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55 Abstract

56 Background

57 The association between particulate matter (PM), including desert dust, and 

58 allergic symptoms has not been well studied. We examined whether PM 

59 exacerbated nose/eye/respiratory symptoms in infants, with a focus on the 

60 desert dust element, and assessed possible countermeasures.

61 Methods

62 We conducted a panel study of 1,492 infants from October 2014 to July 2016 

63 in 3 regions in Japan as an adjunct study of the Japan Environment and 

64 Children's Study. Infants’ daily symptom scores and behaviors were acquired by 

65 web-based questionnaires sent to mothers, who answered within a day using 

66 mobile phones. Odds ratios (OR) for symptom development per increased fine 

67 PM or desert dust exposure were estimated. Regular use of medications and 

68 behaviors on the day of exposure were investigated as possible effect modifiers.

69 Results 

70 Infants developed nose/eye/respiratory symptoms significantly more often in 

71 accordance with fine particulate levels (adjusted OR per 10μg/m3 increase: 1.04, 

72 95% confidence interval [CI]: 1.01-1.07). A model including both fine particulates 

73 and desert dust showed reduced OR for fine particulates and robust OR for 

74 desert dust (adjusted OR per 0.1/km increase: 1.16, 95% CI: 1.09-1.23). An 

75 increased OR was observed both in infants who had previously wheezed and in 

76 those who had never wheezed. Receiving information on the particulate 

77 forecast, reducing time outdoors, closing windows, and regular use of 

78 leukotriene receptor antagonists were significant effect modifiers.A
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79 Conclusions

80 Trans-border desert dust arrival increased the risk of nose/eye/respiratory 

81 symptoms development in infants. Regular use of leukotriene receptor 

82 antagonists and other countermeasures reduced the risk.

83
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88 Abbreviations

89 OR: odds ratio

90 95% CI: 95% confidence interval

91 PM: particulate matter

92 LIDAR: light detection and ranging

93 SO2: sulfur dioxide 

94 NO2: nitrogen dioxide

95 Ox: photochemical oxidants

96 ISAAC: International Study of Asthma and Allergies in Childhood

97 GEE: generalized estimating equation

98 LTRA: leukotriene receptor antagonist

99 RCT: randomized controlled trial
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100 Introduction

101 The increase in incidence of allergic diseases has become an important health 

102 issue.(1, 2) Environmental pollution, such as air pollutants and chemical 

103 substances, is thought to be an important factor in the increase and worsening of 

104 allergic diseases.(3-6) One major air pollutant, particulate matter (PM), has been 

105 shown to be associated with mortality and morbidity from cardiovascular and 

106 respiratory diseases.(7-9) A causal relationship is considered “likely” between 

107 short-term exposure to fine particulate matter (PM2.5; particulate matter ≤2.5 μm 

108 in aerodynamic diameter) and respiratory effects.(10-12) Particulate matter is 

109 the generic term for a broad class of substances that are diverse chemically, 

110 physically, and in size, thus complicating the assessment of associated health 

111 effects.(12)

112 Desert dust dominates PM over some continental regions, with relatively 

113 higher concentrations especially in urban South Asia and China, accounting for 

114 about 35% of PM with diameter smaller than 10 µm. Half of that dust is from the 

115 Sahara in Africa, and 20% is from the Asian continent and is referred to as Asian 

116 dust.(13) Sahara dust is transported to the Mediterranean and Europe, and 

117 across the Atlantic to the Americas. Some epidemiological studies have 

118 suggested that Sahara dust increases mortality and both respiratory and 

119 cardiovascular morbidity, and exacerbates asthma.(14-18) Similarly, it has been 

120 reported that Asian dust events are associated with an increased risk of 

121 mortality,(19-23) cardiovascular disease,(24-26) respiratory disease,(27-31) 

122 allergic symptoms,(32, 33), and conjunctivitis.(34, 35) 

123 We previously reported the adjuvant-like effects of desert dust in A
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124 pollen-sensitized pregnant women, in whom an elevated risk of allergic 

125 symptoms was observed at low levels of desert dust.(32) However, several 

126 facets of desert dust exposure remain unknown, such as the effects on allergic 

127 symptoms in infants, which populations are vulnerable and susceptible, and how 

128 the effects can be reduced. This information would be particularly important for 

129 future public health because growing evidence suggests that the major 3 factors 

130 affecting desert dust activities – desertification, climatic variability, and global 

131 warming – can increase dust formation.(36-38) Accordingly, we investigated the 

132 effects of PM2.5 and desert dust on nose/eye/respiratory symptoms in 

133 infants who had or had not wheezed previously, and estimated the impact of 

134 possible preventive measures that are now conventionally implemented against 

135 air pollution, such as avoiding being outdoors and closing windows. 

136
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137 Materials and Methods

138 Study design

139 This longitudinal study was initiated in 2014 to examine the effects of desert 

140 dust and PM2.5 exposure on nose, eye, and respiratory symptoms in infants in 

141 Kyoto, Toyama, and Tottori. The study protocol was approved by the Japan 

142 Environment and Children's Study (JECS) and ethics committees of Kyoto 

143 University, University of Toyama, and Tottori University.

144 Upon enrollment, baseline information such as history of asthma, attendance 

145 in group-care, and mother’s working style was collected via a web-based 

146 questionnaire sent to mobile phones.(39) Various lifestyle and body parameters 

147 including housing environment, body weight at birth, and mother’s body weight 

148 changes and smoking habits during pregnancy were obtained during the JECS. 

149 Details of these parameters are described elsewhere.(40-42)

150 In the evening, when high desert dust (Asian dust days; >0.07/km on 12 

151 hour-average measured by light detection and ranging; LIDAR) or high PM2.5 

152 (>35μg/m3 on 12 hour-average) was observed, all mothers in that study area 

153 received a self-administered questionnaire about their children’s symptoms and 

154 behaviors during the day via their mobile phones. For comparison, an identical 

155 questionnaire was sent on other days to selected mothers, with each mother 

156 having an approximately 10% probability on those days to receive the 

157 questionnaire.(39) In effect, each mother randomly received an identical 

158 questionnaire once every 10 days during the study period, in addition to on the 

159 polluted days (Asian dust days and high PM2.5 days). Mothers were not informed 

160 if the day was or was not a polluted day.(39)A
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161

162 Participants and setting

163 The JECS is an on-going birth cohort study that began in 2011 and evaluates 

164 the impact of various environmental factors on children's health and 

165 development. A total of 100,000 children and their parents take part across 15 

166 regions in Japan,(40-42) with follow-up programs to examine health periodically 

167 from the early stages of pregnancy until the participating child reaches 13 years 

168 of age. The JECS allows for adjunct studies that pertain to the main study. 

169 ‘Effects of desert dust exposure on children’s health’ is our adjunct study 

170 involving 3 JECS Regional Centres in Kyoto, Toyama, and Tottori. These areas 

171 are located in Western Japan, with Kyoto in a basin and Toyama and Tottori 

172 facing the Sea of Japan (Figure E1). Each has urban, suburban, and rural areas.

173 JECS participants in the 3 regions who also agreed to participate in the 

174 adjunct study ‘Effects of desert dust exposure on children’s health’ were enrolled 

175 before the birth of their children. More than half of the JECS participants in the 

176 target regions agreed to participate in the adjunct study. All participants provided 

177 written informed consent, and they were again electronically asked if they 

178 consented to participate in each part of the study (pregnant part, infant part, and 

179 randomized controlled trial [RCT] part) just before it began. This study was 

180 conducted as the second part (infant part) of ‘Effects of desert dust exposure on 

181 children’s health’. The JECS participants who fulfilled all of the following 

182 definitions were enrolled in this infant part of the adjunct study: 1) provided 

183 written informed consent to participate in this adjunct study at the initiation of the 

184 adjunct study during pregnancy; 2) were confirmed to use smartphones; and 3) A
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185 provided electronic consent to participate in the second part of the adjunct study 

186 (after childbirth).

187 The study started in October 2014, when participants were categorized as 

188 wheezers or non-wheezers according to how they responded to the International 

189 Study of Asthma and Allergies in Childhood (ISAAC) questionnaire:(43) “Has 

190 your child ever had wheezing or whistling in the chest at any time in the past?” 

191 First, the wheezers were invited in October 2014, and additional participants 

192 including non-wheezers were invited in October 2015; the study continued to 

193 July 2016. Some non-wheezers at the start of the study experienced wheezing 

194 during the study, and their symptom responses after wheezing was experienced 

195 were analyzed as part of the wheezers group (Figure E2).

196

197 Exposure measures

198 To assess exposure to desert dust during the study period, we used LIDAR 

199 data obtained from each area (Higashi-Osaka LIDAR for Kyoto, Toyama LIDAR 

200 for Toyama, and Matsue LIDAR for Tottori). LIDAR is an optical remote sensing 

201 technology that measures scattered light to recognize shape differences of 

202 particles, and can distinguish desert dust (having rough surface) from other air 

203 pollutants, which are generally spherical.(21, 27, 32, 39, 42) Extinction 

204 coefficients measured by the LIDAR system at 135 m from the ground were 

205 compiled as 12-hour (06:00-18:00) average data.

206 Concentrations of PM2.5 and other air pollutants (sulfur dioxide [SO2], nitrogen 

207 dioxide [NO2], and photochemical oxidants [Ox]) were collected from 5 

208 air-pollution monitoring stations in the target areas. Daily average concentrations A
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209 of PM2.5, SO2 and NO2, and 8-hour (9 am-5 pm) average concentrations of Ox 

210 on each day were calculated from hourly concentrations measured at each 

211 station. Daily temperature, air pressure, and relative humidity data were 

212 obtained from 5 local observatories of the Japanese meteorological agency in 

213 the target areas.

214

215 Main outcome measures

216 The main outcome was the proportion of participants with any symptom 

217 (symptom score >0) as assessed by a self-administered questionnaire sent to 

218 mothers via mobile phone. The questionnaire included items from the Japanese 

219 version of the Allergy Control ScoreTM,(39, 44, 45) which asked about daily nasal 

220 (sneezing, itching, running, and blockage), ocular (itching, tear flow, and 

221 redness), and bronchial (cough, wheezing, and dyspnea) symptoms on a 4-point 

222 scale (absent, mild, moderate, or severe).

223

224 Statistical analysis

225 The primary analysis was the association between proportion of subjects with 

226 any symptom (symptom score above 0) and a 10 μg/m3 increase in PM2.5 or a 

227 0.1/km increase in desert dust, which is about 100μg/m3 of total suspended 

228 matter. The secondary outcomes were unplanned clinic visits and absence from 

229 day-care. The generalized estimating equation (GEE) was used to adjust 

230 intra-individual correlations. For analyses to examine possible confounders, the 

231 following factors were examined: local pollen level, local SO2, NO2, and Ox 

232 levels, local spherical particulate level (particulates other than desert dust), and A
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233 local meteorological variables (air pressure and its change from the previous 

234 day, average temperature and its change from the previous day, lowest 

235 temperature, and humidity).

236 Because the effects of desert dust and PM2.5 can persist over several days, 

237 we examined the effects according to several lag times: on the day (lag 0) to a 

238 week after (lag 6) by single lag models.

239 To investigate possible effect modifiers, the following were examined: age, 

240 gender, number of siblings, socioeconomic status (family income, mother’s 

241 education level), smoking in the house, if the mother got any information about 

242 particulates on the day, how long the child was outdoors on the day, if windows 

243 were open on the day, if futon and clothes were dried outside, and if air purifier 

244 was used on the day.

245 In addition, we conducted sensitivity analyses with a model of the log score for 

246 outcome and a model where missing data regarding desert dust and PM2.5 were 

247 substituted by the average values of other regions on the day of reported 

248 symptoms.

249 All analyses were performed with SAS version 9.3 (SAS Institute Inc, North 

250 Carolina, USA).

251
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252 Results

253 Participant characteristics

254 A total of 12,165 pregnant women had enrolled at JECS regional centers in 

255 Kyoto, Toyama, and Tottori by the end of August 2014. Of these, 5,803 (47.7%) 

256 provided consent to participate in the adjunct study during their pregnancies, 

257 and 4,703 of their children were registered after birth. Among these children, 

258 2,759 were selected from those whose mothers used smartphones. Initially, 796 

259 children who were confirmed to have wheezed at least once were invited to the 

260 study in October 2014, of which 515 were consented to participate. Another 

261 1,963 children were invited to the study in October 2015, of which 973 were 

262 consented to participate. Both groups were followed until July 2016 (Figure E2). 

263 A total of 86,839 questionnaires were sent on the evenings of polluted days 

264 and on other days, to which responses were received for 69,279 (79.8%) within 

265 the set time limit of 28 hours from date of issue. Of these, 69,001 (99.6%) 

266 responses contained complete answers for symptom scores.

267 Most participants were 1-3 years of age at entry (Table 1). Boys were 

268 dominant among wheezers while girls were dominant among non-wheezers, 

269 which is consistent with the general perception that boys wheeze more often 

270 than girls in that age range. Twenty-two percent of wheezers reported a 

271 physician’s diagnosis of asthma, and about half of all wheezers started 

272 wheezing before 6 months of age. 

273

274 PM2.5 and desert dust during the study period

275 The time courses of PM2.5 and desert dust levels in each area during the study A
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276 period are shown in Figure E3. The time courses were similar among the 3 

277 locations, where the distance between locations is relatively short, 200-400 km. 

278 Timing of some PM2.5 peaks corresponded to that of desert dust, while other 

279 peaks, especially in August, were not explained by desert dust levels. The 

280 median levels of PM2.5 and desert dust were about 10 μg/m3 and 0.01/km, 

281 respectively (Table E1), and no “PM2.5 warning” by government was issued 

282 during the study period (Japanese government alerts the people when PM2.5 is 

283 expected to go above 70 μg/m3, and no such alert-system for desert dust is 

284 currently enforced in Japan). The correlations of PM2.5 and desert dust with other 

285 pollutants were weak (NO2) or moderate (SO2, Ox), and were not considered to 

286 produce multicollinearity problems (Table E2).

287

288 Nose, eye, and respiratory symptoms

289 The occurrence of any symptom (symptom score >0) was reported in 64.4% 

290 (17,257/26,778) of responses by those who had ever wheezed before study 

291 entry, 54.7% (23,103/42,223) of responses by those who had never wheezed 

292 before the response, and 58.5% (40,360/69,001) of responses in total (Table 

293 E3). 

294

295 Association between PM2.5 and any symptom

296 Infants developed symptoms statistically significantly more often in 

297 accordance with PM2.5 levels (adjusted odds ratio [OR] per 10 μg/m3 increase of 

298 PM2.5: 1.04, 95% confidence interval [CI]: 1.01-1.07, p=0.0028) (Table 2).

299 The effect of PM2.5 was observed mainly in spring and autumn. Analysis by A
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300 season showed similar patterns of OR elevations according to PM2.5 levels 

301 mainly in spring and autumn, when Asian dust sometimes flies over Japan, both 

302 in infants who had ever wheezed before the response and in those who had 

303 never wheezed (Figure 1).

304

305 Association between desert dust and any symptom

306 Infants developed symptoms statistically significantly more often in 

307 accordance with desert dust levels (OR per 0.1/km increase of desert dust: 1.17, 

308 95% CI: 1.11–1.24, p<0.0001) (Table E4). When including both PM2.5 and desert 

309 dust concentrations in a model, the effect of PM2.5 was diminished, but the effect 

310 of desert dust was not affected and remained significant (OR: 1.16, 95% CI: 

311 1.09-1.23, p<0.0001) (Table 2).

312 Sensitivity analyses with a model of the log score for outcome and a model 

313 where missing data regarding desert dust and PM2.5 were substituted by the 

314 average values of other regions on the day showed the robustness of the 

315 results. Further, to exclude possible information-bias, we analyzed data of 

316 mothers who did not get any PM2.5 or Asian dust information on the day of 

317 symptom development, which revealed that our effect estimation was robust 

318 (OR: 1.17, 95% CI: 1.11-1.24, p<0.0001) (Table E5).

319

320 Sub-group analyses

321 Wheezers displayed two peaks in symptom development, whereas 

322 non-wheezers reported symptoms only at the time of exposure; in a lag analysis 

323 of the effects of desert dust on any symptom development in wheezers and A
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324 non-wheezers, the lag pattern differed between groups (Figure 2).

325 Analyses for each symptom revealed that wheezers reported nose symptoms 

326 on lag 4 and lag 5 days, followed by respiratory symptoms, both of which created 

327 a second peak in symptoms. Non-wheezers did not report a lag in respiratory 

328 symptoms (Figure E4, Figure E5). In addition, the risk increase in eye symptoms 

329 was observed in both wheezers and non-wheezers (data not shown).

330

331 Association between desert dust and secondary measures

332 The results of secondary outcomes were consistent with the primary outcome 

333 Logistic regression analysis revealed that unplanned clinic visits, set as a 

334 secondary outcome, showed a lag pattern similar to that of symptom 

335 development (Figure E6). Day-care absence, another secondary outcome, was 

336 also significantly associated with desert dust level on lag 1 day and lag 2 day, 

337 but the second peak of the OR elevation was not clearly observed, possibly 

338 because we treated the first day of day-care absence as the outcome (Figure 

339 E7).

340

341 Possible countermeasures to symptom development

342 Receiving information on the particulate forecast, reducing time outdoors, 

343 closing windows, avoiding airing clothes and futons, and regular use of 

344 leukotriene receptor antagonists (LTRA) were significant effect modifiers. The 

345 OR for symptom development in wheezers whose mothers received forecast 

346 information on the day when the symptom questionnaire was sent out was lower 

347 than that for wheezers whose mothers did not receive forecast information A
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348 (Figure 3, Table E6a). Similarly, the OR was lower for subjects who had shorter 

349 outdoor durations, whose housing windows were closed, and whose clothes or 

350 futons were not aired on the day when the questionnaire was sent out (Figure 3, 

351 Table E6b, Table E6c, Table E6d, and Table E6e). The OR was also diminished 

352 for subjects who regularly used a LTRA (Figure 3, Table E6f). The OR reduction 

353 was unfortunately not clear for other drugs and for steroid inhalation, both of 

354 which had wide CIs (Figure 3, Table E6g, Table E6h). Notably, the numbers of 

355 subjects who regularly received other drugs or steroid inhalation were very small 

356 (n=31 and n=13, respectively; Table 1).

357
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358 Discussion

359 This longitudinal study revealed that the risk of infants experiencing 

360 nose/eye/respiratory symptoms significantly increased as levels of PM2.5 rose. 

361 The increased risk was observed mainly in the spring and autumn months, when 

362 desert dust frequently flies over Japan. There was also an elevated risk for 

363 symptom development due to increased levels of desert dust. Secondary 

364 outcomes (unplanned clinic visits and absence from day-care) similarly showed 

365 elevated risks as the desert dust level rose. An increased risk was observed 

366 even among subjects who had never wheezed prior to the response, but the 

367 prolonged effect on symptoms was observed only among subjects who had 

368 reported wheezing prior to the response. Significant effect-modifiers included the 

369 mother’s receipt of information about the PM forecast, the infant being outdoors 

370 on the day of symptom response, open windows anytime on the day of symptom 

371 response; and the regular use of LTRAs. As far as we know, this is the first 

372 report to show a clear association between desert dust and an increased risk of 

373 nose, eye, and respiratory symptom development in infants. 

374 Asian dust has been associated with emergency department visits due to 

375 respiratory disease in preschool children at lag 0, lag day 1 and lag day 2 in one 

376 study,(28) and at lag day 2 and lag day 3 in another study.(29) Our findings that 

377 infants demonstrated 2 peaks in symptom development are consistent with the 

378 those results, and further revealed that the lag pattern of risk for symptom 

379 development was different between wheezers and non-wheezers: wheezers had 

380 2 peaks in symptoms (lag day 1 and lag day 4), whereas non-wheezers 

381 developed symptoms only at the time of exposure. In the present study, the A
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382 wheezers were invited in October 2014 and non-wheezers in October 2015. 

383 Regarding differences in air pollution levels and variations from year to year, the 

384 overall time-course is shown in Figure E3. The levels of desert dust and PM2.5 

385 measured during September 2014 – July 2016 and October 2015 – July 2016 

386 were similar (data not shown). Furthermore, the correlation coefficients between 

387 the dust level on the day and the dust level on some previous days during 

388 September 2014 – July 2016 (wheezers) and October 2015 – July 2016 

389 (non-wheezers) were similar (data not shown). Accordingly, we consider that the 

390 observed differences in reaction to desert dust on some lag days was not 

391 confounded by the difference in air pollution levels nor by periodic cycles of dust 

392 levels.

393 Particulates are thought to act as adjuvants in allergic responses.(46-48) 

394 Recent studies have demonstrated that particulates stimulate innate cells to 

395 release damage-associated molecular patterns (DAMPs), and that innate 

396 immune responses induced by DAMPs are required for the induction of adaptive 

397 immune responses.(47, 49) Recently, Kuroda et al. reported that particulates 

398 such as aluminum salts and silica induced death of alveolar macrophages, 

399 which then released interleukin-1α as DAMPs. Furthermore, although adjuvants 

400 are generally thought to induce antigen-specific immune responses when 

401 administered concurrently with the antigen, Kuroda’s study demonstrated that 

402 immune responses were activated even when antigen and adjuvants were 

403 administered separately to the lungs.(50) The delayed and sustained adjuvant 

404 effects of particulates on the lung in that study may explain our findings that the 

405 duration of effects of desert dust in wheezers was longer than that in A
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406 non-wheezers.

407 We also explored possible effective countermeasures against desert dust 

408 exposure in Japan. Findings from a previous study that examined the influence 

409 of outdoor PM levels on indoor PM levels during Asian dust events suggested 

410 that it was important to account for occupant behaviors, such as 

411 window-opening, when estimating residential exposure to PM.(39, 51) We found 

412 that symptom development was actually diminished in infants whose mothers 

413 received information about PM levels, whose outdoor durations were shorter, 

414 when windows were closed, and when clothes and futons were not aired 

415 outside. Furthermore, the risk was diminished in infants who took LTRAs 

416 regularly, which is consistent with previous findings in animal studies 

417 demonstrating that leukotrienes may play important roles in airway inflammation 

418 augmented by Asian dust. Kurai et al. reported that co-exposure to Asian dust 

419 and antigen caused both neutrophilic and eosinophilic airway inflammation, as 

420 demonstrated by increased numbers of neutrophils and eosinophils and levels of 

421 cysteinyl leukotrienes, dihydroxy-leukotrienes, and Th2 cytokines (interleukin-5 

422 and interleukin-13) in bronchoalveolar lavage fluid (BALF).(52) Furthermore, 

423 both neutrophilic and eosinophilic airway inflammation were attenuated by the 

424 type 1 cysteinyl leukotriene receptor antagonist.(52) Although we encourage 

425 these countermeasures for those who experience symptoms upon exposure to 

426 desert dust, an RCT will be necessary to confirm the effectiveness of LTRA.

427 This study had the following limitations. Firstly, the study was observational 

428 and accordingly has constraints for causal inference. Secondly, infants’ 

429 symptoms were reported by the mothers and not confirmed by physicians, A
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430 although this approach has become widely utilized.(53-55) Thirdly, we could not 

431 assess asthma severity or objective measure such as specific-IgE or skin prick 

432 test, and participants were classified as wheezers or non-wheezers according to 

433 the ISAAC questionnaire. Further studies will be required　to examine whether 

434 desert dust exposure increases the risk of abnormality on objective 

435 measurements such as IgE level, lung function parameters, and skin prick test. 

436 Finally, LIDAR measurement was used for desert dust concentration, and PM 

437 components other than desert dust were not analyzed. If there were any 

438 pollutants that accompanied desert dust concentrations, we were not able to 

439 distinguish their potential affects.

440 The strengths of this study included its study design. Questionnaires were 

441 sent to mobile phones of the participants, who responded within a day. Thus, 

442 outcome data were collected while participants’ memories were fresh, which we 

443 believe resulted in a very high response rate and contributed to the accuracy of 

444 data regarding symptoms, behavior, and regular use of asthma medications.

445 In conclusion, PM2.5 was associated with an increased risk of nose, eye, and 

446 respiratory symptoms that was mainly attributed to desert dust, not only in 

447 infants who had previously wheezed, but also in those who had never wheezed. 

448 For infants who experience such symptoms upon desert dust exposure, receipt 

449 of information by their mothers on the PM forecast, reducing their time outdoors, 

450 closing windows, avoiding airing clothes and futons, and regular use of LTRA will 

451 alleviate symptoms.
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503 Figure legends

504 Figure 1 Odds ratio for any symptom development (symptom score 

505 >0) per 10 µg/m3 increase of PM2.5 in each season.

506 Figure 2 Lag analysis for odds ratio for any symptom development 

507 (symptom score >0) per 0.1/km increase of desert dust in subjects who had 

508 ever/never wheezed before the response.

509 Figure 3 Odds ratio for any symptom development (symptom score 

510 >0) per 0.1/km increase of desert dust in each group defined by behavior 

511 on the day. See Table E6 for details.

512 Figure E1 The target locations of ‘Effects of desert dust exposure on 

513 children’s health’, an adjunct study of the Japan Environment and 

514 Children’s Study.

515 Figure E2 Participants in the Japan Environment and Children’s Study 

516 (JECS), adjunct study part 2, and the analysis population. Some 

517 non-wheezers at study entry experienced wheezing during the study, and their 

518 symptom responses after they experienced wheezing were analyzed as 

519 wheezers.

520 Figure E3 Time courses of daily PM2.5 and desert dust levels in each 

521 location during the study period. Black: PM2.5, Orange: desert dust 

522 Figure E4 Lag analysis for odds ratio for nose symptom per 0.1/km 

523 increase in desert dust in those who had ever/never wheezed before the 

524 response.

525 ● Model description ●

526 logit Pr(Y = 1) = β0 + β1 X1 +  … + βp Xp   ( single lag model)A
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527 Outcome (Y=1)：Nose symptom (Total of nose symptom score >0)

528 X1: Desert dust

529 Xp: Age at answer, gender, area, number of siblings, housing style, 

530 temperature difference from the previous day, temperature difference within the 

531 day, average air pressure on the day, season

532 Figure E5 Lag analysis for odds ratio for respiratory symptom per 

533 0.1/km increase in desert dust in those who had ever/never wheezed 

534 before the response 

535 ● Model description ●

536 logit Pr(Y = 1) = β0 + β1 X1 +  … + βp Xp   ( single lag model)

537 Outcome (Y=1) ： Any respiratory symptom (Total of respiratory symptom 

538 score >0)

539 X1: Desert dust

540 Xp: Age at answer, gender, area, number of siblings, average temperature on 

541 the day, temperature difference from the previous day, temperature difference 

542 within the day, average air pressure on the day, season

543 Figure E6 Lag analysis for odds ratio for unplanned clinic visits per 

544 0.1/km increase in desert dust in those who had ever/never wheezed 

545 before the response 

546 ● Model description ●

547 logit Pr(Y = 1) = β0 + β1 X1 + β2 X2   ( single lag model)

548 Outcome (Y=1)：Unplanned clinic visits

549 X1: Desert dust

550 X2: Weekdays or Saturdays or Sundays and Holidays A
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551 Figure E7 Lag analysis for odds ratio for day-care absence per 0.1/km 

552 increase in desert dust

553 ● Model description ●

554 logit Pr(Y = 1) = β0 + β1 X1 ( single lag model)

555 Outcome (Y=1)：Day-care absence

556 X1: Desert dust

557 Table legends

558 Table 1 Characteristics of the subjects

559 Table 2 Adjusted odds ratio for any symptom development per 10 

560 μg/m3 increase of PM2.5 with (and without) desert dust in the model

561 Table E1 Distribution of air pollutants during the study period at each 

562 location

563 Table E2 Correlation coefficients among air pollutants at each 

564 location

565 Table E3 Distribution of symptom scores

566 Table E4 Adjusted odds ratio for any symptom development per 

567 0.1/km increase of desert dust

568 Table E5 Adjusted odds ratio for any symptom development 

569 analyzed with data of those who did not get any PM2.5 or desert dust 

570 information on the day 

571 Table E6 Effect modification by each behavior

572

573
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750 Table 1 Characteristics of the subjects 

Wheezers (n=515) * Non-wheezers (n=973) *

Age at entry, years† 2.2 ± 0.6‡ 0.4-4.6§ 2.6 ± 0.7‡ 0.9-4.1§

Weight at birth, 

grams†

3046 ± 388‡ 1628-4694§ 3044 ± 385‡ 1426-4282§

Female Male Female Male

n % n % n % n %

Gender

228 44.4 286 55.6 535 55.0 437 45.0

Area n % n %

Kyoto 157 30.5 307 31.6

Toyama 214 41.6 427 43.9

Tottori 144 28.0 239 24.6

No Yes No YesFull term birth†

11 5.2 202 94.8 10 2.4 413 97.6

Not started Started Not started StartedBaby food at 6 

months of age† 177 34.9 330 65.1 351 36.8 603 63.2

Stopped Continued Stopped ContinuedMother's milk at 1 

year of age† 120 24.3 374 75.7 264 27.9 684 72.2

No Yes No YesArtificial milk at 1 

year of age† 311 62.7 185 37.3 594 62.5 357 37.5

Distance from the main trunk road

〜30 m 163 32.7 305 32.2A
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30〜50 m 107 21.4 186 19.6

50 m〜 229 45.9 456 48.2

blank 16 3.1 26 2.7

Smoking around the infant†

Rarely 381 77.3% 768 81.2%

Occasionally 99 20.1% 153 16.2%

Often 13 2.6% 25 2.6%

blank 22 4.3% 27 2.8%

No Yes No YesMother's history of 

asthma 430 83.5 85 16.5 885 91.1 87 9.0

No Yes No YesMother's history of 

allergic rhinitis 285 55.3 230 44.7 574 59.1 398 41.0

No Yes No YesMother's history of 

atopic dermatitis 404 78.5 111 21.6 805 82.8 167 17.2

No Yes No YesFather's history of 

asthma 431 84.8 77 15.2 860 90.0 96 10.0

No Yes No YesFather's history of 

allergic rhinitis 296 58.3 212 41.7 617 64.5 339 35.5

No Yes No YesFather's history of 

atopic dermatitis 437 86.0 71 14.0 859 89.9 97 10.2

No Yes No YesAsthma diagnosis at 

entry 390 78.5 107 21.5 944 100.0 0 0.0

Regular use of medicineA
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Yes NoLeukotriene 

blockers 56 12.9 379 87.1

Yes NoOther allergy drugs

31 7.1 404 92.9

Yes NoSteroid inhalation

13 3.0 422 97.0

751 * Wheezers and non-wheezers: Wheezers were infants who had wheezed 

752 before study entry, non-wheezers were infants who had not wheezed before 

753 study entry, † Refers to Japan Environment and Children’s Study (tentative data), 

754 ‡ mean±SD, § minimum - max
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756 Table 2 Adjusted odds ratio for any symptom development per 10 μg/m3 

757 increase of PM2.5 with (and without) desert dust in the model

Odds ratio 95% confidence interval p value

PM2.5 (10μg/m3) 1.01

(1.04)

0.98

(1.01)

1.04

(1.07)

0.506 

(0.0028)

Asian dust (per 0.1/km) 1.16 1.09 1.23 <.0001

Wheeze experience before 

the response

1.44

(1.41)

1.27

(1.23)

1.64

(1.61)

<.0001 

(<.0001)

Number of siblings
0.90

(0.90)

0.84

(0.84)

0.97

(0.97)

0.0082 

(0.0058)

Average temperature on 

the day (℃)

0.99

(0.99)

0.99

(0.99)

1.00

(1.00)

0.0459 

(0.0010)

Temperature difference 

from the previous day (℃)

0.99 0.98 1.00 0.0205

Temperature difference 

within the day (℃)

1.01

(1.01)

1.01

(1.01)

1.02

(1.02)

<.0001 

(<.0001)

Average air pressure (hPa) 1.00 1.00 1.01 0.0827

Toyama *
0.73

(0.72)

0.63

(0.63)

0.84

(0.83)

<.0001 

(<.0001)

Tottori *
0.91

(0.89)

0.77

(0.76)

1.07

(1.04)

0.2618 

(0.1450)A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

Winter †
0.88

(0.86)

0.80

(0.80)

0.96

(0.94)

0.0049 

(0.0003)

Spring †
0.85

(0.89)

0.79

(0.83)

0.93

(0.96)

0.0001 

(0.0031)

Summer †
0.56

(0.57)

0.51

(0.52)

0.62

(0.63)

<.0001 

(<.0001)

Female ‡
0.78

(0.76)

0.69

(0.68)

0.87

(0.85)

<.0001 

(<.0001)

Age at the response (year)
0.73

(0.73)

0.67

(0.68)

0.79

(0.79)

<.0001 

(<.0001)

758 Generalized estimating equations logistic regression analysis with exchangeable 

759 correlation matrix.

760 Backward elimination method with cut-off p value of 0.1 was conducted.

761 Complete dataset analysis (61,976 answers for 1,321 infants).

762 “Temperature difference from the previous day” and “Average air pressure” did 

763 not remain in the model without desert dust as the consequence of the backward 

764 elimination.

765 * Compared with subjects in Kyoto

766 † Compared with autumn

767 ‡ Compared with maleA
cc

ep
te

d 
A

rt
ic

le



all_14166_f1.jpg

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



all_14166_f2.jpg

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le



all_14166_f3.jpg

This	article	is	protected	by	copyright.	All	rights	reserved

A
cc

ep
te

d 
A

rt
ic

le

















Table E1 Distribution of air pollutants during the study period at each location1
Location Mean SD 25

%tile
50

%tile
75

%tile
n

(days)
SO2
(ppb)

Kyoto 3.3 0.9 3 3 4 641
Toyama 0.93 0.56 1 1 1 549
Tottori 0.69 0.85 0 1 1 641

NO2
(ppb)

Kyoto 11.5 4.9 8 11 14 634
Toyama 8.3 4.2 5 7 10 548
Tottori 5.6 2.7 4 5 7 606

Ox*

(ppb)
Kyoto 36.7 14.6 27 35 45 635

Toyama 39.1 12.3 31 38 45 549
Tottori 39.3 13.1 31 38 47 633

PM2.5
(μg/m3)

Kyoto 11.9 6.6 7.2 10.6 15.1 637
Toyama 10.1 6.2 5.5 9.0 13.4 640
Tottori 11.8 6.4 7.2 10.2 15.2 641

Dust†
(/km)

Kyoto 0.017 0.017 0.008 0.012 0.020 549
Toyama 0.016 0.021 0.004 0.008 0.018 500
Tottori 0.017 0.021 0.007 0.011 0.018 505

Sphere
particles
(/km)

Kyoto 0.120 0.069 0.068 0.110 0.157 545
Toyama 0.117 0.062 0.072 0.106 0.151 489
Tottori 0.066 0.048 0.036 0.056 0.084 497

* Ox was assessed based on 8-hour average.2
† Dust was assessed based on 12-hour average (06:00-18:00) at 135 m height3

from the ground.4

Other pollutants were assessed based on 24-hour average.5

NO2, nitrogen dioxide; Ox, photochemical oxidants; PM, particulate matter; SD,6

standard deviation; SO2, sulfur dioxide;7

8



Table E2 Correlation coefficients among air pollutants at each location9
SO2 NO2 Ox PM2.5 Dust

NO2 Kyoto 0.25 1
Toyama 0.29 1
Tottori 0.39 1

Ox Kyoto 0.46 -0.43 1
Toyama 0.22 -0.40 1
Tottori 0.06 -0.14 1

PM2.5 Kyoto 0.73 0.32 0.39 1
Toyama 0.31 0.08 0.42 1
Tottori 0.31 0.13 0.47 1

Dust Kyoto 0.39 0.12 0.37 0.46 1
Toyama 0.30 0.05 0.46 0.40 1
Tottori 0.33 0.20 0.50 0.57 1

Sphere
particles

Kyoto 0.32 0.31 0.01 0.51 0.20
Toyama 0.30 0.18 0.31 0.58 0.18
Tottori -0.02 0.09 0.22 0.58 0.13

Spearman’s rank correlation was used.10

NO2, nitrogen dioxide; Ox, photochemical oxidants; PM, particulate matter; SO2:11

sulfur dioxide12

13



Table E3 Distribution of symptom scores14

Score Number of
responses with

symptom
development
/number of
responses

Mean
of

score

SD Min 25th
Percentile

50th
Percentile

75th
Percentile

90th
Percentile

Max

Wheezers
at entry a

total 17,257 /26,778 2.60 3.44 0 0 1 4 7 30

− nose 15,539 /26,778 1.72 2.16 0 0 1 3 5 12

− eyes 4,049 /26,778 0.28 0.85 0 0 0 0 1 9

− resp. 8,480 /26,778 0.61 1.23 0 0 0 1 2 9

Non-wheezers
at entry a

total 23,103 /42,223 1.71 2.48 0 0 1 2 5 25

− nose 20,644 /42,223 1.21 1.74 0 0 0 2 4 12

− eyes 3,705 /42,223 0.13 0.53 0 0 0 0 0 9

− resp. 9,965 /42,223 0.36 0.82 0 0 0 0 1 9
a Wheezers at entry and non-wheezers at entry: Wheezers at entry were infants who had ever wheezed before study15

entry, and non-wheezers at entry were those who had not wheezed.16

SD, standard deviation17



Table E4 Adjusted odds ratio for any symptom development per 0.1/km increase18

of desert dust19

Odds ratio 95% confidence
interval p value

Asian dust
(per 0.1/km) 1.17 1.11 1.24 <.0001

Average temperature
on the day (℃) 0.99 0.99 1.00 0.0232

Temperature difference within the
day (℃) 1.01 1.00 1.02 0.0012

Toyama * 0.73 0.63 0.84 <.0001
Tottori * 0.91 0.78 1.08 0.2789
Winter † 0.87 0.80 0.95 0.0017
Spring † 0.86 0.79 0.93 0.0002

Summer † 0.56 0.51 0.62 <.0001
Female ‡ 0.78 0.69 0.87 <.0001

Age at the response (year) 0.73 0.67 0.79 <.0001
Number of siblings 0.90 0.84 0.98 0.0090

Wheeze experience before the
response 1.44 1.27 1.64 <.0001

Generalized estimating equations logistic regression analysis with20

exchangeable correlation matrix was used.21

Backward elimination method with cut-off p value of 0.1 was conducted.22

Complete dataset analysis (43,044 answers for 1,234 infants).23
* Compared with the subjects in Kyoto24
† Compared with autumn25
‡ Compared with male26

27



Table E5 Adjusted odds ratio for any symptom development, analyzed for data28

on those who did not get any PM2.5 or desert dust information on the day29

Odds ratio 95% confidence
interval p value

Asian dust (per 0.1/km) 1.17 1.10 1.25 <.0001

Average temperature
on the day (°C) 0.99 0.99 1.00 0.0857

Temperature difference within the
day (°C) 1.02 1.01 1.03 <.0001

Toyama * 0.71 0.61 0.82 <.0001

Tottori * 0.91 0.76 1.08 0.2721

Winter † 0.91 0.82 1.00 0.0566
Spring † 0.85 0.77 0.93 0.0007

Summer † 0.55 0.49 0.63 <.0001
Female ‡ 0.78 0.69 0.89 0.0001

Age at the response (years) 0.76 0.69 0.85 <.0001
Number of siblings 0.90 0.83 0.98 0.0107

Wheeze experience before the
response 1.44 1.27 1.65 <.0001

Generalized estimating equations logistic regression analysis with30

exchangeable correlation matrix was used.31
* Compared with the subjects in Kyoto32
† Compared with autumn33
‡ Compared with male34

35



Table E6 Effect modification by each behavior36

Table E6a Effect modification of symptom development by receipt of particulate37

information38

Odds ratio 95% confidence
interval p value

Received information 1.54 1.23 1.91 <.0001

Asian dust (per 0.1/km) when
particulate information was not

received

1.23 1.12 1.34 <.0001

Interaction term 0.76 0.56 1.02 0.0648

Generalized estimating equations logistic regression analysis with39

exchangeable correlation matrix.40

Analysis of the data for those who had ever wheezed before the response.41

42

Table E6b Effect modification of symptom development by outdoor duration43

Odds ratio 95% confidence
interval p value

Outdoor duration
(per 1 category increase)

0.90 0.87 0.92 <.0001

Asian dust when outdoor
duration was "less than 10

minutes”
(per 0.1/km increase)

1.04 0.95 1.14 0.36

Interaction term 1.12 1.07 1.18 <.0001

Generalized estimating equations logistic regression analysis with44

exchangeable correlation matrix.45

Outdoor duration was treated as ordered category; 0: less than 10 minutes, 1:46

10 minutes - 1 hour, 2: 1-3 hours, 3: more than 3 hours.47

48

Table E6c Effect modification of symptom development by closing windows49

Odds ratio 95% confidence
interval p value



Generalized estimating equations logistic regression analysis with50

exchangeable correlation matrix.51

52

Table E6d Effect modification of symptom development by avoiding clothesline53

Odds ratio 95% confidence
interval p value

Avoid clothesline 1.14 1.08 1.21 <.0001
Asian dust when clothesline

was used
(per 0.1/km)

1.40 1.29 1.53 <.0001

Interaction term 0.81 0.73 0.89 <.0001

Generalized estimating equations logistic regression analysis with54

exchangeable correlation matrix.55

56

Table E6e Effect modification of symptom development by avoiding airing futons57

Odds ratio 95% confidence
interval p value

Avoid airing futons 1.07 1.00 1.15 0.0596
Asian dust when futons were

aired
(per 0.1/km)

1.38 1.22 1.58 <.0001

Interaction term 0.89 0.76 0.99 0.040

Generalized estimating equations logistic regression analysis with58

exchangeable correlation matrix.59

60

Table E6f Effect modification of symptom development by regular use of LTRA61

Odds ratio 95% confidence
interval p value

Regular use of LTRA 2.26 1.93 2.64 <.0001
Asian dust when LTRA was not

regularly used
(per 0.1/km)

1.24 1.17 1.31 <.0001

Closing windows 1.22 1.15 1.29 <.0001
Asian dust when windows

were open
(per 0.1/km)

1.35 1.27 1.43 <.0001

Interaction term 0.76 0.68 0.83 <.0001



Interaction term 0.79 0.64 0.96 0.0183
Generalized estimating equations logistic regression analysis with62

exchangeable correlation matrix.63

LTRA: leukotriene receptor antagonist64

65

Table E6g Effect modification of symptom development by regular use of66

medications other than LTRA67

Odds ratio 95% confidence
interval p value

Regular use of medications
other than LTRA

1.42 1.16 1.73 0.0006

Asian dust when medication
other than LTRA was not used

(per 0.1/km)

1.22 1.15 1.29 <.0001

Interaction term 1.04 0.85 1.26 0.6902

Generalized estimating equations logistic regression analysis with68

exchangeable correlation matrix.69

Adjusted by sex and age at the response.70

LTRA: leukotriene receptor antagonist71

72

Table E6h Effect modification of symptom development by regular use of steroid73

inhalation74

Odds ratio 95% confidence
interval p value

Regular inhalation of steroid 1.49 1.00 2.25 0.0561

Asian dust when steroid was
not regularly inhaled

(per 0.1/km)

1.22 1.16 1.29 <.0001

Interaction term 0.98 0.64 1.51 0.9336
Generalized estimating equations logistic regression analysis with75

exchangeable correlation matrix.76

77
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