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Abstract

Objective: To estimate respiratory ill-health effects oftparate air pollutant exposures measured at differ
aggregated geographical locations of individualdergtial addresses based on satellite information.

Method: We assessed the presence of respiratory symmbha/ing frequent cough or sputum among schoadesits
11 to 20 years old (n=9,881). Daily particulatepaillution levels at students’ living locations mederived from the
surface extinction coefficients measured by thellst and the measurements from the air pollutamnitoring stations
at ground level.

Results Adjusted odds ratio (OR) [95% C.1.] of havingp&atory symptoms was 1.047 [1.005, 1.091] pepd0n®
increase in Ply) concentration. Specificity tests showed thatisigid OR of having other symptoms were not
significant (P=0.20 to 0.94).

Conclusion Exposures to PM at different geographical locations were assodiatith increased odds of having
respiratory symptoms (cough or sputum) but not wittier symptoms unrelated to air pollution.
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Introduction

Cough and sputum are common problems in schootstadand are usually associated with viral infec{iMonto et al
1971). Butthey are also found to be associatéld & pollution (Goren et al 1990; Schwartz e1891; Ong et al
1991; Pope and Dockery 1992; Schwartz et al 198&rP et al 1996; BraunFahrlander et al 1997; déiti et al 1998;
Qian et al 2000; Bayer-Oglesbhy et al 2005). Thmaiations are stronger with coarse particulates thith fine
particulates and gaseous air pollutants (Zhan§22GR). Epidemiological studies for the healtfeefs of particulate
air pollutant usually based the exposure measureareambient air quality monitoring stations. F$lestations
usually scatter scarcely around large geographiesls, so that the measurements should not besespaéve of the
exposure at individual locations that are far aWayn the stations. This limitation, however, candvercome by
using the satellite imaging data that are routimalgtured over a defined geographical area.

Recently, the National Aeronautics and Space Adstriaiion (NASA) satellite data derived from Moderat
resolution Imaging Spectroradiometer (MODIS) (Chale2003; Wang and Christopher 2003) have beewsito be
good measures for air pollution, especially fortigatate pollutants which could be estimated in geggraphical
points of the globe (Gupta et al 2006). With cohtor cloudiness and humidity, monthly averagé®fy, levels in all
geographical points with 1-Kmesolution over the territory of Hong Kong havebestimated (Li et al 2005), based
on aerosol optical depth using validated algoritlamd aerosol models (Kaufman et al 1997; Chu 20@2; Remer et
al 2005). MODIS is useful for resolution up to about 10%mather than 1 kfn but this method is highly uncertain
(Veefkind et al 2007) as has been reported inmdbevaluation of the remote sensing approach mmpegison with
the regulatory network of monitoring measuremeriiamg Kong (Li et al 2005).

In the present study, we applied the satellite atetkinformation to derive daily PiMlevels at different
geographical locations and to study whether expsstar particulate air pollution at individuals’ iksntial and
schooling locations is associated with respiragymyptoms in secondary school students in Hong Kong.



Methods
Subjects
The health data were collected from a cross-segitistudy of the Hong Kong Student Obesity Survedia(HKSOS)
on secondary school Chinese adolescents aged2Dlyars (i.e. students from Form 1 to 7, equivae@Grade 7-12
in the U.S.) from September 2006 to March 200hidat approval from Institutional Review Board aswhsents from
the participants have been collected. Forty-twiood 50 invited schools have participated (seellsteds in Figure 1),
representing all local non-international secondatyools stratified by district, source of fundingljgion, language of
instruction, and sex types. All students in theced schools were invited and 34,678 questioprairere collected
(84.5% response rate). A total of 9,881 subjewmsting the selection criteria below and with nossimg information
of covariates were included in the present analyses
Data selection
In Hong Kong, secondary school students spent appetely 80% of their time at their living and scih@area
altogether (assuming 8 hours per day spent at s&m05 days, 14 hours per day spent at home fbays). Their
exposures to ambient particulate air pollutant,§Mere determined by the ambient RN&vels at both of these
locations. As we did not collect the residentiddieesses of the students, we selected studentsvestoliving within
twenty-minute walking distance from the school asdd the estimates at the school to representgaaypthat has
homogeneity in ambient PjMexposures in both residential and schooling arka.sample size reduced by 66%
because of this selection and further reduced By @e to missing data of covariates and the healttome variable
of respiratory symptom (details in the followingr@graph). Sensitivity analysis on the same healtbame variable
was carried out using average RNevel of the whole Hong Kong area regardless eirtfesidential location
(Appendix 1).
Measurement of exposures to Ph in the past 30 days
Based on NASA's satellite information, spatial @dion of surface extinction coefficients (SEC) wittntrol of
cloudiness (99% cloud free) in each month is maggddknt resolution in Hong Kong (Li et al 2005). School
addresses were geo-coded into geographic coorditatetrieve this satellite information at eachasd location.
Daily PM;o was estimated by using the daily data from theitoostations of Environmental Protection Departinen
(EPD) together with the satellite information thadressed the spatial variations. In total 9gésémtions were used
(HKEPD 2008), but 3 roadside stations and 2 otlkeegal stations (in Tung Chung and Tap Mun whehheas were
not sampled) were not used (Figure 1). We caledléte ratios of SEC at each schtmoinean SEC of all EPD stations.
Then we estimated the daily RMevels for each school by the product of thisoraid the mean daily Piyl
concentration of all stations

After obtaining the daily PM levels for each school, the average pP&bncentration in the past 30 days from
the participation date of each student was caledl&d represent their average exposures in the3pasays. This
average exposure estimate corresponded to theegalfted respiratory symptoms that could be ocdurreny one
days over the past 30 days. It should be regaadedone-month average exposure rather than atehorexposure,
which is usually measured as daily average in senes epidemiological studies (Wong et al 200022Q008;
Hedley et al 2002; Wong et al 2006; Ko et al 2007).
Measurement of respiratory symptoms in the past 3@days
The presence of respiratory symptoms of havinguieag cough or sputum in the past 30 days was splirted by each
student in the standardized structured questioanaiiowever this health outcome variable showedifsignt
association with the well-known predictor, smok{hgm et al 1998; Lai et al 2009), after adjustmeftappropriate
covariates, and is therefore likely a valid meagsareespiratory health of children Other ilinesse the past 30 days,
such as influenza, sore throat, headache, pimplesculoskeletal pain, stomachache, and frequegutatvere also
reported if encountered in the past 30 days, agsktwvere used for testing of specificity of theet$ of air pollution,
as we expected no association.
Data analysis
The relationship between the student’s averagesxps to PN\ in the past 30 days as a continuous independent
variable and the presence of respiratory symptontisa past 30 days as a binary dependent variadie assessed by
logistic regression based on generalized estimatipuation. Within-cluster correlation at schockdg level was
controlled for in the analysis. In the regressioodel adjustments were made for all available mi@kbconfounding
factors including sex, age, season (excluded surmien no survey was done), student’s smoking stparent’s
smoking status, average influenza intensiyerage temperature in the past 30 days, aveetazze humidity in the
past 30 days, school grade, home floor area, hgugire, frequency of exercising far30 minutes, alcohol drinking
status, asthmatic status of the students anddlusie family members. All statistical analysesassumed significant
at 0.05 level. Data were analyzed using SAS fodewms (version 9.1, SAS Institute Inc.).

Results

The correlation between Ppevels recorded by the monitoring stations andstitellite information was close to 0.9
both temporally (Figure 2) and spatially (Figure &orrelation (R) between the RiMexposure estimate with and
without satellite data was 0.95 (P<0.01). Tablédwss that having respiratory symptoms (cough otuspyiwas

“based on general practitioner surveillance data Department of Health in the past 30 days
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associated with being female, aged above 15, beng 4 (equivalent to U.S. grade 9) or above, livedided
ownership estate, exercising less than once pek,wadEohol consumption, having asthma, and havsthgraatics
among close family members. Lower temperature (PRGnNd relative humidity (P<0.01) were also digantly
associated with having respiratory symptoms butlifferences between the two comparing groups werall.
Sensitivity analysis showed that the results inl@dbwere very similar to the results obtained gshe whole group.

Table 2 shows that the excess risk [95% CI] of havespiratory symptoms in the past 30 days waatdd
by 4.7% [0.5% to 9.1%)] per 10y m?® increase in PM concentration. This excess risk was more ortlessame
among the non-smoking subgroup (4.6% [0.2% to 924l the subgroup without asthma (4.7% [0.1% 48}).
The excess risks for female and male subgroups sieitar in magnitude but not statistically signdnt, possibly due
to reduction in sample size (females 3.9% [-1.5%.48%6] and males 4.8% [-0.6% to 10.1%]). The exeisks of the
rest of the symptoms, including influenza, soredhrheadache, pimples, musculoskeletal pains,astbache, and
frequent fatigue were not associated with incréa$dM;, concentrations.

Discussions

This study shows the health effects of school sttel@xposures to particulate air pollution at indual locations in
Hong Kong. Temporal and spatial variations ofpaillution level are used for the assessment. Algicthe spatial
variations were limited to the locations of 42 saispour sensitivity analysis showed that when daiyiporal

variations were used, the effect of air pollutionrespiratory symptoms was attenuated (excesdrdak4.7% to 3.8%)
and non-significant (Appendix 1), indicating thétspatial variations were not trivial despitetef modest numbers of
geographical locations. This is consistent wih lilgpothesis that air pollution exposure withoutrtg geographical
variation into account is subject to measurememtrei(Wade et al 2006). We demonstrated thaethesasurements
from the satellite are in good agreements (R=@eByporally and spatially, with the direct measuretadrom the
ground-level air pollutant monitoring stations chgrithe study period (Figure 2 and Figure 3). Alitjo collection of
exposure data at individual locations would helphfer validate the estimation for exposure leveldobhon satellite data,
the large sample size of the present populatiotlysttould compensate for the uncertainty and embreeasurement
at individual level, particularly when estimatirgetpopulation average health effect rather thastigect specific
effect. We also checked that the adjusted assmcsabetween respiratory symptoms and smoking sigréficant and
therefore consistent with previous findings (Lanalet998)jndicating that the observed effects using these
measurements of respiratory symptoms is coherdhttivdse using other measurements as health outsumgesting
that the results derived from this study are valid.

The present study shows that among all reportecr@mmsymptoms, the association of respiratory sympto
(cough or sputum) with short-term 30-day expostmgsarticulate air pollution is quite specific. &health effect of
about 5% per 1Qg m* increase in PN} is reasonable as the assessment period for terque of health outcome is
long (past 30 days) and the cough or sputum synmptrmvery common (21% prevalence). This assoaoiaiwell
supported in the literature (Goren et al 1990; Swimwet al 1991; Ong et al 1991; Pope and Dock@®21Schwartz et
al 1994; Peters et al 1996; BraunFahrlander ed@¥;1Milligan et al 1998; Qian et al 2000; Zhan@k2002; Bayer-
Oglesby et al 2005).

The crude odds of having influenza, which is alssogiated with presence of respiratory symptomseaied
to be elevated by the particulate air pollutionybwer, the association was no longer observed itgession
adjustments. Other symptoms including sore thtueddache, pimples, low back pain, neck pain, stbrpain, and
frequent fatigue were clearly not associated wéttipulate air pollution.

Sensitivity analyses on subgroups showed similprséed odds ratios after excluding students wheewer
smokers or who had asthma. Sensitivity analygesher subgroup stratifications (results not shpwach as close
family members without asthmatic history, lower isr(equivalent to U.S. grade 8 or below) of stusleaiso showed
significant air-pollution effects (5% increased ejldn respiratory symptoms only but not on alldbeer symptoms.
All of these sensitivity analyses further strengi the validity of our findings and hence the deaof errors due to
multiple comparisons (Savitz and Olshan 1995) cheldurther reduced.

Our results were unlikely to be confounded by sealty and meteorological conditions since mosthef
survey fieldwork (over 90%) was done at the edrkt Eemester (September to October) to minimiseuddances on
teaching and to avoid the examination periods. gexature, humidity, and all other unmeasured weathieditions
and seasonality were similar during this periocgevéttheless, a disadvantage of this homogeneitymseason is a
trade off in generalizability of the results to etlseasons; and hence, caution is needed whepritiag the results.
However, air pollution levels in September and ®etoare usually at the average of the year sootreat or under-
estimation on health effects of air pollution idikeely.

When air pollution monitoring data are availablany these places, temporal variations can also be
additionally taken into account. When air pollatimonitoring data are not available, the less-navahized daily
extinction coefficient data can also be used. Kbedess, the methods in this study can also be tasstudy the
effects of air pollution on other morbidity and rtadity outcomes. However, this application of ditedata derived at
1-kn? resolution is still limited to studies on partiaté air pollution but not yet on other gaseougpallutants.
Besides, the quality of the satellite retrievalsti§ a major problem to be addressed for expoaundkepidemiological
researches as when there is still uncertaintigmtodeling of tropospheric aerosol retrieval d¥tefkind et al 2007).
Nevertheless, improvements can be made by a lobideacterization of surface and cloud propertied, ratrieval



modeling improvements (Veefkind et al 2007). Hrigtframeworks for health risk assessment could bénefit from
the use of satellite data.

Conclusions

Health effects due to exposures to particulatpaliution estimated by application of satellite @msensing
information can be assessed. The methods of ssitellite data involve very little additional ¢ésr measuring air
pollution. Provided the technical uncertaintied &mitations of satellite information can be oveme, they can be
very useful in places where ground-based ambiemfugility monitoring is inadequate, particularlydaveloping
countries, or rural or smaller towns.
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Table 1. Descriptive statistics (column % or grougmean with 95% CI) for students having or not havirg

respiratory symptoms (cough or sputum).

Presence of respiratory symptoms (cough or sputum) No ves p-value
(n=7905) (n=1976)
Sex Male 47.0% 35.3% 0.000
Female 53.0% 64.7%
Age group 15 or below 64.8% 60.2% 0.000
Above 15 35.2% 39.8%
Student's smoking Never or ex-smokers 97.0% 96.3% 0.081
status Occasional smokers 1.6% 1.6%
Active smokers (=1 cig./week) 1.5% 2.2%
Parent's smoking status Both never smoke 55.6% 53.9% 0.190
Either or both smoke 44.4% 46.1%
School grade Form 1 18.3% 17.9% 0.000
Form 2-3 39.5% 32.1%
Form 4-5 32.7% 38.0%
Form 6-7 9.4% 11.9%
Residential area (square 199 or less 3.3% 2.8% 0.091
feet) 200-399 16.6% 16.4%
400-799 60.0% 62.8%
800-999 12.0% 11.3%
1000 or above 8.1% 6.7%
Housing type Public housing estate 47.8% 47.0% 0.013
Aided ownership estate 12.4% 15.1%
Private housing 37.3% 36.0%
Temporary housing 0.5% 0.4%
Others or quarters 2.0% 1.5%
Frequency of exercising None 22.5% 24.5% 0.000
for 30 minutes or more  Less than once per week 28.3% 31.2%
1-3 times per week 31.8% 30.1%
4 times or more per week 17.5% 14.2%
Drank any alcohol in the Yes 16.2% 18.2% 0.040
past 30 days None 83.8% 81.8%
Physician-diagnosed No 94.8% 92.4% 0.000
asthma Yes 5.2% 7.6%
Any asthmatics among No 94.0% 89.5% 0.000
close family members  Yes 6.0% 10.5%
Season Spring (Mar) 2.7% 2.2% 0.453
Autumn (Sept to Oct) 90.0% 90.8%
Winter (Nov to Dec) 7.3% 6.9%
Rate of influenza.-like 397 (28,39.8) 39.8(26,39.9) 0.172
illness*
Temperature (°C) 274(16,274) 27.2(15,27.3) 0.001
Relative humidity (%) 80.6 (2.7,80.7) 80.4(2.7,80.5) 0.000

P-values were obtained from Chi-square tests for categorical variables and from ANOVA F-tests for continuous
variables. *Weekly consultation rates reported by General Out-patient Clinics and General Practitioners in 2006 -
2007 based on Department of Health's sentinel surveillance system.

Table 2. Odds ratios (95% CI) of having symptom asompared to not having symptom in the past 30 days
associated with 1qug m increase in PM, using all valid samples and the subgroups of nom®kers and

individuals without asthma.

Non-smokers Individuals without
All (n=9881) (n=9145) asthma (n=9316)

Outcomes No ny Crude odds ratios Adjusted odds ratios |Adjusted odds ratios Adjusted odds ratios
Cough or sputum {7905 1976  1.042(0.998, 1.088)  1.047 (1.005, 1.091)* [1.046 (1.002, 1.092)*  1.047 (1.001, 1.094)*
Influenza 8406 1475  1.088(1.041,1.137)** 1.029 (0.985,1.076) |1.028 (0.982,1.076)  1.024 (0.976, 1.074)
Sore throat 7732 2149 1.047(1.001, 1.096)*  1.026 (0.987,1.066) |1.027 (0.990, 1.065)  1.026 (0.980, 1.074)
Headache 7989 1892  1.010(0.944,1.080)  1.015(0.972,1.061) |1.019(0.973,1.068)  1.017 (0.970, 1.066)
Pimples 6711 3170  0.987(0.933,1.044)  1.011(0.975,1.049) |1.016(0.979,1.056)  1.009 (0.972, 1.048)
Low back pain {8930 951 0.978 (0.906, 1.056)  1.009 (0.950, 1.072)  |0.998 (0.935, 1.066)  1.009 (0.948, 1.074)
Neck pain 9122 759 1.033 (0.969, 1.101) ~ 1.009 (0.952, 1.069)  |1.007 (0.946, 1.072)  1.009 (0.953, 1.069)
Stomachache 9073 808 0.948 (0.881,1.021)  0.988 (0.919, 1.063)  |0.988 (0.913,1.070)  1.005 (0.938, 1.078)
Frequent fatigue {7996 1885  1.037 (0.974,1.103)  1.015(0.967,1.065) |1.013(0.964,1.065)  1.016 (0.966, 1.070)

*p<0.05, **p<0.001. no and n1 refer to the number of students without and with respiratory symptoms respectively. All adjusted odds
ratios were obtained with adjustments for sex, age, season, influenza intensity, temperature, relative humidity, student’s smoking
status, parent’s smoking status, school grade, home floor area, housing type, exercise frequency, alcohol drinking status, student’s
asthmatic status, student’s close family members’ asthmatic status, whenever these covariates were available in the analyses.
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Figure 1. Locations of the air quality monitoring gations and schools in Hong Kong

@ Monitoring station

* Secondary school

Figure 2. Temporal linear association (p<0.01) bateen PM,o concentration measured by ground monitoring
stations and surface extinction coefficients deteetl by the satellite from January 2006 to December0®7.
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Figure 3. Spatial linear association (p<0.01) bew®en annual mean PM, concentration measured at each ground
monitoring station and the annual mean surface extiction coefficients detected by the satellite in y& 2006.
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‘EPD’ refers to Environmental Protection Departmientiong Kong.
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Appendix 1

Sensitivity analysis on the same selected group&8%) using the mean RMevel recorded by EPD monitoring
stations regardless of the spatial variations: €Jdtios (95% CI) of having symptom as compareabtchaving

symptom in the past 30 days associated withd 61° increase in PM.

Outcomes No n1 Crude odds ratios Adjusted odds ratios
Cough or sputum 7905 1976 1.040 (0.994, 1.087) 1.038 (0.995, 1.083)
Influenza 8406 1475 1.091 (1.041, 1.143)** 1.028 (0.981, 1.077)

Sore throat 7732 2149 1.048 (0.999, 1.100) 1.019 (0.978, 1.062)
Headache 7989 1892 1.006 (0.938, 1.079) 1.015 (0.967, 1.065)
Pimples 6711 3170 0.984 (0.926, 1.044) 1.006 (0.967, 1.047)

Low back pain 8930 951 0.983 (0.909, 1.063) 1.018 (0.957, 1.083)

Neck pain 9122 759 1.032 (0.965, 1.104) 1.006 (0.946, 1.070)
Stomach ache 9073 808 0.952 (0.879, 1.030) 0.995 (0.922, 1.074)
Frequent fatigue 7996 1885 1.039 (0.973, 1.109) 1.015 (0.967, 1.066)
*p<0.05, **p<0.001. Logistic regressions analyses using generalized estimating equations to control for within-
cluster correlations by school-grade level were used. All adjusted odds ratios were obtained with adjustments for
sex, age, season, influenza intensity, temperature, relative humidity, student’s smoking status, parent’s smoking
status, school grade, home floor area, housing type, exercise frequency, alcohol drinking status, student’s asthmatic
status, student’s close family members’ asthmatic status, whenever these covariates were available in the analyses.

Appendix 2 — All other symptoms not presented in t main results (for conciseness)

Odds ratios (95% CI) of having symptom as compé&weatbt having symptom in the past 30 days assatiatth 10ug
m? increase in Ph using all valid samples and the subgroups of noakers and individuals without asthma.

e pistria v
QOutcomes np n Crude odds ratios Adjusted odds ratios |Adjusted odds ratios Adjusted odds ratios
Dizziness 8478 1403  1.001(0.947,1.059)  1.006 (0.962, 1.051) |1.003 (0.954, 1.054)  1.007 (0.964, 1.052)
Bad breath 9401 480 1.022 (0.945, 1.106)  1.010(0.936, 1.090)  [0.997 (0.912,1.091)  1.011(0.932, 1.098)
Fainting 9789 92 1.077 (0.902, 1.286)  1.046 (0.878, 1.245)  [1.038 (0.854, 1.261)  1.082 (0.904, 1.296)
Upper limbs pain |9599 282 0.963 (0.860, 1.079) ~ 0.996 (0.893,1.111)  |0.990 (0.891,1.100)  1.008 (0.914, 1.113)
Lower limbs pain |9486 395 1.024 (0.933,1.124)  1.017 (0.926, 1.117)  [1.024 (0.930, 1.128)  1.045 (0.949, 1.151)
Abdominal pain {8668 1213  1.002 (0.945, 1.063)  1.001 (0.942, 1.063)  |1.005 (0.943,1.071)  0.995 (0.937, 1.057)
Bloating 9525 356 0.899 (0.807,1.002)  0.924 (0.832,1.026) |0.931 (0.832, 1.041) ~ 0.943 (0.859, 1.035)
Constipation 9443 438 0.960 (0.863, 1.068)  0.985 (0.888,1.093)  |0.987 (0.883,1.103)  1.001 (0.909, 1.104)
Diarrhea 9320 561 0.934 (0.854,1.021)  0.971(0.892, 1.057)  |0.963 (0.879, 1.055)  0.973 (0.896, 1.057)
Vomiting 9657 224 0.860 (0.746, 0.990)*  0.911(0.789, 1.052)  |0.900 (0.765, 1.060)  0.914 (0.783, 1.067)
Snoring 9211 670 1.014(0.936, 1.099)  1.033(0.953,1.119)  [1.014 (0.930, 1.105)  1.046 (0.959, 1.142)
Anxiety 9292 589 1.003 (0.891,1.128)  1.015(0.925, 1.114)  [1.007 (0.906, 1.119)  1.018 (0.931, 1.112)
Depression 9524 357 1.018(0.902, 1.148)  1.027 (0.918, 1.148)  |1.032 (0.918,1.159)  1.027 (0.919, 1.149)
*p<0.05. no and n1 refer to the number of students without and with respiratory symptoms respectively. All adjusted odds ratios were
obtained with adjustments for sex, age, season, influenza intensity, temperature, relative humidity, student’s smoking status, parent’s
smoking status, school grade, home floor area, housing type, exercise frequency, alcohol drinking status, student’s asthmatic status,
student’s close family members’ asthmatic status, whenever these covariates were available in the analyses.




