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Review on Application of Geographic Information System to Environmental Exposure Assessment

Abstract

The application of GIS is increasingly being used and becoming more prevalent in environmental epidemiology, especially in the aspect of exposure assessment. Geographic Information System (GIS) is known as a useful tool to manage and analyze spatial data. First, some common concepts of GIS and basic foundations of ArcGIS software are introduced briefly in the background of this review. Then several programs are outlined, in which GIS was exploited fully to integrate the data of environmental hazards, environmental exposure and health effects and evaluate the association between them. Next, current research and articles relating to GIS application are reviewed to present how GIS was utilized into environmental exposure assessment. Four roles of GIS application are included in this section: defining and classifying study populations, estimating level of target contaminants, designing proximity as surrogate of exposure, and assessing the individual exposure. Emphasis is put on the GIS mathematic models utilized into these studies. Finally, limitations, challenge and future perspective of GIS applications are discussed. Using GIS improperly can create some issues; even influence the results of research. Nonetheless, advantages of GIS, with the increasing accessibility of supported technologies and availability of more spatial data, lead to greater use of GIS applications. A conclusion can be drawn that popularization of GIS applications will enhance feasibility and improvement of environmental exposure assessment and environmental epidemiology. 
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Background
Environmental Health is a science concerned with the study of the association between environmental exposures and health outcomes. The term “environmental” implies a spatial context [1]. The data of both environmental exposures and health outcomes are usually related to space. Environmental hazards are typically unevenly distributed geographically and disease occurrence also shows geographically varying patterns. [2] Geographic Information System (GIS) is known as a useful tool to locate, store, manipulate, display, and analyze geospatial data. During present years, GIS has been used with increasing frequency and applied widely to environmental health, especially to environmental exposure assessment [3]. 

Environmental exposure assessment is vitally important to environmental epidemiology as well as health risk assessment. Assessing environmental exposure tends to have both a temporal and a spatial component. A new science, spatial epidemiology, is developing rapidly to assess exposure distribution in both space and time. Spatial epidemiology is the description and analysis of geographically indexed health data with respect to demographic, environmental, behavioral, socioeconomic, genetic, and infectious risk factors [4]. Its history dates back to the 1800s when maps of disease rates began to emerge to characterize the spread and possible causes of outbreaks of infectious diseases such as yellow fever and cholera. Over the ensuing decades, spatial epidemiology was increasingly being used to assess health associated with environmental factors [5]. GIS, playing a very important role of spatial epidemiology, also has great advances in the application in the environmental health study field. 
GIS software allows environmental and epidemiologic data to be located, stored, analyzed and displayed spatially. Google Maps and Google Earth (Google, Inc, Mountain View, California) are examples of a simple GIS. ArcGIS is a series of software developed by ESRI (Environmental Systems Research Institute Inc, Redlands, California). They are known to epidemiologists and data assessors for the powerful ability of geographic data manipulation and spatial analysis [6]. 

GIS combines a powerful visualization environment with a strong analytic and modeling framework. To support this vision, GIS combines three fundamental views: the geodatabase view, the map view, and the geoprocessing view. These three GIS views are represented in ArcGIS by the catalog and the geodatabase, the map, and the toolbox. In the following, some basic functions of ArcGIS desktop software which are used commonly in the environmental exposure assessment are introduced briefly [7]: 

1. Geocoding and coordinate systems. Geocoding is the process of assigning a location, usually in the form of coordinate values, to an address by comparing the descriptive location elements in the address to those present in the reference material. Geocoding is also often the first step in linking environmental and health data for a variety of public health purposes, such as research and surveillance. Setting up a coordinate system is necessary to describe the correct location and shape of features. A global coordinate system of latitude-longitude is usually used in most GIS cases. 
2. Mapping and visualization in ArcMap. ArcMap is the main application in ArcGIS desktop soft. All mapping and editing tasks as well as for map-based query and analysis are administered in ArcMap.  A map is the most common view for users to work with geographic data. ArcMap represents geographic information as a collection of layers and other elements in a map view. Data frame and layout view are two primary map display panels in ArcMap. The user can work with geographic information as a series of map layers in the data frame, and the data view provides a page view in which all map elements can be arranged. 

3. Dataset management with ArcCatalog.  ArcCatalog application is another primary application in ArcGIS. ArcCatalog provides an integrated and unified view of all the data files, databases, and ArcGIS documents available to user. ArcCatalog application helps user organize and manage all geographic information including browsing geographic information, managing metadata, exporting and importing geodatabase data models, and administering an ArcGIS server. 

4. Geoprocessing with ArcToolbox. Geoprocessing is for everyone that uses GIS. Geoprocessing is the methodical execution of a sequence of operations on geographic data to create new information, to enhance the spatial structure, or to discover and work with the relationships between existing information. For examples, the buffer analysis is useful in identifying people at risk for environmental exposures to potential sources of air pollution [8]. Geoprocessing is based on a set of geoprocessing tools and all regular tools are organized orderly in ArcToolbox. ArcGIS allows user to chain together sequence of these tools, feeding the output of one tool into anther. The user can use this ability to compose geoprocessing models to solve complex problems in automatic manner. 

5. Advanced data analysis and ArcGIS extensions. ArcGIS also provides many extensions to implement complex data analysis or especially task. Spatial Analyst is one ArcGIS desktop extension designed to deal with raster 
data. With powerful spatial modeling and analysis features, ArcGIS Spatial Analyst is used to create and analyze cell-based raster data, perform integrated raster/vector analysis, derive new information from existing data, fully integrate cell-based raster data with traditional vector data sources, and so on. Geostatistical Analyst is another useful extension for advanced surface modeling using deterministic and geostatistical methods. With a number of tools for analyzing data and producing a variety of output surfaces, Geostatistical Analyst extends ArcMap to create a statistically valid surface and perform diagnostic tests. 
Obviously, GIS has advantages in analyzing, reporting, and presenting data compared to the traditional methods. Environmental and health data have very few commonalities; in many cases, the only commonalities of the data are the general geographic area and time frame. GIS is a useful tool for examining each type of data and one of the few methods that can be used to compare and integrate disparate health and environmental data [9]. GIS can provide a visualized map of distribution of heath status and pollution levels. Providing a map of the data is far superior to providing data tables when a compared reference needs to be showed. GIS is compatible with almost all conventional data management formats such as sheets, databases and most type of images, so that storage and management of data becomes a useful function of GIS. GIS has the capacity to capture, store and analyze the data from different origins. In fact the routine pollution monitoring data and health outcome date are collected for various purposes by different agencies. GIS enhances the accessibility of the combined exposure data and health information from different origins. GIS integrates the health outcomes data and environmental risk factors data with multi-layered maps, which can offer a common platform to assess the relationship between environmental risk factor and adverse health effects [10]. 

During the last decade, epidemiologists have used GIS for both designing studies and analyzing data to study the association between environmental exposure and health effects. The application of GIS is developed very fast due to the increasing accessibility of supported technologies, mathematic models developments and ready availability of data with spatial characteristics [2, 9]. GIS has found application not only in environmental health but also in other areas of public health, such as infectious disease control, vector-borne disease prediction [12], injury prevention [13-15], emergency [16] as well as health equity. Many studies using GIS to assess and predict environmental health justice and equity have been conducted in United States within last decade. Researchers uncovered the issues of environmental inequity and health injustice with dramatic maps and found disproportionate exposure of certain populations to environmental hazards [17]. 

GIS applications were applied widely in developed countries as well as in developing countries. In China, the use of geographic information is becoming more commonplace in environmental health research programs, including illustrating spatial and temporal variations of air  particles pollutants [18], investigating water quality issues [19] and visualizing the spatial data of soil heavy metal contamination. [20] GIS is fully explored to analyzing the environmental exposure data in developed countries, though the epidemiologist in developing counties are only using some basic functions of GIS, such as locating and displaying functions. A huge potential development for GIS application into public health exists in China and other developing countries. 

This review focuses on GIS application to environmental exposure assessment in research related to environmental epidemiology. First, several current programs conducted in the United States and Europe are listed. In these programs, GIS was used fully to display and analyze the association between environmental factors and health outcomes them. Then we review the articles published during last decades to present the detail application of GIS to define and classify the study population, estimate the environmental pollutants levels, design proximity as surrogate exposure indicator, and assess individual exposure. Finally, the usual GIS limitations are introduced briefly and the current challenges and the future perspectives of GIS application are commented on. In order to encourage and promote GIS applications, the advantages of GIS are emphasized. At the same time, the limitations and issues are discussed to enable epidemiologists and public health practitioners to use GIS appropriately.

Several current programs using GIS applications 

GIS ability to locate disease clusters, assess the spatial distribution of risk factors, and link environmental data and health outcomes provides a powerful tool for the evaluation of spatial relationships between disease and environmental hazards [4]. Increasingly, GIS are designed to integrate the data from different origins in the study area of epidemiology and public health. Through fully exploiting the routine data of environmental quality and health surveillance, GIS can help health care professionals, public health officials, and community members to identify potential environmental risks related to the health outcomes and to support decision making for allocation of scarce disease prevention resources in high-risk areas [21]. In this section we outlined several programs that utilize GIS as a platform to present and analyze the data of environmental risk factors and health outcomes which are routinely collected by different agencies in the United States and Europe countries. This list is by no means exhaustive, and only represents current integrative programs of GIS applications. The reference value of these programs should not be underestimated because they not only demonstrate the development for environmental epidemiology, but also offer valuable tools and standard approach of data collection and analysis. 
1. The Environmental Public Health Tracking Network (EPHTN) and the California Environmental Health Tracking Program (CEHTP)
The Environmental Public Health Tracking Network (EPHTN) has been built and developed by the Centers for Disease Control and Prevention (CDC) since 2003, and is a program of ongoing collection, integration, analysis, interpretation, and dissemination of data from environmental hazard monitoring, human exposure investigation and health effects surveillance. The EPHTN’s mission is to improve the health of communities by facilitating those agencies using information from Tracking Network to implement and evaluate effective public health actions in order to prevent or control chronic and acute diseases related environment hazards [22]. The goal is to close environmental public health gaps which are exist generally in the linkage between environmental hazards and diseases in United States. The main objective is developing the infrastructure, resources, and methods for assembling and using available environmental hazard, exposure, and health outcome data [9]. In EPHTN, GIS exerts its advantage to link environmental hazards and exposures to health outcomes. The first step is to integrate all data collected from different origins into a network of standardized electronic data so that valid scientific analysis on spatial and temporal relations can be provided and different public health systems can be interoperated with each other [23]. Then GIS is applied to present the geographic distribution of hazard, exposure and health data. GIS tools and methods are developed to geocode all kinds of data, produce maps with impressive visual displays, assist in targeting geographic areas with map overlaping and conduct trend analysis. Researcher also can get some disease etiology clues with spatial and temporal–spatial variation in exposure/hazard that is summarized from disease mapping. Some geographic models are built and GIS spatial analysis is conducted to analyze the relationships of hazard, exposure, and health in some ecologic studies in the EPHTN [9]. 
In 2006, CDC moved from planning and capacity building to the implementation of the Tracking Network. 16 state and 1 local health departments were funded to build and implement state-based tracking networks [23]. The California Environmental Health Tracking Program (CEHTP) is a program within the California Department of Public Health (CDPH) and is part of this larger initiative to establish Environmental Public Health Tracking systems at the national and state levels [24]. CEHTP mission is to establish a statewide network that will integrate environmental and health data, and to produce and make available information that will drive action to improve the health of communities. In order to accomplish its mission, CEHTP has three core program goals including developing an information technology infrastructure, improving the availability and utility of environmental public health data and information and informing policies, practices, and other public health actions . A series of comprehensive environmental health indicators are tracked in CEHTP such as particulate matter, ozone, water contaminants, pesticide, asthma, myocardial infarction (heart attacks), preterm birth, low birth weight, Sudden Infant Death Syndrome (SIDS), short-latency cancers, autism and idiopathic mental retardation, child blood lead and so on. Some GIS functions are exploited and the GIS related services are available to stakeholders in CEHTP. An online GIS tool is designed to carry out the automated processes of data geocoding via a web portal. CEHTP can offer the visualization services with GIS such as creating the distribution maps of environmental hazards [25]. GIS is also developed to analyze the linkage of health indicators and geographically-related exposures to environmental hazards. For example, with GIS tools, researchers can use distance as the exposure indicator to estimate associations between traffic density or outdoor air pollutant concentrations and childhood asthma morbidity [26, 27]. 

2. The European Health and Environment Information System project (EUROHEIS)
The European Health and Environment Information System (EUROHEIS) project founded by the European Commission was launched in 1999 to improve the understanding of the links between environmental factors, environmental exposures, and health outcomes through development of integrated information systems of rapid assessment at a geographic level. In order to solve the problem of varied types of health data available in different European countries, the Rapid Inquiry Facility (RIF) was enhanced to facilitate the data transfer and the quick evaluation of any potential health effects associated with an environmental pollutant [2]. RIF is a useful GIS soft tool developed at the U.K. Small Area Health Statistics Unit. With integrating advanced methods in statistics, spatial analysis, and spatial epidemiology, RIF can be used to assess the relationship between health risks and environmental exposure and produce disease maps with and without statistical smoothing [4]. With RIF a series of case studies concerning environmental health risks were carried out in partner countries. A relationship between cancer occurrence and airborne dioxins exposure was studied in Denmark [28]. An investigation on cancer risk associated with exposure to water contaminated with organic compounds was implemented in Finland [29]. The relationship between drinking water hardness and cardiovascular and cerebrovascular mortality was studies in Spain [30]. RIF application in these studies illustrates the powerful ability of GIS applications to assess and analyze the linkage of environmental exposures and potentially related health effects. 
3. The U.K. Small Area Health Statistics Unit (SAHSU)
The U.K. Small Area Health Statistics Unit (SAHSU) was established in 1987 after a recommendation of an inquiry into the incidence of leukemia in children and young adults near the Sellafield nuclear plant. The primary purpose of SAHSU is to assess environmental health risks using routinely collected health statistics data. SAHSU has developed a tool, the Rapid Inquiry Facility (RIF), for rapid assessment of environmental health hazards. The RIF produces estimated relative risks for any given condition for the population within defined areas around a point source, relative to the population in a local reference region. [31] The system creates maps to illustrate disease variation across small areas, as well as smoothed small-area maps that account for sampling variability in the observed data, to aid interpretation of the results. Performing substantial research studies is an integral part of SAHSU work, making efficient use of routinely collected data and enhancing these data sets in the process. There is an ongoing development of GIS methods within SAHSU [32] and recently special attention has been given to exposure assessment using advanced GIS techniques to define exposed populations [33].
4. The Comprehensive Cancer Control (CCC) program 
The Comprehensive Cancer Control is a collaborative process through which a community and its partners pool resources to reduce cancer risk, find cancer earlier, improve access to quality treatment, and improve survivors quality of life. The Comprehensive Cancer Control (CCC) program is established in 1998 in the United States and supported by U.S. CDC. Now 15 national organizations form the National Partnership for Comprehensive Cancer Control and all of 50 states join in CCC programs [34]. The first step in cancer control is identifying where the cancer burden is elevated, which suggests locations where interventions are needed. Geographic information systems (GIS) and spatial analytic methods provide such a solution and thus can play an important role in cancer control [35]. In addition, GIS benefits the CCC program by enabling the visualization of cancer risk patterns associated with incidence, mortality, and accessibility to care [36]. Mapping cancer with GIS can find the ecologic clues of cancer. Disease patterns of some cancers with the location of major industries has been identified in the National Cancer Institute’s Cancer Mortality Atlas and State Cancer Profiles- nasal cancer in areas with furniture manufacturing [37], lung cancer in counties with petrochemical manufacturing [38], bladder cancer where chemical industries were located [39], and oral cancer in regions where snuff use was common [40].
5. Childhood Lead Poisoning Prevention Programs (CLPPP) in the United States

Nearly one million U.S. children have blood lead above the CDC threshold of 10 μg/dL, the level associated with cognitive impairment and behavior problems [41].  Much attention to the issues of childhood lead poisoning has been paid for a long time, so that many lead poisoning prevention programs are being carried out at the federal, state and local levels in the United States to identify and care for lead burdened children, and prevent environmental exposures to lead. During the last decade, GIS mapping has become a popular way for researchers and public health officials to display children’s blood-lead levels and lead exposure. In many CLPPP programs, GIS was found to be a useful tool in planning lead exposure screening strategies, measuring program performance and identifying children at risk for lead exposure. For example, researchers in Kentucky use GIS spatial analysis of data from blood lead screening, county tax assessors, and the U.S. Census to estimate relative weight for each factor linked to geographic location [42]. 
GIS playing roles in environmental exposure assessment

Advances in GIS have shown promise to have an impact on epidemiologic research in several ways [11]. Extraordinarily rapid growth in the use of GIS and spatial modeling illustrate the powerful capabilities of GIS applied to environmental exposures assessment. The relevant GIS articles published presently are so many that we can not supply complete summaries and have to omit some research cases. In our article, we put the emphasis on illustrating GIS roles of defining and classifying the study population, estimating environmental levels of target contaminants, designing proximity as an exposure surrogate to assess individual exposures. 
Defining and classifying study population 
A major challenge for investigators in environmental epidemiology is to correctly identify populations at risk from exposure to environmental contaminants [28]. The results of an environmental epidemiologic research can be affected by selection bias if the study population is inaccurate. In epidemiologic studies, especially ecologic studies, health risks are often mapped according to relatively arbitrary administrative areas because boundary data of population and health tend to be administrative boundaries rather than physical boundaries. GIS is convenient tool for epidemiologist to reduce the exposure misclassification by evaluating the population potential exposure [4]. Rodenbeck SE et al. used GIS methods to select target and comparison populations and revealed an association maternal exposure of trichloroethylene via drinking water with very-low-birth-weight babies [43].

Grouping data at different levels of spatial resolution or aggregating data to different areal arrangements will inevitably lead to variation in the results, which may affect the interpretation of the findings [4]. GIS can be used to evaluate the population potentially exposure and to determine if there is likely to be adequate variation in exposure across a study area. An example of how GIS was used to identify a study population with a range of exposures is a feasibility study on relationship of childhood leukemia and electromagnetic radiation from power transmission lines in New Jersey [44]. A comparative study on exposure to Cs (137) conducted in Sweden indicated that using residence coordinates for defining population is not always superior to parish classification: residence coordinates are always not a cost-effective way of estimating the exposure, especially if the exposure in a parish is relatively homogenous [45]. 

In most cases, populations are not static and exposures do not occur in fixed locations. Population migration will introduce exposure misclassification and potentially introduce errors in temporal or spatial patterns in risk. This is especially problematic for outcomes with long latency periods between exposure commencement and disease onset [4]. In a study in Denmark, an exposure simulation model was used to delimit almost exactly in space and time an urban population exposed to airborne dioxin. The result showed that less than one-third of the study population lived at the same address after 13 years of observation, and only half were still residing in the area, that is to say, migration could have caused a major misclassification. A geographic information system (GIS) was used to identify exposed population linked with the demographic, migration, and health data. This study concluded that the integration of the model in a GIS together with individual data on addresses, sex, age, migration, and information from routine health statistics (Danish Cancer Registry) proved its usefulness in demarking the exposed population [28].

Estimating environmental levels of target contaminants
GIS can greatly enhance exposure assessment in estimation of environmental levels of target contaminants in two ways: inferring the area pollution levels by the point monitoring data basing on the distribution rules of contaminants in ambient medium; simulating the disperse course of contaminates from the pollution sources to calculate the ambient  medium concentration of contaminants. 

Measurements of environmental contaminants are expensive, so few geographic monitoring locations are normally used. In fact, air pollutants are usually measured in one or a few places in a city or a region. Consequently, modeled pollution data are commonly used to assess exposure [2]. GIS can aid in mapping spatial-temporal exposure distribution based on the monitoring data using geostatistical interpolation techniques. Interpolation is a process whereby known data points are used to infer values over a space between the points to create a continuous surface. For example, data from a network of pollution monitoring stations may be interpolated to estimate the most likely values between sample locations. Thus a smooth surface is constructed by calculating the unknown areas from a fixed number of adjacent points assigned a weighted value [10]. There are several different types of interpolation, including Kriging, inverse distance weighting, splining and Thiessen polygons. Kriging models are considered an optimal interpolator model because they supply the best linear unbiased estimate (BLUE) of the variable value at any point in the study area. Therefore, Kriging can be used to generate predicted values and their standard errors. These standard errors show where the interpolation tends to be less reliable [46]. Although the availability of GIS has greatly enhanced the capability for spatial interpolation of exposure data [47], the quality of the mapping depends on the accuracy and representativeness of the available input data, as well as the validity of the interpolation method used [5]. For example, interpolation methods can be used to smooth the pollution surface on the condition that the surface is continuous and there are enough data points to make a valid prediction of the surface. In a study in the United States, the interpolation method has been applied to estimate ambient sulfates concentration from fixed pollution monitors in 151 metropolitan areas and showed that the estimates are more reliable in areas where monitoring stations are denser [46].
Dispersion models are widely used to simulate the air contaminants emitted from sources.  In terms of the type of source, the models are broadly classified into two classes: fixed station air dispersion modeling for stationary sources, and roadway air dispersion modeling for mobile emission sources. For stationary emissions, air dispersion models often account for local pollution sources, such as waste sites, industries, and home heating. Mobile emissions mainly refer to traffic emissions. The basic definition of the roadway air dispersion model is to predict air pollutant levels in the areas close to a highway or main roadway by considering it as a line source. Air dispersion models generally incorporate emission data and basic meteorological data with numerical processing to yield concentrations of pollutants over space and time. The basic information (e.g. facility type, location, and annual mass emissions) for each stationary source should first be collected. Traffic emissions are usually estimated by road type, traffic flow, and vehicle type. In order to simulate the physical dispersion process, meteorological factors (e.g. wind speed and direction), the ambient air temperature, and atmospheric turbulence are also needed. In addition, ambient background pollution concentrations should be obtained to be used for model calibration and as a baseline for air pollution exposure [11]. A further refinement might consider the aerodynamic and chemical properties of emissions. Not all airborne substances move and disperse equally, and some transform chemically over time. For example, particulates settle differentially as a function of size, shape, and density, and this varies further with changes in wind speed. Consideration of these issues also could improve the accuracy of the exposure estimates [48]. Air dispersion models can provide more complete pollutant concentration profiles in space and time in areas without sufficiently dense monitoring networks [49]. Recently, air dispersion models have been utilized to associate air pollution exposure with adverse health effects [50, 51]. To date, epidemiological studies have integrated roadway air dispersion modeling with fixed station air dispersion modeling and then assessed the total exposure to air pollution. An excellent example of an integrated study was conducted in Sweden by Bellander et al. who used emission data coming from 4300 traffic line sources and 500 point sources made up of major industries and energy plants. In this study, dispersion calculations were performed to assess the individual annual average historical exposure to several ambient air pollutants (e.g. NO2, SO2, NOx) yielding results that found a significant linkage between NO2 and lung cancer [11]. 
Using proximity as exposure surrogate of contamination
With GIS, the exposure surrogate based on the proximity of the study population to the contaminant sources can also be directly developed, and consequently make an efficient exposure assessment possible. This GIS application is valuable for prospective data collection when monitoring campaigns are uneconomical, and for retrospective data collection in which direct environmental measures are unattainable or data of environmental pollutants are limited[52]. In recent years, there has been a growing literatures on using GIS to assess the exposure with the proximity to contaminant sources such as traffic air pollution from road[53,54], pesticide application on farms[55], landfill sites [32,56], industrial plants[57-59] and water polluted sources[60]. Proximity to road for traffic pollution exposure and proximity to farm for pesticide exposure are taken as examples to illuminate the GIS application of designing proximity as a surrogate for exposure. 

During the last decade, most studies of the relationship between traffic-related pollution and respiratory disease have used distance from roads as the exposure indicator [61, 62]. Epidemiologic studies have linked proximity to busy roads with adverse health outcomes, including respiratory symptoms, asthma, adverse birth outcomes, and cardiopulmonary mortality [61-63]. Methods for estimating exposures to traffic pollutants have included neighborhood- or school-based estimates of traffic [63, 64], distance to freeways or busy roads [65], presence of a busy road within a given buffer[66], and traffic density within a given radius[62,67]. Regression or dispersion modeling using GIS has been used to assess proximity as air pollution exposure [68-70]. There is growing evidence that proximity to traffic is an accurate surrogate for exposure of traffic-related air pollution. Kim. J et al. conducted a cross-sectional study on the association between traffic-related pollution and the children’s respiratory health in the San Francisco Bay Area. In this study they used GIS to assessed exposure with several measures of residential proximity to traffic.  At the same time traffic-related pollutants (nitrogen oxides and nitrogen dioxide) were measured to determine how well traffic metrics correlated with measured traffic pollutants. This results indicated most traffic metrics correlated moderately well with actual pollutant measurements [71]. Hochadel et al. examined the relationship between daily traffic flow and maximum traffic intensity of buffers with radii from 50 to 10 000 m, as well as distances to main roads and highways. The study found that traffic-based predictors were strongly correlated with NO2 concentration and PM2.5 [62]. Introduction of influence factors into models commonly can raise the efficiency to assess exposure. Sahsuvaroglu et al. established a land use regression model (LUR) including variables such as traffic density, industrial land use, open space, location downwind and distances from a highway. The results confirmed that a LUR can provide more accurate estimates of traffic pollution in areas with large industrial sources and complex meteorological and topographic conditions than those only based on distance to road calculations [72].
In order to study the relationships between and population health, many researchers have assigned the residential proximity to farm field where pesticide are used to evaluate pesticide exposure, as well as residential pesticide use and occupational exposures of parents [73-74]. The proximity model of GIS has been demonstrated to be a cost-effective method to assess the risk of pesticide. Lu et al. found that children living near treated orchards had statistically significantly higher levels of pesticide metabolites in their urine as compared to children living more distant [75]. Ward et al. developed a method to create historical crop maps using a geographic information system and assessed exposure of agricultural herbicides by the proximity to crops. Their study indicates that residential exposure to commonly used agricultural herbicides is higher among those living within 750 m of agricultural fields and among those with an agricultural worker in the home [76]. Ward et al. conducted an epidemiological case-control study to estimate the risk of developing specific childhood cancers associated with prenatal exposure to pesticides used in agricultural settings in Texas. They found no evidence of elevated risk associated with residential proximity at birth to cropland [77]. Proximity to pesticide applications in the California Pesticide Use Reporting (CPUR) database has been used as a surrogate for exposure in recent studies of reproductive outcomes and cancer [78], but the relationship between proximity and human exposure in those studies was not determined. A recent study using the CPUR data demonstrates that estimates of residential proximity to pesticide applications can differ substantially depending on the distance used to calculate the metric, with potentially large effects on risk estimates [79].
Proximity has proven useful although it provides a rather crude estimate of exposure without considering influence factors, for example, meteorological conditions or topography. In the review on air pollution exposure assessment methods including proximity, air dispersion, hybrid, human inhalation and biomarkers, proximity models were found to be a most questionable technique [11]. Mohan et al. evaluated the methodologies of exposure assessment to atmospheric pollutants from a landfill site and concluded that use of distance from the site as a proxy for exposure could lead to significant exposure misclassification in comparison with exposure assessment using atmospheric dispersion modeling [80]. When Hart et al. developed nationwide models of annual exposure to PM10 and NO2, they compared the results of the models with a commonly used spatial interpolation and inverse distance weighting. The results showed that generalized additive model of spatial interpolation performed better overall than the inverse distance models [81]. There is great potential to improve the exposure assessment for agricultural pesticides through GIS-based methodology. The incorporation of validated drift modeling, specific farm information and residential history would allow for more complete assessment of timing of exposure [77].
Assessing individual exposure
In recent years GIS has increasingly been used for assessing individual-level exposures in epidemiological research, and GIS models with complex analysis algorithms for estimating personal exposure have been developed and implemented, which can make a major improvement in the exposure assessment[82]. 

Most of environmental health studies were ecologic in design because ambient environmental quality data and/or health outcome data were available only at the regional level [48]. Ecologic studies describe the coexistence of risk factors with disease among and within populations. Aggregate exposure data are correlated with aggregate health data for each unit of observation, usually defined by geographic or administrative boundaries (e.g., city, county, state).[9]Although ecologic studies can be useful for detecting associations between exposure distributions and disease occurrence, the use of aggregated data does have associated problems. Ecologic bias is a potential problem when hazards ascertained from data aggregated over a larger geographic area are attributed to individuals within the area [4]. Personal monitoring is an approach for measuring the personal exposure to ambient pollution concentrations with active monitors or passive samplers, and is considered the most accurate estimate of a person’s ‘true’ exposure. [11]Personal measurement data are the ideal exposure metrics for determining personal exposure. However, for many environmental contaminants, personal monitoring is not feasible or is not representative of past exposures [48]. GIS models have been developed to estimate personal exposure by integrating individual location information and activity pattern data with environmental polluted data [83]. 

Only recently have researchers started using GIS to study activity patterns in a study population, which conceivably could be linked to environmental data for exposure assessment. Phillips et al. reported on a test of GPS data recorders as a means of validating time-location data recorded in study diaries of a subset of participants enrolled in the Oklahoma Urban Air Toxics Study [84]. Elgethun et al. describe the development and testing of a data-logging GPS unit designed to be integrated into clothing [85]. Both studies concluded that GPS units could be useful in developing time–location information for use in exposure assessment. Gulliver and Briggs developed and tested the Space–Time Exposure Modeling System (STEMS) of GIS for modeling human journey-time exposures to traffic-related air pollution. The model integrates data on source activity, pollutant dispersion, and travel behavior to derive individual exposure measures to atmospheric pollution [86]. 
These findings indicate that although GIS using GPS technology hold promise in terms of integrating study population activity data with measured or predicted levels of environmental contaminants in the exposure assessment process, their use is still very much in the developmental research stage for use in epidemiology studies[1]. Ideally, detailed information for a study population would be used, including individual characteristics, movements, personal exposures, and subsequent health records. Although individual-level health data may exist, confounder information and exposure data rarely, if ever, exist at the individual level, so some simplifications must be imposed [4]. 

Discuss and conclusion
Limitations of GIS applications
In many cases GIS offers useful data exploration tools to assess environmental exposure. It should be noted, however, that GIS has numerous inherent issues [4]. Improper GIS application only cause errors and mislead researchers to wrong results. Thus, issues implicit in the GIS application must be considered in the epidemiologic study design and data analysis. 

GIS has advantages in integrating the data from different origins. But the data collected from disparate sources for a wide variety of purposes may bring about high risk of data source errors because they have varying levels of quality related to completeness, consistency of definitions, accuracy, and timeliness [9]. The evaluation of potential confounders and concurrent exposures is an important consideration in the interpretation of study findings. In fact, health or environmental data may be complete but the relevant confounder information is rarely available. [48] These limitations highlight the need to closely examine available data sets and determine the appropriate use of the data before GIS statistical analyses are applied [9]. 

Although the maps of GIS can be unusually effective in visually demonstrating the spatial distribution of environmental risk factors and health outcomes, these maps have been criticized for being misleading [17]. Sometimes spatial representation is a decision of the analyst rather an inherent feature of the data. The research results can be misleading when the exposure distribution is presented in improper mapping manners of GIS. Maps at different scales may give different results, even contradictory results, further obscuring the interpretation. Different approaches of data categorization determine the impact of the data presentation in GIS map and subsequent interpretations. For an effective use of environmental risk factor data, the method of display and strategy of categorization are a fundamental consideration in the display of appropriate information. Misinterpretations are made if an inappropriate representation of the data is given [10]. GIS maps with different map units or using different smooth methods can result in different observed rates. So patterns of disease mapping need to consider and adjust for differences in the population size for different geographic units [9]. 
Besides spatial distribution, the exposure timing must be taken into account to assess the effects of exposure factors. [48] Caution is necessary to ensure that the latency period and ecologic fallacy be considered in the linking of health and hazard data in GIS map. For example, the residential address of a cancer case may not be a good proxy indicator for the lifetime environmental exposure given the mobility of the population. [9] However, GIS could be used to evaluate the exposure in relation to an appropriate latency for the disease and to evaluate critical time windows of exposure. For example, researchers used GIS to reconstruct historical exposure to pesticides and drinking water contaminants over a period of decades for a study of breast cancer [1]. 
In the application of GIS to environmental exposure assessment, data processing is generally conducted to facilitate the integration of data from different origins. The data processing may bias and easily lead to inappropriate conclusions because the data used in spatial epidemiology studies are collected not for that purpose and may not well offer the appropriate information. [4]. More generally, GIS models of exposure assessment make assumptions in the use of proxies as exposure indicators. If the applicability of assumptions is uncertain, the results of exposure estimate are unreliable [11]. 

It must be pointed out that in many cases a map is only displaying the distribution of environmental hazards but not mapping exposure. A person is considered exposed to an environmental agent if the agent has been in contact with a body surface. The researchers must be cautious in using the environmental pollutants concentration as a surrogate of exposure level. For example, bias may be created when the supposedly exposed population is living or has lived in a contaminated environment with no demonstrated contact between the pollutants and the population. [2] Compared to other exposure assessment methods such as biomonitoring, proximity models of GIS is not an efficient technique, especial for individual exposure assessment [11]. 

Current Challenges and future perspective of GIS applications
Current Challenge 
Though the speed of increasing application of GIS is very fast during the last decades, it also presents significant challenges according to the needs of environmental epidemiology. The current largest challenges for expanding GIS application to environmental exposure are insufficiency of data with spatial information and adequate validation, lack of multi-disciplinary work team and transdisciplinary expert, inadequacy of statistic analyzing ability of GIS software. 

1. The availability and sharing of data
The availability and quality of geographically referenced data on population, health outcomes, and environmental risk factors are crucial to any spatial epidemiologic analysis. The data used in GIS should be exact and have accurately associated spatial and temporal information, but very often such data are available only as aggregated summaries. [48] Even though the data with geographical reference information are available, the validation of the data may be limited. Spatial epidemiologic studies commonly rely on routine data sources so that it is usually not possible to carry out detailed validation studies of the database (Elliott et al. 2000a). To carry out GIS studies, the basic routine data are from different agencies especially related health and environmental agencies. So it is essential for these agencies to collaborate closely and share data selflessly [9]. Data protection and confidentiality further complicates the issue of data sharing. The recent legislation in United Stated and Europe is providing greater recognition of the rights of individuals to confidentiality of personal data. The routinely collected data such as health data has more restricted access [5]. 

2. Need of multi-disciplinary collaboration 

GIS applications to environmental exposure assessment require the consideration of issues that span the disciplines of geospatial science, environmental science, and epidemiology [1]. Multidisciplinary teams with the geospatial scientist, environmental scientist and epidemiologist must work closely to ensure that adopted approaches are fully appreciated and complement each other [4]. In GIS related study programs, sound science and appropriate analysis of data require multidisciplinary teams with expertise in epidemiology, statistics, toxicology, environmental health, database management, GIS, and other areas. As more complex linkages and analyses are conducted, greater statistical expertise will be needed [9]. So building a multi-disciplinary team for GIS programs is necessary. 

3. Development of data analyzing ability

GIS software has many advantages in providing visualizing maps and dramatic reports compared to traditional methods, but it has some deficiencies in the analysis of the association between environmental exposure and health outcomes. Offering statistical results remains is a challenging task for common GIS software. But some GIS tools have been developed the functions to provide a link with statistical software. More refined GIS models and comprehensive methods need to be built to adapt to the complexity of exposure.

Future Perspective
In the future, availability of large surveillance databases, accessibility of supported techniques and GIS software tools, and the development of more sophisticated spatial analysis methods and models promise to improve to our ability to exploit the potential of GIS applications of environment exposure assessment. 

1. Availability of related spatial data 

More surveillance systems to collect the databases of public health, environmental risk, and exposure have been built in developed and developing countries. For example, environmental data of air pollution and water quality, health data of mortality and natality are statutory requirement in China. Many programs are designed to collect data for spatial analysis. The Environmental public health tracking programs in the United States and The European Health and Environment Information System project are good demonstration programs for developing GIS techniques and methods to settle the issues of environmental health[2, 9]. The attentions of building spatial informational systems have been received by the agencies, researchers, and government officials. The INSPIRE Directive, a major piece of European legislation aimed at the creation of a spatial information infrastructure within the European Community came into force in 2007. Although this legislation is in support of European policy on the environment, it is likely to have wider implications in terms of the way that spatial information is made available and accessible in Europe [87]. 

2. Accessibility of supported techniques

Emerging of a series of new supported techniques such as RS (remote sensing), GPS (global positioning systems) 3D technique and so on provides a new stage for geospatial information technologies. The use of RS for exposure assessment usually relies on the information retrieved from RS satellite imagery coupled to ground-level measurements from stationary monitoring sites. RS provides a unique opportunity to produce indirect estimates of environmental pollution and to reflect the local variations of environmental pollution exposure at high spatial–temporal resolutions over a large area. [11]For example, Susank, Maxwell, et al. uses the remotely sensed data to create space-time models of historical environmental exposure assessment to study the relationship between cancer and environmental contaminants [52]. GPS is a satellite-based technology composed of a system of satellites encircling earth and emitting a radio frequency detectable by GPS receivers [1]. GPS is expanding GIS applications in epidemiology by developing time–location information in several ways. For example, Elgethun K et al. developed a novel GPS instrument to track the movements of young children and concluded that GPS technology offers a new level of accuracy for direct quantification of time–location activity patterns in exposure assessment studies [85]. 

3. Developments of GIS software tools and models

Many GIS software tools were explored to enhance the capabilities of data collection and representation, location, spatial analysis, and visualization, which have created a new era of GIS application to environmental epidemiology. The basic functions and main characters of several useful GIS soft tools including HealthMapper, SIGEpi, GeoDa and The Rapid Inquiry Facility (RIF) were outlined in the reviews of Linda Beale, et al [4]. The development of models to estimate exposure has recently received enhanced attention from the research community. Jerrett et al. categorized the exposure models for air pollution as proximity models, dispersion models, land use regression models, interpolation models, integrated meteorological- emission models, and hybrid models [51]. 

Conclusion

Increasing popularity of GIS application has proved that the use of GIS in exposure assessment for environmental epidemiology studies is not only feasible but can enhance and improve the environmental assessment.

GIS applications in current integrated programs illustrates that GIS has offered a useful platform to locate and store the environmental data, exposure data and health data collected from different origins and analyze the association between them.

GIS has advantages in defining and classifying study population, provides refined models to estimate of environmental levels of target contaminants, develops the optimal technology for using proximity to contaminant source and promotes the  facility of individual exposure assessment in environmental epidemiology study.

Though there are numerous inherent limitations that can not be solved at present, GIS has a promising future due to increasing availability of related spatial data, accessibility of supported techniques and developments of GIS software tools and models. 
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