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ABSTRACT
occupational exposure to elevated concentrations of ben-

zere is a known cause of leukemia in adults. Concentra-

tions of benzene from motor vehicle exhaust could be

elevated along highly trafficked streets. Several studieshave

reported significantassociationsbetweenproximity to highly

trafficked streets and the occurrence of childhood cancers
and childhood leukemia. These associationsmay be due to

chronic exposureto benzene or other carcinogeniccompo-

nents of vehicle exhaust from these nearby streets or to some
other factor (e.g., noise, increased light exposure, or some
unaccounted-for socioeconomic variable). We used data
forhomes studiedin an earlier childhood cancer study con-
ducted in Denver, CO, in the 1980s.No air pollution mea-
surements were made in the original study. We identified
the highest trafficked street near each study home and ob-
tained the traffic density in 1979and 1990. Traffic density
was weighted for the distance from the street to the home
using 3 different widths of Gaussian curves to approximate
the decay of the emissionsinto the surrounding neighbor-
hoods. The associations between the 750-ft-widedistance-
weighted traffic density metria and all childhood cancers
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IMPLICATIONS

Motor vehicles are a significant source of air pollutiof
emissions, including benzene, which may be carcinogenig,
This study presents further evidence that children whg
live near heavily traveled streets or highways may be af
elevated risk of developing cancer, including leukemig.
Children living near such streets could be exposed vig
inhalation or exposure to soil where emissions deposit,
Alternative hypotheses for these results could involvg
Noise, increasedlight exposure, or some socioeconomig
Variable, Future studies with actual exposure measurg-

Ments are needed.
—
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and childhood leukemia are strongest in the highest traffic
density category (= 20,000 vehicles per day [VPD]). The odds
ratio is 5.90 (95%confidence interval [CI] 1.69-20.56) for
al cancersand 8.28 (95%(CI 2.09-32.80) for leukemia. The
results are suggestive of an association between proximal
high traffic streetswith traffic countsz 20,000 VPD and child-
hood cancer, including leukemia.

INTRODUCTION
Many occupational studies have linked chronic exposure
to high levels of benzene to the occurrencedf leukemiain
adults. The association has been mainly with acute my-
eloid leukemia(AML).? Although AML is rare in children,
this raises the possibility that leukemia and other cancers
in children could alsobe associatedwith chronic exposure
to elevated levels of benzene, a major constituent of vola-
tile organic compounds (VOCs) from motor vehicles.5” It
has been estimated that over 80%cf the total benzene emis-
sionsin the United States originate from motor vehicles:
Benzene has alsobeen found in tobdcco smoke? Elevated
levels of motor vehicle exhaust are likely to be localized
(fromafew hundred up to one thousand feet) near heavily
traveled roadways,'**2 which could produce localized high
levels of VOCs containing benzene'**that could also de-
posit in soil, but no measurements are available. Although
traffic-related ambient air concentrations of benzene are
well below occupational exposure levels normally consid-
ered leukemogenic,'s the U.S. Environmental Protection
Agency (EPA) believes chronic exposures may pose a risk
for leukemia or cancer in general.’® The causal agents for
the most common childhood leukemia, acute lymphocytic
leukemia (ALL), are largely unknown, although several stud-
ies suggest an associationwith some measure of trafficden-
sity.!>17 Traffic density may act as a surrogate exposure
indicator for elevated levels of VOCs containing benzene.
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Savitz and Feingold!'¢ reported that traffic density is
associated with all childhood cancers and with childhood
leukemiain Denver, CO. In their study, traffic density was
defined as the traffic count on the street of address of the
home, usually located in frontof the home. They reported
an odds ratio for children living on streets with traffic
densities of 210,000 vehicles per day (VPD) of 3.1 (95%
confidence interval [CI] 1.2-8.0)for total childhood can-
cers and 4.7 (95% Cl 1.6-13.5) for childhood leukemias.
These results suggest that children living on streets with
trafficcounts of more than 10,000VPD are 3-5 times more
likely to contract cancer than are children who live on
streets with fewer than 500 VPD.

More recently, Feychtinget al.!” retrospectively mod-
eled concentrations of nitrogen dioxide (NO,) from mo-
tor vehicle exhaust in Sweden. They reported that at NO,
levels >80 pg/m? outside a child’s home, the total child-
hood cancer odds ratio was 3.8 (95% CI 1.2-12.1). The
NO, concentrations were estimated using mobile source
air pollution models from the Swedish Environmental
Protection Agency as the 99th percentile of the 1-hr aver-
ages for one year.

Knox and Gilman'® examined spatial clustering pat-
terns among 22,458 children who died from leukemia or
other cancers in England, Scotland, or Wales from 1953
to 1980.They found excess childhood leukemias in prox-
imity to motorways and industrial plants likely to be
sources of airborne toxic substances such as VOCs. The
largest excesses of cancer associatedwith traffic were found
1km or less from motorways. Knox and Gilman con-
cluded, “Childhood cancers are geographically associated
with two main types of industrial atmospheric effluent,
namely: (1)petroleum-derived volatiles and (2) kiln and
furnace smoke and gases, and effluent from internal com-
bustion engines” (p. 151).

This study is an extension of the work by Savitz and
Feingold.'* We developed an exposure metric based on
the highest trafficked street surrounding the house, not
simply the street of address (usually located in front of
the house), and took into account the decay of air pollu-
tion concentration with distance from the street. These
improvements are intended to reduce exposure
misclassification for traffic air pollution. The results are
presented to allow for a direct Comparison of the results
of this improved traffic density exposure metric with the
results reported by Savitz and Feingold.'s

Parentsof case and control children were interviewed
in the original study to obtain data about their child’s
past exposure to agents and activities potentially associ-
ated with cancer, including parents’ cigarette smoking and
the use of pesticides in and around the home. In order for
a factor to be a confounder, it must be associated with
both the disease and exposure of interest. Savitz et al.
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evaluated many factorsas potential confounders,inclyd- §

ing the child’s age, gender, year of disease diagnosis, ang
residential stability. Savitz et al. also controlled for family

electricity consumption, parents’ ages, parents’ occupa. §
tions, parents’ education levels, per capita income, traffic §
density, and family cancer history. Also evaluated as cop,.

founders were the child’s prenatal exposure to tobaccg
smoke and alcohol, birth order, birth weight, medications,
illnesses, and X-rays.

Savitzet al. found evidence of an elevated cancer risk
associated with young maternal age, lower father’sedu.
cation, lower per capita income, maternal smoking dur-
ing pregnancy, and traffic density, all of which were taken
into account as potential confounders of the association
between cancer and proximity to power lines. The odds
ratios for these factors were not large, and taking them
into account did not change the point estimates, indicat-
ing that they were not confounders. Subsequent analyses
(Savitzand Feingold*¢) supported the suggestionthat there
are few, if any, confounding factors in these data.

EXPERIMENTAL METHODS

We employed the case-controlchildhood cancer epidemio-
logicdata used by Savitzand Feingold.'® The data are from
a study conducted by Savitz et al.» of the association be-
tween magnetic fields from electric power lines and child-
hood cancer in the Denver metropolitan area. Details of
the methods used to identify cases and controls have been
provided elsewhere.!? In summary, eligible caseswere chil-
dren from O to 14 years of age who were diagnosed vith
cancer from 1976 to 1983 and who lived in the greater
Denver metropolitan area. The 320 eligible cases consisted
of 97 leukemias (including 78 ALL), 59 brain cancers, 30
lymphomas, 32 soft tissue cancers, and 102 other formsof
cancer. Data on these children were obtained from the
Colorado Central Cancer Registry; 259 controls were se-
lected by random digit dialing with individual matching
on gender, age f 3 years, and telephone exchange area.

The Colorado Central Cancer Registry of the Colorado
Department of Health was the principal source of cases,
with complete coverage of the study area from 1979 to
1982. To complete case ascertainment for 1976~1978 and
1983, recordswere reviewed of area hospitalsthat provided
diagnosis and treatment for childhood malignancies.Ovet
95% of the cases were microscopically confirmed, with an
additional 3% confirmed by direct visualizationor radiog-
raphy. Diagnostic accuracy was also assured through re-
view by pediatric oncologists.’

Savitz et al. found elevated traffic density to be asso-
ciated with childhood cancer, but no assessment of air
pollution exposure was made in their study. To followup
this observation, we used other publicly available data
that could act as markers for air pollution exposure for
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the homes'of the case and control children. We obtained
1979 traffic density data from the Colorado Department
of Transportationand 1990 traffic count data for Denver
area Streetsand highways from the Denver Regional Coun-
cil of Governments. These years were chosen because they
were the two years closest in time to the period of expo-
sure of the cases studied by Savitz et al.' when coordi-
nated traffic counts were made across the Denver
metropolitan area. If a street did not have a traffic count,
we assigned the average of the traffic counts for all streets
with the same traffic-carrying capacity code from a geo-
graphic information system (GIS) digital map?® of all of
the streetsand highways in the Denver metropolitan area.
Streets with low traffic-carrying capacity codes without
traffic measurements (narrow residential and cul-de-sac
streets) were assigned a defaulttraffic count of 100VPD.

We compared the traffic density measurements for
these two years for all streets near the study homes and
noted the similarities and trends between the years. Al-
though the 1979trafficdensity data were collected closer
in time to the other data collected in the Savitz et al.
study,'® we preferred to use the 1990traffic density data
because traffic counts for more streets were available. We
compared the 1990 traffic density with the traffic den-
sity for 1979 (Figure 1) for those homes that had mea-
sured traffic density on the nearby highest trafficked
street for both years (n = 110). Traffic density increased
on average 22% from 1979to 1990 and is highly corre-
lated between these years. The R? is 0.93. The straight
line in Figure 1 is the least-squares linear regression.
Therefore,we used the 1990 traffic data because there is
a high correlation for traffic counts between these years
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Figure 1. A comparison of traffic density measurements in VPD for
1979 and 1990for 110study homesinthe Savitz and Feingold study.™
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with a fairly uniform trend of increasing traffic. A high-
traffic street in 1979 alsowould be a high-traffic street in
1990with about the same rank ordering by traffic count,
because few streets fall far from the least-squares regres-
sion line in Figure 1.

Each of the study homes was geocoded for location
from its street address. Using GIS methods, we identified
the highest trafficked streetwithin 1500ftin any direction
from each home and calculated the perpendiculardistance
from the center line of the streetto the center of the home.

The concentration profile of airborne exhaust pollu-
tion from motor vehicles traveling on a street could ap-
proximate a Gaussian (normal) distribution!*122!22 similar
to that shown in Figure 2. This idealized profile may vary
due to many factors such as prevailingwinds, turbulence
generated by passing vehicles, and the dispersion block-
ing effect of nearby buildings and hilisides.?*?* To bracket
the spatial action that these and other factors may have
on air pollution concentration profiles, 3 differentwidths
(250, 500, and 750 ft) of Gaussian curves were used to
distance-weight the traffic counts. The width of each
Gaussian curve was determined at one-half of its maxi-
mum height (Figure 2). Distance-weightedtraffic density
was computed by multiplying the traffic counts in VPD
forthe highest trafficked streetby the values derived from
each of the 3 weighting curves at the street to home dis-
tance. For instance, a street with a traffic count of 10,000
VPD located at the distance from the home shown on the
left in Figure 2 would have a distance-weightedtraffic den-
sity of 2500 VVPD at the home.

Odds ratios (OR) and 95% confidence intervals (CI)
were computed between childhood cancer and childhood
leukemiaand the different distance-weighted trafficden-
sity metrics using standard statistical programs for strati-
fied analysis.?

RESULTS
Savitz and Feingold'¢ evaluated the association between
childhood cancer and traffic counts up to 210,000 VPD
for 328 case and 262 control homes, using the traffic
counts on the street of address of each home. The asso-
ciations for all childhood cancers and leukemias reached
statistical significancein the highest category despite small
numbers. Using their street of address data, we recom-
puted odds ratios for traffic counts up to 220,000 VPD
(Table 1).The associations were not statistically signifi-
cant or consistently elevated, except in the highest cat-
egory, where the odds ratios abruptly increased. The
associations were not precise because of the small num-
ber of controls, particularly in the higher-VVPD categories.
We determined 3 distance-weighted traffic density
metrics for the highest trafficked street proximate to the
home for 579 of the 590 homes analyzed by Savitz and
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Table 1. Odds ratios betweentraffic densty an te street of address and all chidhood cancers and childhood leukemias using data reportedby Savitz and Feingold.'® This table
extends the earfier analysisto traffic strataabove 10,000 VPD.

Distance-Weighted Controls All Cancers Leukemias
Traffic Density (VPD)

N N OR 95% CI N OR 95% Cl
<500 238 280 10 Reference 81 10 Reference
500-4999 10 19 1.62 0.74-354 4 118 0.36-3.85
5000-9999 9 11 1.04 042-255 5 1.63 0.53-5.01
10,000-14,999 3 6 1.70 0.42-6.87 1 0.98 0.10-6.87
15,000-19,999 0 2
220,000 2 8 340 0.72-16.17 5 7.35 1.40-38.60

*0dds ratios cannot be computed due to Ik of controls in this category. N =number of chidren in each category, OR =odds ratio, and 95% Cl = 95% corfidence interval.

Table 2. Odds ratios between 750-ft distanceweightedtraffic densty and all chidhood cancers and chidhood leukemias.

Distance-Weighted Controls All Cancers Leukemias
Traffic Density (VPD)

N N OR 95% Cl N OR 95% Cl
<500 118 121 10 Reference 38 10 Reference
500-4999 86 101 115 0.78-1.68 26 094 053-1 66
5000-9999 32 55 1.68 1.02-2.80 21 204 105-395
10,000-14,999 14 18 126 0.60-2.66 2 048 010-221
15000-19,999 6 7 115 037-351 2 104 020-5 34
220,000 3 18 590 169-20 56 8 828 209-32 80
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Feingold® (11 of the 590 homes did not have complete
data). Table 2 shows the associations between all child-
hood cancers and childhood leukemias and the 750-ft
distance-weighted traffic density metric. Note the shift of
homes to the higher traffic density strata in Table 2 com-
pared to Table 1when taking the highest trafficked street
into account. The association between traffic density and
all cancers and leukemia only becomes elevated and sig-
nificantin the 220,000 VVPD category. The results for the
500-ft-width weighting curve are similarwith odds ratios
for 220,000 VPD of 9.45 (95% CI 1.19-74.79) for all can-
cersand 12.18(95%ClI 1.33-111.8)for leukemia. Both of
these 0dds ratios are statistically significant. For the 250-
ft distance-weightedtraffic density metric, there were no
controls with 15,000 or more VPD, so odds ratios could
not be computed.

If the children are grouped by exposure to greater than
500 VPD (750-ftdistance-weighted) versus lessthan 500 VPD,
the odds ratios become 1.70 (95% Cl 1.01-2.86) for all can-
cersand 2.08 (95%CI 1.06-4.07)for leukemia. Eventhough
these risks are small, they are statistically significant.

CONCLUSIONAND DISCUSSION

This study has several limitations. As in most studies of
childhood cancer, the number of cases and controls in
the high-exposure category is small, due to the relative
rarity of childhood cancer. These small numbers affect
the precision of the observedassociations. The confidence
limits are wide because of the small number of cases and
controls, but some of the point estimates are still statisti-
cally significant. To make the group of children as large
aspossible, Savitzet al.** made their diagnosisperiod fairly
wide (1976-1983). The cumulative pre-diagnosis exposure
period for these children may have stretched for more
than 10years, but most of the children were lessthan 10
Years old when diagnosed.

Savitz et al. did not directly measure traffic density
for each child. Citywide coordinated traffic counts are
only made in the Denver area about every 10years. Ret-
rospective estimates of exposure for the pre-diagnosis
time period for each child could be extrapolated from
these periodictraffic counts, assumingthe child had lived
in one residence for the whole period. However, data
collected by Savitz et al. on the residential mobility
showed that many children had moved. Therefore, we
did not attempt to retrospectively estimate the traffic
exposure during the pre-diagnosis exposure period for
each child. To do so would require knowledge of each
child’s residential history during the relevant (and un-
known) etiologic period.

The results suggest that distance-weightedtraffic den-
Sity is a risk factor for all childhood cancersand for child-
hood leukemias. This is consistentwith the earlier findings
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of Savitz and Feingold,¢ Feychting et al.,”” and Knox and
Gilman.'® Elevated risks are found for 220,000 \VPD for
the 500- and 750-ft metrics. There are cases but no con-
trols with 220,000 \VVPD for the 250-ft metric, so odds ra-
tios cannotbe computed. There is no evidence of elevated
risk for distance-weighted traffic densities less than 20,000
VPD. At 220,000 VPD, the risks of childhood cancers and
leukemia increase with decreasing distance-weighting
from the street, although the numbers are small and the
confidence intervals overlap. These results are suggestive
of a threshold effect for highly exposed children when
distance-weighted traffic density near a home rises well
above the average value for the area.

Thisapparent threshold effect is to be expected where
high densities of VVPD increase the concentration of ve-
hicle exhaust far above the ambient background in the
surrounding neighborhoods. The gradient of traffic air
pollution may be very steep (Figure 2) and diminish very
rapidly with distance from the street. Thus, only those
children who live very near high-traffic streets (within
750 ft) will have an exposure that is far above “ambient
background” for the community. Noise, increased light
exposure, or some socioeconomic factor may also help
explain these results.

For distance-weighted traffic densities 220,000 VVPD,
the associations we observe are stronger than those re-
ported by Savitz and Feingold.¢ This may be due to pos-
sible misclassifications of exposure in the Savitz and
Feingold study, which only analyzed traffic density on
the street of address in front of a home. This would not
account for high exposure coming from a busy street ei-
ther behind or beside the home. Feychting et al. used a
retrospective estimate of mobile source NO, concentra-
tion astheir metric.“ The metricsused in our analysesare
simplerto construct than estimating NO, concentrations
and are also strongly associated with cancer. The confi-
dence limits are wide because of the small number of cases
and controls, but some of the point estimatesare still sta-
tistically significant.

Together, these results are suggestivebut do not con-
stitute conclusive evidence of an associationbetween liv-
ing near a high-traffic street and increased incidence of
childhood cancer, particularly leukemia. Further studies
specificallydesigned to test this and other hypotheses are
needed. Measurements of ambient or personal exposure
to various pollutants are also needed.

This study used distance-weightedtraffic densityasan
exposure surrogate for mobile source air pollution. This
metric can be improved. Concentrations of motor vehicle
VOCs containing carcinogens such as benzene can be
retrospectively estimated for each home using mobile source
models. The models could be used to estimate emissions
from passing vehicles and the ambient concentrations
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resulting after dispersion into the neighborhood. Finally,
measurements are highly desirable. If benzene and other
emissions in motor vehicle exhaust are associated with
childhood cancer, then estimates of these concentrations
should be more stronglyassociatedwith childhood cancer
than is distance-weighted traffic density.
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