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Lung Cancer Screening with CT
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Lung cancer is the leading cause of cancer
death in the United States. In 2007, it is estimated
that 160,390 lung cancer deaths will occur in the
United States, representing 29% of all cancer
deaths [1]. Roughly 87% of lung cancers are attributed to cigarette smoking [2]. Although cancer
risk is attenuated by smoking cessation, the risk is
not eliminated, and lung cancer now occurs with
equal frequency in current and former smokers
[3]. Moreover, other factors clearly inﬂuence
risk, including age; family history; chronic obstructive pulmonary disease; pulmonary ﬁbrosis;
and exposures to environmental radon, asbestos,
and certain other occupational agents [4]. Realistically, lung cancer will likely remain at epidemic
proportions for decades to come.
Non–small cell lung cancer (NSCLC), which
accounts for 75% to 80% of all lung cancers, is
typically diagnosed when disease is locally advanced or there are systemic metastases [5], explaining the dismal overall 5-year survival of 15%
[6]. In contrast, the 5-year survival of individuals
with surgically resected, early stage NSCLC approaches 75% [6,7]. These diﬀerences have fueled
the impetus to ﬁnd a screening test that can detect
NSCLC in its early preclinical stages, when surgical
resection is most likely to prolong life and potentially reduce lung cancer mortality. Although earlier randomized controlled trials (RCTs) of lung
cancer screening using chest radiography and sputum cytology failed to show reduced lung cancer
mortality, CT is a much more sensitive test for
detecting small lung nodules, and has generated
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considerable enthusiasm as a potential contemporary screening tool for lung cancer.
Results of observational trials with low-dose
helical CT
There are now published results of several
cohort studies [8–18] investigating CT screening
in groups at varying risk of lung cancer. The ﬁrst
published American study was the Early Lung
Cancer Action Program (ELCAP) [8,9]. In this
observational study, 1000 individuals aged 60
years or greater with a minimum 10 pack-year
smoking history underwent prevalence screening;
841 underwent at least one incidence (annual repeat) screen. At the prevalence screen, 233 nodules and 31 lung cancers were detected (27 lung
cancers based on the detection of a nodule and
4, which were excluded from analysis, based on
the detection of mediastinal or airway lesions).
Twenty-three (85%) of the 27 nodular lung cancers were stage I. On annual follow-up, there
were seven incidence cancers and two interval cancers not detected by screening; of these nine cancers, ﬁve (56%) were stage I NSCLC. In this
study, both CT and chest radiographs (CXR)
were obtained on participants; three times more
nodules and four times more lung cancers were
detected by CT than by CXR [8].
Swensen and colleagues [10] recently reported
their 5-year results on combined CT and sputum
screening in 1520 high-risk individuals aged 50
years or older with a smoking history of greater
than 20 pack-years. This cohort underwent four
incidence (annual repeat) screenings; compliance
rates were 95% or greater through the ﬁrst three
incidence screens and 80% for the ﬁnal incidence
screen at year 5. They observed 68 primary lung
cancers in 66 participants (4% of participants
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and 2% of 3356 nodules), consisting of 31 prevalence, 34 incidence, and 3 interval cancers. Two
cancers were detected only by sputum cytology.
Of prevalence cancers, 71% were stage I; 49%
of combined incidence and interval cancers were
stage I. There was one postsurgical mortality in
a lung cancer patient. Thirteen participants underwent 15 surgeries for ultimately benign disease.
Although no surgical deaths were reported in individuals with ultimately benign disease, the rates of
unnecessary thoracotomies has raised concerns
about the potential for screening-related harms.
Three major cohort studies using diﬀerent
clinical protocols have investigated low-dose helical CT screening in Japan [11–13]. Sobue and colleagues [13] performed both CT and combined
CXR with sputum cytology on 1611 participants.
In this study, CT detected fourfold more lung cancers than CXR across all screenings. Two studies
performed unselected population screening in
smokers and nonsmokers aged 40 years and older
[11,12]. In these two studies, lung cancer prevalence rates were low (averaging 0.4%); however,
roughly equal numbers of lung cancers were seen
in smokers and nonsmokers. The prevalence rates
of lung cancer in nonsmoking women averaged
0.44% and most were indolent bronchioloalveolar
cell carcinomas or well-diﬀerentiated adenocarcinomas; these detection rates represent a 10- to
15-fold increase over annual mortality rates in
Japanese women. Detection rates of lung cancer
in smoking men using CT screening were also increased by 2- to 15-fold [11].
Diederich and colleagues [14,15] reported their
ﬁndings with low-dose screening CT in a cohort
study of 817 smokers aged 40 and older in Europe. Of the original cohort, 668 participants
(81.8%) underwent at least one of ﬁve annual incidence (follow-up) screens. At prevalence screen,
they observed 858 indeterminate nodules in 408
participants (50%), of which more than 98%
were deemed benign based on follow-up or biopsy. There were 12 prevalence lung cancers in
11 participants (1.3% prevalence), of which 7
were stage I. At incidence screens, 174 new nodules were observed; over 93% were deemed benign. A total of 21 suspicious incidence nodules
(11 growing nodules and 10 new nodules) underwent additional diagnostic evaluation. Incidence
lung cancers were diagnosed in 11 (incidence of
0.86%), benign disease in 8, and in 2 nodules histology was indeterminate because biopsy was
refused (one patient with bladder cancer, one patient with growth of a nodule from 4–6 mm over

36 months). Five interval cancers were diagnosed
between annual screens, only one of which had
abnormalities visible on retrospective review of
screening CT, in the form of a hilar mass. Overall,
they reported that 26.7% of invasive procedures
were for benign disease, including one thoracoscopy and one thoracotomy.
The ﬁndings of Diederich and colleagues [14,15]
were consonant with prior observational studies in
that (1) a large number of nodules are seen at prevalence (baseline) and incidence screens using lowdose CT, of which less than 10% represents lung
cancer; (2) using standardized diagnostic algorithms, the number of invasive procedures can be
minimized; and (3) nodules with documented
growth should undergo additional diagnostic testing, although benign disease is ultimately found
even in growing nodules. The conclusions of Diederich and colleagues [14,15] diﬀered from the
American and Japanese trials in that they observed
that one third of lung cancers diagnosed after the
baseline examination were interval cancers (between screenings) because of symptoms; and their
lung cancers were not disproportionately adenocarcinomas, as reported elsewhere (rather, their
patients had relatively greater numbers of both
squamous cell and small cell carcinomas). From
these data, the number of early stage lung cancers
is higher with CT screening; however, the impact
of screening on lowering the number of late-stage
cancers is not clear.
Findings from preliminary randomized controlled
trials
Preliminary data from four RCTs using CT
screening in the intervention arm have been
published [16–19]. Three of these trials were conducted in advance of large multicenter national trials to determine the feasibility of enrollment into
a randomized trial by generalists [16–18]. The Depiscan, conducted in France, involved 765 subjects
randomized to receive either low-dose CT or CXR
at baseline and annually for 2 years. Complete clinical and imaging baseline data were obtained in
81% of patients. One or more nodules were seen
in 336 participants (45.2%) in the CT arm versus
21 participants (7.4%) in the CXR arm. Eight
lung cancers were detected in the low-dose CT
arm versus one in the CXR arm. Trial limitations
included a 19% rate of noncompliance by participants who withdrew consent and only modest participation of the enrolling generalists (only 41% of
232 investigators enrolled participants).
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In 2003, the NELSON trial was launched,
a Dutch-Belgian trial that randomized roughly
16,000 high-risk participants to receive either
annual CT screening (at years 1, 2, and 4) versus
a control arm receiving no screening [19]. The
NELSON is the only trial in which the control
arm receives no screening intervention, and has
80% power to show a lung cancer mortality
reduction of at least 25% by 10 years after randomization. The data from the NELSON will be
pooled with the Danish RCT; preliminary data
are pending.
Gohagan and colleagues [18], representing the
Lung Screening Study Research Group, reported
the ﬁnal results of the Lung Screening Study, in
which 3318 individuals at high risk of lung cancer
were equally randomized to receive either lowdose CT or CXR for two annual screenings. The
study was not powered to address diﬀerential
lung cancer mortality between the two arms, but
rather, whether a large-scale multicenter randomized trial was feasible in the United States. Compliance rates at baseline and year 1 screenings
were 96% and 86% for CT and 93% and 80%
for CXR, indicating that a RCT was possible in
the United States. Positive screens were seen in
20% and 10% of baseline CT and CXR screened
participants, respectively, and in 18% and 7% of
incidence screens. Over the study period, there
were 40 CT-detected lung cancers and 20 CXRdetected lung cancers; stage I cancers comprised
48% of all CT-detected cancers and 40% of
CXR-detected cancers.
Newest data from cohort studies
Two recent studies have further confounded
the subject of the beneﬁt of CT screening. The ﬁrst
was the report of the International-ELCAP
(I-ELCAP), a multinational, observational study
undertaken in the United States, Europe, Japan,
and Israel in which 31,567 participants underwent
prevalence screens and 27,456 incidence screens
[20]. Each site determined its own eligibility criteria, which included smokers, never smokers, and
individuals with exposures to various environmental and occupational carcinogens. Lung cancer
was diagnosed in 484 participants: 405 at prevalence screen, 74 at incidence screen, and 5 interval
cancers (eg, symptom-detected). Of these, 412
were clinical stage I; pathologic stage was not
reported. Participants were followed for a median
of 3.3 years; two participants were followed for 10
years. Using Kaplan-Meyer estimates, the 10-year
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lung cancer–speciﬁc survival for all participants
was 80% (95% conﬁdence interval [CI], 74%–
85%); among the 302 participants who underwent
resection within 1 month of diagnosis, the estimated lung cancer–speciﬁc 10-year survival was
92% (95% CI, 88%–95%). Eight untreated lung
cancer patients died within 5 years of diagnosis.
Based on these survival statistics, the investigators
concluded that such screening could ‘‘prevent
some 80% of deaths’’ from lung cancer.
Subsequent to the I-ELCAP report, Bach and
colleagues [21] described their ﬁndings in 3246
asymptomatic, high-risk individuals who underwent at least three annual CT screenings after
a median follow-up of 3.9 years. They compared
observed lung cancer rates, stages, surgical resections, and deaths with what would have occurred
absent screening based on a set of validated prediction models [22,23]. They observed 144 individuals
with lung cancer compared with 44.5 predicted
cases (relative risk, 3.2), among whom 42 had advanced-stage disease versus 33.4 predicted. There
were 109 individuals who underwent lung resection, representing a 10-fold increase over the
expected number of surgeries. Lung cancer mortality was unchanged: 38 lung cancer deaths were observed, 38.8 were predicted. They concluded that
CT screening might increase the rate of lung cancer
detection and treatment without reducing the
number of advanced lung cancers or lung cancer
mortality, calling into question the beneﬁt of CT
screening in face of possible risk. The authors
rightfully acknowledged that their data were preliminary, predicated on a small sample and on
the validity of their risk model and assumptions.
Nonetheless, their ﬁndings contrast with those of
the I-ELCAP and underscore a quintessential concern in the discussion of lung cancer screening: the
I-ELCAP reported increased survival; Bach and
colleagues [21] reported no diﬀerence in mortality.
At the heart of screening debate is the question of
which end point provides adequate validation of
the eﬃcacy of CT screening for lung cancer.
Survival versus mortality end points in screening
At face value, increased lung cancer survival
seems to be synonymous with decreased lung
cancer mortality. Yet, such is not the case. Lung
cancer survival is appropriately an end point in
controlled trials that compare diﬀerent treatment
interventions. Under these conditions, the diagnosis of the disease precedes the intervention and all
patients have the disease. In the case of screening,
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the individuals undergoing the screening intervention are asymptomatic, relatively few actually have
the disease, and the screening intervention precedes
the diagnosis. These diﬀerences place screening
interventions in a profoundly diﬀerent paradigm
than treatment interventions because some healthy
individuals become patients because of a positive
screen, resulting in collective psychologic, economic, and medical jeopardy. Moreover, this
paradigm introduces confounding variables that
make disease-speciﬁc survival misrepresentative of
screening eﬃcacy: the biases of lead time, length,
and overdiagnosis. Each of these can prolong
survival without actually enhancing longevity, to
produce an artiﬁcial semblance of beneﬁt where
none may exist [24–26].
Lead time bias refers to the fact that with
screening, earlier detection increases survival time
even if death is not delayed (Fig. 1A). Survival is
measured from the time of lung cancer diagnosis
or the initiation of treatment, events that are
usually temporally proximate. To the extent that
the time of diagnosis is advanced (lead time) by
screening relative to symptom-diagnosed lung cancer, and assuming that early treatment intervention
is not lethal, survival will increase even if death is
not delayed. In point of fact, the early detection
of lung cancer may favorably alter the natural
course of disease by delaying death (eg, increase
longevity). However, the phenomena of lead time
and increased longevity are indistinguishable by
survival statistics, particularly in a cancer with so
heterogeneous a biology as lung cancer, because
the rate of disease progression is not known.
The second bias that confounds the use of
survival as a measure of eﬃcacy is length bias.
The purpose of lung cancer screening is to detect
malignancy when it is preclinical, before the development of overt symptoms, providing the opportunity for treatment intervention that prevents
or delays death. There is clear evidence that lung
cancer is not the product of one single molecular
construct: there is considerable variation in lung
cancer growth rates, as has been amply demonstrated by several observed phenomena: by calculations of tumor doubling time using CT [27,28], by
the propensity of a subset of pathologic stage IA
lung cancers to recur following presumed curative
surgery [29,30], and by the indolent growth characteristics of certain subtypes of adenocarcinoma
[31,32]. Eﬀectively, some lung cancers are biologically indolent and grow slowly; some lung cancers
are biologically aggressive and grow and metastasize rapidly. Length bias refers to the tendency of

screening tests preferentially to select for more indolent lung cancers because of their longer preclinical
phase (Fig. 1B). Aggressive cancers are less likely to
be screen-detected because they have a shorter preclinical phase. As such, the survival of individuals
with screen-detected lung cancers predictably is longer than that of individuals with symptom-detected
lung cancers of the same stage. Similarly, if two
screening tests are compared, the more sensitive
screening test should detect more favorable (indolent) cancers than the less sensitive screening test.
The third bias peculiar to screening interventions is overdiagnosis bias, which can be considered an extreme form of length bias (Fig. 1C).
Overdiagnosis bias refers to the screening detection
of cancers that would not have contributed to the
death of an individual (pseudodisease) [24–26].
Overdiagnosis can occur when screening detects
a potentially lethal lung cancer, the course of which
is superseded by competing comorbidities, such as
chronic obstructive pulmonary disease and cardiovascular disease, conditions that are prevalent in
lung cancer patients and may result in death before
demise from lung cancer. Overdiagnosis also occurs when screening detects a lung cancer that satisﬁes histologic criteria of malignancy, but that is
so biologically indolent that it never contributes
to death. This concept is well established as a consideration in prostate carcinoma screening [33–35],
but has been relatively ignored in lung cancer
because of the high lethality of most symptomdetected cancers.
It is rarely possible to document pseudodisease
in a living individual; once detected by screening,
treatment is initiated, and longevity with later
death from unrelated causes is ascribed to the
successful treatment. In the I-ELCAP study, eight
participants with clinical stage I cancers who did
not receive treatment died within 5 years of
diagnosis [36]. Although it is tempting to infer
from this that pseudodisease is not a signiﬁcant
factor in lung cancer, it is not possible to draw
meaningful conclusions, both because the numbers are so small and because the factors that prevented primary treatment intervention (access to
health care, comorbidity, emotional state) also
will inﬂuence survival.
The documentation of pseudodisease in lung
cancer derives from necropsy studies in which
unsuspected (surprise) lung cancers were observed
in individuals who died of other causes. In a review
of necropsies performed at Yale New Haven Hospital over a 30-year period, surprise lung cancers
represented 13% of all lung cancers observed [37].
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Fig. 1. The eﬀects of the biases of lead time, length, and overdiagnosis on increased survival, independent of improved
longevity or mortality reduction. (A) Lead time from the early detection of a lung cancer by screening prolongs survival
independent of any delay in death. (B) Screen-detected lung cancers tend to be more indolent than symptom-detected or
intervals cancers diagnosed between screenings. The survival beneﬁt associated with these favorable cancers is ascribed
to the screening test, even if screening does nothing to reduce the number of advanced-stage cancers or lung cancer
deaths. (C) The pseudodisease detected because of overdiagnosis bias markedly increases survival, regardless of whether
screening or associated treatments are eﬀective.
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Over the 30 years, the total number of surprise lung
cancers increased; moreover, the proportion of
resectable lung cancers in the surprise cases rose
from 35% in the ﬁrst decade to 70% in the third
and ﬁnal decade. The investigators postulated that
necropsy documents a large reservoir of undetected
lung cancers in the general population and that future advances in diagnostic technology would
most certainly result in increased numbers of detected early stage lung cancers during life and would
improve survival rates, particularly in women [37].
As if to conﬁrm this premise, the most compelling evidence for overdiagnosis from the current
screening studies is the observation of roughly
equivalent rates of lung cancer among smokers and
nonsmokers in Japanese population CT screening,
where lung cancer detection rates with CT in
nonsmoking women exceed annual mortality rates
by several fold [11]. Some proportion of these excess screen-detected cancers is tumors that would
never contribute to the death of the individual.
When analyzing statistical trends in lung cancer, and especially in screening trials, it is important to distinguish lung cancer mortality from case
fatality rates.
Lung cancer–speciﬁc mortality is deﬁned as:
the number of lung cancer deaths
the total number of individuals screened
Lung cancer–speciﬁc case fatality, often called
‘‘lung cancer death rate,’’ is deﬁned as:
the number alive with lung cancer
the total number with lung cancer
Lung cancer–speciﬁc mortality rates consider the
number of lung cancer deaths among all individuals under surveillance and address the impact of
the screening intervention across the entire population to which screening is applied. In contrast,
case fatality rates consider lung cancer deaths
exclusively in individuals with lung cancer. Because
case fatality rates consider only individuals with
lung cancer, these rates are subject to the same
biases as survival statistics. Mortality rates address
the essential question of screening impact across
the entire population that undergoes screening.
Mortality rates are meaningful in the context of
a contemporaneous control arm, a population that
has not undergone the intervention of interest.
Finally, CT screening for lung cancer is a special
case of screening. Unlike screening mammography
that images only breast tissue, cervical Papanicolaou
smears in which cervical epithelial cells are analyzed,

or colonoscopy in which the colonic epithelium is
directly visualized, chest CT scans span a wide
anatomic range from the lower cervical region to
the upper abdomen–retroperitoneum. Imagers are
obliged to report any potentially signiﬁcant ﬁndings
observed, whether related or not to potential lung
cancer. These additional observations may themselves incur downstream diagnostic tests that involve additional risk and potential death [38].
Studies that follow and report medical outcomes
on only the small percentage of individuals with suspected or diagnosed lung cancer cannot inform the
beneﬁts or risks of CT screening across the entire
population being screened.
Summarizing the present knowledge base
There is much to be learned from the multiple
single-arm observational studies and the preliminary experience of the RCTs of CT screening for
lung cancer. Low-dose helical CT is a sensitive
imaging tool and detects many more lung nodules
than CXR, on the order of twofold to sixfold.
Variations in the rates of nodule detection on
screening CT are caused by primarily the lower
size threshold used by various investigators to
deﬁne a ‘‘lung nodule’’ and the spatial quality of
the CT scan, determined primarily by slice thickness. Most CT-detected nodules, typically over
90%, are benign, even in a targeted, high-risk
population.
CT screening detects roughly two to four times
more lung cancers than CXR. The increase in lung
cancer detection is associated with a higher proportion of stage I disease and a relative oversampling of adenocarcinoma. The impact of CT
screening, however, on the absolute number of
late-stage cancers is not known. A true stage shift
requires that the increase in screen-detected early
stage cancers occur in parallel with a decrease in
the number (not percentage) of advanced lung
cancers. Absent this, it is unlikely that CT
screening confers beneﬁt. In the study by Diederich and colleagues [15], one third of lung cancers were interval cancers not detected by
screening, the implication being that aggressive
cancers may escape screen detection.
CT detects smaller lung cancers than are
normally visible on CXR. The average size of
CT-detected prevalence cancers has ranged from
9 to 16.5 mm [10,15,28]. Some investigators have
reported that CT-detected incidence cancers are
smaller than prevalence nodules [36], albeit biologically more aggressive. A key premise by CT
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screening proponents is that the smaller tumors
detected by CT have a diﬀerent prognosis than
larger lesions. In support of this, Wisnivesky and
colleagues [39] analyzed 7620 patients with stage
I NSCLC who had undergone resection from
the Surveillance, Epidemiology, and End Results
registry 2003 to determine survival statistics.
They found that smaller tumor size at diagnosis
was associated with improved survival within
stage I NSCLC. Speciﬁcally, the 12-year survival
rate for patients with tumors 5 to 15 mm in diameter was 69% (95% CI, 64%–74%) and 63% for
tumors 16 to 25 mm in diameter (95% CI, 60%–
67%). Similarly, Flieder and colleagues [40] retrospectively reviewed data on 503 patients with
completely resected invasive NSCLC with invasive primary tumors less than or equal to 3 cm.
They observed that primary NSCLC greater
than 2 cm in diameter is twice as likely to have
nodal metastases as tumors less than or equal to
2 cm, lending support for the notion that small
lesions represent early stage disease.
Although other investigators have not observed a signiﬁcant relationship between T1 lesion
size and stage distribution [41], the preponderance
of data suggest small, but signiﬁcant, survival beneﬁts for tumors within the T1 category less than or
equal to 2 cm. This has provided the impetus for
staging revisions in the seventh edition of the
TNM Classiﬁcation of Malignant Tumors, due
in 2009, which will propose that T1 lesions be subclassiﬁed as lesions less than or equal to 2 cm and
greater than 2 cm [30]. What is not known from
these data is the eﬃcacy of CT screening in reducing ‘‘underdiagnosis,’’ meaning the detection of
small primary lesions before metastases (advanced
disease). Surveillance, Epidemiology, and End
Results data suggest that up to 40% of lung cancers measuring less than or equal to 15 mm in
diameter present with mediastinal or distant metastases at diagnosis [42]. Experimental studies
have shown that a 1-cm tumor sheds 3 to 6 million
tumor cells into the blood every 24 hours [43].
Tumor genetics, epigenetic phenomena, and tumor angiogenesis may be more inﬂuential than
lesion size in determining cancer biology and metastatic potential.
It is to be expected that survival increases in
individuals with CT screen–detected lung cancers.
The increased survival may be caused by any of
the biases inherent to screening: lead time, length,
and overdiagnosis; or may be a consequence of
a true increase in longevity (delay in the time of
death). The essential concerns about the current
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data on CT screening are that (1) CT screening
may be detecting biologically favorable lesions,
some of which would remain subclinical during life,
promoting unnecessary diagnostic and treatment
interventions that themselves incur morbidity and
mortality; (2) CT screening may not result in true
stage shift (eg, reduce the number of advancedstage lung cancers) and do nothing to signiﬁcantly
reduce mortality in small cancers destined to
become advanced; and (3) the balance of beneﬁt
and risk have yet to be determined across the entire
population subjected to screening.
Despite the lack of evidence of a mortality
beneﬁt from CT screening, the observational
studies have informed several of concepts of best
practices. One notable example is the evaluation of
the positive screen. Screening is beneﬁcial to the
extent that it detects disease suﬃciently early that
intervention can increase survivability or prevent
death. Diagnostic pathways to further evaluate
CT-detected indeterminate nodules have been
largely empiric. These algorithms have been reﬁned
through the experience of several diﬀerent groups
of investigators, however, with the goals of achieving the most eﬃcient discrimination between
malignant and benign disease while minimizing
risks. With minor variation, diﬀerent investigators
have converged on very similar diagnostic pathways [36,44–46]. This is itself encouraging, and
suggests that should CT be found to confer a legitimate mortality beneﬁt, its implementation for
public policy can be accomplished in concert with
rationale diagnostic algorithms to manage indeterminate nodules detected by screening.
The current studies have also shown the considerations important to implementing standardized protocols across multiple sites for low-dose
helical CT. The earliest screening studies were done
using thick-section (10 mm) CT scans [8]. With CT
screening, the detection task is to be able to reliably
detect and follow the morphology of small, subcentimeter lung nodules, which mandate high spatial resolution on the order of 2-mm contiguous
slice thicknesses. Moreover, the whole chest should
be imaged at suspended full inspiration in a single
breath-hold with minimal cardiorespiratory motion and using low radiation exposures [47]. Over
time, the acquisition protocols for helical CT across
diﬀerent groups of investigators have converged on
common techniques. Moreover, with the increasing
potential of software designed for computer-aided
nodule detection and volumetric analysis, helical
CT technology lends itself to such image analysis
in that additional high-resolution image datasets
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trends that might reﬂect diﬀerential beneﬁts or
risks between the two arms. The ﬁnal analysis of
the NLST is expected some time in 2009.
The primary end point of the NLST is lung
cancer–speciﬁc mortality, for which the trial has
90% power to detect a 20% diﬀerence between the
two screening arms. Secondary end points include
all-cause mortality; diﬀerences in stage distribution
of lung cancers at diagnosis; medical resource use
(including complications of downstream diagnostic
testing) in participants with positive screening tests;
and the overall performance of the two screening
tests. Additional secondary aims are being studied
in a subset of the NLST participants who were
enrolled at sites sponsored by the American College
of Radiology Imaging Network (ACRIN) and
include (1) quality of life issues in screenees and
anxiety in participants with positive screening tests,
(2) medical resource use in participants across all
categories of screening result, and (3) the impact of
lung cancer screening on smoking behaviors and
beliefs. Specimens of blood, urine, and sputum
have also been collected at each of the three
screening time points in over 10,000 (ACRIN)
participants; these specimens will be used to validate biomarkers or panels of biomarkers of early
lung cancer that seem promising based on preliminary tests [49].
The eligibility criteria for the NLST were
designed to investigate individuals at highest risk
of lung cancer and include asymptomatic male and
female cigarette smokers between the ages of 55
and 74 years with a minimum cigarette smoking
history of 30 pack-years (total years smoked 
packs per day). Current and former smokers were
eligible, although the latter must have quit within
15 years before enrollment. Participants could not

can be reconstructed from a single acquisition. The
optimal datasets for computational analysis must
be of high spatial quality, on the order of 1-mm
contiguous intervals or better. These datasets serve
automated image analysis purposes well, but are
cumbersome for human interpretation needs. The
standardization of acquisition parameters across
diﬀerent scanner platforms and the adoption of
standardized image interpretation guidelines are
critical to the validity and quality of CT screening
data and its analysis across diﬀerent cohorts.
The National Lung Screening Trial
Blueprints for a randomized trial that could
validate the eﬃcacy of CT screening for lung
cancer were initially drafted in the late 1990s,
partially in response to a series of workshops
hosted by the National Cancer Institute (NCI).
What ultimately became the National Lung
Screening Trial (NLST) was the product of
considerable collaboration and input by several
researchers in both the extramural research community and the NCI. The NLST is a lung cancer
screening trial sponsored by the NCI [48]. Now in
its ﬁfth year, this RCT compares the eﬃcacy between two diﬀerent screening tests: low-dose helical CT and CXR. The trial has randomized 53,476
individuals at high risk of lung cancer in a 1:1 ratio to receive either annual CT or CXR for three
screens (Fig. 2). By the end of the trial, medical
outcomes will have been collected for 4 to 6 years
from randomization, depending on the time of enrollment. All trial-related data are reviewed at
least twice annually by an independent data and
safety monitoring board; interim analyses are
also performed annually to determine potential
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Fig. 2. NLST trial schema. T0 is the baseline screen; T1 is Year 1 incidence screen; and T2 is Year 2 incidence screen.
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have been previously diagnosed with primary lung
cancer, and could not have been treated for, or
have evidence of, another cancer within the preceding 5 years (excluding nonmelanoma skin
cancers). Exclusion criteria were intended to ensure
that participants can tolerate potentially curative
lung resection.

National Lung Screening Trial screening
interpretations
For both CT and CXR arms, there are three
types of screening results as follows: (1) positive
screen, based on the presence of one or more
nodules greater than or equal to 4 mm diameter
or other abnormality potentially related to lung
cancer; (2) negative screen with no, or minor,
abnormalities not requiring follow-up; and (3)
negative screen with signiﬁcant ﬁndings unrelated
to potential lung cancer. For all positive screening
results, radiologists are obliged to provide some
form of diagnostic recommendation. Recommendations for the follow-up of positive CT screening
examinations are based on guidelines that take

into consideration the size and attenuation characteristics of CT-detected nodules (Fig. 3).
The interpretation task with CXR screening is
often twofold: to determine whether there is an
abnormality and to evaluate further a visualized
abnormality (Fig. 4). The NLST protocol provided diagnostic recommendations as guidelines;
in all instances, the decision regarding the diagnostic recommendation for a given screening
result was left to the discretion of the radiologist
based on their best judgment and local institutional practices. Screening examinations in which
signiﬁcant ﬁndings unrelated to potential lung
cancer also mandate some form of recommendation, although no guidelines were provided, given
the diverse range of possible ﬁndings and variations in practices across institutions.
National Lung Screening Trial outcomes
assessment
The intention of longitudinal assessment in the
NLST is to determine the consequences, both
positive and negative, that result from screening
the population at risk. Participants are contacted at

Guidelines for CT-Detected Nodules at Screening
< 4 mm Nodule
Solid or Mixed
Attenuation1,2

4-10 mm Nodule
Solid or Mixed
Attenuation

> 10 mm Nodule
Solid | Mixed | Ground Glass
Attenuation

Follow-up LDCT
at 3-6 months3

No Growth4
or
Resolution

DCE CT

Growth
but < 7 mm
diameter

Growth
≥ 7 mm
diameter

Repeat
LDCT
at 3-6
months

Guidelines
for Nodules
> 10 mm

Enhance
< 15 HU

Enhance
≥ 15 HU

LDCT at
6-12 Months

FDG-PET

No↑
Activity

Biopsy or
Definitive
Management

↑
Activity

Biopsy or
Definitive
Management

Continue Annual Screen

Fig. 3. Guidelines for diagnostic follow-up of CT-detected nodules in the NLST. 1 Pure ground glass nodules !10 mm
can be followed-up with LDCT at 6–12 months. 2 At T2 (ﬁnal year screen) new nodules !4 mm can be followed-up with
repeat LDCT at 3–4 months. 3 The timing of repeat LDCT varies according to nodule size. Larger nodules should be
followed-up sooner than smaller nodules. 4 No growth is deﬁned as !15% increase in overall diameter or no increase in
solid component. DCE-CT, dynamic contrast-enhanced CT; FDG-PET, 18-ﬂuorodeoxyglucose positron emission
tomography; LDCT, low-dose helical CT.
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Diagnostic Guidelines for Positive CXR Screens in NLST
Confirm
Presence

Lung
Nodule DiagnosticTest
From Small Nodule
Baseline
CXR

DiagnosticTest
Large Nodule

• Repeat CXR ± Special Views

No nodule

Obliques,
Apical-lordotic,
Nipple markers, etc.

• Low kVp CXR
• Chest fluoroscopy
• LDCT
• Diagnostic chest CT
• F/U CXR or
LDCT in 3-6 months

• Diagnostic chest CT
• FDG-PET scan

Nodule 4-10 mm
or
enlarging <7 mm

Continue
Annual Screen

LDCT at 3-6
months or
guidelines for
nodules > 10 mm

Nodule >10 mm or
enlarging ≥ 7 mm Guidelines for

nodules > 10 mm

• Biopsy
Fig. 4. Diagnostic guidelines for positive chest radiograph screening tests. Speciﬁc choices depend on the nature of the
detected abnormality and institutional preferences. CXR, chest radiograph; FDG-PET, 18-ﬂuorodeoxyglucose positron
emission tomography; LDCT, low-dose CT.

least annually to determine their health status. In
participants with positive screens, all diagnostic
tests, complications of tests, and test results are
obtained. In participants with the diagnosis of lung
cancer, the histology, grade, and stage of cancer are
documented, as are the diagnostic tests used to
establish the diagnosis, complications of diagnostic
evaluation, treatments, treatment complications,
and cancer progression or recurrence. Subsets of
participants with negative screens, both with and
without signiﬁcant other ﬁndings, are also followed
to tabulate all health encounters so that diﬀerential
medical resource use between the two screening
arms can be determined.
Deaths are documented through annual followup with participants or their contacts, or by
querying the National Health Index data linked
to death certiﬁcates. In all trial decedents, death
certiﬁcates are obtained and coded using the International Classiﬁcation of Diseases-10 Revision.
These codes, combined with screening results and
the timing of death relative to screening or downstream diagnostic tests, factor into an algorithm to
determine those trial decedents whose deaths
should be independently evaluated by experts. An
end point veriﬁcation committee then reviews
medical records and available documentation to
establish cause of death independent of the death
certiﬁcate. The intent of the end point veriﬁcation

committee is to minimize biases that may overestimate or underestimate the beneﬁt of screening.
Beyond CT screening: molecular biomarkers
The potential of CT lies in its capacity to detect
small lung cancers in the parenchyma. A total of
15% to 20% of lung cancers in previous screening
trials, however, have been detected only by sputum
cytology [50,51]. In particular, early squamous cell
carcinomas in the large central airways escape CT
detection, as do premalignant lesions like severe
dysplasia and carcinoma in situ. These precursor
lesions have been shown to progress to invasive
squamous cell carcinoma in over 50% of cases in
some studies [52]. Indeed, absent severe dysplasia,
the progression of low-grade dysplasia to carcinoma in situ and invasive squamous cell carcinoma
is not negligible, suggesting that each of these preneoplastic lesions must be independently considered to have malignant clones [53]. Although
atypical adenomatous hyperplasia (now classiﬁed
as a precursor lesion of lung adenocarcinoma) is
detectable on CT and is known to have many of
the same molecular alterations as adenocarcinoma
[54,55], the progression of atypical adenomatous
hyperplasia to adenocarcinoma has not been directly demonstrated, and it is not known with
what frequency atypical adenomatous hyperplasia
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transforms into invasive cancer. Helical CT is only
now providing the means by which to study this lesion; before CT, most investigations of atypical
adenomatous hyperplasia involved specimens discovered incidentally in tissue resected by patients
with adenocarcinoma [56].
Molecular studies show that lung cancers have
multiple genetic and epigenetic alterations, numbering greater than 20 per cancer [57]. Many of
the alterations in gene expression and chromosome structure seen in lung cancer have also
been demonstrated in preneoplastic lesions, including hyperproliferation and loss of cell cycle
control; abnormalities in the p53 pathway, the
ras genes, and genes in the genomic regions of
3p14.2; aberrant gene promoter hypermethylation; angiogenesis; and altered expression of multiple proteins [58]. These observations support the
concept of lung carcinogenesis as a multistep
process developing from normal epithelium and
involving successive genetic and epigenetic abnormalities, typically through exposure to tobaccorelated carcinogens.
Although sputum cytology itself has not satisﬁed the criteria necessary for an eﬀective screening
tool, sputum, blood, and urine are attractive for
screening strategies because they are readily attainable without invasive procedures and lend
themselves to the exploration of potential molecular biomarkers. If reproducibly detected, biomarkers from these biospecimens could identify
individuals destined to develop lung cancer and

CpG island

could be applied to lung cancer prevention strategies rather than treatment strategies.
A number of molecular analyses have been
applied to sputum. Among these are DNA evaluation techniques, such as ﬂuorescence in situ
hybridization, using probes for several genes
known to be associated with lung cancer, including c-myc, EGFR, 5p15, and CEP6 [59].
These molecular biomarkers are relatively insensitive for the detection of lung cancer when considered alone (sensitivity 41%, speciﬁcity 94%), but
become more sensitive when combined with sputum cytology (sensitivity 83%, speciﬁcity 80%).
The RAS family of proto-oncogenes (HRAS,
KRAS) encode proteins that regulate key signaltransduction pathways involved in normal cellular
diﬀerentiation, proliferation, and survival. Activating mutations in the KRAS genes are common
in lung cancer of both adenocarcinoma and squamous cell histologies. A signiﬁcant number of individuals with squamous cell carcinoma have KRAS
mutations in sputum. These mutations are also
found in individuals without subsequent lung cancer, however, and their signiﬁcance as biomarkers
of early disease has not been validated [60].
Among the more promising sputum biomarkers is the detection of aberrant methylation
of DNA promoter genes, which occurs early in the
development of lung cancer, and is associated
with silencing of the transcription of genes involved in several aspects of normal cell function
(Fig. 5). Belinsky and colleagues [61] recently

tumor suppressor gene

X
Me

Me

gene not expressed

CpG island methylated
Fig. 5. The eﬀect of hypermethylation of tumor-suppressor gene promoters. CpG islands are regions of the gene rich in
cytosine-guanine dinucleotides. Most CpG islands are found in the proximal promoter region of nearly half of all genes
in the mammalian genome and are normally unmethylated. In the human genome, methylation (Me) occurs only at CpG
islands. Hypermethylation of the promoter regions of tumor suppressor genes occurs early in the development of lung
cancer and silences the transcription of the gene. Silencing by hypermethylation aﬀects genes involved in all aspects of
normal cell function and is a critical trigger for malignant transformation and cancer progression.

12

ABERLE & BROWN

reported that promoter hypermethylation in sputum is associated with lung cancer and may precede its clinical diagnosis.
Similarly, promoter DNA hypermethylation
changes have been observed in blood samples
from patients with lung cancer [62]. The levels of
circulating cell-free DNA in blood are generally
higher in patients with cancer than in healthy controls. The source of the increased DNA is assumed to be apoptotic or necrotic tumor cells
that release DNA into the circulation. The circulating DNA in lung cancer patients exhibits
many of the genetic and epigenetic changes typical
of the primary tumor. For example, K-ras and
p53 gene mutations have been found in between
20% and 30% of lung cancer patients [63]. These
mutations in blood are identical to those in the
primary tumor, and provide solid evidence that
nucleic acids are released into the circulation by
lung cancers.
Proteomic studies in lung cancer have taken two
forms: protein proﬁling, in which patterns of
protein expression are used to identify malignancy
without knowledge of the speciﬁc proteins; and
techniques to identify individual proteins that may
serve as biomarkers. Many of the molecular
markers for NSCLC are growth factors and their
receptors, such as the epidermal growth factor
receptor and c-ErB-2 (Her-2/neu), and serum
cytokines, such as vascular endothelial growth
factor, stem cell factor, and hepatocyte growth
factor–scatter factor [64]. The ﬁeld of proteomic
biomarker discovery is rapidly accelerating, enabled by recent advances in high-throughput technologies and bioinformatics platforms. Substantial
challenges, including instrument standardization,
sample handling, reproducibility, and validation
of preliminary results in larger prospective studies
need to be met to see the translation of these molecular approaches to the clinical practice of lung cancer screening.

Although these observations are provocative, the
demonstration of prolonged survival is itself insuﬃcient evidence of screening beneﬁt. When
applied to screening, survival statistics are subject
to the biases of lead time, length, and overdiagnosis. Moreover, there is no evidence to date that
CT screening reduces the number of aggressive,
advanced-stage lung cancers. Because of these
biases, prolonged survival can occur absent
a meaningful decrease in lung cancer–speciﬁc
mortality. The results of the ongoing large-scale
RCTs, such as the NLST and NELSON trial, are
essential to determine whether lung cancer–speciﬁc and all-cause mortality diﬀers between those
who do and do not undergo CT screening.
Beyond beneﬁt, these trials must show that
screening beneﬁt outweighs risk, across all individuals screened, not only those with lung
cancer. Chest CT provides a window to the
evaluation of multiple organs and conditions.
The collective consequences of all screening observations, the diagnostic follow-up associated
with these imaging ﬁndings, the complications of
downstream tests, and the potential to treat
patients who neither require nor beneﬁt from
treatments must be weighed against the unbiased
measure of mortality beneﬁt [65].
Concurrently, molecular research is accelerating at extraordinary pace. Although there has yet
to be found a single biomarker, or panel of
biomarkers, that predicts lung cancer, it is reasonable to anticipate that this may occur in the
foreseeable future. How molecular medicine and
contemporary imaging will converge to subdue
the scourge of lung cancer remains to be written.
Certainly, both the prospects and the stakes are
high; the hope for a screening test that will reduce
lung cancer mortality must be balanced with the
necessary scientiﬁc skepticism to keep the journey
honest.
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