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Dissertation Advisor: Dr. David C. Christiani Shelton Lo

The Impact of Environmental Exposures on Lung Cancer Recurrence and Progression

Abstract
Environmental exposures and their impact on lung cancer recurrence and progression risk
has yet to be researched and understood. In this dissertation, three core studies were integrated to
help address this gap in the current literature, and to provide a comprehensive understanding of

the impact of environmental exposures on lung cancer recurrence and progression risk.

The first study examines the association between occupational exposure to lung
carcinogens and lung cancer recurrence and progression. The second study focuses its attention
onto one specific well-known lung carcinogen, asbestos, and how it impacts the risk of lung
cancer recurrence and progression. Lastly, the third study investigates the associations of

neighborhood socioeconomic status and lung cancer recurrence and progression.

Overall, the findings from this dissertation provides insight as to the potential
opportunities for intervention to reduce lung cancer recurrence and progression risk, specifically
highlighting the importance of considering environmental exposures as potential factors in lung

cancer recurrence and progression risk.
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INTRODUCTION



Globally, lung cancer is one of the top most common cancers. In the United States, even
with the vast improvements in medical screenings and treatment advances, lung cancer remains a
leading cause of cancer-related death. Not only is it a top cancer-related killer, but as much as
55% of patients with lung cancer go on to develop recurrence and progression, even after
successful treatment. Consequently, lung cancer still remains the primary cause of death for
many of these patients.

Most of us spend a majority of our lifetime either at work or at home. This indicates the
importance of studying environmental, specifically neighborhood and occupational, exposures.
Within these observed associations, it is clearly evident that there are health inequities and
disparities that need to be untangled and addressed. There is ample scientific evidence that
environmental exposures are associated with an increased risk of primary lung cancer, yet more
research is needed in its relation to the risk of lung cancer recurrence and progression. Our goal
is to study the relationship between environmental factors and lung cancer recurrence and
progression.

To accomplish these goals, The Boston Lung Cancer Cohort will be utilized for this
dissertation. Initiated in 1992, this study has been recruiting patients diagnosed with lung cancer
for over 30 years. This cohort has collected vital demographic, health, and occupational, and has
laid the groundwork for understanding the long-term health effects and exposures associated
with lung cancer morbidity.

This dissertation addresses an alarming gap in the literature of lung cancer recurrence and
progression. Chapter 1 examines the association between occupational exposure to lung
carcinogens and lung cancer recurrence and progression. Chapter 2 delves deeper into one

specific lung carcinogen, asbestos, and how it impacts the risk of lung cancer recurrence and



progression. Finally, Chapter 3 investigates the associations of neighborhood level
socioeconomic status characteristics on lung cancer recurrence and progression. The overall
goals of this dissertation are to: (1) identify the risk of lung cancer recurrence and progression,
(2), evaluate the relationship between environmental exposures and lung cancer
recurrence/progression, and (3) decrease the morbidity and mortality burden of lung cancer. By
conducting research in this area of environmental health, this work aims not only to clarify our
understanding of the significant lung cancer risks faced by our population but also to contribute
to the development of more effective environmental safety guidelines and health policies,

thereby reducing the health inequity and disparity across this nation.



Chapter 1: Occupational Exposure to Lung Carcinogens and The Impact on Lung Cancer
Recurrence and Progression
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Abstract

Rationale: In the United States, lung cancer is one of the top three cancers, and is the leading
cancer-related killer. Many patients with lung cancer, even after undergoing successful treatment,
develop recurrence or disease progression. There is ample scientific evidence that occupational
exposure to lung carcinogens is associated with an increased risk of lung cancer, yet the
relationship with the risk of lung cancer recurrence and progression is unclear.

Methods: The relationship between occupational exposure to various lung carcinogens, such as
PAHSs, engine emissions, and MAH, and lung cancer recurrence and progression were examined
among 1,622 lung cancer patients from the Boston Lung Cancer Study Cohort. Occupational
history was reported via self-reported questionnaire, and lung carcinogen exposures, which took
into account duration and intensity utilizing a scoring method, were estimated utilizing the
Canadian job-exposure matrix.

Results: Any amount of occupational exposure to PAHs, engine emission, and MAH was
associated with a 19%, 25%, 19% increased hazard of lung cancer recurrence or progression,
respectively. When evaluating occupational exposure scores, a 10-unit increase in score of PAHs
and engine emission was associated with a 2% and 1% increased hazard of lung cancer
recurrence and progression, respectively. Similar hazardous trends were observed in relation to
overall survival as well. Additionally, being exposed to two or more of the listed lung
carcinogens in one’s occupation, compared to one or less, was associated with a 22% and 25%
increased hazard of recurrence/progression and death, respectively.

Conclusion: These findings suggest that any occupational exposure to PAHs, engine emission,
and MAH increases the risk of lung cancer recurrence or progression even after successful

treatment and surgery; furthermore, the data suggest that a dose-response relationship may exist



in PAHs and engine emission exposure. This result implies that prior remote occupational
exposure may be an important factor in lung cancer recurrence and progression and overall
survival and highlights the importance of minimizing harmful occupational exposure throughout

one’s life course.



1.1 Introduction

Lung cancer is among the top three most common cancers in the United States (U.S.).
According to the American Cancer Society, approximately 235,000 individuals will be newly
diagnosed with lung cancer in 2024'. Despite several decades of declining mortality rates, lung
cancer remains a leading cause of death from cancer, and is projected to be the cause of over
125,000 deaths in 2024*3. The decline in mortality rates can likely be attributed to advances in
disease treatment, early stage diagnosis due to improved screening methods, and increased
access to care through federal interventions. However, the decline in mortality rates can vary
depending on the type of lung cancer in question. There are two main types of lung cancer:
non-small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC). NSCLC constitutes
over 80% of all diagnosed lung cancer cases*’. Depending on the subtype of NSCLC, the relative
survival rate can be as low as 9%, even with today’s medical improvements and advancements®,
highlighting the necessity of additional research in this field°.

Over the recent years, the advancement of lung cancer screening procedures has
increased the proportion of patients able to receive treatment’. Based on the National Lung
Screening Trial (NLST), low-dose CT screening in high-risk individuals resulted in almost a
30% reduction in lung cancer mortality, all because those individuals were able to receive
treatment earlier in their prognosis®. Improvements in aggressive treatment strategies for later
stage tumors has decreased overall lung cancer mortality and improved population survival by up
to 35%; these trends were seen across all racial and ethnic groups’. A majority of these changes
can be attributed to treatment advances, such as the advent of immunotherapy, surgery, radiation,
chemotherapy, and molecularly targeted therapy’. However, even with extensive comprehensive

treatment, many patients still experience lung cancer recurrence or progression after successful



treatment'’.

Non-small cell lung cancer recurrence and progression are vital to understand because
approximately 55% of patients develop recurrence and over 40% of patients experience
progression'® "', As a result, many patients still eventually die from non-small cell lung cancer as
the main cause of death, despite successful treatment'!. Reasons for these high recurrence and
progression rates have yet to be fully determined.

Lung cancer is a heterogeneous disease, and understanding the underlying molecular
mechanisms of this heterogeneity has been the primary focus of current basic and translational
research'?. Biological and pathological factors on lung cancer recurrence and progression risk
have been moderately researched in previous studies''""*. However, research on other factors (ex:
behavioral, environmental, etc.) is severely limited and is warranted. For example, tobacco
smoking has been proven to be a deadly lung carcinogen'. As a result, secondary causes of lung
cancer recurrence and progression are often overlooked. However, research has shown that
deaths from lung cancer remain significantly high, even among non-smokers'®, indicating that
tobacco smoking may not be the sole risk factor for lung cancer recurrence and progression.
Hence why it is vital to examine other potential reasons for these high recurrence and
progression rates, one of which may be due to occupational exposure risk, which has established
associations with primary lung cancer in current literature'®, but remains a mystery in respect to
recurrence and progression risk.

In the U.S, the average person spends over one-third of their lifetime at their workplace
setting'”. This suggests the importance of studying occupational exposures and the influence they
play in overall health, including disease risk. Many physical occupational factors and standards,

such as the lack of personal protective equipment (PPE), inadequate ventilation systems to



reduce air pollution exposure, and prolonged duration of exposure to carcinogenic chemicals,
have been well characterized and shown to be associated with an increased risk of lung cancer'®.
In one article published in the 1980s, results estimated that occupational exposures are
responsible for as much as 15% of lung cancer risk'®. However, this may be a huge
underestimate, as these results were published over 4 decades ago. Other studies demonstrated
strong scientific evidence that any amount of occupational exposure to International Agency for
Research on Cancer (IARC) classified Group 1 lung carcinogens, such as asbestos, silica, and
arsenic, are all associated with an increased risk of developing lung cancer'®?'. In one study
specifically evaluating exposure dosage, an increased risk of lung cancer was observed even at
low doses of exposure to diesel exhaust, asbestos, crystalline silica, and nickel-chromium;
several other carcinogens displayed a critical dose-response relationship between cumulative
exposure and lung cancer risk*’. Another article revealed that even after adjusting for smoking
status, a harmful association between occupational exposure to crystalline silica and lung cancer
was found®. However, all of these observed associations in currently published literature, are all
in relation to primary lung cancer risk, not its actual recurrence and progression.

Based on the current literature specifically highlighting lung cancer recurrence and
progression risk, there is very limited data on the relationship and effect of occupational
exposure to lung carcinogens. Because occupational exposures to such carcinogens often play an
essential factor in the risk of primary lung cancer, there is reason to believe that it may influence
the risk of lung cancer recurrence and progression as well. For example, current literature has
demonstrated that asbestos fibers, silica, and coal mine dusts can all deposit and persist deep in
lung tissue in perpetuity over one’s lifetime, indicating its potential as a risk factor for lung

cancer recurrence and progression**?%, This indicates that it may have long term impacts on the
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risk of lung cancer recurrence and progression, even years after exposure cessation. As a result,
due to the proven role that occupational exposure to lung carcinogens play on lung cancer risk,
more research is needed to determine if such risk is observed similarly with lung cancer
recurrence and progression rates as well.

The number and percentage of workers exposed to deadly lung carcinogens are often
difficult to estimate and quantify, especially in research globally across other countries. To date,
less than 10% of the over 80,000 chemicals currently utilized in the U.S. have been researched
for safety and health effects in the current literature'®. Therefore, additional research to fill in
gaps in knowledge of occupational lung cancer recurrence and progression burden are warranted.

As such, our primary goal is to study how occupational exposure to lung carcinogens
may increase the likelihood of lung cancer recurrence and progression in successfully treated
patients. To evaluate this relationship, we conducted a case-control study utilizing the Boston
Lung Cancer Study Cohort (BLCSC), which is a large, well-defined lung cancer cohort in the
U.S. Massachusetts. We hope that the results of this study will be used to highlight the
importance of implementing exposure standards and guidelines in the occupational environment,
and further, to prompt the development of potential strategies and interventions for individuals in
the working population, both in the U.S. and across the globe.

1.2 Methods
Study Design:
This paper is based on a case-cohort study conducted at the Harvard T.H. Chan School
of Public Health in Boston, Massachusetts. This study includes patients from the Boston Lung
Cancer Study Cohort (BLCSC)*". The BLCSC is a hospital-based cancer epidemiology cohort

established in 1992 with over 19,000 lung cancer cases that have been enrolled from
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Massachusetts General Hospital (MGH) and the Dana-Farber Cancer Institute (DFCI), both
located in Boston, Massachusetts. MGH and DFCI are tertiary referral centers for cancer
patients, and they have an extensive lung cancer patient population. Over 1,000 lung cancer
cases are presented to the MGH and the DFCI for treatment per year, with over 95%
undergoing a biopsy; approximately 500 of these patients are eligible for surgical resection. At
present, the BLCSC has recruited approximately 60% of the eligible cases at the MGH and
DFCI. Detailed methods for recruitment into the original case-control study have been
described elsewhere and are summarized here?®. All patients who were admitted to both MGH
and DFCI and subsequently diagnosed with new lung cancer were contacted and invited to
participate to be a part of the BLCSC. Demographic information such as age, sex, race,
smoking status and occupational information were collected at the baseline enrollment by
trained personnel utilizing a standardized hospital questionnaire. Demographics of the BLCSC
have reflected the Caucasian—predominant population demographics with regard to racial
distributions of Massachusetts®®. Clinical data, such as tumor histology, tumor stage, and
tumor progression and recurrence were retrieved from patients’ medical records. All enrolled
patients provided informed consent to The Boston Lung Cancer Study (BLCS) for the
collection of follow-up data regarding their medical and exposure information. Participants
were excluded if they did not have complete medical records and occupational information,
including the necessary temporal information to define the outcomes of this study, namely (1)
date of primary diagnosis, (2) progression or recurrence and/or death date where applicable,
and (3) last known date alive/without recurrence or progression. Based on the criteria listed
above - 1,622 patients were eligible and included in the final study analysis.

Exposure Assessment:

12



A multi-step process was conducted for our exposure assessment. To assess patients’
exposures, patients were asked to report their occupational job titles (e.g. administrators,
carpenters, insulator workers, shipyard workers), along with the years of employment. We then
coded their job titles using the North American Industry Classification System (NAICS)®. If
they had more than one occupation listed or reported, we would use the occupation with the
longest time period reported. The Canadian job exposure matrix (CAN-JEM) was utilized for
exposure estimation®*?'. Firstly, it was vital to decide on the list of occupational carcinogens to
include in our research study. As such, we selected all IARC classified group 1 (definite) and 2a
(probable) lung cancer-causing carcinogens®”. Next, each of the selected lung cancer-causing
carcinogens was entered into the Canadian job-exposure matrix (CAN-JEM) and matched with
each industry listed in the NAICS. Based on previous literature, a sensitivity analysis was
performed to decide on the exposure cutoff*. The criteria for inclusion was as follows: If the
lung carcinogen had a probability of exposure of at least 20% in any (at least one) of the coded
industries from the NAICS, they were included in the study analysis. In order to quantify a
patient’s occupational exposure, a patient was considered “exposed” if their coded industry had a
probability of exposure of at least 20% or above to that carcinogen, according to the CAN-JEM.
We also calculated the total number of lung carcinogens (from the group of carcinogens that
passed our inclusion criteria, as explained above) that each patient was occupationally exposed
to, by summing up each patient’s estimated lung carcinogen exposure. Each patient’s
occupational carcinogen cumulative exposure was analyzed utilizing an exposure index that
combined duration and intensity of reported exposure years with a weighting method, resulting
in a final score for each exposed patient; only occupational exposure up until their lung cancer

diagnosis year were considered. The scoring strategy was determined according to the exposure
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intensity results listed from the CAN-JEM: a weight of 3 was given to each year if the intensity
reported was high; a weight of 2 was given to each year if the intensity reported was medium;
and a weight of 1 was given to each year if the intensity reported was low. Each patient’s overall
score was based on a combination of exposure intensity and duration of work reported in the
questionnaires. The final score captures the patient’s cumulative occupational carcinogen
exposure.

Outcome Assessment:

The hospital and research staff collected medical information from lung cancer patients
during their six month follow-up visits. These visits included assessments to determine time of
tumor recurrence or progression, time of death, and causes of death. For early stage patients, the
primary outcome was recurrence-free survival (RFS), which was defined as the time from the
date of diagnosis to the first date of recurrence of cancer, or death from any cause without
documented recurrence. The secondary outcome was overall survival (OS), which was defined as
the time lag between the date of lung cancer diagnosis to time of recorded death or the last
known date alive, whichever came first. For late stage patients, the primary outcome was
progression-free survival (PFS), which was defined as the time from the date of diagnosis to the
date of first observation of progressive disease, or death from any cause without documentation
of progression; the secondary outcome was OS. In a sensitivity analysis, we jointly studied
recurrence or progression and death, which could be censored by the end of the patient’s
follow-up period. Data collection was obtained from the following sources, as previously
described”’: MGH inpatient and outpatient records, MGH tumor registry, social security death
index, primary physician's office, and patient or family/relative contact. This follow-up

information was necessary to differentiate between a new primary tumor versus a recurrence or
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progression, for the purposes of the ongoing study analyses. Determination of lung cancer stage
and lung cancer recurrence or progression was assessed and documented via a combination of
physical exam, imaging, and pathology results by hospital physicians, which has been previously
described elsewhere®.

Covariates and Statistical Analysis:

Our data analysis included exploratory analysis, model development, covariate
selection, hypothesis testing, and model prediction. In our modeling approach, we accounted
for covariates deemed crucial in capturing the relationship between the occupational exposure
to lung carcinogens and lung cancer recurrence and progression. The covariates considered in
our analysis included: assigned sex at birth, age, ethnicity (white versus non-white), smoking
status (former or current smokers versus never smokers), and lung cancer stage (early versus
late), all of which were adjusted for in all of our statistical models. In the analyses, the study
team merged recurrence-free and progression-free outcomes for analytical purposes. To
scrutinize the relationship between candidate variables and lung cancer recurrence or
progression, we conducted both univariable and multivariable regression analyses. Initially, we
performed a univariable screen, incorporating any variable with a P-value < 0.10 into the initial
multivariable model. Subsequently, variables with a P-value < 0.05 were systematically
removed, starting with the highest p-value, until the final model was established, ensuring that
all parameters had a P-value < 0.05. Adjusted cox proportional hazard regression models were
then utilized to calculate multivariable-adjusted hazard ratios, 95% confidence intervals, and
P-values for our exposures and outcome of interest. Additionally, we conducted a sensitivity
analysis using semi-competing risk regression models that account for the correlation between

lung cancer recurrence or progression and overall survival to validate the robustness of our
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findings. All statistical analyses were carried out using R software modules, specifically R
version 4.1.1 and RStudio version 1.4, with the inclusion of relevant packages such as ggplot2,
survival, and SemiCompRisks, version 3.3.5.

Sensitivity Analysis:

To better comprehend the associations between the occupational exposures and both
our outcomes of interest obtained from the main analyses, we then performed a sensitivity
analysis in which we jointly studied recurrence/progression and death, treating them as
‘semi-competing risks’. Competing risks refer to the presence of multiple possible events (e.g.,
progression/recurrence and death) that may prevent the occurrence of one of the events of
interest or influence the timing of its occurrence. By semi-competing, we mean that death
precludes the observation of progression or recurrence, but not vice-versa. Semi-competing
risks further take into account the time between recurrence or progression and death. The
estimated hazards from the Cox models were compared to those obtained from a
semi-competing risk regression based on the ‘illness-death model’ with Cox-type hazards. This
model includes three hazards: the hazards of progression or recurrence before mortality; the
hazards of mortality before progression or recurrence; and the hazards of mortality after
progression or recurrence. Additional details of semi-competing risk regression methods have
been published in previous literature*,

1.3 Results
Participant Characteristics:

Based on the initial step of our multi-step inclusion process, a total of 21 lung
carcinogens were identified, according to IARC classified group 1 and 2a lung carcinogens.

After completing the next phase of our selection criteria, six lung carcinogens (e.g. polycyclic
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aromatic hydrocarbons (PAHs), engine emissions, diesel emissions, crystalline silica, coal dust,

and mononuclear aromatic hydrocarbons (MAH)) had a probability of exposure of at least 20%

in any (at least one) of the coded industries from the NAICS. After incorporating these six lung

carcinogens into our patient exposure estimation methods, three of the lung carcinogens were

excluded due to insufficient sample size in the exposure category (e.g. less than 25 patients). The

final three lung carcinogens included in our study analyses were PAHs, engine emissions, and

MAH.

Recurrence or Progression Status

Table 1.1: Characteristics of Patients in the Analytic Cohort Stratified by Lung Cancer

Absence of Lung Cancer

Recurrence or

Lung Cancer
Recurrence or

Characteristic Progression Progression
Total N 1400 222
Age (mean (SD)) 61.29 (10.63) 58.17 (9.73)
Male Sex (N(%)) 577 (41.2) 86 (38.7)
White Race (N(%)) 1351 (96.5) 211 (95.0)
Smoker (N(%)) 461 (32.9) 76 (34.2)
Late Stage Lung Cancer (N (%)) 782 (55.9) 135 (60.8)
Exposure to PAHs (N(%)) 689 (49.2) 75 (33.8)
PAHs Score (mean (SD)) 16.60 (22.11) 6.82 (13.81)
Exposure to Engine Emissions (N(%)) 642 (45.9) 71 (32.0)

Engine Emissions Score (mean (SD))

29.33 (42.82)

11.80 (25.59)

Exposure to MAH (N(%)) 486 (34.7) 45 (20.3)
MAH Score (mean (SD)) 13.32 (21.65) 4.55 (12.38)
Exposure to Two or More Lung

Carcinogens (N(%)) 599 (42.8) 59 (26.6)
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Data are presented as mean (standard deviation) for non-categorical and number (percentage) for categorical

variables. These were the summary statistics of the observed data.

Demographic and clinical information by lung cancer recurrence or progression status
for the BLCS cohort is shown in Table 1.1. All information was collected at the visit of the
diagnosis of lung cancer. In our study, there were 1,622 patients included in the final analysis.
There were a total of 222 diagnosed lung cancer recurrence and progression cases during
follow-up. Across the study population, the subjects were overall of an older age. In patients
with an absence of diagnosis of lung cancer recurrence or progression, there was a higher
percentage of males compared to the patients with diagnosed lung cancer progression or
recurrence (41.2% vs 38.7%). There was an overwhelmingly high prevalence of the
Caucasian/White race (>95%), as compared to the non-White race across the entire study
population. Almost one-third of the patients (~33%), regardless of lung cancer recurrence or
progression status, identified as former or current smokers as compared to never smokers.
Among patients with diagnosed lung cancer recurrence or progression, over 60% had late-stage
lung cancer compared to early-stage lung cancer; this is approximately 5% higher than the
proportion observed in patients without diagnosed lung cancer recurrence or progression
(~55%). In terms of lung carcinogens, approximately 33% of patients diagnosed with lung
cancer recurrence or progression and 49% of patients without a diagnosis of lung cancer
recurrence or progression, were occupationally exposed to PAHs; the average score of
occupational exposure to PAH was 16.60 among patients without a diagnosis of lung cancer
recurrence or progression, and 6.82 among patients with a diagnosis of lung cancer recurrence
or progression. Over 45% of patients without diagnosed lung cancer recurrence or progression

and 32% of patients with a diagnosis of lung cancer recurrence or progression were
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occupationally exposed to engine emissions; the average score of occupational exposure to

engine emissions was 29.33 among patients without a diagnosis of lung cancer recurrence or

progression, and 11.80 among patients with a diagnosis of lung cancer recurrence or

progression. When evaluating occupational exposure to MAH, approximately 34% of patients

with, and 20% without, a diagnosis of lung cancer recurrence or progression estimated

exposure to MAH. The mean score of occupational exposure to MAH was 13.32 and 4.55,

among patients without and with a diagnosis of lung cancer recurrence and progression,

respectively. Among the patients with a diagnosis of lung cancer recurrence and progression,

approximately 26% were occupationally exposed to two or more of the listed lung carcinogens;

Among the patients without a diagnosis of lung cancer recurrence and progression,

approximately 42% were occupationally exposed to two or more of the listed lung carcinogens.

Table 1.2: Characteristics of Patients in the Analytic Cohort Stratified by Death Status

Characteristic No Death Reported Death Reported
Total N 284 1338
Age (mean (SD)) 56.15 (9.74) 61.86 (10.46)
Male Sex (N(%)) 104 (36.6) 559 (41.8)
White Race (N(%)) 268 (94.4) 1294 (96.7)
Smoker (N(%)) 84 (29.6) 453 (33.9)
Late Stage Lung Cancer (N
(%)) 71 (25.1) 846 (63.3)
Exposure to PAHs (N(%)) 85 (29.9) 679 (50.7)
PAHs Score (mean (SD)) 6.46 (13.67) 17.13 (22.30)
Exposure to Engine
Emissions (N(%)) 66 (23.2) 647 (48.4)
Engine Emissions Score
(mean (SD)) 9.06 (24.46) 30.72 (43.15)
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Exposure to MAH (N(%)) 48 (16.9) 483 (36.1)

MAH Score (mean (SD)) 4.37 (12.70) 13.77 (21.84)

Exposure to Two or More
Lung Carcinogens (N(%)) 60 (21.1) 598 (44.7)

Data are presented as mean (standard deviation) for non-categorical and number (percentage) for categorical

variables. These were the summary statistics of the observed data.

Characteristics of the patients by death status are displayed in Table 1.2. All
information was collected at the visit of the diagnosis of lung cancer. There were a total of
1338 reported patient deaths during follow-up. Compared with patients who experienced death,
patients without reported death were generally younger (mean + SD of age: 56.15+9.74 vs.
61.86 = 10.46 years). In patients without reported death, there was a lower percentage of males
(36.6% vs 41.8%). There was an overwhelmingly high prevalence of the Caucasian/White race
(>90%), as compared to the non-White race, across both groups. Over one-third of the patients
who experienced death reported as being a former or current smoker, compared to patients who
did not experience death where this proportion was below 30%. Among patients who
experienced death, over 60% had late-stage lung cancer compared to early-stage lung cancer;
this more than double the percentage observed in patients without death reported. When
reviewing occupational exposure to listed lung carcinogens, approximately 30% (mean score:
6.46) of patients without a reported death and 50% (mean score: 17.13) of patients with a
reported death, were occupationally exposed to PAHs. Over 23% of patients without a death
reported and 48% of patients with a death reported were occupationally exposed to engine
emissions; the average score of occupational exposure to engine emissions was 9.06 among

patients without a death reported, and 30.72 among patients with a death reported.
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Occupational exposure to MAH was observed in approximately 36% of patients with, and 16%
without, a death reported. The mean score of occupational exposure to MAH was 4.32 and
13.77, among patients without and with a death reported, respectively. Among individuals who
experienced death, approximately 44% were occupationally exposed to two or more of the
listed lung carcinogens, compared to the 21.1% of individuals who did not experience death.

Cox Proportional Hazards Model:

Table 1.3: Occupational Exposure to PAHs, Engine Emissions, and MAH and Their Impact on
Lung Cancer Recurrence-Free and Progression-Free Survival and Overall Survival
Exposure Outcome Binary: HR Continuous*: HR (95% CI)'
(95% CI)’
PAHs Recurrence/ | 1.19 (1.06, 1.32) | 1.02 (1, 1.04)
Progression
Death 1.22 (1.09, 1.36) [ 1.04 (1.01, 1.06)
Engine Emissions Recurrence/ | 1.25(1.12, 1.4) 1.01 (1, 1.03)
Progression
Death 1.31 (1.17,1.46) | 1.02(1.01, 1.04)
MAH Recurrence/ | 1.19 (1.06, 1.34) | 1.01 (0.98, 1.04)
Progression
Death 1.19 (1.06, 1.35) [1.02(1.01,1.04)
"Model is adjusted for age, sex, race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method

Associations of occupational exposure to the listed lung carcinogens and lung cancer
recurrence and progression and overall survival were examined among 1,622 patients diagnosed
with lung cancer from the Boston Lung Cancer Study Cohort. Table 1.3 displays the adjusted
hazard ratios (HR) of our adjusted Cox regression model evaluating the association between
occupational exposure to the listed lung carcinogens and lung cancer recurrence and progression
and overall survival. A significant association was observed between any amount of occupational
exposure to PAHs, engine emissions, and MAH and lung cancer recurrence and progression,

with an increased hazard of 19%, 25%, and 19% respectively. Similar trends were observed in
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the association with overall survival as well (HRs: PAHs - 22%, engine emissions - 31%, MAH -
19%). When evaluating the occupational exposure scores, every 10-unit increase in one’s
occupational exposure score for PAHs and engine emissions was associated with a 2% and 1%
significantly increased hazard of lung cancer recurrence and progression, respectively. A 1%
non-significant increased hazard was observed in the association between MAH exposure scores
and lung cancer recurrence and progression. In the association between overall survival, every
10-unit increase in one’s occupational exposure score for PAHs, engine emission, and MAH was
associated with a significantly increased hazard of death of 4%, 2%, and 3%, respectively.
Across all models, there was a significantly increased hazard of lung cancer recurrence or
progression and death having a late stage lung cancer diagnosis, identifying as a former or
current smoker, and being of older age and male gender, as displayed in Tables 1.3.1 - 1.3.6 (see

Supplemental Information).

Table 1.4: Occupational Exposure to a Given Number of Lung Carcinogens* and Their Impact
on Lung Cancer Recurrence-Free and Progression-Free Survival and Overall Survival

Exposure Outcome Binary: HR (95% CI)'

Exposure to Two or more Recurrence/Progression 1.22 (1.09, 1.36)
lung carcinogens

Death 1.25 (1.11, 1.39)

"Model is adjusted for age, sex, race, lung cancer stage, and smoking status
*The carcinogens included are PAHs, Engine Emissions, and MAH

The adjusted hazard ratios (HR) of our adjusted Cox regression model evaluating the
association between occupational exposure to a certain number of lung carcinogens and lung
cancer recurrence and progression and overall survival are displayed in Table 1.4. Within our

patient population, the maximum number of lung carcinogens that any one patient was exposed
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to in their occupation duration was three lung carcinogens. As a result, our analysis conducted on
the total number of lung carcinogens was restricted between the range of zero to three
carcinogens. As seen in Table 1.4, being occupationally exposed to two or more lung
carcinogens, as compared to one or less, was associated with an increased hazard of lung cancer
recurrence and progression and death, specifically as high as 22% and 25% respectively. There
was a significantly increased hazard of lung cancer recurrence or progression and death having a
late stage lung cancer diagnosis, identifying as a former or current smoker, and being of older
age and male gender, across all models, as displayed in Table 1.4.1 (see Supplemental
Information).

Semi-Competing Risk Model:

Table 1.5: Occupational Exposure to Lung Carcinogens and Their Impact on Lung Cancer
Recurrence-Free and Progression-Free Survival and Overall Survival: A Semi-Competing Risk
Analysis!

Death Prior to Death Following
Progression Progression Progression
95% (95% 95% (95% 95% 195%

Exposure HR |LCI |UCI |HR |LCI |UCI |HR |LCI |UCI

PAHs (Binary) 0.63| 0.46| 0.87| 1.31| 1.07| 1.60| 1.23| 0.77| 1.96

Engine Emissions

(Binary) 0.68 049 | 094 | 138 | 1.13 | 1.69 | 1.45( 0.91 | 2.33

MAH (Binary) 0.54 1 037 0.78 | 1.24 | 1.00 | 1.55| 0.79 | 0.44 | 1.39

PAHs (Score)* 0.76 | 0.69 [ 0.84 | 1.02 | 097 | 1.07 | 1.05| 0.89 | 1.23

Engine Emissions

(Score)* 0.87 ( 0.83 [ 092 | 1.02 | 099 | 1.04 [ 1.06 | 0.97 | 1.15

MAH (Score)* 0.74 [ 0.67 | 0.83 | 1.01 | 0.96 | 1.07 [ 0.96 [ 0.80 | 1.15

Exposure to 2 or more

lung carcinogens 0.55| 040 078 125 1.02| 1.53| 1.15| 0.69| 1.89
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'Semi-Competing Risks Models are adjusted for age, sex, race, lung cancer stage, and smoking status
*Score variable is per 10-unit increase in occupational exposure scoring method

Sensitivity analysis results of our main exposures of interests, from the semi-competing
risk models, are displayed in Table 1.5. Any amount, versus none, of occupational exposure to
PAHSs, engine emissions, and MAH was associated with a significantly higher hazard of
mortality prior to recurrence or progression, with percentages of 31%, 38%, and 24%,
respectively. Being exposed to two or more of the listed lung carcinogens (as compared to one or
less) was significantly associated with a 25% increased hazard of death prior to recurrence or
progression.

1.4 Discussion

Our results suggest that any amount of occupational exposure to PAHs, engine emission,
and MAH, may all be associated with an increased risk of lung cancer recurrence or progression,
even after a patient has undergone successful treatment. We observed a hazardous dose-response
relationship as well for occupational exposure to PAHs and engine emission, taking into account
a patient’s duration and intensity of exposure. In terms of overall survival, the results revealed
that any amount of occupational exposure to PAHs, engine emission, and MAH all greatly
increased the risk of death, and a cumulative dose relationship was clearly visible.

As of current, there are limited published studies evaluating occupational carcinogens
and its impact on lung cancer recurrence and progression. When reviewing the literature on
primary lung cancer risk as an outcome (excluding recurrence and progression), several studies
have observed an increased risk of lung cancer in individuals exposed to occupational lung
carcinogens®’. It is well-known that certain jobs and industries are clearly linked to an increased

risk of lung cancer; for example, this study revealed that workers in the production sectors have
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almost a two times increased risk of developing lung cancer, compared to workers involved in
non-industrial sectors®. Our study dives deeper and looks, not only on the industry level, but at
estimating the exposure to PAHs, engine emissions, and MAH. PAHs and MAH are commonly
found in organic solvents, petroleum, coal, oil, and gas. Several studies looked at specific
chemicals and found dose-response relationships between dust, gas/fumes, and organic solvents
exposure and decreased lung function, which may be an indicator for lung cancer recurrence or
progression””*’. A decrease in lung function may be related to lung cancer recurrence and
progression because many of these toxic substances can settle and remain deep in the lung, even
years after exposure cessation, and may eventually contribute to an increased risk of lung cancer
recurrence and progression*®*!. Further research should be conducted to explore this possibility.

When reviewing studies on environmental exposures and risk of lung cancer recurrence
and progression, the research is very limited. One study, focused on weaponry, observed an
approximately 20% increased risk of lung cancer recurrence in veterans who had known Agent
Orange exposure compared to those without Agent Orange exposure; Agent Orange is a
herbicide that was heavily used during war times to destroy plantations and is well-known to
cause several types of cancer, including NSCLC*. To the best of our knowledge however, there
is no existing literature evaluating the relationship between occupational exposures and lung
cancer recurrence or progression.

Our observed association between exposure to these occupational carcinogens and lung
cancer recurrence and progression remained even after adjusting for cigarette smoking, which is
a proven risk factor for lung cancer recurrence and progression®’. However, we believe that the
observed increased risk of lung cancer recurrence and progression cannot be explained solely by

smoking. Based on previous studies, smoking may be an effect modifier on the occupational lung
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carcinogens-lung cancer relationship; this may be similar in this study of lung cancer recurrence
and progression association observed in our study*. For example, in one study examining
exposure to diesel emission, lung cancer risk was increased in nonsmoking workers, and a
superadditive joint effect of diesel and smoking was observed'®. A similar trend was seen in
exposure to crystalline silica, displaying a super-multiplicative risk with smoking and crystalline
silica exposure in overall risk of lung cancer'®. Further research in potential additive and
synergistic effects are necessary to evaluate this possibility with respect to lung cancer
recurrence and progression.

We do recognize some limitations in our study. First, in certain exposure-industry cells of
the exposures, the sample size was fairly small; therefore, these findings should be interpreted
with caution and additional research should be conducted on a larger cohort of more
heterogeneous patients and number of patients in various occupations. However, this study was
able to utilize quite a large sample size of over 1,600 lung cancer patients, and still included
many different occupations and industries. We were also able to gather an extensive list of risk
factor data obtained through patient questionnaires as well as occupational history information.
Second, we recognize that there may be a lag period that ranges approximately ten years from
initial exposure to lung cancer recurrence and progression; as a result, we restricted our statistical
analysis to patients diagnosed up until 2012, which we assume is the time point that the relative
risk increases to a level of statistical significance. Third, studies in occupational health
investigating lung cancer recurrence and progression risk are extremely difficult to quantify due
to the presence of various confounders. However, our study was able to control for cigarette
smoking, racial background, and simultaneous exposure to several carcinogenic agents. Fourth,

bias may have been present in which the terminal event of death may censor the non-terminal
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event of lung cancer recurrence and progression. To address this, we performed several
sensitivity analyses and observed similar exposure-response relationships between occupational
exposure to lung carcinogens and lung cancer recurrence and progression and overall survival as
compared to the main results. In our main analysis, the hazard ratios for the recurrence-free and
progression-free survival outcomes are consistently attenuated compared to those for the overall
survival outcome. This provides slight evidence that there is some degree of "canceling out" of
the effect of occupational exposure to PAHs, engine emissions, and MAH, specifically when
looking at the composite endpoint of recurrence/progression or death, as opposed to only death.
The semi-competing risks model provides additional information, where it is looking at the
different trajectories a patient might have from being healthy until death. Based on the model
results, it indicates that any amount of occupational exposure to PAHs, engine emissions, and
MAH is, in fact, quite hazardous and, as a result, people experience death much sooner than they
normally would had they not been exposed; a similar trend is observed in patients who were
exposed to two or more of the listed lung carcinogens (as compared to one or less). This
indicates that most patients experience death before experiencing recurrence or progression; the
patients with observed recurrence or progression are already longer-term survivors compared to
those that have died. Finally, patients were asked to provide only information about their
occupations in which they held for at least one year. Therefore, exclusion of short-term jobs
(held for less than one year) may potentially introduce a small amount of exposure
misclassification. However, assuming that the possible exposure misclassification error raised
from this concern is non-differential to our cases (e.g. lung cancer recurrence and progression),

our results would be only slightly biased and mostly, underestimated.
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Despite these limitations, the present study has a number of strengths as well, including
the high number of lung cancer cases, high follow-up rates, reliability of self-reported job
history, and the use of a validated JEM, the CAN-JEM. The CAN-JEM is reliable because it was
developed blindly by a trained team with an excellent inter-rater agreement to decrease potential
differential exposure misclassification. In addition, the CAN-JEM accounted for low exposure
prevalence to occupational carcinogens in population-based studies; this increased the proportion
of subjects correctly classified as unexposed, which can decrease potential misclassification bias.
Overall, the strengths in this study still allow it to greatly contribute to the current gap in the
literature™47#%,

The study’s findings add to the current body of literature regarding lung cancer
recurrence and progression, primarily addressing a gap of research present in the occupational
setting. Studying differences across populations is important because the factors and etiology of
lung cancer recurrence and progression conditions appears to vary by country®-'. Over 90% of
the patients in our study are White, and there is a large reported racial and ethnic disparity in
health of adults®'. Many of these Caucasian patients are fairly healthy, and thus - both their
respiratory function and occupational exposures, are predicted to be quite different from patients
belonging to other ethnic groups or other countries entirely. Indeed, there are major
epidemiological differences between the US and other countries, especially when focusing on
more under-resourced locations. Hence why it is important to conduct similar studies such as this
in other ethnic groups and geographical settings. Nonetheless, to the best of our knowledge, we
are not aware of access to occupational agents exposure and lung cancer recurrence and
progression studies in most parts of the world, thus making our data unique in this field. This is

the first study of its kind to evaluate the impact of occupational carcinogen exposure on lung
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cancer recurrence and progression, conducted on a patient population employed across a diverse
range of occupations in the United States. Our study includes a large cohort study and adds to the
current gap in literature, to increase our understanding of occupational exposure—response
relationships at various durations, including cumulative exposure. Our present findings highlight
the potential importance of creating a systematic approach to collecting data on occupational
exposures in patients diagnosed with lung cancer, even after they have received successful
treatment.

Our results suggest that occupational exposure to PAHs, engine emission, and MAH may
be important factors in lung cancer recurrence and progression risk, and further action needs to
be taken to protect our most vulnerable workers employed in these high-risk settings. The
mechanisms behind these associations may be an important follow-up to this research study, in
order to develop targeted intervention strategies. Occupational titles, and exposures, if possible,
should be taken into consideration when determining treatment plans and follow-up protocols for
patients diagnosed with lung cancer, to monitor their risk of developing recurrence and
progression. It would also be beneficial to utilize such information to risk-stratify patients at lung
cancer diagnosis, based on their reported duration in their occupation. This may provide insight
into arranging additional surveillance methods, hospital visits, or imaging tests, as necessary.
This study collected data on occupational exposures up until a patient’s lung cancer diagnosis;
future research should evaluate occupational exposures even after a patient’s lung cancer
baseline diagnosis. Nonetheless, because of the dose-response relationship observed in our study,
there may be important return-to-work implications considering cumulative dose, especially
among survivors of lung cancer who may re-expose themselves to dangerous chemicals, even

after successful lung cancer treatment. Therefore, it is important to monitor workplace exposures
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in cancer survivors as well as newly-diagnosed patients. Additionally, the results from this study
suggest that occupational exposure to two or more lung carcinogens from one job may severely
increase the risk of lung cancer recurrence or progression, as compared to occupational exposure
to only one or less. As a result, it is vital for both employers to notify, and employees to be aware
of, which chemicals they may be exposed to in their job tasks and to attempt to avoid those that
are proven cancer-causing carcinogens. The results from this study also encourage environmental
and occupational health organizations, such as Occupational Safety and Health Administration
(OSHA) and National Institute for Occupational Safety and Health (NIOSH), to implement
stricter guidelines, such as enforcing a maximum time period/duration, for certain jobs and tasks
that have known exposures to more than one carcinogen. For example, OSHA currently has not
established a substance-specific standard for occupational exposure to PAHs*?. Another example
seen is with EPA, where it has recently proposed a new rule explaining multi-pollutant emissions
standards for model years 2027 and later for light-duty and medium-duty vehicles™. We hope
that the results from this research study will be utilized to inform both of those examples listed
above, and more.

Ensuring an appropriate and systematic assessment of outcomes on patients is vital in
detangling the effects of occupational agent exposures on lung cancer recurrence and progression
risk. For example, recording a detailed occupational history by physicians is important, but this
is often forgotten or severely under-prioritized. With this, physicians will be better equipped to
provide recommendations to minimize lung cancer recurrence and progression risk. Public health
recommendations and guidelines will also be able to better reflect the severity of lung cancer
recurrence and progression, such as emphasizing the need for a more streamlined systematic

approach of employee notification of potential hazardous workplace exposures. This study
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demonstrates that collecting occupational clinical data is necessary and warranted when
identifying and evaluating risk factors of lung cancer recurrence and progression. The public
health implications of these results are highly significant, as there are over 1 million U.S.
workers exposed to each of these lung carcinogens, and surely more across the globe.

It is the goal of our study to identify harmful carcinogens to lung cancer recurrence and
progression, and encourage additional action to prevent harmful exposures to them. We hope that
future research will evaluate additional lung carcinogens not explored in this study, and to utilize
additional methods to measure and estimate exposure, such as using onsite monitors, personal
monitors, and patient self-reports. We would like to highlight the necessity to dedicate more
resources and efforts in high risk occupations. We highly encourage actions and strategies to
reduce harmful exposures and increase research to fill gaps in knowledge as a means to mitigate
the occupational cancer burden not only in the USA, but especially in under-researched settings
including low- and middle-income countries. We recommend a comprehensive plan of
occupational hygiene be incorporated in all workplace environments, especially for
under-resourced countries with the assistance from the United States. Our ultimate goal is to
identify the carcinogens that may disproportionately impact the risk of lung cancer recurrence

and progression, and may inform interventions to reduce the impact on overall mortality.

31



Chapter 2: The Impact of Occupational Asbestos Exposure on Lung Cancer Recurrence
and Progression

32



The Impact of Occupational Asbestos Exposure on Lung Cancer Recurrence and
Progression

Shelton Lo, PhD!, Yi Li, PhD, Stephen Salerno, PhD, Jui Kothari, MS, Andrea Shafer, MPH,
Michael Lanuti, MD, Francine Laden, ScD, David C. Christiani, MD, MPH, MS?

List Additional Authors Here

'Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston,
Massachusetts, USA.

?Pulmonary and Critical Care Division, Department of Medicine, Massachusetts General
Hospital and Harvard Medical School, Boston, Massachusetts, USA.

Corresponding Author:

Shelton Lo, Ph.D

Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston,
Massachusetts, USA.

Tel: 415-871-9583

Email: SheltonLo@g.harvard.edu

Running Title: The Impact of Occupational Asbestos Exposure on Lung Cancer Recurrence and
Progression

Manuscript word count:

All authors have seen and approved the manuscript.

The authors of this manuscript declare no conflicts of interests.

This work was supported by NIH grants # U0l CA209414 and P30 ES000002, and CDC
(NIOSH) grant # T42 OHO008146.

This manuscript does not report on a clinical trial.

33



Abstract

Rationale: In the United States, lung cancer is the leading cancer-related killer. Many patients
with lung cancer, even after undergoing successful treatment, develop recurrence or disease
progression. There is ample scientific evidence that asbestos exposure is associated with an
increased risk of lung cancer, yet the relationship of prior occupational exposure to the risk of
lung cancer recurrence and progression has not been investigated.

Methods: Associations of occupational asbestos exposure and lung cancer recurrence and
progression were examined among 4,443 lung cancer patients from the Boston Lung Cancer
Study Cohort, utilizing Cox proportional hazards models and semi-competing risk models.
Asbestos exposure was measured by self-report, and a quantitative exposure score based on job
and exposure times was used.

Results: A total of 964 patients reported occupational asbestos exposure, and there were a total
of 568 lung cancer recurrence and progression cases in our study population. Each 5-unit
increase in one’s occupational asbestos score was associated with a 1% increased hazard of lung
cancer recurrence or progression, and 1% increased hazard of death.

Conclusion: These findings suggest that a dose-response relationship between occupational
exposure to asbestos may exist, and increases the risk of lung cancer recurrence or progression,
even after successful treatment and surgery. Furthermore, the data suggest that there may be an
exposure dose-response relationship in relation to overall survival. This result implies that prior
remote occupational asbestos exposure may be an important factor in lung cancer prognosis and

overall survival and highlights the importance of minimizing exposure throughout life.
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2.1 Introduction

Worldwide, an estimated total of 2,206,771 people were afflicted with lung cancer in
2020%*. In 2022, over 235,000 individuals were newly diagnosed with lung cancer in the United
States (U.S.)**. In 2023, this number increased to over 238,000 adults®. In the U.S., lung cancer
is the leading cancer-related killer, accounting for over 135,000 deaths each year with a five-year
survival rate of 19% in 2017">". Non-small cell lung cancer (NSCLC) comprises over 80% of all
lung cancer cases, and carries with it a five-year relative survival rate of 28%"°*. However, this
relative survival rate may differ depending on the subset identified. For those with localized
NSCLC, the relative survival rate is 65%. The most common type of NSCLC is regional
NSCLC, which has a relative survival rate of approximately 37%. For metastatic NSCLC, the
relative survival rate is extremely low, sitting at about 9%°®.

Treatment strategies for NSCLC include surgery, radiation, chemotherapy,
immunotherapy, or molecularly targeted therapy, which may all vary depending on the stage of
disease. With the advent of lung cancer screening, early-stage cancers are discovered more often
and consequently, the number of patients able to undergo treatment is increasing as well*. Based
on the National Lung Screening Trial, low-dose computed tomography (CT) screening in
high-risk individuals resulted in a 20%-30% reduction in lung cancer mortality because those
individuals were able to receive earlier treatment®. In the Nederlands—-Leuvens Longkanker
Screenings Onderzoek (NELSON Trial), results showed that CT scanning actually decreased
mortality by 26% in males and 60% in females over a 10-year period due to earlier successful
treatment®. Over the past five years, aggressive treatment for later stage tumors has decreased
overall lung cancer mortality and improved population survival by up to 35%; these trends were

seen across all racial and ethnic groups®. A majority of these changes can be attributed to
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treatment advances around the same timeframe, such as the advent of immunotherapy and
approval of other effective targeted therapies®'. Across all treatment strategies, there have been
important improvements and developments in recent years®'. Yet, even with extensive
comprehensive treatment, many patients still experience lung cancer recurrence or progression
(LC R/P) after successful treatment'®.

Non-small cell lung cancer recurrence and progression are vital to understand because
approximately 55% of early-stage lung cancer patients develop recurrence when given curative
treatment, and over 40% of late-stage lung cancer patients experience progression'®''. As a

t%2. Reasons

result, many patients still eventually die from lung cancer despite successful treatmen
for these high recurrence and progression rates remain largely unknown.

Lung cancer is a heterogeneous disease, and understanding the underlying molecular
causes of this heterogeneity is the focus of current basic and translational research®. Clinical,
surgical, and pathological factors on lung cancer recurrence and progression risk have been well
researched in previous studies', but another potential reason for these high recurrence and
progression rates may be due to occupational exposure risk, where current research is severely
limited.

The average person spends over one-third of their life, averaging 1,795 hours each year,
at the workplace'”. This suggests the importance of studying occupational exposures and the
influence they play in disease risk. Certain physical occupational factors and standards, such as
the lack of personal protective equipment (PPE), inadequate ventilation systems to reduce air
pollution exposure, and prolonged duration of exposure to carcinogenic chemicals, have been

well characterized and shown to be associated with an increased risk of lung cancer'®. For

instance, there is strong scientific evidence that occupational exposure to lung carcinogens (as
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classified by International Agency for Research on Cancer (IARC) Class 1 and 2A), such as
asbestos, silica, and arsenic, are associated with an increased risk of developing lung cancer'”?'.
Asbestos is a very well-known occupational carcinogen, and is the leading cause of work-related
cancer deaths worldwide®. Every year, there are, on average, over 39,000 deaths due to
asbestos-related disease in the United States®> %. According to a 2022 report conducted by the
European Commission, this number was especially high in 2019, reaching over 70,000, when
reviewing patient deaths reporting previous occupational exposure to asbestos®’. Even with
increased standards and guidelines, annual global asbestos production and consumption remains
at approximately 2.0 million metric tons over the past decade®®. Currently in the United States,
approximately 1.3 million workers are at risk of asbestos exposure at their workplace settings®.
However, these associations observed in current published literature, including occupational
exposure to asbestos, are all in relation to lung cancer risk, not its recurrence and progression.
Based on the current literature specifically highlighting lung cancer recurrence and
progression risk, there is limited data on the relationship and effect of these such occupational
exposures. Because occupational exposures, such as asbestos, often play an essential factor in the
risk of primary lung cancer, there is reason to believe that it may influence the risk of lung cancer
recurrence and progression as well. Primarily with asbestos toxicity and carcinogenesis, asbestos
fibers can deposit and persist deep in lung tissue in perpetuity over time; this indicates that it
may be a risk factor for lung cancer recurrence and progression®**. And because asbestos is still
a very prevalent and hazardous toxicant in the workplace setting, it is vital to evaluate its
potential risk on lung cancer recurrence and progression. As a result, due to the proven role that
occupational exposure to asbestos plays on an increased lung cancer risk, more research is

needed to determine if such remote exposure is associated with lung cancer recurrence and
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progression rates.

As such, our overall goal is to decrease the morbidity and mortality burden of lung
cancer. To achieve this, our primary study goal is to measure how occupational asbestos
exposure may increase the likelihood of lung cancer recurrence and progression in successfully
treated patients. To evaluate this relationship, we conducted a case-control study utilizing the
Boston Lung Cancer Study Cohort (BLCSC), which is a large, well-defined lung cancer cohort
in the Northeast region of the United States.

2.2 Methods
Study Design:

This paper is based on a case-cohort study conducted at the Harvard T.H. Chan School
of Public Health and Massachusetts General Hospital in Boston, Massachusetts. This study
includes patients from the Boston Lung Cancer Study Cohort (BLCSC)*. The BLCSC is a
hospital-based cancer epidemiology cohort established in 1992 with over 14,000 lung cancer
cases that have been enrolled from Massachusetts General Hospital (MGH) and the
Dana-Farber Cancer Institute (DFCI), both located in Boston, Massachusetts. MGH and DFCI
are tertiary referral centers for cancer patients, and they have an extensive lung cancer patient
population. Over 1,000 lung cancer cases per year present to the MGH and the DFCI for
treatment, with over 95% undergoing a biopsy; approximately 500 of these patients are
eligible for surgical resection. At present, the BLCSC has recruited approximately 60% of the
eligible cases at the MGH and DFCI. Detailed methods for recruitment into the original
case-control study have been described elsewhere and are summarized here*®. All patients
who were admitted to both MGH and DFCI and subsequently diagnosed with new lung cancer

were contacted and invited to participate to be a part of the BLCSC.

38



Demographic information such as age, sex, race, smoking status and occupational
information were collected at the baseline enrollment by trained personnel utilizing a
standardized hospital questionnaire. Demographics of the BLCSC have reflected the
Caucasian—predominant population demographics with regard to racial distributions of
Massachusetts. Clinical data, such as tumor histology, tumor stage, and tumor progression and
recurrence were retrieved from patients’ medical records. The cohort also compared
demographic information in the study with other major lung cancer cohorts, including the
international lung cancer consortium (ILCCO), Mayo Clinic, and MD Anderson Cancer
Center in Texas (MDACC), and found comparability®®. In addition, previous studies showed
that this cohort had high rates (95%) of complete follow-up until death®®. The
well-characterized clinical dataset enabled us to study questions of prognosis and prediction,
while simultaneously incorporating shifting and new lung cancer treatments.

All enrolled patients provided informed consent to The Boston Lung Cancer Study
(BLCS) for the collection of follow-up data regarding their medical and exposure
information. Participants were excluded if they did not have complete medical records and
exposure data, including the necessary temporal information to define the outcomes of this
study, namely (1) date of primary diagnosis, (2) progression or recurrence and/or death date
where applicable, and (3) last known date alive/without recurrence or progression. Based on
these criteria - 4,443 patients were eligible and included in the final study analysis.

Exposure Assessment:
To assess patients’ exposures, patients were asked to report their occupations (e.g., power
plant, motor vehicle, shipyard, insulator workers), along with the dates and duration of

employment up until the date of their diagnosis of lung cancer. If they reported being exposed to
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asbestos in their occupation, they were then prompted to report the years worked involving the
occupational asbestos exposure. Each patient’s asbestos exposure was analyzed utilizing an
asbestos exposure index that combined time and intensity of reported exposure years with a
weighting method, resulting in a final asbestos score for each exposed patient; only asbestos
exposure up until their lung cancer diagnosis year were considered. The scoring strategy was
based on knowledge of asbestos exposures in the New England building construction trades. The
heaviest asbestos exposure occurred prior to 1965. By 1965, the use of fiberglass for new
insulation applications was well established and widespread. After this year, asbestos exposures
occurred mainly in repair, remodeling, and renovation work. After 1972, the use of asbestos for
new insulation and fireproofing applications decreased further, and eventually discontinued. The
promulgation of a permissible exposure limit for asbestos by the Occupational Safety Health
Administration in 1972 helped to further reduce workplace asbestos exposures. Therefore, we
based our scoring strategy based on the above year cut points. A weight of 4 was given to each
year worked prior to 1965; a weight of 2 was given to each year worked from 1965 to 1972; and
a weight of 1 was given to each year worked after 1972. Their overall score was based on each
individual’s combination of time and duration of work reported in the questionnaires. The final
score captures the patient’s cumulative occupational asbestos exposure. The scoring index is
generalizable to the U.S. workforce, and additional information regarding scoring development
have been described in previous literature’ "'
Outcome Assessment:

The hospital and research staff collected health information from lung cancer patients
during their follow-up visits, which occurred every 6 months. This sampling was used to

determine time of tumor recurrence or progression, time of death, and causes of death. For early
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stage patients, the primary outcome was recurrence-free survival (RFS), which was defined as
the time from the date of diagnosis to the first date of recurrence of cancer, or death from any
cause without documented recurrence. The secondary outcome was overall survival (OS), which
was defined as the time lag between the date of lung cancer diagnosis to time of recorded death
or the last known date alive, whichever came first. For late stage patients, the primary outcome
was progression-free survival (PFS), which was defined as the time from the date of diagnosis to
the date of first observation of progressive disease, or death from any cause without
documentation of progression; the secondary outcome was OS. In a sensitivity analysis, we
jointly studied recurrence or progression and death, which could be censored by the end of the
follow-up period. Data collection was obtained following sources as previously described?’:
MGH inpatient and outpatient records, MGH tumor registry, social security death index, primary
physician's office, and patient or family/relative contact. This follow-up information was needed
to differentiate between a new primary tumor versus a recurrence or progression for the purposes
of the ongoing study analyses. Determination of lung cancer stage and lung cancer recurrence or
progression was assessed and documented via a combination of physical exam, imaging, and
pathology results by hospital physicians, which has been previously described elsewhere®,
Covariates and Statistical Analysis:

Our data analysis included exploratory analysis, model development, covariate
selection, hypothesis testing, and model prediction. In our modeling approach, we accounted
for covariates deemed crucial in capturing the relationship between the exposure of interest and
the outcome. The covariates considered in our analysis encompassed assigned sex at birth, age,
ethnicity (white versus non-white), smoking status (former or current smokers versus never

smokers), and lung cancer stage (early versus late), all of which were adjusted for in all of our
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statistical models. In our models, the study team merged recurrence-free and progression-free
outcomes for analytical purposes. We employed Cox proportional hazard regression methods to
investigate associations between occupational asbestos exposure and outcomes, such as lung
cancer recurrence or progression and overall survival. To scrutinize the relationship between
candidate variables and lung cancer recurrence or progression, we conducted both univariable
and multivariable regression analyses. Initially, we performed a univariable screen,
incorporating any variable with a P value < 0.10 into the initial multivariable model.
Subsequently, variables with a P-value < 0.05 were systematically removed, starting with the
highest p-value, until the final model was established, ensuring that all parameters had a
P-value < 0.05. Adjusted cox proportional hazard regression models were then utilized to
calculate multivariable-adjusted hazard ratios, 95% confidence intervals, and P-values.
Additionally, we conducted a sensitivity analysis using semi-competing risk regression models
that account for the correlation between lung cancer recurrence or progression and overall
survival to validate the robustness of our findings. All statistical analyses were carried out using
R software modules, specifically R version 4.1.1 and RStudio version 1.4, with the inclusion of
relevant packages such as ggplot2, survival, and SemiCompRisks, version 3.3.5.

Sensitivity Analysis:

To better understand the associations between the occupational asbestos exposure and
both our outcomes of interest obtained from the main analyses, we then performed a sensitivity
analysis in which we jointly studied recurrence/progression and death, treating them as
‘semi-competing risks.” Competing risks refer to the presence of multiple possible events (here,
progression/recurrence and death) that may prevent the occurrence of one of the events of

interest or influence the timing of its occurrence. By semi-competing, we mean that death
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precludes the observation of progression or recurrence, but not vice-versa. Semi-competing

risks further take into account the time between recurrence or progression and death. The

estimated hazards from the Cox models were compared to those obtained from a

semi-competing risks regression based on the ‘illness-death model’ with Cox-type hazards.

This model includes three hazards: the hazards of progression or recurrence before mortality;

the hazards of mortality before progression or recurrence; and the hazards of mortality after

progression or recurrence. Additional details of semi-competing risk regression methods have

been published in previous literature

2.3 Results

Participant Characteristics:

34-36

or Progression Status

Table 2.1: Characteristics of Patients in the Analytic Cohort Stratified by Lung Cancer Recurrence

Absence of Lung

Cancer Recurrence or Lung Cancer Recurrence or
Characteristic Progression Progression
N 3875 568
Age (mean (SD)) 65.18 (11.09) 62.42 (11.37)
Male Sex ((n(%)) 1910 (49.3) 243 (42.9)
White Race ((n(%)) 3678 (94.9) 520 (91.5)
Former or Current Smoker
((n(%)) 1251 (32.5) 188 (33.3)
Late Stage Lung Cancer ((n
(%)) 2036 (52.7) 353 (62.1)
Occupational Asbestos
Exposure ((n (%)) 832 (21.5) 132 (23.2)
Occupational Asbestos
Exposure Score ((mean (SD)) 3.80 (17.08) 1.19 (7.81)

Data are presented as mean (standard deviation) for non-categorical and number (percentage) for categorical
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variables. These were the summary statistics of the observed data.

Demographic and clinical information, separated by lung cancer recurrence and
progression status, for the BLCS patients in the study cohort is shown in Table 2.1. All
information was collected at the visit of the diagnosis of lung cancer. In our study, a complete
case analysis was performed - there were a total of 4, 443 patients included in the final
analysis. There were a total of 568 (~13%) diagnosed lung cancer recurrence and progression
cases. Subjects were relatively old; compared with patients with a diagnosis of lung cancer
recurrence or progression, patients without a diagnosis of lung cancer recurrence or
progression were older (mean + SD of age: 65.18 £ 11.09 vs. 62.42 + 11.37 years). In patients
with no diagnosis of lung cancer recurrence or progression, there was a higher percentage of
males compared to the patients with diagnosed lung cancer progression or recurrence (49.3%
vs 42.9%). There was an overwhelmingly high prevalence of patients identifying as White
(>90%), across both groups. Almost one-third of the patients (~33%), regardless of lung cancer
recurrence or progression status, identified as former or current smokers as compared to never
smokers. Among patients with diagnosed lung cancer recurrence or progression, over 60% had
late stage lung cancer compared to early stage lung cancer; this is approximately 10% higher
than the proportion observed in patients without diagnosed lung cancer recurrence or
progression (~52%). There were a total of 964 patients with reported occupational asbestos
exposure. 21.5% of patients with no diagnosed lung cancer recurrence or progression reported
occupational asbestos exposure, whereas 23.2% of patients diagnosed with lung cancer
recurrence or progression reported occupational asbestos exposure. Among patients with lung

cancer recurrence and progression diagnosis, the mean occupational asbestos score was 1.19
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(SD: 7.81) compared to patients without lung cancer recurrence or progression diagnosis (mean

+ SD: 3.80 + 17.08).

Table 2.2: Characteristics of Patients in the Analytic Cohort Stratified by Death Status

Characteristic No Death Reported Death Reported
N 591 3852
Age (mean (SD)) 59.07 (10.81) 65.70 (10.96)
Male Sex ((n(%)) 217 (37.0) 1936 (50.3)
White Race ((n(%)) 531 (89.8) 3667 (95.2)
Former or Current Smoker

((n(%)) 162 (27.9) 1277 (33.3)
Late Stage Lung Cancer ((n

(%)) 135 (23.0) 2254 (58.7)
Occupational Asbestos

Exposure ((n (%)) 127 (21.5) 837 (21.7)
Occupational Asbestos

Exposure Score ((mean (SD)) 1.26 (7.44) 3.80 (17.15)

variables. These were the summary statistics of the observed data.

Data are presented as mean (standard deviation) for non-categorical and number (percentage) for categorical

Details of the baseline characteristics of the study population, separated by death status,

can be found in Table 2.2. There were a total of 3852 (~87%) deaths reported during the

follow-up period. Patients who experienced death were relatively older compared to patients

who did not experience death (mean + SD of age: 65.70 +10.96 vs. 59.07 £ 10.81 years). In

those who reported death, there was a higher percentage of males compared to the patients

without a reported death (50.3% vs 37%). Regardless of death status, the proportion of white

race were similar across both groups. A higher percentage of former or current smokers were

observed among those who experienced death compared to those who did not experience death
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(33.3% vs 27.9%). Among patients who experienced death, over 50% had late stage lung
cancer compared to early stage lung cancer; this is more than double the proportion observed in
patients who did not experience death (23%). There were a total of 964 patients with reported
occupational asbestos exposure, and the proportion exposed across both groups were very
similar. Among patients with a death reported, the mean occupational asbestos score was 3.80
(SD: 17.15) compared to patients without a death reported (mean + SD: 1.26 + 7.44).

Cox Proportional Hazards Model:

Table 2.3: Patient Characteristics and Their Impact on Lung Cancer Recurrence-Free and
Progression-Free Survival and Overall Survival
Characteristic Outcome Hazard Ratio (95% CI)
Male Recurrence/Progression 1.28 (1.20, 1.37)
Death 1.35(1.27, 1.44)
Age Recurrence/Progression 1.02 (1.02, 1.02)
Death 1.03 (1.02, 1.03)
White Race Recurrence/Progression 1 (0.86, 1.15)
Death 1.08 (0.93, 1.26)
Former or Current Smoker Recurrence/Progression 1.19 (1.11, 1.27)
Death 1.24 (1.16, 1.33)
Late-Stage Lung Cancer Recurrence/Progression 3.09 (2.90, 3.31)
Death 3.19(2.98,3.41)
Occupational Asbestos Exposure* | Recurrence/Progression 1.01 (1, 1.02)
Death 1.01 (1, 1.02)
*Continuous variable is per 5-unit increase in occupational exposure scoring method

Associations of occupational asbestos exposure and lung cancer recurrence-free and

progression-free survival were examined among 4,443 patients diagnosed with lung cancer from
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the Boston Lung Cancer Study Cohort. Table 2.3 displays the adjusted hazard ratios (HR) of our
adjusted Cox regression model evaluating the association between occupational asbestos
exposure and lung cancer recurrence-free and progression-free survival. There was a significant
association observed between occupational asbestos exposure score and lung cancer
recurrence-free and progression-free survival. Every 5-unit increase in one’s occupational
asbestos score was associated with a 1% increased hazard of lung cancer recurrence or
progression (HR: 1.01; 95% CI: 1.00, 1.02). There was a significantly increased hazard of lung
cancer recurrence or progression being of older age. Additionally, compared to having an
early-stage lung cancer diagnosis, having a late-stage lung cancer diagnosis was associated with
an over 3 times increased hazard of lung cancer recurrence or progression (HR: 3.09; 95% CI:
2.90, 3.31). Lastly, being of male gender or identifying as a former or current smoker were both
significantly associated with an increased hazard of lung cancer recurrence or progression. (HR:
1.28; 95% CI: 1.20, 1.37), (HR: 1.19; 95% CI: 1.11, 1.27). The adjusted hazard ratios (HR) of
our adjusted Cox regression model evaluating the association between occupational asbestos
exposure and overall survival are shown in Table 2. Each 5-unit increase in one’s occupational
asbestos score was associated with a 1% increased hazard of death (HR: 1.01; 95% CI: 1.00,
1.02). There was a 35% increased hazard of death being of male sex (HR: 1.35; 95% CI: 1.27,
1.44). There was also a 3% increased hazard of death per year increase in age (HR: 1.03; 95%
CI: 1.02, 1.03). Reporting as a former or current smoker compared to a never smoker was
associated with a 24% increased hazard of death (HR: 1.24; 95% CI: 1.16, 1.33). Additionally,
compared to having an early-stage lung cancer diagnosis, having a late-stage lung cancer
diagnosis was associated with an over 3 times increased hazard of death (HR: 3.19; 95% CI:

2.98,3.41).
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Semi-Competing Risk Model:

Table 2.4: Patient Characteristics and Their Impact on Lung Cancer Recurrence-Free and
Progression-Free Survival and Overall Survival: A Semi-Competing Risk Analysis'

Death Prior to Death Following
Progression Progression Progression

95% |95% 95%  195% 95% |95%
Exposure HR LCI UCI |HR LCI UCI |HR LCI ucl
Occupational
Exposure to
Asbestos*™ 0.92 0.87 0.98 1.01 1.00 1.03 1.01 0.92 1.10
Male Sex 1.14  0.955 1.37 1.57 1.41 1.75 1.87 1.44 2.44
Age 1.00 0.99 1.01 1.03 1.03 1.04 1.05 1.04 1.07
White Race 0.66 0.46 0.94 1.10 0.85 1.41 1.26 0.76 2.11
Late Stage Lung
Cancer 7.02 5.61 8.80 9.80 840 11.43 9.84 7.18 13.47
Former or
Current Smoker 1.18 0.97 1.44 1.41 1.26 1.58 1.67 1.27 2.21

'Semi-Competing Risks Models are adjusted for age, sex, race, lung cancer stage, and smoking status
*Score variable is per 5-unit increase in occupational exposure scoring method

Sensitivity analysis results from the semi-competing risks model are displayed in Table

2.4. Each 5-unit increase in one’s occupational asbestos score was associated with a significantly

higher hazards of mortality prior to recurrence or progression (HR: 1.01; 95% CI: 1.00, 1.03).

Being assigned male at birth was associated with significantly higher hazards of mortality both

prior to (HR: 1.57; 95% CI: 1.41, 1.75) and following recurrence or progression (HR: 1.87; 95%

CI: 1.44, 2.44) as compared to being assigned female. Higher age was also significantly

associated with higher hazards of mortality both prior to (HR: 1.03; 95% CI: 1.03, 1.04) and

following recurrence or progression (HR: 1.05; 95% CI: 1.04, 1.07). Patients with late stage lung

cancer had over 7 times higher hazards of recurrence or progression, as compared to patients

with early stage lung cancer, adjusting for all other variables (HR: 7.02, 95% CI: 5.61, 8.80);
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similar patterns were seen with mortality both prior to (HR: 9.80; 95% CI: 8.40, 11.43) and
following recurrence or progression (HR: 9.84; 95% CI: 7.18, 13.47). We also found that patients
who reported being a former or current smoker had significantly higher hazards of mortality both
prior to (HR: 1.41; 95% CI: 1.26,1.58) and following progression (HR: 1.67; 95% CI: 1.27, 2.21)
as compared to never smokers, adjusting for all other variables.

2.4 Discussion

Our results suggest that occupational exposure to an increasing amount of asbestos may
increase the likelihood of lung cancer recurrence or progression, even after successful treatment.
It is evident that any amount of occupational asbestos exposure, especially with an increasing
dose and intensity, remains a hazard in the workplace environment. Additionally, our results
suggest that there may be an exposure dose-relationship between occupational exposure to
asbestos and overall survival, both before and after the observed occurrence of lung cancer
recurrence or progression.

To the best of our knowledge, there is no existing literature evaluating the relationship
between occupational exposure to asbestos and lung cancer recurrence or progression. However,
when reviewing the literature on primary lung cancer risk as an outcome (excluding recurrence
and progression), several studies have observed an increased risk of lung cancer in individuals
exposed to occupational asbestos’ . In one study evaluating occupational risk, researchers
found that even a minimal low amount of occupational asbestos exposure is associated with an
average 17% increased risk of lung cancer compared to the general population”. Another study
found that this risk may actually increase up to 50%, depending on the exposure intensity’®.
What is more alarming is that in cases of asbestos toxicity and carcinogenesis, asbestos fibers

can settle and remain deep in the lung years after exposure cessation, causing thickening of the

49



pleura and scarring of the lung tissue’’. This may provide some insight into the potential
mechanism of asbestos exposure and lung cancer recurrence and progression. We recognize that
there is a latency period between the time of initial exposure to an environmental carcinogen,
such as asbestos, and the development of lung cancer recurrence and progression. However, the
increased risks of lung cancer recurrence and progression due to exposure to occupational
asbestos seen in this study are a representation of an occupational exposure, many years
beforehand, collected at their baseline visit of their initial lung cancer diagnosis. However, we
believe that the observed increased risk of lung cancer recurrence and progression cannot be
explained solely by smoking. Our observed association between occupational asbestos exposure
and lung cancer recurrence and progression remained even after adjusting for cigarette smoking,
which is a proven risk factor for lung cancer recurrence and progression*. Based on a previous
study, smoking may be an effect modifier on the asbestos and lung cancer relationship; this may
be similar in the asbestos lung cancer recurrence and progression association observed in our
study **; further research is necessary to evaluate this possibility. There may also be an
interaction effect between a patient’s exposure to asbestos and their genomic composition, as
indicated in one study evaluating lung cancer risk; similar effects may occur with recurrence and
progression’®. We hope that this will be a target for future research. Additionally, we recognize
the dose-response estimates observed in our study were positive but not particularly strong. A
potential reason for this can be due to the secular trends of decreased occupational exposure to
asbestos over recent decades, specifically due to increased regulations and stricter guidelines”.
This is a testament to the success of public health, and this research study hopes to contribute to

this growing field of occupational health.
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We do recognize some limitations in our study. Firstly, we focused our outcome
definition on overall survival instead of lung cancer-specific mortality because specific causes of
death were not often documented in this patient population. However, due to the aggressiveness
of lung cancer (especially among the patients who have late-stage lung cancer), it is reasonable
to assume that overall survival in our study was highly correlated to lung cancer recurrence and
progression; this was confirmed with results from the semi-competing risks analyses. Second,
bias may have been present in which the terminal event of death may censor the non-terminal
event of lung cancer recurrence and progression. To address this, we performed several
sensitivity analyses and observed similar exposure-response relationships between occupational
asbestos exposure and lung cancer recurrence and progression and overall survival as compared
to the main results. Third, the effect sizes observed in our sensitivity analysis are similar to those
observed in our main analysis; however, due to slightly different model formulations and
numbers of events, it is not statistically significant in the sensitivity analysis. While the number
of patients is equivalent in both analyses, the number of events for the semi-competing risk
regression model are spread out over three different hazards, compared to the Cox proportional
hazard regression models, which only has one hazard function. Thus, the power is slightly lower
in the semi-competing risk regression model. The hazard ratios for the recurrence-free and
progression-free survival outcomes are consistently attenuated compared to those for the overall
survival outcome in the main analysis. This provides slight evidence that there is some degree of
"canceling out" of the effect of occupational exposure to asbestos, when looking at the composite
endpoint of recurrence/progression or death, as opposed to only death. The semi-competing risks
model provides additional information, where it is looking at the different trajectories a patient

might have beginning from healthy, disease onset, then to death. Based on the model results, it
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indicates that a higher dose of occupational exposure to asbestos is, in fact, quite hazardous and,
as a result, people experience death much sooner than they normally would had they been
exposed at a much lower duration and intensity. This indicates that most patients experience
death before experiencing recurrence or progression; the patients with observed recurrence or
progression are already longer-term survivors compared to those that have died. In addition, we
observe that occupational exposure to asbestos is hazardous even among those who died after
experiencing recurrence and progression. Fourth, the study team acknowledges that immortal
time bias may be a concern, such that a patient cannot have a diagnosis of our outcome of
interest between the time of diagnosis and recurrence or progression. However, we believe this is
not a huge issue because our study only considers occupational exposure up until their diagnosis
of lung cancer, and to reduce the potential impact from this bias, the study team utilized a
time-dependent analysis. Lastly, patients were asked to provide only information about their
occupations in which they held for at least one year. Therefore, exclusion of short-term jobs
(held for less than one year) may potentially introduce a small amount of exposure
misclassification. However, assuming that the possible exposure misclassification error raised
from this concern is non-differential to our cases (e.g. lung cancer recurrence and progression),
our results would be only slightly biased and mostly, underestimated. In addition, this study was
able to utilize quite a large sample size of over 4,000 lung cancer patients. We were also able to
gather an extensive list of risk factor data obtained through patient questionnaires as well as
expert-based coding of occupational asbestos histories and scoring. We believe that the detailed
occupational information, along with the utilized weighting method, makes this study a valuable

addition to the field of occupational research.
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The study’s findings add to the current body of literature regarding lung cancer
recurrence and progression, primarily addressing a gap of research present in the occupational
setting. Our results likely reflect the high severity of lung cancer recurrence and progression in
this population and might reflect the observed lung cancer recurrence and progression etiologies
in other research studies, along with the medical therapies available for use. Studying differences
across populations is important because the etiology of lung cancer recurrence and progression
conditions and occupational asbestos exposure appears to vary by country*-'. Over 90% of the
patients in our study are White, and there is a large racial and ethnic disparity in health of
adults®'; thus - both their respiratory function and occupational exposures, are predicted to be
quite different from patients belonging to other ethnic groups or even other countries entirely.
Indeed, there are major epidemiological differences between the US and other countries,
especially when focusing on more under-resourced locations. Hence why it is important to
conduct similar studies such as this in other ethnic groups and geographical settings. Overall,
additional research should be conducted on a larger cohort of more heterogeneous patients
diagnosed with lung cancer recurrence and progression. Additionally, exposure to asbestos is not
only limited to the occupational setting. A recommended next step would be to evaluate the
association between non-occupational exposure to asbestos (e.g. environmental exposures in the
home from roofing, flooring, etc.) and lung cancer recurrence and progression. Nonetheless, to
the best of our knowledge, we are not aware of access to occupational exposure and lung cancer
recurrence and progression studies in most parts of the world, thus making our data unique in
this field. This is the first study of its kind to evaluate the impact of occupational asbestos
exposure on lung cancer recurrence and progression, conducted on a patient population

employed across a diverse range of occupations in the United States. Our present findings
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highlight the potential importance of creating a systematic approach to collecting data on
occupational asbestos exposure in patients diagnosed with lung cancer, even after they have
received successful treatment.

Our results suggest that among patients who were occupationally exposed to asbestos, a
hazardous dose-response relationship was observed. This indicates that a higher cumulative dose
of exposure to asbestos increases the likelihood of lung cancer recurrence and progression.
Occupational exposure to asbestos may be an important factor in lung cancer recurrence and
progression risk, and further action needs to be taken to protect our most vulnerable workers.
Occupational asbestos exposure should be taken into consideration when determining treatment
plans and follow-up protocols for patients diagnosed with lung cancer, to monitor their risk of
developing recurrence and progression. Due to improved diagnosis and treatment advances, the
number of lung cancer survivors is increasing, and more active survivors are back in the
workforce now®. However, survivors may be exposed to dangerous chemicals, even after
successful lung cancer treatment. Therefore, it is important to monitor workplace exposures in
cancer survivors. Ensuring an appropriate and systematic assessment of outcomes on patients is
vital in detangling the effects of occupational asbestos on lung cancer recurrence and progression
risk. With this, physicians can inform the cancer community, especially patients who have
recovered and survived from lung cancer, of the occupational exposures that can increase lung
cancer recurrence and progression risk, even after successful surgery and treatment. Physicians
will be better equipped to provide recommendations to decrease lung cancer recurrence and
progression risk. The main goal is to eliminate all exposure to occupational asbestos. Public
health recommendations and guidelines will also be able to better reflect the severity of lung

cancer recurrence and progression, such as emphasizing the need for a more streamlined
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systematic approach of employee notification of potential hazardous workplace exposures. This
study demonstrates that collecting occupational clinical data is necessary and warranted when
identifying and evaluating risk factors of lung cancer recurrence and progression. The main goal
is to eliminate asbestos completely, both direct exposure and secondhand exposure. However, if
this is not feasible, utilizing methods from the hierarchy of controls is recommended. For
instance, depending on the task, employers can substitute asbestos for a less harmful substance
(ex: subsisting asbestos with flour fillers for insulation) or incorporating administrative changes
(ex: limiting the hours of tasks that involve exposure to asbestos). Overall, strategies to
effectively prevent lung cancer recurrence and progression must be continuously formulated and
developed.

It is the goal of our study to identify and encourage additional action to prevent harmful
asbestos exposures, especially in high-risk occupations. Focusing more resources and efforts in
high-risk occupations for asbestos exposure is warranted. Our ultimate goal is to identify the
target workforce that may be disproportionately affected by lung cancer recurrence and

progression and may inform interventions to reduce the impact on mortality.
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Chapter 3: Neighborhood Socioeconomic Status and The Impact on Lung Cancer
Recurrence and Progression
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Abstract

Rationale: In the United States, almost 50% of patients with lung cancer, even after undergoing
successful treatment, develop recurrence or progression. In turn, they eventually still die from
their disease. There is ample scientific evidence that neighborhood socioeconomic status is
associated with an increased risk of lung cancer, yet its impact on the risk of lung cancer
recurrence and progression has not been investigated.

Methods: Associations of neighborhood socioeconomic status (nSES) variables and lung cancer
recurrence and progression were examined among 3,439 lung cancer patients from the Boston
Lung Cancer Study Cohort. nSES was estimated utilizing both patient zipcode and census tract
data, and the nSES variables included were (1) education level and (2) annual household income.
Results: A total of 496 lung cancer recurrence and progression cases were observed in our study
population. A patient living in a zipcode where the majority of the population had less than four
years of college and had an annual household income of less than $75,000 had a 2% and 10%
increased hazard of lung cancer recurrence or progression, respectively. For every 10% increase
in the neighborhood population that had less than 4 years of college and had an annual household
income of less than $75,000, a patient residing in that zipcode had a 2% and 3% increased hazard
of lung cancer recurrence or progression, respectively.

Conclusion: These findings suggest that nSES is associated with lung cancer recurrence or
progression risk, even after successful treatment. Furthermore, the data suggest that there may be
an exposure dose-response relationship present. These results imply that disadvantage
neighborhoods may be an important target for health policies and interventions in order to reduce
lung cancer recurrence or progression morbidity and mortality while increasing health equity

across the nation.
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3.1 Introduction

Although the incidence of cigarette smoking, a main risk factor for lung cancer
development, has decreased in recent years, the average number of newly diagnosed lung cancer
cases each year largely remains steady®" 2. In 2023, over 235,000 individuals were diagnosed
with lung cancer across the United States (U.S.), and this number is projected to remain steady in
2024'. Based on these alarming numbers, it is evident that cigarette smoking is not the sole risk
factor for lung cancer development. Even after many years of public health intervention, lung
cancer remains one of the leading causes of cancer-related deaths in the U.S., and overall
mortality across the globe®. For example, depending on the subtype of non-small cell lung
cancer, the relative survival rate can be as low as 9%°%.

In actuality, the burden of morbidity and mortality from lung cancer has heavily
decreased over the years already; a majority of this improvement can be attributed to the
improvement in lung cancer screening procedures and the critical development in treatment
options”. For example, earlier and more aggressive treatments have decreased overall lung
cancer mortality by as much as 35%®. However, although lung cancer morbidity and mortality
has decreased, as much as 50% of patients still experience lung cancer recurrence or progression,
even after successful treatment'®!". As a result, lung cancer still remains the primary cause of
death for many of these patients.

Understanding the underlying biological risk factors of lung cancer recurrence and
progression has been the focus of previous and current research'®. However, in terms of lung
cancer recurrence and progression, a much less studied reason is environmental risk. The
importance of environmental exposures on patient health outcomes is very evident, as is

demonstrated from well researched studies evaluating its impact on primary lung cancer risk®%¢,
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Among studies that have explored the impact of environmental exposures on lung cancer
risk, the focus has been on carcinogenic chemicals®’. However, just as important may be one’s
neighborhood socioeconomic status (nSES), as it may play a vital role as well*®. In a country as
well-resourced as the U.S. (compared to other countries), nSES should not be a health disparity;
however, many individuals and families suffer from this inequity. Barriers to living in a
neighborhood with a high SES often lead to various negative health outcomes, including
increased lung cancer risk®. Several studies found that environmental factors, such as high
neighborhood poverty, low area median incomes, and low neighborhood education levels all
contributed to a higher mortality from lung cancer®. Individuals living in neighborhoods with
poor SES (such as education, income, housing status) account for a higher number of lung cancer
cases and deaths®. Certain populations living in neighborhoods with poor SES are
disproportionately affected by lung cancer morbidity and mortality, and this may have a
downstream effect on lung cancer recurrence and progression. While environmental exposures
and lung cancer risk have been widely studied, extremely few studies have evaluated how
neighborhood factors impact lung cancer recurrence and progression.

Based on the current literature specifically highlighting lung cancer recurrence and
progression risk, there is extremely limited data on the relationship and effect of environmental
exposures. Because environmental exposures often play an essential factor in the risk of primary
lung cancer, there is reason to believe that it may influence the risk of lung cancer recurrence and
progression as well. Because nSES disparity remains a global issue, even to this very day, more
research to evaluate its potential risk on lung cancer recurrence and progression is heavily
warranted. This study assesses the relationship between nSES factors and lung cancer recurrence

and progression, and highlights areas where future research is necessary.
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The overarching goal is to provide insight into the connection between neighborhood
factors and lung cancer recurrence and progression, in order to increase the health and wellbeing
of all lung cancer patients across the nation. To evaluate this relationship, we conducted a
case-control study utilizing the Boston Lung Cancer Study Cohort (BLCSC), which is a large,
well-defined lung cancer cohort in the Northeast region of the United States. We hope that the
results of this study will be used to highlight the importance of neighborhood factors in relation
to lung cancer recurrence and progression.

3.2 Methods

Study Design:

This research is based on a case-cohort study conducted at the Harvard T.H. Chan

School of Public Health in Boston, Massachusetts. This study includes patients from the
Boston Lung Cancer Study Cohort (BLCSC), and has been described in previous literature®’.
The BLCSC is a hospital-based cancer epidemiology cohort established in 1992, and has over
19,000 lung cancer cases that have been enrolled from Massachusetts General Hospital
(MGH) and the Dana-Farber Cancer Institute (DFCI), both located in Boston, Massachusetts.
MGH and DFCI are tertiary referral centers for cancer patients, and they have an extensive
lung cancer patient population. Over 1,000 lung cancer cases per year are presented to the
MGH and the DFCI for treatment; at present, the BLCSC has recruited approximately 60% of
the eligible cases at the MGH and DFCI. Detailed methods for recruitment into the original
case-control study have been described elsewhere and are summarized here®. All patients
who were admitted to both MGH and DFCI and subsequently diagnosed with new lung cancer
were contacted and invited to participate in the BLCSC. For the purposes of our study, all

patients included were at least ages 25 and older, with over 90% of the cohort identifying as
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White. Demographic information such as age, sex, race, smoking status, and home zipcode
were collected at the baseline enrollment visit of their lung cancer diagnosis by trained
personnel utilizing a standardized hospital questionnaire. Clinical data, such as tumor
histology, tumor stage, and tumor progression and recurrence were retrieved from patients’
medical records. All enrolled patients provided informed consent to The Boston Lung Cancer
Study (BLCS) for the collection of follow-up data regarding their medical and exposure
information. Participants were excluded if they did not have complete medical records and
health data, including the necessary temporal information to define their semi-competing risk
outcomes of this study. Based on these criteria - 3,439 patients were eligible and included in
the final study analysis.

Exposure Assessment:

We examined SES at the neighborhood level, which has been observed to impact many
health outcomes®. To estimate each patient’s exposures, patients were asked to report their home
zipcode at their baseline visit of lung cancer diagnosis. We extracted neighborhood
socioeconomic variables from the census tract data from the National Historical Geographic
Information System (NHGIS). The NHGIS provides decennial data and is “geographically
comparable”, which means that has been standardized to the 2010 geography®'. Census tracts are
subdivisions of counties, and are typically designed to be overall homogenous units in regards to
socio-demographics of the population®. This data has been validated for their effectiveness in
many chronic disease outcomes in previous literature®. Several neighborhood SES variables are
consistently researched and highlighted in current literature: income, racial/ethnic composition,
education, and employment®. The nSES variables extracted included measures of: education,

income/poverty, racial/ethnic composition, vacancy status, and rural/urban living areas. Based on
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current literature and univariate analyses, we included the following nSES variables that
encompassed dimensions of wealth and income into our final study analyses: (1) neighborhood
education level and (2) neighborhood annual household income. In the next phase, the study
team linked the selected nSES variables to the patients’ home zipcodes. The zipcode tabulation
areas (ZCTA) level SES variables were linked to BLCS data at the zipcode (ZCTA) level via
geocoding. This BLCS linkage is based on the 2010 contiguous US census geometries and as a
result, not all ZCTA exist at that time. However, based on the availability of data, we believe that
this method remains an effective way to estimate patients’ exposure.

Outcome Assessment:

The hospital and research staff collected medical information, including our outcomes of
interest, from lung cancer patients during their follow-up visits, which occurred every 6 months.
For early stage patients, the primary outcome was recurrence-free survival (RFS), which was
defined as the time from the date of diagnosis to the first date of recurrence of cancer, or death
from any cause without documented recurrence. The secondary outcome was overall survival
(OS), which was defined as the time lag between the date of lung cancer diagnosis to time of
recorded death or the last known date alive, whichever came first. For late stage patients, the
primary outcome was progression-free survival (PFS), which was defined as the time from the
date of diagnosis to the date of first observation of progressive disease, or death from any cause
without documentation of progression; the secondary outcome was OS. In a sensitivity analysis,
we jointly studied recurrence or progression and death, which could be censored by the end of
the follow-up period. Data collection was obtained from the following sources as previously
described®: MGH inpatient and outpatient records, MGH tumor registry, social security death

index, primary physician's office, and patient or family/relative contact. Determination of lung
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cancer stage and lung cancer recurrence or progression was assessed and documented via a
combination of physical exam, imaging, and pathology results by hospital physicians, and has
been further described elsewhere®,

Covariates and Statistical Analysis:

Our data analysis included exploratory analysis, model development, covariate
selection, hypothesis testing, and model prediction. In our modeling approach, we accounted
for covariates deemed crucial in capturing the relationship between the nSES variables and our
outcomes of interest, namely lung cancer recurrence and progression, and overall survival. The
covariates considered in our analysis included assigned sex at birth, age, race (white versus
non-white), smoking status (former or current smokers versus never smokers), and lung cancer
stage (early versus late), all of which were adjusted for in all of our statistical models. In our
models, the study team merged recurrence-free and progression-free outcomes for power
considerations. We employed cox proportional hazard regression methods to investigate
associations between nSES and lung cancer recurrence or progression and overall survival. To
investigate the relationship between our candidate variables and lung cancer recurrence or
progression, we conducted both univariable and multivariable regression analyses. Initially, we
performed a univariable screen, incorporating any variable with a P-value < 0.10 into the initial
multivariable model. Subsequently, variables with a P-value < 0.05 were systematically
removed, starting with the highest p-value, until the final model was established, ensuring that
all parameters had a P-value < 0.05. Adjusted cox proportional hazard regression models were
then utilized to calculate multivariable-adjusted hazard ratios, 95% confidence intervals, and
P-values. Additionally, we conducted a sensitivity analysis using semi-competing risk

regression models that account for the correlation between lung cancer recurrence or
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progression and overall survival to validate the robustness of our findings. All statistical
analyses were carried out using R software modules, specifically R version 4.1.1 and RStudio
version 1.4, with the inclusion of relevant packages such as ggplot2, survival, and
SemiCompRisks, version 3.3.5.

Sensitivity Analysis:

To better comprehend the associations between our nSES variables and both our
outcomes of interest obtained from the main analyses, we then performed a sensitivity analysis
in which we jointly studied recurrence/progression and death, treating them as ‘semi-competing
risks.” Competing risks refer to the presence of multiple possible events (here,
progression/recurrence and death) that may prevent the occurrence of one of the events of
interest or influence the timing of its occurrence. By semi-competing, we mean that death
precludes the observation of progression or recurrence, but not vice-versa. Semi-competing
risks further take into account the time between recurrence or progression and death. The
estimated hazards from the cox models were compared to those obtained from a
semi-competing risks regression based on the ‘illness-death model” with cox-type hazards. This
model includes three hazards: the hazards of progression or recurrence before mortality; the
hazards of mortality before progression or recurrence; and the hazards of mortality after
progression or recurrence. Additional details of semi-competing risk regression methods have
been published in previous literature®*,

3.3 Results

Participant Characteristics

Table 3.1: Characteristics of Patients in the Analytic Cohort Stratified by Lung Cancer
Recurrence or Progression Status

Characteristic Absence of Lung Lung Cancer
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Cancer Recurrence

Recurrence or

or Progression Progression
Total N 2943 496
Age (mean (SD)) 65.03 (11.05) 62.62 (11.10)
Male Sex ((n (%)) 1409 (47.9) 213 (42.9)
White Race ((n (%)) 2801 (95.2) 462 (93.1)
Smoker ((n(%)) 941 (32.1) 161 (32.5)
Late Stage Lung Cancer ((n (%)) 1619 (55.3) 309 (62.3)
Number of Patients Living At a Zipcode Where
Over 50% of the Neighborhood Population Has
Less Than 4 Years of College ((n(%)) 2152 (73.1) 325 (65.5)
Number of Patients Living At a Zipcode Where
Over 50% of the Neighborhood Population Has An
Annual Household Income Below $75,000 ((n(%)) 1779 (60.4) 261 (52.6)
Percentage of neighborhood population that has less
than 4 years of college (mean (SD)) 60.24 (18.58) 57.35 (20.48)

Percentage of neighborhood population that has an
annual household income of less than $75,000
(mean (SD))

55.83 (17.76)

51.80 (16.56)

variables. These were the summary statistics of the observed data.

Data are presented as mean (standard deviation) for non-categorical and number (percentage) for categorical

Table 3.1 displays the study population’s characteristics by lung cancer recurrence or

progression status. In our research study, there were 3,439 patients included in the final

analysis. There were a total of 496 cases of lung cancer recurrence and progression during

follow-up through up until 2012. Across the entire study population, the mean age was above

60 years old. In patients without a diagnosis of lung cancer recurrence or progression, there was

a slightly higher percentage of males compared to patients with a diagnosis of lung cancer

progression or recurrence (47.9% vs 42.9%). White race was dominant across both outcome

groups (>90%), compared to the non-White race. Almost one-third of the patients, regardless
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of lung cancer recurrence or progression status, identified as former or current smokers. Among
patients with a diagnosis of lung cancer recurrence or progression, over 62% had late-stage
lung cancer compared to early-stage lung cancer; this is approximately 7% higher than the
percentage observed in patients without a diagnosis of lung cancer recurrence or progression
(~55%). Among patients without a diagnosis of lung cancer recurrence or progression, about
73% of patients reported living in a zipcode where a majority, defined as above 50% of the
population, of the neighborhood had less than four years of college, compared to only 66%
among patients with a diagnosis of lung cancer recurrence or progression. Across both outcome
groups, over half of the patients reported living in a zipcode where a majority of the
neighborhood had an annual household income below $75,000. The average percentage of the
neighborhood population that had less than 4 years of college was similar across both outcome
groups, sitting at above 55%. The average percentage of the neighborhood population that had
an annual household income of less than $75,000 was also fairly similar in both outcome

groups, sitting at above 50%.

Table 3.2: Characteristics of Patients in the Analytic Cohort Stratified by Death Status

Characteristic No Death Reported| Death Reported
Total N 497 2942
Age (mean (SD)) 59.61 (10.63) 65.54 (10.93)
Male Sex ((n (%)) 178 (35.8) 1444 (49.1)
White Race ((n (%)) 462 (93.0) 2801 (95.2)
Smoker ((n(%)) 134 (27.1) 968 (33.1)
Late Stage Lung Cancer ((n (%)) 106 (21.5) 1822 (62.1)

Number of Patients Living At a Zipcode Where
Over 50% of the Neighborhood Population Has
Less Than 4 Years of College ((n(%)) 334 (67.2) 2143 (72.8)

Number of Patients Living At a Zipcode Where
Over 50% of the Neighborhood Population Has An 242 (48.7) 1798 (61.1)
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Annual Household Income Below $75,000 ((n(%))

Percentage of neighborhood population that has less
than 4 years of college (mean (SD)) 56.74 (18.46) 60.35 (18.92)

Percentage of neighborhood population that has an
annual household income of less than $75,000
(mean (SD)) 50.50 (16.17) 56.05 (17.76)

Data are presented as mean (standard deviation) for non-categorical and number (percentage) for categorical

variables. These were the summary statistics of the observed data.

Table 3.2 presents the characteristics of the patients by death status. There were a total
of 2, 942 reported patient deaths out of the total study population number of 3,439, beginning
at the period of follow-up until 2012. Compared to patients who experienced death, patients
without reported death were much younger (mean + SD of age: 59.61 = 10.63 vs.

65.54 +10.93 years). In patients without reported death, there was a lower percentage of males
(~35%). There was an overwhelmingly high prevalence of the Caucasian/White race (>90%),
as compared to the non-White race, in the entire study population. Approximately one-third of
the patients who experienced death reported as being a former or current smoker, compared to
the proportion of patients who did not experience death (~27%). Among patients who
experienced death, over 60% had late-stage lung cancer compared to early-stage lung cancer;
this more than three times the proportion observed in patients without a death reported.
Among patients without a reported death, 67.2% of patients reported living in a zipcode where
a majority of the neighborhood had less than 4 years of college, compared to 72.8% of patients
with a reported death. A little under half of the patients without a reported death lived in a
zipcode where a majority of the neighborhood had an annual household income below

$75,000; this percentage was above 60% among patients with a reported death. Across both
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outcome groups, the average percentage of the neighborhood population that had less than 4
years of college was above 55%. The average percentage of the neighborhood population that
had an annual household income of less than $75,000 was also fairly similar in both outcome
groups (>50%).

Cox Proportional Hazards Model:

Table 3.3: Neighborhood Socioeconomic Status and The Impact on Lung Cancer
Recurrence-Free and Progression-Free Survival and Overall Survival!

Exposure Outcome HR (95% CI)"* Continuous*: HR
95% CI)!

Zipcode Where Recurrence/Progression | 1.02 (0.94, 1.11) 1.02 (1.01, 1.05)
Neighborhood
Population Has Less
Than 4 Years of College

Death 1.09 (1, 1.18) 1.04 (1.02, 1.06)
Zipcode Where Recurrence/Progression | 1.1 (1.02, 1.18) 1.03 (1.01, 1.05)
Neighborhood
Population Has An
Annual Household
Income Below $75,000

Death 1.13 (1.05, 1.22) 1.04 (1.02, 1.06)

"Models are adjusted for age, sex, race, lung cancer stage, and smoking status
’HR for a patient that lives in a zipcode where a majority (versus not) of the neighborhood population is exposed
*Continuous variable is per 10-unit increase in percentage of the neighborhood population

Associations of neighborhood socioeconomic status and lung cancer recurrence and
progression and overall survival were examined among 3,439 patients diagnosed with lung
cancer from the Boston Lung Cancer Study Cohort. Table 3.3 displays the adjusted hazard ratios
(HR) of our adjusted Cox regression model evaluating the association between nSES and lung
cancer recurrence or progression, and overall survival. Based on our analysis, a patient living in a

zipcode where a majority of the neighborhood population had less than 4 years of college was
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associated with a 2% increased hazard of lung cancer recurrence and progression (HR: 1.02;
95% CI: 0.94, 1.11); their hazard of death was significantly increased by 9% (HR: 1.09; 95% CI:
1.00, 1.18). A patient living in a zipcode where a majority of the the neighborhood population
had an annual household income below $75,000 was significantly associated with a 10%
increased hazard of lung cancer recurrence or progression (HR: 1.10; 95% CI: 1.02, 1.18), and a
13% increased hazard of death (HR: 1.13; 95% CI: 1.05, 1.22). Additionally, for every 10%
increase in the neighborhood population that had less than 4 years of college, a patient living in
that respective zipcode had a significant increase in hazard of lung cancer recurrence or
progression, and death, of 2% (HR: 1.02; 95% CI: 1.01, 1.05) and 4% (HR: 1.04; 95% CI: 1.02,
1.06), respectively. Furthermore, there was a significant hazardous association observed between
every 10% increase in the neighborhood population that had an average annual household
income below $75,000 and a patient’s risk of lung cancer recurrence or progression (HR: 1.03;
95% CI: 1.01, 1.05), and death (HR: 1.04; 95% CI: 1.02, 1.06). Across all models, there was a
significantly increased hazard of lung cancer recurrence or progression and death having a late
stage lung cancer diagnosis, identifying as a former or current smoker, and being of older age
and male gender, as displayed in Tables 3.3.1 - 3.3.4 (see Supplemental Information).

Semi-Competing Risk Model:

Table 3.4: Neighborhood Socioeconomic Status and The Impact on Lung Cancer
Recurrence-Free and Progression-Free Survival and Overall Survival: A Semi-Competing Risk
Analysis'

Death Prior to Death Following
Progression Progression Progression
95% |95% 95%  [95% 95%  (95%
Exposure HR LCI UCI |HR LCI UCI |HR LCI uct
Zipcode 0.83 | 0.68 1.01 1.27 1.12 1.44 1.06 0.81 1.40
Where A
Majority

70



Neighborhood
Population Has
Less Than 4
Years of
College

Zipcode
Where A
Majority
Neighborhood
Population Has
An Annual
Household
Income Below
$75,000

0.76

0.61

0.94

1.14

0.99

1.31

1.23

0.91

1.65

Zipcode:
Percentage of
the Population
that has Less
than 4 Years of
College*

0.91

0.86

0.97

1.07

1.04

1.11

1.02

0.94

1.11

Zipcode:
Percentage of
the Population
that has an
Annual
Household
Income Below
$75,000%*

0.95

0.91

1.00

1.06

1.02

1.09

1.05

0.98

1.12

'Semi-Competing Risks Models are adjusted for age, sex, race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in percentage of the neighborhood population

Sensitivity analysis results of our main exposures of interests, from the semi-competing

risk models, are displayed in Table 3.4. Living at a zipcode where a majority of the
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neighborhood population had less than 4 years of college was significantly associated with a
higher hazard of mortality prior to lung cancer recurrence or progression (HR: 1.27; 95% CI
1.12, 1.44). In addition, every 10% increase in the neighborhood population that had less than 4
years of college, a patient living in that respective zipcode had a significant increase in hazard of
mortality prior lung cancer recurrence or progression of 7% (HR: 1.07; 95% CI: 1.04, 1.11) A
significant hazardous association was also observed for every 10% increase in the neighborhood
population that had an average annual household income below $75,000 and a patient’s risk of
mortality prior to lung cancer recurrence or progression (HR: 1.06; 95% CI: 1.02, 1.09).
3.4 Discussion

While previous studies have evaluated neighborhood factors and its association with
lung cancer, this is the first study to assess its impact on lung cancer recurrence and
progression. Our results suggest that residing in a neighborhood where the majority of the
population has an education level of less than 4 years of college and household income below
$75,000 may increase the risk of lung cancer recurrence and progression. More specifically, our
results suggest a potential dose-response relationship may be present. That is, as the percentage
of the neighborhood population that has a low education level and household income increases,
the patient’s risk of lung cancer recurrence or progression, and death, increases proportionately
as well. Based on our results, the differences in our outcome, namely lung cancer recurrence
and progression and mortality, are partially, if not mostly, due to the inequities in neighborhood
advantage.

To the best of our knowledge, there are no published studies evaluating nSES and its
impact on lung cancer recurrence and progression. Previous studies have demonstrated that,

even after adjusting for the individual level socioeconomic status and variables, residents of
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deprived neighborhoods or of racially or economically segregated neighborhoods have worse
overall health status and outcomes, compared to those residing in more affluent neighborhoods
and/or less racially or economically segregated neighborhoods®>°. For example, based on
several recent studies, researchers concluded that a higher neighborhood SES was protective
against negative health outcomes such as low baby birth weight, rectal cancer, and colon
cancer®. Another, more recent study, observed that worse nSES was associated with an
increased risk of lung cancer, even among non-smokers’’. Another cohort study found that
neighborhood-level deprivation was associated with worse survival among patients with
nonmetastatic lung cancer’®. However, these are all in relation to primary lung cancer, not its
recurrence or progression. Additional research on the potential mechanisms behind those results
should be further investigated to evaluate its relation to and impact on lung cancer recurrence
and progression. Overall, there is a lack of published literature evaluating the relationship
between nSES and lung cancer recurrence and progression risk. The results observed in our
research address the gap in the current literature - the hazardous associations for lung cancer
recurrence and progression observed in our study remained even after adjusting for
individual-level confounding variables, and this is consistent with current literature with respect
to primary lung cancer.

We do recognize some limitations in our study. First, we focused our outcome definition
on overall survival instead of lung cancer-specific mortality because specific causes of death
were not often documented in this patient population. However, due to the aggressiveness of
lung cancer (especially among the patients who have late-stage lung cancer), it is reasonable to
assume that overall survival in our study was highly correlated to lung cancer, and this was

verified with our results from the semi-competing risks analyses. Second, bias may have been
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present in which the terminal event of death may censor the non-terminal event of lung cancer
recurrence and progression. To address this, we performed several sensitivity analyses and
observed similar exposure-response relationships between nSES exposures and lung cancer
recurrence and progression and overall survival as compared to the main results. We recognize
that the hazard ratios for the recurrence-free and progression-free survival outcomes are
consistently attenuated compared to those for the overall survival outcome in the main analysis.
This provides slight evidence that there is some degree of "canceling out" of the effect of nSES
variables, when looking at the composite endpoint of recurrence/progression or death, as
opposed to only death. The semi-competing risks model provides additional information for the
different trajectories a patient may encounter, beginning from a healthy life, disease onset, then
onto death. Based on the model results, it indicates that residing in a zipcode where the
neighborhood population had low education and income levels is, in fact, hazardous and, as a
result, people experience death much sooner than they normally would had they lived in a
zipcode where the neighborhood population had higher education and income levels. This
indicates that most patients experience death before experiencing recurrence or progression.
Third, this study estimated patient exposure using the zipcode reported at their baseline visit of
lung cancer diagnosis. However, we assume the number of patients who actually permanently
relocated to another zipcode in quite small. Fourth, we recognize that zipcodes were originally
designed and formed on the basis of delivering mail. This may introduce some exposure
misclassification in our data; however, we believe this to be non-differential across our stud
population. Finally, we were not able to access individual level SES data. However, this study
was able to utilize quite a large sample size of over 3,000 lung cancer patients for appropriate

statistical power, which should dramatically decrease the degree of bias that may result from our
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exposure estimation. As such, we encourage that a follow-up study from this research should
include a mediation analysis and effect modification with behavioral risk factors.

The study’s findings add to the current body of literature regarding lung cancer
recurrence and progression, primarily addressing a gap of research present in the environmental
setting. Our results likely reflect the high severity of lung cancer recurrence and progression in
this population and might reflect the observed lung cancer recurrence and progression etiologies
in other research studies, along with the various neighborhood health policies and programs.
Studying differences across populations is important because the etiology of lung cancer
recurrence and progression conditions and environmental conditions appears to vary by
country*'. Over 90% of the patients in our study are White, and there is a large racial and
ethnic disparity in health of adults, and this may have a downstream effect when evaluating
neighborhood racial and ethnic differences'. Hence why it is important to conduct similar
studies such as this in other ethnic groups and geographical settings. Nonetheless, to the best of
our knowledge, we are not aware of access to environmental exposures and lung cancer
recurrence and progression studies in most parts of the world, thus making our data unique in
this field. Our present findings highlight the potential importance of neighborhood level SES in
patients diagnosed with lung cancer, even after they have received successful treatment.

Our results suggest that neighborhood level SES may be an important factor in lung
cancer recurrence and progression risk, and further action needs to be taken to protect our most
vulnerable populations residing in disadvantaged settings. Surprisingly, an increased risk of
recurrence or progression was observed even at an annual household income of $75,000, which
is very much above the nation’s poverty level and median income in many states. For reference,

according to data in 2024, the federal poverty level for a household of eight is approximately
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$60,000, and the federal median income is sitting right about $74,000. Similar trends were
observed in terms of education level as well. According to our study results, an increased risk
was observed even at an average education level of 4 years or more of college. According to data
from the Census published in 2021, less than 25% of adults aged 25 and over had 4 years or
more of college across the entire nation. These numbers demonstrate that this issue is not only
limited to individuals living in severe poverty or low education levels. Further research should
focus on evaluating other nSES factors that were not included in our study. Additionally,
research on the mechanisms and proxies for such nSES is heavily warranted. For example, as
observed in studies of lung cancer risk® , neighborhoods with higher poverty levels may have a
higher likelihood of exposure to environmental carcinogens (e.g. industrial processes, etc.),
which may in turn, increase their risk of lung cancer recurrence and progression. Our results
suggest that a patient’s living situation should be taken into consideration when determining
treatment plans and follow-up protocols for patients diagnosed with lung cancer, to monitor their
risk of developing recurrence and progression. This could assist with risk-stratifying patients as
well, way before they encounter recurrence or progression. Ensuring an appropriate and
systematic assessment of outcomes on patients is vital in detangling the effects of environmental
exposures versus individual exposures, on lung cancer recurrence and progression risk. With this,
physicians may be able to stratify patients, based on potential recurrence or progression risk,
much earlier on in their lung cancer prognosis. This, in turn, may help inform both medical and
patient decisions (who are newly diagnosed with lung cancer) in housing and neighborhood
adjustments, including relocation considerations. As a result, physicians and social workers will
be better equipped to provide failored and targeted recommendations based on a patient’s living

situation, all in hopes to decrease lung cancer recurrence and progression risk. However, the
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responsibility should not fall solely on the health workers and patients, but also on policy
changes and interventions. We believe that our results highlight the need and importance of
targeted policy improvements and developments for disadvantaged neighborhoods.

This research is the first of its kind to examine the effects of neighborhood SES on lung
cancer recurrence or progression risk, and additional research is warranted to further identify the
specific, modifiable pathways by which neighborhood context may impact disease risk.There
may be additional racial/ethnic disparities in the incidence of our outcome that were not assessed
in our study, but should be further explored in future research. Our findings suggest that factors
other than smoking in disadvantaged neighborhoods, including proxy measures, may be linked to
lung cancer recurrence or progression risk, and understanding such factors must be further
researched and understood. Only then can such factors be targeted with policy interventions in
order to achieve health equity across the population. Primarily, our results highlight the
importance of increasing access and decreasing barriers to higher education. Targeted
interventions need to take place in order to reduce poverty concentrations in disadvantaged
neighborhoods. It is the goal of our study to identify the risk factors of lung cancer recurrence or
progression, and encourage additional action to reduce such health disparities across the
population. This will, in turn, improve lung cancer recurrence and progression outcomes while

simultaneously reducing health disparities across the globe.
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CONCLUSIONS
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These findings from this dissertation suggest that environmental factors, including
occupational carcinogens, despite the tremendous improvements over the decades, are still very
prevalent in today’s society and that they can be very detrimental to human health. By utilizing
advanced and recently developed statistical methods such as semi-competing risks model
analysis, these results provide insights into how environmental exposures affect lung cancer
recurrence and progression risk.

For example, neighborhood factors such as a low education level and household income
can be detrimental to lung cancer recurrence and progression. In addition, occupational exposure
to lung carcinogens can increase the risk of lung cancer recurrence and progression. There needs
to be an increase in access and decrease in barriers to higher education. Efforts need to be
actively made to reduce poverty concentration across all communities. The results presented here
clearly demonstrate that this is not only an issue for those in poverty or low education levels, but
for everyone across the nation.

The methodological rigor utilized in this dissertation significantly strengthens the
reliability and validity of these findings. In conclusion, this dissertation adds significant
contributions to the field of environmental and occupational health by elucidating how exposure
to environmental hazards can increase the risk of lung cancer recurrence and progression. The
results from this dissertation provides us with insight as to the potential opportunities for
intervention to reduce lung cancer recurrence and progression risk. This indicates that
environmental exposures may be an important factor in lung cancer prognosis risk. As a result,
additional interventions and policies should be incorporated to improve the population’s

environmental setting.
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Environmental health impacts everyone, because most of our lifetime is spent either at
work or at home. If our environment is unhealthy and hazardous, then our health also suffers
detrimentally. Environmental health and exposures may not always be obvious to the naked eye,
primarily because it can take a long time to accumulate and present itself as a disease. However,
the responsibility of environmental health and protection falls on all of us across all levels, and it
requires a team effort and commitment from all of us around the world. Environmental health is

the key that connects us all together.
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SUPPLEMENTAL INFORMATION
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Table 1.3.1: Occupational Exposure to PAHs (Score Method) and Its Impact on
Lung Cancer Recurrence-Free and Progression-Free Survival and Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.29 (1.16, 1.44)

Progression

Death 1.36 (1.22, 1.52)
Age Recurrence/ | 1.02 (1.01, 1.02)

Progression

Death 1.02 (1.02, 1.03)
White Race Recurrence/ | 1.23 (0.92, 1.65)

Progression

Death 1.31(0.97, 1.77)
Former or Current Recurrence/ | 1.17 (1.04, 1.31)
Smoker Progression

Death 1.23 (1.09, 1.38)
Late Stage Recurrence/ | 3.11 (2.78, 3.47)

Progression

Death 3.32(2.96, 3.73)
PAHs (Score Method)* | Recurrence/ | 1.02 (1, 1.04)

Progression

Death 1.04 (1.01, 1.06)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 1.3.2: Occupational Exposure to Engine Emissions (Score Method) and Its
Impact on Lung Cancer Recurrence-Free and Progression-Free Survival and
Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.31(1.17, 1.46)

Progression

Death 1.40 (1.24, 1.57)
Age Recurrence/ | 1.02 (1.01, 1.02)

Progression

Death 1.02 (1.02, 1.03)
White Race Recurrence/ | 1.24 (0.93, 1.65)

Progression

Death 1.31 (0.97, 1.78)
Former or Current Recurrence/ | 1.17 (1.04, 1.31)
Smoker Progression

Death 1.23 (1.09, 1.38)
Late Stage Recurrence/ |[3.10(2.77, 3.47)

Progression

Death 3.32(2.96, 3.73)
Engine Emissions Recurrence/ | 1.01 (1, 1.03)
(Score Method)* Progression

Death 1.02 (1.01, 1.04)

"Model is adjusted for age, sex, race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 1.3.3: Occupational Exposure to MAH and Its Impact on Lung Cancer
Recurrence-Free and Progression-Free Survival and Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.29 (1.15, 1.45)

Progression

Death 1.37 (1.21, 1.54)
Age Recurrence/ [ 1.02 (1.01, 1.02)

Progression

Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.24 (0.93, 1.66)

Progression

Death 1.32 (0.98, 1.79)
Former or Current Recurrence/ | 1.17 (1.05, 1.31)
Smoker Progression

Death 1.23 (1.09, 1.38)
Late Stage Recurrence/ | 3.11 (2.78, 3.48)

Progression

Death 3.33(2.96, 3.74)
MAH (Score Method)* | Recurrence/ | 1.01 (0.98, 1.04)

Progression

Death 1.02 (1.01, 1.04)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 1.3.4: Occupational Exposure to PAHs and Its Impact on Lung Cancer
Recurrence-Free and Progression-Free Survival and Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.29 (1.16, 1.44)

Progression

Death 1.34 (1.20, 1.50)
Age Recurrence/ [ 1.02 (1.01, 1.02)

Progression

Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.23 (0.92, 1.64)

Progression

Death 1.31(0.97, 1.77)
Former or Current Recurrence/ | 1.16 (1.03, 1.30)
Smoker Progression

Death 1.21 (1.08, 1.36)
Late Stage Recurrence/ | 3.11 (2.78, 3.48)

Progression

Death 3.33(2.97,3.75)
PAHs Recurrence/ | 1.19 (1.06, 1.32)

Progression

Death 1.22 (1.09, 1.36)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 1.3.5: Occupational Exposure to Engine Emissions and Its Impact on Lung
Cancer Recurrence-Free and Progression-Free Survival and Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.33 (1.19, 1.49)

Progression

Death 1.39 (1.24, 1.56)
Age Recurrence/ [ 1.02 (1.01, 1.02)

Progression

Death 1.02 (1.02, 1.03)
White Race Recurrence/ | 1.22 (0.91, 1.62)

Progression

Death 1.30 (0.96, 1.76)
Former or Current Recurrence/ | 1.15(1.03, 1.29)
Smoker Progression

Death 1.21 (1.07, 1.36)
Late Stage Recurrence/ | 3.13 (2.80, 3.50)

Progression

Death 3.35(2.98,3.77)
Engine Emissions Recurrence/ | 1.25(1.12,1.4)

Progression

Death 1.31 (1.17, 1.46)

"Model is adjusted for age, sex, race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 1.3.6: Occupational Exposure to MAH and Its Impact on Lung Cancer
Recurrence-Free and Progression-Free Survival and Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.33 (1.19, 1.49)

Progression

Death 1.38 (1.23, 1.55)
Age Recurrence/ [ 1.02 (1.01, 1.02)

Progression

Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.25(0.94, 1.67)

Progression

Death 1.34 (0.99, 1.81)
Former or Current Recurrence/ | 1.16 (1.04, 1.30)
Smoker Progression

Death 1.22 (1.09, 1.37)
Late Stage Recurrence/ | 3.11 (2.78, 3.48)

Progression

Death 3.33(2.96, 3.74)
MAH Recurrence/ | 1.19 (1.06, 1.34)

Progression

Death 1.19 (1.06, 1.35)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 1.4.1: Occupational Exposure to a Given Number of Lung Carcinogens
(And Covariates) and Their Impact on Lung Cancer Recurrence-Free and

Progression-Free Survival and Overall Survival

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.31(1.18, 1.46)

Progression

Death 1.36 (1.22, 1.52)
Age Recurrence/ | 1.02 (1.01, 1.02)

Progression

Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.24 (0.93, 1.65)

Progression

Death 1.32 (0.98, 1.79)
Former or Current Recurrence/ | 1.16 (1.03, 1.30)
Smoker Progression

Death 1.21 (1.08, 1.36)
Late Stage Recurrence/ |[3.11 (2.78, 3.48)

Progression

Death 3.33 (2.96, 3.74)
Exposure to Two or Recurrence/ | 1.22 (1.09, 1.36)
more lung carcinogens Progression

Death 1.25(1.11, 1.39)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status
*Continuous variable is per 10-unit increase in occupational exposure scoring method
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Table 3.3.1: Neighborhood Population (Majority) Education Level and The Impact
on Lung Cancer Recurrence-Free and Progression-Free Survival and Overall

Survival'
Exposure Outcome HR (95% CI)
Male Sex Recurrence/ [ 1.26 (1.18, 1.36)
Progression
Death 1.33 (1.24,1.43)
Age Recurrence/ | 1.02 (1.02, 1.02)
Progression
Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.00 (0.85, 1.18)
Progression
Death 1.06 (0.90, 1.26)
Former or Current Recurrence/ | 1.19 (1.10, 1.29)
Smoker Progression
Death 1.24 (1.15, 1.35)
Late Stage Recurrence/ [ 3.18 (2.95, 3.43)
Progression
Death 3.34 (3.08, 3.61)
Zipcode Where a Recurrence/ | 1.02 (0.94, 1.11)
Majority of the Progression
Neighborhood
Population Has Less
Than 4 Years of
College*
Death 1.09 (1, 1.18)

"Model is adjusted for age, sex, race, lung cancer stage, and smoking status

*Majority is defined as above 50%
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Table 3.3.2: Neighborhood Population (Majority) Income Level and The Impact
on Lung Cancer Recurrence-Free and Progression-Free Survival and Overall

Survival'
Exposure Outcome HR (95% CI)
Male Sex Recurrence/ | 1.26 (1.17, 1.35)
Progression
Death 1.33 (1.24, 1.43)
Age Recurrence/ | 1.02 (1.02, 1.02)
Progression
Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.01 (0.86, 1.19)
Progression
Death 1.08 (0.91, 1.28)
Former or Current Recurrence/ | 1.19 (1.10, 1.29)
Smoker Progression
Death 1.25 (1.15, 1.35)
Late Stage Recurrence/ | 3.18(2.95, 3.43)
Progression
Death 3.34 (3.08, 3.61)
Zipcode Where a Recurrence/ | 1.1 (1.02,1.18)
Majority of the Progression
Neighborhood
Population Has An
Annual Household
Income Below $75,000*
Death 1.13 (1.05, 1.22)

"Model is adjusted for age, sex, race, lung cancer stage, and smoking status

*Majority is defined as above 50%
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Table 3.3.3: Neighborhood Population Education Level and The Impact on Lung
Cancer Recurrence-Free and Progression-Free Survival and Overall Survival'

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.26 (1.17, 1.35)
Progression
Death 1.33 (1.24,1.43)
Age Recurrence/ | 1.02 (1.02, 1.02)
Progression
Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.00 (0.85, 1.18)
Progression
Death 1.07 (0.90, 1.27)
Former or Current Recurrence/ | 1.18 (1.09, 1.28)
Smoker Progression
Death 1.24 (1.14, 1.34)
Late Stage Recurrence/ | 3.18(2.95, 3.44)
Progression
Death 3.34 (3.09, 3.62)
Zipcode Where a Recurrence/ | 1.02 (1.01, 1.05)
Majority of the Progression
Neighborhood
Population Has Less
Than 4 Years of
College*
Death 1.04 (1.02, 1.06)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status

*Continuous variable is per 10-unit increase in percentage of the neighborhood population
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Table 3.3.4: Neighborhood Population Income Level and The Impact on Lung
Cancer Recurrence-Free and Progression-Free Survival and Overall Survival'

Exposure Qutcome HR (95% CI)!
Male Sex Recurrence/ | 1.26 (1.17, 1.35)
Progression
Death 1.33 (1.23,1.43)
Age Recurrence/ | 1.02 (1.02, 1.02)
Progression
Death 1.03 (1.02, 1.03)
White Race Recurrence/ | 1.01 (0.86, 1.20)
Progression
Death 1.09 (0.91, 1.29)
Former or Current Recurrence/ | 1.19 (1.10, 1.28)
Smoker Progression
Death 1.24 (1.14, 1.34)
Late Stage Recurrence/ | 3.18(2.95, 3.44)
Progression
Death 3.34 (3.09, 3.61)
Zipcode Where a Recurrence/ | 1.03 (1.01, 1.05)
Majority of the Progression
Neighborhood
Population Has An
Annual Household
Income Below $75,000*
Death 1.04 (1.02, 1.06)

"Model is adjusted for age, sex,

race, lung cancer stage, and smoking status

*Continuous variable is per 10-unit increase in percentage of the neighborhood population
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