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ARTICLE INFO ABSTRACT

Background: Previous studies have revealed the interactive effects of airborne pollen and particulate matter on
the daily consultations for pollinosis, but it is uncertain which compositions are responsible. This study aimed to
investigate the interactive effects of specific PM, s compositions and airborne pollen on the daily number of
clinic visits for pollinosis in Fukuoka.

Methods: We obtained daily data on pollen concentrations, PM, s compositions, PM, s mass, gaseous pollutants
(SO5, NO,, CO, and O3), and weather variables monitored in Fukuoka between February and April, 2002-2012.
In total, 73,995 clinic visits for pollinosis were made at 10 clinics in Fukuoka Prefecture during the study period.
A time-stratified case-crossover design was applied to examine the interactive effects. The concentrations of
PM, 5 and its compositions were stratified into low (< 15th percentile), moderate (15th-85th percentile), and
high (> 85th percentile) levels, and the association between airborne pollen and daily clinic visits for pollinosis
was analyzed within each level.

Results: We found a significant interaction between specific PM,s compositions and airborne pollen.
Specifically, the odds ratio of daily clinic visits for pollinosis per interquartile increase in pollen concentration
(39.8 grains/cm?) at the average cumulative lag of 0 and 2 days during high levels of non-sea-salt Ca®>* was
1.446 (95% CI: 1.323-1.581), compared to 1.075 (95% CI: 1.067-1.083) when only moderate levels were
observed. This result remained significant when other air pollutants were incorporated into the model and was
fairly persistent even when different percentile cut-off points were used. A similar interaction was found when
we stratified the data according to non-sea-salt SO, levels. This finding differed from estimates made according
to PM, s and NO3" levels, which predicted that the effects of pollen were strongest in the lower levels.
Conclusions: Associations between airborne pollen and daily clinic visits for pollinosis could be enhanced by high
levels of specific PM, s compositions, especially non-sea-salt Ca®*.
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Similarly, a study that targeted schoolchildren in Taichung, central
Taiwan showed a dramatic increase in the prevalence of allergic
rhinitis, from 5.1% in 1987 to 27.6% in 2002 (Liao et al., 2009).

1. Introduction

A number of epidemiological studies have found the significant

increase in the prevalence of allergic diseases worldwide, especially in
developed countries (Burney, 1993). A previous study noted that the
prevalences of allergic rhinitis and hay fever during 1991 in Switzer-
land were 13.5% and 11.6%, respectively (Wiithrich et al., 1995).

Exposure to airborne pollen is an important co-factor responsible for
the increased incidence of allergic diseases, especially pollinosis
(Wiithrich, 1989). Dispersion of pollen is often affected by climate
change, where pollen counts and pollen exposure are likely to change

Abbreviations: PM, 5, particulate matter with aerodynamic diameters less than 2.5 pm; NOg’, nitrate; nss-S0,42, non-sea-salt sulfate; nss-Ca®*, non-sea-salt calcium; SO,, sulfur dioxide;
NO,, nitrogen dioxide; CO, carbon monoxide; O3, ozone; CI, confidence interval; ICD, International Classification of Diseases; ADS, Asian dust storm
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every year (Bajin et al., 2013; D’Amato et al., 2007; Okamoto et al.,
2009; Shea et al., 2008). Pollen typically persists in the atmosphere for
longer than 10 weeks after the pollen season and travel distances of
over 100 km (Okamoto et al., 2009). A number of studies have recently
anticipated that global climate trends to gradually change (Emberlin,
1994; McMichael et al., 2006) and facilitates the spreading of pollen
(Beggs, 2004). Thus, the number of patients with pollinosis symptom is
possible to increase in the future, which results in people becoming
more sensitized to airborne allergen and developing more allergic
symptoms (Bajin et al., 2013).

Pollen granules from Japanese cedar (Cryptomeria japonica) and
Japanese cypress (Chamaecyparis obtusa) are considered the major
airborne allergens causing serious pollinosis in Japan (Okuda, 2003).
Severity of pollinosis increases during the pollen season, which
typically spans from February to May each year, and decreases during
the off-pollen season (Okamoto et al., 2009). A recent study revealed
that the prevalence of pollinosis in Japan increased by approximately
9% over 10 years from 1998 to 2008 (Nakae and Baba, 2010; Saito,
2014), with considerable differences according to age group and degree
of urbanization (Kaneko et al., 2005). Increases in the prevalence of
pollinosis in Japan may be due in part to the increased exposure to
Japanese cedar antigens (i.e., Cry j 1 and Cry j 2) and the cypress
antigen, which are responsible for promoting pollinosis symptoms.
Thus, pollinosis caused by airborne pollen should also take into account
the amount of allergen present in the pollen (Kuribayashi et al., 2014).
The quantities of Cry j 1, a major protein antigen in Japanese cedar
pollen, in Japan vary throughout spring which ranged from 0.38 to
10.23 picograms per pollen grain (Saito et al., 2003). Its molecular
weight is about 41 kDa and 44 kDa (Wang et al., 2012a). One previous
study reported that approximately 70% of patients who are allergic to
Japanese cedar are also sensitive to Japanese cypress (Ito et al., 1997).
As pollen season for Japanese cypress starts later than that for Japanese
cedar, pollinosis caused by Japanese cedar might be aggravated or
prolonged by Japanese cypress (Kishikawa et al., 2009). Given the
occurrence and potential severity of pollinosis in Japan, annual
economic losses due to pollinosis increase are estimated to be 286
billion JPY (Yamamoto et al., 2010).

Sufficient evidence is available to demonstrate that the prevalence
of allergic diseases has increased during periods when concentrations of
atmospheric pollutants such as oxides of nitrogen, ozone, sulfur
dioxide, and particulate matter, are high (Wiithrich, 1989). The Asian
Dust Storm (ADS) containing small particulate matter is another
potential contributor to increase the prevalence of pollinosis (Wang
et al., 2012b; Yamada et al., 2014). This prevalence is particularly
evident in industrial areas with high levels of organic pollutants, as well
as along main roads with high levels of traffic-related air pollutants
(Behrendt et al., 1992; Ishizaki et al., 1987; Wyler et al., 2000). The
morphologic structure of pollen might be modulated by airborne
particles, which can increase the release of allergenic contents from
pollen grains (Behrendt et al., 1997; D’Amato et al., 2007). Gaseous
pollutants, such as NO,, SO,, O3, and CO, are also able to modify
allergenic proteins in the pollen grain wall which may increase the
potential of airborne pollen to exacerbate respiratory allergic diseases
in susceptible subjects (Chakra et al., 2010; Ruffin et al., 1985; Wyler
et al., 2000). This finding has been supported by an earlier epidemio-
logical study that found that fine particulate matter (PM, 5) enhanced
the association between airborne pollen and daily medical consulta-
tions for pollinosis in Tokyo, Japan (Konishi et al., 2014). Similarly, the
correlation between the number of patients with respiratory allergic
diseases and air pollution increased significantly during the Ambrosia
pollen season in Hungary, supporting the notion that the interaction
between air pollution and airborne pollen influences human allergic
diseases (Makra et al., 2014).

Although a previous study reported a significant interaction
between particulate matter and airborne pollen that influences the
number of daily clinic visits for pollinosis (Konishi et al., 2014), the
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compositions of particulate matter responsible for this increase remain
unclear; in other words, it is unclear whether clinic visits for pollinosis
are increased during times when high concentrations of specific PM, 5
compositions are observed. To date, no study has examined the
interactive effects of specific PM, s compositions and airborne pollen
on respiratory allergic diseases. The present study aimed to estimate
whether there is any potential interaction between airborne pollen and
the specific compositions of fine particulate matter (PM, s) on the daily
number of clinic visits for pollinosis in Fukuoka, Japan.

2. Methods

The present study was conducted in Fukuoka Prefecture, which is
the most populous area of Kyushu, the south-western island of Japan. In
2010, Fukuoka was home to approximately 5.1 million citizens
(Ministry of Internal Affairs and Communications, 2015). As Fukuoka
is influenced by trans-boundary air pollution, exposure to air pollution
is expected to be high (Yoshino et al.,, 2016). During the spring
(February through May), Asian dust containing fine PM and other
components is typically carried to Fukuoka by wind from the desert
areas of Northern China, Mongolia, and Kazakhstan (Yamada et al.,
2014; Zhou et al., 1996). The climate in Fukuoka is moderate, with an
annual average temperature of 16.3 °C and average humidity of 70%.

2.1. Clinic visit data

We obtained daily number of patients who were suffering from
pollinosis at 10 private otolaryngology and ophthalmology clinics in
Fukuoka Prefecture from February 1st through April 30th, 2002-2012.
The private clinics located around Fukuoka Prefecture were recruited
and one clinic per each ward was selected for participating in this study.
Each clinic was not far away from the pollen monitoring station. Hence,
the representativeness of private clinics participated in the study were
considered to a certain extent although we have no data about socio-
economic status for each ward. Data from clinic visits combined those
from the first visit and revisits due to pollinosis, which is diagnosed by
general practitioners in the clinics using the same criteria throughout
the study area. Specific IgE tests were also conducted to differentiate
the pollinosis symptoms due to Japanese cedar and Japanese cypress.
Pollinosis cases were classified according to the International
Classification of Disease, 10th revision (ICD-10), as J30.1. Ethical
approval for this study was provided by the Ethics Committee of the
Graduate School of Engineering, Kyoto University.

2.2. Pollen data

Daily pollen concentrations of both Cryptomeria japonica (Japanese
cedar) and Chamaecyparis obtusa (Japanese cypress) were obtained
from the pollen monitoring station located at the National Hospital
Organization (NHO) Fukuoka Hospital. These two pollen species are
considered the most important airborne allergens causing pollinosis in
Japan (Okamoto et al., 2009). Study patients, who all live and commute
within Fukuoka Prefecture, were assigned by daily pollen concentra-
tions representing their daily exposure levels. Pollen density was
measured by a gravitational method used widely in Japan that employs
a Durham sampler. In this method, pollen grains adhere to vaseline-
coated glass slides, which are fixed inside the Durham sampler
(Kishikawa et al., 2009). Pollen counts are then standardized and
expressed as the number of pollen grains per square centimeter (grains/
cm?) on the glass slide. A previous study found that numbers of
airborne pollen measured by the Durham sampler at the monitoring
station correlated very well with those determined by the volumetric
method using a Burkard sampler (r < 0.923; P-value < 0.001), the
latter of which is typically used in Western countries (Sasaki et al.,
2009). The number of pollen grains on the vaseline-coated glass slide
was daily determined except for Sunday. Readings for Saturday and
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Sunday were thus calculated as the average of the 2-day concentration.
2.3. Environmental data

Daily PM,s composition data (ug/m®), including non-sea-salt
sulfate (nss-SO42), non-sea-salt calcium (nss-Ca®?™), and nitrate
(NO3), were obtained from a monitoring station at Fukuoka
University. Size segregated aerosol sampling was conducted daily using
a 2-stage filter holder on the roof of the university building. A
polycarbonate membrane filter (K800A047A, Advantec; pore size
8.0 um, 47 mm diameter) and polytetrafluoroethylene (PTFE) mem-
brane filter (TO50A047A, Advantec; pore size 0.5 um, 47 mm diameter)
were used for coarse and fine particulate matter sampling, respectively.
Filter holders were kept in the weather shield 1.3 m above the roof
floor. After sampling, each filter was moved immediately into a
polypropylene 15 mL centrifuge vial with an airtight cap in order to
prevent contamination during sample storage. Sample vials with filters
were packed in polyethylene bags and kept at approximately —25 °C in
a freezer until analysis. Blank samples were also taken (2-3 times per
month). To determine water-soluble aerosol constituents, aerosol
samples were analyzed using ion chromatography (DX-120; Dionex
Corp.) following extraction in 14 mL of ultra-pure water. Analytical
conditions and procedures followed those described by Hara et al.
(2004). Concentrations of sea-salt (ss-) and non-sea-salt (nss-) species in
the aerosols were calculated from measured Na* concentrations using
bulk seawater ratios (Wilson, 1975).

Hourly PM, s mass (ug/m?) and other gaseous pollutants including
nitrogen dioxide (NO,; ppbv), sulfur dioxide (SO»; ppbv), ozone (Os;
ppbv), and carbon monoxide (CO; ppmv) during the study period were
provided by the National Institute for Environmental Studies (NIES).
Daily average PM, s mass and gaseous pollutants were calculated using
daily 24-h mean values from all available monitoring stations within
Fukuoka Prefecture. This calculation excluded days with more than 4 h
of missing values. Gaseous pollutants obtained in this study were used
to determine the presence of any confounding effects when investigat-
ing the interactive effects of specific PM, s compositions and airborne
pollen on the daily number of clinic visits for pollinosis. Data on
meteorological variables, including daily average temperature (°C) and
relative humidity (%), were obtained from the Japan Meteorological
Agency. Fig. 1 displays the location of private clinics, the monitoring
station for specific PM, 5 compositions, monitoring station for airborne
pollen, and monitoring stations for air quality in Fukuoka Prefecture.

2.4. Statistical analysis

A time-stratified case-crossover design was applied to examine the
potential interactive effects of specific PM, 5 compositions and airborne
pollen on the daily number of clinic visits for pollinosis. This statistical
approach is an alternative to Poisson time-series regression model for
examining transient changes in risk of a rare acute disease (Maclure,
1991). Since the case-crossover design has been developed, it has
widely adopted to estimate the association between health effects of
interest and air pollution (Chang et al., 2005; Levy et al., 2001; Ueda
et al., 2016). The case-crossover approach takes into account compar-
isons between case period and control period. Each case serves as its
own control that is obtained from the same exposure group but during
two different periods of time (i.e., before or after the outcome of
interest). To select a time-series reference for the present study,
exposure to airborne pollen and specific PM, s compositions at the
date of clinic visits for pollinosis (case periods) were compared with
that during the same day of the week within the same month of the
same year (control periods). This control selection thereby automati-
cally adjusts for day of week, long-term trends, and seasonal effects.

To examine the interaction between PM, s/its specific compositions
and airborne pollen on pollinosis, PM, 5 mass, NO3, nss-SO,4>, and nss-
Ca®* were grouped into three levels: low (< 15th percentile), moderate
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(15-85th percentile), and high (> 85th percentile). Associations be-
tween airborne pollen and the daily numbers of clinic visits for
pollinosis were analyzed within each level by fitting a conditional
logistic regression model. Results were expressed as an odds ratio and
95% confidence interval per interquartile range increase in daily pollen
concentration. As the cut-off values of PM, 5 and its compositions were
arbitrarily selected, a sensitivity analysis of the effect estimate was then
performed using different percentile cut-off points (i.e., 80th and 20th,
75th and 25th, 70th and 30th, and 65th and 35th). We also tested for a
statistical significance of the difference between effect estimates of high
versus moderate levels of PM,s and its specific compositions by
calculating the 95% confidence interval (CI) as shown below:

Qi — Q2 + 1.96{(SE)” + (SE2)?, @

wherein Q; and Q. are estimates of two categories (high and moderate
levels of PM, 5 and its specific compositions), and SE; and SE, are their
respective standard errors (Zeka et al., 2006). The P-value for the
difference is then calculated using the method applied by Altman and
Bland (2011).

The delayed effects of pollen were also examined by analyzing the
single-day lag effect up to lag 2, and cumulative lag effect from the
current day up to the previous 2 days (lag 02). Based on the preliminary
analysis, the effect of airborne pollen on pollinosis remained positive
for some time (up to 2 weeks), but its effect was positively persisted up
to lag 2 after considering the interactive effects of airborne pollen and
PM, 5 compositions (data not shown). Thus, we examined the moving
average over lag O to lag 2 as a core model. Non-stratified effects of
pollen were also examined for comparison. Other gaseous pollutants
were also simultaneously incorporated into the model to determine the
robustness of the effect estimate. Daily mean temperature and relative
humidity were linearly adjusted for in the model. All statistical analyses
were performed using STATA software (14.0th version).

3. Results

We obtained a total of 73,995 clinic visits for pollinosis, noting a
daily average of 96 cases and a maximum of 506 cases per day during
the study period. Dispersion of Japanese cedar pollen generally reaches
a maximum concentration between the end of February and the
beginning of March, and is followed by the dispersion of Japanese
cypress pollen, for which the maximum concentration is observed
between late March and early April. These dispersions coincided with
the peak of clinic visits for pollinosis, which was between the end of
February and the end of March (Fig. 2). The distribution of specific
PM, 5 compositions, PM, 5 mass, gaseous pollutants (SO,, NO,, CO, and
03), daily number of clinic visits for pollinosis, and weather variables
throughout the study period are shown in Table 1. Standard deviation
of pollen concentration across the study period was greater than the
average, indicating that fluctuations in daily pollen concentrations are
quite variable, ranging between 0 and 968 grains/cm? (Table 1). Daily
average nss-Ca>* concentrations were relatively low when compared to
those of nss-SO4% and NO5~.

When PM, 5 and its compositions were stratified using the 85th and
15th percentile cut-off points, the daily numbers of clinic visits for
pollinosis during low, moderate, and high levels of PM, s were 97.8,
93.9, and 95.9, respectively. For NO3', there were 62.0, 81.2, and 103.3
cases of clinic visits for pollinosis per day during low, moderate, and
high levels, respectively. For nss-S0,4%, there were 82.5, 78.9, and 92.1
cases per day for low, moderate, and high levels, respectively. During
low, moderate, and high levels of nss-Ca®*, the numbers of clinic visits
for pollinosis were 72.3, 79.3, and 105.6 cases per day, respectively.
PM, 5 was highly correlated with nss-SO4> (r=0.72; P-value < 0.01),
and was also positively correlated with NO3, nss-Ca?™, SO,, NO,, CO,
and temperature (Table 2).

The odds ratios of daily clinic visits for pollinosis per interquartile
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Fig. 1. Map of the study area. The location of private clinics are denoted by rectangles; monitoring station for airborne pollen is denoted by star; monitoring station for specific PM, s

compositions is denoted by triangle; air quality monitoring stations are denoted by circles.

increase (21.5 grains/cm?) in pollen concentration were statistically
significant for lag terms up to lag 2, depending upon the level of PM, 5
and its specific compositions (Table 3). When PM, 5 was stratified into
different levels, the pollen effect was significantly higher at moderate
levels relative to high levels at lag 0, 1, and 2, as indicated by the P-
value for the difference between the two levels. At high levels of NO3,
the odds ratio of daily clinic visits for pollinosis was significantly
strongest for lag 1 and 2. When the effect of pollen was stratified
according to nss-SO4> level, the odds ratio was significantly larger at
moderate levels relative to high levels at lags 0 and 2. Moreover, the
estimated effect of pollen was significantly stronger at lag O in the high
levels of nss-Ca>* when compared to moderate levels, as indicated by
the P-value for the difference between the two strata (Table 3).

The cumulative effects of pollen during high levels of PM, s were

lower than those observed during moderate and low levels. This result
persisted even after adjusting for other air pollutants (Table 4). This
estimated effect was examined per interquartile range increase (39.8
grains/cm?) in pollen concentration on the average of current day up to
previous 2 days before clinic visits (the average of lag 0 to lag 2). The
association between airborne pollen and daily clinic visits for pollinosis
during high levels of NO3 was largest and remained stable after
inclusion of other air pollutants. The cumulative effects of pollen were
also strongest at high levels of nss-S0,4>, and lost significance when SO,
was incorporated into the model. Similarly, the magnitude of the
cumulative effect of pollen was strongest during high levels of nss-
Ca?*, and lost significance when O3z was included into the model
(Table 4).

When we used different percentile cut-off points for PM, 5 and its
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Fig. 2. Daily pollen concentrations and number of clinic visits for pollinosis during February through April, 2002-2012. Mean values throughout the study period are shown.
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Summary statistics for daily pollen concentrations, number of clinic visits for pollinosis, air pollutant concentrations, and weather variables during February through April, 2002-2012.

Parameters Days (n) Mean SD Min P15 P25 Median P75 P85 Max
Pollen concentration (grains/cm?) 982 39.17 99.94 0.00 0.00 0.00 2.50 21.50 63.00 967.50
Number of clinic visits for pollinosis 772 95.85 59.65 8.00 42.00 52.00 83.00 123.00 153.00 506.00
Air pollutants

PM, 5 (ug/m®) 949 22.15 11.67 3.38 12.10 13.97 19.59 27.10 32.70 94.79
NOs3™ (ug/m®) 501 1.11 1.14 0.00 0.30 0.40 0.74 1.27 2.08 7.75
nss-S04> (ug/mg) 502 5.35 4.22 0.03 1.95 2.54 4.05 7.10 9.32 28.92
nss-Ca®* (ug/m®) 486 0.07 0.08 0.00 0.02 0.03 0.05 0.09 0.12 1.21
SO, (ppbv) 982 3.96 1.39 1.42 2.56 2.93 3.75 4.80 5.35 10.70
NO,, (ppbv) 982 19.67 6.34 6.52 13.00 14.81 19.00 23.76 26.90 46.33
CO (ppmv) 982 0.63 0.15 0.33 0.49 0.52 0.60 0.71 0.79 1.37
O3 (ppbv) 982 33.08 10.92 3.87 21.50 25.19 33.37 39.95 44.59 70.17
Weather variables

Temperature (°C) 982 11.45 4.29 -0.10 6.70 8.30 11.20 14.50 16.10 24.90
Relative humidity (%) 982 60.72 12.42 27.00 48.00 51.00 59.00 69.00 75.00 94.00

SD: standard deviation; P15: 15th percentile; P25: 25th percentile; P75: 75th percentile; P85: 85th percentile.
PM, s: fine particulate matter; NO3™: nitrate; nss-SO42: non-sea-salt sulfate; nss-Ca>*: non-sea-salt calcium.

ppbv: parts per billion by volume; ppmv: parts per million by volume.

Pollen counts included those for both Japanese cedar (Cryptomeria japonica) and Japanese cypress (Chamaecyparis obtusa).

specific compositions, the estimated cumulative effect of pollen was
primarily stronger during high levels of nss-SO4* and nss-Ca>* relative
to that during moderate and low levels. Similarly, the effect estimate
stratified by NO3™ concentration was strongest in the upper level of the
85th percentile cut-off point. However, the cumulative effects of pollen
stratified according to PM, s concentration were higher in the lower
stratum of the 20th, 25th, and 30th percentiles (Table 5).

4. Discussion

In this study, we found that specific PM, s compositions, such as nss-
Ca®*, significantly enhanced the association between airborne pollen
and daily clinic visits for pollinosis in Fukuoka. The cumulative effect of
pollen (average of lag 0-2) was significantly stronger during high levels
of nss-Ca®* compared to that observed during moderate and low levels
(P-value < 0.01). This interaction remained significant after adjusting
for other air pollutants (Table 4) and persisted after examining the
effect sensitivity using alternative percentile cut-off points. A similar
result was also observed in the estimates made according to nss-SO4*
levels, but was less robust than that of nss-Ca®* as indicated by P-value
for the differences between high and moderate levels of each composi-
tion (Table 5). The cumulative effect of pollen was also strongest during
the high levels of NO3™ at particular percentile cut-off points. This
finding differed from the estimated effect as stratified by PM, g
concentration, which revealed stronger pollen effects in the lower
stratum (Table 5).

A previous study found that exposure to PM, 5 increased hospital
admissions for asthma and allergic rhinitis with asthma among children

Table 2

in Turkey with odds ratios of 1.15 (95% CI: 0.99-1.34) and 1.21 (95%
CI: 1.10-1.33), respectively (Tecer et al., 2008). However, this associa-
tion was not observed among children in the United Kingdom, where
hospital admissions for asthma were not significantly increased by
PM, s (Anderson et al., 2001). These findings suggest that the effect
estimate of PM,s is complex and potentially varies according to
absolute levels of PM,s, as well as its sources and compositions
(Alves et al.,, 2010; Bell, 2012). A recent study revealed that an
interquartile range increase in calcium (Ca%*) concentration
(0.03 ug/m>) at lagl was significantly associated with hospital admis-
sions for total respiratory diseases with a percent increase of 4.31%
(95% CI; 2.61-6.03%) in the United States (Bell et al., 2014). Similarly,
sulfate (SO,42), nitrate (NO3), elemental carbon (EC), and organic
carbon (OC) are also associated with several respiratory diseases,
including pneumonia, bronchitis, and asthma (Ostro et al., 2009).
However, the plausible biological mechanisms for these associations
have not fully provided. A recent study explained that composition of
particulate matter itself is unlikely to be toxic but could be a carrier of
bioactive substances to influence health effects (Anderson et al., 2001).
This finding is consistent with that of the current study, which found
that the association between airborne pollen and pollinosis could be
enhanced by high levels of nss-Ca®*.

In the current study, we found that the number of daily clinic visits
for pollinosis was higher during the pollen season (February through
May) (Fig. 2) in places heavily affected by the Asian Dust Storm (ADS),
which contains PM, 5, PM, 5_19, and PM;, (Chen et al., 2004; Mimura
et al., 2014; Tsai and Chen, 2006). Therefore, dust particles from ADS
are likely to aggravate pollinosis symptoms (Mimura et al., 2014; Ogi

Spearman correlation coefficients for daily air pollutant concentrations, airborne pollen, and weather variables.

Pollen PM, 5 NO3™ nss-S0,4% nss-Ca?* SO, NO, Cco O3 Temperature
PMas 0.127"
NO3 0.110 0.373"
nss-S0,* 0.134" 0.723" 0.418"
nss-Ca?™* —0.006 0.204" 0.125" 0.238"
SO, 0.158 " 0.554" 0.166" 0.439°" 0.068
NO, 0.138" 0.392° 0.279° 0.207" —0.041 0.635"
co 0.070" 0.4727" 0.365" 0.298" —0.004 0.600" 0.833"
03 0.027 0.063 -0.151" 0.180°" 0.090 —-0.123" —0.645" —0.540"
Temperature 0.083" 0.222" -0.296 " 0.203" —0.007 0.223" 0.062 —-0.018 0.288"
Humidity —0.062 —0.042 0.100° —-0.016 -0.170" -0.293" 0.136" 0.171" —-0.395" 0.120"

PM, s: fine particulate matter; NO3™: nitrate; nss-SO42: non-sea-salt sulfate; nss-Ca>*: non-sea-salt calcium

* P-value < 0.01.
* P-value < 0.05.
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Odds ratio (95% CI) for single-day lag of daily clinic visits for pollinosis per interquartile increase in pollen concentration at each level of PM, 5 and its specific compositions as defined by

85th and 15th percentile cut-off points.

Lag terms of airborne pollen® Low (L) Moderate (M)

By PM, 5 level
0
1
2

By NO3™ level
0
1
2

By nss-SO,* level
0
1
2

By nss-Ca®" level
0
1
2

0.992 (0.978-1.006)
1.019 (1.003-1.037)
1.033 (1.018-1.049)

1.012 (1.007-1.018)
1.031 (1.027-1.036)
1.023 (1.018-1.029)

1.015 (1.008-1.023)
1.031 (1.020-1.042)
1.017 (1.009-1.026)

1.285 (1.184-1.395)
1.587 (1.268-1.986)
1.092 (0.954-1.249)

1.029 (1.027-1.031)
1.044 (1.041-1.047)
1.036 (1.034-1.038)

1.016 (1.013-1.019)
1.024 (1.021-1.027)
1.018 (1.015-1.021)

1.018 (1.015-1.021)
1.032 (1.029-1.035)
1.032 (1.029-1.035)

1.019 (1.016-1.022)
1.030 (1.026-1.034)
1.028 (1.025-1.031)

High (H) P-value” Non-stratified model
Hvs. M Lvs. M
1.001 (0.996-1.006) < 0.01 < 0.01 1.021 (1.019-1.023)
1.025 (1.019-1.031) <0.01 < 0.01 1.034 (1.032-1.036)
1.018 (1.011-1.026) <0.01 0.78 1.031 (1.029-1.033)
0.951 (0.936-0.966) <0.01 0.30 1.018 (1.016-1.020)
1.093 (1.066-1.120) <0.01 < 0.01 1.024 (1.022-1.026)
1.117 (1.091-1.144) < 0.01 0.10 1.028 (1.026-1.030)
0.984 (0.976-0.992) <0.01 0.56 1.018 (1.016-1.020)
1.023 (1.010-1.036) 0.15 0.82 1.024 (1.022-1.026)
1.009 (1.001-1.017) <0.01 < 0.01 1.028 (1.026-1.030)
1.413 (1.320-1.513) <0.01 < 0.01 1.018 (1.016-1.020)
0.974 (0.886-1.070) 0.24 < 0.01 1.025 (1.023-1.027)
1.067 (1.017-1.118) 0.12 0.38 1.027 (1.025-1.029)

@ All models were adjusted for the delayed effects of ambient temperature and relative humidity as an average of lag 0-2.

b p_value for differences between high vs moderate and low vs moderate levels of PM 5 and its specific compositions.

Table 4

Odds ratio (95% CI) of daily clinic visits for pollinosis per interquartile increase in pollen concentration at each level of PM, s and its specific compositions at cumulative lag 0-2 as
defined by 85th and 15th percentile cut-off points.

Analyzed model®

Low (L)

Moderate (M)

PM, 5 only
PM,s + SO
PM,s + NO,
PM,s + CO
PMys + O3
NO3 only

NO3™ + SO,
NOs + NO,
NOs + CO
NOj3 + O3
nss-SO4% only
nss-SO42' + SO,
nss-S0,4% + NO,
nss-504% + CO
nss-SO42' + O3
nss-Ca* only
nss-Ca2* + SO,
nss-Ca®* + NO,
nss-Ca®" + CO
nss-Ca?* + O3

1.096 (0.995-1.207)
1.267 (1.120-1.433)
1.006 (0.904-1.118)
1.143 (1.010-1.293)
1.244 (1.111-1.394)
1.066 (1.056-1.077)
1.071 (1.061-1.081)
1.071 (1.061-1.082)
1.069 (1.058-1.079)
1.069 (1.058-1.079)
1.071 (1.054-1.088)
1.039 (1.006-1.073)
1.070 (1.048-1.091)
1.069 (1.052-1.086)
1.012 (0.981-1.043)
1.045 (1.028-1.062)
1.021 (1.004-1.038)
0.991 (0.972-1.010)
1.041 (1.023-1.059)
0.991 (0.971-1.010)

1.102 (1.097-1.107)
1.103 (1.098-1.108)
1.100 (1.095-1.105)
1.101 (1.095-1.107)
1.099 (1.094-1.104)
1.060 (1.051-1.069)
1.053 (1.044-1.062)
1.054 (1.045-1.063)
1.056 (1.047-1.065)
1.057 (1.048-1.066)
1.081 (1.074-1.088)
1.078 (1.071-1.085)
1.075 (1.068-1.082)
1.078 (1.070-1.086)
1.085 (1.078-1.092)
1.075 (1.067-1.083)
1.075 (1.067-1.084)
1.080 (1.071-1.088)
1.077 (1.068-1.085)
1.080 (1.071-1.088)

High (H) P-value” Non-stratified model
Hvs. M Lvs.M
1.058 (1.045-1.071) < 0.01 0.92 1.085 (1.081-1.089)
1.052 (1.039-1.065) < 0.01 0.03 1.085 (1.081-1.089)
1.034 (1.021-1.048) < 0.01 0.10 1.082 (1.078-1.087)
1.048 (1.035-1.061) < 0.01 0.57 1.084 (1.079-1.088)
1.038 (1.024-1.052) < 0.01 0.03 1.058 (1.055-1.061)
1.190 (1.132-1.251) < 0.01 0.36 1.067 (1.062-1.071)
1.176 (1.118-1.237) < 0.01 0.01 1.060 (1.055-1.065)
1.196 (1.137-1.258) < 0.01 0.02 1.060 (1.056-1.065)
1.158 (1.100-1.220) < 0.01 0.08 1.061 (1.056-1.065)
1.230 (1.160-1.304) < 0.01 0.09 1.052 (1.048-1.056)
1.095 (1.066-1.125) 0.37 0.30 1.067 (1.062-1.071)
1.013 (0.970-1.059) < 0.01 0.03 1.060 (1.055-1.065)
1.133 (1.094-1.173) < 0.01 0.66 1.060 (1.056-1.065)
1.086 (1.057-1.117) 0.62 0.34 1.061 (1.056-1.065)
1.101 (1.071-1.131) 0.32 < 0.01 1.052 (1.048-1.056)
1.446 (1.323-1.581) < 0.01 < 0.01 1.067 (1.062-1.072)
1.602 (1.458-1.760) < 0.01 < 0.01 1.061 (1.056-1.066)
1.315 (1.201-1.440) < 0.01 < 0.01 1.060 (1.055-1.065)
1.452 (1.327-1.590) < 0.01 < 0.01 1.062 (1.057-1.067)
0.935 (0.814-1.074) 0.04 < 0.01 1.050 (1.046-1.054)

@ All models were adjusted for the delayed effects of ambient temperature and relative humidity as an average of lag 0-2. Air pollutants were simultaneously incorporated into the

model with the same average lag term up to lag 2.

b p_value for differences between high vs moderate and low vs moderate levels of PM, 5 and its specific compositions.

et al., 2014; Yamada et al., 2014). This speculation is consistent with a
recent study, which found that pollen effects were augmented in the
spring when ADS is presented (Watanabe et al., 2011). Although the
typical diameter of pollen is around 29-40 um (Takahashi et al., 1995),
major allergens causing pollinosis (i.e., pollen-free Cry j 1) suspended in
the air during the pollen season can attach to particles (Takahashi et al.,
1991). Therefore, dust particles from ADS can absorb allergens from
pollen grains and cause respiratory allergic symptoms (D’Amato et al.,
2007). ADS from desert areas of East Asian continent (i.e., Northern
China, Mongolia and Kazakhstan) contains significant amounts of iron
(Fe), magnesium (Mg), calcium (Ca), silicon (Si), and aluminum (Al)
(Cheng et al., 2005; Matsuyama et al., 2008; Yamaguchi et al., 2012).
As such, these components are potentially worsen pollinosis symptoms.

Pollinosis symptoms in Japan are typically caused by two major
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allergens of Japanese cedar pollen, Cry j 1 and Cry j 2. While Cry j 1 is
localized to the Ubisch body, Cry j 2 is found in the starch granule of
pollen. These two allergens are abundant in fine PM, especially below
1.1 pm (PMj 7). Thus, it is possible that PM and airborne pollen can be
an interactive effect in threatening pollinosis symptoms (Wang et al.,
2008). This speculation can be described by the fact that PM alter the
morphologic structure of airborne pollen at the surface and within the
protoplasm, such as exocytosis of granular proteinaceous material
(Behrendt et al., 1997). This alteration is able to induce the release of
allergenic proteins (i.e., Cry j 1 and Cry j 2) from pollen grains and give
raise to form submicronic protein particles, which may increase the
potential of airborne pollen to exacerbate pollinosis symptoms in
especially susceptible subjects (Behrendt et al., 1992). An earlier study
showed that the association between airborne pollen and daily con-
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Table 5
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Odds ratios (95% CI) of daily clinic visits for pollinosis per interquartile increase in pollen concentration at each level of PM, s and its specific compositions at cumulative lag 0-2 as
defined by different percentile cut-off points.

Percentile cut-off point”

Low (L)

Moderate (M)

Stratified by PM, 5
15th-85th
20th-80th
25th-75th
30th-70th
35th-65th

Stratified by NO3~
15th-85th
20th-80th
25th-75th
30th-70th
35th-65th

Stratified by nss-S0,%
15th-85th
20th-80th
25th-75th
30th-70th
35th-65th

Stratified by nss-Ca®*
15th-85th
20th-80th
25th-75th
30th-70th
35th-65th

1.096 (0.995-1.207)
1.246 (1.156-1.343)
1.277 (1.229-1.326)
1.164 (1.138-1.191)
1.104 (1.089-1.118)

1.066 (1.056-1.077)
1.063 (1.054-1.072)
1.067 (1.058-1.075)
1.072 (1.064-1.080)
1.069 (1.062-1.076)

1.071 (1.054-1.088)
1.055 (1.040-1.070)
1.052 (1.038-1.067)
1.054 (1.042-1.066)
1.061 (1.049-1.072)

1.045 (1.028-1.062)
1.047 (1.030-1.063)
1.035 (1.021-1.049)
1.036 (1.022-1.050)
1.038 (1.027-1.049)

1.102 (1.097-1.107)
1.124 (1.117-1.131)
1.135 (1.128-1.142)
1.140 (1.130-1.150)
1.121 (1.109-1.133)

1.060 (1.051-1.069)
1.044 (1.034-1.054)
1.054 (1.039-1.069)
1.062 (1.041-1.083)
1.102 (1.062-1.144)

1.081 (1.074-1.088)
1.082 (1.074-1.090)
1.115 (1.105-1.125)
1.114 (1.102-1.126)
1.061 (1.045-1.077)

1.075 (1.067-1.083)
1.065 (1.056-1.074)
1.056 (1.046-1.066)
1.064 (1.053-1.075)
1.062 (1.048-1.076)

High (H) P-value”

Hvs. M Lvs. M
1.058 (1.045-1.071) < 0.01 0.92
1.052 (1.040-1.065) < 0.01 < 0.01
1.049 (1.038-1.060) < 0.01 < 0.01
1.054 (1.043-1.064) < 0.01 0.09
1.077 (1.067-1.086) < 0.01 0.06
1.190 (1.132-1.251) < 0.01 0.36
1.031 (1.009-1.053) 0.27 < 0.01
1.053 (1.032-1.074) 0.96 0.12
1.059 (1.041-1.077) 0.86 0.37
1.050 (1.036-1.063) 0.01 0.11
1.095 (1.066-1.125) 0.37 0.30
1.092 (1.069-1.115) 0.42 < 0.01
1.049 (1.032-1.067) < 0.01 < 0.01
1.070 (1.055-1.085) < 0.01 < 0.01
1.134 (1.119-1.148) < 0.01 0.99
1.446 (1.323-1.581) < 0.01 < 0.01
1.488 (1.363-1.625) < 0.01 0.06
1.032 (0.990-1.077) 0.30 0.02
1.126 (1.086-1.167) < 0.01 < 0.01
1.053 (1.030-1.076) 0.52 0.01

PM,s: fine particulate matter; NO3™: nitrate; nss-SO42: non-sea-salt sulfate; nss-Ca>*: non-sea-salt calcium.
@ All models were adjusted for the delayed effects of ambient temperature and relative humidity as an average of lag 0-2.
b p.value for differences between high vs moderate and low vs moderate levels of PM, 5 and its specific compositions.

sultations for pollinosis was stronger during high concentrations of
PM, s with a percent increase of 10.30% (95% CI: 8.48-12.16%) in
Tokyo (Konishi et al., 2014). However, the current study did not find
similar results; instead, we found that pollen effects were stronger at
lower levels of PM,s. Although the cumulative effects of pollen were
stronger during low levels, the estimated effect was also significant
during high levels (Table 5). It is unlikely that our results can be caused
by statistical approach, because this method has been used recently by
another study conducted in Tokyo, with reasonable results. We also did
a sensitivity analysis using different percentile cut-off points as well as
adjusted for confounding due to meteorological variables, and the
results remained the same. One possible explanation of that different
result is that we combined the number of first visits and revisits for
pollinosis, whereas the study conducted in Tokyo included only the
number of first visits, which may have led to different results. Given the
present study results, we hypothesize that even low levels of PM, s
might enhance the effects of airborne pollen on pollinosis. Findings
from our study and a previous study suggest that effects of PM, 5 may
also vary by location.

The present study revealed that the association between airborne
pollen and pollinosis was stronger during high concentrations of nss-
Ca®". This association was more robust than the estimated effect
stratified according to nss-SO,% and NO5™ concentrations as indicated
by the P-value for the difference between high and moderate levels at
particular percentile cut-off points of each composition. This result may
be explained by the influence of soil particles from Asian dust events,
which contain large quantities of nss-Ca* (Suzuki and Tsunogai, 1988;
Tsai and Chen, 2006). Support for this finding comes from a previous
study reporting that 60% of allergenic Cry j 1 released from the Ubisch
body to the air environment contained a high amount of Ca®>* derived
from ADS (Wang et al., 2012b). It would follow, therefore, that nss-
Ca®* may enhance the effects of airborne pollen on pollinosis.

The delayed effects of pollen were observed because the major
allergenic protein causing pollinosis, Cry j 1, is found in the air after a

few days of the peak concentration of intact airborne pollen and is
remained in the air for some time (Takahashi et al., 1991). Hence, the
concentration of airborne pollen on previous day might be associated
with Cry j 1 level on the current day which then leads to the observed
delayed effects of airborne pollen.

We noted that the association between airborne pollen and polli-
nosis can be significantly augmented by PM,s, even at very low
concentrations. However, the estimated effect of PM, s may differ by
location and time depending on its compositions. Our study is the first
to show the interactive effect of airborne pollen and specific composi-
tions of PM5 s on pollinosis symptoms. PM, s carrying its compositions
can bind to the pollen surface and induce the release of allergenic
contents from pollen grains (Behrendt et al., 1992). Once allergens
reach the airway and mucosa, they are taken up by antigen presenting
cells such as dendritic cells and macrophages, which present the
antigen to T-lymphocytes associated with the production of IgE
antibodies. These antibodies then interact with the surface of inflam-
matory cells (i.e., mast cells) to promote allergic sensitivity, where
pollinosis symptoms could occur (Jayasekera et al., 2007).

The present study has several limitations. First, the daily number of
clinic visits for pollinosis was available only for 10 clinics in Fukuoka
Prefecture, which might affect the estimated effect of pollen. Second,
we included the clinic visit data from the first visit and revisit due to
pollinosis for the analysis. These data might be a source of bias for the
current study. Third, we used the dataset from only one monitoring
station to represent personal exposure to PM,s compositions and
airborne pollen for patients living and commuting around Fukuoka
Prefecture, which may not accurately reflect as exposure levels.
Moreover, there were many daily missing values for PM, 5 compositions
throughout the study period. Although these limitations may affect the
effect estimate, we found a significant interaction between specific
PM, 5 compositions and airborne pollen that affected pollinosis symp-
toms. The current study is the first to report the interactive effects of
PM, s compositions and airborne pollen on respiratory allergic symp-
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toms using information from daily clinic visits for pollinosis in Fukuoka,
Japan. Replication of this study in other locations will help to
corroborate our findings.

5. Conclusion

This study found that the interactive effects of PM, 5 and airborne
pollen on pollinosis symptoms differed from those reported by previous
studies. Therefore, the effects of PM, s may vary according to location
and its composition. Our study found that the interactive effects
between specific PM, 5 compositions (especially nss-Ca**) and airborne
pollen increased the daily number of clinic visits for pollinosis in
Fukuoka during the pollen seasons of the study period. We surmise that
the presence of specific PM, 5 compositions and airborne pollen in the
air can perform as a joint effect in exacerbating respiratory allergic
health outcomes (i.e., pollinosis).
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