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ARTICLE INFO ABSTRACT

Keywords: Background: Thunderstorm asthma is defined as epidemics of asthma occurring shortly after a thunderstorm.
Asthma While grass pollen has been implicated in thunderstorm asthma events, little is known about the role of fungi and
Fungi studies have not been synthesised.

Sr;ss Objective: This systematic review aims to evaluate whether grass pollen is necessary in thunderstorm asthma
ollen events and whether fungi also play a part in these associations.
Thunderstorm

Methods: We conducted a systematic search using six electronic databases (i.e. CINAHL, Medline (Ovid), Web of
Science, ProQuest Central, EMBASE and Google Scholar) and checked reference lists. The search terms used were
pollen AND thunderstorm* AND asthma. The inclusion criteria were studies published in English with original
human data relating to outdoor pollen and thunderstorm asthma.

Results: Twenty of 2198 studies were eligible. Reported findings differed due to variation in methodological
approaches and a meta-analysis was not possible. Nonetheless, of the 20 studies included, 15 demonstrated some
relationship with nine demonstrating lagged effects up to four days for increasing grass pollen counts associated
with increased risk of thunderstorm asthma. Of the 10 studies that examined fungi, nine demonstrated a positive
relationship with thunderstorm asthma. The fungal taxa involved varied, depending on whether measurements
were recorded before, during or after the thunderstorm. Nevertheless, none of the studies considered fungi as a
potential effect modifier for the pollen-thunderstorm asthma association.

Conclusion: We found evidence to suggest that grass pollen was a necessary factor for thunderstorm asthma but
there are other as yet unrecognised environmental factors that may also be important. Further research is re-
quired to examine the role of fungi and other environmental factors such as air quality as potential effect
modifiers of the association.

1. Introduction

Thunderstorm asthma is defined as asthma outbreaks that occur
during or shortly after a thunderstorm, where affected individuals ex-
perience asthma symptoms such as breathlessness, wheezing and
cough. Epidemic thunderstorm asthma events have been reported since
the early 1980s and to date, 22 outbreaks have occurred worldwide
(Davies et al., 2017; Lindstrom et al., 2017). The thunderstorm asthma

event that occurred in the UK during early summer of 1994 resulted in
640 asthma presentations within just 30 h, about 10 times the expected
number of patients (D'Amato et al., 2013).

However, this could not be compared to the scale of the event which
struck Melbourne, Australia, on November 21, 2016. This event was
directly responsible for the deaths of ten people and for over 3000
excess (i.e. a 6-fold increase compared to the three-year average of 501)
respiratory-related cases presenting at emergency departments across

Abbreviations: CI, confidence interval; ED, emergency department; GP, general practitioner; ICU, intensive care unit; RHA, regional health authority; RR, relative

risk; SHA, strategic health authority; SPT, skin prick test
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Melbourne over a 48-h period, placing a substantial burden on health
services (Davies et al., 2017; Pearce, 2017; Thien et al., 2018). All
Melbourne thunderstorm asthma events have occurred during peak
grass pollen seasons and it has been suggested that the increased fre-
quency and severity of these events may be due to changing climatic
conditions (D'Amato et al., 2016).

It is well-established that intact pollen grains (> 20um) are trapped
in the upper airways, triggering allergic rhinitis and asthma during
peak pollen seasons (Erbas et al., 2018). Thunderstorm asthma events
have been reported to affect the population on a larger scale because it
is hypothesised that pollen grains rupture during thunderstorms (Marks
and Bush, 2007). Each ruptured pollen grain releases hundreds of al-
lergenic starch granules that are small enough (< 3um) to penetrate
into the lower airways (Suphioglu et al., 1992). The abundance of these
small-sized pollen granules in the air results in asthma symptoms
during thunderstorm asthma events, and respiratory distress in in-
dividuals even with no history of diagnosed asthma. The documented
thunderstorm asthma events in Australia have mostly involved high
levels of grass pollen, but events in the UK have shown that other pollen
such as tree and weed are important triggers too (Davies et al., 2017).

To date, the findings reported on the association between pollen
exposure and thunderstorm asthma have been inconsistent. There are a
number of reviews related to thunderstorm asthma, but almost all were
narrative reviews which discussed either high risk groups (e.g. patients
with pollen allergy/sensitisation), the aerobiology of pollen and fungi,
the types of asthma outbreaks, the independent effects of climate
change on pollen and asthma and many more. Davies et al. (2017) did
conduct a comprehensive narrative on thunderstorm asthma with focus
on environmental, lifestyle and individual characteristics. However, it
was a scoping review that did not have a primary focus on pollen ex-
posure and its association with thunderstorm asthma. Hence, no re-
views to date have focused on pollen as the primary exposure and
outcomes during a thunderstorm asthma event.

It is also possible that pollen is not the only cause of thunderstorm
asthma and other aeroallergens such as fungi may be important. For
example, Anderson et al. (2001) reported an increase in the number of
asthma admissions as a result of a thunderstorm, but this could not be
explained by an increase in pollen counts, as there was no correlation
between pollen and asthma admissions nor was there evidence of in-
teraction between pollen and rainfall. The risk assessment conducted by
Campbell et al. (2019) also showed that there is low probability of a
thunderstorm asthma event occurring as a result of thunderstorms
during peak grass pollen seasons. Nevertheless, there is possible inter-
action between pollen and fungi during thunderstorms, because in the
early study by Packe and Ayres (1985), the concentrations of both
pollen and fungi were high up to two days before the thunderstorm
asthma event. Few more recent studies have considered fungi and the
evidence surrounding an interplay with pollen is limited. Past reviews
also did not consider the role of fungi in the pollen-thunderstorm
asthma association. Therefore, we aimed to not only assess the growing
evidence on the relationship between ambient pollen and thunderstorm
asthma, but also how and if other aeroallergens, including fungi, were
considered when assessing this pollen-thunderstorm asthma associa-
tion. This would assist the development of interventions to inform the
public of “high-risk” days.

2. Methods

This review was conducted following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines for
reporting systematic reviews (Moher et al., 2009). The review protocol
was prospectively registered with the International Prospective Register
of Systematic Reviews (PROSPERO Registration no.
CRD42018099939).
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2.1. Eligibility criteria

Inclusion criteria were original human studies that were published
in English up until April 15, 2019. The included studies had to in-
vestigate the relationship between outdoor pollen and thunderstorm
asthma. No restrictions were applied on study population or design.

2.2. Search strategy

We conducted a literature search using six bibliographic databases:
CINAHL, Medline (Ovid), Web of Science, ProQuest Central, EMBASE
and the first 100 records of Google Scholar. The search strategy in-
cluded terms relating to the exposure (pollen); outcome (thunderstorm*
AND asthma); and were combined (thunderstorm* AND asthma AND
pollen). Fungi was not included as a search term because we assumed
that all studies that investigated the role of fungi in the pollen-thun-
derstorm asthma associations would have been picked up from the
‘pollen’ search term. Additional searches were conducted by checking
reference lists of included studies. After removing the duplicates, we
screened abstracts of all identified papers for initial inclusion and then
assessed the full-text articles for eligibility. This process was conducted
by two reviewers (NSI and KAL), independently. Any discrepancies
were resolved by a third reviewer (BE).

2.3. Extraction of data

The data extracted from the included studies were: name of author
(s), year of publication, study design, study population, number and age
of participants, exposure definition (pollen family) and measurement
(type of trap), outcome definition, patients’ characteristics, study
findings, estimated effect sizes if statistical models were used and other
variables that were included in the model such as confounders and
effect modifiers.

2.4. Quality assessment

A quality assessment of included studies was conducted in-
dependently using the validated Zaza et al. (2000) framework by two
reviewers (NSI and BE). It consisted of a checklist that assessed the
methodology in terms of population description and selection; the va-
lidity and reliability of exposure and outcome measurements; the ap-
propriateness of statistical methods and controlling for potential biases;
and other problems associated with data analysis that could limit the
interpretation of the results. The maximum score that could be attained
was 17.

2.5. Assessment to conduct a meta-analysis

Unfortunately, there were no two studies that had comparable
outcome or exposure estimates, so a meta-analysis could not be per-
formed.

3. Results
3.1. Flow diagram

After removing the duplicates, we identified 2198 articles through
electronic searches and reviewing reference lists; 1877 were excluded
(Fig. 1). Studies were excluded if they were non-English, non-human,
unable to be found, not related to either the exposure or outcome, a
review article or from a source other than a journal such as government
reports, dissertations, newspaper articles etc. In total, 20 studies were
included in the qualitative synthesis. These studies are summarised in
Tables 1-4.
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Fig. 1. The PRISMA flow diagram.

4. Characteristics and findings
4.1. Observational case-report studies

These observational case report studies performed no statistical
analyses. They only described the pollen counts on days prior to or on
the day of the thunderstorm asthma event. The results are summarised
in Tables 1 and 2. Out of nine observational case-report studies (Thien
et al., 2018; Packe and Ayres, 1985; Marks et al., 2001; Davidson et al.,
1996; Lee et al., 2017; Venables et al., 1997; Andrew et al., 2017;
Darvall et al., 2018; Howden et al., 2011), three were conducted in the
United Kingdom (Packe and Ayres, 1985; Davidson et al., 1996;
Venables et al., 1997) and the other six in Australia (Thien et al., 2018;
Marks et al., 2001; Lee et al., 2017; Andrew et al., 2017; Darvall et al.,
2018; Howden et al., 2011). Of these, five different thunderstorm
asthma events were investigated: the 1983 (Packe and Ayres, 1985) and
the 1994 (Davidson et al., 1996; Venables et al., 1997) events in the
United Kingdom; the 1997 (Marks et al., 2001) event in New South
Wales, Australia; and the 2010 (Howden et al., 2011) and 2016 (Thien
et al., 2018; Lee et al., 2017; Andrew et al., 2017; Darvall et al., 2018)
events in Melbourne, Australia.

The types of pollen investigated varied between settings. Two stu-
dies (Packe and Ayres, 1985; Howden et al., 2011) were unclear on the
type of pollen family they investigated. The others (Thien et al., 2018;
Marks et al., 2001; Davidson et al., 1996; Lee et al., 2017; Venables
et al., 1997; Andrew et al., 2017; Darvall et al., 2018) focused on grass
pollen as their primary exposure with some (Thien et al., 2018;
Venables et al., 1997; Darvall et al., 2018) investigating tree and weed
pollen too. Most studies (Packe and Ayres, 1985; Marks et al., 2001;
Davidson et al., 1996; Venables et al., 1997; Andrew et al., 2017) used a

Burkard volumetric spore trap to collect the pollen particles.

Pollen counts were described differently, depending on the region.
Most of the Australian studies (Erbas et al., 2018; Marks et al., 2001;
Lee et al., 2017; Andrew et al., 2017; Darvall et al., 2018) reported
pollen counts on the day of the thunderstorm asthma event, rather than
lagged effects. According to the Wagga Wagga study (Marks et al.,
2001), the concentration of intact grass pollen grains and ruptured
pollen grains (of any taxa) increased by 4-fold and 7-fold, respectively
at the hour beginning 9.30pm on October 30, 1997, compared to the
hour before. Thunderstorm outflow was detected at 9.42pm while the
first emergency call for assistance was made at 10pm. Lee et al. (2017)
reported that 94% of the patients had outdoor exposure, where grass
pollen levels were extreme (> 100 grains/ms) on November 21, 2016
in Melbourne, Australia. Similar findings were observed in three other
studies (Thien et al., 2018; Andrew et al., 2017; Darvall et al., 2018)
that investigated the same thunderstorm asthma event as Lee et al.
(2017). Nonetheless, both grass and non-grass pollen concentrations
seemed to have dropped by 30%-50% during the onset of the thun-
derstorm, and the levels remained low afterwards (Lindstrom et al.,
2017). Although other thresholds have been used (Zink et al., 2013),
most of the thunderstorm asthma events occurred in Melbourne or close
to this region. Therefore, the thresholds were considered as “low” if the
counts per day were < 20 grains/m®, “moderate” if 20-49 grains/m?,
“high” if 50-99 grains/m® and “extreme” if > 100 grains/m>. Thien
et al. (2018) and Darvall et al. (2018) who investigated the same 2016
thunderstorm asthma event in Melbourne, Australia, provided gra-
phical analysis (i.e. a visual presentation of data using a two-dimen-
sional graph) to demonstrate a rise in tree, weed and broken pollen on
the day of the thunderstorm asthma event.

Only one (Howden et al., 2011) of the Australian studies described
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lagged effects of pollen and the counts on the day of the thunderstorm
asthma event of November 25, 2010. Pollen counts were extreme on the
days prior to the thunderstorm but only moderate counts on the day
itself.

All the British studies (Packe and Ayres, 1985; Davidson et al.,
1996; Venables et al., 1997) reported the lagged effects of pollen. Both
Davidson et al. (1996) and Venables et al. (1997) observed that the
grass pollen count reached 258 grains/m> two days before the thun-
derstorm asthma epidemic that occurred on June 24, 1994 and that the
concentration remained high up until the thunderstorm. The other
pollen families that were investigated by Venables et al. (1997) ex-
hibited the same general pattern as grass pollen but the counts were
lower. Similar patterns were observed in the original study by Packe
and Ayres (1985): total pollen counts were high up to four days before
the onset of thunderstorm and the counts decreased when it rained.

The studies (Thien et al., 2018; Packe and Ayres, 1985; Davidson
et al., 1996; Venables et al., 1997; Darvall et al., 2018) that described
the levels of fungi in relation to thunderstorm asthma events, reported
increased concentrations of different fungal taxa, depending on whe-
ther measurement was recorded before, during or after the thunder-
storm. The concentrations of allergenic fungi, particularly Cladosporium
species, were reported to be high up to two days before the thunder-
storm, after which the levels decreased (Packe and Ayres, 1985;
Venables et al., 1997). During the thunderstorm, the levels of damp air
spores (i.e. a group of spores that are released in damp air and are used
as an indicator for night-liberated spores (Hirst et al., 1967)), particu-
larly Phaeosphaeria nigrans, Diatrypaceae and Didymella exitalis species,
were documented to be unusually high (Packe and Ayres, 1985;
Davidson et al., 1996; Venables et al., 1997). After the storm, Spor-
obolomyces levels were found to be extremely high (Packe and Ayres,
1985; Venables et al., 1997). Thien et al. (2018) and Darvall et al.
(2018) reported that fungal spores were present on the day of the
thunderstorm asthma event but did not report the levels or the taxa
involved. Nonetheless, both studies investigated the 2016 thunderstorm
asthma event in Melbourne, Australia, when the average grass pollen
level on the day varied between 102 and 210 grains/m> depending on
the location, and average fungal spore levels, which were composed
mainly of Cladosporium, Alternaria and smuts were reported to be 366
spores/m3 at one site (Lindstrom et al., 2017).

Interactions
None tested
None tested

Confounders
None tested

Pollen: The levels of airborne grass pollen were extreme (> 100 grains/m?) on the day of TA  None tested

event (November 21, 2016).
Pollen: Levels were extreme (> 100 grains/m>) on some of the days before the thunderstorm,

but only moderate on the day of the storm (graphical analysis).

Graphical analysis showed that other pollen types (i.e. tree, weed and broken pollen) were
Fungi: No reports on fungi.

present.
Fungi: Graphical analysis showed that fungal spores were present.

Findings

4.2. Time-series studies

Time-series studies were the most common design used to explore
the association between outdoor pollen and thunderstorm asthma
events (see Tables 3 and 4). They involved time-series data, which were
typically measured at successive time points. Most studies were con-
ducted in the United Kingdom (Anderson et al., 2001; Pulimood et al.,
2007; Celenza et al., 1996; Lewis et al., 2000; Newson et al., 1997,
1998; Hajat et al., 1997) while others in Australia (Campbell et al.,
2019; Erbas et al., 2012; Silver et al., 2018) and Canada (Dales et al.,
2003). Of these, three different thunderstorm asthma events were in-
vestigated: the 1994 (Celenza et al., 1996; Hajat et al., 1997) and 2002
(Pulimood et al., 2007) events in the United Kingdom; and the 2003
(Erbas et al., 2012) event in Australia. The other studies (Anderson
et al., 2001; Campbell et al., 2019; Lewis et al., 2000; Newson et al.,
1997; Silver et al., 2018; Dales et al., 2003) explored the effects of
thunderstorms on daily asthma admissions, while taking into account
the levels of pollen. All the studies examined grass pollen as the primary
pollen family with some also assessing tree (Lewis et al., 2000; Newson
et al., 1998; Dales et al., 2003) and weed pollen (Newson et al., 1998;
Hajat et al., 1997; Dales et al., 2003). Only five studies (Pulimood et al.,
2007; Lewis et al., 2000; Newson et al., 1997; Silver et al., 2018; Dales
et al.,, 2003) stated the type of trap used to collect pollen data. Of
which, four (Pulimood et al., 2007; Lewis et al., 2000; Newson et al.,
1997; Silver et al., 2018) used Burkard volumetric traps and one (Dales
et al., 2003) used a Rotorod. Generally, Burkard volumetric spore traps

Admission due to asthma (APACHE [Acute Physiology and Chronic Health Evaluation]
I11j code 209, Australian and New Zealand Paediatric Intensive Care code 431) or acute

bronchospasm with alternative coding
Presentation to the emergency department with acute asthma

Outcome definition

Author(s) (Year)
Darvall et al., 2018
Howden et al., 2011

Table 2 (continued)
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have a higher collection efficiency compared to the Rotorod (Crisp
et al., 2013).

Several studies (Celenza et al., 1996; Lewis et al., 2000; Newson
et al., 1997; Silver et al., 2018) found positive associations between the
lagged effects of pollen and thunderstorm asthma. Celenza et al. (1996)
found that when grass pollen counts fell by more than 30 grains/m?
during the thunderstorm compared to 9 h before, the relative risk (95%
CI) of asthma presentations was 2.5 (1.36, 4.59). Newson et al. (1997)
found that a thunderstorm (measured by sferics, which are electro-
magnetic signals emitted during lightning discharges (Anto and Sunyer,
1997)) with high grass pollen count up to four days before was asso-
ciated with increased asthma admissions in children (adjusted RR [95%
CI]: 1.16 [1.04, 1.31]) and adults (adjusted RR [95% CI]: 1.47 [1.32,
1.64]) compared to a thunderstorm of the same magnitude but with an
average grass pollen count of moderate, low or zero.

Similarly, Silver et al. (2018) fitted an interaction between thun-
derstorms and grass pollen and found that increased grass pollen levels
were significantly associated with an increase in asthma admission
rates but only at lag three days (effect size [95% CI]: 2.57 [1.19, 3.95],
p-value < 0.001). Without a high level of grass pollen, thunderstorms
were not associated with asthma admission rates (effect size [95% CI]:
—1.35 [-3.84, 1.13], p-value = 0.28). Lewis et al. (2000) found that
only the interaction between grass pollen and thunderstorms on ED
attendances was significant (p = 0.02). ED attendances were unrelated
to grass pollen levels on dry days but were positively associated on
stormy days (adjusted RR for 50 vs. < 10 grass pollen grains/m> [95%
CI]: 2.1 [1.4,3.3]) (Lewis et al., 2000). Graphical analysis showed that
the strongest effects between grass pollen counts and asthma admis-
sions were seen at lag two days preceding the thunderstorm (Lewis
et al., 2000). Although the levels of Cladosporium and Didymella spores
rose sharply during the thunderstorm, there was no evidence of an in-
teraction by rainfall or thunderstorms with respect to asthma admis-
sions (Lewis et al., 2000).

There were also studies (Anderson et al., 2001; Campbell et al.,
2019; Newson et al., 1998; Hajat et al., 1997; Erbas et al., 2012; Dales
et al., 2003) that found little to no association between pollen exposure
(same-day or lagged), thunderstorms and asthma admissions. Anderson
and colleagues (Anderson et al., 2001) presented graphical analysis to
show that asthma admissions did increase during thunderstorms.
However, it was unlikely to be explained by an increase in pollen counts
because no significant correlation was found between pollen and
asthma admissions (r = —0.07). There was also no evidence of inter-
action between rainfall and grass pollen or total pollen counts with
respect to asthma admissions. The same was reported for fungi. Hajat
et al. (1997) found no significant association between grass pollen and
admission counts for all ages except in the elderly (65+) when they
incorporated a dummy variable of the thunderstorm asthma event into
the model. Only when the dummy variable was removed was there a
significant association for the other age groups. In addition, the authors
reported that the concentrations of damp air spores (species not spe-
cified) may have increased during and after the thunderstorm but no
numerical data were presented.

Newson and colleagues (Newson et al., 1998) reported that thun-
derstorms with high (> 50 grains/m®) pollen counts up to four days
before were at least 10 times more likely to cause epidemics (i.e. an
asthma admission count which exceeded the predicted count by at least
4 coefficients of variation) (adjusted RR [95% CI]: 98.4 [10.9, 423].
However, this model would result in an unacceptable high false alarm
rate: out of the 13 predicted epidemics, only two were followed by
actual epidemics. Similarly, Campbell et al. (2019) conducted a stan-
dardised risk assessment of weather and pollen data against the Tas-
manian State Natural Disaster Risk Assessment (TSNDRA) (White et al.,
2016) and found that the probability of thunderstorm gust events with
peak grass pollen season resulting in an epidemic thunderstorm asthma
event (epidemic: daily presentations of asthma exceeding four standard
deviations from expected value) was low.
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Dales et al. (2003) reported that daily asthma admissions did in-
crease during thunderstorm days compared to non-thunderstorm days
but no significant increases were found in the concentrations of pollen
during thunderstorm days (p = 0.14, 0.82, 0.83 for trees, grass and
weed, respectively). The concentrations of fungal spores instead, spe-
cifically Ascomycetes (p < 0.001), doubled during days with thun-
derstorms. One study (Erbas et al., 2012) in Melbourne simply modelled
the thunderstorm asthma event as a sensitivity analysis and found that
thunderstorms in Melbourne did not accentuate the estimated effects of
grass pollen on asthma admissions in children during the 2003 grass
pollen season. However, the counts were reported to exceed 100
grains/m® up to five days before the 2003 thunderstorm asthma event.
Similar lagged effects of pollen were observed in eight other studies
(Packe and Ayres, 1985; Davidson et al., 1996; Venables et al., 1997,
Howden et al., 2011; Celenza et al., 1996; Lewis et al., 2000; Newson
et al., 1997; Silver et al., 2018).

Only the study by Pulimood et al. (2007) found a protective effect of
grass pollen on thunderstorm asthma. Their combined (Norfolk, Suf-
folk, Cambridgeshire and Trent Strategic Health Authorities (SHA))
analyses showed that the previous day's grass pollen was associated
with a decrease in asthma admissions (RR [95% CI]: 0.87 [0.75,0.99]).
The opposite was observed for fungi. The previous day's broken Alter-
naria (RR [95% CI]: 2.21 [1.51,3.27], Cladosporium (RR [95% CI]: 1.47
[1.20,1.79] and Didymella (RR [95% CI]: 1.65 [1.42,1.90] species were
associated with a significant increase in asthma admissions.

4.3. Quality assessment

The quality of the included studies is summarised in Tables S1 and
S2. The scores ranged between 9 and 15.5 out of 17, with a median
score of 14. Possible limitations and biases of the studies included
mainly arose from differences or lack of information in exposure mea-
surements (Thien et al., 2018; Anderson et al., 2001; Campbell et al.,
2019; Marks et al., 2001; Lee et al., 2017; Venables et al., 1997; Darvall
et al., 2018; Howden et al., 2011; Celenza et al., 1996; Newson et al.,
1997, 1998; Erbas et al., 2012; Dales et al., 2003) (measurement bias);
lack of adjustment for confounders such as humidity (Anderson et al.,
2001; Pulimood et al., 2007; Newson et al., 1997, 1998), temperature
(Pulimood et al., 2007; Newson et al., 1997, 1998), air pollutants
(Anderson et al., 2001; Pulimood et al., 2007; Newson et al., 1997,
1998) and seasonality (Pulimood et al., 2007; Celenza et al., 1996) in
the analyses (confounding bias); limited statistical power (Anderson
et al., 2001; Marks et al., 2001; Lee et al., 2017; Lewis et al., 2000;
Silver et al., 2018) and inclusion of children less than five years old in
whom asthma would be difficult to diagnose (Thien et al., 2018; Packe
and Ayres, 1985; Andrew et al., 2017; Newson et al., 1997, 1998; Hajat
et al., 1997; Erbas et al., 2012; Silver et al., 2018) (misclassification
bias).

5. Discussion

This is the first review to systematically synthesize and critically
appraise the studies in the current literature to better understand the
role of outdoor pollen exposure in thunderstorm asthma and to identify
what role fungi may have on these associations. This review showed
that high grass pollen levels were important in thunderstorm asthma
events and that there were lagged relationships with high pollen levels
of up to four days preceding the thunderstorm associated with in-
creased risk of asthma exacerbations. The important point here is the
duration of pollen exposure. Thunderstorm asthma events almost al-
ways occur during pollen seasons. This means that the pollen levels and
possibly other aeroallergens such as fungi are already high preceding
the event, so susceptible individuals are already exposed and sensitised.
The length of high pollen exposure prior to the thunderstorm event
appears to “prime” individuals to respond dramatically to thunder-
storms. Therefore, when pollen ruptures into hundreds of tiny starch
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granules during thunderstorms, it is believed to cause a more severe
asthmatic response not only to susceptible individuals but also to others
considered as “low-risk” previously (i.e. no history of diagnosed asthma
or rhinitis). However, this does not appear to be enough to induce a
thunderstorm asthma event as some studies show presence of low levels
of pollen but with other important environmental changes occurring
such as high levels of fungi, humidity and thunderstorm activity.

Nonetheless, almost all observational case report studies (Thien
et al., 2018; Marks et al., 2001; Lee et al., 2017; Andrew et al., 2017;
Darvall et al., 2018) conducted in Australia reported high grass pollen
counts on the day of the thunderstorm. This could be because thun-
derstorm asthma events in Australia are seasonal and occur during the
peak grass pollen seasons (Marks and Bush, 2007).

Of the studies (Anderson et al., 2001; Campbell et al.,, 2019;
Pulimood et al., 2007; Celenza et al., 1996; Lewis et al., 2000; Newson
et al., 1997, 1998; Hajat et al., 1997; Silver et al., 2018) that conducted
statistical analyses to investigate the association between grass pollen
and thunderstorm asthma, four (Celenza et al., 1996; Lewis et al., 2000;
Celenza et al., 1996; Silver et al., 2018) found a positive association.
These studies investigated four different events, but a common feature
was the investigation of important lagged effects of grass pollen, ran-
ging from four days and up to 9 h prior to the occurrence of thunder-
storm.

Some studies (Anderson et al., 2001; Dales et al., 2003) found low to
moderate counts of intact pollen during the thunderstorm. Since pollen
is hypothesised to rupture into respirable particles upon contact with
water during a thunderstorm event, pollen grains may rupture and no
longer be detectable. The resultant particles may instead be classified as
particulate matter (PM, 5 or PM;,). If pollen measurements were made
the morning of, or the day before a thunderstorm, intact pollen will be
measured and reflect the high pollen season counts. To support this
hypothesis, some of the observational case report studies (Packe and
Ayres, 1985; Davidson et al., 1996; Venables et al., 1997; Howden
et al., 2011) reported that the concentrations of grass pollen were high
days before the thunderstorm asthma event, but the concentrations
remained high only until the onset of thunderstorms.

Only one study (Pulimood et al., 2007) which considered modelling
of lag effects showed a protective effect of the previous day's grass
pollen on asthma admissions. However, this study had several metho-
dological limitations. The presentation data were collated from four
sites in the UK but only one pollen trap was used to assess pollen ex-
posure. The trap was located at Derby, UK, which was 110 miles from
Cambridgeshire, 120 miles from Norfolk, 148 miles from Suffolk and
189 miles from Trent. Another possible explanation is that while Nor-
folk/Suffolk/Cambridge were combined in the analysis, the storm oc-
curred in the evening for Cambridge but not in the other areas.

Of all the pollen families, grass pollen seems to be the most im-
portant trigger in relation to thunderstorm asthma events, especially in
Australia. Grasses possess the most potent allergens and upon contact
with water, grass pollen grains can rupture and release approximately
700 starch granules (Singh et al., 2017; Suphioglu, 1998; Sofiev and
Bergmann, 2013). It is also hypothesised that the electrical ions from
the thunderstorms could enhance the rupturing of pollen by attaching
to the pollen particles and augmenting bronchial hyperresponsiveness
(D'Amato et al., 2016). These granules contain the major allergen, Lol p
5, that could trigger IgE-mediated responses demonstrated both in-vivo
and in-vitro (Suphioglu, 1998). Not all studies investigated tree and
weed pollen, so we were unable to determine the significance of these
pollen families in thunderstorm asthma events. Nevertheless, of the
studies that did investigate other pollen taxa (i.e. tree (Hirst et al.,
1967; Newson et al., 1998); weed (Newson et al., 1998; Hajat et al.,
1997); and non-grass pollen (Silver et al., 2018)), they found no sig-
nificant association with thunderstorm asthma.

Nevertheless, it should be noted that high counts of grass pollen
accompanied by thunderstorms may not always be sufficient to cause
thunderstorm asthma events. This can be observed from the study by
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Newson et al. (1998). An early warning system solely based on high
sferics and high pollen counts will likely lead to “alarm fatigue” if used
as a public health warning system. Moreover, epidemic thunderstorm
asthma events in Australia seem to be seasonal, but the Tasmanian
study (Campbell et al., 2019) showed that there was no occurrence of
thunderstorm asthma events during that State's peak grass pollen sea-
sons in the 14.5-year study period. This highlights the need for ongoing
research to develop a sensitive and specific prediction tool for thun-
derstorm asthma events. It is also important to consider the spatial and
temporal scales when assessing such associations. All studies included
in this review have assessed grass pollen temporally using standard
methods (i.e. hourly) which have limited temporal precision. In addi-
tion, spatial variations are also important. On a spatial scale, the var-
iations are quiet stark from small ruptured grass pollen grains (which
are difficult to measure and seldom measured (Schéppi et al., 1999))
upon contact with the thunderstorm to larger distances depending on
wind speed and severity of the thunderstorm. All these factors need to
be considered when assessing the impacts on affected individuals
during the timing of thunderstorm asthma events.

There were studies (Thien et al., 2018; Packe and Ayres, 1985;
Davidson et al., 1996; Venables et al., 1997; Darvall et al., 2018;
Pulimood et al., 2007; Lewis et al., 2000; Hajat et al., 1997; Dales et al.,
2003) that reported increased concentrations of fungi during a thun-
derstorm asthma event, but none examined the interactions between
pollen and fungi. On average, fungal spores have sizes between 2 and
10 um (Simon-Nobbe et al., 2008), so they are generally smaller than
grass pollen grains (> 20 um). They are also more abundant in the air
(Simon-Nobbe et al., 2008; Tham et al., 2017), so their effects on the
respiratory tract may be stronger when coupled with high levels of
grass pollen. Although it is hypothesised that fungal spores of respirable
sizes can be released into the atmosphere upon contact with wind or the
vibrations of impacting raindrops (Taylor and Jonsson, 2004), this
proposed mechanism is understudied, therefore it is not yet fully
known. Hence, fungi do have the potential to be a critical effect
modifier of the association between grass pollen and thunderstorm
asthma, but this is yet to be explored. Other synergistic environmental
effects may also be necessary to cause thunderstorm asthma. For ex-
ample, a sudden drop in temperature, high humidity and the presence
of storm outflows seem to be important in creating “the perfect storm”
because they not only facilitate the rupturing of pollen grains and
possibly fungal spores, but they also increase the risk of asthma ex-
acerbations (Taylor and Jonsson, 2004; Cong et al., 2017; Hayes et al.,
2012). A drop in temperature can cause airway dysfunction while an
increase in humidity can cause bronchoconstriction, both of which are
underlying mechanisms for exacerbations of asthma (Cong et al., 2017;
Hayes et al., 2012).

Certain limitations need to be acknowledged when considering the
results of this systematic review. The methodological approaches be-
tween studies were very diverse, so the findings were not directly
comparable. Since a meta-analysis was not possible, we were unable to
provide a pooled estimate of risk. Our search also focused only on the
associations between pollen and thunderstorm asthma, so any findings
on other factors, including fungi were limited by this search. Numerous
challenges arise when studying rare phenomenon such as thunderstorm
asthma events. The exposure period is short and spikes in respiratory-
related outcomes occur. Therefore, we are limited in statistical power to
study these events with precision and reliability. These limitations are
inherent in most, if not all studies considered in this review.
Nevertheless, this review provides a critical discussion of the available
studies investigating pollen-thunderstorm asthma associations as well
as identifying shortcomings of past research in the assessment of
thunderstorm asthma events.

6. Conclusion

In conclusion, our narrative synthesis of current evidence suggests
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that outdoor levels of grass pollen in the days preceding a thunderstorm
is a necessary ingredient for a thunderstorm asthma epidemic event.
However, these two factors (grass pollen and thunderstorm) do not
always result in a thunderstorm asthma event, suggesting that other
factors may also be important. There is a need to further investigate the
role of fungi and other environmental factors such as air quality in
predicting thunderstorm asthma events. It is imperative to have a better
understanding of the correlations of thunderstorm asthma so that pre-
ventive strategies can be adopted, and the health burden of future
thunderstorm asthma events significantly reduced.
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Table S1. Quality assessment of observational case report studies using Zaza et al. (2000) framework.

Overall score (out of 17)

Possible limitations & biases

Observational case report studies

Packe et al. (1985)

10

Did not model the association between pollen and outcome
Did not conduct statistical testing

Did not state type of pollen family assessed™***

Included children less than 5 years of age****

Marks et al. (2001)

14

Did not provide age & gender of participants

Did not model the association between pollen and outcome
Lack of detail on how thunderstorm was measured*
Limited power

Davidson et al. (1996)

14

Did not provide age of participants
Did not model the association between pollen and outcome
57/640 patients’ records could not be found***

Lee et al. (2017)

Lack of detail on how and where exposure was measured*
Did not model the association between pollen and outcome
Did not conduct statistical testing

Only 85/243 people participated in study***

Venables et al. (1997)

10

Did not provide age & gender of participants

Lack of detail on how and where exposure was measured*
Did not model the association between pollen and outcome
Did not conduct statistical testing

Andrew et al. (2017)

13

Unable to confirm the asthma diagnosis patients received at the hospital***
Did not model the association between pollen and outcome




Included children less than 5 years of age****

Thien et al. (2018)

14.5

Lack of detail on how thunderstorm was measured*
Did not model the association between pollen and outcome
Included children less than 5 years of age****

Darvall et al. (2018)

14

Lack of detail on how thunderstorm was measured*
Lack of detail on how and where exposure was measured*
Did not model the association between pollen and outcome

Howden et al. (2011)

125

Did not provide age & gender of participants

Lack of detail on how exposure was measured*

Did not model the association between pollen and outcome
Lack of detail on how acute asthma was diagnosed****

Did not state type of pollen family assessed****

Did not conduct statistical testing

*=measurement bias, **=confounding bias, ***=selection bias, ****= misclassification bias




Table S2. Quality assessment of time-series studies using Zaza et al. (2000) framework.

Overall score (out of 17)

Possible limitations & biases

Time-series studies

Anderson et al. (2001)

135

Did not provide age & gender of participants
Lack of detail on how and where exposure was measured*
Did not account for air pollutants & humidity**

Limited power

Pulimood et al. (2007)

14

Did not provide gender of participants
Did not mention adjustments for any confounders**

Celenza et al. (1996)

15.5

Lack of detail on how exposure was measured*
Did not account for seasonal factors**

Lewis et al. (2000)

14.5

Did not provide gender of participants
Limited power

Newson et al. (1998)

13.5

Did not provide gender of participants
Lack of detail on how and where exposure was measured*
Did not adjust for humidity, temperature and air pollutants**

Included children less than 5 years of age****

Newson et al. (1997)

13.5

Did not provide gender of participants

Lack of detail on where exposure was measured*

Did not specify which volumetric trap was used to measure pollen*
Did not adjust for humidity, temperature and air pollutants**

Included children less than 5 years of age****

Hajat et al. (1997)

14.5

Did not provide gender of participants
Lack of detail on how and where exposure was measured*




Included children less than 5 years of age****

Erbas et al. (2012)

14

Did not provide gender of participants

Lack of detail on how exposure was measured*

Did not model the association between pollen and outcome
Included children less than 5 years of age****

Silver et al. (2018)

15

Limited power
Included children less than 5 years of age****

Campbell et al. (2019)

14

Did not provide age & gender of participants

Did not specify where pollen data was obtained from*
Lack of detail on how exposure was measured*

Pollen data did not cover the 14.5-year study period***

Dales et al. (2003)

14.5

Did not provide age & gender of participants
Use of Rotorod (less sensitive in collecting particles)*
Did not model the association between pollen and outcome

*=measurement bias, **=confounding bias, ***=selection bias, ****= misclassification bias




Table S3. Classification of pollen species based on D’Amato et al. (2007).

Family

Species

Grass

Secale cereal (rye)

Phleum pratense (Timothy)

Tree

Betula (birch)
Tilia (lime)
Sambucus (elder)
Quercus (oak)

Castanea (sweet chestnut)

Weed

Urticaceae (nettle)
Rumex (dock)
Plantago (plantain)

Ambrosia (ragweed)
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