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ORIGINAL CONTRIBUTION

Lung Cancer Screening
With Helical Computed Tomography
in Older Adult Smokers
A Decision and Cost-effectiveness Analysis
Parthiv J. Mahadevia, MD, MPH
Lee A. Fleisher, MD
Kevin D. Frick, PhD
John Eng, MD
Steven N. Goodman, MD, PhD
Neil R. Powe, MD, MPH, MBA

CONCERNED SMOKERS AND THEIR

physicians are contemplat-
ing screening for lung cancer
with helical computed tomog-

raphy (CT).1-4 Having an average 5-year
survival of 15%,5 lung cancer is often di-
agnosed at advanced clinical stages when
treatment is typically noncurative.
Therefore, physicians and their pa-
tients have long sought screening meth-
ods to detect lung cancer at localized
stages, when it can be surgically re-
moved and possibly cured.

Past attempts to screen for lung can-
cer with intensive screening regimens
using chest radiographs and sputum cy-
tology found no reduction in lung can-
cer–specific mortality,6-10 raising skep-
ticism about whether lung cancer is
amenable to early detection.11 Uncon-
trolled studies of helical CT screening
report detection of many small-sized
lung cancers, when surgical resection
and theoretical cure is possible.12-19

However, these findings are of un-
clear clinical significance due to the lack
of control groups and of long-term mor-
bidity or mortality data in these trials.
Some contend that surgical treatment

Author Affiliations: Robert Wood Johnson Clinical
Scholars Program (Drs Mahadevia and Powe);
Departments of Medicine (Drs Mahadevia and
Powe), Anesthesiology (Dr Fleisher), Radiology (Dr
Eng), and Oncology (Dr Goodman), Johns Hopkins
School of Medicine, Baltimore, Md; Departments of
Health Policy and Management (Drs Fleisher, Frick,
Goodman, and Powe) and Epidemiology (Drs
Goodman and Powe), Johns Hopkins Bloomberg

School of Public Health, Baltimore; Welch Center
for Prevent ion, Epidemiology, and Cl in ical
Research, Johns Hopkins Medical Institutions, Balti-
more (Dr Powe); and MEDTAP International,
Bethesda, Md (Dr Mahadevia).
Corresponding Author and Reprints: Parthiv J.
Mahadevia, MD, MPH, MEDTAP International, 7101
Wisconsin Ave, Bethesda, MD 20814 (e-mail: Ma-
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Context Encouraged by direct-to-consumer marketing, smokers and their physi-
cians are contemplating lung cancer screening with a promising but unproven imag-
ing procedure, helical computed tomography (CT).

Objective To estimate the potential benefits, harms, and cost-effectiveness of lung
cancer screening with helical CT in various efficacy scenarios.

Design, Setting, and Population Using a computer-simulated model, we com-
pared annual helical CT screening to no screening for hypothetical cohorts of 100000
current, quitting, and former heavy smokers, aged 60 years, of whom 55% were men.
We simulated efficacy by changing the clinical stage distribution of lung cancers so
that the screened group would have fewer advanced-stage cancers and more localized-
stage cancers than the nonscreened group (ie, a stage shift). Our model incorporated
known biases in screening programs such as lead time, length, and overdiagnosis bias.

Main Outcome Measures We measured the benefits of screening by comparing
the absolute and relative difference in lung cancer–specific deaths. We measured harms
by the number of false-positive invasive tests or surgeries per 100000 and incremen-
tal cost-effectiveness in US dollars per quality-adjusted life-year (QALY) gained.

Results Over a 20-year period, assuming a 50% stage shift, the current heavy smoker
cohort had 553 fewer lung cancer deaths (13% lung cancer–specific mortality reduc-
tion) and 1186 false-positive invasive procedures per 100000 persons. The incremen-
tal cost-effectiveness for current smokers was $116300 per QALY gained. For quit-
ting and former smokers, the incremental cost-effectiveness was $558600 and $2322700
per QALY gained, respectively. Other than the degree of stage shift, the most influ-
ential parameters were adherence to screening, degree of length or overdiagnosis bias
in the first year of screening, quality of life of persons with screen-detected localized
lung cancers, cost of helical CT, and anxiety about indeterminate nodule diagnoses.
In 1-way sensitivity analyses, none of these parameters was sufficient to make screen-
ing highly cost-effective for any of the cohorts. In multiway sensitivity analyses, a pro-
gram screening current smokers was $42500 per QALY gained if extremely favorable
estimates were used for all of the influential parameters simultaneously.

Conclusion Even if efficacy is eventually proven, screening must overcome multiple
additional barriers to be highly cost-effective. Given the current uncertainty of ben-
efits, the harms from invasive testing, and the high costs associated with screening,
direct-to-consumer marketing of helical CT is not advisable.
JAMA. 2003;289:313-322 www.jama.com

See also p 357 and Patient Page.

©2003 American Medical Association. All rights reserved. (Reprinted) JAMA, January 15, 2003—Vol 289, No. 3 313

 by guest on December 15, 2009 www.jama.comDownloaded from 

http://jama.ama-assn.org


of these small-sized lung cancers should
lower mortality,20 whereas others are
doubtful of a mortality benefit due to
tendency of some lung cancers to mi-
crometastasize even at apparently lo-
calized stages.18,21 Although large ran-
domized controlled trials evaluating
helical CT as a screening test for lung
cancer are beginning, they are years
from completion.22,23

Meanwhile, direct-to-consumer mar-
keting4 and media coverage of the heli-
cal CT trials has encouraged demand for
lung cancer screening,2,3,24 despite the
lack of evidence. Early dissemination of
a screening technology raises concerns
such as consequences of false-positive
and false-negative results,4 harms from
invasive diagnostic tests,25 surgery,1 and
considerable societal costs.26

We studied the potential benefits,
harms, and cost-effectiveness of an-
nual helical CT screening under vari-
ous scenarios of efficacy. Our research
aim was to gain insight into the impor-
tant factors influencing screening effi-
cacy and potential economic and safety
consequences of a widely dissemi-
nated lung cancer screening program.

METHODS
Study Design

We performed a decision and cost-
effectiveness analysis from the soci-
etal perspective in which we simu-
lated the clinical paths and health states
that persons would traverse having re-
ceived or not received annual helical CT
screening. We considered parameters
required for evaluating a screening pro-
gram, such as the characteristics of the
participants (age, smoking status), char-
acteristics of the screening test (sensi-
tivity, specificity), characteristics of the
disease (treatment and prognosis, qual-
ity of life), and characteristics of the
screening program itself (efficacy, bi-
ases inherent in screening). Probabili-
ties for these parameters,12-15,17,27-34 as
well as quality of life measured in the
form of utilities35,36 and costs,3,37-42 were
obtained from the published litera-
ture and the Surveillance, Epidemiol-
ogy, and End Results (SEER) national
cancer database27 (TABLE 1).

We performed a base-case analysis,
which measures cost-effectiveness us-
ing the estimate thought to be the most
accurate for each parameter in the
model. We performed 1-way sensitiv-
ity analyses, which evaluate the im-
pact on cost-effectiveness of using more
extreme estimates of each parameter.
Through sensitivity analyses, model pa-
rameters that are influential in deter-
mining the cost-effectiveness of screen-
ing can be identified. Finally, we
performed multiway sensitivity analy-
ses, which vary estimates across more
than 1 parameter. These analyses de-
pict economic consequences across a
range of favorable and unfavorable cir-
cumstances. We created a Markov
model to perform these analyses.43

Study Population
Our study population consisted of
100000 hypothetical 60-year-old heavy
smokers (�20 pack-years) who were
eligible for lung resection surgery. Fifty-
five percent of the cohort were men. We
chose this population since they mir-
ror participants in screening trials and
are at higher lung cancer risk than the
overall population, making them more
likely to benefit from screening.

Because smoking cessation might im-
pact the benefit of screening, we per-
formed separate analyses for 3 differ-
ent cohorts of heavy smokers: persons
who were continuing smoking (cur-
rent smokers), persons who had per-
manently quit smoking at time of ini-
tial screening (quitting smokers), and
persons who had permanently quit 5
years prior to screening and survived
to age 60 years (former smokers). We
modeled annual screening from age 60
to age 80 years (20-year screening du-
ration) with follow-up until age 100
years (40-year time horizon for occur-
rence of clinical events). We termi-
nated screening at age 80 years since the
incidence of lung cancer decreases af-
terward.28

The Markov Model and
Its Transition Probabilities
Nonscreened Cohort. Smokers in the
nonscreened group (FIGURE 1) face

yearly transition probabilities of stay-
ing alive without apparent lung can-
cer, developing and dying from lung
cancer, or dying from other causes. We
obtained these incidence and mortal-
ity probabilities from the SEER Dev-
Can program28 (Table 1). We adjusted
these measures for the 3 smoking co-
horts using estimates of relative risk cor-
responding to smoking cessation.44,45 All
probabilities were stratified by 5-year
age groups and sex-adjusted to our ref-
erence population.

Persons diagnosed with suspicious
lesions or symptoms suggestive of lung
cancer undergo invasive testing, with
its potential harms. Those diagnosed
with lung cancer could have localized-
stage non–small-cell lung cancer
(NSCLC), advanced-stage NSCLC, or
small-cell lung cancer (SCLC). Upon
entering these disease states, persons
undergo various clinical management
strategies (surgery vs radiation therapy
vs chemotherapy) and have distinct
prognoses. Annual survival probabili-
ties for each histological clinical stage
were obtained from the SEER pro-
gram using lung and bronchus can-
cers that were invasive, microscopi-
cally confirmed, actively followed, and
with no other primary cancer. We ex-
cluded SEER cases from nursing homes
and those identified only by autopsy
data. We classified SEER cases into lo-
calized or advanced clinical stages us-
ing the SEER-modified American Joint
Committee Classification. Stage IA and
IB cases receiving curative resection
(segmentectomy, lobectomy, or pneu-
monectomy) were classified as the lo-
calized-stage NSCLC group and all
other stages including unresected stage
IA through IB cases formed the ad-
vanced-stage NSCLC group. We strati-
fied all probabilities by age, histological-
clinical staging, and disease duration.
We obtained the proportion of mortal-
ity attributable to lung cancer vs other
causes from SEER cause-of-death data.

Screened Cohort. Smokers under-
going screening have similar risks of de-
veloping lung cancer but face a differ-
ent course of events. Adherent smokers
in the screened group receive annual
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Table 1. Annual Probabilities, Costs, and Utilities*

Base-Case Analysis

Sensitivity Analysis

ReferenceFavors Screening Against Screening

Lung cancer probabilities
Proportion of lung cancers that are NSCLC, % 85 85 83 27

Proportion of non-screen NSCLC that are advanced stage, % 84 85 83 27

Mortality, %

Localized-stage NSCLC†‡ 10 5 10 27

Advanced-stage NSCLC†‡ 63 63 63 27

SCLC†‡ 61 61 61 27

Persons without lung cancer†§ 1.27 1.27 1.27 28

Lung cancer incidence, current smokers, %†§ 0.43 0.43 0.43 28

Length bias, % of incidence
Baseline screen 200 150 350 Estimate

Repeat screen 0 0 10 Estimate

Harms from treatment, %
Death from invasive testing 0.02 0.01 0.04 29-32

Frequency of complications after invasive testing 14 8 20 29

30-day mortality after surgical resection 4.5 3 6 34

Costs, $
Screening

Helical CT 300 150 450 3

Follow-up diagnostic CT 429 300 500 37

Antibiotic course 158 126 190 38

Opportunity costs or cost for travel time 14 8 20 Estimate

Cancer care�
Localized NSCLC, surviving first year 43 900 35 120 52 680 39

Localized NSCLC, dying in first year 66 500 53 200 79 800 39

Localized NSCLC, ongoing year 4500 3600 5400 39

Localized NSCLC, terminal year 30 400 24 320 36 480 39

Other
Informal caregiving, localized NSCLC 1800 1440 2160 40

Informal caregiving, advanced NSCLC 6200 7440 4960 40

Diagnostic workup 2300 1840 2760 39

Specialty visit, new 168 84 252 37

Level 4 visit, established 79 60 100 37

Chest radiograph 37 30 44 37

Surgery 42 800 34 240 51 360 41

Diagnostic complications 2700 1350 4050 42

Fine-needle aspiration biopsy 360 300 420 37

Quality-of-Life Weights: Utility or Disutility From Screening, Treatment, and Health States

Base-Case Analysis Favors Screening Against Screening Time Frame Source

Utility
Localized NSCLC nonscreening group 0.73 0.69 0.83 Life 35

Localized NSCLC screening group 0.83 0.88 0.69 Life 35

Advanced NSCLC or SCLC 0.66 0.30 0.76 Life 35

Disutility
Unclear diagnosis–indeterminate nodule −0.03 0 −0.06 120 days 36

Invasive diagnostic testing −0.03 0 −0.05 10 days 36

Surgery/postoperative period −0.18 −0.05 −0.23 30 days 36

Radiation and/or chemotherapy −0.14 −0.19 −0.03 90 days 36
Abbreviations: CT, computed tomography; NSCLC, non−small-cell lung cancer; SCLC, small-cell lung cancer.
*The model assumes a 50% stage shift. Estimates for screening program sensitivity, specificity, and nonadherence are shown in Table 2.
†First-year probability only.
‡Annual mortality probability conditioned on age at the time of diagnosis, stage at diagnosis, and disease duration.
§Annual probability conditioned on age and duration of smoking cessation.
�Costs for advanced-stage disease (not shown) were obtained from the same source as those for localized-stage disease.
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helical CT testing and based on its ac-
curacy may be diagnosed with indeter-
minate nodules that require addi-
tional monitoring and possible invasive
testing. We obtained probabilities for
the frequency of indeterminate nod-
ules, screening sensitivity and specific-
ity, and annual adherence from heli-
cal CT trials that have reported baseline
and annual repeat screening data
(TABLE 2).12-15,17

The timing of cancer diagnoses, the
numbers of diagnoses, and the types of
cancers among screened individuals can
be different than those who are not
screened. Screened persons could be di-
agnosed with lung cancers that do not
cause clinical disease (overdiagnosis
bias) or are extremely slow-growing and
have long latency periods (length bias).46

Many of these individuals might re-
main undiagnosed under no-screening
conditions. Evidence for these biases has
been described in past screening tri-
als.46,47 We estimated the degree of length
bias and overdiagnosis bias by compar-
ing trial-specific observed diagnosis rates
with expected diagnosis rates (Table 1).
Expected diagnosis rates were calcu-
lated using incidence probabilities
weighted for average trial-specific age,
sex, and smoking composition.

Screening also creates a lead time (ad-
vancement in the date of diagnosis), in
which the timing of diagnostic test-
ing, improvements in health, and costs
occur earlier than under no-screening
conditions. We incorporated an aver-
age 1-year lead time for screening-
detected lung cancers, extrapolated
from published lead times for lung
cancer screening using chest radio-
graphs48 and tumor doubling times.13

Screening-detected cancers also have
a different histological distribution. Can-
cers detected by helical CT (ie, true-
positive results) are usually peripher-
ally based cancers, while those missed
by helical CT (ie, false-negative re-
sults) are often hidden in endobron-
chial locations.13 Endobronchial tu-
mors are more frequently due to
squamous cell carcinoma, while periph-
eral tumors tend to represent adenocar-
cinoma. In a more complex model, we

Figure 1. Markov Model of Annual Lung Cancer Screening With Helical CT

Group Screened With Helical Computed Tomography

Initial and Extra
Health States

Transitory State Disease and Final Health States

Alive, No Apparent
Lung Cancer

Length or
Overdiagnosis Bias

Nonadherent, Similar
to Nonscreened

Group

DeathScreened With
Helical CT

Localized-Stage
NSCLC

Any Surgery: 100%
Any Chemotherapy: 5%

Any Radiation: 7%

Advanced-Stage
NSCLC

Any Surgery: 12%
Any Chemotherapy: 33%

Any Radiation: 54%

SCLC

Any Surgery: 3%
Any Chemotherapy: 73%

Any Radiation: 41%

Stage
Shift

Nonscreened Group

Initial and Extra
Health States

Transitory State Disease and Final Health States

Alive, No Apparent
Lung Cancer

DeathCase Finding Localized-Stage
NSCLC

Any Surgery: 100%
Any Chemotherapy: 5%

Any Radiation: 7%

Advanced-Stage
NSCLC

Any Surgery: 12%
Any Chemotherapy: 33%

Any Radiation: 54%

SCLC

Any Surgery: 3%
Any Chemotherapy: 73%

Any Radiation: 41%

Both the nonscreened and screened groups start at the “alive, no apparent lung cancer” state. Lung cancer
cases are identified by symptomatic or incidental case finding (nonscreened group) or screening with helical
computed tomography (CT) (screened group). Cases transition to disease states after undergoing a workup
state (broken-lined circles). A certain proportion will be diagnosed as having non-lung cancerous nodules and
return to the “alive, no apparent lung cancer” state. Those correctly identified with lung cancer progress to
disease states and receive treatment specific to their clinical situation. Treatments in the first year after diag-
nosis are shown below each disease state (from the Surveillance, Epidemiology, and End Results database27

and the National Cancer Database Report,52 1995). Based on age, histology, clinical stage, and duration of
diagnosis, a certain proportion die annually. Screening efficacy is derived from a stage shift (percent decrease
in advanced-stage non–small-cell lung cancer [NSCLC], with a corresponding percent increase in localized-
stage NSCLC). SCLC indicates small-cell lung cancer.
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Table 2. Helical CT Screening Studies: Participants, Accuracy, and Adherence Outcomes
Trial

Weighted
Average
or Totals

Henschke et al,12 1999
Henschke et al,13 2001 Swensen et al,15 2002 Sone et al,14 2001 Sobue et al,17 2002

Location United States United States Japan Japan
Design Prospective uncontrolled

cohort study
Prospective uncontrolled

cohort study
Prospective uncontrolled

cohort study
Prospective uncontrolled

cohort study
Years 1993-1998 1999-2002 1996-1998 1993-1998
Recommended screening interval 1 Year 1 Year 1 Year 6 Months
Participant demographics

Men, % 54 52 54 88
Age, mean or median, y 67 60 �65 60
Smoking status 44 pack-years CS (61%), FS (39%) ES (46%), NS (54%) CS (62%), FS (25%),

NS (14%)
Helical CT scan parameters (all protocols

used 120-140 kVp and
between 25-50 mA)

Single-detector 10-mm
slice thickness

Multidetector 5-mm slice
thickness

Single-detector 10-mm
slice thickness

Single-detector 10-mm
slice thickness

Baseline Screening Year
Participants screened, No. 1000 1520 5483 1611 9614
Screening tests performed, No. 1000 1520 5483 1611 9614
Outcome measure

New indeterminate lung nodules
detected

233 782 676 192 1883

Rate of new indeterminate nodules
per 1000 screenings

233 514 123 119 196

Lung cancers detected (true-positive) 31 21 22 13 87
Lung cancers missed (false-negative) 2 2 18 1 23
Lung nodules, noncancerous

(false-positive)
200 759 636 178 1773

Negative helical CT scans (true-negative)* 767 738 4807 1419 7731
Benign biopsies or surgeries (harm) 3 4 7 8 22

Screening program performance
Sensitivity, %† 94 91 55 93 93
Specificity, % 79 49 88 89 81
Rate of lung cancers detected per

1000 screenings
31.0 13.8 4.0 8.1 9.0

Rate of benign biopsies/surgeries per
1000 screenings

3.0 2.6 1.3 5.0 2.3

Annual Repeat Screening Years
Participants screened, No. 841 1464 4425 1180 11 788
Screening tests performed, No. 1184 1464 8303 7891 18 842
Outcome measure

New indeterminate lung nodules detected 30 191 518 770 1509
Rate of new indeterminate nodules

per 1000 screenings
25 130 62 98 80

Lung cancers detected (true-positive) 7 2 25 19 53
Lung cancers missed (false-negative) ID ID 5 3 8
Lung nodules, noncancerous

(false-positive)
ID ID 488 748 1236

Negative helical CT scans
(true-negative results)*

ID ID 7785 7121 14 906

Benign biopsies or surgeries (harm) 2 3 9 27 41

Annual Repeat Screening Years
Screening program performance

Sensitivity, % ID ID 83 86 85
Specificity, % ID ID 94 90 92
Rate of lung cancers detected per

1000 screenings
5.9 1.4 3.0 2.4 2.8

Rate of benign biopsies/surgeries per
1000 screenings

1.7 2.0 1.1 3.4 2.1

Annual nonadherence, %‡ 12 3 18 25 6.5

Abbreviations: CS, current smoker; CT, computed tomography; ES, ever smoker; FS, former smoker; ID, insufficient data (due to lack of long-term follow-up results); kVp, kilovolt
peak; NS, never smoker.

*False-negatives were lung cancers identified by sputum cytology only, missed in prior screening or interval cases. All false-negatives have been reassigned to prior year’s screening.
†Sensitivity calculation omits Sone et al14 due to insufficient triage protocol in baseline screening year.
‡We used an average nonadherence rate of 6.5% from US studies only (range, 3%-12%). Japanese studies used less-organized population-based screening, resulting in poor adherence.
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adjusted lung cancer survival estimates
to account for this histological predi-
lection. However, because this adjust-
ment did not significantly impact our re-
sults, the results shown are from a
simpler model that did not incorporate
this phenomenon.

Finally, screening should alter the
clinical-stage distribution of cancers
such that advanced cancers are found
earlier in localized stages. This is fre-
quently referred to as a downward stage
shift. In our base-case scenario, we as-
sumed a 50% stage shift. For example,
if the stage distribution for the non-
screened group is 80% advanced and
20% localized, then a 50% stage shift
would result in a 40% advanced- and
60% localized-stage distribution for the
screened group.

In sensitivity analyses we varied the
degree of stage shift and also exam-
ined the impact of a pseudo–stage shift.
For lung cancer, a pseudo–stage shift
can occur if the advanced-stage can-
cers that have been “shifted” into lo-
calized stages are biologically aggres-
sive and carry a prognosis closer to
naturally occurring advanced-stage dis-
ease than to localized-stage disease.

Model Assumptions. We made sev-
eral major assumptions for this study:
(1) Only NSCLC underwent a stage
shift; SCLC did not experience a stage
shift given its early metastatic nature
and low probability of cure. (2) Within
histological and clinical stage catego-
ries, the clinical management, time costs
of treatments, treatment risks, and sub-
sequent prognoses were on average
similar between screened and non-
screened lung cancer cases. This as-
sumption was removed for the pseudo–
stage-shift scenario. (3) The incidence
of lung cancers in the screened group
did not increase due to the radiation ex-
posure from CT scans. (4) Persons who
became nonadherent to screening re-
mained nonadherent. Therefore, par-
tial adherence or intermittent screen-
ing was not modeled. (5) Lung cancer
cases due to length bias and overdiag-
nosis bias received the same costs,
workup, and therapy as all other lung
cancer cases but had mortality prob-

abilities similar to smokers without lung
cancer. (6) The quality of life for per-
sons with screening-detected local-
ized NSCLC was higher than non–
screening-detected localized NSCLC
since screening-detected cases typi-
cally do not have symptoms at the time
of diagnosis.

Costs
The costs of screening include the fa-
cility and professional fees associated
with helical CT screening, the moni-
toring of indeterminate nodules, and the
opportunity costs to get screening
(Table 1). Cost of cancer care strati-
fied by clinical stage and duration of ill-
ness was obtained from a study using
a SEER registry linked to a health main-
tenance organization database with
chart reviews.39 We obtained costs for
specific diagnostic tests and physician
visits from the American Medical As-
sociation’s 2001 National Physician Fee
Schedules Relative Value Scale.37 We
obtained the costs for informal care-
giving,40 treatment, and its complica-
tions from the literature.29-33,41,42 All costs
were calibrated to 2001 US dollars us-
ing the medical component of the con-
sumer price index. Both costs and life-
years were discounted 3% annually.

Quality of Life
We obtained quality-of-life measure-
ments for our health states from a study
of patients with NSCLC35 using re-
sults from the EuroQoL multiat-
tribute utility scale49 (Table 1). We used
the median utility scores for patients
without and with metastasis as prox-
ies for the localized and advanced
NSCLC/SCLC groups, respectively.
Since duration of disease did not sta-
tistically alter utilities, we used these
scores as the average utility for the re-
mainder of case lifetime.

From a systematic review of cost-
utility assessments in oncology, we ob-
tained the decrements in quality of life
or disutilities for anxiety and discom-
fort from having an unclear noncalci-
fied nodule, invasive testing, surgery,
and radiation/chemotherapy.36

Outcome Measures
We measured the benefits of screen-
ing by comparing the absolute and rela-
tive difference in lung cancer–specific
deaths. We estimated the number of
screening tests performed and harms
from invasive tests or surgery and
deaths from lung cancer for every
100000 persons screened. Costs were
measured in US dollars and incremen-
tal effectiveness in quality-adjusted life-
years (QALYs) gained.

Sensitivity Analyses
To explore the benefits, harms, and
cost-effectiveness of screening under
different efficacy assumptions we var-
ied the degree of stage shift and exam-
ined the impact of a pseudo–stage shift.
To examine the ideal age range to start
screening, we varied age at first screen-
ing from ages 45 to 80 years. To exam-
ine the time to reach cost-effective-
ness, we varied the length of follow-up
from 1 to 40 years.

After performing 1-way sensitivity
analyses to isolate influential param-
eters, we examined the impact of si-
multaneously using highly favorable
and unfavorable estimates for the most
influential model parameters other than
stage shift.

RESULTS
Base-Case Analysis

For current smokers in the base-case sce-
nario, there were 462352 screening ex-
aminations over a 20-year period. Us-
ing a 50% stage shift assumption, there
were 4168 lung cancer deaths per
100000 nonscreened persons com-
pared with 3615 lung cancer deaths per
100000 screened persons, resulting in an
absolute mortality reduction of 553
deaths or a 13% relative mortality reduc-
tion (TABLE 3). However, there were also
1186 invasive tests or surgeries for be-
nign lesions in the screened group. The
incremental cost-effectiveness of screen-
ing was $116300 per QALY gained.

The incremental costs consumed by
screening (TABLE 4) were between
$4300 and $4600 for all smoking co-
horts. However, the incremental effec-
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tiveness of screening decreased with
lower-risk cohorts; there was a 0.039-
QALY gain among current smokers, a
0.008-QALY gain among quitting
smokers, and a 0.002-QALY gain
among former smokers. The incremen-
tal cost-effectiveness for screening quit-
ting smokers was $558600 per QALY
gained and for former smokers was

$2322700 per QALY. Thus, annual
screening with helical CT became pro-
gressively less cost-effective among
smokers with longer duration of smok-
ing cessation.

Sensitivity Analyses
Degree of Stage Shift. For current
smokers, we varied the degree of stage

shift from 0% to 100%. The stage shift
required for screening to cost less than
$50000 per QALY was 91% for cur-
rent smokers. Screening was domi-
nated by no screening if less than a 23%
stage shift occurred. For quitting and
former smokers, a 100% stage shift was
not sufficient by itself to reach $50000
per QALY gained.

Table 3. Multiway Sensitivity Analysis of Lung Cancer Screening With Helical CT Among Current Smokers Only

Analysis Outcomes Measured
Change From
No Screening

Base-Case Scenario

Assumes a 50% stage shift* Change in lung cancer deaths, per 100 000 −553
Annual nonadherence: 6.5% Change in lung cancer mortality, % −13
Cost of helical CT: $300

Number harmed, per 100 000 1186Utility of screening-detected NSCLC: 0.83
Incremental cost-effectiveness ratio, $ 116 300Degree of length bias and overdiagnosis bias: 200% of nonscreened cancers in

prevalence-year screening

Favorable Estimate Scenario

Assumes 50% stage shift and makes following changes to base-case scenario: Change in lung cancer deaths, per 100 000 −900
Annual nonadherence decreased to 3% Change in lung cancer mortality, % −16
Cost of helical CT decreased to $150

Number harmed, per 100 000 1520Utility of screening-detected localized NSCLC increased to 0.88
Incremental cost-effectiveness ratio, $ 42 500Degree of length bias and overdiagnosis bias decreased to 150% of

nonscreened cancers in prevalence-year screening
Anxiety from unclear diagnosis decreased to 0

Unfavorable Estimate Scenario

Assumes 50% stage shift and makes following changes to base-case scenario: Change in lung cancer deaths, per 100 000 −119
Annual nonadherence increased to 12% Change in lung cancer mortality, % −4
Cost of helical CT increased to $450

Number harmed, per 100 000 993Utility of screening-detected localized NSCLC decreased to 0.73
Degree of length bias and overdiagnosis bias increased to 250%

of nonscreened cancers in prevalence-year screening
Incremental cost-effectiveness ratio Dominated†

Anxiety from unclear diagnosis increased to −0.06

Pseudo–Stage-Shift Scenario

Assumes that 50% of advanced-stage cancers are labeled as localized and Change in lung cancer deaths, per 100 000 6
undergo curative surgery; however, these cancers behave aggressively, Change in lung cancer mortality, % −0.1
micrometastasize, and carry advanced-stage prognosis

Number harmed, per 100 000 1186

Incremental cost-effectiveness ratio Dominated†
Abbreviations: CT, computed tomography; NSCLC, non−small-cell lung cancer.
*Reduction in advanced-stage cancers (with proportionate increase in localized stage cancers). The shifted advanced cancers are surgically resected and have a prognosis similar to

localized lung cancers.
†No screening is more preferable than screening (screening has higher costs and lower effectiveness).

Table 4. Base-Case Results Comparing Helical CT Screening With No Screening for Current, Quitting, and Former Smokers*

Current Smokers Quitting Smokers Former Smokers

Nonscreened Screened Nonscreened Screened Nonscreened Screened

Cost, $
Average 5400 9900 3600 8100 2800 7100

Incremental 4600 4500 4300

QALYs
Average 12.96 13.00 14.38 14.39 14.77 14.77

Incremental 0.039 0.008 0.002

Incremental cost per QALY, $ 116 300 558 600 2 322 700
Abbreviations: CT, computed tomography; QALY, quality-adjusted life-year.
*The incremental cost and incremental QALYs of screening are the difference in the average values of the nonscreened group from the screened group. The incremental cost-

effectiveness ratio is the incremental costs over incremental QALYs. Numbers shown have been rounded and therefore incremental cost-effectiveness ratios shown are more exact
than manual calculations.

LUNG CANCER SCREENING WITH COMPUTED TOMOGRAPHY IN OLDER ADULTS

©2003 American Medical Association. All rights reserved. (Reprinted) JAMA, January 15, 2003—Vol 289, No. 3 319

 by guest on December 15, 2009 www.jama.comDownloaded from 

http://jama.ama-assn.org


Age at First Screening. Cost-
effectiveness varied with age at first
screening in a U-shaped fashion
(FIGURE 2).Forcurrent smokers, screen-
ing was most cost-effective when started
between ages 55 and 65 years. For each

smokingcohort,screeningwasmostcost-
effective when started before the ages of
peak lung cancer incidence (ages 67-72
years). Screening was dominated by no
screening for persons older than age 77
yearsamongcurrent smokers,older than
age75amongquittingsmokers,andolder
than age 74 for former smokers. Screen-
ing was also dominated for persons
younger than age 48 for quitting smok-
ers and persons younger than age 50 for
former smokers.

Length of Follow-up. To assess how
quickly the costs, QALYs, and cost-
effectiveness of screening would ac-
crue, we varied the time horizon or du-
ration of follow-up. We evaluated the
cumulative change in costs, QALYs, and
incremental cost-effectiveness for cur-
rent smokers (FIGURE 3). For the first
2 years, there was a net loss in QALYs
due to the harms and disutilities from
testing and treatment. Gains in QALYs
from screening and treatment did not
manifest until the third year of follow-
up. There were significant up-front
costs for screening, with the largest in-
crease occurring in the first year. The
incremental cost-effectiveness ratio ap-
proached $120000 per QALY gained af-
ter 19 years of follow-up.

Influential Model Parameters and
Multiway Sensitivity Analysis. We per-
formed sensitivity analysis on the re-
maining model parameters. Param-
eters that changed incremental cost-
effectiveness by more than 50% of base
case were classified as highly influen-
tial. In addition to stage shift, nonad-
herence with screening, length bias, or
overdiagnosis bias in the prevalence
year of screening, quality of life for
screening-detected localized NSCLC,
costs for helical CT, and anxiety from
expectant management of indetermi-
nate nodules were highly influential.

In a favorable estimate scenario
(Table 3) using lower probabilities for
annual nonadherence (3% instead of
6.5%), lower estimates for length bias
and overdiagnosis bias (150% of inci-
dence instead of 200%), better quality
of life for localized-stage lung cancers
(0.88 instead of 0.83), lower costs per
case for helical CT screening ($150 in-

stead of $300), and no anxiety from in-
determinate nodules, screening led to
900 fewer lung cancer deaths (16%
mortality reduction), 1520 false-
positive invasive procedures, and an in-
cremental cost-effectiveness of $42500
per QALY gained for current smokers.
Using a similar scenario for the other
risk cohorts resulted in an incremen-
tal cost-effectiveness ratio of $75300 per
QALY gained for quitting smokers and
$94400 per QALY gained for former
smokers.

Under an unfavorable estimate sce-
nario for current smokers (Table 3
shows point estimate changes), there
were 119 fewer lung cancer deaths in
the screened group (4% relative mor-
tality reduction) and 993 individuals
harmed. The incremental cost-
effectiveness of screening was domi-
nated by no screening for all smoking
cohorts. Increasing nonadherence or
the degree of length bias and overdi-
agnosis bias alone caused the cost-
effectiveness of screening to be domi-
nated by no screening.

If screening resulted in a pseudo–
stage shift whereby shifted cancers had
high potential for micrometastasis and
did not carry the typical favorable prog-
nosis of localized NSCLC, screening re-
sulted in 6 fewer lung cancer deaths
(0.1% relative mortality reduction) and
1186 false-positive invasive proce-
dures, and its cost-effectiveness was
dominated by no screening.

COMMENT
Substantial debate about the use of im-
aging modalities such as helical CT for
lung cancer screening arises from the
lack of definitive evidence about its ef-
ficacy, high societal costs, and the po-
tential for harm. In this study, assum-
ing a sizable stage shift and incorporating
relevant considerations for evaluating a
screening program, we found that lung
cancer screening with helical CT is un-
likely to be highly cost-effective for most
heavy smokers.

While a scenario can be envisioned
under which screening is cost-
effective, the likelihood of such a sce-
nario manifesting itself is question-

Figure 2. Effect of Varying Age at First
Screening vs Incremental Cost-effectiveness
of Helical Computed Tomography Screening
for Current, Quitting, and Former Smokers
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For all cohorts, screening is most cost-effective prior
to the peak incidence of lung cancer (ages 67-72 years).
Dominated indicates that no screening is preferable
to screening, since screening has higher costs and lower
effectiveness. QALY indicates quality-adjusted
life-year.

Figure 3. Effect of Varying the Duration
of Follow-up on Cumulative Change
in Cost and QALYs and Incremental
Cost-effectiveness of Helical CT Screening
Among Current Smokers
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There is a net loss in quality-adjusted life-years (QALYs)
during the first 2 years of screening from the in-
creased workups, quality-of-life impairments, and ex-
cess cases diagnosed by computed tomography (CT)
screening. After 19 years the incremental cost-
effectiveness ratio drops below $150000 per QALY.
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able. Multiple barriers associated with
screening must be overcome. These
barriers include nonadherence to
screening, high screening costs, poor
quality of life after diagnosis, excess
testing and procedures, excess diag-
noses from length bias and overdiag-
nosis bias, and having to wait many
years to achieve the economic and
health benefit from screening.

The total societal cost for an annual
helical CT screening program of at-
risk ever-smokers is very high. An esti-
mated 50 million men and women in the
United States are ever-smokers be-
tween the ages of 45 and 75 years.26 If
50% of this group received periodic an-
nual screening, the program costs are ap-
proximately $115 billion (discounted)
based on our study estimates.

Our findings raise concern regard-
ing direct-to-consumer marketing. Fre-
quently, screening advertisements
found on the Internet and in newspa-
pers tout the benefits of early detec-
tion, do not clarify who is at high risk
for lung cancer, and do not mention the
risks of finding indeterminate nod-
ules. If the aforementioned 25 million
individuals underwent 1-time helical
CT screening only, we estimate the
number of individuals having indeter-
minate nodules diagnosed to be ap-
proximately 5 million. Even among
high-risk groups, most nodules are non-
cancerous. If screening were offered to
groups at lower risk, the frequency of
unnecessary invasive testing or surger-
ies could increase because pulmonary
nodules are more likely to be benign in
groups at lower risk.

For our simulated cohort, screening
resulted in more than 1000 false-
positive cases undergoing invasive test-
ing and/or surgery for benign lesions.
Our estimate is from the helical CT
clinical trials, which used detailed ra-
diographic monitoring protocols to pre-
vent unnecessary invasive procedures.
Widespread dissemination of screen-
ing could result in greater harm if
quality-of-care standards are lower in the
general population. These findings war-
rant caution in direct-to-consumer mar-
keting. For those persons enquiring

about helical CT screening, appropri-
ate informed consent should discuss the
risk of harm and weigh the likelihood
of benefiting from screening.

Our finding that the risk profile of
the screened population markedly af-
fects cost-effectiveness has important
implications. Groups defined by simple
demographic factors, such as age or
smoking status, may not be at high
enough risk to make routine, popula-
tion-based screening cost-effective.
Identification of groups at even higher
risk for screening is likely to be the most
cost-effective strategy, although this will
limit screening to a smaller popula-
tion. Clinical factors, such as a history
of asbestos exposure among smokers or
the presence of obstructive airway dis-
ease, may identify groups at higher risk.
However, many individuals with these
characteristics may not qualify for sur-
gery due to the severity of comorbid
conditions, making screening less ben-
eficial. Identification of high-risk groups
through biomarkers may be promis-
ing. Recently, Palmisano and col-
leagues50 found hypermethylation of
cancer-fighting genes in the sputum
cells of smokers. Examination of spu-
tum specimens several years before can-
cer developed revealed that hypermeth-
ylation antedated lung cancer in each
of 21 persons who eventually devel-
oped lung cancer. This specific bio-
marker or others developed in the fu-
ture could identify higher-risk groups
for whom subsequent screening with
an imaging modality might be useful.

In this study, we make several as-
sumptions that bias our model in fa-
vor of screening. For example, we as-
sumed that the radiation from the scans
would not increase risk of lung can-
cer. We assigned higher quality-of-life
scores for screening-detected localized-
stage NSCLC compared with non-
screened cases. By favoring screening
efficacy, these assumptions make our
conclusion about the cost-ineffective-
ness of screening more conservative.

There are several limitations to this
study. First, our model did not include
benefits, harms, and costs for inciden-
tal diagnoses from screening. For ex-

ample, researchers at the Mayo Clinic CT
screening program reported incidental
findings among 210 participants, in-
cluding 51 abdominal aortic aneu-
rysms, 33 indeterminate renal masses,
35 adrenal masses, and 24 renal cal-
culi.15 The benefits, harms, and costs for
diagnosis and management of these con-
ditions, although not firmly estab-
lished, could be substantial. However,
we doubt that early detection of these
incidental findings would improve life
expectancy enough to justify lung can-
cer screening if screening for lung can-
cer is not by itself cost-effective. Sec-
ond, this study is a model of clinical
practice rather than an examination of
actual clinical practice. However, our
model incorporates the wealth of epi-
demiologic data on lung cancer and does
take into account the biases inherent
in screening programs. We also per-
formed extensive sensitivity analyses that
examined multiple efficacy scenarios.
Weighing the risks and benefits of these
scenarios can assist policy makers in
making screening recommendations and
setting guidelines.51 Such analyses may
be particularly helpful when definitive
clinical trial data will not be available for
years.23 Third, our study did not incor-
porate costs associated with disability or
lost productivity; however, productiv-
ity costs may be a less-prominent pa-
rameter in our study given the older age
and the heavy comorbidities of the tar-
get population. Finally, future advance-
ments in lung cancer diagnosis and treat-
ment could make our results out of date.

In summary, we conclude that lung
cancer screening with helical CT is un-
likely to be highly cost-effective with-
out substantial reductions in mortal-
ity, high rates of adherence, lower rates
of overdiagnosis, and lower costs per
screening test. Given the uncertainty of
efficacy, the possibilities of harm, and
the high costs associated with screen-
ing, direct-to-consumer marketing of
helical CT screening is not advisable.
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