Technical Report

Evaluation of the Benefits and Harms of Lung Cancer
Screening With Low-Dose Computed Tomography: A
Collaborative Modeling Study for the U.S. Preventive
Services Task Force

Prepared for:

Agency for Healthcare Research and Quality
U.S. Department of Health and Human Services
5600 Fishers Lane

Rockville, MD 20857

www.ahrg.gov

Contract No. HHSA-290-2015-00011-1, Task Order No. 11

Prepared by:
Cancer Intervention and Surveillance Modeling Network (CISNET)
Lung Cancer Working Group

Investigators:

Rafael Meza, PhD
Jihyoun Jeon, PhD
lakovos Toumazis, PhD
Kevin ten Haaf, PhD
Pianpian Cao, MPH
Mehrad Bastani, PhD
Summer S. Han, PhD
Erik F. Blom, MD
Daniel Jonas, MD, MPH
Eric J. Feuer, PhD
Sylvia K. Plevritis, PhD
Harry J. de Koning, MD, PhD
Chung Yin Kong, PhD

AHRQ Publication No. 20-05266-EF-2
July 2020



This report is based on research conducted by the Cancer Intervention and Surveillance
Modeling Network (CISNET) Lung Cancer Working Group under contract to the Agency for
Healthcare Research and Quality (AHRQ), Rockville, MD (Contract No. HHSA-290-2015-
00011-1, Task Order No. 11) via RTI International-University of North Carolina Evidence-based
Practice Center (EPC). The findings and conclusions in this document are those of the authors,
who are responsible for its contents, and do not necessarily represent the views of AHRQ.
Therefore, no statement in this report should be construed as an official position of AHRQ or of
the U.S. Department of Health and Human Services.

The information in this report is intended to help health care decision makers—patients and
clinicians, health system leaders, and policymakers, among others—make well-informed
decisions and thereby improve the quality of health care services. This report is not intended to
be a substitute for the application of clinical judgment. Anyone who makes decisions concerning
the provision of clinical care should consider this report in the same way as any medical
reference and in conjunction with all other pertinent information (i.e., in the context of available
resources and circumstances presented by individual patients).

The final report may be used, in whole or in part, as the basis for development of clinical practice
guidelines and other quality enhancement tools, or as a basis for reimbursement and coverage
policies. AHRQ or U.S. Department of Health and Human Services endorsement of such
derivative products may not be stated or implied.

None of the investigators have any affiliations or financial involvement that conflicts with the
material presented in this report.

Acknowledgments

The authors gratefully acknowledge the following individuals for their contributions to this
project and deeply appreciate their support, commitment, and contributions: Howard Tracer,
MD, AHRQ Medical Officer; Tracy Wolff, MD, MPH, Scientific Director, USPSTF Division,
AHRQ); expert reviewers William C. Black, MD, Dartmouth-Hitchcock Medical Center, Gerard
A. Silvestri, MD, MS, Medical University of South Carolina, and Ann Zauber, PhD, Memorial
Sloan Kettering Cancer Center; National Cancer Institute Federal reviewers Paul Pinsky, PhD,
Chief, Early Detection Research Branch, and Kathy Cronin, PhD, Deputy Associate Director,
Surveillance Research Program; Sharon Barrell, MA, editor, Loraine Monroe, publications
specialist; and Carol Woodell, RTI-UNC EPC Program Manager.

Authors’ Contributions

Authors ten Haaf, Cao, and Bastani contributed equally to this report. Likewise, authors Feuer,
Plevritis, de Koning, and Kong contributed equally to this report.

Lung Cancer Screening Decision Analysis i CISNET Lung Group



Structured Abstract

Importance: The U.S. Preventive Services Task Force (USPSTF) is updating its 2013 lung
cancer screening recommendations.

Objective: To inform the USPSTF by evaluating the benefits and harms of low-dose computed
tomography (LDCT) screening strategies by conducting simulation modeling; comparing
strategies with varying starting and stopping ages, screening frequency, and eligibility criteria
(based on smoking pack-years and years since quitting smoking or based on individual lung
cancer risk); and identifying efficient strategies that provide the best balance of benefits (lung
cancer deaths prevented and life-years gained [LYG]) and harms for a given level of LDCT
screens.

Design, Setting, and Participants: Collaborative modeling with four lung cancer natural history
models for individuals from the 1950 and 1960 birth cohorts from ages 45 to 90 years with no
prior lung cancer diagnosis.

Exposures: Screening with LDCT with varying starting ages (45, 50, 55 years), stopping ages
(75, 77, 80 years), and screening frequency (annual, biennial). Eligibility criteria based on either
age, cumulative pack-years (20, 25, 30, 40 years) and years since quitting smoking (10, 15, 20,
25 years) (risk factor—based strategies) or age and individual lung cancer risk estimation using
three established risk prediction models (Bach, Lung Cancer Death Risk Assessment Tool, and
PLCOmM2012) with varying risk thresholds for eligibility (risk model-based strategies). A total
of 1,093 (289 risk factor—based and 804 risk model—based) strategies were evaluated. Full uptake
and adherence for all scenarios were assumed.

Main Outcomes and Measures: Benefits: Lung cancer deaths averted and LYG compared with
no screening per 100,000 population. Harms: Lifetime number of LDCT screens, false-positive
results, biopsies, overdiagnosed cases, and radiation-related lung cancer deaths per 100,000
population.

Results: We identified a set of LDCT screening programs that are efficient and result in the most
lung cancer deaths averted and LYG for a given level of screening (number of LDCT screens).
Most efficient risk factor—based strategies start screening at age 50 or 55 years and stop
screening at the age of 80 years. Most efficient risk factor—based strategies with at least 9 percent
lung cancer mortality reduction have 20 pack-years as the minimum criterion for eligibility. The
2013 USPSTF-recommended criteria, which was selected based on lung cancer deaths averted
using the 1950 birth cohort, is not among the efficient strategies for the 1960 birth cohort when
considering both lung cancer deaths averted and LYG. However, annual strategies with the 20
pack-years minimum criterion, starting age of 50 or 55 years and stopping age of 80 years are
efficient and result in increased screening eligibility (20.6% to 23.6% eligible) and considerably
more lung cancer deaths averted (469 to 558 per 100,000) and LYG (6,018 to 7,596 per 100,000)
than the 2013 USPSTF-recommended strategy (14.1% eligible, 381 lung cancer deaths averted
and 4,882 LYG per 100,000). However these strategies also result in more false-positive tests
(1.9 to 2.5 vs. 1.9 per person screened), overdiagnosed cases (83 to 94 vs. 69 per 100,000), and
radiation-related lung cancer deaths (29.0 to 42.5 vs. 20.6 per 100,000) than the 2013 USPSTF-
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recommended strategy. The 20 pack-year strategies result in higher relative increases vs. the
2013 USPSTF-recommended criteria in eligibility, lung cancer deaths prevented, and LYG for
women than men. These strategies also result in higher relative increases compared with the
2013 USPSTF-recommended criteria in eligibility for non-Hispanic blacks, Hispanics, and
American Indian/Alaska Natives than for non-Hispanic whites and Asians. Among risk model—
based screening strategies, the net benefits and harms of screening strongly depend on the risk
model’s specific risk thresholds. Risk model-based vs. risk factor—based strategies result in
higher numbers of lung cancer deaths prevented and modest additional LY Gs and induce fewer
radiation-related lung cancer deaths; however, they result in more overdiagnosed cases. The
general patterns observed for the 1960 birth cohort for men and women combined hold for each
sex and for the 1950 birth cohort.

Limitations: Simulations assumed 100 percent screening uptake and adherence. Relative
performance of compared strategies might change if uptake and adherence differ by age or
screening frequency. The models extrapolated results from short-term randomized trials with
three LDCT annual screens to lifetime screening and followup. Simulations did not consider
incidental findings and were restricted to the 1950 and 1960 U.S. birth cohorts.

Conclusions and Relevance: This collaborative modeling analysis suggests that LDCT
screening could lead to important reductions of lung cancer mortality and result in significant
LYG when optimally targeted. In particular, screening individuals ages 50 or 55 years through
80 years with 20 or more pack-years of smoking exposure would result in more benefits than
current criteria and would reduce disparities in eligibility by sex and race/ethnicity. Risk model-
based screening strategies could result in higher benefits compared with risk factor—based
screening strategies; however, the analysis did not consider issues of implementation and other
potential challenges of risk model-based screening strategies.
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Chapter 1. Introduction

Lung cancer remains the most common cause of cancer mortality in the United States, despite
the considerable decrease in smoking and the resulting decrease in smoking-related lung cancer
incidence and mortality.™ 2 In an effort to further reduce the burden of lung cancer in the United
States, in 2013 the U.S. Preventive Services Task Force (USPSTF) recommended annual
screening for lung cancer with low-dose computed tomography (LDCT) in adults ages 55
through 80 years who have at least a 30 pack-year smoking history and currently smoke or have
quit within the past 15 years.® The recommendations further stated that screening should be
discontinued once a person has not smoked for 15 years or develops a health condition that
substantially limits life expectancy or the ability or willingness to have curative lung surgery
(Grade: B recommendation).

Important questions remain regarding the benefits and harms of lung cancer screening,
particularly as it is being implemented in clinical practice in the United States. The 2013
USPSTF lung cancer screening recommendations were largely based on the results of the
National Lung Screening Trial (NLST),*® which found a 16 to 20 percent lung cancer mortality
relative reduction for LDCT screening vs. screening with chest radiographs. Since then, lung
cancer screening programs have been established across the United States, and new clinical
guidelines have emerged for classifying and managing screen-detected pulmonary nodules,
updating the protocols used in NLST. In particular, the American College of Radiology released
the Lung Imaging Reporting and Data System (Lung-RADS™) with the goal of improving the
interpretation of screening results, reducing the rate of false-positive findings, and supporting the
uniform implementation of lung cancer screening across the United States.” 8 In addition, other
randomized trials, including the Dutch—Belgian lung-cancer screening trial (NELSON) that
showed a 24 percent lung cancer mortality relative reduction in men at 10 years after four rounds
of LDCT screening vs. a no screening arm,® reported their findings.® © Nonetheless, early
reports of lung cancer screening practices in different health systems have suggested that the
implementation of screening with LDCT has been far from optimal. These reports have found
that few eligible persons have accessed or opted for screening, while some ineligible persons
with less smoking exposure than required by current guidelines and some with severe
comorbidities are being screened.!!1°

Most current LDCT screening recommendations are based on age, cumulative smoking exposure
(30 pack-years), and years since quitting smoking alone and do not consider additional risk
factors. However, some population groups, such as African American men or those with a family
history of lung cancer, might be at high risk of lung cancer even when not meeting the 30 pack-
year or other criteria.?>? It has been suggested that less than 45 percent of patients with lung
cancer would meet the USPSTF screening eligibility criteria.?® For these reasons, proposed
alternatives are to reduce the minimum pack-year criterion or to use multivariate risk prediction
models to select eligible individuals based on their estimated individual probability of being
diagnosed with or dying from lung cancer.?*?’ In fact, the most recent National Comprehensive
Cancer Network lung cancer screening guidelines recommend screening also for persons older
than 50 years with 20 pack-years or more of smoking exposure who have additional risk factors
(such as chronic obstructive pulmonary disease [COPD] or family history of lung cancer) that
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would increase their probability of getting lung cancer within the next 6 years (i.e., 6-year lung
cancer risk) to 1.3 percent or higher according to the PLCOm2012 multivariate lung cancer risk
model (level 2 recommendation, category 2a).2” These recommendations are largely based on
expert opinion, given the scarcity of studies evaluating the efficacy of screening strategies based
on risk; however, evidence is starting to emerge on the potential benefits and challenges of
implementing programs based on risk calculation.?>-3® Nonetheless, although much attention has
been focused on evaluating the use of risk assessment to maximize the efficiency of screening,
less attention has been paid to quantifying the potential resulting harms related to screening
patients with comorbidities and short life expectancy who also tend to be those at the highest
levels of lung cancer risk.3!3°

This report describes a collaborative simulation modeling study or decision analysis (DA)
performed for the USPSTF. The USPSTF will use this analysis to inform its updated lung cancer
screening recommendations. Recognizing that simulation models provide a way to extrapolate
available evidence and predict long-term outcomes,*®-3 the USPSTF commissioned this
simulation modeling effort to assess the benefits and harms of various approaches to screening
with LDCT. This analysis accompanies the corresponding systematic review to update the
evidence on the benefits and harms of lung cancer screening.*

The collaborative modeling study provides an assessment of the potential benefits and harms of
lung cancer screening at the population level reflecting current U.S. nodule management and
followup guidelines (i.e., using Lung-RADS). The analysis evaluates the impact of screening on
the lung cancer outcomes for two U.S. birth cohorts, 1950 and 1960, which are representative of
the target population. In addition, this analysis, together with the systematic evidence review,
provides an evaluation of screening strategies based on individual lung cancer risk (probability
of incidence or death within a given period) and evaluates how strategies based on risk
prediction models, termed risk model-based strategies, compare with strategies based on age,
cumulative smoking exposure (pack-years), and years since quitting smoking, termed risk
factor—based strategies.
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Chapter 2. Methods

Key Questions

The investigators, USPSTF members, and Agency for Healthcare Research and Quality (AHRQ)
Medical Officers developed the scope and key questions (KQs). Three KQs were developed for
this collaborative modeling study:

1. How do the benefits and harms of screening for lung cancer with LDCT vary by (a) age
to start screening; (b) age to stop screening; (c) pack-year criterion (d) years since
quitting smoking; and (e) screening frequency when using screening, workup, and
management protocols that are being implemented in current clinical practice?

2. What are the expected population effects of screening for lung cancer with LDCT for
older vs. more recent birth cohorts of the U.S. population?

3. What are the relative benefits and harms of lung cancer screening strategies with
eligibility based on individual lung cancer risk (risk model-based) vs. strategies with
eligibility based on age, pack-years, and years since quitting smoking (risk factor—
based)?

Lung Cancer Natural History Models

The DA was conducted by investigators of the Cancer Intervention and Surveillance Modeling
Network (CISNET) Lung Group. Four CISNET lung cancer screening simulation models from
different institutions were used for the analysis: the Microsimulation Screening Analysis
(MISCAN)-Lung Model from Erasmus University Medical Center (Model 1), Massachusetts
General Hospital-Harvard Medical School (MGH-HMS, Model 2), the Lung Cancer Outcomes
Simulation (LCOS) from Stanford University (Model 3), and University of Michigan (Model 4).
All of these models were part of the previous lung cancer screening DA conducted for the
USPSTF.3 3641

Overview of Decision Models

CISNET’s comparative modeling approach uses multiple decision models to address common
research questions. Because the models differ in terms of parameters, assumptions, model
structure, and approach, comparison of results across models serves as a gauge of model
specification uncertainty. Similarity of results provides greater confidence in the conclusions,
whereas variation can indicate areas where more information is needed.

Although the models share common inputs, each modeling team developed its own model based
on mathematical descriptions of lung cancer risk as it relates to smoking behaviors. The models
explicitly consider individual factors associated with the risk of lung cancer, including the
number of cigarettes smoked per day at any given age, the age of smoking initiation, duration of
smoking, and the number of years since quitting.
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Table 1 shows a comparison of the model characteristics. All models share the same overall
structure. The central component of each model is a dose-response module that provides a
quantitative description of the age-specific lung cancer incidence and mortality by detailed
history of smoking. This module is used to predict age- and sex-specific lung cancer incidence
and mortality risk as a function of individual smoking histories.

The models can be used to simulate the natural history of lung cancer given an individual’s sex,
birth year, and smoking history. A key component to all models is the Smoking History
Generator (SHG), a microsimulator developed by the CISNET Lung Group that generates
detailed individual smoking histories for the U.S. population.? # 43 These smoking histories
serve as the main inputs for the model simulations. Multiple data sources, including the National
Health Interview Survey, the Cancer Prevention Studies | and 11, and the Human Mortality
Database, were used to construct the input parameters for the SHG: rates of smoking initiation;
cessation; cigarettes per day consumption; and other causes or all causes of death by age, birth
cohort, sex, smoking status, smoking intensity, and years since quit. The SHG was used to
simulate smoking and life histories of individuals from the 1950 and 1960 U.S. birth cohorts,
which the four models used as inputs.

Each model can simulate the effects of lung cancer screening given an individual’s smoking and
lung cancer natural history. The models were calibrated to both the NLST and the Prostate,
Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial to produce outcomes that are
consistent with both trials.** Specifically, the models were shown to reproduce the observed
annual lung cancer incidence and mortality by arm and mode of detection (screening and
otherwise) in both trials, the histology and stage distributions, and the estimated benefit of three
rounds of LDCT screening in NLST. Three of the models were updated to reflect current practice
and nodule evaluation and management according to the Lung-RADS guidelines, modeling the
Lung-RADS protocols explicitly or indirectly via the associated rates of false-positive tests
(Table 1 and appendix) and adjusting the models to reflect the expected reduction in sensitivity
relative to NLST.8 The other model uses false-positive tests, sensitivities, and screening result
rates based fully on the NLST, allowing for comparison of alternative protocols and
assumptions.

The models and the SHG were used to simulate the effect of different lung cancer screening
scenarios for the U.S. population. Simulated outcomes included the number and percentage of
persons screened given an eligibility criterion, number of lung cancer cases and deaths, number
of other-cause deaths, life-years gained (LYG) relative to a no-screening scenario, number of
false-positive screens, number of biopsies, overdiagnosed cases, and radiation-related lung
cancer deaths. Details for each of the four models are provided in Appendix A.

Screening Strategies

Risk Factor—-Based Strategies

The DA assessed the relative benefits and harms of alternative LDCT screening strategies. The
analysis focused first on strategies using eligibility criteria similar to the prior USPSTF
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recommendation from 2013, which determines screening eligibility as a function of age and
smoking exposure (i.e., scenarios where eligibility assessment is based on age range, pack-years,
and years since quitting, henceforth called risk factor—based strategies). This primary analysis
also assessed the relative performance of annual vs. biennial screening frequency. Table 2
summarizes the LDCT screening attributes and values considered in the primary risk factor—
based strategies DA. A total of 289 scenarios were considered, including a no-screening scenario
as reference.

We used the four CISNET natural history models to project the benefits and harms of each
strategy in the U.S. 1950 and 1960 birth cohorts. We selected these birth cohorts because they
are now in the middle of their screening eligibility according to current guidelines (70 years old
for 1950 and 60 years old for 1960) and are representative of different moments of the tobacco
epidemic (higher smoking prevalence and average smoking intensity for the 1950 birth cohort vs.
decreased smoking prevalence and lower average smoking intensity for the 1960 birth cohort)
and for comparability with the 2013 DA, which focused on the 1950 birth cohort.® 44 Strategies
also varied by starting age (45, 50, 55 years), stopping age (75, 77, 80 years), frequency (annual,
biennial), minimum pack-years (20, 25, 30, 40 years), and maximum years since quitting
smoking (10, 15, 20, 25 years).

Risk Model-Based Strategies

The DA also evaluated the potential population impacts of selected lung screening scenarios with
eligibility criteria based on multivariate risk models that use smoking duration and intensity, sex,
and age to estimate lung cancer risk (i.e., strategies where risk assessment is based on a
multivariate model considering age, smoking, and sex information, henceforth called risk model—
based screening strategies). For these scenarios, we focused on 6-year lung cancer risk
(probability of lung cancer incidence or mortality within the next 6 years) because this was the
duration of followup in the NLST trial, and one of the multivariate risk models considered has a
fixed 6-year risk prediction horizon. The lung cancer risk calculation for screening eligibility
considered an individual’s age, sex, and more detailed smoking history than risk factor—based
strategies (i.e., smoking duration, smoking intensity, years since cessation). This “unpacking” of
pack-years into its components has been shown to be important because each metric has
independent predictive value, and collapsing these into a single measure of cumulative exposure,
such as pack-years, potentially reduces the precision to determine those most likely to be
diagnosed with or die from lung cancer.?” %> 4¢ No other established risk factors for lung cancer,
such as race/ethnicity, COPD, or individual and family history of lung cancer, were considered
in this collaborative modeling DA. This is because it would require the joint simulation of these
risk factors with smoking, sex, and age at the population level and the availability of well-
calibrated and validated lung cancer natural history models incorporating all covariates. For each
simulated individual, the assessment of eligibility was performed annually (or every other year
for biennial strategies), from the starting age of eligibility until the stopping age or death.

Three lung cancer risk prediction models were considered to generate individual eligibility based
on lung cancer risk: 1) a modified PLCOmM2012 model (MPLCOmM2012), 2) a modified version
of the Lung Cancer Death Risk Assessment Tool (LCDRAT) model (MLCDRAT), and 3) the
Bach model. The MPLCOm2012 model is a simplified version of the 6-year lung cancer
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incidence risk PLCOmM2012% 229 model restricted to age and smoking covariates (i.e., setting
race/ethnicity, education, body mass index, COPD, personal history of cancer, and family history
of lung cancer, which are in the full model, at its reference value). The MPLCOm2012 has an
area under the curve (AUC) of 0.784 in the PLCO control arm compared with an AUC of 0.795
for the full model.?° Analogously, the MLCDRAT model is a simplified version of the LCDRAT
lung cancer mortality model restricted to age, sex, and smoking covariates (i.e., excluding
race/ethnicity, education, COPD, and family history of lung cancer, which are in the full
model).*” The model’s developer, Dr. Hormuzd Katki of the National Cancer Institute, provided
the model to the DA team. The MLCDRAT model has an AUC of 0.78 in the PLCO control arm.
We used the model to compute 6-year lung cancer mortality risk. The Bach model,*® which
predicts 1-year lung cancer incidence risk, was used as published but compounded to produce a
6-year incidence risk estimate. This model considers age, sex, smoking covariates, and
occupational asbestos exposure. We used the model assuming no asbestos exposure (i.e., set
asbestos exposure=0 in the model) because this is how it has been recently validated.?® 4" The
Bach model, with asbestos set to 0, has an AUC of 0.78 in the PLCO control arm.?

These three risk prediction models were selected based on two independent analyses of the
performance of several risk prediction models in identifying lung cancer incidence and mortality
cases in the PLCO and NLST trials and other U.S. cohorts,? 4 their practicality and ease of
implementation, and their use as risk prediction models in current lung screening
recommendations/implementations.*® Of the risk prediction models evaluated in ten Haaf et al,?®
the PLCOmM2012, Bach, and Two-Stage Clonal Expansion (TSCE) models outperformed other
risk prediction models. However, the TSCE model is less straightforward to implement and is
used as a dose-response model in some of the CISNET lung cancer natural history models.
Hence, we did not use the TSCE model to determine screening eligibility in our risk model—
based screening analyses. A recent analysis by Katki et al*’ demonstrated that the Lung Cancer
Risk Assessment Tool (LCRAT) (a model that predicts lung cancer incidence) and the LCDRAT
(a model that predicts lung cancer mortality) models have similar performance to the
PLCOmM2012 and Bach models; thus, we included the LCDRAT lung cancer mortality model to
complement the two incidence models. It is worth noting, however, that currently the incidence
risk prediction models are effective in identifying individuals at high risk for both lung cancer
incidence and lung cancer mortality (Figures 2 through 5 in ten Haaf et al.?).

The evaluated risk model-based screening strategies varied then by risk prediction model (Bach,
MLCDRAT, MPLCOmM2012), model-specific risk threshold (i.e., the minimum level of risk
required for eligibility), and lower (50, 55 years) and upper (75, 77, 80 years) age limits. We
considered age limits of eligibility for two reasons: 1) to limit the extrapolation of the risk
calculation to younger ages because the risk models were developed using data restricted to ages
equal to or older than 50 (Bach) or 55 years (MPLCOmM2012 and MLCDRAT) and 2) to avoid
having people getting screened in the simulation during their 90s, more than 10 years beyond the
age range for which LDCT screening has been evaluated and because of the shorter life
expectancy at those ages. Model-specific risk thresholds (Table 3) were determined based on a
previous analysis that identified threshold ranges per risk model resulting in similar percentages
of screen-eligible people in the 1960 birth cohort as in the risk factor-based strategies considered
in the DA.* Previous simulation analyses of the performance of the PLCOmM2012 and Bach
models to identify individuals at high risk of lung cancer in the PLCO and NLST trials suggest
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that using thresholds within these ranges would yield a positive net benefit from risk model-
based screening relative to the NLST criteria.?® For each risk model, we evaluated risk thresholds
within the model-specific ranges at 0.1 percent increments. Table 3 shows a summary of the
resulting 804 risk model-based screening strategies evaluated. To limit the scenarios and
comparisons in the risk model-based screening analysis, we focused only on the 1960 birth
cohort, which, as mentioned above, is now at the beginning of its eligibility and more
representative of current smoking patterns in the United States.

Scenario Simulation and Analysis

We used the SHG to simulate individual smoking and life histories of 1 million men and 1
million women from the U.S. 1950 and the 1960 birth cohorts from ages 45 to 90 years or death.
The simulated individual histories were used as input by all four CISNET simulation models.
Models then simulated the lung cancer screening outcomes for each individual under the
different screening scenarios described above. All simulations were performed assuming that all
screen-eligible individuals would choose to undergo lung cancer screening and would also
adhere to ongoing screening (annual or biennial) for the duration of their screening eligibility.
Smoking cessation and the risk of competing causes of disease and death were assumed to be
unaffected by screening results.

Outcomes

Each model aggregated individual simulation results into counts of screening examinations and
health outcomes separately for men and women. Most measures are reported as “per person in
the population” rather than “per person screened” because programs defining eligibility based on
smoking history may screen similar proportions of the population but screen dissimilar people,
even for identical starting and stopping ages. False-positive screens, however, are reported as
“per person screened.”

Table 4 lists the specific outcomes evaluated for each screening scenario by each model. These
outcomes include measures of benefit such as lung cancer deaths averted, lung cancer mortality
reduction and LYG vs. no-screening scenario, and measures of harm or burden such as the
percentage of individuals eligible for screening, the number of LDCT screens and followup
scans, the false-positive rates, biopsies following positive screens, and the rate of cancer
overdiagnosis. Two models (Models 2 and 4) were used to estimate radiation-related lung cancer
deaths.

We represented the trade-off between maximizing the benefits (here, lung cancer deaths averted,
or LYG) due to a specific screening program and simultaneously minimizing the corresponding
burden or harms (here, number of screening exams under each program) by plotting benefit vs.
burden for each scenario and generating a corresponding “efficient frontier.” The efficient
frontier is the line connecting the strategies that provide the largest benefit (lung cancer deaths
averted or LYG) for a given number of LDCT screens. We used LDCT screens as the burden or
harms metric because it is independent of other assumptions and it is measured consistently
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across models. However, we calculated additional measures of harm for each scenario as
described above. Each model generated efficient frontiers that connected the screening programs
that prevented the most lung cancer deaths or generated the most LY G for each possible value of
the number of LDCT screens. Separate efficient frontiers by model were generated for both
benefit measures (lung cancer deaths averted and LYG) by sex and both sexes combined and for
each birth cohort (1950 and 1960).

Selection of Consensus-Efficient Scenarios

To identify efficient scenarios providing the most lung cancer deaths averted and/or LYG for a
given level of screening (measured here as the number of LDCT screens per 100,000
population), we conducted a data envelopment analysis (DEA).%6 4150 The DEA allows for
identification of efficient scenarios accounting for a harms or burden metric (here, the number of
LDCT screens) and one or several gain or benefits metrics (here, the number of lung cancer
deaths averted, LYG, or both metrics simultaneously). In simple terms, for a single-benefit DEA,
the approach finds programs that are near the efficient frontier of LDCT screens vs. lung cancer
deaths averted or LDCT screens vs. LYG. For a two-benefit DEA, the method identifies
strategies that are near the two-dimensional efficiency curve defined by the outer envelope of
lung cancer deaths averted per number of LDCT screens vs. LYG per number of LDCT screens.
We conducted independent DEASs for each CISNET model to identify model-specific efficient
scenarios and then selected those that were efficient for at least three of the four models. This
approach ensured an equal weighting of the CISNET models, preventing us from giving
preference to models with higher levels of predicted benefits in the identification of efficient
scenarios. Specifically, for each model’s results, using the DEA we generated a rank score
(decile of distance from the model’s efficient frontier [or curve] for each scenario not on the
frontier [or curve]). We then identified scenarios on (score 0) or closest to (first 3 deciles) the
frontier of at least three CISNET models (i.e., scenarios that have efficiency scores within the top
30% for at least 3 out of the 4 models).

We performed three separate DEAS, using either lung cancer deaths averted alone, LYG alone,
or both benefit metrics simultaneously (i.e., a 2-outcome metric). Main DEAs were based on the
two-outcome metric with the single-metric DEAs used as sensitivity analyses.

For each consensus-efficient program, we aggregated sex-specific results to derive average
(across the 4 CISNET models) predic