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ABSTRACT Exposure to elevated levels of vehicular traffic has been associated with
adverse cardiovascular and respiratory health effects in a range of populations,
including children, the elderly, and individuals with pre-existing heart conditions,
diabetes, obesity, and genetic susceptibilities. As these relationships become clearer,
public health officials will need to have access to methods to identify areas of concern in
terms of elevated traffic levels and susceptible populations. This paper briefly reviews
current approaches for characterizing traffic exposure and then presents a detailed
method that can be employed by public health officials and other researchers in
performing screening assessments to define areas of potential concern within a
particular locale and, with appropriate caveats, in epidemiologic studies examining
traffic-related health impacts at the intra-urban scale. The method is based on two
exposure parameters extensively used in numerous epidemiologic studies of traffic and
health—proximity to high traffic roadways and overall traffic density. The method is
demonstrated with publically available information on susceptible populations, traffic
volumes, and Traffic Analysis Zones, a transportation planning tool long used by
Metropolitan Planning Agencies and planners across the USA but presented here as a
new application which can be used to spatially assess possible traffic-related impacts on
susceptible populations. Recommendations are provided for the appropriate use of this
methodology, along with its limitations.
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INTRODUCTION

Residential traffic exposure is associated with a wide range of health effects for
many populations.1 Earlier large cohort studies of air pollution and health noted
elevated cardiovascular and pulmonary risks in geographic areas where traffic
burden was highest.2,3 These studies prompted the next generation of studies
focusing more closely on traffic-related impacts and refining the methods employed
to characterize traffic-related exposures.
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The scale of traffic-related health assessments has ranged from large nationwide
cohorts utilizing area-wide monitoring data or national databases4,5 to more
localized studies of specific regions,6 air basins,7,8 cities,9–11 and neighborhoods12–14

using air quality data of specific traffic-related pollutants collected to represent a
more localized or even personal scale. Whether examining regional trends or local
conditions, each scale of assessment faces the task of appropriately integrating
spatial and temporal data regarding traffic impacts with available demographic and
health outcome data to assess what has been termed “geographies of risk.”15

A range of methods has been employed to characterize traffic exposures
depending on the research hypothesis under examination, available budget, and time
pressures. Many studies have focused on measuring and/or modeling the individual
pollutants or classes of pollutants in traffic emissions including nitrogen dioxide
(NO2), carbon monoxide (CO), fine particulate matter less than or equal to 2.5 μm
in aerodynamic diameter (PM2.5), ultrafine particulates less than or equal to 0.1 μm
in aerodynamic diameter (UFP), the elemental carbon content of PM, black carbon
(BC), or volatile organic compounds such as benzene and toluene, attempting to
identify the specific causal agent associated with adverse health effects.16–19

These studies have been conducted by positioning equipment on a residence or
school building, in mobile vans, on carts that follow individuals through the course
of their day, or in packs worn by study participants.20–22 Air monitors have also
been positioned at locations across a larger study area and data combined with
statistical interpolation models, land-use regression models, dispersion models,
meteorological-emission models, or some hybrid of these to estimate exposure
concentrations for individuals in the study.23

The implementation costs and research time involved in establishing a
comprehensive and representative air monitoring program are beyond the capa-
bilities of many research projects. For this reason, numerous studies have developed
exposure indices based on traffic volume data, which are generally publically
available, rather than measured or modeled traffic pollution levels to perform
screening level assessments in new study locales or to examine associations between
level of traffic and previously unexplored health outcomes. These approaches are
sometimes referred to as surrogate measures of traffic exposure.

Rationale for Using Surrogate Methods for Characterizing
Traffic Exposures
Consensus has emerged regarding the presence of pollution gradients near major
roadways. Several studies have demonstrated higher levels of several traffic-related
air pollutants (TRAP) closer to roadways.24–28 As compared with more aged
emissions, fresh traffic emissions include larger amounts of UFP, which are strongly
oxidative and may be particularly toxic,29 black BC, CO, and oxides of nitrogen
(NOx) are all elevated near highways with measurably significant declines beyond
200 m.1 Evidence shows TRAP elevated near roadways with at least 30,000 vehicles
per day, though some evidence suggests that roadways with lesser volumes may also
generate pollution gradients with significant health effects.1

Residential proximity to high traffic roads and dense road networks have been
linked to asthma,7,30–32 respiratory symptoms,33 and reduced lung function in
children and adolescents.34 Coronary heart disease risks have been reported to
increase with levels of traffic,11,35–37 as have the more discrete risks of acute
myocardial infarction10,38,39 and atherosclerosis.40 Several studies indicate that
older (65+) adults are at greater risk of the adverse effects of traffic exposures.21,41,42
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Traffic density analyses provide a comprehensive and multi-directional assess-
ment of airborne environmental burdens from roads within a certain radius of a
residence.5 In urban areas, roadway grids can be closer than 200 m, producing
additive traffic-related effects that depend on the density of the road network.43

Many areas within the city of Boston, for example, have streets less than 200 m or
even 100 m apart. For dense urban areas, assessment of traffic exposure with respect
to both proximity to major roads and the cumulative impacts of the roadway
network is recommended.

Traffic density is a measure of the rate of traffic flow per unit time (usually day
or year) along lengths of road within a specified area and is expressed as vehicle
miles (or kilometers) traveled (VMT) per square mile (or kilometer), i.e., daily VMT/
mi2. Traffic density has been estimated at the county level,5 the census block level,44

and within selected radii (50–300 m) of a residence10,11,30 using publically or
commercially available sources or some combination thereof. The traffic density
estimate may be based on only those roads for which actual traffic volume data are
collected,11,44 or traffic volumes may be assigned to neighboring roads using models
or comparison to roads with similar capacities.10,36 In one study, publically available
data on roadway networks and traffic volumes were used to develop geographic
information system (GIS)-derived cumulative traffic density scores identifying roads
with greater than 8,500 cars/day.14 Traffic density has been used together with
several other methods, including proximity assessments and air measurements and
has been identified as perhaps the strongest predictor variable in many of the recent
land-use regression models.45

A Methodology to Characterize Urban Traffic Exposure
Using City Planning Tools
A traffic exposure characterization methodology was developed to address both
roadway proximity and traffic density. This methodology makes use of the Traffic
Analysis Zone (TAZ). The TAZ is a small area transportation planning tool long
used by Metropolitan Planning Agencies and planners across the USA. Use of these
methods is illustrated with ArcGIS-based mapping and spatial analysis tools46 that
combine traffic level datalayers and the locations of sensitive receptors including (1)
schools and long-term care facilities in the greater Boston area and (2) a sample of
geocoded residential locations from an ongoing study, the Boston Puerto Rican
Center for Population Health and Health Disparities Project (PRHDP), in the Tufts
University School of Nutrition.47 A cross-sectional analysis of health outcomes in
this population and traffic exposure characterized using these methods is reported in
a separate publication.48

Considerations for Traffic Exposure Assessment
Several interrelated issues addressed in the traffic and health literature remain active
areas of research and warrant special consideration before initiating a traffic
exposure assessment. These include (1) traffic volume and threshold of effects, (2)
temporal and spatial scale of assessment, (3) acute and chronic exposures, (4)
geocoding error and spatial misalignment, and (5) socioeconomic factors.

Traffic Volume of Concern. Traffic studies aim to answer the question, “Who is most
susceptible to traffic exposure and which roadways and areas represent a concern?”
Prior studies have provided guidance on who is most susceptible; however, what
constitutes a roadway of concern in terms of traffic level remains a subject of study.
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The lower level of traffic associated with adverse health effects has not been
established. Several studies have reported adverse health effects associated with
residing or attending school near “interstates, highways, and major arterials”7,37 or
near “major roads” with vehicle counts that ranged from 10,000 to 100,000.35,40,49

Major arterials can range from 15,000 to 30,000 vehicles per day. These studies did
not report the number or percentage of subjects living near the lower versus higher
range of traffic volumes. Generally, unless selected on the basis of their exposure to
traffic, a significantly smaller percentage of study participants live in the highest
traffic areas suggesting that the more moderately exposed (10,000–75,000 vehicles
per day) are also experiencing adverse effects. A recent study by this author suggests
residence near roadways with traffic volumes as low as 20,000, common to many
roads in the Greater Boston area, may be associated with adverse health effects, and
on this basis, a lower volume threshold of 20,000 vehicles per day was used here.48

Scale of Assessment. Time and activity assessments consider the relative time spent
inside and outside of the home or spent at school or work, in close proximity to
traffic, or within one or more traffic analysis zones. A detailed exposure character-
ization model takes individual behavior into account and matches the geographic or
spatial scale of the assessment to the study population. For certain populations, i.e.,
home-bound or less mobile individuals such as the elderly who spend a significant
portion of their day in one place or reside in a long-term care facility, children who
spend 6–8 h at school, or individuals working full time in one workplace, traffic
conditions in those locales represent a significant portion of their total exposure.
Roadway proximity and traffic density have been associated with adverse health
outcomes based on school and residential locations, and it is therefore considered
valid to use these same traffic indices for a residential or school-based study. When
focused on only one domain such as school or residence, it is important to consider
whether exposure levels in an individual’s other domains, including commuting, are
significantly different. This could be especially important for people who commute
between rural, suburban, and urban areas, an effect that may result in exposure
misclassification and/or confound estimates of risk.

Acute and Chronic Exposures to Traffic. Both the traffic count and TAZ-level data
employed here were collected and developed to reflect average weekday exposures
for a 24-h period. Traffic counts are collected over a 48-h period but published as
24-h averages. These data are suitable for assessing chronic exposures. In almost all
areas, but particularly in areas near major roadways, traffic-related exposures result
in shorter-term daily peaks or intermittently higher levels during rush hours, as well
as lower levels for the remainder of the day. The 24-h average traffic count and
VMT/mi2 estimates do not adequately reflect the acute exposure to which a
commuter, pedestrian, or roadway worker may be exposed during daily peaks.
Adverse traffic-related effects have been associated with both short-term and long-
term exposures.1 The underlying mechanisms for both cardiovascular and respira-
tory illnesses suggest that peak exposures in especially dense traffic areas (or
resulting from unusual short-term weather events such as inversions) may act
together with long-term somewhat lower level exposures to contribute to underlying
vulnerability and then more severe events such as asthma attacks or myocardial
infarction, especially among individuals with pre-existing health conditions.17,50

Some traffic count data are available on an hourly basis from a smaller number of
reporting stations. Assessment of health effects associated with peak traffic levels
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could be examined for individuals with localized exposures during those periods.
The issue of acute versus chronic exposure and the degree to which health effects
result from the former, latter, or both remains an ongoing research area.

Geocoding and Spatial Alignment of Data Sources. Geocoding is the process by
which specific locations are located on digitized maps and assigned coordinates of
longitude and latitude to enable spatial analysis. Errors in geocoding result from a
number of sources, including positional and address errors in the geographic
reference data set (e.g., street centerlines), errors or inconsistencies in the address
information of the research participants, or in the geocoding algorithms themselves.
Address verification and cleaning is the first step in the matching process.
Misspellings, errors such as listing street when the address is an avenue, or missing
or incorrect zip codes can reduce match rates significantly.

In a study of over 100,000 residential locations, a substantial median positional
error of 41 m was reported, and the geocoding method consistently over-estimated the
number of potentially exposed cases at small distances up to 250 m.51 Geocoding
against parcel boundary maps is generally considered a more spatially accurate
method. In a study of 3,000 residential addresses, geocoding using property parcel
maps was more accurate than street centerline files and was most accurate in urban
areas where the distance between geocoded point and the true location determined by
aerial imagery was within 21 m for 95% of the cases.52 Not all cities or towns have
available parcel maps, and depending on the study population, match rates using
parcel maps can be lower than street network matching. For example, single parcels
can be associated with duplex units, condominiums, and apartment complexes with
several units, though the individual addresses may not be reflected in the parcel
database.51 Public housing sites, often comprising several units with individual
addresses, may not be well represented in parcel matching for these reasons.

Before conducting any analysis functions in ArcGIS, it is imperative that all the
data sets are in the same map projection/coordinate system, e.g., Universal
Transverse Mercator, State Plane, with the same units, e.g., linear unit meters, and
that the data frame is also in that coordinate system.46 In one study, spatial
misalignment of traffic data and the location of child care facilities obtained from
different government agencies resulted in a substantial number of false positives and
negatives with respect to facilities at risk.53

Socioeconomic Factors. Exposure to air pollution across a city may follow socio-
economic gradients that influence susceptibility as residents in poorer neighbor-
hoods may live closer to roadways with higher traffic.9 Differential personal
exposure to particles, gaseous pollutants, and traffic pollution have been associated
with lower socioeconomic position with respect to education, minority status, and
income, and major roadways have been routed through lower-income areas with
less political and economic power.54 Studies to assess potential health impacts from
elevated traffic exposures must account for a variety of socioeconomic and related
lifestyle and behavioral factors that can confound the traffic pollution association.54

Epidemiologic studies may collect some or all of these contextual variables for
individual participants. For example, the PRHDP collected over 1,400 variables
including an extensive list of socioeconomic, behavioral, and lifestyle and health
status factors on study participants. A cross-sectional assessment of traffic exposure
and cardiovascular risk factors in the Puerto Rican health study population used
regression models that controlled for many of these contextual factors. Factors
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including educational levels, income, and percent of various ethnic minorities are
available from the US Census at the level of blocks and block groups, a different
scale of analysis. TAZ-level demographic statistics, developed as part of a larger
Metropolitan Planning Organization (MPO) environmental justice analysis,55 were
developed by the Central Planning and Transportation Staff (CTPS).56

METHODS

Data Collection
Traffic count data were obtained from the Massachusetts Highway Department
(MHD) and the CTPS of the Boston RegionMPO, including a GIS-compatible file with
traffic count station positions andmeasurement data from 2002 to 2006. Counts reflect
traffic volumes in both directions. MHD conducts 48-h duration traffic counts each
year utilizing automatic traffic recorders on various roadways throughout the state. The
coverage count program consists of a total of 2,327 count locations spread across a
3-year counting cycle. Locations are repeated once every 3 years.

TAZ-level estimates of VMT and the size of the TAZ in total square miles and
dry land square miles were obtained from the CTPS for the year 2000. Dividing
VMT by dry land square mile gives an estimate of traffic density for each TAZ as
VMT/mi2. Quartiles and the 90th percentile values for VMT/mi2 for the 447 TAZ in
Boston were determined and used to construct color-coded traffic level data layers
by importing the data into ArcGIS.

Table 1 provides a list of characteristics for the Boston Region MPO and MPOs
in the USA that are relevant to consider when assessing the utility of TAZ data for
health studies in a particular planning area. Important factors include: the median
size of TAZ in that planning region, average number of links and nodes in the
network, and the proportion of roads included in the network. All of these factors
reflect the level of detail, resolution, and the extent of overall traffic that is included
in the estimates and ultimately the strength of the exposure classification.

The geocoded locations of schools and long-term care in the greater Boston area
were derived from the Commonwealth of Massachusetts Office of Geographic and
Environmental Information (MassGIS.gov) on-line database. The locations of
hospitals and community health centers are also available from the same source,
though not included here. Both the traffic count data and all MassGIS files are
registered to the NAD83 datum, Massachusetts State Plane Mainland Zone
coordinate system. Developed from Department of Education datafiles, public,
private, charter, collaborative programs, and approved special education schools
attended by students in pre-kindergarten through high school were included. The
Long Term Care Residences point datalayer contains the locations of licensed
nursing homes, rest homes, and assisted living facilities in Massachusetts. Public
agencies typically follow a geocoding protocol that combines an automated address
matching component with manual refinement using digital ortho imagery or
topographic imagery.

Residential addresses were collected as part of the ongoing PRHDP study, and
address geo-coordinates were used to illustrate the traffic characterization methods.

Traffic Exposure Assessment
ArcGIS software (version 9.2) was used to review all of the traffic count station data
and to identify and select the roads of interest based on a daily traffic volume
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threshold of 20,000. Studies that use proximity as a surrogate for near-roadway
exposures often use a dichotomous exposure variable for living inside or outside a
specified buffer zone of a roadway. Buffer distances typically range between 50 and
300 m.30,35,36,40 Traffic-level data layers were developed to include 100- and 200-m
buffers measured from the edge of roadways with traffic volumes over 20,000
vehicles per day. Centerline data for the buffers were based on the MassGIS
Executive Office of Transportation roads data layer.

Some studies have expressed proximity as a continuous variable. Short of
collecting measurements using geo-positioning devices, determining exact distances
to roadways is difficult due to the problems inherent in the accuracy of geocoding
(see “Considerations for Traffic Exposure Assessment”).

Residential addresses of participants in the PRHDP study were geocoded using a
three-tiered system consisting of parcel matching, street network matching, and
manual refinement using Google Earth. XY coordinate pairs for latitude and
longitude were assigned to the addresses by comparing or “matching” the address
information (street number, name, city, and zip code) to a reference data base
consisting of parcel boundary maps and associated addresses. The accuracy of the

TABLE 1 Characteristics of US Metropolitan Planning Organizations and Boston region traffic
analysis zones relevant to planning traffic exposure studies

MPO and TAZ characteristics MPOs in US Boston region MPO

Size of MPOa

Small (n = 205) G200,000
Medium (n = 133) 200,000–1 million
Large (n = 43) 91 million 93 million
TAZ per square mile (all MPOs)
Small 0.9
Medium 0.8
Large 0.5 1.00
Average number of TAZ per planning region 836
Small 463
Medium 931
Large 1,739 2,727
Average number of Links in the network 8,602
Small 4,213
Medium 8,719
Large 20,038 40,000
Average number of nodes in the network 5,714
Small 2,951
Medium 6,859
Large 11,367 15,000
Proportion of roadway miles included in network
Freeways Almost all All
High occupancy vehicle lanes Almost all All
Major arterial Almost all All
Minor arterial Almost all All
Collector Large range All
Local Large range Some

aSurvey based on responses received from 57%, 57%, and 84% of small, medium, large MPOs, respectively.60
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match is reflected in a score of between 0 and 100, with 100 being the highest
match. For cases not matched to parcel maps or receiving match scores below 100, a
second method of geocoding was conducted using ArcGIS StreetMap USA, a
nationwide street network for map visualization, geocoding, and routing available
as part of the ArcGIS software.46

For both methods, match scores were reviewed to determine the reason for
scores less than 100 (on a scale of 0–100). Typical reasons for scores between 80 and
99 included slight misspellings of street name or the use of the abbreviation for street
or road (st., rd) in the address database. Scores below 80 were manually resolved.

Data Analysis
After obtaining the GIS-compatible TAZ-level data, an initial TAZ assessment was
conducted. Descriptive statistics on the range of density values, quartile values, and
the 90th percentile value were generated and used to spatially display the data,
noting whether observed patterns are generally consistent with known traffic
geography. A spatial density assessment was conducted to evaluate the degree to
which small TAZs may be influenced by the traffic levels of proximal TAZs.

Alternative methods of defining or classifying levels of VMT/mi2 may be useful,
depending on the population under study. In cases such as the present analysis,
where traffic exposure assessment was not part of the initial hypotheses around
which study participants were recruited, consideration should be given to having
sufficient contrast across the study population in the traffic indices.

Traffic density and roadway proximity maps were overlaid to examine the
extent to which high-impact areas identified by the two methods overlap. The
variation in estimated traffic densities across adjacent TAZs was examined to assess
potential exposure misclassification. A raster-based spatial density analysis was
conducted to examine the degree to which small TAZs may be influenced by the
traffic levels of their adjacent TAZ. Spatial density analysis accounts for the size of a
TAZ with respect to the influences of other TAZs and calculates the density of traffic
levels in the vicinity smoothing the variation between them. Using the kernel density
option, which is based on the quadratic kernel function,46,57 a running weighted
average of vehicle miles traveled within cells 10 m2 was calculated over a 1,000-m
radius. The density is greatest at the point location and diminishes to zero at the
specified radius.

The volume under the surface equals the population field (vehicle miles traveled)
value for the point. The sum of the intersecting spreads is calculated for each output
raster cell by adding the values of all kernel surfaces where they overlay the raster
cell center. For mapping and visualization purposes, density contours were defined
by natural breaks that best group similar values and maximize the differences
between classes.46

RESULTS

The city of Boston is comprised of 447 out of a total of 2,727 TAZ in the larger MPO
region (Table 2). TAZ Traffic density in the Boston area ranges from 600 to greater
than 3,000,000 VMT/mi2. In Boston, traffic density increases with population
density, a trend consistent with many urban areas. The square area of a TAZ is
generally smaller in the urban core of the city, though the highest-density TAZ (in
darker colors) are generally coterminous with the major highways and arterials in
the area (Figure 1). The smaller TAZ size in the urban core reflects the heterogeneity
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of the inner-city roadway network and changing levels of traffic across relatively
small distances. Zone homogeneity is a key criteria used to develop Boston area
TAZ, and while the average TAZ size across the entire MPO region (2,727 total
TAZ) is 1.0 mi2, the average TAZ within the urban core of Boston is 0.109 mi2.

A sizable population (928,000) was estimated to live within the highest traffic
density TAZs reflected by the 90th percentile of over 785,000 VMT/mi2.56 A study
of all California census block groups defined 500,000 VMT/mi2 as high traffic
density, and a survey of the State of New York, the District of Columbia, and
California found only 5% of census blocks and one US County (Manhattan) had
traffic densities higher than 500,000 VMT/mi2.5 Approximately 8% of the
population in the highest-density TAZ in Boston is under age 15, and nearly 10%
is over age 65.

Forty roads in Boston were identified with traffic volumes greater than 20,000
vehicles per day. Volumes on the majority of roads were between 20,000 and 40,000
vehicles per day, with volumes on only four roads between 40,000 and 100,000 and
volumes on two roads, Interstate 93 and the Massachusetts Turnpike, over 100,000
vehicles per day (Figure 2).

Several schools and long-term care facilities can be observed within the higher-
density traffic areas and within the 100- and 200-m roadway buffers (Figures 1 and 2).
The figures identify areas of potentially high traffic exposure, though actual
exposures would be influenced by a number of road and building design factors,
behavioral variables, and meteorological conditions.

Parcel maps were available for geocoding Boston addresses, though public housing
sites with several units and individual addresses were not well represented. An estimated
25% of individuals from the PRHDP study resided in public housing, and it was
necessary to geocode these cases using ArcGIS StreetMap USA.46 Complicating the
geocoding process, the city of Boston has 18 neighborhoods with over 200 instances
of the same road name being used for two or more different non-contiguous roads.

Several high traffic density TAZ (darker colors), or portions of these TAZ, were
outside of a 200-m buffer of a roadway (Figure 3a), and several of the geocoded
addresses fell within a high traffic density area but were outside of a buffer
(Figure 3b). In general, these high traffic density TAZ that were outside buffers were
adjacent to very high traffic roadways such as Interstate 93 and the Massachusetts
Turnpike with a dense network of arterials and ramps leading to the highway.

TABLE 2 Traffic analysis zone characteristics—City of Boston, Massachusetts

Traffic density
(VMT/mi2)

Mean TAZ
size (mi2) Populationa

Population
densityb

(pop/mi2)
% less
than 15

% age
65 +

All TAZ
(n = 447)

600–3,735,000 0.109 589,000 23,326 13.5 11.1

1st quartile G69,000 0.166 191,460 23,773 15.2 11.5
2nd quartile 69,001–126,000 0.127 180,818 20,577 17.4 10.1
3rd quartile 126,001–335,000 0.086 130,769 23,147 11.9 11.9
4th quartile 9335,000 0.058 85,915 26,409 8.8 10.8
90th percentile 9798,000 0.065 28,918 19,718 7.9 9.7

aSource of population data: Boston Region MPO, Central Transportation and Planning Staff
bMean for 371 TAZs with available data adequate data
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Approximately 57% of individuals living in TAZ areas with the highest traffic
density levels did not live within a 100-m buffer, and 26% did not live within a
200-m buffer (Table 3).

While demarcation of TAZ boundaries considers land use, demographics,
roadway networks, and travel between TAZs, in some cases traffic density for
adjacent TAZ, particularly those adjacent to major highways, were observed to be
markedly different (Figure 4a). The traffic contributions of major and minor
arterials and access points to the major highways contribute to this variation. TAZs
adjacent to the Massachusetts Interstate 90 have traffic densities that range from the
25th to 90th percentiles, and in some cases adjacent TAZs display that level of

FIGURE 1. Traffic Analysis Zones coded by traffic density in vehicle miles traveled per dry land
square mile (VMT/mi2) and the location of schools and long-term care facilities—Greater Boston, MA.
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variation. The impacts to residents living in adjacent TAZs, especially those living on
the borders of these TAZs, may be subject to the traffic effects of the adjacent TAZ,
depending on road geography, meteorology, and building design.

Raster-based spatial density analysis was conducted to address the issue of
impacts across adjacent TAZ (Figure 4b). A running weighted average of traffic
levels within cells 10 m2 diameter was calculated over 500 and 1,000 (shown) m
radii. Cell diameters did not substantially change the results, and the larger radii

FIGURE 2. One-hundred- and 200-m buffers on roads with 920,000 vehicles per day and the
location of schools and long-term care facilities—Greater Boston, MA.
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showed greater gradation over the study area. Traffic contours continued to follow
along the major roadways. The number of TAZ and size of the overall area
identified as highest traffic density was reduced in the smoothing process. Fewer
geocoded addresses were located in the highest spatially contoured areas than in the
highest traffic density TAZ areas (data not shown). Exposure contrast, i.e., the
distribution of cases across the range of traffic exposure levels, was reduced.
Figure 5 illustrates the spatially smoothed traffic density contours across the Greater
Boston area along with the locations of sensitive receptors.

FIGURE 3. a, b Areas outside 100- and 200-m buffers but in high traffic density areas—Greater
Boston, MA.

RIOUX ET AL.178



DISCUSSION

Metropolitan areas, especially in older cities, comprise complex and heterogeneous
inner-city roadway networks. Tree-lined streets and relatively quiet neighborhoods
with natural buffers can quickly transition to densely traveled roads, congested
intersections, and areas with high amounts of mobile and idling automobile, truck,
and bus traffic at different time periods.

This study developed traffic exposure indices to reflect local gradients near
roadways as well as the overall traffic density at the scale of the TAZ. The TAZ-level

FIGURE 3. (continued)
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traffic density variable VMT/mi2 assessed cumulative impacts of an urban roadway
network comprising mixed volume roads. In addition, a raster-based gradient
assessment was developed to examine the degree to which small area TAZs may be
influenced by the traffic levels of contiguous TAZs.

Strengths and Limitations
Indices of traffic exposures such as road proximity and traffic density, whether based on
TAZ-level data or some other method, can capture a good deal of the variation in local
traffic environments. An important limitation of these surrogates, however, is that they
do not capture the dispersion and degradation profiles of the actual pollutant mix that
originates from roadways and is the ultimate source of adverse health effects.23

The availability of traffic volume data, the coverage of roads in the traffic count
station network (percentage of highways versus major and minor arterials and other
surface roads), the spacing between stations, and the frequency with which counts are
taken are all factors that influence the validity of roadway proximity exposure
assessments. In Massachusetts, data on 2,327 traffic count locations spread across a 3-
year counting cycle are published on-line, and additional data collected for special
construction projects are on file but not automated. The majority of roads and road
segments in Boston onwhich counts are collected had≥10,000 vehicles per day, though
some roads were as low as 2,100 vehicles per day. It is likely that the majority, if not all
roads with ≥10,000 vehicles, are included in the network, thus providing adequate
coverage to evaluate possible health impacts at the threshold of 20,000 we used here.

On average, the Boston region TAZ data incorporates a greater number of road
links and nodes than other large MPOs, representing greater spatial resolution of the
roadway network (Table 1). TAZ-level traffic density and emissions estimates for
NOx, CO, and volatile organic compounds (VOCs) reflect automobile and truck
traffic but not buses or commuter lines, which may be an important omission
particularly in areas with a high density of bus lines or commuter rails.12 Some
MPOs develop estimates of the contribution of these sources to overall emissions,
but at the least, any use of TAZ data should discuss this limitation.

Several studies have used measured air pollution concentrations to validate
traffic density estimates, with a wide range of correlation coefficients reported. In
one study, no correlation could be discerned between traffic density and background

TABLE 3 Comparison of number and percent of participants in the Boston Puerto Rican
Center for Population Health and Health Disparities Project study residing within traffic
proximity categories (G100 and G200 m of roadways) and traffic density quartiles (VMT/mi2)

VMT/mi2 quartiles

Total

1 2 3 4a

n % n % n % n %

G100 m No 334 88 302 81 123 68 39 57 798
Yes 47 12 69 19 74 41 29 43 219

Total 381 371 181 · 68 · 1,017
G200 m No 275 72 213 57 79 40 18 26 585

Yes 106 28 158 43 118 60 50 74 432
Total 381 371 197 · 68 · 1,017

aHighest traffic density quartile
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FIGURE 4. a Variation in traffic density in adjacent Traffic Analysis Zones—Greater Boston, MA. b
Spatial density contours based on raster values re-define the variation in traffic density based on
VMT/mi2—Greater Boston, MA.
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levels of PM10 (particulate matter less than or equal to 10 μm in aerodynamic
diameter), NO2 (nitrogen dioxide), and O3 (ozone) spatially interpolated to the
residence of study subjects (correlation coefficients, −0.12, −0.04, and −0.10,
respectively).36 Data obtained from 93 state monitoring stations for CO, benzene,
and 1,3-butadiene showed stronger correlations with census block level traffic density
(correlation coefficients, 0.70, 0.69, and 0.57, respectively).44 Possible explanations
for these inconsistent results include spatial or temporal misalignment of the
monitoring data and traffic density estimates or difference in the relative contribution
of traffic versus non-traffic sources to parameter concentrations in a particular locale.

Land-use regression studies combine monitoring of air pollution at a small
number of locations and development of stochastic models using data on land use,
traffic characteristics, and meteorology to predict measured pollution concentrations

FIGURE 5. Spatial density contours and the location of schools and long-term care facilities—
Greater Boston, MA.
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at un-sampled locations.45,58 In a review of 25 studies using land-use regression to
characterize several parameters including NO2, NOx, PM2.5 (particulate matter less
than 2.5 μm in aerodynamic diameter), the soot content of PM2.5, and VOCs, traffic
intensity, another term used for traffic density, was the most significant predictor or
one of two strongest traffic predictor variables for pollution levels in a majority of
the studies.45

Traffic proximity, or distance to roadway,was identified as a strong predictor in seven
out of 25 studies. Coefficients of determination for the models ranged from an average of
0.72 for 24 studies evaluating NO2, 0.57 for three studies evaluating NO, 0.82 for three
studies evaluating NOx, and 0.72 for four studies evaluating various VOCs.45

Notable among the limitations of the TAZ approach was the potential for
exposure misclassification for individuals residing near a TAZ boundary but who
would be expected to be influenced to some degree by the traffic impacts of an
adjacent TAZ. The raster-based density approach was developed to address these
intra-TAZ influences

The screening level assessment identified areas of potentially high traffic
exposure, though actual exposures would be influenced by a number of factors
including building design and operation, extent of outdoor versus indoor activities,
trees or other barriers that may mitigate traffic exposure, and the migration of
pollutants or noise from roadways. People residing or children attending schools in
high traffic areas may have very different exposure levels as a result of their exact
distance from the road, the orientation of homes with respect to roadways, the
location of apartments or classrooms within a building, the condition of windows,
infiltration rates, and ventilation systems within the building. One such built
environment feature is the “urban canyon.” Urban canyons are streets cutting
through blocks of buildings in a manner that influences wind speed, wind direction,
noise levels, and ultimately air quality.59 A review of wind direction distribution
from Boston Logan Airport in Boston indicates a changing pattern of wind
directions in the Boston area. Five months of the year, the predominant wind
direction is from the west (fall and winter), 6 months from the east (spring and
summer), and 1 month (July) from the south (www.windfinder.com/windstastic_
boston_logan_airport.htm).

An air monitoring network of stations collecting traffic-related pollutants and
their decay products positioned to characterize spatial and temporal variation at the
local scale might be considered the gold standard for exposure characterization.
Exposure misclassification would remain an important consideration based on time
and activity relationships among the exposed population (e.g., portion of time spent
indoors versus outside of the home), differences between ambient and indoor air
concentrations, and measurement error. Because the implementation costs and
research time involved in establishing a comprehensive and representative air
monitoring program are beyond the capabilities of many research projects, a more
efficient method is needed to perform screening level assessments in new study
locales or to examine associations between level of traffic and previously
unexplored health outcomes.

Using a set of exposure characterization methods can test associations with
health outcomes thus calibrating the sensitivity of these associations. Using multiple
traffic indices can also further understanding of the role of distance to roadway,
traffic volume, dose–response, cumulative impacts from residing near multiple major
roads, and high volume single source versus multi-directional overall traffic density
for health outcomes studies. For epidemiologic purposes, assignment of exposure
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status on the basis of TAZ-based density versus spatially contoured density requires
further exploration.

TAZ-level traffic density estimates have certain advantages to other traffic
density estimates, e.g., using available traffic count data or link-based information
for roads within a selected radius of a receptor. TAZ-level density estimates are more
complete by including more roads, not only those with traffic counts, and by
minimizing the error in traffic assignment for individual roadway links when
competing nearby roadways can be used for travel.

To our knowledge, this is the first illustration of how TAZ data can be used for
exposure assessment purposes. One of the goals of this review and screening level
assessment was to evaluate the overall utility, transferability, reproducibility, and
validity of TAZ data as a tool to identify potentially high-risk areas and populations
and for use in future epidemiologic studies. MPOs across the country create TAZ
boundaries using standard modeling tools, though the detail of the roadway
networks captured in these data, the homogeneity of the individual TAZ, and the
level of model validation employed will vary according to resources and expertise.
Researchers interested in using TAZ data in health studies should obtain all
available documentation on the travel demand model procedures used by the MPO
along with the criteria used to delineate TAZ boundaries. Because MPOs are all
public agencies, these data should be available to health scientists and researchers,
though the level of documentation may vary considerably across MPOs. TAZ-level
data on vehicle miles traveled, size of each zone, and associated geo-referenced
material should be available in GIS-compatible format. In general, an urban area
comprising smaller TAZs provides improved resolution of traffic density.

CONCLUSIONS

Growing evidence of the adverse effects of exposure to vehicular traffic highlights
the need for transportation planners and health scientists to increasingly work in
concert to understand the magnitude of the problem in their planning regions.
Whether as a result of proximity to busy roads or residing in areas with dense road
networks, it is clear that a substantial population resides and attends schools in
areas of high volumes of vehicular traffic.

Future traffic-related health assessments should examine both proximity to
roads and traffic density. It is recommended that assessments consider the extent of
the overlap of these two indices and whether different population subgroups are
classified as “exposed” by the two methods. Risks may be under-estimated and/or
subjects misclassified when health studies use only roadway proximity or traffic
density to assess traffic exposure.

TAZ data generated by MPOs across the USA represent a widely available,
straightforward, and useful set of metrics to assess the impact of traffic density by
employing standardized and widely used models subject to oversight and validation.
Environmental epidemiologists are often required to adapt methods originally
developed for purposes other than health studies to accomplish their goals. The
present paper is yet another example of this phenomenon. With appropriate
scrutiny, health scientists can make use of these data within a GIS format to
spatially assess the relative burdens of localized versus larger-scale traffic-related
impacts on susceptible populations. Use of these transportation planning tools in
future health studies provides an opportunity for collaboration among trans-
portation and public health scientists that can help advance policy initiatives aimed
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at both the characterization and potential mitigation of transportation-related
health effects.

ACKNOWLEDGEMENTS

Partial funding for this study was provided by Tufts Institute for the Environment.
We wish to thank Dr. Katherine Tucker of the Tufts School of Nutrition and Boston
Puerto Rican Center for Population Health and Health Disparities Project for access
to the study population data. We also wish to thank Jason Kurian and Armando
Milou for assistance with the geocoding and the Central Transportation Planning
Staff at the Boston Metropolitan Planning Agency.

FUNDING
Doug Brugge was partially supported by a grant from NIEHS (ES015462).

REFERENCES

1. Brugge D, Durant JL, Rioux C. Near-highway pollutants in motor vehicle exhaust: a
review of epidemiologic evidence of cardiac and pulmonary health risks. Environ Health.
2007; 6.

2. Brunekreef B, Janssen NAH, De Hartog J, Harssema H, Knape M, Van Vliet P. Air
pollution from truck traffic and lung function in children living near motorways.
Epidemiology. 1997; 8(3): 298–303.

3. Hoek G, Brunekreef B, Goldbohm S, Fischer P, Van Den Brandt PA. Association between
mortality and indicators of traffic-related air pollution in the Netherlands: a cohort study.
Lancet. 2002; 360(9341): 1203–1209.

4. Brauer M, Hoek G, Van Vliet P, et al. Estimating long-term average particulate air
pollution concentrations: application of traffic indicators and geographic information
systems. Epidemiology. 2003; 14(2): 228–239.

5. Lipfert FW, Wyzga RE, Baty JD, Miller JP. Traffic density as a surrogate measure of
environmental exposures in studies of air pollution health effects: long-term mortality in a
cohort of US veterans. Atmos Environ. 2006; 40(1): 154–169.

6. Finkelstein MM, Jerrett M, Sears MR. Environmental inequality and circulatory disease
mortality gradients. J Epidemiol Community Health.. 2005; 59(6): 481–487.

7. McConnell R, Berhane K, Yao L, et al. Traffic, susceptibility, and childhood asthma.
Environ Health Perspect. 2006; 114(5): 766–772.

8. Künzli N, Jerrett M, Mack WJ, et al. Ambient air pollution and atherosclerosis in Los
Angeles. Environ Health Perspect. 2005; 113(2): 201–206.

9. Jerrett M, Burnett RT, Ma R, et al. Spatial analysis of air pollution and mortality in Los
Angeles. Epidemiology. 2005; 16(6): 727–736.

10. Tonne C, Melly S, Mittleman M, Coull B, Goldberg R, Schwartz J. A case-control
analysis of exposure to traffic and acute myocardial infarction. Environ Health Perspect.
2007; 115(1): 53–57.

11. Medina-Ramón M, Goldberg R, Melly S, Mittleman MA, Schwartz J. Residential
exposure to traffic-related air pollution and survival after heart failure. Environ Health
Perspect. 2008; 116(4): 481–485.

12. Levy JI, Houseman EA, Spengler JD, Penn L, Ryan L. Fine particulate matter and
polycyclic aromatic hydrocarbon concentration patterns in Roxbury, Massachussetts: a
community-based GIS analysis. Environ Health Perspect. 2001; 109(4): 341–347.

13. Baxter LK, Clougherty JE, Paciorek CJ, Wright RJ, Levy JI. Predicting residential indoor
concentrations of nitrogen dioxide, fine particulate matter, and elemental carbon using

USING TRANSPORTATION PLANNING TOOL TO CHARACTERIZE URBAN TRAFFIC EXPOSURES 185



questionnaire and geographic information system based data. Atmos Environ. 2007; 41
(31): 6561–6571.

14. Clougherty JE, Wright RJ, Baxter LK, Levy JI. Land use regression modeling of intra-
urban residential variability in multiple traffic-related air pollutants. Environ Health.
2008; 7.

15. JerrettM, FinkelsteinM.Geographies of risk in studies linking chronic air pollution exposure
to health outcomes. J Toxicol Environ Health Part A. 2005; 68(13–14): 1207–1242.

16. Kim JJ, Smorodinsky S, Lipsett M, Singer BC, Hodgson AT, Ostro B. Traffic-related air
pollution near busy roads: the East Bay Children’s Respiratory Health Study. Am J Respir
Crit Care Med. 2004; 170(5): 520–526.

17. Gauderman WJ, Avol E, Lurmann F, et al. Childhood asthma and exposure to traffic and
nitrogen dioxide. Epidemiology.. 2005; 16(6): 737–743.

18. Rückerl R, Greven S, Ljungman P, et al. Air pollution and inflammation (interleukin-6, c-
reactive protein, fibrinogen) in myocardial infarction survivors. Environ Health Perspect.
2007; 115(7): 1072–1080.

19. Delfino RJ, Staimer N, Tjoa T, et al. Air pollution exposures and circulating biomarkers
of effect in a susceptible population: clues to potential causal component mixtures and
mechanisms. Environ Health Perspect. 2009; 117(8): 1232–1238.

20. Riediker M, Cascio WE, Griggs TR, et al. Particulate matter exposure in cars is associated
with cardiovascular effects in healthy young men. Am J Respir Crit Care Med. 2004; 169
(8): 934–940.

21. Dubowsky SD, Suh H, Schwartz J, Coull BA, Gold DR. Diabetes, obesity, and
hypertension may enhance associations between air pollution and markers of systemic
inflammation. Environ Health Perspect. 2006; 114(7): 992–998.

22. Perera FP, Li Z, Whyatt R, et al. Prenatal airborne polycyclic aromatic hydrocarbon
exposure and child IQ at age 5 years. Pediatrics. 2009; 124(2).

23. Jerrett M, Arain A, Kanaroglou P, et al. A review and evaluation of intraurban air
pollution exposure models. J Expo Anal Environ Epidemiol. 2005; 15(2): 185–204.

24. Roorda-Knape MC, Janssen NAH, De Hartog JJ, Van Vliet PHN, Harssema H,
Brunekreef B. Air pollution from traffic in city districts near major motorways. Atmos
Environ. 1998; 32(11): 1921–1930.

25. Janssen NAH, Van Vliet PHN, Aarts F, Harssema H, Brunekreef B. Assessment of
exposure to traffic related air pollution of children attending schools near motorways.
Atmos Environ. 2001; 35(22): 3875–3884.

26. Zhu Y, Hinds WC, Kim S, Shen S, Sioutas C. Study of ultrafine particles near a major
highway with heavy-duty diesel traffic. Atmos Environ. 2002; 36(27): 4323–4335.

27. Zhu Y, Hinds WC, Kim S, Sioutas C. Concentration and size distribution of ultrafine
particles near a major highway. J Air Waste Manage Assoc. 2002; 52(9): 1032–1042.

28. Zhang KM, Wexler AS, Zhu YF, Hinds WC, Sioutas C. Evolution of particle number
distribution near roadways. Part II: The ‘road-to-ambient’ process. Atmos Environ. 2004;
38(38): 6655–6665.

29. Nel A. Air pollution-related illness: effects of particles. Science. 2005; 308(5723): 804-806.
30. Kim JJ, Huen K, Adams S, et al. Residential traffic and children’s respiratory health.

Environ Health Perspect. 2008; 116(9): 1274–1279.
31. Salam MT, Islam T, Gilliland FD. Recent evidence for adverse effects of residential

proximity to traffic sources on asthma. Curr Opin Pulm Med. 2008; 14(1): 3–8.
32. Jerrett M, Shankardass K, Berhane K, et al. Traffic-related air pollution and asthma onset

in children: a prospective cohort study with individual exposure measurement. Environ
Health Perspect. 2008; 116(10): 1433–1438.

33. Ryan PH, LeMasters GK, Biswas P, et al. A comparison of proximity and land use
regression traffic exposure models and wheezing in infants. Environ Health Perspect.
2007; 115(2): 278–284.

34. Gauderman WJ, Vora H, McConnell R, et al. Effect of exposure to traffic on lung
development from 10 to 18 years of age: a cohort study. Lancet. 2007; 369(9561): 571–577.

RIOUX ET AL.186



35. Hoffmann B, Moebus S, Stang A, et al. Residence close to high traffic and prevalence of
coronary heart disease. Eur Heart J. 2006; 27(22): 2696–2702.

36. Kan H, Heiss G, Rose KM, Whitsel EA, Lurmann F, London SJ. Prospective analysis of
traffic exposure as a risk factor for incident coronary heart disease: the Atherosclerosis Risk
in Communities (ARIC) Study. Environ Health Perspect. 2008; 116(11): 1463–1468.

37. Van Hee VC, Adar SD, Szpiro AA, et al. Exposure to traffic and left ventricular mass and
function: the multi-ethnic study of atherosclerosis. Am J Respir Crit Care Med. 2009; 179
(9): 827–834.

38. Peters A, Von Klot S, Heier M, et al. Exposure to traffic and the onset of myocardial
infarction. N Engl J Med. 2004; 351(17): 1721–1730.

39. Rosenlund M, Bellander T, Nordquist T, Alfredsson L. Traffic-generated air pollution and
myocardial infarction. Epidemiology. 2009; 20(2): 1–7.

40. Hoffmann B, Moebus S, Möhlenkamp S, et al. Residential exposure to traffic is
associated with coronary atherosclerosis. Circulation. 2007; 116(5): 489–496.

41. Schwartz J, Litonjua A, Suh H, et al. Traffic related pollution and heart rate variability in
a panel of elderly subjects. Thorax. 2005; 60(6): 455–461.

42. Adar SD, Gold DR, Coull BA, Schwartz J, Stone PH, Suh H. Focused exposures to airborne
traffic particles and heart rate variability in the elderly. Epidemiology. 2007; 18(1): 95–103.

43. Lipfert FW, Wyzga RE. On exposure and response relationships for health effects
associated with exposure to vehicular traffic. J Expo Sci Environ Epidemiol. 2008; 18(6):
588–599.

44. Gunier RB, Hertz A, Von Behren J, Reynolds P. Traffic density in California:
socioeconomic and ethnic differences among potentially exposed children. J Expo Anal
Environ Epidemiol. 2003; 13(3): 240–246.

45. Hoek G, Beelen R, de Hoogh K, et al. A review of land-use regression models to assess
spatial variation of outdoor air pollution. Atmos Environ. 2008; 42(33): 7561–7578.

46. ESRI. ArcGIS version 9.2 mapping software documentation. Redlands, CA.; 2006.
47. Tucker KL. Stress and nutrition in relation to excess development of chronic disease in

Puerto Rican adults living in the northeastern USA. J Med Invest. 2005; 52(SUPPL): 252–
258.

48. Rioux, CL, Tucker KL, Mwamburi, M, Gute DM, Cohen SA, Brugge D. Residential
traffic exposure, pulse pressure and C-reactive protein: Consistency and contrast among
exposure characterization methods. In preparation.

49. Hoffmann B, Moebus S, Kröger K, et al. Residential exposure to urban air pollution,
ankle-brachial index, and peripheral arterial disease. Epidemiology. 2009; 20(2): 280–
288.

50. Donaldson K, Stone V, Seaton A, MacNee W. Ambient Particle inhalation and the
cardiovascular system: potential mechanisms. Environ Health Perspect. 2001; 109
(SUPPL. 4): 523–527.

51. Zandbergen PA. Influence of geocoding quality on environmental exposure assessment of
children living near high traffic roads. BMC Public Health. 2007; 7.

52. Cayo MR, Talbot TO. Positional error in automated geocoding of residential addresses.
Int J Health Geogr. 2003; 2.

53. Ong P, Graham M, Houston D. Policy and programmatic importance of spatial
alignment of data sources. Am J Public Health. 2006; 96(3): 499–504.

54. O’Neill MS, Jerrett M, Kawachi I, et al. Health, wealth, and air pollution: advancing
theory and methods. Environ Health Perspect. 2003; 111(16): 1861–1870.

55. CTPS. Journey to 2030—Transportation plan of the Boston Region Metropolitan
Planning Organization. April 12, 2007.

56. CTPS. Demographic statistics for Traffic Analysis Zones. Data resources division; 2009.
57. Silverman BW. Density Estimation for Statistics and Data Analysis. New York: Chapman

and Hall; 1986.
58. Briggs DJ, Collins S, Elliott P, et al. Mapping urban air pollution using GIS: a regression-

based approach. Int J Geogr Inf Sci. 1997; 11(7): 699–718.

USING TRANSPORTATION PLANNING TOOL TO CHARACTERIZE URBAN TRAFFIC EXPOSURES 187



59. Zhou Y, Levy JI. The impact of urban street canyons on population exposure to traffic-
related primary pollutants. Atmos Environ. 2008; 42(13): 3087–3098.

60. Vanasse Hangen and Brustlin, Inc. Determination of the State of the Practice in
Metropolitan Area Travel Forecasting. Findings of the Surveys of Metropolitan
Planning Organizations. Prepared for Committee B0090. TRB/National Research
Council; 2007.

RIOUX ET AL.188


	Characterizing Urban Traffic Exposures Using Transportation Planning Tools: An Illustrated Methodology for Health Researchers
	Abstract
	Introduction
	Rationale for Using Surrogate Methods for Characterizing Traffic Exposures
	A Methodology to Characterize Urban Traffic Exposure Using City Planning Tools
	Considerations for Traffic Exposure Assessment

	Methods
	Data Collection
	Traffic Exposure Assessment
	Data Analysis

	Results
	Discussion
	Strengths and Limitations

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


