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General introduction







Lung cancer epidemiology

General introduction

At the start of the 20t century, lung cancer was considered a rare disease by many

physicians.>2 However, with the increase in the consumption of tobacco, a stark increase in

lung cancer incidence and mortality occurred, as shown for the United States (U.S.) in Figure

1.

Figure 1: Trends in cigarette consumption and male and female lung cancer death rates in the U.S.
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Source: Cancer Risk Factors and Screening 2016; a presentation from the American Cancer Society, © 2016

American Cancer Society. Reproduced with kind permission from the American Cancer Society.?

The causal relation between smoking and lung cancer is well known in this day and age, but

this has not always been the case. Initially, there was uncertainty whether there was a true

increase in the incidence of lung cancer or whether this increase could be attributed to

other factors such as improvements in diagnosis of the disease.*> However, it became

increasingly apparent that the rise in incidence of lung cancer could not be accounted for by

improvements in diagnostic methods alone, warranting investigation into the cause(s) of

this increase.®” While an increasing number of retrospective (case-control) studies
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suggested that smoking was associated with lung cancer, the existence of a causal relation
between the two was disputed, in part due to the retrospective design of these studies.?12
Instead, some suggested tar dust from new roads and air pollution as potential causes.'34
However, when the initial results of the British Doctors’ Study and the follow-up study of the
American Cancer Society, some of the first prospective cohort studies ever performed, were
published in 1954, the existence of a causal relation between tobacco smoking and lung
cancer started to become more increasingly accepted among researchers.’>® In response
to these studies, the tobacco industry aggressively promoted the suggestion that there was
controversy on the causal relation between tobacco smoking and lung cancer within the
scientific community, in order to cast doubts on the harmful effects of smoking.!’ The
efforts of the tobacco industry were successful in influencing the perception of the general
public: while 90% of respondents of a 1954 U.S. Gallup poll indicated that they had read or
heard reports that “cigarettes may be one of the causes of lung cancer”, only 41% indicated

that they believed that “cigarette smoking is one of the causes of lung cancer” 8*°

This changed with the release of the U.S. Surgeon General’s report of 1964, which stated
that “Cigarette smoking is causally related to lung cancer in men; the magnitude of the
effect of cigarette smoking far outweighs all other factors. The data for women, though less
extensive, point in the same direction”.?° While previous Surgeon Generals and various
medical associations worldwide had given similar statements, the 1964 report had a much
greater impact.?>* The Surgeon General who initiated the report, Luther Terry, noted: "The
report hit the country like a bombshell. It was front page news and a lead story on every

radio and television station in the United States and many abroad”.?*

The U.S. Surgeon General’s Report of 2014 reflected on the 50 years of progress since the
original report.?3 Since the release of the 1964 report, the U.S. and other countries have
implemented various tobacco control policies, such as tax increases on cigarettes,
advertising restrictions and smoke-free air laws.?3?>2’ An overview of the implementation of
some tobacco control policies and the per capita cigarette consumption in the U.S. is

provided in Figure 2.
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The 1964 Surgeon General’s report and subsequent public health efforts also drastically
altered the perception of the general public on the relationship between cigarettes and lung
cancer: in a 1969 Gallup poll, 71% of respondents now answered that they believed that
“cigarette smoking is one of the causes of lung cancer”, and this further rose to 92% in

1999.1819

However, despite decades of tobacco control policies and public awareness on the harmful
effects of tobacco smoking, lung cancer still remains a major public health problem. In 2012,
1.8 million new cases and 1.6 million lung cancer deaths were estimated to have occurred
worldwide.?®?° Overall, lung cancer accounts for 13% of all cancer cases and 19% of all
cancer related deaths, which makes it the leading cause of cancer related mortality.?%2°
Even though smoking prevalence is still decreasing, lung cancer and other smoking-related
diseases are expected to remain a major public health problem worldwide for decades to

come.?8
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Figure 2: Trends in cigarette consumption and major smoking and health events

Figure 2.1  Adult® per capita cigarette consumption and major smoking and health events, United States, 1900-2012
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Etiology of lung cancer

The lungs are part of the body’s respiratory system, located in the thoracic cavity of the

chest, as shown in Figure 3. The main functions of the lungs are to 1) extract oxygen from
inhaled air and transfer it into the bloodstream and 2) to release carbon dioxide from the
bloodstream through exhalation.?° Air is inhaled through the nose and mouth and moves

through the trachea located in the neck and chest to the lungs.
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Figure 3: Location of the lungs
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There, it divides into two branches, the main bronchi, with each going to one of the lungs, as
shown in Figure 4. The main bronchi further split out into separate branches, the smaller
bronchi, throughout the lungs with each branch ending at a great number of tiny sacs: the
alveoli. These alveoli are surrounded by blood vessels, allowing the transfer of oxygen and
carbon dioxide between the lungs and the bloodstream. The lungs can be divided into a
number of sections: lobes. The left lung can be divided into an upper lobe and a lower lobe;
the heart is located next to the lower lobe of the left lobe, in a groove called the cardiac
notch. The right lung is larger than the left lung and can be divided into three lobes: an
upper, middle and lower lobe. The lungs themselves are covered by the pleura, a membrane

which protects the lungs and allows them to move in the chest cavity.
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Figure 4: Structure of the lungs
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Lung cancers are cancerous tumors that can develop within different areas of the lung. Lung
cancers can be grouped into two main types: small cell lung cancers and non-small cell lung

cancers.

Small cell lung cancers

Small cell lung cancers derive their name from their size compared to other cells in the lung
area when observed under a microscope and account for approximately 13% of all lung
cancers.32 This type of lung cancer often occurs in the central area of the lung, near the
hilum (where the bronchus enters the lung).3 Small cell lung cancer is the most aggressive
type of lung cancer and at the time of diagnosis, 60-70% of patients present with extensive
disease, in which case the disease is too widespread to fit within a radiation field or has

spread to other organs.3

Non-small cell lung cancers
Within the non-small cell lung cancers, two major groups can be distinguished: squamous
cell carcinomas and adenocarcinomas.3*> Squamous cell carcinomas develop in the

epithelium, a type of tissue that lines the passages of the lungs and currently account for
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approximately 23% of all cases.3%33 Like small cell lung cancers, this type of cancer generally

occurs in the central areas of the lung.

Adenocarcinomas are malignant epithelial tumors which form in the mucus-secreting glands
of the lung; some types of adenocarcinomas are mucus-producing.®® These cancers are
often found in the peripheral areas of the lung. Adenocarcinomas are currently the most

common type of lung cancer, accounting for approximately 45% of all cases.3%3335-38

Non-small cell lung cancers that cannot be distinguished as either squamous cell carcinomas
or adenocarcinomas are composed of a wide range of different types of lung cancers. In this
thesis, these cancers are grouped together and referred to as “other non-small cell lung

cancers”, accounting for the remaining 19% of all cases.??

Interventions to reduce lung cancer mortality

Primary prevention

Smoking is estimated to account for 75-90% of all lung cancer cases.3%*° Therefore,
preventing the uptake of smoking in younger individuals would greatly reduce the incidence
of lung cancer in the future, as few individuals start smoking after the age of 30.442 For
current smokers, smoking cessation is an effective way to reduce their risk for developing
lung cancer; cessation at any age reduces the risk of developing lung cancer and death from

other diseases.*34>

Since the publication of the 1950’s Surgeon General’s report, a number of smoking cessation
policies have been implemented in the U.S. and worldwide, such as smoke-free air laws for

work-places, restaurants and bars; smoking cessation counseling and prevention of smoking
uptake among youths.?%232527 |n particular, tax increases have been proven to be effective;

a 1% price increase is suggested to reduce cigarette consumption by 0.3-0.5%.%¢
Modeling analyses estimate that changes in smoking behaviors in the U.S. (primarily due to

tobacco control measures) have averted almost 800,000 lung cancer deaths in the period

1975-2000.%4” However, this only accounts for 32% of the lung cancer deaths in the U.S. in
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this period that could have been averted if smoking in the U.S. had ceased in 1965, as shown

in Figure 5.

Figure 5: Lung cancer death rates in the United States by different scenarios of tobacco control, assuming:
No Tobacco Control (NTC) measures were taken, Actual Tobacco Control (ATC) as occurred in reality and if

smoking had been eliminated through Complete Tobacco Control (CTC)
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Source: Moolgavkar, Journal of the National Cancer Institute , 2012. Reprinted with kind permission from

Oxford University Press.*”

Thus, smoking cessation and prevention of smoking initiation among youths is effective in
preventing lung cancer (as well as other tobacco-related diseases) and further tobacco
control measures should be encouraged. However, former smokers still remain at elevated
risk for developing lung cancer compared to never-smokers for decades after smoking
cessation, as shown in Figure 6.#34>48 Therefore, developments in treatment and other

forms of prevention are essential to further reduce the burden of lung cancer.
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Figure 6: Effects of stopping smoking at various ages on the cumulative risk (%) of death from lung cancer up
to age 75, at death rates for men in the United Kingdom in 1990
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Reproduced from: Smoking, smoking cessation, and lung cancer in the UK since 1950: combination of national
statistics with two case-control studies, Peto et al British Medical Journal, volume 321, issue 7257, pages 323-

329, 2000, with kind permission from BMJ Publishing Group Ltd. #

Treatment

Oschner, DeBakey and Dixon wrote in 1948 that “Primary cancer of the lung was considered
a relatively rare and hopeless disease until about fourteen years ago. Since that time both of
these concepts have been refuted” .*® Lung cancer is indeed far from a rare disease at this
moment in time, however, while the diagnosis of lung cancer may not lead to a hopeless
prognosis, it is still often a pessimistic one. Although the overall five-year lung cancer
survival rate in the U.S. in 2012 had improved by over 50% compared with 1975, it was still
less than 19% 32 In contrast, current five-year survival rates for colorectal cancer and
leukemia were over 60%, while those for female breast cancer and prostate cancer were

over 90%, as shown in (Figure 7).
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Figure 7: Relative 5-year survival for four major cancer sites in the United States over different time periods
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Suggested treatment for lung cancer differs between small cell and non-small cell lung
cancers. Small-cell lung cancers are generally treated with a combination of radiotherapy
and chemotherapy.3* The treatment of non-small cell lung cancers is largely dependent on
the stage of detection, as shown in Figure 8. Early stage (stages I/1l) non-small cell lung
cancers are generally treated with surgery, while late stage (stages IlI/IV) lung cancers are

treated with chemotherapy and/or radiotherapy.>°
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Figure 8: Treatment patterns for non-small cell lung cancer by stage in 2013
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Atlanta: American Cancer Society, Inc. Used with kind permission of the American Cancer Society. *°

However, while the types of chemotherapy, radiotherapy and surgery have improved, little
has changed in general treatment patterns since the 1950’s.>! In fact, Oschner, DeBakey and
Dixon already favored surgical resection in 1948: “The only curative treatment for cancer of
the lung is surgical extirpation of the tumor-bearing lung and regional lymph nodes” .*°
Unfortunately, most lung cancers are detected at a late stage (over 50%), in which the
cancer has spread to another organ or part of the body (metastasized, denoted as stage V),
as shown in Figure 9. At this point, curative surgery is generally not possible and as a result,
the 5-year survival for lung cancers detected in this state is less than 10%, as shown in

Figure 10.
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Figure 9: Proportion of lung cancers by state at detection. Localized: the cancer is confined to the primary
site. Regional: the cancer has spread to regional lymph nodes
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Cancer. Reproduced with kind permission from the U.S. National Cancer Institute.3%>2

Figure 10: 5-year relative lung cancer survival by state at detection. Localized: the cancer is confined to the
primary site
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the U.S. National Cancer Institute.3%>?
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Screening

Given that curative treatment (generally surgery) is generally only possible for early stage
lung cancers, the detection of lung cancer at an earlier stage could improve the potential for
curative treatment. This was already noted by Oschner, DeBakey and Dixon: “..it seems
reasonable to believe that with greater awareness of the problem of pulmonary malignancy,
and consequent increase in the proportion of cases that are diagnosed early, there should be
considerable improvement in the survival rates of the disease”.*° The detection of lung
cancer at an earlier stage could potentially be achieved through screening: the examination

of individuals in order to detect asymptomatic disease at an earlier stage with the aim to

improve prognosis.>3

The first investigations into lung cancer screening started in the 1960’s and 1970’s and
investigated chest radiography screening, sometimes in combination with sputum cytology,
but none of the randomized clinical trials from this period showed a benefit for chest
radiography screening.>*®! However, the trials from this period all suffered from
methodological shortcomings, which caused uncertainty on the effectiveness of chest

radiography screening to remain.%!

The interest in screening for lung cancer diminished in the 1980’s after the trials of the
1960’s and 1970’s failed to show any benefits. However, interest in screening for lung
cancer was rekindled with the advent of computed tomography. A number of single-arm
studies on computed tomography screening showed promising results for detecting lung
cancer at an early stage, in particular the International Early Lung Cancer Action Project (I-
ELCAP), in which 85% of the lung cancers detected through screening were found in stage |,

with an estimated 10-year survival rate of 88%.52%4

However, improvements in survival rates do not necessarily translate to a mortality
reduction, due to lead-time bias and length-time bias.®> Lead-time bias refers to the case
where the time of detection of the disease is advanced due to screening, but the time of
death remains unaltered, artificially increasing the survival rates without extending the
person’s life. Length-time bias occurs due to screening favoring the detection of slower

growing and less aggressive cancers, which have a better survival compared to more
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aggressive tumors, again artificially increasing survival. Therefore, these single-arm studies
could not provide an unbiased answer on the effectiveness of computed tomography

screening.

The absence of definite answers on the effectiveness of chest radiography and computed
tomography screening led to the inception of a number of randomized controlled trials in

the 1990’s and the 2000’s, which will be discussed in the next section.

Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial

The lung component of the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening
Trial was meant to provide a definite answer on the effect of chest radiography screening on
lung cancer mortality.®®®” In the lung component of this randomized controlled trial,
154,901 individuals aged 55 through 74 years were randomized to either four annual chest
radiography screens (77,445 individuals) or usual care (no screening, 77,456 individuals)
across 10 screening centers in the United States, between November 1993 and July 2001.
There were no requirements with regards to smoking history to be eligible for participating
in the PLCO, however, never-smoker participants randomized after April 1995 were not
offered the fourth screen. After thirteen years of follow-up, no evidence of a reduction in
lung cancer mortality was found for chest radiography screening compared to no

screening.%8

National Lung Screening Trial

The National Lung Screening Trial (NLST) was a randomized controlled screening trial, which
compared lung cancer screening with low-dose computed tomography (CT) to chest
radiography screening.®® The NLST randomized 53,454 individuals between the ages of 55
and 74 to either three annual chest radiography screens (26,732 individuals) or three
computed tomography screenings (26,722) from August 2002 through April 2004 across 33
medical centers in the United States. Participants were required to be current or former
smokers (who quit less than 15 years) and to have had accumulated a minimum smoking
exposure of 30 pack-years to be eligible for participation. The NLST found a significant

relative reduction in lung cancer mortality of 20% for CT screening compared to chest
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radiography screening, as well as an relative reduction in all-cause mortality of 6.7%.7°
Analyses in a subset of PLCO participants that met the eligibility criteria of the NLST also
found no evidence of a reduction in lung cancer mortality for chest radiography screening
compared to no screening.%® Given the similarity between the NLST-eligible PLCO
participants and NLST participants, the PLCO investigators suggested that the mortality
reduction found for CT screening compared to chest radiography screening in the NLST

should approximate the mortality reduction for CT screening compared to no screening.®®

European lung cancer screening trials

In Europe, a number of lung cancer screening trials are currently ongoing or have recently
published (preliminary) results: the Danish Lung Cancer Screening Trial (DLCST), the
Multicentric Italian Lung Detection (MILD) study, the Italian Lung (ITALUNG) study, the
Italian Detection And screening of early lung cancer with Novel imaging Technology (DANTE)
trial, the German Lung Cancer Screening Intervention Trial (LUSI) and the United Kingdom
Lung Cancer Screening (UKLS).”Y7®¢ However, the Dutch-Belgian randomized lung cancer
screening trial (NELSON) is the only randomized controlled trial in Europe that has sufficient

power to show a lung cancer mortality reduction of 25% after ten years of follow-up.”’

In NELSON, 15,792 individuals aged between 50 and 75 years were randomized to either
four CT screens (at baseline, one year after baseline, three years after baseline and five-and-
a-half years after baseline, 7,900 individuals) or regular care (no screening, 7,892
individuals) from December 2003 to July 2006 across four screening sites.”® Participants
were required to be current smokers or former smokers who had quit smoking less than 10
years ago and to have had accumulated a smoking history of >15 cigarettes a day for >25
years or >10 cigarettes a day for >30 years. One of the defining features of the NELSON trial
is the nodule management protocol, which considers not only the diameter of detected lung
nodules, but also their volume.”® This protocol based on nodule volumetry has yielded a
substantially lower proportion of false-positive screens compared to the protocol used in
the NLST, which was based on nodule diameter (1.2% in the NELSON trial compared with
23.3% in the NLST).70.80-82
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Microsimulation modeling of lung cancer screening

Randomized clinical trials are essential to provide information on the efficacy of screening.
However, participants in randomized clinical trials may not be representative for the general
population, which may limit the trial’s generalizability. For example, a comparison between
the participants of the NLST and the part of the general U.S. population that met the NLST’s
age and smoking history eligibility criteria suggested that the NLST participants were
younger, higher educated and less likely to be current smokers.23 Furthermore, within a
(series of) randomized controlled trial(s), only a limited number of screening strategies can
be considered. Finally, the follow-up duration of randomized clinical trials is often limited,

which complicates deriving information on the long-term benefits and harms of screening.

Indeed, although the NLST showed that CT screening can reduce lung cancer mortality,
many questions remained on whether and how to implement a lung cancer screening
program, such as which persons to invite for screening, and the optimal screening
regimen.’® For example, further analyses of the NLST participants suggested that the 60% of
participants at the highest risk for lung cancer mortality accounted for 88% of the prevented
lung cancer deaths, while the 20% of participants at the lowest risk accounted for 1% of the
prevented lung cancer deaths.?* This finding suggests the selection of individuals for lung
cancer screening could be optimized through risk stratification. Furthermore, whether to
recommend the implementation of a lung cancer screening program requires a careful
evaluation of the balance between the benefits, harms and costs of such a program.
Concerns were raised on the harmful effects of false-positive screening results and the
extent of overdiagnosis (the detection of a disease that would never have been detected, if
screening had not occurred) resulting from the implementation of a lung cancer screening
program, as well as the cost-effectiveness of such a program.’® The NLST investigators
indicated that these questions would be unlikely to be investigated by new randomized

trials, but that (microsimulation) modeling could be used to address these questions.”®
Modeling has proven to be a valuable tool in bridging the gap between published evidence

and the information needed to develop clinical guidelines, for example for breast cancer and

colorectal cancer screening.®> The Microsimulation SCreening ANalysis (MISCAN) Lung
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model is used to address a number of the research questions posed in this thesis. In brief,
MISCAN-Lung simulates the life histories of individuals from birth until death, in the
presence and absence of screening. The model simulates both ever- and never-smokers; for
ever-smokers, a smoking history is generated which influences the probability of developing
preclinical lung cancer and the probability of dying from other causes. Through comparing
the life histories in the presence and absence of screening, MISCAN-Lung can estimate the
costs and effects of screening. This information can be used to identify which groups of
individuals should be invited for screening and identify the optimal screening regimen to

implement.

MISCAN-Lung is one of the models used by the Lung Working Group of the Cancer
Intervention and Surveillance Modeling Network (CISNET, www.cisnet.cancer.gov). CISNET is
a consortium of research groups funded by the United States’ National Cancer Institute
(NCI) which uses statistical modeling to evaluate the impact of cancer control interventions
with regards to prevention, screening and treatment. Within CISNET, research groups
compare and contrast the results of independently developed models. This provides a
framework for comparative modeling, which provides more robust estimates compared to
studies based on a single model and is encouraged by the International Society for
Pharmacoeconomics and Outcomes Research (ISPOR).2 Part of the work in this thesis was

conducted through the lung cancer working group of the CISNET consortium.

An initial version of the MISCAN-Lung model was used to evaluate the impact of tobacco
control on U.S. lung cancer mortality in a joint analysis with other CISNET modelers.*”8
However, this version of the MISCAN-Lung model did not incorporate the information
provided by the NLST and the PLCO. The NLST provides valuable information on the
effectiveness of CT screening for lung cancer and the epidemiology of lung cancer in
participants with an extensive smoking history.”® While the PLCO did not show a significant
reduction in lung cancer mortality, the trial provides insights in lung cancer epidemiology
across participants with a wide variety of smoking histories.®® In addition, the usual care arm
of the PLCO provides information on lung cancer epidemiology in the absence of screening,

in contrast to the NLST which did not have an unscreened control arm. Part of this thesis

describes how the information provided by the NLST and the PLCO is incorporated in the
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MISCAN-Lung model and how this information can be used to evaluate the long-term
benefits and harms of lung cancer screening in populations other than those considered in

randomized clinical trials.

Research questions and outline of this thesis

In this thesis, the effects of the implementation and optimization of lung cancer screening
through risk stratification will be investigated. This thesis is divided into three parts, with

each part addressing one of the following research questions:

1: What additional insights can models provide beyond the observed data of randomized

controlled trials?

2: What are the long-term benefits and harms of lung cancer screening policies, and the

potential barriers for the implementation of these policies?

3: How can risk stratification be used to optimize lung cancer screening policies?

The first research question, will be addressed in Chapters 1-3. Chapter 1 provides an
overview of how different models can reproduce the results of randomized controlled trials
on lung cancer screening. Chapter 2 indicates how modeling can use data from randomized
clinical trials to derive information on the preclinical progression and screen-detectability of
lung cancer. Chapter 3 will show how the information derived in the previous chapters can

provide additional insights on the occurrence of overdiagnosis in lung cancer screening.

The second part of this thesis consists of Chapters 4-7, which will provide answers to the
second research question. Chapter 4 will assess which lung cancer screening policies
warrant a detailed investigation of their long-term benefits and harms. Chapter 5
investigates which of the policies identified in Chapter 4 provide the most advantageous
balance between their long-term benefits and harms. Chapter 6 describes how a greater
emphasis on overdiagnosis affects the preferred lung cancer screening policy. The potential

barriers for the implementation of lung cancer screening policies are discussed in Chapter 7.
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The final part of this thesis is formed by Chapters 8-12, which will provide insights to the
final research question. Chapter 8 assesses the feasibility of lung cancer screening for never-
smokers at elevated risk for lung cancer, by evaluating at which level of risk the benefits of
lung cancer screening in this group outweigh the harms. Whether lung cancer screening can
be implemented in a cost-effective manner is evaluated in Chapter 9. The role of lung cancer
risk prediction models to optimize the identification of individuals eligible for lung cancer
screening is investigated in Chapter 10. Finally, Chapter 11 investigates how pulmonary
nodules detected through CT lung cancer screening can provide information on an

individual’s risk for developing lung cancer.

This thesis concludes with summary answers to and further discussion of these research

guestions, as well as directions for future research.
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Abstract

BACKGROUND: The National Lung Screening Trial (NLST) demonstrated that low-dose
computed tomography screening is an effective way of reducing lung cancer (LC) mortality.
However, optimal screening strategies have not been determined to date and it is uncertain
whether lighter smokers than those examined in the NLST may also benefit from screening.
To address these questions, it is necessary to first develop LC natural history models that
can reproduce NLST outcomes and simulate screening programs at the population level.
METHODS: Five independent LC screening models were developed using common inputs
and calibration targets derived from the NLST and the Prostate, Lung, Colorectal and
Ovarian Cancer Screening Trial (PLCO). Imputation of missing information regarding
smoking, histology, and stage of disease for a small percentage of individuals and diagnosed
LCs in both trials was performed. Models were calibrated to LC incidence, mortality, or both
outcomes simultaneously.

RESULTS: Initially, all models were calibrated to the NLST and validated against PLCO.
Models were found to validate well against individuals in PLCO who would have been
eligible for the NLST. However, all models required further calibration to PLCO to adequately
capture LC outcomes in PLCO never-smokers and light smokers. Final versions of all models
produced incidence and mortality outcomes in the presence and absence of screening that
were consistent with both trials.

CONCLUSIONS: The authors developed 5 distinct LC screening simulation models based on
the evidence in the NLST and PLCO. The results of their analyses demonstrated that the
NLST and PLCO have produced consistent results. The resulting models can be important
tools to generate additional evidence to determine the effectiveness of lung cancer

screening strategies using low-dose computed tomography.
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Introduction

The National Lung Screening Trial (NLST) found a significant lung cancer (LC) mortality
reduction in its low-dose computed tomography (CT) screening arm in comparison with its
chest radiography (CXR) screening arm, suggesting that screening heavy smokers with low-
dose CT can be effective in the early detection of LC.> Meanwhile, the Prostate, Lung,
Colorectal and Ovarian Cancer Screening Trial (PLCO) found no statistical difference in LC
mortality when comparing a no-screen control arm versus a CXR screening arm.?
Consequently, several health policy groups have made recommendations endorsing low-
dose CT for LC screening based on the NLST entry criteria and LC screening programs are

being established across the United States.?

However, there is still uncertainty regarding the optimal screening strategies because the
NLST only evaluated the impact of 3 consecutive annual screens among current and former
smokers aged 55 years to 74 years at the time of enroliment with an exposure of at least 30
pack-years and with < 15 years since quitting. It is unknown whether current and former
smokers with lower levels of exposure would also benefit from screening. Furthermore,
screening effectiveness may vary by sex, number of screens, and periodicity. In the absence
of results from other randomized control trials (RCTs) evaluating these questions,
mathematical modeling of the natural history of LC may be the only approach to integrate
available evidence and estimate the effectiveness and cost-effectiveness of different LC

screening strategies in the general population.3*

Mathematical models of cancer natural history have been shown to be valuable in assessing
and determining optimal cancer prevention and control strategies. Recent examples include
analyses of the impact of tobacco control on LC mortality rates, comparative studies
assessing the effects of different screening modalities in patients with colorectal cancer,
cost-effectiveness analyses of breast cancer screening strategies, and studies evaluating the
impact of prostate-specific antigen screening in reducing prostate cancer rates.>® All these
examples used a comparative modeling framework by which researchers across institutions
can directly compare and contrast results from distinct models.1%12 The conclusions arising

from comparative modeling analyses are more robust and reliable than single-model studies
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and this approach has been cited as an example of good modeling practices.'? To estimate
the potential impact of LC screening at the U.S. population level, a consortium of National
Cancer Institute (NCl)-sponsored investigators, the Cancer Intervention and Surveillance
Modeling Network (CISNET; cisnet.cancer.gov), developed 5 independent natural history
models of LC and screening. In the current study, we describe the models’ development and
calibration approach to the NLST and PLCO, the common shared inputs and calibration
targets, and the differences and similarities between models. We compared model
predictions versus observed trial outcomes and highlighted the advantages and challenges

of developing natural history models based on large-scale RCTs.

Methods

Data

De-identified data from all NLST and PLCO participants were provided to CISNET after
obtaining Institutional Review Board approvals from each institution. These data included
smoking history variables such as the age at the start of smoking, the average number of
cigarettes smoked per day (CPDs), and the age at quitting for former smokers. Screening
variables included the individual’s age at entry into the study and, for screened individuals,
age at each screen, outcomes of each screen, and the follow-up procedures for positive
screens. For each individual, the age at death or censoring and (if applicable) the cause of
death were available. For individuals diagnosed with LC, the age at diagnosis, LC histology,
and LC stage (according the 6 edition of the American Joint Committee on Cancer) were
provided, as well as information regarding the screen associated with the LC diagnosis for

screen-detected cancers.

NLST

The NLST was a RCT that compared the impact of low-dose CT versus CXR screening on LC
mortality. From August 2002 through April 2004, a total of 53,454 individuals aged 55 years
to 74 years were recruited; follow-up occurred through December 31, 2009. Entry criteria
included a minimum exposure of 30 pack-years and < 15 years since quitting for former
smokers. Individuals in both screening arms received up to 3 annual screens. The trial found

a 20% LC mortality reduction in the low-dose CT versus the CXR arm.! A small percentage of
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LC cases (50 cases; 2.4%) had missing histology and/or stage information. To complete the
missing data, a multistep imputation procedure based on observed histology and stage
distributions, tumor sizes, and expert opinion was conducted. More details are provided in
the supplementary material of this Chapter, in the section: “Imputation algorithm for
missing data in NLST lung cancer subjects”. Final analyses included data from 53,342
individuals, due to the exclusion of 112 subjects who died or were diagnosed with LC before
the first screen (110 patients) or those with missing smoking information (age at start

and/or time since quitting).

PLCO

The PLCO was a RCT that compared the impact of CXR screening (intervention arm) versus
usual care (no-screening control arm) on LC mortality. The trial recruited 154,901 individuals
aged 55 years to 74 years between November 1993 and July 2001. Participants were
followed through December 31, 2009 or for 13 years from the time of enroliment,
whichever came first. No minimum smoking exposure was required to enroll. Individuals in
the intervention arm received up to 4 annual CXR screens. The study found no difference in
LC mortality between the intervention and control arms.? Contamination (CXR screening) in
the control arm was limited (11% contamination rate).? Additional smoking variables came
from a supplemental questionnaire implemented toward the middle of the trial. Missing
baseline data regarding the age at the start of smoking or CPDs for ever-smokers were
imputed according to the corresponding U.S. distributions by birth cohort and age. Final
analyses included data from 148,025 individuals, after the exclusion of individuals with
missing baseline smoking status or (if applicable) age at time of quitting. More details are
provided in the supplementary material of this Chapter, in the section: “Imputation of

missing smoking data for PLCO participants”.

Models

Models were developed by investigators at 5 institutions: Erasmus Medical Center (model
E), Fred Hutchinson Cancer Research Center (model F), Massachusetts General Hospital
(model M), University of Michigan (model U), and Stanford University (model S). The models
were developed independently but the groups collaborated to develop common inputs and

define standardized analyses. Below we provide a description of the five models. Additional
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details are provided in the supplementary material of this Chapter, in the section: “Model

Descriptions”.

Smoking dose-response module

All models simulate individual LC natural history and include a dose-response module that
translates personal cigarette exposure to LC risk. This smoking dose-response module can
be used to simulate age-specific LC outcomes given an individual’s smoking history.> Model
M uses as its dose-response module a probabilistic LC risk model previously calibrated to
Surveillance, Epidemiology, and End Results (SEER) and U.S. LC data and recalibrated to the
NLST and PLCO, whereas all other groups use multistage carcinogenesis models.?*8 Both
multistage and probabilistic models have been used extensively to investigate the effects of
smoking on LC risk.>1%1617.13-21 Model E uses a multistage model based on the Nurses’
Health Study (NHS) and Health Professionals Follow-Up Study (HPFS).*® Model S uses a
modified version of this model. Model U uses a LC multistage model by histology, also
calibrated to the NHS/HPFS. Model F uses a multistage model calibrated to the NLST and
PLCO. Three models (models F, M, and U) use histology-specific smoking dose-response
modules, and three models (models E, F, and M) recalibrated their smoking dose-response
to the NLST and PLCO. More details are given in Table 1 and in the supplementary material

of this Chapter, in the section: “Model Descriptions”.

All models are capable of accommodating detailed individual level smoking histories,
including temporal factors such as age at start, age at cessation, and age-specific changes in
CPDs. The variability across dose-response modules reflects the modelers’ judgment
regarding the best available data and approaches to capture the complex relationship
between smoking and LC. The NHS and HPFS are arguably the best prospective cohorts with
which to investigate smoking related LC. They have >30 years and >20 years of follow-up,
respectively, and collect smoking information every 2 years. However, their LC histology
information is much less comprehensive than that of the NLST and PLCO, and staging
information was not available. The NLST and PLCO are excellent data sources with thorough
information available regarding LC histology and staging, but have more limited follow-up

and less extensive smoking data than NHS/HPFS. In addition, the NLST includes only ever-
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smokers and individuals in both arms were screened for LC. Approximately one-half of

individuals in PLCO were also screened.

Histology distribution

Three models (models F, M, and U) have smoking dose-response modules that are histology
specific. In these models, the LC histology distribution is a model outcome that depends on
the dose-response module and the participants’ smoking histories. Two models (models E
and S) have smoking dose-response modules that are not histology-specific, and therefore
they calibrated their histology to the NLST and PLCO. Histology categories varied by model
(Table 1). Differences in histology categorization across models are due partly to differences
in dose-response modules, which are based on different data sets that vary in their LC
histology classifications (NHS/HPFS, NLST/PLCO, and SEER). However, they are also due to
variations in model structure, and the modelers’ judgment regarding the histology detail

needed to characterize screening efficacy.
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Table 1: Model Comparison

Comparative analysis of 5 lung cancer models

Model E Model F Model U Model M Model S

Central smoking Two-stage clonal Longitudinal Multistage clonal Probabilistic by TSCE
dose-response expansion model multistage expansion model by histology
model (TSCE) observation by histology

histology
Central dose- NHS/HPFS,SEER,NLST, NLST, PLCO, PLuSS NHS/HPFS SEER,NLST,PLCO NHS/HPFS
response PLCO CT,CARET
parameter
calibration

Histological types

Adenocarcinoma,
squamous, small cell
(SCLC), other non-
small cell (ONSCLC)

Adenocarcinoma,
large-cell, squamous,
BAC, ONSCLC, SCLC

Adenocarcinoma,
ONSCLC, SCLC

Adenocarcinoma,
BAC, large-cell,
squamous, SCLC, and
other

Adenocarcinoma,
large-cell, squamous,
SCLC

LC stages 1A,1B,I1,1IA,I1IB, IV IAL,IA2,IB,ILINANIB, IV IAL,IA2,1B,ILINAINB,IV  IAL,IA2,IB,ILIIAIIB,IV  Early (I-11), Advanced
(-1v)

Stage progression Markov state- Based on tumor size Markov state- Based on tumor Based on tumor

model transition by histology  and presence of transition by histology  volume and volume and

metastasis

and gender; rates
proportional to tumor
size

metastatic burden

metastatic burden

LC survival Based on SEER-17 Based on NLST and By gender, histology, Calibrated to SEER-17 Based on SEER-17
2004-2008 survival PLCO stage and age at dx. 1973-2008 survival 1988-2003 survival
Based on SEER-17
2004-2008 survival
OC Mortality U.S. rates (NCI As observed in NLST Gompertz-model of Cox-model of OCM Gompertz model of

Smoking History
Generator)

and PLCO

OCM calibrated to
each trial

calibrated to each
trial

OCM based on NLST

Calibration method

Nelder-Mead
optimization of
likelihood-based
deviance criterion

Maximum likelihood
approach

MCMC and Nelder-
Mead simplex

Simulated annealing
based on weighted-
sum total deviance

Nelder-Mead simplex
for Natural History
Model calibration to
SEER, and multi-
dimensional grid
search for calibration
to trials

Data sources used
for calibration

NLST; PLCO; SEER-17
2004-2008 incidence
by age, stage,

histology; NHS/HPFS

NLST; PLCO; originally
fitted to PLuSS CT,
CARET

NLST; NHS/HPFS LC
incidence by
histology; SEER LC
survival by gender,

NLST; SEER 1990—
2000 incidence by
age, stage, histology;
survival by stage;

NLST; PLCO;
NHS/HPFS LC
incidence, SEER
1988-2003 survival

age, histology and Mayo CT; LSS by histology and
stage gender
Number of 110 90 50 53 13 in natural history,
parameters 8 for calibration
estimated by
calibration
Screening By stage and histology By size (number of By size (number of By size (mm) and By size (mm) and

sensitivity model

cells), histology and
gender

cells), histology and
gender

location in lung
(central/peripheral)

histology

Screening Cure model Combination cure Stage-shift model, Not stage-shift model Not stage-shift model
effectiveness model and stage-shift  with adjustments for

mechanism age

Positive Nodule Implicit Implicit based on Implicit based on Explicit. Based on size  Explicit

Follow-up NLST follow-up rates NLST follow-up rates at diagnosis and

algorithm smoking history. LCs

diagnosed on follow-
up are categorized as
‘non-screen detected’

Abbreviations: BAC, bronchioloalveolar carcinoma; CARET, Carotene and Retinol Efficacy Trial; CT, computed tomography; HPFS, Health

Professionals’ Follow-up Study; LC, lung cancer; LSS, Lung Screening Study; MCMC, Markov chain Monte Carlo; model E, Erasmus Medical

Center; model F, Fred Hutchinson Cancer Research Center; model M, Massachusetts General Hospital; model S, Stanford University; model

U, University of Michigan; NCI, National Cancer Institute; NHS, Nurses’ Health Study; NLST, National Lung Screening Trial; OC, other-cause;

ONSCLC, other non-small cell lung cancer; PLCO, Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial; PLuSS, Pittsburgh Lung

Screening Study; SCLC, small cell lung cancer; SEER, Surveillance, Epidemiology, and End Results; TSCE, Two-stage clonal expansion model.

45



Chapter 1

Stage progression

All models assume that stage progression rates vary by sex and histology. Models E and U
use Markov state transition processes to model stage progression.?2 Model U further
assumes that the progression rate at each stage is dependent on tumor size (cell number).
Models F, M, and S model stage as a function of tumor size and the presence or absence of
metastasis. Variability in stage categorization (Table 1) is due to the underlying data inputs,
model structure, and the modelers’ criteria regarding the stage detail needed to capture the

effects of screening on LC mortality.

LC survival

All models assume that LC survival varies by histology and stage. Models F, M, S, and U also
assume that survival varies by sex. Model U further assumes that survival varies by age at
diagnosis. Models E, M, and U use LC survival modules calibrated to the SEER-17 (2004-
2008) survival. Survival in model S was calibrated to SEER-17 (1988-2003) survival. LC

survival in model F was calibrated to the NLST and PLCO.

Other-cause mortality
Model E uses an other-cause mortality (OCM) module based on the NCI's smoking history
generator, which produces OCM rates consistent with the U.S. population.?3?* All other

models use OCM based on the NLST and PLCO (Table 1).

Screening and follow-up

Screening sensitivities vary by model. In model E, screen sensitivity varies by modality,
stage, and histology. Models F and U have screen sensitivities that also vary by tumor size
(cell number). Sensitivities in models M and S depend on screening modality, tumor size (in
mm), and lung nodule location (central vs peripheral). Model S also considers histology. The
variability in assumptions is primarily due to differences in model structure (e.g., models
that do not model tumor size explicitly cannot have size dependent sensitivities). Follow-up
examinations are defined as those received after a positive screen but before diagnosis, if it
occurred. Algorithms for follow-up of a positive screen are simulated with varying detail;

models M and S include detailed algorithms based on nodule size thresholds and risk factors
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(explicit), whereas models E, F, and U incorporate a global probability of receiving several
follow-up examinations (implicit) based on the observed frequency of imaging examinations
per positive screen in the NLST. Because the NLST and PLCO did not specify a follow-up
regimen, models M and S specify less aggressive protocols than the Fleischner Society

guidelines, to approximate the observed follow-up rate in the NLST.?

Trial simulations

Four models (models E, M, S, and U) generate individual LC outcomes using
microsimulations.?® The simulation depends on individual smoking history, sex, age at
enrollment, and screening arm. The specific simulation approach depends on the model’s
structure. Three models (models E, M, and S) simulate age at onset of lung tumors via their
smoking dose-response module and then simulate each tumor’s natural history, including
malignant conversion, stage progression (models E, M, and S), tumor growth (models M and
S), and clinical and screen-detection (models E, M, and S). Model U simulates the initiation
of tumors via mutations of normal cells, and then the premalignant and malignant tumor
cell dynamics (cell division, death, stage progression, and clinical and screen-detection).
Model F uses a likelihood-based approach to estimate LC outcomes and death via a
longitudinal, multistage, observation model.*® All models simulate all trial participants and
then compare their aggregate modeled outcomes with those of the trials (LC incidence and

mortality and OCM by screening arm, sex, histology, and stage).

Screening effectiveness and mortality reduction

All models evaluate screening effectiveness, but based on different assumptions that
depend on model structure. Model M assumes that patients with early-stage non-small cell
LC (NSCLC) would undergo resection (lobectomy, consistent with practice guidelines), which
removes the primary tumor. In model M, therefore, for patients without undetected distant
metastases or additional primary LCs in another lobe, resection is curative for LC. In model
U, the benefit of screening is due to the early detection of LC, leading to improved cure
probabilities and survival times, which depend on histology, stage, sex, and age at diagnosis,
but not on detection mode. Model F assumes that screen-detected cancers are treated
according to clinical practice guidelines with cure rates that vary by tumor stage and

histology. In model E, screen-detected patients experience a reduced risk of LC mortality
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versus clinically detected cases. This improved prognosis is represented as a cure fraction
(dependent on stage and screening modality for stages IA, IB, and Il) calibrated to the trials.
Model S estimates probabilities of lethal metastases as function of tumor size, histology,
and sex. All advanced stage LCs are, by definition, detected after the onset of lethal
metastases. Some early-stage cancers may have occult lethal metastases at the time of
detection. For patients with early-stage and late-stage tumors detected after the onset of
lethal metastases, LC survival is not affected by screening. However, with screening,
patients are more likely to be detected at early stages before the onset of lethal metastases,

and therefore are cured of their disease after standard care.

Model Calibration and Validation Approach

Models were first calibrated to the NLST LC incidence and mortality by screening arm, sex,
histology, stage, and detection mode. Models were then validated against PLCO by first
comparing model predictions and observed LC incidence and mortality by sex and screening
arm in the subset of individuals in PLCO who would have been eligible for the NLST (PLCO-
NLST—eligible). Model predictions were consistent with the observed outcomes in the PLCO-
NLST—eligible group, demonstrating the consistency between the two trials. However,
model outcomes did not consistently match against observed outcomes among PLCO
participants who were not eligible for the NLST (never-smokers and light smokers). As a
result, models were further calibrated to fit the whole PLCO data set to ensure that they
could be used with confidence to extrapolate the effects of CT screening to smokers with
lower exposure (<30 pack-years). Calibration methods (targets, measures of goodness of fit,
and optimization algorithms) varied by model and are described in Table 1 and in the

supplementary material of this Chapter, in the section: “Model Descriptions”.

Results

After final calibration, all models produced LC outcomes consistent with both trials (within
the confidence intervals of the data). We demonstrated several measures of LC incidence
and mortality in the NLST and PLCO for both sexes combined and compared observed and
model outcomes. Calibration targets varied by model, and therefore the modeling results

shown in each figure include combinations of calibrated outcomes and model
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predictions/extrapolations. Modeled outcomes were computed using the “final” version of
each model. Figure 1 shows NLST observed and modeled incidence and mortality by
screening arm and years since randomization (YSR). The figure shows that as previously
reported, the observed cumulative LC incidence was higher in the CT screening arm,

whereas the cumulative mortality was higher in the CXR screening arm.!

Figures 2 and 3 display observed versus modeled LC cases and deaths in the NLST by
detection modality (screen-detected vs non—screen-detected), screening arm, and YSR. The
figures show the contrasting pattern between screen-detected and non—screen-detected
cancers, with an early increase and peaking by YSR for screen-detected cancers in both
screening arms, in contrast with the slow progressive rise for non—screen-detected cancers.
The figures indicate that the models reproduce the general patterns of incidence and
mortality by screening arm, detection modality, and YSR. Figure S6 in the supplementary
material of this Chapter provides additional information on the observed and predicted LC

mortality reduction in the NLST by YSR.
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Figure 1: National Lung Screening Trial (NLST) observed and modeled incidence and mortality are shown by

screening arm and years since randomization (YSR)
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Abbreviations: LC, lung cancer; CT, computed tomography; CXR, chest radiography; model E, Erasmus Medical
Center; model F, Fred Hutchinson Cancer Research Center; model M, Massachusetts General Hospital; model U,

University of Michigan; model S, Stanford University.
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Figure 2: Observed versus modeled lung cancer cases in the National Lung Screening Trial (NLST) are shown

by detection modality (screen vs non—screen-detected), arm and years since randomization (YSR)

# of Cancers
100 200 300 400

# of Cancers

0

100 150 200

50

0

CT arm - Screen-detected

YSR

# of Cancers

# of Cancers

CXR arm - Screen-detected

100 150 200

50

100 150 200
1
_*.

50

0
I

YSR

Abbreviations: CT, computed tomography; CXR, chest radiography; model E, Erasmus Medical Center; model F,

Fred Hutchinson Cancer Research Center; model M, Massachusetts General Hospital; model U, University of

Michigan; model S, Stanford University.

Dashed lines represent 95% binomial confidence intervals for the observed values. Observed screen-detected

cancers after year 3 are due to delay in diagnosis after the last screen.
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Figure 3: Observed versus modeled lung cancer deaths in the National Lung Screening Trial (NLST) are shown

by detection modality (screen vs non—screen-detected), arm and years since randomization (YSR)
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Abbreviations: CT, computed tomography; CXR, chest radiography; model E, Erasmus Medical Center; model F,
Fred Hutchinson Cancer Research Center; model M, Massachusetts General Hospital; model U, University of
Michigan; model S, Stanford University.

Dashed lines represent 95% binomial confidence intervals for the observed values.

Figure 4 shows observed versus model-predicted LCs in the NLST by histology. Because
models have varying LC histology categories, we grouped them here as small cell LC (SCLC)
and NSCLC. The figure shows that the observed NSCLC incidence was higher in the CT arm,
whereas the SCLC incidence was approximately similar in both screening arms. Modeled

histology distributions matched well with the observed distributions.
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Figure 4: Observed versus model-predicted lung cancers in the National Lung Screening Trial (NLST) are

shown by histology
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Abbreviations: CT, computed tomography; CXR, chest radiography; model E, Erasmus Medical Center; model F,
Fred Hutchinson Cancer Research Center; model M, Massachusetts General Hospital; model U, University of

Michigan; model S, Stanford University.

Figure 5 shows the NLST observed versus predicted NSCLC incidence by clinical stage and
screening arm. The figure demonstrates the shift toward earlier stages in NSCLC incidence in

the CT versus the CXR arm.

53



Chapter 1

Figure 5: National Lung Screening Trial (NLST) observed versus predicted non-small cell lung cancer (NSCLC)
incidence is shown by clinical stage and screening arm. The figure demonstrates the shift toward earlier

stages in NSCLC incidence in the computed tomography (CT) versus the chest radiography (CXR) arm
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Abbreviations: Model E, Erasmus Medical Center; model F, Fred Hutchinson Cancer Research Center; model M,
Massachusetts General Hospital; model U, University of Michigan; model S, Stanford University.

Dashed lines represent 95% multinomial confidence intervals for the observed values. Model E does not model
separately lal and la2 cancers, so their lal value represents all IA cancers. Model S models early versus late

stage cancers.

Figures 6 and 7 show full PLCO and PLCO-NLST-eligible observed and modeled deaths by
screening arm, detection mode (CXR arm), and YSR. The figures display the early increase
and peaking of screen-detected cancers in the CXR arm by YSR, and the s