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ABSTRACT 
The global incidence of allergic reaction has been rising for years, especially within 

westernised urban areas with the underlying reasons still unclear. There is strong evidence 

that the interaction between pollen grains, environmental pollution and meteorological 

change is increasing the allergenicity of the pollen grain and consequently, increasing the 

misery of hay fever sufferers. Recent laboratory experiments have shown that the interaction 

of pollen with atmospheric oxidants such as ozone (O3) and nitrogen dioxide (NO2) can alter 

protein molecules that are present within pollen grains via post-translational modification 

(PTM) of the protein. 

 
Within the laboratory, key allergenic birch pollen was exposed to atmospherically relevant 

exposures of gas phase NO2 and O3 under a range of environmentally relevant conditions 

(temperature and relative humidity RH). The effects of the exposures on the biochemistry of 

the pollen grains were probed using a proteomic approach. The morphological changes of 

unexposed and exposed pollen samples to RH, rainwater and NO2, where observed under 

fluorescence microscopy and scanning electron microscope (SEM). The discoveries suggest 

that interaction between gas pollutants and pollen do exist and cause protein specific 

modifications; in particular, nitration that occurs on tyrosine residues. These observations 

suggest a possible reason for increased allergies in reaction to such chemically altered 

protein.  

 
Secondly, a detailed analysis of London Ambulance data is presented and compared to 

London temperature data recorded at a central London site (St James Park). The baseline 

relationships established in this work will allow for the prediction of likely changes in 

ambulance demand (and illness types) that will be caused by seasonal temperature changes 

and increased frequency and intensity of extreme weather events, due to climate change, in 

the future.   

 
Lastly, the study applied statistical analyses (time series and odd ratio) to examine short-term 

associations between birch pollen count with allergic related illnesses recorded in the London 

Ambulance data, temperature and NO2.  
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CHAPTER 1  
INTRODUCTION 
 

This chapter summarizes the relationships between climate change, air pollution and 

bioaerosols with human health. In doing so, it provides a concise introduction to air pollution, 

bioaerosols and climate change. Finally, the chapter provides the overall structure of the 

thesis, including the aims and objectives, hypotheses, research questions, scope and 

limitations of the study.  

 

1.0 Background  
 

 
 
Figure 1.1: Interrelationships between bioaerosol, pollution and meteorology. Note that 
all impinge on human health even though not shown visibly, there are countless 
interactive effects between all variables. 
 

 

 

Bioaerosols, climate change and air pollution are important environmental issues because 

they can all affect human health and natural ecosystems. It is important to note, that they can 

be harmful even when not visible. Atmospheric aerosols play a vital role in climate change 

and human health (Calvello et al., 2010; Kroll and Seinfeld, 2008; Lyamani et al., 2010; 

Rengarajan et al., 2011). The effects of these aerosols on human health and the environment 

at large has become one of the significant topics in current environmental research (Pöschl, 
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2005). These environmental issues are interlinked, leading to a variety of medical conditions 

including allergic diseases (Kim et al., 2014). There is evidence suggesting that the 

interaction between plant pollen grains, environmental pollution, and climate change is 

increasing the allergenicity of the pollen thus increasing the misery of hay fever sufferers. 

Both allergens and allergic issues are influenced by air pollution in various ways, making the 

former more stronger and increasing the immune reaction of the latter (Bartra et al., 2007). 

Yet, these processes are not sufficient to explain the increased rate of allergic diseases in 

humans.  It has been reported by Reinmuth-Selzle et al. (2017) that air pollution and climate 

change are possible drivers for the increasing burden of allergic diseases (Reinmuth-Selzle et 

al., 2017). The molecular mechanisms of allergic diseases that may be influenced by air 

pollution and climate factors are complex and elusive (Reinmuth-Selzle et al., 2017).   

One of the main characteristics of urban areas — where, worldwide, human population 

density is at high level — is atmospheric pollution (Sénéchal et al., 2015). In 2014, 54% of 

the world population resided in urban areas and this trend is only going to increase 

(http://www.who.int/gho/urban_health/situation_trends/urban_population_growth_text/en/).  

The atmosphere is the channel of transit for a wide variety of particles of biogenic origin in 

addition to pollutant gases and particles emitted repeatedly due to human activities (Sénéchal 

et al., 2015). Bioaerosols are family of aerosol particles that consist of a variety of airborne 

biogenic particles, for example, viruses, bacteria, fungal spores, plant fibers, or pollen 

(Sénéchal et al., 2015).  

 
Allergy to pollen has increased throughout the world especially within westernized urban 

areas. “In the last years, a rising trend of the pollen allergies in urban areas has been 

attributed to atmospheric pollution” (Sousa et al., 2012). However, the reasons for this 

increase remain unclear. This indicates a need to understand the various relationships that 
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exist between bioaerosol, meteorology, pollution and human health. Although, several factors 

have been suggested regarding the 20th century increase (Beggs, 2004; Beggs and Bambrick, 

2006; D'amato and Cecchi, 2008; D’amato et al., 2007) in the burden of allergic respiratory 

diseases, the reasons are not completely understood (Reid and Gamble, 2009).  

 

1.1 Pollution  
 
The term pollution refers to contamination. “Contamination is simply the presence of a 

substance where it should not be or at concentrations above background that results in or 

can result in adverse biological effects to resident communities” (Chapman, 2007). There are 

numerous types of pollution that can come from different sources and have diverse effects on 

human health and the environment at large. However, this thesis will concentrate on air 

pollution and its impact on human health because it is one of the most crucial contemporary 

global environmental issues (Briggs, 2003; WHO, 2014).  

 

1.1.1 Air pollution 

 
Figure 1.2: The route of pollution from source to the end effect on human health and 
environment.  
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Air pollution is a problem of major national and international interest where public awareness 

and concern continues to rise (Lave and Seskin, 2013). Polluted air has a severe impact on 

human health resulting in different kinds of medical conditions. The health effects can result 

from acute or chronic exposure, leading to either mild short-term impacts such as irritation to 

the eyes, nose and throat, or more serious long-term effects such as exacerbations of 

respiratory and cardiovascular diseases resulting in hospital admission or death (Halonen et 

al., 2009; Peng et al., 2008; Poloniecki et al., 1997). The effects of the pollution on health can 

partly be determined by certain combinations of air pollutants, which may be changed by 

other environmental, and behavioural patterns (Kanakidou et al., 2011; Katsouyanni, 1995). 

Air pollutants contribute to increased death and hospital admittances (Brunekreef and 

Holgate, 2002). Figure 1.2 describes the route of pollution from source to the end effect on 

human health and the environment.  

 
Historically important air pollution episodes, where clear deleterious effects on human health 

were observed include the Meuse Valley of Belgium in 1930, Donora in Pennsylvania of 

USA in 1948, and London smog episode in 1952 (Pope III, 2004). Between 1948 and 1962, 

eight air pollution incidences happened in London, but the well-described ‘Great Smog’ 

episode in December 1952 was the most significant where smoke concentration rose to 

greater than 50 times above the regulatory limit, and visibility was so poor for individuals not 

to see their own feet at the National Gallery (Chauhan and Johnston, 2003). These episodes 

encouraged the implementation of legislative and regulatory measures so as to control 

outdoor air pollution in several countries within Europe and United States of America (Pope 

III, 2004). Through the 1960s to 1980s, numerous population-based studies confirmed that air 

pollution has a negative impact on human health (Lave and Seskin, 1973; Pope 3rd , 2000). 

Worldwide, it has been observed over the last few decades, that environmental changes 

appear to be associated with an increased rate of allergic diseases, particularly in countries 
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with a western lifestyle (Ayres, 2010). 

 
Particulate matter (PM) has been identified as the primary mediator of toxic effects of air 

pollution following a series of epidemiological studies conducted within a short period of six 

years (1989 to 1995) (Dockery et al., 1993; Dockery et al., 1992; Pope et al., 1995). These 

results provided epidemiological and toxicological insight into particulate matter air pollution 

(Gupta et al., 2013). Air pollution can negatively affect the cardiovascular and respiratory 

systems of the body (Brook et al., 2004; Pope III, 2004). Gupta et al. (2013) reported that 

prolonged and recurrent contact with air pollution increases the collective threat of chronic 

pulmonary, cardiovascular disease and loss of lives (Gupta et al., 2013). In fact and 

somewhat counter-intuitively, more mortalities transpire due to cardiovascular causes rather 

than pulmonary diseases following air pollution exposure (Pope et al., 2004). 

 
“Air pollution is now fully acknowledged to be a significant public health problem, 

responsible for a growing range of health effects that are well documented from the results of 

an extensive research effort conducted in many regions of the world” (Kelly and Fussell, 

2015). The effects of air pollution on human health can include breathing problems, 

coughing, asthma and causing or worsening existing respiratory and cardiac illnesses (WHO, 

2014). These effects can lead to increased medicine use, hospital admissions, and early death 

(WHO, 2014). According to WHO, “2.4 million people die yearly from causes directly 

attributable to air pollution, with 1.5 millions of these deaths attributable to indoors air 

pollution” (WHO, 2002).  The United Nations Environment Programme has estimated that 

1.1 billion people breathe harmful air (UNICEF and Organization, 2002), globally. It was 

mentioned in another research that despite earlier enhancements in air quality, large 

populations in urban areas still breathe air that is not up to national (European) and 

international (WHO) standards of Air Quality Guidelines (Kelly and Fussell, 2015), even 
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with the legislative measures in place.  

 
Epidemiological studies suggest that cardiopulmonary disease related to inhalation of fine 

particle air pollution results to more than 500,000 deaths in the USA each year (Khan, 2011). 

A convincing association between pneumonia related casualties and air pollution from 

automobiles have been demonstrated in a study by the University of Birmingham (Khan, 

2011). Yearly, more deaths are connected to air pollution than to automobile disasters 

worldwide (Collins, 2012). The WHO has estimated that approximately 800,000 deaths and 

4.6 million lost life yearly throughout the world due to urban air contamination exposures 

(WHO, 2002). 

 
It is now well understood that the key contemporary environmental risk factor related to early 

mortality is air pollution, which surpasses other risk factors such as poor health and scarcity 

of drinking water  (OECD, 2014). Approximately 3.7 million deaths have been attributed to 

outdoor urban and rural sources in the year 2012 as reported by WHO (WHO, 2014).  
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1.1.2 Pollutants 

 

 
 

Figure 1.3: Sources of primary and secondary pollutants. Adopted from  
(http://www.mrgscience.com/ess-topic-63-photochemical-smog.html) 
 
 
 
The atmospheric environment becomes polluted when particulate matter and or gases are into 

the atmosphere, which causes harm to humans, other living organisms, and the environment. 

Any substance in the air that has unfavorable effects on human wellbeing and or the 

environment is referred to as air or environmental pollutant. Various air pollutants are known, 

differing in their properties such as natural structure, reaction properties, release, 

transportation ability and their subsequent influences on human health (Kampa and Castanas, 

2008) and the natural environment. They can be classified into four major types: Gaseous 

pollutants (e.g. nitrogen oxide (NOx), and ozone (O3)), Persistent organic pollutants (e.g. 

dioxins), Heavy metals (e.g. lead, mercury) and Particulate Matter (PM) (Kampa and 

Castanas, 2008). Gaseous pollutants have the greatest impact on atmospheric composition 

and are predominantly associated with fossil-fuel burning (Katsouyanni, 2003). Figure 1.3 

illustrates the sources of primary and secondary pollutants. These pollutants are present in 

solid, liquid or gaseous states, which can either, be natural (biogenic) or man-made 
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(anthropogenic). Notably, all of these pollutants can pose health risks, with the possibility of 

associated allergies even at low levels of exposure, particularly amidst those individuals with 

pre-existing health complications. Pollutants are classified as primary, directly produced from 

source or secondary those that are not produced directly. The most common sources of air 

pollution include: 

 
Particulate matter (PM): is a type of air pollutants, comprising of complex and varying 

mixtures of particles (including diesel exhaust) suspended in the air that are produced by a 

variety of natural and human activities (Pöschl, 2005). PM vary in size and composition. 

“The pathogenicity of PM is determined by their size, composition, origin, solubility and 

their ability to produce reactive oxygen” (Xing et al., 2016). Factories, fire, power plants, 

waste burners, automobile, manufacturing, and environmental windblown dirt are all 

regarded as sources of this pollutant (Kampa and Castanas, 2008). Increased airborne 

concentrations of PM have a strong connection with early mortalities, hospital admittances, 

and asthma attacks, where the aged and individuals with pre-existing breathing conditions are 

at more danger (SEI, 2012).  

 
Ozone (O3): It is formed as a “secondary pollutant in the troposphere from complex 

photochemical reactions following emissions of precursor gases such as NOX and non-

methane volatile organic compounds (NMVOCs), deriving from paint application, road 

transport, dry-cleaning, and other solvent uses” (Ferrante et al., 2015). The high oxidizing 

potential causes O3 to damage mucus and respiratory tissues of animals and plant and 

similarly harms vegetation, specifically, trees and plants throughout their cultivation, and 

ecosystems, resulting in decreased farming returns and plant development (Ferrante et al., 

2015). Ground-level O3 has a negative influence on human wellbeing, however, it helps 

protect the earth from the sun’s damaging rays at upper atmospheric level (Ferrante et al., 
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2015). Combined evidence form different studies have shown that O3 exposure is linked with 

increased respiratory related illnesses (Chen and Kan, 2008). Significant individual 

differences do exist in response to O3 where children, aged individuals, asthmatics and people 

with existing persistent airway ailments are more susceptible to O3 related ailments (Chen and 

Kan, 2008). It has been reported that during the warmer season, the impact of O3 on 

respiratory hospital admittances appear stronger (Chen and Kan, 2008). 

 
Nitrogen dioxide (NO2): is a reddish-brown toxic gas with a harsh, stinging smell (Patocka 

and Kuca, 2014). It largely originates from the exhaust gas of vehicles, other elevated 

temperature burning, and is also formed naturally through thunderstorm due to processes 

related to the electric discharge associated with lightning (Kenneth and Monica, 2014). NO2 

is toxic by inhalation (Kelly and Fussell, 2011), especially for children, the ageing 

individuals, those with existing respiratory related illnesses and people with chronic 

obstructive pulmonary disease (COPD) (Kenneth and Monica, 2014). NO2 causes multiple 

negative respiratory effects associated with increased emergency hospital visits and 

admittances for respiratory illness (Galan et al., 2003). Additionally, a well-defined impact of 

NO2 on occurrence of viral infections among asthmatics patients have been reported among 

studies assessing intensification of asthma in children (Linaker et al., 2000). Atmospheric 

NO2 is also known to be either harmful or beneficial to plants depending on the concentration 

and plant species (Capron and Mansfield, 1977; Sandhu and Gupta, 1989; Wellburn, 1990). 

Because combustion processes typically produce both PM and NOx, it is often difficult to 

epidemiologically separate the effects of NOx and PM. 

Sulfur dioxide (SO2): is usually formed by volcanoes and in several manufacturing 

procedures is often a local pollutant, especially in moist atmospheres (McGranahan, 2012). 

At inhalation exposure, SO2 can cause severe irritation of the nose and throat (Patocka and 
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Kuca, 2014). It forms H2SO4 when in contact with moist membranes (White and Martin, 

2010). At high concentrations it can cause life-threatening accumulation of fluid in the lungs 

(Patocka and Kuca, 2014). Highest levels of SO2 in the atmosphere can result in short-term 

breathing struggle for active outdoors individuals with asthma (El-Sharkawy, 2013) while 

longer-term exposures to the excessive levels of this gas leads to respiratory illness and 

worsen heart ailments (Nguyen and Kim, 2006). “Gaseous SO2 can remain in dry 

atmospheres for many days and combine with other pollutants to form sulphate particles, 

which can persist and be transported considerable distances as a fine particulate and it can 

be an important component of haze” (SEI, 2012). Even though some researchers reported 

connections between SO2 exposure and daily death, emergency hospital admissions for 

asthma, COPD and cardiac illness (Wong et al., 1999), others debated that SO2 may function 

as a “surrogate” for city air pollution from fossil fuel burning (Buringh et al., 2000).  Note 

that in the UK and many other countries the concentrations of SO2 are now much lower than 

their historical highs due to the use of cleaner non-sulphur containing fuels. 

 
Carbon monoxide (CO) - is the most abundant atmospheric pollutant released by our 

technological society and also a natural by-product of different mammalian, plant and 

bacterial cell systems (Uffen, 1981). It is colourless, odourless, non-irritating but very toxic 

gas and a product of partial combustion from vehicles and engines where its major source is 

road transport (Kampa and Castanas, 2008). CO binds in the lungs with hemoglobin in the 

blood to form carboxyhemoglobin (COHb) that impairs the conveyance of oxygen within the 

body system (Schwela, 2000). This reduces the amount of oxygen reaching the body’s organs 

and tissues, thereby aggravating heart illness that results in chest pain and other symptoms. 

Other health effects include hypoxia, neurological deficits and neurobehavioral changes, and 

that persists even at very low CO levels, signifying no threshold for the commencement of 
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these consequences (Schwela, 2000). Formation of COHb at lower levels may have more 

serious health consequences than ambient CO (Hampson et al., 2012). 

 
Figures 2.1 illustrates the schematic drawing of causes and effects of air pollution as a result 

of natural and man-made activities. These ambient pollutants do have a greater impact on 

human health that is associated with a number of disease consequences (Kelly and Fussell, 

2011). 

 

 

 
 
Figure 1.4: Schematic drawing of causes and effects of air pollution: (1) greenhouse 
effect, (2) particulate contamination, (3) increased UV radiation, (4) acid rain, (5) 
increased ground level ozone concentration, (6) increased levels of nitrogen oxides. CH4- 
Methane, O3- Ozone, SOX- Sulphur oxides, CO2- Carbon dioxide, NOX- Nitrogen oxides 
and CFC- Chlorofluorocarbons (Adopted from Kenneth and Monica 2014). 
 
 
 
Even though, the main air pollutants encountered in daily life are PM, O3, CO, NO2 and SO2, 

in this study only NO2 and O3 were studied in relation to their effects on pollen grain. This is 

partly because SO2 levels have been decreasing in most parts of the world in contrary to 

traffic-related air pollutants, while NO2 and (away from cities) O3 levels tend to increase due 
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to the increased number of motor vehicles. Additionally, NO2 and O3 were studied because of 

the well-known health effects of these traffic-related pollutants in relation to pollen grain. 

 

Pollutants Averaging time AQG values (µg/m3) 

Particulate matter 

PM2.5 1 year 10 

24 h (99th percentile) 25 
 PM10 1 year 20 

24 h (99th percentile) 50 
Ozone O3 8 h daily maximum 100 

Nitrogen dioxide NO2 1 year 40 

1 h 100 
Sulfur dioxide SO2 24 h 20 

10 min 500 
 
 
Table 1.1: Global updated WHO Air Quality Guidelines (AQG) (Adopted from WHO 
Regional Office for Europe; 2006). Short-term values are defined such that the 99th 
percentile of the 24-hour averages measured throughout a calendar year does not 
exceed the stated value. Averaging time is the amount of time frame taken into 
consideration the concentration of pollutant that will have short-term (acute) and long-
term (chronic) effect on human health post exposure. AQG values are the recommended 
maximum concentrations of the pollutant in the air over the averaging time. 
 
 
 
 
 
The WHO Air Quality Guidelines outlines an international reference on the negative effects 

of exposure to air pollutants on human wellbeing. The scientific knowledge on health hazards 

related to air pollutants, providing risk estimates for exposure to air pollutants and 

recommending air quality guidelines for member states to develop their own national air 

quality standards are all summarized on the guidelines (Table 1.1 above). Table 1.1 shows the 

latest global updated version of the WHO AQG published in 2006, which focused on four 

classical air pollutants, namely PM, NO2, O3 and SO2.  



 13 

1.2 Bioaerosols  
 

Primary biological aerosols (PBA), referred to as bioaerosols, are a subset of atmospheric 

particles, which are directly discharged from the biosphere into the atmosphere (Fröhlich-

Nowoisky et al., 2016). As the name implies bioaerosols are biological particles suspended in 

the air.  

“Bioaerosols are airborne viable and non-viable biological particles (e.g fungi, bacteria, 

pollen and viruses), their fragments and by-products” (Exley et al., 2014). 

 
Bioaerosols are abundant in all environments, their concentration depends on several factors, 

including environmental position, climate and time of day (Bertolini et al., 2013; Brodie et 

al., 2007; Fierer et al., 2008; Lee et al., 2010). The aerodynamic behavior of bioaerosols 

depends upon their length dimensions, density and form (Jones and Harrison, 2004). The size 

of a biological particle will affect its survivability in the atmosphere where the “interaction of 

a particle with its environment depends upon its surface area, while its ability to sustain 

damage depends upon its volume, resulting in smaller particles being more susceptible to 

environmental damage” (Jones and Harrison, 2004).  

 
As illustrated in Figure 1.5, PBA particle diameters range from nanometers up to about a 

tenth of a millimetre (Fröhlich-Nowoisky et al., 2016) with the upper limit of the aerosol 

particle size range determined by rapid loss via sedimentation (Hinds, 2012; Pöschl, 2005). 

PBA play a key role in the dispersal of reproductive units from plants and microbes (pollen, 

spores, etc.), for which the atmosphere permits their transportation over geographic barriers 

and long distances (Brown and Hovmøller, 2002; Després et al., 2012; Womack et al., 2010). 

Bioaerosols undergo further chemical and physical transformation, stress, and biological 

aging upon interaction with UV radiation, photo-oxidants, and various air pollutants (e.g 
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acids, NO2, aromatic compounds, and soot) during the process of atmospheric transport 

(Estillore et al., 2016; Franze et al., 2005; Santarpia et al., 2012; Shiraiwa et al., 2012b). 

 

 

                        
 
Figure 1.5: Characteristic size ranges of atmospheric particles and bioaerosols with 
exemplary illustrations: (A) protein, (B) virus, (C) bacteria, (D) fungal spore, and (E) 
pollen grain adapted from (Pöschl and Shiraiwa, 2015).  
 
 
 

1.2.1 Pollen 

“Pollen grains are biological structures produced by superior plants to perform the vital task 

of sexual reproduction” (Sousa et al., 2012). Pollen is a fine to coarse powder comprising the 

micro gametophytes (sperm producing gametophytes) of seed plants (Pastorius, 2014) and is 

part of the coarse fraction of air particulate matter (particle diameters >10 µm) (Després et 

al., 2012; Després et al., 2007; Elbert et al., 2007). Anemophilous plants develop 

compensatory mechanisms enabling successful fertilization, such as the discharge of huge 

quantities of airborne pollen, making dispersal of the grain easier (Sousa et al., 2012). 

Anemophilous plants are plants that rely on the wind to transport their pollen (D’amato et al., 

2007). Pollen fragments are typically located within the fine PM fraction (PM2.5 which is 

less than 2.5 micron in length) that can be easily deposited into the human respiratory tract 

and alveolar areas of the lung (Fröhlich-Nowoisky et al., 2012; Fröhlich-Nowoisky et al., 

2009; Müller-Germann et al., 2015). “These features, associated with the allergens present in 

both inner part of the pollen wall (intine and cytoplasm) and pollen outer wall 
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(submicroscopical sites of the exine and orbicules) make these aerosol biological particles to 

trigger respiratory allergic reactions” (Sousa et al., 2012). Structural and architectural 

features of allergenic proteins appear to play a role in their allergenicity, however, research 

has shown that pollen allergens from almost all plant species belong to only a few (29 out of 

7,868) protein families (Radauer and Breiteneder, 2006; Radauer et al., 2008). Some pollens 

are more allergenic than others and some are produced in larger quantities (Jackson-Menaldi 

et al., 2002). The combination of abundance and allergenicity dictates the level of associated 

human allergy.  

1.2.2 Birch pollen  

Birch (Betula) belongs to the Betulaceae family (Asam et al., 2015) that is assigned to 

Fagales order (APG II 2003). Betulaceae (Fagales) contain roughly 120-150 species of trees 

or shrubs, appearing typically in the northern temperate zone (Grimm and Renner, 2013). The 

birch is a tree or shrub that are medium sized trees with small, triangular, serrated leaves and 

white bark. Birch trees have yellow catkins that produce the pollen and the fruit composed of 

layers of small seeds in a catkin shape, green at first, then brown 

(https://www.worcester.ac.uk/discover/nparu-pollen-types-birch.html). Birch pollen has a 

unique morphology that allows the species to be identified easily. The genus Betula species 

are typically similar, where dissimilarities between the species might be found in the size, 

abundance, and organization of the different structural features. Due to the similarities in 

structure and other components of trees belonging to the Fagales order, their major allergens 

have a degree of cross-reactivity (Puc 2003; Rodriguez-Rajo et al. 2004). More than 96% of 

patients allergic to tree pollen react toward Bet v 1 (Jarolim et al., 1989), which is the major 

allergen in birch trees (Ipsen and Løwenstein, 1983).  
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Birch is mainly distributed in the UK (countrywide), Europe, Asia and Northern USA, 

limited to cooler climates or found at altitude (https://www.worcester.ac.uk/discover/nparu-

pollen-types-birch.html). In England, there are large amounts of Betula (Skjøth et al., 2013), 

and high concentrations have been identified in London (Skjøth et al, 2009) and Worcester 

(Adams-Groom et al, 2002). Worldwide, different birch trees species do exist. However, the 

native to UK are: Betula pendula (silver birch), B. pubescens (downy birch), and B. nana 

(dwarf birch) where B. pendula and B. pubescens are the most common and widespread 

(Preston et al. 2002; Stace 1997). In the UK, the flowering of birch normally happens 

between April and May (Skjøth et al., 2009). Dry and damp conditions are favourable to 

birch trees with B. pubescens being more common in humid surroundings (Skjøth et al., 

2009).  

 
Temperature is one of the main factors determining the start date of a pollen season; 

specifically for trees, flowering in spring it is the temperature during the period prior the 

onset of flowering is most important (Spieksma et al., 1995). The aerosols that contain 

allergens as well as those governing their release due to fragmentation of pollen and spores 

might occur as a result of weather change (Taylor et al., 2004). Records on the start of birch 

pollen seasons monitored across three sites (Cardiff, Derby and London) in the UK for forty-

two years showed a trend for the pollen season to begin earlier (Emberlin et al., 1997). The 

study on these sites have shown that a clear biotic response in the timing of the birch pollen 

seasons is occurring in relation to the warmer spring temperatures of recent years (Emberlin 

et al., 1997). The most influential weather on the start dates of the birch pollen season at the 

three sites was from early February to middle of March (Adams-Groom et al., 2002). Overall, 

it has been established that climate change has a significant impact on airborne pollen since it 

induces faster plant growth, increases the amount of pollen production from each plant and 
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pollen season, increases the amount of allergenic proteins contained in pollen and increases 

the start time of plant growth (D’Amato et al., 2013). 

 
When birch trees are flowering and become exposed to moisture followed by drying winds, 

they can generate particulate aerosols containing pollen allergens (Taylor et al., 2004). Due to 

the small nature of the particles, they can be deposited in the peripheral airways, which have 

the potential to stimulate an inflammatory response (Taylor et al., 2004) and upon interaction 

with air pollutant, can cause pollen protein specific modification that in turn might lead to 

increased pollen allergenicity. “Usually the onset, duration, and intensity of clinical 

symptoms in patients with respiratory allergy to pollen are correlated with counts of 

atmospheric pollen grains, although this relation is not always simple” (D’Amato et al 

,1996). Skjøth et al. (2009) reported that 90% of patients allergic to birch pollen show mild 

symptoms when the pollen count is above 80grains/m3 at the start of the birch pollen season 

(Skjøth et al., 2009). However, 80% of patients do show indications of allergic reaction at a 

level below 30 grains/m3 during the late season (Emberlin 1997; Koivikko et al. 1986; 

Viander and Koivikko 1978). It is reported in another study, exposure to pollen concentration 

of 20 pollen grains/m3 of air showed noticeable symptoms in patients allergic to grass. At 

concentration of 65 and 120 (several hours exposure) pollen grains/m3, the symptoms were 

intensified and causes dyspnoea in some patients respectively (Rapiejko et al., 2007). 

Comparable symptoms transpired after contact with birch pollen. Thus, it can then be 

established that clinical signs of allergic disease are dependent on the concentration and the 

kind of aeroallergen the individual was exposed to (Rapiejko et al., 2007) and the time of 

exposure.  
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1.2.3 Pollen allergy 

Pollen grains are a major concern in allergy (ANSES, 2014). An allergy occurs when a 

specific sensitivity to a foreign material recognised as allergen causes the body's immune 

system to respond using the defence mechanisms (Brain, 2004). Asthma in sensitized 

individual can be triggered by pollen. In the atmosphere, the allergenic content of pollen 

varies according to weather, geography and vegetation (D’Amato et al., 2007). The main 

allergenic period, exact timing and high pollen seasons will differ yearly based on climate 

change and biological factors (http://www.worcester.ac.uk/discover/pollen-calendar.html). 

The most common allergic conditions is hay fever, with more than 10 million estimated 

sufferers in the UK alone (Pashley et al., 2015) . 

 
“Allergies are generally thought to be a detrimental outcome of a mistargeted immune 

response that evolved to provide immunity to macroparasites” (Palm et al., 2012).  The 

immune system treats the pollen as an intruder and responds by mobilizing to attack by 

producing large amounts of antibodies. Seasonal allergic rhinitis (SAR) has been known to 

develop as a result of plant pollens in the atmosphere and its indications overlap with pollen 

season (Davies et al., 1998). However, there are several anomalies that suggest additional 

factors must be considered because the relationship is not direct and simple (Davies et al., 

1998). The occurrence of respiratory allergic reactions stimulated by pollens has increased in 

recent years (D'Amato et al., 1998). Currently, the prevalence of pollen sensitivity is expected 

to be up 40% (D’Amato et al., 2007). Regarding pollen allergenicity, some studies suggested 

that pollen-derived lipid mediators (PALMs), can also interact with the immune system 

thereby resulting in the modification of the allergenic response (Bashir et al., 2013; Traidl-

Hoffmann et al., 2003). 
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1.2.4 Allergenic protein release of pollen grain 

Pollen is a naturally occurring atmospheric environmental allergen where in several cases is 

accountable for severe human health diseases (Bosch-Cano et al., 2011; Cresti and Linskens, 

2000; D'Amato et al., 2010; Traidl-Hoffmann et al., 2009). The release of allergenic proteins 

from pollen and spores usually occurs after cell destruction or under moist conditions 

(Knutsen et al., 2012). Particularly, pollen rupture can occur as a result of osmotic shock 

during rainfall and can lead to occurrences of thunderstorm asthma (Behrendt and Becker, 

2001; Cecchi et al., 2010; D'Amato et al., 2016; Taylor and Jonsson, 2004). These weather 

conditions may stimulate hydration and disintegration of pollen grains that discharge 

allergenic bioaerosols into the air (D'Amato et al., 2010). Additionally, elevated 

concentrations of pollen, fungal spores, and other PBA particles have also been detected 

following the onset of heavy rainfall and moist weather conditions (Elbert et al., 2007; 

Huffman et al., 2013; Müller-Germann et al., 2015). Increased concentrations of free allergen 

particles in fine air PM have also been seen after rainfall (Schäppi et al., 1997). The 

interaction of PBA particles with air pollutants, like NO2 and O3, can also damage the 

particles’ envelope, and it has been hypothesized that this facilitates the release of allergenic 

materials, such as cytoplasmic granules from pollen (Reinmuth-Selzle et al., 2017). Behrendt 

et al. (1997) showed that there is morphological evidence for preactivation of pollen by 

organic extracts of airborne particulate that may then induce local allergen release, resulting 

in either allergenic extrusion followed by generation of allergenic aerosols or adsorption of 

pollen-derived proteins to airborne particles (Behrendt et al., 1997). Furthermore, Okuyama 

et al. (2007) studied the acid adsorption properties of the pollen and concluded that nitric acid 

is not only adsorbed on the surface but also dissolved into the inner part of the pollen, thus 

changing the chemical balance (Okuyama et al., 2007) of the pollen grain. 
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1.2.5 Pollen protein nitration 

At least 50 different diseases have been reported in association with protein nitration (Abello 

et al., 2009; Greenacre and Ischiropoulos, 2001) and it has been shown to modify the 

immunogenic potential aeroallergens like Bet v 1 allergen protein of birch pollen 

(Gruijthuijsen et al., 2006; Karle et al., 2012). High concentrations of traffic-related air 

pollutant particularly NOx and O3 enhanced asthma and allergic diseases suggested by 

numerous studies (D’Amato et al., 2007; Shiraiwa et al., 2012b). The advancement of 

allergies by traffic-related air pollution might be due to post-translational modification  

(PTM), nitration and associated modifications in the immunogenicity of allergenic proteins 

(Pöschl, 2005). PTM (post-translational modification) occurs when there is an addition of a 

functional group on a protein, affecting one or more amino acids (building blocks of protein). 

The modification is catalyzed by enzymes after the completion of protein translation by 

ribosomes (Kumar et al., 2008).  

 
Although the allergen content remained unchanged, birch pollen from urban regions had a 

greater allergenic potential than pollen from rural regions (Bryce et al., 2009). Additionally, 

proteins can be modified upon exposure to pollutants such as NO2 and O3 while still in the 

atmosphere. “Laboratory and field studies showed that proteins were efficiently nitrated 

upon exposure to gas mixtures of NO2 and O3 or polluted urban air (summer smog)” (Franze 

et al., 2005). Nitrated and oxidized proteins as well as protein degradation all occur upon the 

heterogeneous reaction of the protein with the gaseous reactants O3 and NO2 (Shiraiwa et al., 

2012b). A higher degree of nitration (ND) was reported to happen when the protein was 

pretreated with O3. Shiraiwa et al. (2011) reported that the deduction from these studies was, 

the nitration reaction of proteins with O3 and NO2 develop via long-lived reactive oxygen 
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intermediates ROIs (Shiraiwa et al., 2011). ROIs are products of PAH (Polycyclic aromatic 

hydrocarbon) and protein nitration  (Shiraiwa et al., 2011). 

 
In another study, Bet v 1 was nitrated using standard laboratory reagent for protein nitration  

Tetranitromethane (reagent that reacts with tyrosine and cysteine residues of protein leading 

to modification) (TNM) and two naturally occurring nitrating reagents, that is, Peroxynitrite 

(derived from NO) (ONOO−) imitating inflammation and oxidative/nitrosative stress and 

O3/NO2 representing the effect of air pollution (Reinmuth-Selzle et al., 2014). It was revealed 

in their findings that the effectiveness and specificity of the protein nitration is incumbent on 

the nitrating agent and the reaction conditions used during an experiment. It was also 

demonstrated that the nitration percentages were greater for sample of protein solutions (20% 

per day) than for solid or semisolid protein samples (2% per day) (Reinmuth-Selzle et al., 

2014). Thus, it can be assumed that under moist conditions, the allergenic potential of 

allergen protein might be specifically amplified (Garland et al., 2008). 

 

1.3 Climate change 
 

The term climate is generally understood to mean the usual weather of a place but can be 

different for seasons. Climate change can then be described as a variation in the usual 

weather of a particular place that changes in how much it rains in a year or change in 

temperature for a month or season.  

 
Climate change denotes a huge risk to worldwide health that could affect numerous disease 

factors in the 21st century because of its impact on certain food supplies, air and water 

quality, season, finances, and several extra serious wellbeing causes (Gennaro et al., 2015). 

“There is also a link between climate change and air pollution; an individual's response to 

air pollution depends on the source and components of the pollution as well as on climatic 
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agents” (Gennaro et al., 2015). It has been suggested that fundamental changes on the 

atmosphere and the climate created by human activity, affects the biosphere and the human 

environment at large (D'amato and Cecchi, 2008). This has affected and will continue to 

affect the human health (Beggs, 2004). Over the last 30 years, the Intergovernmental Panel 

report of February 2007 on climate change agrees that worldwide temperature has risen 

significantly due to amplified greenhouse gas emissions, mainly from anthropogenic sources 

(Jones et al., 2007).  

 
The occurrence of severe weather events, which includes heat waves, heavy rainfall, and 

thunderstorms, have been reported to increase in recent years (Ayres et al., 2009; Beggs, 

2004; D'amato and Cecchi, 2008). Heat-related prevalence of hospitalization and death 

resulting from cardiovascular and respiratory diseases have also been testified (Baccini et al., 

2008; Michelozzi et al., 2009; Stafoggia et al., 2006). 

 

1.3.1 Climate change and ambulance operations 

There have been very few studies of the effect of severe weather conditions and climate 

change on ambulance operations in the UK (Thornes et al., 2014) but there have been several 

recent studies in other countries namely: Australia, Brisbane: Sydney: Canada, Toronto, 

China, Hong Kong: Italy and Switzerland. Most of these international studies are concerned 

with the negative impacts of heat waves on ambulance; however, the study carried out by 

Thornes et al. (2014) on the impact of extreme weather on ambulance performance has 

examined the negative impacts of extreme cold weather as well. It was shown in the study 

that there is a considerable scope to improve understanding across a number of issues and 

there are potentially significant links between ambulance demand/performance and extreme 

weather and climate change. Even though, more research is required to establish a complete 
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understanding and identification of temperature thresholds, this study (impact of extreme 

weather on ambulance performance by Thornes et al. (2014)) has shown that hot and cold 

temperatures have significant negative impact on ambulance performance. Both hot and cold 

weather significantly increase the total number of incidents and in particular Category A (Cat 

A) incidents. “In the UK, there is a target response rate of 75% of life threatening incidents 

(Category A) that must be responded to within 8 min” (Thornes et al., 2014). More research 

is needed to evaluate which illness codes increase in hot and cold weather (Thornes et al., 

2014).   

 
A meaningful correlation between severe weather, increased ambulance call-out and response 

times was evidently established when daily air temperature data was compared with 

ambulance call-out data for Birmingham within 2007-2011 (Thornes et al., 2014). The 

influence of cold weather on health is predictable and mostly preventable reported by Public 

Health England. Studying the effects of extreme weather will widen the knowledge of the 

relationships between temperature and human health, and also help in generating public 

health policy that will aid in preventing the unfavorable impacts of weather change on the 

population (Lin et al., 2009). It will also help ambulance response time.  

 

1.4 Air pollution, climate change, pollen and human health 
 
In Europe, allergic diseases are increasing (Frank and Ernst, 2016) and climate change and 

anthropogenic air pollution are the probable reasons examined for this trend (Krämer et al., 

2000). Laboratory outcomes indicated that diesel exhaust particles increase sensitivity to 

allergens while epidemiological analyses propose an interaction between allergic illnesses 

and traffic contamination (Davies et al., 1998). Evidence from studies have shown that two 

most important air pollutants; O3 and NO2, can have negative effect on human wellbeing such 
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as the initiation of lung inflammation by O3 (Uysal and Schapira, 2003) and can enhance 

other allergic related illnesses such as asthma. To a lesser extent, SO2 also has possible 

influence on allergic reactions (Saxon and Diaz-Sanchez, 2005). Obviously, there are extra 

factors influencing the prevalence of allergic reactions apart from the already known cause, 

pollen. Thus, it can be assumed that an interaction between air pollutants and allergens do 

exist that aggravates the development of atopy and the indicators of allergic ailment (Davies 

et al., 1998).  

 
In the past few decades, a link between air pollutants and pollen on the severity of respiratory 

allergy signs have been highlighted (Bosch-Cano et al., 2011; D'amato et al., 2010; Sousa et 

al., 2011; Traidl-Hoffmann et al., 2009). It has also been proposed that contact with extreme 

levels of pollutants such as NOx and SOx can increase allergic sensitization, however, the role 

of the air pollutants is not well-defined (Bosch-Cano et al., 2011; Sousa et al., 2011).  

 
In recent years, climate variation has altered exposure to air pollutants that profoundly 

influence public health via exposure to ambient PM 2.5 (Mimura et al., 2014). These recent 

changes are related to an increase in asthma and allergic respiratory diseases (Mimura et al., 

2014). Build-up of air pollutants, such as O3, at ground level has an impact on occurrences of 

rhinitis and asthma exacerbation (Cecchi et al., 2010; Viegi and Baldacci, 2002). Direct 

interference of air pollution on individuals with respiratory allergies induces serious effects, 

however, the indirect consequences on pollen proteins are still under investigation (Sousa et 

al., 2012). The reactions to air pollutants by each individual is based on the kind of pollutant 

exposed to, the degree/time of the exposure, the person's wellbeing status and genetics 

(Vallero, 2007). It is important to note that the impact of air pollutants on individual can 

occur as a direct or indirect effect and its presence also exert vital actions on aeroallergens 

(Bartra et al., 2007).  
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Nonetheless, individuals with already existing allergic related illness such as asthma are 

susceptible to developing obstructive airway exacerbations upon contact with gaseous and 

particulate components of air pollution as suggested by considerable evidence (D'amato and 

Cecchi, 2008). These pollutants also affect plants and their pollen specifically; its 

morphology, cell wall, protein release and pollen protein (Frank and Ernst, 2016). The pollen 

coat, comprising of a complicated combination of pigments, waxes, lipids, aromatics and 

proteins (Edlund et al., 2004) might be damaged upon contact with air pollution as well as 

other factors (Frank and Ernst, 2016) such as humidity. It has also been shown that pollen 

growth in the plant (Schoene et al., 2004) and airborne pollination (Wang et al., 2010) may 

also be interfered by pollutants. The release of NO2 in urban setting is largely by 

transportation and housing heating (Chassard et al., 2015).  The threshold for human health 

protection on an annual basis with in Europe, has been fixed at 40 mg/m
3, ~213 ppb/0.213 

ppm (European Union directive 1999/30/CE) (Chassard et al., 2015). However, in the event 

of urban pollution, hourly concentration may extent up to 350 mg/m
3
 (Airparif, 2009). It is 

not clear whether such levels of NO2 will have an impact on pollen grains (Chassard et al., 

2015). 

 
Changes in the environment (global warming, air pollution, etc.) will result in an earlier and 

longer pollen season, enhanced pollen production and an increase in pollen allergenicity with 

a negative effect on atopic patients (D'amato and Cecchi, 2008). Climate change might alter 

allergic disease through other potential mechanisms, which includes: prolonged pollen 

periods thereby increasing the time of human exposure to aeroallergens; likelihood of longer 

allergy signs in individuals with existing allergic disease and lastly, elevated levels of pollen 

counts in the air may increase the gravity of sensitized symptoms (USEPA, 2008; Ziska et al., 

2011). 
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Figure 1.6: Description of the pathways through which climate parameters and air 
pollutants can influence the release, potency, and effects of allergens: temperature (T), 
relative humidity (RH), ultraviolet (UV) radiation, particulate matter (PM), ozone and 
nitrogen dioxides (O3, NO2) (modified from Reinmuth-Selzle et al., 2017). Pollen grains 
on their own carry allergens that cause allergic reactions. Upon interaction with 
pollutants and climate change, pollen becomes more allergenic and pollen season 
extends thereby increasing misery of sufferers. While climate change directly affect 
human health via extreme weathers, pollutants also affect human health directly 
causing various medical conditions. All these might lead to increase in ambulance call 
out rate. 
 
 
 
 
This interaction between pollen and mentioned variables in the atmosphere may lead to 

pollen pre-activation, morphological changes on the pollen surface, alteration of allergen and 

protein release, generation of more potent allergenic aerosols and increase pollen season 

thereby increasing allergic season and misery of sufferers.  
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1.5 The Research Questions  
 

1 What are the likely impacts of interaction between air pollution, meteorology and 

bioaerosols on human health?  

2 Are there observable differences between pollens that have been exposed to air 

pollution to those which have not? 

3 Do correlations exist between meteorological variables (temperature and relative 

humidity), pollen and different ambulance callout categories? (callout categories are 

defined in Chapter 2) 

 

 1.6 Aims and objectives  
 

The length of the pollen season of some of the most allergenic pollen species (e.g. ragweed 

and birch) is increasing as a result of climate change and hence it is expected that adverse 

health effects will become an even more severe problem in the nearest future. However, 

much less is known about the mechanism linking air pollution and climate change to 

increased pollen allergenicity. Birch pollen was chosen because of its high allergenic 

properties which makes it one of the major cause of pollinosis (hay fever caused by allergic 

reaction to pollen) and ranked one of the most important allergic pollen type. 

 
The overall goal of this project was established not only to better understand birch pollen 

allergenicity but also ascertain the ability to relate and predict the link between temperatures, 

and pollen counts with several medical conditions including allergic diseases.  
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The research used laboratory techniques to understand and measure changes that occur in 

pollen composition upon exposure to particular atmospheric components. The laboratory 

results and London data sets will then be incorporated into a statistical model, to see if there 

will be clear signal of increased allergic illnesses when both the pollutant concentration and 

pollen counts are high. The basic relation between some illness codes of the London 

ambulance with the meteorological variable of St James Park, London was also explored 

using a statistical model. Consequently begin to link the impact of these mechanisms to 

human health.  

 
To achieve the aim, this research:  
 

• Designed a laboratory setup and protocol to measure post-translational modifications 

on bioaerosols. 

• Investigated the post-translational modification of key allergenic pollen species 

(Birch) through exposure of the pollen grains to atmospherically relevant exposures of 

gas phase of NO2 and O3 within a dedicated and highly- instrumented laboratory for 

the investigation of particle (pollen) and gas phase species interactions. 

 
• Studied the effect of air temperature and pollen counts on ambulance callout rates for 

different medical categories using a statistical model. 

 
• Explored real time imaging of pollen exposure (to RH and NO2) to visualize any 

morphological changes on the pollen grain using light microscopy. 

 
• Probed the impact of NO2, RH and rainwater on surface of the pollen grain using 

SEM (scanning electron microscope) microscopy. 
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1.7  Hypotheses  
 

1. Ozone (O3) and nitrogen dioxide (NO2) pollution cause post-translational 

modification on pollen grain proteins. 

2. There are relationships between meteorological variables with some medical 

conditions.  

3. There is a relationship between pollen counts and allergic illnesses. 

4. Exposure to pollutants, humidity and hydration affects pollen grain morphologically 

and enhances the release of its particles. 

 

1.8  The Scope and Limitation of the Research  
 
The thesis will limit its assessment on the impacts of air pollutants, O3 and mostly NO2 upon 

pollen grain. It will investigate one type of pollen, namely birch, which is known to be a 

major allergenic species in the UK and Europe. It will explore the relationship between air 

temperature of St James park, London with key illness category codes used by the London 

Ambulance Service, in particular the top 20 callout categories. It will also study the 

morphological changes on the pollen grain after subjecting it to different treatments and 

conditions. Lastly, relationship concerning pollen counts with allergic related conditions 

amongst illness codes of London ambulance callouts data set will be assessed using time 

series and odds ratio analyses.  

In this thesis, all empirical Chapters have a specific literature survey section and related 

experimental and analytical methodologies.  The exceptions to this rule are Chapters 3 and 4 

that are reliant on one and another. Where Chapter 3 presents the detailed laboratory 

protocols required for the acquisition of the results shown in Chapter 4. 
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1.9 Thesis structure  
 

 
Figure 1.7: Thesis structure 
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CHAPTER 2  
 

Impact of air temperature on London 
ambulance call-out incidents and 
response times 
 
This chapter establishes the relationships between observed weather and the number of 

ambulance calls incidents and response times. A detailed analysis of London Ambulance 

callout data (2003-2013) is presented and compared to London weather data. These results 

are compared, where possible, to published research for other cities around the world.  

 

 
Figure 2.1: London Ambulance Service on response to emergency calls as snow hit parts 
of the capital on 30th November 2010.  
Adopted from (http://www.londonambulance.nhs.uk) 
 
 
 
This chapter has been presented at conferences and is available from online conference 

abstract database and records. This work has also been published in the Journal: Climate  

(Mahmood, M.A.; Thornes, J.E.; Pope, F.D.; Fisher, P.A.; Vardoulakis, S. Impact of Air 
Temperature on London Ambulance Call-Out Incidents and Response Times. Climate 2017, 
5, 61.). 
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2.0 Abstract  
 
Ambulances are an integral part of a country’s infrastructure ensuring its citizens and visitors 

are kept healthy. These services are in operation continuously (24/7) around the world and 

yet, until recently, ambulance data have only been used for operational purposes rather than 

for assessing public health. The impact of weather and climate change on ambulance services 

around the world has received increasing attention in recent years but most studies have been 

single medical condition specific. 

 
In England in 2013/14 more than 8.4 million emergency calls were received of which 71% 

required an emergency response. Ambulance call-out data offers a new and valuable (near) 

real-time source of public health morbidity information that can also be used to assess the 

impact of environmental conditions, such as temperature, upon human health. A detailed 

analysis of London Ambulance data is presented and compared to London temperature data 

recorded at a central London site (St James Park). Ambulance services are susceptible to 

disruptions from both hot and cold weather; disruptions primarily occur due to the increased 

number of emergency calls under such conditions. In London, the speed of ambulance 

response begins to suffer when the mean daily air temperature drops below ca. 2 °C or rises 

above ca. 20 °C. The degradation in response times is more rapid, with respect to change in 

temperature, at lower temperatures compared to higher temperatures, which result in three 

distinct temperature regimes <2, 2-20, >20°C. The baseline relationships established in this 

work will allow for the prediction of likely changes in ambulance demand (and illness types) 

that will be caused by seasonal temperature changes and increased frequency and intensity of 

extreme/severe weather events, due to climate change, in the future.   
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2.1 Introduction  
 
London is the UK’s largest city, and covers 1572 km2 (Smith, 2015). See Figure 2.1 for a 

map of London’s location in the UK. In terms of population density, London is by far the 

most densely populated city in the UK, with 4,779 people per km2 (Allen et al., 2012). The 

Census that took place on the 27th March 2011 indicated that London’s population has 

reached 8.2 million, making it the most populous city (www.ons.gov.uk). The biggest rise in 

London’s population is forecast to be in the 65 plus age group and the overall population is 

forecast to exceed 9 million by 2021 and to be almost 10 million by 2031 (Dunnell, 2007). To 

ensure an effective ambulance service there must be capacity to answer all callouts in a 

timely manner. Therefore, accurate prediction of the daily demand for ambulances is critical 

to meet targets every day. 

 
This study sets out to investigate the basic relationship between mean temperature (also some 

work on RH) and London ambulance callouts of Category A (Cat A) incidents.  

 

 
 

Figure 2.2: Location of London in United Kingdom. Adopted from  
(https://www.google.co.uk/maps/place/United+Kingdom) 
 
 



 34 

2.1.1 London weather 

  
London, the capital city of the United Kingdom has broadly similar climates to the rest of the 

UK, having cool summers, mild winters, no wet or dry season, and often moderate to strong 

winds (Parker, 2016). London has a moderate oceanic climate (Köppen-Geiger climate 

classification: warm temperate, fully humid, warm summer (Kottek et al., 2006).  

Nonetheless, absolute minimum temperatures have reported to range from −10.0 °C (14.0 °F) 

at St James Park, in central London down to −16.1 °C (3.0 °F) at Northolt during January 

1962 - the lowest official temperature in the London area. Kew's record showed temperature 

up to 38.1 °C (100.6 °F) which is recorded as the highest temperature in the London area, 

however, the lowest temperature to occur in recent years (21st  century) is −14.2 °C (6.4 °F) at 

Northolt during 2010 (Simon, 2010).  

 
The Figure (2.2 A, B and C) below displays daily mean temperature histograms for the years 

2003 and 2010 (which were the hottest and coldest year for over 100 years), and for the years 

2000 to 2013. The histograms give clear indications of the range of temperatures experienced 

in London within the years.  
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Figure 2.3: Histograms of London temperatures. A- Year 2003 daily mean temperature 
record that indicates a very hot year having a significant summer heatwave with highest 
temperature over 30oC. B- Year 2010 daily mean temperature record that indicates a 
very cold weather having a significant winter coldwave. This has been reported in other 
papers. C- Represents the daily mean temperature from year 2000 to 2013, which shows 
an averagely warm weather from the past 13 years. 
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2.1.2 London Ambulance Service 

 
The London Ambulance Service (LAS) is the busiest ambulance service in the UK. It is an 

integral part of London’s infrastructure ensuring that the residents and visitors to the capital 

of the UK are kept healthy. As such, the smooth running of the LAS is vital.  

 
Within England there are currently 11 National Health Service (NHS) organisations that 

provide ambulance services and more than 8.4 million emergency calls were received in the 

year ending March 2014, of which 71% required an emergency (face to face) response 

(HSCIC, 2014). This is an average of 23,216 calls per day (16.1 calls per minute).  The total 

figure of emergency patient journeys was 5.02 million and 1.99 million patients were cured at 

the scene (HSCIC, 2014). “The total cost of the NHS ambulance service is close to £2 billion 

per year, of which about £1.5 billion is spent on emergency services and the rest on 

ambulatory (pre-arranged) services” (Thornes et al., 2014). 

 
The London Ambulance Service (LAS) employs nearly 5,000 staff, including 3,150 frontline 

staff across 70 ambulance stations serving the Greater London population of more than 8 

million people. In 2014/15 over 1.9 million emergency ambulance calls were received in 

London (Figure 2.4) of which 1.1 million were responded to (on average 3,000 incidents per 

day) and nearly half a million were considered life threatening (Category A). This activity 

levels are steadily increasing with 9% more calls in 2014/15 than in 2013/14 (more than 400 

extra calls per day) (Wu et al., 2012).  
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Figure 2.4:  London Ambulance 999 calls 2005/06 – 2014/15 
 
 
 
 
The LAS uses the Advanced Medical Priority Dispatch System (AMPDS) to initially triage 

the patient’s chief complaint. In this step, there are approximately 30 complaint types that are 

then further categorised as either Cat A (designated as life threatening) – with a target 

response of 8 minutes or less, and all other calls (not serious or life threatening) – with a 

target time agreed locally which is normally up to 19 minutes. The NHS specifies that 75% of 

Cat A incidents must be responded to within the 8 minutes target time that is from the time of 

the 999 call to the ambulance arriving at the scene of incident.  

 
After an ambulance crew has seen the patient, a further refined illness code is specified with 

just over 100 categories used.  For example, a patient originally identified as having breathing 

problems may, after assessment, be further considered as asthma, COPD, hyperventilating, 

respiratory or dyspnoea. This data is recorded on patient report forms, which are available for 

analysis a few weeks after the event. It is noted that whilst LAS ambulance staff are trained 

medical professionals their diagnostic categories may be changed or updated once the patient 

arrives at hospital. Some category codes such as “other medical conditions”, “generally 
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unwell” and “pain (other)” are general and non-specific but are understandable, in that in the 

short time available the patient could be urgently rushed to hospital without the exact 

illness/injury being obvious. There is also some potential for diagnosis error within the other 

illness categories. For example, asthma diagnosis is relatively easy in part because the patient 

is very likely to know the condition from which they are suffering, whereas “respiratory chest 

infection” is more prone to misdiagnosis because of the commonality of its symptoms with 

other call-out categories such as COPD. Overall the illness data is as reliable as other data 

sources confirmed by the consistency and repeatability of results.  

 
 

2.1.3 LAS Ambulance Call out Categories 

 
There are a hundred and three (103) Cat A illnesses with a total number of 3677454 call outs 

in only the year 2013. Figure 2.5 illustrates the cumulative plot of all Cat A illnesses. The 

figure reveals that the top 10 call-outs as defined by total incidence rate account for 

approximately 50% of all Cat A callouts, while the top 20 call-outs accounts for 

approximately 75%. The top 20 illnesses include: Other medical condition (illnesses with no 

designated name), Pain-other (pain with no associated illness), Respiratory chest infection 

(infection of respiratory tract organs), Dyspnoea (shortness of breath or difficulty in 

breathing), Pain-Chest (likely chest pain), Generally unwell (fatigue), Alcohol related, 

Abdominal pains (pain in chest and pelvic region), Dizzy near faint/loss of coordination, 

Vomiting (throwing up), Collapse reason unknown (sudden falling with unknown reason), 

Cardiac chest pain ACS (acute coronary syndrome) (chest discomfort related to heart), 

Hyperventilation panic attack (over breathing that causes panic/anxiety attack), Epileptic fit 

(seizure), No injury or illness, Head injury minor, Seizure non ep, Pyrexia of unknown origin 

(fever of unknown origin greater than 38.3°C on several times), Pain back (pain in the back) 



 39 

and Asthma (long-term lung disease that inflames and narrows the airways). These illnesses 

are shown on the bar chart (Figure 2.6) according to their respective ranking. For this reason, 

this study has limited its investigations to the top 20 medical conditions.  
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Figure 2.5: Cumulative plot of the Cat A illnesses showing top 10 and 20 categories 
making up ~50% and ~70% of the entire call outs, respectively. 
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Figure 2.6: Percentage of total callouts of the top 20 illness codes each positioned at the 
respective rank.  
 
 
 

2.2 Related studies  
 
In recent years there has been an increasing awareness of the impact of weather and climate 

change on public health. In particular, the role of heat waves on public health has been widely 

investigated (Vardoulakis and Heaviside, 2012). Extreme weather condition impacts directly 

on ambulance services through additional calls because of the increased prevalence of 

temperature dependent call-out categories. Response times are affected by increasing call 
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volume but weather can also directly impede response times by creating obstacles to reaching 

patients, for example, flooding, snow, ice, fallen trees and fog. 

 
Previously, studies have investigated the impact of hot and cold temperatures in relation to 

same-day and lagged-days exposures (e.g., heat waves) (Guo et al., 2011; Yu et al., 2011). 

The study carried out by Thornes (2014) on the impact of extreme weather on ambulance 

performance examined the negative impacts of extreme cold weather. It was shown in the 

study that there is a considerable scope to improve understanding across a number of issues 

and there are potentially significant links between ambulance demand/performance and 

extreme weather and climate change. However, limited efforts to study the impact of 

temperature on ambulance attendances have been made (Cerutti et al., 2006; Nitschke et al., 

2011). An increased ambulance call-out and response times with significant link between 

severe weather were evidently revealed after comparing 5 years data of daily air temperature 

with ambulance call-out for Birmingham (Thornes et al., 2014). Furthermore, the figure of 

ambulance call-outs increased through the heat wave of August 2003, while during the 

coldest December (beyond 100 years), “the response rate fell below 50% for 3 days in a row 

(18-20 December 2010) with a mean response time of 15 min” (Thornes et al., 2014). The 

results showed that a decrease in the air temperature by 1oC leads to a reduction of 1.3% in 

ambulance call-out performance (Thornes et al., 2014). The ambulance call-out performance 

is the number of Cat A that is responded to in the 8 mins. Nonetheless, there have been very 

few studies of the impact of severe weather and climate change on ambulance operations in 

the UK (Thornes et al., 2014) but there have been several recent studies where the ambulance 

based studies looked at the negative impact of heat waves on ambulance performance in other 

countries namely: Australia: Adelaide (Nitschke et al., 2011), Brisbane (Turner et al., 2012), 

and Sydney (Schaffer et al., 2012); Canada: Toronto (Bassil et al., 2010; Dolney and 

Sheridan, 2006); Italy: Emilia-Romagna (Alessandrini et al., 2011) and Florence (Petralli et 
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al., 2012); Switzerland: Ticino (Cerutti et al., 2006) and United Kingdom: London (Thornes 

et al., 2014; Wolf et al., 2014). 

 
For example, during warm weather in London, for every 1oC above a mean temperature of 

20oC, it has been shown that the total number of ambulance incidents increases by 1% on 

average. There are fewer studies that looked at cold waves: Australia: Brisbane (Turner et al., 

2012) and the United Kingdom: London (Thornes et al., 2014, showed that for December 

2010, the coldest December for 100 years, the daily number of Cat A incidents for the 

London Ambulance Service was nearly 20% higher than November 2010). These results 

show that severe cold weather has a significant negative impact on ambulance performance. 

For example, during cold weather in London, for every 1oC below a mean temperature of 

2oC, it has been shown that Category A performance declines by 1.5% (Thornes, 2014). 

 
A study in Hong Kong looked at the impact of a range of weather parameters (temperature, 

humidity, air pressure and cloud) on the daily demand for ambulances (Wong and Lai, 2010) 

and concluded that: 

 
“The presence of strong weather effects among different target groups indicates the 

possibility for the development of a short-term forecast system of daily ambulance demand 

using weather variables. The availability of such a forecast system would render more 

effective deployment of the ambulance services to meet unexpected increases in service 

demands” (Wong and Lai, 2010). 

 
Such a forecast system would enable much better handling of ambulance demand during 

severe/extreme weather events likely to be enhanced by climate change. In Germany 

(Bavaria) the impact of a range of weather conditions (2006-2007) on COPD and the effect 

on ambulance incidents has been examined (Ferrari et al., 2012). Also a few studies have 
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looked at the carbon footprint of ambulance services for example in Australia (Brown et al., 

2012) and the United States (Chung and Meltzer, 2009).  

 
Most of these international studies are concerned with the negative impacts of heat waves on 

ambulance. And a number of the investigations have stated that a strong association between 

same-day temperature and emergency admissions for cerebrovascular (Makie et al., 2002; 

Wang et al., 2006) and respiratory disease do exist (Abe et al., 2009). Particularly, the 

ambulance response calls and intense heat study in Toronto Ontario, Canada (Dolney and 

Sheridan, 2006). After studying the difference in calls across the town, the finding indicated 

that increased call rates during hot days were linked to both day-of-week factors and 

population travels (Dolney and Sheridan, 2006). Among the recent studies carried out, 

Toronto, Ontario, Canada (Bassil et al., 2010) and Emilia-Romagna, Italy (Alessandrini et al., 

2011) tried to measure the temperature-ambulance attendance association for cardiovascular 

and respiratory disease and temperature exposure, after controlling for interfering factors. An 

increase in ambulance attendances for both and other non-traumatic diseases was observed 

that is linked particularly to the summer days temperature (Turner et al., 2012). The impact of 

air pollution (PM10) on ambulance incidents has previously been shown to be significant in 

the Italian Region of Emilia-Romagna (Sajani et al., 2014).  Since particular “effects on 

ambulance attendances were found to differ from those on hospital admissions or mortality 

and also between the different attendance categories; it would therefore be useful to compare 

different exposure-response relationships in future research” (Cerutti et al., 2006). Based on 

public health policy (Dolney and Sheridan, 2006), detecting the initial indications of 

temperature effects on human health that cannot be investigated using death and hospital 

admissions data could be supported by studying ambulance attendances data instead (Turner 

et al., 2012). A time-series study in Huainan, China examined their impacts on emergency 

ambulance dispatches under different temperature metrics and reported that both extreme 
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heat and heatwaves were significantly associated with increases in emergency ambulance 

dispatches, and their effects appeared to be acute (Cheng et al., 2016). A significantly 

increased risk for all attendance categories was found to be associated with cold temperature 

effects indicating that the short exposure lags considered in the Italian study (Alessandrini et 

al., 2011) might have followed in an underestimation of the cold impact. In another study by 

Turner et al. (2012), related trends across all the attendance groups were observed, after 

immediate exposure to heat.  

 
 

2.3 Methodology  

2.3.1 Data sets 

London meteorological variables (temperature and relative humidity (RH)) and ambulance 

callouts for Cat A illnesses data sets for the period of 01-04-2003 to 31-07-2013 were 

analyzed. LAS provided daily-anonymised ambulance data, which provided information on 

callout category. Meteorological data was that of St James Park observatory (SJP, 54.97554 

oN and -1.62162 oE), which occupies a central position in London, a location that is 

approximately within the centre of the LAS’s geographical remits. SJP is the longest-record 

Central London meteorology available (Jones and Lister, 2009). The hourly output 

temperature data from this station was obtained via the British Atmospheric Data Centre 

(BADC) (Bhaskaran et al., 2013). Temperature is the measurement of hotness or coldness of 

an environment or object, while RH is the percentage of the partial pressure of water vapour 

referenced to the saturation vapour pressure of water at a given temperature (Seinfeld and 

Pandis, 2016) that varies, depending on the interplay between temperature and gas phase 

water concentration.  
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2.3.2 Data analysis  
 
The meteorological hourly data set was converted to daily mean averaged data using the 

“dplyr” package in R statistical software (Wickham and Francois, 2015). There were no 

missing values for the entire London ambulance data set analysed, however, after conversion 

of the hourly temperature data to daily mean data, 10 days data were missing amongst 3134 

days. These days were omitted from the analysis. Among the 103 categories A (life 

threatening) illnesses, only the top 20 most common call out categories were analysed in this 

study. All data sets used were initially tabulated in excel where the mean data were calculated 

and subsequently analysed in R statistical software (R version 3.0.2) using the appropriate 

packages (lubridate, timeSeries, TTR, zoo, xts, akima, abline, car and plotrix). The highest 

mean temperature and RH in the data were 27.8°C and 100% respectively while the lowest 

were -2.4°C and 40.9% respectively. Initial tests showed that there was little difference in 

outcomes between the use of mean average daily temperature, versus minimum or maximum 

daily temperature. However, Guo et al., (Guo et al., 2011) mentioned that mean temperature 

was found to be a better predictor and thus was used as the temperature indicator in this 

study.  

 
In this study, various statistical analyses were performed, including simple descriptive 

statistics and time series analysis. For the time series analysis, the ambulance callout data was 

de-trended to remove any long-term trend using either a linear fit or polynomial fit of the 

total time series. The de-trending analysis splits the data into three components, namely: 

long-term trend, seasonality and residual components. The seasonality component was used 

for understanding the relationship between illness codes and temperature using linear 

regression analysis. The joint effects of temperature and RH on some of the illness codes 

were also observed using multi linear regression. Lastly, the statistical method used to test for 

statistical significance of the results was the lm function in R statistical software, which 
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provide p-values. The p-value test was performed on individual de-trended callouts versus 

temperature.  

 
 

2.3.2.1 Time series analysis 
 

To investigate the relationship between the meteorological variables (temperature and RH) 

and the illness codes, both data sets were converted into weekly data sets from daily data. The 

daily ambulance callout data was transformed into weekly data through summing of the daily 

data average over seven days. The weekly temperature data used is the mean average 

temperature. It is worth noting that strong correlation does not imply causation. Correlation 

denotes a statistical relationship between variables. The strength of the correlation can be 

measured using the R-squared (R2) metric, which can be a strong, medium, weak or no 

relationship. In this study, the R2 values are defined as: strong (0.5-0.7), medium (0.3-0.49), 

weak (0.19-0.29) and insignificant (0-0.18) correlations respectively. The R2 metric measures 

the fraction of the sample variance that can be explained by the correlating variable.   

 
To probe the effect of temperature, and hence seasonality on the call-out rates, the long-term 

trends need to be removed from the data. There are various statistical methodologies that can 

be used to remove long-term trends (Bhaskaran et al., 2013). In this study, the de-trending 

was achieved through division of the observed data with the cubic least squares fit (by 

subtracting cubic model from the data produced) of the observed. De-trending removes 

background trend and any long-time trend from the data alongside the weekly conversion. 

De-trending data also focuses analysis on the variations in a data set and enables future 

prediction of values because the background trend and long-time trend have been eliminated. 

After the long-term trends of the different callout categories have been removed, then the 

temperature dependence of the different categories was analysed. Time series graphs of the 
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variables were then generated to visualize the effect of the temperature on the illness codes in 

terms of ambulance usage and a scatter plot for the de-trending outcome was also plotted. 

 
For the correlation analysis, scatter plots of the relationship between mean temperatures 

versus de-trended illness code callouts were created. Time lag of the data was also carried 

out, with the time lag either in days or weeks: 0 to 3 weeks, and 0 to 15 days. The R2 values 

were recorded. The term time lag effect refers to the delay between the time of an 

intervention or exposure onset, such as the date on which a person gets exposed, and the 

subsequent development of a health outcome (Gail, 2005). The lag analysis defines how x 

affects y over time, that is the effect of a regressor x on y occurs over time rather that all 

happening at once. Generating R2 values of the relationship between the variables of interest 

explained the time lag relationship of the variables. Lastly, scatter plots of the lag days 

against the R2 values were generated. 

 
Further analyses were performed which investigated the joint effects of temperature and RH 

using multi linear regression. Linear regression and cubic model were performed as well as 

residual analysis (observed differences between dependent variable and predicted value) to 

enable prediction. Multi linear regression was for predicting a dependent variable using 

values of more than one independent variables, while linear regression was used to ascertain 

the linear relationship between dependent and independent variables. This aids in forecasting 

dependent variable based on the values of independent variable.  

 
 
 
2.3.2.3 Air temperature versus ambulance response time 
 

Daily data was extracted from the LAS for 2003-2013 including the number of calls, 

responded incidents, the number of Cat A calls, the % of responses within 8 minutes and 
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illness codes. During those years 14,717,476 calls were received; 9,947,927 incidents were 

responded to with a frontline vehicle (68%) and 3,359,572 Cat A life threatening calls were 

assessed (23% of all calls). The response data was then compared to mean daily temperature 

data from St James Park (SJP, longitude and latitude coordinates 54.97554 oN and -1.62162 

oE) in London over the same period. The heat waves of 2006 and the warm summer of 2013 

plus the very cold December of 2010 are present within the dataset providing a wide cross 

section of weather events.  

 

2.4 Results and Discussion 
 

An increase on the rate of ambulance usage was observed over the time period studied i.e. 

ambulance usage is increasing year on year. The rate of increase is larger than the population 

increase over the same time period. The callout frequencies of many different medical 

conditions are dependent upon the meteorological conditions. In particular, temperature is a 

good predictor of callout rate with both negative and positive temperature dependencies 

observed for different medical categories. Different categories of ambulance callout have 

different time lags associated with them depending on the category. In broad terms, 

categories involving illness, which require an incubation period, will have a time lag (time 

interval between two related spectacles that is, a cause and its effect, here is temperature /RH 

and their effect on human health) whereas accidents tend to have zero time lags. The 

outcomes show statistically significant relationship between mean temperature and some of 

the analyzed illnesses of the London ambulance callout even though some were weakly 

correlated. Furthermore, there were time lagged-effects observed within 0-15 days and 0-3 

weeks as well. Among all the top 20 illnesses, respiratory chest infection had the highest 

correlation with temperature. 
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verify this statement because non-fresh (commercial) pollen was used in this study. 

5.4.3 Impacts of different conditions/treatment on the surface of the 
pollen grain 

 

 
 
 

 
 

B- undamaged 
pollen grain 
rehydrated in 
rainwater (~22 hrs)  
 

A-Undamaged 
pollen  
 

C-Crushed dry pollen 
grain hydrated in 
rainwater  
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D-Crushed dry 
pollen grain  
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F- Hydrated pollen 
grain exposed to NO2 
at 10 ppm for 1 hr 
 

E- Undamaged pollen grain 
exposed to NO2 at 10 ppm 
for 1 hr 
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G-Undamaged pollen 
grain exposed to 1 hr 
RH 
 

H-Undamaged pollen 
grain exposed to 24 hrs 
RH 
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Figure 5.9: Picture gallery of pollen characteristics after being subjected to different 
condition/treatment. Starting from top to bottom (A-I) A (control)- Undamaged dry 
pollen grain (intact pollen grain from storage container as provided by supplier) 
without any treatment. B- Undamaged dry pollen grain hydrated in rainwater over 
night (~22 hrs). C- Crushed pollen grain (mechanically crushed dry using metal 
bead). D- Crushed dry pollen grain hydrated in rainwater. E- Undamaged dry 
pollen grain exposed to NO2 for 1hr. F- Hydrated pollen grain exposed to NO2 at 10 
ppm for 1 hr. G- Undamaged pollen grain exposed to 1 hr RH. H-Undamaged pollen 
grain exposed to 24 hrs RH. I- Pollen grain exposed to NO2 at 10 ppm and 
mechanically crushed in precellys tube then extracted in extraction buffer. The blue 
arrow is pointed at ruptured grain after being crushed, while the green arrow is 
pionted at the particles expelled via germination pores following hydration in 
rainwater (rain-induced mechanisms of allergen particles release) and red arrow is 
pointed at the tiny white patches hypothesized to be induced by NO2 exposure. 
  
 

 

 

Figure 5.9: A-I provide an image gallery of birch pollen grains characteristic under 

different conditions/treatments. After hydration in rainwater and dry crushing the pollen, 

most examined pollen grains released particles through the germination pores and exine 

respectively (Figure 5.9 images B, C, D, E, and F). In the released particles, the most 

conspicuous materials are the starchy granules, however, smaller particles and amorphous 

materials were also expelled (Grote et al., 2001). Comparing the cytoplasmic release 

I- Undamaged Pollen grain 
exposed to NO2 at 10 ppm then 
extracted in extraction buffer 
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mechanism of birch pollen to other pollens, particularly sweet grasses, birch pollen exine 

does not burst on hydration which could be due to its thick walls that might not favour 

bursting (Schäppi et al., 1999). However, birch pollen does rupture when crushed (Figure 

5.9 image D, ruptured grain pointed with blue arrow) and also expel particles via 

germination pore upon hydration (Figure 5.9 image B, expelled particles pointed with 

green arrow). Once the pores are filled with water then the rest of the surface is supposed 

to be wetted as revealed in the research of Pope (2010). Looking at Figure 5.9 image A, 

the pollen pores are closed and the exine shrivelled, however, once subjected to some of 

the conditions mentioned above, the get ruptured open at their germination pores and 

swollen (Figure 5.9 image B) as compared to the undamaged (intact) pollen (Figure 5.9 

image A). It can be seen that between Figure 5.9 images B, C, F and I that the pollen grain 

swells internally (Pope, 2010), but there is no obvious sign of water uptake upon the 

pollen surface. This is expected in the low pressure conditions of the SEM. Figure 5.9 

images C and D are subjected to slightly altered conditions, however, both released 

particles onto the outer part of the pollen. For Figure 5.9 images E and F, it cannot be 

established that the tiny white patches pointed with red arrow and particles were induced 

by NO2 exposure. Exposure to the ambient air pollution increased the fragility of exine 

that is the most prominent results shown in many experiments (Majd et al., 2004; 

Rezanejad, 2009 Sénéchal et al., 2015). According to the initial fragility of a specific 

external pollen membrane, it causes collapse and numerous cracks on its surface 

(Sénéchal et al., 2015). In this study, no effect of the exposure to NO2 at 10 ppm for 1 

hour was observed morphological on birch pollen grain. Another experiment strongly 

suggests that NO2 is able to strip off orbicules (small acellular structures of sporopollenin) 

from pollen grains and thus release them as free subparticles in the atmosphere (Shahali, 

2011). For Figure 5.9 image G, is marginally less swollen in comparison to image H 
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because it was exposed to 1 hr RH as opposed to 24 hrs, it shows the swollen of the pollen 

grain with increased humidity exposure. This suggests that the opening of pollen 

germination pores can take place roughly within an hour. Finally, Figure 5.9 image I 

appeared to be coated with artefacts or substances contained in the extraction buffer (50 

mM Tris-HCl pH6.8, 10% sucrose and inhibitory proteases). Hence, this indicates that 

extra care must be taken during sample preparation and processing so as not to introduce 

other foreign material into the sample before SEM imaging. 

Taken together, these results conclude that pollen grains emit smaller particles after 

processing by rainwater immersion, high RH conditions, and mechanical action. This 

provides a mechanism through which the allergens travel to the surface of the pollen 

grain. From the pollen surface, it will be more facile for gaseous air pollutants to interact 

with the allergens and hence become more easily nitrated.  It is worth noting that all the 

above-mentioned mechanisms of the pollen subparticles release are induced and do not 

depict the natural birch pollen germination. 

 

5.5 Conclusion 
 

In this chapter, the FM technique was used to try to observe the effect of nitration of birch 

pollen though use of the inherent autofluorescence of certain amino acids. It is shown 

clearly, that the pollen grains fluoresce in both the tryptophan and chlorophyll 

fluorescence emission channels. Furthermore, both channels show distinct photobleaching 

in time-resolved measurements. This photobleaching effect dominates any change in 

fluorescence that may be caused by the nitration of the amino acids found in the pollen 

protein. A possible future avenue of research that may be more revealing is the use of a 

lower wavelength laser to probe tyrosine fluorescence.  
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The SEM technique was used to observe morphological changes on pollen grain after 

subjecting it to different treatments and conditions. The SEM examination revealed that 

the pollen grain changes from shriveled to swollen upon hydrated with rainwater and 

exposure to high RH and showed that only certain conditions lead to smaller sub-pollen 

particle release from the pollen grain. As far as dry pollen is concerned, no evidence of 

the release of the sub-pollen particles onto the surface of dry pollen was observed. 

However, when in contact with moisture like mucosa of the upper respiratory tract, the 

allergen proteins elute within minutes and can induce local allergic reactions (Grote et al., 

2003).  

In conclusion, the SEM results suggest that the exposure of pollen to different 

environmentally relevant treatments and conditions provide pathways for the release of 

allergen-bearing subcellular particles from the birch pollen grains. However, all the 

mentioned mechanisms of the pollen subparticles release in this study was induced. This 

release of particles from the inside to the outside of the pollen is what allows significant 

nitration to occur. This is most likely why hydrated pollen in rainwater showed the 

highest nitrated allergen protein content within Chapter 4. This result may explain further 

why nitration was not detected prior to rupturing and provided added support for the 

hypothesis that ‘pollen does not get nitrated undamaged but it does when it is ruptured 

open’. 
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            CHAPTER 6 
 

Effect of pollen count on respiratory 
related ambulance callouts 
 

 
This chapter investigates whether there is statistical relationship between birch pollen 

counts with temperature, NO2 and various callout categories of the London Ambulance 

Service.   

 

6.0 Synopsis  
 
Exposure to pollen can contribute to several medical conditions and rise in hospital 

admissions. The laboratory results in Chapter 4 revealed an interaction between pollutants 

and birch pollen, in particular, NO2 was able to nitrate various proteins. Such a 

mechanism may cause an increase in the allergenicity of pollen. This study examines the 

association between birch pollen count and allergic related illnesses using the London 

Ambulance Service callouts, that are discussed in Chapter 2, as the metric of illness 

intensity. The callouts were adjusted for temperature and NO2 concentration. The analysis 

using odds ratio supports an increasing trend in the number of callout rates for some 

illnesses with respect to airborne pollen concentration. However, no significantly robust 

results were identified. Finally, the reasons for these null results are discussed. 

 

6.1 Objective  
 
 

In the preceding chapters, in the laboratory, the link between air pollutants and pollen-

protein-specific modification at the proteome level as well as morphological changes after 
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exposure to NO2, RH and rainwater were demonstrated. Additionally, the basic 

relationship between air mean temperature, and to a lesser degree RH, with certain 

medical conditions have been demonstrated using the ambulance callout rates as a proxy 

for illness. In this chapter, a comparison of allergic related illness measured by the 

London Ambulance Service will be compared to birch pollen counts recorded in 

Highbury, London. Note, a clear defficiency in this study is that the ambulance callouts 

are for the whole of london whilst the birch pollen data is just for Highbury. 

 
 

6.2 Introduction  
 
In order to strengthen investigations of seasonal allergic reaction such as asthma in 

humans, time series analysis of airborne pollen data for various urban locations have been 

conducted (Haberle et al., 2014). Development of predictive models between the variables 

of interest was possible due to the availability of the large data sets (Emberlin et al., 2002; 

Rodriguez-Rajo et al., 2003; Schäppi et al., 1998; Sofiev et al., 2013).  

There are several factors that may provoke allergic reactions and asthma based on 

individual’s condition. This includes pollen, house dust mites, pollutant, climate, exercise, 

tobacco smoke, emotional issues, to mention a few (Osborne et al., 2017). Asthma 

exacerbation as a result of pollen effects is gradually understood (Osborne and Eggen, 

2015). For example, a significant connection between grass pollen exposure and hospital 

admittance for asthma has been observed: in Australia both in adults (Erbas et al., 2007) 

and children (Erbas et al., 2012); in France (Huynh et al., 2010); in the UK (Lewis et al., 

2000); in Spain (Altzibar et al., 2015; Tobias et al., 2004); in Italy  (Ruffoni et al., 2013); 

in Hungary (Makra et al., 2012); and in the USA (Darrow et al., 2012; Gleason et al., 

2014; Jariwala et al., 2014). Previously associated health outcomes with severe pollen 
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contacts include allergic rhinitis, food allergy (Datema et al., 2015), cardiovascular 

incidents (Brunekreef et al., 2000), preterm childbirths (Lavigne et al., 2017), and 

psychological conditions (Qin et al., 2013). Evidences suggested that the levels (Negrini 

et al., 2011; Ziello et al., 2012) and allergenicity of pollen are growing with time, 

probably in connection with worldwide weather alteration (Singer et al., 2005; 

Vardoulakis and Heaviside, 2012) and air pollution as well. Clearly there is a rise in the 

burden of allergic respiratory diseases (Beggs, 2004; Beggs and Bambrick, 2006; D'amato 

and Cecchi, 2008; D’amato et al., 2007), however; the reasons behind it are still not 

entirely understood (Reid and Gamble, 2009). Due to the lack of data suitably resolved 

over time and space, pollen concentration at present is mostly unclear (Schultz and Wang, 

2006). An essential factor for estimating disease development and consequence can be 

based on knowledge of pollen concentration in the air (Schultz and Wang, 2006). 

Additionally, mapping the locations of allergenic plants in the UK can also provide the 

detail required for impact assessments (Mclnnes et al., 2017). 

 

6.2.1 Pollen count  

Pollen concentrations are highly variable daily and may travel lengthy distances partly 

because of weather conditions, thus, its concentration in the atmosphere (particles per m
3
) 

is not just a confined occurrence (Osborne et al., 2017). It has been stated in some studies 

that pollen concentrations when measured, correlate across distances of 20 km (Erbas et 

al., 2007) and 41 km (Pashley et al., 2009), and yet there is possibility of the pollen to 

travel much further, including crossing a continent (Skjøth et al., 2007). Measuring the 

number of pollen grains in a given volume of air, using a pollen trap, generates a pollen 

count. A count of 70 pollen grains/m3 or more is considered high in some cases 

(Kiotseridis et al., 2013). In another study, high pollen count is defined as 80 pollen 
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grains/m3 based on the details showing that 90% of patients with allergies express mild 

signs at this threshold (Skjøth et al, 2015). The risk posed by pollen counts to an 

individual depends on specific plant pollens the individual is allergic to. Essential 

knowledge on pollen count and concentration can significantly help to manage asthma 

and hay fever by providing the public with relevant information. Skjøth et al. (2009) 

reported that 90% of patients allergic to birch pollen show mild symptoms when the 

pollen count is above 80 grains/m3 at the start of the birch pollen season (Skjøth et al., 

2009). However, 80% of patients do show indications of allergic reaction at a level below 

30 grains/m3 during the late season (Emberlin 1997; Koivikko et al. 1986; Viander and 

Koivikko 1978). 

 
The pollen count is simply the number of pollen spores per cubic metre of air. The UK 

pollen data is gathered using a network of pollen monitoring stations run by the Met 

Office.  The stations all use the same type of device, the seven-day volumetric spore trap 

made by Burkard (Latałowa et al., 2002).  Because collecting pollen from the ambient air 

on rooftops avoids measuring highly localized pollen concentrations, most stations are 

located on flat roofs of two or three story buildings. Figure 6.1 shows birch tree density 

(%) in broad-leaved forests and location of broad leaved forests in southern England and 

Wales (Skjøth et al. 2009) as well as location for pollen and air quality monitors, within 

UK. 
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Figure 6.1: Betula tree density (%) in broad-leaved forests and location of broad 
leaved forests in southern England and Wales (Skjøth et al. 2009). Also shown are 
the location of three pollen-monitoring sites (solid circles) and the meteorological 
stations (triangles) within UK. 
 
 
 
 
“Analysis of long-term airborne pollen counts makes it possible not only to chart pollen-

season trends but also to track changing patterns in flowering phenology” (García-Mozo 

et al., 2014) thus offering fundamental information to the public on how to prevent 

unnecessary exposure. 
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6.2.2 Pollen calendar 

Depending on the time of year, the type of pollen in the air changes. Notably, weather 

conditions affect how much pollen is released and spread around. Previously, it has been 

stated that the principal sources of birch (Betula spp) pollen is the urban environment 

(Skjøth et al., 2012) due in part to the use of birch as ornamental trees. Pollen seasons are 

defined by four parameters namely: the start, duration, peak and the end (Haberle et al., 

2014). Several other studies have reported that temperature and pollutant are influencing 

factors for longer pollen seasons (D’Amato et al., 2015; Reid and Gamble, 2009; Schmidt, 

2016).  

Figure 6.2 displays a generalized pollen calendar exhibiting when the main allergenic 

plants are in flower. Yearly, the exact of the pollen seasons will differ depending on the 

weather conditions and other natural and man-made factors. In the U.K, pollen from tree 

species are released typically in the mid-March to early June period, where birch has peak 

pollen release predominantly in April (Osborne et al., 2017). “Although the start of the 

season can vary by up to a one month and often occurs about two weeks later in Scotland 

compared to southern England” (https://www.worcester.ac.uk/discover/nparu-pollen-

types-birch.html). 

 
In Western Europe, the highpoint period of the pollen normally starts at the end of March, 

and in central and Eastern Europe, from the beginning to mid-April (Emberlin et al., 

1990). For Northern Europe, the flowering season starts from late April to late May 

(depending on the latitude) (D’Amato, 1991). Pollen values peak between “1–3 weeks 

after the start of the season and the duration of the main season is remarkably dependent 

on temperature, thus varies from 2 to as much as 8 weeks” (D’amato et al., 2007). This 

statement implies that a relationship between Pollen season and temperature do exist. 
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Spieksma et al. (1995) reported that air temperature in the period prior pollen release is 

influential for the initial date of pollen season (Spieksma et al., 1995). 

 
Figure 6.2: Pollen calendar of different pollen types showing the start and end of 
their flowering seasons.  
Adopted from (https://www.worcester.ac.uk/pdfs/pollen-calendar.pdf) 

 

 

6.3 Methodology 

6.3.1 Data sets 

Birch pollen count data of Highbury, London was provided by University of Worcester. 

LAS provided daily-anonymised ambulance data, which provided information on callout 

category for ambulances for the whole of London. Temperature was that of St James Park 

observatory, which occupies a central position in London. Data from government air 

pollution monitoring stations from the Automatic Urban and Rural Network (https://uk-

air.defra.gov.uk/data/) were used to calculate the daily concentration (µg/m
3
) of air 

pollutants, nitrogen dioxide (NO2). Data was that of urban background station, North 
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Kensington that had no missing data from the periods analyzed (01st April to 31st May 

2005). North Kensington station was chosen because it represents background urban 

pollution levels and is known to be a site with good data coverage. The AURN site and 

pollen station are ~7 km distant to each other.     

The data for the pollen count was recorded from every year from the 1st of April to 31st 

May (two months data) in the time period of 2005 to 2013 with no pollen record of the 

year 2012. Some years contain missing data within the pollen count season.  

 
 

6.3.2 Methods 

All 6 years (2005-2010) of data were combined and analyzed using only the dates 

inclusive of the 1st April – 31st May due to the availability of the pollen measurement 

data. It is noted, in some years, the birch pollen season has clearly started earlier than the 

1st April. Here, within the monitoring period (April and May), pollen season days are 

defined as those on which the recorded pollen count is greater than 30 pollen grains m-3. 

If the pollen count is less than 30 pollen grains m-3 then these days are defined as off-

season. 

 
The data sets analyzed consist of 6 years pollen counts, illness codes, temperature and 

NO2 (2005-2010).  The pollen count record was interpolated to remove any missing data 

from the record. The temperature dependence and long-term trend taken from Chapter 2 

was considered. 

 
The statistical software R (version 3.0.2) was used for statistical analysis and, excel was 

used for data manipulation and generation of some plots.  
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6.3.2.2 Odds ratio 

The odds ratio (OR) statistic measures relationship between an exposure and outcome 

(Szumilas, 2010). “Specifically, the OR measures the ratio of the odds that an event or 

result will occur to the odds of the event not happening” (McHugh, 2009). 

 
The criteria of setting the limit values of high and low pollen day for calculating the OR 

was based on the information regarding pollen counts being high or low and the available 

data range. The set criteria number used were less and greater than 30 grains/m3. The odds 

ratio in the data sets were searched and identified, using the formula below. Results are 

expressed as odds ratios (OR) with their 95% confidence intervals designated as 95% CI. 

OR= a/c = ad 
         b/d    bc 
 
Where  a = Number of exposed cases 
          b = Number of exposed non-cases 
          c = Number of unexposed cases 
            d = Number of unexposed non-cases (Szumilas, 2010) 
 
 
In this study,  

a = daily number of cases of call out category of interest with pollen count over set  

      criteria  

b = daily number of non-cases of call out category of interest with pollen count over set    

      criteria  

    = population of London – daily number of cases of call out category of interest with     

   pollen count over set criteria 

   » population of London 

c = daily number of cases of call out category of interest with pollen count below set      

      criteria  

d = daily number of non-cases of call out category of interest with pollen count below set  
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      criteria  

      = population of London – daily number of cases of call out category of interest with  

      pollen count below set criteria 

      » population of London  

n.b. set criteria = 30 grains/m3 of birch pollen count. 

Because b » d, the OR simplifies to a/c. Results are reported in section 6.4.3  

 

6.4 Results and discussion  
 

In an attempt to identify the causes of increased allergic illness, the correlation between 

trends in pollen counts and allergic related illness codes was evaluated. The time series 

analysis across the 6 years data found evidence of no obvious association between the 

pollen count of Highbury, London and LAS callouts. As shown in Figures 6.3 A and 6.4 

A, there is little obvious evidence of correlation in the 2006 data set (data with highest 

pollen count) with RCI and Asthma illnesses, a similar lack of correlation is observed in 

all years and by combining all 6 years data (Figure 6.3 B and Figure 6.4 B). However, the 

lack of apparent correlation was for same day association between the variables as the 

model used did not investigate any time lag pollen exposure and illness indication. 
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Figure 6.3: Scatter plots of respiratory chest infection (RCI) versus pollen count of 
Highbury, London using single (2006), A and all year’s data (2005-2010), B. There is 
no obvious correlation between the variables. 
 

A  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
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Figure 6.4: Scatter plots of Asthma versus pollen count of Highbury, London using 
single (2006), A and all year’s data (2005-2010), B. There is no obvious correlation 
between the variables. 
 
 
 
In relation to weather, some ambulance callout categories have already been shown to be 

temperature dependent in Chapter 2, and in particular respiratory chest infection is found 

to be very temperature dependent.  Figure 6.5 presents the scatter plot of respiratory chest 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
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infection (RCI) versus temperature for the investigated time period. A slight negative 

relationship between the two variables was observed but is less significant than the 

relationship shown in Chapter 2 due to the reduced data density of only using 2 months of 

data which span a smaller range of temperatures than what is observed if the whole year is 

analysed.  
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Figure 6.5: Scatter plots of RCI (respiratory chest infection) versus temperature of 
St James Park, London. There is a slight negative relationship between the two 
variables. 
 

  

6.4.1 Trends in pollen counts 

 
Characteristically, birch pollen season begins with low pollen counts before the peak 

season starts. However, a large inconsistency in the pollen count trends is evident, 

indicated by the presence of high pollen days. To justify the reason of these trends is not 

within the scope of this study. Longer days of observation and comparison with 

environmental conditions might provide the reason behind the pollen count trends 

(Spieksma et al., 1995). The high pollen days may be caused by several factors such as 
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weather, and occurrences of long-range transport (Ziello et al., 2012). Figure 6.6 shows 

the time series plot of the complete 6 years data investigated. There are no consistent 

trends in the plots with respect to the 6 years data, yet, there is a common occurrence of 

high pollen days either in mid or end of April. Some years show cyclic behaviour (Figure 

6.7; cyclic behaviour and high pollen days indicated with blue arrow). In the peak period 

of the birch season that occurs in April, the count can be very high because each birch 

trees produce millions of wind-dispersed pollen grains  

(https://www.worcester.ac.uk/discover/nparu-pollen-types-birch.html). 

 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Shows the trend of the complete 6 years data investigated, 2005-2010. 
 
 

Previous research indicates that per decade over the last thirty years, the birch pollen 

seasons now starts five days earlier (Emberlin et al., 1997; and Emberlin et al., 2002).  

Also, records on the start of birch pollen seasons monitored across three sites (Cardiff, 

Derby and London) in the UK for forty-two years showed a trend for the pollen season to 

begin earlier (Emberlin et al., 1997). 

2005  2006      2007     2008 2009         2010 
       Date     

Pollen counts 
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Figure 6.7: Individual pollen counts trend, where the plots display the cyclic up-and-
down behaviour for some years (2008 & 2009) and the high pollen days pointed with 
the blue arrow.  
 

 

Birch pollen season has clearly started as indicated on the pollen calendar (Figure 6.1) and 

stated by the Met Office (Met Office, 2017) before measurements were recorded. Hence 

pollen exposure occurring before 1st April has been missed. This suggests data limitation 

and restriction of intensive analysis. Future longer-term studies that will incorporate all 

pollen season could hypothetically overcome these restrictions. In this study, the 

limitation was the lack of recorded data for days prior to the peak birch season. Typically, 

different tree pollen experience short peak periods of 2–4 weeks with lower 

concentrations, again restraining the statistical influence to assess their effects on 

diseases, unlike the combined grass pollen that naturally has prolonged flowering period 
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and additional days of higher pollen concentrations (Osborne et al., 2017). Furthermore, 

establishing species-specific links using time series analysis may be difficult because tree 

pollen periods can overlap significantly (e.g. ash and birch) (Osborne et al., 2017).  

 

6.4.2 Time series comparison between illness codes and pollen count  

In some years, there appears to be a slight relationship between high pollen counts with 

asthma, respiratory chest infection, dyspnoea and allergic reactions. However, this 

observation is difficult to make statistically robust. This difficulty is almost certainly due 

to other influencing factors such as pollutant and weather change, precipitation, humidity, 

thunderstorms, wind, atmospheric blocking, heat and types of source vegetation (Osborne 

et al., 2017). “These may well be difficult to separate as individual factors, as they are 

often strongly linked (e.g. temperature and pollination in plants), and it can be difficult to 

identify sufficiently large data sets to perform the appropriate stratified analyses” 

(Osborne et al., 2017). Further in-depth analysis with variable data might provide more 

crucial and interesting information. Note that particularly strong pollen counts sometime 

seem to be associated with peaks in certain callout categories, as highlighted (white) in 

Figure 6.8. 

It is reported in another study, exposure to pollen concentration of 20 pollen grains/m3 of 

air showed noticeable symptoms in patients allergic to grass and at concentration of 65 

pollen grains/m3, the symptoms were intensified while at 120 pollen grains/m3 (several 

hours exposure), it causes dyspnoea in some patients (Rapiejko et al., 2007). Comparable 

symptoms transpired after contact with birch pollen. Thus, it can then be established that 

clinical signs of allergic disease are dependent on the concentration and the kind of 

aeroallergen the individual was exposed to (Rapiejko et al., 2007) and the time of 

exposure. 
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Figure 6.8: Demonstrates the daily trend of birch pollen count and some of the 
illness codes using the 2006 birch pollen count (Pollen C) data (asthma, allergic rash 
reaction (ARR) and respiratory chest infection (RCI)). The highlighted section in 
white indicates rise in the illness codes during high pollen count days. 
 

Figure 6.8 displays plots of the daily trend of birch pollen count (2006) and some of the 

illness codes using the 2006 data (asthma, allergic rash reaction and respiratory chest 

infection) where it can noticeably be seen that the illnesses data do have a cyclic up and 

down behaviour even in the nonappearance of pollen season possibility due to other 

influencing factors as mentioned earlier. Very few studies have narrated significant 

associations between pollen concentration and hospital admissions (Lierl and Hornung, 

2003; Zhong et al., 2006), which might be due to geographic differences in allergen levels 

or the prevalence of allergies (Anderson et al., 1998). Some researchers have reported that 

pollen counts correlate weakly with symptoms (Agarwal et al., 1984; Buters et al., 2010; 

Date  
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Frenz, 2000; Marsh et al., 1987 ), since (i) the allergen exposure alone does not strictly 

represent the counts (Buters et al., 2010; Frenguelli et al., 2010; Galan et al., 2013),  (ii) 

relationship between pollen and allergic symptoms is non-linear (Caillaud et al., 2014; 

Caillaud et al., 2012), and (iii) atmospheric conditions or air pollution may interact with 

pollens (Annesi-Maesano et al., 2012; Lubitz et al., 2010). “In general, pollen count and 

allergen in ambient air follow the same temporal trends. However, because a 10-fold 

difference can exist in allergen potency of birch pollen, symptoms might be difficult to 

correlate with pollen counts, but perhaps better with allergen exposure” (Butes et al., 

2010). 

 
Figure 6.9 displays scatter plots of pollen count data versus temperature and NO2 

respectively indicating no significant relationship with temperature and NO2. In another 

study by Newnham et al. (2013) the start of the birch pollen season strongly correlated 

with March mean temperature, which reinforced previous findings that the timing of the 

birch pollen season in the UK is particularly sensitive to spring temperatures (Newnham 

et al., 2013). However, this study did not have the March pollen count data to verify 

previous literature findings.  

 

Unfortunately, the pollen data set was not very dense and measured in a specific area of 

London whereas the ambulance callouts are representative of the whole of London. The 

environment where the pollen data was recorded may also influence results. For instance, 

in larger geographical areas, pollen samplers might be placed at different locations. Hence 

the levels of allergens in environment may vary quite significantly from the levels sensed 

by the sampler in comparison to a distance from the sampler where the patients may live. 

Again, all this comes down to where an individual gets exposed and illness data recorded. 

A future project could profitably investigate the ambulance callouts that are local to the 
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pollen counting measurements not more than 41km away. However, for this study we did 

not have geotagged ambulance data available. 

 

Figure 6.9: Scatter plots displaying the relationship between year 2005 data of birch 
pollen count with temperature (A), and birch pollen count with NO2 (B) respectively. 
There is no statistically significant relationship found between the variables. The 
data sets used are that of year 2005. 
 

 
A                                                       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B                                                         
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Putting all the results together, there were no clear identified patterns of association 

between pollen count, pollutant and analysed allergy related illness of the LAS when 

either individual or collective years’ data are considered. 

 

6.4.3 Odd ratio outcome 

Odds ratios associates the manifestation of an outcome of concern such disease after 

exposure to the variable of interest like pollen count (Szumilas, 2010). A ratio of 1.0 is 

called the null value and is interpreted to mean that there is no relationship between the 

disease and the exposure, above 1.0 indicates that the exposure increases the risk of 

disease, and below 1.0 indicates that the exposure protects from the disease. 

 
Before conducting the odds ratio analysis, the data was corrected for long term and 

temperature dependent trends, as discussed in Chapter 2. Both the illness categories and 

pollen (birch) count used are of 2005-2010 dates ranging from 1st of Aril to 31st May. 

 

Illness codes (2005-2010) OR (95% CI) 

Asthma  1.012(0.812-1.261) 

Allergic rash reaction  1.014(0.843-1.219) 

COPD  1.037(0.8767-1.226) 

Dyspnoea  0.998(0.8134-1.223) 

Generally unwell  1.002(0.815-1.232) 

Respiratory chest infection  0.984(0.810-1.194) 

Table 6.1: Reports the odd ratio between pollen counts and allergic related illness 
codes. Both the illness categories and pollen (birch) count used are of 2005-2010 
dates ranging from 1st of Aril to 31st May. The reported associations (OR above 1) 
are not statistically robust with the 95% confidence limits of all the ORs lying either 
side of unity. This indicates that even though the ORs results might imply increase 
risk due to exposure, they are not statistically significant. 
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Table 6.1 reports the OR and their 95% CI for pollen counts with respect to allergic 

related illness codes. Some of the analysed illnesses (Asthma, Allergic rash reaction, 

COPD and Generally unwell) show odd ratios that are greater than the null value of 1. 

This indicates that pollen counts over the set criteria (30 pollen grain/m3) lead to an 

increased prevalence of illness categories. However, none of the reported associations are 

statistically robust with the 95% confidence limits of all of the ORs lying either side of 

unity.  This indicates that even though the ORs results might imply increase risk due to 

exposure, they are not statistically significant. 

 
In general, the lack of strong relationship and reduced risk on high pollen days could be 

linked to a reverse causation effect, due to increased medicine use such as antihistamines 

and enhanced managing of illnesses during high pollen season, as patients have increased 

knowledge of the situation (Osborne et al., 2017). The absence of any well-defined 

association between birch pollen and asthma is coherent with the recent Osborne et al. 

(2017) study. However, in New York City links between tree pollen including birch was 

established as opposed to previous work (Ito et al., 2015) and the finding from this 

research findings.  

 
Figure 6.10 displays a forest plot of the OR results where the results of the different 

illnesses, with 95% CI, are shown in the plot. The forest plot is a graph that has one line 

representing results for different parameters in the same study (Petrie et al., 2003). It can 

be observed that the OR values were less than one in dyspnoea, respiratory chest infection 

and more than one in asthma, allergic rash reaction, COPD and generally unwell as shown 

in the plot (Figure 6.10). However, the 95% CI indicates that the results are not 

statistically robust. That is the presence of pollen does not increase the risk of the diseases 

with OR above 1 and prevents diseases below 1. 	
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Figure 6.10: Forest plot of the OR results of different illnesses (2005-2010). The 
horizontal bars in dark red represents the OR (odds ratio) value of each illness codes 
presented vertically on the left side of the plot, while the horizontal line alined with 
the dark red bars represents the 95% CI (confidence interval) of the illnesses . The 
vertical line represents value 1.  
 
 

6.5 Conclusion 
 
The chapter sets out to see if ambulance callout rates, for categories that might be linked 

to allergic diseases, could be linked to birch pollen counts and NO2. Previously in Chapter 

2 we have highlighted the importance of temperature on certain ambulance category 

callout rates. There were no consistently clear patterns of association between the illness 

codes and birch pollen count and NO2 observed. 

 
The odds ratio analysis suggests that birch pollen could be linked to certain callout 

categories, but none of the associations were strong and were all statistically insignificant. 

Nevertheless, this chapter does provide some evidence to suggest a pollen count threshold 

above which adverse effects are more likely to occur. 
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In conclusion, more research is needed in this area to understand further the relationship 

between pollen counts, pollutant concentration and weather in relation to human illnesses. 

Understanding this relationship may be the underlying answer why there are additional 

increase in pollen amounts, which in turn, leads to a larger exposure of humans to pollen 

allergens, with potentially severe concerns for public health. The colocation of health data 

with the pollen data would likely help generate data which is more amenable for statistical 

analysis. In future, it might be profitable to look at the grass pollen season. From a 

statistical standpoint, there is a better chance of finding a statistically robust result 

because of the longer flowing season which would allow for a long time series to be 

analysed. 
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   CHAPTER 7 
Summary  
 

This chapter summarizes the different phases of the work carried out and described in this 

thesis. General overviews of the principal outcomes obtained from the various sections of 

the work are organized in this chapter.  

The overall aim of this study was to establish the relationship between pollen, in 

particular birch pollen, with air pollutants and weather and to see if these relationships 

could be linked with increased allergenicity of pollen. If established, these relationships 

could provide rationale behind the general observation of increasing allergic diseases in 

westernized countries. It is important to remember that certain pollen species without 

modification are natural atmospheric environmental allergens that in some instances 

responsible for severe human health effects (Bosch-Cano et al., 2011; Cresti and 

Linskens, 2000; D'amato et al., 2010; Traidl-Hoffmann et al., 2009). In the atmosphere, 

pollen co-exists with air pollutants and weather. The combination of pollen with pollution 

and weather has the potential to increase the allergenicity of pollen. The summary of the 

results for each scenario is reported below. 

o Chapter 2 explored the relationships between observed weather, in particular 

temperature, and a number of ambulance calls, incidents and response times. The 

data were studied using statistical models and specifically time series analysis. 

The time series data all showed a significant long-term increase in callout 

frequency, which were typically non-linear and category dependent due to 

increased ambulance usage in London. Certain categories show a clear seasonality 

and where present, is hypothetically driven by temperature. The findings show that 
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both cold and hot temperature influence different categories of illnesses, as earlier 

stated in other studies. The relationship of the top 20 call-outs and mean air 

temperature were inspected, where some illnesses have displayed lag effects 

indicating the onset of illness categories requires a period of incubation. 

Ambulance services are also shown to be affected due to increased demand by 

patients when there is extreme weather, in particular heat waves and cold waves 

were investigated. Finally, we highlighted that the identified relationship between 

weather and ambulance callout rates could be gainfully used to forecast ambulance 

callout rates and thereby improve the efficiency of the London Ambulance 

Services.  

 
o This is the first study that has shown the effects of ambient temperature on 

London ambulance call-outs for specific categories (Mahmood et al., 2017). Given 

the lack of research into temperature effects on London ambulance callouts, the 

study will contribute to an understanding in this regard and may also serve as a 

firsthand information for ambulance services and hospital staff to plan and prepare 

way ahead of time. As ambulance callouts often occur for situations that do not 

need hospital admission, it may imply that ambulance callout data might be useful 

in surveillance systems since it can provide the facility to monitor health outcomes 

that would not ordinarily be captured during hospital admissions or in case of loss 

of life. The modelling approach for the prediction could serve as an early warning 

tool for health surveillance systems as well as ambulance services.  

 
o Chapters 3 & 4 of this research was a laboratory study into post-translational 

modification of birch pollen protein. In particular, the study investigated the effect 

of NO2 on protein of pollen grain responsible for allergies in humans. To do this, a 
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full methodology and laboratory protocol was devised both to expose the pollen to 

NO2 and other environmental conditions, and subsequently to measure the effect at 

the proteomic level. The NO2 concentrations used were between 2 ppm to 10 ppm 

and exposure time ranged from 60-120 minutes, which led to realistic life time 

exposures of pollen grains in the urban atmosphere. Similarly, realistic exposures 

of O3 and RH were also used. The proteomics approach investigated the whole 

structure of the protein. Proteomic analysis of this post-translational modification 

was ascertained using mass spectrometry-based and dot blot techniques. The 

findings indicated that the interaction between gas phase pollutants and pollen can 

cause protein specific modifications; in particular, addition of a nitro group (–

NO2) to the phenolic ring of a tyrosine residue (Zhan and Desiderio, 2009), which 

is in agreement with some of the previously carried out researches. In a nutshell, a 

link between air pollutants and pollen protein specific modification was 

demonstrated. However, there were challenges in detecting and quantifying the 

degree of nitration using the MS analysis and TMT labeling tags respectively. This 

study provided the first evidence of nitration of pollen protein directly in real 

pollen, which contain a soup of complex protein mixtures held within the 

protective case of pollen walls. Previous studies demonstrated nitration of the 

allergen, but to do so, they had to isolate of the allergen protein Bet v 1 by 

expressing it in e-coli or directly isolated Bet v 1 protein.  

 
o In the preceding Chapters (3 & 4), the changes that occur on a protein of birch 

pollen grain were assessed at the proteome level. Here (Chapter 5), the 

investigation was at morphological level upon contact with rainwater, RH and 

NO2 as well. This study has also proven within pictorial evidence that birch pollen 

grain can rupture through its germination pores in high RH and moisture and also 
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contain fluorescence materials. The fluorescence intensity reduces over time 

mainly due to photobleaching. The finding that, under induced moist conditions, 

pollen grains release protein contents and can be nitrated, adds to our 

understanding of the relationship of pollen exposure and allergic sensitization. It 

may also help to improve the understanding of the reason behind increased pollen 

allerginicity. In line with previous investigations, this release mechanism may 

explain the recurrent observation that illnesses particularly asthma attacks 

commonly strike after episodes of heavy rainfall (Grote et al., 2000).  

 
o In the last empirical Chapter (6) of this study, again using a statistical model, the 

laboratory-derived results were supported with a time series and odd ratio 

examination of allergic related illness codes. This took into account the pollen 

count data from for Highbury in London (provide by the University of Worcester), 

temperature data of SJP and NO2 data of North Kensington, London. Note that 

from the first experimental Chapter, we already know that temperature is a strong 

determinant. However, this was done to advance our understanding and begin to 

link the relationship between pollen and illnesses. That is to see if there would be 

a strong signal of increased allergenic illnesses when both pollen count and 

pollutant concentrations are high. The study showed only a weak and non-

statistically robust relationship between the variables. Nonetheless, from Chapter 

2, we noted that temperature is a major determinant in respiratory illness although 

the lack of adequate data made it difficult to unpick the more subtle effects of 

pollen concentration to the temperature effects, and possibly other non-

environmental effects. Undoubtedly, there are additional factors besides the 

absolute level of the pollen count that is influencing the occurrence of allergic 
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related illnesses since the trend of the illnesses during pollen and non-pollen 

season did not change in a statistically significant manner.  

 
In a wider context of this thesis, we demonstrate that the relationships between 

temperature, and to a lesser extent RH, and some medical conditions do exist and have 

been established (Chapter 2). We show that the air pollutant NO2, under certain 

realistic environmental conditions, can nitrate pollen grains (Chapter 4). Since protein 

nitration is often linked to diseases, this is an important link to have been established. 

It has also revealed that; RH and hydration affects pollen grain morphologically and 

enhances the release of its particles and also shows that pollen grain fluorescence 

(Chapter 5) where the intensity reduces largely as a result of photobleaching.  

Although no strong statistical correlations between pollen, pollution, and illness, as 

interpreted using ambulance callout rates, could be established (Chapter 6), It is 

possible that studies with a larger sample size may allow for obvious relationships to 

be observed (Carracedo-Martinez et al., 2008).  

 

 

7.1 Concluding remarks 
 
This thesis has demonstrated straightforward, reproducible techniques to advance 

understanding of the relationship between pollen, pollutant, weather and human health. 

Collectively, the overall finding of this study outlines the critical impact of weather, 

pollutant and bioaerosols on human health.  
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               CHAPTER 8 
Evidence based recommendation 
 
 
Currently, understanding the effect of air pollutants on pollen and their allergenic 

potential is a critical scientific subject. The work in this thesis has made significant 

inroads into understanding the mechanisms of the interaction of air pollution with 

allergenic pollen. However, the effect of air pollutants on the allergenic potential of pollen 

is not yet completely clear.  

 
 

8.1 Future directions  
 
The outcomes of this research have shown that some issues remain unresolved and require 

further investigation. This study highlights some areas where further understanding of the 

interaction of air pollution, weather, and bioaerosols with human health is required. To 

develop a full picture of this relationship, additional studies are needed.  

Recommendations of future study areas to be further explored are identified and reported 

below:    

 
• Even though the proteomic MS approach, detailed in this thesis, is currently one of 

the best available analytic technologies that is able to offer both qualitative and 

quantitative information about natural and post-translationally modified proteins, 

it has its limitations. MS does not guarantee valid data and must be used with 

other thoroughly validation methods for optimal sensitivity, selectivity, specificity, 

precise and accurate identification and quantification of protein of interest. 

• Precise and accurate quantification of altered proteins is of vital significance to 

numerous areas of biology (Duncan et al., 2009; Stevens et al., 2008). However, it 
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is clear at this point that, perhaps due to very low amount of protein tyrosine 

nitration and less forceful protocol, the definite identification, and precise 

quantification of nitration partially remains unsolved and requires further 

investigation. Thus, there is the need for continuous strive to overcome the 

misidentifications and quantification that have troubled this and other studies with 

the hope that potential investigation will overcome these challenges. In future 

investigations, it might be possible to reuse the Tandem Mass Tag (TMT) system 

or a different advanced analytic and quantitative method in which determining the 

specific sites of this modification will not remain a challenge. Continuous efforts 

to avoid interference from non-nitrated peptides without losing recovered nitrated 

peptides are also an important issue for future research. Employing “de novo 

sequencing” is further recommended to properly validate modification found in 

the searches. Though, quantification of degree of nitration was not achieved using 

the tagging protocol, it was semi-quantified using dot blot technique. A successful 

tagging procedure would have provided precise degree of nitration in each sample 

that may help explain the effect of variable concentration on the pollen protein.  

• The exposure of birch pollen to the air pollutant NO2 at levels that can be 

pondered safe for human wellbeing protection, display adverse effects on the 

protein content of the exposed when compared with the control sample. Thus, 

further research should be undertaken to investigate the effects between pollen and 

higher air pollutants concentration.  

 
• As already mentioned earlier, identified relationship between weather and 

ambulance callout rates could be beneficially used to forecast ambulance callout 

rates and thereby improve the efficiency of the London Ambulance Service. 



 218 

Francis Pope is actively working with London Ambulance Service, West Midlands 

Ambulance Service and Scotland Ambulance Service to do just this. And the work 

presented in this thesis is the first step, towards better ambulance callout 

predictions.  

 
• There has been a clear trend towards an increase in atmospheric pollen despite the 

absence of explicitly identified drivers as reported in previous studies. Various 

hypotheses abound: interactions between allergens and other inducing factors such 

as greenhouse gas CO2 (Ziska et al., 2009), precipitation, humidity, thunderstorms, 

wind, atmospheric blocking, heat and types of source vegetation (Osborne et al., 

2017) that intensify the development and symptoms of allergic disease. In this 

study, the trends of the pollen counts could not be attributed to either temperature 

nor pollutant concentration, but as suggested by other studies may be influenced 

by the anthropogenic increase of the greenhouse gas CO2 (experimental) (Darbah 

et al., 2008; Rogers et al., 2006; Singer et al., 2005; Wayne et al., 2002; Ziska et 

al., 2009; Ziska et al., 2008). In this regards, more research is needed in this area 

because a further worldwide increase in atmospheric CO2 is projected (Parry, 

2007).  

 
• It was not possible to investigate the significant relationships of pollen count 

(Highbury station) and other interested variables further because of data limitation. 

Larger data sets will likely help find statistically valid relationships. A more 

comprehensive model should be established to enable a better and complete 

forecasting. Thus, advanced and complete data collection and their incorporation 

into more comprehensive models are suggested. This might aid in determining 

exactly how pollen affects human health statistically.  
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• Investigation of other allergic pollen species such as grass pollen might be useful 

because of the greater counts and longer season as mentioned in another study 

(Osbourne et al., 2017). Data from other pollen stations might also be useful but 

we were unable to obtain them for this study. 

 
• A further study with more focus on the water content of the pollen grain, which is 

very rarely studied, is also suggested. 

 
• The laboratory and modelling protocols developed in this proposal can now be 

used to investigate the impact of gas phase pollutants, other than NO2, upon post-

translational modification of pollen protein. In particular, this should also include 

exposure to nitrous acid (HONO), which is a source of the most important daytime 

radical, the hydroxyl radical (OH). HONO is highly surface active on aerosols and 

one might expect it to be so on bioaerosols. Different allergenic pollen species 

(such as grass) can also be investigated. 

 
 

8.2 Importance of research replication  
 
 
“Published research findings are sometimes refuted by subsequent evidence, with ensuing 

confusion and disappointment” (Ioannidis, 2005). Contradiction and disagreement is 

perceived through the range of research designs, from scientific trials and traditional 

epidemiological investigations (Ioannidis et al., 2001; Lawlor et al., 2004; 

Vandenbroucke, 2004) to the most modern molecular research (Ioannidis et al., 2001; 

Michiels et al., 2005). Incorrect discoveries may be the popular or even the huge majority 

of published research statements in modern study that is an increasing concern (Colhoun 

et al., 2003; Ioannidis, 2003; Ioannidis, 2005). Hence, this calls for need of research 
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replications. Replications are an important part of scientific disciplines. It tests the 

credibility of original studies and has the potential to separate true outcomes from those 

that are unreliable. Both biological and technical replicates are necessary for accurate and 

consistent results. Technical replicates will aid identify errors caused by processing 

variation, while biological replicates will help confirm that biological changes are real and 

not an irreproducible coincidence.  

 
Hence, we recommend that further tests are conducted by other groups to corroborate our 

findings. 

 
 

 

 

 

 

 

 

 

 

 

 



 221 

References 
 
Abe, T., Tokuda, Y., Ohde, S., Ishimatsu, S., Nakamura, T. and Birrer, R.B., 2009. The 

relationship of short-term air pollution and weather to ED visits for asthma in 
Japan. The American journal of emergency medicine, 27(2): 153-159. 

Abello, N., Kerstjens, H.A., Postma, D.S. and Bischoff, R., 2009. Protein tyrosine 
nitration: selectivity, physicochemical and biological consequences, denitration, 
and proteomics methods for the identification of tyrosine-nitrated proteins. Journal 
of proteome research, 8(7): 3222-3238. 

Abriata, L. A., Cassina, A., Tórtora, V., Marín, M., Souza, J. M., Castro, L., ... & Radi, R.  
(2009). Nitration of Solvent-exposed Tyrosine 74 on Cytochrome c Triggers 
Heme Iron-Methionine 80 Bond Disruption NUCLEAR MAGNETIC 
RESONANCE AND OPTICAL SPECTROSCOPY STUDIES. Journal of 
Biological Chemistry, 284(1), 17-26. 

Adams-Groom B, Emberlin J, Corden J, Millington W, Mullins J. Predicting the start of   
the birch pollen season at London, Derby and Cardiff, United Kingdom, using a 
multiple regression model, based on data from 1987 to 1997. Aerobiologia. 2002; 
18:117–123.  

Aebersold, R. and Mann, M., 2003. Mass spectrometry-based proteomics. Nature, 
422(6928): 198-207. 

Agarwal, M.K., Swanson, M.C., Reed, C.E. and Yunginger, J.W., 1984. Airborne 
ragweed allergens: association with various particle sizes and short ragweed plant 
parts. J Allergy Clin Immunol, 74(5): 687-93. 

Agati, G., 1998. Response of the in vivo chlorophyll fluorescence spectrum to 
environmental factors and laser excitation wavelength. Pure and Applied Optics: 
Journal of the European Optical Society Part A, 7(4): 797. 

Agaton, C., Falk, R., Guthenberg, I.H., Göstring, L., Uhlén, M. and Hober, S., 2004. 
Selective enrichment of monospecific polyclonal antibodies for antibody-based 
proteomics efforts. Journal of chromatography A, 1043(1): 33-40. 

Ahrné, E., Glatter, T., Viganò, C., Schubert, C.v., Nigg, E.A. and Schmidt, A., 2016. 
Evaluation and Improvement of Quantification Accuracy in Isobaric Mass Tag-
Based Protein Quantification Experiments. Journal of proteome research, 15(8): 
2537-2547. 

Airparif, 2009. Activity Report 2009. 
http://www.airparif.asso.fr/_pdf/publications/2009.pdf. 

Alessandrini, E., Zauli Sajani, S., Scotto, F., Miglio, R., Marchesi, S. and Lauriola, P., 
2011. Emergency ambulance dispatches and apparent temperature: A time series 
analysis in Emilia–Romagna, Italy. Environmental research, 111(8): 1192-1200. 

Allen, J., Browne, M. and Cherrett, T., 2012. Investigating relationships between road 
freight transport, facility location, logistics management and urban form. Journal 
of Transport Geography, 24: 45-57. 

Altzibar, J., Tamayo-Uria, I., De Castro, V., Aginagalde, X., Albizu, M., Lertxundi, A., 
Benito, J., Busca, P., Antepara, I. and Landa, J., 2015. Epidemiology of asthma 
exacerbations and their relation with environmental factors in the Basque Country. 
Clinical & Experimental Allergy, 45(6): 1099-1108. 

Anderson, H., de Leon, A.P., Bland, J., Bower, J., Emberlin, J. and Strachan, D., 1998. 
Air pollution, pollens, and daily admissions for asthma in London 1987–92. 
Thorax, 53(10): 842-848. 



 222 

Andersson, H., Baechi, T., Hoechl, M. and Richter, C., 1998. Autofluorescence of living 
cells. Journal of microscopy, 191: 1-7. 

Annesi-Maesano, I., Rouve, S., Desqueyroux, H., Jankovski, R., Klossek, J.M., 
Thibaudon, M., Demoly, P. and Didier, A., 2012. Grass pollen counts, air 
pollution levels and allergic rhinitis severity. Int Arch Allergy Immunol, 158(4): 
397-404. 

ANSES, 2014. On the State of Knowledge on the Health Impact Associated with 
Exposure of The General Population to Pollen Found in Ambient Air, French 
Agency for Food, Environmental and Occupational Health & Safety, Maisons-
Alfort, France,. 

APG II (2003) An update of the Angiosperm Phylogeny Group classification for the  
orders and families of flowering plants. Bot J Linn Soc 141:399–436.  

Asam, C., Hofer, H., Wolf, M., Aglas, L., & Wallner, M. (2015). Tree pollen allergens— 
an update from a molecular perspective. Allergy, 70(10), 1201-1211. 

Atkin, P. and de Paula, J., 2006. Atkins’ physical chemistry. WH Freeman and Company 
Books: p747-755. 

Ayres, J., Forsberg, B., Annesi-Maesano, I., Dey, R., Ebi, K., Helms, P., Medina-Ramon, 
M., Windt, M. and Forastiere, F., 2009. Climate change and respiratory disease: 
European Respiratory Society position statement. European Respiratory Journal, 
34(2): 295-302. 

Baccini, M., Biggeri, A., Accetta, G., Kosatsky, T., Katsouyanni, K., Analitis, A., 
Anderson, H.R., Bisanti, L., D'ippoliti, D. and Danova, J., 2008. Heat effects on 
mortality in 15 European cities. Epidemiology, 19(5): 711-719. 

Bachi, A., Dalle-Donne, I. and Scaloni, A., 2012. Redox proteomics: chemical principles, 
methodological approaches and biological/biomedical promises. Chemical 
reviews, 113(1): 596-698. 

Bakillah, A., 2009. Nitrated apolipoprotein AI, a potential new cardiovascular marker, is 
markedly increased in low high-density lipoprotein cholesterol subjects. Clinical 
chemistry and laboratory medicine, 47(1): 60-69. 

Bartra, J., Mullol, J., Del Cuvillo, A., Davila, I., Ferrer, M., Jauregui, I., Montoro, J., 
Sastre, J. and Valero, A., 2007. Air pollution and allergens. J Investig Allergol 
Clin Immunol, 17(Suppl 2): 3-8. 

Bashir, M.E.H., Lui, J.H., Palnivelu, R., Naclerio, R.M. and Preuss, D., 2013. Pollen 
lipidomics: lipid profiling exposes a notable diversity in 22 allergenic pollen and 
potential biomarkers of the allergic immune response. PLoS One, 8(2): e57566. 

Bassil, K.L., Cole, D.C., Moineddin, R., Lou, W., Craig, A.M., Schwartz, B. and Rea, E., 
2010. The relationship between temperature and ambulance response calls for 
heat-related illness in Toronto, Ontario, 2005. Journal of epidemiology and 
community health: jech. 2009.101485. 

Beck, I., Jochner, S., Gilles, S., McIntyre, M., Buters, J.T., Schmidt-Weber, C., Behrendt, 
H., Ring, J., Menzel, A. and Traidl-Hoffmann, C., 2013. High environmental 
ozone levels lead to enhanced allergenicity of birch pollen. PLoS One, 8(11): 
e80147. 

Bedard, K., & Krause, K. H. (2007). The NOX family of ROS-generating NADPH 
oxidases: physiology and pathophysiology. Physiological reviews, 87(1), 245-313. 

Beggs, P.J., 2004. Impacts of climate change on aeroallergens: past and future. Clinical & 
Experimental Allergy, 34(10): 1507-1513. 

Beggs, P.J. and Bambrick, H.J., 2006. Is the global rise of asthma an early impact of 
anthropogenic climate change? Ciência & Saúde Coletiva, 11(3): 745-752. 



 223 

Behrendt, H. and Becker, W.-M., 2001. Localization, release and bioavailability of pollen 
allergens: the influence of environmental factors. Current opinion in immunology, 
13(6): 709-715. 

Behrendt, H., Becker, W., Fritzsche, C., Sliwa-Tomczok, W., Tomczok, J., Friedrichs, K. 
and Ring, J., 1997. Air pollution and allergy: experimental studies on modulation 
of allergen release from pollen by air pollutants. International archives of allergy 
and immunology, 113(1-3): 69-74. 

Berkelman, T., 1998. Stenstedt T. 2-D Electrophoresis. Using Immobilized pH Gradients: 
Principles and Methods. Amersham Pharmacia Biotech, USA. 

Bernas, T., ZarȨBski, M., Cook, R. and Dobrucki, J., 2004. Minimizing photobleaching 
during confocal microscopy of fluorescent probes bound to chromatin: role of 
anoxia and photon flux. Journal of microscopy, 215(3): 281-296. 

Bertolini, V., Gandolfi, I., Ambrosini, R., Bestetti, G., Innocente, E., Rampazzo, G. and 
Franzetti, A., 2013. Temporal variability and effect of environmental variables on 
airborne bacterial communities in an urban area of Northern Italy. Applied 
microbiology and biotechnology, 97(14): 6561-6570. 

Bhaskaran, K., Gasparrini, A., Hajat, S., Smeeth, L. and Armstrong, B., 2013. Time series 
regression studies in environmental epidemiology. International journal of 
epidemiology, 42(4): 1187-1195. 

Bigelow, D.J. and Qian, W.J., 2008. Quantitative proteome mapping of nitrotyrosines. 
Methods in enzymology, 440: 191-205. 

Bist, A., Pandit, T., Bhatnagar, A.K. and Singh, A.B., 2004. Variability in protein content 
of pollen of Castor bean (Ricinus communis) before and after exposure to the air 
pollutants SO and NO. Grana, 43(2): 94-100. 

Blainey, Paul, Martin Krzywinski, and Naomi Altman. "Points of significance:  
replication." Nature methods 11.9 (2014): 879-880. 

Boersema, P.J., Raijmakers, R., Lemeer, S., Mohammed, S. and Heck, A.J., 2009. 
Multiplex peptide stable isotope dimethyl labeling for quantitative proteomics. 
Nature protocols, 4(4): 484. 

Bosch-Cano, F., Bernard, N., Sudre, B., Gillet, F., Thibaudon, M., Richard, H., Badot, P.-
M. and Ruffaldi, P., 2011. Human exposure to allergenic pollens: A comparison 
between urban and rural areas. Environmental research, 111(5): 619-625. 

Brain, M., 2004. How your immune system works. Found at http://science. 
howstuffworks. com/immune-system4. htm. 

Breiteneder, H. and Ebner, C., 2000. Molecular and biochemical classification of plant-
derived food allergens. Journal of Allergy and Clinical Immunology, 106(1): 27-
36. 

Briggs, D., 2003. Environmental pollution and the global burden of disease. British 
Medical Bulletin, 68(1): 1-24. 

Bright, G.R., Fisher, G.W., Rogowska, J. and Taylor, D.L., 1989. Fluorescence ratio 
imaging microscopy. Methods in cell biology, 30: 157-192. 

Brodie, E.L., DeSantis, T.Z., Parker, J.P.M., Zubietta, I.X., Piceno, Y.M. and Andersen, 
G.L., 2007. Urban aerosols harbor diverse and dynamic bacterial populations. 
Proceedings of the National Academy of Sciences, 104(1): 299-304. 

Brook, R.D., Franklin, B., Cascio, W., Hong, Y., Howard, G., Lipsett, M., Luepker, R., 
Mittleman, M., Samet, J. and Smith, S.C., 2004. Air pollution and cardiovascular 
disease. Circulation, 109(21): 2655-2671. 

Brown, J.K. and Hovmøller, M.S., 2002. Aerial dispersal of pathogens on the global and 
continental scales and its impact on plant disease. Science, 297(5581): 537-541. 



 224 

Brown, L.H., Canyon, D.V., Buettner, P.G., Mac Crawford, J. and Judd, J., 2012. The 
carbon footprint of Australian ambulance operations. Emergency Medicine 
Australasia, 24(6): 657-662. 

Brunekreef, B., Hoek, G., Fischer, P. and Spieksma, F.T.M., 2000. Relation between 
airborne pollen concentrations and daily cardiovascular and respiratory-disease 
mortality. The Lancet, 355(9214): 1517-1518. 

Brunekreef, B. and Holgate, S.T., 2002. Air pollution and health. The lancet, 360(9341): 
1233-1242. 

Bryce, M., Drews, O., Schenk, M., Menzel, A., Estrella, N., Weichenmeier, I., Smulders, 
M., Buters, J., Ring, J. and Görg, A., 2009. Impact of urbanization on the 
proteome of birch pollen and its chemotactic activity on human granulocytes. 
International archives of allergy and immunology, 151(1): 46-55. 

Buringh, E., Fischer, P. and Hoek, G., 2000. Is SO2 a causative factor for the PM-
associated mortality risks in the Netherlands? Inhalation toxicology, 12(sup1): 55-
60. 

Buters, J.T., Weichenmeier, I., Ochs, S., Pusch, G., Kreyling, W., Boere, A.J., Schober, 
W. and Behrendt, H., 2010. The allergen Bet v 1 in fractions of ambient air 
deviates from birch pollen counts. Allergy. 

Caillaud, D., Martin, S., Segala, C., Besancenot, J.P., Clot, B. and Thibaudon, M., 2014. 
Effects of airborne birch pollen levels on clinical symptoms of seasonal allergic 
rhinoconjunctivitis. Int Arch Allergy Immunol, 163(1): 43-50. 

Caillaud, D.M., Martin, S., Segala, C., Besancenot, J.P., Clot, B. and Thibaudon, M., 
2012. Nonlinear short-term effects of airborne Poaceae levels on hay fever 
symptoms. J Allergy Clin Immunol, 130(3): 812-814 e1. 

Calvello, M., Esposito, F., Pavese, G. and Serio, C., 2010. Physical and optical properties 
of atmospheric aerosols by in-situ and radiometric measurements. Atmospheric 
Chemistry and Physics, 10(5): 2195-2208. 

Capron, T. and Mansfield, T., 1977. Inhibition of growth in tomato by air polluted with 
nitrogen oxides. Journal of Experimental Botany, 28(1): 112-116. 

Carpentier, S.C., Panis, B., Vertommen, A., Swennen, R., Sergeant, K., Renaut, J., 
Laukens, K., Witters, E., Samyn, B. and Devreese, B., 2008. Proteome analysis of 
non-model plants: A challenging but powerful approach. Mass spectrometry 
reviews, 27(4): 354-377. 

Carracedo-Martinez, E., Sanchez, C., Taracido, M., Saez, M., Jato, V. and Figueiras, A., 
2008. Effect of short-term exposure to air pollution and pollen on medical 
emergency calls: a case-crossover study in Spain. Allergy, 63(3): 347-353. 

Cecchi, L., d’Amato, G., Ayres, J., Galan, C., Forastiere, F., Forsberg, B., Gerritsen, J., 
Nunes, C., Behrendt, H. and Akdis, C., 2010. Projections of the effects of climate 
change on allergic asthma: the contribution of aerobiology. Allergy, 65(9): 1073-
1081. 

Cerceau-Larrival, M.T., Bocquel, C., Carbonnier-Jarreau, M. and Verhille, A., 1996. 
Pollen: bio-indicator of pollution. Journal of Aerosol Science, 27: S227-S228. 

Cerutti, B., Tereanu, C., Domenighetti, G., Cantoni, E., Gaia, M., Bolgiani, I., Lazzaro, 
M. and Cassis, I., 2006. Temperature related mortality and ambulance service 
interventions during the heat waves of 2003 in Ticino (Switzerland). Sozial-und 
Präventivmedizin, 51(4): 185-193. 

Chalkley, R.J., Baker, P.R., Huang, L., Hansen, K.C., Allen, N.P., Rexach, M. and 
Burlingame, A.L., 2005. Comprehensive analysis of a multidimensional liquid 
chromatography mass spectrometry dataset acquired on a quadrupole selecting, 
quadrupole collision cell, time-of-flight mass spectrometer II. New developments 



 225 

in Protein Prospector allow for reliable and comprehensive automatic analysis of 
large datasets. Molecular & Cellular Proteomics, 4(8): 1194-1204. 

Chapman, P.M., 2007. Determining when contamination is pollution—weight of evidence 
determinations for sediments and effluents. Environment International, 33(4): 492-
501. 

Chassard, G., Choël, M., Gosselin, S., Vorng, H., Petitprez, D., Shahali, Y., Tsicopoulos, 
A. and Visez, N., 2015. Kinetic of NO 2 uptake by Phleum pratense pollen: 
chemical and allergenic implications. Environmental Pollution, 196: 107-113. 

Chauhan, A.J. and Johnston, S.L., 2003. Air pollution and infection in respiratory illness. 
British medical bulletin, 68(1): 95-112. 

Chen, B. and Kan, H., 2008. Air pollution and population health: a global challenge. 
Environmental health and preventive medicine, 13(2): 94-101. 

Cheng, J., Xu, Z., Zhao, D., Xie, M., Zhang, H., Wang, S. and Su, H., 2016. The burden 
of extreme heat and heatwave on emergency ambulance dispatches: A time-series 
study in Huainan, China. Science of the Total Environment, 571: 27-33. 

Cheng, L., Guak, S., Dong, S. and Fuchigami, L.H., 1999. 288 Effects of Foliar Urea on 
Reserve Nitrogen and Carbohydrates in Young Apple Trees with Different 
Nitrogen Background. HortScience, 34(3): 492-492. 

Chung, J.W. and Meltzer, D.O., 2009. Estimate of the carbon footprint of the US health 
care sector. Jama, 302(18): 1967-1972. 

Clementi, C., Carloni, P. and Maritan, A., 1999. Protein design is a key factor for 
subunit–subunit association. Proceedings of the National Academy of Sciences, 
96(17): 9616-9621. 

Colhoun, H.M., McKeigue, P.M. and Smith, G.D., 2003. Problems of reporting genetic 
associations with complex outcomes. The Lancet, 361(9360): 865-872. 

Collins, N., 2012. Exhaust fumes are twice as deadly as roads, study claims. 
Cresti, M. and Linskens, H.F., 2000. Pollen-allergy as an ecological phenomenon: a 

review. Plant Biosystems, 134(3): 341-352. 
Cuinica, L.G., Abreu, I. and da Silva, J.E., 2014. Effect of air pollutant NO 2 on Betula 

pendula, Ostrya carpinifolia and Carpinus betulus pollen fertility and human 
allergenicity. Environmental Pollution, 186: 50-55. 

Cuinica, L.G., Abreu, I., Gomes, C.R. and Esteves da Silva, J.C.G., 2013. Exposure of 
Betula pendula Roth pollen to atmospheric pollutants CO, O3 and SO2. Grana, 
52(4): 299-304. 

D’Amato, G., Baena-Cagnani, C. E., Cecchi, L., Annesi-Maesano, I., Nunes, C.,Ansotegu 
I., & Canonica, W. G. (2013). Climate change, air pollution and extreme events 
leading to increasing prevalence of allergic respiratory diseases. Multidisciplinary 
respiratory medicine, 8(1), 12. 

D'Amato, G. and Cecchi, L., 2008. Effects of climate change on environmental factors in 
respiratory allergic diseases. Clinical & Experimental Allergy, 38(8): 1264-1274. 

D'Amato, G., Cecchi, L., D'amato, M. and Liccardi, G., 2010. Urban air pollution and 
climate change as environmental risk factors of respiratory allergy: an update. 
Journal of Investigational Allergology and Clinical Immunology, 20(2): 95-102. 

D'Amato, Gennaro, G. Liccardi, and G. Frenguelli. "Thunderstorm-asthma and pollen      
            allergy." Allergy 62.1 (2007): 11-16. 
D'Amato, G., Russo, M., Liccardi, G., Saggese, M., Gentili, M., Mistrello, G., & Falagiani 

, P. (1996). Comparison between outdoor and indoor airborne allergenic 
activity. Annals of Allergy, Asthma & Immunology, 77(2), 147-152. 



 226 

D'Amato, G., Spieksma, F.T.M., Liccardi, G., Jäger, S., Russo, M., Kontou-Fili, K., 
Nikkels, H., Wüthrich, B. and Bonini, S., 1998. Pollen-related allergy in Europe*. 
Allergy, 53(6): 567-578. 

D'Amato, G., Vitale, C., D'amato, M., Cecchi, L., Liccardi, G., Molino, A., Vatrella, A., 
Sanduzzi, A., Maesano, C. and Annesi-Maesano, I., 2016. Thunderstorm-related 
asthma: what happens and why. Clinical & Experimental Allergy, 46(3): 390-396. 

D’Amato, G., 1991. European airborne pollen types of allergological interest and monthly 
appearance of pollination in Europe. pp: 66-78 In: D’AMATO, G., SPIEKSMA, 
FTM & BONINI, S. Allergenic pollen and pollinosis in Europe. 

D’Amato, G., Cecchi, L., Bonini, S., Nunes, C., Annesi-Maesano, I., Behrendt, H., 
Liccardi, G., Popov, T. and Van Cauwenberge, P., 2007. Allergenic pollen and 
pollen allergy in Europe. Allergy, 62(9): 976-990. 

D’Amato, G., Holgate, S.T., Pawankar, R., Ledford, D.K., Cecchi, L., Al-Ahmad, M., Al-
Enezi, F., Al-Muhsen, S., Ansotegui, I. and Baena-Cagnani, C.E., 2015. 
Meteorological conditions, climate change, new emerging factors, and asthma and 
related allergic disorders. A statement of the World Allergy Organization. World 
Allergy Organization Journal, 8(1): 25. 

Dabrera, G., Murray, V., Emberlin, J., Ayres, J., Collier, C., Clewlow, Y. and Sachon, P., 
2012. Thunderstorm asthma: an overview of the evidence base and implications 
for public health advice. QJM: An International Journal of Medicine, 106(3): 207-
217. 

Danielson, S.R., Held, J.M., Schilling, B., Oo, M., Gibson, B.W. and Andersen, J.K., 
2009. Preferentially increased nitration of α-synuclein at tyrosine-39 in a cellular 
oxidative model of Parkinson’s disease. Analytical chemistry, 81(18): 7823-7828. 

Darbah, J.N., Kubiske, M.E., Nelson, N., Oksanen, E., Vapaavuori, E. and Karnosky, 
D.F., 2008. Effects of decadal exposure to interacting elevated CO 2 and/or O 3 on 
paper birch (Betula papyrifera) reproduction. Environmental Pollution, 155(3): 
446-452. 

Darrow, L.A., Hess, J., Rogers, C.A., Tolbert, P.E., Klein, M. and Sarnat, S.E., 2012. 
Ambient pollen concentrations and emergency department visits for asthma and 
wheeze. Journal of Allergy and Clinical Immunology, 130(3): 630-638. e4. 

Datema, M.R., Zuidmeer-Jongejan, L., Asero, R., Barreales, L., Belohlavkova, S., de 
Blay, F., Bures, P., Clausen, M., Dubakiene, R. and Gislason, D., 2015. Hazelnut 
allergy across Europe dissected molecularly: a EuroPrevall outpatient clinic 
survey. Journal of Allergy and Clinical Immunology, 136(2): 382-391. 

Davies, R., Rusznak, C. and Devalia, J., 1998. Why is allergy increasing?-environmental 
factors. Clinical and Experimental Allergy, 28(6): 8-14. 

Després, V., Nowoisky, J., Klose, M., Conrad, R., Andreae, M. and Pöschl, U., 2007. 
Characterization of primary biogenic aerosol particles in urban, rural, and high-
alpine air by DNA sequence and restriction fragment analysis of ribosomal RNA 
genes. Biogeosciences, 4(6): 1127-1141. 

Després, V.R., Huffman, J.A., Burrows, S.M., Hoose, C., Safatov, A.S., Buryak, G., 
Fröhlich-Nowoisky, J., Elbert, W., Andreae, M.O. and Pöschl, U., 2012. Primary 
biological aerosol particles in the atmosphere: a review. Tellus B, 64. 

Diehl, K., Matthias-Maser, S., Jaenicke, R. and Mitra, S., 2002. The ice nucleating ability 
of pollen:: Part II. Laboratory studies in immersion and contact freezing modes. 
Atmospheric Research, 61(2): 125-133. 

Dingle, A., 1966. Pollen as condensation nuclei. J. Rech. Atmos, 2: 231-237. 



 227 

Dixit, R. and Cyr, R., 2003. Cell damage and reactive oxygen species production induced 
by fluorescence microscopy: effect on mitosis and guidelines for non-invasive 
fluorescence microscopy. The Plant Journal, 36(2): 280-290. 

Dockery, D.W., Pope, C.A., Xu, X., Spengler, J.D., Ware, J.H., Fay, M.E., Ferris Jr, B.G. 
and Speizer, F.E., 1993. An association between air pollution and mortality in six 
US cities. New England journal of medicine, 329(24): 1753-1759. 

Dockery, D.W., Schwartz, J. and Spengler, J.D., 1992. Air pollution and daily mortality: 
associations with particulates and acid aerosols. Environmental research, 59(2): 
362-373. 

Dolney, T.J. and Sheridan, S.C., 2006. The relationship between extreme heat and 
ambulance response calls for the city of Toronto, Ontario, Canada. Environmental 
research, 101(1): 94-103. 

Domon, B. and Aebersold, R., 2006. Mass spectrometry and protein analysis. science, 
312(5771): 212-217. 

Duncan, M., 2003. A review of approaches to the analysis of 3-nitrotyrosine. Amino 
acids, 25(3): 351-361. 

Duncan, M.W., Yergey, A.L. and Patterson, S.D., 2009. Quantifying proteins by mass 
spectrometry: the selectivity of SRM is only part of the problem. Proteomics, 9(5): 
1124-1127. 

Dunnell, K., 2007. The Changing Demographic Picture of the UK National Statistician's 
Annual Article on the Population. Population Trends(130): 9. 

Eckl-Dorna, J., Klein, B., Reichenauer, T.G., Niederberger, V. and Valenta, R., 2010. 
Exposure of rye (Secale cereale) cultivars to elevated ozone levels increases the 
allergen content in pollen. Journal of Allergy and Clinical Immunology, 126(6): 
1315-1317. 

Edlund, A.F., Swanson, R. and Preuss, D., 2004. Pollen and stigma structure and function: 
the role of diversity in pollination. The Plant Cell, 16(suppl 1): S84-S97. 

Egeland, S.V., Reubsaet, L. and Halvorsen, T.G., 2016. The pros and cons of increased 
trypsin-to-protein ratio in targeted protein analysis. Journal of pharmaceutical and 
biomedical analysis, 123: 155-161. 

El-Sharkawy, M.F., 2013. Assessment of Ambient Air Quality Level at Different Areas 
inside Dammam University, Case Study. Journal of King Abdulaziz University: 
Meteorology, Environment & Arid Land Agriculture Sciences, 24(2). 

Elbert, W., Taylor, P., Andreae, M. and Pöschl, U., 2007. Contribution of fungi to 
primary biogenic aerosols in the atmosphere: wet and dry discharged spores, 
carbohydrates, and inorganic ions. Atmospheric Chemistry and Physics, 7(17): 
4569-4588. 

Emberlin JC (1997) Grass, tree and weed pollens. In: Kay AB (ed) Allergy and allergic  
diseases. National Heart and Lung Institute, London  

Emberlin, J., Detandt, M., Gehrig, R., Jaeger, S., Nolard, N. and Rantio-Lehtimäki, A., 
2002. Responses in the start of Betula (birch) pollen seasons to recent changes in 
spring temperatures across Europe. International Journal of Biometeorology, 
46(4): 159-170. 

Emberlin J, Mullins J, Cordon J, Millington W, Brooke M, Savage M, Jones S (1997).      
The trend to earlier birch pollen seasons in the UK: a biotic response to changes 
in weather conditions? 

Emberlin, J.C., Norris-Hill, J. and Bryant, R., 1990. A calendar for tree pollen in London. 
Grana, 29(4): 301-309. 



 228 

Eng, J.K., McCormack, A.L. and Yates, J.R., 1994. An approach to correlate tandem mass 
spectral data of peptides with amino acid sequences in a protein database. Journal 
of the American Society for Mass Spectrometry, 5(11): 976-989. 

Erbas, B., Akram, M., Dharmage, S., Tham, R., Dennekamp, M., Newbigin, E., Taylor, 
P., Tang, M. and Abramson, M., 2012. The role of seasonal grass pollen on 
childhood asthma emergency department presentations. Clinical & Experimental 
Allergy, 42(5): 799-805. 

Erbas, B., Chang, J.H., Dharmage, S., Ong, E., Hyndman, R., Newbigin, E. and 
Abramson, M., 2007. Do levels of airborne grass pollen influence asthma hospital 
admissions? Clinical & Experimental Allergy, 37(11): 1641-1647. 

Estillore, A.D., Trueblood, J.V. and Grassian, V.H., 2016. Atmospheric chemistry of 
bioaerosols: heterogeneous and multiphase reactions with atmospheric oxidants 
and other trace gases. Chemical Science, 7(11): 6604-6616. 

Exley, K., Robertson, S., Pope, F.D., Harrison, R.M. and Gant, T.W., 2014. WORKSHOP 
ON THE SOURCES, QUANTIFICATION AND HEALTH IMPLICATIONS OF 
BIOAEROSOLS WORKSHOP REPORT. American Journal of Pharmacology 
and Toxicology, 9(3): 189. 

Falick, A.M., Hines, W.M., Medzihradszky, K.F., Baldwin, M.A. and Gibson, B.W., 
1993. Low-mass ions produced from peptides by high-energy collision-induced 
dissociation in tandem mass spectrometry. Journal of the American Society for 
Mass Spectrometry, 4(11): 882-893. 

Ferrante, M., Fiore, M., Copat, C., Morina, S., Ledda, C., Mauceri, C. and Conti, G.O., 
2015. Air Pollution in High-Risk Sites–Risk Analysis and Health Impact, Current 
Air Quality Issues. InTech. 

Ferrari, U., Exner, T., Wanka, E.R., Bergemann, C., Meyer-Arnek, J., Hildenbrand, B., 
Tufman, A., Heumann, C., Huber, R.M. and Bittner, M., 2012. Influence of air 
pressure, humidity, solar radiation, temperature, and wind speed on ambulatory 
visits due to chronic obstructive pulmonary disease in Bavaria, Germany. 
International journal of biometeorology, 56(1): 137-143. 

Fernandes, H., Michalska, K., Sikorski, M., & Jaskolski, M. (2013). Structural and  
functional aspects of PR-10 proteins. The FEBS journal, 280(5), 1169-1199. 

Fierer, N., Liu, Z., Rodríguez-Hernández, M., Knight, R., Henn, M. and Hernandez, M.T., 
2008. Short-term temporal variability in airborne bacterial and fungal populations. 
Applied and environmental microbiology, 74(1): 200-207. 

Fíla, J., Čapková, V., Feciková, J. and Honys, D., 2011. Impact of homogenization and 
protein extraction conditions on the obtained tobacco pollen proteomic patterns. 
Biologia Plantarum, 55(3): 499-506. 

Foyer, C.H., Lelandais, M. and Kunert, K.J., 1994. Photooxidative stress in plants. 
Physiologia Plantarum, 92(4): 696-717. 

Frank, U. and Ernst, D., 2016. Effects of NO2 and ozone on pollen allergenicity. Frontiers 
in plant science, 7. 

Franze, T., Weller, M.G., Niessner, R. and Pöschl, U., 2005. Protein nitration by polluted 
air. Environmental science & technology, 39(6): 1673-1678. 

Frenguelli, G., Passalacqua, G., Bonini, S., Fiocchi, A., Incorvaia, C., Marcucci, F., 
Tedeschini, E., Canonica, G.W. and Frati, F., 2010. Bridging allergologic and 
botanical knowledge in seasonal allergy: a role for phenology. Ann Allergy 
Asthma Immunol, 105(3): 223-7. 

Frenz, D.A., 2000. Interpreting atmospheric pollen counts for use in clinical allergy: 
spatial variability. Ann Allergy Asthma Immunol, 84(5): 481-9; quiz 489-91. 



 229 

Fröhlich-Nowoisky, J., Burrows, S., Xie, Z., Engling, G., Solomon, P., Fraser, M., Mayol-
Bracero, O., Artaxo, P., Begerow, D. and Conrad, R., 2012. Biogeography in the 
air: fungal diversity over land and oceans. Biogeosciences, 9(3): 1125. 

Fröhlich-Nowoisky, J., Kampf, C.J., Weber, B., Huffman, J.A., Pöhlker, C., Andreae, 
M.O., Lang-Yona, N., Burrows, S.M., Gunthe, S.S. and Elbert, W., 2016. 
Bioaerosols in the Earth system: Climate, health, and ecosystem interactions. 
Atmospheric Research, 182: 346-376. 

Fröhlich-Nowoisky, J., Pickersgill, D.A., Després, V.R. and Pöschl, U., 2009. High 
diversity of fungi in air particulate matter. Proceedings of the National Academy 
of Sciences, 106(31): 12814-12819. 

Fulcher, R., 1982. Fluorescence microscopy of cereals. Food Structure, 1(2): 7. 
Gail, M.H., 2005. Time Lag Effect. Encyclopedia of Biostatistics, 8. 
Galan, C., Antunes, C., Brandao, R., Torres, C., Garcia-Mozo, H., Caeiro, E., Ferro, R., 

Prank, M., Sofiev, M., Albertini, R., Berger, U., Cecchi, L., Celenk, S., Grewling, 
L., Jackowiak, B., Jager, S., Kennedy, R., Rantio-Lehtimaki, A., Reese, G., 
Sauliene, I., Smith, M., Thibaudon, M., Weber, B., Weichenmeier, I., Pusch, G. 
and Buters, J.T., 2013. Airborne olive pollen counts are not representative of 
exposure to the major olive allergen Ole e 1. Allergy, 68(6): 809-12. 

Galan, I., Tobias, A., Banegas, J. and Aranguez, E., 2003. Short-term effects of air 
pollution on daily asthma emergency room admissions. European Respiratory 
Journal, 22(5): 802-808. 

Garbis, S., Lubec, G. and Fountoulakis, M., 2005. Limitations of current proteomics 
technologies. Journal of Chromatography A, 1077(1): 1-18. 

García-Mozo, H., Yaezel, L., Oteros, J. and Galán, C., 2014. Statistical approach to the 
analysis of olive long-term pollen season trends in southern Spain. Science of the 
Total Environment, 473: 103-109. 

Garland, R., Yang, H., Schmid, O., Rose, D., Nowak, A., Achtert, P., Wiedensohler, A., 
Takegawa, N., Kita, K. and Miyazaki, Y., 2008. Aerosol optical properties in a 
rural environment near the mega-city Guangzhou, China: implications for regional 
air pollution, radiative forcing and remote sensing. Atmospheric Chemistry and 
Physics, 8(17): 5161-5186. 

Gennaro, D., Holgate, S.T., Pawankar, R., Ledford, D.K., Cecchi, L., Al-Ahmad, M., Al-
Enezi, F., Al-Muhsen, S., Ansotegui, I. and Baena-Cagnani, C.E., 2015. 
Meteorological conditions, climate change, new emerging factors, and asthma and 
related allergic disorders. A statement of the World Allergy Organization. World 
Allergy Organization Journal, 8: 25-25. 

Ghiani, A., Aina, R., Asero, R., Bellotto, E. and Citterio, S., 2012. Ragweed pollen 
collected along high-traffic roads shows a higher allergenicity than pollen sampled 
in vegetated areas. Allergy, 67(7): 887-894. 

Gleason, J.A., Bielory, L. and Fagliano, J.A., 2014. Associations between ozone, PM 2.5, 
and four pollen types on emergency department pediatric asthma events during the 
warm season in New Jersey: a case-crossover study. Environmental research, 132: 
421-429. 

Greenacre, S.A. and Ischiropoulos, H., 2001. Tyrosine nitration: localisation, 
quantification, consequences for protein function and signal transduction. Free 
radical research, 34(6): 541-581. 

Grimm, G. W., & Renner, S. S. (2013). Harvesting Betulaceae sequences from GenBank 
to generate a new chronogram for the family. Botanical Journal of the Linnean 
Society, 172(4), 465-477. 



 230 

Grote, M., Hayek, B., Reichelt, R., Kraft, D. and Valenta, R., 1999. Immunogold Electron 
Microscopic Localization of the Cross–Reactive Two–EF–Hand Calcium–Binding 
Birch Pollen Allergen Bet v 4 in Dry and Rehydrated Birch Pollen. International 
archives of allergy and immunology, 120(4): 287-294. 

Grote, M., Valenta, R. and Reichelt, R., 2003. Abortive pollen germination: a mechanism 
of allergen release in birch, alder, and hazel revealed by immunogold electron 
microscopy. Journal of Allergy and Clinical Immunology, 111(5): 1017-1023. 

Grote, M., Vrtala, S., Niederberger, V., Valenta, R. and Reichelt, R., 2000. Expulsion of 
allergen-containing materials from hydrated rye grass (Lolium perenne) pollen 
revealed by using immunogold field emission scanning and transmission electron 
microscopy. Journal of allergy and clinical immunology, 105(6): 1140-1145. 

Grote, M., Vrtala, S., Niederberger, V., Wiermann, R., Valenta, R. and Reichelt, R., 2001. 
Release of allergen-bearing cytoplasm from hydrated pollen: a mechanism 
common to a variety of grass (Poaceae) species revealed by electron microscopy. 
Journal of Allergy and Clinical Immunology, 108(1): 109-115. 

Gruijthuijsen, Y., Grieshuber, I., Stöcklinger, A., Tischler, U., Fehrenbach, T., Weller, 
M., Vogel, L., Vieths, S., Pöschl, U. and Duschl, A., 2006. Nitration enhances the 
allergenic potential of proteins. International archives of allergy and immunology, 
141(3): 265-275. 

Gundry, R.L., White, M.Y., Murray, C.I., Kane, L.A., Fu, Q., Stanley, B.A. and Van Eyk, 
J.E., 2009. Preparation of proteins and peptides for mass spectrometry analysis in 
a bottom-up proteomics workflow. Current protocols in molecular biology: 10.25. 
1-10.25. 23. 

Guo, Y., Barnett, A.G., Pan, X., Yu, W. and Tong, S., 2011. The impact of temperature 
on mortality in Tianjin, China: a case− crossover design with a distributed lag 
non-linear model. Environmental health perspectives, 119: 1719-1725. 

Gupta, S., Gupta, C. and Grewal, D., 2013. Air Pollution in Punjab with Special 
Reference to Mandi-Gobindgarh and Surrounding Areas: An analytical study; 
IOSR. Journal of Environmental Science, Toxicology and Food Technology 
(IOSR-JESTFT): 2319-2402. 

Gustafsson, M.G., 1999. Extended resolution fluorescence microscopy. Current opinion in 
structural biology, 9(5): 627-628. 

Gygi, S.P., Rist, B., Gerber, S.A., Turecek, F., Gelb, M.H. and Aebersold, R., 1999. 
Quantitative analysis of complex protein mixtures using isotope-coded affinity 
tags. Nature biotechnology, 17(10). 

Haberle, S.G., Bowman, D.M., Newnham, R.M., Johnston, F.H., Beggs, P.J., Buters, J., 
Campbell, B., Erbas, B., Godwin, I. and Green, B.J., 2014. The macroecology of 
airborne pollen in Australian and New Zealand urban areas. PloS one, 9(5): 
e97925. 

Hajat, S., Kovats, R.S., Atkinson, R.W. and Haines, A., 2002. Impact of hot temperatures 
on death in London: a time series approach. Journal of Epidemiology & 
Community Health, 56(5): 367-372. 

Halonen, J.I., Lanki, T., Yli-Tuomi, T., Tiittanen, P., Kulmala, M. and Pekkanen, J., 2009. 
Particulate air pollution and acute cardiorespiratory hospital admissions and 
mortality among the elderly. Epidemiology, 20(1): 143-153. 

Hampson, N.B., Piantadosi, C.A., Thom, S.R. and Weaver, L.K., 2012. Practice 
recommendations in the diagnosis, management, and prevention of carbon 
monoxide poisoning. American journal of respiratory and critical care medicine, 
186(11): 1095-1101. 



 231 

Han, X., Aslanian, A. and Yates, J.R., 2008. Mass spectrometry for proteomics. Current 
opinion in chemical biology, 12(5): 483-490. 

Health & Social Care Information Centre (HSCIC). Ambulance Services, England 2014- 
  15; National Health Service: London, UK, 2015; pp. 1–75. � 
Hibbs, A.R., 2004. Confocal microscopy for biologists. Springer Science & Business 

Media. 
Hill, S.C., Pan, Y.-L., Williamson, C., Santarpia, J.L. and Hill, H.H., 2013. Fluorescence 

of bioaerosols: mathematical model including primary fluorescing and absorbing 
molecules in bacteria. Optics express, 21(19): 22285-22313. 

Hinds, W.C., 2012. Aerosol technology: properties, behavior, and measurement of 
airborne particles. John Wiley & Sons. 

Hoek, G., Brunekreef, B., Goldbohm, S., Fischer, P. and van den Brandt, P.A., 2002. 
Association between mortality and indicators of traffic-related air pollution in the 
Netherlands: a cohort study. The lancet, 360(9341): 1203-1209. 

https://www.google.co.uk/maps/place/United+Kingdom. (Accessed 26th June 2017). 
http://www.londonambulance.nhs.uk. (Accessed 18th January 2015). 
http://www.mrgscience.com/ess-topic-63-photochemical-smog.html. (Accessed 03rd May 

2017). 
http://www.who.int/gho/urban_health/situation_trends/urban_population_growth_text/en/. 

(Accessed 25th July 2017).  
https://uk-air.defra.gov.uk/data/. (Accessed 19th May 2017). 
https://www.worcester.ac.uk/discover/recording-the-pollen-count.html. 

(Accessed 19th May 2017). 
https://www.worcester.ac.uk/pdfs/pollen-calendar.pdf.(Accessed 19th May 2017). 
Huang, B., Bates, M. and Zhuang, X., 2009. Super-resolution fluorescence microscopy. 

Annual review of biochemistry, 78: 993-1016. 
Huang, H.C., Pan, Y.-L., Hill, S.C. and Pinnick, R.G., 2011. Fluorescence-Based 

Classification with Selective Collection and Identification of Individual Airborne 
Bioaerosol Particles, Optical Processes In Microparticles And Nanostructures: A 
Festschrift Dedicated to Richard Kounai Chang on His Retirement from Yale 
University, pp. 153-167. 

Huffman, J.A., Prenni, A., DeMott, P., Pöhlker, C., Mason, R., Robinson, N., Fröhlich-
Nowoisky, J., Tobo, Y., Després, V. and Garcia, E., 2013. High concentrations of 
biological aerosol particles and ice nuclei during and after rain. Atmospheric 
Chemistry and Physics, 13(13): 6151. 

Huynh, B.T., Tual, S., Turbelin, C., Pelat, C., Cecchi, L., D'Amato, G., Blanchon, T. and 
Annesi-Maesano, I., 2010. Short-term effects of airborne pollens on asthma 
attacks as seen by general practitioners in the Greater Paris area, 2003-2007. Prim 
Care Respir J, 19(3): 254-259. 

Ikeda, K., Iwai, H., Matsumoto, T., Mineki, R., Taka, H., Takamori, K., Ogawa, H. and 
Yamakura, F., 2007. Proteomic analysis of 6-nitrotryptophan-containing proteins 
in peroxynitrite-treated PC12 cells, International Congress Series. Elsevier, pp. 33-
40. 

Ioannidis, J.P., 2003. Genetic associations: false or true? Trends in molecular medicine, 
9(4): 135-138. 

Ioannidis, J.P., 2005. Why most published research findings are false. PLoS medicine, 
2(8): e124. 

Ioannidis, J.P., Ntzani, E.E., Trikalinos, T.A. and Contopoulos-Ioannidis, D.G., 2001. 
Replication validity of genetic association studies. Nature genetics, 29(3): 306. 

Ipsen, H., & Løwenstein, H. (1983). Isolation and immunochemical characterization of  



 232 

the major allergen of birch pollen (Betula verrucosa). Journal of allergy and 
clinical immunology, 72(2), 150-159. 

Ischiropoulos, H., 1998. Biological tyrosine nitration: a pathophysiological function of 
nitric oxide and reactive oxygen species. Archives of biochemistry and biophysics, 
356(1): 1-11. 

Ischiropoulos, H., 2003. Biological selectivity and functional aspects of protein tyrosine 
nitration. Biochemical and biophysical research communications, 305(3): 776-
783. 

Ishibe, T., Sato, T., Hayashi, T., Kato, N. and Hata, T., 1995. Absorption of nitrogen 
dioxide and nitric oxide by soda lime. British journal of anaesthesia, 75(3): 330-
333. 

Ito, K., Weinberger, K.R., Robinson, G.S., Sheffield, P.E., Lall, R., Mathes, R., Ross, Z., 
Kinney, P.L. and Matte, T.D., 2015. The associations between daily spring pollen 
counts, over-the-counter allergy medication sales, and asthma syndrome 
emergency department visits in New York City, 2002-2012. Environmental 
Health, 14(1): 71. 

Jackson-Menaldi, C.A., Dzul, A.I. and Holland, R.W., 2002. Hidden respiratory allergies 
in voice users: treatment strategies. Logopedics Phonatrics Vocology, 27(2): 74-
79. 

Jariwala, S., Toh, J., Shum, M., De Vos, G., Zou, K., Sindher, S., Patel, P., Geevarghese, 
A., Tavdy, A. and Rosenstreich, D., 2014. The association between asthma-related 
emergency department visits and pollen and mold spore concentrations in the 
Bronx, 2001–2008. Journal of Asthma, 51(1): 79-83. 

Jarolim, E., Rumpold, H., Endler, A., Ebner, H., Breitenbach, M., Scheiner, O. and Kraft, 
D., 1989. IgE and IgG antibodies of patients with allergy to birch pollen as tools to 
define the allergen profile of Betula verrucosa. Allergy, 44(6): 385-395. 

Jensen, O.N., 2004. Modification-specific proteomics: characterization of post-
translational modifications by mass spectrometry. Current opinion in chemical 
biology, 8(1): 33-41. 

Jimenez, J., Canagaratna, M., Donahue, N., Prevot, A., Zhang, Q., Kroll, J.H., DeCarlo, 
P.F., Allan, J.D., Coe, H. and Ng, N., 2009. Evolution of organic aerosols in the 
atmosphere. Science, 326(5959): 1525-1529. 

Jon G. Ayres, R.M.H., Gordon L. Nichols and Robert L. Maynard (Editor), 2010. 
Environmental Medicine. CRC Press. 

Jones, A.M. and Harrison, R.M., 2004. The effects of meteorological factors on 
atmospheric bioaerosol concentrations—a review. Science of the total 
environment, 326(1): 151-180. 

Jones, P., Trenberth, K., Ambenje, P., Bojariu, R., Easterling, D., Klein, T., Parker, D., 
Renwick, J., Rusticucci, M. and Soden, B., 2007. Observations: surface and 
atmospheric climate change. Climate change: 235-336. 

Jones, P.D. and Lister, D.H., 2009. The urban heat island in Central London and 
urban-related warming trends in Central London since 1900. Weather, 64(12): 
323-327. 

Joshi, Devi Datt. Herbal drugs and fingerprints: Evidence based herbal drugs. Springer  
Science & Business Media, 2012.  

Kampa, M. and Castanas, E., 2008. Human health effects of air pollution. Environmental 
pollution, 151(2): 362-367. 

Kanakidou, M., Mihalopoulos, N., Kindap, T., Im, U., Vrekoussis, M., Gerasopoulos, E., 
Dermitzaki, E., Unal, A., Koçak, M. and Markakis, K., 2011. Megacities as hot 



 233 

spots of air pollution in the East Mediterranean. Atmospheric Environment, 45(6): 
1223-1235. 

Kanter, U., Heller, W., Durner, J., Winkler, J.B., Engel, M., Behrendt, H., Holzinger, A., 
Braun, P., Hauser, M. and Ferreira, F., 2013. Molecular and immunological 
characterization of ragweed (Ambrosia artemisiifolia L.) pollen after exposure of 
the plants to elevated ozone over a whole growing season. PLoS One, 8(4): 
e61518. 

Karle, A.C., Oostingh, G.J., Mutschlechner, S., Ferreira, F., Lackner, P., Bohle, B., 
Fischer, G.F., Vogt, A.B. and Duschl, A., 2012. Nitration of the pollen allergen 
bet v 1.0101 enhances the presentation of bet v 1-derived peptides by HLA-DR on 
human dendritic cells. PloS one, 7(2): e31483. 

Katsouyanni, K., 1995. Health effects of air pollution in southern Europe: are there 
interacting factors? Environmental health perspectives, 103(Suppl 2): 23. 

Katsouyanni, K., 2003. Ambient air pollution and health. British medical bulletin, 68(1): 
143-156. 

Kelly, F. and Fussell, J., 2011. Air pollution and airway disease. Clinical & Experimental 
Allergy, 41(8): 1059-1071. 

Kelly, F.J. and Fussell, J.C., 2015. Air pollution and public health: emerging hazards and 
improved understanding of risk. Environmental geochemistry and health, 37(4): 
631-649. 

Kenneth, C.R. and Monica, J., 2014. Study Air Pollution Using Fuzzy Relational Maps. 
International Jornal oF Computing Algorithm, 03: 567-572. 

Khan, F.A., 2011. Biotechnology Fundamentals. Taylor & Francis. 
Khoury, George A., Richard C. Baliban, and Christodoulos A. Floudas. "Proteome-wide  

post-translational modification statistics: frequency analysis and curation of the 
swiss-prot database." Scientific reports 1 (2011): 90. 

Khwarahm, N.R., Dash, J., Skjøth, C., Newnham, R.M., Adams-Groom, B., Head, K., 
Caulton, E. and Atkinson, P.M., 2017. Mapping the birch and grass pollen seasons 
in the UK using satellite sensor time-series. Science of the Total Environment, 
578: 586-600. 

Kim, Y.-G., Udayanga, K.G.S., Totsuka, N., Weinberg, J.B., Núñez, G. and Shibuya, A., 
2014. Gut dysbiosis promotes M2 macrophage polarization and allergic airway 
inflammation via fungi-induced PGE 2. Cell host & microbe, 15(1): 95-102. 

Kiotseridis, H., Cilio, C. M., Bjermer, L., Tunsäter, A., Jacobsson, H., & Dahl, Å. (2013).  
Grass pollen allergy in children and adolescents-symptoms, health related quality 
of life and the value of pollen prognosis. Clinical and translational allergy, 3(1), 
19. 

Knutsen, A.P., Bush, R.K., Demain, J.G., Denning, D.W., Dixit, A., Fairs, A., 
Greenberger, P.A., Kariuki, B., Kita, H. and Kurup, V.P., 2012. Fungi and allergic 
lower respiratory tract diseases. Journal of Allergy and Clinical Immunology, 
129(2): 280-291. 

Koeck, T., Fu, X., Hazen, S.L., Crabb, J.W., Stuehr, D.J. and Aulak, K.S., 2004. Rapid 
and selective oxygen-regulated protein tyrosine denitration and nitration in 
mitochondria. Journal of Biological Chemistry, 279(26): 27257-27262. 

Koivikko A, Kupias R, Makinen Y, Pohjola A (1986) Pollen seasons —forecasts of the  
most important allergenic plants in Finland. Allergy 41:233–242.  

Kottek, M., Grieser, J., Beck, C., Rudolf, B. and Rubel, F., 2006. World map of the 
Köppen-Geiger climate classification updated. Meteorologische Zeitschrift, 15(3): 
259-263. 



 234 

Krämer, U., Koch, T., Ranft, U., Ring, J. and Behrendt, H., 2000. Traffic-related air 
pollution is associated with atopy in children living in urban areas. Epidemiology, 
11(1): 64-70. 

Kroll, J.H., Ng, N.L., Murphy, S.M., Flagan, R.C. and Seinfeld, J.H., 2006. Secondary 
organic aerosol formation from isoprene photooxidation. Environmental science & 
technology, 40(6): 1869-1877. 

Kroll, J.H. and Seinfeld, J.H., 2008. Chemistry of secondary organic aerosol: Formation 
and evolution of low-volatility organics in the atmosphere. Atmospheric 
Environment, 42(16): 3593-3624. 

Kumar, Ganesh K., and Nanduri R. Prabhakar."Post-translational modification of proteins   
            during intermittent hypoxia." Respiratory physiology & neurobiology 164.1     
            (2008): 272-276. 
Lakowicz, J.R., 2013. Principles of fluorescence spectroscopy. Springer Science & 

Business Media. 
Latałowa, M., Miętus, M. and Uruska, A., 2002. Seasonal variations in the atmospheric 

Betula pollen count in Gdańsk (southern Baltic coast) in relation to meteorological 
parameters. Aerobiologia, 18(1): 33-43. 

Lave, L.B. and Seskin, E., 1973. Air pollution and human health. Readings in Biology 
and Man, 169: 294. 

Lave, L.B. and Seskin, E.P., 2013. Air pollution and human health, 6. Routledge. 
Lavigne, E., Gasparrini, A., Stieb, D.M., Chen, H., Yasseen III, A.S., Crighton, E., To, T., 

Weichenthal, S., Villeneuve, P.J. and Cakmak, S., 2017. Maternal exposure to 
aeroallergens and the risk of early delivery. Epidemiology (Cambridge, Mass.), 
28(1): 107. 

Lawlor, D.A., Smith, G.D., Bruckdorfer, K.R., Kundu, D. and Ebrahim, S., 2004. Those 
confounded vitamins: what can we learn from the differences between 
observational versus randomised trial evidence? The Lancet, 363(9422): 1724-
1727. 

Lee, S.-H., Lee, H.-J., Kim, S.-J., Lee, H.M., Kang, H. and Kim, Y.P., 2010. 
Identification of airborne bacterial and fungal community structures in an urban 
area by T-RFLP analysis and quantitative real-time PCR. Science of the total 
environment, 408(6): 1349-1357. 

Lewis, S., Corden, J., Forster, G. and Newlands, M., 2000. Combined effects of 
aerobiological pollutants, chemical pollutants and meteorological conditions on 
asthma admissions and A & E attendances in Derbyshire UK, 1993–96. Clinical & 
Experimental Allergy, 30(12): 1724-1732. 

Li, B., Held, J.M., Schilling, B., Danielson, S.R. and Gibson, B.W., 2011. Confident 
identification of 3-nitrotyrosine modifications in mass spectral data across 
multiple mass spectrometry platforms. Journal of proteomics, 74(11): 2510-2521. 

Lierl, M.B. and Hornung, R.W., 2003. Relationship of outdoor air quality to pediatric 
asthma exacerbations. Annals of Allergy, Asthma & Immunology, 90(1): 28-33. 

Lin, S., Luo, M., Walker, R.J., Liu, X., Hwang, S.-A. and Chinery, R., 2009. Extreme 
high temperatures and hospital admissions for respiratory and cardiovascular 
diseases. Epidemiology, 20(5): 738-746. 

Linaker, C., Coggon, D., Holgate, S., Clough, J., Josephs, L., Chauhan, A. and Inskip, H., 
2000. Personal exposure to nitrogen dioxide and risk of airflow obstruction in 
asthmatic children with upper respiratory infection. Thorax, 55(11): 930-933. 

Lubitz, S., Schober, W., Pusch, G., Effner, R., Klopp, N., Behrendt, H. and Buters, J.T., 
2010. Polycyclic aromatic hydrocarbons from diesel emissions exert proallergic 



 235 

effects in birch pollen allergic individuals through enhanced mediator release from 
basophils. Environ Toxicol, 25(2): 188-97. 

Lyamani, H., Olmo Reyes, F.J. and Alados-Arboledas, L., 2010. Physical and optical 
properties of aerosols over an urban location in Spain: seasonal and diurnal 
variability. 

Mahmood, M. A., Pope, F., & Bloss, W. (2015, December). Posttranslational 
modification of Birch and Ragweed allergen proteins by common gas phase 
pollutants, NO2 and O3. In AGU Fall Meeting Abstracts. 

Mahmood, T. and Yang, P.-C., 2012. Western blot: technique, theory, and trouble 
shooting. North American journal of medical sciences, 4(9): 429. 

Majd, A., Chehregani, A., Moin, M., Gholami, M., Kohno, S., Nabe, T. and Shariatzade, 
M., 2004. The effects of air pollution on structures, proteins and allergenicity of 
pollen grains. Aerobiologia, 20(2): 111-118. 

Makie, T., Harada, M., Kinukawa, N., Toyoshiba, H., Yamanaka, T., Nakamura, T., 
Sakamoto, M. and Nose, Y., 2002. Association of meteorological and day-of-the-
week factors with emergency hospital admissions in Fukuoka, Japan. International 
journal of biometeorology, 46(1): 38-41. 

Mäkinen, T.M., Juvonen, R., Jokelainen, J., Harju, T.H., Peitso, A., Bloigu, A., 
Silvennoinen-Kassinen, S., Leinonen, M. and Hassi, J., 2009. Cold temperature 
and low humidity are associated with increased occurrence of respiratory tract 
infections. Respiratory Medicine, 103(3): 456-462. 

Makra, L., Matyasovszky, I. and Bálint, B., 2012. Association of allergic asthma 
emergency room visits with the main biological and chemical air pollutants. 
Science of the Total Environment, 432: 288-296. 

Marliyyah A. Mahmood, John E. Thornes, Francis D. Pope, Paul A. Fisher and Sotiris  
Vardoulakis. Impact of Air Temperature on London Ambulance Call-Out 
Incidents and Response Times. Climate 2017, 5, 61; doi:10.3390/cli5030061. 
www.mdpi.com/journal/climate   

Marouga, R., David, S. and Hawkins, E., 2005. The development of the DIGE system: 2D  
fluorescence difference gel analysis technology. Analytical and bioanalytical 
chemistry, 382(3): 669-678. 

Marsh, D., Dechamp, C., Cour, P., Bousquet, J. and Deviller, P., 1987. [Correlation 
between the atmospheric level of antigen Amb-al (AgE) and the number of 
Ambrosia artemisiaefolia pollen grains in Lyon and neighboring regions]. Allerg 
Immunol (Paris), 19(6): 238, 240-1, 243. 

Martin, R.M., Leonhardt, H. and Cardoso, M.C., 2005. DNA labeling in living cells. 
Cytometry Part A, 67(1): 45-52. 

Martínez-Maqueda, D., Hernández-Ledesma, B., Amigo, L., Miralles, B. and Gómez-
Ruiz, J.Á., 2013. Extraction/fractionation techniques for proteins and peptides and 
protein digestion, Proteomics in Foods. Springer, pp. 21-50. 

Masuch, G., Franz, J.T., Schoene, K., Müsken, H. and Bergmann, K.C., 1997. Ozone 
increases group 5 allergen content of Lolium perenne. Allergy, 52(8): 874-875. 

Meadows, Eric S., et al. "Alkali Metal Cation− π Interactions Observed by Using a Lariat  
            Ether Model System." Journal of the American Chemical Society 123.13 (2001):  
            3092-3107. 
Met OfficeMet Office Pollen Forecast (2017).        

http://www.metoffice.gov.uk/health/public/pollen-forecast (last accessed 
14/10/2017). 



 236 

McGranahan, G., 2012. Air pollution and health in rapidly developing countries. 
Earthscan. 

McHugh, M.L., 2009. The odds ratio: calculation, usage, and interpretation. Biochemia 
Medica, 19(2): 120-126. 

McInnes, R. N., Hemming, D., Burgess, P., Lyndsay, D., Osborne, N. J., Skjøth, C. A., ....  
& Vardoulakis, S. (2017). Mapping allergenic pollen vegetation in UK to study 
environmental exposure and human health. Science of the Total Environment, 599, 
483-499. 

	Michelozzi, P., Accetta, G., De Sario, M., D'ippoliti, D., Marino, C., Baccini, M., Biggeri, 
A., Anderson, H.R., Katsouyanni, K. and Ballester, F., 2009. High temperature 
and hospitalizations for cardiovascular and respiratory causes in 12 European 
cities. American journal of respiratory and critical care medicine, 179(5): 383-389. 

Michiels, S., Koscielny, S. and Hill, C., 2005. Prediction of cancer outcome with 
microarrays: a multiple random validation strategy. The Lancet, 365(9458): 488-
492. 

Mimura, T., Ichinose, T., Yamagami, S., Fujishima, H., Kamei, Y., Goto, M., Takada, S. 
and Matsubara, M., 2014. Airborne particulate matter (PM2. 5) and the prevalence 
of allergic conjunctivitis in Japan. Science of The Total Environment, 487: 493-
499. 

Mogensen, J.E., Wimmer, R., Larsen, J.N., Spangfort, M.D. and Otzen, D.E., 2002. The 
major birch allergen, Bet v 1, shows affinity for a broad spectrum of physiological 
ligands. Journal of Biological Chemistry, 277(26): 23684-23692. 

Mudd, J., 1996. Biochemical basis for the toxicity of ozone. Plant response to air 
pollution. 

Müller-Germann, I., Vogel, B., Vogel, H., Pauling, A., Fröhlich-Nowoisky, J., Pöschl, U. 
and Després, V.R., 2015. Quantitative DNA analyses for airborne birch pollen. 
PloS one, 10(10): e0140949. 

Murray, C.I., Uhrigshardt, H., O'Meally, R.N., Cole, R.N. and Van Eyk, J.E., 2012. 
Identification and quantification of S-nitrosylation by cysteine reactive tandem 
mass tag switch assay. Molecular & Cellular Proteomics, 11(2): M111. 013441. 

Negrini, A.C., Negrini, S., Giunta, V., Quaglini, S. and Ciprandi, G., 2011. Thirty-year 
survey on airborne pollen concentrations in Genoa, Italy: Relationship with 
sensitizations, meteorological data, and air pollution. American journal of 
rhinology & allergy, 25(6): e232-e241. 

Newnham, R. M., Sparks, T. H., Skjøth, C. A., Head, K., Adams-Groom, B., & Smith, M.       
(2013). Pollen season and climate: Is the timing of birch pollen release in the UK       
approaching its limit? International journal of biometeorology, 57(3), 391-400. 

Nguyen, H.T. and Kim, K.-H., 2006. Evaluation of SO 2 pollution levels between four 
different types of air quality monitoring stations. Atmospheric Environment, 
40(36): 7066-7081. 

Nie, H., Wu, J.-l., Zhang, M., Xu, J. and Zou, M.-H., 2006. Endothelial Nitric Oxide 
Synthase–Dependent Tyrosine Nitration of Prostacyclin Synthase in Diabetes In 
Vivo. Diabetes, 55(11): 3133-3141. 

Ninan, T.K. and Russell, G., 1992. Respiratory symptoms and atopy in Aberdeen 
schoolchildren: evidence from two surveys 25 years apart. BMJ: British Medical 
Journal, 304(6831): 873. 

Nitschke, M., Tucker, G.R., Hansen, A.L., Williams, S., Zhang, Y. and Bi, P., 2011. 
Impact of two recent extreme heat episodes on morbidity and mortality in 
Adelaide, South Australia: a case-series analysis. Environ Health, 10(1): 42. 



 237 

Nuriel, T., Deeb, R.S., Hajjar, D.P. and Gross, S.S., 2008. Chapter One-Protein 3-
Nitrotyrosine in Complex Biological Samples: Quantification by High-Pressure 
Liquid Chromatography/Electrochemical Detection and Emergence of Proteomic 
Approaches for Unbiased Identification of Modification Sites. Methods in 
enzymology, 441: 1-17. 

O'Farrell, P.H., 1975. High resolution two-dimensional electrophoresis of proteins. 
Journal of biological chemistry, 250(10): 4007-4021. 

OECD, 2014. The cost of air pollution. Health impacts of road transport. (Organisation 
for Economic Co-operation and development). http://www.keepeek.com/Digital-
Asset-Management/oecd/environment/the-cost-of-air-pollution_9789264210448-
en#page1. 

Okuyama, Y., Matsumoto, K., Okochi, H. and Igawa, M., 2007. Adsorption of air 
pollutants on the grain surface of Japanese cedar pollen. Atmospheric 
Environment, 41(2): 253-260. 

Olsen, J.V., Ong, S.-E. and Mann, M., 2004. Trypsin cleaves exclusively C-terminal to 
arginine and lysine residues. Molecular & Cellular Proteomics, 3(6): 608-614. 

Omran, M. and Russell, G., 1996. Continuing increase in respiratory symptoms and atopy 
in Aberdeen schoolchildren. Bmj, 312(7022): 34. 

Ong, S.-E. and Mann, M., 2005. Mass spectrometry-based proteomics turns quantitative. 
Nature chemical biology, 1(5): 252. 

Osborne, N. and Eggen, B., 2015. Pollen and Asthma: impacts of anthropogenic climate 
change. Living with Environmental Change. LWEC, NERC, Swindon, UK. 

Osborne, N.J., Alcock, I., Wheeler, B.W., Hajat, S., Sarran, C., Clewlow, Y., McInnes, 
R.N., Hemming, D., White, M. and Vardoulakis, S., 2017. Pollen exposure and 
hospitalization due to asthma exacerbations: daily time series in a European city. 
International Journal of Biometeorology: 1-12. 

Osterman, H.L. and Schutz-Geschwender, A., Near-Infrared Fluorescence Imaging: 
Seeing Beyond the Visible with IRDye® Infrared Dyes. 

Ostro, B., Rauch, S., Green, R., Malig, B. and Basu, R., 2010. The effects of temperature 
and use of air conditioning on hospitalizations. American journal of epidemiology, 
172(9): 1053-1061. 

Pacher, P., Beckman, J.S. and Liaudet, L., 2007. Nitric oxide and peroxynitrite in health 
and disease. Physiological reviews, 87(1): 315-424. 

Palm, N.W., Rosenstein, R.K. and Medzhitov, R., 2012. Allergic host defences. Nature, 
484(7395): 465-472. 

Pan, Y.-L., 2015. Detection and characterization of biological and other organic-carbon 
aerosol particles in atmosphere using fluorescence. Journal of Quantitative 
Spectroscopy and Radiative Transfer, 150: 12-35. 

Pan, Y.L., Pinnick, R.G., Hill, S.C., Rosen, J.M. and Chang, R.K., 2007. Single-particle 
laser-induced-fluorescence spectra of biological and other organic-carbon aerosols 
in the atmosphere: Measurements at New Haven, Connecticut, and Las Cruces, 
New Mexico. Journal of Geophysical Research: Atmospheres, 112(D24). 

Papayannopoulos, I.A., 1995. The interpretation of collision-induced dissociation tandem 
mass spectra of peptides. Mass Spectrometry Reviews, 14(1): 49-73. 

Parker, J, 2016. Water in London and the Response to Climate Change. Water, Megacities 
and Global Change. 

Parry, M.L., 2007. Climate change 2007-impacts, adaptation and vulnerability: Working 
group II contribution to the fourth assessment report of the IPCC, 4. Cambridge 
University Press. 



 238 

Parui, S., Mondal, A.K. and Mandal, S., 1998. Protein content and patient skin test 
sensitivity of the pollen of Argemone mexicana on exposure to SO2. 

Pashley, C., Satchwell, J. and Edwards, R., 2015. Ragweed pollen: is climate change 
creating a new aeroallergen problem in the UK? Clinical & Experimental Allergy, 
45(7): 1262-1265. 

Pashley, C.H., Fairs, A., Edwards, R.E., Bailey, J.P., Corden, J.M. and Wardlaw, A.J., 
2009. Reproducibility between counts of airborne allergenic pollen from two cities 
in the East Midlands, UK. Aerobiologia, 25(4): 249-263. 

Pasqualini, S., Tedeschini, E., Frenguelli, G., Wopfner, N., Ferreira, F., D’Amato, G. and 
Ederli, L., 2011. Ozone affects pollen viability and NAD (P) H oxidase release 
from Ambrosia artemisiifolia pollen. Environmental Pollution, 159(10): 2823-
2830. 

Pastorius, E.B., 2014. Pollen separator. Google Patents. 
Patocka, J. and Kuca, K., 2014. Irritant compounds: respiratory irritant gases. Milit Med 

Sci Lett, 83(2): 73-82. 
Peng, R.D., Chang, H.H., Bell, M.L., McDermott, A., Zeger, S.L., Samet, J.M. and 

Dominici, F., 2008. Coarse particulate matter air pollution and hospital admissions 
for cardiovascular and respiratory diseases among Medicare patients. Jama, 
299(18): 2172-2179. 

Peters, T., 1985. Serum albumin. Advances in protein chemistry, 37: 161-245. 
Petersson, A.S., Steen, H., Kalume, D.E., Caidahl, K. and Roepstorff, P., 2001. 

Investigation of tyrosine nitration in proteins by mass spectrometry. Journal of 
mass spectrometry, 36(6): 616-625. 

Petralli, M., Morabito, M., Cecchi, L., Crisci, A. and Orlandini, S., 2012. Urban morbidity 
in summer: ambulance dispatch data, periodicity and weather. Central European 
Journal of Medicine, 7(6): 775-782. 

Petrie, A., Bulman, J. and Osborn, J., 2003. Further statistics in dentistry Part 8: 
Systematic reviews and meta-analyses. British dental journal, 194(2): 73. 

Pöhlker, C., Huffman, J. and Pöschl, U., 2012. Autofluorescence of atmospheric 
bioaerosols–fluorescent biomolecules and potential interferences. Atmospheric 
Measurement Techniques, 5(1): 37-71. 

Poloniecki, J.D., Atkinson, R.W., de Leon, A.P. and Anderson, H.R., 1997. Daily time 
series for cardiovascular hospital admissions and previous day's air pollution in 
London, UK. Occupational and environmental medicine, 54(8): 535-540. 

Pope 3rd, C., 2000. Epidemiology of fine particulate air pollution and human health: 
biologic mechanisms and who's at risk? Environmental health perspectives, 
108(Suppl 4): 713. 

Pope, C.A., Burnett, R.T., Thurston, G.D., Thun, M.J., Calle, E.E., Krewski, D. and 
Godleski, J.J., 2004. Cardiovascular mortality and long-term exposure to 
particulate air pollution. Circulation, 109(1): 71-77. 

Pope, C.A., Thun, M.J., Namboodiri, M.M., Dockery, D.W., Evans, J.S., Speizer, F.E. 
and Heath, C.W., 1995. Particulate air pollution as a predictor of mortality in a 
prospective study of US adults. American journal of respiratory and critical care 
medicine, 151(3): 669-674. 

Pope, F., 2010. Pollen grains are efficient cloud condensation nuclei. Environmental 
Research Letters, 5(4): 044015. 

Pope III, C.A., 2004. Air pollution and health-good news and bad. New England journal 
of medicine, 351(11): 1132-1133. 

Pöschl, U., 2005. Atmospheric aerosols: composition, transformation, climate and health 
effects. Angewandte Chemie International Edition, 44(46): 7520-7540. 



 239 

Pöschl, U. and Shiraiwa, M., 2015. Multiphase chemistry at the atmosphere–biosphere 
interface influencing climate and public health in the anthropocene. Chemical 
reviews, 115(10): 4440-4475. 

Preston CD, Pearman DA, Dines TD (2002) New atlas of the British and Irish flora. 
Oxford University Press, Oxford  

Prokai-Tatrai, K., Guo, J. and Prokai, L., 2011. Selective chemoprecipitation and 
subsequent release of tagged species for the analysis of nitropeptides by liquid 
chromatography–tandem mass spectrometry. Molecular & Cellular Proteomics, 
10(8): M110. 002923. 

Prokai, L., 2009. Misidentification of nitrated peptides: Comments on Hong, SJ, 
Gokulrangan, G., Schöneich, C., 2007. Proteomic analysis of age dependent 
nitration of rat cardiac proteins by solution isoelectric focusing coupled to 
nanoHPLC tandem mass spectrometry. Exp. Gerontol. 42, 639− 651. 
Experimental gerontology, 44(6-7): 367. 

Puc M (2003) Characterisation of pollen allergens. Ann Agric Environ Med 10:143–149.  
Qin, P., Waltoft, B.L., Mortensen, P.B. and Postolache, T.T., 2013. Suicide risk in 

relation to air pollen counts: a study based on data from Danish registers. BMJ 
open, 3(5): e002462. 

Quint, P., Reutzel, R., Mikulski, R., McKenna, R. and Silverman, D.N., 2006. Crystal 
structure of nitrated human manganese superoxide dismutase: mechanism of 
inactivation. Free Radical Biology and Medicine, 40(3): 453-458. 

Radauer, C. and Breiteneder, H., 2006. Pollen allergens are restricted to few protein 
families and show distinct patterns of species distribution. Journal of Allergy and 
Clinical Immunology, 117(1): 141-147. 

Radauer, C., Bublin, M., Wagner, S., Mari, A. and Breiteneder, H., 2008. Allergens are 
distributed into few protein families and possess a restricted number of 
biochemical functions. Journal of Allergy and Clinical Immunology, 121(4): 847-
852. e7. 

Radi, R., 2004. Nitric oxide, oxidants, and protein tyrosine nitration. Proceedings of the 
National Academy of Sciences, 101(12): 4003-4008. 

Rapiejko, P., Stanlaewicz, W., Szczygielski, K., & Jurkiewicz, D. (2007). Threshold  
pollen count necessary to evoke allergic symptoms. Otolaryngologia polska= The 
Polish otolaryngology, 61(4), 591-594. 

Rauniyar, N. and Yates III, J.R., 2014. Isobaric labeling-based relative quantification in 
shotgun proteomics. Journal of proteome research, 13(12): 5293-5309. 

Reid, C.E. and Gamble, J.L., 2009. Aeroallergens, allergic disease, and climate change: 
impacts and adaptation. Ecohealth, 6(3): 458-470. 

Reinmuth-Selzle, K., Ackaert, C., Kampf, C.J., Samonig, M., Shiraiwa, M., Kofler, S., 
Yang, H., Gadermaier, G., Brandstetter, H. and Huber, C.G., 2014. Nitration of the 
birch pollen allergen Bet v 1.0101: efficiency and site-selectivity of liquid and 
gaseous nitrating agents. Journal of proteome research, 13(3): 1570-1577. 

Reinmuth-Selzle, K., Kampf, C.J., Lucas, K., Lang-Yona, N., Fröhlich-Nowoisky, J., 
Shiraiwa, M., Lakey, P.S., Lai, S., Liu, F. and Kunert, A.T., 2017. Air pollution 
and climate change effects on allergies in the anthropocene: Abundance, 
interaction, and modification of allergens and adjuvants. Environmental Science & 
Technology, 51(8): 4119-4141. 

Rengarajan, R., Sudheer, A. and Sarin, M., 2011. Aerosol acidity and secondary organic 
aerosol formation during wintertime over urban environment in western India. 
Atmospheric environment, 45(11): 1940-1945. 



 240 

Rezanejad, F., 2007. The effect of air pollution on microsporogenesis, pollen 
development and soluble pollen proteins in Spartium junceum L.(Fabaceae). 
Turkish Journal of Botany, 31(3): 183-191. 

Rezanejad, F., 2009. Air pollution effects on structure, proteins and flavonoids in pollen 
grains of Thuja orientalis L.(Cupressaceae). Grana, 48(3): 205-213. 

Rezanejad, F., Majd, A., Shariatzadeh, S.M.A., Moein, M., Aminzadeh, M. and 
Mirzaeian, M., 2003. Effect of air pollution on soluble proteins, structure and 
cellular material release in pollen of Lagerstroemia indica L.(Lytraceae). Acta 
Biologica Cracoviensia Botanica, 45(1): 129-132. 

Rodriguez-Rajo, F., Jato, V. and Aira, M., 2003. Pollen content in the atmosphere of Lugo  
(NW Spain) with reference to meteorological factors (1999–2001). Aerobiologia, 
19(3): 213-225. Rodriguez-Rajo JF, Dopazo A, Jato V (2004) Environmental 
factors affecting the start of pollen season and concentrations of airborne Alnus 
pollen in two localities of Galicia (NW Spain). Ann Agric Environ Med 11:35–44  

Rogerieux, F., Godfrin, D., Senechal, H., Motta, A., Marliere, M., Peltre, G. and Lacroix, 
G., 2007. Modifications of Phleum pratense grass pollen allergens following 
artificial exposure to gaseous air pollutants (O3, NO2, SO2). International 
Archives of Allergy and Immunology, 143(2): 127-134. 

Rogers, C.A., Wayne, P.M., Macklin, E.A., Muilenberg, M.L., Wagner, C.J., Epstein, 
P.R. and Bazzaz, F.A., 2006. Interaction of the onset of spring and elevated 
atmospheric CO2 on ragweed (Ambrosia artemisiifolia L.) pollen production. 
Environmental health perspectives, 114(6): 865. 

Roshchina, V. and Mel'nikova, E., 2001. Pollen chemosensitivity to ozone and peroxides. 
Russian Journal of Plant Physiology, 48(1): 74-83. 

Roshchina, V.V., 2012. Vital autofluorescence: application to the study of plant living 
cells. International Journal of Spectroscopy, 2012. 

Roshchina, V.V.a.V.N.K., 1999. Changes in pollen autofluorescence induced by ozone. 
Biologia Plantarum, 42.2(42.2): 273-278. 

Ruffin, J., Williams, D., Banerjee, U. and Pinnix, K., 1983. The effects of some 
environmental gaseous pollutants on pollen-wall proteins of certain airborne 
pollen grains: a preliminary study. Grana, 22(3): 171-175. 

Ruffoni, S., Passalacqua, G., Ricciardolo, F., Furgani, A., Negrini, A.C., De Amici, M. 
and Ciprandi, G., 2013. A 10-year survey on asthma exacerbations: relationships 
among emergency medicine calls, pollens, weather, and air pollution. Revue 
Francaise d'Allergologie, 53(7): 569-575. 

Ryberg, H. and Caidahl, K., 2007. Chromatographic and mass spectrometric methods for 
quantitative determination of 3-nitrotyrosine in biological samples and their 
application to human samples. Journal of Chromatography B, 851(1): 160-171. 

Sajani, S.Z., Alessandrini, E., Marchesi, S. and Lauriola, P., 2014. Are day-to-day 
variations of airborne particles associated with emergency ambulance dispatches? 
International journal of occupational and environmental health, 20(1): 71-76. 

Sandhu, R. and Gupta, G., 1989. Effects of nitrogen dioxide on growth and yield of black 
turtle bean (Phaseolus vulgaris L.) cv.‘Domino’. Environmental pollution, 59(4): 
337-344. 

Santarpia, J.L., Pan, Y.-L., Hill, S.C., Baker, N., Cottrell, B., McKee, L., Ratnesar-
Shumate, S. and Pinnick, R.G., 2012. Changes in fluorescence spectra of 
bioaerosols exposed to ozone in a laboratory reaction chamber to simulate 
atmospheric aging. Optics express, 20(28): 29867-29881. 

Savill, P.S., 2013. The silviculture of trees used in British forestry. CABI. 



 241 

Saxon, A. and Diaz-Sanchez, D., 2005. Air pollution and allergy: you are what you 
breathe. Nature immunology, 6(3): 223-226. 

Schaffer, A., Muscatello, D., Broome, R., Corbett, S. and Smith, W., 2012. Emergency 
department visits, ambulance calls, and mortality associated with an exceptional 
heat wave in Sydney, Australia, 2011: a time-series analysis. Environmental 
Health, 11(1): 1. 

Schäppi, G.F., Suphioglu, C., Taylor, P.E. and Knox, R.B., 1997. Concentrations of the 
major birch tree allergen Bet v 1 in pollen and respirable fine particles in the 
atmosphere. Journal of Allergy and Clinical Immunology, 100(5): 656-661. 

Schäppi, G.F., Taylor, P.E., Kenrick, J., Staff, I.A. and Suphioglu, C., 1998. Predicting 
the grass pollen count from meteorological data with regard to estimating the 
severity of hayfever symptoms in Melbourne (Australia). Aerobiologia, 14(1): 29-
37. 

Schäppi, G.F., Taylor, P.E., Staff, I.A., Rolland, J. and Suphioglu, C., 1999. Immunologic 
significance of respirable atmospheric starch granules containing major birch 
allergen Bet v 1. Allergy, 54(5): 478-483. 

Schmidt, C.W., 2016. Pollen overload: seasonal allergies in a changing climate. 
Environmental health perspectives, 124(4): A70. 

Schoene, K., Franz, J.-T. and Masuch, G., 2004. The effect of ozone on pollen 
development in Lolium perenne L. Environmental Pollution, 131(3): 347-354. 

Schröder, P.C., Li, J., Wong, G.W. and Schaub, B., 2015. The rural–urban enigma of 
allergy: What can we learn from studies around the world? Pediatric Allergy and 
Immunology, 26(2): 95-102. 

Schultz, G. and Wang, Q., 2006. Online monitoring of airborne allergenic particles 
(OMNIBUSS). Biophotonics: Visions for Better Health Care, 2: 1. 

Schwela, D., 2000. Air pollution and health in urban areas. Reviews on environmental 
health, 15(1-2): 13-42. 

SEI, 2012. GAP FORUM Stockholm Environment Institute website. https://www.sei-
international.org/gapforum/policy/effectshumanhealth.php.  
(Accessed 27th  November 2014). 

Seinfeld, J.H. and Pandis, S.N., 2016. Atmospheric chemistry and physics: from air 
pollution to climate change. John Wiley & Sons. 

Selvam, A.M., 2010. Universal spectrum for atmospheric suspended particulates: 
comparison with observations. arXiv preprint arXiv:1005.1336. 

Selzle, K., Ackaert, C., Kampf, C.J., Kunert, A.T., Duschl, A., Oostingh, G.J. and Pöschl, 
U., 2013. Determination of nitration degrees for the birch pollen allergen Bet v 1. 
Analytical and bioanalytical chemistry, 405(27): 8945-8949. 

Sénéchal, H., Visez, N., Charpin, D., Shahali, Y., Peltre, G., Biolley, J.-P., Lhuissier, F., 
Couderc, R., Yamada, O. and Malrat-Domenge, A., 2015. A review of the effects 
of major atmospheric pollutants on pollen grains, pollen content, and allergenicity. 
The Scientific World Journal, 2015. 

Shahali, Y., 2011. Etude analytique de l'allergie au pollen de cyprès: aspects moléculaires 
et particulaires, Paris 6. 

Sharma, S. and Sutton, R., 2012. Modelling the yaw dynamics of an uninhabited surface 
vehicle for navigation and control systems design. Journal of Marine Engineering 
& Technology, 11(3): 9-20. 

Shevchenko, A., Tomas, H., Havlis, J., Olsen, J.V. and Mann, M., 2007. In-gel digestion 
for mass spectrometric characterization of proteins and proteomes. Nature 
protocols, 1(6): 2856-2860. 



 242 

Shiraiwa, M., Selzle, K. and Pöschl, U., 2012a. Hazardous components and health effects 
of atmospheric aerosol particles: reactive oxygen species, soot, polycyclic 
aromatic compounds and allergenic proteins. Free radical research, 46(8): 927-
939. 

Shiraiwa, M., Selzle, K., Yang, H., Sosedova, Y., Ammann, M. and Pöschl, U., 2012b. 
Multiphase chemical kinetics of the nitration of aerosolized protein by ozone and 
nitrogen dioxide. Environmental science & technology, 46(12): 6672-6680. 

Shiraiwa, M., Sosedova, Y., Rouvière, A., Yang, H., Zhang, Y., Abbatt, J.P., Ammann, 
M. and Pöschl, U., 2011. The role of long-lived reactive oxygen intermediates in 
the reaction of ozone with aerosol particles. Nature chemistry, 3(4): 291-295. 

Shivanna, K., Linskens, H. and Cresti, M., 1991. Pollen viability and pollen vigor. TAG 
Theoretical and Applied Genetics, 81(1): 38-42. 

Simon, R., 2010. "20th December 2010". 
Singer, B.D., Ziska, L.H., Frenz, D.A., Gebhard, D.E. and Straka, J.G., 2005. Increasing 

Amb a 1 content in common ragweed (Ambrosia artemisiifolia) pollen as a 
function of rising atmospheric CO2 concentration. Functional Plant Biology, 
32(7): 667-670. 

Skjøth, C., Ørby, P., Becker, T., Geels, C., Sigsgaard, V.S., Bønløkke, J., Sommer, J., 
Søgaard, P., Hertel, O. and Schlünssen, V., 2012. Identifying urban sources as 
cause to elevated grass pollen concentrations using GIS and remote sensing. 
Biogeosciences Discussions, 9(10). 

Skjøth, C. A., Bilinska, D., Werner, M., Malkiewicz, M., Adams-Groom, B., Kryza, M.,&  
Drzeniecka-Osiadacz, A. (2015). Footprint areas of pollen from alder (Alnus) and 
birch (Betula) in the UK (Worcester) and Poland (Wroclaw) during 2005–
2014. Acta Agrobotanica, 68(4). 

Skjøth C.A, Šikoparija B, Jäger S. Pollen sources. In: Sofiev M, Berg- mann KC, editors.  
Allergenic pollen. Dordrect: Springer; 2013. p. 9–27. 
http://dx.doi.org/10.1007/978-94-007-4881-1_2  

Skjøth, C. A., Smith, M., Brandt, J., & Emberlin, J. (2009).Are the birch trees in Southern 
England a source of Betula pollen for North London? International Journal of 
Biometeorology, 53(1), 75-86. 

Skjøth, C.A., Sommer, J., Stach, A., Smith, M. and Brandt, J., 2007. The long-range 
transport of birch (Betula) pollen from Poland and Germany causes significant 
pre-season concentrations in Denmark. Clinical & Experimental Allergy, 37(8): 
1204-1212. 

Smith, D., 2015. London's population high: Top metropolis facts.BBC News. 
http://www.bbc.co.uk/news/uk-england-london-31056626  

Söderling, A.-S., Hultman, L., Delbro, D., Højrup, P. and Caidahl, K., 2007. Reduction of 
the nitro group during sample preparation may cause underestimation of the 
nitration level in 3-nitrotyrosine immunoblotting. Journal of Chromatography B, 
851(1): 277-286. 

Sofiev, M., Siljamo, P., Ranta, H., Linkosalo, T., Jaeger, S., Rasmussen, A., Rantio-
Lehtimaki, A., Severova, E. and Kukkonen, J., 2013. A numerical model of birch 
pollen emission and dispersion in the atmosphere. Description of the emission 
module. International journal of biometeorology, 57(1): 45-58. 

Sofiev, M., Siljamo, P., Ranta, H. and Rantio-Lehtimäki, A., 2006. Towards numerical 
forecasting of long-range air transport of birch pollen: theoretical considerations 
and a feasibility study. International Journal of Biometeorology, 50(6): 392. 



 243 

Sokolovsky, M., Riordan, J.F. and Vallee, B.L., 1967. Conversion of 3-nitrotyrosine to 3-
aminotyrosine in peptides and proteins. Biochemical and biophysical research 
communications, 27(1): 20-25. 

Songnuan, W. (2013). Wind-pollination and the roles of pollen allergenic proteins. Asian  
Pacific journal of allergy and immunology, 31(4), 261. 

Sousa, R., Cruz, A., Ribeiro, H. and Abreu, I., 2011. Impact of urbanization level on 
Chenopodium album pollen: Morphological and immunochemical data. Revista 
Portuguesa de Imunoalergologia, 19(1): 33-41. 

Sousa, R., Duque, L., Duarte, A.J., Gomes, C.R., Ribeiro, H., Cruz, A., Esteves da Silva, 
J.C. and Abreu, I., 2012. In vitro exposure of Acer negundo pollen to atmospheric 
levels of SO2 and NO2: Effects on allergenicity and germination. Environmental 
science & technology, 46(4): 2406-2412. 

Souza, J.M., Daikhin, E., Yudkoff, M., Raman, C. and Ischiropoulos, H., 1999. Factors 
determining the selectivity of protein tyrosine nitration. Archives of Biochemistry 
and Biophysics, 371(2): 169-178. 

Spieksma, F. T. M., Emberlin, J. C., Hjelmroos, M., Jäger, S., & Leuschner, R. M. (1995).  
Atmospheric birch (Betula) pollen in Europe: trends and fluctuations in annual 
quantities and the starting dates of the seasons. Grana, 34(1), 51-57. 

Stace C (1997) New flora of the British Isles. Cambridge University Press.  
Stafoggia, M., Forastiere, F., Agostini, D., Biggeri, A., Bisanti, L., Cadum, E., Caranci, 

N., de'Donato, F., De Lisio, S. and De Maria, M., 2006. Vulnerability to heat-
related mortality: a multicity, population-based, case-crossover analysis. 
Epidemiology, 17(3): 315-323. 

Stedman, J.R., 2004. The predicted number of air pollution related deaths in the UK 
during the August 2003 heatwave. Atmospheric Environment, 38(8): 1087-1090. 

Steen, H. and Mann, M., 2004. The ABC's (and XYZ's) of peptide sequencing. Nature 
reviews. Molecular cell biology, 5(9): 699. 

Stevens, S.M., Prokai-Tatrai, K. and Prokai, L., 2008. Factors that contribute to the 
misidentification of tyrosine nitration by shotgun proteomics. Molecular & 
Cellular Proteomics, 7(12): 2442-2451. 

Sugden, J., 2004. Photochemistry of dyes and fluorochromes used in biology and 
medicine: some physicochemical background and current applications. Biotechnic 
& Histochemistry, 79(2): 71-90. 

Sultana, R., Piroddi, M., Galli, F. and Butterfield, D.A., 2008. Protein levels and activity 
of some antioxidant enzymes in hippocampus of subjects with amnestic mild 
cognitive impairment. Neurochemical research, 33(12): 2540-2546. 

Szumilas, M., 2010. Explaining odds ratios. Journal of the Canadian Academy of Child 
and Adolescent Psychiatry, 19(3): 227. 

Taylor, P., Flagan, R., Miguel, A., Valenta, R. and Glovsky, M., 2004. Birch pollen 
rupture and the release of aerosols of respirable allergens. Clinical & Experimental 
Allergy, 34(10): 1591-1596. 

Taylor LP, Hepler PK. Pollen Germination and Tube Growth. Annual review of plant  
physiology and plant molecular biology. 1997;48:461-91.  

Taylor, P.E. and Jonsson, H., 2004. Thunderstorm asthma. Current allergy and asthma 
reports, 4(5): 409-413. 

Theillet, F.-X., Smet-Nocca, C., Liokatis, S., Thongwichian, R., Kosten, J., Yoon, M.-K., 
Kriwacki, R.W., Landrieu, I., Lippens, G. and Selenko, P., 2012. Cell signaling, 
post-translational protein modifications and NMR spectroscopy. Journal of 
biomolecular NMR, 54(3): 217-236. 



 244 

Thornes, J., 2014. The Impact of Extreme Weather and Climate Change on Ambulance 
Incidents and Response Times in London, Pilot Report for the London Ambulance 
Service, . Public Health England: 1-30. 

Thornes, J.E., Fisher, P.A., Rayment-Bishop, T. and Smith, C., 2014. Ambulance call-
outs and response times in Birmingham and the impact of extreme weather and 
climate change. Emergency Medicine Journal. 31, 220–228. 

Timms, J.F. and Cutillas, P.R., 2010. Overview of quantitative LC-MS techniques for 
proteomics and activitomics. LC-MS/MS in Proteomics: Methods and 
Applications: 19-45. 

Tobias, A., Galan, I. and Banegas, J., 2004. Non-linear short-term effects of airborne 
pollen levels with allergenic capacity on asthma emergency room admissions in 
Madrid, Spain. Clinical & Experimental Allergy, 34(6): 871-878. 

Toner, S.M., 2007. Anthropogenic particulate source characterization and source 
apportionment using aerosol time-of-flight mass spectrometry. ProQuest. 

Traidl-Hoffmann, C., Jakob, T. and Behrendt, H., 2009. Determinants of allergenicity. 
Journal of Allergy and Clinical Immunology, 123(3): 558-566. 

Traidl-Hoffmann, C., Kasche, A., Menzel, A., Jakob, T., Thiel, M., Ring, J. and Behrendt, 
H., 2003. Impact of pollen on human health: more than allergen carriers? 
International archives of allergy and immunology, 131(1): 1-13. 

Tsikas, D., 2012. Analytical methods for 3-nitrotyrosine quantification in biological 
samples: the unique role of tandem mass spectrometry. Amino acids, 42(1): 45-63. 

Tsikas, D. and Caidahl, K., 2005. Recent methodological advances in the mass 
spectrometric analysis of free and protein-associated 3-nitrotyrosine in human 
plasma. Journal of Chromatography B, 814(1): 1-9. 

Tsikas, D. and Duncan, M.W., 2014. Mass spectrometry and 3-nitrotyrosine: Strategies, 
controversies, and our current perspective. Mass spectrometry reviews, 33(4): 
237-276. 

Turner, L.R., Connell, D. and Tong, S., 2012. Exposure to hot and cold temperatures and 
ambulance attendances in Brisbane, Australia: a time-series study. BMJ open, 
2(4). 

Uffen, R.L., 1981. Metabolism of carbon monoxide. Enzyme and Microbial Technology, 
3(3): 197-206. 

UNICEF and Organization, W.H., 2002. Children in the new millennium: environmental 
impact on health. 

USEPA, 2008. Estimation Program Interface (EPI) Suite 
http://www.epa.gov/oppt/exposure/pubs/episuite.htm. 

Uysal, N. and Schapira, R.M., 2003. Effects of ozone on lung function and lung diseases. 
Current opinion in pulmonary medicine, 9(2): 144-150. 

V. V. Roshchina and V. N. Karnaukhov, C.i.p.a.i.b.o., ” Biologia Plantarum, vol. 42, no. 
2, pp. 273–278, 1999. 

Valeur, B. and Berberan-Santos, M.N., 2012. Molecular fluorescence: principles and 
applications. John Wiley & Sons. 

Van Loon, L. and Van Strien, E., 1999. The families of pathogenesis-related proteins, 
their activities, and comparative analysis of PR-1 type proteins. Physiological and 
molecular plant pathology, 55(2): 85-97. 

Vandenbroucke, J.P., 2004. When are observational studies as credible as randomised 
trials? The Lancet, 363(9422): 1728-1731. 

Vardoulakis, S. and Heaviside, C., 2012. Health Effects of climate change in the UK 
2012. London: Health Protection Agency. 

Viander M, Koivikko A (1978) Seasonal symptoms of hypo-sensitized and untreated hay- 



 245 

fever patients in relation to birch pollen counts —correlations with nasal 
sensitivity, prick tests and RAST. Clin Allergy 8:387–396.  

Viegi, G. and Baldacci, S., 2002. Epidemiological studies of chronic respiratory 
conditions in relation to urban air pollution in adults. EUROPEAN 
RESPIRATORY MONOGRAPH, 7: 1-16. 

Visez, N., Choël, M., Loubert, G., Chassard, G. and Petitprez, D., 2013. Release of fine 
particles from birch pollen grains following impaction, European Aerosol 
Conference. 

von Loetzen, C.S., Hoffmann, T., Hartl, M.J., Schweimer, K., Schwab, W., Rösch, P. and 
Hartl-Spiegelhauer, O., 2014. Secret of the major birch pollen allergen Bet v 1: 
identification of the physiological ligand. Biochemical Journal, 457(3): 379-390. 

von Loetzen, C.S., Jacob, T., Hartl-Spiegelhauer, O., Vogel, L., Schiller, D., Spörlein-
Güttler, C., Schobert, R., Vieths, S., Hartl, M.J. and Rösch, P., 2015. Ligand 
recognition of the major birch pollen allergen bet v 1 is isoform dependent. PloS 
one, 10(6): e0128677. 

Vrtala, S., Grote, M., Duchêne, M., Kraft, D., Scheiner, O. and Valenta, R., 1993. 
Properties of tree and grass pollen allergens: reinvestigation of the linkage 
between solubility and allergenicity. International archives of allergy and 
immunology, 102(2): 160-169. 

Vrtala, S., Hirtenlehner, K., Susani, M., Akdis, M., Kussebi, F., Akdis, C.A., Blaser, K., 
Hufnagl, P., Binder, B.R. and Politou, A., 2001. Genetic engineering of a 
hypoallergenic trimer of the major birch pollen allergen Bet v 1. The FASEB 
Journal, 15(11): 2045-2047. 

Walcher, W., Franze, T., Weller, M.G., Pöschl, U. and Huber, C.G., 2003. Liquid-and 
Gas-Phase Nitration of Bovine Serum Albumin Studied by LC− MS and LC− 
MS/MS Using Monolithic Columns. Journal of proteome research, 2(5): 534-542. 

Wang, H., Matsumura, M., Kakehashi, M. and Eboshida, A., 2006. Effects of atmospheric 
temperature and pressure on the occurrence of acute myocardial infarction in 
Hiroshima City, Japan. Hiroshima journal of medical sciences, 55(2): 45-51. 

Wang, Q., Morita, J., Nakamura, S., Wu, D., Gong, X., Suzuki, M., Miwa, M. and 
Nakajima, D., 2010. Field investigation on modification of Japanese cedar pollen 
allergen in urban air-polluted area. World Academy of Science, Engineering and 
Technology, 69: 624-629. 

Wang, W., Tai, F. and Chen, S., 2008. Optimizing protein extraction from plant tissues 
for enhanced proteomics analysis. Journal of separation science, 31(11): 2032-
2039. 

Wayne, P., Foster, S., Connolly, J., Bazzaz, F. and Epstein, P., 2002. Production of 
allergenic pollen by ragweed (Ambrosia artemisiifolia L.) is increased in CO2-
enriched atmospheres. Annals of Allergy, Asthma & Immunology, 88(3): 279-
282. 

Wellburn, A.R., 1990. Tansley Review No. 24 Why are atmospheric oxides of nitrogen 
usually phytotoxic and not alternative fertilizers? New phytologist, 115(3): 395-
429. 

White, C.W. and Martin, J.G., 2010. Chlorine gas inhalation: human clinical evidence of 
toxicity and experience in animal models. Proceedings of the American Thoracic 
Society, 7(4): 257-263. 

WHO, 2002. Estimated deaths & DALYs attributable to selected environmental risk 
factors. 

Who, 2014. WHO Ambient (outdoor) air quality and health 



 246 

Wickham, H. and Francois, R., 2015. dplyr: A grammar of data manipulation. R package 
version 0.4, 1: 20. 

Wolf, T., McGregor, G. and Analitis, A., 2014. Performance assessment of a heat wave 
vulnerability index for greater London, United Kingdom. Weather, climate, and 
society, 6(1): 32-46. 

Womack, A.M., Bohannan, B.J. and Green, J.L., 2010. Biodiversity and biogeography of 
the atmosphere. Philosophical Transactions of the Royal Society of London B: 
Biological Sciences, 365(1558): 3645-3653. 

Wong, H. and Lai, P., 2010. Weather inference and daily demand for emergency 
ambulance services. Emergency Medicine Journal: emj. 2010.096701. 

Wong, T.W., Lau, T.S., Yu, T.S., Neller, A., Wong, S.L., Tam, W. and Pang, S.W., 1999. 
Air pollution and hospital admissions for respiratory and cardiovascular diseases 
in Hong Kong. Occupational and environmental medicine, 56(10): 679-683. 

Wu, O., Briggs, A., Kemp, T., Gray, A., MacIntyre, K., Rowley, J. and Willett, K., 2012. 
Mobile phone use for contacting emergency services in life-threatening 
circumstances. The Journal of emergency medicine, 42(3): 291-298. e3. 

www.licor.com   
https://www.licor.com/documents/eukougbp4lxjupcds7pqdjqyom13incs 
(Accessed 16th  October 2017). 

www.nanoscience.com.  
http://www.nanoscience.com/technology/sem-technology/how-sem-works/ 
(Accessed 30th April 2017). 

www.ons.gov.uk, 
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/
populationestimates/bulletins/2011censuskeystatisticsforenglandandwales/2012-
12-11. (Accessed 01st June 2015). 

www.thermoscientific.com, 
https://www.thermofisher.com/order/catalog/product/89871?SID=srch-srp-89871. 
(Accessed 15th May 2017). 

Xing, Y.-F., Xu, Y.-H., Shi, M.-H. and Lian, Y.-X., 2016. The impact of PM2. 5 on the 
human respiratory system. Journal of thoracic disease, 8(1): E69. 

Yang, H. and Zubarev, R.A., 2010. Mass spectrometric analysis of asparagine 
deamidation and aspartate isomerization in polypeptides. Electrophoresis, 31(11): 
1764-1772. 

Ye, X., Wolff, R., Yu, W., Vaneckova, P., Pan, X. and Tong, S., 2012. Ambient 
temperature and morbidity: a review of epidemiological evidence. Environmental 
health perspectives, 120(1): 19. 

Yu, W., Mengersen, K., Hu, W., Guo, Y., Pan, X. and Tong, S., 2011. Assessing the 
relationship between global warming and mortality: lag effects of temperature 
fluctuations by age and mortality categories. Environmental Pollution, 159(7): 
1789-1793. 

Zhan, X. and Desiderio, D.M., 2006. Nitroproteins from a human pituitary adenoma tissue 
discovered with a nitrotyrosine affinity column and tandem mass spectrometry. 
Analytical biochemistry, 354(2): 279-289. 

Zhan, X. and Desiderio, D.M., 2009. Mass spectrometric identification of in vivo 
nitrotyrosine sites in the human pituitary tumor proteome. Neuroproteomics: 
Methods and Protocols: 137-163. 

Zhang, Q., Qian, W.-J., Knyushko, T.V., Clauss, T.R., Purvine, S.O., Moore, R.J., 
Sacksteder, C.A., Chin, M.H., Smith, D.J. and Camp, D.G., 2007. A method for 



 247 

selective enrichment and analysis of nitrotyrosine-containing peptides in complex 
proteome samples. Journal of proteome research, 6(6): 2257-2268. 

Zhang, Y., Fonslow, B.R., Shan, B., Baek, M.-C. and Yates III, J.R., 2013. Protein 
analysis by shotgun/bottom-up proteomics. Chemical reviews, 113(4): 2343-2394. 

Zhang, Y., Xu, T., Shan, B., Hart, J., Aslanian, A., Han, X., ... & Acharya, L. (2015).  
ProteinInferencer: Confident protein identification and multiple experiment 
comparison for large scale proteomics projects. Journal of proteomics, 129, 25-32. 

Zhao, F., Elkelish, A., Durner, J., Lindermayr, C., Winkler, J.B., Ruёff, F., Behrendt, H., 
Traidl-Hoffmann, C., Holzinger, A. and Kofler, W., 2016. Common ragweed 
(Ambrosia artemisiifolia L.): allergenicity and molecular characterization of 
pollen after plant exposure to elevated NO2. Plant, cell & environment, 39(1): 
147-164. 

Zhong, W., Levin, L., Reponen, T., Hershey, G.K., Adhikari, A., Shukla, R. and 
LeMasters, G., 2006. Analysis of short-term influences of ambient aeroallergens 
on pediatric asthma hospital visits. Science of the total environment, 370(2): 330-
336. 

Ziello, C., Sparks, T.H., Estrella, N., Belmonte, J., Bergmann, K.C., Bucher, E., Brighetti, 
M.A., Damialis, A., Detandt, M. and Galán, C., 2012. Changes to airborne pollen 
counts across Europe. PloS one, 7(4): e34076. 

Ziska, L., Knowlton, K., Rogers, C., Dalan, D., Tierney, N., Elder, M.A., Filley, W., 
Shropshire, J., Ford, L.B. and Hedberg, C., 2011. Recent warming by latitude 
associated with increased length of ragweed pollen season in central North 
America. Proceedings of the National Academy of Sciences, 108(10): 4248-4251. 

Ziska, L.H., Epstein, P.R. and Schlesinger, W.H., 2009. Rising CO2, climate change, and 
public health: exploring the links to plant biology. Environmental health 
perspectives, 117(2): 155. 

Ziska, L.H., Panicker, S. and Wojno, H.L., 2008. Recent and projected increases in 
atmospheric carbon dioxide and the potential impacts on growth and alkaloid 
production in wild poppy (Papaver setigerum DC.). Climatic change, 91(3): 395-
403. 




