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Community groups in southern California
have been increasingly concerned about the
health effects of exposure to some of the
highest levels of urban air pollution in the
United States. Statewide risk assessments have
concluded that substantial cardiovascular and
respiratory disease mortality and large num-
bers of cardiorespiratory emergency visits and
hospitalizations, asthma exacerbations, and
chronic bronchitis are attributable to
high levels of particulate matter and ozone
(O3).1,2 However, only rarely has this methodol-
ogy been applied to smaller geographical scales
taking into account local air pollution conditions
and sources.

Information about the local health burden of
air pollution would be useful for evaluating
proposals to expand port facilities and trans-
portation infrastructure in the Los Angeles air
basin. Expansion at the adjacent ports of Long
Beach and Los Angeles, the largest port com-
plex in the country, has resulted in an increas-
ing contribution to the region’s air pollution.
Air emissions from ships, yard equipment,
railroads, and trucks account for about 10% of
the daily particulate matter, 24% of nitrogen
oxides, and 73% of the daily sulfur oxides in
the entire Los Angeles air basin.3 Ship emis-
sions alone contribute substantially to coastal
and inland air pollution.4 A doubling or tripling
of cargo through the region by 2025 is pre-
dicted,5,6 threatening decades of progress in
reducing levels of air pollution.

As part of a community-based participatory
research effort to provide information that
could help communities evaluate plans for port
expansion, we estimated the burden of child-
hood asthma attributable to air pollution in the
southern California cities of Long Beach (pop-
ulation 136000) and Riverside (population
76500). Residents from these communities
have challenged port expansion on the basis of
concerns about the health effects of ship emis-
sions and of traffic proximity, which have not

been well characterized in prior health risk
assessments.7,8

Novel features of our effort include an
assessment of the impact of residential prox-
imity to major roads on the burden of child-
hood asthma. Recent research suggests that
traffic proximity is not only associated with
severity and persistence of asthma in children
but also with increased risk of asthma onset.9–11

In addition, we have evaluated the burden of
childhood asthma attributable to ship emissions
as an example of a specific source of port-related
pollution effects.

METHODS

We quantified the number of yearly child-
hood asthma-related illnesses that could be
prevented if air quality were improved in the
Long Beach and Riverside communities by
deriving population-attributable risk fractions.
The derivation of population-attributable risk
fractions combines several elements. These
include the concentration–response functions
(CRFs; the quantitative association between

markers of air pollution and selected outcomes
derived from epidemiological studies), the
frequency of health conditions in the popula-
tion of interest, the current population expo-
sure to the markers of air pollution selected,
and the population exposure hypothesized
after scenarios of air pollution reduction.

The CRFs for the outcomes selected for
this study are shown in Table 1. Choice of
outcomes was limited by the availability of the
frequency of health conditions for the popula-
tion under study. We based the CRFs for
bronchitis episodes among those with asthma,
and lifetime asthma, on the southern California
Children’s Health Study (CHS), a large popu-
lation-based study of air pollution and respira-
tory health, which included the Long Beach
and Riverside areas.17 For other outcomes,
appropriate studies had not been conducted in
southern California populations, so we selected
CRFs if they had been used in previous peer-
reviewed health impact assessments or were
conducted in populations similar to the popula-
tions under study. If these criteria could not be
met, recent studies were preferred over older
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studies. We tested the comparability of results by
using alternative CRFs for these outcomes in
uncertainty analyses. The statistical models used
to derive CRFs most often provide odds ratios
(ORs) from logistic regression models rather
than relative risks. To control for overestimation
of the ORs for frequent events, we corrected ORs
with a standard formula.18,19 Table 1 presents
published and corrected CRFs.

Burden of disease was estimated for nitrogen
dioxide (NO2) and O3, which were available for
both risk assessment scenarios we considered.
Nitrogen dioxide has been found to have a re-
gional distribution and effects across southern
California communities similar to that for par-
ticulate pollution.20 There are high levels of
NO2 in Long Beach and of both NO2 and O3 in
Riverside. In Long Beach, NO2 is generated
largely by combustion emissions from automo-
biles and other mobile sources related to goods
movement (i.e., ships, harbor craft and other
vehicles at the port, and rail and truck traffic).
Ozone is a product of atmospheric photochem-
istry, heavily influenced by upwind emissions of
primary air pollutants (such as those from the
port and vehicular traffic). Dominant regional

wind trajectories transport emissions from the
port communities (including Long Beach) to the
Riverside area, approximately 50 miles inland4

(see the figure available as a supplement to the
online version of this article at http://www.ajph.
org).

The Riverside area is also one of several
communities that has undergone rapid devel-
opment to accommodate increased population
and to facilitate cargo processing from the ports
in large mega-warehouses before redistribution
to the rest of the country, resulting in heavy
truck and automobile traffic. Current commu-
nity population exposures were estimated
from the 8-year mean concentration (1996–
2004) of NO2 and O3 measured at continu-
ously operating CHS monitoring stations in each
community.4,17 The frequency of health condi-
tions in the population of interest and expo-
sure levels in the 2 communities are shown in
Table 2.

Exposure-Reduction Scenarios

We provided estimates for 2 scenarios of
exposure reduction. Scenario 1 quantified the
burden of disease related to the contribution

from ships alone while ignoring all other port-
related activities. This scenario was based on
a recent study that modeled the impact of
emissions from ocean-going ships on NO2

concentrations during episodic conditions in
southern California.4 Ship emissions were esti-
mated to contribute 5.9 ppb and 2 ppb of NO2

in Long Beach and Riverside, respectively.4

(Although the contribution of ship emissions to
O3 was also estimated from this study, the
episodic conditions were appropriate only for
estimating the contribution to long-term NO2

exposure.)
Scenario 2 estimated the reduction in disease

that would result if NO2 levels were reduced to
concentrations present in the cleaner coastal
southern Californian communities (about 15
ppb).17 Under this scenario, current population
exposure to NO2 would have to be lowered
by 18 ppb and 11 ppb in Long Beach and
Riverside, respectively. For O3, we assumed that
the annual 8-hour mean concentration would
be decreased to 30 ppb, corresponding to a 27
ppb exposure reduction in Riverside. Because
of chemical reactions with high concentrations
of nitrogen oxide, O3 levels in Long Beach are,

TABLE 1—Health Outcomes and Concentration Response Functions (CRFs) Among Children:

Long Beach and Riverside, CA

Outcome Unit of CRF Age, y CRF (95% CI) Corrected CRF (95% CI) Study

Bronchitis episodes among those

with asthma

NO2 1 ppb (24-h annual average) 9–13 1.070 (1.020, 1.130) 1.042 (1.012, 1.076) McConnell et al.12

O3 1 ppb (10:00 AM–6:00 PM average) 9–13 1.060 (1.000, 1.120) 1.057 (1.000, 1.113) McConnell et al.12

Clinic visits for asthma

NO2 24 ppb (24-h average) 0–14 1.061 (1.012, 1.113) 1.055 (1.011, 1.102) Hajat et al.13

O3 50 ppb (24-h average) 2–14 1.054 (1.013, 1.096) 1.049 (1.012, 1.086) Ostro et al.14

Emergency department visits

for asthma

NO2 50 lg/m3 (27 ppba) (24-h average) £15 1.026 (1.006, 1.049) 1.024 (1.006, 1.045) Sunyer et al.15

O3 10 ppb (daily 1-h max) 1–16 1.024 (1.015, 1.033) 1.022 (1.014, 1.030) Ostro et al.2

Hospital admissions for asthma

NO2 27.1 lg/m3 (14.4 ppba) (24-h average) £15 1.079 (1.054, 1.090) 1.079 (1.054, 1.090) Lee et al.16

O3 23 lg/m3 (11.5 ppbb) (8-h mean) £15 1.060 (1.041, 1.079) 1.060 (1.041, 1.079) Lee et el.16

Prevalent asthma: traffic exposure Living < 75 m from busy road for

long-term residents

5–7 1.64 (1.10, 2.44) 1.515 (1.086, 2.059) McConnell et al.10

Note. CI = confidence interval; NO2 = nitrogen dioxide; O3 = ozone. Published CRFs were corrected with the formula CRF/[1+It(CRF-1)], where It is the frequency of the outcome in the population.
aConversion factor for NO2: 1 ppb = 1.88 lg/m3.
bConversion factor for O3: 1 ppb = 2 lg/m3.
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on average, lower than levels found in many
coastal communities. Thus, O3 burden was not
evaluated for Long Beach. Population exposure
under the 2 exposure-reduction scenarios con-
sidered are presented in Table 2.

The CHS and other recent studies have
demonstrated associations between living close
to busy roads and asthma prevalence.10,11,23 For
the asthma prevalence attribution, we used the
CRF determined in a previous CHS study dem-
onstrating an association with a busy road within
75 meters of children’s homes.10 The detailed
methods used to derive the number of children
living within 75 meters of a busy road are

described elsewhere.9 The census block popula-
tion was uniformly assigned to grids repre-
senting households, and the distance from the
nearest major road to these grids was assigned
by using geo-referenced software tools (ArcGIS
Version 9.2, ESRI, Redland, CA). As an exposure-
reduction scenario, we assumed that the current
number of children living in the first 75 meters
of busy roads would be reduced to zero, or
that the high concentrations of toxicants along
traffic arteries would fall to levels existing in
areas more than 75 meters from busy roads.

The attribution of prevalent cases of asthma
to residential traffic proximity has substantial

implications for the burden of asthma-related
exacerbation caused by air pollution. If air
pollution increases risk of developing asthma,
then all acute future consequences of having
asthma should be attributed to air pollution in
those individuals, regardless of subsequent
causes of exacerbations.21 Therefore, we ex-
tended our analysis to account for the burden of
asthma associated with these effects by using
recently published methods.9 First, the number
of asthma cases associated with living close to
busy roads was estimated. Then, for each re-
gional pollutant scenario, we estimated the yearly
number of each asthma-related exacerbation
outcome because of all causes (not just air
pollution) among these cases by using the at-
tributable-fraction formula.

For each regional pollutant scenario, we also
estimated the yearly number of each respira-
tory outcome attributable to pollution among
children with asthma not attributable to traffic
proximity, a standard approach in health risk
assessment of regional pollutant effects. These
estimates were then added to the number of
asthma exacerbations among children with
asthma attributable to traffic proximity to
obtain the total number of each exacerbation
attributable to air pollution.

Sensitivity Analyses

To reflect statistical uncertainty, results are
presented with both a point estimate and an
upper and lower bounds corresponding to the
95% confidence interval of the CRF. We used
Monte Carlo simulations to generate uncertainty
distributions for outcomes that required combin-
ing 2 sets of CRFs when taking into account
asthma onset caused by living close to busy roads.
Several steps of the risk analysis have assumptions
and uncertainties that limit our results. These
limitations are addressed in the ‘‘Discussion’’
section. We also conducted a series of additional
sensitivity analyses to illustrate the impact on our
estimates of alternative approaches.

RESULTS

Approximately 1600 cases of childhood
asthma in Long Beach (9% of all cases) and
690 in Riverside (6% of all cases) were
attributable to traffic proximity (Table 3), on
the basis of evidence that living close to busy
roads causes new-onset asthma. These local

TABLE 2—Population Baseline Frequencies and Exposure Data Among Children:

Long Beach and Riverside, CA

Description Long Beach, CA Riverside, CA Data Source

Population or baseline frequencies

Total population of children aged 0–17 y 136 181 76 491 2000 US Census Bureau

Fraction of children with asthma (prevalence)a 0.1284 0.1488 CHSb

Fraction of children with asthma with reported

bronchitis symptomsc

0.387 0.387 McConnell et al.12

Fraction of children with reported clinic visits

for asthmad

0.710 0.7521 CHSb

Fraction of children with asthma with reported

emergency department visits for asthmae

0.581 0.3793 CHSb

Number of hospital admissions for asthma

(ICD-9, 493)

264 120 California Breathing, 2003f

Fraction of children living < 75 m from busy roads 0.199 0.1291 Methods based on

Künzli et al.21

Population exposure—current conditions

NO2 33 ppb 26 ppb CHS Web page17

O3 29 ppb 57 ppb CHS Web page17

Exposure reduction from current levels

Scenario 1: no ship emissions

NO2 –5.9 ppb –2.0 ppb Vutukuru and Dabdub4

O3 Not considered Not considered

Scenario 2: clean communities

NO2 –18 ppb –11 ppb Clean CHS communities17

O3 Not considered –27 ppb Clean CHS communities17

Note. CHS = Children’s Health Study; ICD-9 = International Classification of Diseases, Ninth Revision.22

aDefined as use of controller medications for asthma in previous year or physician-diagnosed asthma with any wheeze in previous
year.
bCHS, unpublished data; R. McConnell, MD, University of Southern California, Los Angeles, written communication, 2008.
cDefined as daily coughs for 3 months in a row, congestion or phlegm for at least 3 months in a row, or bronchitis. Average 12 CHS
communities.
dBased on answer to the question, ‘‘Has your child ever been to a doctor for wheezing?’’ among those that have ever had wheezing
or whistling.
eBased on answer to the question, ‘‘Has your child ever been to an emergency room or a hospital for wheezing?’’ among those that
have asthma.
fCalifornia Breathing, unpublished data, 2003; Environmental Health Investigations Branch, written communication, California
Department of Health Services, 2008.
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traffic proximity effects are independent of
the effects of regional pollutants and so
were the same for each regional pollutant
scenario.

Without taking into account the impact of
traffic-induced asthma, we estimated that
eliminating ship emissions would result in re-
duction of the number of asthma-related
bronchitis episodes among those with asthma
by 1400 (21% of all cases) in Long Beach and
3400 (8% of all cases) in Riverside, and that
total number of health care facility visits, in-
cluding emergency room visits, clinic visits, and
hospital admissions, would decrease by 224
(1% of all visits) in Long Beach and 50 (0.4%)
in Riverside (see the first column under sce-
nario 1 in Table 3). Further reduction of NO2

concentrations to levels found in clean com-
munities in Southern California would result in
corresponding reductions in asthma exacerba-
tion that are 3- to 5-fold those observed in
scenario 1 (see first column under scenario 2 in
Table 3). For example, if NO2 were reduced to
levels found in clean communities, 3400
bronchitis episodes in Long Beach (50% of
all episodes) and 1600 in Riverside (36% of
all episodes) could be prevented. Ozone reduc-
tion in Riverside to background levels would
reduce the number of bronchitis episodes
among those with asthma by 3100 (70% of all
episodes), and the number of health care facility
visits for asthma by 482 (4% of all visits).

There was substantial impact of residential
traffic proximity on asthma exacerbation, be-
cause exacerbation of asthma from any cause
was attributable to traffic proximity among
children who would not have developed
asthma if they did not live near busy roadways.
For example, the preventable proportion of
bronchitis episodes increased from 1400 (21%
of all episodes) to 1900 (28% of all episodes)
in Long Beach (third column under scenario 1
in Table 3) and from 3400 (50% of all
episodes) to 3700 (55% of all episodes; third
column under scenario 2 in Table 3), after
accounting for effects of NO2 among children
with asthma attributed to traffic proximity. The
biggest relative impact of traffic proximity–
attributable asthma on exacerbation was for
asthma-related clinic visits, emergency depart-
ment visits, and hospital admissions.

Figure 1 shows selected sensitivity analyses
for Riverside, which were conducted to
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evaluate the impact of assumptions made in the
primary analyses and the associated uncer-
tainty. The uncertainty is expressed as a per-
cent change from estimates in Table 3 for
cases attributable to O3 and for asthma cases
caused by traffic proximity. The 95% confi-
dence interval of the CRF is the source of large
uncertainty; however, the available CRFs for
the outcomes considered in this study were
limited. The upper and lower bounds range
around plus or minus 30% for hospital ad-
missions and plus or minus 90% for clinic
visits. Large bounds were also found for cases
attributable to NO2 (results not shown).

Figure 1 also shows the impact of using
alternative CRFs, which were generally less
influential than statistical uncertainty but had
important effects for some outcomes. For O3,
bounds varied between –10% for emergency
room visits and –80% for bronchitis episodes.
Error in asthma prevalence (620%) assumed
for the risk assessment and in outcome in-
cidence (620%) had relatively modest impact
on estimates of the burden of bronchitis,
emergency room visits, and other outcomes,
compared with other uncertainties. The plus or
minus 20% error in outcome frequencies was

selected to include a plausible range of diag-
nostic misclassification. For example, asthma
frequencies in the CHS varied depending on
alternative definitions of asthma, which was
14% if defined as physician-diagnosed asthma;
13% if defined as current severe symptoms and
use of controller medications, or lifetime asthma
with current wheeze; and 15% if defined as
current wheeze during the previous year.10

Finally, Figure1shows the impact on asthma
prevalence of a reduction scenario in which
5% of the Riverside population were assumed
to live within 75 meters of a busy road instead
of 0% as in the primary analysis. In this case,
the proportion of all Riverside asthma cases
attributable to air pollution would be only 4%
lower than the primary estimate. However, this
modest difference would have important im-
pacts on the number of superimposed acute
exacerbations attributable to reduction of re-
gional air pollutants.

DISCUSSION

This health risk assessment was undertaken
to provide credible estimates of the burden of
air pollution-attributable childhood asthma

for community groups concerned about the
impact of the continued expansion of goods
movement in southern California. We focused
on childhood asthma, because its importance
has been underappreciated in traditional risk
assessment, and this study is one of the first, to
our knowledge, to estimate the population
burden of asthma and asthma exacerbation
caused by traffic proximity. Our results in-
dicate that heavy traffic corridors in Long
Beach and Riverside are responsible for
a large preventable burden of childhood
asthma prevalence, accounting for 6% to 9%
of all cases of this most common chronic
disease of childhood. Ozone from upwind
sources and NO2 from ships and from both
regional and local sources were responsible for
a significant burden of asthma exacerbation.
Asthma cases attributable to traffic proximity
had a large impact on the total burden of
exacerbations, especially for common outcomes
with weak (or no) association with regional air
pollution in previous studies, because no exac-
erbation would have occurred in these children
had asthma not developed because of residential
traffic proximity.

The contribution of goods movement
through the port to the burden of childhood
asthma is difficult to quantify. However, the
morbidity associated with ship emissions alone
indicates that the port is an important contrib-
utor to the public health impact of air pollution
in the Los Angeles basin. Port expansion has
been promoted as an ‘‘economic engine’’ for
the region,6 and there are currently several large
transportation infrastructure development pro-
jects underway to facilitate the expected increase
in goods moving through the region to the rest of
the country.

However, there has been only limited formal
evaluation of the health impact of this devel-
opment, and a comprehensive assessment of
health costs has not been weighed against the
potential benefit. Such an assessment would
currently not be possible for specific downwind
communities such as Riverside, because no
model is available to estimate the contribution
of all port activities to exposure to secondary
pollutants in specific areas. Nevertheless, in
a community already identified as having
poor air quality, port-related growth is likely
to contribute disproportionately to the pollu-
tion-related burden of disease, compared with

Note. Uncertainty is expressed as the percentage change from estimates.
aReferences for alternative concentration response function are Delfino et al.24 for bronchitis episodes, Tolbert et al.25 for

emergency department visits, and Sheppard et al.26 for hospital admissions.
bDifference in air pollution–attributable asthma cases with a reduction scenario assuming that 5% of the population will

remain living within 75 m of busy road instead of 0% as in the core estimates.

FIGURE 1—Sensitivity analysis examining uncertainty of results for number of cases of

asthma exacerbation attributable to ozone (O3) and for number of cases of asthma

attributable to traffic proximity in Riverside, CA.
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projected changes in automobile pollution,
which currently accounts for most regulated
regional pollutants. Regulation of ship, loco-
motive, and truck emissions has lagged behind
that for automobiles. Moreover, increased ex-
pansion of cargo distribution centers in the
Riverside area and associated influx of heavy
duty diesel trucks carrying containers to ware-
houses will likely result in increased truck traffic
on major roads in proximity to homes.

Transportation planning in local communi-
ties requires local information to develop ef-
fective policies, because state and national
estimates of air pollution–related burden of
disease that average effects over a large pop-
ulation are not adequate for evaluating local
health impact in areas with high pollution.
Although this study provides an example of
how local health risk assessment might fill this
need, our results underestimate the impact of
air pollution. In addition, asthma morbidity
results in impaired quality of life for the
affected child and other family members.
School and corresponding work absenteeism
and the added use of health care facilities
because of air pollution also have an important
impact on local economies.27,28 World Health
Organization guidelines list a range of other
health outcomes that could be considered in
children, including infant mortality, effects on
birthweight, and bronchitis among those who
do not have asthma.29 Air pollution also may
cause other adverse birth outcomes, cardiore-
spiratory ailments in adults, and lung cancer.
In a recent health risk assessment in the port
area, the largest carcinogenic risk from exposure
to diesel and other air toxics in the Los Angeles
air basin occurred in Long Beach area.30,31

Large statistical uncertainty of the CRFs and
their limited availability for asthma-related
outcomes affects the certainty of our results, as
shown in Figure 1. Additional epidemiological
studies for the outcomes and populations con-
sidered would be useful to generate more
accurate CRFs. Several other limitations and
uncertainties may affect our estimates. Scenario
2 provided a more complete assessment of
the burden of childhood asthma exacerbation
attributable to air pollution because the refer-
ence levels were from clean coastal communi-
ties. Models of the regional consequences of
primary emissions from the port and from
port-related goods movement are still

incomplete, but it is clear that even if there were
no port emissions, the levels of pollution in the
study communities would not be reduced to
‘‘clean’’ levels.

We used regional air pollution exposure
estimates that did not incorporate the chil-
dren’s location and activity patterns in the
assessment of the impact of pollution on
asthma exacerbations. In communities located
close to ports and next to busy roadways,
children may experience higher personal levels
of exposure than those measured at a single
community monitoring site (which are inten-
tionally located away from major roadways).

Other uncertainties include the attribution of
uniform risk to children at all residential
distances within 75 meters of a major roadway,
a simplification of the continuous decline
to approximately 200 meters we have ob-
served.10 We also extrapolated the effects of
traffic proximity on asthma prevalence devel-
oped from young school children in the CHS
to the entire population of children aged up to
17 years. These uncertainties can only be par-
tially quantified; thus, we did not perform so-
phisticated quantitative models of uncertainty.

Finally, we did not estimate the additive
benefits of disease prevented by reduction of
NO2 and O3. Although the epidemiological
evidence for the outcomes selected suggests
that O3 has independent effects from NO2,
there is some evidence that there may be some
synergistic effects.32 The 4 exacerbation out-
comes examined in this study may overlap in
some children, as a child visiting an emergency
room may also have been hospitalized. There-
fore, summation of estimates of disease burden
across outcomes may result in some duplicate
counting. Also, it is likely that the same children
with asthma who experience chronic exacerba-
tions of asthma symptoms are also more likely to
require medical care. There are no data available
to evaluate the extent of such duplicate counting
on the individual level. However, air pollution
represents a burden both on the quality of life of
children, and on the health care system, and, thus,
parallel presentation of all effects is appropriate.

We interpreted the attributable number of
each outcome as those that would be prevented
if air pollution were reduced. This assumption
is supported by the few studies, including the
CHS, that have observed a reduction of re-
spiratory outcomes with periods of

improvements in air quality because of annual
fluctuations in air quality, or moving to another
location.33–36 However, one generic limitation
with risk assessments of this type is that cases
attributable to air pollution and to other expo-
sures may together appear to cause more than
100% of all cases (or as interventions to prevent
more than100%), because disease attributable to
air pollution in a susceptible individual might
well develop because of competing risk factors if
there were no air pollution. For example, it is
not known what fraction of children would
develop asthma because of other causes if traffic
proximity were eliminated. Competition between
risk (or protective) factors is relevant to the
correct interpretation of attributable cases, but
these relationships are not well understood.

Another important uncertainty involves the
causal relationship between asthma and pol-
lutants associated with traffic proximity. Al-
though the causal link between air pollution
and asthma exacerbation is now recognized,37

some controversy remains as to whether air
pollution causes asthma. However, emerging
evidence from toxicologic and epidemiological
studies, including several from the CHS in
these study communities, supports a causal
relationship.11,38

In conclusion, community-based quantita-
tive risk analyses can improve our under-
standing of health problems and help promote
public health in local transportation planning.
Our results demonstrate that the burden of
asthma prevalence and exacerbation caused by
traffic proximity can be substantial in commu-
nities with large numbers of homes in close
proximity to major roadways. There is an
urgent need for more detailed evaluation of the
health consequences both of large-scale trans-
portation infrastructure development and of
port-related air pollution in areas that already
have a high burden of disease associated with
air pollution. j
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