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Abstract Airborne grass (Poaceae) pollen measure-
ments are used in public warning systems to inform
people about the risk of allergic symptoms. However,
there is no consensus about which exact thresholds of
pollen concentrations provoke the allergic symptoms.
The aim of this study was to review the relevant
scientific information on the relationship between
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grass pollen concentrations and the occurrence of
emergency department (ED) visits, hospital admis-
sions (HA), drug consumption and allergic symptoms.
Literature search was conducted by experts’ consul-
tation and snowball strategy. Studies meeting the
criteria for inclusion were assessed regarding their risk
of bias (RoB). A high RoB resulted in exclusion of the
study from data synthesis. Extensive data were
extracted and qualitatively compared. The review is
registered in PROSPERO. 32 Studies were eligible
while 18 showed a low RoB and were qualitatively
synthesised. Emergency department visits and hospi-
tal admissions were mostly investigated. Threshold
values of 10 grains/m® and 12 grains/m> were reported
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for ED visits and HA. Evidence exists that an increase
of 10 grains/m® of air leads to a significant increase in
adverse health outcomes. Especially at a three-day lag,
adverse health effects were shown. Variations in
exposure and outcome measurement make the defini-
tion of pollen thresholds difficult. As a consequence,
no defined pollen threshold values could be identified.
Studies with uniform exposure measures and statisti-
cal methods are necessary to gain a better understand-
ing of the impact of grass pollen on human health.
Determining personal thresholds could be beneficial
for affected people.

Keywords Aeroallergens - Allergic rhinitis -
Asthma - Emergency medical services - Grass pollen

1 Background

A high prevalence and severity of immunoglobulin E
(IgE)-associated allergies are a major and growing
health problem in Europe (Bousquet et al., 2011;
Thamm et al., 2018). The numbers in the literature on
the global prevalence of allergic rhinitis (AR) vary
between 1 and 40% in adults and 2% and 25% in
children (Brozek et al., 2017).

Seasonal AR and allergic asthma are closely linked,
as AR can lead to allergic asthma. Both AR and
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allergic asthma can be triggered by airborne pollen
(DellaValle et al., 2012; Kiotseridis et al., 2013). In
recent decades, a constantly increasing prevalence of
AR has been observed (Forkel et al., 2020). Despite a
confirmed genetic predisposition for the development
of sensitisation to allergens, this rise cannot solely be
explained by changes in the genetics of the population
(Forkel et al., 2020). Therefore, other factors increas-
ingly shifted into the focus of scientific studies.
Environmental factors like climatic variability and
change which influence the distribution of aeroaller-
gens and promote the development of allergic reac-
tions have been identified as parameters (Bousquet
et al., 2001; Damialis et al., 2019b; Shea et al., 2008).
Studies suggest that climate change affects pollen
levels in two ways. On the one hand, higher average
temperatures lead to an earlier start of flowering for
many plants. On the other hand, increased greenhouse
gases, such as carbon dioxide, can also lead to an
increased pollen production (Beggs, 2015; Reid &
Gamble, 2009). A recent review concluded that
climate-related developments concerning allergens
and allergic diseases might be the most important
health impact of climate change (Beggs, 2015). Of all
aeroallergens, the grass (Poaceae) pollen family,
which consists of over 12,000 species, is regarded as
the biggest airborne biological pollutant and the main
cause of pollen allergy worldwide (Garcia-Mozo,
2017).
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Asthma and AR severely impair the quality of life.
In addition, asthma and AR lead to high direct costs for
medical treatment and to high indirect costs for a
society due to lost working hours (Global Asthma
Network, 2014; Navarro et al., 2009; Reid & Gamble,
2009). These costs amount to more than $30 billion
annually in the USA (Reid & Gamble, 2009). Factors
such as reduced work hours, lower productivity, high
impact on social life, daily routines and sleep quality
can influence these costs (Muzalyova et al., 2019). The
use of pollen threshold values could have an influence
on the quality of life of patients with pollen allergy.

First attempts to establish pollen threshold values
originated in Sweden in the 1970s. These threshold
values were based solely on clinical experience and
were to be used in public warning systems to inform
the population of the likelihood of allergic symptoms
occurring. In the study of Kiotseridis et al. (2013), the
risk of pollen-induced health symptoms was defined
as:

Low within a range of 010 grains/m>,

Moderate within a range of 10-30 grains/m”,
High within a range of 30100 grains/m® and
Very high with values of more than 100 grains/
m’.

In Denmark, the British threshold values have been
adopted as follows (Kiotseridis et al., 2013):

Low within a range of 0-30 grains /m”,

Moderate within a range of 30—50 grains/m”,
High within the range of 50150 grains/m> and
Very high with values of more than 150 grains /
m>.

The European Academy of Allergy and Clinical
Immunology (EAACI) has published a position paper
in which a high pollen day was defined as at least 50
grass pollen/m® (Pfaar et al., 2017). Another study
Davies and Smith (1973) suggested that all individuals
sensitised to pollen will experience allergic symptoms
when grass pollen count exceeds 50 grains/m’.
However, these values remain controversial, because
there are contradictory threshold values out of other
studies (De Weger et al., 2013). Above all, thresholds
of pollen must be species specific (De Weger et al.,
2013).

The objective of this paper was to systematically
review studies on exposure to grass pollen and its
association with hospital admissions, emergency

department visits, drug consumption/medication sales,
allergic symptoms, as well as asthma and AR. This
systematic review aims to provide an overview of
health-associated pollen thresholds.

2 Methods

This systematic review was conducted following the
PRISMA (Moher et al., 2009) guidelines for reporting
systematic reviews and meta-analysis and is registered
in PROSPERO (Registration Number:
CRD42019112369) since January 24, 2019 (Elec-
tronic Supplementary Material 1). The reviewer team
was supported by a team of experts who provided
advice on the content and methods of this project. The
expert team consisted of ten experts from different
scientific institutions.

2.1 Search strategy

The aim was to identify publications that investigate
the effects of outdoor grass pollen concentrations on
health outcomes in pollen-allergic patients. The com-
plex search string was applied in the database PubMed
without restriction of publication date. The PubMed
database was selected because this review is about
medical outcomes. The search term consisted of the
following keywords: ‘Pollen’ AND ‘grass’ AND
‘pollen threshold’ AND ‘allergy’ AND ‘association’
NOT ‘animal’ NOT ‘placebo’ (see Electronic Sup-
plementary Material 2). Excluding ‘animal’ and
‘placebo’ proved useful. We searched for literature
in English, German, French and Spanish, but only
English and German literature was included, as no
French or Spanish studies were found. No local
restrictions were made. The final search was per-
formed on 14 August 2018. On 3 July 2020, the
authors updated the systematic literature search for the
period 2018-2020.

Further, a snowball strategy was applied to expand
the search beyond peer-reviewed literature listed in
PubMed. Other relevant literature such as grey
literature, books, reviews and the reference lists of
all included studies was screened. To find further
relevant literature, the expert team was consulted. The
book ‘Allergenic Pollen’” (Sofiev & Bergmann, 2013)
must be highlighted at this point. This book provides
an overview of the current state of the art in pollen

@ Springer



Aerobiologia

research. In detail, it addresses pollen production, the
distribution of pollen in the atmosphere, the release of
allergens from pollen, and the monitoring and predic-
tion of pollen counts. At the time of publication, it was
the only book that summarised studies that analysed
pollen threshold values. The studies examined in the
book ‘Allergenic Pollen’ were not systematically
researched.

Two reviewers were independently involved in the
screening process. Uncertainties were discussed by
both reviewers to reach a consensus on screening
decision. The results of the literature search were
imported and managed in the literature management
program Endnote X8.

2.2 Eligibility criteria

All studies were assessed for eligibility by applying
the criteria for inclusion and exclusion listed in
Table 1. The criteria for inclusion and exclusion were
developed following the PECOS/PICOS criteria (pop-
ulation, exposure, intervention, comparison, outcome
and study design). The following technical details
regarding the criteria for inclusion and exclusion need
to be highlighted:

a. Including single results of a study was possible
(e.g. effects of Poaceae pollen) while excluding
others (e.g. effects of weed pollen).

b. Only individuals sensitised to pollen were of
interest for the research question, but information
about sensitisation of the study population had not
always been included in the publications. There-
fore, inclusion criteria were adapted, referring to
individuals showing pollen-related allergic
symptoms.

c. The PRISMA flow diagram (Moher et al., 2009)
was used to visualise the search results (Fig. 1).

2.3 Data extraction and assessment

Several kinds of study data (e.g. first author and
publication year, study design, PECO criteria, find-
ings, etc.) were extracted and arranged in two kinds of
tables. Table 2 gives basic information about all
included studies and their study characteristics (study
design, study location, time period, method of pollen
collection, age group, sex and sample size). The most
important results, arranged according to included
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health outcomes, are presented in Table 3. If given,
lag days were extracted. For example, a lag of 0-1
represents the average pollen exposure on the same
day and the day before health outcome assessment.
Some studies report pollen concentrations using an
interquartile range (IQR). The IQR of a pollen
concentration describes the concentration in which
the middle 50% of the measured values lie during the
period from 0 to a maximum of lag days.

We conducted a risk of bias analysis to assess the
internal validity of all included studies (Moher et al.,
2009). For this, we used the RoB tool of the Office of
Health Assessment and Translation (OHAT). This tool
had been designed for cohort, case—control and cross-
sectional studies and had already been used for time
series and case crossover studies. We adapted it to the
needs of the review and supplemented it (see below)
(Zhao et al., 2018).

Based on the OHAT tool, we applied the following
supplements and adaptations: As currently discussed
in literature, the criterion ‘Conflict of interest’ (Col)
has been included additionally (Bero, 2013; OHAT,
2015a; Woodruff & Sutton, 2014; Zhao et al., 2018).
Selection bias was excluded from the risk of bias
analysis because all studies included in the analysis
were observational trials. Thus, all included studies in
this category would receive a rating of ‘high’ RoB. In
this way, all studies would have been excluded from
the analysis.

In OHAT, the category of selection bias is
described as: ‘Differences in the distribution of risk
factors between exposed and non-exposed groups can
occur at baseline or during follow-up. In observational
studies, selection bias has often been used as a
synonym for confounding, but recent efforts encour-
age consideration of selection bias and confounding as
distinct’. The authors followed this definition. Based
on this definition, the authors investigated confound-
ing instead of selection bias.

In agreement with the involved expert team, precise
rules for the RoB assessment were formulated based
on the available instructions for ratings of the OHAT
criteria (OHAT, 2015a, 2015b) (Table 4). The OHAT
criteria for the RoB assessment are: confounding bias,
detection bias for exposure and outcome, attrition bias,
selective reporting bias and conflict of interest. The
following options were used: ‘definitely low RoB
(+ +)’, ‘probably low RoB ( +)’, ‘probably high RoB
(-)’, ‘definitely high RoB (- -)’ and ‘not applicable
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Table 1 Criteria for inclusion and exclusion

Criteria Inclusion Exclusion

PECO/PICOS

Population General human population showing pollen-related allergic Population showing never pollen-related allergic symptoms
symptoms, any gender, age and nationality

Exposure

Pollen type

Pathway

Origin

Unit

Time reference
Interventions

Comparison

Outcome

Main outcomes

Additional
outcome

Measurement

Time reference
Study design*
Design

Association

Effect measures

Others
Language
Publication year
Reference place

Study sample

Grass (Poaceae)

Airborne

Natural exposure

Pollen concentrations (grains/m3)

Exposure was assessed in any time period (e.g. daily, weekly)
No interventions

Different humans exposed to different concentrations of pollen
or equal humans exposed to different concentrations of
pollen at various points in time

Pollen-related allergic symptoms, bronchial (e.g. allergic
asthma), nasal (e.g. seasonal allergic rhinitis, SAR) and
ocular (e.g. rhinoconjunctivitis)

Pollen-related hospital admissions, emergency department
visits, physician visits, drug consumption, reimbursement of
anti-allergenic drugs

Diagnosed, self-reported, reported by someone else (e.g.
mother), measured by symptoms scores indicating the start
of (a) symptom(s) or indicating in which range of pollen
counts (a) symptom(s) occur

Daily (including averaged values and lag days)

Epidemiological observational studies, control groups of
intervention studies

Association between pollen concentration and occurrence of
the health outcomes

Relative risk, odds ratio, threshold values, percent change,
results are presented numerically and not only graphically

English, German, French, Spanish
All publication years
All places/countries

Every study sample was included once, even if more than one
paper was published. The paper was included that covered
the longest observation periods or the largest sample size

Other pollen, e.g. grass-like (Cyperaceae); a mixture of the
included pollen

Any other than airborne

Allergen challenge, pollen chamber

Exposure estimate without pollen concentration measurement
No exclusion

Any interventions

Other comparisons than the included

Not pollen-related allergic symptoms, e.g. perennial allergic
rhinitis (PAR), other related health outcomes like
Eosinophilic esophagitis (EOE), mortality, health indicators
like quality of life scores, lung/pulmonary function, medical
interventions, testes of sensitisation (e.g. IgE value or Skin
Prick Test);

Health outcomes not measured, measured by symptoms scores
indicating a change of the score

Summarised values per month, year etc

Epidemiological experimental studies, basic research studies,
clinical research studies, study protocols, case studies, case
series, reviews, meta-analysis, intervention groups of
intervention studies

Pollen concentration and frequency of the health outcomes
were described separately; the association was not analysed.
Pollen concentration in relation to health symptoms was not
quantified

Correlation coefficient, results are presented graphically and
not numerically

All other languages
No exclusion
No exclusion

Paper with overlapping study samples. Excluded were the
paper with the shortest observation period or the smallest
sample size

*See Rohrig et al.

(2009) for the applied categorisation of study designs
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Additional records identified
through other sources
(snowball) (n =57)

Search: 14. August 2018
Records identified through
database searching PubMed
(n=454)

I

Total records
(n=511)

)

Title and abstract screening
(n=511)

l

Duplicates removed
(n=0)

Records excluded
(n=369)

Full-text articles excluded, with reasons*
d (n=114)

Association (n=41)

Exposure (n=27)

Outcome (n=28)

Study Design/ Sample (n= 14)
Not about pollen (n=4)

Full text screening
(n=142)

Search: July 2020
Records identified through
database searching PubMed
(n=153)

I

Total records
(n=153)

}

Title and abstract screening

Duplicates removed
(n=6)

Records excluded

h 4

bias (RoB) assessment
(n=28)

(n=147) (n=142)
A
Full text screening 5|  Full-text articles excluded, with
(n=15) reasons* (n=5)
e Study Design (n=1)
e Outcome/Association
(n=4)
Studies included in risk of
udies eluded in risk o l— Studies excluded because of

a high or probably high RoB
(n=10)

l

Studies included in
qualitative synthesis
(n=18)

Fig. 1 PRISMA flow chart (adapted from (Moher et al., 2009)). *The first obvious reason was listed while multiple reasons are
possible. The reasons listed correspond to the criteria for inclusion (Table 1)

(NA)’. The last option (NA) was only accepted for
attrition bias and the assessment of the other criteria
was considered mandatory (Table 4).

The assessment criteria for a ‘low RoB’ as defined
by the author team are described in Table 5 (OHAT,
2015a, 2015b). All studies with a ‘probably low’ or
‘low RoB’ in all categories were included in the
analysis (Table 6). All studies with a ‘probably high’
or ‘high RoB’ in at least one category were excluded.
All studies excluded from the analysis due to a
‘probably high’ or ‘high RoB’ in at least one category
can be found in the electronic supplementary material
3. However, an exception to the described criteria for
RoB assessment was made for the category ‘conflict of
interest’. If no conflict of interest information was
available, the study was rated as ‘probably high RoB’
in the ‘conflict of interest’ category. If a study had a
low or probably low RoB in all categories except the
‘conflict of interest’ category, the overall RoB of the
study was assessed as low and this study was included
in the analysis.
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Additional quality assessments (e.g. application of
the Newcastle Ottawa Scale (Wells et al., 2018)) were
omitted because of the following reasons:

e The Assessment of the study quality focuses on
aspects not related to the internal validity. There-
fore, the Cochrane Collaboration recommends
prioritising the RoB Assessments.

e We aimed to avoid repeating criteria already
included in the selected RoB tools.

e The comparability of the quality assessment tool
was restricted due to the diversity of study designs,
because there is not one tool for all possible study
designs, and thus, the tools per design were not
comparable.

Data synthesis was performed in a qualitative way,
arranged according to different health outcomes
(Tables 2 and 3). This was carried out by the reviewer
team and an additional third reviewer. The reported
increases in pollen always assume a baseline of 0
grains/m>. All of the following pollen threshold values
are based on daily averages.



Aerobiologia

pringer

w
&Sl
%86°9¢
(o€ oletad VSN ‘18IS HOX MaN ug1sap (T100)
:oidwresqnS)  9%70°€9 [opowr ‘$130SNYOLSSEIA [eNUD 110700 Te 19
Ll JRIN  SIeaK 71—+ e'u Bu BU  SI0QNO-PAXIIN  $00T°01—0002 €0 yInos ‘nonoduuo)  Andadsord  Q[eAR[Pd
SIUQA
urp[ing pue
SIQUON)IPUOD ugisop
Ie JOAOSSOID (T102)
pajels ‘uonjejaSon JySroy Iordureg (eunp—yoIepN) VSN ‘eore -as80 Te 10
61800% JON sa3e [V woij Aemy ¢ dojyooy poiojoy +002—€661 uejrjodonow vJUR[)Y  ‘SOLIS QWIL], molre
epeur)) ‘I9ANOOUBA
‘uojuowrpg
‘K1e3re) ‘Sodruurpy
‘IOSPUIA\ ‘UOPUOT]
parers Ko Iopdureg ‘0JU0IO], ‘eMENQ #002)
990°09 10N sage [V Yoea Ut auQ 01 eu joedwy A0y 00°€0 T€-€6+0 10 XeJI[BH ‘UYo[ JuleS  SOLIAS dwWL],  [e 39 S9e(
ruodeR)
Jo uonels (uoneoyroads
pajes Kemrer moyiim) (T100)
LI9T JON soSe [y [enua) I w Q] odfy 1sIH  86'C1'1€-S6'T0° 10 uredg ‘euoSeire)  SOLIOS QWIL], Te ) BIAID)
%SS'SS
orewed (uoneogroads (T100)
%BSY P puela NOYIM) Qouery Te 19
119°L6 PR STRL ¢ < -JUOULId[) U I u ¢ odK1 IS ZICI'IE—€0'10'T0  ‘BoIe PUBLIQ-JUOWLIO[D)  SALIOS Quwil], pnejre)
pajels (L00D)
PareIs JoN JON sTedk £]-T eu eu eu PAEIS ION  +00T°60-100C°0T VSN O ‘uolSurysepy  SOLIOs owil], ‘Te 30 uiqeg
BLIES (€100
BILLEC JoueLy (uoneoyroads yorvoxdde ° 19
%ES 9P uejrjodonow INOYIM) [enpiarpur OuBSIBI
L9SLY S[eN  sIBAK 9 < ut senid ¢¢ s eu odA IS #0°80"67—+0'S0°€0 oouely uejrjodonopy -lweg -Isouuy
s1ordures Uono[[0d
(posATeue) dnoin uofod jo uoqjod  [1eak yyuow Aep]
az1s odureg XoS a3y uoneso|  IquIny yStg JO POYIRIN potrad owir], uoned0| ugisoq Joyiny
uonendod 191dwres uajod Apmgs

SOIpNIS papn[oul JO SONSLIAOLIRYD T B



Aerobiologia

(L100)
paieIs 1102-500C pue[Sug SoLIas T° 19
¥86°'T1 JON  s1eak $9-9]  UOpUOT [ENUd) 1 eu presmg 80'T¢—¥0'10 ‘uopuo] Qwl],  duIoqsQ
1arffadjuoly pue sonpjediuopy
SOUIIN JO SoIua)) pue
SQWIN TLO'8L umoj Jo (uoneoyroads SOWIN punoie #102)
1arfedjuoy pajess SHIYSINO Jy) UI noyIM) panuad SOLIaS Te 19
€TL'STL JON SIe2A ¢ < PaJedo] QU0 YorH C w 0T od£y 11y LOTI TE—¥0T0'TO Seale ueqin g QWIL  JONoN
%Cl'SE IOATY QoudIMe]
orewed -Jureg 9y wWoiy (8002)
%8819 wy [ pajenis 1orduwres Y00T-1661 epeRUR) SOLIDS e 1
08LSy QRN s1eak 6 > ‘TeanUOIN UJ 1 w Gyg  oedur Arejoy 0I'1E— %0 10 ‘TeenuoIN Qury, An3og
(uoneoyroads (8100)
paeIs vore Apms mnoyIm) (1oquidag-ridy) wnig[eg SOLIaS 10
760°S 10N sage [V o) Jo anusd I w 9T odAy sy €I CI'1€-80'T0° 10 ‘sjassnig Wil MeqInD
soseyoind
uonedIpaW
A31a11e (9102)
S[qesInquirax vaIe Apmis jyStey (uoseas wniSpeg SOLIAS Te 10
SESOLE'T sage [V oy} Jo anuay [ doyooy prexing uafjod) [10Z-$00T ‘sjassnig QWIL  Meq[InD
%St 6¢ I9A0SSOIO
e (uoneoyroads ased F102)
%SS°09 Kas1a[ maN noyIM) (roquiaydag vsn paynens Te 12
¥$8°1T PN sIBOK L[-¢ ur poysundg z eu od£y 11ty —[udv) £00T—+00C ‘Kastof moN oWy,  UOSEAD
%SS'SS
et 70071 1€-€00Z°10°T0 QoueL] (L00T)
08.9J0 %S pue ‘BaIe PUBLIO] SOLIOS Te 10
oSeroae K[Iea X PRI s1BRA G < ANUAd UMO, I w Og prexmg 1002°21° 1-0002°10°T0 -JuouLIa)) Qwirl  ueuwLyn
Apms
uredg Hoyo) (L00T)
[BoY PEPNL) [L (uoseas ey pepniD /SOLIaS ° 19
oue[[oyang 99 s189k G < [eay pepni) uf 1 R plexing uarrod) 1002-000C ‘oue[[oueng Qwr], oyug 094
srordures UOI}03[[0d
(posATeue) ugyfod jo uaqjod [Teak yyuowr Aep]
az1s odwreg xo§  dnoip o3y uoneoo|  JaquInN Y3 JO POYIdIN pourad owiry, uones0| u3dsoq oy
uonendog 1ordures uarjog Apms

penunuod 7 dqeL

pringer

As



Aerobiologia

~ 3 Results
el
] 213 e
) >
gg E e § 5 There were 454 articles found during the PubMed
= [ x® . .. . .
Bz S| - © ~ literature search. In addition, 57 papers were identified
- TR through snowball searching of additional literature.
y _g B2 TE“ R There were 28 articles that met the inclusion criteria
% | 7 . . .
3 z =T 8° 2 (Fig. 1). Out of these 28 articles, ten articles were
=y 2 2 2 excluded from the data analysis due to a probably high
:-;o g =4 3 & 2 E or high RoB assessment (Table 6 and Electronic
Supplementary Material 3 and 4). Subsequently, 18
o studies were included in the qualitative data synthesis.
£ When the literature search was updated, 153
% = articles were found. None of the 153 articles met the
= § inclusion criteria, so all articles were excluded from
S . .
°3 data analysis (Table 1, Fig. 1).
é s Of 18 included studies, eleven studies analysed
=} . o .
% ; § hospital admissions (HA) and/or emergency depart-
£ 228 ment (ED) visits in relation to pollen season. Four
= QS . .. . .
§ o5 o < studies documented the association of medication
= s = = sales and pollen concentration. Three studies exam-
ined the occurrence of symptoms in relation to pollen
—
§ ° o concentration (Fig. 2). The studies were conducted in
= | @ 5 . .
% @ g % seven countries on three continents: Europe (n = 10),
= = . .
£1Z2% § <« - = North America (n = 7) and Australia (n = 1) (Table 7).
The time period for data collection started for the
= £ E oldest study in 1991 and ended for the most recent
T o 8 3 = study in 2015. The following subgroups were anal-
ysed: individuals without restrictions regarding age
5 o 5 - (n = 8), individuals except children under five or six
3]
E . % E K Tgl g years of age (n = 5), children only (n = 4) and adults
g = % e £ 3 only (n = 1, see Table 2). All studies included both
i ~ g sexes. The sample size varied considerably between
g studies, ranging from n =30 up to n = 400,819
3z Y 2o - (Table 2).
o] — - — — N .
&g D gl o gl &T A sumrpary of the key. asp.ects of e.:ach study is
2= Sz 8% e presented in Table 2. Detailed information for all 18
) =2 =8 2 studies is given in Table 3.
)
R = 3.1 Outcome
SE- EE 2
Z 5= 50O 2]
g §_§ g O g < -~ 3.1.1 Emergency department visits and hospital
- | s = 2 o T = F—
5|8 552328 3 admissions
g3 = = =
<
Tlsl6 o 8 " § . “;’ We found eleven studies, which investigated grass
E |8 E 2 E 2 E 2 pollen concentrations and numbers of HA or ED visits
§ (Babin et al., 2007; Cirera et al., 2012; Dales et al.,
« g RGeS " . & 2004; Darrow et al., 2012; Gleason et al., 2014;
= —§‘ % 8§23 °3 £ § Guilbert et al., 2018; Heguy et al., 2008; Osborne
< | 2 = O — = O O — . .
Hlom < 2 & = etal., 2017; Silveretal., 2018; Sun et al., 2016; Tobias
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Table 4 Rules for the Risk of Bias (RoB) assessment

Criteria Question

Assessment
possibilities*

Rules for the assessment (topic-related rules were
established by the authors based on the general rules
defined by OHAT (OHAT, 2015a, 2015b) and Lam et al.
(2016) (supplementary file “Instructions for making risk
of bias determinations”)

Confounding bias  Did the study design or analysis account for
important confounding and modifying

variables?

Detection bias:
exposure
characterisation

Can we be confident in the exposure
characterisation?

Can we be confident in the outcome
assessment?

Detection bias:
outcome
assessment

If the following five confounders, defined as most important by
the authors of the systematic review “LUPO”, were at least
considered: nitrogen dioxide (NO,), ozone (O3), particulate
matter (PM), relative humidity/precipitation, wind speed

If three or four of the most important confounders were
considered

If three or four confounders were considered but not all included
in the final model

Information should be available but is missing

If one or two of the most important confounders were
considered

If none of the most important confounders but other relevant
confounders were considered

No consideration of confounder
The authors assume or even declare the bias
Daily exposure characterisation AND

There is direct evidence that exposure characterisation is
adequate for the study population (e.g. residence and pollen
trap in same city)

More than weekly but not daily exposure characterisation AND/
OR

There is no direct evidence that exposure characterisation is
adequate for the study population

Weekly or less exposure characterisation AND/OR
Information should be available but is missing

Exposure was inappropriately assessed (e.g. unserious source of
exposure assessment) AND/OR

The authors assume or even declare the bias

Self-reported symptom(s)/symptom diary, diagnosed by a
doctor, emergency visits, hospitalisations, intake or
prescriptions or sales of medication, AND

Daily assessment of the outcome AND
ICD code of outcome was reported and used

Outcome was not self-reported or reported by a doctor but by a
third person (e.g. mother) AND/OR

Outcome was assessed not daily but several times a week AND/
OR

ICD code of outcome was not used/reported
Information should be available but is missing AND/OR
Outcome was assessed once a week or less often AND/OR

Outcome definition was inappropriate (e.g. a mixture of several
outcomes), but outcome was appropriately measured AND/
OR

Content of symptom scores was not described

Outcome (appropriate or inappropriate definition) was

inappropriately measured (e.g. inconsistent definition or data
collection) AND/OR

The authors assume or even declare the bias

@ Springer
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Table 4 continued

Rules for the assessment (topic-related rules were
established by the authors based on the general rules
defined by OHAT (OHAT, 2015a, 2015b) and Lam et al.
(2016) (supplementary file “Instructions for making risk
of bias determinations”)

Criteria Question Assessment
possibilities*
Attrition bias Were outcome data complete without + +

attrition or exclusion from analysis?

+
NA
Selective reporting  Were all measured outcomes reported? + +
bias
+

There was no or a low attrition or exclusion (< 10%) (Genaidy
et al. 2007; OHAT, 2015b) AND

Reasons were documented, when subjects were removed from
the study or excluded from analysis

There was no or a low attrition or exclusion (< 10%) (Genaidy
et al. 2007, OHAT, 2015b) AND

Reasons were not documented, when subjects were removed
from the study or excluded from analysis AND/OR

There was an acceptable attrition or exclusion (between 10 and
20% (Genaidy et al. 2007; OHAT, 2015b)) AND

Reasons were documented, when subjects were removed from
the study or excluded from analysis

Information should be available but is missing (to be
distinguished from NA) AND/OR

There was an acceptable attrition or exclusion (between 10 and
20% (Genaidy et al. 2007; OHAT, 2015b)) AND

Reasons were not documented, when subjects were removed
from the study or excluded from analysis AND/OR

There was an unacceptable large attrition or exclusion (> 20%
(Genaidy et al. 2007; OHAT, 2015b)) AND

Reasons were documented, when subjects were removed from
the study or excluded from analysis

There was unacceptable large attrition or exclusion (> 20%)
AND

Reasons were not documented, when subjects were removed
from the study or excluded from analysis

The attrition/exclusion rate is unknown
The authors assume or even declare the bias

Not applicable: if secondary data (e.g. insurance or hospital
data) is analysed, every case is considered separately what
prevents information about attrition. If specific cases of
secondary data were excluded by the authors (e.g. specific age
groups), then the attrition bias should be assessed

All measured outcomes (summarised scores as well as all
components; as described in the method section) are reported
(in the results section)

It seems that all measured outcomes (summarised scores as well
as all components; as described in the method section) are
reported (in the results section) OR

A summarised outcome (e.g. a score) is reported and all
previously described components were included but were not
presented separately

Information should be available but is missing OR

It is not understandable, if all measured outcomes were
presented OR

It is not understandable, how the results were derived

Results of important measured outcomes were not reported
AND/OR

Some of the outcomes were summarised in a score while others
were excluded from the score without reasonable explanation.
AND/OR

Only significant or a selection of the best findings were reported

@ Springer
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Table 4 continued

Criteria Question

Assessment

Rules for the assessment (topic-related rules were

possibilities* established by the authors based on the general rules

defined by OHAT (OHAT, 2015a, 2015b) and Lam et al.
(2016) (supplementary file “Instructions for making risk
of bias determinations”)

Conflict of interest Do the authors declare no conflict of +

interest?

“Study authors make a claim denying conflicts of interest”.
“The study did not receive support from a company, study
author, or other entity having a financial interest in the
outcome of the study” (Lam et al. 2016)

“There is insufficient information to permit a judgement of low
risk of bias, but there is indirect evidence that suggests” no
conflict of interest. (Lam et al. 2016)

Information should be available but is missing AND/OR
“There is insufficient information to permit a judgement of high

risk of bias, but there is indirect evidence that suggests” a
conflict of interest. (Lam et al. 2016)

“The study received support from a company, study author, or
other entity having a financial interest in the outcome of the
study”. (Lam et al. 2016)

*Assessment possibilities: + + definitely low RoB, + probably low RoB, -probably high RoB, — definitely high RoB, NA not

applicable

et al., 2003). The observed outcomes of these studies
were HA (Dales et al., 2004; Guilbert et al., 2018;
Osborne et al., 2017; Silver et al., 2018; Tobias et al.,
2003) and ED visits (Cirera et al., 2012; Darrow et al.,
2012; Gleason et al., 2014; Heguy et al., 2008; Sun
etal.,2016) due to an asthma diagnosis. Only the study
of Babin et al. (2007) presented results for both
outcomes. Most studies identified asthma cases based
on the ICD-9 493 asthma code as a diagnosis, while
few studies (Osborne et al., 2017; Silver et al., 2018)
used solely or additionally the ICD 10 J45, J46 codes.
Further deviations from the ICD-codes are indicated in
Table 3.

Five out of six studies investigating the association
between asthma-related ED visits and grass pollen
exposure found a statistically significant correlation.
Both Babin et al. (2007) and Heguy et al. (2008) found
a statistically significant percentage increase of 2.6%
and 1.7%, respectively, in ED visits. In both studies,
the ED visits followed a three-day lag after exposure to
a 10 grains/m? increase in grass pollen concentrations.
For the same increase in exposure (increase in grass
pollen by 10 grains/m®), Darrow et al. (2012) and
Gleason et al. (2014) found minimal but statistically
significant associations with ED visits: Darrow et al.
(2012) reported a RR of 1.02 (95% CI: [1.01-1.03]),
Gleason et al. (2014) an adjusted OR of 1.02 (95% CI:

@ Springer

[1.01-1.03]). Cirera et al. (2012) reported a statisti-
cally significant risk of 7.2% for ED visits for a pollen
concentration of 10-28 grains/m® and a no statistically
significant risk of a pollen concentration of 0-10
grains/m’. No statistically significant effect on ED
visits for 10 grains/m> was also found by Sun et al.
(2016). In summary, both statistically significant and
non-significant risks of ED visits could be found for
the grass pollen threshold of 10 grains/m>. In
summary, for pollen concentrations of 10 grains/m’
a risk of 1.7-2.6% can be derived for ED visits.
Various studies have found a statistically signifi-
cant association between the number of HA due to
asthma and grass pollen counts (Dales et al., 2004;
Guilbert et al., 2018; Osborne et al., 2017; Tobias
et al., 2003). They reported a percentage increase in
HA due to asthma cases between 1.95 and 17.23%,
with different numbers of lag days. The lowest
percentage increase of 1.95% of HA due to asthma
was found by Dales et al. (2004) for grass pollen
concentration of 14 grains/m>. In contrast, Guilbert
et al. (2018) observed a larger percentage increase in
HA (5.9%) at a concentration of 12 grains/m3.
Osborne et al. (2017) reported a statistically significant
percentage increase in HA of 14.11% and 17.23% for
104 grains/m3. Tobias et al. (2003) also found a similar
statistically significant percentage increase in HA



Aerobiologia

Table 5 Criteria for a low RoB assessment

Bias Criteria for low RoB assessment

Confounding bias NO,, O3, PM, humidity/precipitation and
wind speed considered as confounder

Detection bias
(exposure)

Pollen concentration collected daily with
pollen sampler at appropriate location

Detection bias
(outcome)

Outcome reported daily by patient him-/
herself, diagnosed by doctor,
documented as visits of health facilities,
or documented as medication intake,
prescriptions or sales

Attrition or exclusion below 10% and

reasons for attrition or exclusion
documented

Attrition bias

Selection bias Day of the week and a variable about time/
seasonal trends considered (If secondary
data analysed, assessment of attrition

bias was not applicable)

Selective
reporting bias

All measured outcomes reported in the
results section (e.g. Including single
components of summarised scores)
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(17.1%) for a pollen concentration of 98.4 grains/m3.
Furthermore, Silver et al. (2018) found that grass
pollen had a statistically significant effect, when mean
concentrations of pollen exceeded 100 grains/m> for
three successive days. In contrast, Babin et al. (2007)
found no statistically significant association between
HA and a same-day exposure of 10 grains/m> of grass
pollen. In summary, all analysed studies reported a
statistically significant percentage increase in hospital
admissions above a pollen threshold of 12 grains/m>.
Furthermore, it was observed that the percentage
increase in hospital admissions grows with increasing
pollen concentrations.

3.1.2 Medication and prescription data

Four studies investigating the association between the
outcome medication and prescription data (drug
consumption/medication sales) and grass pollen con-
centrations reported statistically significant RRs
between 1.04 and 1.13 (Table 3) (Caillaud et al.,
2015; Fuhrman et al., 2007; Guilbert et al., 2016;
Motreff et al., 2014). These studies report pollen
concentrations using an interquartile range (IQR). All
these studies examined a different period of lag days

from 0 to 10 lag days. Caillaud et al. (2015) showed a
statistically significant relative risk of 1.04 for drug
consumption/medication sales at an IQR of 38 grains/
m® (95% CI: [1.038-1.050]). Motreff et al. (2014)
observed a statistically significant RR of 1.11 (95%
CI: [1.08-1.14]) for an IQR of 31 grains/m3 for the
French city Montpellier. In contrast, for the French
city Nimes, Motreff et al. (2014) found a statistically
significant RR of 1.11 (95% CI: [1.07-1.14]) for an
IQR of already 14 grains/m>. A percentage increase of
8.7% (RR =1.087; 95% CI:. [1.069-1.105]) was
reported for an IQR of 41 grains/m> by Fuhrman
et al. (2007). Guilbert et al. (2016) found statistically
significant RRs between 1.04 and 1.13 for an IQR of
20 grains/m’ for all sex and age groups younger than
65 years except for females aged 13-18 years. In
summary, the results and possible threshold values are
difficult to derive. A statistically significant increase in
medication consumption was found for all observed
pollen concentrations. Additionally, Motreff et al.
(2014) showed that different pollen concentrations (14
grains/m> and 31 grains/m?) at two different locations
(Nimes and Montpellier) show the same RR of 1.11
(95% CI: [1.08-1.14]) for drug consumption/medica-
tion sales.

3.1.3 Pollen-related symptoms

Three studies investigated the association between the
concentration of grass pollen and self-reported health
symptoms. Annesi-Maesano et al. (2012) showed an
OR of 1.08 (95%-CI: [1.04-1.11]) for pollen-related
symptoms at a pollen threshold value for 60 grains/m”.
DellaValle et al. (2012) reported an OR of 1.80 (95%
CI: [1.31-2.47]) for self-reported health symptoms
starting at a threshold value of 34 grains/m>. In
addition, DellaValle et al. (2012) observed that
increasing pollen levels let the OR for pollen-related
symptoms rise:

e 58 grains/m3: (OR = 2.09; CI: [1.31-3.33));
e O-15 grains/m3: (OR = 2.58; CI: [1.60-4.18));
e >15 grains/m3: (OR = 2.64; CI: [1.55-4.49]).

Feo Brito et al. (2007) found no statistically
significant association between grass pollen concen-
tration (IQR = 99 grains/m>) and intensity of pollen-
related symptoms. In summary, it is difficult to derive
possible threshold values from the results. DellaValle
et al. (2012) found a statistically significant OR of 1.80
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Table 6 Heatmap of the Risk of Bias (RoB) assessment

Key criteria

Other criteria

Nb Authors (year) Confounding Detection bias:  Detection Attrition Selective Conflict In- or exclusion
bias exposure bias: Outcome bias reporting  of from data
characterisation assessment bias interest  synthesis
1 Annesi-Maesano et al. + + + + NA + - Inclusion

(2012)

2 Babin et al. (2007) + + + + NA + + + + Inclusion
3 Caillaud et al. (2015) + + + + NA + + + + Inclusion
4 Cirera et al. (2012) + + + + NA + + + + Inclusion
5 Dales et al. (2004) + + + + NA + + — Inclusion
6 Darrow et al. (2012) + + + + NA + + — Inclusion
7 DellaValle et al. (2012) + + =+ + + + + — Inclusion
8 Feo Brito et al. (2007) + + + + + + + — Inclusion
9  Fuhrman et al. (2007) + + + + + + + + + +  Inclusion
10  Gleason et al. (2014) + + + + NA + + + + Inclusion
11 Guilbert et al. (2016) + + + + NA + + + + Inclusion
12 Guilbert et al. (2018) + + + + + NA + + + + Inclusion
13 Héguy et al. (2008) —+ + + + + NA + + — Inclusion
14 Motreff et al. (2014) + + + + NA + + — Inclusion
15 Osborne et al. (2017) + + + + + NA + + — Inclusion
16  Silver et al. (2018) + + + + + NA + + + +  Inclusion
17  Sun et al. (2016) + + + + NA + + + + Inclusion
18 Tobias et al. (2003) + + + + + NA + + + + Inclusion

+ + definitely low RoB (dark green), + probably low RoB (lime green), -probably high RoB (orange), — definitely high RoB (red),

NA not applicable (white)

for symptoms from a pollen concentration of 3—4
grains/m>. The observed ORs increased steadily with
increasing pollen concentration. In contrast, Annesi-
Maesano et al. (2012) found a statistically significant
OR of 1.08 for a pollen concentration of 60 grains/m>.

3.2 Confounding variables

The RoB assessment showed that all studies included
confounders in their analysis. However, only two
(DellaValle et al., 2012; Guilbert et al., 2018) reported
a possible effect of confounding or effect modification
by age groups, air pollution, influenza epidemics and
respiratory viral infections (DellaValle et al., 2012;
Guilbert et al., 2018). Several studies excluded air
pollutants after no effect was found, or when included
in the model, the size of the effect was not further
investigated (Table 3).

@ Springer

3.3 Lags

Table 8 gives an overview of the in the studies reported
lag days. Most studies calculated the effect starting at
the same day up to the third day after exposure. Longer
lags were rarely reported. A lag of 3 days showed the
highest number of statistically significant results.

3.4 Pollen sampler

The used pollen sampler and the pollen sampler
location is shown in Table 2. The pollen stations are
located in cities (n = 12) or suburban areas (n = 1)
(Annesi-Maesano et al., 2012; Caillaud et al., 2012;
Cirera et al., 2012; Dales et al., 2004; Feo Brito et al.,
2007; Fuhrman et al., 2007; Gleason et al., 2014;
Guilbert et al., 2016, 2018; Heguy et al., 2008; Motreff
et al., 2014; Osborne et al., 2017; Silver et al., 2018).
The height at which the pollen stations were located
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Fig. 2 Circle diagram with kind of health outcome, studies and
significance of results. Legend: description of the colours of the
outermost ring: black background: studies with significant

varied between the studies (2.45-30 m). Out of 18
studies, nine did not indicate the height of the pollen
station (Annesi-Maesano et al., 2012; Babin et al.,
2007; Dales et al., 2004; DellaValle et al., 2012; Feo

Brito et al., 2007; Gleason et al., 2014; Osborne et al.,
2017; Sun et al., 2016; Tobias et al., 2003).

Ouug:\\‘,‘\,\ LS

(¢}
-

results; grey background: studies with significant results only in
sub-analyses; white background: studies with non-significant
results;

3.5 Age groups

Eight of 18 studies investigated effects in subgroups
such as age groups (Annesi-Maesano et al., 2012;

Babin et al., 2007; Caillaud et al., 2015; Darrow et al.,
2012; Fuhrman et al.,

2007; Guilbert et al.,
2016, 2018; Motreff et al., 2014).

@ Springer
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Table 7 Summary of Total 28
included studies according
to country and health Total used for result synthesis 18
outcome
Country
Belgium 2
Canada 2
England 1
France 4
Spain 3
USA 5
Australia 1
Health outcome (number of studies with significant results in brackets)*
Drug consumption 4 (4)
*The sum of the number Emergency df:pz?rtment visits 6 (5)
outcomes is higher than Hospital admission 6 (5)
total, because one study Symptoms 31
investigate more than one Missing conflict of interest statement 8

outcome

3.5.1 Emergency department visits and hospital
admissions

Only one of six studies that investigated the associ-
ation between pollen-related ED visits and grass
pollen concentrations analysed the impact on different
age groups (Darrow et al., 2012). In the study by
Darrow et al. (2012), the subgroups of 5—17-year-olds
and 18 +-year-olds had a risk of ED visits above a
threshold value of 10 grains/m3 (RR =1.02, CIL:
[1.01-1.04] and RR = 1.03, CI: [1.02-1.04]). The
subgroup of 0—4-year-olds showed no statistically
significant risk of ED visits above a threshold of 10
grains/m3 (RR = 1.007; CI: [0.988-1.025])).

Two studies out of six investigating the effect of
pollen concentrations on HA analysed different age
groups (Babin et al., 2007; Guilbert et al., 2018).
Guilbert et al. (2018) found for a pollen value of 12
grains/m” a statistically significant percentage change
of 7.9% for HA in the age group 15-59 years. No
statistically significant percentage changes for HA
were found in the subgroups of 0-14-year-olds and
over 60-year-olds (Guilbert et al., 2018). Babin et al.
(2007) found no statistically significant percentage
change in different age groups for a threshold of 10
grains/m>. In summary, there were no definitive results
found that point to a particular vulnerability of a
specific age group for pollen-associated ED visits or
HA.
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3.5.2 Medication and prescription data

All four studies about pollen concentration and
medication and prescription data (drug consumption/
medication sales) analysed the effects in different age
groups (Caillaud et al., 2015; Fuhrman et al., 2007,
Guilbert et al., 2016; Motreff et al., 2014). Motreff
et al. (2014) investigated different age groups (5-14-
year-olds, 15—44-year-olds, 45-64-year-olds and over
65-year-olds) in the cities Montpellier and Nimes. The
relative risk of drug consumption was statistically
significant for all age groups at a pollen concentration
of 14 grains/m® (Nimes) and 31 grains/m> (Montpel-
lier). In Montpellier, analysing all age groups the
highest risk of drug consumption/medication sales was
found for the 5—14-year-olds at a pollen concentration
value of 31 grains/m3 (RR = 1.20; CI: [1.13-1.28])
(Motreff et al., 2014). In Nimes, the highest estimator
for the risk of drug consumption/medication sales was
found for the age group 15-44-year-olds at a threshold
value of 14 grains/m®> (RR = 1.15; CI: [1.07-1.23])
(Motreff et al., 2014).

In the study of Caillaud et al. (2015), the age groups
5-14-year-olds, 15-44-year-olds, 45-64-year-olds
and over 65-year-olds were investigated. The relative
risk of drug consumption/medication sales was statis-
tically significant above a threshold value of 38 grains/
m® for all age groups. The 5-14-year-olds had a
statistically ~ significant risk (RR =1.08; CI:
[1.07-1.10]) of drug consumption/medication sales
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compared to the other age groups. The over 65-year-
olds had a statistically significant risk (RR = 1.02; CI:
[1.01-1.03]).

Fuhrman et al. (2007) investigated different age
groups (5-14-year-olds, 15-34-year-olds, 35-64-
year-olds and over 65-year-olds). The relative risk of
drug consumption/medication sales was statistically
significant above a threshold value of 41 grains/m? for
all age groups. Fuhrman et al. (2007) identified a 6.4%
risk of pollen-associated drug consumption/medica-
tion sales for the over-65 age group (CI: [4.7-8.1]).
The 35-64-year-olds had the lowest statistically
significant risk of drug consumption/medication sales
(3.8%; CI: [2.4-5.3]) (Fuhrman et al., 2007).

In the study of Guilbert et al. (2016), the age groups
0-5-year-olds, 6-12-year-olds, 13-18-year-olds,
19-39-year-olds, 40-64-year-olds, 65-84-year-olds
and over 85-year-olds were investigated stratified by
gender. For pollen concentration of 20 grains/m’, the
study of Guilbert et al. (2016) showed statistically
significant relative risks of drug consumption/medi-
cation sales for some age groups, while other age
groups had no statistically significant results. The
19-39-year-olds had the highest statistically signifi-
cant risk of drug consumption/medication sales (fe-
male: RR =1.10; CI: [1.08-1.11] and male:
RR = 1.13; CI: [1.11-1.14]). The over 85-year-olds
had the lowest risk of drug consumption/medication
sales (female: RR = 0.99; CI: [0.96-1.02] and male:
RR = 0.98; CI: [0.94-1.03]) (Guilbert et al., 2016).

In summary, no age group could be identified as
particularly vulnerable to pollen-related medication
intake. Two out of four studies identified the 5-14 age
group as vulnerable for high drug consumption/
medication sales when exposed to pollen. (Caillaud
etal., 2015; Motreff et al., 2014). In contrast, three out
of four studies showed a small risk of drug consump-
tion/medication sales among the oldest age group
(over 65 years or over 85 years) (Caillaud et al., 2015;

Table 8 Overview of lag days that were reported in all studies

Guilbert et al., 2016; Motreff et al., 2014). Only one
study identified the age group over 65 years as
vulnerable with the highest risk of drug consump-
tion/medication sales (Fuhrman et al., 2007). These
studies show a mixed picture. Based on these results, it
is not possible to derive pollen threshold values for a
specific age group or to identify a specific age group as
particularly vulnerable.

3.5.3 Pollen-related symptoms

One of three studies investigating pollen concentration
and symptoms conducted a subgroup analysis by age
(Annesi-Maesano et al., 2012). Annesi-Maesano et al.
(2012) were able to show an association for over
65-year-olds for pollen count of 60 grains/m® and
pollen-related symptoms (OR = 0.56 (CIL:
[0.45-0.70])).

3.6 Subgroups by location
The locations of the studies are shown in Table 2.

3.6.1 Emergency department visits and Hospital
admissions

Statistically significant associations between a pollen
concentration of at least 10 grains/m> and ED visits
could be found in four studies at different locations.
Statistically significant associations between pollen-
associated ED visits and pollen concentrations of 10
grains/m> were observed in studies conducted in
Montreal (1.7%) (Heguy et al., 2008), in Washington
DC (2.6%) (Babin et al., 2007), in New Jersey
(RR = 1.02) (Darrow et al., 2012) and in Georgia
(OR = 1.02) (Gleason et al., 2014). No association for
pollen-associated ED visits and a pollen concentration
from 0 to 10 grains/m> were found in the Spanish city
of Cartagena (Cirera et al., 2012). Sun et al. (2016)

Lag 0 Lag 1 Lag 2 Lag 3 Lag 4 Lag 5 Lag 6 Lag 7
Number 10 7 5 7 3 3 2 1
Percentage 0.56 0.39 0.28 0.39 0.17 0.17 0.11 0.06
Significant results 3 3 1 5 1 1 0 0
Percentage of significant results 0.30 0.43 0.20 0.71 0.33 0.33 0 0

*Reports of cumulative results are not included in this table
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found no association of pollen concentrations above
10 grains/m® and ED visits in Wake County (North
Carolina). For the sub-analyses by location with
regard to ED visits, it can be concluded that both
statistically significant and non-significant effects with
ED visits are observed at a pollen concentration of 10
grains/m> and above. And secondly, the pollen-
induced risk of ED visits varies according to location.
Statistically significant associations of pollen con-
centrations above 11 grains/m® and HA were observed
in studies conducted in Halifax, London (in Canada),
Windsor (in Canada), Madrid, London, Melbourne
and Brussel (Dales et al., 2004; Guilbert et al., 2018;
Osborne et al., 2017; Silver et al., 2018; Tobias et al.,
2003). Dales et al. (2004) compared pollen-associated
number of HA between ten Canadian cities. A
statistically significant increase in pollen-associated
HA of 3.19% was observed in Halifax at a pollen
concentration of 11 grains/m> (Dales et al., 2004). A
statistically significant increased risk of HA (5.8% and
6.5%) was found for pollen concentrations of 12.2 and
18.7 grains/m’ in London and Windsor (Dales et al.,
2004). A statistically significant increase in HA (17%)
was found for pollen concentration of 98.4 grains/m’
and 104 grains/m> in Madrid and London (England)
(Osborne et al., 2017; Tobias et al., 2003). A value of
12 grains/m3 results in an increased risk of HA (5.9%)
in a study in Brussel (Guilbert et al., 2018). No
statistically significant results for an increased risk of
HA were found for pollen concentration values of 10
grains/m’ in a study in Washington DC (Babin et al.,
2007). In summary, it can be concluded that statisti-
cally significant associations of ED visits and HA and
pollen concentrations of 11 grains/m* can be observed.
The level of risk of HA starting from a value of 11
grains/m’ varies depending on the location.

3.6.2 Medication and prescription data

All French studies in this review showed a statistically
significant increase in drug consumption/medication
sales at different pollen concentration levels in each
case. Caillaud et al. (2015) reported a statistically
significant RR of 1.04 (CI: [1.038-1.050]) for a pollen
concentration of 38 grains/m® in Clearmont-Ferrand.
In contrast, also in Clearmont-Ferrand, Fuhrman et al.
(2007) identified a statistically significant percentage
of 8.7% for a pollen concentration of 41 grains/m”.
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Furthermore, Motreff et al. (2014) identified the
same relative risk of drug consumption/medication
sales at different threshold values in two French cities.
In the French city of Nimes, a statistically significant
relative risk of 1.11 (CI: [1.07-1.14]) for drug
consumption/medication sales was found at a thresh-
old value of 14 grains/m3. In contrast, in the French
city of Montpellier, a statistically significant relative
risk of 1.11 (CI: [1.08-1.14]) for drug consumption/
medication sales could be found at a pollen concen-
tration of 31 grains/m3 (Motreff et al., 2014). For the
sub-analysis by location, it can be summarised that
statistically significant associations can be observed
for pollen concentrations above 14 grains/m> with
drug consumption/medication sales.

3.6.3 Pollen-related symptoms

Among the included studies, the only statistically
significant association of pollen concentrations above
60 grains/m> with symptoms was found for metropoli-
tan France (OR = 1.08; CI: [1.04-1.11]) (Annesi-
Maesano et al., 2012). Considering the association of
pollen concentration and the occurrence of symptoms,
no effects could be shown in the northeast of the USA
for different threshold values (3—4 grains/m® (OR =

1.20; CI: [0.84-1.73]), 5-8 grains/m3 (OR = 1.37,
CI: [0.94-2. 01]), 9-15 grains/m3 (OR = 1.34; CI:
[0.91-1.98]) above 15 glrains/m3 (OR =1.48; CI
[0.98-2.23]]) (DellaValle et al., 2012). Feo Brito et al.
(2007) found no statistically significant percentage
changes for a threshold value of 99 grains/m” in the
Spanish cities Ciudad Real and Puertollano. For the
sub-analysis of pollen-related symptoms by location,
it can be concluded that the pollen concentrations at
which symptoms are observed vary from location to
location. Moreover, it is not always possible to specify
concrete pollen concentrations.

4 Discussion

This systematic review summarises literature on grass
pollen-induced health outcomes like hospital admis-
sions, emergency department visits, drug consumption
and allergic symptoms. The aim was to give an
overview of several outcomes and to identify potential
pollen concentrations at which outcomes occur.
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4.1 Key findings

By including a wide range of health outcomes and
study populations, this review provides a unique
accumulation and aggregation of data on the effects
of grass pollen on health outcomes. The results of 18
studies with a low RoB were investigated and
summarised, presenting results for pollen-associated
ED visits, HAs, drug consumption and symptoms. The
risk of ED visits due to pollen concentrations of 10
grains/m’ varied from 1.7 to 2.6% in the included
studies (Babin et al., 2007; Cirera et al., 2012; Darrow
et al., 2012; Gleason et al., 2014; Heguy et al., 2008;
Sun et al., 2016). A statistically significant percentage
increase in hospital admissions could be observed at
pollen concentration values of 12 grains/m> (Babin
et al., 2007; Dales et al., 2004; Guilbert et al., 2018;
Osborne et al., 2017; Silver et al., 2018; Tobias et al.,
2003). Possible pollen threshold values are difficult to
summarise from the studies focussing on drug con-
sumption/medication sales (Caillaud et al., 2015;
Fuhrman et al., 2007; Guilbert et al., 2016; Motreff
et al., 2014) and symptoms (Annesi-Maesano et al.,
2012; DellaValle et al., 2012; Feo Brito et al., 2007).
In addition, it could be shown that more HA was
counted at higher pollen concentrations.

This review did not identify any age group as
vulnerable for pollen-associated health outcomes
(Annesi-Maesano et al., 2012; Babin et al., 2007;
Caillaud et al., 2015; Darrow et al., 2012; Fuhrman
etal., 2007; Guilbert et al., , 2016, 2018; Motreff et al.,
2014). For the sub-analysis by location, it can be
summarised that the level of pollen concentrations
leading to more ED visits, HA, medication use and
symptoms varied.

4.2 Health outcome-specific data

4.2.1 Emergency department visits and hospital
admissions

Out of six studies investigating an exposure of 10
grains/m>, four studies found a statistically significant
increase in ED visits (Babin et al., 2007; Darrow et al.,
2012; Gleason et al., 2014; Heguy et al., 2008). The
results found in this review strengthen the assumption
that grass pollen exposure of 10 grains/m> leads to
pollen-associated health outcomes, while Sun et al.
(2016) documented no significant effect of pollen

concentration of 10 grains/m®> and ED visits. This
could be an indication that the allergic reaction
depends on the properties of the individual pollen, as
well as on the environmental conditions. Considering
the present studies, it can be concluded that there is a
risk of ED visits above a threshold of 10 grains/m’
(Babin et al., 2007; Cirera et al., 2012; Darrow et al.,
2012; Gleason et al., 2014; Heguy et al., 2008; Sun
et al., 2016).

From the six studies dealing with grass pollen and
HA, a threshold value at 12 grains/m® can be derived.
A pollen concentration value of 12 grains/m’ resulted
in a higher probability of pollen-associated HA of
2-6%. A value of 100 grains/m’> increased the
probability by 17%. The higher the pollen concentra-
tion, the higher the risk of pollen-associated HA can
get. No association between pollen concentrations
below 10 grains/m> and ED visits or HA could be
observed. This concentration might be too low to
cause severe symptoms leading to ED and HA
triggered by allergic asthma.

4.2.2 Medication and prescription data

All four studies on grass pollen exposure and drug
consumption found statistically significant associa-
tions (Caillaud et al., 2015; Fuhrman et al., 2007;
Guilbert et al., 2016; Motreff et al., 2014). But the
authors were not able to derive an overall pollen
threshold value from the study results. However, it
could be observed that the risk of medication intake
increased with pollen concentration values. With
further increasing concentrations, the effects
decreased or remained constant. Above a value of 14
grains/m>, a higher risk of drug consumption is to be
expected. However, the effects do not develop linearly
to the threshold values.

4.2.3 4.2.3Pollen-related symptoms

The results of the three studies on symptoms and grass
pollen showed inconsistent results. This could be due
to the subjective assessment of symptoms in the
studies. Which pollen concentrations can lead to
allergic symptoms cannot be answered with the
available studies, as the reported exposure concentra-
tions varied.
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4.3 Subgroup analyses

The authors could not identify specific age groups at
higher risk of any of the health outcomes. Darrow et al.
(2012) and Guilbert et al. (2018) concluded that
allergies are difficult to detect in an age group under
five years. Therefore, the evaluation of allergy-
induced ED visits and HAs in very young children
may be biased. The non-stratified results of the
included studies differed from the results of the
subgroup-analyses stratified by age with regard to
associations of grass pollen concentrations and health
outcomes. Following the findings of Darrow et al.
(2012) and Guilbert et al. (2018), the authors expect a
bias in the results of the very young age groups
(0-5 years). According to the report “Guidelines for
the Diagnosis and Management of Asthma”, the
diagnosis of asthma is particularly difficult in 0—4-
year-olds because objective measurements of lung
function are not possible in this age group (National
Asthma Education and Prevention Program, 2007).
Thus, the younger age groups may often have
undiagnosed pollen allergy or asthma and are at
higher risk of symptoms. The low vulnerability of the
oldest age group (over 65 years) could be explained by
the limited mobility of the patients. Patients with
limited mobility are less likely to spend time outdoors
and thus less likely to be exposed to pollen. In the
future studies, socio-demographic factors and the
average length of time spent outdoors should be taken
into account when analysing pollen concentrations
and their impact on health.

The results of the subgroup-analyses stratified by
geographical location were also not consistent. The
authors could not identify specific geographical loca-
tion that showed a higher risk of any of the health
outcomes. The study by Motreff et al. (2014) calcu-
lated relative risks of pollen-associated drug con-
sumption/medication sales in the cities of Montpellier
and Nimes. In Nimes, the relative risk (RR = 1.11; CI:
[1.07-1.14]) of pollen-associated drug consumption/
medication sales was reached at a pollen concentration
of 14 grains/m> and in Montpellier at a pollen
concentration of 31 grains/m® (RR = 1.11; CI:
[1.08-1.14]). This could lead to the conclusion that
the population in Nimes might be more vulnerable to
grass pollen than the population in Montpellier.
Another explanation could be that pollen in Montpel-
lier might have less potential to cause allergies.
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In this review, the results of the subgroup analysis
stratified for age and geographical location showed a
similarly inconsistent picture as the non-stratified
results. Those deviations indicated that environmental
aspects such as region, climate or weather events as
well as individual aspects such as one’s own sensitiv-
ity or the allergenic potential of pollen can influence
health outcomes. This indicates that other factors and
possible influences besides geographical location
should be considered more closely in the future
research.

4.4 Further explanations

Several factors that may have led to inconsistent
results are presented below.

Buters et al. (2012) and Jantunen et al. (2012)
concluded that the allergen content per pollen grain
may differ substantially. Additionally Schéppi et al.
(1997) derived the size of allergen carrying particles
(ruptured pollen) as an influencing factor. Thus, more
information about pollen itself should be collected and
analysed (Bastl et al., 2014; Buters et al., 2012).
Furthermore, the authors suggest that the accuracy of
pollen concentration data may vary between the
analysed studies. Rojo et al. (2020) showed that
measured pollen concentrations can vary due to the
height of the pollen station. Pollen stations should be
set up at an average height of ten metres (Buters et al.,
2018). In this review, the height of the pollen stations
varied between 2.45 and 30 m. This height difference
could bias the results.

Individual differences in tolerance levels leading to
allergic reactions could also explain differences in
results of the studies investigated. In the study of
Jantunen et al. (2012), a higher tolerance for birch
pollen of people from Finland in comparison with
people from Austria was found. Due to the different
vegetation in Finland and Austria, birch pollen counts
in Finland are generally much higher than in Austria
(Buters et al., 2012; Jantunen et al., 2012). Buters et al.
(2012) concluded from the results of Jantunen et al.
(2012) that in Finland a local adaptation of the
population to the high birch pollen concentration
might have occurred. As a result, the population in
Finland could be less sensitive to birch pollen. The
same symptom score was observed in Austria at a
pollen concentration of 250 grains/m> while it was 600
grains/m3 in Finland (Buters et al., 2012).
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Werchan et al. (2017) refer to further factors that
influence people’s symptom perception and behaviour
(e.g. own variable bronchial hyperreactivity, degree of
sensitisation, influence of drugs, own perception of
symptoms, etc.). Damialis et al. (2019a) found that
similar pollen concentrations can cause different
intensities of symptoms under different environmental
conditions.

Another possible factor that could explain the
inconsistent results is the timing of the pollen
measurement. There may be a difference in allergen
content of pollen in the early season and pollen in the
late season (de Weger et al.,, 2011; Sofiev &
Bergmann, 2013). Buters et al. (2015) attribute this
difference in allergen release to the natural variability
between pollen-producing species. The observations
of D’ Amato et al. (2001) also support the assumption
of a different allergen content of the pollen. D’ Amato
et al. (2001) observed that the prevalence and severity
of health effects in certain patients increased over time
even though the pollen concentration in the air
remained the same. A possible explanation is air
pollution which may have an effect on the allergenic-
ity of pollen (Mur Gimeno et al., 2007). The aspect of
air pollution was identified as a confounder in some
studies included in this review and considered in the
risk of bias analysis. These possible influencing
factors may explain the inconsistent results and
emphasises the lack of sufficient data on this topic
(Kiotseridis et al., 2013).

In general, it should be noted that the date of
medication sales or consumption cannot be correlated
with the date of pollen counts, as there may be delays
in medication sales and consumption. However,
medication sales and consumption can be used as an
indicator of the prevalence of SAR and allergy
symptoms. For example, the found results show an
increase in drug sales for SAR and allergy symptoms
(Caillaud et al., 2015; Fuhrman et al., 2007; Guilbert
et al., 2016), indicating that pollen-related diseases
increase with pollen concentration in the investigated
populations. This is coherent with recent literature,
documenting an increase in asthma, SAR and other
allergy-related diseases (Kiotseridis et al., 2013; Shea
et al., 2008; von Mutius et al., 1998). Despite a rising
prevalence, a rising number of diagnoses and
increased treatment of mild cases could also lead to
an increase in medication sales (Fuhrman et al., 2007).
Further, determining health outcomes based on

medications sales is not ideal because use of medica-
tion highly depends on the affected person’s attitude.
Preventive medication might be purchased and taken
in advance (Dales et al., 2008; Zeghnoun et al., 2005).
Therefore, an underestimation of the effect of grass
pollen on individuals is likely. Thus, reported associ-
ations between grass pollen count and health outcomes
could also underestimate the effect of grass pollen on
health.

An important factor is the considered lag of
outcomes. Most data were reported for same-day
exposure (n =10) up to a three-day lag (n=7).
Results suggested that the highest increase in out-
comes can be expected on the third day after exposure.
Of those studies which included outcome measure-
ments of the third day after exposure, over 70%
showed statistically significant results (Table 8). This
is coherent with the fact that symptoms as well as help-
seeking behaviour mostly do not occur on the same
day of exposure, but a few days delayed (Kiotseridis
et al.,, 2013). Such symptom data can be best
documented with a pollen app. Pfaar et al. (2020)
used a pollen app, which used a symptom and
medication score, to collect grass-induced symptom
loads in AR. They found a correlation between pollen
concentration peaks and pollen-induced symptom
loads (Pfaar et al., 2020). This highlights the necessity
for the wide use of pollen apps in the future studies. In
general, the reporting of lag days can be described as
highly selective. Often, only statistically significant
lags are reported and sometimes the effect of lags were
cumulated. Further, it was not always exactly indi-
cated which lag was reported, making comparisons
and aggregation of data difficult. To gain a more
coherent view of lag effects, a more consistent
reporting of all lag days is necessary.

A majority of the studies examined the association
of pollen concentration on health outcome as a linear
correlation. For example, Tobias et al. (2003) exam-
ined the relationship between pollen concentrations
and HA as a linear effect. Later, Tobias et al. (2004)
published a second paper, based on the same study
population, where a nonlinear relationship of grass
pollen increase and HAs was investigated in more
detail. They found that the percentage change of HAs
due to asthma increases approximately up to a pollen
count of 60 grains/m3, then stagnates for a while and
increases further up from a grass pollen level of around
125 grains/m3 (Tobias et al., 2004). Unfortunately,
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several other studies reporting such thresholds could
not be included in this review, due to a probably high
or high RoB (Caillaud et al., 2012; Feo Brito et al.,
2010; Hofman et al., 1996; Huynh et al., 2010;
Johnston et al., 2009; Kiotseridis et al., 2013; Lewis
et al., 2000; Lipiec et al., 2005; Rosas et al., 1998;
Ross et al., 2002). Therefore, the suggestion of the
study of Davies and Smith (1973) that all sensitive
individuals will experience allergic symptoms on days
when grass pollen count exceeds 50 grains/m® could
not be confirmed by all studies (Davies & Smith,
1973). Further research is needed, to verify such
results.

While general thresholds for large populations
seem difficult to define, pollen information services
could be useful for individual use (Glattacker et al.,
2020). The number of active pollen monitoring
stations is increasing worldwide (Buters et al., 2018).
Allergy sufferers are interested in daily pollen con-
centrations and the risk of personal symptoms. Despite
the existence of clearly specified threshold values,
avoiding direct contact with the allergens is the most
effective way to minimise allergic symptoms (Kiot-
seridis et al., 2013). Therefore, the combination of
exact pollen monitoring and precise individual symp-
tom documentation to daily pollen concentrations
could enable patients to avoid negative health out-
comes in the future. For example, smartphone appli-
cations that combine individual symptom data and
pollen concentrations could be used to determine
personalised pollen thresholds that forecast health
outcomes more reliably than generalised thresholds.
Bousquet et al. (2018) prove the benefits of collecting
symptoms via a mobile app. This facilitates access to
and evaluation of the collected data (Bousquet et al.,
2018). A pollen allergy sufferer who uses pollen
information services could estimate his or her own
allergic reaction based on the pollen concentrations.
Pollen allergy sufferers would be able to set their own
individual thresholds based on their own observation
of pollen concentrations and associated symptoms.

None of the studies differentiated between different
species of grass pollen, as with the currently available
biomonitoring techniques it is practically impossible.
It needs to be considered that local variations in pollen
types, levels and combinations can have different
effects (Erbas et al., 2018). Therefore, these possibly
influencing factors need to be analysed in more detail
(Kiotseridis et al., 2013).

@ Springer

In addition, it should be noted that despite the
identified threshold values, patients with AR react
individually to different pollen (Damialis et al.,
2019a). Thus, personal limit values are possible. The
immune system reacts cumulatively to the total sum of
all aeroallergens (Damialis et al., 2019a). Every
person is exposed to a variety of bioaerosols, including
allergenic pollen and fungal spores, but the effects of
the co-exposure are not well explored to date,
especially under co-sensitisation with dust mites and
other allergens. The combination of aeroallergens and
other environmental factors such as air pollution or
relative humidity can lower the threshold values for
individual patients and among different localities
(Damialis et al., 2019a). For this reason, the results
of this work should be considered with caution.

4.5 Strength and limitations

Our study has some limitations. The definition of AR,
ED visits, HAs, medications and severity of symptoms
vary between the included studies. These differences
reduce the comparability of the results. Therefore, the
authors cannot draw general conclusions from the
results found. Future studies should define AR and
health outcomes in a comparable way.

A strength of the study is the broad view on several
categories of health outcomes. A comparable review is
not yet available. PubMed, as ‘the primary tool for
searching biomedical literature’ (Lu, 2011), was used
to apply the broad search term. Further literature was
identified by snowball strategy and expert’s consulta-
tions. Even though absolute completeness is hardly
ever reached, a high effort has been directed into the
identification of relevant studies.

High priority was given to the risk of bias
assessment of the studies, which met the criteria for
inclusion. An extensive catalogue of rules for the RoB
assessment was developed (Table 4) and used for an
objective and replicable study assessment.

5 Conclusion

In conclusion, grass pollen exposure results in allergic
symptoms, leading to medication use, ED visits and
HAs. Based on the present literature, an indication of a
threshold value for grass pollen could be identified.
More ED visits could be observed at a pollen
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concentration value of 10 grains/m> and more HA at a
value of 12 grains/m3 . In addition, some studies have
shown that between concentrations of 10 grains/m’
and 14 grains/m, there appeared to be more pollen-
associated ED visits, HA and drug consumption/
medication sales. Several influencing factors (e.g. age,
sex, allergen content of pollen, different personal and
population reactivity and location of pollen samplers)
should be investigated in more detail in the future
research. Individual threshold values could be more
useful than general threshold values. With the help of
applications, for example, pollen data could be linked
to individual symptoms of allergy sufferers.
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