations of 74 µg m-3. 

 

 

Figure 4.7: Concentrations of PM2.5, NO2 and O3 measured along the return journey between Willesden 
Junction station and Watford Junction station on 13 July 2022 on a Willesden Junction overground train 
and between Kensal Rise station and Stratford station on 14 November 2022 on a Kensal Rise 
overground train. Shaded green areas indicated the times when the train remained in a station. Red 
dotted lines indicate background concentrations. PM2.5 has been adjusted using the formula proposed by 
Smith et al., (2020). 

  

On the Kensal Rise journey PM2.5 concentrations (mean 6 µg m-3) were generally lower than 

background concentrations (mean 8 µg m-3) except near Gospel Oak where there was likely to 
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be a strong pollutant source, as all pollutant concentrations increased.  NO2 concentrations during 

the train journey (mean 32 µg m-3) were close to background concentrations of 30 µg m-3, except 

at Gospel Oak, whilst ozone (mean 4 µg m-3) was mainly below mean background concentrations 

(5 µg m-3), except at Gospel Oak.   

PM2.5 was over 100 and 30 times lower in the Overground than in the Bakerloo and Jubilee lines, 

although NO2 and O3 were higher in the overground, by factors of 2 and 3, respectively, 

highlighting the importance of measuring all three pollutants for the MRC study. 

4.3.1.3 Repeated journeys on the Bakerloo line 

Repeated exposure journeys on the Bakerloo line using the chunking method displayed high 

spatial and temporal resolution (Figure 4.8). Although there were 44 journeys on the Bakerloo 

line, for consistency, only the 35 journeys where the participants (and MoRS) were not wearing a 

mask have been analysed. Similar to the single journey, mean PM2.5 concentrations increased 

rapidly on entering the tunnel reaching a peak between Marylebone and Baker Street stations 

before falling until the train reached Elephant & Castle station. At the Elephant & Castle station 

terminus PM2.5 fell rapidly as soon as the train stopped. When the train journey recommenced, 

concentrations rose but less slowly than on the outbound journey, peaking at Oxford Circus and 

Warwick Avenue stations before falling rapidly to ambient background concentrations when the 

train left the tunnel.  
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Figure 4.8: Repeated journeys on the Bakerloo line displaying 35 complete return journeys from Willesden 
Junction station to Elephant & Castle station for PM2.5, NO2, NOX and O3. The shaded area represents 
the 95% confidence intervals. PM2.5 has been scaled using the formula proposed by Smith et al., (2020). 

 

The same inverse relationship between PM2.5 and NO2 that was observed on the single journey 

of 19 November 2022 can be seen in the repeated journeys. The Pearson correlation of -0.47 for 

the repeated journeys has a lower correlation than the single journey correlation of -0.55 

suggesting there was a variability in the concentrations of PM2.5 and NO2 during the Bakerloo line 

journey, not necessarily linked solely to tunnel depth or distance from tunnel mouths. The 

variability in PM2.5 could have been caused by braking in different locations and the length of 

braking time. The extent of emergency braking would also have an influence on PM2.5 

concentrations. Other factors could include track gradient and track curvature, especially if the 

brakes were applied, and the influence of other lines. For NO2, the variation could have been 

caused by the trains speed as it passed ventilation shafts, ambient wind concentrations, wind 

direction, the ambient concentration and the influence of other lines. For PM2.5 and NO2, the length 

of time the train was stopped at Elephant & Castle station could be a factor. The deepest sections 

of the Bakerloo line were between Edgware Road and Embankment stations, although this 

section did not consistently have higher PM2.5 concentrations than shallower sections of the 

journey such as at Warwick Avenue station.  
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Repeated journeys on the Bakerloo line showed that NOx concentrations rose slowly after 

entering the tunnel, peaking at Lambeth North before falling at Elephant & Castle and continuing 

to fall on the return journey. The peak at Lambeth North could be influenced by ambient air 

entering the tunnel from the depot sidings, although this is less noticeable for NO2. During both 

legs of the journey, NOX shows greater variability than the other three pollutants (shown by the 

wider confidence intervals). Although the correlation between NO2 and PM2.5 during the Bakerloo 

line journey was -0.47, there was no correlation between NOX and PM2.5. There was a correlation 

of 0.45 between NO2 and NOX. These results could have resulted from the greater variation in 

NOX throughout the journey, compared to PM2.5 and NO2. 

4.3.1.4 Repeated journeys on the Jubilee line 

The Jubilee line was used as the alternative subway line for when the Bakerloo line was not 

available (Figure 4.9). As in the Bakerloo line only the two journeys where the participants were 

not wearing a mask have been analysed. Repeated exposure journeys using the chunking 

method (n=2) showed mean PM2.5 concentrations rapidly increasing after the train entered the 

tunnel at Swiss Cottage station. Concentrations continued to increase until reaching a peak 

concentration at London Bridge station before gradually falling as the train moved towards the 

tunnel exit after North Greenwich station. On exit of the tunnel, concentrations fell rapidly until a 

change of trains to return took place at Canning Town station. On re-entering the tunnel at North 

Greenwich station PM2.5 concentrations slowly increased until Waterloo station, after which they 

fell before peaking again at Baker Street station. As on the Bakerloo line PM2.5 concentrations fell 

very quickly to ambient levels as soon as the train left the tunnel.  
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Figure 4.9: Repeated journeys on the Jubilee line displaying two complete return journeys from Kilburn 
station to Canning Town station for PM2.5, NO2, NOX and O3. The shaded area represents the 95% 
confidence intervals. PM2.5 has been scaled using the formula proposed by Smith et al., (2020) 

 

The deepest sections of the Jubilee line run from Baker Street to London Bridge stations. These 

were the sections with the highest concentrations of both legs of the journey, although like the 

Bakerloo line, the relationship between station depth and PM2.5 concentrations seems complex. 

On the return journey, St Johns Wood station, with a station depth of 18m, had higher PM2.5 

concentrations than Green Park station which has a depth of 31m. There was a negative 

correlation over the two journeys in the tunnelled sections of -0.44 between PM2.5 and NO2, 

compared to the correlation of -0.57 on the single journey on 19 December 2022. There was a 

0.33 positive correlation between NOX and PM2.5, although there was a large variation in the two 

non-masked journeys, making conclusions difficult to draw.  

4.3.2 Face mask effect 

It is known that wearing a face mask reduces exposure to PM2.5 although the exposure reduction 

will depend on many factors including the type of mask, breathing rate and the fit of the mask 

around the face (Ji, Li and Wang 2021, Kodros et al., 2021, Velasco et al., 2022). MoRS was 

adapted to be able to measure PM2.5 exposure through a mask on those exposure journeys on 

which the participants wore a mask. Differentiating the journeys where participants wore a mask 
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from those where the participants did not wear a mask shows that on the Bakerloo line mask 

wearing reduced exposure throughout the tunnelled sections of the journey (Figure 4.10)  

 

Figure 4.10 Repeat journeys on the return Bakerloo line journey from Willesden Junction station to 
Elephant & Castle station wearing a mask (blue line) and without wearing a mask (red line). The shaded 
areas represent the 95% confidence intervals. PM2.5 has been adjusted using the formula proposed by 
Smith et al., (2020). 

 

There was a significant difference in PM2.5 concentrations with and without a mask (p < 0.001) 

with mean concentrations of 198 and 242 µg m-3, respectively, for the complete return journeys, 

with a 21% difference in cumulative PM2.5 exposure (Figure 4.11). The percentage difference 

remained remarkably consistent throughout the journey (20 - 25%) from Maida Vale station once 

the variability at the tunnel entrance was removed from the subway air. 

These results confirm the hypothesis that face masks significantly reduced PM2.5 exposure 

vindicating the decision to adapt MoRS to measure through a mask to quantify the effects on 

exposure. Post Covid-19 pandemic, commuters do not generally wear face masks whilst travelling 

on the subway so the further exposure assessment will focus on the 35 Bakerloo line journeys 

that were undertaken without a face mask.  
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Figure 4.11: Cumulative PM2.5 exposure over the complete Bakerloo line return journey wearing a mask 
(blue line) and without wearing a mask (red line). The shaded area represents the 95% confidence 
intervals. PM2.5 has been adjusted using the formula proposed by Smith et al., (2020). 

 

There were only two journeys on the Jubilee line undertaken without a mask. This makes drawing 

any conclusions from the Jubilee line data difficult. Where applicable, the non-masked Jubilee 

line data will be commented upon where it can provide insights into findings from the Bakerloo 

line but will not be shown in detail. Masks were found to have no effect on overground journeys. 

This was likely to be due to the daily variation in PM2.5 concentrations being greater than the mask 

effect as mean concentrations of all journeys were 4 µg m-3, and without a mask were also 4 µg 

m-3. 

4.3.3 Outbound and return subway journeys 

Spatial mapping of the Bakerloo line suggests that on the outbound journey to Elephant & Castle 

station PM2.5 concentrations were higher than the return journey. The two sections of the journey 

are displayed in Figure 4.12, with the outbound journey from Willesden Junction station to 

Elephant & Castle station and the return journey starting at Elephant & Castle station and finishing 

at Willesden Junction station.    

The Bakerloo line trains travelled in separate tunnels on the outbound and return journeys with 

the separate tunnels only running alongside each other briefly on the northside of Paddington, 

Piccadilly Circus, Lambeth North and Elephant & Castle stations. Passenger entrances link the 

tunnels at Kilburn Park, Maida Vale, Warwick Avenue, Paddington, Regents Park, Charing Cross, 

Lambeth North and Elephant & Castle stations. The other stations do not link the two tunnels as 

the passenger entrances are not between the tunnels. The passenger entrance on the 

Southbound Bakerloo line at Baker Street station interchanges with the Northbound Jubilee line.   



116 
 

 

Figure 4.12: Concentrations of PM2.5, NO2, NOX and O3 on the outbound journey from Willesden Junction 
station to Elephant & Castle station (blue line) and the return journey from Elephant & Castle station to 
Willesden Junction station (red line). The shaded area represents the 95% confidence intervals. PM2.5 
has been adjusted using the formula proposed by Smith et al., (2020). 

 

At Baker Street, Regents Park and Waterloo the Bakerloo line stations are at different depths. 

The outbound journey showed consistently higher PM2.5 concentrations throughout the journey 

compared to the return journey, except at the return tunnel entrance/exit. On the return journey 

these were higher from Maida Vale station to the tunnel exit likely due to legacy dust already 

being present in the carriage from the return journey. 

The return journey started at Elephant & Castle station where PM2.5 concentrations were at their 

lowest from the waiting time at the station. At Elephant & Castle station there is a continuation of 

the tunnels that were built for a possible line extension, but now these tunnels are used to house 

trains overnight when out of service. There are no tunnel openings for ambient air to enter the 

station in these tunnels. After departing Elephant & Castle station concentrations slowly built until 

Lambeth North station. Interestingly, PM2.5 accumulated in the train carriage less rapidly than 

when it first entered the tunnel after Queens Park station.  

Immediately on departing Lambeth North there is a siding that out of service trains can take to 

the London Road depot. There is a 750m long single tunnel from the Bakerloo mainline track to 
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the depot, which is above ground. The effect of the depot tunnel exit/entrance can be seen in the 

journeys with outbound PM2.5 concentrations decreasing around Lambeth North and increasing 

on the return journey. It is unclear why there is a difference on the journeys as the lines run parallel 

at the depot entrance sidings.  

Concentrations built up in the carriage, until peaking at Oxford Circus station at similar levels to 

the Outbound journey. This was the inverse of the outbound journey where concentrations 

steadily decreased from Oxford Circus station to Elephant & Castle station. From Oxford Circus 

station return journey concentrations decreased until Baker Street/Marylebone stations before 

they increased again before Warwick Avenue station. There are no station design reasons why 

PM2.5 concentrations should be diametrically opposed along the section from Oxford Circus to 

Paddington stations, indeed the return Southbound platforms at Baker Street and Regents Park 

stations are deeper than the outbound platforms.   

During the return journey at Baker Street station there was a close convergence of PM2.5 

concentrations on the Bakerloo and Jubilee lines possibly suggesting that the two lines may have 

been interacting. This section of the journey was the inverse of the outbound journey, which 

peaked around Marylebone station. Mean PM2.5 concentrations for the outbound and return 

journeys for each station are shown in Table 4.4. The highest mean PM2.5 concentration was at 

Marylebone station (493 µg m-3) on the outbound journey, with the stations either side of 

Marylebone station, Edgware Road and Baker Street stations, having the next highest 

concentrations. Only Warwick Avenue station on the return journey had higher mean PM2.5 

concentrations (360 µg m-3) than the outbound subway stations, except Elephant & Castle station, 

demonstrating the higher PM2.5 concentrations on the outbound journey. 

Mean (sd) PM2.5 concentrations, over the 35 Bakerloo line journeys, for the complete tunnelled 

sections of the subway journeys were 321 (110.4) µg m-3 (median = 328 µg m-3), making it 

comparable with the median PM2.5 concentrations recorded on the fully tunnelled Victoria line (361 

µg m-3) by Smith et al., (2020).  For the outbound journey mean PM2.5 concentrations were 346 

(122) µg m-3 (median = 363 µg m-3).  

Elephant & Castle station showed the greatest variation in PM2.5 concentrations ranging from 416 

to 33 µg m-3 whilst the train was stationary due to the influence of ventilation and settling 

processes. On the return journey mean PM2.5 concentrations dropped to 293 (86) µg m-3 (median 
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= 295 µg m-3) a significant mean difference of 53 µg m-3 (p<0.01) between the two legs of the 

journey, demonstrating the difference between the outbound and return journeys. 

Table 4.4: Mean PM2.5 (µg m-3) concentrations in the Bakerloo line on the outward journey (Willesden 
Junction station to Elephant & Castle station) and the return journey (Elephant & Castle station to Willesden 
Junction station). PM2.5 has been adjusted using the formula proposed by Smith et al., (2020). 

Subway/Above-ground Station Outward PM2.5 (µg m-3) Return PM2.5 (µg m-3) 

Above-ground Willesden Junction 20 13 

Above-ground Kensal Green 30 12 

Above-ground Queens Park 30 26 

Subway Kilburn Park 145 200 

Subway Maida Vale 368 316 

Subway Warwick Avenue 416 360 

Subway Paddington 396 343 

Subway Edgware Road 421 291 

Subway Marylebone 493 288 

Subway Baker Street 481 264 

Subway Regents Park 401 353 

Subway Oxford Circus 359 335 

Subway Piccadilly Circus 404 286 

Subway Charing Cross 387 273 

Subway Embankment 370 244 

Subway Waterloo 356 245 

Subway Lambeth North 349 227 

Subway Elephant & Castle 293 155 

 

Outbound and return journeys showed differences in NO2 concentrations in the two separate 

tunnels throughout the journeys (Figure 4.12). On the outbound journey NO2 decreased from the 

tunnel entrance to Marylebone station, while PM2.5 concentrations were increasing. However, 

after Marylebone station NO2 concentrations rapidly increased as PM2.5 concentrations 

decreased. This pattern continued until the terminus at Elephant & Castle station, where NO2 

reached peak tunnel concentrations. The return journey displayed the same inverse relationship 

between NO2 and PM2.5, with decreasing NO2 concentrations until Oxford Circus station as PM2.5 

increased.  Ambient air, reflected by NO2 concentrations along the journey (Cao et al., 2017), 

appeared to have an influence on PM2.5 concentrations. Overall, there was a -0.47 correlation 

between PM2.5 and NO2 in the tunnelled sections of the journey, with a slightly higher correlation 

of -0.55 on the outbound journey compared to a -0.46 correlation on the return journey. There 

was no correlation between PM2.5 and NOX for the overall journey, nor for either leg of the journey.  
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The only sources of NO2 and NOX in the subway is through ventilation shafts and passenger 

entrances on to platforms, where air exchange is driven by train movements. It is known that 

PM2.5 concentrations are reduced by tunnel, platform and train carriage ventilation rates and these 

results confirm that ventilation is a major factor in reducing PM2.5 in the subway (Park, Woo and 

Park 2014, Carteni 2016, Moreno et al., 2017).  

There are a number of reasons that could explain these differences between the two legs of the 

journey. The trains ran through two separate tunnels during the journeys. Each tunnel is likely to 

have its own ventilation system, track curvature, slopes and depths of tunnels, all of which are 

known to affect PM2.5 concentrations (Onat and Stakeeva 2014, Park, Woo and Park 2014, 

Martins et al., 2016, Moreno et al., 2017). Smith et al., (2020) measured PM2.5 concentrations on 

the Bakerloo line taking between 2 and 5 alternative journeys over a three-month period. It is 

unknown whether the waiting time at Elephant & Castle station was included but mean 

concentrations over the tunnelled sections of the journey, excluding Elephant & Castle station 

were 243 µg m-3, compared to 338 µg m-3 in this study. Three of the top four stations in this study 

featured in the most polluted stations in Smith et al., (2020), the exception being Regents Park 

station which had higher concentrations in this study (376 to 243 µg m-3). The differences are 

likely due to the larger number of repeated journeys, differing instrumentation and any seasonal 

effects. 

On entrance to the tunnel, after Queens Park station, O3 falls from 16 to 7 µg m-3 at Kilburn Park 

station and continues to fall to 4 µg m-3 at Warwick Avenue station. From Warwick Avenue station 

mean O3 concentrations were 3 µg m-3 on the outbound journey and 4 µg m-3 on the return 

journey. On the return journey from Warwick Avenue to Queens Park stations, after the train left 

the tunnel, O3 concentrations rose from 6 µg m-3 at Warwick Avenue to 39 µg m-3 at Queens Park 

stations, with the highest concentrations of 43 µg m-3 occurring in the tunnel just before the train 

exited the tunnel. Mean O3 above-ground concentrations were higher on the return journey, which 

could be influencing O3 concentrations from Warwick Avenue station in the tunnelled sections on 

the return journey. The increase in O3 concentrations from Warwick Avenue could be due to a 

pressure wave created by the previous train as it exits the tunnel creating a large vortex drawing 

ambient air back into the tunnel away from the tunnel exit towards Warwick Avenue (Faramehr 

2014). There is a complex interaction between the previous train, the train, tunnel and tunnel 

pressures which is being reflected in the O3 measurements taken inside the train carriage. 
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4.3.3.1 The effect of train carriage measurement position  

To understand whether PM2.5 concentrations were affected by carriage position, Welch’s two 

sample t-test, was carried out in ‘r. Each carriage position tested, front, middle and rear from 

Willesden Junction station, which were reversed on the return journey, were compared to each 

other using the t-test. The null hypothesis was that carriage position would not affect PM2.5 

concentrations in a tested carriage relative to the other tested carriages. Travelling in the front 

carriage was compared separately to the middle and rear and the middle was compared to the 

rear. Mean PM2.5 concentrations were calculated for each carriage position and the results of each 

t-test are shown in Table 4.5.  

There were no significant differences between carriage position PM2.5 concentrations attributable 

to the carriage in which measurements were taken. This confirmed the hypothesis that there were 

no differences in PM2.5 exposure measurements due to the carriage position in which 

measurements were taken.  

Table 4.5: Concentration of PM2.5 in the three measurement positions during the return Bakerloo line journey 
from Willesden Junction station to Elephant & Castle station with the comparative p-value for each position.  
PM2.5 has been adjusted using the formula proposed by Smith et al., (2020). 

Train Position 
PM2.5 mean (sd) 

 (µg m-3) 
Pval 

Front 319 (248)  

Middle 294 (229)  

Rear                 293 (236)  

Front / Middle  0.26 

Front / Rear  0.26 

Rear / Middle  0.98 

 

4.3.3.2 Concentrations and tunnel depth 

Tunnel depth and proximity to tunnel mouths have been found to affect PM2.5 concentrations in 

subways (Onat and Stakeeva 2014, Park et al., 2018, Figueroa-Lara 2019). Differences in the 

relationships between depth and PM2.5 have been found worldwide in subway systems. In London, 

Smith et al., (2020) found that in the deep-tunnelled Central line, there was a relationship between 

depth and PM2.5 concentrations with the depth of adjacent stations important to PM2.5 

concentrations. However, Saunders et al., (2019) found no relationship between tunnel depth and 

PM2.5 concentrations attributable to distance from the tunnel entrance. Worldwide, researchers 
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have found strong correlations between tunnel depth and PM2.5 concentrations. (Ma et al., 2014, 

Onat and Stakeeva 2014, Figueroa-Lara 2019). In Mexico City, Figueroa-Lara (2019)  found 

greater depth led to higher PM2.5 concentrations, with correlations of 96% and 98% in the cold 

and warm seasons, respectively. In Istanbul, Onat and Stakeeva (2014) found a correlation (R2) 

of 0.88 (p<0.01) between PM2.5 platform concentrations and station depth, with a similar 

relationship found by Ma et al., (2014). However, in New York, Luglio et al., (2023) found that 

proximity to the river-tunnel was the major factor affecting PM2.5 concentrations, with tunnel depth 

only having a small effect. 

In the Bakerloo line, tunnel depths varied between 7 and 25m below ground level. with the 

deepest tunnels generally having the highest PM2.5 concentrations (Figure 4.13). Elephant & 

Castle station appears to be an outlier due to the waiting time at the station, although Warwick 

Avenue station on both sections of the journey recorded high concentrations despite being 

relatively shallow at 14m deep. There is a moderate Pearson correlation of 0.37 between depth 

and PM2.5, over the complete return tunnelled journey, excluding Elephant & Castle station.   

However, on the outbound journey there is a much higher correlation of 0.71 as PM2.5 

concentrations in the carriage built up during the journey in the deepest sections of the tunnel 

without any tunnel mouth influence. On the return journey concentrations started at a lower level 

than when the train arrived at Elephant & Castle station, influencing concentrations throughout 

the return journey. This may have had a greater impact on concentrations during the return 

journey than tunnel depth alone. Due to PM2.5 build-up in the train carriage on the return journey, 

stations approaching the tunnel exit had relatively higher PM2.5 concentrations than their depth 

would suggest, with little correlation between PM2.5 and tunnel depth. It is apparent there is a 

complex relationship between tunnel depth and PM2.5 with the evidence from the outbound 

journey suggesting that deeper sections may have increased PM2.5 concentrations. Depth of 

tunnel could affect ventilation rates (Figueroa-Lara 2019) with the deeper tunnels being less 

ventilated.  
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Figure 4.13: Bar chart showing PM2.5 concentrations compared to station depth for each station on the 
return Bakerloo line journey from Willesden Junction station to Elephant & Castle station. PM2.5 has been 
adjusted using the formula proposed by Smith et al., (2020). 

 

In this study NO2 and NOX were measured in the train carriage simultaneously with PM2.5, allowing 

the relationship between tunnel depth and NO2 and NOX concentrations to be assessed. In the 

naturally ventilated system of the London Underground the effect of tunnel depth on NO2 and NOX 

concentrations could show the effectiveness of ambient air being drawn into the subway system, 

with NO2 and/or NOX concentrations acting as a marker of ambient air. NOx is often used as a 

marker of anthropogenic sources of vehicle emissions (Krecl et al., 2021) as it removes 

interactions with ozone and sunlight, whereas measurements of NO2 are often used for health 

and compliance. However, there is no sunlight in the tunnelled sections of the subway and ozone 

measurements have shown very low concentration in the Bakerloo line in the tunnelled sections, 

suggesting there are no sources of ozone within the Bakerloo line. Therefore, NO2 concentrations 

derived from ambient air through ventilation shafts and platform entrances were unlikely to be 

affected within the tunnelled environment. The effect of tunnel depth on NO2 and NOX 

concentrations in tunnels has not been investigated previously, although Cao et al., (2017) did 

measure mean NO2 concentrations on a journey in train carriages but did not report the tunnel 

concentrations. It is evident that a relationship exists between tunnel depth and NO2 and NOX 
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concentrations with lower concentrations in the deeper sections of the tunnel, probably linked to 

a lack of ventilation (Figure 4.14 and Figure 4.15).  

 

Figure 4.14: Bar chart showing NO2 concentrations compared to station depth for each station on the 
return Bakerloo line journey from Willesden Junction station to Elephant & Castle station. 

 

Over the complete journey through the tunnelled section there was little correlation between 

tunnel depth and NO2 concentrations. However, on the outbound journey there was a high 

Pearson correlation of -0.69 with the deepest sections of the tunnel having the lowest NO2 

concentrations.  Also, there was a high correlation between PM2.5 and NO2 (-0.64), over this 

section of the journey suggesting that in this section subway air was not being influenced by the 

tunnel mouth or other interchanging lines, but by ventilation. There was no correlation between 

PM2.5 or NO2 and the number of station interchanges, in fact, the only station with a direct link to 

an interchange was Baker Street station on the outbound journey. The return journey stations 

closest to the tunnel mouth had low NO2 concentrations which could be a factor in the high PM2.5 

levels in these relatively shallower sections of the Bakerloo line. Overall, there was a positive 

correlation between tunnel depth and PM2.5 concentrations and a negative correlation between 

NO2 concentrations and tunnel depth. There was a negative correlation between PM2.5 and NO2 

in the tunnelled section of the journey (-0.47) demonstrating the complexity of the relationship 
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between tunnel depth, ambient air, NO2 and PM2.5 concentrations, although there were small 

differences in the two directions (-0.64 for the outbound journey and -0.50 for the return journey).  

 

Figure 4.15: Bar chart showing NOX concentrations compared to station depth for each station on the 
return Bakerloo line journey from Willesden Junction station to Elephant & Castle station. 

 

For the complete journey in the tunnelled sections, there was a higher correlation between tunnel 

depth and NOX (0.59) than for NO2. On the outbound journey, NOX had a moderate 0.41 

correlation with tunnel depth, but there was a higher correlation of 0.85 between NOX and tunnel 

depth on the return journey, which could be linked to the lower PM2.5 concentrations observed on 

the return journey.  In contrast to NO2 concentrations, NOX concentrations continued to decrease 

towards the tunnel exit and did not reflect the changes in PM2.5 approaching the tunnel exit. 

These results confirm previous research suggesting that a complex relationship exists between 

depth and pollutant concentrations, with tunnel depth influencing both PM2.5, NO2 and NOX 

concentrations. This partially supports the findings of Cao et al., (2017) who demonstrated NO2 

concentrations decreased as measurements were taken deeper in a subway station and in train 

carriages as the influence of outside air diminished, although NO2 tunnel concentrations were not 

reported by Cao et al., (2017).  
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4.3.4 Particle number counts 

Particle number count (PNC) has been widely measured in subway systems worldwide although 

the measured particle distribution range varies greatly from 10 nm – 10 µm between studies. 

Differing instruments and measurement locations (concourse, platform and train carriages) were 

used (Cusack et al., 2015, Kim et al., 2017, Zheng et al., 2017).  Understanding how PNC varies 

inside train carriages during train journeys can help to trace sources of ambient PM particles in 

tunnels and stations and train-induced particle emissions from mechanical wear and 

resuspension (Reche et al., 2017, Cha, Abbasi and Olofsson 2018, Cha et al., 2018). On train 

journeys open windows allow infiltration of particles from the tunnels into the carriage (Martins et 

al., 2016). The age of the carriages will also allow penetration of particles from the tunnels through 

gaps in the doors into the carriage (Cha et al., 2018). It has been suggested that where there is 

a lack of train ventilation particle concentrations can be higher inside train carriages than on 

platforms (Kim et al., 2008, Park and Ha 2008). As passengers spend the majority of their 

commuting time in train carriages it is important to understand sources and factors affecting 

PNC’s in carriages (Figure 4.16Figure 4.16). 

 

Figure 4.16:  Particle number counts (PNC’s) for the return Bakerloo line journey from Willesden Junction 
station to Elephant & Castle station. The shaded area represents the 95% confidence intervals. 
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Interestingly, PNC’s fell on entering the tunnel and exiting the tunnel, which may have been 

caused by the pressure wave created by the previous train (Faramehr 2014). PNC’s showed a 

great deal of spatial variability during the underground sections of the subway journey. Particle 

number counts increased rapidly upon entering the tunnel at Kilburn Park station, before falling 

and increasing rapidly on the approach to the section between Marylebone to Regents Park 

stations. They continued to steadily fall until reaching Elephant & Castle station. The train 

movement on leaving Elephant & Castle station resuspended particles leading to an increase at 

Lambeth North station. The effect on PNC of the depot siding can be seen at Lambeth North 

station in both directions and was most likely linked to an influx of ambient air drawn into the 

tunnel by the piston effect of moving trains in both directions. Particle number counts continued 

to vary on the return journey peaking at Regents Park and Warwick Avenue stations. The high 

PNC’s seen at Kilburn Park station on the outbound journey were not seen on the return journey. 

There was no correlation between PNC’s and PM2.5 over the journey, but this would be expected 

as the majority of PNC’s are in the ultrafine range which constitute only a small fraction of the 

mass (Hinds 1999). 

There are high confidence intervals shown in Figure 4.16 indicating the large amount of variability 

over the separate journeys. There is little similarity between stations on the two legs of the 

journey. For the tunnelled sections of the journey mean/median PNC’s were 8,036 / 8,123 

particles cm-3 compared to the above-ground mean / median of 7,345 / 5,789 particles cm-3. The 

above-ground section had a higher standard deviation than the tunnelled sections with a larger 

overall range indicating greater variability over the journeys. There was a significant difference (P 

< 0.03) in PNC’s between the tunnelled and above-ground sections of the journey.  

This confirmed the findings of Smith et al., (2020) that PNC’s in the subway were higher than in 

a surface background environment. However, particle number counts in the tunnelled sections of 

the Bakerloo line were lower than reported by Smith et al., (2020)  (mean/median 15,070 / 15,790 

particles cm-3) although Smith et al., (2020) measured PNC’s from Waterloo to Bond Street 

stations on the Jubilee line. Background concentrations measured in this study were similar to 

the measurements taken by Smith et al., (2020) in Hyde Park. Seaton et al., (2005) also reported 

higher PNC’s although these were measured on station platforms and drivers cabs, not carriages. 

Worldwide there have been limited studies investigating PNC’s in train carriages without in-train 

ventilation. In Finland, Aarnio et al., (2005) reported a PNC of 31,000 particles cm-3 in subway 
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trains, Cheng, Liu and Lin (2009) measured 11,000 particles cm-3 in the Taipei subway and Zheng 

et al., (2017) 1,506 – 11,570 particles cm-3 in Hong Kong. Although PNC’s in these subway 

systems are generally higher than was found in the Bakerloo line, these systems have far lower 

PM2.5 concentrations, with PM2.5 concentrations more aligned to ambient air concentrations 

making comparisons difficult.  

At Elephant & Castle station where the train stopped for a mean time of 5 minutes, with a minimum 

stop of 2 minutes and a maximum of 16 minutes, PNC’s fell from a mean of 7,427 particles cm-3 

on arrival to 6,431 particles cm-3 at departure. This confirms the hypothesis that settling processes 

were important in the reduced PM2.5 concentrations found in train carriages at Elephant & Castle 

station.  

In the London Underground, using magnetism and high-resolution electron microscopy, Sheikh 

et al., (2022) estimated that PNC’s were dominated by particles in the 5 - 500 nm size range 

comprising 96.6% of subway particles. During the Bakerloo line journeys 99% of particles were 

between 10 - 530 nm, with ultrafine particles comprising 82% of total PNC’s. The dominance of 

nano-sized particles compared to coarser particles agrees with previous subway research 

(Furuya et al., 2001, Birenzvige et al., 2003).  

4.3.5 Effect of ventilation on particle size, PM2.5 and NO2 concentrations 

Urban PM2.5 is comprised of a mixture of natural sources (including secondary organic and 

inorganic aerosols) and anthropogenic sources (such as vehicle emissions) (Hinds 1999, Health 

Effects Institute 2010), whereas subway PM2.5 is mainly generated by mechanical and frictional 

process due to train movements (Minguillon et al., 2018, Font et al., 2019). Air exchange in the 

subway produces a complex mixture of particles from ambient air, train operation emissions, 

resuspension dust, and passenger-induced particles (Chen and Zhao 2011, Calvo et al., 2013). 

Understanding particle size distribution in the subway is complex due to these differing sources 

having different particle size distributions. Particles  can be described in terms of modes with each 

mode having distinctive sources, size ranges, formation mechanisms, chemical composition and 

deposition pathways (Hinds 1999). Four modes are generally used; the nucleation mode, the 

Aitken mode, the accumulation mode and the coarse mode (Araujo and Nel 2009) (Figure 4.17). 

The nucleation mode (10 – 30 nm) consists of particles directly emitted into the atmosphere 

primarily from combustion emissions and are representative of traffic related air pollutants. These 
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particles coagulate rapidly and have relatively short lifetimes (Hinds 1999, Kulmala and Kerminen 

2008). The nucleation mode could be representative of ambient air drawn in through ventilation 

shafts and platform entrances in the subway. Only very fine brake dust, spark discharges or high 

temperature release of metals from wear from the wheel/rail interface would constitute nucleation 

mode sources in the subway (Sundh et al., 2009, Midander et al., 2012, Cha et al., 2018).   

 

Figure 4.17: Idealised particle size distribution displaying the four modes: nucleation, Aitken, 
accumulation and coarse modes. Also shown are the major formation and growth mechanisms of the four 
modes of ambient particles. V = volume, Dp = particle diameter. 

 

The Aitken mode (30-100 nm) results from the agglomeration and condensational growth of 

nucleation mode particles with short lifetimes before growing into the accumulation mode. The 

nucleation and Aitken modes comprise ultrafine particles (< 100 nm) that account for the 

preponderance of PM in the atmosphere on a number basis. However because of their small size, 

they only account for a small fraction of the total mass of airborne particles (Place, Ziemba and 

Griffin 2010). Particles in the Aiken mode could be generated in the subway from the wheel/rail 

interface (Midander et al., 2012). 
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In the accumulation mode (100nm - 1µm) particles accumulate due to the lack of removal 

mechanisms and consequently have longer residency times. The nucleation, Aitken and 

accumulation modes constitute “fine” particles and have significant overlap. The accumulation 

mode can account for a sizeable part of particle mass (Hinds 1999). In the subway Cha et al., 

(2018) found particles with a size mode of 170 nm were predominant during train operating 

periods, while principal component analysis showed particles generated by railway related 

mechanical wear had a size range of 100 – 500 nm (Cha et al., 2018). These particles would 

contribute to the accumulation mode. 

The coarse mode ( > 1µm) represents particles generated by mechanical processes and due to 

their large size, they settle rapidly. They have little overlap with the fine modes with different 

sources, chemical compositions and lifetimes (Hinds 1999). In the subway, particles in the 

accumulation and coarse modes are retained as legacy dust in tunnels and are continuously 

resuspended by the piston effect of moving trains  (Jung et al., 2010, Cha et al., 2018) only settling 

when there are no train movements (Raut, Chazette and Fortain 2009, Cheng and Yan 2011, 

Kumar et al., 2023). 

Analysing the four particle size modes in subway air could allow sources to be identified from 

particle sizes and further understanding of the factors affecting PM2.5 concentrations over the train 

journey. The four modes represent distinct size ranges associated with ambient air and subway 

sources. The Mini-Wras records all particle sizes from 10 nm - 35µm, allowing particle modes to 

be differentiated during the journeys. There are four (10 nm – 27nm), four (37 nm – 100 nm), 10 

(139 nm – 867.18 nm) and 22 (1021.47 nm – 38162.42 nm) size bins in the nucleation, Aitken, 

accumulation and coarse modes measured by the Mini-Wras.  

Repeated journeys allow daily fluctuations in particle size modes to be averaged to reduce the 

effects of outliers. Journey effects such as train speed, acceleration, stopping times and train 

braking can be reduced as repeated journeys compensate for any differences over time (Figure 

4.18).  

There are distinct differences between the modes with the nucleation mode displaying very 

different properties to the other three modes. The nucleation mode is representative of ambient 

air drawn into the tunnels and station platforms by the piston effect of the moving train during the 

journey with a small contribution from train braking (Cha et al., 2018), sparking and high 
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temperature release of nanoparticles from the wheel/rail interface (Zimmer and Maynard 2002, 

Sundh et al., 2009, Midander et al., 2012). The contribution of newly formed ambient air will be 

reduced as particles quickly coagulate and amalgamate into the Aitken and accumulation modes.  

The Aitken, accumulation and coarse modes are more representative of subway air from legacy 

dust and newly formed particles from railway related mechanical wear (Smith et al., 2020). Over 

35 Bakerloo line journeys the Aitken mode makes the greatest contribution to particle numbers 

(58%) with the nucleation mode contributing 23%. Ultrafine particles constituted 82% 

demonstrating how ultrafine particles dominate particle concentration in the subway on a number 

basis. The accumulation mode contributes 17% and the coarse mode < 1%.  Comparing the 

Aitken, accumulation and coarse modes to PM2.5 and NO2 concentrations over the repeated 

journeys on the Bakerloo line shows how the correlation between each mode increases with 

particle size (Figure 4.18).  

The Pearson correlation of all measurements in the tunnelled sections of the Bakerloo line 

between the Aitken mode and PM2.5 concentrations was 0.37 with correlation increasing to 0.44 

and 0.81 for the accumulation and coarse modes, respectively. There was no correlation between 

PM2.5 and the nucleation mode. Despite Aitken mode particles constituting a small fraction of PM2.5 

mass the correlation with PM2.5 and the spatial distribution of particle number concentration with 

PM2.5 implies that the Aitken mode has a high proportion of railway emissions. The correlation 

between the accumulation and coarse modes with PM2.5 indicates that the majority of subway 

PM2.5 mass is derived from the mechanical wear of train related components and the wheel/rail 

interface in legacy dust or from newly formed material (Fridell et al., 2011, Moreno et al., 2015, 

Cha et al., 2018).  

Mean/median particle diameter in the subway tunnelled sections was 51/57 nm with mean/median 

particle diameter 44/54 nm above-ground. These are smaller particle diameters than reported by 

Smith et al., (2020) for the subway, taken on the Jubilee line from Waterloo to Bond Street 

stations, and the above-ground surface background concentrations measured at Hyde Park which 

could be due to measurement differences in the equipment used. Bakerloo line trains do not have 

regenerative or rheostatic braking, unlike all other lines, which could lead to higher emissions of 

brake dust particles less than 100nm contributing to the smaller particle diameters found in this 

study.    
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Figure 4.18: PM2.5 and NO2 concentrations compared to the nucleation, Aitken, accumulation and coarse 
mode particle concentrations for the return Bakerloo line journey from Willesden Junction station to 
Elephant & Castle station. The shaded area represents the 95% confidence intervals. PM2.5 has been 
adjusted using the formula proposed by Smith et al., (2020). 

 

During the wait at Elephant & Castle station particles in the nucleation mode increased by 40% 

confirming an influx of ambient air into the train carriage, as train-induced particles would not be 
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emitted nor resuspended whilst the train was stationary. The 53% fall in coarse particles and 

reduced PM2.5 concentrations confirm that subway PM mass is dominated by coarse particles 

(Reche et al., 2017).  

Mean (sd) PM2.5 / PM10 ratios in the train carriage were 0.58 (0.05) in the subway and 0.56 (0.12) 

above-ground. The ratios show little difference between the subway environment and the above-

ground sections of the Bakerloo line. The mean (sd) PM2.5 / PM10 ratio in the train carriage on the 

Overground journeys was 0.74 (0.27), significantly higher than the subway. The subway results 

are similar to the ratio of 0.66 found by Kumar et al., (2023) on a London Underground platform. 

There are no previous ratio measurements inside train carriages in London. 

The nucleation mode can be a marker for ambient air drawn into the subway by moving trains 

and could be represented by ambient concentrations of NO2 (Cao et al., 2017) and/or NOX. 

Comparing the nucleation mode with NO2 concentrations (Figure 4.18) suggests there are 

similarities, particularly at Elephant & Castle and in the tunnel between Regents Park and Oxford 

Circus stations. Overall, the correlation is weak (-0.07) although this could be due to the low 

number of size bins (4) measured by the Mini-Wras, the position of the tunnel vents on the street 

and wind direction, the contribution of nucleation mode particles generated from train movements, 

as well as coagulation and amalgamation processes reducing concentrations. Comparing the 

nucleation mode with NOX concentrations throughout the journey (Figure B 1) shows little 

similarity with a weak correlation (0.09).  Concentrations of NO2 and NOX are likely to be related 

to vehicle exhaust and the ambient concentrations of NO2 at subway ventilation points. This will 

affect particle counts in the nucleation mode in the subway, providing the majority of nucleation 

mode particles in the subway (Mendes et al., 2018). However, Bakerloo line trains have friction 

and emergency braking controlled by the driver which could be contributing fine brake dust 

particles in the nucleation mode, providing a mixture of ambient and subway generated particles 

in the nucleation mode (Cha et al., 2018, Van Ryswyk et al., 2021). The low correlations suggest 

there could be a proportion of particles from railway related emissions in the nucleation mode. 

4.3.6 Seasonality and PM2.5 concentrations 

Although seasonal effects on PM2.5 concentrations in the subway have not been measured in 

London, they have been widely measured worldwide (Braniš 2006, Martins et al., 2015, Zhang, 

Xu and Su 2020, Mousavi Fard, Asilian Mahabadi and Khajehnasiri 2021). Studies investigating 
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seasonal effects on subway PM2.5 concentrations have related seasonal effects to outdoor 

ambient PM2.5 concentrations in cities with distinct seasonal differences. In the studies of Braniš 

(2006) and Zhang, Xu and Su (2020) they found that subway PM2.5 concentrations were 

significantly associated with higher outdoor PM2.5 concentrations in the winter seasons compared 

to the summer. Seasonal subway forced ventilation, with higher ventilation in the summer, led to 

lower PM2.5 concentrations than in the winter when the ventilation was reduced (Martins et al., 

2015, Mousavi Fard, Asilian Mahabadi and Khajehnasiri 2021) with particle number 

concentrations on platforms reduced by up to 50% (Moreno et al., 2017). No studies have been 

found that investigate seasonal effects on subway PM2.5 concentrations in subways similar to the 

London Underground with natural ventilation. The seasonal effects on PM2.5 concentrations on 

the Bakerloo line are shown in Figure 4.19. The seasonal effects on PM2.5 concentrations on the 

Overground are shown in Figure B 2. 

 

Figure 4.19: Long-term variation of PM2.5 concentrations for each return journey from Willesden Junction 
station to Elephant & Castle station in the tunnelled sections of the Bakerloo line (Winter = purple, Spring 
= blue, Summer = green and Autumn = red). The lower and upper hinges correspond to the 25th and 75th 
percentiles, the horizontal line to the median and the whiskers to 1.55 × the IQR (approx. 95% percentile). 
PM2.5 has been adjusted using the formula proposed by Smith et al., (2020). 

 

There were two subway journeys (06 Feb and 19 Jun 2023) with low median PM2.5 concentrations 

due to long waiting times at Elephant & Castle. There were a differing number of journeys across 
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each season with 15, 4, 7 and 8 in Spring, Summer, Autumn and Winter. Mean PM2.5 

concentrations were significantly higher on the subway during the Autumn/Winter period (340 µg 

m-3) compared to the Spring/Summer period (315 µg m-3) (p < 0.01) (Error! Reference source n

ot found.). On the Overground there was no significant difference (P > 0.05) between mean PM2.5 

concentrations during the Autumn/Winter period (3.4 µg m-3) and the Spring/Summer period (3.7 

µg m-3) (Figure 4.20). Although the Bakerloo line has a significant difference between the 

seasons, the difference is small and may not be significant with more journeys. The stopping time 

at Elephant & Castle could be a factor in the difference in seasonality.  Although this seems to 

confirm seasonal differences in PM2.5 concentrations found in other worldwide subway systems, 

in these subway systems PM2.5 concentrations were linked to ventilation strength or high ambient 

concentrations, which was not the case with the Bakerloo line.  

Measurement days in this study were predominately Monday and Wednesday with no significant 

differences that were attributable to the day of the week travelled. 

 

Figure 4.20: PM2.5 concentrations in the tunnelled sections of the Bakerloo line showing seasonal variation 
between Autumn/Winter (red) and Spring/Summer (blue) (left). PM2.5 concentrations in the Overground 
showing seasonal variation between Autumn/Winter (red) and Spring/Summer (blue) (right). The lower 
and upper hinges correspond to the 25th and 75th percentiles, the horizontal line to the median, and the 
whiskers to 1.5 × the IQR (approx. 95% percentile). PM2.5 has been adjusted using the formula proposed 
by Smith et al., (2020). 

4.3.7 Hampstead station platform measurements 

Hampstead subway platform is the deepest platform on the London Underground giving a good 

representation of air with a strong subway source and has been previously used to measure PM2.5 

platform concentrations (Seaton et al., 2005, Smith et al., 2020). Measurements taken at 

Hampstead station can be informative in helping to draw conclusions about the sources and 

influencing factors affecting PM2.5 concentrations in the London Underground. Measurements 

taken previously at Hampstead station during instrument testing on 08 June 2021 have shown 

Underground Overground 
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mean NO2 concentrations were below 5 µg m-3, with similar concentrations of ozone present, 

indicating a lack of direct ambient air onto the platform. Seaton et al., (2005)  and Smith et al., 

(2020) have previously reported mean platform PM2.5 concentrations of 480 and 658 µg m-3 at 

Hampstead station platform.  

PM measurements were taken with the Mini-Wras at Hampstead station platform from 14 January 

to 17 January 2022, including over a weekend (15 and 16 January 2022) (Figure 4.21). Over the 

four-day measurement period PM2.5 and PM10 were closely correlated to the number of trains 

passing through the platform each hour, findings supported in London and worldwide (Johansson 

and Johansson 2003, Raut, Chazette and Fortain 2009, Smith et al., 2020). PM concentrations 

remained high during train operating hours before rapidly falling when trains stopped running. 

PM2.5 and PM10 were highly correlated (R2 = 0.99) throughout the measurement period. Mean 

PM2.5 concentrations during the measurement period were 529 µg m-3, which is less than mean 

PM2.5 concentrations recorded by Smith et al., (2020), but this could be due to Smith et al., (2020) 

having more weekday measurements.  

 

Figure 4.21: Time-series of PM2.5 concentrations (red line) and PM10 concentrations (blue line) measured 
at Hamstead northbound platform. PM2.5 has been adjusted using the formula proposed by Smith et al., 
(2020). 

 

For each of the four days, Friday to Monday, mean PM2.5 concentrations were 589, 457, 546 and 

617 µg m-3, and for the two weekdays mean concentrations were 597 µg m-3. During the non-

operating hours between 03:00 and 06:00 mean PM2.5 concentrations were 37 µg m-3, with both 

PM2.5 and PM10 falling significantly. PM2.5 concentrations were lower on Saturday compared to 
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Sunday due to a reduced service due to signalling faults and engineering works. These results 

demonstrate how the piston effect of moving trains keeps PM material resuspended in the subway 

environment during train operating hours. Interestingly, the train carriages on the Bakerloo line 

recorded similar mean PM2.5 concentrations to Hampstead at Marylebone and Warwick Avenue 

stations. 

Particle number counts on Hampstead station platform were closely correlated to train 

movements with a mean PNC of 26,278 particles cm-3 during train operating hours before falling 

to 10,732 particles cm-3 during non-operating hours. The PM2.5 / PM10 ratio increased from 0.63 

to 0.76 (max 0.87) during operating and non-operating hours. This suggests that resettling of PM, 

particularly PM10, was occurring during the non-operating periods. 

Nitrogen dioxide concentrations were low at Hamstead station, although they were still closely 

linked to train movements, becoming almost zero during non-operating periods. This suggests 

that there is little infiltration of ambient air into the station when trains are not running.  The 

nucleation mode particles accounted for 14% of total particle counts at Hampstead station during 

operating hours. This is less than measured in the tunnelled section in train carriages on the 

Bakerloo line (24%), suggesting that the difference could be due to the lack of particles coming 

from ambient air, with a large proportion of the nucleation mode at Hampstead station possibly 

being accounted for by railway related emissions. This is supported by the increase in the Aitken 

mode at Hampstead station (70%) compared to the Bakerloo line (58%), which could also be 

caused by increased coagulation and agglomeration of particles moving from the nucleation to 

Aitken modes. The accumulation and coarse modes were similar at Hampstead station and the 

Bakerloo line showing how these modes are more related to railway related mechanical 

emissions. At Hamstead station particles less than 530 nm in size accounted for 99% of all 

particles.  

During non-operating periods the percentage of nucleation mode particles increased to 17%, with 

decreases in the accumulation and coarse modes, confirming the settling of larger particles during 

non-operating hours. A contour plot displaying number concentrations for each particle size 

shows how particle size diameters from 27 to 139 nm dominate particle number concentrations 

(Figure 4.22).  



137 
 

 

Figure 4.22: A contour plot displaying number concentrations for each particle size at Hampstead station 
platform over four measurement days from 14 January to 17 January 2022. 

 

The high particle number counts recorded late on Friday evening are not accounted for in mass 

measurements, which showed a fall in concentrations. The modal particle diameter size range 

was consistent at 52 nm throughout the measurement period.  The low concentrations of particles 

in the 10 - 19 nm size range, supports the observation that fresh ambient air is not being drawn 

into Hampstead station platform. The contour plot confirms how Aitken mode particles decrease 

during non-operating periods, with the greatest fall in the early hours of Monday morning, possibly 

due to the earlier finishing time of the last train on Sunday. The settling of the coarser material 

can also be seen in the contour plot during non-operating periods.  
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4.3.8 Size distributions in different locations 

A Dekati Electrical Low Pressure Impactor (ELPI+, Dekati, FI) was used to separately measure 

subway air at Hampstead station platform and ambient air at the Marylebone Road and Honor 

Oak sites. This was also used to compare particle size concentrations, particle mass 

concentrations and PNC’s at each location (Figure 4.23).  

 

Figure 4.23: A comparison of particle size concentrations, cumulative particle number concentrations and 
particle mass concentrations at Hampstead station platform, Marylebone Road kerbside site and Honor 
Oak Park urban background site. 

 

The results show that kerbside and urban background particles have a smaller modal particle 

diameter than subway particles, with a greater number of particles in the above-ground ambient 

air being in the nucleation mode compared to subway particles. For PNC’s the Dekati 

measurements confirm the subway findings that PNC’s are greater in the Bakerloo line subway 

than in an above-ground urban background environment. Ultrafine PNC’s are higher in the 

subway than the urban background, although significantly lower for total particle number counts 

in the ultrafine range compared to the kerbside site. However, particle size mass in the subway 

is dominated by the 735 nm – 7 µm size range, demonstrating how the coarser fraction constitutes 

the majority of PM mass in the subway. These results support the Bakerloo line findings that 

subway PM of railway related mechanical and brake wear induced particles resuspended by the 

movement of trains constitute the majority of PM mass in the subway. Together with the 
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Hampstead platform Mini-Wras measurements this supports previous evidence (Jung et al., 

2010) that subway generated particles are in a steady state with little daily change. 

4.4 Conclusion 

An exposure assessment of all fractions of PM, NO2 and O3 on the London Underground was 

derived from MRC study participant measurements in train carriages on the Bakerloo and Jubilee 

lines. In this chapter a methodology was developed to align the spatial and temporal variation on 

each individual journey by chunking the journeys into discrete distances for each unique time 

point on the journey. This allowed a statistical analysis to be conducted on the subway 

measurements. In total, 35 Bakerloo line journeys were assessed with this dataset being one of 

the most comprehensive to date. The chunking method proved robust at allowing detailed 

identification of possible sources and processes influencing concentrations.  

Mean PM2.5 concentrations were 321 µg m-3 in the tunnelled sections of the Bakerloo line journeys 

making these measurements amongst the highest recorded worldwide. The low confidence 

intervals over the 35 Bakerloo line journeys suggests there was little spatial variation across the 

journeys. This could potentially be useful when evaluating other lines on the London Underground 

as it may be possible to obtain an assessment of PM2.5 concentrations with fewer journeys, 

although this would be dependent on contributing factors and sources remaining stable during 

the measurement period. It was found there was a significant difference in PM2.5 and NO2 

concentrations dependant on the direction of travel in the outbound and return journeys on the 

Bakerloo line. Amongst the factors influencing concentrations it is evident that a complex 

relationship exists between tunnel depth, PM2.5 and NO2 concentrations. A high correlation 

between tunnel depth, PM2.5 and NO2 concentrations was found with the deepest tunnels having 

the highest PM2.5 concentrations and the lowest NO2 concentrations. This is the first time that the 

relationship between PM2.5 and NO2 has been investigated in the tunnels of any subway system. 

Different PM size distributions and particle number counts have been investigated in the subway 

but not the differing PM modes. The nucleation mode can be a marker for ambient air drawn into 

the subway through ventilation shafts and station entrances by passing trains and can be 

represented by NO2 concentrations. However, the data from the Bakerloo line journeys and 

Hamstead station indicates that a proportion of the nucleation mode is likely to consist of railway 

related emissions from the release of very fine brake dust, spark discharges and high temperature 
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release of metals from the wheel/rail interface. Railway related emissions were also found in the 

Aitken and accumulation modes confirming previous research that railway related emissions 

occur principally at a size mode of 170 nm and railway related mechanical wear between a size 

range of 100 - 500 nm with 82% of ultrafine particles and 99% of particles below 530 nm in the 

subway. It was clearly shown at Hampstead and Elephant & Castle stations that PM settling 

processes were important in the subway and train movements maintained high PM2.5 

concentrations by continuingly resuspending particles. This chapter has given a unique 

understanding of the factors and contributing sources that are responsible for the high PM2.5 

concentrations that have been found on the Bakerloo line. 
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Chapter 5 Laboratory analysis of metals and oxidative potential 

5.1 Background 

The MRC study required PM2.5 captured from the Bakerloo line on the London Underground and 

on the London Overground journeys to be examined for its oxidative potential (OP) to determine 

how the oxidative capacity of the captured PM2.5 relates to inflammatory responses and the 

degree of oxidative injury in the circulation and in the lungs in both healthy and COPD participants. 

Although there have not been any previous OP studies on the London Underground, studies have 

assessed the OP of subway PM2.5 in other worldwide subway systems (Steenhof et al., 2011, 

Janssen et al., 2014). These studies suggest that airway oxidative stress can occur following 

exposures to PM2.5 derived from subway systems, with resultant systemic inflammation. As a large 

component of PM2.5 derived from subways consists of transition metals including iron oxides, it 

stands to reason that these species could be responsible for the biological findings. It would be 

of value to understand the OP of London Underground PM2.5 and how this could impact on health. 

In the absence of any evidence on the relative OP per unit mass exposure of London 

Underground PM2.5, I undertook the necessary laboratory analysis of PM2.5 that I had collected 

onto filters during the study train journeys. This allowed me to quantify the OP of PM2.5 collected 

on the London Underground and London Overground. In addition, I used the aqua regia method 

for filter digestion of the collected PM2.5 from each filter to send for ICP-MS analysis to quantify 

the elemental composition of the PM2.5 that I had collected onto filters during the study train 

journeys. 

5.2 Introduction 

The previous chapters have set out a methodology for collecting high-quality personal exposure 

data for use in the MRC study on London Underground and London Overground trains, where a 

large contrast in mean PM2.5 concentrations was demonstrated. There is a complex interaction of 

factors affecting air quality in the subway, including direction of travel, ventilation, legacy PM 

material and freshly emitted PM emissions from train related activity, seasonal effects, confined 

tunnel spaces and tunnel depth. These contribute to mean PM2.5 concentrations of 321 µg m-3 

found in the tunnelled sections of the Bakerloo line (198 µg m-3 for the complete journey) which 

are amongst the highest recorded worldwide. This compares to mean PM2.5 concentrations of 4 
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µg m-3 measured on the London Overground. Although subway PM has higher PM2.5 

concentrations than ambient PM, subway PM has substantially different physicochemical 

properties (Sitzmannn 1999, Aarnio et al., 2005, Querol et al., 2012) making the consequences 

for health from exposure to subway PM still uncertain due to a lack of evidence (Loxham and 

Nieuwenhuijsen 2019).  

Although epidemiological studies have linked inhalation of ambient PM with adverse health 

effects and mortality (Brunekreef and Holgate 2002), the health effects have been associated with 

PM mass concentration alone. Whilst mass concentrations are used for PM health guidelines 

(World Health Organisation 2021) the toxicity of PM is dependent on its sources, constituents and 

biological activity or a combination of properties including its chemical composition (Borm et al., 

2007, Ayres et al., 2008). Due to the complex composition of ambient PM and potential synergies 

between components, a component-based approach is difficult to achieve, which has led to 

approaches based on deriving biological activity per unit mass being used (Borm et al., 2007). 

The observed biological activity can give insights into the mechanisms of PM-induced toxicity. A 

growing body of evidence has widely suggested that oxidative stress is an important underlying 

mechanism in triggering adverse health effects due to the capacity of inhaled particles to induce 

oxidative stress at the air–lung interface (Borm et al., 2007, Janssen et al., 2014).  

The capacity of ambient PM to elicit injury represents a function both of their inherent pro-oxidant 

and pro-inflammatory properties, but also the robustness of an individual's antioxidant defences. 

Oxidative stress is an important mechanism leading to inflammation which plays a key role in 

airways disease and coronary heart disease, both of which have been linked to PM exposure 

(Donaldson et al., 2003). PM-meditated oxidative stress occurs when the generation of reactive 

oxygen species (ROS), or free radicals, exceeds the available antioxidant defences (Kelly 2003). 

This may occur through inhalation of exogenous oxidants on particles or the endogenous 

generation of reactive oxygen species (ROS) in the lungs by particle components (Sarnat, Chang 

and Weber 2016).  

It is well-established that transition metals have a high oxidative potential and contribute to the 

generation of ROS through redox reactions resulting in oxidative stress (Verma et al., 2010), 

potentially inducing systemic inflammation in biological tissues (Jiménez et al., 2000).  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/atmospheric-aerosols
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Since subway PM is dominated by redox-active transition metals such as Mn, Cr, Fe and Cu, 

exposure to subway PM could potentially stimulate oxidative stress and ROS generation inducing 

pro-inflammatory effects (Steenhof et al., 2011). However, the evidence is contradictory when it 

comes to elucidating the toxicological effects of subway PM. Whilst studies such as Karlsson, 

Nilsson and Moller (2005) found that subway PM was eight times more genotoxic and was four 

times more likely to cause oxidative stress in lung cells than urban street PM, others such as 

Spagnolo et al., (2015) found no evidence of increased levels of cytotoxicity or oxidative stress. 

However, in-vitro studies by Seaton et al., (2005) found that transition metals from the London 

Underground were responsible for the generation of free-radicals causing pro-inflammatory 

effects. 

It has been suggested that oxidative potential (OP), defined as the capacity to produce reactive 

oxygen species with simultaneous antioxidant depletion, is a possible determinant of the health 

impact of PM (Cesari et al., 2019, in 't Veld et al., 2023) that may help to identify some of the 

possible drivers of the associated health effects (Daellenbach et al., 2020). As an additional metric 

for PM toxicity, OP may be associated with biological responses to PM exposures, making it more 

informative than particulate mass alone (Yadav and Phuleria 2020). The focus on the 

quantification of OP has arisen from the hypothesis that the capacity of particles to elicit oxidative 

stress at the air–lung interface, as well as systemically, is linked to the pathophysiological 

responses observed in populations exposed to elevated concentrations of ambient PM (Kelly et 

al., 2011).  

There have been limited studies investigating the OP of subway PM. As part of the RAPTES 

project in the Netherlands, Steenhof et al., (2011) found that the subway site had very high OP, 

possibly due to the high metal content. In a further RAPTES project study, Janssen et al., (2014) 

found the highest OP was at a subway station. A study of six stations in the Barcelona subway 

system showed low OP but considerable variation between stations, with the metallic trace metals 

Cu and Sb likely to be affecting OP more than the iron component alone. There have been limited 

studies investigating the OP of subway PM.  

This chapter quantifies the oxidative potential (OP) of PM2.5 collected on the London Underground 

and London Overground. It will also address the components driving any observed activity by 

quantifying the concentrations of metals, as key drivers of OP, in subway PM2.5 collected at the 
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same time. Although OP has been recognised as a metric for oxidative stress and ROS 

generation there has been no consensus for the best measurement of OP and which assay is the 

most appropriate (Ayres et al., 2008, Janssen et al., 2014, Moreno et al., 2017). Studies have 

made use of various assays, including the ability of PM to induce hydroxyl radicals (•OH) (Shi et 

al., 2006), deplete antioxidants (Mudway et al., 2004) and electron transfer measured by the 

consumption of dithiothreitol (DTT) (Biswas et al., 2009). 

This study used the method developed of particle-induced depletion of antioxidants adding 

synthetic ascorbate acid (AA) (vitamin C) (Imperial College SOP37d, Kelly 2015) and reduced 

glutathione (GSH) (Imperial College SOP4, Kelly 2015) to the filter samples, in place of a synthetic 

respiratory tract lining fluid (RTLF), to measure the oxidative potential of particles as a metric of 

the damaging health effects of PM (Zielinski et al., 1999, Mudway et al., 2004, Borm et al., 2007). 

The respiratory tract lining fluid contains high concentrations of the antioxidants, ascorbate acid 

(Skoza, Snyder and Kikkawa 1983), reduced glutathione and uric acid (UA) (van der Vliet et al., 

1999), and represents the first physical interface encountered by inhaled particles (Ayres et al., 

2008). Two of these antioxidants, AA and GSH, were used to quantify the particle-induced 

antioxidant depletion by subway and overground PM2.5. Previous studies in the subway using UA 

have not observed any oxidation of UA using this method, so it was not used in this study (Moreno 

et al., 2017).  

A parallel metal analysis using inductively coupled plasma mass spectroscopy (ICP-MS) 

determined the chemical composition of subway and overground PM2.5 to help understand which 

metals were most active in antioxidant depletion. This could help to clarify which PM chemical 

components are possible toxicological drivers of any associated health effects found from 

exposure to subway PM2.5. 

5.3 Methodology 

5.3.1 PM2.5 filter collection  

The MRC study required a chemical and OP analysis of PM2.5 collected on subway and 

overground train journeys. Using MoRS I collected two identical PM2.5 filter samples, one for 

chemical analysis and one for OP analysis. I placed the sampled filters in the Imperial College 

weigh room where the filters were pre-equilibrated before weighing for at least 48 h in a 

conditioned room (20 °C and 50% relative humidity) in accordance with the European reference 
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standard (EN12341) (Green and Fuller 2006, European Commission 2012). As discussed in 

Chapter 3, the small mass collected during the overground journeys (0-35 µg) is below the limit 

of detection. To ensure consistency of approach between the overground and underground 

measurement approach, the technique adopted by (Smith et al., 2020)  was used here, whereby 

contemporaneous concentrations of ambient and subway air were collected and different density 

corrections were applied to the ambient and subway fractions.  

I fitted a fresh filter for OP analysis and a separate fresh filter for chemical analysis into their 

respective filter holders before each train journey. Field blanks and lab blanks were used to 

provide background concentrations. In total 108 separate filter samples for OP and chemical 

analysis were taken over the train journeys, comprising 56 overground journeys and 52 subway 

journeys. The mass on the subway filters ranged from 98 – 318 µg m-3 and on the overground 

from <1 – 27 µg m-3 (Table C 1). 

5.3.2 Filter preparation for toxicological analysis 

Following particle sampling using filters during the train journeys, I prepared the first 24 filters for 

OP analysis for extraction of PM2.5 from the 25mm PTFE coated glass fibre filters (Imperial 

College SOP 37, Kelly 2015). The filters were placed in 50ml Falcon tubes and covered with 5ml 

of HPLC-grade methanol. The Falcon tubes were placed in an ultrasonic bath and filled to three-

quarters full with DI water. The Falcon tubes were sonicated with no heat applied for 10 minutes. 

Following sonication, the filters were placed in 5ml of fresh HPLC-grade methanol and sonicated 

for 10 minutes with no heat. Following the second sonication, the filters were removed from the 

Falcon tubes and the Falcon tubes were dried by placing them in a nitrogen evaporator with the 

probes placed just above the methanol surface. When the methanol had fully evaporated from 

the Falcon tubes, the tubes were capped for extraction of the PM material deposited in the tubes. 

Following the removal of the filters from the Falcon tubes, the filters were dried for 24 hours in a 

fume cupboard before being conditioned for 48 hours in a weigh room prior to weighing to 

determine the extracted PM2.5 mass (Green and Fuller 2006). When the filters were weighed it 

was found the filters had lost filter material during the extraction process and weighed less than 

the original blank filter. The PM2.5 mass extracted from the filter was unknown causing a new 

method for filter preparation for OP analysis to be developed.  
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I prepared the remaining 82 filters for OP analysis using an alternative method. The alternative 

method involved cutting each filter into four quarters using a ceramic knife. All equipment used 

during this process was metal-free to avoid contaminating the filters. Each filter was placed onto 

a template and held in place with plastic tweezers, previously cleaned in methanol, before cutting 

the filter. Using a section of filter containing the collected PM2.5 was the methodology used by 

Moreno et al., (2017), when punches of a filter were used. It was not possible to use punches of 

filters in this study as the PM2.5 formed concentric circles on the filters when it was collected which 

would have resulted in unequal masses on each filter punch. Using a quarter of the filter gave 

equal masses on each quarter filter. One quarter was used for AA analysis and one quarter was 

used for GSH analysis. After cutting, each quarter filter was placed in a 1.5ml attached screw cap 

microcentrifuge tube and placed in a -20OC freezer before use.   

5.3.3 Filter processing for ascorbic acid 

It was not possible to use the synthetic respiratory tract lining fluid (RTLF) method (Zielinski et al., 

1999, Mudway et al., 2004, Borm et al., 2007) for the AA and GSH assays as these assay employs 

the use of a high performance liquid chromatography (HPLC) instrument. During the period of the 

OP analysis the HPLC in the Imperial laboratory was unavailable, so the method of particle-

induced depletion of antioxidants adding synthetic ascorbate acid (AA) and reduced glutathione 

(GSH) was used.  For ascorbic acid analysis of the filters a 200 µM ascorbic acid (AA) stock 

solution was prepared from 2.5 ml aliquots of 2 mM AA in 22.5ml of HPLC-grade water treated 

previously with Chelex-100 resin (Sigma, UK). HPLC-grade water treated with Chelex was used 

for preparation of all stocks and dilutions to ensure any metal traces were kept to a minimum.  In 

batches of 24 filters, 900 µl aliquots of 200 µM AA was added to each quarter filter and a prepared 

quarter filter blank. To control for background oxidation and cross-contamination on filter blanks, 

100 µl aliquots of in-house controls consisting of a particle free, negative M120 control (Cabot 

Corporation, USA), a positive NIST 1648a control (urban particulate from NIST, USA) and 100 

µM copper chloride (CuCl) solution were separately added to 1.5 ml Eppendorf tubes containing 

900 µl of 200 µM AA. These controls deliver a known oxidation for control purposes. The positive 

NIST control is used to obtain an incubation period that results in a 50% depletion of the 

antioxidant (two hours for AA and four hours for GSH) and the controls are used to normalise 

batch-to-batch variation. For particle-free controls, C0, which acted as a particle-free blank control 

and C2, which acted as a procedural blank, 900 µl of 200 µM AA was added to two separate 1.5 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/liquid-chromatography
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ml Eppendorf tubes. All samples and controls were vortexed before being incubated for 2 hours 

at 37OC with constant shaking (Vortex Genie-2, shaking mode no 3). The C0 sample was not 

incubated and was placed in a fridge.  

After two hours all samples and controls were removed from the incubator and placed in a 

centrifuge at 13,000rpm for one hour at 4oC. The centrifuge was set to 4oC to minimise any 

oxidation at this point. The C2 sample was placed directly into the fridge without centrifuging. 

Whilst the samples and controls were being centrifuged, a set of six calibration standards were 

prepared (Table C 2). Following centrifuging, 150 µl aliquots of each standard, controls, including 

C0 and C2, and sample supernatants were pipetted in duplicate into a 96 well-plate following a 

template (Table C 3). To determine AA depletion the 96 well-plate was placed in a 

spectrophotometric plate reader (Spectramax190, Molecular Devices, UK) at 37OC measuring the 

absorption at a wavelength of 265nm with SoftMax Pro v4.8 software. Two readings were taken 

of the well-plate and the mean of the two results was taken. A calibration curve derived from the 

standards was used to correct the results for the 200 µM AA stock used in the assays. AA 

depletion was ascertained over four batches in filter date order. 

5.3.4 Filter processing for glutathione 

For the determination of reduced glutathione (GSH), 450 µl aliquots of Chelex treated HPLC-

grade water was added to each quarter filter in prepared 1.5 ml Eppendorf tubes. A quarter filter 

blank was placed into a 1.5ml Eppendorf tube and a 450 µl aliquot of Chelex treated HPLC-grade 

water was added. For the particle-free controls, C0 and C4, separate 450 µl aliquots of Chelex 

treated HPLC-grade water was added to 1.5 ml Eppendorf tubes and 450 µl aliquots of NIST and 

M120 controls were added to 1.5 ml Eppendorf tubes. All samples and controls were placed in 

an incubator for 10 minutes at 37OC with no shaking. Following incubation, 50 µl aliquots of 2 mM 

GSH was added to all samples, blanks and controls. All samples, blanks and controls were 

vortexed before being placed in an incubator for 4 hours at 37OC with constant shaking at mode 

3, except the C0 sample which was placed in a fridge.  

After one hour the C0 control was removed from the fridge and a 16.7 µL aliquot was added to 

983.3 µL of cold 100 mM Sodium phosphate buffer pH7.5 containing 1 mM EDTA (PO4 buffer) 

and placed into a -20OC freezer. 1 mM DTNB (5,5'-dithio-bis-(2-nitrobenzoic acid)) (9.905 mg 

DTNB/10 ml PO4 buffer) was prepared and stored at 4OC. After four hours incubation, the C4 
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control was placed into a fridge, and the remaining samples and controls were centrifuged at 

13,000 rpm for one hour at 4OC. The centrifuge was set to 4oC to minimise any oxidation at this 

point.  Following centrifuging, 16.7 µl aliquots of all samples, blanks and controls, including C4, 

were added to 983.3 µl of cold PO4 buffer in 1.5 ml Eppendorf’ tubes. All tubes were immediately 

frozen at -20OC until day of analysis to minimise any additional oxidation occurring. 

When required, the samples and controls were thawed for the determination of total (GSX) and 

oxidised (GSSG) glutathione concentrations. Reduced glutathione (GSH) concentration was 

obtained by subtraction of 2x the GSSG value from the GSX value. 1 mM NADPH (Nicotinamide 

adenine dinucleotide phosphate) (8.8 mg NADPH/10 ml PO4 buffer) was freshly made for each 

assay. A set of standards were prepared with 3.3 mM GSSG and PO4 buffer (Table C 4). 260 µl 

aliquots of each standard, sample, blank and control were added to two sets of individual 1.5 ml 

Eppendorf tubes. For measurement of GSSG, 10 µl of 2-vinyl-pryridine (2-VP) was added to one 

set of tubes. These were vortexed for 5 seconds and incubated at room temperature for one hour. 

While the GSSG aliquots containing 2-VP were incubating, total glutathione (GSX) was 

determined. To a 96 well-plate 50 µl aliquots of the standards, samples, blanks and controls were 

pipetted following a template (Table C 5). The well-plate was placed in a spectrophotometric plate 

reader at 30OC while a substrate consisting of 5.85 ml PO4 buffer, 2.8 ml 1 mM DTNB and 3.75 

ml 1 mM NADPH was prepared. The substrate was mixed throughout before adding 18.7 units of 

glutathione reductase (G3664) enzyme and mixed. The 96 well-plate was removed from the plate 

reader and an eight-channel pipette was used to aliquot 100 µl of substrate into each standard, 

sample, blank and control in the 96 well-plate. To determine GSX, the 96 well-plate was placed 

into the plate reader and read at wavelength 412nm. A calibration curve derived from the 

standards was used to correct the results for GSX for the assays. 

To determine oxidised glutathione (GSSG), aliquots containing 2-VP were pipetted into a 96-well 

plate and the same procedure was followed for the GSSG standards, controls, blanks and 

samples as previously outlined for the GSX determination.  A calibration curve derived from the 

standards was used to correct the results for GSSG for the assays. The reduced glutathione 

(GSH) was then obtained by subtraction of the 2 * GSSG value from the GSX value. GSH for all 

filters was determined over eight batches in filter date order. 
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5.3.5 Filter preparation for acid digestion for ICP-MS elemental analysis 

The chemical analysis of metals from PM2.5 mass collected onto 25 mm Whatman PTFE 

membrane filters during the train journeys required acid digestion before analysis by ICP-MS. An 

aqua regia method was used for filter digestion, based on Harrison, Jones and Lawrence (2003). 

This  used a standard protocol comprising a 1:3 dilution of ICP-MS-grade Ultrapur 60% nitric acid 

: ICP-MS-grade Ultrapur 30% hydrochloric acid for the aqua regia preparation (Uddin et al., 2016). 

All aqua regia was made fresh on the day of use.  

Prior to filter digestion 120 50 ml ICP-MS grade certified metal-free Elkay centrifuge tubes (Elkay, 

UK) and 135 15ml ICP-MS grade certified metal-free Elkay centrifuge tubes were acid washed 

with a 5% nitric acid solution (8ml Ultrapur 60% acid diluted to 100ml with HPLC water), rinsed 

with HPLC-grade water and dried in a fume hood for 12 hours. Due to a shortage of 50 ml metal-

free Elkay centrifuge tubes, 16 50 ml non-certified metal free Elkay centrifuge tubes were acid 

washed using the same protocol. To reduce contamination the non-metal certified tubes were 

solely used with filters that had sampled subway air due to the higher PM2.5 mass collected onto 

the filters.  

Filters were randomly batched and individually transferred into 50 ml tubes using plastic tweezers 

that were washed in 5% nitric acid solution between each filter. Each tube was individually labelled 

with a Tuf-tag written in biro, placed on the top of the tube. 3 ml of aqua regia (0.75 ml 60% nitric 

acid : 2.25 ml hydrochloric acid) was added to each tube containing the filters and the tubes were 

capped tightly and carefully vortexed. Filters were placed face-down in tubes, with the exposed 

side facing the aqua regia for maximum extraction. The tubes were placed in a water bath (3/4 

filled with de-ionised water) at 80OC, which was in a fume cupboard, for 90 minutes.  

After 90 minutes, the tubes were removed from the water bath and left to cool for one hour. When 

sufficiently cool the tubes were centrifuged for 10 minutes at 3,000 rpm at 15OC. Immediately after 

centrifuging, a 9.625 ml aliquot of Chelex treated HPLC-grade water and a 10 µl aliquot of a 10 

ppm diluted yttrium internal standard was added to an acid-washed 15ml Elkay tube and a 0.375 

ml aliquot of the supernatant aqua regia solution from a filter sample was added to the 15 ml tube. 

This was repeated for each sample. One blank yttrium only was prepared. A 0.375ml aliquot of 

freshly prepared aqua regia was added to an acid-washed 15ml Elkay tube containing 9.625ml 

Chelex treated HPLC-grade water and 10 µl of a 10 ppm diluted yttrium internal standard. Each 
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tube had a final acid concentration of 3.75% aqua regia solution which was carefully vortexed and 

labelled before being sent to King’s College, London, for ICP-MS analysis. In total 123 15 ml 

tubes were sent to King’s College for ICP-MS analysis including 116 filter samples, six blank filters 

and one yttrium only blank. 

5.3.6 Quantifying AA and GSH depletion 

The capacity of subway and overground PM2.5 to deplete antioxidants was quantified using AA 

depletion (OPAA) and glutathione depletion (OPGSH) for each filter sample. To obtain a metric for 

an accessible representation of oxidation percentage depletion per µg of PM2.5 (OP µg-1), OPAA 

and OPGSH were divided by the PM2.5 mass (Ayres et al., 2008) on each quarter filter represented 

by OPAA µg-1 and OPGSH µg-1. This allowed a value to be derived to represent the depletion 

capacity per unit mass of each PM2.5 filter in the two railway environments. To understand the 

oxidative activity per volume (m3) of subway or ambient air for each filter, OPAA µg-1 and OPGSH 

µg-1 were multiplied by the volume of air (m3) passed through each filter measured during the filter 

collection to derive OPAA m-3 and OPGSH m-3.  To ensure that each OP value of a specific assay 

and sample were comparable particle mass-normalised (OP µg-1, per µg of PM2.5) and volume-

normalised (OP m-3, per volume of air) metrics were used in the analysis where the OP value of 

the specific assay and sample is normalised by the total PM2.5 mass on the filter or by the volume 

of air passed through collected filter.  

These values for OP µg-1 or OP m-3 can be useful when describing chemical composition 

influences and exposure or epidemiological outcomes of PM2.5 OP depletion. It is likely that OP 

µg-1 is a more revealing metric when considering how chemical composition influences PM2.5 OP 

whereas OP m-3 is more useful when exploring exposure or epidemiological outcomes (Bates et 

al., 2019, Campbell et al., 2021). 

5.3.7 Metals analysed by ICP-MS 

Following the acid digestion of each filter sample and blanks, the samples and blanks were sent 

to King’s College, London for ICP-MS analysis. The metals species analysed for each filter 

sample sent for ICP-MS analysis are shown Table 5.1. The list was selected based on those 

transition metals known to be present in the subway (Querol et al., 2012, Gao et al., 2020, Smith 

et al., 2020) and other metals derived from railway related emissions known to affect health. As 

well as transition metals, other metals and metalloids such as lead and arsenic, can exert toxic 
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effects via mechanisms other than direct generation of ROS warranting their inclusion (Loxham 

et al., 2013). Laboratory blank filters were analysed following the same methodology as the 

sample filters and concentrations were subtracted from those found for the samples to calculate 

the subway and overground metal concentrations. A dilution factor derived from the acid digestion 

process was used to determine the final metal concentrations for each filter. 

5.4 Results 

5.4.1 Underground and overground antioxidant consumed 

After the exclusion of the first 24 filters and following filter processing for OPAA and OPGSH, PM2.5 

from 40 subway and 42 overground filters were analysed for their capacity to deplete OPAA and 

OPGSH during the incubation period (2 hours for OPAA and 4 hours for OPGSH). The subway filters 

comprised 34 Bakerloo line and six Jubilee line filters, and the Overground 34 Willesden and eight 

Kensal Rise filters. The raw data from the OPAA depletion had a starting OPAA concentration of 

200 μmol L−1, represented by C0. The OPAA depletion for the controls C2 and the in-house 

negative (M120) and in-house positive control (NIST) were as expected following incubation. The 

field and lab blanks had a similar OPAA depletion to the negative controls C2 and M120, 

suggesting the blanks had little or no reactivity with OPAA. The Bakerloo line displayed greater 

OPAA depletion than the Jubilee line, with both showing a higher depletion of OPAA than the 

overground lines (Figure 5.1).  

Overall, there was less oxidation of OPGSH compared to OPAA oxidation for the Bakerloo line filters. 

For the Jubilee and overground filters, it appeared there was greater oxidation of OPGSH than 

OPAA. However, there was clearly a high reactivity of the blank filter material with OPGSH in the 

assays, depleting OPGSH by a mean of 48.5 μmol L−1 below the starting OPGSH concentration of 

200 μmol L−1.  

For OPAA and OPGSH all controls displayed expected results demonstrating the accuracy of the 

assay results. 
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Table 5.1: Metals analysed by ICP-MS analysis from filter samples collected on subway and overground 
trains during the MRC study. 

Element Reason for inclusion Reference 

Aluminium (Al) Found in wheel/brake abrasion Smith et al., (2020) 

Antimony (Sb) Found in wheel/brake abrasion Smith et al., (2020) Moreno et al., 
(2017) 

Arsenic (As) Found in wheel/brake abrasion Smith et al., (2020) 

Barium (Ba) Found in wheel/brake abrasion Smith et al., (2020) 

Boron (B) Found in subway anti-friction materials Smith et al., (2020) 

Cadmium (Cd) Transition metal found in wheel/brake 
abrasion 

Smith et al., (2020), Ji et al., 
(2021) 

Calcium (Ca) High subway concentration Smith et al., (2020) 

Cerium (Ce) Transition metal found in the subway Smith et al., (2020) 

Chromium (Cr) Transition metal component of steel used in 
wheel, rail and electrification 

Ji et al., (2021) Chillrud et al., 
(2004) 

Cobalt (Co) Transition metal found in the wheel/brake 
abrasion 

Smith et al., (2020), Ji et al., 
(2021) 

Copper (Cu) Transition metal component of steel used in 
wheel, rail and electrification 

Smith et al., (2020) Ji et al., 
(2021) Moreno et al., (2017) 

Iron (Fe) Transition metal component of steel used in 
wheel, rail and electrification 

Smith et al., (2020) Ji et al., 
(2021) 

Lead (Pb) Found to be enriched in the subway Font et al., (2019) 

Lithium (Li) Found in subway anti-friction materials Smith et al., (2020) 

Magnesium (Mg) Component of steel used in wheel, rail and 
electrification 

Chillrud et al., (2004) 

Manganese (Mn) Transition metal component of steel used in 
wheel, rail and electrification 

Smith et al., (2020) Ji et al., 
(2021) 

Molybdenum (Mo) Transition metal found in anti-friction 
materials 

Smith et al., (2020) 

Nickel (Ni) Transition metal found in the subway Smith et al., (2020) 

Niobium (Nb) Transition metal found in the subway Smith et al., (2020) 

Potassium (K) High subway concentrations Smith et al., (2020) 

Selenium (Se) Found in subway anti-friction materials Smith et al., (2020) 

Sodium (Na) Found in high concentrations in the subway Smith et al., (2020) 

Strontium (Sr) Found in wheel/brake abrasion Martins et al., (2016) Ji et al., 
(2021) 

Titanium (Ti) Transition metal found in the subway Smith et al., (2020) 

Vanadium (V) Transition metal found in the subway Smith et al., (2020) Ji et al., 
(2021) 

Zinc (Zn) Transition metal component of steel used in 
wheel, rail and electrification 

Ji et al., (2021) 
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To normalise each filter to the starting concentration of 200 μmol L−1, total glutathione (GSX) and 

oxidised glutathione (GSSG) for each filter were initially scaled relative to particle-free controls 

CO and C4. After CO and C4 normalisation and following incubation GSX should be equal for all 

filters (200 μmol L−1) and was normalised to the mean filter GSX (181.1 μmol L−1) with GSH being 

adjusted accordingly. All subway and overground filters were corrected for mean background 

OPGSH % oxidation registered across all of the field and lab blanks (48.5 μmol L−1). OPAA depletion 

was C0 and C2 normalised and corrected for background % oxidation registered across all of the 

field and lab blanks (4.8 μmol L−1).  

  

Figure 5.1: Induced OPAA and OPGSH depletion of antioxidant treatment on PM2.5. For OPAA depletion 
antioxidant remaining after 2 hours incubation for all filters. C0 before the incubation period, C2 particle 
free control, M120 negative control, NIST1648a positive control, Bakerloo, Jubilee, Willesden and Kensal 
Rise lines, field blanks and lab blank. For OPGSH depletion antioxidant remaining after 4 hours incubation 
for all filters. C0 before the incubation period, C4 particle free control, M120 negative control, NIST1648a 
positive control, Bakerloo, Jubilee, Willesden and Kensal Rise lines, field blanks and lab blank. 

 

Bakerloo line OPAA consumption was depleted in excess of the Jubilee line (71% difference) with 

the subway journeys showing greater depletion than the overground. The Bakerloo line depletion 

was greater than the positive NIST control (difference 67%). For OPGSH, after correction for the 

blanks, the Bakerloo line displayed the highest depletion, followed by the Jubilee line and 

overground lines. After correction, the Bakerloo line had a similar depletion to the positive NIST 

control.  

GSH AA 
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5.4.2 Determination of antioxidant depletion rates 

5.4.2.1 OPAA and OPGSH depletion rates per unit mass 

There was considerable variation when OPAA was mass normalised per unit mass (OPAA µg-1) 

during each subway journey on the Bakerloo and the Jubilee lines (Figure 5.2). There was a 

greater range of OPAA depletion per unit mass on the Jubilee line (0.28 – 2.21 µg-1) compared to 

the Bakerloo line (0.60 – 2.16 µg-1), with a mean Bakerloo line OPAA µg-1 of 1.36 µg-1 which was 

greater than the mean Jubilee line OPAA µg-1 of 1.20 µg-1, although there was no significant 

difference. Four of the six Jubilee line journeys took place with a mask which could account for 

the greater variation of OPAA µg-1 on the Jubilee line (on the Bakerloo line 2 of the 34 journeys 

used a mask).   

 

 

Figure 5.2: OPAA antioxidant % C2 depletion per unit mass of PM2.5 for the Bakerloo line (brown) and 
Jubilee line (silver) and OPGSH antioxidant % C4 depletion per unit mass of PM2.5 for the Bakerloo line 
(brown) and Jubilee line (silver). 

 

There was less variation on each journey when considering OPGSH per unit mass on the subway 

journeys with a Bakerloo line OPGSH µg-1 range of 0.65 – 1.48 µg-1 and a Jubilee line OPGSH µg-1 

AA 

GSH 
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range of 0.9 – 1.76 µg-1 with both having a similar range (Figure 5.2). Mean Bakerloo line OPGSH 

µg-1 was 0.88 µg-1 with a significantly higher mean Jubilee line OPGSH µg-1 of 1.30 µg-1 (p<0.05).  

The mean result for OPAA µg-1 of 1.36 µg-1 for the Bakerloo line was lower than those found at 

platforms in the Barcelona subway with a mean OPAA µg-1 of 1.63 µg-1 (Moreno et al., 2017) and 

similar to the mean OPAA µg-1 of 1.36 µg-1 and 1.35 OPAA µg-1 found at London background and 

London roadside sites, respectively (Kelly et al., 2011). The Barcelona results showed a greater 

variation of OPAA µg-1 (0.9 – 2.4 µg-1) than the Bakerloo line, reflecting the wider range of locations 

sampled in Barcelona.  For OPGSH depletion, the Bakerloo line had the same mean OPGSH µg-1 of 

0.88 µg-1 as the Barcelona study, and it was higher than at London background and roadside 

sites, mean 0.53 and 0.77 µg-1, respectively. The Jubilee line showed the highest mean OPGSH 

µg-1. Both the Kelly et al., (2011) and Moreno et al., (2017) studies used a similar RTLF model to 

this study making the results comparable.  

5.4.2.2 AA and GSH depletion rates per unit volume 

Mean OPAA per unit volume of air (Figure 5.3) was significantly higher on the Bakerloo line (79.0 

m-3) than on the Jubilee line (38.8 m-3) (p<0.05), although both subway lines showed considerable 

variation. Bakerloo line OPAA m-3 ranged from 37.4 – 114.0 m-3 with the Jubilee line ranging from 

9.27 – 78.8 m-3. For OPGSH depletion per unit volume of air, the Bakerloo line had a mean OPGSH 

m-3 of 51.1 m-3 with a range of 31.4 – 73.0 m-3. Mean Bakerloo line OPGSH m-3 was greater than 

the Jubilee line, 43.6 m-3, although not significantly different, with a Jubilee line range of 31.4 – 

62.6 m-3. 

Mean Bakerloo line OPAA m-3 of 79.0 m-3 was lower than found in Barcelona (87.7 m-3) but higher 

than the OPAA m-3 of 26.3 and 33.9 m-3 found at London background and roadside sites. For mean 

OPGSH m-3 the Bakerloo line (51.1 m-3) was higher than in Barcelona (49.7 m-3) and London 

background and roadside of 10.3 and 19.2 m-3, respectively. These results suggest that there was 

little difference in OP deletion between the Bakerloo line and the Barcelona subway, but the 

Bakerloo line shows greater OPAA and OPGSH depletion than London background and roadside 

sites. Jubilee line OPAA and OPGSH depletion per unit volume of air was lower than the Bakerloo 

line and the Barcelona subway, but greater than London background and roadside sites. 
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Figure 5.3: OPAA antioxidant % C2 depletion per unit volume of PM2.5 for the Bakerloo line (brown) and 
Jubilee line (silver) and OPGSH antioxidant % C4 depletion per unit volume of PM2.5 for the Bakerloo line 
(brown) and Jubilee line (silver). 

 

For the Overground, Willesden and Kensal Rise lines, OP depletions for OPAA and OPGSH ug-1 

and m-3 (Figure C 1 and Figure C 2) showed large variations. Mean Overground OPAA µg-1 was 

47.6 ug-1 for the Willesden line (range 0 – 182.7 ug-1) and 30.3 ug-1 for the Kensal Rise line (range 

0 – 75.1 ug-1). Mean Overground OPGSH µg-1 was 14.0 ug-1 for the Willesden line (range 0 – 48.7 

ug-1) and 8.9 ug-1 for the Kensal Rise line (range 0 – 22.2 ug-1). For OPAA per unit volume of air, 

mean OPAA m-3 was 22.6 m-3 (range 0 – 55.5 m-3) on the Willesden line and 20.4 m-3 (range 0 – 

50.0 m-3) on the Kensal Rise line. Mean OPGSH m-3 on the Willesden line was 8.1 m-3 (range 0 – 

21.4 m-3) and 13.0 m-3 (range 0 – 25.7 m-3) on the Kensal Rise line. The results show a wide 

range of values for all OP Overground results, especially when compared to the subway OP 

results. This is likely due to the very low concentrations of PM2.5 collected onto filters in both 

overground environments. Due to the filters being quartered, the PM2.5 concentrations on the 

filters used for the OP assays ranged from < 1 – 3 µg m-3 on the Willesden line and < 1 – 7 µg m-

GSH 

AA 
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3 on the Kensal Rise line. These compared to Bakerloo line PM2.5 (per quarter) of 35 – 80 µg m-3 

and Jubilee line PM2.5 (per quarter) of 24 – 39 µg m-3. Due to the low PM2.5 mass on the 

overground filters there was little depletion of AA and GSH in the assays so these will not be 

considered further as they were below the LOD. 

5.4.3 PM2.5 metal composition 

Many studies have measured the chemical composition of subway PM2.5 worldwide (Murruni et 

al., 2009, Querol et al., 2012, Perrino et al., 2015) and in the London Underground (Seaton et al., 

2005, Smith et al., 2020, Kumar et al., 2023) with iron (Fe) having the largest contribution to PM2.5 

mass. Unlike other studies which analysed total carbon, elemental carbon, inorganic and organic 

compounds, in this study only the 26 selected metals were analysed for the subway and 

overground.  The metal content for the Bakerloo and Jubilee lines showed that Fe was the 

dominant metal and that all transition metals associated with the subway environment had high 

concentrations. As, Cd, Ce, Cs and Nb, were below the detection limit and were therefore 

excluded from further analysis (Table C 6). In the London Underground Fe particles, in the form 

of magnetite (Kumar et al., 2023), along with Al, Ba, Co, Cr, Cu, Mg, Mn, Sb, Sr and Zn were 

sourced in the subway from interactions from wheels, tracks and brake pads (Moreno et al., 2015). 

Friction reducing lubrication materials found in the subway include Mo, Se and B with Se with B 

and Li acting as additives to oils and greases (Smith et al., 2020). 

Smith et al., (2020) measured mean Fe concentrations of 184 µg m-3 at Hampstead station. Mean 

Fe concentrations were 142 µg m-3 on the Bakerloo line. However, PM2.5 concentrations were 

higher at Hampstead station compared to the Bakerloo line which could account for the difference 

in mean Fe concentrations. In this study, Fe comprised 86% of the metal content measured on 

the Bakerloo line filters (81% on the Jubilee line) (Table C 6). The results per ng m-3 ug-1 PM for 

each metal are shown for both lines in Figure 5.4. This shows that Fe ng m-3 ug-1 PM was 23% 

higher in the Bakerloo line than the Jubilee line. This could be due to mechanical braking 

employed on Bakerloo line trains compared to rheostatic on the Jubilee line. Mechanical braking, 

especially emergency braking, is known to significantly increase PM2.5 and most likely Fe 

emissions (Van Ryswyk et al., 2021). The Bakerloo line is built underneath the road system in 

Central London with many sharp track curvatures and track gradients which could cause 

additional track and wheel related Fe emissions (Martins et al., 2016). Metals per µg showed 

varying levels of difference between the Bakerloo and Jubilee line with Cu, Fe, Mn and Ti 
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significantly higher on the Bakerloo line with B and Mo significantly higher on the Jubilee line. The 

other metals showed little difference across the two lines. 

 

 

Figure 5.4: Metal concentrations per unit mass of PM2.5 (ng m-3 µg-1 PM) in the Bakerloo line (brown) 
and Jubilee line (silver). Note the differing y-axis as metal concentrations decrease. Statistically significant 
differences are according to the Mann Whitney test, * * p<0.05, ** p<0.01 and *** p<0.001. 

 

5.5 Effects of subway PM2.5 chemical composition on OP 

The associations between PM2.5 chemical composition and OP per unit PM2.5 mass and per unit 

volume in the subway for the Bakerloo and Jubilee lines are shown using the corPlot function in 

the openair ‘r’ package (Carslaw 2012) (Figure 5.5 and Figure 5.6). To allow a direct comparison 

between chemical composition and OP, metal concentrations were normalised to per unit mass 
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to correspond to OPAA µg-1 and OPGSH µg-1 and to unit volume to correspond to OPAA m-3 and 

OPGSH m-3. Correlations and p-values are shown in Table C 7. 

All 34 Bakerloo line samples and all six Jubilee line samples were used in the correlations. P-

values for the correlations of each metal with OPAA and OPGSH per unit mass and per unit volume 

on both lines were calculated with p-values < 0.05 considered significant and p-values < 0.01 

considered highly significant (Table C 7). There was a highly significant positive correlation 

between OPAA µg-1 and OPGSH µg-1 on both lines and between OPAA m-3 and OPGSH m-3 on the 

Jubilee line although there was a lack of a significant association between OPAA m-3 and OPGSH 

m-3 on the Bakerloo line, which could have been due to the much higher concentrations of PM2.5 

on the Bakerloo line.  

A range of transition metals associated with railway-related emissions, Co, Cr, Cu, Fe, Mn, Mo, 

Ti and V were highly significantly positively correlated with OPAA ug-1 and OPGSH ug-1 on the 

Bakerloo line. Ni was only highly significantly positively correlated with OPAA ug-1 on the Bakerloo 

line. Non-transition metals associated with railway-related emissions, Al, B, Ba, were highly 

significantly positively correlated with OPAA ug-1 and OPGSH ug-1, (Li was only highly significantly 

correlated with OPAA ug-1). The metals K and Pb were highly significantly correlated with OPAA ug-

1 and OPGSH ug-1. When considering OPAA and OPGSH per unit volume, only Se was significantly 

correlated with OPGSH m-3, whereas the transition metals Fe, Ni, Ti and Zn (not significant per unit 

mass) and the non-transition metal Al, were significantly positively correlated with OPAA m-3 and 

OPGSH m-3. There were no significant positive correlations between metals and any OP metric on 

the Jubilee line. This could have been due to the low number of samples (n=6) and that four of 

these journeys involved wearing a mask, which may have preferentially removed some of the 

larger particles. 
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Figure 5.5: Correlation plots of OPAA and OPGSH per unit of mass (OP ug-1) and metal concentrations per 
unit of mass (ng m-3 µg-1) on the Bakerloo and Jubilee lines. 
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Figure 5.6: Correlation plots of OPAA and OPGSH per unit of volume (OP m-3) and metal concentrations 
per unit volume (ng m-3 m-3) on the Bakerloo and Jubilee lines. 
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There was a high degree of agreement in the highly significantly correlated metals associated 

with OPAA and OPGSH depletion per unit mass, particularly with railway related transition metals. 

This is important as OP per unit mass is more informative when considering the role of chemical 

composition on OP than per unit volume of air (Bates et al., 2019, Puthussery et al., 2020, 

Campbell et al., 2021)  In comparison to the results found in the Barcelona subway for OPAA ug-

1, only Pb was found to be highly significantly correlated on the Bakerloo line and the Barcelona 

subway. In terms of OPGSH m-3, only Ba and Cu were found to be highly correlated in both subway 

systems. 

This could have been due to the Barcelona study using the full metal concentrations, rather than 

normalising the metal content per unit mass of PM2.5 and per volume of air. The Barcelona study 

was also conducted on six different platforms with differing platform designs, PM2.5 concentrations 

and metal concentrations leading to a large variation in metal and OP results for the different 

stations. When the results from each platform were combined this may not have given a clear 

representation of OPAA and OPGSH in the Barcelona subway.   

The metals significantly correlated with OPAA and OPGSH per unit mass show good agreement 

with ambient results influenced by traffic related air pollution, particularly with the transition metals 

(Bates et al., 2019, Campbell et al., 2021) and in particular for Ba, Cu and Mo at roadside sites in 

London (Kelly et al., 2011). These results confirm that transition metals are particularly important 

in their contribution to OPAA and OPGSH per unit mass on the Bakerloo line, being major 

components of train related emissions. Indeed, evidence suggests that there are higher 

concentrations of Fe and other transition metals in the subway compared to ambient PM2.5 (Kam 

et al., 2011, Loxham et al., 2013) and the transition metals could be influencing toxic effects from 

redox-cycling reactions producing ROS (Loxham et al., 2013, Campbell et al., 2021). In the Los 

Angeles subway Kam et al., (2011) found transition metals were enriched and suggested they 

may have been contributing to the generation of ROS resulting in oxidative stress.  

An in-vitro toxicity study conducted by Steenhof et al., (2011) in the Netherlands found subway 

particles contained a high transition metal content, particularly Fe, Cu and Ni, which they 

concluded led to a large decrease in metabolic activity in macrophages in comparison to traffic 

and urban background sites. There are many factors that could influence the correlation between 

metal composition and OP including water solubility, chemical form, oxidation state and redox 



163 
 

potential. The capacity for ROS generation could be influenced by water solubility, particularly the 

magnetite form of Fe which has been shown to have low water solubility in the subway (Mugica-

Alvarez et al., 2012). The high number of transition metals found to be highly correlated to OP 

depletion per unit mass on the Bakerloo line suggests that these metals may be working 

synergistically with iron oxides and it is particle metal enrichment that is responsible for the 

increased antioxidant depletion rather than iron content alone (Loxham and Nieuwenhuijsen 

2019). The high correlations of Fe with Cu, Mo, and Ba, all known to be drivers of OP depletion 

(Kelly et al., 2011) on the Bakerloo line support this suggestion.  

The results showed that Bakerloo line subway PM2.5 depleted OPAA greater than the positive NIST 

control, unlike Jubilee line PM2.5. Neither Bakerloo nor Jubilee line PM2.5 was able to deplete 

OPGSH greater than the positive NIST control, suggesting that the capacity of particles in the 

Bakerloo line was greater in the depletion of OPAA over OPGSH. This was despite there being a 

high correlation associating OPAA and OPGSH per unit of mass. Despite the increased capacity of 

OPAA activity on the Bakerloo line, there was considerable variation over the different journeys 

when considering OPAA µg-1. There was less variation of subway depletion of OPGSH than OPAA, 

on a per mass and volume basis, maybe caused by some metals which have the capacity to 

deplete OPAA varying more throughout the different journeys. There were distinct differences 

between OPAA and OPGSH per unit of mass and per unit volume of air most likely due to the 

increased particle concentrations found in the Bakerloo line. The results suggest that Bakerloo 

and Jubilee line PM2.5 have a similar capacity to London roadside PM2.5 to elicit oxidative stress 

at the air–lung interface, potentially inducing systemic and pro- inflammatory responses in 

biological tissues   

5.6 Conclusion 

This study used PM2.5 filter samples collected on the Bakerloo and Jubilee lines to undertake an 

OP analysis of the antioxidants AA and GSH.  The results showed that the depletion of OPAA by 

Bakerloo line PM2.5 was greater than the Jubilee line (although not significant) and the positive 

NIST control. OPGSH depletion was higher in the Bakerloo line compared to the Jubilee line but 

deleted OPGSH similarly to the positive NIST control. When OPAA and OPGSH were investigated 

per unit mass or volume of air, the Bakerloo line showed greater depletion of OPAA µg-1 than the 

Jubilee line but less depletion of OPGSH µg-1, although both lines showed a great deal of variation. 
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For OPAA m-3 and OPGSH m-3 the Bakerloo line showed greater antioxidant depletion capacity. The 

oxidative potential depletion of OPAA and OPGSH on the Bakerloo line was found to be similar to 

the Barcelona subway but greater than London roadside and background sites.  

Filters were analysed for chemical composition by ICP-MS analysis for metals produced by train 

related activities in the subway. There were high levels of transition metals that were highly 

correlated to each other suggesting related emission sources in the subway. Corelations between 

OPAA and OPGSH and the metal content for each sample on a normalised per unit mass basis 

showed highly significant positive corelations between the transition metals Co, Cr, Cu, Fe, Mn, 

Mo, Ti, Ni and V and OPAA and OPGSH µg-1 as well as with Al, B, Ba and Li. Although there was 

less correlation between OPAA and OPGSH per volume of air, transition metals Fe, Ni, Ti and Zn 

as well as Al were found to be highly significantly positively correlated with OPAA m-3.  These 

metals are mainly associated with wheel/rail and brake wear in the subway, which are likely to be 

particularly high in the Bakerloo line due to the degree of driver control over braking and the long 

track curvatures found in the Bakerloo line. This could explain why there were no significant 

positive correlations found in the Jubilee line (as well as the low number of samples) between 

metal composition and OPAA and OPGSH.  

Although Fe was the largest PM2.5 component in both subway lines it is possible that due to the 

low water solubility of magnetite Fe, it is a synergy of Fe working with other transition metals that 

is responsible for the elevated depletion of OPAA in the Bakerloo line. The high correlation between 

these metals could elevate the overall depletion capacity to be greater than the individual 

components alone. 

On an equal mass basis the subway lines showed elevated OPAA and OPGSH when compared to 

roadside and background sites in London (Kelly et al., 2011). This suggests that subway PM2.5, 

particularly the Bakerloo line, has the capacity to drive the oxidation of antioxidants and induce 

oxidative stress at the air-lung interface, in a similar way to roadside PM2.5. This capacity is 

induced by train related emissions of transition metals suggesting there is a need to further 

investigate the relationship between the effect of PM emissions and sources on OP to better 

understand the link between subway PM2.5 and health. 
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Chapter 6 Multi-omic signatures of traffic related air pollution 

6.1 Background 

Following discussions with my supervisor, it was proposed that I would undertake a cross-omic 

analysis of metabolites and transcripts derived from blood serum samples taken from the 

participants during the train journey trial days from the MRC study, However, it was not possible 

to undertake the proposed multi-omic analysis due to delays brought about by the Covid-19 

epidemic delaying the MRC study. Therefore, it was decided to prepare for a later multi-omic 

analysis of blood serum samples from the MRC study by using metabolomic (van Veldhoven et 

al., 2019)  and transcriptomic (Espín-Pérez et al., 2018) data derived from the Oxford Street study 

(Sinharay et al., 2018).as a template on which to develop a methodology to investigate molecular 

signatures arising from exposure to subway air. The datasets previously prepared by van 

Veldhoven et al., (2019) and Espín-Pérez et al., (2018) were used to undertake a re-analysis of 

the metabolomic and transcriptomic data from the Oxford Street data, including a new multi-omic 

analysis of the data.  This would provide the framework and techniques that I would require for a 

later multi-omic analysis of the bold serum samples collected from the MRC study.  

The Oxford Street study took place in two contrasting locations; Oxford Street in Central London, 

a street dominated by diesel vehicles, and Hyde Park, a large park near Oxford Street. Participant 

volunteers walked for 2-hours in both locations, with each walk separated by 3-6 weeks.  Hyde 

Park acted as a control to Oxford Street to understand the health effects of breathing traffic related 

air pollutants (TRAP).  

During the Oxford Street study, each participant had multiple blood samples taken as input for 

transcriptomics analysis and untargeted metabolomic analysis. The samples were taken at three 

timepoints: baseline, (2 hours before the walk), and 2 and 24 hours after the walk. Similarly, in 

the MRC study participants had blood samples taken at the same time points: baseline (2 hours 

before the train journey) and 2 and 24 hours after the train journey. The Oxford Street data has 

previously been used for metabolomic (van Veldhoven et al., 2019) and transcriptomic analysis 

(Espín-Pérez et al., 2018) and it is proposed to integrate metabolomic and transcriptomic datasets 

to investigate multi-omic signatures of exposure to TRAP. The methodology that is proposed for 

the Oxford Street study could be extended to study multi-omics signatures of subway air 
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exposures, once these data become available. Such an approach could help to better understand 

the molecular pathways involved and their connection to potential health effects. 

This chapter sets out the new methodology that was developed for a multi-omic approach to the 

Oxford Street study combining transcriptomics and metabolomics on the same participants over 

multiple time points to investigate the health effects of TRAP exposure.  The results are discussed 

and it is set out how the methodology developed in this chapter could be used in a further study 

investigating multi-omic signatures arising from biological responses to exposures in the subway 

environment. 

6.2 Introduction 

Traffic-related air pollution (TRAP) is one of the major sources of air pollution exposure in urban 

areas and cities and has been associated with a wide range of adverse human health effects 

(Strak et al., 2021, Health Effects Institute 2022) including increased mortality and morbidity 

(Rosenlund et al., 2009, Atkinson et al., 2010, Amiri et al., 2019). TRAP comprises a mixture of 

vehicle exhaust pollutants, including particulate matter, PM10 and PM2.5 and ultrafine particles, 

oxides of nitrogen (NO2 and NOx), non-exhaust emissions (brake and tyre wear) and Black 

Carbon (BC) (Samoli et al., 2016, Boogaard et al., 2022, Fussell et al., 2022). PM2.5 has been 

classified as a severe health hazard  (Bilal, Nichol and Spak 2017) with no established threshold 

below which it would be harmless (Chen and Zhao 2011). Exposure to PM2.5 has been 

increasingly linked to respiratory and cardiovascular diseases (Alexeeff et al., 2021), possibly via 

the activation of systemic inflammation (Chao et al., 2018, Zhang et al., 2022) and the triggering 

of oxidative stress and inflammatory markers (Zhong et al., 2016, Barnes 2022, Ljubičić et al., 

2022). Understanding distinct endpoints and biomarkers associated with short and long-term 

exposure to TRAP related pollutants could reveal the mechanistic processes involved in 

increased inflammation and oxidative stress (Liang et al., 2018, Liao et al., 2022).  

Understanding the mechanistic basis of air pollution toxicity is dependent on accurately 

characterizing both exposure and biological responses (Liang et al., 2023). However, the 

underlying biological mechanisms have not been fully elucidated and principally due to the 

absence of robust and dedicated biomarkers (Krauskopf et al., 2019, Zhang et al., 2022), classical 

epidemiological methods cannot accurately ascertain the short-term impacts of exposures to 

TRAP (Liang et al., 2023).  
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The advent of omics-based high-throughput technologies allows dedicated biomarkers 

associated with TRAP exposure to be identified at a cellular level and identified through molecular 

changes and biological pathways (Alfano et al., 2018, Espín-Pérez et al., 2018). Metabolomics 

and transcriptomics provide powerful analytical methods allowing pathomolecular mechanisms to 

be mapped to molecular and biochemical pathways involved. This allows the triggering of a 

systemic response to be observed in the peripheral blood (Vlaanderen et al., 2017, Zhang et al., 

2022). Metabolomics  systematically investigates metabolites, such as amino acids, fatty acids 

and lipids, and their impact on oxidative stress and inflammation pathways in human health and 

disease (Bundy, Davey and Viant 2009, Liang et al., 2020). Untargeted metabolomics offers a 

valuable approach to the identification and quantification of TRAP exposure on the composition 

of the blood metabolome (van Veldhoven et al., 2019, Olena et al., 2022, Petrick and Shomron 

2022). Transcriptomics allows the identification of genes that are differentially expressed in 

response to exposure and can be used as exposure biomarkers (Vrijens et al., 2017, Porcu et al., 

2021). 

The Oxford Street study used a randomised, cross-over study design whereby vulnerable 

(participants with COPD and ischemic heart disease) and healthy participants walked in the 

distinct environments of Oxford Street and Hyde Park. The cross-over design improved statistical 

power allowing the accurate modelling of between subject variability. This is the first study to 

combine metabolomics and transcriptomics from the same participants, over multiple timepoints, 

to identify multi-omic modifications associated with TRAP exposure. 

6.3 Methods 

6.3.1 Oxford Street study design 

Vulnerable participants with either at least GOLD Stage 2 COPD (Chronic Obstructive Pulmonary 

Disease)  (GOLD 2023) (n=40) or IHD (ischemic heart disease) (n=39), who had no previous 

evidence of airflow obstruction, were recruited from the outpatient respiratory and cardiology 

clinics at the Royal Brompton & Harefield NHS Foundation Trust (Sinharay et al. 2018). 

Separately healthy volunteers (n=40) with no evidence of airflow obstruction were recruited 

through advertising placed within the public areas of the Royal Brompton Hospital. All participants 

were required to walk for two hours either along Oxford Street in Central London which was 

dominated by diesel traffic or in nearby Hyde Park, which was much less polluted. The study used 

https://paperpile.com/c/9SO92r/MxIPi
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a randomised, crossover design whereby each participant acted as their own control over the two 

locations of the walk.  

The location for the first walk was randomised and the second walk took place 3-6 weeks later. 

Participants arrived at the Brompton Hospital in a hybrid car before undergoing a series of 

physiological health measurements including blood sample collections. They were then driven to 

their assigned walking location where they walked on predefined routes for two hours from 11am 

to 1pm, walking on average 5km. Following the walk participants were driven back to the 

Brompton hospital in a hybrid car, where their age, sex, date of birth, body mass index (BMI) and 

blood pressure were recorded along with data for distance walked, diet, medication and caffeine 

intake. A second blood sample was collected at the hospital 2 hours after the walk and a third 

sample 24 hours after walking. Whole blood and serum samples were taken from participants and 

stored at -80OC until further omics analysis. A subset of the study population (n=60) was selected 

for subsequent omics analysis. Informed written consent was obtained from all participants and 

the study was approved by the London City Road and Hampstead Ethics Committee (Sinharay 

et al. 2018). 

6.3.2 Participant exposure measurements 

Participants carried a backpack during each walk containing the measurement apparatus. PM2.5 

and PM10 were measured using a light scattering sensor (AM510 SidePak Personal Aerosol 

Monitors, TSI Ltd, MI, USA) measuring particles in the size range 200 nm – 2.5 µm and a unipolar 

diffusion charger (Philips Aerosense NanoTracer; measuring a size range of 10 – 300 nm) which 

was used as a proxy for ultrafine particle concentrations (PNCT). BC was measured with a 

microAeth AE51 (AEthlabs, CA, USA; flow rate 100 mL per min) using an optical absorption 

measurement method. In Oxford Street NO2 measurements were taken from a stationary kerbside 

monitoring site (51.51392, -0.15279) repeatedly passed during the Oxford Street walks. Due to 

the unavailability of monitoring sites in Hyde Park, NO2 measurements for the Hyde Park walks 

were taken from the nearest background monitoring site located in North Kensington (51.5 2104, 

-0.21349). Temperature, relatively humidity and noise (Bruel and Kjaer Type 2236 Sound level 

meter, Naerum, Denmark) were electronically logged during the walk. Participant exposures prior 

to the walking exposures were modelled for average air pollution estimates one year before the 

experiment.  

https://paperpile.com/c/9SO92r/MxIPi
https://paperpile.com/c/9SO92r/MxIPi
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Only those participants with compete exposure data for both walks were included in the final 

dataset resulting in 50 participants having full exposure data for all measured pollutants.  

6.3.3 Omics data acquisition and pre-processing 

A total of 6 blood samples were collected for each participant. These were used to measure 

untargeted metabolomics and gene expression. A subset of 60 participants were selected for 

omics profiling.  

6.3.3.1 Metabolomics data 

The methods for the acquisition of untargeted metabolomics data have previously been described 

by van Veldhoven et al., (2019). Participant blood serum samples were prepared by mixing 20 µl 

of serum with 100 µl of acetonitrile in polypropylene microcentrifuge tubes which were centrifuged 

before collecting 50µl of the supernatant. The analysis was performed with an Agilent ultra-high 

performance liquid chromatography coupled with a quadrupole time of flight spectrometer 

(UHPLC-QTOF). Separation was obtained with a reversed phase column, ionisation with an 

electrospray ionisation selected in positive ion mode. Unique features characterised by 

monoisotopic mass and retention time were extracted from total ion chromatograms with the 

Agilent Mass Hunter and Profinder Pro software. 

For each of the subset of 60 participants in the study the raw metabolomic dataset comprised 

10,073 metabolites. The pre-processing of the data was done by extracting the features from the 

raw data with the molecular feature extraction function of the Agilent Profinder software. In this 

new study we included data filtering in order to remove features with poor analytical detection. 

Features with a very short retention times (below 1min) and very large mass (>1500 Da) were 

also removed.  In the present analyses we revisited the pre-processing of the metabolomics data 

by including several additional filtering steps. This involved excluding metabolomic features with 

over 40% of missing values resulting in 4,033 features being excluded, giving a final dataset of 

6,040 metabolomic features measured in the 50 participants with full exposure data representing 

300 metabolomic profiles. The data was log10 transformed and missing data was added through 

a left-centred missing data imputation method with the impute CMD r package (Lazer, Burger and 

Wieczorek 2022).  

A four-step process was used to categorise metabolomic features:  
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• Similarity in retention time and correlation in intensity across the samples was used to 

categorise LC-MS features identifying ions originating from the same compound. 

• m/z values of all the features were compared against the Human Metabolome Database 

(HMDB) (The Metabolomics Innovation Centre 2023) and Metlin (Metlin 2023) using 

[M+H]+, [M-H2O+H]+, and [M+Na]+ as adducts and mass tolerance of ± 8 ppm. 

• Representative samples were reanalysed using pure standards, when available, and in 

addition, the retention times and MS/MS spectra were compared. The MS/MS spectra 

were matched against those available in mzCloud (m/z CLOUD 2023) or Metlin if no 

standards were available. 

• The Chemical Analysis Working Group of the Metabolomics Standards Initiative (Sumner 

et al., 2007) was used to verify the level of identification. 

6.3.4 Transcriptomics data 

6.3.4.1 RNA Isolation and microarray analysis 

The preparation of RNA analysis of the Oxford Street study participants blood serums has 

previously been described by Espín-Pérez et al., (2018) where total RNA was isolated using the 

RiboPure -Blood kit (Ambion) following manufacturer’s instructions. The isolated RNA was 

hybridized on SurePrint G3 Human Gene Expression v2 or 3 8x60K Microarray Kit using 200ng 

of material. The Agilent Feature Extraction Software was used to extract raw data on pixel 

intensities. Probes were matched to gene names based on their ID, using a database (accession 

ID GPL21185) on the NCBI platform allowing Whole Human Genome microarrays for mRNA to 

be derived. The whole-genome gene expression dataset was cleaned for incorrectly labelled 

transcripts and log2 normalised. This resulted in 30,923 transcripts being assayed in 42 

participants who had complete exposure data giving 252 profiles. These 252 profiles were all 

included in the 300 metabolomic profiles. 

6.3.5 Technical confounding correction 

During data acquisition of untargeted metabolomics data and transcriptomic data, technical 

confounding may introduce residual noise or “batch effects” due to samples being handled over 

multiple batches over different time periods (Leek et al., 2010, Luo et al., 2010). The residual 

technical noise introduced by the analysis  can lead to confounding of the data and was corrected 

as proposed by McHale et al., (2011) and Chadeau-Hyam et al., (2014). This involved  applying 
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a linear mixed model  for each omic measurement (each metabolomic feature or transcript was 

set as the outcome) (Pinheiro et al., 2023). Technical confounders (batch ID for metabolomics 

data; dates of RNA isolation, of hybridisation, and of labelling for transcripts) were set as random 

intercepts. The corresponding random effect estimate was subtracted from the measured level of 

each (metabolomic or transcriptomic) biomarker. The resulting ‘denoised’ data were used in the 

subsequent analysis. 

6.3.6 Statistical analysis 

6.3.6.1 Univariate analysis 

Due to the repeated measurement design of the study a total of six observations (6 sets of omic 

profiles) were available for each participant. To accommodate this, a flexible multivariate normal 

(MVN) model was fitted to identify metabolic (van Veldhoven et al., 2019) and transcriptomic 

(Espín-Pérez et al., 2018) changes associated with exposure to TRAPs, using the gls function 

from the nlme package (Pinheiro et al., 2023). The variance-covariance of the residuals was 

defined with an unstructured correlation structure, with a constant covariance specified for each 

time (baseline, +2h and +24h) and site (Oxford Street or Hyde Park) combination. 

A principal Component Analysis (PCA) performed on the metabolomic data for all 300 samples 

revealed five outlying samples, each coming from a different individual (Figure 6.1). The outliers 

were removed from the 300 samples and the remaining 295 samples were used for the 

subsequent regression analysis. To ensure the removal of the five outliers did not alter the 

findings, sensitivity analysis was performed on the MVN model by comparing the results when 

the 5 outliers were included and excluded. Both MVN models showed comparable results with 

the 5 outliers not showing a pattern in time points or locations.  
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Figure 6.1: Score plots of the first (x-axis) and second (y-axis) principal components from principal 
component analysis (PCA) applied to the 300 metabolic profiles collected for the 50 participants. The 5 
outlying observations are 1511, 6011, 7623, 9721 and 10123 

 

Models for each of the TRAP exposures (PM10, PM2.5, NO2, BC and PNCT) were adjusted for sex, 

age, BMI and health group (COPD, IHD or healthy). Although caffeine intake and annual pollutant 

exposure were considered confounders in van Veldhoven et al., (2019)  they were not included 

in this MVN model as they were not related to exposures. Correction for multiple testing was 

achieved using the Bonferroni approach, correcting for the effective number of tests (ENT) 

performed in the metabolomic and transcriptomic data ensuring a family wise error rate below 

0.05. As previously proposed (Castagné and Chadeau-Hyam 2019) the ENT was proxied by the 

number of principal components needed to explain >99% of the variance of the full-resolution 

data: n=299 and n=202, for the metabolomic and transcriptomic data, respectively. As a more 

stringent alternative we also report the association for Bonferroni correction correcting for n=6,040 

and n=30,923 tests for metabolomic and transcriptomic data, respectively. 

6.3.7 Pathway analysis 

Functional analysis of metabolomic features associated with each TRAP, was performed using 

the Mummichog algorithm (Li et al., 2013), using the MetaboAnalyst “functional analysis” (Pang 
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et al., 2021, MetaboAnalyst 2023). The output of the p-values and t-scores of each MVN model 

for each TRAP were used as the input for the Mummichog algorithm to perform an over-

representation analysis with a mass tolerance of 8.0 ppm in positive mode, resulting in p-values 

for six pathways for each TRAP exposure using a Fisher’s Exact Test. The default database on 

MetaboAnalyst was used, combining the KEGG, BiGG, and Edinburgh Models. The significant 

thresholds recommended by MetaboAnalyst, of 0.05 for PM2.5 and PM10, 0.01 for PCNT and BC, 

and 0.005 for NO2 were used in the analysis. 

6.3.8 Conditional independence network 

A conditional independence network approach was adopted to visualise the complex (partial) 

correlation structure across TRAP-associated metabolic features. To identify conditionally 

independent correlations between selected -omic features graphical LASSO (gLASSO) models  

were applied and calibrated using a stability based approach as implemented in the sharp r 

package (Bodinier et al., 2023). Briefly, the gLASSO was fitted to (n=500) independent 80% 

subsamples of the study population. For each subsample, several values of the penalty λ 

(controlling the sparsity of the graph) were considered, using a discrete grid. Edge selection 

proportion was calculated, for each value of the penalty parameter, as the number of times the 

edge was included across the 500 subsamples. For each combination of λ and threshold in 

selection proportion (π) over which edges are considered as stably selected, a likelihood-based 

stability score was calculated, and the most stable model was defined as the one maximising the 

score (Bodinier et al., 2023). 

Due to the high correlation of metabolic features and to aid visualisation of the network, the MVN-

selected Bonferroni significant metabolic features associated with TRAP exposure were 

dimensionality reduced through stability-calibrated consensus clustering over 500 (80%) 

subsamples of the study population (Bodinier et al., 2023) and the optimal number of clusters was 

calibrated so that it maximised the stability of the co-membership across sub-samples. Each 

resulting cluster was represented by its medoid. Metabolomic and multi-omic networks were 

estimated separately at three time points: 2 hours before (baseline), 2 and +24 hours after each 

walk. 
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6.4 Results 

6.4.1 Data overview 

The characteristics of the study population used in the Oxford Street study, who had full exposure 

data (n=50) stratified by health groups are reported in Table 6.1. The population comprised 18 

healthy participants, 18 with COPD and 14 with IHD. There were overall more male (n=32) than 

female (n=18) participants, especially in the IHD group. The mean age of participants was 65.5 

years and was similar across the three groups as were BMI, diastolic and systolic blood 

pressures. 

Exposure to all TRAPs was all significantly higher in Oxford Street compared to Hyde Park (Figure 

6.2). Although PM10, PM2.5 and NO2 concentrations in Oxford Street and Hyde Park showed some 

overlapping distributions, BC and PCNT had the most significant differences. 

6.4.2 Metabolomic and transcriptomic markers of TRAP exposures 

The MVN multivariate model, after adjustment for age, sex, BMI and health group, and using 

Bonferroni correction for ENT=299 tests identified 230 unique metabolic features associated with 

at least one TRAP exposure. Of these, 168 were associated with NO2, 43 with BC, 18 with PCNT, 

14 with PM10 and 8 with PM2.5 (Figure 6.3).  As a more conservative multiple testing correction 

and to improve interpretability a Bonferroni correction for the 6,040 metabolites tests was applied. 

This resulted in an unique set of 78 Bonferroni significant metabolic features associated with at 

least one TRAP exposure (Figure 6.3 and Figure 6.4 (A)).  
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Table 6.1: Characteristics of the study population with full exposure data in the Oxford Street II study (COPD: 
Chronic Obstructive Pulmonary Disease, IHD: Ischemic Heart Disease. P-values were calculated using a 
paired t-test. 

 COPD (n = 18) HEALTHY (n = 18) IHD (n = 14) Overall p-value 

Sex           

  FEMALE 8 (44.4%) 9 (50.0%) 1 (7.1%) 18 (36.0%) 0.028 

  MALE 10 (55.6%) 9 (50.0%) 13 (92.9%) 32 (64.0%)   

Age           

  Mean (SD) 67.7 (5.71) 64.1 (6.77) 64.5 (6.45) 65.5 (6.41) 0.661 

BMI           

  Mean (SD) 25.6 (3.88) 21.4 (3.41) 27.6 (4.28) 24.6 (4.58) 0.446 

DBP (mmHg)           

  Mean (SD) 152 (17.0) 136 (18.3) 126 (14.2) 137 (19.0) 0.26 

SBP (mmHg)           

  Mean (SD) 90.0 (7.62) 74.7 (9.08) 76.0 (9.02) 79.0 (10.6) 0.468 

 

The dominant pollutant exposure was NO2 accounting for 67 unique metabolite associations with 

PCNT, BC and PM10 exposure accounting for 3, 3 and 1 exclusive associations, respectively. 

There were no significant hits exclusively linked to exposure to PM2.5. A further two metabolomic 

features showed overlap between PM10 and PM2.5, with overlap between NO2 and BC, and BC 

and PNCT each identified with one metabolite (Figure 6.4 A).  
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Figure 6.2: Boxplot summary of Traffic Related Air Pollutants (TRAP’s) concentrations for BC, NO2, PM10, 
PM2.5 and particle number count (PNCT) for the participant exposure walks in Oxford Street (red) and 
Hyde Park (blue). The lower and upper hinges correspond to the 25th and 75th percentiles, the horizontal 
line to the median, and the whiskers to 1.5 × the IQR (approx. 95% percentile). 

 

This was consistent with previous analysis (van Veldhoven et al., 2019) where 29 metabolic 

features were significantly linked to TRAP exposure with 26 related to NO2 exposure, including 

an overlap of 18 NO2 associated features. Likewise, a small number of associations with PM10 

and BC were found with no unique associations with PM2.5, with, unlike this study, no PNCT 

associations. In both studies associations to PM2.5 were only found in conjunction with PM10. 

Minimal overlap of significant metabolic features was observed across TRAP exposures. 

Consensus clustering on these 78 features identified 63 clusters (Figure D 1), 52 of which 

included a single feature, 8 included 2 features, 2 included 3 features and 1, four features (Figure 

D 2). All TRAP-associated features, except one feature from cluster 56, had comparable retention 

times to other features from the same cluster, potentially indicating their structural proximity 

(Figure D 2).  
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Figure 6.3: Manhattan Plots illustrating the association between metabolic features and each individual 
TRAP from the MVN univariate analysis. Distinctive plots are shown here for associations with BC, NO2, 
PCNT, PM10 and PM2.5 from top to bottom. Metabolic features are plotted by their retention time (min) 
and -log10 p-values from the MVN model. Features in red are significantly associated with TRAP 
exposure after Bonferroni correction, features in blue after Bonferroni correction (n=78) and using the 
ENT (n=299). 

 

The analysis of mRNA data identified 53 unique mRNA differentially expressed transcripts in 

relation to at least one TRAP exposure (Figure 6.4 B). Of these, 29 were associated exclusively 

with exposure to NO2. A total of 12, 6, 3 and 1 were uniquely associated with exposure to PM10, 

PM2.5, PCNT and BC respectively. Only one mRNA was found to be associated with exposure to 

BC. Two mRNAs were associated with exposure to both PM10 and PM2.5 (Figure 6.4 B). Of these 

53 TRAP-related mRNAs, 38 were mapped to a known gene (Table D 1).  

 

 



178 
 

 

Figure 6.4: Upset plots indicating the number of unique metabolic features and mRNA significantly 
associated with at least one TRAP exposure in Oxford Street. Panel A. Illustrates the 78 metabolic 
features associated with at least one TRAP or combination of TRAPs from the MVN model and after 
Bonferroni correction. Panel B. Summarises the 53 significant mRNA associated to each individual TRAP 
from the MVN model and after Bonferroni correction using the ENT (n=202). 
 

The differences in the results obtained in the present study and previous analyses (Espín-Pérez 

et al., 2018, van Veldhoven et al., 2019) can be explained by the refined modifications undertaken 

in the data cleansing processes undertaken, which is a key step in obtaining sound and solid 

results (Chadeau-Hyam et al., 2013, Tugizimana et al., 2016). Data cleaning in this study removed 

confounding due to residual noise from ‘batch and array effects’. Furthermore, score plots from a 

principal component analysis (PCA) of 300 metabolic profiles of the 50 subjects revealed five 

outlying observations that were removed from the analysis (Figure 6.1), which were not removed 

by van Veldhoven et al., (2019). The differing approaches to data cleansing and exposure data 

have led to a greater number of metabolites features associated with TRAP exposure in this study 

and a lower number of mRNAs. However, in both approaches, NO2 was found to be the dominant 

pollutant with minimal overlap between metabolomic markers of TRAP exposure, possibly 

suggesting exposure-specific metabolic pathways.  

6.4.3 Pathway enrichment and annotations 

The Mummichog algorithm was used to investigate how exposure to TRAP may affect various 

metabolic pathways using the full dataset of p-values and t-scores (n=6,040) generated from the 

MVN models for different TRAP exposures as inputs. Seven enriched metabolic pathways were 
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identified with an enrichment p-value < 0.05. Each of these pathways had at least four putative 

matches (Figure 6.5).  

 

Figure 6.5: Functional analysis indicating the pathways associated with each TRAP exposure. Colours 
indicate the strength of the association (orange for p-value <0.5 and blue for p-value <0.1). Each pathway 
reported the number of features identified by the mummichog in the dataset for each pathway and the 
number of features included in the pathway as part of the mummichog database. 

 

Among these identified pathways, one was linked to PM2.5 and PM10 exposure (prostaglandin 

formation) and another associated to PM2.5, PM10 and BC (de novo fatty acid synthesis). NO2 

exposure was exclusively associated to four pathways (tryptophan metabolism, chondroitin 

sulphate degradation, heparan sulfate degradation and caffeine metabolism) and BC was 

exclusively associated with biopterin metabolism. There were no exclusive associations to PM2.5 

and PM10, with PNCT having no associations. The enriched pathways were further validated by 

performing detailed annotations on the selected features associated with TRAP exposure.  

Out of 78 TRAP associated features, 33 metabolomic features were annotated (Level 1 

Schymanski scale) (Table D 2). ((Schymanski et al., 2014) , representing 14 unique metabolites. 

All annotated features were associated with NO2 exposure. Among these 14 compounds, four 

compounds (caffeine, phenylalanine and 2 acyl-carnitines) were found in van Veldhoven et al., 

(2019). Higher levels of Cortisol, Cortisone, Indoleacetic acid (IAA) and Indole-3-propionic acid 

(IPA) and lower levels of isoleucine were revealed in this new analysis to be associated with 

TRAP exposure. Although stress is known to elevate cortisol levels (Bertollo et al., 2020), stress 

levels were not measured and could not be used as a confounder in this study. These annotations 

confirmed three pathways identified by the Mummichog algorithm, Biopterin metabolism 
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(Phenylalanine), caffeine metabolism (Caffeine and Paraxanthine) and Tryptophan metabolism 

(IAA and IPA). The pathway analysis points to metabolomic alterations, particularly to oxidative 

stress perturbations, previously associated with TRAP exposures (Liang et al., 2023). 

Tryptophan is an essential amino acid crucial to bodily processes, such as gastrointestinal 

functions, immunity, metabolism and the nervous system, and is essential for protein synthesis.  

It can be broken down through three primary pathways: kynurenine, serotonin and the indole 

pathway. Tryptophan is a precursor of kynurenine and is involved in oxidative stress and 

inflammatory pathways and the regulation of immunity, neuronal function and intestinal 

homeostasis (Davis and Liu 2015, Tsuji et al., 2023). In accordance with these findings, a recent 

review on the effects of air pollution on the metabolome has classified tryptophan as one of the 

most frequent pathways associated with air pollution exposure in the literature (Liang et al., 2023). 

The indole pathway, involving the gut microbiome, can degrade tryptophan into downstream 

metabolites like IAA and IPA through enzymatic reactions. The study results indicate that short-

term exposure to NO2 in TRAP significantly influences the indole pathway by increasing the levels 

of IAA and IPA. 

To investigate this further, the metabolomic data was analysed for tryptophan and kynurenine, 

which is also central to tryptophan metabolism. Both compounds were found in the data from their 

mass and retention times. An imbalance in the kynurenine/tryptophan ratio has been associated 

to various diseases, including lung cancer risk (Chuang et al., 2014). Tryptophan was found to be 

positively associated with NO2 exposure (p=0.0000305, beta = 0.0312), while kynurenine was 

negatively associated (p=0.00417, beta=-0.0024), indicating an imbalance linked to NO2 

exposure. Recent evidence suggests that air pollutants may influence the human biome (gut, lung 

and skin) (Mousavi et al., 2022).  

Although the specific mechanisms are not well understood, changes in the gut microbiome due 

to TRAP exposure have been observed in normal weight, overweight and obese adolescents 

(Alderete et al., 2018, Fouladi et al., 2020) and asthmatic children (Zheng et al., 2020). This 

analysis also revealed Cortisone and Cortisol levels increasing after exposure to NO2. In two 

recent studies (Sun et al., 2022, Wang et al., 2022), elevated levels of glucocorticoids were 

observed in PM exposed populations in rural China. Further evidence suggests a potential link 

between TRAP exposure and the activation of the hypothalamic-pituitary-adrenal axis (HPA), 
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which releases glucocorticoids and induces gut microbiome dysbiosis (Cerdá et al., 2016, Pan et 

al., 2021, Sun et al., 2022), aligning with findings from this study.  

6.4.4 Metabolomic network analysis 

To understand how TRAP associated metabolic features are correlated with each other, 

conditional independence network models were applied to the 63 metabolic clusters significantly 

associated with at least one TRAP at each time point (Figure 6.6) and were calibrated via stability 

(Figure D 3). The organisation of the nodes was kept identical between the 6 networks to allow 

comparison of the appearing and disappearing edges. Metabolic features were coloured by their 

association to a TRAP (Figure 6.6 A) or according to their involvement in Mummichog pathways 

(Figure 6.6 B). The network constructed using data measured two hours before each walk 

(baseline) may be interpreted as an individual’s metabolomic status for the TRAP related features 

immediately before exposure. Comparing the network topology before and after the walks 

provides insights into acute and lagged exposure related effects in metabolomic profiles following 

exposure. The baseline network reveals that metabolomic clusters associated with different 

TRAPs are not necessarily interconnected (Figure 6.6 A) and some pathways may be shared 

among TRAP related metabolomic features (Figure 6.6 B).  

The network topology constructed two hours after exposure resembles the baseline network, 

indicating modest or local changes in the correlation structure across metabolic features. 

However, several notable changes, particularly in modules containing Lyso PE, were observed 

suggesting potential pathway modifications and alterations associated with TRAP exposure. In 

the network inferred 24 hours after exposure, some restructuring is seen with some correlation 

patterns reverting back to their pre-experiment state. Certain correlations, such as those involving 

the Lyso PE module, remain altered even 24 hours after exposure, which may be suggestive of 

potential pathway modifications and alterations associated with TRAP exposures on the 

metabolome. Thus, as it was not possible to annotate all significant features it was not possible 

to go further in the biological interpretation of the pathways. Additionally, some new edges 

appeared in the network 24 hours after exposures, such as edges involving cluster 38, potentially 

an indication of the lagging effects of TRAP exposures. 

A multi-omic conditional independence network was constructed combining the 63 metabolomic 

clusters with the 38 annotated mRNA (out of 53 TRAP related mRNAs) (Figure 6.7). Similar to 
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the metabolomic network, the multi-omic network was constructed for each of the three timepoints 

(-2 hours, baseline, +2 hours and + 24 hours) and calibrated via stability (Figure D 4).  

 

 

Figure 6.6: Conditional independence network on clusters of metabolic features significantly associated 
with TRAP exposure, at 2 hours before visits and -2 hours (baseline) 2 and +24 hours after visits. Each 
node represents a feature or cluster of features and each edge represents a correlation between two 
features conditional on all other features. Panel A shows nodes coloured by association to each TRAP 
exposure. Panel B shows nodes coloured by association to one or multiple pathways enriched with the 
mummichog tool. 

 

The baseline network identified four cross-omic edges between metabolomic clusters and specific 

mRNAs. The four cross-omic edges identified were between cluster 8 and SDR42E1, cluster 20 

and TMEM38A, cluster 19 and RNU11 and between Octanoylcarnitine (cluster 38) and 

SR3PXD2A. The network topology was substantially modified two hours after exposure with these 

cross-omic edges disappearing from the network and new cross-omic links being estimated 

between clusters 17 and 57 and GOS2, between cluster 6 and GOS2 and TMEM38A and 

between Octanoylcarnitine and DMRTC1.  Twenty-four hours after exposure two additional cross-

omic edges were observed IPA and cluster 6 and 57 with GOS2 edge Undecanoylcarnitine with 

MPRIP.  There were eight cross-omic edges that reverted to pre-exposure (baseline) status after 

being perturbed by TRAP during the exposure walk. These were clusters 3 and 33, 3 and LysoPE, 

A 

B 
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9 and Undecanoylcarnitine, Phenylalantine and Phenylalantine, 17 and LysoPE, 25 and LysoPE, 

36 and 44 and 44 and 45. These changes indicate possible short-term acute effects of TRAP 

exposure. Although no specific functions were associated with these mRNAs, the involvement of 

GOS2 has been found in multiple metabolism regulation pathways, including lipid metabolism 

(Heckmann et al., 2013). The network potentially suggests a perturbation in lipid metabolism, in 

association with IPA and carnitines, linked to gut permeability and microbiome activity. 

 

Figure 6.7: Conditional independence network of 63 clusters of metabolic features and 38 mRNA features 
significantly associated with TRAP exposure, at baseline -2 hours (baseline) before exposure walk, 2 
hours and +24 hours after the exposure walk. Each node represents a feature or cluster of features and 
each edge represents a correlation between two features conditional on all other features. 
 

The conditional networks revealed that the same metabolites were involved in multiple pathways, 

highlighting the complexity and intricacy of mechanisms associated with TRAP exposures. Two-

hours after exposure different topologies in the network were seen in the leukotriene and linoleate 

pathways. These pathways were not restored to their initial states 24 hours after exposure 

potentially indicating acute and longer-term effects of TRAP exposure. Interestingly, exposure to 

particulate matter did not share common pathways with other TRAP exposures, potentially 

suggesting distinct effects for PM exposure. Overall, most of the pathways associated with TRAP 

exposure in this study were related to increased oxidative stress and inflammation, in accordance 

with existing literature on the effects of exposure to TRAP pollutants.  

6.5 Conclusion 

The Oxford Street study had a complex study design (similar to the MRC study) and it provided 

an opportunity to develop a new methodology to analyse high throughput metabolomic and 

transcriptomic data in three different health groups over multiple time points. Using metabolomic 
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and transcriptomic data derived from previous studies by van Veldhoven et al., (2019) and Espín-

Pérez et al., (2018) a new methodology was developed to re-analyse this data.  

This work has investigated muti-omic signatures from exposure to TRAP in participants taking 

part in a crossover study in two distinct locations in London. The study encompassed vulnerable 

participants with COPD and IHD and those with healthy lung function and many metabolomic and 

mRNA alterations associated with TRAP exposure have been uncovered. This novel research 

combines metabolomic data and transcriptomics data collected from the same individuals at 

multiple timepoints, shedding new, unique insights onto potential multi-omic changes associated 

to TRAP exposure. The hypothesis of a connection between NO2 exposure and the balance of 

tryptophan and kynurenine is strongly supported by this investigation. This underlines the 

influence of air pollutants on the human biome, providing compelling evidence of a potential 

impact on the gut microbiome dysbiosis due to short-tern NO2 exposure.  

The methodology developed in the Oxford Street study to investigate multi-omic signatures from 

TRAP exposure could be applied to the MRC subway study to give an insight into how 

metabolomic features and mRNAs may be associated to exposure to subway air. The Oxford 

Street study and the MRC study have many similarities. Both studies used a vulnerable 

population. Oxford Street used COPD and IHD participants and the MRC study used COPD 

participants with both studies using a healthy control group. There are two differing study locations 

in each study with the subway and overground train journeys being used to replicate Oxford Street 

and Hyde Park. Although PM2.5, PM10, NO2 and PNCT were measured in both studies, O3 was 

additionally measured in the MRC study with no measurements of BC, which was measured in 

the Oxford Street study. Exposure measurements on the railways were taken with higher quality 

instrumentation that was placed between the stationary participants. This was not possible in 

Oxford Street as each participant was accompanied by a researcher who carried a backpack 

containing the instrumentation whilst the participants were walking. In the Oxford Street study, 

NO2 was measured by a fixed monitoring site on Oxford Street that was passed repeatedly as the 

participants walked along Oxford Street, although this would not have provided accurate personal 

exposure measurements of NO2 at all points of the walk away from the monitor.  Additionally, in 

Hyde Park, measurements of NO2 were taken from measurements at the North Kensington 

background site as a proxy for NO2 exposure in Hyde Park. It is likely that exposure 
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measurements taken during the MRC study better reflected the personal exposures of the 

participants during the exposure trials. 

The same time points, in the MRC and Oxford Street studies, were used for all physiological and 

health outcome measurements, including blood serum measurements which were taken at 

baseline, 2-hours and 24-hours post-exposure in both studies. Due to the repeated measurement 

design a total of six observations (6 sets of omic profiles) were available in both studies for each 

participant. The flexible multivariate normal (MVN) model which was fitted to identify metabolic 

and transcriptomic changes associated with pollutant exposures (using the gls function from the 

nlme package), in the Oxford Street study could be used in the MRC study. There would be no 

changes required in the confounders of the study (age, sex, BMI and health group), with minor 

changes to exposures (O3 replacing BC). The repeated study design incorporated into the 

statistical model was replicated in each study design.  

Using the models developed for the Oxford Street study use in the MRC study would allow the 

combining of metabolomic clusters and annotated mRNAs to identify biological pathways linked 

to inflammation and oxidative stress following exposure to subway air. The methods described in 

the Oxford Street study could be applied to the MRC study to further understanding of the health 

effects of subway exposure on the molecular and biochemical pathways involved. 
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Chapter 7 Discussion and conclusion 

7.1 Summary 

The aim of this thesis was to provide high-quality reference grade data for a MRC funded study 

investigating “Exposure to particulate matter on the London Underground in healthy subjects and 

participants with Chronic Obstructive Pulmonary Disease (COPD)”. Providing this data required 

an extensive long-term measurement campaign on the London Underground and London 

Overground from 26 January 2022 to 19 July 2023. This involved 108 train journeys, 53 subway 

journeys and 55 overground journeys. This is the first study to present such a large and extensive 

dataset of air quality in a subway system anywhere in the world including measuring all fractions 

of PM, NO2 and O3 simultaneously. The sampling campaigns yielded an exposure assessment of 

the subway environment over repeated journeys providing valuable information of PM2.5 

concentrations, PM size fractions and particle number counts, NO2 and O3 concentrations, as well 

as the chemical composition and toxicity of subway PM2.5. 

This chapter revisits the aims and objectives of the thesis and seeks to build on the main literature 

gaps identified in the literature review in Chapter 2. The strengths and weaknesses of this study 

will be discussed and the final section provides evidenced-based proposals on mitigation and 

reducing commuter personal exposures in the London Underground and future directions for 

research.  

The MRC study cohort comprised participants with at least GOLD stage 2 COPD (n=36) and 

healthy lung function participants (n=47) who were required to have personal exposures 

measurements of all fractions of PM, NO2 and O3 taken at all times on the train journeys. By 

measuring the gaseous pollutants, the effects of these pollutants on health can be disentangled 

from PM2.5 to understand which pollutants are most responsible for any health effects arising from 

subway exposure. This was vital in understanding any effects on health from linking the health 

responses of the participants to subway exposures. 

Chapter 3 set out how this was achieved and how the challenges in measuring pollutant 

concentrations over many months in the diverse environments of subway and overground train 

carriages were overcome. Data was required that was consistent and comparable across the two 

measurement locations with instruments required to be battery powered due to the lack of power 
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in the carriages. The correct instrumentation and developing a method of transporting the 

sampling equipment in train carriages led to the deployment of a Mobile Reference Station 

(MoRS) that was built, developed and adapted for this study. MoRS made use of the 

miniaturisation and reduced power requirements of higher quality measurement approaches 

similar to those used in fixed measurement stations bridging the gap between static reference 

monitoring stations and easy to use and portable low-cost sensing technologies. 

To achieve a high data capture rate a robust QA/QC programme was required that maintained 

consistency, comparability, completeness, transparency, and accuracy of the measured data 

throughout the measurement campaign. This included a comprehensive set of laboratory and 

field experiments that were undertaken to ensure accurate responses of the instruments in 

environments representing the differing exposures that were encountered in the two distinct 

measurement environments. In addition to field intercomparison campaigns, scaling factors for 

each instrument were derived from co-locations alongside reference instrumentation.  

The intercomparisons showed MoRS had good agreement (±20%) with the SMPS at the fixed 

ambient measurement locations of Honor Oak Park, North Kensington and Marylebone Road and 

for the subway at Hampstead station using a Dekati ELPI+. 

During the intercomparison field campaigns, source-specific scaling factors were derived for the 

Mini-Wras at each site for use in the subway and overground.  As it is known that the particle 

density of subway PM2.5 is greater than ambient air a source specific scaling factor was required 

for subway PM2.5. Using Deming regression, a regression slope of 3.14 was calculated following 

a co-location of the Mini-Wras alongside a Partisol 2020 on the platform of Hampstead subway 

station. To reflect that subway particles consist of a mixture of subway air and ambient air, subway 

and urban background scaling factors were proportionally applied to the tunnelled sections of the 

subway as proposed by Smith et al., (2020). The field intercomparison campaigns and source 

specific scaling factors derived for Mini-Wras measurements in the subway gave confidence that 

the aim of the thesis in providing high-quality reference grade data in subway and overground 

train carriages had been achieved. 

A long-term exposure assessment of the Bakerloo line was outlined in Chapter 4. The exposure 

assessment of PM, NO2 and O3 from 26 January 2022 to 19 July 2023 including 35 Bakerloo line 

return journeys from Willesden Junction station to Elephant & Castle station were assessed 
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making this dataset one of the most comprehensive to date. This allowed the factors and 

processes affecting PM2.5, NO2 and O3 concentrations in the subway to be investigated. A 

methodology was developed to align the spatial and temporal variation on each individual subway 

journey by chunking the journeys into discrete distances for each time point on the journey 

providing an insight into factors affecting spatial and temporal variability of pollutants in the 

subway. This allowed a statistical analysis to be conducted on the subway measurements to 

identify interactions between PM2.5 and NO2 throughout the tunnelled sections of the subway 

journeys.  

In the tunnelled sections of the Bakerloo line mean PM2.5 concentrations of 321 µg m-3 (with 

maximum concentration of 493 µg m-3 recorded at Marylebone station) were amongst the highest 

recorded worldwide in a subway line. Significant differences were found dependant on the 

direction of travel, despite tunnel depth being similar in both directions. This implies that ventilation 

is likely to be different in the two distinct tunnels in which the train was travelling. A better 

understanding of the ventilation in the return tunnel, if applied to the outbound tunnel, could help 

to reduce PM2.5 concentrations on the outbound journey. A correlation of -0.47 was found between 

PM2.5 and NO2 suggesting that ventilation was lowering PM2.5 concentrations where there was an 

influx of ambient air into the tunnels. It has been shown that the deepest tunnels have significantly 

higher PM2.5 and lower NO2 concentrations with a high correlation between tunnel depth, PM2.5 

and NO2. Further measurements of NO2 and NOX could help to further understanding and 

improve ventilation in subway tunnels to lower PM2.5 concentrations. 

For the first time the use of PM2.5 size distributions and particle number counts were used to 

identify possible sources and processes influencing concentrations in the subway. This provided 

evidence that PM2.5 settling processes play a key role, along with ventilation and tunnel depth, in 

driving PM2.5 concentrations through train movements. It was shown that the nucleation mode 

could be a marker for ambient air in the subway. However, the correlation between the nucleation 

mode and NO2/NOx (as a proxy for ambient air) was weak and together with data from Hampstead 

station this suggests that train related emissions from the release of very fine brake dust, spark 

discharges and high temperature release of metals from the wheel/rail interface could be 

contributing to the nucleation mode in the subway. This confirms previous findings that the 

nucleation mode in the subway is a mixture of ambient and subway generated particles. Railway 

related emissions were also found in the Aitken and accumulation modes confirming previous 
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research that suggested railway related emissions occur principally at a size mode of 170nm and 

railway related mechanical wear between a size range of 100 – 500 nm. It was found that 82% of 

subway particles were ultrafine particles and 99% of particles were below 530 nm, confirming the 

importance of measuring in these fine particle ranges. Coarse particles, together with larger 

particles in the accumulation mode, were confirmed to constitute the majority of PM2.5 mass. This 

chapter gave an improved understanding of the factors and contributing sources that are 

responsible for the high PM2.5 concentrations found on the Bakerloo line. 

Chapter 5 sets out the methodology and results outlining the chemical composition and oxidative 

potential analysis of PM2.5 on the Bakerloo and Jubilee lines.  PM2.5 filter samples were collected 

during each train journey during the MRC study onto two separate filters for chemical and 

oxidative potential analysis. The filters were quartered and incubated in separate assays of 

ascorbic acid (AA) and reduced glutathione (GSH) to determine the capacity of subway PM2.5 to 

deplete these antioxidants as a reflection of the ability of subway PM2.5 to elicit oxidative stress at 

the air-lung interface. Bakerloo line PM2.5 was able to deplete OPAA to a greater capacity than the 

NIST positive control and in a similar capacity to the NIST positive control for OPGSH depletion.  

When normalised on a per unit mass basis, OPAA µg-1 and OPGSH µg-1 for the Bakerloo line showed 

a similar depletion to the Barcelona study (Moreno et al., 2017) but greater than found at 

background and roadside sites in London (Kelly et al., 2011). Similar results were found for OPAA 

and OPGSH per unit volume of air (m-3) for the Bakerloo line in comparison to Barcelona and 

London. The Jubilee line capacity to deplete the two antioxidants was generally lower than the 

Bakerloo line except for mass normalised depletion of OPGSH which showed increased depletion, 

although for all assays it was lower than the positive NIST control. Despite this, the Jubilee line 

displayed a greater capacity to deplete OPAA and OPGSH than London background and roadside 

sites.  

It is known that subway PM2.5 is dominated by Fe and other transition metals derived from train 

related emissions in the subway. Correlation plots between OPAA and OPGSH per unit mass and 

metal concentration on the same basis showed highly significant positive correlations between 

Al, B, Ba, Co, Cr, Cu, Fe, K, Mn, Mo, Ni, Pb, Ti and V. There was less correlation between OPAA 

and OPGSH and metals per unit volume with Al, Fe, Ni, Ti and Zn being significant for OPAA m-3 

and only Se being significant for OPGSH m-3. A high number of transition metals were found to be 
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correlated to antioxidant depletion per unit mass on the Bakerloo line and it could be there is a 

synergy of metallic reactions causing the depletion of OPAA and OPGSH, rather than just Fe alone. 

There were no significant correlations in the Jubilee line. The results found on the Bakerloo line 

were different to those found in Barcelona. This could have been due to the higher PM2.5 

concentrations in the Bakerloo line and the Barcelona study not normalising metal concentrations 

for PM2.5 mass and the volume of air and taking measurements at six different platforms with 

differing PM2.5 concentrations.  

The results show that Bakerloo line PM2.5 was able to deplete OPAA greater than the positive NIST 

control and deplete OPGSH at a similar rate to the NIST control. There was a strong positive 

correlation between OPAA and OPGSH and transition metals, per unit mass in the Bakerloo line 

Both the Bakerloo and Jubilee lines had the capacity to deplete OPAA and OPGSH in excess of 

London background and roadside sites when normalised for mass and volume. These results 

imply that subway PM2.5, particularly the Bakerloo line, has the capacity to drive the oxidation of 

antioxidants and induce oxidative stress at the air-lung interface, in a similar way to roadside 

PM2.5 and the toxicity of subway PM2.5 needs further exploration. This suggests there is a need to 

further investigate the relationship between the effect of subway PM emissions and sources on 

the oxidative potential of subway PM2.5 to better understand the link between subway PM2.5 and 

health.   

The MRC study was based on the protocols from the Oxford Street study (Sinharay et al., 2018). 

During the Oxford Street study vulnerable participants with COPD or IHD and healthy participants 

walked for two hours in either a street heavily polluted from diesel emissions or in a large park. 

Blood samples were taken from the participants at three time points which were 2 hours before 

exposure (the walk) (baseline) 2 hours and +24 hours after exposure. The MRC study replicated 

this by using heavily polluted subway trains and less polluted overground trains. In the MRC study 

the train journey replaced the walks, with blood taken from the participants at the same time 

points. An exposure assessment of the subway and overground journeys has made available a 

full dataset of PM, NO2 and O3 exposure concentrations which could be used in a multi-omic study 

combining metabolomics and transcriptomics from each participant, to identify multi-omic 

modifications associated with exposure to subway air.  
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The Oxford Street multi-omic study provided a methodology for a multi-omic analysis of 

metabolomic and transcriptomic data derived from the MRC study participants blood samples. 

The statistical analysis outlined could be used for repeated measurements in a multivariate 

normal model (MVN) to identify omic changes associated with exposure to subway air pollutants. 

The MRC study provides a richer exposure dataset than the Oxford Street study with personal 

exposure measurements of additional pollutants. The pathway analysis developed using the 

Mummichog algorithm provides a mechanism to identify metabolomic pathways associated with 

subway exposure with the potential of annotations to identify any metabolomic and transcriptomic 

features identified in the analysis.  

The conditional independence network developed for the Oxford Street study for metabolomic, 

transcriptomic and multi-omic networks at the three measured time-points gave insight into how 

metabolomic features and mRNAs were associated with traffic related air pollution (TRAP) 

exposure. This combined metabolomic clusters and annotated mRNAs allowing biological 

pathways linked to inflammation and oxidative stress to be identified. This methodology could be 

expanded to the MRC study providing a unique insight into the health effects of subway exposure 

on the molecular and biochemical pathways involved. 

7.2 Strengths and limitations 

7.2.1 Strengths 

A major strength of this study were the repeated journeys that took place on the Bakerloo line 

providing one of the most comprehensive datasets of subway exposure to date. As part of the 

only panel study of this magnitude to take place in a subway environment, simultaneous 

measurements of all fractions of PM, NO2 and O3 were taken over 44 Bakerloo line journeys (and 

seven Jubilee line journeys). The measurements took place in train carriages, where passengers 

spend the majority of their time when travelling in the subway. This gave a new insight into these 

pollutant concentrations and the factors and influencing sources affecting concentrations. The low 

variability of PM2.5 during the subway train journeys (shown by the small confidence intervals over 

the repeated journeys), suggests that PM2.5 in the tunnelled subway environment may be stable 

over time. This implies that repeated personal exposure measurements may not be required in 

subway health studies for each journey although physiological and health outcome 

measurements would be required for each journey. Further analysis of the implications of the low 
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PM2.5 variability on the repeated journeys would be required to understand the implications for 

future health studies. 

The instrumentation used in this study allowed high quality, reference grade data to be collected 

for all three pollutants. No previous study has collected these three pollutants simultaneously to 

understand, in particular, the interaction between all PM fractions and NO2. MoRS proved highly 

effective at measuring these pollutant concentrations. The adaptability of MoRS allowed the mask 

wearing status of participants to be mimicked to allow the study to continue through the Covid-19 

mask wearing mandates. This adaptability also allowed the evolution of MoRS to continue a high 

data capture rate and to deliver on the aims of this thesis in providing participant personal 

exposure measurements for the MRC study. By measuring all size fractions of PM, a full 

understanding of changes in particle number counts and particle size distribution throughout the 

Bakerloo line could be determined helping to reveal sources and factors affecting PM2.5 

concentrations.  

The comprehensive QA/QC programme ensured the MoRS instrumentation was thoroughly 

evaluated through a planned programme of testing involving standardised technical activities 

performed in the laboratory and field. The laboratory and field intercomparisons of the Mini-Wras 

with reference instrumentation showed the strengths and weaknesses of the Mini-Wras in 

accurately reporting PM size fractions and particle number counts. The Airyx ICAD was 

maintained through regular baseline checks with a Purafil Chemisorbant / activated charcoal 

scrubber and NO2 and NO standard gases. The derivation of source-specific scaling factors to 

apply to measured PM2.5 is often overlooked in subway studies but is vital in obtaining trustworthy 

data due to the greater density of subway PM2.5 in comparison to ambient air.  

Although filter samples are often collected in the subway, the collection is often performed on 

station platforms with high volume samplers, rather than in train carriages. Collecting PM2.5 mass 

onto filters in train carriages gave a more accurate assessment of commuters personal exposure 

to the metal constituents and toxicity of PM2.5. An analysis of the association between the 

oxidative potential of subway PM2.5 and the chemical composition of PM2.5 was able to show the 

strong positive correlations between antioxidant depletion and subway derived metals per unit 

mass, especially transition metals. This potentially suggests that subway PM2.5 could have a 
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similar capacity to drive the oxidation of antioxidants and induce oxidative stress at the air-lung 

interface as roadside PM2.5 and merits further investigation. 

The use of the methodology developed for the cross-omic study of the Oxford Street data provides 

an original insight into investigating the molecular and biochemical pathways involved in any 

health effects from travelling on the London Underground. The similarities between the design of 

the Oxford Street study and the MRC study allow the models developed for the Oxford Street 

study to be used in the MRC study and it is recommended that a pilot study using blood serum 

from the MRC study be used for a metabolomic, transcriptomic and multi-omic study of subway 

air. In the MRC study participants wore noise cancelling headphones to reduce stress from noise 

in the subway. Other measures related to stress such as the number of passengers in the 

carriage, light and green spaces were not recorded.   

7.2.2 Limitations 

Due to a combination of Covid-19 restrictions and delays in obtaining permission to travel from 

Transport for London, the start of the MRC study was delayed until 26 January 2022. On the 

commencement of the study there were further delays as only one participant could undertake an 

exposure train journey from 26 January 2022 to 25 April 2022 due to there being no research 

nurse in place. Although 83 participants took part in the study (36 with COPD and 47 healthy 

participants) over 108 train journeys, the studies statistical power was based on 120 participants 

(60 with COPD and 60 healthy participants). Having the full number of participants would have 

allowed more train journeys and a larger exposure dataset increasing statistical power. 

Although MoRS was adapted to mimic the mask wearing status of the participants, mask wearing, 

outside of the mandatory period, is not representative of commuter exposure. Due to the travel 

mandates on mask wearing, 10 of the 44 Bakerloo line journeys and 5 out of seven Jubilee line 

journeys took place whilst wearing a mask. Mask wearing was shown to reduce PM2.5 

concentrations meaning that the journeys undertaken by the participants wearing a mask were 

not included in the analysis. This particularly affected the Jubilee line journeys as it was not 

possible to undertake an analysis based on two non-masked journeys.  

7.3 Subway air quality implications 

This extensive study provided a comprehensive assessment of PM in the Bakerloo line and 

insights for research on other London Underground deep-tunnelled lines. Furthermore, the results 
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and methodologies adopted may be useful in helping to understand and improve air quality in 

subway systems in London and worldwide to reduce PM exposure whenever technically possible. 

Mean PM2.5 concentrations in the tunnelled sections of the Bakerloo line were 321 µg m-3, which 

would represent a daily incremental increase of 12 µg m-3 over their usual exposure for a 

passenger travelling for one-hour on the Bakerloo line. This represents an annual incremental 

increase of 7.9 µg m-3 in PM2.5 exposure. These estimates are in line with previous studies (Seaton 

et al., 2005, Saunders et al., 2019) although it is important to recognise that the health effects of 

subway travel are unknown and it is not possible to confer WHO air quality standards to the 

subway.  However, it has been shown there is a 6% increase in relative risk for each 10 µg m -3 

increase in long-term PM2:5 (Pope et al., 2004), which could suggest a typical commuter would 

have a 7% increase in risk for cardiovascular mortality. Although there is an absence of data 

indicating the relative risk of subway travel, the results indicate that the Precautionary Principal 

(Publications Office of the European Union 2017) calling for mitigation effects should operate to 

protect workers and commuters.  

The results from the oxidative potential analysis of OPAA and OPGSH suggests that subway PM2.5, 

especially from the Bakerloo line, had the capacity to delete OPAA greater than the positive NIST 

control and for OPGSH by the same amount as the positive NIST control following incubation. 

Subway PM2.5, on the Bakerloo and Jubilee lines, showed elevated OPAA and OPGSH depletion 

compared to London background and roadside sites per unit mass and unit volume of air, 

suggesting a need to further investigate the ability of subway PM2.5 to induce oxidative stress at 

the air-lung interface. 

On the Bakerloo line the return journey was found to have significantly lower PM2.5 concentrations 

than the outbound journey. The reasons for the differences in PM2.5 and NO2 concentrations on 

the outbound and return Bakerloo line journeys should be further investigated to understand the 

differences in ventilation to potentially reduce outbound PM2.5 concentrations. The outcomes 

could be applied to other deep-tunnelled lines.. Improved ventilation lowers PM2.5 concentrations 

in the subway and upgrading the ventilation system, possibly through increased extraction fans 

in the ventilation shafts along the tunnels, could improve air quality. 

The trains on the Bakerloo line are the oldest on any network in the UK and upgrading this rolling 

stock to include train carriage ventilation systems with forced air supply would lower PM2.5 
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concentrations. New rolling stock could lower braking emissions by having a rheostatic or 

regenerative braking system. 

The results expressed in this thesis are especially important to understand the exposure of 

passengers to subway PM and any inherent health effects. This study provides a basis to begin 

to effectively control specific train related emission sources and to improve air quality 

management in the London Underground. This work can provide a tool to move towards a 

reduction of PM2.5 concentrations in the subway and encourage the application of practical and 

focused air quality mitigation strategies in the London Underground and worldwide subway 

systems.   

7.4 Future research and recommendations 

This research has helped to strengthen the understanding and characterisation of particulate 

matter particle number counts, particle size distributions, concentrations, chemical composition 

and toxicity as well as providing an extensive understanding of personal exposure of passengers 

travelling on the Bakerloo line. Recommendations can be made to Transport for London for the 

London Underground and for worldwide subway systems based on this research and current 

established research. This can help future work and to answer outstanding questions in improving 

subway air quality. The age of the London Underground presents challenges to immediate 

modifications but there are short-term solutions that could be adopted to inform future 

improvement work. 

• There should be an increase in the sampling of PM, and possibly NO2, in the London 

Underground to ascertain the causes of the fluctuations in PM2.5 found in this study. 

PM2.5 concentrations varied throughout the Bakerloo line and although there was a 

relationship with tunnel depth the reasons for these fluctuations were more than tunnel 

depth alone.  Spatial variation of PM in the London Underground could be further 

understood by following the examples of Paris and Seoul in having continuous 

monitoring of key pollutants. This could be throughout the deep tunnelled lines, 

including on platforms, in train carriages and in tunnels to provide an evidence-based 

approach to understanding sources and factors affecting concentrations. The 

establishment of a real-time, system-wide monitoring network can raise awareness of 

the effects of air quality interventions on subway air quality. 
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• The use of air purifiers on platforms has been extensive in Seoul and although more 

research into their effects on air quality on platforms and train carriages is required air 

purifiers could offer a solution to reducing PM concentrations if adopted. Research 

should be carried out into their effectiveness in the subway. 

• Spatial variability of PM2.5 on platforms could be investigated to further understanding of 

the factors affecting concentrations along the platform. An insight into how ventilation on 

platforms affects PM2.5 concentrations could help in mitigation on platforms and more 

widely throughout subway lines and the network.  

• Improved tunnel ventilation could be investigated with additional fans and increased 

flow. Together with a monitoring system to investigate its effectiveness, experimental 

ventilation systems could be trialled.  

• The upgrading of rolling stock has been shown to lead to significant improvements in air 

quality (Van Ryswyk et al., 2021). This could be prioritised on the lines with the oldest 

trains and the worst air quality. New rolling stock should be fitted with air conditioning 

within a closed system that does not allow open windows as air conditioning within train 

carriages has a clear beneficial effect on air quality (Moreno et al., 2017).. 

• An assessment of air quality on the newly opened Elizabeth Line could demonstrate the 

effectiveness of platform screen doors and ventilation systems as a benchmark for 

future lines that are built. 

• As interim measures to improve air quality on the London Underground and worldwide 

the recommendations of Moreno and de Miguel (2018) and Smith et al., (2020) could be 

adopted. Smith et al., (2020) proposed a passenger population-weighted exposure 

ranked by passenger numbers and PM2.5 concentrations at each station as a means of 

prioritising remedial measures to affect as many passengers as possible. This could be 

used in conjunction with the proposal by Moreno and de Miguel (2018) of a targeted 

colour-coded framework, similar to the WHO interim air pollution targets, with which to 

mark progress on subway air quality levels.  

• To further studies in worldwide subway systems there needs to be a standardisation of 

measurement techniques. Whilst there will be differences in instrumentation used, 

measurement locations and duration, many studies have failed to adequately calibrate 

their instruments for the subway environment. This study has shown how the derivation 
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of source-specific scaling factors for the subway system being investigated is vital for 

reliable, trustworthy data and to allow comparisons between different subway networks 

and systems. 
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Appendix A: Supplementary for Chapter 3 

 
Table A 1: Baseline characteristics of participants. 

Characteristic Healthy, N = 461 COPD, N = 301 

Sex 
  

    Female 25 (54%) 16 (53%) 

    Male 21 (46%) 14 (47%) 

Age 66 (58, 69) 72 (69, 76) 

BMI 23.9 (22.0, 26.4) 27.8 (24.8, 31.4) 

FVC; % Predicted 98 (88, 108) 82 (75, 91) 

FVC; L 3.42 (2.91, 4.05) 2.53 (2.26, 3.22) 

FEV1; % Predicted 93 (81, 101) 64 (51, 67) 

FEV1; L 2.54 (1.95, 2.98) 1.47 (1.08, 1.80) 

R5Hz (kPa/l/s) 3.16 (2.19, 3.72) 4.36 (3.63, 4.91) 

R5-20 (kPa/l/s) 0.32 (0.05, 0.80) 1.58 (1.10, 2.03) 

R20Hz (kPa/l/s) 2.57 (2.25, 3.14) 2.76 (2.42, 3.32) 

Augmentation Index (%) 29 (23, 33) 29 (23, 36) 

PWV (m/s) 8.20 (7.25, 9.17) 10.05 (9.20, 10.90) 

Heart Rate 60 (53, 69) 66 (62, 71) 

Peripheral systolic blood pressure (mm/Hg) 132 (124, 142) 142 (134, 152) 

1 n (%); Median (IQR) 
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Table A 2: The resilience plan for the MRC study. 

Area Sub Area Specific Impact Remediation/Resilience Action on Day Refined Impact 

Staff Unavailable Clinical Research 
Fellow (CRF) 

No one to take 
physiological 
measurements 

The Research Nurse is 
unable to cover as ethics 
requires a Physician 

Study visits and journeys 
cancelled 

No participant 
exposures 

  PhD student No one to take 
exposure 
measurements 

Take alternative member 
of staff, ensure back-up is 
available 

 None 

Participants Unavailable for 
one journey on 
day 

One participant Reduced 
participant 
exposures 

Ensure participants are 
fully aware of the 
timetable 

Take one extra student if 
possible 

Reduced 
participant 
exposures 

  Two participants Reduced 
participant 
exposures 

Ensure participants are 
fully aware of the 
timetable 

Abort study and cancel Reduced 
participant and 
student 
exposures 

  Student Reduced student 
exposures 

Ensure students are fully 
aware of the timetable 

Reschedule student for 
another day or take 
another student 

Reduced student 
exposures 

 Unwell before the 
start 

Participant or 
student 

Reduced 
participant and 
student exposures 

 Remove from study day Reduced 
participant and 
student 
exposures 

 Unwell on journey Participant or 
student 

Reduced 
participant and 
student exposures 

 Abort study Reduced 
participant and 
student 
exposures 

 Unavailable the 
following day 
(+24 hours) 

Participant Reduced 
participant 
exposures 

Ensure participants are 
fully aware of the 
timetable 

Exclude the participant 
from the study 

Reduced number 
of participants 

Transport Taxi Late Delayed start / 
finish 

Ensure taxi company is 
aware of timetable. CRF 
to log participant 
collection. Will wait 60 
minutes before aborting 

Log taxi movements Delayed start / 
finish 

  Aborts Delayed start / 
finish 

Ensure taxi company is 
aware of timetable 

Order replacement Delayed start / 
finish 
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  Wrong taxi (not 
electric) 

Potential impact of 
self-pollution 

Ensure taxi company is 
aware of requirements 

Ensure taxi has 
recirculation and air 
conditioning on during 
journey 

None 

 Station Lift not working 
before start of 
journey 

Equipment unable 
to get to platform 
and participants 
required to use 
stairs 

Phone station before 
going to station 

Switch to 
subway/overground 
alternative route 

None 

  Lift not working 
before end of 
journey 

Equipment unable 
to get off platform 
and participants 
required to use 
stairs 

 Travel to alternative step 
free access station and 
re-route taxi pick-up 

Delayed finish 

 Train Disruption on 
journey 

Delayed start / 
finish 

Subsistence may be 
required 

 Delayed start / 
finish 

  Notified of a 
major disruption 
(e.g. strike) 

Reduced 
participant and 
student exposures 

May not be required to 
randomise journey 

Switch to subway or 
overground alternative 
unless already done 

Different route 
sampled with 
possible reduced 
exposures 

  Major disruption 
on the study day 

Reduced 
participant and 
student exposures 

 Switch to subway or 
overground alternative 
unless already done 

Different route 
sampled with 
possible reduced 
exposures 

  Overground train 
breaks down 

Variable exposure/ 
finish too late 

 <1 hour continue with 
journey. >1 hour get cab 
back to Hospital 

Delayed start / 
finish or reduced 
patient and 
student 
exposures 

  Subway problem Variable exposure 
/ finish too late 

 <1 hour wait continue 
with journey. >1 hour get 
cab back to hospital 

Delayed start / 
finish or reduced 
patient and 
student 
exposures 
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Measurement Malfunction 
before start 

Mini-Wras No PM 
measurements 

Ensure service schedule 
is in place, spare parts 
are in the lab for repair 

Take SidePak Reduced 
measurement 
quality 

  NO2 / NOx No NO2 / NOx 

measurements 
Ensure service schedule 
is in place, spare parts 
are in the lab for repair 

Take Aeroqual Reduced 
measurement 
quality 

  O3 No O3 

measurements 
Ensure service schedule 
is in place, spare parts 
are in the lab for repair 

Take Aeroqual Reduced 
measurement 
quality 

  Noise No noise 
measurements 

Ensure service schedule 
is in place, spare parts 
are in the lab for repair 

Take spare None 

  Pumps No PM mass filter 
samples 

Ensure service schedule 
is in place, spare parts 
are in the lab for repair 

Replace pump None 

  Mass Flow 
Controller (MFC) 

Lack of flow 
control 

 Replace MFC with a rot  

  MoRS Trolley No measurements Service MoRS, check 
bolts integrity. Ensure 
service schedule is in 
place and spare parts in 
the lab for rapid repair. 

 No participant 
and student 
exposures 

  Batteries Reduced 
measurement 
availability 

Ensure spare battery 
remains charged 

Take spare None 

 Malfunction 
during journey 

All Reduced 
measurement 
availability 

Ensure basic tools and 
repair components are 
available 

Make best effort to repair Reduced 
measurement 
availability 

 Data archiving Data moved to 
server 

Potential data loss Automated file transfer Ensure MoRS has Wi-Fi 
and check data was 
transferred 

None 
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Figure A 1: Deming regression comparison of weighed and calculated PM2.5 mass for the subway (A), 
overground (B) and subway and overground (C). 
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Figure A 2: Scaling factors for the Mini-Wras were proportionally applied to subway PM2.5 measurement to 
reflect that subway air comprise a mixture of above-ground (green box) and below-ground subway aerosol 
(brown box). 
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Figure A 3: Scaling factors for the SidePak were proportionally applied to subway PM2.5 measurement 
to reflect that subway air comprise a mixture of above-ground (green box) and below-ground subway 
aerosol (brown box). 
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Appendix B: Supplementary for Chapter 4 

Table B 1: Date of each participant journey during the MRC health study showing the line of the journey and reasons for alternative journeys. 

Journey Bakerloo Line Jubilee Line Willesden Overground Kensal Rise Notes 

1   26/01/2022   
2   07/02/2022   
3 09/02/2022     
4 14/02/2022     
5 16/02/2022     
6 22/02/2022     
7 28/02/2022     
8   02/03/2022   
9   08/03/2022   

10   14/03/2022   
11 16/03/2022     
12   21/03/2022   
13   23/03/2022  No participants one volunteer student 
14   28/03/2022   
15  04/04/2022   No Bakerloo Line trains train damaged by umbrella 
16   06/04/2022   
17 20/04/2022     
18   25/04/2022   
19   27/04/2022   
20 04/05/2022     
21   09/05/2022   
22   11/05/2022   
23 16/05/2022     
24 18/05/2022     
25 23/05/2022     
26 25/05/2022     
27 30/05/2022     
28 07/06/2022     
29   09/06/2022   
30 27/06/2022     
31 29/06/2022     
32 04/07/2022     
33   06/07/2022   
34   13/07/2022   
35   18/07/2022   
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36   20/07/2022   
37   25/07/2022   
38  27/07/2022   Overground Strike no trains at Willesden Junction 
39   01/08/2022   
40   03/08/2022   
41   08/08/2022   
42  10/08/2022   Lift out of order at Willesden Junction 
43  22/08/2022   Lift out of order at Willesden Junction 
44    24/08/2022 Lift out of order at Willesden Junction 
45    31/08/2022 Lift out of order at Willesden Junction 
46    05/09/2022 Lift out of order at Willesden Junction 
47  07/09/2022   Lift out of order at Willesden Junction 
48    12/09/2022 Lift out of order at Willesden Junction 
49 14/09/2022     
50 26/09/2022    SidePak used - Mini-Wras being serviced 
51   28/09/2022  SidePak used - Mini-Wras being serviced 
52 03/10/2022    SidePak used - Mini-Wras being serviced 
53 05/10/2022    SidePak used - Mini-Wras being serviced 
54   12/10/2022  SidePak used - Mini-Wras being serviced 
55 17/10/2022     
56 19/10/2022     
57   24/10/2022   
58   26/10/2022   
59 07/11/2022     
60 09/11/2022     
61    14/11/2022 Lift out of order at Willesden Junction 
62   16/11/2022   
63   21/11/2022   
64   28/11/2022   
65   05/12/2022   
66   07/12/2022   
67 12/12/2022     
68  19/12/2022   No service through Willesden Junction on subway or Overground 
69    21/12/2022 No service through Willesden Junction on subway or Overground 
70  04/01/2023   Train strike no Bakerloo Line to Willesden Junction 
71   09/01/2023   
72   11/01/2023   
73 16/01/2023     
74 25/01/2023     
75 01/02/2023     
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76 06/02/2023     
77 08/02/2023     
78    13/02/2023 No service at Willesden Junction due to engineering works 
79    15/02/2023 No service at Willesden Junction due to engineering works 
80   22/02/2023   
81   27/02/2023   
82   01/03/2023   
83 06/03/2023     
84 08/03/2023     
85   20/03/2023   
86   27/03/2023   
87 29/03/2023     
88   03/04/2023   
89   17/04/2023   
90   19/04/2023   
91 24/04/2023     
92 26/04/2023     
93   03/05/2023   
94 10/05/2023     
95 15/05/2023     
96 17/05/2023     
97   22/05/2023   
98 24/05/2023     
99 31/05/2023     

100 12/06/2023     
101   14/06/2023   
102 19/06/2023     
103 21/06/2023     
104   05/07/2023   
105   10//07/2023   
106   12/07/2023   
107   19/07/2023   
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Figure B 1: PM2.5 and NOX concentrations compared to the nucleation, Aitken, accumulation and coarse 
mode particle concentrations for the return Bakerloo line journey from Willesden Junction station to 
Elephant & Castle station. The shaded area represents the 95% confidence intervals. PM2.5 has been 
adjusted using the formula proposed by Smith et al., (2020) 
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Figure B 2: Long-term variation of PM2.5 concentrations for each return journey from Willesden 
Junction station to Watford Junction station. Winter = purple, Spring = blue, Summer = green and 
Autumn = red). The lower and upper hinges correspond to the 25th and 75th percentiles, the 
horizontal line to the median and the whiskers to 1.55 × the IQR (approx. 95% percentile). 
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Appendix C: Supplementary for Chapter 5 

 

 

Figure C 1: OPAA antioxidant % C2 depletion per unit mass of PM2.5 for the Overground Willesden line 
(orange) and Overground Kensal Rise line (purple) and OPGSH antioxidant % C4 depletion per unit mass 
of PM2.5 for the Overground Willesden line (orange) and Overground Kensal Rise line (purple). 
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Figure C 2: OPAA antioxidant % C2 depletion per unit volume of PM2.5 for the Overground Willesden line 
(brown) and Overground Kensal Rise line (silver) and OPGSH antioxidant % C4 depletion per unit volume 
of PM2.5 for the Overground Willesden line (brown) and Overground Kensal Rise line (silver). 
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Table C 1: Filer samples for each journey showing the sample number,  
journey, date, PM2.5 (µg m-3) and flow (l). 

Sample Journey Date PM2.5 Flow (l) 

41 Willesden 26/01/2022 6.0 1006.2 

43 Willesden 07/02/2022 2.5 1094.0 

44 Bakerloo 09/02/2022 186.4 1020.2 

45 Bakerloo 14/02/2022 171.5 952.4 

46 Willesden 27/04/2022 2.8 1063.2 

47 Bakerloo 16/02/2022 172.1 857.2 

48 Bakerloo 22/02/2022 187.7 958.2 

49 Bakerloo 28/02/2022 170.5 875.2 

50 Willesden 02/03/2022 8.2 982.2 

51 Willesden 08/03/2022 10.4 962.4 

52 Willesden 25/04/2022 3.7 1152.6 

53 Willesden 23/03/2022 3.2 961.4 

54 Willesden 14/03/2022 2.6 1134.1 

55 Bakerloo 16/03/2022 265.1 962.2 

56 Willesden 21/03/2022 12.6 1016.9 

58 Willesden 28/03/2022 12.6 1014.5 

59 Jubilee 04/04/2022 196.5 914.0 

60 Willesden 06/04/2022 1.4 1066.4 

61 Bakerloo 20/04/2022 246.3 886.5 

66 Bakerloo 04/05/2022 213.0 1126.9 

67 Willesden 09/05/2022 3.8 1042.2 

68 Willesden 11/05/2022 4.5 1224.7 

69 Bakerloo 16/05/2022 308.1 1163.9 

70 Bakerloo 18/05/2022 253.2 1127.7 

71 Bakerloo 23/05/2022 255.4 1040.7 

72 Bakerloo 25/05/2022 278.2 1162.4 

73 Bakerloo 30/05/2022 278.4 1135.9 

74 Bakerloo 07/06/2022 222.6 924.8 

75 Willesden 09/06/2022 2.2 1011.9 

76 Bakerloo 27/06/2022 213.8 1009.2 

77 Bakerloo 29/06/2022 318.0 1149.1 

78 Bakerloo 04/07/2022 235.1 923.6 

81 Willesden 06/07/2022 1.1 1032.5 

82 Willesden 13/07/2022 3.0 1032.5 

83 Willesden 18/07/2022 3.5 1175.8 

84 Willesden 20/07/2022 8.7 1046.7 

86 Willesden 25/07/2022 0.7 888.2 

87 Jubilee 27/07/2022 122.0 905.8 

88 Willesden 01/08/2022 3.1 731.3 

89 Willesden 03/08/2022 2.3 1132.3 

90 Willesden 08/08/2022 2.2 1001.0 

91 Jubilee 10/08/2022 155.0 1116.0 

92 Jubilee 22/08/2022 97.7 1006.0 

93 Kensal 24/08/2022 5.4 999.7 

94 Kensal 31/08/2022 5.1 1103.5 
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95 Kensal 05/09/2022 3.7 1196.6 

96 Jubilee 07/09/2022 154.5 1082.4 

97 Kensal 12/09/2022 5.3 1020.8 

98 Bakerloo 14/09/2022 310.1 1215.1 

102 Bakerloo 26/09/2022 312.0 1094.0 

103 Willesden 28/09/2022 5.8 986.0 

104 Bakerloo 03/10/2022 232.1 882.4 

105 Bakerloo 05/10/2022 155.3 1001.6 

106 Willesden 12/10/2022 10.9 1211.8 

107 Bakerloo 17/10/2022 250.8 964.5 

108 Bakerloo 19/10/2022 237.5 905.5 

109 Willesden 24/10/2022 1.2 1016.9 

110 Willesden 26/10/2022 1.5 1012.4 

111 Bakerloo 07/11/2022 271.7 1001.7 

112 Bakerloo 09/11/2022 260.6 917.2 

113 Kensal 14/11/2022 10.2 1126.2 

114 Willesden 16/11/2022 1.0 966.4 

115 Willesden 21/11/2022 2.4 1180.6 

116 Willesden 28/11/2022 2.8 1110.1 

117 Willesden 05/12/2022 5.1 1027.4 

118 Willesden 07/12/2022 4.0 1091.1 

119 Bakerloo 12/12/2022 195.2 881.2 

120 Jubilee 19/12/2022 147.8 1021.3 

121 Kensal 21/12/2022 2.5 902.2 

122 Jubilee 04/01/2023 129.4 977.2 

123 Willesden 09/01/2023 2.1 994.6 

124 Willesden 11/01/2023 4.3 1044.4 

125 Bakerloo 16/01/2023 244.2 1028.9 

126 Bakerloo 25/01/2023 266.2 960.4 

127 Bakerloo 01/02/2023 252.0 1016.7 

128 Bakerloo 06/02/2023 137.9 1006.9 

129 Bakerloo 08/02/2023 232.7 956.2 

130 Kensal 09/01/2023 26.5 1048.2 

131 Kensal 11/01/2023 24.0 1082.3 

132 Willesden 22/02/2023 5.9 957.7 

133 Willesden 27/02/2023 1.5 1038.2 

134 Willesden 01/03/2023 1.8 1281.3 

135 Bakerloo 06/03/2022 220.1 868.5 

136 Bakerloo 08/03/2023 255.4 972.8 

137 Willesden 27/03/2023 1.6 1169.0 

138 Bakerloo 29/03/2023 272.8 982.0 

139 Willesden 03/04/2023 5.1 1115.2 

140 Willesden 17/04/2023 5.6 891.5 

141 Willesden 19/04/2023 10.3 1094.5 

142 Bakerloo 24/04/2023 220.0 1001.7 

143 Bakerloo 26/04/2023 225.8 1181.7 

144 Willesden 03/05/2023 3.1 821.4 

145 Bakerloo 10/05/2023 225.8 962.9 
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146 Bakerloo 15/05/2023 213.4 1126.9 

147 Bakerloo 17/05/2023 235.2 1018.5 

148 Willesden 22/05/2023 2.6 983.2 

149 Bakerloo 24/05/2023 210.0 948.2 

150 Bakerloo 31/05/2023 230.0 972.7 

151 Bakerloo 12/06/2023 233.4 960.9 

152 Willesden 14/06/2023 3.3 1085.2 

153 Bakerloo 19/06/2023 167.7 950.0 

154 Bakerloo 21/06/2023 197.8 930.0 

155 Willesden 05/07/2023 2.7 954.6 

156 Willesden 10/07/2023 1.4 1126.2 

157 Willesden 12/07/2023 1.6 907.6 

158 Willesden 19/07/2023 2.0 1035.2 
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Table C 2: Preparation for ascorbic acid standards. 

Standard AA µM Preparation 

Std 1 0 1000µl Chelex treated HPLC-grade water 

Std 2 50 200µl Std 3 + 800µl Chelex treated HPLC-grade water 

Std 3 100 500µl Std 4 + 500µl Chelex treated HPLC-grade water 

Std 4 150 600 Std 5 + 600µl Chelex treated HPLC-grade water 

Std 5 200 1000µl 200µM AA 

Std 6 250 200µl 2mM AA + 800µl Chelex treated HPLC-grade water 

 

 

 

 

Table C 3: Example ascorbic acid template for standards, controls and samples. 

Row/ 
Column 
 

 1 2 3 4 5 6 7 8 9 10 11 12 

A 
Std 1 Std 3 Std 6 

M120 

B 
CO B 72 76 80 84 Blank 91 

 

B Std 1 Std 4 Std 6 
M120 

B 
CO B 72 76 80 84 Blank 91 

 

C Std 1 Std 4 
NIST 

A 

CuCl 

A 
C2 A 73 77 81 85 88 92 

 

D Std 2 Std 4 
NIST 

A 

CuCl 

A 
C2 A 73 77 81 85 88 92 

 

E Std 2 Std 5 
NIST 

B 

CuCl 

B 
C2 B 74 78 82 86 89 93 

 

F Std 2 Std 5 
NIST 

B 

CuCl 

B 
C2 B 74 78 82 86 89 93 

 

G Std 3 Std 5 
M120 

A 
CO A 71 75 79 83 87 90 94 

 

H Std 3 Std 6 
M120 

A 
CO A 71 75 79 83 87 90 94 
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Table C 4:  Preparation for glutathione standards. 

Std no 1 2 3 4 5 6 7 8 9 10 11 12 

µl GSSG 
0 91 182 273 364 455 546 636 727 818 909 1000 

µl PO4 
buffer 

1000 909 818 727 636 546 455 364 273 182 91 0 

GSX 
pmols/50µl 

0 30 60 90 120 150 180 210 240 270 300 330 

 

 

 

Table C 5: Example glutathione template for standards, controls and samples. 

Row/ 
Column 

1 2 3 4 5 6 7 8 9 10 11 12 

A 

Std 1 Std 5 Std 9 CO A 

M120 

A 71 A 73 A  75 A 77 A  79 A  

 Blank 

A 

 

B 
Std 1 Std 5 Std 9 CO A 

M120 

A 71 A 73 A  75 A  77 A  79 A 

Blank 

A 

 

C 
Std 2 Std 6 

Std 

10 CO B 

M120 

B 71 B 73 B  75 B  77 B  79 B 

 Blank 

B 

 

D 
Std 2 Std 6 

Std 

10 CO B 

M120 

B 71 B 73 B  75 B  77 B  79 B 

 Blank 

B 

 

E 
Std 3 Std 7 

Std 

11 C4 A 

NIST 

A 72 A 74 A  76 A 78 A  80 A   81A 

 

F 
Std 3 Std 7 Std11 C4 A 

NIST 

A 72 A 74 A  76 A  78 A  80 A  81A 

 

G 
Std 4 Std 8 

Std 

12 C4 B 

NIST 

B 72 B  74 B  76 B  78 B  80 B  81B 

 

H 
Std 4 Std 8 

Std 

12 C4 B 

NIST 

B 72 B  74 B  76 B  78 B  80 B  81B 
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Table C 6: Metal concentrations (ng m-3) for the selected metals in the Bakerloo subway and Jubilee subway 
lines. 

 Bakerloo line 
  Mean          Sd             Max        Min 
(ng m-3)    (ng m-3)     (ng m-3)    (ng m-3) 

Jubilee Line 
  Mean         Sd          Max         Min 
(ng m-3)   (ng m-3)   (ng m-3)    (ng m-3) 

Al 4785 1470 8888 2354 2398 700 2990 1129 

B 2946 438 3879 2248 2710 1081 3530 674 

Ba 29 10 51 14 22 10 37 9 

Ca 5844 4406 32577 2634 2131 1153 3202 -23 

Co 9 3 19 7 7 3 8 0 

Cr 432 122 816 208 390 209 716 95 

Cu 577 121 913 320 254 96 331 67 

Fe 142401 35993 228539 59800 60168 21748 79417 21028 

K 4640 938 7240 2870 3691 1298 4647 1146 

Li 11 4 18 7 0 0 0 0 

Mg 486 173 1029 190 343 205 621 0 

Mn 1210 326 2018 555 503 182 647 169 

Mo 235 74 459 104 497 187 709 178 

Ni 123 43 278 55 69 30 103 17 

Pb 30 11 59 14 18 10 37 9 

Sb 11 13 93 6 6 3 7 0 

Se 0 2 9 0 0 0 0 0 

Sr 18 7 46 8 12 7 16 0 

Ti 53 18 85 23 18 11 28 0 

V 11 4 18 7 7 3 8 0 

Zn 1269 705 4223 485 784 463 1119 0 
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Table C 7: Bakerloo and Jubilee line OPAA and OPGSH correlations and p-values for each element. 

Line Element 
OPGSH ug-1 

correlation 

P-val 

OPGSH 

ug-1 

OPAA ug-1 

correlation 

P-val 

OPAA 

ug-1 

OPGSH m-3 

correlation 

P-val 

OPGSH 

m-3 

OPAA m-3 

correlatio

n 

P-val 

OPAA 

m-3 

Bakerloo Zn 0.16 0.355 0.32 0.064 0.19 0.283 0.34 0.048 

Bakerloo V 0.48 0.004 0.56 0.001 0.08 0.653 0.24 0.17 

Bakerloo Ti 0.52 0.001 0.66 0 0.16 0.363 0.38 0.027 

Bakerloo Sr 0.26 0.133 0.3 0.084 0.1 0.575 0.16 0.364 

Bakerloo Se 0.13 0.449 0.03 0.862 0.45 0.007 0.21 0.244 

Bakerloo Sb 0.21 0.241 0.31 0.078 0.07 0.68 0.2 0.263 

Bakerloo Pb 0.59 0 0.56 0.001 0.17 0.332 0.21 0.229 

Bakerloo Ni 0.3 0.086 0.46 0.006 0.28 0.107 0.41 0.015 

Bakerloo Mo 0.5 0.003 0.59 0 0.19 0.285 0.32 0.063 

Bakerloo Mn 0.48 0.004 0.56 0.001 0.19 0.285 0.31 0.077 

Bakerloo Mg 0.49 0.004 0.43 0.011 0.25 0.154 0.22 0.219 

Bakerloo Li 0.3 0.084 0.61 0 0.13 0.45 0.49 0.003 

Bakerloo K 0.63 0 0.58 0 0.24 0.18 0.25 0.151 

Bakerloo Fe 0.48 0.004 0.6 0 0.2 0.263 0.35 0.046 

Bakerloo Cu 0.55 0.001 0.58 0 0.26 0.143 0.33 0.059 

Bakerloo Cr 0.44 0.01 0.52 0.002 0.23 0.194 0.32 0.064 

Bakerloo Co 0.45 0.008 0.44 0.009 0.16 0.37 0.2 0.246 

Bakerloo Ca 0.11 0.523 0.19 0.272 0 0.994 0.11 0.539 

Bakerloo Ba 0.54 0.001 0.62 0 0.21 0.232 0.31 0.072 

Bakerloo B 0.66 0 0.57 0 0.21 0.223 0.23 0.2 

Bakerloo Al 0.57 0 0.62 0 0.24 0.164 0.35 0.04 

Jubilee Zn -0.21 0.683 -0.33 0.526 -0.6 0.203 -0.53 0.278 

Jubilee V -0.03 0.956 -0.21 0.689 -0.37 0.476 -0.39 0.444 

Jubilee Ti -0.06 0.904 -0.28 0.598 -0.1 0.843 -0.33 0.523 

Jubilee Sr -0.24 0.643 -0.39 0.442 -0.6 0.206 -0.59 0.222 

Jubilee Sb -0.05 0.927 -0.23 0.661 -0.35 0.491 -0.4 0.436 

Jubilee Pb 0.68 0.134 0.54 0.267 0.64 0.173 0.56 0.247 

Jubilee Ni -0.27 0.61 -0.5 0.315 -0.51 0.296 -0.65 0.165 

Jubilee Mo 0.11 0.843 0.04 0.947 -0.11 0.831 -0.08 0.878 

Jubilee Mn -0.22 0.673 -0.47 0.343 -0.35 0.502 -0.57 0.233 

Jubilee Mg -0.15 0.783 -0.41 0.423 -0.33 0.523 -0.51 0.304 

Jubilee K -0.12 0.822 -0.3 0.564 -0.49 0.321 -0.5 0.318 

Jubilee Fe -0.05 0.922 -0.3 0.569 -0.16 0.763 -0.39 0.442 

Jubilee Cu -0.17 0.746 -0.37 0.473 -0.48 0.336 -0.54 0.266 

Jubilee Cr -0.36 0.487 -0.65 0.166 -0.37 0.465 -0.7 0.122 

Jubilee Co -0.03 0.956 -0.21 0.689 -0.37 0.476 -0.39 0.444 

Jubilee Ca -0.14 0.791 -0.34 0.504 -0.49 0.327 -0.53 0.284 

Jubilee Ba 0.47 0.346 0.35 0.498 0.15 0.779 0.22 0.679 

Jubilee B -0.24 0.64 -0.4 0.435 -0.57 0.237 -0.58 0.225 

Jubilee Al -0.29 0.581 -0.43 0.39 -0.63 0.184 -0.63 0.184 
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Appendix D: Supplementary for Chapter 6 

 

Figure D 1: Calibration plot for consensus clustering of the 78 metabolic features selected with the MVN 
model as significantly associated to TRAP exposure. The stability score was plotted against the number 
of clusters ranging from n= 2 to n= 77. The highest stability score was achieved at 63 clusters (red dotted 
line). 
 
 

 

 

 
Figure D 2: Scatter plot of molecular mass (Y axis) as a function of retention time (in minutes, X axis) for 
the 78 metabolic features found associated with at least on TRAP exposure. Features that have been 
clustered together are coloured by their cluster ID and united by a line, the colours are detailed in the 
legend. Clusters of single features are plotted in light grey. 
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Figure D 3: Calibration plots for metabolomics networks, for the three time points, 2 h before walks (time 
point 1), 2 h (time point 2) and 24 h (time point 3) after walks. The colour denotes the stability score for 
each combination of the two hyperparameters: penalisation (λ) and threshold of selection proportion (π). 
 

 

 

 
Figure D 4: Calibration plots for multi-omic networks, for the three time points, 2 h before walks (time point 
1), 2 h (time point 2) and 24 h (time point 3) after walks. At each time point, a calibration plot is shown for 
each block: metabolomics only, between metabolomics and transcriptomics, and transcriptomics only. 
The colour denotes the stability score for each combination of the two hyperparameters: penalisation (λ) 
and threshold of selection proportion (π). 
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Table D 1: List of all 38 mRNA that were found as significantly associated to at least one TRAP in our MVN 
model with their corresponding gene symbol and Beta coefficients. 

 

 

Accession number Gene symbol 

Regression coefficients 

PM25 PM10 NO2 BC PCNT 

A_24_P373844 KCTD15 0.00165777 0.0016477 0.01647895 0.01309058 6.16E-06 

A_23_P35456 SH3PXD2A -0.0016961 0.00078837 -0.0056235 0.00154447 -1.54E-07 

A_23_P129458 SDR42E1 -0.0028878 -0.0002495 -0.0084621 -0.0054769 -8.73E-07 

A_23_P74609 G0S2 0.00447517 -0.0011805 0.02123222 -0.0093609 -1.65E-06 

A_33_P3378056 TFAP2A -0.0018742 -0.0018 0.01657733 0.00763885 6.88E-06 

A_21_P0014020 LOC100652894 -0.0009254 -0.0021256 0.01346835 0.00075634 1.40E-06 

A_33_P3214432 ZC3HAV1L -0.0006607 0.00748795 -0.0219629 0.02582521 9.29E-06 

A_23_P200874 CEP85 0.00216714 0.00065595 0.01147049 0.0030797 2.35E-06 

A_33_P3238052 C12orf24 -0.0024834 -0.0013697 -0.0056377 -0.0054273 -3.84E-06 

A_33_P3222069 SPHK1 0.00797911 0.01329894 -0.0172166 0.01971206 1.21E-05 

A_24_P110914 LOC100190939 0.00032535 0.00667395 -0.0236742 0.0387678 1.55E-05 

A_23_P50942 RAB3GAP1 -0.0024316 -0.0012112 -0.0036613 -0.0022998 -1.15E-06 

A_23_P160618 SH2D2A 0.00046065 -0.0004135 0.00667315 -0.0090209 -4.73E-06 

A_24_P26897 INPP5A -0.0040903 -0.0019997 -0.0062311 -0.0054748 -5.29E-06 

A_21_P0014093 LOC100507039 -0.0057799 0.00071668 -0.0114499 0.02211534 8.37E-06 

A_32_P179998 DMRTC1 -0.0070384 -0.0057513 -0.007327 -0.0165631 -8.10E-06 

A_24_P218074 ZNF467 -0.0070019 -0.0053192 -0.0099231 0.0069592 -3.61E-07 

A_23_P17307 C20orf20 -0.002697 -0.0026592 -0.0042223 -0.0024362 -2.60E-06 

A_23_P416774 CLIC5 0.00515385 0.00436823 0.00145155 0.01327942 7.33E-06 

A_33_P3273719 ELOVL5 -0.0028675 -0.0019266 2.42E-05 -0.0115789 -7.55E-06 

A_21_P0000664 CD4 -0.0073369 -0.005244 -0.0074411 -0.019483 -1.48E-05 

A_21_P0000502 RNU11 -0.006583 -0.0091321 -0.0038552 -0.0155414 -4.85E-06 

A_24_P18105 ASPH -0.0085671 -0.0099755 -0.0003802 -0.0067193 -6.23E-06 

A_19_P00803575 MPRIP 0.01227539 0.01242791 -0.0015842 0.01857774 8.11E-06 

A_23_P143143 ID2 -0.0054379 -0.005371 0.000733 -0.0038134 -2.45E-06 

A_33_P3270109 LEO1 -0.0061374 -0.006666 -0.0015051 -0.0035368 -4.24E-07 

A_21_P0000508 SNAR-D -0.0084485 -0.0091237 -0.0037879 -0.0031301 -2.53E-06 

A_24_P226355 RANBP9 -0.0071246 -0.0074181 -0.0012348 -0.0052291 -1.35E-06 

A_33_P3410011 PBXIP1 -0.011505 -0.0128731 -0.0048778 -0.0090772 -4.50E-06 

A_33_P3296169 CDCA7 -0.0070674 -0.0079957 -0.0030621 -0.0153971 -7.41E-06 

A_24_P109633 ITPK1 0.00637306 0.00800379 0.00188442 0.00584336 7.97E-07 

A_23_P101392 TMEM38A -0.0067507 -0.0052426 -0.0045572 -0.0081761 -4.94E-06 

A_33_P3239134 POM121L4P -0.0099143 -0.0052324 0.00020308 0.00524576 1.39E-06 

A_32_P85330 C15orf37 -0.011681 -0.0093355 -0.0059541 -0.0110182 -6.12E-06 

A_23_P26895 TUBD1 -0.0058598 -0.0046933 -0.0020756 -0.0040502 -1.39E-06 

A_23_P13797 C12orf49 -0.00692 -0.0046471 -0.0017332 -0.0067706 -3.36E-06 

A_23_P109420 BMS1 -0.0066379 -0.006063 -0.0026631 -0.0061718 -4.65E-06 

A_24_P101629 FAM127B -0.0077941 -0.0075366 -0.0021754 -0.0060775 -3.40E-06 
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Table D 2: List of all 78 metabolic features that were found as significantly associated to at least one TRAP 
in our MVN model with their corresponding Beta coefficients and Annotations. Bold beta coefficients indicate 
the significant features. Annotations in bold have been confirmed by mass, RT matching and MS/MS spectra. 
Annotations not in bold have been confirmed with mass and MS/MS matching. 

Retention 
time (min) 

Monoisotopic 
Mass 

Number of 
associated 

TRAP 

Regression coefficients 

Cluster 
membership Annotation PM2.5 PM10 NO2 BC PCNT 

2.494 194.9746 1 0.006 -0.001 0.031 0.012 1.00E-05 1 
 

2.859 191.0982 1 -0.01 0.001 -0.022 0.015 -6.60E-07 2 
 

6.914 1080.6346 1 -0.01 -0.009 -0.018 0.014 2.20E-06 3 
 

3.187 278.0331 1 0.003 0.002 0.019 -0.02 -4.90E-06 4 Caffeine 

3.19 375.0063 1 -0.001 -0.002 0.016 -0.014 -5.30E-06 5 Caffeine 

7.194 310.1447 1 -0.012 -0.007 0.032 -0.023 -9.20E-06 6 
 

6.918 800.9799 1 -0.001 0 -0.025 0.001 -6.90E-06 7 
 

6.589 526.3199 1 0.004 0.002 0.018 -0.022 -1.10E-05 8 
 

2.401 275.1731 1 -0.004 -0.001 -0.011 0.009 6.90E-07 9 
 

7.164 364.1552 1 0.003 0 0.017 -0.013 -5.70E-06 10 
 

6.835 621.9284 1 0.001 -0.002 0.011 -0.01 -7.10E-06 11 
 

4.566 211.0606 1 0.007 0.003 0.012 -0.006 -3.00E-06 12 Indole-3-propionic acid 

4.566 189.0787 1 0.004 0.001 0.008 -0.007 -3.20E-06 12 Indole-3-propionic acid 

3.19 194.0802 1 0 -0.001 0.016 -0.013 -1.90E-06 13 Caffeine 

3.19 216.0619 1 0.002 0 0.016 -0.013 -2.50E-06 13 Caffeine 

3.191 325.0236 1 0.002 0 0.018 -0.013 -1.40E-06 13 Caffeine 

5.316 329.2565 1 -0.003 -0.002 0.011 -0.022 -8.70E-06 14 Undecanoylcarnitine (C11:0) 

2.046 249.0319 1 0 -0.001 -0.005 0.007 3.90E-06 15 Phenylalanine 

5.941 329.2392 1 -0.002 0.001 -0.008 0.017 5.40E-06 16 
 

6.916 817.9539 1 0.006 0.005 -0.013 0.025 6.30E-06 17 
 

2.681 180.0644 1 0.003 0 0.012 -0.014 -5.30E-06 18 Paraxanthine 

2.682 311.0078 1 0.003 0 0.011 -0.005 -5.80E-07 18 Paraxanthine 

2.221 275.1732 1 -0.003 -0.002 -0.009 0.005 3.10E-06 19 
 

1.744 284.9736 1 0.002 0.002 -0.009 0.006 3.80E-07 20 
 

6.451 427.3655 1 -0.001 0 -0.006 0.005 1.20E-07 21 Stearoylcarnitine (C18:0) 

6.632 411.3015 1 0.001 0 0.005 -0.003 6.10E-08 22 
 

6.741 645.9504 1 0.002 0 0.006 -0.005 -1.40E-06 23 
 

6.837 318.1474 1 0.002 0 0.007 -0.011 -4.20E-06 24 
 

6.912 550.3041 1 0.001 0.001 -0.01 0.015 4.00E-06 25 
 

3.843 227.0561 1 0.002 0.001 0.009 -0.009 -3.50E-06 26 Indolelactic acid 

3.843 205.0735 1 0.002 0.001 0.011 -0.013 -2.70E-06 26 Indolelactic acid 

5.664 301.2077 1 -0.003 -0.001 -0.008 0.005 1.90E-06 27 
 

5.671 301.2068 1 -0.003 -0.001 -0.009 0.003 4.10E-07 27 
 

6.979 1038.6552 1 -0.001 0.001 -0.016 0.03 6.40E-06 28 
 

5.165 382.1966 2 -0.001 -0.006 0.014 -0.042 -1.80E-05 29 Cortisol 

2.046 296.0202 1 0.001 0.002 -0.007 0.005 2.60E-06 30 Phenylalanine 

2.047 134.0727 1 0.005 0.004 -0.008 0.012 5.70E-06 31 Phenylalanine 

6.873 726.0012 1 0.001 -0.001 0.006 -0.008 -4.20E-06 32 
 

7.003 773.9645 1 0.001 0 -0.006 0.008 2.60E-06 33 
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2.044 119.0738 1 0.003 0.003 -0.006 0.008 3.10E-06 34 Phenylalanine 

2.045 102.0469 1 0.002 0.002 -0.006 0.008 3.90E-06 34 Phenylalanine 

2.046 166.0825 1 0.001 0.002 -0.006 0.008 3.80E-06 34 Phenylalanine 

2.046 102.0467 1 0.002 0.002 -0.005 0.008 3.70E-06 34 Phenylalanine 

5.003 360.1938 1 0 -0.001 0.013 -0.012 -4.10E-06 35 Cortisone 

6.97 549.9001 1 0.004 0.002 0.004 0 1.50E-06 36 
 

2.757 279.1467 1 -0.004 0.001 -0.013 0.015 6.80E-06 37 
 

7.431 389.2648 1 0 0 -0.005 0.003 8.10E-07 38 
 

1.745 206.0381 1 0 0.003 -0.011 0.018 5.40E-06 39 
 

3.929 285.1935 1 0 0.002 -0.009 0.015 5.20E-06 40 Octenonylcarnitine 

4.351 309.1936 1 0 0.002 -0.008 0.013 6.00E-06 41 Octanoylcarnitine 

5.123 315.2412 1 -0.004 -0.004 0.021 -0.033 -1.40E-05 42 Decanoylcarnitine 

5.164 362.2091 1 -0.002 -0.006 0.017 -0.028 -5.60E-06 43 Cortisol 

5.165 384.1925 1 -0.001 -0.006 0.014 -0.027 -8.60E-06 43 Cortisol 

6.7 509.3399 1 0.001 0 0.006 -0.005 -9.40E-07 44 
 

6.713 484.3444 1 0.001 0 0.004 -0.004 -2.00E-06 45 
 

6.892 547.3482 1 0.001 0 0.01 -0.013 -5.20E-06 46 
 

1.362 85.0893 1 0.003 0.004 -0.007 0.009 3.70E-06 47 Isoleucine 

1.364 131.0946 1 0.004 0.005 -0.007 0.011 4.90E-06 47 Isoleucine 

6.807 471.647 1 0.002 0.001 0.005 -0.009 -3.40E-06 48 
 

2.047 119.0736 1 -0.001 0 -0.006 0.007 2.80E-06 49 Phenylalanine 

7.113 318.1503 1 0.002 0.001 0.007 0 4.70E-07 50 
 

7.197 482.2165 1 -0.002 -0.001 -0.004 -0.001 -2.10E-07 51 
 

7.197 482.2173 1 -0.001 0 -0.005 0 -5.80E-08 51 
 

6.897 587.2991 1 0 0 -0.005 0.007 1.20E-06 52 
 

2.04 165.0795 1 0.001 0.001 -0.006 0.007 2.90E-06 53 Phenylalanine 

2.047 165.0795 1 0.001 0.002 -0.006 0.006 2.70E-06 53 Phenylalanine 

6.906 477.2857 1 0 -0.001 -0.009 0.017 1.60E-06 54 LysoPE(18:2) 

7.195 390.2372 1 0 0 0.002 -0.001 -1.90E-07 55 
 

7.189 644.5358 2 -0.005 -0.006 -0.001 -0.039 -1.70E-05 56 
 

8.765 606.5602 1 -0.005 -0.008 0.004 -0.032 -9.00E-06 56 
 

8.787 331.2644 1 -0.006 -0.007 0.002 -0.038 -1.30E-05 56 
 

7.128 356.1455 1 -0.004 -0.005 0.009 -0.029 -9.80E-06 57 
 

3.992 277.074 1 0.001 0.001 0.001 0.011 9.40E-06 58 
 

6.607 1190.2365 1 0.002 0.003 0 0.022 1.20E-05 59 
 

6.699 418.1757 1 0.01 0.01 -0.004 0.028 1.90E-05 60 
 

7.001 1015.6548 2 -0.024 -0.021 -0.005 -0.006 -4.90E-06 61 
 

8.576 429.7421 2 -0.027 -0.027 -0.002 0.003 2.60E-06 62 
 

2.451 156.0763 1 0.017 0.019 0.001 0.016 4.70E-07 63 
 


