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Abstract

Background: Ultrafine particles (UFPs) are unregulated air pollutants abundant in aviation 

exhaust. Emerging evidence suggests that UFPs may impact lung health due to their high surface 

area-to-mass ratio and deep penetration into airways. This study aimed to assess long-term 
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exposure to airport-related UFPs and lung cancer incidence in a multiethnic population in Los 

Angeles County.

Methods: Within the California Multiethnic Cohort, we examined the association between long-

term exposure to airport-related UFPs and lung cancer incidence. Multivariable Cox proportional 

hazards regression models were used to estimate the effect of UFP exposure on lung cancer 

incidence. Subgroup analyses by demographics, histology and smoking status were conducted.

Results: Airport-related UFP exposure was not associated with lung cancer risk [per one IGR 

HR = 1.01, 95% CI: 0.97-1.05] overall and across race/ethnicity. A suggestive positive association 

was observed between a one IQR increase in UFP exposure and lung squamous cell carcinoma 

(SCC) risk [HR = 1.08, 95% CI: 1.00-1.17] with a Phet for histology=0.05. Positive associations 

were observed in 5-year lag analysis for SCC [HR = 1.12, CI: 1.02-1.22] and large cell carcinoma 

risk [HR = 1.23, CI: 1.01-1.49] with a [Phet for histology = 0.01].

Conclusions: This large prospective cohort analysis suggests a potential association between 

airport-related UFP exposure and specific lung histologies. The findings align with research 

indicating that UFPs found in aviation exhaust may induce inflammatory and oxidative injury 

leading to SCC.

Impact: These results highlight the potential role of airport-related UFP exposure in the 

development of lung SCC.

Keywords

air pollution; airport-related ultrafine particles; lung cancer; squamous cell carcinoma

Introduction

The health effects associated with particles less than or equal to 2.5 μm in aerodynamic 

diameter (PM2.5) have been well studied, leading to its classification as a Group 1 

carcinogen and the establishment of air quality standards and routine air monitoring.1-3 

There is now an increasing body of experimental evidence indicating that ultrafine particles 

(UFPs), particles with an aerodynamic diameter of 0.1 μm or less, may be a driving factor 

for the adverse effect of PM2.5 on lung health. This may be related to the higher surface 

area-to-mass ratio of UFPs compared to larger particles, which allows UFPs to adsorb 

higher amounts of toxic pollutants and provides greater surface area for interaction with 

cell membranes.4 Additionally, UFPs may be able to penetrate deeper into airways and 

remain longer in the lung parenchyma, which may result in more severe damage than 

larger particles.5-8 To our knowledge, three cohort studies, all using land-use regression 

models to estimate ambient UFP exposures have reported mixed results between UFP and 

lung cancer associations. In the Los Angeles Ultrafines Study (1995-2017), historical UFP 

exposure was modestly associated with overall lung cancer risk (HR = 1.03, 95% CI: 

0.99-1.08 per 10,000 particles/cm3) after adjusting for smoking and other confounders.9 

A Dutch cohort study using data from Statistics Netherlands found that UFP exposure 

determined at the midpoint of the follow-up period (2013-2019) was positively associated 

with lung cancer mortality (HR = 1.038, 95% CI: 1.028-1.048) when individual and 

area-level socioeconomic status were considered.10 In the Ontario Population Health and 
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Environment Cohort (ONPHEC), ambient UFP exposure from 1996 through 2012 was not 

significantly associated with incidence of overall lung cancer after a mean follow-up of 

14.6 years, adjusted for comorbidities (HR = 1.00, 95% CI: 0.97-1.04); this study also 

lacked information on smoking.11 While airport-related pollution contributed to the overall 

ambient UFP in these studies, none specifically examined lung cancer risk in relation to 

airport-related UFPs, which differ from roadway-related UFPs in that the former contain 

larger concentrations of certain organophosphate esters and heavy metals that may be 

associated with adverse health outcomes.12 Studies in Rome,13 Amsterdam,14 and Los 

Angeles County,15 have documented how the major airports in these areas contribute to 

potentially harmful urban UFP concentrations reaching as far as 10 km away. At the Seattle-

Tacoma Airport, investigators reported that plumes containing UFPs from descending 

aircraft impacted a larger area than UFPs from roadways, with UFP-containing plumes 

affecting communities 15 km downwind within 15-20 minutes travel time.16 Additionally, 

in our prior research in the Multiethnic Cohort (MEC), airport-related UFPs from the Los 

Angeles airport (LAX) were found to be associated with an increased risk for brain cancer.17

In this study, we examined the association between long-term exposure to airport-related 

UFPs and incidence of lung cancer among MEC participants residing in California from 

1993 through 2013. This investigation sought to provide new insights on UFPs and lung 

cancer risk in a large, racially, ethnically and socioeconomically diverse study population 

residing in Los Angeles County, a U.S. region with high levels of air pollution.18

Materials and Methods

Study Participants & Characteristics

The MEC is a prospective cohort study of over 215,000 men and women aged 45-75 

at enrollment from 1993-1996. Detailed descriptions of the cohort have been published 

elsewhere.19 Briefly, participants of five self-reported racial and ethnic groups (African 

American, Japanese American, Latino, Native Hawaiian, and White) were recruited from 

either California (primarily Los Angeles County), or Hawaii. Participants were mailed a 

comprehensive 26-page baseline questionnaire that assessed demographics, medical and 

reproductive history, medication use, family history of various cancers, smoking history, 

physical activity and an extensive quantitative food frequency questionnaire. Participants 

were followed for an invasive lung cancer diagnosis by regular linkages with the California 

Cancer Registry and Hawaii Tumor Registry (both Surveillance, Epidemiology, and End 

Results Program registries), and also for vital status by regular linkages with the National 

Death Index and state death certificate files. Lung cancer histology was obtained from the 

cancer registries and cell-types were classified according to the framework provided by 

Lewis et al20 (Table 2 footnotes). We limited our subgroup analysis by histologic subtypes to 

the major groups of SCC, small cell carcinoma, adenocarcinoma, and large cell carcinoma.

Participants eligible for this study included only California MEC participants who 

completed a baseline questionnaire, did not have lung cancer prior to cohort entry (i.e., 

reported on baseline questionnaire or through linkage with the tumor registry), and 

with geocodable addresses (n=105,359). We excluded participants with missing smoking 

information (n=7,974), residence coordinates that were outside the LAX Airport UFP 
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exposure grid (n=18,139), or had >50% imputed UFP exposure level (n=7,762). The 

final sample size for this analysis was 71,387 participants. Our previous work on airport-

related UFPs17 showed similar distributions of baseline characteristics between included 

and excluded CA MEC participants. These characteristics included sex, age, education, 

occupation, smoking history, and BMI. A greater proportion of included participants had a 

neighborhood SES in the lowest quintile versus the highest quintile, which reflects the lower 

SES of neighborhoods nearby LAX airport.

Address Geocoding & Socioeconomic Status

The MEC maintains accurate and up-to-date residential histories (i.e., addresses over study 

period) on all participants using periodic follow-up questionnaires, mailed newsletters, 

and linkages to databases and registries. Addresses over the course of the study were 

geocoded to latitude/longitude coordinates based on parcel or street centroids for UFP 

exposure assessment and appended to U.S. Census block groups as follows: baseline 

addresses (1993-1996 addresses) to the 1990 block groups, 1997-2005 addresses to the 

2000 block groups, and 2006-2013 addresses to the 2010 block groups. A composite index 

of neighborhood socioeconomic status (nSES) at the level of census block group was created 

based on a principal component analysis of seven census SES indicators for each decennial 

Census year: education, median household income, percent living 200% below poverty 

level, percent blue-collar workers, percent older than 16 years in workforce without job, 

median rent, and median house value.21,22 This nSES index was assigned to participants’ 

block group at baseline (time of cohort entry) and time of event. nSES was categorized into 

quintiles based on the distribution across census block groups in Los Angeles County.

Assessment of Ultrafine Particle Exposure

UFP concentrations from LAX flight activity were estimated using the Environmental 

Protection Agency’s recommended American Meteorological Society/Environmental 

Protection Agency Regulatory Dispersion Model (AERMOD).17 This model considered 

hourly changes in meteorology, such as wind speed and direction, atmospheric stability 

and mixing height, and also considered hourly variations in flight activity within a 53 km 

by 43 km grid at a spatial resolution of 1 km.23 The 1 km grid resolution was found to 

be sufficient in capturing the spatial distribution of airport UFPs resulting from the broad 

effects of landing jets, which can produce plumes several hundred to thousand meters wide 

as they touch down, as opposed to take-offs and taxiing of jets, which tend to produce 

impacts much nearer downwind of the airport. In a prior investigation, the model results 

showed good agreement with real-time, mobile measurements taken over seven days along 

six transects downwind of LAX, adjusted for non-LAX UFP contributions from vehicular 

traffic (Pearson R2 of 0.71 and a mean absolute percentage error of 6%).15 Several other 

studies have similarly found LAX to be a significant contributor to UFP concentrations, 

adjusted for traffic-related sources, with reports in one study showing that daily contribution 

to UFP from the LAX was about 11 times greater than those of surrounding freeways.24,25

For the participants in our study, monthly UFP data at each centroid of 1 km by 1 km 

grids (based on specific latitude/longitude coordinates) were used to generate annual UFP 

trend maps and continuous kriging surfaces in order to assign monthly UFP exposures 
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to participants’ residential histories. As a result, cumulative UFP exposure averages were 

estimated for the study period for MEC participants. As described previously,17 the impact 

zone of LAX was defined as an oval aligned with areas of high airport-related UFP 

concentrations in order to focus our analyses on areas most directly impacted by the airport, 

which included the highest UFP concentrations (Figure 1). We conducted four analyses 

based on varying numbers of participants with UFP measures. The first two analyses 

included participants with any addresses (2,183 lung cancer cases among n=71,387) within 

the UFP exposure grid, or all addresses (2,068 cases among n=64,871) within the UFP 

exposure grid, and the third and fourth analyses included participants with any addresses 

(1,599 cases among n=51,625) within the impact zone, or with all addresses (1,389 cases 

among n=41,348) within the impact zone. Results from these analyses showed largely 

comparable associations, and we present findings from “any addresses in the grid” as this 

included the largest number of participants. Exposure to combustion-related co-pollutants 

nitrogen dioxide (NO2) and particulate matter with aerodynamic diameter equal or less than 

10 μm and 2.5 μm (PM10, PM2.5) have been linked to lung cancer,26,27 and were assessed 

using an established kriging interpolation approach that has been described previously.28

Statistical Analysis

Cox proportional hazards regression models with monthly time-varying exposure variables 

were used to estimate the effect of UFP exposure on lung cancer incidence. This model 

used calendar month/year as the time variable and defined a series of risk sets based on 

month/year at diagnosis of each lung cancer event (index case) using age at cohort entry 

(one-year age groups) as a stratum variable. Each risk set included all MEC participants who 

were alive and uncensored at the time of lung cancer diagnosis. For each member of each 

risk set (including the index case) based on their residential history, the average air pollutant 

exposure was computed for the period between the time of cohort entry (month/year) and 

the time of lung cancer diagnosis of the index case. This average exposure was used as the 

independent variable.

Based on a favored hypothesis of repeated oxidative and inflammatory insults leading to 

stepwise oncogenic mutations,29,30 it was expected that any association between UFPs and 

lung cancer would occur as a function of long-term exposure. To address this latency period, 

a 5-year-lagged sensitivity analysis was conducted to exclude UPF exposures within 5 years 

of the censor data.

Multivariable adjusted models included race and ethnicity, sex, family history of lung cancer 

in first degree relatives (yes or no), education level (high school or less, some college, 

college graduate, or graduate school), marital status (married, single, or separated/divorced/

widowed), work history (six categories that combined industries and occupations and if 

participants had been employed in a specific job for 10 years or more, if any), longest 

worked occupation type (office work only, labor/craft only, or both), nSES (quintiles), 

nonsteroidal anti-inflammatory drug (NSAID) use (yes or no), body mass index (BMI) 

(underweight: <18.5 kg/m2, normal weight: 18.5-24.9 kg/m2, overweight: 25-29.9 kg/m2 

or obese: ≥30 kg/m2), smoking status (never, current, or former), daily alcohol intake (non-

drinker, 1 drink per day, 2 or more drinks per day), moderate or vigorous physical activity 
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(hours/week, none, quartiles), energy intake (kcal/day, quintiles), red meat intake (g/day, 

quintiles), and processed red meat intake (g/day, quintiles).31 Smoking was incorporated into 

our model by calculating smoking duration in pack-years while also considering quitting 

probabilities dependent on participant time in the study, average number of cigarettes per 

day, race and ethnicity, as well as interaction of race and ethnicity with cigarettes per day 

as described in past studies.31 Minimal models that adjusted only for race and ethnicity, sex, 

smoking intensity (based on pack-years by age 50 and years without smoking), duration and 

smoking cessation were compared to the full model and showed similar associations (Table 

3).

Hazard ratios (HRs) and 95% confidence intervals (CIs) for lung cancer risk per interquartile 

range (IQR) increase in airport-related UFP were calculated (IQR unit=6,700 particles/cm3). 

We also conducted co-pollutant analysis by mutually adjusting for kriging derived measures 

of gaseous (e.g., NO2) and PM (e.g., PM10, PM2.5) pollutants which are estimates of 

largely regional air pollution exposures obtained from routine continuous air monitoring 

data in California.10 The proportional hazards assumption for each pollutant in a model was 

checked with all covariates by graphing Schoenfeld residuals against time, and no violation 

was found.

Subgroup analyses were conducted to assess differences in effect estimates by sex, race 

and ethnicity, and smoking status. A global simultaneous test of interaction based on the 

Wald test was used to assess heterogeneity of effects for each pollutant and subgroup. To 

test for differences in associations by histology, focusing on SCC, small cell carcinoma, 

adenocarcinoma, and large cell carcinoma, a competing risk analysis using a Lunn-McNeil 

augmentation approach32,33 was conducted such that each histology is fit by a cause-

specific model in a separate stratum. Parameter estimates across histological cell types 

were compared using the Wald test. Sensitivity analysis examined a five-year lag of UFP 

exposure. All p-values were two-sided with a statistical significance level of 0.05. Analyses 

were performed using SAS 9.2 statistical software (SAS Institute, Cary, NC).

Data Availability

The Multiethnic Cohort investigators and institutions affirm their intention to share the 

research data consistent with all relevant NIH resource/data sharing policies. Data requests 

should be submitted through Multiethnic Cohort online data request system at https://

www.uhcancercenter.org/for-researchers/mec-data-sharing.

Results

Our study included 71,387 eligible participants in the California MEC (41,413 females and 

29,974 males); 33.4% identified as African American, 13.0% as Japanese American, 40.8% 

as Latino, and 12.6% as White. Approximately 65.3% of participants had a BMI categorized 

as overweight or obese (BMI>25 kg/m2). A family history of lung cancer was reported 

by 5.2% of participants. Additionally, 17.9% and 36.2% were current or former smokers, 

respectively. Over the study period, the majority of participants (64.2%) remained at their 

baseline residence, and the mean follow-up time was 16.4 years (SD: 5.5 years). Further 

information and distributions of demographic and behavioral factors including education, 
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marital status, employment, nSES, NSAID use, alcohol intake, physical activity, and dietary 

intake are presented in Table 1. Further breakdown of baseline participant characteristics 

by race/ethnicity can be found in Supplemental Table 1. Correlation analyses of UFP with 

kriged-based air pollutants across the follow-up period showed that UFP was negatively 

correlated with PM10 (R = −0.19), followed by NO2 (R = −0.11), and PM2.5 (R = −0.09) 

while UFP was positively correlated with NOx (R = 0.08), followed by CO (R = 0.06), and 

O3 (R = 0.04).

The associations between airport-related UFP and lung cancer risk overall, by race and 

ethnicity and histology for men and women are presented in Table 2. For overall lung 

cancer, no association was observed with UFP (HR = 1.01, 95% CI: 0.97-1.05) for all 

subjects combined or separately by racial and ethnic group. In subgroup anaysis by sex 

across race and ethnicity, UFP was associated with an increased lung cancer risk among 

Japanese American men (HR = 1.23, 95% CI: 1.00-1.51) but not among Japanese American 

women (Phet for sex=0.01). In contrast, UFP was not associated with lung cancer risk 

among Latino men but was associated with elevated risk among Latino women (HR = 

1.10, 95% CI: 0.98-1.24) that was not statistically significant (Phet for sex=0.19). For SCC, 

a per unit increase in the IQR of airport-related UFP exposure was associated with an 

increased risk (HR = 1.08, 95% CI: 1.00-1.17) that was borderline statistically significant. 

A statistically significant positive association between UFP and SCC was observed in men 

(HR = 1.10, 95% CI: 1.02-1.20) and also positively associated in women (HR = 1.05, 95% 

CI: 0.95-1.17). UFP exposure was not associated with risk for the other histology types (Phet 

for histology = 0.05) (Table 2) except for a suggestive difference in the association between 

large cell carcinoma risk and UFP in men and women (Phet for sex=0.02). In Supplemental 

Table 2, a per unit increase in the IQR of UFP exposure was associated with a statistically 

significant increased risk of SCC among current smokers (HR = 1.11, 95% CI: 1.01-1.22) 

with a suggestive association among former smokers (HR = 1.06, 95% CI 0.92-1.21) but not 

among never smokers; however, this latter result was based on only 17 lung cancer cases 

who identified as never smokers. No associations with UFP exposures were observed for the 

remaining histologies by smoking status (Supplemental Table 3).

Adjustment for co-pollutants PM2.5, PM10, and NO2 were conducted by lung cancer 

histology (Supplemental Table 4). The association between airport-related UFP exposure 

and increased SCC risk remained borderline significant when adjusted for PM2.5 (HR = 

1.08, 95% CI: 1.00-1.17) and was borderline statistically significant when adjusted for PM10 

exposure (HR = 1.07, 95% CI: 1.00-1.16) and NO2 (HR = 1.06, 95% CI: 0.98-1.14). In a 

sensitivity analysis by 5-year lagged UFP exposure (Table 3) which reduced the number of 

events by 27%, results remained similar showing a statistically significant increased risk of 

SCC and large cell carcinoma in association with UFP exposure but not for the other lung 

histologies (Phet for histology = 0.01). In addition, an analysis of the association between 

airport-related UFP and lung cancer risk, stratified by follow-up from 1993 to 2013, showed 

no differences in the associations between the “1993 to 2003” or “2004 to 2013” groups for 

all lung cancer as well as histologic subtypes (Supplemental Table 5).
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Discussion

In this large prospective cohort analysis in the MEC, we observed a possible association 

between airport-related UFP exposure and risk of SCC. In models stratified by sex, 

this result remained statistically significant among males and was borderline statistically 

significant among females. Similar patterns of association with SCC risk were observed in 

current and former smokers, adjusted for smoking intensity, duration, and lung cancer risk 

factors. In models further adjusted for co-pollutants (PM2.5, PM10 and NO2), elevated risk of 

SCC associated with UFP exposure remained for PM2.5 and was borderline statistically 

significant for PM10 and NO2. Additionally, in 5-year lagged exposure analysis, the 

associations of UFP with SCC and large cell carcinoma were statistically significant but 

the number of events were modest, particularly for large cell carcinoma. These histology-

specific results require confirmation, however they suggest that airport-related UFP may 

independently increase the risk of specific lung histologies.

The observed findings with risk of SCC are supported by recent research that found diesel-

associated UFPs to upregulate TNF-α signaling via NF-κB and induce genes associated 

with SCC and chemical carcinogenesis5. While a paucity of research exists on jet engine 

emissions, which are a major component of airport-related UFPs, jet exhaust has been 

associated with similar health effects and is biophysically similar to diesel exhaust, as 

both are comprised of volatile organic compounds, transition metals, and particulate matter 

consisting of an inorganic carbon core with associated polycyclic aromatic hydrocarbons.15 

These study results are additionally supported by findings that the extent of inflammatory 

and oxidative injury caused by UFPs may be more potent than that of larger particles 

due to greater retention in the lung parenchyma and increased total surface area enabling 

transport of larger toxin loads.4,34,35 It is well-known that such injury leads to SCC by 

stepwise progression to increasingly dysmorphic cellular features.30 It should be noted that 

lung SCC has been traditionally associated with central lesions located proximally in the 

tracheobronchial tree, whereas UFPs’ small size predisposes them to deposit deeper in 

the respiratory tract.34 Further, SCC is the lung cancer histological subtype most strongly 

associated with smoking, and both SCC and smoking rates have fallen since the 1990s.20 

At the same time that these rates have fallen, an increase in the presentation of peripheral 

lung SCC lesions has been noted.36,37 Clinicopathologic features of peripheral SCC have 

also been found to be distinct from central SCC (i.e. differing frequency of EGFR and 

KRAS mutations, clinical presentation, and prognosis).28,38 Based on the current evidence, a 

potential implication is that UFP-associated SCC may be more likely to appear peripherally 

compared to smoking-associated SCC.

Our findings add to the three previously published cohort studies on this topic, which 

differed from our study in the assessment of UFP and in the covariates that were available 

for consideration in the analysis. Our null results for overall lung cancer incidence 

are consistent with the Canadian ONPHEC study’s observation that overall lung cancer 

incidence was not associated with intra-urban UFP exposures.11,39 However, the present 

study found 5-year lagged airport-related UFP exposure to be associated with risk of SCC 

and large cell carcinoma. Our finding on SCC is compatible with findings of a modest 

association of 1.03 (95% CI: 0.92-1.15) between 10-year lagged ambient UFP exposure and 
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SCC risk in the Los Angeles Ultrafines Study.9 We found no significant association between 

ambient UFP exposure and small cell carcinoma or adenocarcinoma, consistent with the 

small cell carcinoma null results in the Los Angeles Ultrafines study (results on large cell 

were not presented) but differed from their finding of a positive association between ambient 

UFP exposure and adenocarcinoma among men (HR = 1.09, 95% CI: 1.00-1.18).9 Our 

studies also differed in UFP assessment methodology. We focused on airport-related UFPs 

and used AERMOD, a dispersion model to capture airplane emissions.15 In contrast, the Los 

Angeles Ultrafines study was focused on UFP exposure from all sources, and usedS land use 

regression modeling to capture small-scale spatial variations in urban settings.9

Although the Dutch cohort study found a statistically significant association between 

ambient intra-urban UFP exposure and lung cancer mortality, information on histological 

subtypes were not available.10 Our co-pollutant results align with those of the Dutch cohort 

study, which found ambient UFPs to be independently associated with lung cancer mortality 

in the presence of NO2, PM2.5, or PM10.10

The ONPHEC, similar to the Dutch cohort study, assessed intra-urban rather than airport-

related UFP levels. Additionally, while the Dutch cohort study attempted to indirectly adjust 

for missing smoking data, neither the Dutch cohort nor ONPHEC had individual level 

data on smoking behavior, and other relevant covariates.11 As the present study lacked 

sufficient power to assess UFP-SCC association among non-smokers, future studies should 

ascertain whether UFP exposure differs by individual-level smoking history. Overall, our 

study evaluated associations by lung cancer histology and a specific source of UFP exposure 

that has not been examined in-depth by previous cohort studies.

The present study’s strengths include its population-based design, which enables greater 

external validity of our findings based on its large, racially, ethnically and socioeconomically 

diverse composition. Further, the availability of detailed individual-level data on health 

behaviors allowed us to account for lung cancer risk factors, including changing patterns 

of smoking behavior over time.31 The extensive residential histories of MEC participants 

also allowed us to capture UFP exposures that varied over time and locations. This study’s 

extended follow-up of up to 21 years enabled us to assess long-term prospective exposures. 

We were unable to assess historical exposure prior to cohort entry that may be relevant for 

the period of lung cancer development. Finally, the present study benefited from finer UFP 

exposure measurements, temporally and spatially, which are pertinent given the time and 

spatial-varying nature of UFP exposure.

Several limitations of this study should also be considered. Assessment of ambient 

airport-related UFP exposure was based on participants’ residential history, and we lacked 

information on exposures that may have occurred at work, while commuting, or in other 

outdoor locations. Relevant to the present study, previous research has noted that this may 

lead to underestimation of particulate matter exposure for those who live in less dense 

areas (such as suburban areas of Los Angeles County) and overestimation of exposure for 

those who live in urban centers or near roadways, particularly if individuals commute to 

work in areas with significantly different exposure levels.40 Our ability to address latency 

period between UFP exposure and lung cancer was limited due to available data, though 
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we did conduct a 5-year-lagged sensitivity analysis and found a change from borderline 

and no association to statistically significant associations for SCC and large cell carcinoma, 

respectively. The average latency period between UFP exposure and lung cancer may be 

similar to that of other pollutants such as PM2.5, with prior research showing increased 

association between PM2.5 and lung cancer at 10 to 15 year lags compared to one to five 

year lags.41 While analyses were controlled for socioeconomic factors such as education, 

marital status, occupation category, and nSES, we lacked information on income and 

our information on occupational exposure was relatively crude. Among the types of lung 

cancer, SCC is the most strongly related to smoking.42 The stronger association between 

airport-related UFP and SCC observed among current smokers could theoretically reflect 

synergy between UFP and cigarette smoking, but could also reflect residual confounding by 

smoking. The observed gender difference in lung cancer risk among Japanese Americans, 

with borderline association between UFP and SCC among Japanese American men only, 

may also be a sign of residual confounding by smoking. There is a greater difference in 

smoking rates by gender among Asians compared to other races/ethnicities in the United 

States20 and higher smoking rates among Japanese individuals compared to other Asian 

subgroups.43 Thus, the large gender difference in smoking rates among Japanese Americans 

may explain the observed difference in association between UFP and SCC within this ethnic 

group (Phet by sex=0.01). Finally, given the limited number of SCC cases among never 

smokers in our sample, robust assessment of the association between UFP and SCC was not 

possible among never smokers.

The present study found a suggestive positive association between airport-related UFP 

exposure and risk of SCC. Despite its close relationship with roadway and aviation 

emissions, UFP pollution remains an unregulated and understudied form of air pollution, 

with few human studies evaluating this relationship longitudinally. Our results warrant 

further histology-specific investigations in other large epidemiologic cohorts to replicate 

these findings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Impact Zone of Airport-Related Ultrafine Particle Exposure near Los Angeles 
International Airport
Airport-related UFP exposure estimates (μg/m3) for a 53 km 43 km grid area around the Los 

Angeles International Airport (1993–2013). Natural breaks were used to classify five UFP 

exposure categories, displayed in gradations of green. 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 predominant 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. 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 1.

Study Characteristics of California Multiethnic Cohort (MEC) Participants at Baseline, 1993-1996a

Overall Women Men

Total
Participants % Total

Participants % Total
Participants %

Total 71,387 41,413 29,974

Mean age at entry (SD) 60.1 (8.30) 61.1 (8.20)

Race/Ethnicity

 African American 23,874 33.4 15,589 37.6 8,285 27.6

 Hawaiian 106 0.10 45 0.10 61 0.20

 Japanese American 9,286 13.0 4,818 11.6 4,468 14.9

 Latino 29,151 40.8 15,273 36.9 13,878 46.3

 White 8,970 12.6 5,688 13.7 3,282 10.9

Family History of Lung Cancer

 No 67,675 94.8 39,005 94.2 28,670 95.6

 Yes 3,712 5.20 2,408 5.80 1,304 4.40

Educationb

 ≤ High School 36,608 51.3 21,622 52.2 14,986 50.0

 Some College 20,674 29.0 12,018 29.0 8,656 28.9

 College Graduate 7,247 10.2 3,871 9.30 3,376 11.3

 Graduate/Professional 6,368 8.90 3,597 8.70 2,771 9.20

Marital Statusb

 Married 42,560 59.6 20,567 49.7 21,993 73.4

 Separated/Divorced/Widowed 22,682 31.8 17,115 41.3 5,567 18.6

 Single 5,381 7.50 3,236 7.80 2,145 7.20

Employment in a Manufacturing Enterprise & Occupational Category

 No & Office 30,967 43.4 20,245 48.9 10,722 35.8

 No & Labor/Craft 9,377 13.1 4,770 11.5 4,607 15.4

 No & Office/Labor/Craft 18,425 25.8 13,180 31.8 5,245 17.5

 Yes & Office 2,932 4.10 738 1.80 2,194 7.30

 Yes & Labor/Craft 7,662 10.7 2,021 4.90 5,641 18.8

 Yes & Office/Labor/Craft 2,024 2.80 459 1.10 1,565 5.20

NSAIDa useb

 No 26,793 37.5 14,334 34.6 12,459 41.6

 Yes 40,721 57.0 24,624 59.5 16,097 53.7

BMI,c kg/m2b

 Underweight 879 1.20 705 1.70 174 0.60

 Normal 23,415 32.8 14,005 33.8 9,410 31.4

 Overweight 29,156 40.8 14,476 35.0 14,680 49.0

 Obese 17,470 24.5 11,906 28.7 5,564 18.6

Smoking Status

 Never 32,781 45.9 23,724 57.3 9,057 30.2

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2024 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bookstein et al. Page 16

Overall Women Men

Total
Participants % Total

Participants % Total
Participants %

 Current Smoker 12,747 17.9 6,366 15.4 6,381 21.3

 Former Smoker 25,859 36.2 11,323 27.3 14,536 48.5

Alcohol Intakeb

 Non-Drinker 36,357 50.9 24,879 60.1 11,478 38.3

 1 Drink per Day 21,424 30.0 11,606 28.0 9,818 32.8

 2 or More Drinks per Day 10,522 14.7 3,105 7.50 7,417 24.7

Physical Activity, hours of moderate or vigorous activity/dayb

 No: 0 5,739 8.00 3,300 8.00 2,439 8.10

 Quartile 1: 0.11-0.32 (M); 0.11-0.32 (F)d 12,625 17.7 7,069 17.1 5,556 18.5

 Quartile 2: 0.36-0.71 (M); 0.36-0.57 (F) 18,866 26.4 10,289 24.8 8,577 28.6

 Quartile 3: 0.82-1.43 (M); 0.713-1.18 (F) 15,691 22.0 9,189 22.2 6,502 21.7

 Quartile 4: 1.54-13.29 (M); 1.21-13.29 (F) 16,419 23.0 10,170 24.6 6,249 20.8

Baseline Neighborhood SES (nSES)b,e

 Quintile 1 - Low 19,386 27.2 11,621 28.1 7,765 25.9

 Quintile 2 19,308 27.0 11,321 27.3 7,987 26.6

 Quintile 3 14,129 19.8 8,112 19.6 6,017 20.1

 Quintile 4 11,969 16.8 6,783 16.4 5,186 17.3

 Quintile 5 - High 6,592 9.20 3,575 8.60 3,017 10.1

Number of residential addresses per participant

 1 45,819 64.2 19,897 66.4 25,922 62.6

 2 13,482 18.9 5,361 17.9 8,121 19.6

 3 6,966 9.8 2,780 9.3 4,186 10.1

 4+ 5,120 7.2 1,936 6.5 3,184 7.7

Years in cohort study

 Mean years (SD) 16.4 (5.5) 15.7 (5.8) 16.9 (5.2)

a
NSAID = non-steroidal anti-inflammatory drug

b
Subcategory percentages do not add up to 100% due to missing values

c
BMI = body mass index

d
M = male, F = female

e
nSES = neighborhood socioeconomic status
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Table 3.

Five-Year-Lagged Analysis of Airport-Related UFP Association with Lung Cancer Risk by Histology, Sex, 

and Race/Ethnicity among CA MEC Participants, 1993-2013

Cases
(Cohort) HR 95% CI Phet Men Women Phet

c

HR (95% CI)

By Race/Ethnicity

[0.89]a

African-American 730 (21,669) 1.02 (0.96-1.08) 1.07 (0.98-1.16) 0.99 (0.91-1.07) 0.25

Japanese 191 (8,813) 1.04 (0.81-1.33) 1.25 (0.93-1.68) 0.72 (0.43-1.18) 0.09

Latino 407 (27,521) 1.01 (0.91-1.13) 1.00 (0.87-1.14) 1.06 (0.88-1.26) 0.58

White 266 (8,268) 1.08 (0.97-1.21) 1.22 (1.01-1.48) 1.05 (0.90-1.22) 0.20

By Histology

[0.05]b

Adenocarcinomad 594 (65,364) 0.98 (0.91-1.06) 1.04 (0.93-1.16) 0.95 (0.85-1.05) 0.18

Squamous Celle 323 (65,093) 1.12 (1.02-1.22) 1.19 (1.07-1.32) 1.03 (0.89-1.20) 0.46

Small Cellf 150 (64,920) 0.95 (0.81-1.11) 0.87 (0.67-1.14) 1.02 (0.84-1.25) 0.59

Large Cellg 45 (64,815) 1.23 (1.01-1.49) 0.94 (0.60-1.48) 1.44 (1.15-1.82) 0.02

Note: bold indicates p < 0.05; Models were stratified by age at cohort entry and adjusted for smoking intensity and duration, family history of lung 
cancer, education, marital status, occupation, neighborhood socioeconomic status (nSES), non-steroidal anti-inflammatory drug (NSAID) use, body 
mass index (BMI), drinking, physical activity, energy intake, red meat intake, and processed meat intake, as well as sex and race/ethnicity where 
applicable.

Abbreviations: HR = Hazard Ratio; CI = Confidence Interval, UFP = ultrafine particles. HR represents the increase in lung cancer per each 
interquartile range (IQR) change of UFP, where IQR is specific to each analytic sample; unit=0.002296 (any in grid).

a
Probability of heterogeneity by race/ethnicity

b
Probability of heterogeneity by histology

c
Probability of heterogeneity by sex

d
ICD-O-3 morphology codes that were classified as Adenocarcinoma: 8015, 8050, 8140-1, 8143-5, 8147, 8190, 8201, 8211, 8250-5, 8260, 8290, 

8310, 8320, 8323, 8333, 8401, 8440, 8470-1, 8480-1, 8490, 8503, 8507, 8550, 8570-2, 8574, 8576

e
ICD-O-3 morphology codes that were classified as Squamous Cell Carcinoma: 8051-2, 8070-6, 8078, 8083-4, 8090, 8094, 8120, 8123

f
ICD-O-3 morphology codes that were classified as Small Cell Carcinoma: 8002, 8041-5

g
ICD-O-3 morphology codes that were classified as Large Cell Carcinoma: 8012-4, 8021, 8034, 8082
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