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Background
The aggressive and heterogeneous nature of lung cancer has thwarted efforts to 
reduce mortality from this cancer through the use of screening. The advent of low-
dose helical computed tomography (CT) altered the landscape of lung-cancer screen-
ing, with studies indicating that low-dose CT detects many tumors at early stages. 
The National Lung Screening Trial (NLST) was conducted to determine whether 
screening with low-dose CT could reduce mortality from lung cancer.

Methods
From August 2002 through April 2004, we enrolled 53,454 persons at high risk for 
lung cancer at 33 U.S. medical centers. Participants were randomly assigned to un-
dergo three annual screenings with either low-dose CT (26,722 participants) or sin-
gle-view posteroanterior chest radiography (26,732). Data were collected on cases of 
lung cancer and deaths from lung cancer that occurred through December 31, 2009.

Results
The rate of adherence to screening was more than 90%. The rate of positive screen-
ing tests was 24.2% with low-dose CT and 6.9% with radiography over all three 
rounds. A total of 96.4% of the positive screening results in the low-dose CT group 
and 94.5% in the radiography group were false positive results. The incidence of 
lung cancer was 645 cases per 100,000 person-years (1060 cancers) in the low-dose 
CT group, as compared with 572 cases per 100,000 person-years (941 cancers) in 
the radiography group (rate ratio, 1.13; 95% confidence interval [CI], 1.03 to 1.23). 
There were 247 deaths from lung cancer per 100,000 person-years in the low-dose 
CT group and 309 deaths per 100,000 person-years in the radiography group, 
representing a relative reduction in mortality from lung cancer with low-dose CT 
screening of 20.0% (95% CI, 6.8 to 26.7; P = 0.004). The rate of death from any cause 
was reduced in the low-dose CT group, as compared with the radiography group, 
by 6.7% (95% CI, 1.2 to 13.6; P = 0.02).

Conclusions
Screening with the use of low-dose CT reduces mortality from lung cancer. (Funded 
by the National Cancer Institute; National Lung Screening Trial ClinicalTrials.gov 
number, NCT00047385.)
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Lung cancer is an aggressive and het-
erogeneous disease.1,2 Advances in surgical, 
radiotherapeutic, and chemotherapeutic ap-

proaches have been made, but the long-term sur-
vival rate remains low.3 After the Surgeon Gen-
eral’s 1964 report on smoking and health, mortality 
from lung cancer among men peaked and then 
fell; among women, the peak occurred later and 
a slight decline has occurred more recently.4 Even 
though the rate of heavy smoking continues to 
decline in the United States,5 94 million current 
or former smokers remain at elevated risk for the 
disease,6 and lung cancer remains the leading 
cause of death from cancer in this country.3 The 
prevalence of smoking is substantially higher in 
developing countries than in the United States, 
and the worldwide burden of lung cancer is pro-
jected to rise considerably during the coming 
years.7

Although effective mass screening of high-risk 
groups could potentially be of benefit, random-
ized trials of screening with the use of chest ra-
diography with or without cytologic analysis of 
sputum specimens have shown no reduction in 
lung-cancer mortality.8 Molecular markers in 
blood, sputum, and bronchial brushings have been 
studied but are currently unsuitable for clinical 
application.8 Advances in multidetector computed 
tomography (CT), however, have made high-res-
olution volumetric imaging possible in a single 
breath hold at acceptable levels of radiation expo-
sure,9 allowing its use for certain lung-specific 
applications. Several observational studies have 
shown that low-dose helical CT of the lung de-
tects more nodules and lung cancers, including 
early-stage cancers, than does chest radiography.8 
Therefore, the National Cancer Institute (NCI) 
funded the National Lung Screening Trial (NLST), 
a randomized trial, to determine whether screen-
ing with low-dose CT, as compared with chest 
radiography, would reduce mortality from lung 
cancer among high-risk persons. The NLST was 
initiated in 2002.10 In October 2010, the available 
data showed that there was a significant reduc-
tion with low-dose CT screening in the rates of 
both death from lung cancer and death from any 
cause. We report here the findings of the NLST, 
including the performance characteristics of the 
screening techniques, the approaches used for and 
the results of diagnostic evaluation of positive 
screening results, the characteristics of the lung-
cancer cases, and mortality. A comprehensive de-

scription of the design and operations of the trial, 
including the collection of the data and the ac-
quisition variables of the screening techniques, 
has been published previously.10

Me thods

Trial Oversight
The NLST, a randomized trial of screening with 
the use of low-dose CT as compared with screen-
ing with the use of chest radiography, was a col-
laborative effort of the Lung Screening Study 
(LSS), administered by the NCI Division of Can-
cer Prevention, and the American College of Ra-
diology Imaging Network (ACRIN), sponsored 
by the NCI Division of Cancer Treatment and Di-
agnosis, Cancer Imaging Program. Chest radio-
graphy was chosen as the screening method for 
the control group because radiographic screen-
ing was being compared with community care 
(care that a participant usually receives) in the 
Prostate, Lung, Colorectal and Ovarian (PLCO) 
Cancer Screening Trial (ClinicalTrials.gov num-
ber, NCT00002540).11 The NLST was approved by 
the institutional review board at each of the 33 
participating medical institutions. The study was 
conducted in accordance with the protocol; both 
the protocol and the statistical analysis plan are 
available with the full text of this article at 
NEJM.org.

Participants
We enrolled participants from August 2002 through 
April 2004; screening took place from August 2002 
through September 2007. Participants were fol-
lowed for events that occurred through December 
31, 2009 (Fig. 1 in the Supplementary Appendix, 
available at NEJM.org).

Eligible participants were between 55 and  
74 years of age at the time of randomization, had 
a history of cigarette smoking of at least 30 pack-
years, and, if former smokers, had quit within the 
previous 15 years. Persons who had previously re-
ceived a diagnosis of lung cancer, had undergone 
chest CT within 18 months before enrollment, had 
hemoptysis, or had an unexplained weight loss of 
more than 6.8 kg (15 lb) in the preceding year 
were excluded. A total of 53,454 persons were 
enrolled; 26,722 were randomly assigned to screen-
ing with low-dose CT and 26,732 to screening 
with chest radiography. Previously published ar-
ticles describing the NLST10,12 reported an enroll-
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ment of 53,456 participants (26,723 in the low-
dose CT group and 26,733 in the radiography 
group). The number of enrolled persons is now 
reduced by 2 owing to the discovery of the dupli-
cate randomization of 2 participants.

Participants were enrolled at 1 of the 10 LSS 
or 23 ACRIN centers. Before randomization, each 
participant provided written informed consent. 
After the participants underwent randomization, 
they completed a questionnaire that covered many 
topics, including demographic characteristics and 
smoking behavior. The ACRIN centers collected 
additional data for planned analyses of cost-effec-
tiveness, quality of life, and smoking cessation. 
Participants at 15 ACRIN centers were also asked 
to provide serial blood, sputum, and urine speci-
mens. Lung-cancer and other tissue specimens 
were obtained at both the ACRIN and LSS centers 
and were used to construct tissue microarrays. All 
biospecimens are available to researchers through 
a peer-review process.

Screening
Participants were invited to undergo three screen-
ings (T0, T1, and T2) at 1-year intervals, with the 
first screening (T0) performed soon after the time 
of randomization. Participants in whom lung can-
cer was diagnosed were not offered subsequent 
screening tests. The number of lung-cancer screen-
ing tests that were performed outside the NLST 
was estimated through self-administered question-
naires that were mailed to a random subgroup of 
approximately 500 participants from LSS centers 
annually. Sample sizes were selected to yield a 
standard error of 0.025 for the estimate of the 
proportion of participants undergoing lung-cancer 
screening tests outside the NLST in each group. 
For participants from ACRIN centers, information 
on CT examinations or chest radiography per-
formed outside the trial was obtained, but no data 
were gathered on whether the examinations were 
performed as screening tests.

All screening examinations were performed in 
accordance with a standard protocol, developed 
by medical physicists associated with the trial, that 
specified acceptable characteristics of the machine 
and acquisition variables.10,13,14 All low-dose CT 
scans were acquired with the use of multidetector 
scanners with a minimum of four channels. The 
acquisition variables were chosen to reduce expo-
sure to an average effective dose of 1.5 mSv. The 
average effective dose with diagnostic chest CT 

varies widely but is approximately 8 mSv.10,13,14 
Chest radiographs were obtained with the use of 
either screen-film radiography or digital equip-
ment. All the machines used for screening met 
the technical standards of the American College 
of Radiology.10 The use of new equipment was 
allowed after certification by medical physicists.

NLST radiologists and radiologic technologists 
were certified by appropriate agencies or boards 
and completed training in image acquisition; ra-
diologists also completed training in image qual-
ity and standardized image interpretation. Im-
ages were interpreted first in isolation and then 
in comparison with available historical images 
and images from prior NLST screening exami-
nations. The comparative interpretations were 
used to determine the outcome of the examina-
tion. Low-dose CT scans that revealed any non-
calcified nodule measuring at least 4 mm in any 
diameter and radiographic images that revealed 
any noncalcified nodule or mass were classified 
as positive, “suspicious for” lung cancer. Other 
abnormalities such as adenopathy or effusion 
could be classified as a positive result as well. Ab-
normalities suggesting clinically significant con-
ditions other than lung cancer also were noted, 
as were minor abnormalities. At the third round 
of screening (T2), abnormalities suspicious for 
lung cancer that were stable across the three 
rounds could, according to the protocol, be clas-
sified as minor abnormalities rather than positive 
results.

Results and recommendations from the inter-
preting radiologist were reported in writing to 
the participant and his or her health care provider 
within 4 weeks after the examination. Since there 
was no standardized, scientifically validated ap-
proach to the evaluation of nodules, trial radi-
ologists developed guidelines for diagnostic fol-
low-up, but no specific evaluation approach was 
mandated.

Medical-Record Abstraction
Medical records documenting diagnostic evalua-
tion procedures and any associated complications 
were obtained for participants who had positive 
screening tests and for participants in whom lung 
cancer was diagnosed. Pathology and tumor-stag-
ing reports and records of operative procedures 
and initial treatment were also obtained for par-
ticipants with lung cancer. Pathology reports were 
obtained for other reported cancers to exclude 
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the possibility that such tumors represented lung 
metastases. Histologic features of the lung cancer 
were coded according to the International Classifi-
cation of Diseases for Oncology, 3rd Edition (ICD-O-3),15 
and the disease stage was determined according 
to the sixth edition of the Cancer Staging Manual of 
the American Joint Committee on Cancer.16 At 
ACRIN sites, additional medical records were also 
obtained for a number of substudies, including 
studies of health care utilization and cost-effec-
tiveness.10

Vital Status
Participants completed a questionnaire regard-
ing vital status either annually (LSS participants) 
or semiannually (ACRIN participants). The names 
and Social Security numbers of participants who 
were lost to follow-up were submitted to the Na-
tional Death Index to ascertain probable vital 
status. Death certificates were obtained for par-
ticipants who were known to have died. An end-
point verification team determined whether the 
cause of death was lung cancer. Although a dis-
tinction was made between a death caused by 
lung cancer and a death that resulted from the 
diagnostic evaluation for or treatment of lung can-
cer, the deaths from the latter causes were count-
ed as lung-cancer deaths in the primary end-point 
analysis. The members of the team were not aware 
of the group assignments (see Section 2 in the 
Supplementary Appendix).

Statistical Analysis
The primary analysis was a comparison of lung-
cancer mortality between the two screening 
groups, according to the intention-to-screen prin-
ciple. We estimated that the study would have 
90% power to detect a 21% decrease in mortality 
from lung cancer in the low-dose CT group, as 
compared with the radiography group. Second-
ary analyses compared the rate of death from any 
cause and the incidence of lung cancer in the two 
groups.

Event rates were defined as the ratio of the 
number of events to the person-years at risk for 
the event. For the incidence of lung cancer, per-
son-years were measured from the time of ran-
domization to the date of diagnosis of lung can-
cer, death, or censoring of data (whichever came 
first); for the rates of death, person-years were 
measured from the time of randomization to the 
date of death or censoring of data (whichever 

came first). The latest date for the censoring of 
data on incidence of lung cancer and on death 
from any cause was December 31, 2009; the lat-
est date for the censoring of data on death from 
lung cancer for the purpose of the primary end-
point analysis was January 15, 2009. The earlier 
censoring date for death from lung cancer was 
established to allow adequate time for the review 
process for deaths to be performed to the same, 
thorough extent in each group. We calculated the 
confidence intervals for incidence ratios assum-
ing a Poisson distribution for the number of events 
and a normal distribution of the logarithm of the 
ratio, using asymptotic methods. We calculated 
the confidence intervals for mortality ratios with 
the weighted method that was used to monitor 
the primary end point of the trial,17 which al-
lows for a varying rate ratio and is adjusted for 
the design. The number needed to screen to pre-
vent one death from lung cancer was estimated as 
the reciprocal of the reduction in the absolute risk 
of death from lung cancer in one group as com-
pared with the other, among participants who had 
at least one screening test. The analyses were per-
formed with the use of SAS/STAT18 and R19 statis-
tical packages.

Interim analyses were performed to monitor 
the primary end point for efficacy and futility. 
The analyses involved the use of a weighted log-
rank statistic, with weights increasing linearly 
from no weight at randomization to full weight 
at 4 years and thereafter. Efficacy and futility 
boundaries were built on the Lan–DeMets ap-
proach with an O’Brien–Fleming spending func-
tion.20 Interim analyses were performed annu-
ally from 2006 through 2009 and semiannually 
in 2010.

An independent data and safety monitoring 
board met every 6 months and reviewed the ac-
cumulating data. On October 20, 2010, the board 
determined that a definitive result had been 
reached for the primary end point of the trial and 
recommended that the results be reported.21 The 
board’s decision took into consideration that the 
efficacy boundary for the primary end point had 
been crossed and that there was no evidence of 
unforeseen screening effects that warranted act-
ing contrary to the trial’s prespecified monitor-
ing plan. The NCI director accepted the recom-
mendation of the data and safety monitoring 
board, and the trial results were announced on 
November 4, 2010.
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R esult s

Characteristics of the Participants
The demographic characteristics and smoking his-
tory of the participants were virtually identical in 
the two groups (Table 1). As compared with re-
spondents to a 2002–2004 U.S. Census survey of 
tobacco use22 who met the NLST eligibility criteria 
for age and smoking history, NLST participants 
were younger, had a higher level of education, 
and were more likely to be former smokers.12 As 
of December 31, 2009, vital status was known for 
97% of the participants in the low-dose CT group 
and 96% of those in the radiography group. The 
median duration of follow-up was 6.5 years, with 
a maximum duration of 7.4 years in each group.

Adherence to Screening
The rate of adherence to the screening protocol 
across the three rounds was high: 95% in the 
low-dose CT group and 93% in the radiography 
group. Among LSS participants in the radiogra-
phy group, the average annual rate of helical CT 
screening outside the NLST during the screening 
phase of the trial was 4.3%, which was well be-
low the 10.0% rate estimated in the trial power 
calculations.

Results of Screening
In all three rounds, there was a substantially 
higher rate of positive screening tests in the low-
dose CT group than in the radiography group 
(T0, 27.3% vs. 9.2%; T1, 27.9% vs. 6.2%; and T2, 
16.8% vs. 5.0%) (Table 2). The rate of positive tests 
in both groups was noticeably lower at T2 than at 
T0 or T1 because the NLST protocol allowed tests 
showing abnormalities at T2 that were suspi-
cious for cancer but were stable across all three 
rounds to be categorized as negative with minor 
abnormalities. During the screening phase of the 
trial, 39.1% of the participants in the low-dose 
CT group and 16.0% of those in the radiography 
group had at least one positive screening result. 
The percentage of all screening tests that identi-
fied a clinically significant abnormality other than 
an abnormality suspicious for lung cancer was 
more than three times as high in the low-dose CT 
group as in the radiography group (7.5% vs. 2.1%).

Follow-up of Positive Results
More than 90% of the positive screening tests in 
the first round of screening (T0) led to a diagnos-

tic evaluation (Table 3). Lower rates of follow-up 
were seen at later rounds. The diagnostic evalua-
tion most often consisted of further imaging, and 
invasive procedures were performed infrequently. 
Across the three rounds, 96.4% of the positive re-
sults in the low-dose CT group and 94.5% of those 
in the radiography group were false positive re-
sults. These percentages varied little by round. Of 
the total number of low-dose CT screening tests 
in the three rounds, 24.2% were classified as pos-

Table 1. Selected Baseline Characteristics of the Study Participants.*

Characteristic
Low-Dose CT Group

(N = 26,722)
Radiography Group

(N = 26,732)

number (percent)

Age at randomization

<55 yr† 2 (<0.1) 4 (<0.1)

55–59 yr 11,440 (42.8) 11,420 (42.7)

60–64 yr 8,170 (30.6) 8,198 (30.7)

65–69 yr 4,756 (17.8) 4,762 (17.8)

70–74 yr 2,353 (8.8) 2,345 (8.8)

≥75 yr† 1 (<0.1) 3 (<0.1)

Sex

Male 15,770 (59.0) 15,762 (59.0)

Female 10,952 (41.0) 10,970 (41.0)

Race or ethnic group‡

White 24,289 (90.9) 24,260 (90.8)

Black 1,195 (4.5) 1,181 (4.4)

Asian 559 (2.1) 536 (2.0)

American Indian or Alaska 
Native

92 (0.3) 98 (0.4)

Native Hawaiian or other 
Pacific Islander

91 (0.3) 102 (0.4)

More than one race or ethnic 
group

333 (1.2) 346 (1.3)

Data missing 163 (0.6) 209 (0.8)

Hispanic ethnic group‡

Hispanic or Latino 479 (1.8) 456 (1.7)

Neither Hispanic nor Latino 26,079 (97.6) 26,039 (97.4)

Data missing 164 (0.6) 237 (0.9)

Smoking status

Current 12,862 (48.1) 12,900 (48.3)

Former 13,860 (51.9) 13,832 (51.7)

* CT denotes computed tomography.
† Patients in this age range were ineligible for inclusion in the screening trial 

but were enrolled and were included in all analyses.
‡ Race or ethnic group was self-reported.
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itive and 23.3% had false positive results; of the 
total number of radiographic screening tests in 
the three rounds, 6.9% were classified as positive 
and 6.5% had false positive results.

Adverse Events
Adverse events from the actual screening exami-
nations were few and minor. The rates of compli-
cations after a diagnostic evaluation procedure for 
a positive screening test (listed by category in 
Table 1 in the Supplementary Appendix) were low; 
the rate of at least one complication was 1.4% in 
the low-dose CT group and 1.6% in the radiogra-
phy group (Table 4). A total of 0.06% of the pos-
itive screening tests in the low-dose CT group 
that did not result in a diagnosis of lung cancer 
and 11.2% of those that did result in a diagnosis 
of lung cancer were associated with a major com-
plication after an invasive procedure; the corre-
sponding percentages in the radiography group 
were 0.02% and 8.2%. The frequency of major com-
plications varied according to the type of invasive 
procedure. A total of 16 participants in the low-
dose CT group (10 of whom had lung cancer) and 
10 in the radiography group (all of whom had lung 
cancer) died within 60 days after an invasive diag-
nostic procedure. Although it is not known wheth-
er the complications from diagnostic procedure 
caused the deaths, the low frequency of death 
within 60 days after the procedure suggests that 
death as a result of the diagnostic evaluation of 
positive screening tests is a rare occurrence.

Incidence, Characteristics, and Treatment  
of Lung Cancers

A total of 1060 lung cancers (645 per 100,000 per-
son-years) were diagnosed in the low-dose CT 
group, as compared with 941 (572 per 100,000 
person-years) in the radiography group (rate ra-
tio, 1.13; 95% confidence interval [CI], 1.03 to 
1.23). In the low-dose CT group, 649 cancers were 
diagnosed after a positive screening test, 44 after 
a negative screening test, and 367 among partici-
pants who either missed the screening or received 
the diagnosis after their trial screening phase was 
over (Table 5). In the radiography group, 279 can-
cers were diagnosed after a positive screening test, 
137 after a negative screening test, and 525 among 
participants who either missed the screening or 
received the diagnosis after their trial screening 
phase was over. Figure 1A shows the cumulative 
number of lung cancers through December 31, 
2009, according to the screening group. Detailed 
calculations of sensitivity, specificity, positive pre-
dictive value, and negative predictive value are not 
reported here.

In each group, the percentage of stage IA and 
stage IB lung cancers was highest among can-
cers that were diagnosed after a positive screen-
ing test (Table 5). Fewer stage IV cancers were 
seen in the low-dose CT group than in the radi-
ography group at the second and third screening 
rounds (Table 2 in the Supplementary Appendix). 
Low-dose CT screening identified a preponderance 
of adenocarcinomas, including bronchioloalveo-

Table 2. Results of Three Rounds of Screening.*

Screening 
Round Low-Dose CT Chest Radiography

Total No. 
Screened

Positive 
Result

Clinically Sig nifi cant 
Abnormality Not 
Suspicious for  
Lung Cancer

No or Minor 
Abnormality

Total No. 
Screened

Positive 
Result

Clinically Sig nifi cant 
Abnormality Not 
Suspicious for  
Lung Cancer

No or Minor 
Abnormality

no. (% of screened) no. (% of screened)

T0 26,309 7191 (27.3) 2695 (10.2) 16,423 (62.4) 26,035 2387 (9.2) 785 (3.0) 22,863 (87.8)

T1 24,715 6901 (27.9) 1519 (6.1) 16,295 (65.9) 24,089 1482 (6.2) 429 (1.8) 22,178 (92.1)

T2 24,102 4054 (16.8) 1408 (5.8) 18,640 (77.3) 23,346 1174 (5.0) 361 (1.5) 21,811 (93.4)

* The screenings were performed at 1-year intervals, with the first screening (T0) performed soon after the time of randomization. Results of 
screening tests that were technically inadequate (7 in the low-dose CT group and 26 in the radiography group, across the three screening 
rounds) are not included in this table. A screening test with low-dose CT was considered to be positive if it revealed a nodule at least 4 mm 
in any diameter or other abnormalities that were suspicious for lung cancer. A screening test with chest radiography was considered to be 
positive if it revealed a nodule or mass of any size or other abnormalities suggestive of lung cancer.
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Table 3. Diagnostic Follow-up of Positive Screening Results in the Three Screening Rounds.*

Variable Low-Dose CT Chest Radiography

T0 T1 T2 Total T0 T1 T2 Total

number (percent)

Total positive tests 7191 (100.0) 6901 (100.0) 4054 (100.0) 18,146 (100.0) 2387 (100.0) 1482 (100.0) 1174 (100.0) 5043 (100.0)

Lung cancer confirmed 270 (3.8) 168 (2.4) 211 (5.2) 649 (3.6) 136 (5.7) 65 (4.4) 78 (6.6) 279 (5.5)

Lung cancer not confirmed† 6921 (96.2) 6733 (97.6) 3843 (94.8) 17,497 (96.4) 2251 (94.3) 1417 (95.6) 1096 (93.4) 4764 (94.5)

Positive screening results with complete diagnos-
tic follow-up information

7049 (100.0) 6740 (100.0) 3913 (100.0) 17,702 (100.0) 2348 (100.0) 1456 (100.0) 1149 (100.0) 4953 (100.0)

Any diagnostic follow-up 6369 (90.4) 3866 (57.4) 2522 (64.5) 12,757 (72.1) 2176 (92.7) 1078 (74.0) 957 (83.3) 4211 (85.0)

Clinical procedure 5089 (72.2) 3190 (47.3) 2151 (55.0) 10,430 (58.9) 1414 (60.2) 723 (49.7) 658 (57.3) 2795 (56.4)

Imaging examination 5717 (81.1) 2520 (37.4) 2009 (51.3) 10,246 (57.9) 2010 (85.6) 968 (66.5) 906 (78.9) 3884 (78.4)

Chest radiography 1284 (18.2) 613 (9.1) 650 (16.6) 2,547 (14.4) 867 (36.9) 381 (26.2) 365 (31.8) 1613 (32.6)

Chest CT 5153 (73.1) 2046 (30.4) 1608 (41.1) 8,807 (49.8) 1546 (65.8) 745 (51.2) 712 (62.0) 3003 (60.6)

FDG PET or FDG PET–CT 728 (10.3) 350 (5.2) 393 (10.0) 1,471 (8.3) 179 (7.6) 105 (7.2) 113 (9.8) 397 (8.0)

Percutaneous cytologic examination 
or biopsy

155 (2.2) 74 (1.1) 93 (2.4) 322 (1.8) 83 (3.5) 37 (2.5) 52 (4.5) 172 (3.5)

Transthoracic 120 (1.7) 60 (0.9) 74 (1.9) 254 (1.4) 67 (2.9) 31 (2.1) 43 (3.7) 141 (2.8)

Extrathoracic 39 (0.6) 17 (0.3) 24 (0.6) 80 (0.5) 20 (0.9) 6 (0.4) 13 (1.1) 39 (0.8)

Bronchoscopy 306 (4.3) 178 (2.6) 187 (4.8) 671 (3.8) 107 (4.6) 56 (3.8) 62 (5.4) 225 (4.5)

With neither biopsy nor cytologic testing 126 (1.8) 95 (1.4) 99 (2.5) 320 (1.8) 45 (1.9) 19 (1.3) 32 (2.8) 96 (1.9)

With biopsy or cytologic testing 194 (2.8) 95 (1.4) 102 (2.6) 391 (2.2) 74 (3.2) 40 (2.7) 36 (3.1) 150 (3.0)

Surgical procedure 297 (4.2) 197 (2.9) 219 (5.6) 713 (4.0) 121 (5.2) 51 (3.5) 67 (5.8) 239 (4.8)

Mediastinoscopy or mediastinotomy 60 (0.9) 32 (0.5) 25 (0.6) 117 (0.7) 22 (0.9) 12 (0.8) 21 (1.8) 55 (1.1)

Thoracoscopy 82 (1.2) 56 (0.8) 96 (2.5) 234 (1.3) 22 (0.9) 11 (0.8) 20 (1.7) 53 (1.1)

Thoracotomy 197 (2.8) 148 (2.2) 164 (4.2) 509 (2.9) 96 (4.1) 44 (3.0) 44 (3.8) 184 (3.7)

Other procedures 168 (2.4) 96 (1.4) 63 (1.6) 327 (1.8) 55 (2.3) 33 (2.3) 34 (3.0) 122 (2.5)

* The screenings were performed at 1-year intervals, with the first screening (T0) performed soon after the time of randomization. FDG PET denotes 18F-fluorodeoxyglucose positron-
emission tomography.

† Positive tests with incomplete information on diagnostic follow-up are included in this category (142 at T0, 161 at T1, and 141 at T2 in the low-dose CT group and 39 at T0, 26 at T1, and 25 
at T2 in the radiography group).
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lar carcinomas. Although the use of the term 
bronchioloalveolar carcinoma is no longer recom-
mended,23 while the NLST was ongoing, the term 
was used to denote in situ, minimally invasive, or 
invasive adenocarcinoma, lepidic predominant 
(i.e., neoplastic cell growth restricted to preexist-
ing alveolar structure). In both groups, many 
adenocarcinomas and squamous-cell carcinomas 
were detected at either stage I or stage II, although 
the stage distribution was more favorable in the 
low-dose CT group than in the radiography group 
(Table 6). Small-cell lung cancers were, in gen-
eral, not detected at early stages by either low-
dose CT or radiography. A total of 92.5% of 
stage IA and stage IB cancers in the low-dose CT 
group and 87.5% of those in the radiography 
group were treated with surgery alone or surgery 

combined with chemotherapy, radiation therapy, 
or both (Table 3 in the Supplementary Appendix).

Lung-Cancer–Specific Mortality
After the accrual of 144,103 person-years in the 
low-dose CT group and 143,368 person-years in 
the radiography group, 356 and 443 deaths from 
lung cancer in the two groups, respectively, had 
occurred, corresponding to rates of death from 
lung cancer of 247 and 309 deaths per 100,000 
person-years, respectively, and a relative reduc-
tion in the rate of death from lung cancer with 
low-dose CT screening of 20.0% (95% CI, 6.8 to 
26.7; P = 0.004). Figure 1B shows the cumulative 
number of deaths from lung cancer in the two 
screening groups through January 15, 2009. When 
only participants who underwent at least one 

Table 4. Complications after the Most Invasive Screening-Related Diagnostic Evaluation Procedure, According to Lung-Cancer Status.*

Complication Lung Cancer Confirmed

Thoracotomy, 
Thoracoscopy, or 
Mediastinoscopy

Bron- 
 chos copy

Needle 
Biopsy

No Invasive 
Procedure Total

number (percent)

Low-dose CT group

Positive screening results for which diagnostic information 
was complete

509 (100.0) 76 (100.0) 33 (100.0) 31 (100.0) 649 (100.0)

No complication 344 (67.6) 69 (90.8) 26 (78.8) 26 (83.9) 465 (71.6)

At least one complication 165 (32.4) 7 (9.2) 7 (21.2) 5 (16.1) 184 (28.4)

Most severe complication classified as major 71 (13.9) 2 (2.6) 0 2 (6.5) 75 (11.6)

Most severe complication classified as intermediate 81 (15.9) 5 (6.6) 7 (21.2) 2 (6.5) 95 (14.6)

Most severe complication classified as minor 13 (2.6) 0 0 1 (3.2) 14 (2.2)

Death within 60 days after most invasive diagnostic 
 procedure†

5 (1.0) 4 (5.3) 1 (3.0) 0 10 (1.5)

Radiography group

Positive screening results for which diagnostic information 
was complete

189 (100.0) 46 (100.0) 29 (100.0) 15 (100.0) 279 (100.0)

No complication 130 (68.8) 42 (91.3) 28 (96.6) 14 (93.3) 214 (76.7)

At least one complication 59 (31.2) 4 (8.7) 1 (3.4) 1 (6.7) 65 (23.3)

Most severe complication classified as major 22 (11.6) 1 (2.2) 0 1 (6.7) 24 (8.6)

Most severe complication classified as intermediate 32 (16.9) 2 (4.3) 1 (3.4) 0 35 (12.5)

Most severe complication classified as minor 5 (2.6) 1 (2.2) 0 0 6 (2.2)

Death within 60 days after most invasive diagnostic 
 procedure†

4 (2.1) 5 (10.9) 1 (3.4) 1 (6.7) 11 (3.9)

* In the case of multiple evaluation procedures of the same type, the earliest is included. Complications that occurred before the most inva-
sive procedure are not included. Participants could have up to three positive screening tests and therefore may be included up to three 
times in any row. Columns of procedures are arranged in decreasing order of invasiveness. In the case of the first procedure column, thora-
cotomy was considered to be more invasive than thoracoscopy, which was considered to be more invasive than mediastinoscopy.

† For patients who did not undergo an invasive procedure, deaths were included if they occurred within 60 days after the positive screening result.�
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screening test were included, there were 346 deaths 
from lung cancer among 26,455 participants in 
the low-dose CT group and 425 deaths among 
26,232 participants in the radiography group. The 
number needed to screen with low-dose CT to 
prevent one death from lung cancer was 320.

Overall Mortality
There were 1877 deaths in the low-dose CT group, 
as compared with 2000 deaths in the radiography 
group, representing a significant reduction with 
low-dose CT screening of 6.7% (95% CI, 1.2 to 
13.6) in the rate of death from any cause (P = 0.02). 
We were unable to obtain the death certificates 
for two of the participants in the radiography 
group who died, but the occurrence of death was 
confirmed through a review by the end-point veri-
fication team. Although lung cancer accounted 
for 24.1% of all the deaths in the trial, 60.3% of 
the excess deaths in the radiography group were 
due to lung cancer (Table 7). When deaths from 
lung cancer were excluded from the comparison, 

the reduction in overall mortality with the use of 
low-dose CT dropped to 3.2% and was not sig-
nificant (P = 0.28).

Discussion

In the NLST, a 20.0% decrease in mortality from 
lung cancer was observed in the low-dose CT 
group as compared with the radiography group. 
The rate of positive results was higher with low-
dose CT screening than with radiographic screen-
ing by a factor of more than 3, and low-dose CT 
screening was associated with a high rate of false 
positive results; however, the vast majority of false 
positive results were probably due to the presence 
of benign intrapulmonary lymph nodes or non-
calcified granulomas, as confirmed noninvasive-
ly by the stability of the findings on follow-up CT 
scans. Complications from invasive diagnostic 
evaluation procedures were uncommon, with death 
or severe complications occurring only rarely, par-
ticularly among participants who did not have 

Lung Cancer Not Confirmed

Thoracotomy, 
Thoracoscopy, or 
Mediastinoscopy Bronch  oscopy

Needle 
Biopsy

No Invasive 
Procedure Total

number (percent)

164 (100.0) 227 (100.0) 66 (100.0) 16,596 (100.0) 17,053 (100.0)

138 (84.1) 216 (95.2) 59 (89.4) 16,579 (99.9) 16,992 (99.6)

26 (15.9) 11 (4.8) 7 (10.6) 17 (0.1) 61 (0.4)

9 (5.5) 2 (0.9) 0 1 (<0.1) 12 (0.1)

13 (7.9) 9 (4.0) 6 (9.1) 16 (0.1) 44 (0.3)

4 (2.4) 0 1 (1.5) 0 5 (<0.1)

2 (1.2) 4 (1.8) 0 5 (<0.1) 11 (0.1)

45 (100.0) 46 (100.0) 24 (100.0) 4,559 (100.0) 4,674 (100.0)

38 (84.4) 46 (100.0) 23 (95.8) 4,551 (99.8) 4,658 (99.7)

7 (15.6) 0 1 (4.2) 8 (0.2) 16 (0.3)

1 (2.2) 0 0 3 (0.1) 4 (0.1)

6 (13.3) 0 1 (4.2) 2 (<0.1) 9 (0.2)

0 0 0 3 (0.1) 3 (0.1)

0 0 0 3 (0.1) 3 (0.1)
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Table 5. Stage and Histologic Type of Lung Cancers in the Two Screening Groups, According to the Result of Screening.*

Stage and Histologic 
Type Low-Dose CT Chest Radiography

Positive 
Screening Test 

(N = 649)

Negative 
Screening Test 

(N = 44)†

No 
Screening Test 

(N = 367)‡
Total 

(N = 1060)

Positive 
Screening Test 

(N = 279)

Negative 
Screening Test 

(N = 137)†

No 
Screening Test 

(N = 525)‡
Total 

(N = 941)

number/total number (percent)

Stage

IA 329/635 (51.8) 5/44 (11.4) 82/361 (22.7) 416/1040 (40.0) 90/275 (32.7) 16/135 (11.9) 90/519 (17.3) 196/929 (21.1)

IB 71/635 (11.2) 2/44 (4.5) 31/361 (8.6) 104/1040 (10.0) 41/275 (14.9) 6/135 (4.4) 46/519 (8.9) 93/929 (10.0)

IIA 26/635 (4.1) 2/44 (4.5) 7/361 (1.9) 35/1040 (3.4) 14/275 (5.1) 2/135 (1.5) 16/519 (3.1) 32/929 (3.4)

IIB 20/635 (3.1) 3/44 (6.8) 15/361 (4.2) 38/1040 (3.7) 11/275 (4.0) 6/135 (4.4) 25/519 (4.8) 42/929 (4.5)

IIIA 59/635 (9.3) 3/44 (6.8) 37/361 (10.2) 99/1040 (9.5) 35/275 (12.7) 21/135 (15.6) 53/519 (10.2) 109/929 (11.7)

IIIB 49/635 (7.7) 15/44 (34.1) 58/361 (16.1) 122/1040 (11.7) 27/275 (9.8) 24/135 (17.8) 71/519 (13.7) 122/929 (13.1)

IV 81/635 (12.8) 14/44 (31.8) 131/361 (36.3) 226/1040 (21.7) 57/275 (20.7) 60/135 (44.4) 218/519 (42.0) 335/929 (36.1)

Histologic type

Bronchioloalveolar 
carcinoma

95/646 (14.7) 1/44 (2.3) 14/358 (3.9) 110/1048 (10.5) 13/276 (4.7) 1/135 (0.7) 21/520 (4.0) 35/931 (3.8)

Adenocarcinoma 258/646 (39.9) 8/44 (18.2) 114/358 (31.8) 380/1048 (36.3) 112/276 (40.6) 37/135 (27.4) 179/520 (34.4) 328/931 (35.2)

Squamous-cell 
 carcinoma

136/646 (21.1) 13/44 (29.5) 94/358 (26.3) 243/1048 (23.2) 70/276 (25.4) 24/135 (17.8) 112/520 (21.5) 206/931 (22.1)

Large-cell carcinoma 28/646 (4.3) 3/44 (6.8) 10/358 (2.8) 41/1048 (3.9) 12/276 (4.3) 10/135 (7.4) 21/520 (4.0) 43/931 (4.6)

Non–small-cell carci-
noma or other§

75/646 (11.6) 4/44 (9.1) 52/358 (14.5) 131/1048 (12.5) 40/276 (14.5) 30/135 (22.2) 88/520 (16.9) 158/931 (17.0)

Small-cell carcinoma 49/646 (7.6) 15/44 (34.1) 73/358 (20.4) 137/1048 (13.1) 28/276 (10.1) 32/135 (23.7) 99/520 (19.0) 159/931 (17.1)

Carcinoid 5/646 (0.8) 0 1/358 (0.3) 6/1048 (0.6) 1/276 (0.4) 1/135 (0.7) 0 2/931 (0.2)

* The denominators represent only cancers with a known stage or known histologic type. The stage was not known in the case of 14 cancers after a positive screening test and 6 after 
no screening in the low-dose CT group and in the case of 4 cancers after a positive screening test, 2 after a negative screening test, and 6 after no screening in the radiography group. 
The histologic type was not known for 3 cancers after a positive screening test and 9 after no screening in the low-dose CT group and for 3 cancers after a positive screening test, 
2 after a negative screening test, and 5 after no screening in the radiography group.

† Negative screening tests included tests that revealed either minor or clinically significant abnormalities that were not suspicious for lung cancer.
‡ The 892 lung cancers in participants with no screening test included 35 in participants who were never screened, 802 that were diagnosed during the post-screening period, and 55 in 

participants who were due for a screening test.
§ The 289 lung cancers in this category (in the two groups combined) included 28 adenosquamous carcinomas, 6 sarcomatoid carcinomas, 55 unclassified carcinomas, 1 anaplastic-type 

carcinoma, 1 carcinosarcoma, and 198 coded only as “non–small-cell carcinoma.”
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lung cancer. The decrease in the rate of death from 
any cause with the use of low-dose CT screening 
suggests that such screening is not, on the whole, 
deleterious.

A high rate of adherence to the screening, low 
rates of lung-cancer screening outside the NLST, 
and thorough ascertainment of lung cancers and 
deaths contributed to the success of the NLST. 
Moreover, because there was no mandated diag-
nostic evaluation algorithm, the follow-up of posi-
tive screening tests reflected the practice patterns 
at the participating medical centers. A multidis-
ciplinary team ensured that all aspects of the 
NLST were conducted rigorously.

There are several limitations of the NLST. First, 
as is possible in any clinical study, the findings 
may be affected by the “healthy-volunteer” effect, 
which can bias results such that they are more 
favorable than those that will be observed when 
the intervention is implemented in the commu-
nity.24 The role of this bias in our results cannot 
be ascertained at this time. Second, the scanners 
that are currently used are technologically more 
advanced than those that were used in the trial. 
This difference may mean that screening with 
today’s scanners will result in a larger reduction 
in the rate of death from lung cancer than was 
observed in the NLST; however, the ability to de-
tect more abnormalities may result only in higher 
rates of false positive results.25 Third, the NLST 
was conducted at a variety of medical institutions, 
many of which are recognized for their expertise 
in radiology and in the diagnosis and treatment 
of cancer. It is possible that community facilities 
will be less prepared to undertake screening pro-
grams and the medical care that must be asso-
ciated with them. For example, one of the most 
important factors determining the success of 
screening will be the mortality associated with 
surgical resection, which was much lower in the 
NLST than has been reported previously in the 
general U.S. population (1% vs. 4%).26 Finally, the 
reduction in the rate of death from lung cancer 
associated with an ongoing low-dose CT screen-
ing program was not estimated in the NLST and 
may be larger than the 20% reduction observed 
with only three rounds of screening.

Radiographic screening rather than community 
care (care that a participant usually receives) was 
chosen as the comparator in the NLST because 
radiographic screening, as compared with com-
munity care, was being evaluated in the PLCO 

trial at the time the NLST was designed.11 The 
designers of the NLST reasoned that if the PLCO 
trial were to show a reduction in lung-cancer mor-
tality with radiographic screening, a trial of low-
dose CT screening in which a community-care 
group was the control would be of less value, 
since the standard of care would have become 
screening with chest radiography. Nevertheless, 
the choice of radiography precludes a direct com-
parison of low-dose CT with community care. 
Analysis of the subgroup of PLCO participants 
who met the NLST criteria for age and smoking 
history indicated that radiography, as compared 
with community care, does not reduce mortality 

C
um

ul
at

iv
e 

N
o.

 o
f L

un
g 

C
an

ce
rs

1100

800

1000

900

700

600

400

300

100

500

200

0
0 1 2 3 4 5 6 7 8

B Death from Lung Cancer

A Lung Cancer

Years since Randomization

C
um

ul
at

iv
e 

N
o.

 o
f L

un
g-

C
an

ce
r D

ea
th

s 500

400

300

100

200

0
0 1 2 3 4 5 6 7 8

Years since Randomization

Low-dose CT

Low-dose CT

Chest radiography

Chest radiography

Figure 1. Cumulative Numbers of Lung Cancers and of Deaths from Lung 
Cancer.

The number of lung cancers (Panel A) includes lung cancers that were di-
agnosed from the date of randomization through December 31, 2009. The 
number of deaths from lung cancer (Panel B) includes deaths that occurred 
from the date of randomization through January 15, 2009.
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from lung cancer.27 Therefore, a similar reduction 
in lung-cancer mortality would probably have been 
observed in the NLST if community care had been 
chosen instead for the control group.

In addition to the high rate of false positive 
results, two other potentially harmful effects of 
low-dose CT screening must be mentioned. Over-
diagnosis, a major source of controversy surround-
ing low-dose CT lung-cancer screening, results 
from the detection of cancers that never would 
have become symptomatic.28 Although additional 
follow-up would be necessary to measure the 
magnitude of overdiagnosis in the NLST, a com-
parison of the number of cancers diagnosed in the 
two trial groups suggests that the magnitude of 
overdiagnosis with low-dose CT as compared with 
radiographic screening is not large. The other 
harmful effect, the association of low-dose CT 
with the development of radiation-induced can-
cers, could not be measured directly, is a long-
term phenomenon, and must be assessed in fu-
ture analyses.29

A number of smaller, randomized trials of low-
dose CT screening are under way in Europe. 30-36 
Because none of these trials have sufficient sta-
tistical power to detect a reduction in lung-can-
cer mortality of the magnitude seen in the NLST, 
it is expected that meta-analyses of the findings 
from these trials will be performed. The Euro-

pean studies are gathering types of data that were 
not collected by the NLST and will be able to 
address additional questions about low-dose CT 
screening, including the best strategies for the 
management of nodules observed with screening.37

The observation that low-dose CT screening 
can reduce the rate of death from lung cancer has 
generated many questions. Will populations with 
risk profiles that are different from those of the 
NLST participants benefit? Are less frequent 
screening regimens equally effective? For how long 
should screening continue? Would the use of dif-
ferent criteria for a positive screening result, such 
as a larger nodule diameter, still result in a ben-
efit? It is unlikely that large, definitive, random-
ized trials will be undertaken to answer these 
questions, but modeling and microsimulation can 
be used to address them. Although some agencies 
and organizations are contemplating the estab-
lishment of lung-cancer screening recommenda-
tions on the basis of the findings of the NLST, 
the current NLST data alone are, in our opinion, 
insufficient to fully inform such important deci-
sions.

Before public policy recommendations are craft-
ed, the cost-effectiveness of low-dose CT screen-
ing must be rigorously analyzed. The reduction 
in lung-cancer mortality must be weighed against 
the harms from positive screening results and 

Table 7. Cause of Death on the Death Certificate, According to Screening Group.*

Cause of Death Low-Dose CT Group Radiography Group Total

number/total number (percent)

Neoplasm of bronchus and lung† 427/1865 (22.9) 503/1991 (25.3) 930/3856 (24.1)

Other neoplasm 416/1865 (22.3) 442/1991 (22.2) 858/3856 (22.3)

Cardiovascular illness 486/1865 (26.1) 470/1991 (23.6) 956/3856 (24.8)

Respiratory illness 175/1865 (9.4) 226/1991 (11.4) 401/3856 (10.4)

Complications of medical 
or surgical care

12/1865 (0.6) 7/1991 (0.4) 19/3856 (0.5)

Other 349/1865 (18.7) 343/1991 (17.2) 692/3856 (17.9)

* A total of 3875 death certificates were received (1877 for participants in the low-dose CT group and 1998 for those in 
the radiography group), but the cause of death was unknown for 12 participants in the low-dose CT group and 7 in the 
radiography group. The denominators represent only the deaths for which the cause was known. Causes of death were 
categorized according to the following codes in the International Classification of Diseases, 10th Revision (ICD-10): neo-
plasms of bronchus and lung, C33-C34; neoplasms other than bronchus and lung, C00-D48 (excluding C33 and C34); 
 cardiovascular illness, I00-I99; respiratory illness, J00-J99; complications of medical or surgical care, S00-T17.8, T18-T99, 
and Y40-Y84; unknown, R96-R99 and death certificates without a coded cause of death; and other, all remaining codes.

† The number of deaths from neoplasm of the bronchus and lung in this table is not equal to the number of lung-cancer 
deaths in the lung-cancer mortality analysis. The lung-cancer deaths included here are those that were determined from 
information on the death certificate only (without review by the end-point verification team) and include deaths that oc-
curred through December 31, 2009.
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overdiagnosis, as well as the costs. The cost com-
ponent of low-dose CT screening includes not only 
the screening examination itself but also the di-
agnostic follow-up and treatment. The benefits, 
harms, and costs of screening will all depend on 
the way in which low-dose CT screening is im-
plemented, specifically in regard to the eligibility 
criteria, screening frequency, interpretation thresh-
old, diagnostic follow-up, and treatment. For ex-
ample, although there are currently only about 
7 million persons in the United States who would 
meet the eligibility criteria for the NLST, there are 
94 million current or former smokers6 and many 
more with secondhand exposure to smoke or other 
risk factors. The cost-effectiveness of low-dose CT 
screening must also be considered in the context 
of competing interventions, particularly smoking 
cessation. NLST investigators are currently ana-
lyzing the quality-of-life effects, costs, and cost-
effectiveness of screening in the NLST and are 
planning collaborations with the Cancer Interven-
tion and Surveillance Modeling Network to inves-
tigate the potential effect of low-dose CT screen-
ing in a wide range of scenarios.

Other strategies for early detection of lung can-
cer — in particular, molecular markers in blood, 
sputum, and urine, which can be studied in speci-

mens that were obtained as part of ACRIN’s 
NLST activities and are available to the research 
community — may one day help select persons 
who are best suited for low-dose CT screening or 
identify persons with positive low-dose CT screen-
ing tests who should undergo more rigorous di-
agnostic evaluation.
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