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Abstract

Background—Lung cancer screening with annual chest CT is recommended for current and
former smokers with =30+ pack-year smoking history. Patients with chronic obstructive
pulmonary disease (COPD) are at increased risk of developing lung cancer and may benefit from
screening at lower pack-year thresholds.

Methods—We used a previously validated simulation model to compare the health benefits of
lung cancer screening in current and former smokers ages 55-80 with =30 pack-years to
hypothetical programs using lower pack-year thresholds for individuals with COPD (=20, >10,
and =1 pack-years). Calibration targets for COPD prevalence and associated lung cancer risk were
derived using the Framingham Offspring Study Limited Dataset. We performed sensitivity
analyses to evaluate the stability of results across different rates of adherence to screening,
increased competing mortality risk due to COPD, and increased surgical ineligibility in individuals
with COPD. The primary outcome was projected life expectancy.

Results—Programs using lower pack-year thresholds for individuals with COPD yielded the
highest life expectancy gains for a given number of screens. Highest life expectancy was achieved
when lowering the pack-year threshold to =1 pack-year for individuals with COPD, which
dominated all other screening strategies. These results were stable across different adherence rates
to screening and increases in competing mortality risk for COPD and surgical ineligibility.

Conclusion—Current and former smokers with COPD may disproportionately benefit from lung
cancer screening. A lower pack-year threshold for screening eligibility may benefit this high-risk
patient population.
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Introduction

Methods

In 2011, the National Cancer Institute published the results of the National Lung Screening
Trial (NLST), which demonstrated a 20% reduction in lung cancer (LC) mortality in current
and former heavy smokers (=30 pack-years) screened with annual low dose computed
tomography (CT) versus standard chest X-ray.! As a result, the United States Preventive
Services Task Force issued recommendations for LC screening in current and former
smokers ages 55-80 years with at least a 30 pack-year smoking history.2 However, there are
risk factors other than smoking history which may help identify individuals who may benefit
from LC screening.34 One important risk factor is chronic obstructive pulmonary disease
(COPD). Cohort studies have indicated that patients with COPD are 2-6 times more likely to
develop LC than those without COPD.5-10 This elevation in risk persists after controlling for
smoking exposure, which concurs with recent studies identifying factors that may
predispose individuals for the development of both COPD and LC.11-13 patients with
COPD, however, experience higher competing mortality risks. In addition, some may not be
eligible for surgical resection, the standard treatment for early-stage disease.

Simulation modeling can be used to project the long-term effects of cancer screening and
treatment. The Lung Cancer Policy Model (LCPM) is a microsimulation model of LC
development created to estimate the effectiveness of LC screening in populations at elevated
risk.24-16 The purpose of this project was to use the LCPM to compare the health benefits of
LC screening with chest CT using eligibility criteria that target individuals with COPD,
compared with programs targeting individuals based on smoking history alone.

Model overview

Data Source

The LCPM is an individual-level microsimulation model of LC development, diagnosis, and
treatment that was developed to estimate the health benefits and cost-effectiveness of LC
screening.2®17 The LCPM simulates the unobservable disease process as well as clinical
events such as diagnostic tests, symptomatic presentation, and screening tests. Estimation of
model parameters was accomplished via a combination of using published data and
calibration, which involves populating the model with individuals with detailed smoking
histories and simulating detailed clinical scenarios. Model outputs are calibrated to observed
outcomes and tumor registry data from the Surveillance, Epidemiology, and End Results
(SEER) program of the National Cancer Institute.1® Additional details of the LCPM and
model inputs have been previously described19-20 and are available onlinel4 and
summarized in the Appendix (see eAppendix, eTable 1, eFigure 1). In the sections below,
we describe the approach used to incorporate spirometry-defined COPD as a risk factor for
LC.

Input parameters for COPD prevalence and elevated LC risk were calculated using
longitudinal, de-identified data from the Framingham Offspring Study Limited Dataset
(FOS-LDS) obtained from the National Heart, Lung, and Blood Institute (NHLBI). The
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study was reviewed and approved by our Institutional Review Board. Details of the FOS
study design, inclusion criteria, and examination procedures have been previously
published.2! The FOS study began in 1971 and includes 4,989 men and women ranging in
age from 13-62 years at baseline. Of the 4,989 participants, 4,832 had both spirometric and
smoking-related data for at least one exam. To prevent confounding of spirometry data due
to asthma, we excluded 514 participants with a reported history of asthma, leaving 4,318
participants for analysis. LC data in the FOS were obtained through self-report, hospital
records, and data from the National Death Index. LC diagnosis was confirmed based on
pathology reports.

Lung Function Data—Spirometric methods in the FOS have been previously
described.22 Lung volumes were obtained from spirometry testing of participants at exams 1
(1971-75), 2 (1984-87), 5 (1991-95), and 6 (1996-97). Participants performed all maneuvers
until three satisfactory measurements were obtained. The largest values for forced expiratory
volume in 1 second (FEV1) and forced vital capacity (FVC) were recorded. No
bronchodilators were used.

We defined COPD using the lower limit of normal (LLN) criteria recommended by both the
American Thoracic Society and the European Respiratory Society Task Force.23 By these
criteria, an FEV1/FVC ratio below the 5™ percentile of a healthy age- and sex-matched
reference population is considered indicative of airway obstruction. Because COPD is
defined as irreversible airway obstruction, participants who met criteria for COPD on one
examination and had normal pulmonary function (FEV1/FVC > LLN) on any subsequent
examination were considered not to have COPD.

We fit a generalized linear model (GLM)2* to repeated measures in the FOS-LDS data to
calculate the probability of developing COPD in men and (separately) women as a function
of age and pack-years using a log-link function and binominal error distribution. Age was
categorized in five year intervals and smoking was categorized by pack-years (honsmoking,
<10 pack-years, 11-20 pack-years, 21-30 pack-years, 31-40 pack-years, and >40 pack-
years). From these calibration targets, we derived annual incidence rates for COPD for male
and female nonsmokers and relative risks (RR) of COPD by pack-year category (eTable 2).
All statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, North
Carolina).

LC Risk—To calculate the adjusted risk of LC in participants with COPD in the FOS, we
fitted a logistic regression model to predict LC diagnosis using forward selection of the
following predictors: age at study entry, gender, average cigarettes per day, years smoked,
years since quitting (in former smokers), and COPD status. Data from the last recorded
exam were used. All variables were treated as continuous variables except for gender and
COPD (binary variables). Gender and years of smoking did not meet a significance level of
p<0.05 and were excluded from the regression model.

LCPM Extensions

The 95% confidence intervals for COPD prevalence in the FOS-LDS predicted by the GLM
were used as calibration targets for COPD prevalence in the simulation model. The
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probability of developing LC in the LCPM is a set of five logistic functions (one for
adenocarcinoma, squamous cell carcinoma, large cell carcinoma, small cell carcinoma, and
other) dependent on age, age?, years of cigarette exposure, an interaction between age? and
cigarette exposure, number of cigarettes per day, a proxy for inherited risk in 4.7% of
individuals, and years since quitting smoking (in former smokers).14 We added a coefficient
to these functions to increase the risk of LC in individuals with versus without COPD, based
on the odds ratio (OR) for LC diagnosis in individuals with COPD in the FOS-LDS. After
adjustment of LC, we populated the model with 50-year-old male and female U.S. birth
cohorts born in 1950 and re-calibrated the model to total LC observed in the SEER registry
for the corresponding birth cohorts (eFigure 2).

Screening Strategies

Outcomes

We evaluated the health benefits of LC screening with annual low dose chest CT in 55-80
year old men and women compared with no screening using four different eligibility criteria:
1) =30 pack-years (30PY); 2) =30 pack-years or COPD and =20+ pack-years (30PY/20PY
+COPD); 3) =30 pack-years or COPD and =10 pack-years (30PY/10PY+COPD); 4) =30
pack-years or COPD and =1 pack-year (30PY/1PY+COPD). Former smokers were eligible
for screening if they had quit within the past 15 years. For the base case, we assumed 100%
adherence. Only nodules >4mm in diameter at detection were further evaluated.?> We
simulated 5 million men and (separately) women born in 1950 until death for each program.

The primary outcome was projected life expectancy (LE) across all individuals in the cohort,
defined as time from birth until simulated death. Additional outcomes included the number
of screening CTs performed, number of invasive procedures performed for benign nodules
(including percutaneous biopsies and video-assisted thoracoscopic surgery), and LC
mortality reduction attributable to screening, expressed as the cumulative percentage
decrease in the total number of LC deaths in the population (including individuals not
screened) compared to no screening.

Efficiency of Strategies

We identified “efficient” strategies as those that produced the greatest gain in LE per
incremental increase in number of CT screens performed. Strategies were ranked in order of
increasing number of screens, and strategies that offered fewer benefits as another strategy
yet required the same number of screens (i.e., dominated strategies) were eliminated per
standard principles.28 Strategies that resulted in a higher incremental increase in screens per
gain in LE compared with another strategy with a higher LE were considered eliminated by
extended dominance. After elimination of dominated strategies, the remaining strategies
were connected on an efficiency frontier. We similarly evaluated the efficiency of strategies
by comparing the reduction in LC mortality relative to the number of invasive procedures
performed for benign nodules.
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Sensitivity Analyses

Results

We performed one-way sensitivity analyses to examine the robustness of the results when
varying parameter values. Screening adherence was varied to simulate adherence rates of
80%, 60%, 40%, and 20%. We varied the adjusted OR of developing LC in individuals with
COPD across the 95% confidence interval observed in the logistic regression analysis (from
1.35-4.03). Because patients with COPD have decreased LE relative to individuals without
COPD, %" we performed a sensitivity analysis with adjusted competing mortality risks for
individuals with COPD (see eAppendix and eTable3). We also increased the proportion of
individuals with COPD who would be ineligible for surgical tumor resection from 7.7%
(base case) to 13.3% to account for the approximately 5% of men and women with COPD in
the FOS-LDS who would likely not be operative candidates due to severely reduced lung
function (<0.45% predicted FEV1).

COPD and LC Risk in the FOS-LDS

Baseline characteristics of FOS participants included in this analysis are described in Table
1. Atotal of 476 (11.0%) participants demonstrated evidence of COPD on spirometry. Age
group and pack-year group were significant predictors of developing COPD in GLMs for
both men and women (p<0.0001). COPD prevalence predicted by the LCPM agreed with
that observed in the FOS-LDS in men and women (eFigure 3).

Parameter estimates from the logistic regression analysis of LC risk in the FOS-LDS are
summarized in Table 2. LC was significantly associated with COPD (adjusted OR 2.33,
95% CI 1.35-4.03), age at study entry (adjusted OR 1.09, 95%CI 1.06-1.12), and average
cigarettes smoked per day (adjusted OR 1.04, 95%CI 1.02-1.06), and inversely associated
with years since quitting smoking (adjusted OR 0.90, 95%CI 0.86-0.94).

Effects of Screening

Outcomes for men and women for each screening strategy in the base case are presented in
Table 3. In the absence of screening, average LE was 78.582 years in men and 81.784 years
in women.

When comparing LE gains relative to the number of CT screens performed in both men and
women, 30PY, 30PY/20PY+COPD, and 30PY/10PY+COPD were dominated by 30PY/1PY
+COPD (Figure 1). Relative to no screening, 30PY/1PY+COPD increased LE by 0.033
years (12.05 days) in men and 0.028 years (10.21 days) in women.

When the reduction in LC mortality was weighed against the number of invasive procedures
performed for benign nodules, the efficiency frontiers included 30PY/20PY+COPD and
30PY/1PY+COPD (Figure 2). The 30PY and 30PY/10PY+COPD strategies were again
eliminated by extended dominance. Compared with no screening, annual screening with
30PY/20PY+COPD reduced LC mortality in the population by 11.0% in men and 9.5% in
women. Maximum mortality reduction was achieved with 30PY/1PY+COPD, which
reduced mortality by 11.4% in men and 10.3% in women.
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Sensitivity Analyses

The efficiency of strategies remained stable for both men and women in most sensitivity
analyses. The 30PY, 30PY/20PY+COPD, and 30PY/10PY+COPD strategies were
dominated by 30PY/1PY+COPD in both men and women when varying screening
adherence from 20-80%, increasing the probability of ineligibility for surgery in individuals
with COPD, and increasing non-LC competing mortality risks for individuals with COPD.
In both men and women, 30PY and 30PY/20PY+COPD appeared on the efficiency frontier
when using the lower limit of the 95% CI for the OR of development of LC in individuals
with COPD derived from the FOS-LDS (1.35); however, expanding criteria to 30PY/1PY
+COPD remained on the efficiency frontier and resulted in an incremental gain of 0.001 LY
(0.4 days) in men and 0.002 LY (0.7 days) in women relative to the 30PY/20PY+COPD
strategy.

Discussion

The NLST demonstrated that annual screening with chest CT significantly decreased LC
mortality in current and former smokers between the ages of 55-74 with at least 30 pack-
years.! We used a disease simulation model to show that expanding LC screening eligibility
criteria to include current and former smokers with COPD and =1 pack-year yields higher
LE gains relative to the number of screens required and is more efficient than screening
current and former smokers based only on smoking history. Our results suggest that in future
guidelines, lower pack-year thresholds should be considered for individuals with COPD who
may not qualify for screening based on a 30 pack-year smoking history alone.

It is important to note that we simulated screening eligibility for individuals with evidence
of COPD on pulmonary function testing and not the (likely fewer) individuals with a
reported history of diagnosed COPD. Results from the Third National Health and Nutrition
Examination Survey (NHANES I11) have shown that almost two-thirds of people with
evidence of airway obstruction on spirometry have not been clinically diagnosed with
COPD.28 Screening current and former smokers for COPD is not currently advocated as
there has been no perceived benefit of early detection of COPD to date, particularly in
asymptomatic patients.2® Our results support the notion that early detection of COPD could
be valuable for targeting LC screening.3C Individuals with COPD but no or mild symptoms
would be a particularly important group to target, since they are likely to benefit most from
screening given their better health status.

We are not aware of prior decision analyses of LC screening programs in patients with
COPD, although COPD has been established as a risk factor that can identify individuals
who may benefit from LC screening.31-32 An analysis of data from the Pittsburg Lung
Screening Study demonstrated a 4-5 times higher rate of LC detection in individuals with
spirometry-proven COPD screened for LC compared with those with normal lung
function.33-34 A recent pilot study by de Torres and colleagues3® of LC screening in patients
with mild to moderate COPD [Global Initiative for Chronic Obstructive Lung Disease
(GOLD) stage 1 or stage 2)] demonstrated a 3.8-fold higher annual LC detection rate
compared with that observed in the NLST,3%37 and demonstrated a significant survival
benefit in individuals with COPD being screened for LC compared with those not being
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screened. Of note, both the Pittsburg Lung Screening Study and de Torres and colleagues
defined COPD using the GOLD definition, which uses an absolute cutoff ratio of
FEV1/FVC < 0.7,38 while we applied the LLN definition to the FOS-LDS cohort. The LLN
has been advocated as a more conservative definition of COPD than an absolute cutoff,
particularly in older adults since FEV1/FVC typically decreases with age.23 39 One study
suggests that decreased FEV1 is a better predictor of LC than the FEV1/FVC ratio, and that
even patients with <90% predicted FEV1 have an increased risk of cancer.19 More
longitudinal data are needed to identify pulmonary function characteristics that may be used
to identify patients with elevated LC risk who may benefit from screening.

Our estimated LC mortality reduction (8.6% in women and 10.6% in men) from annual
screening in current and former smokers with =30 pack-years is based on the reduction in
LC deaths for the entire population (including individuals who were not screened) rather
than the reduction in mortality for only individuals receiving screening. Thus, our
projections are more generalizable to population-level metrics than to endpoints from
clinical trials and therefore not directly comparable to the observed reduction in the NLST.
When we limit the calculation to the subset of individuals who would be eligible for
screening in the 30PY strategy, we calculate a mortality reduction (19%) similar to the
NLST (20%). Additional information from modeling studies may provide insight into how
the NLST results may translate to the general population.40-41

As with all modeling studies, ours has limitations. We made the simplifying assumption that
COPD increases the risk of all LC histologies proportionately. However, there is some
evidence to suggest that COPD may specifically increase the risk of squamous cell
cancer.#2-43 |n addition, we assumed equal test performance of CT for detection of
pulmonary nodules in patients with and without underlying COPD. Our estimate for relative
risk of non-LC related death for patients with COPD is lower than has been reported in other
observational studies.2” This may be due to milder disease severity in the FOS cohort, as
many individuals who demonstrated evidence of COPD on spirometry did not report a
diagnosis of COPD or symptoms. The LE benefits of screening may be less for individuals
with severe COPD, although our efficiency frontier remained stable even when increasing
the competing mortality risks from COPD and the proportion of patients with COPD who
are ineligible for surgery. With respect to this limitation, we recognize the importance of
considering an individual patient's functional status and their ability to tolerate treatment
before recommending screening.

In conclusion, identifying current and former smokers with COPD could be an important
tool for tailoring LC screening to patients who are most likely to benefit. Lower pack-year
thresholds for LC screening than were used in clinical trials of LC screening may be
beneficial for patients with COPD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figures1.

A-B. Efficiency frontiers of lung cancer screening strategies in men (top) and women
(bottom) targeting patients based on evidence of COPD and smoking history or based on
smoking history alone. Strategies with the highest incremental gain in life expectancy per
increase in total number of screens are considered efficient and represented by blue symbols
connected by the solid line. Dominated strategies are represented by red symbols.
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Figures2.
A-B. Efficiency of screening strategies expressed as the number of invasive procedures

performed for benign nodules relative to lung cancer (LC) mortality reduction in men (top)
and women (bottom). Strategies with the highest incremental gain in LC mortality reduction
relative to the increase in the number of invasive procedures performed for benign nodules
are considered efficient and represented by blue symbols connected by the solid line.
Dominated strategies are represented by red symbols. PY=Minimum pack-years of smoking.
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Baseline characteristics of participants in Framingham Offspring Study Limited Dataset included in analysis

(n=4318).

Characteristics

No. of Participants (%)

Age at Entry, mean (SD)
Male

Last Recorded Exam?@
Exam 1
Exam 2
Exam 5
Exam 6

Number of Exams, mean (SD)

Smoking StatusP.

Current

Former

Never
Cigarettes per Day, mean (SD)
Years Smoked, mean (SD)
Pack-Years, mean (SD)

coppd

FEV1 = 80% predicted
FEV1 50-79% predicted
FEV1 < 50% predicted

Diagnosed with Lung Cancer

54.2 years (12.7)
2,022 (46.8%)

636 (14.7%)
408 (9.5%)
353 (8.2%)
2921 (67.7%)
31(L1)

1124 (29.1%)
1555 (40.2%)
1188 (30.7%)
12.2 (14.3)
17.0 (16.1)
17.3 (22.0)
476 (11.0%)

194 (40.8%)
245 (52%)
36 (7.6%)
78 (1.81%)

a ; . h .
Exams 3 and 4 did not include spirometry and therefore are not included.

b . ] .
Current and former smokers included smokers who had smoked at least one year; Former smokers were defined as smokers who had quit for at

least one year.

CTotal is less than 4,318 due to missing data (n=451).

dCOPD was defined as FEV1/FVC below the lower limit of normal (LLN) for age- and sex-matched healthy reference populations
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Table 2

Results from logistic regression analysis predicting development of lung cancer in Framingham Offspring
Study participants.

Effect Estimate Wald 95% CI
Age at Study Entry 1.09 1.06-1.12
Cigarettes per Day (CS, FS) 1.04 1.02-1.06
Years since quit (FS) 0.90 0.86-0.94
COPD 2.33 1.35-4.03

Variables were treated as continuous variables, except for sex and COPD which were binary. Gender and years smoked did not meet criteria for
statistical significance (p<0.05) and therefore were not included in the final regression model. CS = Current smokers, FS = Former smokers.
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