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1. Background

The Cancer Intervention and Surveillance Modeling Network (CISNET) (http://
cisnet.cancer.gov) is a consortium of National Cancer Institute (NCI) — funded investigators
that uses mathematical modeling to improve understanding of the impact of cancer control
interventions (e.g., prevention, screening, and treatment) on population trends in incidence
and mortality for a variety of cancer sites, including lung cancer. Modeling actual and
hypothetical scenarios over time can yield insight into the key factors influencing cancer
mortality. The resulting models can be used to project future trends, to help identify optimal
cancer control strategies, and to help policy makers decide how best to allocate scarce public
health resources.

The CISNET-lung modeling effort was conducted by the five groups funded directly
through CISNET (Fred Hutchinson Cancer Research Center, Erasmus Medical Center,
Pacific Institute for Research and Evaluation, Rice University/MD Anderson Cancer Center,
Yale University), and one affiliate group (Massachusetts General Hospital). CISNET
affiliates are funded through other mechanisms but were granted membership in the
CISNET collaboration because of shared interests. Although each of the principal
investigators has pursued research questions of individual interest, they agreed from the
outset to be part of a consortium committed to meeting semi-annually to share and compare
their respective models of the impact of tobacco smoking on lung cancer deaths in the U.S.
between 1975 and 2000. A comparative modeling approach was employed, to examine
differences between models in a systematic way. In this joint collaboration, a set of common
population inputs was applied across all models and a common set of outputs was then
compared across models.
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The principal goal for each individual CISNET investigator was to develop a comprehensive
model of the cancer process, which, depending on the cancer and the specific model, could
be modified by a range of cancer control interventions (i.e., changing risk factor profiles of
the population through modification of cancer-causing behaviors, new early detection
modalities, and treatment regimens). Models are either biologic (including the preclinical
natural history of cancer), or epidemiologic (modeling only observed quantities as a person
transitions from being the general population to being diagnosed with cancer to death from
cancer or other causes). While both types of models predict epidemiologic outcomes, the
biological models utilize latent biologic variables in a mechanistic model to predict
incidence and mortality. Risk factors can modify the onset and progression rates of tumors
(for biologic models) or the incidence rates of cancer (for epidemiologic models); screening
can detect (and potentially remove) precancerous lesions and pre-clinical cancer (for
biologic models) or identify the stage, size or grade of disease at diagnosis (for
epidemiologic models); and treatment can alter post-diagnosis survival rates. Outputs range
from incidence and mortality, to variations in cost, to unobservable quantities such as
overdiagnosis and estimated lead time (although these latter quantities are only available in
biologic models (Figure 1)). The collaborative work in CISNET was intended to develop
important common applications of the model, the common inputs necessary to evaluate the
reliability of these applications, to collate and interpret the results, and to determine the
public health policy implications of the work and suggest future model refinements

Of the two major causes of death for those over the age of 30, deaths due to heart disease
have been falling quite rapidly in the last 30 years, while cancer deaths have been falling
more slowly.)) Lung cancer now represents 15% of all incident cancers annually in the
United States and 28% of all cancer deaths.(2-3) More U.S. men die from lung cancer than
from any other cancer and, since 1987, more U.S. women die each year from lung cancer
than from breast cancer--previously the most common cause of cancer death in women. )
US lung cancer death rates have changed dramatically in the last 35 years. After increasing
through the 1980s, the age-adjusted mortality rate for men has been declining steadily from
a high of 90 per 100,000 in 1984 to about 70 per 100,000 in 2005.0) After rising steeply in
previous decades, the age-adjusted mortality rate for women leveled off in the 1990s, and
has remained at about 40 per 100,000 since 1998.) Early detection and treatment of cancer
has been critical to efforts to reduce deaths from such major cancers as breast cancer,
colorectal cancer and melanoma.(8-8) Although promising new approaches are being
tested(®, the impact to date of lung cancer early detection and treatment on a population
level has been limited. The American Cancer Society’s annual report on cancer incidence
and mortality estimated that 222,520 Americans would be diagnosed with lung cancer in
2010, and more than three quarters of patients diagnosed with lung cancer will die within
three years of diagnosis. Changes in behavioral factors, in particular the decline in cigarette
smoking, have been identified as the major reason for the observed decline in the number of
U.S. men being diagnosed with lung cancer.®®)

Before 1930 lung cancer was a rare disease in the US and in other countries.(19) The advent
of the mass produced cigarettes at the turn of the century with attendant reduced cost made
cigarettes more accessible to the public.(1) With aggressive marketing practices, cigarette
consumption increased first among men, and then among young women and youth.(12) A
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number of innovations in the composition of cigarettes were introduced, including blended
cigarettes, which were first successfully marketed in the US starting in 1913. These new
tobacco products, which quickly became popular, were associated with deeper inhalation.(3)
The availability of cigarettes among soldiers during World War | boosted usage among men,
and by 1930, a majority of males were regular cigarettes smokers.(!1) While prevalence was
initially low, aggressive tobacco marketing targeted to women was associated with a steadily
increasing female smoking prevalence during the next three decades.(14-15) Urbanization,
the changing role of women, the changing composition of cigarettes, and other factors also
contributed to the increased uptake of smoking before 1960.(11. 16)

After a series of retrospective studies were published in the early 1950s,(17-19) showing a
strong relationship between smoking and lung cancer, prospective cohort studies (i.e. studies
which identified a cohort of patients that characterized their smoking habits, following them
over time recording diagnoses of cancer and/or their date and cause of death) were initiated
as the next phase of research.(20-23) The relationship of smoking to lung cancer has
subsequently been established by consistently corroborative biological and epidemiological
studies.(24)

At a population level, lung cancer has been strongly linked to the smoking dose, as
measured both in terms of the number of cigarettes smoked per day and especially the
number of years smoked.(25-31) These studies are based primarily on large cohort studies,
such as the Cancer Prevention Study (CPS)-I, the CPS-I1, the Nurses Health /Health
Professionals Follow-up Study and the British Doctors Study. However, none of these data
adequately represent the US, because they over-represent middle class, married, White, and
more educated Americans.(32-33) |n addition, the relative risks of smoking appear to be
changing over time. Comparing the CPS-I (covering the years 1959 through 1981) to the
CPS-11 (covering the years 1982 through 1988), the relative risks of lung cancer in smokers
increased from 11.9 to 23.2 for men and from 2.7 to 12.8 for women.(®¥) While much of that
change can be explained by the changes in cohort-related smoking behaviors, such as
duration and intensity, a large portion of the difference is still unexplained.34-35 Changes in
the design and composition of cigarettes have been proposed as an explanation, but the
evidence about this hypothesis is mixed.(?4) Another possible explanation is that the
demographic characteristics of the average smoker have changed, with increasing disparities
in educational attainment between the average smoker and nonsmoker.(38) Increasing
disparities in education, in turn, are associated with increasing disparities in mortality.(37)
While the risks from smoking may be changing over time, cigarette smoking has been
established as the leading cause of lung cancer deaths, with almost 90% of lung cancer
deaths attributable to smoking.(24) U.S. smoking prevalence has declined from a high of
53% for males and 32% for females in 196438 to the 2008 rates of 23% for males and 18%
for females.(39)

Much of the reduction in smoking rates can be attributed to the adoption of tobacco control
policies that increasingly restrict where people can smoke, youth’s ability to purchase
tobacco products, and how much tax tobacco products must bear.(40-45) Beginning with the
publication of the first Surgeon General’s Report on Smoking and Health in 1964,(23) efforts
have been aimed at reducing smoking; bans have been placed on certain types of
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advertising, clean indoor air (“smoke-free”) laws have been implemented, media campaigns
and other educational campaign have been implemented, cessation treatments have been
developed and made more readily available, and higher taxes have been imposed on
cigarettes and other tobacco products. Studies indicate that these policies have been
successful at reducing smoking rates.(4%-4%) Applying a straightforward trend model to lung
cancer deaths, Thun and Jemal(®) found that reductions in smoking were responsible for
preventing over 146,000 male lung cancer deaths between 1991 and 2003, suggesting the
importance of tobacco control policies. However, their study represented a straightforward
projection of lung cancer deaths, and did not directly model the relationship between U.S.
mortality trends and trends in smoking rates and the risk reduction ex-smokers gain as more
years pass since they last smoked. Increased understanding in the second half of the 20t
century of the relationship of smoking and lung cancer, and efforts to discourage the
initiation of smoking among youths and encourage cessation have yielded public health
success and lower lung cancer rates.(47) However, this success needs to be extended to the
approximately 20% of U.S. adults who still smoke.

2. Purpose

To better understand the contribution of cigarette smoking and its changing role in lung
cancer, this special issue of Risk Analysis considers the relationship between smoking and
lung cancer death rates during the period 1975-2000 for U.S. men and women aged 30-84
years. While the basic relationships between smoking and lung cancer are well understood,
the relationships between population trends in smoking, mortality from other causes, and
mortality from lung cancer are more complex. To date there has been limited attention to
how changes in current and former smoking prevalence explain these trends either at an
aggregate level or by age group or cohort.

To provide the context for our efforts to characterize the impact of changing smoking rates
on lung cancer mortality between 1975 and 2000, three types of model scenarios were
considered. The first, labeled Actual Tobacco Control (ATC), models the impact of the
observed trends in smoking on lung cancer mortality, and thus reflects the impact of the
tobacco control policies that were actually implemented. A second scenario, called
Complete Tobacco Control (CTC), represents a lower bound on the lung cancer mortality
rates that could have been achieved if, just after the seminal first Surgeon General’s report in
1964,(23) all current smokers had quit their tobacco use for good and there was no further
initiation of new smokers. This represents a hypothetical “best case” scenario, since in the
early days of the tobacco control efforts, it was unclear what strategies would be most
effective. A final scenario, No Tobacco Control (NTC) scenario represents a continuation of
the smoking patterns that prevailed prior to the first studies in the 1950°s began to inform
the public about the health consequences of smoking and prior to the subsequent tobacco
control efforts that occurred in the second half of the 20™ century. For this final scenario
smoking patterns are held fixed based on the pattern of initiation and cessation that existed
prior to 1955. This frozen “worst case” scenario provides a baseline against which the actual
and potential effects could be measured, although it cannot be ascertained if in the absence
of tobacco control efforts smoking rates may have climbed even higher.
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The difference between the estimates from the ATC and NTC scenarios represents a more
mechanistic extension of the work by Thun and Jemal®®) characterizing how many avoided
lung cancer death rates in the United States can be attributed to reductions in tobacco
smoking? The difference in the number of lung cancer deaths between the NTC and CTC
scenarios represents the potential lung cancer deaths that could have been averted if tobacco
control efforts had been immediately and completely effective. Using these three scenarios,
each group is applying their respective model to estimating 1) the levels of smoking and
associated lung cancer deaths that would have occurred if the tobacco control efforts starting
mid-century had never been initiated, and 2) the number of lung cancer deaths that could
have been avoided had tobacco control efforts been completely effective. The models also
specifically consider how risks of former smokers decline with years quit.

3. The Models

The central component of each model is a dose-response module that provides a quantitative
description of the age-specific mortality of lung cancer among never smokers, continuing
smokers and former smokers by the duration and intensity of their smoking history. Five of
the six models use the Two Stage Clonal Expansion Model (TSCE),(30-31. 48) although fit to
different cohorts. The TSCE model, based on a mathematical formulation of the biological
paradigm of initiation, promotion, and progression in carcinogenesis, recognizes that
carcinogenesis is a process of mutation accumulation and clonal expansion of partially
altered cells on the pathway to malignancy. The model may be used to generate biological
hypotheses regarding the mechanism of tobacco-induced lung cancer and to explore the
extent to which projected risks depend on the mechanism of smoking-induced lung cancer.
These models have generally shown clonal expansion (promotion) of partially altered
(initiated) cells by cigarette smoke is the dominant model mechanism, and have confirmed
the disproportionate importance of smoking duration for predicting lung cancer risk.(30-31)
The sixth and final model (Mass General Hospital) estimates the risk of lung cancer for 5
histologic types (adenocarcinoma, large cell, small cell, squamous, other) using 5 logistic
regression equations that predict the development of the first cancer cell as a function of
current age, years of smoking, cigarettes per day, and years since quitting. Growth of the
tumor is estimated using a continuous Gompertz growth model specific to the histologic

type.

Each of the models incorporate different types of stochastic extensions (beyond the TSCE
model in 5 of the 6 models) to represent the various stochastic events that occur between the
first malignant cell and death from lung cancer or other causes. For analyzing the impact of
smoking on trends in lung cancer mortality, this extension could be as simple as a lag time
distribution that measures the amount of time from the first malignant cell to death from
lung cancer (in the absence of death from other causes). To model the benefits and harms of
screening, the extension could assign stochastic events such as a cell type, a tumor growth
rate, a stage and size at clinical detection, and post diagnostic survival. Details of the
stochastic extension for each model are described in the model specific chapters in this
monograph.
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Four of the six models (Fred Hutchinson, Erasmus Medical Center, Massachusetts General
Hospital, Rice-MD Anderson) can be characterized as individual cohort models, meaning
that they utilize as inputs individual smoking histories from birth (including age at initiation,
levels of smoking, age at cessation). They incorporate this information as part of a biologic
model to determine when a lung cancer starts to grow, and when it becomes symptomatic.
The remaining two of the six models (Yale and PIRE) can be characterized as group cross-
sectional models, with inputs comprised of a cross-sectional picture defined by calendar
year-specific, gender-specific, and age-specific proportions of the population stratified by
smoking status (i.e., never smokers, current smokers, former smokers). In some instances
these categories are further stratified (e.g., years since quitting for former smokers). These
aggregated data are then used as part of an epidemiologic model to estimate the incident
number of symptomatic lung cancers for each smoking status category.

The CISNET models estimated the relationship between smoking and lung cancer based on
cohorts that are admittedly not perfectly representative of the US population, nor are they
able to exhaustively model all smoking-related factors (e.g. changes in the content of
cigarettes that have putatively changed the lethality of cigarettes), or other non-smoking-
related factors (e.g. increasing remediation of household radon exposure and decreasing
exposure to radon from the increasing proportion of people living on the second floor or
above) that changed over time. To appropriately scale both trends and levels of lung cancer
mortality rates it is therefore necessary to calibrate the ATC estimates to observed mortality.
Once the ATC estimates are calibrated, these calibration factors can be used to adjust the
NTC and CTC estimates. Based on these calibrated estimates (conducted in three models),
actual numbers of lung cancer deaths and lung cancer deaths averted can be estimated.

Absolute measures (such as the actual count of lung cancer deaths averted) from
independently formulated models are dependent on the cohort the model is fit to, and
whether or not the model is calibrated to observed mortality. Therefore relative measures of
the effect of policies have generally been more robust across models and are arguably more
relevant.#%) The primary outcome metric used to compare the different models is the
percentage of lung cancer deaths averted in the last quarter of the 20" century among the
deaths that could have been averted if tobacco control efforts had been completely effective
perfect. It is computed as:

[D(NTC) - D(ATC)] / [D(NTC) - D(CTC)] * 100

where D(x) represents the lung cancer deaths from 1975-2000 (ages 30-84) for a specific
scenario. This metric summarizes not only how far we have come, but how far we have yet
to go in our tobacco control efforts with respect to lung cancer. Of course, tobacco smoking
causes premature death from other cancers besides lung cancer (e.g. head and neck cancers,
bladder cancer, squamous cell cancer of the esophagus), and other diseases (e.g., heart
disease, emphysema) besides cancer, but quantifying this is beyond the scope of this
monograph. In addition to computing the cumulative results for 1975-2000, results are also
computed for two more recent periods, i.e. 1991-2000 and for just the year 2000. The
inclusion of 1991-2000 allows an approximate comparison to the results of Thun and
Jemal™“6) for the period 1991-2003., with the results shown here resulting in a much larger
number of lung cancer deaths averted than the straight line projection of Thun and Jemal.
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The focus of the models in the following chapters will be their ability to predict actual lung
cancer rates and reflect the impact of tobacco control policies. While the epidemiologic
relationships between smoking and lung cancer have been well characterized by the models
of different groups, the distinct approaches employed here allow flexible extensions to other
applications. The PIRE model has been used extensively to study the relationship between
various tobacco control policies (e.g. taxation, clean in-door air policies, mass media
campaigns, advertising bans, youth access policies, cessation treatment and coverage), and
lung cancer mortality for states and various countries.(#2-43.50) The more biologically-based
models that include a natural history component have been applied to evaluate the likely
impact of policies advocating increased use of CT screening for lung cancer early detection
on lung cancer mortality.(1)

4. Model Inputs

While detailed data by cohort are generally available on lung cancer mortality rates for
decades, reliable data on cigarette smoking behaviors are not as readily available over a long
time period. The studies in this volume utilize a unique, detailed data set developed
specifically for the purpose of considering the relationship between variations in smoking
prevalence and trends in lung cancer deaths. These data, which represent an update and
extension of the work in Chapter 2: Cigarette Smoking Behavior in the United States from
Monograph 8: Changes in Cigarette-Related Disease Risks and Their Implication for
Prevention and Control, of the Smoking and Tobacco Control Monographs of the National
Cancer Institute, (3% are a compilation of cross-sectional smoking histories from National
Health Interview Surveys since 1965. These cross-sectional data have been smoothed and
converted into birth cohort-specific sets of initiation and cessation rates after adjusting for
the differential mortality among smokers who might not be alive to respond to a survey. To
characterize individuals aged 30-84 years between 1975 and 2000, information on birth
cohorts from 1890 to 1970 were required. Accurate smoking initiation data for cohorts born
in the 19th century were not readily available from NHIS in part due to the age of this
population when the surveys were conducted beginning in the mid-1960s and due to the
relatively low frequency of cigarette smoking in the 19t century. Since we do not have
exact information, we made a somewhat arbitrary assumption that initiation rates for birth
cohorts 1890-1894 and 1895-1899 were 25% and 50% lower, respectively, than the 1900—
1904 birth cohort. The impact of this arbitrary choice was considered to be small because (a)
cigarette smoking rates are very low in these cohorts, especially in women, and (b) although
these are the oldest individuals with the highest mortality rates, they only affect the earliest
years of this analysis (ages 75-84 in 1975, 76—84 in 1976, ..., 83-84 in 1983 and 84 in
1984), and (c) tobacco control efforts and the benefits of tobacco control on lung cancer
were only beginning to be realized for these earliest birth cohorts. These smoking histories,
when combined, represent the US experience in smoking in the very last part of the 19t
century and most of the twentieth century.

Because the cancer models only simulate lung cancer initiation, diagnosis and death as a

function of smoking histories (or a subset of these in the group cross-sectional models), it
was necessary to develop birth cohort-specific other cause (i.e. non-lung cancer) mortality
life tables as a function of smoking history. These life tables were developed starting with
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the Berkeley birth cohort life tables (http://www.demog.berkeley.edu/~bmd/index.html), and
incorporated relative risks for all causes of death other than lung cancer from the CPS | and
|1 studies conducted by the American Cancer Society,32 and smoking prevalence estimates
from the National Health Interview Surveys. (http://www.cdc.gov/nchs/nhis.htm) The risk of
death from lung cancer versus other causes is incorporated into the models using an
assumption of conditional independence, i.e. the risk of death from other causes and lung
cancer are assumed to be independent conditional on the person’s smoking history.

These two inputs (smoking histories and other cause mortality), are combined into a
“Smoking History Generator”, which for a specific year of birth and specified gender
randomly generates age at smoking initiation, a level of smoking (in quintiles of age and
birth cohort distributions), age at cessation, and an age at non-lung cancer death (conditional
on the smoking history). Smoking history generators were also developed for the complete
tobacco control (CTC) and no tobacco control (NTC) scenarios, thus making a total of six
versions of the generator (ATC, CTC, NTC for each gender). The output from the smoking
history generator is directly used as inputs into the individual cohort models. For the group
cross-sectional models, the smoking history generator is run repeatedly, and cross-sectional
age-specific smoking prevalence estimates are cumulated. These smoking prevalence
estimates (cross-tabulated to fit the needs of each model using factors such as number of
years smoked and years elapsed since quit date), are used as inputs into these models.

5. Organization of the Monograph

This monograph is divided into three major sections. Section | (The Inputs) has chapters
summarizing the smoking histories of the US population (Chapter 2), life tables for
competing causes of mortality(Chapter 3), counterfactual smoking histories of the US
population (i.e. the CTC and NTC counterfactuals) (Chapter 4), and lung cancer incidence
and mortality among never smokers (Chapter 5). Section 1l (The Models) summarizes the
results for each of the 6 models participating in this work: Massachusetts General Hospital
(Chapter 7), Fred Hutchinson Cancer Research Center (Chapter 8), Erasmus Medical Center
(Chapter 9), Yale (Chapter 10), Pacific Institute for Research and Evaluation (the
SIMSMOKE model) (Chapter 11), and Rice-MD Anderson (Chapter 12). These model
descriptions are supplemented by online Model Profiles (http://cisnet.cancer.gov/profiles/),
in the form of structured documentation conforming to a common template, allowing for
easy cross-model comparisons. Section I11 (Model Comparisons) first compares model
assumptions and structure (Chapter 13). Because all but one of the six models described in
this monograph use the TSCE model (albeit calibrated to different cohorts), we consider
how well two other commonly used models of the relationship between smoking and lung
cancer(28-29 compare to the TSCE model in explaining historical trends in lung cancer
(Chapter 14). Chapter 15 presents a summary of results across all of six models and a
summary and discussion of the results.
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Figure 1.
General formulation of CISNET models that can handle a wide range of cancer control

intervention inputs.

Examples of outputs:
» Mortality

« Quality Adjusted Life Years
« Over Diagnosis

» Direct Medical Costs
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