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Computed Tomography Screening for Lung Cancer: Has It
Finally Arrived? Implications of the National Lung
Screening Trial

Denise R. Aberle, Fereidoun Abtin, and Kathleen Brown
A B S T R A C T

The National Lung Screening Trial (NLST) has provided compelling evidence of the efficacy of lung
cancer screening using low-dose helical computed tomography (LDCT) to reduce lung cancer
mortality. The NLST randomized 53,454 older current or former heavy smokers to receive LDCT
or chest radiography (CXR) for three annual screens. Participants were observed for a median of
6.5 years for outcomes. Vital status was available in more than 95% of participants. LDCT was
positive in 24.2% of screens, compared with 6.9% of CXRs; more than 95% of all positive LDCT
screens were not associated with lung cancer. LDCT detected more than twice the number of
early-stage lung cancers and resulted in a stage shift from advanced to early-stage disease.
Complications of LDCT screening were minimal. Lung cancer—specific mortality was reduced by
20% relative to CXR; all-cause mortality was reduced by 6.7%. The major harms of LDCT are
radiation exposure, high false-positive rates, and the potential for overdiagnosis. This review
discusses the risks and benefits of LDCT screening as well as an approach to LDCT implemen-
tation that incorporates systematic screening practice with smoking cessation programs and
offers opportunities for better determination of appropriate risk cohorts for screening and for
better diagnostic prediction of lung cancer in the setting of screen-detected nodules. The
challenges of implementation are considered for screening programs, for primary care clinicians,
and across socioeconomic strata. Considerations for future research to complement imaging-
based screening to reduce the burden of lung cancer are discussed.
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computed tomography (CT) that imaging-based
screening became the focus of intense investigation.
Multidetector helical CT enables the entire lung to
be imaged as a single volume within one breath hold.
Because of the inherently high contrast between aer-
ated lung and soft tissue, low radiation dose pre-

An effective test for early lung cancer detection has
been an elusive goal for decades, despite the reality
that lung cancer is the leading cause of cancer death
worldwide. Efforts to address this void have been

hampered by social, medical, and economic reali-
ties. Among these are the fact that lung cancer, a
predominantly smoking-related disease, is often
considered to be self-inflicted and remedied by
smoking abstinence, although more than half of
those who develop lung cancer are former smokers.
High mortality rates among lung cancer victims
have compromised advocacy efforts. Finally, federal
funding for lung cancer research is dwarfed by fund-
ing for other major cancers, despite the dominance
of lung cancer as the major contributor to cancer-
related mortality."*

Early randomized screening trials that assessed
combinations of chest radiography (CXR) and spu-
tum cytology were inconclusive in showing a mor-
tality benefit from screening.>® It has only been
within the last decade with technologic advances in
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serves the detection of focal lung lesions despite
higher image noise.

The results of several single-arm studies have
provided valuable information on the perfor-
mance characteristics of low-dose helical CT
(LDCT). Studies have varied by cohort character-
istics, numbers of screening rounds, interpreta-
tion criteria for a positive screen, and whether
LDCT was performed alone or in conjunction
with CXR.”'° These differences partially account
for significant differences in screen positivity
rates, ranging from 5.1% to 51.4%. Nonetheless,
these initial investigations indicate that LDCT
screening increases the detection of lung nodules
as well as early-stage lung cancers relative to CXR
and historical epidemiologic rates and that the
size of detected lesions on LDCT is generally
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smaller than with CXR. None of the studies was designed to ad-
dress the effects of LDCT screening on lung cancer mortality.

It was against this backdrop that the National Lung Screening Trial
(NLST) was designed. The NLST combined a contract administered
by the Division of Cancer Prevention, National Cancer Institute with a
grant administered by the American College of Radiology Imaging
Network, funded by the Division of Cancer Treatment and Diagnosis,
National Cancer Institute.!” Across 33 sites, the NLST enrolled 53,454
current or former smokers based on eligibility criteria of age 55 to 74
years and current or previous smoking history of a minimum of 30
pack-years (product of packs of cigarettes smoked daily and years of
smoking). Former smokers had to have quit within the preceding 15
years. Relative to the US population that would have been eligible for
the trial based on age and smoking status, NLST participants had
comparable sex proportions and smoking intensity as measured by
median pack-years of smoking. However, the NLST cohort tended to
be younger, better educated, and more frequently former smokers
than the comparable US eligible population, which made them
slightly healthier overall (Table 1).'®

Participants were randomly assigned to receive either LDCT or
CXR annually for three screens. Follow-up continued through De-
cember 31, 2009, for a median of 6.5 years. Diagnostic procedures,
diagnoses, treatments, and outcomes were collected by manual ab-
straction of medical records on participants with positive screens and
those with lung cancer diagnoses (Fig 1). Vital status was ascertained at
least annually with confirmation by death certificates or query of the
National Death Index."

LDCT screening tests were considered positive and potentially
related to lung cancer if they revealed at least one noncalcified nod-
ule = 4 mm in longest diameter (or other abnormality suspicious for
lung cancer), and CXR screens were positive if they revealed any
noncalcified nodule or mass. A recommendation for some form of

Table 1. Comparison of NLST Cohort to the Eligible US Population'®
% of Population
NLST Population
Demographic or Characteristic (N = 53,454) Eligible US Population
Male 59.0 58.5
Smoking
Median pack years 48.0 47.0
Former smoker 51.8 42.9
Age, years
55-59 42.8 35.2
60-64 30.6 29.3
65-69 17.8 20.8
70-74 8.8 14.7
Education
= College 3156 14.4
< High school 6.1 21.3
Race/ethnicity
Black 4.4 5.5
Hispanic 1.7 2.4
Abbreviation: NLST, National Lung Screening Trial.
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Fig 1. National Lung Screening Trial design. The trial was launched in August
2002. Over 20 months, 53,454 individuals were randomly assigned to receive
either low-dose computed tomography (LDCT) or chest x-ray (CXR) for three
annual screens. Outcomes through December 31, 2009, were collected on
participants, an average of 6.5 years.

additional follow-up was made for all positive screens; diagnostic
guidelines for positive screens based on nodule size and consistency
were developed trial-wide, but were not mandated and could be used
at the discretion of the interpreting radiologist (Appendix Fig Al,
online only). Overall, 24.2% of CT screens and 6.9% of CXR screens
were positive.'? Participants who received all three screens had a 39%
rate of screen positivity. Screen positivity rates decreased at the T2
screen, largely because indeterminate nodules that were stable over all
three screens could be considered negative at the discretion of the
radiologist (Table 2). The results of diagnostic follow-up have been
previously reported; however, complications of diagnostic follow-up
were low overall and were very low in the participants with positive
screens in whom no lung cancer was diagnosed."”

Lung cancer stage through the entire period of observation was
analyzed and included lung cancers occurring in the setting of a
positive screen, lung cancers after a negative screen, and lung cancers
diagnosed with no screening (Fig 2). Ninety percent of lung cancer
diagnoses in the setting of no screen occurred in the postscreening
surveillance period. LDCT detected more lung cancers than CXR.
Among lung cancers of known stage, stage IA cancers were more than
two-fold greater in the LDCT arm, most of which were screen de-
tected. There were also fewer stage Il and IV lung cancers in the LDCT
arm compared with the CXR arm. Finally, in both arms, the majority
of lung cancers observed after negative screens were advanced, sup-
porting a more aggressive biology of these lesions.

Lung cancer—specific mortality rates were 247 per 100,000
person-years and 309 per 100,000 person-years in the LDCT and CXR
arms, respectively. This resulted in a 20% relative reduction in lung
cancer mortality in the LDCT arm (95% CI, 6.8% to 26.7%) and an
absolute risk reduction of lung cancer death by four per 1,000 individ-
uals screened. Finally, there was a 6.7% reduction in all-cause mortal-
ity (95% CI, 1.2% to 13.6%) in the LDCT arm relative to CT. This is
the first randomized screening trial to have shown improvements in
both disease-specific and all-cause mortality, which indicates that
screening resulted in no deleterious downstream effects that contrib-
uted to death and, importantly, that the reduced lung cancer mortality
observed with LDCT did not result in deaths from competing causes
such as cardiovascular disease. Given these data, an estimated 320
individuals needed to be screened to save one life from lung cancer."
This compares favorably with screening mammography, in which
some estimates suggest that 465 to 601 women must be screened to
save one life.”*'

Opverall, the NLST demonstrated the following: more lung can-
cers were detected with LDCT than with CXR; a stage shift was ob-
served with LDCT, such that the absolute number of advanced-stage
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Table 2. Screening Results and Screen-Detected Lung Cancers by Screening Arm and Round'®

Positive Screens

Screen-Detected Lung Cancers

Total Population

Screened (No.) LDCT Arm CXR Arm LDCT Arm CXR Arm
Screening Round LDCT Arm CXR Arm No. % No. % No. % Positive Screens No. % Positive Screens
TO 26,309 26,035 7,191 27.3 2,387 9.2 270 3.8 136 5.7
T 24,715 24,089 6,901 27.9 1,482 6.2 168 2.4 65 4.4
T2 24,102 23,346 4,054 16.8 1,174 B 211 5.2 78 6.6
Total 75,126 73,470 18,146 24.2 5,043 6.9 649 3.6 279 5.5

NOTE. Excludes inadequate screens (LDCT, n = 7; CXR, n = 26).
Abbreviations: CXR, chest radiograph; LDCT, low-dose computed tomography.

cancers was decreased relative to CXR; there was a 20% relative mor-
tality reduction with LDCT compared with CXR, amounting to an
absolute risk reduction of four individuals per 1,000 screened; there
were few significant complications from LDCT screening; and a 6.7%
reduction in all-cause mortality was observed with LDCT. The results
of a formal cost-effectiveness evaluation of LDCT relative to CXR in
the NLST are pending, but preliminary results based on available data
suggest that LDCT screening could be cost effective if implemented in
a fashion similar to the NLST.*

The benefits of screening must be reconciled with its potential harms,
which are primarily related to radiation-induced carcinogenesis, high
false-positive rates, and the potential for overdiagnosis. LDCT screen-
ing exposes individuals to excess radiation, not only at the time of
screening, but also in the course of downstream follow-up and likely at
consecutive intervals given that screening would be performed on a
periodic basis. Although individual risk may be acceptable, the large
number of individuals who might be exposed could translate into
measurable population increases in radiation-induced cancers.* This
seems to be particularly true for LDCT screening and lung cancer risk;

600 No screen
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n
=
S 400 A 82 342
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Q- 300
“—
o
<Z:5 200 | 32
53 105
% 7 87
100 + 14
1A IB-1IB "i-1v

Fig 2. Stage of lung cancers in the two screening arms based on result of
screening. Lung cancers are shown as early-stage |A, intermediate-stage IB to
IIB, and late-stage Il to IV. In each arm, the stages are displayed by screen result,
in which lung cancers were diagnosed after a positive screen, after a negative
screen, or in participants who received no screen. Ninety percent of lung cancer
diagnoses occurring with no screen occurred in the postscreening surveillance
period. Lung cancers of unknown stage (n = 32) are excluded.
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unlike cancers in other solid organs, in which radiation risks are
highest at younger age, excess risk of radiation-induced lung cancer is
highest in middle age, peaking at roughly age 55 years.>**

Among the challenges of LDCT screening is effectively commu-
nicating radiation risk in ways that are understandable to both refer-
ring physicians and potential screenees. Effective dose is used to
estimate participant dose that can be compared with other medical
radiation procedures and depends heavily on the acquisition param-
eters used to acquire the scans as well as where the radiation dose is
being absorbed. Conservative estimates of effective dose from the
NLST based on representative imaging protocols for average-size par-
ticipants were 1.6 mSv for men and 2.1 mSv for women, with sex
differences primarily a result of breast dose in women.* This can be
compared with estimates of annual population radiation dose from all
sources, averaging 3 mSv at sea level.

Whereas effective dose enables comparisons across different
types of medical radiation, radiation risk of carcinogenesis is based on
organ-specific doses and individual organ susceptibility to radiation.
Using slightly higher estimates of dose than were reported in the
NLST, Brenner®* used dose, sex, age, and smoking status to calculate
excess relative risks of lung cancer among individuals who undergo
annual LDCT screening from age 50 to 75 years. In smoking females,
such annual LDCT screening conferred an excess radiation-related
risk of 0.85% (95% CI, 0.28% to 2.2%) for developing lung cancer, in
addition to the population-based expected risk of 17%, amounting to
a 5% increase in risk. In male smokers, the estimated radiation-related
risk was 0.23% (95% CI, 0.06% to 0.63%) in addition to the expected
risk of 16%,>* a 1.5% increase in risk. These risks likely overestimate
radiation risk because of the contemporary use of lower exposures and
new image reconstruction algorithms that require less radiation to
generate diagnostic images. Finally, the 20% relative mortality reduc-
tion observed with LDCT screening in high-risk populations offsets
this risk.

A second major harm of LDCT in the NLST was a high screen
positivity rate, particularly a high false-positive rate. The performance
characteristics of a screening test are influenced by the risk profile
(likelihood of the index disease) of the screening cohort. Although the
NLST targeted high-risk individuals based on older age and significant
smoking history (defined by pack-years of smoking), a number of
other variables influence risk of lung cancer among ever-smokers.
These variables include underlying chronic obstructive lung disease,
occupational exposure to asbestos or other carcinogen, history of lung
cancer in a first-degree relative, and prior history of lung (or other

JOURNAL OF CLINICAL ONCOLOGY
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Fig 3. Evolution of a ground-glass nodule
to invasive adenocarcinoma. (A) Initial ax-
ial high-resolution computed tomography
(CT) shows a 6-mm ground-glass nodule
in the right lower lobe. (B) Follow-up high-
resolution CT after 2.5 years shows a
slight increase in size of the ground-glass
nodule. (C) Final high-resolution CT at 8
years from initial detection demonstrates
evolution of the nodule to an 8-mm solid
nodule. At biopsy, this was an invasive
adenocarcinoma.

smoking-related) cancer. Combinations of these features have been
proposed to determine eligibility in screening settings to increase the
proportion of screen cohorts who will develop lung cancer.”*?’

Screening test performance is also influenced by the interpre-
tation criteria. The interpretation algorithm used in the NLST was
dichotomous. LDCT screens were positive in the context of an
indeterminate nodule of a minimum of 4 mm in diameter or other
abnormality suspicious for lung cancer. Using this algorithm,
24.2% of all CT screens were positive; of positive LDCT screens,
only 3.6% were associated with a lung cancer diagnosis trial-wide,
representing a positive predictive value of less than 4%. Although
there were few medical complications associated with the down-
stream diagnostic evaluation for these positive screens, there
would be substantial gains in cost-effectiveness by improving the
performance characteristics of LDCT screening. '’

The Dutch-Belgian randomized lung cancer screening trial
(Nederlands-Leuvens Longkanker Screenings Onderzoek [NELSON])
has used a two-step interpretation strategy based on nodule size to classify
screens as positive or negative.”® Although the results of NELSON are
not yet available, the investigators have reported the performance
characteristics of their interpretation strategy. At prevalence
screens, nodules less than 50 wL (5 mm in diameter) were negative,
nodules greater than 500 uL (10 mm in diameter) were considered
positive and underwent definitive evaluation, and nodules ranging
from 5 to 10 mm in diameter were classified as indeterminate and
reassessed with LDCT at 3 months.”® Nodule growth based on
volumetric analysis at the follow-up scan was used to determine
whether the scan was classified as negative or positive. Using a
comparable strategy at incidence screening, the prevalence and
incidence screens achieved sensitivities of 94.6% and 96.4%, spec-
ificities of 98.3% and 99.0%, positive predictive values of 35.7%
and 42.2%, and negative predictive values of 99.9% and 99.9%,
respectively.”® Medical resource utilization was comparable be-
tween the NLST and NELSON trials for subcentimeter nodules,
because most NLST participants with subcentimeter nodules were
also evaluated by follow-up imaging. However, beyond substan-
tially improving the positive predictive value of a positive screen,
the two-step process used by the NELSON provides interpretations
that are much more representative of the true risk of lung cancer in
screenees. This has implications for both the individual and the
primary physicians who assist with the management of screened

WwWW.jco.org

individuals. Finally, the NELSON appropriately conveys the no-
tion that lung cancer screening is a process over time rather than a
single examination.

A final potential harm of LDCT screening is overdiagnosis,
meaning the diagnosis of a cancer that would not go on to cause
symptoms or death. Overdiagnosis in lung cancer may result from one
of following two scenarios: the cancer is so biologically indolent that it
will not result in the death of the individual, or the cancer is treated or
progresses sufficiently slowly that the individual dies of competing
conditions such as cardiovascular or respiratory disease. Overdiagno-
sis results from the biologically heterogeneous behavior of cancer and
is increasingly a consideration in screening programs in which cancers
are diagnosed before signs or symptoms of disease. Autopsy studies
have provided compelling evidence of overdiagnosis by observing
clinically silent cancers of lung, prostate, and thyroid in individuals
who have died of other causes.””* Estimates from randomized trials
also suggest that a proportion of screen-detected cancers represent
overdiagnosis. Estimates are based on the observation that invariably
the screened arm detects more cancers than the control arm as a result
of lead time. In the absence of overdiagnosis, once screening con-
cludes, cancer diagnoses should catch up in the control arm. Persistent
excess cancers in the screening arm provide compelling evidence of
overdiagnosis and have been observed in a number of trials.”

Complicating the notion of overdiagnosis in lung cancer is the
anecdotal observation of an indolent lung lesion followed over several
years, only to observe its transition to an aggressive phenotype®* (Fig
3). Thelogic in observing a ground-glass nodule over time to assess for
morphologic changes relies on the predictability of a relatively linear
growth model. However, in some instances, these lesions persist for
years without significant evolution and then become aggressive with
invasive or metastatic potential. This behavior may result from the
acquisition of one critical molecular abnormality that changes the
biology of cancer from indolent to aggressive. Unfortunately, there are
no current mechanisms by which to distinguish the timing of
this transformation.

Establishing the evidence base for the benefits of LDCT screening over
risks in a randomized controlled trial was a necessary but preliminary

© 2013 by American Society of Clinical Oncology 1005
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first step toward implementation. On the basis of the NLST, some
medical organizations, including the National Comprehensive Cancer
Network, published guidelines for LDCT screening, and several other
medical organizations have followed suit.”>** Indeed, a few of the
major insurance providers now pay for LDCT screening in high-risk
individuals. Nonetheless, it is estimated to take an average of 17 years
for only 14% of new scientific discoveries to enter mainstream prac-
tice.*® The widespread implementation of LDCT screening for lung
cancer will impose significant new challenges, which can be consid-
ered to involve the following three major categories of stakeholders in
lung cancer screening: the transdisciplinary teams of imagers and
clinicians who will offer comprehensive programs of lung cancer
surveillance and prevention; the primary care physicians whose pa-
tients would most benefit from screening; and the at-risk popula-
tion itself.

Transdisciplinary Screening Programs

The implementation of lung cancer screening requires consider-
able infrastructure support and organization. The ultimate goals are to
improve the diagnosis and management of early-stage lung cancer
when it is amenable to curative resection and to reduce lung cancer
mortality. These goals are best served by coupling LDCT screening
with proactive programs of smoking cessation and durable absti-
nence. The screening program is most robust when transdisciplinary,
to include the imagers, thoracic surgeons, pulmonologists, and pa-
thologists who will manage indeterminate nodules. The screening
program must also be tightly interleaved with institutional lung cancer
treatment programs.

For the imaging community, LDCT screening will require
substantial modifications to workflow as well as infrastructure:
multidetector CT scanners that can acquire high-quality images at
minimum radiation dose; physicists and staff who can certify
equipment and perform studies according to a consistent standard;
experienced radiologists who will use standardized interpretation,
communication, and diagnostic practices; and ongoing programs
of image and clinical quality assurance. The programs must be able
to track individual patients and their screening results and to easily
recall individuals with positive screens for follow-up exams. There is
growing evidence that computer-assisted diagnosis and nodule char-
acterization software enables quantitative, more reproducible image
interpretation. The introduction of computer-assisted diagnosis sys-
tems will necessarily alter historical workflow patterns and will only be
practical if initial image analysis is performed by skilled staff or tech-
nologists who then transmit results with the original images to the
radiologist for final interpretation.

The Primary Care Clinic

Primary care providers will need to be convinced of the efficacy of
lung cancer screening and that the benefits outweigh the risks. Pro-
vider education and their adoption of screening recommendations are
influenced by a variety of factors, many of which derive from personal
experience rather than the published evidence base, as well as their
perceptions of blame.””** The primary care arena will necessarily
require an understanding of which patients would best benefit from
screening as well as the implications and management of indetermi-
nate nodules. LDCT screening will almost certainly affect workflow in
the primary setting, as clinicians incorporate into practice the educa-
tion of patients about LDCT screening and implications of indetermi-
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nate nodules, as well as options for managing abnormal findings.
Finally, the primary care clinician may be challenged to allocate al-
ready limited time and resources for lung cancer screening that could
detract from other proven health maintenance activities. One justifi-
able concern with LDCT is the high screen positivity rate. Although
positive screens decrease after the baseline exam, the screening pro-
grams themselves will need to assume mutual responsibility for com-
municating with patients and managing follow-up.

Community Engagement

Among the most challenging aspects of lung cancer screening imple-
mentation will be adoption by the community at risk. Psychological,
cultural, economic, and geographic variables all play major roles in com-
munity adoption, more so than with other screening interventions. Spe-
cifically, lung cancer is a largely preventable disease. There is a prevailing
stigma associated with smokers and patients with lung cancer, the sub-
text of which is that they are responsible for their condition. This
cultivates a variety of responses, including fatalism and denial,*'*¢
attitudes that contribute to delays in presenting for medical evaluation
when symptoms occur.*”*® Finally, there are significant, well-known
differences in the understanding of smoking-related risks and lung
cancer among different racial and sociodemographic groups. Individ-
uals from disadvantaged backgrounds are more likely to have misper-
ceptions about their individual risk of lung cancer, the benefits of
surgical resection, and lung cancer mortality.**>* Higher educational
level, higher economic status, and white race are associated with
greater understanding of the state of the science on smoking and lung
cancer.>*® These realities contribute to the epidemiologic observa-
tions that African Americans are more likely to present with advanced-
stage disease, are less likely to consider surgery for resectable disease,
and, among men, experience higher lung cancer mortality rates than
their white counterparts.>>*

The diffusion of lung cancer screening across all socioeconomic
strata will require a multipronged approach in which information
strategies are used to educate across demographic divides. Commu-
nity organizations, churches, community health care providers, and
partnerships with academic institutions will be key to providing bidi-
rectional dialogue. The medical community must understand cultural
and class misperceptions of smoking and lung cancer, the basis of
mistrust of the medical profession, and competing community inter-
ests that could prevent lung cancer awareness from gaining traction as
a health priority. Similarly, these collaborations serve to educate the
public about lung cancer, reinforce the causal role of tobacco in lung
cancer and other related diseases, and understand the risks and bene-
fits of LDCT screening. Failure to take directed steps to provide screen-
ing across all economic strata threatens to relegate lung cancer to a
disease of underserved populations.

Screening effectiveness is enhanced by identifying the optimal risk
group most likely to harbor preclinical lung cancer. Between 80% and
90% of lung cancers occur in tobacco smokers, yet only 10% to 15% of
chronic smokers develop lung cancer.”””® Relative to smokers with
normal lung function, those with chronic obstructive pulmonary dis-
ease (COPD) have up to a six-fold increased risk of lung cancer,
making COPD by far the greatest known risk factor for lung cancer in
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ever-smokers.””® Although COPD and lung cancer have smoking
exposure in common, several lines of evidence now support underly-
ing shared genetic susceptibility that acts in concert with the shared
risk of smoking-related genetic and epigenetic effects. Genome associa-
tion studies have identified several heritable susceptibility or protective
loci thought to impact both COPD and lung cancer development, includ-
ing single nucleotide polymorphisms on loci 15925 that regulate cho-
linergic nicotine receptors (CHRNA3/5)°°%%; several haplotypes
involved in the xenobiotic metabolism of tobacco lung carcino-
gens63 0. and genes involved in cell cycle control, apoptosis, airway
inflammation, and repair.’ 8,67,68

Recently, investigators have established that emphysema, as
determined on LDCT, is associated with lung cancer independent
of airflow obstruction on spirometry.® A separate study observed
that the highest frequency of lung cancer was in patients with both
CT-based emphysema and moderate to severe spirometric airflow
obstruction.”® Airflow obstruction in COPD derives from the vari-
able presence of emphysema (destruction of airspaces distal to termi-
nal bronchioles) and obstructive bronchiolitis as a result of small
airways thickening and remodeling. Spirometry is the mainstay in the
diagnosis of airflow obstruction but does not distinguish between
these two pathologic entities or their relative contributions to airflow
obstruction in a given individual. There is considerable opportunity to
more comprehensively identify the highest risk population by better
phenotyping smokers based on combinations of clinical and spiro-
metric features.

Beyond evidence of smoking-related lung injury, nodule pheno-
types captured in the screening exam can also be exploited to stratify
individuals with indeterminate nodules who require more aggressive
diagnostic evaluation. A number of quantitative nodule features have
been identified using image analysis that have the potential to increase
diagnostic discrimination between benign and malignant nod-
ules.”"”* Ideally, these multidimensional phenotypes will be validated
and combined with molecular biomarkers to construct better models

of risk for lung cancer as well as models for the diagnostic manage-
ment of screen-detected lung nodules.

We are at the cusp of implementing an entirely new paradigm into the
management of lung cancer by screening high-risk individuals for
preclinical, potentially curable disease. Screening becomes substan-
tially more effective when combined with readily accessible programs
of smoking cessation. Moreover, there is synergy in combining screen-
ing and smoking cessation by exploiting individualized lung cancer
risk profiles to motivate smoking cessation. There are multiple re-
maining questions surrounding lung cancer screening implementa-
tion, among which include how to better define the optimal risk
cohort for screening, the frequency of screening in cohorts at different
levels of risk, methods to improve diagnostic discrimination between
lung cancer and benign disease in patients with CT-detected nodules,
and theroles of biomolecular markers in stratifying risk and in guiding
the management of indeterminate nodules. How we choose to trans-
late our current knowledge base to practice can have substantial,
long-lasting beneficial effects that are entirely within our capacity to
sustain if we so choose.
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