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Association between airport-related ultrafine particles and risk
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Abstract

Ultrafine particles (UFP) (diameter less than or equal to 100 nanometers), may reach the brain via
systemic circulation or the olfactory tract and have been implicated in the risk of brain tumors. The
effects of airport-related UFP on the risk of brain tumors are not known. Here we determined the
association between airport-related UFP and risk of incident malignant brain cancer (n=155) and
meningioma (n=420) diagnosed during 16.4 years of follow-up among 75,936 men and women
residing in Los Angeles County from the Multiethnic Cohort study. UFP exposure from aircrafts
was estimated for participants who lived within a 53 by 43 kilometer grid area around the Los
Angeles International Airport (LAX) from date of cohort entry (1993-1996) through December
31, 2013. Cox proportional hazards models were used to estimate the effects of time-varying,
airport-related UFP exposure on risk of malignant brain cancer and meningioma, adjusting for
sex, race/ethnicity, education, and neighborhood socioeconomic status. Malignant brain cancer
risk in all subjects combined increased 12% (95% CI 0.98-1.27) per interquartile range (IQR) of
airport-related UFP exposure (~6700 particles per cm3) for subjects with any address in the grid
area surrounding the LAX airport. In race/ethnicity-stratified analyses, African Americans, the
subgroup who had the highest exposure, showed a hazard ratio (HR) of 1.32 (95% CI 1.07-1.64)
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for malignant brain cancer per IQR in UFP exposure. UFP exposure was not related to risk of
meningioma overall or by race/ethnicity. These results support the hypothesis that airport-related
UFP exposure may be a risk factor for malignant brain cancers.

Introduction

The etiology of brain cancers remains largely unknown, and while only ionizing radiation
and a history of allergies or atopic disease are the main environmental risk factors that

have been consistently associated with risk (1-3), significant progress has been made in
the past decade in elucidating the inherited predisposition of brain cancers (4). Glioma
represents about 80% of malignant brain cancers. The majority of the genetic component
of glioma appears to be explained by a polygenic contribution from at least 25 risk
polymorphisms identified through genome-wide association studies (5). Although there is
suggestive evidence from studies conducted in Europe (6-9) and Los Angeles County (10)
that some air pollutants may increase the risk of brain cancer, results are not at all consistent
(11-15). However, a recent study conducted in Toronto and Montreal, Canada, reported for
the first time an association between ambient ultrafine particles (UFP) exposure and risk of
brain cancer incidence; the hazard ratio (HR) was 1.11 (95% CI 1.04-1.19) per 10,000/cm3
UFP after adjusting for sociodemographic factors and other air pollutants (16).

UFP are a subset of particulate matter (PM) that are generally defined as smaller than 100
nm (<0.1 pm) in diameter. PM , 5 and PM1q but not UFPs are routinely monitored and

have well established standards based on documented adverse health effects attributed to
these pollutants (17). Routine monitoring of UFPs are not available in the US and in most
countries, and the spatiotemporal variability of UFP concentrations over large distances and
the health effects of UFPs are not well studied. Nevertheless, recently several studies have
documented the contributions of major airports to UFP concentrations at least 10 km away
including from airports in Los Angeles, New York, Boston, Amsterdam and elsewhere (18—
23). Most relevant to this study, a mobile monitoring platform campaign conducted around
the Los Angeles International Airport (LAX) uncovered airport-related UFP concentrations
being at least two-times greater than adjacent background levels covering 60 km?, an area
extending 20 km downwind from LAX. Within 10 km of LAX, UFP concentrations were
increased by 4-5 fold (20,24). These studies suggest that aircraft exhaust emissions are a
significant source of UFP and can result in several-fold increases in ground-level particle
number concentrations over large areas downwind (20,21,24-26) as well as upwind (27) of
the airport.

Because of UFPs’ small size and dynamic diffusion properties, they can be deposited
throughout the airways including the lung alveoli, allowing cellular interstitial penetration
and entrance into the lung’s blood stream. From there, UFPs can translocate throughout the
body including the central nervous system (CNS) where they may cross the blood brain
barrier or enter the brain through the nose and olfactory pathway (28,29). Inflammation
and oxidative stress are the suspected pathways related to UFP toxicity (30,31). Two recent
studies conducted around LAX suggested noteworthy health effects associated with airport-
related UFPs. In a randomized crossover study, levels of IL-6, a circulating marker of
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acute systemic inflammation, were found to be increased with airport-related UFPs (32).
In addition, a Los Angeles County-based birth record study found that in utero exposure
to airport-related UFP was associated with preterm birth (odds ratio (OR) per quartile of
UFP=1.04, 95% confidence interval (CI) 1.02-1.06)(33).

We recently reported an increased risk of malignant brain cancer but not meningioma in
relation to long-term exposure to ambient benzene, ozone, and possibly PM1g within the
California component of the Multiethnic Cohort (MEC), in which Latin Americans and
African Americans represent approximately 75% of the study participants (10). Utilizing
the same study population, we now investigate the role of airport-related UFP and risk of
malignant brain cancer and meningioma by estimating downwind airport-related UFPs using
a meteorological dispersion model based on flight path and landing frequencies along with
measured UFP values generated by a mobile measurement platform that was moved around
LAX (33). This investigation provides the first prospective results on UFP exposure and
brain tumors in a cohort that included a substantial number of nonwhite participants who
have been found to have higher exposure to pollutants that may be attributed to structural
racism resulting in racial/ethnic residential segregation (34,35).

Materials and Methods

Study population

The MEC is a large cohort designed to investigate the etiology of cancer among a
multiethnic population of US adults (36). From 1993 through 1996, 96,810 men and 118,441
women aged 45-75 years from five racial/ethnic groups (African American, Japanese
American, Latin American, Native Hawaiian, and European American), residing in Hawaii
(HI) or California (CA: primarily Los Angeles County (LAC)), were enrolled. At baseline,
participants completed a twenty-six page mailed questionnaire with questions pertaining to
demographic, education, smoking, anthropometrics, occupation, other lifestyle factors, and
reproductive history (women only).

Ascertainment of malignant brain cancers and meningioma

Participants were followed prospectively for diagnosis of incident invasive brain cancer
(C71.0-C71.9, C72.0-C72.4) through routine linkage with the CA and HI statewide cancer
registries, which are a part of the National Cancer Institute’s Surveillance, Epidemiology
and End Results Program (SEER), and for vital status through linkages to the National
Death Index and death certificate files. MEC participants older than 65 years were linked

to Centers for Medicare Services claims (1999-2016) to identify chronic conditions. Thus
to ascertain meningioma cases, we included MEC participants who were linked to Medicare
data using well-established methods (37) as well as cancer registry information on non-
malignant brain tumors (meninges, spinal cord, and other CNS tumors) that became a
reportable disease on January 1, 2004 (38).

Only the California component of the MEC was included in our studies on air pollution(10).
Eligible CA MEC participants were those who completed a baseline questionnaire and
provided valid addresses that were geocoded to latitude and longitude coordinates based
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on address points or street locators across the study period (n=109,603). Subjects not in

the main five racial/ethnic groups, with a brain cancer or meningioma diagnosis prior to
cohort entry, death date prior to diagnosis date, or invalid baseline data (n=6,174), with
questionable address data (n=22) or other invalid entry/exit dates (n=99) were ineligible in
our brain cancer analysis (10). Of the 103,308 remaining CA participants, we also excluded
those whose residences were not within the UFP exposure grid (n=19,192) or required
>50% imputed exposure (n=8,180) due to address gaps or missing UFP data at one or

more address records in their residential history in the grid area shown in Figure 1, leaving
75,936 participants for this analysis (Table 1). This cohort was followed from the date of
cohort entry (1993-1996) to the earliest date of diagnosis of malignant brain cancer or
meningioma, death, or December 31, 2013 (study end date), whichever came earlier (mean+
SD follow-up was 16.4 + 5.4 years).

Address history, geocoding, and ultrafine particle (UFP) assessment

The MEC actively maintains accurate and up-to-date addresses on all participants via
periodic mailings of newsletters, follow-up questionnaires, and linkages to administrative
data and registries. For the 75,936 CA MEC participants included in this study, there were
141,655 addresses recorded during the follow-up period. Each participant was assigned

a composite measure of neighborhood socioeconomic status (nSES) (39) at the level of

the census block group at baseline and time of event. The measure was developed using
principal components analysis of seven indicator variables: poverty, education, home value,
rent, occupation, employment, and income.

To estimate UFP concentrations from LAX flight activity for the period 1993 through 2013
(Figure 1, panels A-D), we used EPA’s recommended American Meteorological Society/
Environmental Protection Agency Regulatory Dispersion Model (AERMOD). As described
previously (33), the model accounted for hourly variations in meteorology including wind
speed, wind direction, atmospheric stability and mixing height, as well as hourly changes in
flight activity within a 53 x 43 km grid at a 1km spatial resolution. The 1km grid size was
shown to adequately capture the UFP spatial gradients because, unlike ground level sources,
the impacts from landing jets are typically very broad when they reach the ground, e.g., they
produce plumes that are hundreds or thousands of meters across (20). When we previously
compared model results to real-time, mobile measurements taken over seven days along six
transects downwind of LAX, we found good agreement, e.g., Pearson’s R2 was 0.71 with a
mean absolute percentage error of 6% (20).

For the 75,936 participants included in this analysis, we used monthly UFP data at each
centroid of 1 km x 1 km grids (i.e., at a specific longitude/latitude) to develop annual

UFP trend maps and continuous kriging surfaces to assign residential UFP exposures

to participants’ residences for each month. Thus, baseline and cumulative UFP exposure
averages were estimated using the dates lived at each residence across the participant’s
residential history during follow-up (10). Figure 1 (panels A-D) displays baseline (1993—
1996) airport-related UFP levels and baseline residential locations for African American,
Latin American, Japanese American, and European American MEC participants in the UFP
exposure grid and the impact zone. We defined an impact zone as an oval aligned with areas

Cancer Res. Author manuscript; available in PMC 2022 December 02.
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of high airport-related UFP concentrations to restrict our analyses as much as possible to
the area around the airport which included the highest UFP concentrations and also was
well covered by the previous mobile platform measurements that allowed us to generate
and validate our AERMOD based UFP estimates. An arbitrary length-to-width ratio of 2:1
was chosen that encompassed the area of high airport impact, yet was wide enough to
provide exposure contrast by also including subjects with little or no airport UFP exposures;
i.e., the oval was purposefully wider than the modeled area of high airport-related UFP
concentrations. The oval was aligned along the orientation of the predominant daytime
wind direction (and airport runway orientation) with one, long-axis edge aligned with the
upwind airport property line. The long axis therefore aligns with maximum centerline UFP
concentrations for all the modeled 1993 to 2013 July months. The major axis length was
extended until centerline maximum airport UFP concentrations were no larger than 1500
particles/cm3. As a sensitivity test, analyses were conducted by comparing subjects living
within this oval to all subjects in the larger rectangular grid.

There were 55,088 participants with residential histories (any addresses) within this impact
zone across the study period. We used 2.3 x10° as the conversion factor of UFP impact

to particle number concentrations (33) based on AERMOD dispersion model predictions
compared with 2013 field measurement data (20).

As we have described in detail previously, information on gaseous (NOy, NO5, CO, O3)
and PM (PM1q, PM3 5) co-pollutants was based on kriging interpolation which estimated
largely regional air pollution exposures obtained from routine continuous air monitoring
data in California. Ambient benzene measurements from EPA were used in which the
proximity of air monitors to the participants’ residential addresses was also considered
(10). Vehicular-related UFP was estimated using NO, as a surrogate, based on LUR model
estimates of NO,, based on a large passive sampler study conducted in LA outside of the
modeled airport-related UFP impacts (40).

Statistical analysis

Because UFP exposures varied over time and the duration of exposure differed across
participants, we employed a time-dependent analysis approach to examine the association
of UFP exposures with risk of brain cancer and meningioma. For every participant we
calculated an overall average exposure based on averaging each month spent living at a
given address until the censoring month (i.e., diagnosis of brain cancer/meningioma, death,
or study end). These average exposures were entered into Cox proportional hazard models,
with age as the primary time scale (41), as time-dependent variables computed separately
for each member of each risk set from the time of cohort entry up to the time that each risk
set member reached the age of the index case for that risk set. That is, for the regression
calculation, the average exposure across the time interval starting at entry time until the
time of the event was used for hazard ratio calculations. In the regression analyses, we
modeled age at cohort entry (continuous), sex, race/ethnicity, education, and nSES at both
baseline and at time of event. We also conducted analyses by including covariates shown
in Table 1 as some of these variables have been implicated in previous studies of brain
cancer and meningioma including our publication in the MEC (42). Results obtained from
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the more fully adjusted models were largely similar and are not shown. We calculated HR
and 95% CI for the association between airport-related UFP exposures and brain cancer

risk for four subgroups: participants with any or all addresses in the UFP grid or impact
zone. HRs were scaled per increase in respective IQR of UFP (particle/cm3) based on all
subjects: 5280 for any address in grid, 5390 for all addresses in grid, 6300 for any address in
impact zone, and 6490 for all addresses in impact zone. We also repeated analyses separately
in men and women, restricting analyses among non-movers and those with gliomas (C71.0-
C71.9) who represented 80% of the malignant brain cancer cases included in this analysis.
We also conducted co-pollutant analysis by mutually adjusting for UFP and kriging air
pollutant estimates (10). Deviations from the Cox proportionality hazard assumptions were
checked using an analysis of Schoenfeld residuals and we found no violation of this
assumption. Quadratic terms for UFP exposure were not statistically significant, suggesting
that linear models were appropriate. Subgroup analyses were conducted to assess differences
in associations by self-reported race/ethnicity recognizing race/ethnicity as a social construct
that captures different lived experiences resulting from fundamental causes of health
inequities as structural racism (34,43). We tested for heterogeneity of effect estimates by
including an interaction term between UFP and race/ethnicity in the model using a global
test of interaction.

Characteristics of the MEC participants included in this analysis are shown in Table 1.
African Americans and Latin Americans represented ~75% of the study participants. As
expected, there was a predominance of women among meningioma cases. None of the
covariates were significantly associated with risk for malignant brain cancer while risk
of meningioma was significantly higher among college graduates, those with a history of
hypertension, ex-smokers, and women who reported a history of surgical menopause.

Table 2 presents the distribution (estimated annual mean, 95% CI and range) of UFP
levels for MEC participants at baseline and during follow-up. Mean baseline and follow-up
UFP levels were highest among African American participants whereas the levels in the
other racial/ethnic groups were more similar. Nevertheless, there was a large range in

UFP exposures in each of the racial/ethnic groups; baseline UFP range (particles/cm?)
was highest in Latin Americans (320 to 73,630) and African Americans (450 to 70,250),
intermediate in European Americans (300 to 64,830), and lowest in Japanese Americans
(510 to 55,750). A similar pattern was observed for UFP exposures at follow-up. The
percent of any addresses in the impact area versus in the grid area was highest for African
Americans (91.0%), intermediate in Latin Americans (71.9%), and lowest for Japanese
(62.0%) and European Americans (54.5%). Baseline annual mean UFP levels (particles/
cc3) were higher in the impact zone than in the modeled grid area (Table 2), but this
difference was smallest among African Americans (9,260 vs 8,520, 9%), intermediate for
Latin American (5,990 vs 4,860, 23%) and Japanese (5,700 vs 4,450, 28%), and largest in
European Americans (6,820 vs 4,560, 53%). Comparable results were observed during the
follow-up period (Table 2). Similar patterns were observed comparing all addresses in grid
vs all addresses in impact zone (Supplementary Table 1)

Cancer Res. Author manuscript; available in PMC 2022 December 02.
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Risk estimates for brain cancer in relation to UFP exposure based on subjects with any
addresses in the grid and impact zone are shown in Table 3. In all subjects, risk of malignant
brain cancers increased 12% and 8%, respectively, per IQR increase in UFP when we
considered any addresses in the grid and in the impact zone. There were suggestive but
statistically nonsignificant differences in the HR estimates by race/ethnicity; HRs were

less than 1.0 in European Americans and Japanese Americans, slightly elevated in Latin
Americans (HR =1.15 (grid) vs 1.11 (impact zone)), and statistically significantly increased
in African Americans (HR= 1.32 (grid) vs 1.36 (impact zone)) (Table 3, top; p heterogeneity
= 0.17 for HRs (grid) and 0.35 for HRs (impact zone)). HR results for all addresses in

the grid or impact zone were similar (Supplementary Table 2). Analyses conducted among
non-movers showed slightly higher hazard ratios in all subjects combined with all of their
addresses in the grid (HR=1.12, 95% CI1 0.97-1.31). Risk estimates for African American
non-movers remained statistically significant with HRs of 1.39 (95% CI 1.08-1.80) and
1.49 (95% CI 1.07-2.06) for those with all of their addresses contained within the grid and
impact zone, respectively (Table 3). Effect estimates for UFP and brain cancer risks did not
differ by sex. For any address in the grid the HR was 1.06 (95% CI 0.86-1.31) in men and
1.16 (95% C1 0.99-1.35) in women (Pheterogeneity=0.54). Results were largely unchanged
when we restricted the analyses to gliomas only (C71.0-C71.9). In all racial/ethnic groups
combined, the HR was 1.12 (95% CI1 0.98-1.27) for any address in the grid (145 gliomas)
and 1.08 (95% CI 0.90-1.30) for any address in the impact zone (104 gliomas). The
corresponding HRs for gliomas only among African Americans were 1.35 (95% CI 1.08-
1.68) and 1.40 (95% CI 1.05-1.85), respectively.

In contrast, UFP exposure was not associated with risk of meningioma in all subjects (all
HRs were around 1.0) or by race/ethnicity (Table 3, bottom). The null results were observed
in both men and women despite the nearly three times more meningioma cases in women
than in men. In men, for any address in the grid, the HR for meningioma was 0.98 (95% ClI
0.80-1.20) and it was 0.99 (95% CI 0.89-1.09) in women (Pheterogeneity=0-96).

UFP exposure was slightly negatively correlated with kriging NO, (rho= -0.12), PMq
(rho=-0.19), PMy 5 (rho=-0.10), and ambient benzene (rho=—-0.03) and was slightly
positively correlated with kriging NOy (rho=0.07), O3 (rh0o=0.05), and CO (rho=0.05). These
kriged estimates for gaseous and particulate pollutants as well as ambient benzene were
obtained from routine continuous air monitoring data in California (10). In co-pollutant
analyses conducted in all subjects combined (Table 4), the effect of UFP remained
unchanged with adjustment for benzene. The HR of UFP (any address in the grid) remained
stable and was 1.12 in each of the co-pollutant model run which adjusted for NOy, NO,, CO,
or Oz. and was 1.14 (95% CI 1.00-1.30) and 1.14 (95% CI 1.00-1.30), with adjustment for
PMjq or PM; 5, respectively. Other pollutants (benzene, NOy, NOy, CO, O3, PM1g, PM3 5)
were not associated with brain cancer risk in the co-pollutant models but some of the HRs
had very wide confidence intervals and the risk estimates were reduced slightly compared to
our earlier publication because of a smaller number of brain cancer cases with airport-related
UFP data. For example, with adjustment of UFP, the effect of ambient benzene was reduced
to 1.42 (95% CI 0.76-2.66) in the co-pollutant model based on 154 brain cancers whereas
the HR for benzene was 1.65 (95% CI 0.98-2.78) in our published results which included
199 brain cancer cases (10). The corresponding HR estimates for UFP among African
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Americans also remained similar and statistically significant with adjustment for other
kriging pollutants.

Discussion

We observed a small increase in risk of malignant brain cancer in relation to airport-related
UFP in all subjects. This increase appeared to be driven by the results in Latin Americans
and African Americans, who are disproportionately exposed to high UFP concentrations

as well as burdened by structural racism which contributes to environmental, occupational,
economic, access to health care, and other inequities (34,43). We observed a formally
statistically significant association in African Americans, the subgroup with the highest UFP
exposures across follow-up and the highest concentration of residents within the modeled
UFP exposure grid as displayed in Figure 1. The results were somewhat stronger when the
analyses were restricted to non-movers despite a reduction in sample size and the association
persisted when we adjusted for gaseous and particulate matter co-pollutants. The findings

in non-movers provide support for the assumption that relative airport-related UFP exposure
rankings over this period remained the same and that our UFP model adequately captured
the effects of flight activity trends at LAX despite lacking data reflecting possible changes
in UFP emissions. We found no evidence for a link between UFP exposure and meningioma,
either in all subjects or in any of the racial/ethnic subgroups. Given that causes of malignant
brain cancer remains poorly understood with very few established risk factors (2,44), these
results on UFP and risk of brain cancer are potentially important if confirmed in future
studies as there is growing evidence that outdoor air pollution may have adverse effects on
numerous cancers sites including the brain (17).

Our results for malignant brain cancer and UFP exposure are consistent with results from

a Canadian study of within-city spatial variations in ambient UFPs (16) where distances to
the nearest highway, the nearest bus route, and Pearson airport explained about two-thirds
of the measured variation in ambient UFPs (45). Our HR estimate of 1.12 (95% CI1 0.98—
1.27) per 5280 particle/cm?3 (or 1.23 per 10,000 particle/cm3) for all subjects with any of
their addresses in the grid is compatible with the estimate of 1.11 (95% CI 1.04-1.19) per
10,000 particle/cm3 of UFPs reported in the Canadian study. The overall consistency of
findings is noteworthy despite the differences in UFP exposure assessment between studies.
The Canadian study used a LUR Smodel derived from mobile monitoring data collected in
2010-2011, and assigned UFP exposures as 3-year moving averages with 1-year lag. The
mean estimated UFP levels in the Canadian study were ~24,000 particles/cm?3, compatible
with estimates of urban background UFP levels (46), whereas the airport-related UFP levels
along flight paths in this study were ~70,000 particles/cm3. Results from one of the first
studies to interrogate UFP profiles associated with aircraft and roadway traffic lend further
support (27). Austin and investigators noted that although concentrations of total UFPs were
higher near roadways compared to near-airport transects, the roadway UFP likely only affect
a narrow strip of near-roadway residences because of the relatively short distances over
which UFP decays downwind of major roads. In contrast, the areas experiencing elevated
aircraft UFPs tended to be large with concentrations more homogenously distributed around
airports and these elevated particle number concentrations may affect far more people
around airports for this reason than roadway sources. In addition, those living within the area
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affected by landing aircraft emissions may be exposed to relatively higher concentrations of
smaller sized UFPs (27).

It is of note that our findings of an association between UFP exposure and malignant brain
cancer among African Americans was formally statistically significant as this was based on
a modest number of cases (n=38). While the unit for risk calculations (i.e., overall IQR)
was identical for all racial/ethnic specific analysis, UFP exposure was 40-90% higher for
African Americans than the other groups at baseline and during follow-up and their higher
exposure may be one reason for the observed results. Air pollutants and specifically UFP
may affect the CNS either directly through the transport of nanosized particles into the CNS
or secondarily through systemic inflammation. The direct or indirect effects can be caused
by the physical characteristics of the particle itself or by toxic compounds that adsorb on
these nanoparticles (47,48). A recent study of Narita Airport in Japan found airport-related
nanoparticles may have a unique toxicity profile due to unburned lubrication oil being
mixed via bypass flow with hot exhaust, unlike vehicular generated UFP where all oils

are combusted (49). Also in a recent study, continuous exposure of ultrafine particulates in
the form of an airborne fungal allergen triggered innate inflammatory responses not only

in the lung but also the brain (50). Thus, while the exact mechanisms underlying brain
pathology induced by air pollution are not fully understood, evidence currently points to

the involvement of neuroinflammation, oxidative stress, glial activation, and cerebrovascular
damage as primary pathways (51-53).

Despite having almost three times more meningioma cases for analysis, there was little
evidence of an effect of UFP on risk of meningioma. We are not aware of previous findings
on UFP and meningioma but results on air pollution and benign brain tumors were largely
null in two large European studies (7,9) and suggestive positive associations were reported
only in a small Danish study of nurses (11). Results to date on air pollution and risk of
malignant brain cancer are also mixed. A small increased risk of malignant brain cancer
and exposure to PM> 5 was reported in a majority (10,12,14,15,54) of studies with such data
but not all (7,9-16). Although PM 5 overall was unrelated to malignant brain cancer risk

in the ESCAPE cohort, there was a 67% (95% CI1 0.89-3.14) elevated risk in association
with PM5 5 absorbance which the authors suggested may be a better proxy for traffic-related
particles in the UFP size range(9). Exposure to NOy was associated with brain cancer risk
in the Danish Diet and Health Cohort (6) but this finding was not confirmed in subsequent
European studies (7,9,11), two of which had much larger sample sizes. NO5 exposure was
weakly positively associated with malignant brain cancer risk in a large Danish registry
study (7) but this was not observed in other studies (9-11,13,14,16). Differences in study
design, methods of air pollution exposure assessment, the specific pollutants examined,
modest number of brain cancers, study population variations including differences in the
distribution of histologic subtypes by sex and race/ethnicity, as well as known etiologic
heterogeneity of brain tumor subtypes, contribute to the complexity of these investigations.
There are other challenges in conducting and interpreting results from these air pollutant
analyses. For example, our findings of a stronger UFP association among African Americans
in the current analysis but a prior stronger finding of benzene, PM1g and O3 among Latin
Americans (10) highlight that these subgroup differences by race/ethnicity may be related to
differences in exposure patterns to air pollutants, related cofactors such as occupation and

Cancer Res. Author manuscript; available in PMC 2022 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 10

neighborbood SES. Although we adjusted for neighborhood SES at cohort entry and at event
time, we still observed differences in air pollution exposures by race/ethnicity, which can be
viewed as a proxy for residential segregation, neighborhood disinvestment and increased air
pollution exposure (34,43). Nevertheless, consistent results from this analysis and from the
Canadian study (16) emphasize the importance of further studies of UFP from all sources as
well as components of particulate matter in relation to risk of brain cancer development (54).

Study strengths include our investigation of both malignant and benign brain tumors in

men and women of multiple races/ethnicities, including large number of African Americans
and Latin Americans, who have faced long-standing structural racism, social isolation, and
differential treatment (34,43) and adjusted for potential confounders as well as other air
pollutants. Information on covariates was complete with little missing data and none of

the covariates were associated with risk of brain cancer in the MEC, consistent with the
few known risk factors for malignant brain cancer (2). The availability of a long-term
residential address history enabled us to generate better exposure estimates as suggested by
the strongest effect sizes estimated in those for whom all of their addresses were located in
the grid or impact zone and among non-movers. However, there are study limitations. As in
other studies, we lacked information on UFP exposures prior to cohort entry and were not
able to assess air pollution exposures at work places or during commuting. The number of
malignant brain cancer cases were modest and multiple tests were conducted; we recognize
that results may be due to chance and/or uncontrolled confounding of individual-level SES.
We assessed airport-related UFP, which limited the number of participants to 74% (75,936
of 103,308) of the original study population in California (the Hawaii component of the
MEC was not included in studies on air pollution). Although participants included in the
UFP analyses were similar to those not included in most of the baseline demographic

and lifestyle factors, excluded subjects were more likely to be from neighborhoods of

high socioeconomic status (nSES Q4 and Q5) (43.0% men, 39.0% women) compared to
those included in the analyses (high nSES: 26.8% men, 24.4% women) (Supplementary
Table 3). This is partly related to the residential addresses of those we excluded who lived
outside the LAX UFP grid area. We carefully considered nSES at baseline and event time
in our analysis and found that the correlations of nSES over time were comparable by
race/ethnicity (rho was 0.66 in Japanese Americans, 0.68 in African Americans and Latin
Americans, and 0.71 in European Americans), and that changes in nSES during follow-up
across these racial/ethnic groups were modest. Although we did not directly measure
traffic-related UFPs in this study, our co-pollutant models adjusted for NO, exposure as

a surrogated for traffic-related pollutants including traffic-related UFPs. Finally, to our
knowledge there is no information on how aircraft UFP emissions have changed since the
1960s. Hence, there are caveats with the use of absolute values of UFP concentrations in our
HR analyses. We used a conversion factor to estimate particle number concentrations based
on a comparison of the AERMOD dispersion model predictions with 2013 data. While
modeling showed small differences in the spatial exposure pattern over time, the absolute
concentrations within these spatial patterns may have changed. Thus, the uncertainties of
the conversion factors for historical estimates of particle number concentrations may lead to
exposure misclassification for UFP. Yet, this bias is likely to be non-differential in affecting
our risk estimate and the same bias applies to all racial/ethnic groups included in this
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analysis. As such, this likely has contributed to larger exposure misclassification for movers
compared to non-movers and may explain why non-movers showed stronger associations.

In conclusion, results from this prospective study suggest that high airport-related UFP
exposure is associated with risk of malignant brain cancer. We have captured airport-related
UFP as an important source of air pollutant exposure. Further investigation into the role of
UFP from additional sources may help to better understand links between air pollutants and
malignant brain cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IQR interquartile range

LAC Los Angeles County

LAX Los Angeles International Airport
LUR land use regression

MEC Multiethnic Cohort

nSES neighborhood socioeconomic status
SEER Surveillance, Epidemiology, and End Results Program
UFP ultrafine particles

Cancer Res. Author manuscript; available in PMC 2022 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wau et al. Page 12

References

1. Bondy ML, Scheurer ME, Malmer B, Barnholtz-Sloan JS, Davis FG, II’yasova D, et al. Brain tumor
epidemiology: consensus from the Brain Tumor Epidemiology Consortium. Cancer 2008;113:1953—
68 [PubMed: 18798534]

2. Ostrom QT, Bauchet L, Davis FG, Deltour I, Fisher JL, Langer CE, et al. The epidemiology
of glioma in adults: a “state of the science” review. Neuro Oncol 2014;16:896-913 [PubMed:
24842956]

3. Amirian ES, Zhou R, Wrensch MR, Olson SH, Scheurer ME, II’yasova D, et al. Approaching
a Scientific Consensus on the Association between Allergies and Glioma Risk: A Report from
the Glioma International Case-Control Study. Cancer Epidemiol Biomarkers Prev 2016;25:282-90
[PubMed: 26908595]

4. Goodenberger ML, Jenkins RB. Genetics of adult glioma. Cancer Genet 2012;205:613-21
[PubMed: 23238284]

5. Kinnersley B, Houlston RS, Bondy ML. Genome-Wide Association Studies in Glioma. Cancer
Epidemiol Biomarkers Prev 2018;27:418-28 [PubMed: 29382702]

6. Raaschou-Nielsen O, Andersen ZJ, Hvidberg M, Jensen SS, Ketzel M, Sorensen M, et al. Air
pollution from traffic and cancer incidence: a Danish cohort study. Environ Health 2011;10:67
[PubMed: 21771295]

7. Poulsen AH, Hvidtfeldt UA, Sorensen M, Puett R, Ketzel M, Brandt J, et al. Intracranial tumors
of the central nervous system and air pollution - a nationwide case-control study from Denmark.
Environ Health 2020;19:81 [PubMed: 32641060]

8. Poulsen AH, Sorensen M, Andersen ZJ, Ketzel M, Raaschou-Nielsen O. Air pollution from traffic
and risk for brain tumors: a nationwide study in Denmark. Cancer Causes Control 2016;27:473-80
[PubMed: 26892605]

9. Andersen ZJ, Pedersen M, Weinmayr G, Stafoggia M, Galassi C, Jorgensen JT, et al. Long-term
exposure to ambient air pollution and incidence of brain tumor: the European Study of Cohorts for
Air Pollution Effects (ESCAPE). Neuro Oncol 2018;20:420-32 [PubMed: 29016987]

10. Wu AH, Wu J, Tseng C, Yang J, Shariff-Marco S, Fruin S, et al. Association Between Outdoor Air
Pollution and Risk of Malignant and Benign Brain Tumors: The Multiethnic Cohort Study. INCI
Cancer Spectr 2020;4:pkz107 [PubMed: 32211584]

11. Jorgensen JT, Johansen MS, Ravnskjaer L, Andersen KK, Brauner EV, Loft S, et al. Long-term
exposure to ambient air pollution and incidence of brain tumours: The Danish Nurse Cohort.
Neurotoxicology 2016;55:122-30 [PubMed: 27265017]

12. Coleman NC, Burnett RT, Higbee JD, Lefler JS, Merrill RM, Ezzati M, et al. Cancer mortality risk,
fine particulate air pollution, and smoking in a large, representative cohort of US adults. Cancer
Causes Control 2020;31:767-76 [PubMed: 32462559]

13. McKean-Cowdin R, Calle EE, Peters JM, Henley J, Hannan L, Thurston GD, et al. Ambient
air pollution and brain cancer mortality. Cancer Causes Control 2009;20:1645-51 [PubMed:
19685148]

14. Turner MC, Krewski D, Diver WR, Pope CA 3rd, Burnett RT, Jerrett M, et al. Ambient Air
Pollution and Cancer Mortality in the Cancer Prevention Study 1. Environ Health Perspect
2017;125:087013 [PubMed: 28886601]

15. Coleman NC, Burnett RT, Ezzati M, Marshall JD, Robinson AL, Pope CA 3rd. Fine Particulate
Matter Exposure and Cancer Incidence: Analysis of SEER Cancer Registry Data from 1992-2016.
Environ Health Perspect 2020;128:107004 [PubMed: 33035119]

16. Weichenthal S, Olaniyan T, Christidis T, Lavigne E, Hatzopoulou M, Van Ryswyk K, et al.
Within-city Spatial Variations in Ambient Ultrafine Particle Concentrations and Incident Brain
Tumors in Adults. Epidemiology 2020;31:177-83 [PubMed: 31714401]

17. Turner MC, Andersen ZJ, Baccarelli A, Diver WR, Gapstur SM, Pope CA 3rd, et al. Outdoor air
pollution and cancer: An overview of the current evidence and public health recommendations. CA
Cancer J Clin 2020

Cancer Res. Author manuscript; available in PMC 2022 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Page 13

Keuken MP MM, Zandveld P, Henzing JS, Hoek G. Total and size-resolved particle number and
black carbon concentrations in urban areas near Schiphol airport (the Netherlands). Atmos Environ
(1994) 2015;104:132-42

Hudda N, Durant LW, Fruin SA, Durant JL. Impacts of Aviation Emissions on Near-Airport
Residential Air Quality. Environ Sci Technol 2020;54:8580-8 [PubMed: 32639745]

Hudda N, Gould T, Hartin K, Larson TV, Fruin SA. Emissions from an international airport
increase particle number concentrations 4-fold at 10 km downwind. Environ Sci Technol
2014,48:6628-35 [PubMed: 24871496]

Hudda N, Simon MC, Zamore W, Durant JL. Aviation-Related Impacts on Ultrafine Particle
Number Concentrations Outside and Inside Residences near an Airport. Environ Sci Technol
2018;52:1765-72 [PubMed: 29411612]

Hsu HH, Adamkiewicz G, Houseman EA, Zarubiak D, Spengler JD, Levy JI. Contributions of
aircraft arrivals and departures to ultrafine particle counts near Los Angeles International Airport.
Sci Total Environ 2013;444:347-55 [PubMed: 23280292]

Stafoggia M CG, Forastiere F, Di Menno di Bucchianico A, Gaeta A, Anconia. Particle number
concentrations near the Rome-Ciampino city airport. Atmos Environment 2016;147:264-73
Hudda N, Fruin SA. International Airport Impacts to Air Quality: Size and Related Properties of
Large Increases in Ultrafine Particle Number Concentrations. Environ Sci Technol 2016;50:3362—
70 [PubMed: 26971965]

Stacey b. Measurement of ultrafine particles at airports: A review. Atmos Environ (1994)
2019;198:463-77

Harrison RM, Beddows DCS, Alam MS, Singh A, Brean J, Xu R, Kotthaus S, Grimmond S.
Interpretation of particle number size distributions measured across an urban area during the
FASTER Campaign. Atmos Chem Phys 2019 19:39-55

Austin E, Xiang J, Gould TR, Shirai JH, Yun S, Yost MG, et al. Distinct Ultrafine Particle Profiles
Associated with Aircraft and Roadway Traffic. Environ Sci Technol 2021;55:2847-58 [PubMed:
33544581]

Elder A, Gelein R, Silva V, Feikert T, Opanashuk L, Carter J, et al. Translocation of inhaled
ultrafine manganese oxide particles to the central nervous system. Environ Health Perspect
2006;114:1172-8 [PubMed: 16882521]

Oberdorster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling W, et al. Translocation of inhaled
ultrafine particles to the brain. Inhal Toxicol 2004;16:437-45 [PubMed: 15204759]

Calderon-Garciduenas L, Kavanaugh M, Block M, D’Angiulli A, Delgado-Chavez R, Torres-
Jardon R, et al. Neuroinflammation, hyperphosphorylated tau, diffuse amyloid plaques, and down-
regulation of the cellular prion protein in air pollution exposed children and young adults. J
Alzheimers Dis 2012;28:93-107 [PubMed: 21955814]

Calderon-Garciduenas L, Solt AC, Henriquez-Roldan C, Torres-Jardon R, Nuse B, Herritt L, et al.
Long-term air pollution exposure is associated with neuroinflammation, an altered innate immune
response, disruption of the blood-brain barrier, ultrafine particulate deposition, and accumulation
of amyloid beta-42 and alpha-synuclein in children and young adults. Toxicol Pathol 2008;36:289—
310 [PubMed: 18349428]

Habre R, Zhou H, Eckel SP, Enebish T, Fruin S, Bastain T, et al. Short-term effects of airport-
associated ultrafine particle exposure on lung function and inflammation in adults with asthma.
Environ Int 2018;118:48-59 [PubMed: 29800768]

Wing SE, Larson TV, Hudda N, Boonyarattaphan S, Fruin S, Ritz B. Preterm Birth among

Infants Exposed to in Utero Ultrafine Particles from Aircraft Emissions. Environ Health Perspect
2020;128:47002 [PubMed: 32238012]

Bailey ZD, Krieger N, Agenor M, Graves J, Linos N, Bassett MT. Structural racism and

health inequities in the USA: evidence and interventions. Lancet 2017;389:1453-63 [PubMed:
28402827]

Flanagin A, Frey T, Christiansen SL, Bauchner H. The Reporting of Race and Ethnicity in Medical
and Science Journals: Comments Invited. JAMA 2021;325:1049-52 [PubMed: 33616604]

Cancer Res. Author manuscript; available in PMC 2022 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

36.

37.

38.

39.

40.

41.

42

43.

44,

45.

46.

47.

48.

49.

50.

5L

52.

53.

54.

Page 14

Kolonel LN, Henderson BE, Hankin JH, Nomura AM, Wilkens LR, Pike MC, et al. A multiethnic
cohort in Hawaii and Los Angeles: baseline characteristics. Am J Epidemiol 2000;151:346-57
[PubMed: 10695593]

Setiawan VW, Virnig BA, Porcel J, Henderson BE, Le Marchand L, Wilkens LR, et al. Linking
data from the Multiethnic Cohort Study to Medicare data: linkage results and application to
chronic disease research. Am J Epidemiol 2015;181:917-9 [PubMed: 25841869]

Dolecek TA, Dressler EV, Thakkar JP, Liu M, Al-Qaisi A, Villano JL. Epidemiology of
meningiomas post-Public Law 107-206: The Benign Brain Tumor Cancer Registries Amendment
Act. Cancer 2015;121:2400-10 [PubMed: 25872752]

Yost K, Perkins C, Cohen R, Morris C, Wright W. Socioeconomic status and breast cancer
incidence in California for different race/ethnic groups. Cancer Causes Control 2001;12:703-11
[PubMed: 11562110]

Su JG, Jerrett M, Beckerman B, Wilhelm M, Ghosh JK, Ritz B. Predicting traffic-related air
pollution in Los Angeles using a distance decay regression selection strategy. Environ Res
2009;109:657-70 [PubMed: 19540476]

Korn EL, Graubard BI, Midthune D. Time-to-event analysis of longitudinal follow-up of a survey:
choice of the time-scale. Am J Epidemiol 1997;145:72-80 [PubMed: 8982025]

. Muskens IS, Wu AH, Porcel J, Cheng I, Le Marchand L, Wiemels JL, et al. Body mass index,

comorbidities, and hormonal factors in relation to meningioma in an ethnically diverse population:
the Multiethnic Cohort. Neuro Oncol 2019;21:498-507 [PubMed: 30615143]

Benmarhnia T, Hajat A, Kaufman JS. Inferential challenges when assessing racial/ethnic health
disparities in environmental research. Environ Health 2021;20:7 [PubMed: 33430882]

Ostrom QT, Gittleman H, Stetson L, Virk S, Barnholtz-Sloan JS. Epidemiology of Intracranial
Gliomas. Prog Neurol Surg 2018;30:1-11 [PubMed: 29241168]

Weichenthal S, Van Ryswyk K, Goldstein A, Shekarrizfard M, Hatzopoulou M. Characterizing the
spatial distribution of ambient ultrafine particles in Toronto, Canada: A land use regression model.
Environ Pollut 2016;208:241-8 [PubMed: 25935348]

Whitson HE, Duan-Porter W, Schmader K, Morey M, Cohen HJ, Colon-Emeric C. Response to
Ukraintseva et al. Letter: Resilience Versus Robustness in Aging. J Gerontol A Biol Sci Med Sci
2016;71:1535-6 [PubMed: 27445404]

Levesque S, Surace MJ, McDonald J, Block ML. Air pollution & the brain: Subchronic diesel
exhaust exposure causes neuroinflammation and elevates early markers of neurodegenerative
disease. J Neuroinflammation 2011;8:105 [PubMed: 21864400]

Genc S, Zadeoglulari Z, Fuss SH, Genc K. The adverse effects of air pollution on the nervous
system. J Toxicol 2012;2012:782462 [PubMed: 22523490]

Fushimi A SK, Fujitani Y, Takegawa N. Identification of jet lubrication oil as a major component
of aircraft exhaust nanoparticles. Atmos Chem Phys 2019;19(9):6389-99

Peng X, Madany AM, Jang JC, Valdez JM, Rivas Z, Burr AC, et al. Continuous Inhalation
Exposure to Fungal Allergen Particulates Induces Lung Inflammation While Reducing Innate
Immune Molecule Expression in the Brainstem. ASN Neuro 2018;10:1759091418782304
[PubMed: 30016877]

Mumaw CL, Levesque S, McGraw C, Robertson S, Lucas S, Stafflinger JE, et al. Microglial
priming through the lung-brain axis: the role of air pollution-induced circulating factors. FASEB J
2016;30:1880-91 [PubMed: 26864854]

Levesque S, Taetzsch T, Lull ME, Kodavanti U, Stadler K, Wagner A, et al. Diesel exhaust
activates and primes microglia: air pollution, neuroinflammation, and regulation of dopaminergic
neurotoxicity. Environ Health Perspect 2011;119:1149-55 [PubMed: 21561831]

Jayaraj RL, Rodriguez EA, Wang Y, Block ML. Outdoor Ambient Air Pollution and
Neurodegenerative Diseases: the Neuroinflammation Hypothesis. Curr Environ Health Rep
2017;4:166-79 [PubMed: 28444645]

Harbo Poulsen A, Arthur Hvidtfeldt U, Sorensen M, Puett R, Ketzel M, Brandt J, et al.
Components of particulate matter air-pollution and brain tumors. Environ Int 2020;144:106046
[PubMed: 32858469]

Cancer Res. Author manuscript; available in PMC 2022 December 02.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wu et al.

Page 15

Significance

Malignant brain cancer risk increases with airport-related ultrafine particle (UFP)
exposure, particularly among African Americans, suggesting UFP exposure may be a
modifiable risk factor for malignant brain cancer.
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Figure 1.
(panels A-D). Airport-related ultrafine particle (UFP) exposure estimates (particles/cm?3; see

Methods) for a 53 x 43 kilometer grid area around the Los Angeles International Airport
(1993-2013). Natural breaks were used to classify five UFP exposure categories displayed
in gradations of red. For privacy reasons, residential locations of MEC participants at
baseline (1993-1996) were randomly offset up to 350 meters for: a) African Americans
(n=25,398), b) Japanese Americans (n=9,532), c) Latin Americans (n=31,568), and d)
European Americans (n=9,328). The impact UFP zone was defined as an oval with an
aspect ratio of 2:1 aligned along with the orientation of the airport runways and predominate
daytime wind direction, with one, long-axis edge aligned with the upwind airport property
line. The long axis represented the distribution of maximum centerline UFP concentrations
for all the July months between 1993 and 2013, while the impact zone encompassed a
subset of subjects with higher exposures than the modeled grid. The major axis length was
extended until centerline maximum UFP concentrations decreased to 1,500 particles/cm3.
The natural breaks were used to facilitate the visualization of UFP number concentrations
that had a highly right-skewed distribution.
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Table 2.

Distribution (estimated mean (95% CI), and range) of airport-related ultrafine particles (UFP) (particles/cm3)
for 12 months at baseline (1993-1996) and follow-up period (1993-2013) in 75,936 MEC participants overall
and by race/ethnicity for any address in the grid and impact zone

Time period of Any address in grid Any address in impact zone % of any address in impact

zone vs grid
Participants Baseline Follow-up Baseline Follow-up
All N 75,936 55,088
addresses 125,330 94,426
Mean UFP? 5590 6720 7390 8180 75.3
95% ClI 5950, 6040 6680, 6760 7340, 7450 8130, 8230
Range 300t0 73630 580to 77220  490to 73630 1140 to 77220
African Americans N 25,398 22,829
addresses 42,598 38,763
Mean UFP? 8520 9750 9260 10,550 91.0
95% ClI 8440, 8600 9660, 9830 9170, 9350 10460, 10640
Range 450t0 70,250 58010 65,700 550to0 70,250 1230 to 65,700
Latin Americans N 31,568 21,637
addresses 55,104 39,614
Mean UEP? 4860 5310 5990 6390 719
95% ClI 4800, 4910 5260, 5360: 5920, 6060 6330, 6460
Range 320t0 73,630 610t0 77,220 490to 73,630 1140to 77,220
Japanese Americans N 9,532 5,640
Addresses 13,102 8,126
Mean UEP? 4450 4900 5700 6100 62.0
95% ClI 4370, 4530 4830, 4970 5590, 5810 6000, 6210
Range 510to 55,750 8301t058,000 630to55,750 1270 to 58,000
European Americans N 9,328 4,928
Addresses 14,363 7,833
Mean UEP? 4560 5130 6820 7400 54.5
95% ClI 4450, 4670 5020, 5240 6640, 7000 7230, 7600
Range 300to 64,830 830t069,100 600 to 64,830 1260 to 69,100

aMean levels of UFP, corresponding 95% ClI, and ranges were rounded
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Risk® of brain cancer and meningioma in association with per interquartile range (IQR)b of airport-related

ultrafine particle exposure (particle/cm?3) in all subjects and non-movers

Malignant All subjects Non-movers
Brain Cancer Any addrgzss Any address Ln All addresses All addresses in impact zone b
in grid impact zone in grid

All #cases 155 113 121 87

HR (95% CI) 1.12(0.98-1.27) 1.08 (0.91-1.29) 1.12(0.97-1.31) 1.09 (0.88-1.34)
African Americans #cases 38 36 28 26

HR (95% CI)  1.32(1.07-1.64) 1.36 (1.03-1.79) 1.39 (1.08-1.80) 1.49 (1.07-2.06)
Latin Americans #cases 72 53 53 40

HR (95% Cl) 1.15(0.96-1.38) 1.11(0.86-1.44) 1.14 (0.89-1.45) 1.03 (0.70-1.50)
Japanese Americans  #cases 19 11 18 10

HR (95% CI)  0.90 (0.40-2.05) 0.61(0.17-2.14) 0.87 (0.35-2.14) 0.58 (0.16-2.20)
European Americans  #cases 26 13 22 11

HR (95% CI)  0.56 (0.27-1.23) 0.18 (0.03-1.16) 0.69 (0.35-1.39) 0.26 (0.04-1.95)
Pheter(race) 0.17 0.35 0.25 0.13
Meningioma
All #cases 420 301 315 218

HR (95% CI)  0.98 (0.90-1.08) 1.00 (0.89-1.13) 0.98 (0.88-1.09) 1.00 (0.87-1.15)
African Americans #cases 170 157 125 111

HR (95% CI) 0.98 (0.86-1.11) 0.96 (0.82-1.12)  1.00 (0.85-1.15) 0.97 (0.81-1.17)
Latin Americans #cases 168 103 119 68

HR (95% CI)  1.07 (0.91-1.26) 1.13(0.93-1.38) 1.02 (0.82-1.27) 1.07 (0.81-1.42)
Japanese Americans  #cases 30 14 28 13

HR (95% CI)  0.87 (0.45-1.70) 1.34(0.77-2.34) 0.88 (0.45-1.71) 1.22 (0.65-2.29)
European Americans ~ #cases 52 27 43 22

HR (95% CI)  0.98 (0.75-1.27) 0.96 (0.66-1.40)  1.00 (0.77-1.39) 1.04 (0.71-1.53)
Pheter(race) 0.82 0.43 0.66 0.88

aAII models were stratified by age at entry (in 1 year category) and adjusted for sex, education, baseline and current neighborhood SES, and
race/ethnicity for analyses in all subjects combined. Race/ethnicity was excluded in analyses stratified by race/ethnicity.

bThe IQRs of UFP (particle/cm3) were 5280 for any address in grid, 5390 all addresses in grid, 6300 any address in impact zone and 6490 all

addresses in impact zone.
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Risk® of brain cancer in association with per interquartile range (IQR) ? of ultrafine particle (UFP) exposure

(particle/cm3) and kriging gaseous and particulate matter pollutants in all subjects combined

#Brain cancers/cohort

155/75936
HR (95% CI)

Any address in grid  Any address in impact zone

113/55088
HR (95% CI)

UFP (per IQR)

NOX (per 50ppb) ¢

UFP (per IQR)

NO; (per 20ppb) ¢

UFP (per IQR)

CO (per 1000pph) €

UFP (per IQR)

Ozone (per 10ppb) ¢

UFP (per IQR)

PMyq (per 10 pg/md) ¢

UFP (per IQR)

PM,5 (per 10 pg/m?) ©

UFP (per IQR)

Benzene (1ppb) ¢

1.12 (0.98-1.27)
1.20 (0.50-2.92)

1.12 (0.98-1.28)
1.10 (0.37-3.25)

1.12 (0.98-1.27)
1.64 (0.42- 6.38)

1.12 (0.99-1.28)
0.68 (0.24-1.91)

1.14 (1.00-1.30)
1.54 (0.77-3.10)

1.14 (1.00-1.30)
3.31 (0.56-19.5)

112 (0.99-1.28)7
1.42 (0.76-2.66)

1.08 (0.91-1.29)
1.03 (0.34-2.09)

1.07 (0.89-1.29)
0.77 (0.20-2.96)

1.09 (0.91-1.30)
1.39 (0.27-7.20)

1.10 (0.92-1.31)
0.63 (0.17-2.29)

1.08 (0.90-1.29)
0.94 (0.37-2.40)

1.08 (0.90-1.30)
1.05 (0.12-9.50)

1.09 (0.92-1.31)7
1.36 (0.60-3.10)

aAII models were stratified by age at entry (in 1 year category) and adjusted for sex, education, baseline and current neighborhood SES, and

race/ethnicity.

bThe IQRs of UFP (particle/cm3) were 5280 for any address in grid and 6300 any address in impact zone.

DThe distributions (mean, range) for co-pollutants are: NOx (66.6, 31.1-188.7), NO2 (30.1, 17.8-54.4), CO (1003.4, 461.9-2951.4), ozone(22.1,

6.6-39.0), PM10(35.8, 25.5-57.4), PM2 5 (16.9, 11.3-24.6), and benzene (0.96, 0.33-4.51)

Any address in grid analysis was based on 154 brain cancers/75561 cohort and any address in impact zone analysis was based on 113 brain
cancers/55088 cohort because we considered as valid benzene data if they were derived from air monitors within 20 km from residential addresses

(Wu et al., Ref 10).
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