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BACKGROUND: Randomized controlled trials have eval-
uated the efficacy of low-dose CT (LDCT) lung cancer
screening on lung cancer (LC) outcomes.

OBJECTIVE: Meta-analyze LDCT lung cancer screening
trials.

METHODS: We identified studies by searching PubMed,
Google Scholar, the Cochrane Registry, ClinicalTrials.gov,
and reference lists from retrieved publications. We ab-
stracted data on study design features, stage I LC diagno-
ses, LC and overall mortality, false positive results, harm
from invasive diagnostic procedures, overdiagnosis, and
significant incidental findings. We assessed study quality
using the Cochrane risk-of-bias tool. We used random-
effects models to calculate relative risks and assessed
effect modulators with subgroup analyses and meta-
regression.

RESULTS: We identified 9 studies that enrolled 96,559
subjects. The risk of bias across studies was judged to be
low. Overall, LDCT screening significantly increased the
detection of stage I LC, RR = 2.93 (95% CI, 2.16-3.98), I” =
19%, and reduced LC mortality, RR = 0.84 (95% CI, 0.75-
0.93), Z = 0%. The number needed to screen to prevent an
LC death was 265. Women had a lower risk of LC death
(RR=0.69, 95% CI, 0.40-1.21) than men (RR = 0.86, 95%
CI, 0.66-1.13), p value for interaction = 0.11. LDCT
screening did not reduce overall mortality, RR = 0.96
(95% CI, 0.91-1.01), P = 0%. The pooled false positive rate
was 8% (95% CI, 4-18); subjects with false positive results
had < 1 in 1000 risk of major complications following
invasive diagnostic procedures. The most valid estimates
for overdiagnosis and significant incidental findings were
8.9% and 7.5%, respectively.

DISCUSSION: LDCT screening significantly reduced LC
mortality, though not overall mortality, with women
appearing to benefit more than men. The estimated risks
for false positive results, screening complications, over-
diagnosis, and incidental findings were low. Long-term
survival data were available only for North American and
European studies limiting generalizability.
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INTRODUCTION

Lung cancer is the most commonly diagnosed visceral can-
cer and the leading cause of cancer death in the world, with
over 2 million new cases in 2018 and nearly 1.8 million
deaths.' Because over 90% of lung cancer deaths in the USA
are attributed to tobacco use, tobacco control is the most
impactful strategy for reducing the burden of lung cancer.”
However, combined pharmacotherapy and behavioral inter-
ventions benefit less than 1 in 10 smokers.® In 2011, the
National Lung Screening Trial (NLST) reported that screen-
ing high-risk smokers, ages 55 to 74, with low-dose CT
(LDCT) significantly reduced lung cancer and overall mor-
tality compared with screening with chest radiography.*
Although numerous other LDCT screening trials have been
conducted worldwide, only the Nederlands-Leuvens Long-
kanker Screenings Onderzoek (NELSON) study, conducted
in the Netherlands and Belgium, subsequently also demon-
strated a statistically significant lung cancer mortality ben-
efit for LDCT screening.” The recently published NELSON
trial had the 2nd largest sample size and the longest follow-
up duration among all screening trials—and provided
gender-specific outcome data. Recent meta-analyses, which
did not include peer-reviewed NELSON results, showed
that LDCT screening significantly reduced lung cancer mor-
tality though not overall mortality.®® We conducted a meta-
analysis to evaluate the association of LDCT lung cancer
screening with early-stage cancer diagnoses, lung cancer
mortality, overall mortality, and screening harms, including
false positive results, complications from invasive proce-
dures among subjects with false positive results, overdiag-
nosis, and significant incidental findings.

METHODS

We performed a review using the rapid review and living
systematic methods supported by openMetaAnalysis.” These
reviews emphasize interpreting results more than searching by
building on previous reviews.'” We began by creating a rec-
onciliation table listing the included studies and conclusions
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from recent systematic reviews.'" This allowed us to readily
identify the consistently included studies to be used in our
meta-analysis as well as inconsistently included studies that at
least two investigators carefully reviewed and discussed for
inclusion. Identifying these studies also helped us design high-
sensitivity literature searches. Our data are maintained on the
openMetaAnalysis site, enabling ongoing revisions by our-
selves or others when new evidence becomes available.

We followed recommendations of PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines in conducting our meta-analysis, with the exception
that the protocol was not registered at PROSPERO because it
does not support living systematic reviews.'> The PRISMA
checklist is in the supplemental index.

Study Eligibility Criteria and Selection

We included randomized controlled trials of computed tomog-
raphy (CT) that reported lung cancer and/or overall mortality
data. Studies were selected by the consensus of the four
authors.

Information Sources

We first identified trials by tabulating all trials included in the
most recent systematic reviews (published since 2016)% % 3
14 as recommended by Riaz."’

Search Strategy

We executed three search strategies in PubMed. We first
performed a Boolean PubMed search from January 2017, the
date of the most recent comprehensive literature review,8 until
April 2020 using search terms chosen to identify all studies in
the reconciliation of studies table. We then executed a vector
search for the same time period using PubMed’s “Find related
data” option to search conceptually similar studies to those
included in the reconciliation of studies table. The vector was
simultaneously seeded with all studies in the reconciliation
table. An experienced librarian developed an Ovid MEDLINE
search using terms for lung neoplasms, screening and early
detection of cancer, computed tomography, and randomized
trials (supplement table 2). We limited the Ovid search to
English language studies published from January 2011 until
April 2020 to ensure that we retrieved all studies published
after the NLST.

We also searched Google Scholar and Web of Science
with a strategy which retrieved articles published since
January 2017 that cited the NLST (the most highly cited
study) and contained the terms “randomized” and “mortal-
ity.” We additionally searched ClinicalTrials.gov and the
Cochrane Central Register of Controlled Trials. Finally, we
created a monthly email alert to be notified if new articles
are published in PubMed that contain our Boolean search
terms or specific text words. Two reviewers screened titles
and abstracts for review eligibility.

Study Selection Process

We reviewed abstracts to identify publications from random-
ized trials and then retrieved relevant full-text publications.
We retrieved multiple publications from a given trial in order
to extract comprehensive data on study design, baseline char-
acteristics, and outcomes. At least 2 reviewers were involved
in all decisions regarding retrieval of full-text manuscripts.

Data Collection Process

We collected the following clinical data from random-
ized controlled trials of LDCT lung cancer screening:
country, year first subject enrolled, number of clinical
sites, mean (median) age, percent < 65 years, percent
male, mean (median) pack-years smoking, proportion
currently smoking, screening and control interventions,
rounds of screening, screening intervals, follow-up dura-
tion, incident cancers and proportion that were early
stage, lung cancer deaths, and overall mortality. When
provided, we also abstracted data by gender. We ab-
stracted data on potential harms of screening, including
false positive tests, complications from invasive proce-
dures performed in subjects without cancer, overdiagno-
sis, and significant incidental findings. We entered clin-
ical data from studies into online spreadsheets at
openMetaAnalysis.”

Risk of Bias in Individual Studies

Four authors independently assessed the risk of bias by using
the Cochrane Risk of Bias Tool version 1.'® These assess-
ments were then reviewed by conference with all authors to
resolve any disagreement. The risk of bias was reported as
low, high, or unclear based on the items in the Cochrane tool.
We considered individual studies at high risk of bias if the
study had high risk of bias for one or more key domains of the
Cochrane tool. We considered individual studies at unclear
risk of bias if the study had an unclear risk of bias for one or
more key domains and no high-risk domains.

Summary Measures

Our primary outcomes were lung cancer-specific mortality
and overall mortality. Our secondary outcomes were diagnosis
of early-stage (stage I) lung cancer and harms from screening.
We reported relative risks with 95% confidence intervals (CI).

Synthesis of Results

We used a random-effects model with the Hartung-Knapp
estimator.!” We performed all statistical analyses online at
openCPU'® with the meta package of the R programming
language.'® We measured heterogeneity of results with the /*
statistic.”" 2!

We used subgroup and meta-regression analyses to charac-
terize potential modulators of screening effectiveness. We
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conducted subgroup analyses based on the control interven-
tion (chest X-ray or usual care), by gender, and risk of bias.
We used meta-regression to examine modulators of the
screening effect on lung cancer and overall mortality,
including age (mean/median and percent < 65 years),
proportion of male subjects, pack-year smoking history,
percent current smokers, number of screening rounds,
screening intervals, proportion of cancers diagnosed at
stage I, and duration of follow-up. If meta-regression
identified a statistically significant modulator, we would
identify the cut point (threshold) of the modulator that
was associated with a statistically significant reduction
in mortality.

Risk of Bias Across Studies

We judged the overall risk of bias across the collected
studies based on the criteria developed by the Cochrane
Risk of Bias Tool.'® These criteria consider the risk of
bias low if less than 25% of participants were from studies
with low methodological quality. The risk of bias is con-
sidered serious if more than 25% but less than 50% of
participants were from studies with low methodological
quality and is considered very serious if more than 50% of
participants were from studies with low methodological
quality. We assessed publication bias using funnel plot
asymmetry and Egger’s and Rucker’s tests.?% 2> 23

We summarized conclusions using the Grade Working
Group’s Evidence Profile and Summary of Findings Ta-
ble.?* We adjusted ratings based on the criteria developed
by the Cochrane Back Group®® and described online at
openMetaAnalysis.’

Data Availability

The literature search, datasets generated and analyzed during
the current study, all plots, and the tables reconciling our
conclusions and the trials included with previous meta-
analyses are available online (https://openmetaanalysis.
github.io/lung-cancer-screening).

RESULTS
Study Selection

We identified 9 randomized controlled trials from reference
lists of meta-analyses (Fig. 1).* > 2> We also identified
3663 citations through extensive literature searching. Howev-
er, we did not find any additional eligible randomized con-
trolled trials beyond those identified from the meta-analyses.

Study Characteristics

Studies are described in Table 1. The 9 studies enrolled a total
0f 96,559 subjects. The mean and median age was around 60,

64.1% were male, 51.7% were current smokers, and the mean
and median pack-years of smoking was usually about 40 or
more. We found 7 comparisons of LDCT screening vs. usual
care (one study performed a baseline chest X-ray and sputum
cytology for all subjects)* and 2 comparisons of LDCT with
chest X-rays.* ** Aside from the pilot Lung Screening Study*°
and the AME Thoracic Surgery Collaborative Group (AME)
trial reporting only baseline results,** subjects in the LDCT
arms underwent 3 to 5 rounds of screening. The latter studies
generally had a mean or median follow-up duration of at least
8 years. In the 8 studies reporting cancer incidence data, 1910
lung cancers were found in the LDCT arms and 1578 in the
control arms. Overall, 48.5% of cancers in the LDCT arms
were detected at stage I compared with 24.3% in the control
arms. In the LDCT arms, there were 890 lung cancer deaths
and 3755 overall deaths. In the control arms, there were 1062
lung cancer deaths and 3912 overall deaths.

We evaluated only the 3446 subjects from the Italian Multi-
centric Italian Lung Detection (MILD) study that were con-
currently enrolled and randomly assigned to the screening
arms of LDCT or usual care.”” Although included by the
authors in their reports, we excluded the 653 subjects who
were randomized to either annual or biennial screening but not
to a control group during the first phase of the study. We also
included 92 subjects (46 in each arm) in the Italian study
Detection and Screening of Early Lung Cancer by Novel
Imaging Technology and Molecular Essays (DANTE) that
investigators had excluded for being ineligible.”” We did so
because these subjects had consented to participate in the
study, underwent clinical assessment, and were randomly
allocated to study arms. The DANTE authors provided data
on lung cancer and overall mortality, so we included these
subjects in an intention-to-screen analysis. Although the NEL-
SON report focused on outcomes for male patients, our anal-
yses incorporated the data for female patients published in the
supplemental index.’

We did not include the most recently published NLST out-
come data, which provided a median 12.3 years of mortality
follow-up.®® These data, based on deaths occurring up to 10 years
after the final scheduled screen, showed attenuation of mortality
benefits. However, participants were only passively followed
through state tumor registry and National Death Index linkages,
and cause of death was not adjudicated—raising concerns about
bias. Furthermore, as recognized by the investigators, the longer-
term follow-up diluted the screening effect making results less
comparable to the other studies.

Risk of Bias Within Studies

The risk of bias table is in the supplemental index. We
assessed the MILD, DANTE, and AME studies as being at
high risk of bias, the NLST and NELSON trials as being at low
risk of bias, and the remaining studies as being at unclear risk
of bias. The MILD study failed to provide baseline compar-
isons of contemporaneously enrolled screening and control
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Fig. 1 PRISMA flow diagram.

subjects. The DANTE investigators did not use an intention-
to-screen analysis and enrolled 5.5% more subjects in the
screening arm than in the control arm. The AME study did
not describe randomization procedures and had nearly 12%
more subjects in the screening arm than in the control arm.

Synthesis of Results

When we pooled results across the 8 trials reporting data, we
found that lung cancer screening with LDCT was associated
with a significantly increased likelihood of detecting a stage |
lung cancer, RR =2.73 (95% CI, 1.90-3.91), but heterogene-
ity was high: > = 79% (Fig. 2). However, when we restricted
the analysis to the 7 studies without a screened control group,
the relative risk for diagnosing stage I cancer was 2.93 (95%
CI, 2.16-3.98), with much lower heterogeneity: I* = 19%.
Lung cancer screening with LDCT significantly reduced the
risk of dying from lung cancer, with a relative risk of 0.84
(95% CI, 0.75-0.93) (Fig. 3). Heterogeneity was very low,

with an 7 = 0%. Overall, the number needed to screen to
prevent one lung cancer death, based on 3 to 5 rounds of
screening with up to 10 years of follow-up, was 265.

We evaluated the effects of screening on lung cancer mor-
tality stratified by gender in the 3 studies reporting these data
(Fig. 4). Screening decreased lung cancer mortality among
women, but the relative risk of 0.69 (95% CI, 0.40-1.21)
was not significant. Results were also not significant for
men, with a relative risk of 0.86 (95% CI, 0.66—1.13). A test
for interaction was not significant, p = 0.11. We did not find
any subgroup effects when stratifying studies by control group
or risk of bias. We conducted meta-regression analyses eval-
uating associations between patient characteristics and study
factors with lung cancer mortality. We found no significant
effects by median/mean age, percent < 65 years, proportion of
male subjects, pack-year history, percent current smokers,
number and frequency of screening rounds, proportion of
cancers found at stage I, and duration of follow-up (data
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Table 1 Study Characteristics

Study name, country, enrollment Age mean Male Pack-years mean Current LDCT screening and Follow-up
years, clinical sites, eligibility (SD); median (%) (SD); median smokers comparator (V) (years) mean
criteria, number of randomized (IQR); range (IQR); range (%) (%) (SD); median
subjects (%) (IQR)
% < 65
Lung Screening Study (LSS)** **  55-59 (38.5) 58.6 <40 (17.8) 57.5 LDCT, 2 annual rounds 5.2 (IQR NR)
34 60-64 (31.2) 40-55 (33.5) (N = 1660)
US, 2000-2001 65-69 (21.2) 55-75 (22.9) Control, CXR, 2 annual
6 sites 70-74 (11.8) 75+ (24.8) rounds (N = 1658)
Ages 55-74 69.7% < 65
Smoking history:
> 30 pack-years
Current or quit < 10 years
N = 3318
DANTE?" 35737 64.0 (IQR 5) 100.0 473 (IQR 2.4) 56.9 LDCT, baseline 8.35 (IQR NR)
Italy, 2001-2006 % < 65 NR radiograph and sputum
3 sites cytology, 5 annual
Men ages 60-74 rounds of LDCT (N =
Smoking history: > 20 pack-years 1300)
Current or quit < 10 years ago Control, baseline
N =2532 radiograph and sputum
cytology, 5 annual
clinical review (N =
1232)
Natlonal Lun; Jung Screening Trial 61.4 (SD 5.0) 59.0 48 (SD NR) 48.2 LDCT, 3 annual rounds 6.5 (IQR NR)
(NLST)* 73.4% < 65 (N =26,722)
US, 2002-2004 Control, CXR, 2 annual
33 sites rounds (V = 26,730)
Ages 55-74
Smoking history: > 30 pack-years
Current or quit < 15 years
N = 53452
Nederlands Leuvens Longkanker 58 (IQR 8) 83.6 38 (IQR 19.8) 55.5 LDCT, 4 rounds: 10 (minimum)
Screenmgsonderzoek (NELSON)>  82.7% < 65 baseline, 1 year, 3
years, 5.5 years (N =
Belgium/Netherlands, 20042006 7900)
4 sites Control, no screening
Smoking history: 25 years > % (N =17892)
pack, 30 years> Y2 pack Baseline, year 1, year 3,
Quit < 10 years Exclude lung year 5.5
cancer < 5 years and/or on treat-
ment
N =15,792
Danish Lung Cancer Screemng Screening 55.2 Screening 76.1 LDCT, 5 annual rounds 9.8 (IQR NR)
Trial (DLCST)** ° 57.9 (SD 4.8) 36.4 (SD 13.4) (N =2052)
Denmark, 2004-2006 Control Control Control, 5 annual health
1 site 47.8 (SD 4.8) 359 (SD 13.4) interviews (N = 2052)
Ages 50-70 91.0% < 65
Smoking history: > 20 pack-years
Current or quit within 10 years
(and at age > 50)
N =4104
Italian Lung study ITALUNG)’>  60.7 (SD NR) 64.7 41.6 (SD NR) 64.5 LDCT, 4 annual rounds 9.3 (IQR, 8.8—
53, 54 70.6% < 65 (N = 1613) 9.9)
Italy, 2004-2006 Control, usual care (N =
3 sites 1593)
Ages 55-69
Smoking history: > 20 pack-years
Current or quit < 10 years
N = 3206
Multicentric Italian Lun Control 64.5 Control 89.2 LDCT, 3 or 5 rounds(N" 9 (93.5)
Detection (MILD) 2% 3577 57 (IQR NR) 38 (IQR NR) = 1723; 864 annual, 10 (71.0)
Italy, 20052011 Intervention Intervention 859 biennial)
1 site 58 (IQR NR) 39 (IQR NR) Usual care (N = 1723)
Ages 49 to 75 86.3% < 65
Tobacco use: > 20 pack-years
Current or quit < 10 years
N = 3446
German Lung Cancer Screemn% 55 (IQR NR) 64.7 NR 61.9 LCDT, 5 annual rounds  8.89 (IQR NR)
Intervention Trial (LUSD?" %% 72.1% < 65 (N = 2029)

Germany, 20072011

1 region

Ages 50-69

Smoking history: 25 years > %
pack, 30 years > 'z pack

Control, 5 annual
surveys (N = 2023)

(continued on next page)



3020 Hoffman et al.: Lung Cancer Screening with Low-Dose CT

JGIM

Table 1. (continued)

Study name, country, enrollment
years, clinical sites, eligibility
criteria, number of randomized

Age mean Male
(SD); median (%)
(IQR); range

Pack-years mean
(SD); median
(IQR); range (%) (%)

Current
smokers

LDCT screening and
comparator (V)

Follow-up
(years) mean
(SD); median

subjects (%) (IQR)
% < 65

Current or quit < 10 years

N = 4052

AME Thoracic Surgery 59.8 (SD 5.8) 46.8 > 30 (8.2%) 21.5 LDCT, 2 biennial 2 (SD, IQR

Collaborative Group % < 65 NR >20-30 (6.8%) rounds (N = 3512) NR)

China, 2013-2014 < 20 (12.9%) Control, standard care

1 site Other risk factors (N =3145)

Ages 45-70 Cooking oil

Smoking history: > 20 PY exposure (61.2%)

Current or quit < 15 years Carcinogenic

Other environmental, personal, or occupational

family risk factors
N = 6679

exposures (9.3%)

LDCT, low-dose computed tomography; NR, not reported; IQR, interquartile range; SD, standard deviation

available at https://openmetaanalysis.github.io/lung-cancer-
screening).

When pooling results from across the eight studies reporting
data, we found that lung cancer screening did not significantly
reduce the risk of overall mortality, the relative risk was 0.96
(95% CI, 0.91-1.01) (Fig. 5). We found no heterogeneity in
study results, P =0%.

Screening harms are detailed in the supplemental index.
Eight studies reported diagnostic accuracy data, the pooled
false positive rate was 8% (95% CI, 4-15), P =100%. Studies
inconsistently reported data on complications from invasive

diagnostic procedures, particularly among those without lung
cancer, but the risks were low. Only the NLST provided
detailed data on procedures and associated complications
(which were further classified by severity). Overall, 17 in
1000 subjects with a false positive LDCT underwent an inva-
sive diagnostic procedure and 0.4 in 1000 suffered a major
complication. Six studies compared LDCT with usual care and
followed patients beyond the end of the screening period.
Overall, there were 515 screen-detected cancers with 171
more cancers in the LDCT arms than in the control arms,
suggesting an overdiagnosis rate of 33%. The NLST reported

Diagnosis of stage | lung cancer

Experimental Control
Study Events Total Events Total Risk Ratio RR 95%-Cl Weight
DANTE, 2015 47 104 72 ——-—— 203 [1.26; 3.29] 14.1%
DLCST, 2016 50 100 53 —— 331 [1.70; 6.46] 11.2%
ITALUNG, 2017 24 67 71 —a— 3.18 [1.54; 6.58] 10.4%
AME, 2019 49 52 10 ——+—— 471 [1.36;16.30] 55%
LUSI 2019 48 85 67 —#— 631 [2.87:13.84] 9.7%
MILD, 2019 49 98 60 — 231 [1.37; 3.88] 13.4%
NELSON, 2020 139 344 304 - 3.00 [2.19; 4.09] 16.7%
o
NLST, 2011 520 1060 289 941 1.60 [1.43;1.79] 189%
L

Random effects model (Hartung-Knapp) 1910 1578 - 273 [1.90; 3.91] 100.0%
Heterogeneity: P =79% [58% 89%]

Residual heterogeneity: F=19% [0%; 63%)] 0.1 051 2 10

Test for differences among subgroups: p = 0.000

Test for funnel plot asymmetry: too few studies to test

favors control  favors experimental

Fig. 2 Forest plot: Diagnosis of stage I lung cancers by control group (usual care, chest X-ray).
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Lung cancer mortality

Experimental Control
Study Events Total Events Total Risk Ratio RR  95%-Cl Weight
NLST, 2011 469 26722 552 26730 0.85 [0.75;0.96] 524%
DANTE, 2015 61 1300 56 1232 -+ 103 [0.72;147]  62%
DLCST, 2016 39 2062 38 2052 == 1.03 [0.66;1.60] 4.0%
ITALUNG, 2017 43 1613 60 1503 —+H 071 [048:1.04] 52%
L85, 2018 32 1660 26 1658 r— 123 [0.74;205]  3.0%
AME, 2019 0 3512 2 My e——— 019 [0.01;3.73]  0.1%
LUSI, 2019 29 2029 40 2023 —_t 072 [045;1.16]  3.5%
MILD, 2019 31 1723 40 1723 —tr= 078 [049;123] 3.6%
NELSON, 2020 186 7900 248 7892 ® 075 [0.62;090] 22.1%
Random effects model (Hartung-Knapp) 48511 48048| — hd — !084 [0.75;0.93] 100.0%

Heterogeneity: I = 0% [0%; 64%]

Test for funnel plot asymmetry: too few studies to test

0102 051 2 5
favors experimental favors control

10

Fig. 3 Forest plot: Lung cancer mortality.

that 7.5% of LDCT participants had significant incidental
findings, most commonly emphysema and coronary artery
calcification.* No other studies reported data on incidental
findings.

The GRADE evidence profile, summarizing quality assess-
ments and effects, is in the supplemental index. We had high
certainty about the effects of LDCT screening on the detection
of stage I cancer, lung cancer mortality, and overall mortality.

Risk of Bias Across Studies

We judged the risk of bias across studies to be low using the
Cochrane framework. Although the majority of individual
studies were rated as unclear risk of bias, more than three-
fourths of the subjects were enrolled in the two studies
assessed to be at low risk of bias.* > We could not assess
publication bias because we found too few studies (< 10) to
perform analyses.’’

DISCUSSION

We evaluated 9 randomized LDCT screening trials enrolling
over 96,000 subjects most of whom were followed for at least
5 years. LDCT screening substantially increased the likeli-
hood of detecting stage I cancer and reduced the risk of lung
cancer mortality by 16%. Heterogeneity was very low, and the
quality of the evidence was deemed to be moderate to high
quality. When we evaluated gender-specific effects, we found
that LDCT screening was associated with a non-significantly
lower risk of lung cancer mortality for women than for men.
Meta-regressions found no subject characteristics or study
design features that modified lung cancer mortality outcome
results. LDCT screening did not reduce overall mortality.

Our results are similar to previous meta-analyses, though
we included the full peer-reviewed NELSON trial results to
provide more accurate outcome estimates and to better evalu-
ate gender differences. Evidence is convincing that LDCT
screening reduces lung cancer mortality. LDCT screening is
effective because it leads to a nearly threefold higher likeli-
hood of diagnosing early-stage cancer compared with usual
care. This stage shift is crucial, because about 60% of patients
are currently diagnosed with distant-stage disease where the 5-
year survival is only 5%.°* In contrast, only 16% of patients
are diagnosed with early-stage cancer where the 5-year sur-
vival is 57%. Needing to screen 265 high-risk smokers to
prevent one lung cancer death compares favorably with other
cancer screening programs.®> %>

Increasing the proportion of cancers detected at an early
stage can also be associated with overdiagnosing—and
overtreating—indolent cancers. Although 33% of cancers
found by LDCT screening might be considered overdiag-
nosed, this estimate is unreliable because most studies
lacked sufficient follow-up time. Modeling analyses sug-
gested that the lead time for CT screening can be as long as
12 years.®® The NELSON investigators initially estimated
an overdiagnosis rate of 19.7% through 10 years of follow-
up; however, extending follow-up to 11 years reduced the
rate to only 8.9%.° Investigators concluded that this pro-
longed follow-up duration was necessary to accurately
estimate overdiagnosis. We excluded NLST when estimat-
ing overdiagnosis because both arms were screened. How-
ever, trends in NLST results were consistent with NEL-
SON findings; the overdiagnosis rate dropped from 18.5%

at 6.5 years of follow-up to 3.1% at 11 years of follow-
38, 60
up.””
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Lung cancer mortality by gender

Experimental

Control

Study Events Total Events Total Risk Ratio RR  95%-Cl Weight

NLST, 2011 158 10953 215 10969 4 0.74 [0.60;0.90] 25.7%

LUSI, 2019 4 T4 13 M6 ———+H 031 [0.10;094] 16%

NELSON, 2020 26 1317 38 1280 — 066 [041;1.09] 7.3%
e

NLST, 2011 311 15769 337 15761 092 [0.79;1.07] 334%

LUSI, 2019 25 1315 27 1307 —— 092 [0.54;158] 6.2%

NELSON, 2020 160 6583 210 6612 1 0.77 [0.62;0.94] 258%
-

Random effects model (Hartung-Knapp) 36651 36645 < 0.80 [0.66;0.96] 100.0%

T T 1T 1

Heterogenelty: I° = 34% [0%; 74%]
Residual heterogeneity: 1?=10% [0%; 81%]

Test for differences among subgroups: p = 0.115
Test for funnel plot asymmetry: too few studies to test

02 051 2 5
favors experimental favors control

Fig. 4 Forest plot: Lung cancer mortality by gender.

False positive results are a potential harm from LDCT screen-
ing because they can lead to unnecessary diagnostic testing. The
estimated false positive rate was 8%, but heterogeneity was
extremely high because studies used varying criteria for catego-
rizing abnormal tests (supplement table 4). The NLST, which
primarily defined positive studies using a nodule diameter > 4
mm, had a false positive rate of 23.3%.* However, the Lung-
RADS classification system, which increases the size threshold
for identifying suspicious scans, has since become the standard for
interpreting LDCT images.®” Post-hoc analyses suggested that

applying Lung-RADS to NLST images would substantially re-
duce the false positive rates for both baseline (52% decrease) and
follow-up (76% decrease) testing, though at the expense of reduc-
ing sensitivity.®® The NELSON trial, which had a false positive
rate of only 1.2%, used volumetric criteria which are not part of
Lung-RADS.> The NLST provided the most detailed data on
complications following invasive diagnostic procedures in sub-
jects without cancer, the risk was very low though patients were
being managed in academic medical centers. The NLST, the only
study to provide data, found a 7.5% chance of having a significant

All cause mortality

Experimental Control

Study Events Total Events Tofal Risk Ratio RR  95%-Cl Weight
NLST, 2011 1912 26722 2039 26732 0.94 [0.88;1.00] 50.6%
DANTE, 2015 186 1300 183 1232 096 [0.80;1.16] 5.1%
DLCST, 2016 165 2052 163 2052 1.01[082;1.25] 4.2%
[TALUNG, 2017 154 1613 181 1503 0.84 [0.69;1.03] 44%
LSS, 2018 139 1660 116 1658 1.20 [0.94;152] 3.2%
LUSI, 2019 148 2029 150 2023 098 [0.79;1.22] 3.8%
MILD, 2019 92 1723 106 1723 0.87 [0.66;1.14] 2.5%
Nelson, 2019 059 7895 974 7879 0.98 [0.90;1.07] 26.1%
Random effects model (Hartung-Knapp) 44994 44892 0.96 [0.91;1.01] 100.0%
Heterogeneity: I* = 0% [0%; 66%] I L

0102 051 2 5 10

Test for funnel plot asymmetry: too few studies to test

favors experimental favors control

Fig. 5 Forest plot: Overall mortality.
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incidental finding with LDCT imaging. However, the clinical
significance of these findings is uncertain.

When we pooled results across all studies, screening was
associated with a non-significant decreased risk for overall
mortality. The NLST was the only trial showing lower overall
mortality with LDCT screening. The authors attributed this
finding to the high proportion of excess deaths from lung
cancer in the radiography arm. When lung cancer deaths were
excluded, the overall mortality difference was not significant.
Generally, trials are unlikely to demonstrate that screening
programs, which usually target average-risk subjects, decrease
overall mortality because even the most common cancers
account for only a small proportion of deaths. While lung
cancer accounts for more deaths in the high-risk populations
selected for screening, a modeling study suggested that more
than 80,000 high-risk subjects would need to be randomized to
a screening or a control arm and followed for at least 11 to 13
years in order to demonstrate a significant reduction in all-
cause mortality.®” While we had pooled data for nearly
100,000 subjects, follow-up durations were usually less than
10 years. A further challenge in demonstrating that lung
cancer screening reduces overall mortality is that the eligible
population of older heavy smokers is also at high risk for
competing mortality from tobacco-related cardiovascular, pul-
monary, and oncologic diseases.

By including results from NELSON, which enrolled 2594
women, we were able to conduct a more robust meta-analysis
of the three studies that stratified outcome data by gender.> *"
"0 We found that women benefitted from screening substan-
tially more than men, 31% relative risk reduction in lung
cancer mortality compared with 14%. Neither risk reductions
were statistically significant and the p value for interaction was
0.11. These studies enrolled nearly twice as many men as
women, so analyses for women were likely underpowered.
Unfortunately, we did not have access to patient-level data for
the 5 other studies that also enrolled men and women. The
mortality benefit for women in NLST was attributed to better
outcomes following the diagnosis of small cell and squamous
cell lung cancers.”” Given that screening is not considered
effective for detecting these lung cancers (and risk reductions
were similar for men and women for adenocarcinoma), inves-
tigators questioned whether the findings were due to chance.
However, in the much smaller LUSI trial, which found a
significant 69% risk reduction for women, no small cell can-
cers were diagnosed in women.>' The NELSON trial, which
found a non-significant 34% risk reduction for women, did not
report histology.” Further research is needed to evaluate the
observed gender differences.

The negative meta-regression analyses looking at the asso-
ciations between screening protocols and patient character-
istics with lung cancer mortality are underpowered given the
limited number of studies. However, the optimal number and
frequency of LDCT screening rounds are uncertain.”' The UK
Lung Cancer Screening Trial will evaluate the benefit of a
single screening LDCT.”? For the 2 studies demonstrating

efficacy for LDCT screening, the NLST had 3 rounds of
annual screening while the NELSON trial spaced 4 rounds
of screening over 5.5 years. Less frequent screening intervals,
particularly following a negative baseline scan, could make
screening more cost effective and, along with using Lung-
RADS to improve the specificity of LDCT, reduce radiation
exposure from screening and diagnostic testing.*® 7> 7 We
did not find that the patient characteristics of age, pack-years
of smoking, or smoking status (typically used to determine
screening eligibility) were associated with the lung cancer
mortality benefits seen with screening. However, the variation
of these characteristics across studies was small, particularly
for age and pack-years (Table 1). Tammemagi and colleagues
have shown that using comprehensive risk models, which
include additional socio-demographic characteristics, clinical
features, and family history, to select patients for screening
may be more cost effective than using the study trial inclusion
criteria that have been adopted for screening guidelines.”® The
U.S. Preventive Services Task Force’s recommendation for
lung cancer screening is being revised and will address eligi-
bility criteria, including age range and calculated cancer risk,
as well as alternatives to annual screening.”’

Our study had several additional limitations. Long-term
mortality data were available only for studies conducted in
Europe and North American, which may limit the generaliz-
ability of results based on screening just older, high-risk
current or former smokers. Lung cancer incidence and mor-
tality rates vary around the world, particularly in emerging
economies and developing countries, related to differences in
genetics, tobacco use, environmental exposures, and access to
care.”® The Chinese AME trial enrolled substantial propor-
tions of subjects whose lung cancer risk was defined as expo-
sure to second-hand smoke, cooking oil fumes, or occupation-
al carcinogens.>? Additionally, the observed efficacy of LDCT
screening as conducted in randomized clinical trial settings
may not translate into community practice.”’

CONCLUSION

Our meta-analysis, utilizing the most recently published ran-
domized controlled trial data, demonstrated that LDCT screen-
ing is associated with a significant reduction of lung cancer
mortality though not overall mortality. Women appeared more
likely to benefit from screening than men, but data were
inconclusive. The estimated risks for false positive results,
screening complications, overdiagnosis, and incidental find-
ings were low.
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