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Abstract

:

Background: Air pollution has become a major global public health problem. A number of studies have confirmed the association between air pollutants and emergency room (ER) visits for respiratory diseases in developed countries and some Asian countries, but little evidence has been seen in Western China. This study aims to concentrate on this region. Methods: A time-series analysis was used to examine the specific effects of major air pollutants (PM10, SO2 and NO2) on ER visits for respiratory diseases from 2007 to 2011 in the severely polluted city of Lanzhou. We examined the effects of air pollutants for stratified groups by age and gender, accounting for the modifying effect of dust storms in spring to test the possible interaction. Results: Significant associations were found between outdoor air pollution concentrations and respiratory diseases, as expressed by daily ER visits in Lanzhou in the spring dust season. The association between air pollution and ER visits appeared to be more evident on dust days than non-dust days. Relative risks (RRs) and 95% CIs per 10 µg/m3 increase in 3-day PM10 (L3), 5-day SO2 (L5), and the average of current and previous 2-day NO2 (L01) were 1.140 (1.071–1.214), 1.080 (0.967–1.205), and 1.298 (1.158–1.454), respectively, on dust days. More significant associations between PM10, SO2 and NO2 and ER visits were found on dust days for elderly females, elderly males and adult males, respectively. Conclusions: This study strengthens the evidence of dust-exacerbated ER visits for respiratory diseases in Lanzhou.
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1. Introduction


Ambient air pollution is a global public health concern that is estimated to cause approximately 3.7 million premature deaths per year worldwide [1]. Levels of outdoor air pollution in China are among the highest in the world [2]. Previous studies have showed the strong association of acute effects between particulate matter and morbidity and mortality, mostly as a result of respiratory and cardiovascular diseases [3,4,5,6].



In the last decade, a number of time-series studies have confirmed that air pollution is associated with increases in hospital admissions, mortality, and visits to both general practitioners and emergency rooms in Europe [7,8,9,10], the United States [11,12,13] and Asia [14]. In China, the largest developing country in the world, the relationship between air pollution and daily mortality and morbidity has been examined in several large cities, including Beijing [15,16,17], Shanghai [6,18], and Guangzhou [19]. A recent multi-city analysis including Hong Kong provides evidence supporting the significant acute effect of ambient pollutants on health [20]. A study in Minqin, China reported increased outpatient clinic visits due to respiratory diseases during dust events [21]. Significantly negative correlations between peak expiratory flow rate (PEFR) of children and PM10 on the day and three days after a dust event were found in Inner Mongolia [22]. Similar findings were reported for adult population in the Hexi Corridor located upstream from Lanzhou [23,24]. Although most studies have focused on the association of air pollutants with morbidity/mortality from respiratory or cardiovascular diseases, very few analyses used hospital emergency room (ER) visits as the evaluated variable, which may be a more sensitive indicator of the effects of ambient air pollution.



Lanzhou (E 103°53’ longitude, N 36°03’ latitude), a heavily-polluted industrial city in Western China and the capital city of Gansu Province, is located in the transport pathway of Asian dust storms, severely affected by dust intruding from upwind regions and additional local emissions [25,26,27]. Our study area is limited to the urban districts of Lanzhou (1632 km2), a city with a population of 2.90 million in 2013. Lanzhou has a typical temperate, semi-arid continental monsoon climate with four distinctive seasons. Winter is very dry and cold, and summer is sunny and hot. Dust storms occur most frequently in spring.



The aim of this paper is to confirm the acute effect of major air pollutants, including sulfur dioxide (SO2), nitrogen dioxide (NO2) and particulate matter less than 10 microns in diameter (PM10), on ER visits for respiratory diseases among people in Lanzhou in the spring dust storm season during the period 2007–2011. The study examined the associations within overall and stratified groups by gender and age using time-series analyses. The modifying effects of dust vs. non-dust days in the association between the three air pollutants and ER visits were analyzed to test whether dust days modify the effect of air pollution on ER visits. Better understanding the adverse effect of outdoor air pollution on ER visits will provide relevant information for developing public health plans and risk assessments in the region.




2. Materials and Methods


2.1. Data Collection


Data on daily ER visits were collected between 1 March 2007 and 31 May 2011 from three large-scale comprehensive top-level hospitals in Lanzhou, representing the majority of ER visits in Lanzhou. These hospitals have good reputations for treatment of respiratory diseases. In general, over 70% of local residents will choose these hospitals for diagnosis and treatment. There are four comprehensive hospitals in Lanzhou, the other one is a military hospital specialized in orthopedic diseases, brain tumors and Traditional Chinese Medicine, and was therefore excluded from our study along with other smaller specialized hospitals. The cases were extracted and coded according to the International Classification of Disease, tenth revision (ICD-10) for total diseases (ICD: A00-R99) and respiratory (ICD 10: J00-J99). The primary diagnoses were used in this study, as well as age, gender, residential address, date of admission and diagnostic codes. According to the residential addresses, only patients who lived in Lanzhou were included in this study.



Meteorological data, including daily mean temperature, relative humidity, air pressure, visibility, and inversion height, were obtained from the Gansu Meteorological Bureau. The monitoring standard is consistent with international World Meteorological Organization (WMO) standard, and the data are representative, though small variations due to the urban micro-climate effect in parts of the study areas cannot be ruled out.



Air quality data were provided by Lanzhou Environmental Protection Monitoring Center. The center reports daily observations to the China Environmental Monitoring Chief Station. It is also a part of the nationwide network of monitoring stations. The daily ambient air concentrations of PM10, SO2 and NO2 were provided as daily mean values measured from four fixed monitoring stations located in the urban district of Lanzhou. According to the technical guidelines of the Chinese government, the location of the monitoring station must not be in the direct vicinity of traffic intersections or major industrial polluters and must also have sufficient distance from any other emitting source. Thus the monitoring data adequately reflect the general background urban air pollution level in our study area.




2.2. Statistical Methods


As the daily ER visits data represent a small probability event and have a Poisson distribution [28], a Poisson generalized additive model (GAM) approach was used to investigate the associations between daily mean air pollutant concentrations and daily ER visits. Spearman’s correlation coefficients were used to evaluate the inter-relations between air pollutants and weather conditions. There were two steps in the model building and fit. First, an independent model was set up to explore the patterns of the relationship between major air pollutants and the ER visits in the spring dust storm season. Springtime in Lanzhou is defined as from 1 March to 31 May. In general, dust events are defined in terms of dust intensity and visibility, including dust storms, blowing dust and floating dust. Dust storms reduce the horizontal visibility to less than 1000 m, blowing dust reduces the horizontal visibility to 1000–10,000 m, and floating dust reduces the horizontal visibility to less than 10,000 m [29]. If there is a dust event in spring in Lanzhou, it is defined as a dust day. A regressing spline function was used to control for long-term trends and seasonal patterns, as well as the daily mean temperature and relative humidity [30]. The partial autocorrelation function (PACF) was used to select the degrees of freedom of time trends until the absolute values of the sum of PACF for lags up to 30 reached a minimum. Specifically, the degrees of freedom (df) per year for time trends were defined for total ER visits (df = 6) and respiratory ER visits (df = 6). For weather conditions, the selection of degrees of freedom was based on minimizing Akaike’s Information Criterion (AIC) [31]. Residuals of the basic models were used to check whether there were discernible patterns and autocorrelation by means of residual and PACF plots [6]. When the absolute magnitude of the PACF plot was larger than 0.1 for the first two lag days, the core models were added with a regressive term of ER visits on lag 1 day to remove the autocorrelation of residuals, in order to control for potential confounding effects [32]. The independent model 1 is described below:


   log [ E ( Y t ) ] = α + s ( t i m e , d f ) + D O W + H o l i d a y + s ( t e m p e r a t u r e , d f ) + s ( h u m i d i t y , d f ) + β Z t   



(1)




where t refers to the day of the observation, E(Yt) denotes estimated daily ER visits counted on day t, α is the intercept, s() denotes a regression spline function for nonlinear variables, time is the days of calendar time on day t, df is the degree of freedom, DOW is the day of the week on day t (dummy variable), β represents the log-relative rate of daily ER visits associated with a unit increase of air pollutants, and Zt represents major air pollutant concentrations on day t.



After the core models were established, we included the three pollutants in regression models to analyze the relationships between these pollutants and daily ER visits. As the three pollutants were inter-correlated, these pollutants have been included one by one each time to assess the relative risk (RR) posed by each pollutant. Additionally, the sex and age (0–16 years, 16–40 years, 40–60 years, ≥60 years) specific associations between air pollution and ER visits were evaluated. Both single-pollutant models and multiple-pollutant models were fitted with a different combination of pollutants to assess the stability of the major air pollutant influences on ER visits. Delayed effects were considered to investigate single day lags (from L0 to L7) and cumulative day lags (L01 and L07) for air pollutants. A lag of 0 day (L0) corresponds to the current-day air pollutant concentration and a lag of 1 day refers to the previous-day’s air pollutant concentration. Cumulative lags were calculated with the method of averaging the pollutants’ concentration for current and previous days. For example, L02 corresponds to the average of pollutants’ concentration for the current and previous 2 days. Each lag was fitted in the model one at a time. We chose the lagged days with the smallest AIC in model (1) to analyze the other steps in the study. The estimated effects were expressed as relative risks (RRs) with 95% confidence intervals (95% CIs) of the daily ER visits corresponding to a 10 µg/m3 increase in air pollutants’ concentrations. Values of p < 0.05 were considered statistically significant. All analyses were conducted in R 3.1.3 [33] statistical software (GNU General License, Boston, MA, USA) by using the mgcv package [34,35].





3. Results


Summary statistics of meteorological variables, air pollutant concentrations and ER visits in spring are shown in Table 1. There were a total number of 41,837 ER visits recorded in spring (460 days, dust days: 32 days, non-dust days: 428 days) from 2007 to 2011. Respiratory ER visits were 30,650, accounting for 73.3% of the total. On average, there were approximately 92 ER visits per day in spring in our study area, among which 67 were due to respiratory diseases. The ratio of male to female respiratory ER visits was 1 to 0.817. During the study period, the mean daily average temperature and humidity were 12.9 °C and 26.8%, reflecting the warm continental monsoon climate of Lanzhou. Meanwhile, the mean daily average pollutant concentrations were 159.2 µg/m3 for PM10, 45.0 µg/m3 for SO2, and 42.7 µg/m3 for NO2. On dust days, the values of PM10, SO2 and NO2 were 324.1 µg/m3, 54.0 µg/m3 and 46.0 µg/m3, respectively. The daily average concentrations of PM10 and NO2 were higher than the Grade II national air quality limits (70 µg/m3 for PM10, 60 µg/m3 for SO2 and 40 µg/m3 for NO2) (Table 1) on both non-dust days and dust days, especially PM10.



The Spearman correlation analysis showed that PM10, SO2 and NO2 had positive correlations with each other, especially between SO2 and NO2 (r = 0.429, p < 0.01), and PM10 and SO2 (r = 0.141, p < 0.01), whereas the correlation between PM10 and NO2 was very low (r = 0.013, p > 0.05) in spring. Meanwhile, pollutant levels were negatively correlated with temperature and relative humidity except PM10, which was positively correlated with temperature.



Figure 1 shows the RRs (95% CIs) for ER visits associated with every 10 µg/m3 increase in pollutant’s concentrations for different lag structures (single-day lags and cumulative-day lags) after adjustment for the long-term trend, DOW, holiday and weather conditions (RRs and 95% CIs corresponding to the Figure are reported in Table S1). On non-dust days, the greatest RR for PM10 and SO2 occurred at a 7-day lag (L7), and for NO2 at a 2-day lag (L2) in single-day lags, and the greatest RR for PM10 reached at lag 07 day (L07), SO2 at lag 02 day (L02), and for NO2 at lag 07 day (L07) in cumulative-day lags. On dust days, the influence of PM10 peaked at a 3-day lag (L3), and the influences of SO2 and NO2 reached a maximum at a 5-day lag (L5) in single-day lags. Meanwhile, the influence of PM10 reached a maximum at lag 04 day (L04), for SO2 and NO2 at lag 01 day (L01) in cumulative-day lags.



Figure 2 shows the exposure-response relationships between air pollutants and ER visits for respiratory diseases during dust events and non-dust events in the single-models. There were similar positive linear relationships between concentration of air pollutants and the respiratory ER visits. Compared with ER visits on non-dust events, visits during dust events for respiratory diseases increased very quickly with the increase of PM10, SO2 and NO2, indicating that the relative risk of ER visits increased with the increase of air pollutant concentrations (particularly particulates) in Lanzhou during the study period.



Figure 3 shows the sex and age specific influences of air pollutants on ER visits in multi-pollutant models (RRs and 95% CIs corresponding to the Figure are reported in Table S2). Significant associations were found; for example, on non-dust days, the influence of PM10 at lag 7 in elderly (≥60) females was significantly greater than other groups, and the influences of NO2 at lag 6 in elderly females and lag 1 in elderly males were greater than other groups, while the influence of SO2 at lag 2 in elderly males was greater than other groups. On dust days, the influences of PM10 at lag 3 in elderly females and lag 3 in adult males was significantly greater than other groups, and the influences of NO2 at lag 4 in adult males and lag 3 in elderly males were significantly greater than other groups, while the influence of SO2 at lag 3 in elderly males and lag 5 in adult males was significantly greater than other groups.



Table 2 shows the analysis of single-pollutant models and multiple-pollutant models. On non-dust days, the effect of PM10 was reduced but remained significant after adjusting for other pollutants, while the effect of NO2 increased and remained significant after adjusting for other pollutants. On dust days, the effects of PM10 and NO2 were reduced but remained significant after adjusting other pollutants. No significant effect was found for SO2 both on non-dust and dust days. The effects of PM10 and NO2 were much higher on dust days than non-dust days. RRs (95% CIs) of ER visits per 10 µg/m3 increase in PM10 and NO2 in multi-pollutant models were 1.084 (1.01–1.16) and 1.150 (1.07–1.24) respectively on dust days.




4. Discussion


In this study, we found a significant association between air pollutants and ER visits for respiratory diseases in Lanzhou in the spring dust season during 2007–2011. The association between air pollution and ER visits was more evident on dust days than non-dust days. On dust days, a 10 µg/m3 increase in PM10, SO2 and NO2 resulted in 1.6%, 2.7% and 11.0% increase in ER visits in spring, respectively. On non-dust days, a 10 µg/m3 increase in PM10, SO2 and NO2 resulted in 0.2%, 0.6% and 2.5% increase in ER visits, respectively. The percentage increases in ER visits on dust days were much higher than that from 2001 to 2005 in Lanzhou. During 2001–2005, respiratory disease hospitalizations increased by 0.2%, 0.55% and 1.1% for a 10 µg/m3 increase in PM10 at lag 4, SO2 and NO2 at lag 1, respectively [36]. This matched the fact that dust-exacerbated respiratory diseases increased in spring. These findings provide scientific evidence for local health officials and stakeholders to make decisions about what measures should be taken to protect residents’ well-being in Lanzhou.



The effects of air pollutants were obviously different on non-dust days and dust days. On non-dust days, elderly females (≥60 year of age) appeared to be more vulnerable to PM10 and NO2 than other groups, while the effect of SO2 was found to be strong for elderly males. On dust days, the influence of PM10 on ER visits of elderly females and adult males showed much greater associations than other groups. The influence of NO2 on adult and elderly males were greater than other groups, and the influence of SO2 on elderly males was much greater than other groups. In our study, occupation data is not available, so we cannot take into consideration occupational exposure. Adults (students, employees and outdoor workers) being more affected by air pollution might be explained by their higher exposure to particulate pollutant on dust days. Thus, this age group has a higher exposure risk than the others. The elderly were considered susceptible groups and have a lower ability to regulate their bodies when affected by air pollution compared with adults, so they were impacted by diseases much more easily. Elderly (≥60) people are usually susceptible to air pollution as the high-risk group compared with the younger people [37], especially for those patients with respiratory diseases who may not adjust well to serious air pollution episodes in spring.



Interestingly, we found a greater effect of ambient air pollution on ER visits for total females than males on non-dust days. This is consistent with the results from a previous study that suggested that females were more vulnerable to outdoor air pollution [18]. Reasons for our sex-specific observations are unclear and require further investigation. Females have much lower smoking rate than males (0.6% vs. 50.6%) [38]. One study suggested that effects of air pollution may be stronger in nonsmokers than in smokers [39]. Oxidative and inflammatory effects of smoking may desensitize males to additional exposure to air pollutants that may not further enhance effects along the same pathways. But on dust days, the effects of PM10 SO2 and NO2 were greater in total males than in females. This could be explained by males’ potential higher exposure to air pollutants because outside workers are usually males in Lanzhou. In addition, women frequently wear face masks to cope with the cold weather and pollutants, which may also possibly protect them during the most severe episodes.



The strongest association between air pollutant and daily ER visits for respiratory diseases occurs at a 3-day lag (L3) for PM10, 5-day lag (L5) for SO2 and 1-day lag (L01) for NO2 on dust days. Particulate pollution is mainly caused by fossil-fuel combustion, local heavy industrial emission, and remote transport of dust storms to Lanzhou. During the dust season, particulate pollution is mostly attributed to dust storms, and the daily concentrations of PM>10 and PM2.5–10 increased to 1.3 times and 9.5 times of the values before dust events, respectively [40]. Our findings confirmed those of earlier large analyses in Europe [41,42] and Asia [43,44] on dust-exacerbated respiratory diseases in children and increased hospitalization. Previous studies suggested that health effects may be related more to PM specific components rather than mass, although it is still uncertain whether the health problems are mainly related to PM physical characteristics or to PM chemical characteristics [45]. Previous studies reported that the high concentration of PM10 in Lanzhou was mainly related to the intrusion of dust events from the upwind, the industrial and domestic emissions, and the secondary dust entrainment due to the local increasing wind speeds during dust events [26]. The chemical elements of TSPs during the dust storm period in Lanzhou were characterized by elements such as Si, Al, K, Ca, Ti, Mg, Na, Fe, S, O and C [26]. Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe and Cu were identified in the inhalable particulate matter [46].



SO2 is a gaseous pollutant mainly emitted by fuel combustion and has been found to be significantly associated with increased respiratory problems [16,47]. Previous research also showed that an increase of 10 µg/m3 of SO2 corresponded to a 1.8% increase in total mortality and a 3.2% increase of respiratory mortality [48]. In the Hong Kong intervention study, a decrease of 10 µg/m3 in SO2 was associated with a 1.1% decrease of total mortality and a 2.0% decrease of respiratory mortality [49]. NO2 is a ubiquitous gaseous pollutant which contributes to respiratory inflammation. Motor vehicle exhaust and industrial emissions are the major anthropogenic sources of NO2 in Lanzhou [26]. Multi-city analyses conducted in Europe [50,51] and Canada [52] provide further evidence supporting the short-term association between NO2 and increased mortality risk. The increased health impact of two gaseous pollutants on respiratory diseases also has been widely reported, mainly in urban areas of China [48,53]. In addition, the three pollutants were inter-correlated, and greater effects of SO2 and NO2 that we observed during the dust season might also be due to PM10, which was higher during that season. In fact, coal combustion is the major source of both particulate and gaseous pollutants in China since the 1990s, thus limiting our ability to separate the independent effect for the individual pollutants.



In general, air pollutants can oxidize mitochondria and cause apoptosis or necrosis of macrophages and respiratory epithelial cells, and then possibly decrease the host defense to respiratory infection or increasing airway reactivity [54]. Also, patients with respiratory disease (e.g., COPD) often have a systemic deficit in their antioxidant defenses, and air pollution could produce a significant additive oxidative stress as a response to an inflammation of the lungs [55].



In the multiple models, we also found statistically significant associations between air pollutants and respiratory ER visits both on non-dust days and dust days, but effects of three pollutants were much greater on dust days than non-dust days. This result helps confirm the health effects of air pollution caused by dust storms [21,22,23,24]. The Pearson correlation coefficients among those pollutants vary in different regions, and the results in spring in Lanzhou for this study (between SO2 and NO2 (r = 0.429), between PM10 and SO2 (r = 0.141), and between PM10 and NO2 (r = 0.013)) were lower than those in Europe [8,9], America [56], and other cities in China [57,58]. The correlation coefficients ranged from 0.39 to 0.72 during the period of 2001–2005 in Lanzhou [36]. A study in the Republic of Korea showed that the correlation coefficients ranged from 0.44 to 0.72 for the entire year and from 0.04 to 0.38 in spring [59]. Similar results about the correlation coefficients were found in this study, yet no report about the reasons for the regional differences in these correlation coefficients has been documented. During the dust storm season in spring, it might be because fine particles are diffused by strong wind in the dust storm events [40]. Our findings of significant associations between air pollutants and respiratory ER visits during the spring dust season is, in part, consistent with previous results of stronger associations between ER visits and pollutants during the cold season [15,16]. In previous studies, the cold season (from November to April) included most of the dust season (from March to May) in this study. Therefore, the spring dust season could be considered as somewhat of a surrogate to the cool season.



Our findings of the stronger effects of air pollution in spring might be attributed to the special topography of the narrow but long NW-SE oriented valley basin of the Qinghai-Tibet Plateau. Due to the special topographic characteristics, the frequencies of both calm wind and thermal inversion in the atmospheric boundary layer are very high [40]. Even in December, the monthly frequency of calm wind reaches as high as 92.6% [60]. Lanzhou is also located in the transport pathway of Asian dust storms. Therefore, a large input of desert dust from the upwind region in spring is an important factor in the serious air pollution in Lanzhou. Meanwhile, coal is the main source for household heating in winter, providing more than 70% of the total energy in Lanzhou [61]. Some limitations in our study should be noted. Hospital visits and pollution data we collected were limited to three hospitals and four monitoring stations, and thus selection biases may exist. Additionally, the observed health effects of SO2 and NO2 in our study might also be related to exposures to fine particles or traffic-related emissions. However, due to lack of available information on personal exposure in China, we could not quantify these biases.




5. Conclusions


In summary, we found ambient air pollution was associated with ER visits for respiratory diseases within the general population of Lanzhou, China. Our results suggest that the spring dust season and socio-demographic factors (e.g., gender, age) may modify the acute health effects of air pollution. Further studies with accurate exposure measurement are needed to evaluate the precise magnitudes of morbidity effects of ambient air pollutants. Exposure measurement error has been cited as a major limitation in such studies [62,63]. The results of our present study provide new information about the effects of air pollution in developing countries and may have implications for local environmental and social policies.








Supplementary Materials


The following are available online at www.mdpi.com/1660-4601/13/6/613/s1, Table S1: RRs (95% CIs) of ER visits with an increase of 10 µg/m3 in air pollutants at single-day lags and cumulative-day lags in spring in Lanzhou, 2007–2011, Table S2: RRs (95% CIs) of ER visits with an increase of 10 µg/m3 in air pollutants in multi-pollutant models in spring, 2007–2011.





Acknowledgments


The study was supported by the Open Project Program of the Institute of Climate Change and Public Policy of Nanjing University of Information Science & Technology (14QHA013) , National Key Basic Research and Development Program (973 program)(2012CB955303) and The National Natural Science Foundation of China (40905064). We thank the professional Services for Meteorology, Environment and Public Health of the National Scientific Data Sharing Platform for Population and Health for collecting the data. The authors are also thankful to Professor Laurence S. Kalkstein, CedarBough T. Saeji and Juliana Richmond for English proofreading, and three anonymous reviewers who helped to improve the manuscript significantly.




Author Contributions


Yuxia Ma designed and carried out the research; Yuxia Ma and Bingshuang Xiao set up GAM models; Yuxin Zhao analyzed data; Chang Liu and Xiaodong Zheng collected and assembled data; Yuxia Ma wrote and revised the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



WHO. Fact Sheet on Outdoor Air Pollution (N°133): Ambient Air Quality and Health, Updated March 2014. Available online: http://www.who.int/mediacentre/factssheets/fs313/en/ (accessed on 1 March 2014).

	



Kan, H.D.; Chen, B.H.; Hong, C.J. Health impact of outdoor air pollution in China: Current knowledge and future research needs. Environ. Health Perspect. 2009, 117. [Google Scholar] [CrossRef] [PubMed]

	



Rowshan, G.R.; Khosh, A.F.; Negahban, S.; Mirkatouly, J. Impact of air pollution on climate fluctuations in Tehran city. Environ. Sci. 2009, 7, 173–191. [Google Scholar]

	



Curriero, F.C.; Heiner, K.S.; Samet, J.M.; Zeger, S.L.; Lisa, S. Temperature and mortality in 11 cities of the eastern United States. Am. J. Epidemiol. 2002, 155, 80–87. [Google Scholar] [CrossRef] [PubMed]

	



Haines, A.; McMichael, A.J.; Epstein, P.R. Environment and health: 2. Global climate change and health. Can. Med. Assoc. J. 2000, 163, 729–734. [Google Scholar]

	



Chen, R.; Chu, C.; Tan, J.; Cao, J.; Song, W.; Xu, X. Ambient air pollution and hospital admission in Shanghai, China. J. Hazard. Mater. 2010, 181, 234–240. [Google Scholar] [CrossRef] [PubMed]

	



Fung, K.Y.; Luginaah, I.; Gorey, K.M.; Webser, G. Air pollution and daily hospitalization rates for cardiovascular and respiratory disease in London, Ontario. Int. J. Environ. Stud. 2005, 1, 677–685. [Google Scholar] [CrossRef] [PubMed]

	



Zemp, E.; Elsasser, S.; Schindler, C.; Kunzli, N.; Perruchoud, A.P.; Domenighetti, G.; Medici, T.; Ackermann-Liebrich, U.; Leuenberger, P.; Monn, C. Long-term ambient air pollution and respiratory symptoms in adults (SAPALDIA study). Am. J. Respir. Crit. Care Med. 1999, 159, 1257–1266. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, Z.J.; Loft, S.; Ketzel, M.; Stage, M.; Scheike, T.; Hermansen, M.N. Ambient air pollution triggers wheezing symptoms in infants. Thorax 2008, 63, 710–716. [Google Scholar] [CrossRef] [PubMed]

	



Samoli, E.; Analitis, A.; Touloumi, G. Estimating the exposure-response relationships between particulate matter and mortality within the Aphea multicity project. Envion. Health Perspect. 2005, 113, 88–95. [Google Scholar] [CrossRef]

	



Roberts, S.; Martin, M.A. Applying a moving total mortality count to the cities in the NMMAPS database to estimate the mortality effects of particulate matter air pollution. Occup. Environ. Med. 2006, 63, 193–197. [Google Scholar] [CrossRef] [PubMed]

	



Schwartz, J. Harvesting and long term exposure effects in the relation between air pollution and mortality. Am. J. Epidemiol. 2000, 151, 440–448. [Google Scholar] [CrossRef] [PubMed]

	



Dominici, F.; McDermott, A.M.; Zeger, S.L.; Samet, J.M. Revised analyses of the national morbidity, mortality, and air pollution study: Mortality among residents of 90 cities. J. Toxicol. Environ. Health Part A 2005, 68, 1071–1092. [Google Scholar] [CrossRef] [PubMed]

	



Wong, C.M.; Vichit-Vadakan, N.; Kan, H.; Qian, Z. Public health and air pollution in Asia (PAPA): A multicity study of short-term effects of air pollution on mortality. Environ. Health Perspect. 2008, 116, 1195–1202. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Guo, Y.; Jia, Y.; Pan, X.; Liu, L.; Wichmann, H.E. The association between fine particulate air pollution and hospital emergency room visits for cardiovascular diseases in Beijing, China. Sci. Total Environ. 2009, 407, 4826–4830. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Wang, S.G.; Ma, Y.X.; Shang, K.Z.; Cheng, Y.F.; Li, X.; Ning, G.C.; Zhao, W.J.; Li, N.R. Association between ambient air pollution and hospital emergency admissions for respiratory and cardiovascular diseases in Beijing: A time series study. Biomed. Environ. Sci. 2015, 28, 352–363. [Google Scholar] [PubMed]

	



Zhang, F.Y.; Li, L.P.; Hhomas, K. Study on the association between ambient air pollution and daily cardiovascular and respiratory mortality in an urban district of Beijing. Sci. Total Environ. 2011, 8, 2109–2123. [Google Scholar] [CrossRef] [PubMed]

	



Kan, H.D.; London, S.J.; Chen, G.H.; Zhang, Y.H.; Song, G.X. Season, sex age, and education as modifiers of the effects of outdoor air pollution on daily mortality in Shanghai, China: The Public Health and Air Pollution in Asia (PAPH) study. Environ. Health Perspect. 2008, 116, 1183–1188. [Google Scholar] [CrossRef] [PubMed]

	



Yu, I.T.S.; Zhang, Y.H.; Tam, W.W.S.; Yan, Q.H.; Xu, Y.J. Effect of ambient air pollution on daily mortality rates in Guangzhou, China. Atmos. Environ. 2011, 46, 528–535. [Google Scholar] [CrossRef]

	



Wang, T.W.; Lau, T.S.; Yu, T.S.; Neller, A.; Wong, S.L.; Tam, W.; Pang, S.W. Air pollution and hospital admissions for respiratory and cardiovascular diseases in Hong Kong. Occup. Environ. Med. 1999, 56, 679–683. [Google Scholar]

	



Meng, Z.Q.; Lu, B.; Pan, J.J. Relationship between dust weather and the cases of respiratory diseases. J. Public Health 2007, 23, 284–286. [Google Scholar]

	



Ye, X.F. Effect of dust particles on children’s maximum expiratory flow rates. J. Environ. Health 2008, 25, 571–574. [Google Scholar]

	



Chen, X.Y. Effect of dust storms on the respiratory diseases. J. Environ. Health 2007, 24, 63–65. [Google Scholar]

	



Huang, Y.X.; Wang, B.J. Analysis on the relationship between dust events and respiratory diseases. Gansu Meteorol. 2001, 19, 41–44. [Google Scholar]

	



Wang, S.G.; Yang, M.; Qi, B. Effect of dust storm in Gansu Hexi area on air pollution in Lanzhou city. J. Desert Res. 1999, 19, 154–158. [Google Scholar]

	



Ta, W.Q.; Wang, T.; Xiao, H.L.; Zhu, X.Y.; Xiao, Z. Gaseous and particulate air pollution in the Lanzhou Valley, China. Sci. Total Environ. 2004, 320, 163–176. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.D.; Tian, L.; Zhang, X.Y. Effect of dust events in area on low stream atmospheric PM10. J. Environ. Sci. 2004, 24, 528–532. [Google Scholar]

	



Samet, J.M.; Dominici, F.; Zeger, S.L. The National Morbidity, Mortality, and Air Pollution Study. Part I: Methods and Methodologic Issues; Research Report; Health Effects Institute: Cambridge, MA, USA, 2000; 94 Part 1; pp. 5–91. [Google Scholar]

	



Wang, S.G.; Wang, J.Y.; Zhou, Z.J.; Shang, K.Z. Regional characteristics of three kinds of dust storm events in China. Atmos. Environ. 2005, 39, 509–520. [Google Scholar] [CrossRef]

	



Cao, J.; Li, W.; Tan, J. Association of ambient air pollution with hospital outpatient and emergency room visits in Shanghai, China. Sci. Total Environ. 2009, 407, 5531–5536. [Google Scholar] [CrossRef] [PubMed]

	



Guo, Y.; Barnett, A.G.; Yu, W. A large change in temperature between neighboring days increases the risk of mortality. PLoS ONE 2011, 6, e16511. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Qiu, H.; Yu, I.T.; Wang, X.; Tian, L.; Tse, L.A.; Wong, T.W. Season and humidity dependence of the effects of air pollution on COPD hospitalizations in Hong Kong. Atmos. Environ. 2013, 76, 74–80. [Google Scholar] [CrossRef]

	



R Version 3.1.3. Available online: http://cran.r-project.org/bin/windows/base/ (accessed on 9 March 2015).

	



Zeka, A.; Zanobetti, A.; Schwartz, J. Individual-level modifiers if the effects of particulate matter on matter on daily mortality. Am. J. Epidemiol. 2006, 163, 849–859. [Google Scholar] [CrossRef] [PubMed]

	



Bell, M.L.; Ebisu, K.; Peng, R.D. Seasonal and regional short-term effects of fine particles on hospital admissions in 202 U.S. counties, 1999–2005. Am. J. Epidemiol. 2008, 168, 1301–1310. [Google Scholar] [CrossRef] [PubMed]

	



Tao, Y.; Mi, S.Q.; Zhou, S.H.; Wang, S.G.; Xie, X.Y. Air pollution and hospital admissions for respiratory diseases in Lanzhou, China. Environ. Pollut. 2014, 185, 196–201. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, S.; Wang, M.Z.; Wang, S.G.; Tao, Y.; Shang, K.Z. Short-term effects of gaseous pollutants and particulate matter on daily hospital admissions for cardio-cerebrovascular disease in Lanzhou: Evidence from a heavily polluted city in China. Int. J. Environ. Res. Public Health 2013, 10, 462–477. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z. Effect evaluation on smoking control plan for one year in Beijing, China, WHO smoking control capability construction cooperation items. Chin. J. Health Educ. 2005, 21, 412–416. [Google Scholar]

	



Künzli, N.; Jerrett, M.; Mack, W.J. Ambient air pollution and atherosclerosis in Los Angeles. Environ. Health Perspect. 2005, 113, 201–206. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.G.; Feng, X.Y.; Zeng, X.Q.; Ma, Y.X.; Shang, K.Z. A study on variation of concentrations of particulate matter with different sizes in Lanzhou, China. Atmos. Sci. 2009, 43, 2823–2828. [Google Scholar] [CrossRef]

	



Reyes, M.; Diaz, J.; Tobias, A. Impact of Saharan dust particles on hospital admissions in Madrid (Spain). Int. J. Environ. Health Res. 2014, 24, 63–72. [Google Scholar] [CrossRef] [PubMed]

	



Mallone, S.; Staffogia, M.; Faustini, A. Saharan dust and associations between particulate matter and daily mortality in Rome, Italy. Environ. Health Perspect. 2011, 119, 1409–1414. [Google Scholar] [CrossRef] [PubMed]

	



Kanatani, K.T. Desert dust exposure is associated with increased risks of asthma hospitalization in children. Am. J. Respir. Crit. Care Med. 2010, 182, 1475–1481. [Google Scholar] [CrossRef] [PubMed]

	



Chien, L.C.; Yang, C.H.; Yu, H.L. Estimated effects of Asian Dust Storms on spatiotemporal distributions of clinic visits for respiratory diseases in Taipei children (Taiwan). Environ. Health Perspect. 2012, 120, 1215–1220. [Google Scholar] [CrossRef] [PubMed]

	



Ghio, A.J.; Delvin, R.B. Inflammatory lung injury after bronchial instillation of air pollution particles. Am. J. Respir. Crit. Care Med. 2001, 164, 704–708. [Google Scholar] [CrossRef] [PubMed]

	



Nagar, J.K.; Akolkar, A.B.; Kumar, R. A review on airborne particulate matter and its sources, chemical composition and impact on human respiratory system. Int. J. Environ. Sci. 2014, 5, 447–463. [Google Scholar]

	



Wang, M.Z.; Zheng, S.; Wang, S.G. The weather temperature and air pollution interaction and its effect on hospital admissions due to respiratory system diseases in western China. Biomed. Environ. Sci. 2013, 26, 403–407. [Google Scholar] [PubMed]

	



Cao, J.; Yang, C.X.; Li, J.X. Association between long-term exposure to outdoor air pollution and mortality in China: A cohort study. J. Hazard. Mater. 2011, 186, 1594–1600. [Google Scholar] [CrossRef] [PubMed]

	



Pope, C.A.; Dochery, D.W. Health effects of fine particulate air pollution: Lines that connect. J. Air Waste Manag. Assoc. 2006, 56, 709–742. [Google Scholar] [CrossRef] [PubMed]

	



Chiusolo, M.; Cadum, E.; Stafoggia, M.; Galassi, C.; Berti, G.; Faustini, A. Short term effects of nitrogen dioxide on mortality and susceptibility factors in ten Italian cities: The EpiAir study. Environ. Health Perspect. 2011. [Google Scholar] [CrossRef] [PubMed]

	



Simoli, E.; Aga, E.; Touloumi, G. Short-term effects of nitrogen dioxide on mortality: An analysis within the APHEA project. Eur. Respir. J. 2006, 27, 1129–1138. [Google Scholar] [CrossRef] [PubMed]

	



Burnett, R.T.; Stieb, D.; Brook, J.R. Association between short-term changes in nitrogen dioxide and mortality in Canadian cities. Arch. Environ. Health 2004, 59, 228–236. [Google Scholar] [CrossRef] [PubMed]

	



Chen, R.J.; Pan, G.W.; Kan, H.D. Ambient air pollution and daily mortality in Anshan, China: A time-stratified case-crossover analysis. Sci. Total Environ. 2010, 408, 6086–6091. [Google Scholar] [CrossRef] [PubMed]

	



Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra, C.; Sempf, J. Ultrafine particulate pollutants induce oxidative stress and mitochondrial damage. Environ. Health Perspect. 2003, 111, 455–460. [Google Scholar] [CrossRef] [PubMed]

	



Rahman, I.; Morrison, D.; Donaldson, K.; MacNee, W. Systemic oxidative stress in asthma, COPD, and smokers. J. Respir. Crit. Care Med. 1996, 154, 1055–1060. [Google Scholar] [CrossRef] [PubMed]

	



Hao, H.; Chang, H.H.; Holmes, H.A.; Mulholland, J.A.; Klein, M.; Darrow, L.A.; Strickland, M.J. Air pollution and preterm birth in the U.S. State of Georgia (2002–2006): Associations with concentrations of 11 Ambent air pollutants estimated by combining Community Multiscale Air Quality Model (CMAQ) simulations with stationary monitor measurements. Environ. Health Perspect. 2016, 124, 875–880. [Google Scholar] [CrossRef] [PubMed]

	



Wong, W.T.; Tam, W.S.; Yu, T.S.; Wong, A.H.S. Association between daily mortalities from respiratory and cardiovascular diseases and air pollution in Hong Kong, China. Occup. Environ. Med. 2002, 59, 30–35. [Google Scholar] [CrossRef] [PubMed]

	



Guo, L.J.; Zhao, A.; Chen, R.J.; Kan, H.D.; Kuang, X.Y. Association between ambient air pollution and outpatient visits for acute brochitis in a Chinese city. Biomed. Environ. Sci. 2014, 27, 833–840. [Google Scholar] [PubMed]

	



Park, S.; Askary, H.E.; Sabbah, I.; Kwak, H.; Prasad, A.K.; Lee, W.K.; Kafatos, M. Studying air pollutants origin and associated meteorological parameters over Seoul from 2000 to 2009. Adv. Meteorol. 2015. [Google Scholar] [CrossRef]

	



Wang, S.G.; Yang, D.B.; Shang, K.Z.; Huang, J.G.; Wang, C.X. The characteristics of wind and its influence on the air pollution in the atmospheric boundary layer of the urban districts of Lanzhou in cold half year. J. Lanzhou Univ. 1997, 33, 97–105. [Google Scholar]

	



Zhang, L.; Chen, C.; Murlis, J. Study on winter air pollution control in Lanzhou, China. Water Air Pollut. 2000, 127, 351–372. [Google Scholar] [CrossRef]

	



Sheppard, L.; Slaughter, J.C.; Schildcrout, J.; Liu, L.J.; Lumley, T. Exporsure and measurement contributions to estimates of acute air pollution effects. J. Expo. Anal. Environ. Epidemiol. 2005, 15, 366–376. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, W.E.; Mar, T.F.; Koenig, J.Q. Influence of exposure error and effect modification by socioeconomic status on the association of acute cardiovascular mortality with particulate matter in Phoenix. J. Expo. Sci. Environ. Epidemiol. 2007, 17, S11–S19. [Google Scholar] [CrossRef] [PubMed]








[image: Ijerph 13 00613 g001 1024] 





Figure 1. RRs (95%CIs) of ER visits with an increase of 10 µg/m3 in air pollutants at single-day lags (left) and cumulative-day lags (right) in spring in Lanzhou, 2007–2011. 
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Figure 2. Smoothing plots of air pollutant concentrations against ER visits risk of respiratory under non-dust days (a) and dust days (b) for PM10 (left), SO2 (center), and NO2 (right). X-axis is the pollutant concentration (mg/m3). The solid lines indicate the log RR of ER visits, and the dotted lines represent 95% confidence intervals. Single day lags (L7 for PM10 and SO2, L2 for NO2) were used on non-dust days. Single day lags (L3 for PM10, L5 for SO2 and NO2) were used on dust days. All models were controlled for time trend, DOW, holiday and weather conditions. 
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Figure 3. RRs (95% CIs) of ER visits with an increase of 10 µg/m3 in air pollutants in multi-pollutant models in spring, 2007–2011. All models were controlled for time trend, DOW, holiday and weather conditions. 
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Table 1. Descriptive statistics on meteorological variables, air pollution levels and ER visits in spring time in Lanzhou, 2007–2011.
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Daily Data

	
Mean

	
SD

	
Min

	
P25

	
Median

	
P75

	
Max






	
Metrologic measures




	
Temperature (°C)

	
12.9

	
6.2

	
−5.1

	
8.3

	
13.6

	
17.9

	
24.8




	
Relative humidity (%)

	
26.8

	
14.8

	
4.0

	
15.3

	
23.0

	
33.0

	
87.0




	
Air pollutants concentrations




	
PM10 (µg/m3)

	
159.2

	
103.0

	
52.0

	
94.0

	
134.0

	
183.0

	
600.0




	
SO2 (µg/m3)

	
45.0

	
22.0

	
10.0

	
30.0

	
40.0

	
60.0

	
140.0




	
NO2 (µg/m3)

	
42.7

	
22.0

	
10.0

	
30.0

	
50.0

	
50.0

	
140.0




	
Dust days




	
PM10 (µg/m3)

	
324.0

	
178.0

	
86.0

	
175.0

	
268.0

	
491.0

	
600.0




	
SO2 (µg/m3)

	
54.0

	
22.0

	
14.0

	
43.0

	
51.0

	
61.0

	
122.0




	
NO2 (µg/m3)

	
46.0

	
16.0

	
10.0

	
37.0

	
44.0

	
59.0

	
78.0




	
Non-dust days




	
PM10 (µg/m3)

	
146.0

	
83.0

	
52.0

	
92.0

	
130.0

	
168.0

	
600.0




	
SO2 (µg/m3)

	
43.0

	
22.0

	
6.0

	
28.0

	
39.0

	
55.0

	
139.0




	
NO2 (µg/m3)

	
41.0

	
22.0

	
11.0

	
25.0

	
34.0

	
51.0

	
140.0




	
ER visits




	
Total

	
91.0

	
47.6

	
12.0

	
51.0

	
83.0

	
120.0

	
246.0




	
Respiratory

	
66.6

	
28.4

	
10.0

	
44.0

	
66.0

	
88.0

	
165.0








SD: Standard deviation; Min: minimum; P25: 25th percentile; P75: 75th percentile; Max: maximum.
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Table 2. RRs (95% CIs) per 10 µg/m3 increase in PM10, SO2 and NO2 on ER visits in single and multiple pollutant models in spring, 2007–2011 *.
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Models/PM10

	
RR (95% CI)

	
p

	
SO2

	
RR (95% CI)

	
p

	
NO2

	
RR (95% CI)

	
p






	
Non-dust days

	

	

	

	




	
PM10

	
0.974

(0.96–0.99)

	
<0.01

	
SO2

	
0.714

(0.63–0.81)

	
<0.01

	
NO2

	
1.054

(1.04–31.07)

	
<0.01




	
+SO2+NO2

	
0.966

(0.95–0.98)

	
<0.01

	
+PM10+NO2

	
0.789

(0.70–0.90)

	
<0.01

	
+PM10+SO2

	
1.068

(1.05–1.08)

	
<0.01




	
Dust days




	
PM10

	
1.140

(1.07–1.21)

	
<0.01

	
SO2

	
0.970

(0.95–0.99)

	
<0.01

	
NO2

	
1.220

(1.13–1.32)

	
<0.01




	
+SO2+NO2

	
1.084

(1.01–1.16)

	
0.018

	
+PM10+NO2

	
0.947

(0.93–0.97)

	
<0.01

	
+PM10+SO2

	
1.150

(1.07–1.24)

	
<0.01








* Single day lags (L1 for PM10, L0 for SO2 and L2 for NO2) were used on non-dust days. Single day lags (L3 for PM10, L2 for SO2 and L5 for NO2) were used on dust days. All models were controlled for time trend, DOW, holiday, weather conditions.
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