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Abstract: The primary aim of lung cancer screening is to improve survival from lung cancer by identifying
early stage non-small cell lung cancers and prolong survival through their surgical removal. In a post-hoc
analysis of 10,054 screening participants from the National Lung Screening Trial (NLST) we show that
the risk of lung cancer, according to the PLCOm2012 model, is closely related to the likelihood of having
chronic obstructive pulmonary disease (COPD). Those at greatest risk for lung cancer have the highest
prevalence of COPD and greater likelihood of dying of a non-lung cancer cause. This “competing cause of
death” effect occurs because smokers eligible for lung cancer screening have a high prevalence of comorbid
disease and greater likelihood of dying from cardiovascular disease, respiratory disease or other cancers.
This means high risk smokers at greatest risk of lung cancer may not necessarily benefit from screening due
to greater inoperability and premature death. In this analysis we show that the benefit of annual computed
tomography (CT) screening is greatest in those with normal lung function or only mild-to-moderate COPD.
We found no mortality benefit in those with severe or very severe COPD (GOLD 3-4). We also show that
the efficiency of screening, based on optimizing the number of lung cancer deaths averted per 1,000 persons
screened, is best achieved by screening those at intermediate risk. By combining clinical risk variables with a
gene-based risk score, even greater reductions in lung cancer mortality can be achieved with CT. We suggest
a biomarker-led outcomes-based approach may help to better define which eligible smokers might defer
screening (low risk of lung cancer), discontinue screening (high risk of overtreatment with little benefit) or

continue screening to achieve the greatest reduction in lung cancer mortality.
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Introduction

Based on the results of the National Lung Screening Trial
(NLST) (1), showing a 20% reduction in lung cancer
mortality, annual computed tomography (CT) is now
widely recommended in the USA (2,3). Eligibility for

funded lung cancer screening is now based primarily on
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the inclusion criteria of the NLST, although this was not
the original intent of the study. It is widely accepted that
for high risk smokers (55 years old and >30 pack years
exposure), the benefits of CT screening are linearly related
to their underlying risk of lung cancer (4,5). However,
we have recently challenged this assumption (6). Post-
hoc analysis of the results of the NLST indicates that the
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Figure 1 Sub-phenotyping on NLST-ACRIN screening
participants according to the presence of airways disease (brown
oval) and airflow limitation (blue oval). NLST, National Lung
Screening Trial; ACRIN, American College of Radiology Imaging
Network.

presence of chronic obstructive pulmonary disease (COPD)
has a major effect on outcomes in screening (7). This review
outlines just how the presence of COPD affects outcomes
in CT-based lung cancer screening and why it is critical
to view overall outcomes of screening, not just the risk of
lung cancer, as the basis on which to best assess both the
harms and benefits of screening (8). Comments made in
this review are supported by results from analyzing data
from the NLST, specifically a post-hoc analysis of data
collected in the American College of Radiology Imaging
Network (ACRIN) subgroup, where they had the foresight
to undertake baseline pulmonary function testing and blood
sampling for biomarker analysis (9).

Defining the presence of COPD in the NLST
In the NLST-ACRIN sub-study of 18,674 NLST

participants, we have shown that in this screening
population approximately 35% have airflow limitation
based on pre-bronchodilator spirometry (10). Consistent
with many other cohort studies (11), for 70% of those with
airflow limitation, their “COPD” was unrecognized and
therefore not previously diagnosed. Conversely, we have
found that about 50% of those who reported having COPD,
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chronic bronchitis, emphysema or adult asthma, no airflow
limitation was evident on pulmonary function testing
(Figure 1). While this group report symptoms consistent
with “airways disease”, their pulmonary function testing
did not meet spirometric criteria for airflow limitation
based on Global Initiative for Obstructive Lung Disease
(GOLD) where a ratio of forced expiratory volume in one
second to forced vital capacity (FEV1/FVC) of less than
0.70 is required (12). This group of “at risk smokers”, with
symptomatic airways disease but no airflow limitation, have
been previously defined as having GOLD 0 and represented
10% of the NLST-ACRIN cohort (13,14) (Figure 1). While
studies show smokers with GOLD 0 are not at greater risk
of developing COPD, they do have a poorer quality of life
and higher all-cause mortality than those with normal lung
function and no airways disease (13). Another subgroup
of smokers to be defined by spirometry measurements
are those with a reduced FEV1% predicted but preserved
FEVI/FVC ratio (15). This group most likely reflects one
or a combination of, mixed airways disease (combined
obstructive and restrictive pattern), obese patients where
reduced chest wall expansion limits FVC (restrictive alone),
and those with mild COPD but for whom their FVC was
sub-optimally performed, falsely elevating their FEV1/FVC
ratio into the normal range (over 0.70). These “restrictive”
groups have been collectively defined as GOLD Undefined
(GOLD U) and are characterised by an elevated body mass
index and higher prevalence of diabetes (15). In Figure 1, we
show the breakdown of these groups in the NLST-ACRIN
biomarker sub-study where both spirometry and blood for
DNA studies were collected (10). As we outline below, the
presence of airflow limitation (COPD GOLD 1-4 criteria,
34%) or COPD-related phenotypes (GOLD 0 or GOLD U,
10% and 12% respectively), has important implications in
both the development of lung cancer and the utility of CT-
based lung cancer screening.

While the presence of emphysema remains a strong risk
predictor for future lung cancer (16-18), this review will not
discuss the relevance of emphysema, or its severity, in lung
cancer for several reasons. First, there exists little agreement
on how to score the presence of emphysema, grade its
severity and just what constitutes “normal” aging in
contrast to smoking-related changes (16-18). Furthermore,
there remains debate as to whether semi-quantitative or
quantitative measures of emphysema severity are most
reproducible and reflective of an increased lung cancer risk.
In the NLST, the presence of emphysema on imaging [CT
and chest X-ray (CXR) arms] was recorded as “yes” or “no”,
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Figure 2 NLST-ACRIN participants stratified according to PLCOm2012 quintiles or airflow limitation (GOLD grade): a comparison of

COPD prevalence (blue), lung cancer rate (orange), lung cancer deaths (black) and non-lung cancer deaths (red). NLST, National Lung
Screening Trial; ACRIN, American College of Radiology Imaging Network; GOLD, Global Initiative for Obstructive Lung Disease;

COPD, chronic obstructive pulmonary disease.

making comparative analysis and meaningful interpretation
difficult. Second, there are no age-adjusted normal values
to measure the severity of emphysema. Third and most
importantly, we remain concerned that the relationship
between CT-based emphysema severity and risk of lung
cancer has been shown to be non-linear thus limiting its
utility in assigning risk of lung cancer relative to other risk
variables for lung cancer (19).

Relationship between airflow limitation and risk
of lung cancer

Numerous studies have shown that the presence of airflow
limitation confers between a 2—6-fold increase in the risk of
lung cancer depending on the study design and definition of
COPD (20-23). Notably, spirometry-defined COPD confers
a greater risk of lung cancer relative to the risk associated
with self-reported COPD, particularly when compared to
“healthy smokers” confirmed with spirometry, and matched
for age and smoking history (19,21). We have shown that
between 15-30% of randomly selected smokers over 40 years
old have underlying COPD based on spirometry, whereas
60-85% of unscreened lung cancer case series have features
of COPD, whether based on spirometry alone or combined
with image-based emphysema (22-25). In a large prospective
study by Mannino and colleagues, a clear linear dose-response
relationship was found between increasing severity of airflow
limitation and risk of lung cancer (21). In addition, this study
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showed that a restrictive pattern was also independently
associated with an increased risk of lung cancer. We
have replicated this finding showing that with increasing
severity of airflow limitation, the risk of lung cancer
increased in the NLST-ACRIN sub-study (Figure 2) (19).
Indeed, we also replicated the findings of a 1977 study by
Burrows and colleagues showing that a reduced FEV%
predicted conferred a greater risk than that of age and pack
years (20). The increase in lung cancer risk associated with a
reduction in FEV1%predicted occurs somewhere between
80-90% of predicted, indicating the increase in risk for lung
cancer occurs well before symptoms of airflow limitation are
clinically evident or detected (19,23). This has relevance to
the current interest in assessing the risk of lung cancer in high
risk smokers eligible for CT-based lung cancer screening
(26-28), yet spirometric screening of asymptomatic smokers
for the presence of airflow limitation is not recommended.
The currently accepted paradigm is that those at greatest
risk of lung cancer get the most benefit from lung cancer
screening because more lung cancer cases are identified in
this group compared to those at lower risk (29,30). Without
spirometry, this risk-based approach to lung cancer screening
completely overlooks the relevance of pre-existing COPD in
those developing lung cancer (5,26). Compared to those with
“normal lungs”, we have shown in a post-hoc analysis of the
NLST-ACRIN sub-study that those with COPD have both
a greater risk of dying of lung cancer and a greater likelihood
of dying of a non-lung cancer complication of smoking (6).
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Figure 3 Cause-specific mortality per 1,000 persons according to
the severity of airflow limitation in the NLST-ACRIN subgroup.
NLST, National Lung Screening Trial; ACRIN, American College
of Radiology Imaging Network.

These include dying of cardiovascular disease, respiratory
disease and other cancers (see Figure 3), which represents the
“competing cause of death” effect (discussed further below).
A second aspect that is poorly understood is the
relationship between risk of lung cancer and the likelihood
of having airflow limitation (31). While the lung cancer
risk model (PLCOm2012) developed by Tammemagi and
colleagues from the Prostate, Lung, Colorectal and Ovarian
Cancer Screening study (PLCO) has been validated in the
NLST, its predictive utility is considerably lessened in the
NLST participants relative to the PLCO (5,30). This is
because in the NLST, where only older and more heavily
exposed smokers were recruited, the importance of the age
and smoking exposure variables in the model was attenuated.
"This is due in part to the observation that for both duration
of smoking (>30 years), and smoking exposure (>30 pack
years), the dose relationship with risk of lung cancer flattens
(29,30). What is more important is that as the risk of lung
cancer increases using the PLCOm2012 model, we have
found the likelihood of having COPD increases in a linear
fashion (Figure 2) (31). Indeed in a receiver-operator-curve
analysis of the NLST-ACRIN subgroup we found the
PLCOm2012 model was only marginally less predictive
of identifying who had COPD (airflow limitation on
spirometry), as who developed lung cancer (area-under-
the-curve of 0.65 and 0.67 respectively). This raises the
interesting proposition that COPD objectively ascertained
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using spirometry, in contrast to self-reported disease as is
used in current clinical models, would add to the predictive
utility of defining smokers at greatest risk of lung cancer
(24-26). Indeed Tammemagi and colleagues have shown
in a Canadian study that adding spirometry improves the
clinical risk model for lung cancer (27). That the Brock
PLCOm2012 model for lung cancer risk also predicts the
presence of COPD is not surprising as age, pack years,
low BMI and self-reported COPD are also risk factors for
having COPD (32) (Table I). This is critical to the issue of
competing cause of death where airflow limitation has an
important impact on factors affecting outcomes of lung
cancer screening, in particular all-cause mortality and
operability (6,33). We note that with increasing airflow
limitation (worsening COPD), increase in lung cancer
mortality is accompanied by an increase in cardiovascular
deaths, respiratory deaths and death from other cancers
(Figure 3). In moderate COPD (GOLD 2), the increase in
risk of lung cancer is associated with an increased risk in
cardiovascular deaths and deaths from other cancers. For
severe and very severe COPD (GOLD 3-4), there is also a
substantial increase in respiratory deaths (Figure 3). As we
outline below, there are many factors that affect surviving
from lung cancer and we suggest that COPD represents the
single most important co-morbid disease in this setting. By
using a risk-based approach to optimize screening, such as
a minimum risk-based cut-off for screening [>1.51% 6-year
risk of lung cancer based on the PLCOm2012 model (28)],
the attenuating benefit of CT screening those at greatest
risk goes unrecognized (Figure 4). The following sections
examine cause-specific mortality in an NLST subset that
encompasses a total of 699 deaths (18% of all NLST deaths)
over the 6-7 years of follow-up in the NLST. Lung cancer
accounted for 189 deaths (27% of total deaths), where we
calculate 17 fewer lung cancer deaths in the CT arm versus
CXR (17/189). As this represents only 9% of all lung cancer
deaths, we do not believe screening substantially alters our
observations pertaining to comorbidity and the competing
cause of death effect.

Airflow limitation and competing cause of death
effect

In an ideal world, screening for lung cancer should save lives
by reducing all- cause mortality, not just reduce lung cancer
mortality (34). In the full NLST results, while lung cancer
mortality in the CT arm was reduced by 17-20% relative
to that in the CXR arm, mortality from respiratory disease
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Table 1 Risk variables for lung cancer in healthy smokers, those with COPD (GOLD 1-4) and those with lung cancer in the NLST-ACRIN

cohort

Variable (lung cancer risk) [N=8,353*]

Healthy (no airflow limitation)
[N=4,733 (56.7%)]

COPD (GOLD grade 1-4)
[N=3,225 (38.6%)]

Lung cancer cases
[N=395 (4.7%)]

Demographics

Gender (%)
Male 2,629 (55.5%)
Female 2,104 (44.5%)
Age (mean, yrs) 60.94
BMI (mean) 28.22
Height (mean, cm) 171.3
Weight (mean, kg) 83.0

Family history of lung cancer (%)

Self-reported COPD (%) 531 (11.22%)

Smoking history

Current
Yes 2,067 (43.67%)
No 2,666 (56.33%)
Pack years (mean) 52.1
Cigarettes/day (mean) 27.39
Years smoked (mean) 38.67
Years quit (mean) 4.24

Spirometry (mean)

FEV1/FVC 77.77%
FEV: %predicted 95.51%
FVC %predicted 93.94%

1,116 (23.58%)

1,970 (61.1%) 216 (54.7%)
1,255 (38.9%) 179 (45.3%)
62.66 63.76
26.77 26.66
172.2 171.0
80.0 78.3
754 (23.38%) 105 (26.58%)
1,016 (31.50%) 120 (30.38%)
1,752 (54.33%) 226 (57.22%)
1,473 (45.67%) 169 (42.78%)
59.6 62.6
28.53 28.51
42.08 44.25
3.09 2.65
59.47% 66.83%
66.67% 74.43%
84.59% 84.04%

*, removed from analysis N=1,701 (16.9%) (GOLD U =1,527; spirometry missing N=174). COPD, chronic obstructive pulmonary disease;
NLST, National Lung Screening Trial; ACRIN, American College of Radiology Imaging Network; GOLD, Global Initiative for Obstructive

Lung Disease.

was also reduced by 22% in the CT arm (1). However,
overall mortality reduction was only 6-7% in the CT arm
indicating the reduction in deaths from lung cancer were
attenuated by non-lung cancer related deaths. A competing
cause of death effect is present when there is a “failure to
achieve improved life expectancy by preventing death from
one disease (in this case lung cancer) due to death from
another cause” (35-37). This is highly relevant to CT-based
screening for lung cancer because lung cancer accounted
for only 24% of all deaths in the NLST while comparable
mortality was observed for cardiovascular disease (25%),
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other cancers (22%) and less for respiratory deaths
(10%) (1). This is highly relevant because all-cause mortality
during CT screening is comparatively high, relative to
other screening programmes. Those eligible for lung cancer
screening are older current or former smokers with a high
pack year burden, with over 50% of screening participants
having some “respiratory impairment” (Figure I).
We show that in the NLST-ACRIN sub-group analyses,
43% had normal lung function, 10% have GOLD 0, 12%
have GOLD U, 22% have undiagnosed COPD and 12%
have diagnosed COPD. This means over 50% of those in

Transl Lung Cancer Res 2018;7(3):347-360



352

Young and Hopkins. Effect of COPD in lung cancer screening

= ===Absolute LC death rate/1,000 persons screened « « « « » Absolute LC deaths avertes in the CT arm

Relative LC death reduction with CT arm (%)

== Difference in LC death reduction (CT vs. CXR arm)

60

= Relative LC death reduction with CXR (%)

50

40

30

20

10

Tertile 1

Tertile 2

Tertile 3
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cancer mortality (solid lines) according to screening arm after stratification by tertile of lung cancer risk (PLCOm2012)—CT arm (green),

CXR arm (purple) and their difference (blue). CXR, chest X-ray.

the NLST-ACRIN sub-study had risk factors for premature
mortality in strong contrast to breast or colon cancer
screening where co-morbid disease is much less frequent
(38,39) (1able 2). We suggest that smoking is an important
feature of this greater mortality because the observed
prevalence of comorbid disease was greater in the screening
participants of the NLST (=30 pack years) relative to
those in the PLCO study which included never smokers
of a similar age range to that in the NLST (40). Indeed,
we show that several comorbid diseases are many fold
more prevalent in populations at high risk of lung cancer
(i.e., NLST) including chronic lung disease (4-5 folds),
diabetes (2-3 folds) and heart disease (2—4 folds), relative
to populations at risk of breast or colon cancer (1able 2).
This means comorbid disease in lung cancer screening
participants, especially COPD, may play a large role in non-
lung cancer related deaths that may underlie overtreatment.

We have shown that regardless of whether the NLST-
ACRIN sub-study participants are stratified by the severity
of airflow limitation (GOLD grade), or risk of lung cancer
according to the PLCOm2012 risk model (Figures 2,3), the
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mortality from non-lung cancer causes increases at a greater
rate than for lung cancer. This difference in mortality,
observed in Figure 2, is reflected by a divergence in mortality
rate according to worsening COPD or increasing lung
cancer risk. We suggest that this increase in non-lung cancer
deaths relative to lung cancer deaths, is relevant to outcomes
from CT screening because the non- lung cancer deaths
offset the benefits of the screening intervention (i.e., non-
lung cancer deaths attenuate the reduction in lung cancer
deaths). Although the lung cancer incidence is greatest
in these high risk smokers, the reduction in lung cancer
mortality with CT screening relative to CXR is reduced
due to deaths from non-lung cancer causes (Figure 4).
Therefore in these highest risk groups overtreatment occurs
reducing the efficiency of CT-based screening (41,42).
This is particularly the case when absolute reductions in
lung cancer deaths are analysed according to the number
of smokers screened (lung cancer deaths averted/1,000
persons screened, Figure 4). We suggest that this competing
cause of death effect has a major influence on reducing
the utility of CT screening in those at greatest risk of lung
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Table 2 Comorbidity in populations at risk of breast, colon or lung cancer

353

Co-morbidity in at risk
screening populations

Breast cancer (38)
(N=237,938) (%)

Colon cancer (39)
(N=271,670) (%)

Lung cancer—low risk”
(40) (N=8,250) (%)

Lung cancer—high risk'
(1) (N=10,054) (%)

Heart disease* 6,848 (2.9) 24,477 (9.0) 1,327 (13.2) 205 (2.5)
Stroke 8,479 (3.6) 21,852 (8.0) 302 (3.0 211 (2.6)
Diabetes 7,734 (3.3) 16,846 (6.2) 972 (9.7) 665 (8.1)
Chronic lung disease’ 9,804 (4.1) 17,061 (6.3) 2,218 (22.1) 414 (5.0)
Other cancers 8,967 (3.8) 22,517 (8.3) 417 (4.1) 417 (5.1)

*, includes a history of myocardial infarction and heart failure; #, includes a history of chronic obstructive pulmonary disease, emphysema,
1

chronic bronchitis and adult asthma; , high risk population of the NLST-ACRIN subgroup for lung cancer screening (=30 pack years) (1);

2, low risk population of the PLCO cancer screening study (never and ever smokers) (40). NLST, National Lung Screening Trial; ACRIN,

American College of Radiology Imaging Network.

Table 3 Outcomes from screening before and after stratification by clinical and gene-based approach to assessing risk of lung cancer

Before stratification PLCO model* stratification Gene-based stratification Gene-based stratification

i t
Screening outcome (total), N=10,054

(quintiles 2-4), N=6,032

(quintiles 2-4), N=6,171  (middle tertile), N=2,970

Relative reduction in lung cancer 17%
death (%)

Absolute lung cancer deaths averted 17
LC deaths averted per 1,000 screened 3.4
NNS' to avert one lung cancer death 294

28% 44% 55%"
16 29 18
5.5 10.2 12.8
182 08 84

#, number needed to screen; *, PLCOmM2012 model; T, associated with a 21% reduction in all-cause mortality.

cancer. Given the accepted strategy that excluding smokers
at low risk achieves greater screening utility (or efficiency)
(5,28), we propose excluding those at highest risk due to
the competing cause of death effect is equally valid. We find
that limiting screening to those of intermediate risk achieves
even greater benefit (7able 3). We have shown this effect,
whether the intermediate risk group is defined by those in
the middle tertile (comprising 33%) or middle 3 quintiles
(comprising 60%) of those in the intermediate risk category.
Indeed, based on our analysis of the NLST-ACRIN sub-
study, an overall 17% reduction in lung cancer deaths with
CT screening (3.4 lung cancer deaths averted/1,000 persons
screened) increases to a 28% reduction in lung cancer
mortality (5.5/1,000 persons screened) for the middle 2"-4"
quintiles (7ible 3). This enrichment in reducing lung cancer
deaths modestly improves efficiency and cost-effectiveness
of lung cancer screening by excluding low risk smokers in
the bottom quintile where lung cancer rates are low and
excluding very high risk smokers where there is potential
for overtreatment.
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COPD and effects on histology and operability

Past epidemiological studies have shown that in unscreened
lung cancer, COPD is associated with small cell and
squamous cell histological subtypes (43). In the NLST-
ACRIN study we confirmed this finding and also showed
that COPD was associated with more non-small cell
(undifferentiated) lung cancers (10). This may have a subtle
effect on outcomes. We have recently shown using a meta-
analytical approach that non-small cell cancer diagnosed
in the unscreened setting has a comparable 5-year survival
following surgery whether the lung cancer patient had
COPD or no COPD, based on pre-surgical pulmonary
function testing (44). We confirmed this finding in a post-
hoc analysis of the NLST where 5-year survival was no
different between those with and without COPD (44).
One important finding from this study was that the
more indolent adenocarcinomas (previously described as
bronchioloalveolar cancer or BAC) were far more prevalent
in those with no COPD (45). Studies that have measured

Transl Lung Cancer Res 2018;7(3):347-360
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Figure 5 Prevalence of COPD (%) in early and late stage lung
cancer cases that are screen-detected (T0-T2) or non-screen
detected (interval or follow-up, TO-T7) in the NLST-ACRIN sub-
study stratified by surgical treatment. COPD, chronic obstructive
pulmonary disease; NLST, National Lung Screening Trial;
ACRIN, American College of Radiology Imaging Network.

both COPD and volume doubling time (VDT) of the lung
cancer nodules show that patients with lung cancer and
underlying COPD have much shorter VDT suggesting
more aggressive cancers (45,46). The big difference in the
prevalence of BAC lung cancers occurs in those with normal
lung function and is almost exclusively a feature of CT
screening, infrequently identified in those undergoing CXR
screening (10). We suggest that CT screening identifies
more lung cancers than CXR in part by identifying
indolent forms of adenocarcinomas (formerly BAC), almost
exclusively in stage 1-2, creating an “histology shift” effect
that represents possible over-diagnosis (10). This apparent
beneficial stage shift (favouring early stage over late stage)
, generated in part from the histology shift (excess BACs),
artificially improves survival rates but does not reduce lung
cancer mortality per se (8). We conclude that in screening
participants with airflow limitation, there is little if any
overdiagnosis with CT screening (10,26,32).

A second important feature of having COPD at the
time lung cancer is identified during screening is its effect
on operability (33). Lung cancer cases with significant
comorbid disease are generally declined surgery. In the
NLST-ACRIN substudy, we found COPD prevalence
was 34% overall and 52% in lung cancer cases (GOLD
1 =10%, GOLD 2 =27% and GOLD 3-4 =14%) (10). It
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is noteworthy that the NLST protocol excluded patients
who were oxygen-dependent. We found operability for
stage 1-2 lung cancers in the NLST-ACRIN sub-study
was consistent at about 90%, regardless of COPD grade
(severity), for those cancers identified by the screening
(defined as screen-detected lung cancers). The likelihood
of operability was drastically reduced according to COPD
status for those cancers identified during interval and
follow-up periods (Figure 5). This indicates that operability
is profoundly affected by the presence of COPD and that
this may contribute to the reduced benefits of CT screening
in this group. In this regard, when we stratified NLST-
ACRIN screening participants according to the presence of
airflow limitation, we found the % reduction in lung cancer
mortality was 15% and 28% in those with and without
COPD respectively (Table 4) (47). When we stratified
COPD patients into those with undiagnosed COPD
(N=2,209) and those with diagnosed COPD (N=1,213), we
found that those with undiagnosed COPD had a two-fold
greater reduction in lung cancer deaths compared to those
with diagnosed COPD (32% wvs. 17%, P<0.05) (Table 4).
This finding and its implications will be described in more
detail below.

Factors affecting outcomes of screening and
reducing lung cancer deaths

We and others have emphasized that survival after lung
cancer screening is not a reliable clinical endpoint from
which to judge the success of screening (8). This is because
survival after lung cancer screening not only suffers from
lead-time bias but also completely ignores the important
effects of over-diagnosis masquerading as a favourable stage
shift (10,48). This is particularly the case in the prevalent
(baseline) scan where over-diagnosis is greatest and high
survival rates over-estimate the benefits of screening.
Survival-based outcomes also fail to allow for overtreatment
(41,42). Survival is greater in smokers who are at lower
baseline risk of lung cancer due to younger age, lower pack
years and less comorbid disease. This means that in single
arm studies the net benefit of screening, where screen-
detected lung cancers are followed without accounting for
outcomes from non-screen detected lung cancer, may be
misleading (8). This is the inherent benefit of randomised
controlled trials where all lung cancers and their outcomes
are considered.

As outlined above, the two outcomes best describing a
benefit from CT screening come from lung cancer deaths
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Table 4 Outcomes from CT screening in the NLSTACRIN cohort according to sub-group analyses

% reduction in lung cancer deaths

Absolute reduction in lung cancer deaths

Sub-grouping

(CT vs. CXR) (CT vs. CXR) per 1,000 persons
Total group 17 3.4
Airflow limitation (N:18,475)#
No COPD (N=12,039) 28 4.3
COPD (N=6,436) 15 5.5
Airflow limitation alone (AL) (N=10,054)°
Healthy (N=4,858) 46 5.8

Restrictive (N=1,594)

GOLD 1 (N=868) 18
GOLD 2 (N=1,878) 48
GOLD 1-2 (N=2,746) 40

GOLD 3-4 (N=670)

Airways phenotype and AL (N=1 0,054)T
Healthy (N=4,259) 50
GOLD 0/U (N=2,199)
Undiagnosed COPD (N=2,209) 32
Diagnosed COPD (N=1,213) 17

No reduction

No reduction

No reduction

No reduction
4.7
16.7
12.8

No reduction

5.6

No reduction
9.6
5.0

#, from full ACRIN sub-study (47); $, N=174 subjects excluded for no spirometry and 12 subjects excluded due to missing height data;
T, Figure 1. COPD, chronic obstructive pulmonary disease; NLST, National Lung Screening Trial; ACRIN, American College of Radiology

Imaging Network; GOLD, Global Initiative for Obstructive Lung Disease.

averted per persons screened (absolute benefit) and percent
reduction in lung cancer deaths (relative benefit) (8). From a
cost- effective or efficiency perspective, the absolute reduction
in lung cancer deaths averted per 1,000 persons screened
provides a good basis for assessing outcomes (Table 2).
Describing the number needed to screen to avert one lung
cancer death provides another means of assessing the benefits
of screening in the CT arm versus the CXR arm.

In a simple paradigm of lung cancer screening, it is too
easy to view the success of CT-based screening as increasing
the number (or proportion) of non-small cell lung cancers
identified (i.e., excluding small cell), at an operable stage
(stage 1 and 2), which will lead to improved survival by
surgical removal. However, little consideration is given
to factors undermining this such as co-morbid disease,
inoperability and competing causes of death. This review
has focused on these important features and shown how
they relate to COPD and off-set the benefits of screening.
In Figure 6, we show that there are many inter-related
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factors that can alter outcomes of CT screening that may
serve to profoundly undermine the benefits of CT-based
screening. We also suggest that the presence of COPD,
based on spirometric assessment, is not only closely related
to both inoperability and competing cause of death, but
represents one of the most important comorbid conditions
affecting outcomes from CT screening.

Several surprising findings have come from our analysis
when we have stratified the screening population according
to various COPD-related phenotypes (Figure 1 and Table 4).
The first is the observation that a reduction in lung cancer
mortality from CT is greatest in those with normal lung
function and those with undiagnosed COPD (7) (Table 4).
While there is a benefit in those with diagnosed COPD,
where the severity of airflow limitation is marginally worse,
the difference is two-fold better in the undiagnosed group
and exceeds that seen in the whole group (7able 4). A second
important finding is that screening those in the highest risk
group is questionable because they have the highest rates of
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Smokers’ characteristics

Overview of outcomes from
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Lung cancer risk factors 1
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‘ : dmocion”
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/
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(Competing cause of death) \
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Lung cancer Lung cancer

“related” death survival

Figure 6 Overview of the factors modifying the outcomes of screening for lung cancer. Downward arrows mean decreased FEV, and FEV,/

FVC in the blue box for lung function. |, decrease.

non-lung cancer deaths and a substantially reduced benefit
from CT screening (Figures 3,4). We argue that those at
highest risk of lung cancer also have the highest prevalence
of COPD and deaths from cardiovascular disease,
respiratory disease and other non-pulmonary cancers
(Figure 3). In this regard it is interesting that with worsening
airflow limitation, the increase in lung cancer related deaths
is matched by an increase in cardiovascular deaths (Figure 3).
Given comparable age and smoking exposure, this suggests
that possible overlapping inflammatory pathways may
be relevant in this context (49-51). In this setting it is of
interest that in a recent clinical trial where interleukin
1B was inhibited, both cardiovascular events and lung
cancer incidence were significantly reduced (52,53). This
observation, together with numerous epidemiological
studies showing elevated IL-6 levels are associated with
COPD, lung cancer and cardiovascular deaths, points to
overlapping pathways involving the innate immune system
possibly underlying these complications of smoking (51).

Optimisation of screening outcomes by
biomarker-based approach

Spirometry-based approach

Lung cancer screening is not like other forms of screening
because, unlike screening for cancers of the breast, colon or
cervix, the target population is at greater risk of premature
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death from common diseases whose risk is dramatically
increased by smoking exposure. In this article, we show
that the baseline prevalence of comorbid diseases such
as COPD, cardiovascular disease and diabetes is high in
participants eligible for lung cancer screening (7able 2). We
also show that the presence of COPD in current or former
smokers eligible for screening reflects a much greater
propensity to die from cardiovascular disease, respiratory
disease and non-pulmonary cancers (Figure 3). Using well
validated risk models for lung cancer, it has been shown that
among smokers eligible for CT screening in the USA, the
risk varies by 15-30 folds (5,29). Moreover, we show these
clinical-based risk models of lung cancer also predict the
presence of COPD (Figure 2). Most importantly, we show
that the benefits of screening with CT relative to CXR is
strongly affected by the presence of COPD and related
comorbid disease underlying premature death (Figure 4).
Such an observation leads us to recommend routine use of
spirometry, to assess the presence and severity of COPD, as
part of the benefit to harm assessment, and shared-decision
making, critical at the outset of screening. This is especially
relevant as we show that those with undiagnosed COPD
have a two-fold greater reduction in lung cancer deaths
with CT compared to those with diagnosed COPD (Table 4).
We conclude that the benefits from CT screening are
not linearly related to the risk of developing lung cancer
and that smokers at highest risk derive less benefit from
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screening than those in the intermediate level of risk. This
is because as the risk of lung cancer increases, inoperability
increases as does the risk of dying of a non-lung cancer
death (Figure 2,6). The likelihood of surviving lung cancer
in the context of screening involves a complex relationship
between, the likelihood of identifying a lung cancer with
annual CT screening amenable to curative surgery, rather
than dying from an inoperable lung cancer or dying of
another smoking-related complication. This is why 5- or
6-year lung cancer mortality reduction provides a useful
measure of the success of screening. When considered in
absolute terms, the maximum number of lung cancer deaths
averted with CT screening is achieved in the intermediate
risk group comprising those in the 2™ to 4™ quintiles of
clinical risk (7able 3). This indicates there exists a “sweet
spot” for screening (54-56), where the balance between high
risk of lung cancer is not offset by inoperability or competing
causes of death.

Genetic-based approach

We have been able to further optimize the efficiency of
screening by using a combination of genetic risk markers
(single nucleotide polymorphisms) and clinical risk variables
to better define both risk and outcomes from screening
(57-59). These genetic markers are associated with both
COPD and lung cancer related pathways reflecting their
shared biology (56). Based on our analysis of the NLST-
ACRIN sub-study, an overall 17% reduction in lung cancer
deaths with CT screening was observed in the unstratified
(untested) group equivalent to 3.4 lung cancer deaths
averted/1,000 persons screened. This increases to a 44%
reduction in lung cancer mortality (10.2/1,000 persons
screened) in the middle 2"-4" quintiles using a gene-based
approach to risk and outperforms the PLCOm2012 clinical
model (28% reduction in lung cancer deaths) (Table 3) (55).
This increases further to a 55% reduction in lung cancer
mortality (12.8/1,000 persons screened) for the middle
tertile using our genetic approach (7able 3). Of note the all-
cause mortality reduction is 21% in this gene-based middle
tertile group, 3-fold greater than that reported for the whole
study (6-7%) (1). We believe this enrichment effect using
a gene-based approach occurs because the genetic markers
better reflect lung cancer biology, and when combined
with clinical variables of lung cancer (and COPD) risk,
out-perform the clinical markers alone in regards to the
outcomes from screening (Table 3). The use of biomarkers
to enhance risk prediction (risk-based approach to selection)
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while useful, must also improve outcomes from screening
(outcomes-based approach to selection) (59). This requires
that any biomarker-based approach improves clinical
decision making toward better outcomes for screening
participants (more benefit and less harm) as illustrated by
our gene-based approach (56,59). We therefore conclude
that biomarkers, in combination with clinical variables, may
have utility in assessing not only who is at greatest risk of
developing lung cancer, but who gains the most from CT
screening. This has important implications, not only in the
decision on whom to screen, but who to defer screening
(due to reduced benefit to harm ratio from low risk) and
who to discontinue screening (due to reduced benefit from
inoperability or competing mortality). Overtreatment is
the unnecessary treatment of cancer where little benefit
is achieved and in lung cancer screening, results from
inoperability or competing cause of death where reduction
in lung cancer mortality is sub-optimal. We suggest that
a biomarker approach to screening requires validation in
prospective screening studies such as the NLST, so that the
benefits in the real-world setting can be shown (59).

Summary

The findings described above lead to us to number of
conclusion about CT screening for lung cancer and how
it might be improved in the future. First, the harms and
benefits of screening should be considered in the context
of which subgroups of eligible smokers benefit most from
the screening process (outcomes based approach). The risk
of lung cancer as measured by existing clinical models may
help identify who is most likely to get lung cancer (risk-
based approach), however this does not equate to who
will get the most benefit from screening. We have shown
that while the presence of airflow limitation is associated
with greater risk of lung cancer, it also predicts a greater
likelihood of more aggressive forms of lung cancer, greater
lung cancer deaths, greater inoperability and greater
likelihood of death by a competing cause. We believe there
exists a “sweet spot” for screening where the lives saved by
screening can be maximized and harms from overtreatment
minimized. While identifying COPD through routine use
of spirometry, or utilizing informative biomarkers, may
increase the workload (and cost) of an already intensive
screening programme, they add valuable knowledge about
high risk smokers and their anticipated outcomes from CT
screening. We conclude that COPD is a major contributor
to the development, natural history, treatment and survival
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from lung cancer that has been all but ignored to date. We
believe more judicious use of spirometry as part of a wider
clinical assessment in CT-based screening for lung cancer,
and biomarker-based clinical decision making, will make
substantial improvements to future screening efforts for
lung cancer. We suggest a biomarker-led outcomes-based
approach may help to better define which eligible smokers
could defer screening (low risk of lung cancer), discontinue
screening (high risk of overtreatment with little benefit) or
continue screening so that the likelihood of averting a lung
cancer-related death is optimized.
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