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Abstract
Background: Currently recommended cancer screening programs address only 
part of the overall population cancer burden. Even populations deemed high- risk 
for certain individual cancers experience a considerable potential burden of other 
cancers. However, few published cancer screening trials report the incidence of 
untargeted cancers.
Methods: The National Lung Screening Trial (NLST), initiated in 2002–2004, 
was a randomized controlled trial of lung cancer screening in adults with ≥30 
pack- years of smoking. Active follow- up for incident invasive cancers continued 
through 2009.
Results: Among 53,229 NLST subjects (median follow- up 6.5 years after rand-
omization), the incidence of lung cancer was 615 per 100,000 person- years (32% 
of 6142 overall first primary incident invasive cancers), and that of non- lung 
cancer was 1327 per 100,000 (68%). Non- lung cancer incidence exceeded that for 
lung cancer in all 5- year age categories and all quintiles of smoking pack- years. 
Besides lung cancer, the most common cancers were prostate, breast, colon/rec-
tum, bladder, and head/neck; 23% were smoking- related cancers, and 54% were 
cancer types lacking recommended population- based screening modalities (32% 
excluding prostate). Non- lung cancer comprised 48% of 1793 cancer deaths.
Conclusions: In the NLST, only 32% of first primary cancer incidence after study 
entry was lung, compared with 68% non- lung. Even in a population at high risk 
for lung cancer, a single- cancer screening test misses most cancers. Thus, in com-
bination with existing single- cancer screening modalities, multi- cancer screening 
tests—which address many of the incident non- lung cancers in this trial—have po-
tential to address a currently inaccessible portion of cancer morbidity and mortality.
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1  |  INTRODUCTION

Most public health goals for cancer control are based 
on the reduction of total population- level cancer mor-
bidity and mortality, yet prevention or early- detection 
programs that target single cancer types are unlikely to 
substantially lessen the overall cancer burden. No single 
cancer type accounts for more than one fifth of cancer 
mortality (lung cancer comprises 21% of annual cancer 
deaths in the United States and 18% worldwide), and no 
single type accounts for more than one sixth of cancer 
incidence.1,2 Therefore, single- cancer screening strate-
gies can address only a fraction of the total cancer bur-
den, especially given incomplete adherence to screening 
recommendations.3 Strategies that simultaneously ad-
dress multiple cancers have the potential to yield a far 
broader public health and economic benefit, especially 
as an addition to existing guideline- based single- cancer 
screening strategies.

The public health burden of cancers missed by single- 
cancer screening strategies can be characterized by eval-
uating the burden of all cancer diagnoses and deaths in a 
population targeted for screening based on high risk for 
those cancer types. For example, lung cancer screening 
in the United States is targeted to persons designated as 
high- risk based on age and smoking history. Older age 
and current smoking, in turn, are the two most import-
ant risk factors for the absolute and relative risks of all 
cancers combined.4 However, few cancer screening trials 
have reported the incidence of cancer types not targeted 
by the screening intervention (i.e., “untargeted” cancers). 
Although screening for invasive cancer cannot prevent 
cancer incidence (whereas screening for preinvasive le-
sions can be preventive), it can meaningfully affect out-
comes by shifting diagnosis from later stages to earlier 
stages, when curative treatment is more likely to occur5 
and quality of life may be improved.6 To further under-
stand the overall cancer burden in a high- risk population 
targeted for lung cancer screening, we evaluated the in-
cidence and mortality of all invasive cancers, especially 
non- lung, in the National Lung Screening Trial (NLST; 
NCT00047385), a US multicenter, randomized controlled 
trial comparing up to three rounds of screening of either 
low- dose helical computed tomography (CT) or chest ra-
diography for lung cancer screening among current and 
former heavy smokers.7,8

2  |  METHODS

The NLST study design has previously been described in 
detail.7,8 Briefly, between August 2002 and April 2004, 
53,452 adults aged 55–74 years at randomization, who 

had no history of cancer in the previous 5 years, had a 
≥30- pack- year history of cigarette smoking, and, if for-
mer smokers, had quit within the previous 15 years, were 
enrolled from 33 participating US medical institutions. 
Individuals were excluded if they had a past diagnosis 
of lung cancer, chest CT within 18 months before enroll-
ment, hemoptysis, or unexplained weight loss of >6.8 kg in 
the preceding year. Participants were randomized to three 
rounds of screening with either low- dose CT or chest radi-
ography, at baseline and two annual follow- up examina-
tions. The NLST was approved by the institutional review 
boards at the 33 participating medical institutions, and 
all participants provided written informed consent before 
randomization.

Participants were actively followed for all newly di-
agnosed cancers and vital status from study random-
ization through December 31, 2009. Incident cancers 
and deaths were identified by annual or semiannual 
participant- completed questionnaires, death certifi-
cates obtained through linkage with the National Death 
Index, and, rarely, direct notification by a participant's 
relative; all positive notifications of an incident can-
cer diagnosis were confirmed by medical record ab-
straction.9 Information was not collected on route to 
diagnosis (e.g., screening, general practitioner referral, 
emergency presentation) of non- lung cancers, or use of 
any cancer screening besides study- assigned lung can-
cer screening. Data on all incident cancers diagnosed 
during follow- up (up to four cancers per person) were 
coded using International Classification of Diseases for 
Oncology, 3rd edition (ICD- O- 3) codes for topography, 
morphology, behavior, and grade, as well as Surveillance, 
Epidemiology, and End Results (SEER) site categori-
zations derived from the ICD- O- 3 codes. The present 
analysis includes first invasive primary cancers (ICD- 
O- 3 behavior code 3/malignant) diagnosed after study 
randomization.

Death certificates were obtained for participants who 
were known to have died, and were used to classify cause 
of death. We included cancer deaths even if they were not 
preceded by a recorded incident cancer diagnosis, since 
cancer incidence may have been under- ascertained based 
on participant- completed questionnaires.

As previously reported,7,8 lung cancer incidence was 
modestly higher in the low- dose CT arm compared with 
the chest radiography arm during the active follow- up 
period (median 6.5 years), but this difference disappeared 
after extended follow- up (median 11.3 years), and non- 
lung cancer incidence was similar between the two study 
arms; therefore, we combined the two arms for analysis. 
Lung cancer mortality as of 2009 was reduced by 20% in 
the low- dose CT arm versus the chest radiography arm, 
but the percentage of deaths from other cancers was 
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similar between arms (22.3% and 22.2% of all deaths, re-
spectively).7 Incidence rates were calculated using person- 
time from randomization until cancer diagnosis, loss to 
follow- up (<4% of the study population), or the end of 
2009, whichever occurred first. Mortality rates were calcu-
lated per 100,000 persons through the end of 2009.

After excluding 225 subjects marked as ineligible or 
with missing or implausible values for dates or tumor type 
(Table S1), 53,229 eligible participants remained for anal-
ysis. We examined the following outcomes: incidence and 
mortality of all cancers; lung and non- lung cancers; can-
cers lacking currently recommended population screen-
ing guidelines based on United States Preventive Services 
Task Force (USPSTF) A-  and B- grade recommendations 
(i.e., types other than lung, female breast, colon/rectum, 
and cervix),10 and unscreened cancer types after addi-
tionally excluding prostate, which is not recommended 
by USPSTF (C- grade); smoking- related cancers besides 
lung (i.e., colon/rectum, bladder, head/neck, kidney, pan-
creas, esophagus, stomach, liver, acute myeloid leukemia, 
and cervix)11,12; and uncommon cancers, including rare 
cancers defined by the National Cancer Institute as those 
affecting <40,000 persons per year in the United States,13 
that is, myeloma, stomach cancer, brain/other nervous sys-
tem cancer, esophageal cancer, specific head and neck can-
cers, leukemia types, and other, lower- incidence cancers.2

For comparisons of cancer incidence between the NLST 
study population and the general US population, we used 
crude incidence rates of first primary invasive cancers 
from 2002 to 2009 among US adults aged 55–79 years in 
22 SEER geographic regions,14 accessed using SEER*Stat 
software.15

3  |  RESULTS

Based on 6142 first primary invasive cancers diagnosed 
during active follow- up of this population at high risk for 
lung cancer, the overall incidence rate of invasive can-
cer after study entry was 1942 per 100,000 person- years; 
32% of these cancers were lung cancer (615 per 100,000 
person- years, n = 1945), while 68% were not lung cancer 
(1327 per 100,000 person- years, n = 4197). Of the incident 
lung cancer cases, 901 (46%) were associated with a posi-
tive low- dose CT or chest radiography screening test; 793 
(41%) occurred after the study screening period. Route 
to diagnosis (screening- related or not) was not reported 
for cancer types other than lung. Cancer case counts and 
incidence rates are summarized in Figure 1 and Table 1. 
No currently recommended population- based screening 
strategy exists for 54% (3332 of 6142) of the total observed 
incident cancer cases (32% after additionally excluding 

F I G U R E  1  Incidence rates (per 100,000 person- years) of first primary invasive cancers diagnosed during follow- up after randomization 
in the National Lung Screening Trial (NLST) study population by cancer type and sex. aSmoking- related cancers.11,12
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prostate cancer; 1979 of 6142). Smoking- related cancers 
other than lung comprised 23% (1421 of 6142), while non- 
smoking- related cancers comprised 45% (2776 of 6142). 
Individually uncommon cancer types collectively ac-
counted for 16% of observed cancer cases (969 of 6142).

In all 5- year categories of age at enrollment, the non- 
lung cancer incidence rate exceeded that for lung cancer, 
especially at younger ages (Figure 2A). Non- lung cancer 
also exceeded lung cancer incidence in all quintiles of 
smoking pack- years at enrollment, especially in persons 
with fewer pack- years (Figure 2B). An alternative presen-
tation of these results with cancer types classified as lung, 
other smoking- related (besides lung), and non- smoking- 
related cancers is provided in Figure S1, which shows that 

the incidence of non- smoking- related cancers exceeded 
that of lung cancer in all age groups and all except the 
highest quintile of smoking pack- years.

The overall cancer incidence rate after study entry in 
the NLST (incidence rates per 100,000 person- years: 1942 
overall, 2212 in men, 1561 in women) exceeded that in the 
general US SEER population of adults aged 55–79 years 
from 2002 to 2009 (1543 overall, 1877 in men, 1252 in 
women) (Table 2; Figure S2). Most of the excess was due 
to lung cancer; otherwise, the incidence rate of non- lung 
cancers was comparable between NLST participants (1327 
overall, 1587 in men, and 960 in women) and the general 
SEER population (1306 overall, 1598 in men, and 1052 in 
women), with excesses of several strongly smoking- related 

T A B L E  1  Case counts and incidence rates (per 100,000 person- years) of first primary invasive cancer diagnosed during follow- up after 
randomization in the National Lung Screening Trial (NLST) study population.

Primary cancer type

Total (n = 53,229) Men (n = 31,411) Women (n = 21,818)

Cases (n) Incidence rate Cases (n) Incidence rate Cases (n) Incidence rate

Total 6142 1942 4079a 2212 2060 1561

Non- lung 4197 1327 2927a 1587 1267 960

Lungb 1945 615 1152 625 793 601

Prostate 1353 428 1350a 732 n/a n/a

Breast 524 166 7 4 517 392

Colon/rectumb 343 108 215 117 128 97

Urinary bladderb 241 76 199 108 42 32

Head/neckb 236 75 175 95 61 46

Other 217 69 139 75 78 59

Lymphoma 200 63 136 74 64 49

Kidneyb 182 58 134 73 48 36

Pancreasb 148 47 106 57 42 32

Melanoma 118 37 86 47 32 24

Esophagusb 93 29 79 43 14 11

Stomachb 66 21 54 29 12 9

Liver/intrahepatic bile ductb 61 19 54 29 7 5

Lymphoid leukemia 60 19 43 23 17 13

Thyroid 58 18 29 16 29 22

Uterus 57 18 n/a n/a 57 43

Brain/other nervous system 53 17 32 17 21 16

Myeloma 48 15 30 16 18 14

Myeloid leukemiab 46 15 38 21 8 6

Ovary 46 15 n/a n/a 46 35

Soft tissue Including heart 22 7 16 9 6 5

Anus 11 3 2 1 9 7

Gallbladder 9 3 3 2 6 5

Cervixb 5 2 n/a n/a 5 4

Abbreviation: n/a, not applicable.
aExcludes three cases with prostate cancer coded as female.
bSmoking- related cancers.11,12
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   | 5 of 10PATEL et al.

cancers (e.g., head/neck and esophagus) balanced by defi-
cits of other cancers (e.g., colon/rectum and melanoma).

Parallel results for cancer mortality in the NLST study 
population are presented in Table 3 and illustrated in the 
Data S1. Of the 1793 cancer deaths that occurred through 
2009, 933 (52%; 1753 per 100,000 persons) were from lung 
cancer and 860 (48%; 1616 per 100,000 persons) were 
from cancer types other than lung (Table  3; Figure  S3). 
The proportion of cancer mortality from non- lung types 
was higher among men (50%; 1891 per 100,000 persons, 
n = 594) than women (44%; 1219 per 100,000 persons, 
n = 266). Of all cancer deaths, 42% (757 of 1793) were 
from types lacking currently recommended screening 
guidelines (41% after additionally excluding prostate can-
cer; 732 of 1793). Smoking- related cancers other than lung 
represented a higher percentage of cancer deaths than 
incidence, accounting for 30% of cancer deaths (536 of 
1793), while non- smoking- related cancers accounted for 
18% (324 of 1793). Individually uncommon cancer types 
comprised 23% of cancer deaths (419 of 1793). Mortality 
rates from lung and non- lung cancers were comparable 
across categories of age at enrollment up to 69 years, but 
lung cancer mortality was appreciably higher in the old-
est group (ages 70–75 years at enrollment) (Figure S4A). 
Similarly, mortality from lung and non- lung cancers was 

similar across most quintiles of smoking pack- years at 
study entry, except in the highest quintile (Figure  S4B). 
Mortality from smoking- related cancers other than lung 
exceeded that from non- smoking- related cancers in all 
categories (Figures S5A,B).

4  |  DISCUSSION

In the NLST, a population designated as high- risk for tar-
geted lung cancer screening, only 32% of first primary can-
cer incidence was lung; non- lung cancer comprised more 
than twice as many cancers (68% of total cancers) after 
study entry, and more than half (54%) of incident cancers 
were types that currently have no generally recommended 
population- based screening strategy. Nearly half of cancer 
deaths (48%) were from non- lung cancer (absolute mor-
tality rate = 1.6%), including 42% without recommended 
screening guidelines. The most common incident can-
cer types after lung were the same as in the general US 
population2 (prostate, breast, and colon/rectum), as well 
as other smoking- related cancers such as urinary bladder 
and head/neck.11,12 These findings illustrate that even in 
a high- risk population—here, enriched for lung cancer by 
age and extensive smoking history, the two leading risk 

F I G U R E  2  Incidence rates (per 100,000 person- years) of first primary invasive lung and non- lung cancers diagnosed during follow- 
up after randomization in the National Lung Screening Trial (NLST) study population stratified by (A) age at enrollment or (B) cigarette 
smoking pack- years at enrollment.
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6 of 10 |   PATEL et al.

factors contributing to absolute risk of all cancers com-
bined4—a single- cancer screening test omits the majority 
of cancers diagnosed in the screened population. These 
results also highlight the value of smoking cessation for 
preventing multiple cancers in addition to lung.

Multi- cancer early detection (MCED) tests can ad-
dress a broad spectrum of cancers, including common 

and uncommon cancers that do not have recommended 
population- based screening strategies, giving such tests 
the potential to make a substantial impact on reducing 
cancer morbidity and mortality as an adjunct to existing 
guideline- based screening. MCED tests are designed to 
maintain a very low overall false- positive rate for all can-
cers combined, for example, 0.5% in a large validation 

NLST SEER

Total 
(n)

Men 
(n)

Women 
(n)

Total 
(n)

Men 
(n)

Women 
(n)

Total 1942 2212 1561 1543 1877 1252

Non- lung 1327 1587 960 1306 1598 1052

Lunga 615 625 601 237 280 201

Prostate 428 732 n/a 299 642 n/a

Breast 166 4 392 195 4 361

Colon/
rectuma

108 117 97 150 178 127

Urinary 
bladdera

76 108 32 71 117 31

Head/necka 75 95 46 50 79 25

Other 69 75 59 96 109 85

Lymphoma 63 74 49 62 72 53

Kidneya 58 73 36 50 69 34

Pancreasa 47 57 32 39 44 35

Melanoma 37 47 24 49 69 32

Esophagusa 29 43 11 17 29 7

Stomacha 21 29 9 24 33 16

Liver/
intrahepatic 
bile ducta

19 29 5 24 38 13

Lymphoid 
leukemia

19 23 13 19 26 14

Thyroid 18 16 22 21 14 27

Uterus 18 n/a 43 45 n/a 84

Brain/other 
nervous 
system

17 17 16 15 19 13

Myeloma 15 16 14 21 25 18

Myeloid 
leukemiaa

15 21 6 15 18 12

Ovary 15 n/a 35 20 n/a 38

Soft tissue 
including 
heart

7 9 5 7 9 6

Anus 3 1 7 5 4 5

Gallbladder 3 2 5 4 3 5

Cervixa 2 n/a 4 7 n/a 14

Abbreviation: n/a, not applicable.
aSmoking- related cancers.11,12

T A B L E  2  Primary invasive cancer 
incidence rates (per 100,000 person- years) 
in the National Lung Screening Trial 
(NLST) study population (enrolled in 
2002–2004, followed through 2009) and 
among US adults aged 55–79 years in the 
Surveillance, Epidemiology, and End 
Results (SEER) 22 registries, 2002–2009.
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study of one commercially available MCED test,16 Galleri®, 
that is currently being evaluated for clinical utility in a 
large, randomized controlled trial.17 In contrast, com-
bined single- cancer screening tests, which generally have 
higher sensitivity for individually targeted cancer types 
than MCED tests, have a high cumulative false- positive 
rate that is two orders of magnitude higher (e.g., 49% for 
women and 60% for men at the end of the 3- year screen-
ing period in the Prostate, Lung, Colorectal, and Ovarian 
[PLCO] Cancer Screening Trial).18 Thus, MCED tests can 
be used in addition to existing screening without adding 
a large false- positive burden.19 Other issues that merit 
further consideration in the development and implemen-
tation of MCED tests include variation in tumor biology, 

clinical course, risk factors, treatment options, and other 
disease characteristics, many of which have been evalu-
ated in clinical research and modeling studies.16,17,19–24

This study is strengthened by its use of a well- described 
screening population for whom elevated risk was clearly 
defined, with high completeness of follow- up (96% for 
vital status7). A minor limitation is the ascertainment of 
incident cancers based largely on self- reported question-
naire data, although positive reports were validated by 
medical records review. Thus, overall cancer incidence, 
especially for non- lung cancer, may have been underes-
timated in both trial arms, although probably not sub-
stantially so, given the trial setting. We did not distinguish 
screen- detected from non- screen- detected lung cancers, 

T A B L E  3  Death counts and cancer- specific mortality rates (per 100,000 persons) during follow- up after randomization in the National 
Lung Screening Trial (NLST) study population.

Primary cancer type

Total (n = 53,229) Men (n = 31,411) Women (n = 21,818)

Deaths (n) Mortality rate Deaths (n) Mortality rate Deaths (n)
Mortality 
rate

Total 1793 3368 1189 3785 604 2768

Non- lung 860 1616 594 1891 266 1219

Lunga 933 1753 595 1894 338 1549

Pancreasa 160 301 113 360 47 215

Other 106 199 77 245 29 133

Esophagusa 73 137 64 204 9 41

Colon/rectuma 69 130 41 131 28 128

Brain/other nervous system 53 100 32 102 21 96

Myeloid leukemiaa 53 100 41 131 12 55

Liver/intrahepatic bile ducta 47 88 39 124 8 37

Head/necka 45 85 35 111 10 46

Urinary bladdera 44 83 37 118 7 32

Breast 33 62 0 0 33 151

Lymphoma 30 56 23 73 7 32

Prostate 25 47 25 80 n/a n/a

Ovary 23 43 n/a n/a 23 105

Stomacha 23 43 18 57 5 23

Kidneya 21 39 16 51 5 23

Myeloma 20 38 12 38 8 37

Soft tissue including heart 9 17 8 25 1 5

Melanoma 8 15 6 19 2 9

Lymphoid leukemia 4 8 4 13 0 0

Thyroid 4 8 1 3 3 14

Uterus 4 8 n/a n/a 4 18

Gallbladder 3 6 1 3 2 9

Anus 2 4 1 3 1 5

Cervixa 1 2 n/a n/a 1 5

Abbreviation: n/a, not applicable.
aSmoking- related cancers.11,12
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8 of 10 |   PATEL et al.

or compare their mortality with that expected in the gen-
eral population. Additionally, for non- lung cancers, the 
NLST did not collect information on stage at diagnosis, 
use of screening, results of any screening tests (including 
false positives), or route to diagnosis.

Evaluating the incidence and mortality of all cancers 
in study populations targeted by single- cancer or selected- 
cancer screening strategies helps contextualize the propor-
tion of the cancer burden addressed by the intervention. 
Although numbers are often unreported, the proportion 
of untargeted cancers, when reported, is substantial. For 
example, in the PLCO trial of 154,901 men and women 
aged 55–74 years, targeted cancers comprised 55% of in-
cident cancers identified during 13 years of follow- up 
(n = 14,698, including 8468 prostate, 3567 lung, 2291 colon/
rectum, and 372 ovary), whereas cancers untargeted by 
the screening intervention comprised 45% (n = 11,850, in-
cluding 4438 breast, 2555 hematologic, 1430 bladder, 776 
kidney, and 753 pancreas).25 In the Cancer of Pancreas 
Screening- 5 trial of 1461 high- risk individuals with ger-
mline susceptibility gene variants and/or family history 
of pancreatic cancer, nine patients were diagnosed with 
pancreatic cancer during study surveillance, whereas 73 
other, non- pancreatic cancers were diagnosed during the 
same time frame26; thus, the screened cancer comprised 
11% of total cancer incidence in a cohort enriched for pan-
creatic cancer. Although few large cancer screening trials 
have reported the incidence of untargeted cancers or other 
competing risks, several reported that mortality from un-
targeted cancers exceeded that of targeted types, such as 
lung, breast, prostate, colorectal, and ovarian cancers.27–33 
Most of the untargeted cancer types in these trials can be 
detected by MCED tests, although a mortality benefit of 
MCED screening has not yet been demonstrated.

5  |  CONCLUSION

To our knowledge, no major cancer screening trials 
have reported the incidence of untargeted cancers by 
stage at diagnosis, which would enable estimation of 
the potential burden of cancer averted through tar-
geted or incidental early detection. Yet, cancer screen-
ing trials often report all- cancer and all- cause mortality 
as secondary study endpoints. Even with cancer likely 
to surpass cardiovascular disease globally as the lead-
ing cause of premature death,34 single- cancer screening 
strategies address at most only one fifth of total cancer 
morbidity and mortality1,2 and a considerably smaller 
fraction of all- cause mortality. Therefore, we encour-
age screening trial investigators to routinely report the 
incidence of all cancer types, ideally by stage at diagno-
sis, and cancer mortality by type when publishing trial 

results. In screening trials for selected high- risk popula-
tions, such results can identify other cancer types that 
might be influenced by cancer control measures (e.g., 
screening of genetically susceptible groups). We also 
urge reporting of all cancer screening activities, includ-
ing results, within screening trial populations to enable 
evaluation of the total false- positive burden, adherence 
to multiple screening regimens, and other endpoints.19 
More broadly, reporting of overall cancer incidence and 
mortality data provide useful insight on how far we still 
have to go to reduce the population burden of cancer, 
and—in the future—such data can shed light on how far 
we have progressed toward achieving this overarching 
goal. To maximize the reduction of morbidity and mor-
tality from any cancer, strategies such as MCED tests 
should be considered in combination with existing rec-
ommended single- cancer screening modalities.
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