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A B S T R A C T

Background: Country-specific evidence is needed to guide decisions regarding whether and how to imple-
ment lung cancer screening in different settings. For this study, we estimated the potential numbers of indi-
viduals screened and lung cancer deaths prevented in Brazil after applying different strategies to define
screening eligibility.
Methods: We applied the Lung Cancer Death Risk Assessment Tool (LCDRAT) to survey data on current and
former smokers (ever-smokers) in 15 Brazilian state capital cities that comprise 18% of the Brazilian popula-
tion. We evaluated three strategies to define eligibility for screening: (1) pack-years and cessation time (�30
pack-years and <15 years since cessation); (2) the LCDRAT risk model with a fixed risk threshold; and (3)
LCDRAT with age-specific risk thresholds.
Findings: Among 2.3 million Brazilian ever-smokers aged 55�79 years, 21,459 (95%CI 20,532�22,387) lung
cancer deaths were predicted over 5 years without screening. Applying the fixed risk-based eligibility defini-
tion would prevent more lung cancer deaths than the pack-years definition [2,939 (95%CI 2751�3127) vs.
2,500 (95%CI 2318�2681) lung cancer deaths], and with higher screening efficiency [NNS=177 (95%CI
170�183) vs. 205 (95%CI 194�216)], but would tend to screen older individuals [mean age 67.8 (95%CI
67.5�68.2) vs. 63.4 (95%CI 63.0�63.9) years]. Applying age-specific risk thresholds would allow younger
ever-smokers to be screened, although these individuals would be at lower risk. The age-specific thresholds
strategy would avert three-fifths (60.1%) of preventable lung cancer deaths [N = 2629 (95%CI 2448�2810)]
by screening 21.9% of ever-smokers.
Interpretation: The definition of eligibility impacts the efficiency of lung cancer screening and the mean age of
the eligible population. As implementation of lung screening proceeds in different countries, our analytical
framework can be used to guide similar analyses in other contexts. Due to limitations of our models, more
research would be needed.

© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND IGO license
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1. Introduction

Low-dose CT (LDCT) screening can prevent lung cancer deaths in
high-risk populations. Two large randomized controlled trials - the
US National Lung Screening Trial (NLST) and the Neder-
lands�Leuvens Longkanker Screenings Onderzoek (NELSON) - have
shown a statistically significant lung cancer mortality reduction with
LDCT screening among current and former smokers [1]. The NLST
reported a 20% lung cancer mortality reduction with three annual
LDCT screens compared to chest radiography [2] and NELSON
showed a 24% reduction among men (primary analysis) and 33%
among women with 4 screens over 5.5 years [3].

The US Preventive Services Task Force (USPSTF) first recom-
mended screening in 2013 for ever-smokers aged 55�80 years with
a history of 30 or more pack-years and less than 15 years since cessa-
tion [4]. Based on the most recent findings from clinical trials, several
countries are now considering implementing population-based lung
cancer screening programs [5,6]. In Brazil, a preliminary trial found
that lung cancer screening was feasible among ever-smokers with 30
pack-years and yielded a similar lung cancer detection rate to the
NLST, with the majority of patients diagnosed at stages 1A-1B [7].
Another study in Brazil offered lung cancer screening to current and
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Research in context

Evidence before this study

Evidence is needed to guide decisions regarding how to define
lung cancer screening eligibility and evaluate its potential
impact in preventing lung cancer deaths. We performed a
PubMed search without any date restrictions including the
terms “lung cancer screening”, and “Brazil” and confirmed
there is a lack of studies exploring the potential impact of dif-
ferent strategies to define eligibility for lung screening in Brazil.

Added value of this study

We estimated the potential benefits of lung cancer screening
under different eligibility strategies in 15 state capital cities in
Brazil. A pack-years eligibility strategy identifies 57.1% of pre-
ventable lung-cancer deaths as screening-eligible by screening
21.8% of all ever-smokers. A risk-model based strategy with a
fixed threshold potentially identifies 67.1% of preventable lung-
cancer deaths as screening-eligible by screening 22.1% of all
ever-smokers. The risk-based strategy requires fewer partici-
pants screened to prevent one lung cancer death, but screens
older individuals on average (mean age 67.8 vs. 63.4 years).
Applying age-specific risk thresholds could reduce the mean
age of the screened population.

Implications of all the available evidence

In this study, we developed an approach to estimate the poten-
tial benefits of large-scale lung cancer screening in Brazil. Our
analytical framework can be used to guide further studies that
provide country-specific evidence for the choice of eligibility
strategies. In a short-term period, the full implementation of a
lung cancer screening program in fifteen capital cities could
prevent over 2,500 lung cancer deaths in Brazil by screening
approximately 500,000 current and former smokers. Different
strategies for eligibility substantially impact the efficiency of
screening and the mean age of the population screened.
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former smokers older than 45 years, regardless of tobacco exposure.
In a secondary analysis, lung cancer detection was much higher
among individuals identified as high-risk by the PLCOm2012 risk pre-
diction model (5.7% vs. 0.2%) [8].

These findings stress the importance of identifying an appropriate
target population for lung cancer screening, taking into consideration the
epidemiological context of the local setting. Multiple studies have shown
that risk prediction models may more efficiently select ever-smokers for
screening compared with pack-years guidelines [9,10]. In this approach,
predicted lung cancer risk is calculated using individual characteristics
(e.g., age, smoking intensity and smoking duration) and then compared
with a risk threshold to definewho is eligible [11].

In many countries, evidence is needed regarding how to best
define the target population for screening. The impact and efficiency
of lung cancer screening is driven by eligibility criteria and the start-
ing and stopping ages for screening. In each country, the population
of current and former smokers has a unique demographic structure
with respect to age and smoking prevalence, and therefore national
modeling studies are required to understand the potential effects of
different eligibility strategies and to choose the best target popula-
tion. In this study we estimated the number of individuals screened
and preventable lung cancer deaths for different eligibility strategies
in Brazil. We focus on ever-smokers aged 55�79 years residing in 15
major cities across three regions that comprise 18% of the total Brazil-
ian population.
2. Methods

2.1. General approach

Our general approach and analytical framework for comparing
different eligibility strategies for lung cancer screening is shown in
Supplementary Figure 1, which illustrates the overall steps of our
analysis but not the detailed aspects of its implementation. The
approach includes the following overarching steps: (a) use of national
survey data to estimate the population of current and former smok-
ers specific to age, smoking intensity, and quit-years; (b) application
of potential eligibility strategies to classify individuals in the survey
data as eligible or ineligible for screening; (c) estimation of the num-
ber of lung cancer cases and deaths over a specified time period; and
(d) application of screening effectiveness estimates in the screening-
eligible population to estimate the impact of screening on lung cancer
cases and deaths. We did not estimate other impacts of screening,
such as the number of nodule surveillance scans needed, or invasive
procedures for benign nodules. The magnitude of these harms
depends on the nodule management protocol employed [12].

2.2. Data source and population

To estimate the population of current and former smokers, we
analyzed data from the 2006�2017 Brazilian Surveillance System of
Risk and Protective Factors for Chronic Diseases (Vigitel) Survey. The
survey selected households using probabilistic random sampling, tar-
geting adults aged 18 years and older living in selected state capital
cities [13]. We obtained non-identifiable individual-level data for 15
capital cities between 2006 and 2017 [14]. Some variables were not
available for the years 2012�2017 and were imputed using data
from 2006 to 2011 (see Supplementary material). The estimated total
population by age and sex for mid-year 2014 was obtained from the
Brazilian Institute of Geography and Statistics. We implemented a
method combining bootstrap estimation with multiple imputation
[15] to address missing data (see Supplementary material). We ana-
lyzed individuals aged 55 to 79, using an upper age threshold of 79
rather than 80 because population estimates were available only in
5-year age groups. Our study used publicly available secondary sour-
ces of data and no ethical committee approval was required.

2.3. Prediction of lung cancer deaths

We used a simplified version of the Lung Cancer Death Risk
Assessment Tool (LCDRAT) [16] to predict lung cancer deaths in the
Brazilian population. LCDRAT was developed using data from the
Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial
[17] and has been validated externally in four US cohorts [11],
although not specifically in the Brazilian setting due to lack of avail-
able cohort data. The model calculates five-year risk of lung cancer
death in the absence of screening. The simplified version includes
age, sex, smoking intensity, smoking duration, and time since smok-
ing cessation [11]. LCDRAT accounts for competing causes of death
using a separate component to predict mortality from causes other
than lung cancer. To assess whether the LCDRAT projections are rea-
sonable, we compared the number of lung cancer deaths predicted
by LCDRAT to the number recorded by the national mortality system
in Brazil [18].

2.4. Modeling the effect of screening eligibility strategies

We estimated the effect of different strategies to define screening
eligibility among 55�79 year-olds in the Brazilian population
described above. The first strategy follows the USPSTF 2013 categori-
cal criteria, specifically at least 30 pack-years smoked and no more
than 15 quit-years. For the second strategy, we applied eligibility
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based on lung cancer death risk by the LCDRAT model of at least 1.2%
over 5 years. This cut-point was previously chosen to select a similar
number of individuals as USPSTF criteria in the US [16]. The third
strategy consisted of choosing age-specific risk-thresholds that
would select a similar number of ever-smokers in each age category
as the pack-years strategy. The age-specific thresholds strategy was
intended to reduce the mean age of the population selected using a
fixed 1.2% risk threshold, while potentially maintaining the efficiency
of risk-based eligibility.

We estimated the potential benefits of lung cancer screening by
assuming that three rounds of annual LDCT screening would reduce
lung cancer mortality by 20% as in the NLST [2]. The NLST lung cancer
mortality ratio of 0.80 was previously shown to be consistent across
categories of baseline risk, while the absolute number of lung cancers
deaths prevented varies [19]. For each eligibility strategy, we esti-
mated the number of individuals eligible for screening, the number
of expected lung cancer deaths in the absence of screening, the num-
ber of lung cancer deaths prevented, and the number needed to
screen (NNS) to prevent one lung cancer death [20].

The USPSTF recently updated its recommendation for lung cancer
screening eligibility, lowering the age threshold from 55 to 50 and
the pack-year threshold from 30 to 20 pack-years [21]. Such criteria
substantially broaden the eligible population for screening and may
not be well-suited to all settings, including settings that are newly
implementing lung cancer screening and thus may require more
restrictive initial criteria. Therefore, in this study focused on Brazil,
we separately present results for the age group 50�54 years, but oth-
erwise focus on results calculated among 55�79 year-olds.

Statistical analyses were performed using R software (further
detail and code is provided in supplementary material).

2.5. Role of funding source

The funding source had no involvement in the study design, in the
collection, analysis, and interpretation of data, in the writing of the
report, and in the decision to submit the article for publication.

3. Results

Table 1 describes the current or former smoking Brazilian popula-
tion aged 55�79 in the 15 state capital cities by sex, age, and geo-
graphical region. Of the population aged 55�79 in 2014, current
smokers represented 11.8% (95%CI 11.2�12.3%) and former smokers
represented 30.3% (95%CI 29.6�30.9%), for a total of 2.3 million ever-
smokers. In brief, the LCDRAT risk model showed an overprediction
of 17% more deaths compared with the national mortality system
Table 1
Estimated number and percentage of current and former smokers aged

Current smokers

Percentage (95%CI) Population (95%CI)

Sex
Female 10.1 (9.4�10.7) 333,966 (313,568�354,364)
Male 14.4 (13.4�15.4) 326,206 (302,834�349,579)
Age
55�59 16.0 (14.8�17.3) 265,599 (245,267�285,932)
60�64 11.4 (10.4�12.3) 177,705 (162,404�193,007)
65�69 11.5 (10.2�12.9) 114,801 (101,551�128,051)
70�74 8.9 (7.6�10.1) 69,847 (60,144�79,550)
75�79 5.5 (4.5�6.6) 32,220 (26,044�38,396)
Region
Northeast 8.1 (7.7�8.6) 118,469 (111,845�125,093)
South 13.2 (12.5�14.0) 83,198 (78,408�87,988)
Southeast 13.1 (12.3�14.0) 458,505 (428,466�488,544)

The state capital cities analyzed include: Aracaju, Fortaleza, Joao Pessoa
Rio de Janeiro, S~ao Paulo, Curitiba, Florian�opolis and Porto Alegre.
across a similar period (details and age-stratified results in the
Supplementary).

The pack-years eligibility strategy selected similar proportions of
individuals for screening across groups defined by age and region in
both current and former smokers, although more male current smok-
ers were selected than females (56.1% vs. 39.9%, respectively)
(Table 2). Applying eligibility based on the LCDRAT risk model with a
fixed 1.2% risk threshold, the proportion of individuals eligible
increased strongly with age, ranging from 19.4% (55�59 years-old) to
100% (75�79 years-old) among current smokers and from less than
1% to 36.6% in former smokers. The populations selected by these
two strategies are visually compared in Supplementary Fig. 1.

A comparison of the overall predicted benefits of screening using
the pack-years, risk-based fixed-threshold, and age-specific thresh-
olds strategies is shown in Table 3. For comparison, we estimated
that if all ever-smokers were screened, 4378 deaths could be pre-
vented over 5 years (among a total of 21,459 deaths) but with a high
NNS of 538 (95%CI 517�599, Table 3). The pack-years strategy poten-
tially identifies 57.1% (N = 2500) of preventable lung cancer deaths by
screening 21.8% of ever-smokers. The risk-based fixed-threshold
strategy potentially identifies 67.1% (N = 2939) of preventable lung
cancer deaths by screening 22.1% of ever-smokers. The fixed-thresh-
old strategy therefore requires fewer participants screened to pre-
vent one lung cancer death, with the NNS=177 (95%CI 170�183)
versus NNS=205 (95%CI 194�216). Applying age-specific thresholds
chosen to select a similar number of individuals in each age category
as the pack-years strategy, we estimated that over 5 years, LDCT
screening could identify approximately 2629 (60.1%) preventable
lung cancer deaths by screening 21.9% of current and former smok-
ers. Supplementary Table 2 shows results obtained for the pack-years
and fixed-threshold strategies when using eligibility criteria similar
to the USPSTF 2021 recommendation, i.e., age 50�79 with at least 20
pack-years and no more than 15 quit-years.

Table 4 shows estimated outcomes by age group for different eli-
gibility strategies, including the 50�54 year-old age group. As
expected, the age-specific thresholds increased strongly with age,
ranging from a 5-year lung cancer death risk of 0.36% for 50�54
year-olds to 3.46% among 75�79 year-olds. In general, the age-spe-
cific thresholds allowed more lung cancer deaths to be prevented in
each age group than the pack-years strategy, thus yielding a lower
NNS. Compared with the fixed-threshold strategy, age-specific
thresholds prevented more deaths in younger age groups, but fewer
deaths in older age groups.

Using the age-specific threshold strategy, the proportion of eligi-
ble smokers was similar across age groups, ranging between 19.6%
and 23.1% (to match pack-year-based eligibility) (Table 4). In contrast,
55�79 years in fifteen state capital cities in Brazil, 2014.

Former smokers

Percentage (95%CI) Population (95%CI)

22.9 (22.1�23.6) 759,432 (733,451�785,412)
41.2 (39.9�42.6) 934,094 (903,271�964,917)

30.1 (28.7�31.6) 499,234 (474,808�523,660)
32.1 (30.6�33.5) 501,678 (478,776�524,580)
29.7 (28.2�31.3) 295,796 (280,171�311,421)
28.1 (26.4�29.8) 221,454 (208,003�234,905)
30.1 (28.1�32.2) 175,363 (163,333�187,392)

30.2 (29.4�30.9) 440,877 (429,863�451,891)
29.5 (28.5�30.4) 185,336 (179,173�191,499)
30.5 (29.4�31.6) 1,067,313 (1,028,093�1,106,533)

, Macei�o, Natal, Recife, Teresina, Salvador, Belo Horizonte, Vitoria,



Table 2
Estimated number and percentage of current and former smokers aged 55�79 years eligible for low-dose CT lung cancer screening
under different eligibility strategies in fifteen state capital cities in Brazil.

Current smokers Former smokers

Percentage (95%CI) Population and 95%CI Percentage and 95%CI Population and 95%CI

Pack-year strategy
Sex
Female 39.9 (36.5�43.2) 133,120 (119,437�146,804) 10.3 (8.5�12.2) 78,464 (64,374�92,554)
Male 56.1 (52.1�60.1) 182,941 (163,864�202,017) 12.6 (10.4�14.8) 117,722 (96,527�138,918)
Age
55�59 46.9 (42.5�51.3) 124,468 (108,379�140,557) 10.1 (7.3�12.8) 50,180 (36,121�64,238)
60�64 45.0 (40.3�49.7) 80,003 (69,365�90,640) 12.1 (9.3�14.9) 60,700 (46,362�75,039)
65�69 50.8 (44.2�57.4) 58,275 (47,981�68,568) 12.2 (9.5�14.9) 36,078 (27,964�44,191)
70�74 49.3 (41.8�56.9) 34,442 (27,601�41,283) 12.4 (9.1�15.7) 27,476 (19,964�34,987)
75�79 58.6 (48.5�68.7) 18,873 (13,821�23,925) 12.4 (8.4�16.5) 21,753 (14,506�28,999)
Region
Northeast 44.9 (41.8�48.0) 53,184 (48,477�57,891) 10.4 (9.2�11.7) 45,949 (40,229�51,668)
South 46.6 (43.4�49.8) 38,771 (35,212�42,330) 11.9 (10.3�13.6) 22,119 (18,994�25,245)
Southeast 48.9 (45.2�52.5) 224,106 (201,343�246,869) 12.0 (9.6�14.4) 1281,18 (102,096�154,141)
Risk-based strategy with fixed threshold
Sex
Female 45.7 (42.4�49.0) 152,733 (138,541�166,924) 7.8 (6.6�9.0) 59,306 (50,006�68,605)
Male 60.5 (56.4�64.5) 197,183 (179,352�215,014) 11.8 (10.0�13.6) 110,004 (92,817�127,191)
Age
55�59 19.4 (16.2�22.6) 51,507 (42,347�60,667) 0.7 (0.1�1.3) 3,396 (361�6,432)
60�64 48.0 (43.3�52.7) 85,339 (74,370�96,309) 3.9 (2.3�5.5) 19,518 (11,629�27,408)
65�69 96.8 (94.9�98.6) 111,078 (97,974�124,181) 11.2 (8.4�13.9) 32,967 (24,593�41,342)
70�74 99.9 (99.7�100) 69,772 (60,115�79,428) 22.3 (18.4�26.1) 49,323 (40,292�58,353)
75�79 100 (NA) 32,220 (26,079�38,361) 36.6 (30.6�42.5) 64,105 (52,699�75,512)
Region
Northeast 54.6 (51.5�57.6) 64,620 (59,801�69,440) 9.4 (8.1�10.6) 41,241 (35,623�46,859)
South 50.0 (46.8�53.2) 41,607 (38,147�45,067) 10.6 (9.3�12.0) 19,684 (17,107�22,260)
Southeast 53.2 (49.6�56.7) 243,688 (221,578�265,798) 10.2 (8.5�11.8) 108,385 (90,123�126,648)

The state capital cities analyzed include: Aracaju, Fortaleza, Joao Pessoa, Macei�o, Natal, Recife, Teresina, Salvador, Belo Horizonte,
Vitoria, Rio de Janeiro, S~ao Paulo, Curitiba, Florian�opolis and Porto Alegre.
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the proportion of eligible smokers selected by the fixed-threshold
strategy increased strongly with age, ranging from 0.30% in 50�54
year-olds to 46.4% in 75�79 year-olds. The percentage of preventable
lung cancer deaths eligible for screening similarly increased from
1.9% to 84.6% across the age ranges. Thus, the age-specific threshold
approach might prevent more lung cancer deaths than pack-years
criteria (2,629 vs. 2,500, Table 3), but fewer than the fixed-threshold
approach (2,939). However, the mean age of eligible individuals was
much lower for the age-specific threshold approach (63.8 years) than
the fixed threshold approach (67.8 years), indicating that the age-
specific thresholds approach would likely save more life-years per
prevented death.
Table 3
Estimated outcomes of lung cancer screening under different eligibility strategies for curre

Outcomes

All ever-smokers Pack-

Number of eligible individuals 2,353,698 (2,309,301�2,398,095) 512,2
Percentage of eligible individuals 100 21.8
Lung cancer deaths in the absence of

screening
21,459 (20,532�22,387) 12,25

Number of preventable lung cancer deaths
eligible

4,378 (4,189�4,567) 2,500

Percentage of preventable lung cancer deaths
eligible

100 57.1

NNS to prevent 1 lung cancer death 538 (517�559) 205 (
Mean 5-year lung cancer death risk 0.91 (0.88�0.95) 2.39 (
Mean age among screening-eligible

individuals
63.6 (63.5�63.8) 63.4 (

x 55�79 years-old, at least 30 pack-years smoked, and less than 15 years since quitting.
y Eligibility by the Lung Cancer Death Risk Assessment Tool (LCDRAT) with a single thres
* Eligibility by the Lung Cancer Death Risk Assessment Tool (LCDRAT) with 5-year risk t

as the pack-years strategy (see Table 4).
4. Discussion

Here, we developed an approach to estimate the potential bene-
fits (but not harms) of large-scale lung cancer screening considering
2.3 million current and former smokers living in 15 state capital cities
in Brazil. While it is imperative that such strategies be evaluated via
pilot projects taking into consideration age structure, life-expectancy,
and smoking profiles prior to the rollout of programmes, our study
nonetheless provides evidence to guide the choice between different
strategies for defining the target population for screening. We found
that applying risk-model-based eligibility with a fixed risk threshold
among 55�79 year-olds in Brazil would prevent more lung cancer
nt and former smokers aged 55�79 in fifteen state capital cities in Brazil.

Screening strategies

yearsx Fixed risk threshold (1.2%)y Age-specific risk thresholds*

47 (477,315�547,180) 519,226 (490,411�548,040) 515,089 (485,524�544,655)
22.1 21.9

4 (11,364�13,144) 14,408 (13,486�15,330) 12,886 (11,998�13,775)

(2,318�2,681) 2,939 (2,751�3,127) 2,629 (2,448�2,810)

67.1 60.1

194�216) 177 (170�183) 196 (187�205)
2.26�2.53) 2.77 (2.68�2.87) 2.5 (2.39�2.61)
63�63.9) 67.8 (67.5�68.2) 63.8 (63.4�64.2)

hold of 1.2% 5-year risk.
hresholds defined individually by age group to select the same number of individuals



Table 4
Estimated outcomes of lung cancer screening under different eligibility strategies for current and former smokers aged 55�79 in fifteen state capital cities in Brazil, stratified by age
group.

Screening strategies

All ever-smokers Pack-yearsx Fixed risk threshold (1.2%)y Age-specific risk thresholds

Age 50�54 years (threshold=0.36%)
Number of eligible individuals 972,991 (938,923�1007,059) 195,576 (173,355�217,797) 3,313 (380�6,245) 204,668 (183,002�226,335)
Percentage of eligible individuals 100 20.1 0.3 21.0
Lung cancer deaths in the absence of screening 2,197 (2,055�2,339) 1,139 (1,003�1,275) 42 (5�80) 1,214 (1,077�1,351)
Number of preventable lung cancer deaths eligible 448 (419�477) 2,32 (205�260) 9 (1�16) 248 (220�276)
Percentage of preventable lung cancer deaths eligible 100 51.8 1.9 55.3
NNS to prevent 1 lung cancer death 2,171 (2,055�2,288) 842 (799�885) 385 (378�392) 826 (793�860)
Age 55�59 years (threshold=0.64%)
Number of eligible individuals 764,833 (738,486�791,181) 174,648 (153,788�195,508) 54,903 (45,284�64,523) 175,787 (156,823�194,751)
Percentage of eligible individuals 100 22.8 7.2 23.0
Lung cancer deaths in the absence of screening 3,149 (2,945�3,354) 1,780 (1,576�1,983) 846 (697�995) 1,873 (1,670�2,075)
Number of preventable lung cancer deaths eligible 642 (601�684) 363 (322�405) 173 (142�203) 382 (341�423)
Percentage of preventable lung cancer deaths eligible 100 56.5 26.9 59.5
NNS to prevent 1 lung cancer death 1,191 (1,126�1,255) 481 (456�505) 318 (308�328) 460 (443�477)
Age 60�64 years (threshold=0.99%)
Number of eligible individuals 679,383 (655,194�703,572) 140,703 (123,591�157,815) 104,858 (91,804�117,912) 141,786 (126,508�157,065)
Percentage of eligible individuals 100 20.7 15.4 20.9
Lung cancer deaths in the absence of screening 4,363 (4,063�4,663) 2,433 (2,144�2,722) 2,194 (1,908�2,481) 2,595 (2,297�2,893)
Number of preventable lung cancer deaths eligible 890 (829�951) 496 (437�555) 448 (389�506) 529 (469�590)
Percentage of preventable lung cancer deaths eligible 100 55.7 50.3 59.4
NNS to prevent 1 lung cancer death 763 (718�809) 283 (263�303) 234 (224�244) 268 (256�280)
Age 65�69 years (threshold=1.55%)
Number of eligible individuals 410,597 (393,173�428,022) 94,353 (81,555�107,151) 144,045 (128,963�159,126) 94,795 (82,191�107,400)
Percentage of eligible individuals 100 23.0 35.1 23.1
Lung cancer deaths in the absence of screening 4,665 (4,228�5,101) 2,808 (2,369�3,248) 3,620 (3,175�4,064) 2,942 (2,502�3,382)
Number of preventable lung cancer deaths eligible 952 (863�1041) 573 (483�663) 738 (648�829) 600 (510�690)
Percentage of preventable lung cancer deaths eligible 100 60.2 77.5 63.0
NNS to prevent 1 lung cancer death 432 (398�465) 165 (154�176) 195 (183�207) 158 (149�166)
Age 70�74 years (threshold=2.57%)
Number of eligible individuals 291,301 (276,618�305,984) 61,918 (51,918�71,917) 119,094 (106,358�131,831) 62,130 (52,814�71,446)
Percentage of eligible individuals 100 21.3 40.9 21.3
Lung cancer deaths in the absence of screening 4,880 (4,415�5,344) 2,795 (2,341�3,250) 4,020 (3,544�4,497) 2,942 (2,490�3,395)
Number of preventable lung cancer deaths eligible 995 (901�1090) 570 (478�663) 820 (723�917) 600 (508�693)
Percentage of preventable lung cancer deaths eligible 100 57.3 82.4 60.3
NNS to prevent 1 lung cancer death 293 (270�316) 109 (101�116) 145 (136�154) 104 (98�109)
Age 75�79 years (threshold=3.46%)
Number of eligible individuals 207,583 (195,026�220,139) 40,626 (31,970�49,282) 96,325 (83,783�108,868) 40,590 (32,455�48,726)
Percentage of eligible individuals 100 19.6 46.4 19.6
Lung cancer deaths in the absence of screening 4,403 (3,878�4,927) 2,438 (1,917�2,959) 3,728 (3,185�4,270) 2,534 (2,016�3,053)
Number of preventable lung cancer deaths eligible 898 (791�1005) 497 (391�604) 760 (650�871) 517 (411�623)
Percentage of preventable lung cancer deaths eligible 100 55.3 84.6 57.6
NNS to prevent 1 lung cancer death 231 (208�255) 82 (75�89) 127 (115�138) 78 (73�84)

*Eligibility by the Lung Cancer Death Risk Assessment Tool (LCDRAT) with 5-year risk thresholds defined individually by age group to select the same number of individuals as the
pack-years strategy.

x at least 30 pack-years smoked, and less than 15 years since quitting.
y Eligibility by the Lung Cancer Death Risk Assessment Tool (LCDRAT) with a single threshold of 1.2% 5-year risk.
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deaths than a pack-years strategy, and with higher screening effi-
ciency (lower NNS), but would screen older individuals. A strategy
using different risk thresholds for each age group could ensure a
larger proportion of eligible individuals at younger ages while main-
taining some advantages of risk-based eligibility, although some eli-
gible individuals would have low likelihood of benefit. Over 5 years,
the age-specific threshold strategy could prevent approximately
2,629 lung cancer deaths in Brazil by screening 515,089 individuals
(21.9% of current and former smokers).

Our models suggested that implementation of lung cancer screen-
ing in Brazil could avoid more than half of the preventable lung can-
cer deaths by screening approximately 20% of all current and former
smokers. These conclusions are based on strong assumptions, includ-
ing a screening program similar to the US NLST, which consisted of 3
annual screens followed by approximately 4 years of no-screening
follow-up [2]. We note that several clinical trials have found a larger
mortality reduction than the NLST, including the NELSON [3], MILD
[22], and LUSI [23]. Therefore, it is possible that our estimates of the
potential benefits of lung cancer screening in Brazil are conservative,
particularly in women who may have higher screening benefit [3],
and they almost certainly underestimate the benefits of longer-term
screening (beyond 3 years).

Our overall results showed that a USPSTF-like pack-years strategy
and a risk-based strategy with a fixed threshold (1.2% lung cancer
death risk by LCDRAT) would screen similarly-sized populations in
the 15 Brazilian cities, with 21.8% and 22.1% of ever-smokers eligible
for screening, respectively. The risk-based strategy would yield a
higher proportion of preventable lung cancer deaths (67.1% vs.
57.1%); these results are similar to calculations based on the US popu-
lation (e.g., 62% and 54%) [24]. However, the risk-based strategy with
a fixed risk threshold selected an older population on average (mean
age 67.8 years vs. 63.4 years). Thus, even though risk-based screening
is more efficient in terms of lung cancer deaths prevented
(NNS=177 vs. 205), screening of older individuals might reduce life-
years gained per death prevented and therefore cost-effective-
ness. Concerns have previously been raised about lung cancer
screening among older people, as they are more likely to present
with comorbidities and shorter life expectancy [25], increasing
the risk of overdiagnosis and overtreatment due to the competi-
tive risks of mortality.
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The approach of identifying age-specific risk thresholds might pro-
vide appealing trade-offs; however, the thresholds for screening among
younger people were very low, with a 5-year lung cancer death risk of
0.36% and 0.64% among 50�54 and 55�59 year-olds, respectively. Prior
studies suggest that individuals with very low absolute risk may likely
experience more harms from screening with small chance of benefit
[19]. Conversely, the high thresholds for older individuals (e.g., 2.57%
risk among 70�74 year-olds and 3.46% among 75�79 year-olds) could
imply that eligible individuals in older age groups may have a high bur-
den of comorbidities. In the future, prediction models that explicitly pri-
oritize individuals with high life expectancy may provide solutions to
these dilemmas [25]. Life expectancy in Brazil is unequal among geo-
graphical regions, as the South and Southwest regions had higher life
expectancy (77.2 and 76.9 years, respectively) compared with the
Northwest (72.6 years) in 2014 [26]. In the United States, the overall
life expectancy was higher than in Brazil (78.9 years) [27]; therefore,
we would expect that screening the same age range could result in
fewer life-years gained in Brazil.

Our analysis included individuals aged 55�79, but our age-strati-
fied results could be used to consider other stopping ages, such as 74
which has been employed in the UK [28]. Other starting ages could
also be considered, such as 50 instead of 55, although we estimated
that the efficiency of screening is low in this age group. One possible
solution to increase screening efficiency and reduce harms for youn-
ger individuals without strong risk factors could be to offer longer
(e.g., 2-year) screening intervals provided the baseline screen is nega-
tive, or to generally offer longer screening intervals based on individ-
ual risk [29]. The choice of one of the three strategies is also
inherently affected by the possible harms, which we have not quanti-
fied here, but would be expected to vary across eligibility strategies.
One important limitation of the age-specific thresholds approach is
that an individual participant could cross into a new age group and
then be below the threshold, after previously being eligible. In prac-
tice, it would be preferable that screening continue once initiated,
unless stopped due to low life expectancy, patient preferences, or
other clinical reasons.

The overall prevalence of tobacco smoking among the adult popu-
lation in Brazil decreased from 34.8% in 1989 to 10.1% in 2017 [30,31]
thanks to the implementation of the MPOWER policies package [32].
Despite this, lung cancer is the leading cause of cancer death in Brazil,
responsible for 35,160 deaths in 2020 [33], which has created enthu-
siasm for implementation of lung cancer screening. However, pulmo-
nary tuberculosis and other granulomatous diseases are highly
prevalent in Brazil, raising concerns about false-positives and com-
plexity in nodule management [7]. Further, even though the health
system is largely public, access is limited in some regions, and there
is a lack of availability of CT scanners for much of the population. One
remaining question is whether a single approach to lung cancer
screening eligibility could be applied uniformly throughout the coun-
try, since there is substantial heterogeneity in life expectancy, smok-
ing prevalence, and available resources across different regions.

Although lung cancer screening has been considered cost-effec-
tive in Canada [34], the US [35], and the UK [36], it may still be
impractical or inefficient in low and middle resource settings. When
available resources are finite, cost-effectiveness considerations point
to enhanced focus on tobacco control measures, such as increasing
excise taxes and prices on tobacco products, offering support for ces-
sation, and implementing health warning labels on tobacco packag-
ing [30,37]. Thus, developing the capacity to screen all eligible
individuals in a high-quality program in resource-limited settings
would be challenging. The effectiveness, feasibility and cost-effec-
tiveness of LDCT screening vary among LMICs, as different countries
differ in lung cancer epidemiological patterns and the readiness of
their healthcare systems. This results in a need for country-specific
analyses, including an in-depth evaluation of the quality of delivered
cancer care. Moreover, more detailed economic evaluations of lung
cancer screening in LMICs are needed [38]. In Brazil, the feasibility of
lung cancer screening would be supported by its universally accessi-
ble public health system and its globally recognized tobacco control
program. There are outpatient smoking cessation services throughout
the country, which could be excellent places to identify individuals as
eligible for screening. However, thorough analyses of screening
harms, cost-effectiveness, and budget impacts still need to be done.

Our study is based on high-quality data sources and validated
models to estimate the impact of screening. However, it is subject to
important limitations and assumptions. The most important limita-
tion is that we did not estimate harms of lung screening, such as sur-
veillance scans, false-positives, invasive procedures, and
overdiagnosis, to compare alongside the potential benefits. We
assumed the 20% reduction in lung cancer mortality observed in
NLST applies to all potentially eligible current and former smokers in
Brazil. We used algorithms that were developed and validated in US
data to estimate lung cancer cases and deaths [16]. These models
have not yet been validated in Brazil, though we were able to confirm
that they predicted a realistic number of deaths (see Supplementary).
The Vigitel survey does not include information on lung cancer risk
factors such as lung disease and family history of cancer, which are
included in the full versions of the LCDRAT model. Other data, partic-
ularly among former smokers, were also not collected in Vigitel sur-
vey and were treated by multiple imputation (see Supplementary).
Our estimates are generally anchored to the year 2014, but outcomes
will evolve over time with changes in population age structure and
smoking epidemiology.

Another important limitation relates to the risk model used and
its capacity to predict lung cancer deaths in Brazil. LCDRAT was not
calibrated for the Brazilian population, which differs from the US
population in ways that could affect the performance of the model.
There is uncertainty drawing from the fact that the Brazilian mortal-
ity statistics include cancers in never-smokers, which the LCDRAT
model does not predict, and we therefore had to attempt to quantify
using data from a third source (see Supplementary) [39]. A poten-
tially important overestimation of lung cancer deaths for the youn-
gest age group (50�54) cannot be ruled out and further studies may
be needed to recalibrate the LCDRAT for the Brazilian setting.

Regarding our assessment of calibration for LCDRAT, we note that
mortality information may be subject to missing diagnosis informa-
tion on death certificates. Although death certificates for other can-
cers were considered valid in Brazil [40], there is no information on
the completeness and accuracy for lung cancer mortality data. There-
fore, it is possible that the observed overestimation by LCDRAT actu-
ally results from under-ascertainment by the mortality system,
which tends to occur more often among older individuals. Thus, it is
currently not possible to definitively assess whether the apparent
overestimation was caused by the LCDRAT algorithm calibration or
by lack of accuracy of death certificates.

In summary, our study provides evidence regarding the potential
to avert lung cancer deaths via low-dose CT screening in Brazil. Dif-
ferent strategies for eligibility substantially impact the efficiency of
screening and the mean age of the population screened. Our results
suggest that implementation of a lung cancer screening program in
fifteen capital cities in Brazil could prevent over 2,500 lung cancer
deaths by screening approximately 500,000 current and former
smokers, although the possible harms of screening were not evalu-
ated here. As the implementation of lung cancer screening proceeds
in different countries around the world, our analytical framework
can be used to guide further studies that provide country-specific evi-
dence for the choice of eligibility strategies.
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