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ABSTRACT

The fifth report issued by the Intergovernmental Panel on Climate Change forecasts that
greenhouse gases will increase global temperature as well as the frequency of extreme weather
phenomena. An increasing body of evidence shows the occurrence of severe asthma
epidemics during thunderstorms in the pollen season, in various geographical zones. The main
hypotheses explaining association between thunderstorms and asthma claim that
thunderstorms can concentrate pollen grains at ground level which may then release allergenic
particles of respirable size in the atmosphere after their rupture by osmotic shock. During the
first 20-30 minutes of a thunderstorm, patients suffering from pollen allergies may inhale a high
concentration of the allergenic material that is dispersed into the atmosphere, which in turn can
induce asthmatic reactions, often severe. Subjects without asthma symptoms, but affected by
seasonal rhinitis can also experience an asthma attack. All subjects affected by pollen allergy
should be alerted to the danger of being outdoors during a thunderstorm in the pollen season,
as such events may be an important cause of severe exacerbations. In the light of these
observations, it is useful to predict thunderstorms and thus minimise thunderstorm-related
events.

Key words: allergic asthma, pollinosis, asthma outbreaks, pollen grains, thunderstorm-related
asthma



Introduction

The fifth report issued by the Intergovernmental Panel on Climate Change forecasts that
greenhouse gases (such as carbon dioxide, methane, and nitrogen dioxide) will increase global
temperatures and as a consequence the frequency of extreme weather phenomena including
snowfalls, heavy rains, storms, hurricanes, tornadoes and large hail events (1). This fits in with
scientists' understanding of the fundamental physics of a warming world. Warmer air carries
more moisture, which means that rain falls in heavier bursts. Projections show that future
precipitation and storm changes will vary by season and region. Some regions may have less
precipitation, some may have more precipitation, and some may have little or no change. The
amount of rain falling during heavy precipitation events is likely to increase in most regions,
while storm tracks are projected to shift poleward (2). However, because of uncertainty of the
projections, the interpretation of how individual hazards will change is open to question.

Thunderstorms generally lead to negative impacts on lives and property. One of the potential
impacts in human beings is thunderstorm-related asthma. Thunderstorm asthma is a term used
to describe an observed increase in acute bronchospasm cases following the occurrence of
thunderstorms in the local vicinity. An increasing body of evidence shows the occurrence of
severe asthma epidemics during thunderstorm in the pollen season (3-5) and it is now
recognized that thunderstorms are a risk factor for asthma attacks in patients suffering from
pollen allergy (3). The frequency of thunderstorm-related asthma might increase because of

storm increase. We present here a state of the art of thunderstorm-related asthma.

Thunderstorm associated asthma epidemics: observational evidence

Several epidemics of asthma have been reported following thunderstorms in various
geographical zones (6-14), predominantly in Europe and Australia (table 1).

The largest asthma outbreak ever recorded was in London, coinciding with a heavy
thunderstorm on June 24, 1994. A large increase in the number of visits for asthma at the
emergency departments of London and the southwest of England was observed. Several of the
patients who experienced an asthma attack were not known to be asthmatics or were known to
be sensitised to pollen and had been affected only by seasonal rhinitis, (6). During a 30-h period
beginning 18:00 on June 24, 1994, 640 patients with asthma or other airways disease (283 of
whom were not known to be asthmatic and 357 of whom were affected only by seasonal rhinitis)
attended several emergency departments, nearly 10 times the expected number of 66 patients.

In total, 104 patients were admitted, including five to an intensive care unit, 574 patients whose
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asthma was attributable to the thunderstorm). Evidence of another asthma outbreak in the UK,
was provided by Packe and Ayres (7) at the East Birmingham Hospital (UK) on July 6 and 7,
1983. This is one of the first observations of the link between thunderstorms and asthma
outbreaks. It was described as a remarkable increase in the number of asthma emergency
department admissions during the hours of a thunderstorm. In a 36-h period, 26 asthma cases
were treated in the emergency department, compared with a daily average of two or three cases
in the days preceding the outbreak. Other asthma outbreaks during thunderstorms have been
described in Australia. In Melbourne, two large asthma outbreaks coincided with thunderstorms
(8). In Wagga Wagga (Australia), 215 asthmatic subjects attended the local emergency
department, 41 of whom required admission to hospital (9). In south eastern Australia, it was
observed that the incidence of excess hospital attendances for asthma during late spring and
summer was strongly linked to the occurrence of thunderstorm outflows and demonstrated that
the arrival of a thunderstorm outflow was accompanied by a large increase in the concentration
of ruptured pollen grains in ambient air (9).

To date, among pollens, only grass, Parietaria and olive pollen have been suggested as
possible triggers in thunderstorm-related asthma (10). In Naples (Italy), a thunderstorm-related
asthma episode was observed on June 3 and 4, 2004, when six adults and one child received
emergency treatment. All patients showed allergic respiratory symptoms upon exposure to
Parietaria pollen but were not sensitised to grasses. Parietaria is an Urticacea that is
widespread in the Southern regions of Italy with a spring and summer pollen season that is, in
part, coexistent with that of grasses (5). During the thunderstorm on June 3, 2004 , the
concentration of airborne Parietaria pollen grains was particularly high, with a peak of 144
grains/m?3, whereas air pollution levels for both gaseous and particulate components based on
the hourly concentrations of nitric dioxide, ozone and respirable particulate matter were not
particularly high (11). More recently, Losappio et al. (12) observed 20 patients with allergic
sensitisation to Olea pollen brought to an emergency department in Barletta, Italy, for sudden
and severe asthmatic symptoms in May 2010 following a violent thunderstorm that occurred
following a very hot morning (mean temperature: 29°C).

A similar phenomenon has been suggested for moulds (12) after the observation of a possible
key role of sensitisation to Alternaria species in thunderstorm related asthma (5). Of note, most
of the aforementioned asthma epidemics were observed while levels of chemical air pollution
were below or similar to levels in a control period.

Although the value of these studies can be criticised because of the small sample size, two
studies based on larger samples sizes in two North American countries support the existence

of thunderstorm-related asthma cases. In Ottawa, Canada, hospital emergency department

4



visits for asthma between 1992 and 2000 were identified and their relationships to fog,
thunderstorms, snow, and liquid and freezing forms of precipitation were investigated. In total,
there were 18,970 asthma visits among children aged 2-15 yrs and their occurrence was
significantly associated with summer thunderstorm activity relative to summer periods with no
activity (OR 1.35, 95% CI1 1.02-1.77) (14). In Atlanta, GA, USA, 24,350 emergency department
asthma visits occurred on days following thunderstorms (out of 215,832 emergency department
asthma visits during the study period) (15). A statistically significant association was observed
between daily counts of asthma emergency department visits and thunderstorm occurrence
(p=0.001). Overall, the number of emergency department asthma visits was 3% higher on days
following thunderstorms. Rainfall and gusts of wind played a role, with higher risks of asthma

associated with rainfall and strong gusts.

Possible mechanism for thunderstorm-related asthma

Much remains to be discovered about the relationship between asthma attacks and
thunderstorms, but there is reasonable evidence of a causal relationship between the two when
observing patients suffering from pollen allergies. Much of the evidence has shown that the
asthma epidemics related to thunderstorms are limited to seasons when there are high
atmospheric concentrations of airborne allergenic pollens. Subjects with pollen allergy who stay
indoors with the window closed during thunderstorms are not involved; further there are no
observations on the involvement of asthma in non-allergic subjects (3-5). Thunderstorms can
concentrate pollen grains at ground level which may release allergenic particles of respirable
size into the atmosphere after their rupture by osmotic shock. During the first 20—30 minutes of
a thunderstorm, patients suffering from pollen allergy may inhale a high concentration of the
allergenic material that is dispersed into the atmosphere. This is due to dry updrafts that, during
a thunderstorm, entrain whole pollens into the high humidity at the cloud base where they may
rupture, followed by cold downdrafts that carry pollen fragments (pollen grains are too large to
penetrate the deeper airways) to ground level where outflows distribute them. Due to strong
electric fields that develop during thunderstorms, positive ions are released from the ground
and could attach to particles and/or electric charge may enhance pollen rupture, thus,
enhancing bronchial hyper-responsiveness (16). This hypothesis was supported by Buters et
al.” work that showed that at higher humidity, more allergens, from pollen or smaller particles,
are available in ambient air. These allergens can likely penetrate deeper into the lung, provoking

more severe symptoms (17).



It has been suggested that grass pollen starch granules are the most likely cause of
associations between thunderstorms and asthma. Suphioglu et al. (18) showed that rye grass
pollen grains contain a large amount of starch granules coated with allergens. After being
ruptured in rainwater by osmotic shock, each grain can release 700 starch granules, which are
small enough to penetrate the airways and trigger asthma attacks in previously sensitised
subjects. Later Taylor et al. (16) hypothesized that the turbulent front of the advancing outflow
releases more pollen from flowering grasses and grass pollen may release large amounts of
paucimicronic allergenic particles, i.e. cytoplasmatic starch granules containing grass allergens
(allergen-bearing starch granules), after rupture by osmotic shock during thunderstorms.
Allergen-bearing starch granules obtained upon contact of pollen with water have been shown
to create an inhalable allergenic aerosol capable of triggering an early asthmatic response in
an experimental study. Starch granules were shown to be recognised by pollen-sensitised rats
sera and to trigger lymph node cell proliferation in these rats (19).

In addition to grass pollen, some data implicate Parietaria pollen in thunderstorm related
asthma. Parietaria pollen does not have starch granules in the cytoplasm, but can release other
paucimicronic cytoplasmic components carrying allergens (3-20).

Due to their very small size (< 5 mm), these microparticles can penetrate the lower airways
inducing the occurrence of bronchial allergic symptoms. Abou Chakra (21) showed that in rats,
pollen cytoplasmic granules (PCGs) containing allergens are able to deeply penetrate the
respiratory tract and induce local and strong allergic and inflammatory responses more closely
linked with asthma- than rhinitis-related allergic symptoms. The proliferative responses of lymph
node cells were similar in PCG- and pollen-sensitised rats. IgE and IgG1 levels were higher in
pollen- than PCG-sensitised rats. However, eosinophils, lymphocytes and pro-allergy cytokines
in bronchoalveolar lavage fluid were higher in PCG- than pollen-sensitised rats.

There is also evidence that increased amounts of pollen, as well as increased mould spore
counts, have been found during thunderstorms (5, 10, 22,).

In the case of fungal spores, such as Alternaria, the prerequisites for asthma epidemics
associated with thunderstorms have been described as follows (12,23): 1) a sensitised, atopic,
asthmatic individual; 2) a sudden, large allergen exposure; 3) a large-scale thunderstorm with
cold outflow occurring at a time and location during an allergen season in which large numbers
of asthmatics are outdoors; and 4) sudden release of large amounts of respirable allergenic
fragments, particularly fungal spores such as Alternaria.

In a recent study, Grinn-Gofron et al. (24) created a predictive model for hourly concentrations
of atmospheric Alternaria and Cladosporium spores on days with summer storms in Szczecin

(Poland) based on meteorological conditions. They demonstrated statistically significant
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relationships between spore concentration and meteorological parameters: positive for air
temperature and ozone content while negative for relative humidity. Artificial neural networks
(ANN) were used to assess forecasting possibilities. Good performance of ANN models in this
study suggest that it is possible to predict spore concentrations from meteorological variables
2 h in advance and, thus, warn people with spore-related asthma symptoms about the
increasing abundance of airborne fungi on days with storms (24).

Recently Kim et al. (25) hypothesized that the innate eosinophilic response to Alternaria extract
may enhance lung inflammation induced by ryegrass. It has been shown that a single exposure
to Alternaria extract in ryegrass-sensitized and -challenged mice enhances the type 2 lung
inflammatory response, including airway eosinophilia, peribronchial infiltrate, and mucus
production, possibly through Th2 cell recruitment and ILC2 expansion. If translated to humans,
exposure to both grass pollen and Alternaria may be a potential cause of thunderstorm-related
asthma (25).

Although there is an increasing interest to investigate thunderstorm-related asthma, published
data are scant (26-33).

Is there a causal link between thunderstorm and asthma attacks?

To better understand the association between thunderstorm and asthma attacks in patients
suffering from pollen allergy, we used an epidemiological approach applying Hill's criteria of
causality (table 2), the criteria conditions necessary to provide adequate evidence of a causal
relationship between a risk factor and a consequence (34). Most of Hill's criteria support the
hypothesis of a causal link of thunderstorms to asthma attacks through pollen exposure, but
there is still some uncertainty (4).

Temporal relationship, strength, dose-response relationship, consistency, plausibility,
consideration of alternate explanations and specificity are fulfilled. Instead of, there are only
limited, in particular experimental data, which challenges direct evidence on the intervention of
pollen as well as the specificity criterion according to which a single putative cause produces a
specific effect. Only in few studies, the concentration of pollen and moulds eventually in
connection with air pollutant materials was shown to be closely related to meteorological
phenomena (such as storms, hurricanes, and floods), and to affect the incidence of allergic
diseases in accordance with weather changes (35). For example, Marks et al. (22)
demonstrated that the arrival of a thunderstorm outflow was accompanied by a large increase
in the concentration of ruptured of pollen grains in ambient air. Pulimood et al. (23) reported

that in the thunderstorm in which they studied, asthma epidemics were associated with
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increased levels of Alternaria, Cladosporium and Didymella spp. Similarly, Anderson et al. (36),
observed that during a thunderstorm period the pollen concentration in the air decreased, but
the concentration of mold spores increased, leading to an increase in the incidence of asthma.
Langenberg et al. (37) showed that as temperature and wind speed increased and humidity
decreased, the concentration of mold spores in the air increases. Recently, the European

HIALINE project (www.hialine.eu) showed that although pollen count and allergens in ambient

air follow the same temporal trends, a 10-fold difference can exist in allergen potency of birch
pollen, so that symptoms might be difficult to correlate with actual pollen counts, but could

correlated with allergen exposure (38).

Is it possible to predict thunderstorm related asthma?

Individual thunderstorms have coincided with up to 10-fold rises in asthma admissions and a
small increase in asthma admissions has been reported to be associated with thunderstorms
in general (39). Depending on the size of the population at risk, thunderstorm related asthma
outbreaks may threaten the operative capacity of health services, as was the case in London
in 1994 and 2013 (6,40). Clearly, not all thunderstorms are associated with asthma epidemics.
Therefore, even if there is a causal link between thunderstorms and asthma, there must be
other factors which interact with thunderstorms that would need to be taken into account in
building any early warning system for asthma epidemics (40).

The roles of accompanying meteorological features and aeroallergens, such as pollen grains
and fungal spores, have been studied in an effort to identify which risk factors could predict the
occurrence of asthma outbreaks. Newson et al. (26) identified 56 asthma epidemics defined as
periods of exceptionally high asthma admission counts compared with predictions of a log-
linear auto-regressive model. Of note, the authors measured pollen counts and, for the first
time, thunderstorms using densities of spherics (lightning flashes). However, the data from
Newson et al. (26) do not support the possibility of predicting asthma outbreaks by using
meteorological data and pollen counts. In their study, thunderstorms and high grass pollen
levels preceded asthma epidemics more often than expected by chance. However, most
thunderstorms, even following high grass pollen levels, do not precede epidemics and most
epidemics are not associated with thunderstorms or unusual weather conditions but to other
factors, such as respiratory infections. One limit of this study is the exclusive use of grass pollen
and the exclusion of the other aeroallergens. The potential inclusion of a wider range of

aeroallergens to early warning for thunderstorm asthma deserves further assessment. Despite


http://www.hialine.eu/

the increasing amount of data on the allergen content of ambient air published in recent years
(27, 28), to date pollen or mould allergens have never been quantified during a thunderstorm.
Therefore, early warning systems for thunderstorm asthma currently have limited practical

applications (4,38). The European HIALINE project (www.hialine.eu) could take a step forward

in the development of early warning systems for thunderstorm asthma providing conclusive
data on the actual changes in the allergenic load of the air during such an extreme precipitative
event (27).

Conclusions

There is increasing evidence that thunderstorms trigger epidemics of asthma during the pollen
season by washing down pollen grains and concentrating them in a band of air at ground level.
Cytoplasmic granules of small size are released from the pollen grains by contact with
rainwater. As a consequence, at the onset of a thunderstorm, there is a high respirable allergen
load in the air and these conditions might expose susceptible subjects to a high increase of
pollen allergens in the atmosphere (1-7,22,33-40). Pollen allergic patients who encounter the
allergenic cloud would be more susceptible to undergo an asthma attack. The characteristics
of described outbreaks of thunderstorm-associated asthma are summarized in table 3. The
thunderstorm-asthma outbreaks are characterized, at the beginning of thunderstorms by a rapid
increase of visits for asthma in general practitioner or hospital emergency departments.
Unfortunately, identifying risk factors to be used to build any early warning system for asthma
outbreaks has been shown as difficult (32). However, the potential of using emergency
department attendance data has been shown as useful in London (33). A statistically significant
spike in asthma attendances in two EDSSS emergency departments in London was detected
on 23 July 2013, coinciding with a series of large violent thunderstorms across southern
England. There was also an increase in the reported severity of these attendances.

In the light of the above, subjects affected by pollen allergy, as well as subjects affected by
seasonal rhinitis without asthma symptoms, should be alerted to the danger of being outdoors
during a thunderstorm in the pollen season, as such events may be an important cause of
severe exacerbation of asthma (1-7,22,34-40 ). Such a risk is likely to increase in relation with

climate change and related extreme events.
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Tab 1. Thunderstorm-asthma: which evidences?

Year Country Evidences

1083 UK 26 sisdiden cases of asthma attacks i relation to understorms

1oag Augtraka Lma:lspriru fundersiormes in Melbauma can tngpar epidamics of asthma atiacks (five to 1 0-fold
nsa

1m7 UK Asthma or alher airways disease hospilal visils. 540 cages who aflended duning a 300h peniod on
June 1004, rearky 10 Gmes expacted rumbar

1962 - 2000 Canada 18570 haspital ED asihma visils amang children 2-15 yrs of ageSummer thundersbam actily
was associaled with an OR af
1.35(85% Cl 1.02-1.77) relative 10 sumemes penods with no achvity
100004 UsA 215832 agihma ED visils; 24350 of thess visils occumed on days Tollawing fundergionrs

Significant a=ssociaton betweaen daily courts of asthima ED visils and thunderstom oCOumence
Asifma visils were 3% higher on days Tollowing Thundersiams.

2000 Australia Asthma visils dunng tundersiorms
Histary of hay fewer and alergy 1o rye grass are sirang pradiciors for asthma axacerbation dunng
thundarstams in spring

2001 Australia Tha incidance of axcass hospital atiendancas for asthma during
lale spring and summar was strongly Inkad 1o the occurence
of thundarstam oufiows

2002 UK A casa—canirol shudy of 36 palients presanting to Cambndga Univarsity Hospital with asthma
aftar the fundersiorm
Allernaria akamala sansilhity is a compaling pradicior of epidemic asthma in patiants with
seasonal asthma and grass pollan allergy and is likely 1o ba the important factor in fundersionm-
ralated asthma

2004 Italy Sin cases of tunderstormeralated asthma bacausa of polen (Parataria)

by 1] Ialy 20 cases of tandersiorm-ralaled asthma bacawsa of polen (oive trae)

X1id Bustralia Epidamics of “thundarstorm asthma' that coourmed in Melbaumea dunng spring 2010

Tha approach af sping, tagather with high winter rainfall in and around Melbouma that
analher severe pollan season, raises tha nsk of alergic hinitis and asthma in pollan-sansitiva
indviduals




Tab. 2 Hill's criteria applied to thunderstorm related asthma
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Tab. 3 Thunderstorm-asthma: evidence-based knowledges

Thara is a link batwaen asthma epidemics and thundarstoms

There is a closa temparal assooation babwean the start of the thunderstorm and the onset of
Epidamics

Asthmna epidemics redated 1o thunderstams are bmited 1o palen s2asans

There are not Figh leveis of gaseous and particulate components of air poliulion during
thunderstom-related astma outbresaks

Subjects with palen alergy who stay indoors with the window closed duing Fundersionres are nol
imaahied

Thara is & major sk for subjects who ara not recaning anti-asthma reatmant but subjects with
allargic rhinilis and without prevous asthma can axperienca savara bronchoconsriclion

Man allargic subjects aranct invoived in fundersiorme-ralated asthma




