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Abstract

Background—The natural history model underlying the MGH Lung Cancer Policy Model
(LCPM) does not include the two-stage clonal expansion model employed in other CISNET lung
models. We used the LCPM to predict numbers of U.S. lung cancer deaths for ages 30-84
between 1975 and 2000 under 4 scenarios as part of the comparative modeling analysis described
in this monograph.

Methods—The LCPM is a comprehensive microsimulation model of lung cancer development,
progression, detection, treatment, and survival. Individual-level patient histories are aggregated to
estimate cohort or population-level outcomes. Lung cancer states are defined according to
underlying disease variables, test results, and clinical events. By simulating detailed clinical
procedures, the LCPM can predict benefits and harms attributable to a variety of patient
management practices, including annual screening programs.

Results—Under the scenario of observed smoking patterns, predicted numbers of deaths from
the calibrated LCPM were within 2% of observed over all years (1975-2000). The LCPM
estimated that historical tobacco control policies achieved 28.6% (25.2% in men, 30.5% in
women) of the potential reduction in U.S. lung cancer deaths had smoking had been eliminated
entirely. The hypothetical adoption in 1975 of annual helical CT screening of all persons aged 55—
74 with at least 30 pack-years of cigarette exposure to historical tobacco control would have
yielded a proportion realized of 39.0% (42.0% in men, 33.3% in women).

Conclusions—The adoption of annual screening would have prevented less than half as many
lung cancer deaths as the elimination of cigarette smoking.
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1. INTRODUCTION

The MGH Lung Cancer Policy Model (LCPM) is a comprehensive microsimulation model
of lung cancer development, progression, detection, treatment, and survival. Individual-level
patient histories are aggregated to estimate cohort or population-level outcomes. Lung
cancer states are defined according to underlying disease variables, test results, and clinical
events. By simulating each clinical procedure in follow-up, staging and treatment
algorithms, the LCPM can quantify benefits and harms attributable to a variety of changes in
patient management practices. The LCPM was originally developed to evaluate the
effectiveness of helical CT screening programs in specified cohorts.(1:2) More recently, the
LCPM has been extended to assess the relative values of CT screening and smoking
cessation programs, both alone and in combination.

The natural history model underlying the LCPM relies on a statistical prediction model and
not the two-stage clonal expansion model®-5 employed in many CISNET lung models (see
McMahon, et al. in this monograph(®). The LCPM used in the analyses described in this
chapter and monograph is a dynamic cohort Population LCPM (LCPM version 2) with the
capacity to model changes in smoking patterns and therefore lung cancer trends in the U.S.
population.(?) The Population LCPM employs the Smoking History Generator common to
other CISNET lung population models. Important differences between the Population
LCPM and the original single cohort LCPM (LCPM version 1) used in prior analyses(:2)
include values of natural history parameters governing the increased risk of lung cancer for
smoking; details are provided in the LCPM Model Profiler,(® an online (archived) technical
appendix. This chapter is meant to summarize the content provided in the profiler and to
describe our participation in the joint base case.

In this chapter we used the Population LCPM to predict numbers of U.S. lung cancer deaths
in men and women ages 30 to 84 that occurred or would have occurred between 1975 and
2000 under 3 scenarios as part of the joint base case (see Boer, et al. in this monograph(”).
Observed patterns of smoking habits (referred to in this monograph as “actual tobacco
control””) was compared to two counterfactuals: absence of tobacco control since the early
1950s (“no tobacco control™) and cessation of all smoking in 1965 (“complete tobacco
control™”). Because our original interest was in evaluating screening as a means of reducing
lung cancer deaths, we included (alongside the joint tobacco control scenarios) a
hypothetical annual screening program, beginning in 1975, of persons aged 55 to 74 with at
least 30 pack-years of cigarette smoke exposure. Intended as a best-case scenario to compare
to the complete tobacco control scenario, we used assumptions highly favorable to
screening; the screening test used had characteristics equivalent to present-day helical CT.
Although hypothetical, the analysis offers insight into the reductions in lung cancer
mortality possible with mass screening compared to smoking cessation programs.

2. METHODS

2.1 Approach/Model

The LCPM is a state-transition model, analyzed as Monte Carlo with a short (one-month)
cycle length to allow for individual heterogeneity in risk factors and event rates. Figure 1
shows thebmodel states: general population, follow-up, diagnosis and staging, treatment and
survival, and dead. Individuals in the general population state may have benign pulmonary
nodules and undiagnosed lung cancers. A ‘true’ disease stage is assigned based on the
individual’s simulated disease characteristics (tumor size, nodal involvement, distant spread)
and updated every cycle. An observed disease stage is also assigned, based on the
individual’s true disease characteristics, presence of any benign pulmonary nodules, and
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results from any diagnostic or staging tests performed. Observed and true stages may not
match if a cancer is undiagnosed or mis-staged by a test result.

Detection of a pulmonary nodule suspicious for lung cancer may be prompted by symptoms
or by incidental detection during a thoracic imaging examination for reasons unrelated to
lung cancer (e.g., trauma) or on a screening examination (depending on the scenario being
modeled). Patients with small pulmonary nodules are followed up with serial high-resolution
CT examinations to detect growth. Nodules that exhibit no detectable growth after 2 years of
follow-up are diagnosed as benign and require no further surveillance. Patients with
symptoms, pulmonary nodules exhibiting growth, or nodules large enough for biopsy begin
the next cycle in the diagnosis and staging state. Once the diagnosis of lung cancer is made,
the cancer is staged and the person moves to the treatment and survival state. Cell type-
specific (non-small cell vs. small cell) staging and treatment are modeled according to
consensus practice guidelines.) Individuals can die of non-lung cancer causes from any
state.

The natural history component occurs in every cycle of the model, so that new lung cancers
may develop (and existing lung cancers grow and progress) throughout life. The natural
history component has sub-components for lung cancer development, disease (tumor)
growth, disease progression, and symptom detection. Benign pulmonary nodules are also
simulated, because they are not always distinguishable from lung cancers on imaging exams
and may prompt clinical workups with all attendant risks and costs. The risk of developing
benign nodules is a function of age but not smoking history. See the Model Profile for
details of the benign component of the LCPM.

To allow for multiple primary tumors of different cell types, patients can develop up to three
primary lung cancers of different histologies: any of the 4 main types of lung cancer
(adenocarcinoma, large cell, small cell, and squamous cell), plus a 5th type to represent
Carcinoma, Not Otherwise Specified (ICD-0-2 code 80103). We modeled pure
bronchioloalveolar carcinoma (BAC) as a subset of adenocarcinoma +/- some BAC,
reflecting their differences yet typically mixed histology and misclassification. The LCPM
employs a probabilistic model of cancer development (akin to a ‘tolerance’ model, in which
cancer may only develop after an individual’s tolerance to risk factors has been exceeded).
The monthly probability of developing the first malignant cell of cancer type k=1, ...,5isa
logistic function with a type-specific intercept and type-specific coefficients for age, age?,
years of cigarette exposure (smoke-years, SY), an interaction between age? and SY; the
average number of cigarettes smoked per day (cigarettes per day, CPD), and the years since
quitting ( YSQ) smoking, if applicable. We also allow for random individual variation (Aigh
risk, a proxy for genetic susceptibility), constant for all 5 types.

Indicators are assigned to each new cancer for cell type, size (initial diameter of 0.01 mm),
lobe in the lung, and central or peripheral location (varied by type). We assume continuous
Gompertzian tumor growth, assigning a growth parameter for each new cancer that is drawn
from distributions specific for the 5 cell types of lung cancer. We also include a term to
allow cancers in smokers to exhibit accelerated growth. The model assumes an irreversible
(in the absence of resection) progression of lung cancer disease stages. The speed of
progression varies greatly, however, so that some cancers would never be detected during
life in the absence of screening. The growth of BACs was truncated at a maximum diameter
of 1 cm (detectable by X-ray).

Disease progression of an existing lung cancer can occur via nodal involvement and distant
metastasis. Risks of disease progression depend on characteristics of any cancers present,
and random individual variation that allows for more or less aggressive cancers, given a

Risk Anal. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McMahon et al.

Page 4

cancer’s size and growth rate. For each individual, 8 threshold volumes are drawn randomly
from distributions for each nodal stage (N1, N2, N3) and for distant spread (M1), stratified
by cell type (NSCLC/SCLC). Threshold volumes are adjusted to allow variation by growth
rate. In each cycle, development of metastases and involvement of lymph nodes occurs if
and only if the current volume of the largest cancer is greater than the corresponding
adjusted threshold volume.

Each month, individuals with distant metastases and/or a primary lung cancer may develop
symptoms that result in lung cancer detection. The probability of symptom detection from
primary cancers varies by location (central cancers have a greater propensity to cause
symptoms, given size) and cell type (NSCLC vs. SCLC) and is a logistic function of the size
of the largest cancer. We assume the minimum diameter for peripheral cancers to cause
symptoms is 10mm, approximately the size at which airways are obstructed. The probability
of symptom detection from metastases is a logistic function of the months since metastases
developed (varied by NSCLC vs. SCLC).

Asymptomatic lung cancers and benign nodules can be detected incidentally during a chest
imaging exam (CT or chest X-ray). The probability of incidental imaging exams is a
function of age, sex, and race. Temporal trends in these background rates have not yet been
explicitly incorporated. For screening scenarios (imaging or biomarker), individuals are
screened if they are both 1) eligible for the screening program being modeled and 2)
adherent. Screening programs can be specified by age range, minimum pack-years and/or
maximum years since quitting, maximum number of screens, screen frequency, and details
of the follow-up algorithm. Screening can in some cases lead to earlier death, even in those
with benign disease; surgical and wedge resection and invasive examinations carry risks of
operative mortality.

For any imaging exam, the probability of detection of asymptomatic cancers and benign
nodules is a function of size, location (peripheral/central) and test characteristics (sensitivity
and specificity). Imaging results are compared to results of prior imaging exams, if
available.

Treatment consists of either removal of the primary lung cancer (i.e., resection) or
systematic therapy. Only individuals assigned the status of operative candidate were eligible
for surgical resection, regardless of stage. To account for patients who were not operative
candidates, we estimated proportions of patients in SEER who were diagnosed NSCLC
stage | and Il and either refused surgery or had contraindications. A small proportion of
operative candidates with stage LS (limited stage) SCLC underwent resection, with the
remaining patients receiving chemoradiation. Operative candidates with NSCLC stages |
through Illa were assigned resection, with the remainder and all stage I11b cases receiving
chemoradiation. Stages IV (NSCLC) and ES (SCLC) were assigned chemotherapy. Tumors
which respond to systemic therapy are reduced in size (diameter), following conventional
guidelines for solid tumors(19), thereby delaying disease progression.

The comparative analysis in this monograph compares the estimated numbers of lung cancer
deaths in the U.S. population from 1975 to 2000 among men and women aged 30 to 84
years, under alternate scenarios of tobacco control. Other population- or cohort-level outputs
from the LCPM include incidence and mortality rates, as well as characteristics of incident
cancers (stage, size and cell type distributions).

By simulating the same individuals (using common random numbers) under scenarios of
screening and no screening, the LCPM can compare lung cancer outcomes and thereby
predict effectiveness of screening programs.(1:2) Estimates of screening biases (length-time,
lead-time, and over diagnosis) and screen-attributable reductions in lung cancer-specific or
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overall mortality are outputs of the model, not inputs. Screening scenario outputs include
prevalence and incidence rates and stage shifts. Individual-level outputs include ages at
detection and diagnosis, survival, and probabilities of false positive screening examinations.

Intermediate endpoints useful for comparing CISNET models included predictions of age-
specific lung cancer mortality rates as a function of smoking for seven hypothetical histories
among men born in 1921. The histories varied by ages at starting and stopping smoking and
daily dose, from never having smoked (History V1I) to continued smoking of 20 cigarettes
per day (Histories Il and 1VV). One million individuals of each history were simulated.

In any lung cancer model, smoking is a critical parameter because of the strong relationship
between exposure and lung cancer risk. Relatively small differences in smoking patterns
used for inputs into the models could translate into large differences in lung cancer
outcomes. Therefore, the Population LCPM used standardized inputs (see Burns, et al. and
Holford, et al., in this monograph(1.12)). Similarly, to isolate changes in lung cancer
outcomes from changes in competing causes of mortality, we used common inputs for
competing mortality (see Rosenberg, et al. in this monograph(13)).

Inputs not common to the other CISNET lung models are described in the LCPM Model
Profile. These include annual rates of incidental imaging exams (estimated from a large
insurance claims database); published probabilities of partial and complete responses to
systemic therapies; and calibration targets (see below) necessary for estimating natural
history parameters. Estimated costs (treatments, patient and caregiver time) and utilities for
health states are not relevant for analyses in this monograph and are described elsewhere.

2.3. Calibration and Validation

The calibration of the original single-cohort LCPM has been described in detail.(14) Briefly,
a combination of grid search and simulated annealing was used to identify the parameter set
that minimized the total sum of squared errors between model output and 8 primary
calibration targets: age-specific incidence for a reference cohort (white males aged 60 in
1990) as observed in the SEER registry over the period 1990-2000; cell type, stage, and size
distributions of incident cancers; and 4 stage-specific survival curves. Of the 25 parameter
sets with the best fit to the primary calibration targets, we chose the set with the best fit to 4
secondary calibration targets: autopsy data; mortality in never-smokers; percent
symptomatic at detection; lung cancer mortality. A revised set of parameters governing
smoking-related risks of developing lung cancer were estimated by calibrating the
Population LCPM (using standardized smoking histories) to the same reference cohort
(white males aged 60 in 1990, as observed in the SEER registry from 1990-2000). In a
separate, final calibration step, birth cohort and period terms (but not other natural history
parameters) were calibrated such that the LCPM generated observed U.S. trends in lung
cancer mortality over the period 1975-2000.

To account for observed trends in U.S. lung cancer mortality over the period 1975 to 2000,
we added terms that modify the monthly risk of lung cancer development (all cell types):
birth cohort terms were stratified by sex but period terms were identical for males and
females. Remaining natural history parameters were held constant over (calendar) time.

The LCPM Model Profiler® provides additional detail of validation endpoints summarized
here. Lung cancer incidence rates predicted by the LCPM were within the 95% confidence
bands observed in the Health Professionals Follow-up Study of male physicians with similar
smoking histories. Lung cancer mortality rates predicted by the LCPM were within
calculated binomial 95% confidence bands in CPS Il participants with similar smoking
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histories. The LCPM also reproduces observed endpoints in the CT screened arm of the
Lung Screening Study.

3. RESULTS

3.1. Hypotheticals

The LCPM predicted lung cancer mortality rates at age 75 of 43 per 100,000 for non-
smokers (History VII; Figure 2) that agreed with observed mortality rates for non-smoking
males aged 75-79 from CPS | (49.4 per 100,000) and CPS Il (44.0 per 100,000).1%) At age
75, predicted rates were 1,686 per 100,000 for the heaviest continuing smokers (History II;
Figure 2). By comparison, quitting at age 35 reduced lung cancer mortality rates at age 75 to
184 per 100,000 (History I). Compared to never-smokers of the same age, the heaviest
continuing smokers (History I1) faced 15 to 20-fold higher risks for lung cancer death in
their 50s, and over 40-fold higher risks in their 70s. A comparison of the LCPM predictions
to those of the other lung cancer models is in McMahon et al. in this monograph.(®)

3.2 Calibration and Validation

Under the scenario of actual tobacco control, the total numbers of deaths predicted by the
calibrated Population LCPM were 2,109,266 (men) and 1,070,882 (women); both
predictions were within 2% of observed over all years (1975 — 2000; Table I and Figure 3).

Estimated birth cohort terms for males (range, 0.165 to 1.017) and females (range, 0.6 to
0.85) were larger in magnitude than period terms (range, 0.85 to 1.0).

3.3 Tobacco Control Scenarios

The LCPM estimated that tobacco control since the 1950s achieved 28.6% of the potential
reduction in U.S. lung cancer deaths had smoking had been eliminated entirely (Table | and
Figure 3). The 28.6% reduction corresponded to 487,262 deaths prevented in males (25.2%
reduction) and 214,829 deaths prevented in females (30.5% reduction).

Using complete tobacco control as the best case scenario, the addition of annual helical CT
screening to actual tobacco control would have increased the proportion realized to 39.0%
overall (42.0% in men and 33.3% in women). The adoption of annual screening of all
persons aged 55-74 with at least 30 pack-years of cigarette exposure would have prevented
less than half as many lung cancer deaths as complete tobacco control.

4. DISCUSSION

Despite differences in model structure and fundamental approaches to modeling lung cancer
natural history (see McMahon et al. in this monograph(®), the CISNET lung models provide
robust predictions regarding the benefits to the U.S. population from investments in tobacco
control programs over the past half-century.(?)

As was the case for FHCRC and Yale models, calibration of LCPM natural history
parameters to a selected cohort had to be followed by a second calibration of period and
birth cohort terms to match population trends in U.S. lung cancer mortality. The three
models employed different selected cohorts (see McMahon et al. in this monograph(®)) and
yielded different period and birth cohort terms, suggesting that population trends are
complex and incompletely captured by extrapolating from individual cohorts.

Results of our hypothetical comparison to screening (Figures 3a and 3b) show that modern
helical CT screening — had it been in use from 1975 — would have provided less than half the
reduction in lung cancer deaths achievable with complete tobacco control. Allowing for
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imperfect adherence to screening schedules by eligible persons, imperfect screening tests,
and risks from radiation exposure would have reduced the effect of screening further. Insight
into the relative magnitude of benefit from cessation and screening will be helpful for setting
healthcare investment priorities and understanding how future trends in screening (if it
becomes part of standard of care) and cessation will influence future trends in lung cancer
mortality. Our findings suggest that lung cancer control interventions should continue to
emphasize tobacco control, whether or not lung cancer screening is adopted.

Limitations of the analysis arise from assumptions inherent in the model. The natural history
model simulates unobservable events, with parameters estimated by calibration.
Comparative modeling approaches such as those described in this Monograph and
elsewhere(16) are important tools for increasing the transparency of models used to inform

policy.

Second-hand smoke exposure for the U.S. population is difficult to precisely quantify from
surveys (if not impossible for birth cohorts going back to 1900) and was not explicitly
modeled. We did include lung cancer mortality rates in a cohort of highly selected (i.e.,
volunteers with the American Cancer Society who experienced lower mortality than the U.S.
population(17:18)) never-smokers as a calibration target,®but these individuals likely
experienced some second-hand smoke exposure. A true, complete smoking ban in the U.S.
would have eliminated second-hand smoke exposure and avoided an unknown number of
additional lung cancer deaths than we predicted.

The cohort and period terms implicitly adjust for trends in both incidental imaging rates and
staging and treatment practices, but analyses in this chapter simulate all lung cancer patients
as receiving staging and treatment consistent with consensus practice guidelines in place in
the 1990s. We did not consider financial costs of any of the scenarios in the analysis. Our
analysis used non-lung cancer mortality rates adjusted for smoking history and included
increased risks of death attributed to screening, but focused on lung cancer mortality and did
not consider overall life-expectancy or quality-adjusted life expectancy. Finally, our analysis
of screening relies on extrapolation from observational data, as randomized trials of helical
CT screening have not yet published mortality endpoints.
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