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a b s t r a c t

Exposures to ambient air traffic-related pollutants and their sources have been associated with
respiratory and asthma morbidity in children. However, longitudinal investigation of the effects of
traffic-related exposures during early childhood is limited. We examined associations of residential
proximity and density of traffic and stationary sources of air pollution with wheeze, asthma, and
immunoglobulin (Ig) E among New York City children between birth and age 5 years.

Subjects included 593 Dominican and African American participants from the Columbia Center for
Children’s Environmental Health cohort. Prenatally, through age 5 years, residential and respiratory
health data were collected every 3–6 months. At ages 2, 3, and 5 years, serum IgE was measured. Spatial
data on the proximity and density of roadways and built environment were collected for a 250 m buffer
around subjects’ homes. Associations of wheeze, asthma, total IgE, and allergen-specific IgE with
prenatal, earlier childhood, and concurrent exposures to air pollution sources were analyzed using
generalized estimating equations or logistic regression.

In repeated measures analyses, concurrent residential density of four-way intersections was
associated significantly with wheeze (odds ratio: 1.26; 95% confidence interval [CI]: 1.01, 1.57). Age
1 exposures also were associated with wheeze at subsequent ages. Concurrent proximity to highway
was associated more strongly with total IgE (ratio of the geometric mean levels: 1.25; 95% CI: 1.09,
1.42) than were prenatal or earlier childhood exposures. Positive associations also were observed
between percent commercial building area and asthma, wheeze, and IgE and between proximity to
stationary sources of air pollution and asthma.

Longitudinal investigation suggests that among Dominican and African American children living in
Northern Manhattan and South Bronx during ages 0–5 years, residence in neighborhoods with high
density of traffic and industrial facilities may contribute to chronic respiratory morbidity, and
concurrent, prenatal, and earlier childhood exposures may be important. These findings may have
broad implications for other urban populations that commonly have high asthma prevalence and
exposure to a high density of traffic and stationary air pollution sources.

& 2011 Elsevier Inc. All rights reserved.

1. Introduction

Traffic, particularly diesel-related emissions, is an important
source of air pollution exposure for the residents of New York City

neighborhoods such as Northern Manhattan and the South Bronx
(Jung et al., 2010; Lena et al., 2002; Tonne et al., 2004). Among
children living in these communities, both prenatal and short-
term concurrent exposures to traffic-related pollutants, including
polycyclic aromatic hydrocarbons, elemental carbon, and trace
metals have been linked to asthma and respiratory symptoms
(Miller et al., 2004; Patel et al., 2009a, 2010). In these populations,
the lack of long-term air monitoring of traffic-related pollutants
at a fine level of spatial resolution has limited the characterization
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of the health risks associated with chronic exposures to traffic-
related pollutants.

Limited epidemiologic evidence links chronic exposure to
traffic-related pollutants such as elemental carbon, black carbon,
nitrogen dioxide (NO2), carbon monoxide, and fine particulate
matter (PM2.5), as assessed by community-wide air concentra-
tions, with asthma prevalence (Kim et al., 2004) and deficits in
lung function growth (Gauderman et al., 2004). Further, epide-
miologic and experimental studies demonstrate associations of
air pollution exposures with allergic sensitization and increases in
the proallergic immunoglobulin (Ig) E (Diaz-Sanchez et al., 1994;
Herr et al., 2011; Janssen et al., 2003; Liu et al., 2008; Mortimer
et al., 2008; Rage et al., 2009; Takenaka et al., 1995). Despite these
lines of evidence, the effects of chronic air pollution exposures in
susceptible populations such as urban children in the period
shortly after birth are not well-characterized.

To address the lack of individual-level measurements of
traffic-related air pollution exposures, many studies have
assigned exposures using geographic information systems (GIS)-
based indicators such as residential roadway density or proximity
or pollutant estimates derived from land-use regression modeling
of such GIS indicators. Proximity to major roadways and indus-
trial facilities as well as land use regression-derived estimates of
black carbon, NO2, and PM2.5 have been associated with asthma-
and allergy-related conditions in children in cross-sectional
(Chang et al., 2009; Gordian et al., 2006; Ryan et al., 2007) and
longitudinal analyses (Clark et al., 2010; Gehring et al., 2010;
McConnell et al., 2006; Morgenstern et al., 2007, 2008). However,
analyses of repeat measures of exposure and outcomes are
limited (Morgenstern et al., 2007, 2008). Roadway proximity
and traffic density have been strong, robust predictors of outdoor
air concentrations of elemental carbon, NO2, and PM2.5 (Brauer
et al., 2003; Clark et al., 2010; Clougherty et al., 2008; Jerrett et al.,
2007; Ryan et al., 2008). Hence, GIS indicators of traffic may serve
as suitable estimates of individual-level exposures to traffic-
related pollutants where direct measurements are unavailable
and long-term estimates are desired.

Our objective was to address the lack of longitudinal studies
on long-term air pollution exposures and pediatric respiratory
disease as part of the Columbia Center for Children’s Environ-
mental Health birth cohort study. We used annual data on
residential proximity and density of roadways and industrial
facilities to represent air pollution exposures of children for
whom annual individual-level air pollutant measurements
between birth and age 5 years were unavailable. Given previous
findings in this cohort that concurrent air pollution exposures
were associated with respiratory symptoms (Patel et al., 2009a),
our primary hypothesis was that GIS indicators of traffic and
stationary sources of air pollution would be associated concur-
rently with asthma- and allergy-related outcomes in children
between birth and age 5 years. We additionally explored whether
prenatal and earlier childhood exposures to these air pollution
sources were associated with asthma and allergy through age
5 years.

2. Material and methods

2.1. Study design and population

Between 1998 and 2006, 727 children were enrolled into the Columbia Center
for Children’s Environmental Health birth cohort as described (Jung et al., 2010;
Patel et al., 2009a; Perera et al., 2003). Their mothers were recruited during
pregnancy from the New York Presbyterian Medical Center or Harlem Hospital
prenatal clinics, and 846 of 1442 women (59%) who met the initial eligibility
criteria (nonsmoking, residence in the New York City neighborhoods of Northern
Manhattan or South Bronx, and Dominican or African American ethnicity) agreed

to participate (Supplementary Fig. A.1). Fifty percent of eligible women (727/
1442) provided a cord or prenatal maternal blood sample and completed a
prenatal home visit and were considered fully enrolled. Written informed consent
was obtained in accordance with the Columbia University Medical Center Institu-
tional Review Board.

Data on subject demographic characteristics, residence, and environmental
exposures were obtained by questionnaires administered to mothers prenatally
and at child ages 1, 2, 3, and 5 years. Participation rates at ages 1, 2, 3, and 5 years
were 77%, 69%, 68%, and 47%, respectively (Supplementary Fig. A.1). By September
30, 2010, 593 children (81.8% of the fully enrolled cohort) had reached age 5 years,
and GIS and respiratory health data for at least one of the follow-up periods were
recorded and available for the present analyses.

2.2. Residential GIS data

Detailed information on GIS data sources is provided in the Supplementary
material. A priori, seven GIS-based variables were selected to represent a diverse
set of indices of air pollution exposure from traffic and stationary sources:
proximity to state/county highway (km), roadway density (total km roadways/
km2 land), truck route density (total km routes/km2 land), four-way street
intersection density (number of intersections/km2 land), number of New York
City transit bus stops, proximity to stationary source (percentage of residential
buffer area within 0.80 km of an industrial facility), and percentage of building
area designated for commercial use (indicator of volume of commercial vehicle
and/or diesel traffic).

Except for proximity to highway, data were collected for a 250 m radial buffer
around subjects’ homes during the prenatal period and at ages 1, 2, 3, and 5 years
using ArcGIS version 9.3 (Redlands, CA, USA). The 250 m buffer size was selected
based on findings from several studies conducted across diverse locations
indicating that variables such as length of roadways, number of high traffic roads,
and traffic density within 200–400 m of a sampling location significantly
predicted air concentrations of traffic-related pollutants such as PM2.5, NO2, and
elemental carbon (Brauer et al., 2003; Clougherty et al., 2008; Gehring et al., 2010;
Karner et al., 2010; Morgenstern et al., 2007; Ryan et al., 2008; Zhou and Levy, 2007).

2.3. Respiratory health data

Between children’s birth and age 5 years, data on the prevalence of wheeze
and doctor diagnosis of asthma were collected by questionnaires administered to
mothers. Data were collected every three months from birth to age 2 years and
every six months from age 2–3 years and age 4–5 years. No health data were
collected between ages 3 and 4 years. Wheeze and asthma were defined as
dichotomous variables, i.e., no report versus any report of wheeze or physician-
diagnosed asthma, respectively, by integrating data across the two to four
questionnaires administered over the previous 12 months. Wheeze and asthma
were calculated for subjects who had data available for at least one of the follow-
up periods within a particular year of life. At least three follow-up questionnaires
were completed by 89% and 64% of subjects through age 1 year and age 2 years,
respectively. At least one of two questionnaires was completed by 73% of subjects
between ages 2 and 3 years and by 69% between ages 4 and 5 years. Serum
samples were collected at ages 2, 3, and 5 years, and concentrations of total IgE
and allergen-specific IgE (mouse, German cockroach, Dermatophagoides farinae
1 dust mite, and cat) were quantified by immunoradiometric assay (Diagnostics
Products Corp, Los Angeles, CA, USA) or by Immuno-CAP (Uppsala, Sweden) as
described (Donohue et al., 2008). Allergic sensitization was analyzed dichoto-
mously, with positive sensitization defined as any one of the four allergen-specific
IgE concentrations greater than or equal to 0.35 IU/ml.

2.4. Statistical analysis

GIS variables were examined by assessing their distributions at each age and
by using mixed effects models to characterize between- and within-subject
variability. We chose to analyze associations between GIS variables and respira-
tory outcomes using generalized estimating equations as our primary interest was
to estimate effects averaged over the population. Generalized estimating equa-
tions were developed for the analysis of longitudinal or repeated measures data
through the specification of a working correlation matrix to account for correla-
tion in outcomes within subjects (Liang and Zeger, 1986). They have been used in
similar analyses with repeated assessments of air pollution exposures and/or
health outcomes (Gehring et al., 2010; Morgenstern et al., 2008). We specified a
covariance structure that allowed for varying correlation among pairs of serially
measured outcomes (Agresti, 2002) because correlations were unequal over time
but did not necessarily decrease over time (Supplementary Tables A1–A.3).
Wheeze, asthma, and allergic sensitization were modeled as dichotomous vari-
ables using a logit link, and total IgE (log-transformed) was modeled as a
continuous variable using a normal link.
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We assessed associations between GIS variables at the prenatal residence and
respiratory outcomes through age 5 years using generalized estimating equations.
In order to separate statistically associations of concurrent exposures from
prenatal exposures, we examined interactions between GIS variables and any
change in residence after the prenatal period. Only subjects who moved had the
potential for different prenatal and concurrent measures of proximity and density
of air pollution sources. In cases where p-values for interaction terms were o0.15,
separate analyses were performed for the 339 subjects with any move after the
prenatal period and the 254 subjects who never moved. To explore further
whether associations varied among concurrent, earlier age, or cumulative expo-
sures to air pollution sources, we conducted post-hoc analyses, in which we
examined associations between outcomes and GIS variables assessed at the same
or earlier age. Cumulative exposure effects were assessed with interactions terms
between GIS variables and move status. If interaction terms had p-values o0.15,
analyses were stratified by move status.

Repeated measures analyses were adjusted for sex, ethnicity, presence of
smokers in the home, annual household income, concentrations of German
cockroach and mouse allergen measured in residential dust samples, and age.
Interactions between GIS variables and age were examined to assess whether
associations with respiratory outcomes varied across ages. Age-specific models
included the same covariates except for age and GIS variable by age interaction
terms. The rationale for covariate selection is described in the Supplementary
material.

All effect estimates are reported as odds ratios (ORs) with 95% confidence
intervals (CIs), except for total IgE results, which are reported as ratios of the
geometric means and 95% CIs. To facilitate comparisons among GIS variables that
have different distributions, effect estimates are presented as the OR or change in
total IgE per interquartile range (e.g., difference between the 75th and 25th
percentile in proximity to roadway) increase in the magnitude of the GIS variable.
All data were analyzed using SAS version 9.1.3 (SAS Institute, Cary, NC, USA), and
results with po0.05 were considered statistically significant.

3. Results

3.1. Study population characteristics

Of the 593 subjects included in analyses, 485 (82%) had data
available for 3 (n¼205) or 4 (n¼280) of the follow-up periods. The
distributions of several demographic and health characteristics
varied across the evaluated ages (Table 1). Between ages 1 and
5 years, the proportion of Dominican subjects decreased (63–57%),
as did the proportion of households with smokers (23–18%). The

proportion of children reported to have received a doctor diagnosis
of asthma increased with age (10–21%), as did the proportion with
positive allergic sensitization (12.7–30.7%; Table 1).

The subjects included in these analyses (New York City
residents with available GIS and respiratory outcome data) were
representative of the fully enrolled cohort except for lower
proportions with wheeze or reported asthma in analyzed subjects
at age 5 years (Table 1 and Supplementary Table A.4). Although
the present study group comprised only nonwhite children, it was
representative of the largely nonwhite, low-income source popu-
lation. The 2000 census data indicate that in Northern Manhattan
and South Bronx, 58% of the population is Hispanic, and 29% is
Black or African American (United States Census Bureau, 2000).
Census data also indicate that 52% has an annual household
income less than $20,000 (United States Census Bureau, 2000).

3.2. Geographic indicators of traffic and built environment

Among the 339 (57%) subjects who reported a change in
residence between birth and age 5 years, 180 reported 1 address
change, and 159 reported more than 1 address change. The
distributions of residential GIS variables in the cohort overall were
similar across ages, except that distance to highway increased with
increasing age (Supplementary Table A.5). Among prenatal
addresses, the median distance to state/county highways was
0.44 km, and the range was 0.01–3.8 km (Table 2). Among the
15–22% of subjects who changed addresses at each time point, wide
ranges in change in proximity to highway were observed. For
example, between ages 2 and 3 years, the range (interquartile
range) of change in proximity to highway was #9.8 to 2.9 km
(0.92) (Table 2). A wide range in proximity to stationary source also
was observed, with some subjects living greater than 0.80 km away
and others having the entire 250 m radial buffer located within
0.80 km of a stationary source. For all GIS variables, greater
variability was observed between subjects than within subjects
(range of intraclass correlation coefficients¼0.58–0.76) (Supple-
mentary Table A.5); however, within-subject variability contributed

Table 1
Selected characteristics of the study population from age 1 to 5 years.

Characteristic Percenta (number with characteristic/total number analyzed)

Age 1 year Age 2 years Age 3 years Age 5 years

Total number of subjects 559 500 494 341
Sex Male 48% (268/559) 45% (226/500) 46% (227/494) 44% (150/341)

Female 52% (291/559) 55% (274/500) 54% (267/494) 56% (191/341)

Ethnicity Dominican 63% (354/559) 62% (309/500) 61% (300/494) 57% (194/341)
African American 37% (205/559) 38% (191/500) 39% (194/494) 43% (147/341)

Mother receiving Medicaid 75% (415/558) 77% (380/495) 72% (352/492) 72% (243/339)
Annual income o$10,000 39% (210/532) 35% (166/475) 34% (165/486) 27% (92/336)

$10,000–19,999 34% (179/532) 31% (149/475) 33% (158/486) 35% (116/336)
Z$20,000 27% (143/532) 34% (160/475) 34% (163/486) 38% (128/336)

Smoker in the household Current 23% (128/558) 19% (97/500) 19% (92/482) 18% (55/299)
Any since birth 32% (176/558) 37% (185/500) 39% (186/482) 41% (124/299)

Maternal asthma 22% (83/383) 22% (74/338) 22% (73/336) 21% (53/250)
Doctor says child has asthma 10% (55/558) 15% (74/497) 18% (90/489) 21% (104/341)
Any wheeze in previous 12 months 38% (212/559) 22% (112/500) 19% (94/494) 22% (94/341)

Median [range] total IgE [IU/ml] N/A 37 [0–684] (n¼380) 79 [1–2448] (n¼338) 116 [0–1517] (n¼236)

Positive allergic sensitizationb Cockroach N/A 6.4% (24/373) 10.4% (37/356) 22.5% (53/236)
Mouse N/A 6.9% (26/378) 7.8% (28/360) 10.6% (25/235)
Dust mite N/A 2.4% (9/376) 4.4% (16/360) 9.8% (23/236)
Cat N/A 2.9% (9/306) 5.6% (18/322) 14.6% (34/232)
Any positive N/A 12.7% (53/419) 16.5% (65/394) 30.7% (76/248)

a Percentages may not add up to 100% because of rounding.
b Any of the evaluated indoor allergen-specific IgEZ0.35 IU/ml.
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significantly to the total variance of all variables (data not shown).
Correlations among most GIS variables were weak (Supplementary
Table A.6); however, four-way intersection density was correlated
moderately with roadway density, number of bus stops, and percent
commercial building area.

3.3. Associations of GIS indicators of air pollution sources with
concurrent wheeze, asthma, and IgE

In repeated measures models that adjusted for age, sex,
ethnicity, smoker in the home, annual household income, and
residential concentrations of cockroach and mouse allergen, four-
way intersection density and percentage of building area desig-
nated for commercial use were associated significantly with
concurrent increases in wheeze (Fig. 1 and Supplementary
Table A.8). An increase of 30.6 intersections/km2 land (interquar-
tile range) was associated with wheeze in the previous 12 months
with an OR (95% CI) of 1.26 (1.01, 1.57). The interaction between
four-way intersection density and move status was significant
(p¼0.08), and the OR was larger in subjects who never moved
(Supplementary Table A.8). The percentage of commercial build-
ing area had a smaller estimated effect on wheeze. Increasing
proximity to highway (OR per 0.96 km increase in proximity: 1.26
[95% CI: 0.98, 1.62]) and higher roadway density (OR per 4.2 km

roadways/km2 land: 1.19 [95% CI: 0.99, 1.43]) were associated
with elevated odds of wheeze; however, the associations only
approached statistical significance.

In analyses that included all subjects, only associations of
percent commercial building area and proximity to stationary air
pollution sources with concurrently reported asthma approached
statistical significance (Fig. 1 and Supplementary Table A.8). The
association between proximity to stationary source and reported
asthma was significant, however, in subjects who moved at least
once through age 5 years (OR per 33.3% increase in residential
area located within 0.80 km of a stationary source: 1.43 [95% CI:
1.03, 1.97]). Whereas associations of proximity to highway and
number of bus stops with concurrently reported asthma were not
significant among all subjects, they were significant among
subjects who never moved (Supplementary Table A.8).

Positive associations were found between GIS variables and
concurrently measured total IgE; however, associations did not
significantly differ by move status (p-values for interactions
between GIS variables and move status¼0.22–0.61). Among all
subjects, the ratio of the geometric mean levels of total IgE was
1.25 (95% CI: 1.09, 1.42) per a 0.96 km increase in proximity to
highway. Per a 5.3% increase in the percentage of commercial
building area, the ratio of the geometric mean levels of total IgE
was 1.55 (95% CI: 1.14, 2.11). None of the other GIS variables were

Table 2
Distributions of GIS-based measures of air pollution sources within 250 m of homes at the prenatal address and the distributions for the change at each age among the
subjects who moved between ages.

GIS variable Median (interquartile range), range

Prenatal
period

Change at age
1 year

Change at age
2 years

Change at age
3 years

Change at age
5 years

Number of subjects who moved (%) N/A 95 (17) 74 (15) 98 (20) 75 (22)
Proximity to highway (km) 0.44 (0.96) 0 (0.66) 0.15 (1.2) #0.23 (0.92) 0.17 (0.83)

0.01–3.8 #4.1 to 2.5 #2.5 to 3.6 #9.8 to 2.9 #2.5 to 4.6
Roadway density (km roadways/km2 land area) 19.4 (4.2) #0.32 (5.6) 0.32 (6.1) 0 (6.9) #0.37 (8.5)

10.9 to 45.5 #31.2 to 15.8 #15.1 to 9.8 #20.2 to 28.8 #14.0 to 26.2
Truck route density (km truck routes/km2 land area) 2.5 (2.1) #0.26 (2.6) 0 (4.0) 0 (3.6) #0.34 (3.9)

0 to 12.6 #5.6 to 4.0 #8.0 to 10.4 #6.2 to 10.6 #8.8 to 9.8
Four-way intersection density (# intersections/km2 land
area)

45.9 (30.6) 0 (30.8) #1.0 (35.7) 0 (35.7) 0 (41.5)
0–107 #55 to 81 #61.1 to 56.1 #51.0 to 76.1 #85.8 to 71.3

Number of New York City transit bus stops 6 (5) 0 (6) #1 (6) 1 (6) #1 (6)
0 to 17 #10 to 10 #8 to 8 #10 to 13 #15 to 8

Stationary source proximity (% area within 0.80 km of
source)

25.1 (33.3) 0 (53.6) 0 (71.5) 0 (62.0) 0 (68.9)
0 to 100 #84.6 to 97.9 #100 to 71.2 #100 to 72.8 #88.9 to 82.6

Percentage of commercial building area 6.2 (5.3) #0.68 (6.7) #0.95 (8.8) #0.29 (7.9) #1.2 (10.2)
0.55 to 56.8 #96.8 to 30.0 #97.4 to 46.6 #24.2 to 47.3 #32.3 to 21.7

Fig. 1. Associations of GIS variables measured repeatedly between birth and age 5 years with concurrent wheeze and parental report of physician-diagnosed asthma. Data
points and error bars describe the odds ratio and 95% CI, respectively, for the association of an interquartile range increase in the magnitude of the GIS variable with the
presence of wheeze or diagnosis of asthma by a physician in previous 12 months, adjusted for sex, ethnicity, presence of smoker in the home, annual income, residential
cockroach allergen concentration, residential mouse allergen concentration, age, and age by GIS variable interaction.
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associated significantly with a change in total IgE or with any
positive indoor allergen-specific IgE (Fig. 2 and Supplementary
Table A.8).

In age-specific models with GIS variables and concurrently
measured respiratory outcomes, associations showed small
changes with increasing age of children (Supplementary Tables
A.9–A.11). However, interactions between GIS variables and age
were not statistically significant (data not shown). Odds ratios for
the association between percentage commercial building area and
concurrent wheeze were the most similar across ages (1.09–1.16).
In contrast, for several GIS variables, associations with concurrently
reported asthma were larger at ages 1 or 2 than at age 5 years.

3.4. Comparisons of different time windows of exposure

For several of the outcomes, proximity and density of air
pollution sources at earlier childhood residences were associated
significantly with wheeze and asthma later in childhood
(Supplementary Tables A.9–A.11). Proximity to highway at ages
1, 2, and 3 was associated with wheeze at age 5 years, and ORs
were larger than those for concurrent wheeze. The OR for
proximity to highway at age 1 year and wheeze at age 5 years
was higher among children who never moved (2.62) than among
those who moved (1.06). Similarly, associations of roadway
density, density of four-way intersections, and percent commer-
cial building area at the age 1 home with wheeze at age 5 years
were larger among children who never moved. Density of four-
way intersections at age 1 year also was associated with wheeze
at ages 2 and 3 years, and although ORs were higher among
children who moved, they were not statistically significant
(Supplementary Table A.9).

Most associations between earlier childhood exposures to air
pollution sources and subsequent incidence of asthma were not
significant (Supplementary Table A.10). For proximity to station-
ary source and percentage commercial building area, the highest
ORs were found for age 2 exposures and incidence of asthma at
age 3 years. Associations of proximity to highway and percentage
commercial building area with total IgE were higher for concur-
rent exposures than for earlier childhood exposures (Supplemen-
tary Table A.11). For age-specific analyses of reported asthma and
total IgE, interactions between GIS variables and move status
were not significant (data not shown).

Among all subjects, prenatal exposures to air pollution sources
were not significantly associated with wheeze, total IgE, or any
positive allergen-specific IgE between birth and age 5 years
(Supplementary Figs. A.2 and A.3 and Table A.12). Although
concurrent and early childhood proximity to stationary sources
and percentage of commercial building area were associated

significantly with reported asthma, prenatal exposures were not
(Supplementary Fig. A.2 and Table A.12). However, for several
other GIS variables, associations with reported asthma were larger
and significant for prenatal exposures compared with concurrent
exposures. Associations of prenatal proximity to highway and
four-way intersection density with reported asthma were larger in
subjects who never moved from the prenatal residence (Supple-
mentary Table A.12). For prenatal roadway density, the association
with asthma was larger and significant among subjects who
moved from the prenatal residence (OR: 1.61 [95% CI: 1.03,
2.52]). The number of bus stops at the prenatal residence also
was associated with reported asthma between birth and age
5 years (OR: 1.65 [95% CI: 1.02, 2.64]); however, the interaction
with move status was not statistically significant (p¼0.16).

4. Discussion

The novel objective of this study was to use repeated measures
of GIS indicators of residential proximity and density of traffic and
stationary sources of air pollution to represent long-term air
pollution exposures of young children living in high-density
New York City neighborhoods in Northern Manhattan and South
Bronx. In analyses of repeated measures between birth and age
5 years, density of four-way intersections was associated signifi-
cantly with wheeze, and proximity to highways was associated
significantly with total IgE levels. Additionally, the percentage of
commercial building area was associated positively with asthma,
wheeze, and total IgE. The positive association between proximity
to stationary sources of air pollution and reported asthma
approached statistical significance. Moreover, in longitudinal
analyses, several GIS variables assessed at the prenatal or earlier
childhood residence were associated with wheeze and asthma
later in childhood, particularly among subjects who never moved.
Given that GIS traffic indicators have been strong predictors of
ambient air pollutant concentrations across diverse urban loca-
tions, these findings indicate that concurrent, prenatal, early
childhood, and cumulative exposure to air pollution each may
contribute to respiratory morbidity among children during the
first five years of life.

Approximately 50% of our cohort resided within 400–480 m of
a state or county highway, a zone of elevated concentrations of
traffic-related pollutants (Zhou and Levy, 2007), as do 75% and
15% of children residing in Manhattan and the Bronx, respectively
(Environmental Defense Fund, 2007). While the present findings
may be limited to this cohort of Dominican and African American
children, given the high percentage of urban populations residing
near major roadways and the high prevalence of urban asthma

Fig. 2. Associations of GIS variables measured repeatedly between ages 2 and 5 years with concurrent total IgE (log-transformed). Data points and error bars describe the
ratio of the geometric means of total IgE and 95% CI, respectively, per an interquartile range increase in the magnitude of the GIS variable, adjusted for sex, ethnicity,
presence of smoker in the home, annual income, residential cockroach allergen concentration, residential mouse allergen concentration, age, and age by GIS variable
interaction.
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(Akinbami et al., 2011), the implications of these findings for
public health may be quite broad.

The major strength of this study was its longitudinal design. To
date, most GIS-based studies have used GIS variables ascertained
at a single point in time to represent long-term average exposures
(Chang et al., 2009; Clark et al., 2010; Gordian et al., 2006;
McConnell et al., 2006; Ryan et al., 2007). An additional strength
was the availability of data frommost subjects for 3–4 time points.
Combined, these approaches allowed us to discern more accu-
rately the temporality of associations between exposure and
health outcomes and account for changing exposures in a popula-
tion that moves frequently. Further, with these highly time-
resolved GIS data, we were able to compare associations among
different time windows of exposure. Such comparisons are impor-
tant given prior evidence in this cohort of New York City children
that both concurrent and prenatal air pollution exposures are
associated with recurrent respiratory symptoms and asthma
(Miller et al., 2004; Patel et al., 2009a; Rosa et al., 2011).

Because we did not examine associations between the various
GIS variables and concentrations of ambient air pollutants, the
findings may not be attributable entirely to the effects of exposure
to particular traffic-related air pollutants but also may reflect
effects related to socioeconomic status, social stressors such as
demoralization or violence, or indoor sources of toxicants.
However, in studies across diverse locations, different indicators
of traffic and built environment have been associated with
pollutants such as NO2, PM2.5, and black carbon (Brauer et al.,
2008; Morgenstern et al., 2008; Patel et al., 2009b). By examining a
diverse set of GIS variables representing traffic proximity, density,
vehicle mix, industrial emission sources, and land use character-
istics, we aimed to characterize whether particular surrogates of
local air pollution mix and perhaps exposures to a mixture of air
pollutants were associated with different measures of respiratory
health. Further, the yearly individual-level GIS data provided
information on air pollution exposures with improved spatial and
temporal resolution compared with the air pollutant measure-
ments available from the one to two central monitoring sites.

Associations of GIS indicators varied across the outcomes of
wheeze, asthma, and IgE. This result was expected because the
relationships among these measures are not fixed early in child-
hood, especially before age 5 or 6 years (Martinez, 2002).
Transient wheeze often due to viral infection is common in
infancy (Brooks and Lemanske, 2002; Lin et al., 2007) and may
not predict persistent asthma later in childhood. Atopy also
becomes more strongly associated with persistent asthma at
older ages (Martinez, 2002). Consistent with these published
reports, the proportion of children in this cohort with wheeze
was highest at age 1 year, whereas the proportion of children
reported to be diagnosed with asthma was highest at age 5 years.
At each age, there were children with reported asthma who did
not wheeze in the previous 12 months (32%, 44%, 47%, and 18% at
ages 1, 2, 3, and 5 years, respectively) and children without
asthma who did wheeze (31%, 13%, 10%, and 12% at ages 1, 2, 3,
and 5 years, respectively).

In this study, asthma was ascertained by parental report of a
physician diagnosis. Diagnostic criteria were likely to vary among
subjects’ physicians. Additionally, there are limitations to asthma
diagnoses in children before age 5 years. Other conditions may
have similar symptoms (Pedersen et al., 2011), and asthma before
age 5 years may be transient (Martinez, 2002). Despite these
issues, we expect any error in the ascertainment of asthma to be
independent of exposure to air pollution sources and more likely
would have resulted in the underestimation of the effects of
exposure to traffic and stationary sources of air pollution.

Notably, proximity to highway was associated not only with
wheeze and total IgE but also with reported asthma among

subjects who never moved, indicating that higher cumulative
exposures to traffic-related pollutants between birth and age
5 years may be associated with all three outcomes. In support
of our findings, other studies of children in the same age range
also have found that greater proximity to major roadway
(McConnell et al., 2006) or higher ambient air concentrations of
traffic-related pollutants are associated with asthma among
children who never moved (Gehring et al., 2010). Also in support
of a cumulative exposure effect, we found that multiple measures
of traffic volume at the age 1 residence, including proximity to
highway, four-way intersection density, and roadway density,
were associated significantly with wheeze at age 5 years in
subjects who never moved.

The positive association between proximity to highway and
total IgE is supported by previous findings that ambient concen-
trations of traffic-related pollutants such as nitrogen oxides and
polycyclic aromatic hydrocarbons are associated with total IgE in
children (Herr et al., 2011; Janssen et al., 2003). It has been
postulated that ambient traffic-related particles can carry
adsorbed allergens into airways and serve as adjuvants during
the development of allergy (Diaz-Sanchez et al., 1994; Knox et al.,
1997; Liu et al., 2008; Takenaka et al., 1995). We did not find GIS
variables to be associated with sensitization to indoor allergens.
However, evidence suggests that traffic density measures and air
pollution exposures are associated with sensitization to outdoor
allergens (Janssen et al., 2003; Kramer et al., 2000; Mortimer
et al., 2008) and even food allergens (Brauer et al., 2007) rather
than indoor allergens. Thus, the effect of traffic-related air pollu-
tion exposure on IgE may be dependent on specific allergens, and
in the present study, we only had data on sensitization to indoor
allergens.

Among the GIS indicators related specifically to diesel vehicle
emissions (e.g., the number of bus stops, truck route density), we
found the number of bus stops to be associated significantly with
asthma but only when examining prenatal exposure or concur-
rent exposure among subjects who never moved. Characterizing
associations with diesel emissions sources is difficult in the
present study because of changes made to the composition of
the New York City transit bus fleet (26% diesel-electric hybrid,
27% compressed natural gas, 95% of diesel buses fit with particu-
late filters by the end of the study period) and because of varying
truck volumes among truck routes (Metropolitan Transit
Authority, 2011; New York State Department of Transportation,
2011). The exposure measurement error associated with variable
contributions of bus and truck emissions to ambient air concen-
trations of diesel exhaust particles across space and time may
have biased associations with respiratory outcomes to the null.
Additional investigation is required to characterize associations of
the number of bus stops and truck route density with elemental
or black carbon air concentrations in the present study area and
whether these associations change over time.

We acknowledge that re-examination of these associations
using smaller buffer sizes may have been informative. Meta-
analyses have indicated that the concentrations of traffic-related
pollutants remain elevated over a range of 100–500 m (Karner
et al., 2010; Zhou and Levy, 2007), a range that includes our
250 m buffer size. Additionally, several studies have found
asthma or other respiratory outcomes in children to be associated
with GIS variables calculated with a similar buffer size or
pollutant concentrations estimated with similar buffer sizes
(Brauer et al., 2007; Chang et al., 2009; Clark et al., 2010;
Gehring et al., 2010; Maantay, 2007; Morgenstern et al., 2007;
Ryan et al., 2007). Associations also have been found for buffer
sizes in the range of 50–100 m (Brauer et al., 2007; Clougherty
et al., 2008; Gilbert et al., 2005; Gordian et al., 2006; McConnell
et al., 2010; Ryan et al., 2007). Thus, in this study, we may have
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underestimated associations of some traffic sources with respira-
tory outcomes.

Associations of proximity to stationary sources of air pollution
with respiratory morbidity in young children have not been
examined widely. In the present study, we assessed the propor-
tion of the 250 m radial buffer located within 0.80 km of an
industrial facility included in the 2005 National Emissions Inven-
tory or Toxic Release Inventory. No sites are located in Manhat-
tan; however, facilities with emissions of polycyclic aromatic and
other hydrocarbons and lead are located in the South Bronx
(United States Environmental Protection Agency, 2005). The
0.80 km buffer was designated because it represents an area
heavily impacted by source emissions and is associated with
asthma exacerbations in the Bronx (Maantay, 2007). The associa-
tions with asthma that we observed among subjects who moved
and for age 2 exposures build on previous cross-sectional evi-
dence (Clark et al., 2010; Maantay, 2007) by suggesting that
exposures earlier in childhood may impact the subsequent
development of asthma. Commercial building area also has not
been examined widely as an indicator of air pollution exposure. In
the present study, commercial building area was associated
positively with wheeze, asthma, and IgE. Commercial building
area may serve as a good proxy for the level of traffic activity, and
presumed traffic emissions, near the residence. Notably, commer-
cial building area was correlated weakly with most other eval-
uated GIS variables and thus, also may serve as a surrogate for
pollution mixtures or other complex characteristics of the urban
environment, such as socioeconomic status and housing condi-
tions that are associated with asthma and allergy.

Roadway density and proximity to highway at the prenatal
residence were associated with reported asthma. Both prenatal
and concurrent proximity to highway were associated more
strongly with asthma among subjects who never moved, indicat-
ing that cumulative exposure may be more important than
prenatal exposure alone. In contrast, the association of prenatal
roadway density with asthma was significant only among
children who moved after the prenatal period. While the critical
time window of exposure may vary among different air pollution
sources and the particular pollutants they may represent, it is
important to acknowledge the difficulties in separating prenatal
from concurrent exposures because repeated measures of GIS
variables were highly correlated within subjects. In a recent study
of this cohort, in main effects analyses, prenatal exposures to
polycyclic aromatic hydrocarbons were not associated with
asthma or IgE after controlling for postnatal exposures (Rosa
et al., 2011). Further investigation of associations between GIS
variables and residential concentrations of specific air pollutants
will permit more meaningful comparisons across the various
studies conducted in the Columbia Center for Children’s Environ-
mental Health cohort.

5. Conclusions

In conclusion, the present findings demonstrate that in this
longitudinal cohort of Dominican and African American children
living in high-density New York City neighborhoods, residential
proximity and density of traffic and stationary sources of air
pollution are associated with wheeze, reported asthma, and
higher levels of total IgE between birth and age 5 years. The
findings suggest that long-term exposure to elevated concentra-
tions of air pollution may be associated with respiratory morbid-
ity in young children. Some variables indicate a concurrent or
cumulative exposure effect and others indicate an effect of
exposure during the prenatal or earlier childhood period. Further
investigation is needed to assess whether these observations of

varying critical time windows of exposure are due to particular
air pollution constituents represented by the different GIS air
pollution source metrics (e.g., traffic-related particles, specific
components from tire and break wear, diesel exhaust particles).
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