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Abstract

Objective: Lung cancer is a leading cause of cancer death in the United States. Exposure to
outdoor air pollution (OAP) is associated with increased lung cancer incidence, however little is
known about the association of OAP and survival after diagnosis.

Methods: We investigated the effects of OAP and lung cancer survival in Pennsylvania

using data from Pennsylvania Cancer Registry. The study population consisted of 252,123
patients diagnosed between 1990 and 2017. The Environmental Protection Agency’s ambient air
monitoring network provided information on OAP exposure of NO5, O3, PM, 5, and PM1g. Mean
OAP exposures were calculated by interpolating exposure concentrations from the five nearest
monitors within a 50-kilometer radius of each patient’s residential address from date of diagnosis
to date of death or last contact. Cox proportional-hazards models were used to estimate the hazard
ratios (HR) for OAP exposures for overall and lung cancer-specific survival. Statistical analyses

“Corresponding author at: Department of Systems Pharmacology & Translational Therapeutics 1315, BRBII/III, 421 Curie Blvd,
Philadelphia, PA 19104, USA. mckeont@pennmedicine.upenn.edu (T.P. McKeon).

CRediT authorship contribution statement

Thomas P. McKeon: Conceptualization, Data curation. Anil Vachani: Conceptualization. Trevor M. Penning: Conceptualization.
Wei-Ting Hwang: Conceptualization, Data curation.

Declaration of Competing Interest

Dr. Vachani reports personal fees as a scientific advisor to the Lung Cancer Initiative at Johnson & Johnson and grants to his
institution from MagArray, Inc. and Precyte, Inc. outside of the submitted work. Dr. Vachani is an advisory board member of
the Lungevity Foundation (unpaid). The other authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.lungcan.2022.06.004.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McKeon et al.

Page 2

were stratified by SEER cancer stage groupings (localized, regional, and distant) and adjusted for
individual-level and area-level covariates.

Results: Median survival time was 0.76 [Cls: 0.75, 0.77] years for the study population and for
localized, regional, and distant site diagnosis were 2.2 [Cls: 2.17, 2.23], 1.13 [Cls: 1.12, 1.15],
and 0.42 [Cls: 0.41, 0.43] years, respectively. NO, indicated the greatest HR which increased
with increasing magnitude of exposure across all cancer staging groups for deaths before 2-years
post-diagnosis. HRs varied by stage and magnitude of OAP exposure with greatest overall effects
shown in NO», followed by PM> 5, O3, and PM1. A subgroup analysis of patients with treatment
status information (2010-2017) showed similar associations of increasing HRs with increasing
exposure.

Conclusion: These findings supported the hypotheses that OAP can influence the carcinogenic
process, impairing chemotherapy treatment, and provide important public health implications
since environmental factors are not often considered in prognosis of survival after diagnosis.
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Introduction

Lung cancer is the second most commonly diagnosed cancer (11.4%) and was the leading
cause of death (18.0%) of all cancers worldwide in 2020[1]. In men, lung cancer ranks
first in incidence and mortality, and in females, it ranks third in incidence and second

for mortality[1,2]. In the United States, lung cancer stands as the third most common
cancer, and the leading cause of cancer death in both men and women[3]. Nationwide,
new lung cancer cases have decreased from 1999 to 2018, possibly impacted by changes
in risk exposures such as reduced tobacco use and improved protection to occupational
hazards[4,5]. In the Commonwealth of Pennsylvania, lung cancer mortality has decreased
from 54.5 per 100,000 persons in 1999 to 37.4 per 100,000 persons in 2018[3]. However,
Pennsylvania’s rate of lung cancer deaths is stubbornly higher than the national average of
34.8 per 100,000 persons in 2018[3].

Air pollution, especially year-long outdoor particle pollution and other components of
air pollution with evidence of modifying or influencing the carcinogenic process, are
known risk factors for lung cancer [6,7,8]. In 2013, the World Health Organization
(WHO)’s International Agency for Research on Cancer (IARC) concluded that there is
indisputable evidence that air pollution is a human carcinogen and accounts for 230,000
lung cancer deaths per year globally[9,10]. Research investigating residential proximity
to major roadways, ozone, and NO, emissions suggest an increased risk of lung cancer
attributable to air pollution exposure[11,12,13]. Considering that air pollution is classified as
a group 1 carcinogen, signifying that poor outdoor air quality has clear evidence of causing
cancer, it is important to know how levels of measurable air pollution exposures differ
across the country and to identify vulnerable populations most at risk[14]. The American
Lung Association (ALA) ranks the air quality of U.S. cities annually based on ozone

and particle pollution. The ALA’s “State of the Air 2021” report using air quality data
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during 2017, 2018, and 2019, signaled that Pennsylvania’s major metropolitan areas around
Pittsburgh and Philadelphia currently rank in the top 20 worst cities for air quality[15]. This
is worrisome because exposure to outdoor air pollution is associated with increased lung
cancer occurrence in both smokers and non-smokers [16,17].

Not much is known about the association between air pollution exposure and length of
survival after a lung cancer diagnosis. Following the rationale that components of air
pollution increase the risk of developing lung cancer, we hypothesized that exposure to air
pollution would worsen survival after lung cancer diagnosis. Air pollution exposure causes
oxidative stress and inflammation which are important in tumor promotion[18]. Of particular
importance is the activation of Nuclear factor-erythroid factor 2-related factor 2 (NRF2),

an important transcription pathway that regulates the expression of over 1,000 genes in the
cell under normal and stressed conditions. When activated, NRF2 can result in resistance to
cancer chemotherapeutic agents used to treat lung cancer patients[19,20].

A recent study that investigated the effects of air pollution on lung cancer survival in

the state of California supports the hypothesis that air pollution exposures after lung

cancer diagnosis shortens survival[21]. However, to the best of our knowledge, no one

has investigated how exposure to outdoor air pollution impacts lung cancer survival after
diagnosis in other US states including Pennsylvania. This is particularly important given
that along with California, Pennsylvania has had historically some of the worst cities for air
pollution seen across the nation, home to metropolitan areas ranking in the top 25 for ozone,
year-round particle pollution, and short-term particle pollution[22]. The five-year survival
rate for lung cancer in Pennsylvania is 23.7%, although this has improved by 14.5% over
the past five years[23]. Improvements in Pennsylvania’s five-year survival rate may be the
result of improved cancer treatment options and improvements in the state’s average overall
air quality. Still, the five-year survival rate for lung in Pennsylvania cancer remains one of
the worst of all cancers[24].

New approaches to improve survival after diagnosis are needed. An investigation into
differences in lung cancer survival based on air pollution exposure may elucidate the
contribution of poor outdoor air quality on lung cancer mortality at varying exposure

levels. In order to determine the contribution of air pollution on lung cancer survival, we
conducted a survival analysis using a cohort of geocoded Pennsylvania residents that have
been diagnosed with lung cancer, with an assessment of their air pollution exposure using air
monitoring network data from the Environmental Protection Agency (EPA).

2. Methods

2.1. Study population and individual-level data

The Pennsylvania Cancer Registry (PCR), a statewide data system responsible for collecting
information on all new cases of cancer diagnosed or treated in Pennsylvania, provided the
data used in this study including patient- and tumor-specific characteristics for individual
cases. PCR has earned Gold Certification from the North American Association of Central
Cancer Registries (NAACCR), the highest level of data quality achieving at least 95%
completeness, for all years of data available except 2001 (not certified) and 2012 (Silver
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Certification with at least 85% completeness). Patients diagnosed with lung cancer, coded as
C34 in the ICD-0-3 behavior code, and diagnosed during the 1990-2017 timeframe made
up our study population. The PCR gathers individual-level data on demographics (age, sex,
race/ethnicity, date of diagnosis, date of last contact, tumor characteristics, vital status, cause
of death, and residential address at time of diagnosis).

The following exclusion criteria were applied: Patients with incomplete or missing
diagnosis/last contact dates (N = 33,552); patients with negative and zero survival times

(N =7,851); patients with diagnosis of in-situ and non-carcinoma histology (N = 13,351);
patients with nonbinary sex (N = 5); and patients without nearby air pollution exposure
assignments (N = 728). We chose 1990 as the start date for this study because adequate
monitoring information for air pollution exposures was not available for most patients before
that time. After excluding patients who did not meet our inclusion criteria, a total of 252,123
patients were included in the analyses.

2.2. Geocoding

Environmental Systems Research Institute (ESRI)’s ArcGIS, a commercial geocoding
system commonly used in health research[25,26] was used to geocode patient residential
addresses reported at the date of diagnosis to point-level coordinates (latitude and longitude).
Incomplete addresses were geocoded to the centroid of the smallest resolvable area based on
the address completeness.

2.3. Air pollution exposure

The exposure variable of interest is the air pollution associated with four air pollutant
categories: nitrogen dioxide (NO,, parts per billion) ozone (O3, parts per billion), fine
particulate matter with diameter < 10 pm (PMyg, pg/m3), and non-Federal Reference
Methods / Federal Equivalent Methods (FEM/FRM) fine particulate matter with diameter
< 2.5 um (PM3 5, pg/m?3). The air pollution exposure data were obtained from The US-
Environmental Protection Agency’s Air Quality System (AQS) database. Non-FEM/FRM
PM, 5 values were used because data on FEM/FRM were not available until 1998. Air
pollution information from the EPA was presented as hourly measurements summarized
as 24-hour averages for NO,, PM1g, PM> 5, and average 8-hour daily maximum for Os.
For each patient, the monthly residential ambient air pollution exposure from the month of
diagnosis to the month of last follow-up or death was interpolated using the five closest
air quality monitoring stations within a 50-kilometer (km) radius of the patient’s geocoded
residence based on the inverse distance weighting method within R package gstat. The
mean exposure for the patient was calculated as the sum of the interpolated monthly
concentrations divided by the number of months the patient was followed. Exposure status
for a patient to an air pollutant for statistical analyses was assigned into one of the four
categories (Q1, Q2, Q3, Q4) according to the quartiles of the mean exposure distribution for
the whole study samples. Because there is an overall decreasing trend for all pollutants over
time and the decreasing trends were, in general, the same for all areas [27,28], we believe
the average annual exposure over the follow-up/survival duration preserves the high/low
exposure differences between patients while avoiding minor fluctuations in the exposures,
and can be more easily interpreted. We used the quartiles based on the average annual
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exposure over the follow-up/survival duration to represent the average exposure for a given
patient following diagnosis instead of treating the exposure as a time-varying covariate.
Further examining the functional form of the continuous version of the average annual
exposure variables, as described in the statistical section below, promoted the use of the
categorized version of the exposures.

2.4. Area-level covariates

Area-level covariates were assigned to each patient at the census tract level. The

Area Deprivation Index (ADI), a well-established measure of neighborhood disadvantage
that includes factors of income, education, employment, and housing quality was
considered[29,30]. The ADI values range from 1 to 100 with a ranking of 1 indicating

the lowest level of “disadvantage” within the nation and an ADI with a ranking of 100
indicating the highest level of “disadvantage”. The ADI index values were categorized

into quintiles assigned into the following groupings: “Lowest”, “Lower-middle”, “Middle”,
“Higher-middle”, “Highest”, and “Unknown”. Rural-urban community area (RUCA) codes
based on the 2010 decennial census from the U.S. Department of Agriculture Economic
Research Service were used to classify patient census tracts into ordinal ranks (1 to

10) of metropolitan (rank 1) to rural (rank 10)[31]. Each patient’s estimated educational
attainment was derived from the 2000 U.S. Census tract information on the percentage of
adults 25 years and older with at least a bachelor’s degree[32]. Educational attainment was

categorized into quartiles of “low”, “low-medium”, “medium-high”, and “high”.

2.5. Survival outcome

Overall survival was calculated as the time between the date of lung cancer diagnosis to

the date of death from any cause or censored at the date of the last contact if alive. As a
sensitivity analysis, lung cancer-specific survival was calculated as the time between the date
of lung cancer diagnosis to the date of death due to lung cancer (ICD-9 code 1629 for years
before 1998 and ICD-10 code C349 for years after 1998). Deaths due to other causes were
treated as a competing risk. All survival times were converted from survival in days into
years by dividing the days by 365.25.

2.6. Statistical analysis

Descriptive statistics were calculated for the patient characteristics, air pollution exposures,
and covariates. Patients were stratified into four cancer stages at diagnosis based on metrics
from the National Cancer Institute’s Surveillance, Epidemiology, and End Results Program
(SEER). The following SEER cancer stages at diagnosis were used: Localized (N = 52,792);
Regional (N = 62,952); Distant (N = 121,888), and Unknown (N = 14,491).

Kaplan-Meier estimates were used to estimate the overall survival function of the total
patient population and each SEER cancer stage grouping. Median survival and 5-year
survival probabilities were calculated for the whole group and each stage group separately.
We used Cox proportional hazard models to estimate the hazard ratios (HR) between
overall survival and categorized air pollution exposures and cause-specific Cox proportional
hazard model for lung cancer-specific survival while adjusting for potential confounders.
Separate models were generated for each SEER cancer stage. Potential individual and
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area-level confounding variables were included in the model for adjustment including age
(continuous); sex; race/ethnicity (Hispanic, Non-Hispanic-Black, Non-Hispanic White, or
other); categorized percent of those 25 years of age or greater with Bachelor’s; categorized
Area Deprivation Index; categorized RUCA codes (Urban, Metropolitan, Other); categorized
histology codes (Squamous cell carcinoma, adenocarcinoma, small cell carcinoma, large cell
carcinoma and other carcinomas); categorized year of diagnosis (1990-1995, 1996-2000,
2001-2005, 2006-2010, 2011-2017); and month of diagnosis. To account for potential
confounding of pollution caused by local traffic, we adjusted for the distance from
residential address to a primary interstate highway, categorized into (<300 m, 300-1500 m,
> 1500 m). The ICD-O-3 morphology codes for carcinoma allowed for grouping histology
into the following five groupings: Squamous cell carcinoma (codes: 8050-8078,8083-8084);
Adenocarcinoma (codes: 8140, 8211, 8230-8231, 8250-8260, 8323, 8480-8490, 8550~
8551, 8570-8574, 8576); Small cell carcinoma (codes: 8041-8045, 8246); Large cell
carcinoma (codes: 8010-8012, 8014-8031, 8035, 8310); and other carcinomas (remaining
codes). The functional form of continuously measured covariates were examined by visually
checking the smoothing plot of the martingale residuals for any nonlinear patterns. For

each air pollutant exposure, we fitted a Cox proportional hazard models with all covariates
and a polynomial spline for the continuously measured averaged annual exposure with

two degrees to evaluate departures from a linear pattern or possiblly a dose-response
relationships.

The proportional hazards assumption was evaluated by utilizing the log(-log(S)) plot based
on the Kaplan-Meier (KM) estimates. This approach presents a graph of the log—log
survival function versus the survival time, resulting in parallel lines if the categorized
exposure assignments are proportional[32]. O3 and PMy satisfied the proportional hazard
assumption, whereas NO, and PM, 5 violated the proportional hazards assumptions and
were adjusted by including a time-dependent covariate to allow for estimating two HRs for
before and after the time when the survival curves cross: 2-year post-diagnosis for NO,, and
5- year post-diagnosis for PM 5 [33].

A sub-group analysis was performed by restricting to patients with known treatment status.
The rationale for this sub-group analysis is to determine whether increased exposure to

air pollution worsens survival time post-diagnosis in the overall patient population and
sub-group with treatment status. The PCR is only required to provide treatment status

for patients diagnosed after 2010 and if treatment was given, information about the type

of the treatment was not collected. For the current analysis, the PCR coded treatment

status into the following four categories: “No treatment given”, “Treatment given”, “Active
surveillance (watchful waiting)”, or “unknown if treatment was given”: 60,463 patients
received treatment, and 13,019 patients did not receive treatment or active surveillance were
included in the sub-group analysis. Patients with unknown treatment status were excluded.
The model was adjusted for the same covariates, same time split, and an additional covariate
indicating treatment status.

Statistical analysis was performed using R statistical software Version 4.0.0. Hypothesis
tests were two-sided with statistical significance defined at p < 0.05.

Lung Cancer. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McKeon et al.

Page 7

3. Results

Descriptive statistics and characteristics of the total study population, stratified by cancer
stage are presented in Table 1. 252,123 patients diagnosed with lung cancer between 1990
and 2017 were analyzed. On average, patients were majority male (55.44%), predominately
non-Hispanic White (89.01%), and 68.89 years of age at the time of diagnosis. Patients
diagnosed at an advanced stage (distant) lung cancer, made up the largest group (48.3%).
The number of patients with “unknown” stage at diagnosis decreased from 1990 to 1995 to
2011-2017 in these time intervals. During the study period, 88% of the patients died of any
cause, with 68.2% (N = 171,935) dying from lung cancer, and 19.8% (N = 49,970) dying
from other causes. Median survival time was 0.76 [Cls: 0.75, 0.77] years for the entire study
population and median survival times for localized, regional, and distant site diagnosis were
2.2 [Cls: 2.17,2.23], 1.13 [Cls: 1.12, 1.15], and 0.42 [Cls: 0.41, 0.43] years, respectively.
For patients with a localized stage at diagnosis, median survival was shortest for patients
with small and large cell carcinomas (1.12 and 1.08 years, respectively), and longest for
patients with adenocarcinoma (3.27 years) (Table 1).

Mean and standard deviation (SD) exposure to the four air pollution variables investigated
in this study are shown in Table 1 for the study population stratified by cancer stage. Mean
and SD exposure for covariates by cancer stage is shown in in Supplemental Table 1. Across
all patients, air pollution exposure means and SDs were 8.14 + 2.24 ppb for NO», 22.95 +
3.72 ppb for O3, 26.53 + 5.26 pg/m3 for PM;q, and 6.67 + 1.72 pg/m?3 for PM, 5. Exposure
outcomes were similar across the staging groups.

The estimated median survival time and 5-year survival probability for each air pollution
exposure quartile are shown in Table 2. In patients with a local or regional stage at diagnosis,
higher NO,, O3, PM, 5 exposures categories revealed shorter median survival and lower
5-year survival. For example, median survival for patients with a local stage at diagnosis was
1.27 years for those with high NO5 exposure (>17.25 ppb) and 2.77 years for those with low
NO, exposure (<6.22 ppb). Survival for patients with a distant stage at diagnosis was poor
and showed little variation according to the level of air pollution exposure.

After adjusting for the beforementioned covariates, the estimated HRs from the Cox
proportional hazards models in this study for local staging were associated with an increased
risk of death and the greatest magnitudes of exposure. When treating air pollutants as
continuous variable, increasing averaged annual exposure were associated with an increased
risk of death for all air pollutants at increasing magnitudes of exposure. Associations varied
by stage at diagnosis but similar HRs were estimated for lung-cancer specific survival (Table
3, Supplemental Table 2). We noted that NO, showed the strongest positive association

for worsened overall survival, strengthening with increasing magnitude of exposure across
all cancer staging groups before 2-years postdiagnosis, this was especially evident for the
localized cancer staging group which presented the greatest HR for all pollutants at the
greatest magnitude (Q4) of NO, exposure: < 2 years HR = 5.07 [Cls: 4.80, 5.35]. In
contrast, the HRs for NO, showed a steady negative association for all cancer stagings after
2-years post-diagnosis.
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Within each stage, the associations between overall survival and air-pollutant exposures
varied, with NO, and PM, 5 showing the strongest positive association before the 2- and
5-years cutoffs. (Fig. 1). The shape of the observed dose—response curves varied by air
pollutant exposure category, yet remained similar within the same pollutant type across
cancer staging, with the strongest positive associations presenting in the localized stage
group for all pollutants, although this was minimal for O3 and PMqy. NO, expressed

a J-shaped curve for all stages < 2-years postdiagnosis. After 2-years post-diagnosis, a
J-shaped curve was not observed for NO,, and the hazard ratios consistently remained
under 1.00 across the localized, regional, and distant cancer stage groupings. The O3

and PMy exposures presented strong “U-shaped” dose—response curves with similar HRs
across cancer stages, with a slight decrease in HRs for the highest exposure quartile from
localized to distant staging. PM, 5 expressed a steady linear curve with increasing HRs

for all staging groups within 5-years post-diagnosis. After 5-years post-diagnosis, the dose—
response curves for PM, 5 were “U-shaped” and showed little variation across the localized,
regional, and distant staging groups and such patterns were also supported by the spline
modeling. The adjusted HRs for all air-pollutant exposures were generally larger in small
cell and large cell carcinoma when compared to other histology.

The HRs for overall survival and lung cancer-specific survival for the sub-group analysis are
shown in Supplemetental Table 3. For overall survival, the estimated HRs for NO, exposure
were similar to the HRs for the whole cohort for all cancer stages, before and after the
2-year time split, although significance was lost > 2 years post diagnosis. The HRs for O3
revealed a stronger positive association across all cancer staging groups. PM1q presented a
similar “U-shaped” curve with HRs with a stronger positive association for Q2 across all
cancer staging groups. PM> 5 showed a stronger positive association before the 5-year cut
off, however after the 5-year cut off was not significant across all cancer stages. Similar
patterns were observed for lung-cancer specific survival.

4. Discussion

In recent years the World Health Organization has classified air pollution as a group 1
carcinogen, and it is well known that air pollution is associated with lung cancer morbidity
and mortality[9,10]. In recent years there has been interest to understand how ambient
outdoor air pollution affects lung cancer survival after diagnosis, and how this differs by
SEER cancer staging. As far as we know, no one has assessed the survival time of diagnosed
lung cancer patients by incorporating data on concentrations of air pollutants around their
residential locations in Pennsylvania. Using patient data from the PCR, we conducted a
population-level study using 252,123 patients diagnosed with lung cancer between 1990
and 2017. We investigated the following four air pollutant exposure variables: NO,, O3,
PM, 5, and PM1q and their association with survival after diagnosis because these air
pollutants have strong evidence of causing cancer directly, or influencing the carcinogenesis
process, or by potentially activating NRF2 which may result in chemotherapeutic drug
resistance[11,18,6,34].

Reduced survival time was observed for all air pollutant exposures at the highest average
exposure quartile for the localized cancer staging group. We observed a lower survival time
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from the highest mean exposure quartile for NO,, O3, and PM,, 5, for the regional cancer
staging group. Although hazard ratios were larger for the highest average exposure in the
early-stage cancer groupings, overall survival was poor for the late-stage cancer groupings
at all exposure levels. The associations between air pollution and lung cancer survival after
diagnosis were similar for both all-cause mortality and lung-cancer specific mortality. The
adjusted HRs for all air-pollutant exposures were generally larger in small cell and large cell
carcinoma when compared to other histology.

Following lung cancer screening uptake, interventions to reduce poor outdoor air quality
exposure for those with early stage lung cancer may improve survival time. Our findings
supported our hypothesis that air pollution is not only causing cancer but is also associated
with reduced lung cancer survival. One possible explanation could be the role played

by NRF2 activation. Fine particulates, especially particles from diesel exhaust produce
oxidative stress which could activate the NRF2 pathway[35]. Activation of the NRF2
pathway leads to the elimination of cytotoxic species which are required for the efficacy

of cancer chemotherapeutic agents. J-shaped dose response curves were observed for NO,
exposure and poor lung cancer survival and “U-shaped” dose response curves were observed
for O3 and PM1 exposures and perhaps PMs 5 as well. The J-shaped dose response curve
for NO, may be attributed to its harmful effects once they exceed a threshold level. NO»

has a wide range of harmful effects on the lungs including reduced lung function and
inflammation[36], as well as the formation of nitric oxide (NO) which can give rise to
peroxynitrite and nitrosoperoxycarbonate resulting in protein damage[36,37,38]. High levels
of NO» also contain NO[39,40]. Insufficient evidence exists to link NO, to NRF2 activation,
however, NO is linked with NRF2 activation[18].

The “U-shaped” dose—response curves from the low to high quartile categories for O3

and PM exposures are reminiscent of the hormesis principle. In this principle, both low
exposures and high exposures can have the same deleterious effect and is often seen with
an essential nutrient. In the experimental setting, electrophilic and redox-active compounds,
especially lung carcinogens, may induce a hermetic dose—response in the NRF2 system.
This appears important in a real-world setting where populations may have chronic low
exposure to these pollutants and basal levels of NRF2 activator may be insufficient to deal
with the toxic insult. In addition, over activation of the NRF2 pathway can lead to changes in
redox state to favor oncogenesis and promote cancer chemotherapeutic drug resistance[34].
A 2016 study investigating air pollution’s effects on lung cancer survival in California also
presented similar “U-shaped” curves in their findings, although they did not use timesplit
covariates for NO, and PM, 5, and cannot act as a direct comparison, their measurements
were in the ballpark of our outcomes [21]. Other research investigating empirical data

on PM5, 5 and mortality risks have supported the hypothesis that concentration—response
relationships may not be linear [41]. A 2013 study highlighted the need to further investigate
the plausibility of biology effecting length of survival due to air pollution exposure [42].
This American study, investigated the deleterious effects of air pollution exposure (Os,
PM, 5, and PM1) on length of survival from respiratory cancer patients by investigating
two metropolitan areas with differing air pollution exposure levels. The research revealed
that magnitude of exposure plays a role in survival, bringing to attention the need for
preventive efforts to protect cancer patients from air pollution, and which is still something
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unemphasized in cancer patient care [42]. If air pollution exposure can have nonmontonic
dose-response relationships, then the hypothesis that cancer survival has a non-linear
association with increasing magnitude of air pollution exposure is a phenonomen that may
be worth further investigation in future studies.

Information about patient treatment status, or whether or not they received treatment for
their lung cancer diagnosis is limited in the PCR. The PCR did not require reporting
treatment status before 2010. Given that the interest of this study is to better understand the
association of air pollution on lung cancer survival, the effect is apparent that increased
exposure to air pollution worsens survival time post-diagnosis in the overall patient
population and sub-group with treatment status. Future research investigating survival post
lung cancer diagnosis in Pennsylvania would benefit from exploring treatment status effects
on survival as more data becomes available.

Our study focused on Pennsylvania which has significantly higher rates of new lung cancer
cases higher than the national average. Although improvements to air quality standards have
occurred during the study period both nationally and statewide, Pennsylvania is still home to
some of the worst metropolitan regions for air quality. Access to a large sample size from the
PCR is a strength of this study.

Our study does come with limitations. This is an observational study so no definite
conclusions can be drawn about cause and effect. EPA’s air quality monitoring network is
limited for the early years especially before 1990, creating more uncertainty in interpolating
granular exposures in regions of the state with limited outdoor air monitoring. Additionally,
the lack of individual covariate data such as, complete information on tumor staging

(e.g., AJCC), cigarette smoking history, and other comorbidities (heart disease, diabetes,
obesity, etc) are large predictors of survival and may also be associated with air pollution.
Constraints in treatment status before 2010 make investigating the impact of treatment
limited to more recent years. Patients with missing address information were geocoded to
the centroid of the smallest resolvable area which provided less residential location certainty
than the patients with complete street address information. Residential addresses are based
on date of diagnosis and updated residential information is not provided for patients who
have moved.

In summary, this study found evidence that exposure to air pollution after diagnosis affects
lung cancer survival in Pennsylvania. This association was greatest for NO, and for those
with localized cancer staging. This has important public health implications in patient care
since environmental factors for lung cancer survival are minimally considered.
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Abbreviations:

OAP Outdoor Air Pollution

EPA Environmental Protection Agency

NO» Nitrogen Dioxide

NOy Nitrogen oxides

O3 Ozone

PMj g Fine Particulates < 2.5 mieometers

PMyq Fine Particulates < 10 micometers

SEER Surveillance, Epidemiology, and End Results Program
HR Hazard Ratios

Cls Confidence Intervals

WHO World Health Organization

IARC International Agency for Research on Cancer

FRM Federal Reference Methods

FEM Federal Equivalent Methods

ALA American Lung Association

Nrf2 Nuclear factor-erythroid factor 2-related factor 2

PCR Pennsylvania Cancer Registry

NAACCR North American Association of Central Cancer Registries
KM Kaplan-Meier

ICD International Classification of Diseases
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Fig. 1.

Agjusted HRs and 95% confidence intervals for all-cause mortality associated with a 1

unit increase in quartile categorized air pollutant exposures within each SEER cancer stage:
Localized—Cancer has shown no sign of spread and is limited to the place where it started;
Regional—Cancer has spread to nearby ares of the body; Distant—Cancer has spread to
distant parts of the body. HRs of the time-dependent covariates are shown for before (black)
and after (red) time splits for NO, and PM, 5. Polynomial spline curves at 2 degrees of
freedom shown for continuous measurements (blue).
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