
E314 CMAJ OPEN, 11(2) © 2023 CMA Impact Inc. or its licensors

Lung cancer remains the leading cause of cancer-related 
death in northern America (19.3%) and worldwide 
(18%).1 Two large-scaled randomized controlled trials 

of lung cancer screening, the National Lung Screening 
Trial and NELSON trial,2,3 have conclusively shown effi-
cacy (i.e., reduction of lung cancer mortality among high-
risk smokers) and cost-effectiveness.4 As a consequence, 
screening is now widely supported, but implementation 
remains limited and varies across countries.5 Predictive 
models for lung cancer have been developed with different 
predicted outcomes (e.g., incidence, death), prediction hori-
zon (e.g., 1 yr, 6 yr) and included risk factors.5 Among 
them, the model developed by Tammemägi and colleagues, 
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Background: The PLCOm2012 prediction tool for risk of lung cancer has been proposed for a pilot program for lung cancer screening in 
Quebec, but has not been validated in this population. We sought to validate PLCOm2012 in a cohort of Quebec residents, and to deter-
mine the hypothetical performance of different screening strategies.

Methods: We included smokers without a history of lung cancer from the population-based CARTaGENE cohort. To assess 
PLCOm2012 calibration and discrimination, we determined the ratio of expected to observed number of cases, as well as the sensitiv-
ity, specificity and positive predictive values of different risk thresholds. To assess the performance of screening strategies if applied 
between Jan. 1, 1998, and Dec. 31, 2015, we tested different thresholds of the PLCOm2012 detection of lung cancer over 6 years 
(1.51%, 1.70% and 2.00%), the criteria of Quebec’s pilot program (for people aged 55–74 yr and 50–74 yr) and recommendations 
from 2021 United States and 2016 Canada guidelines. We assessed shift and serial scenarios of screening, whereby eligibility was 
assessed annually or every 6 years, respectively.

Results: Among 11 652 participants, 176 (1.51%) lung cancers were diagnosed in 6 years. The PLCOm2012 tool underestimated the num-
ber of cases (expected-to-observed ratio 0.68, 95% confidence interval [CI] 0.59–0.79), but the discrimination was good (C-statistic   
0.727, 95% CI 0.679–0.770). From a threshold of 1.51% to 2.00%, sensitivities ranged from 52.3% (95% CI 44.6%–59.8%) to 44.9% 
(95% CI 37.4%–52.6%), specificities ranged from 81.6% (95% CI 80.8%–82.3%) to 87.7% (95% CI 87.0%–88.3%) and positive predict-
ive values ranged from 4.2% (95% CI 3.4%–5.1%) to 5.3% (95% CI 4.2%–6.5%). Overall, 8938 participants had sufficient data to test 
performance of screening strategies. If eligibility was estimated annually, Quebec pilot criteria would have detected fewer cancers than 
PLCOm2012 at a 2.00% threshold (48.3% v. 50.2%) for a similar number of scans per detected cancer. If eligibility was estimated every 
6 years, up to 26 fewer lung cancers would have been detected; however, this scenario led to higher positive predictive values (highest 
for PLCOm2012 with a 2.00% threshold at 6.0%, 95% CI 4.8%–7.3%).

Interpretation: In a cohort of Quebec smokers, the PLCOm2012 risk prediction tool had good discrimination in detecting lung cancer, 
but it may be helpful to adjust the intercept to improve calibration. The implementation of risk prediction models in some of the prov-
inces of Canada should be done with caution.
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the PLCOm2012 model,6 which is used to predict lung cancer 
at 6 years, showed good discrimination (area under the 
receiver operating characteristic curve around 0.8). It has 
been externally validated in different countries5–8 and, most 
recently, in the International Lung Screen Trial (Australia; 
British Columbia, Canada; Hong Kong; the United King-
dom; and Spain) to prospectively identify the best screening 
strategy between national guidelines and the risk prediction 
model.9 Recent findings showed that the PLCOm2012 was 
more efficient than the 2013 United States Preventive Ser-
vices Task Force (USPSTF) criteria for selecting people to 
enroll into lung cancer screening programs.10 Moreover, 
PLCOm2012 was better than the 2013 USPSTF criteria in 
terms of sensitivity, deaths averted, screening efficiency and 
reduction of race and sex dispar ities.11–13 In Canada, the 
Canadian Task Force on Preventive Health Care (CTF-
PHC)14 recommends screening for lung cancer using the 
entry criteria from the National Lung Screening Trial (age 
55–74 yr, ≥ 30 pack-yr smoking hist ory, smoking quit-time 
< 15 yr), with low-dose computed tomography scans every 
year for 3 consecutive screens.

The USPSTF and CTFPHC are both binary criteria, 
which can lead to the selection of people of too low risk to 
benefit from screening.15 In contrast, risk models may be 
prone to increase the selection of older adults with more 
comorbidities, which may affect their performance in differ-
ent jurisdictions. Based on results from cost-effectiveness 
analyses, Quebec proceeded with using PLCOm2012 for lung 
cancer screening, even though this model has not been valid-
ated in the Quebec population.16,17 Therefore, we sought to 
validate the PLCOm2012 model among smokers in the CARTa-
GENE population-based cohort from Quebec to predict the 
probability of a lung cancer at 6 years. We also sought to 
compare the efficiency of 7 screening strategies that differed 
in criteria, frequency of risk score calculation (each year or 
every 6 yr) and risk score thresholds, if theoretically applied 
between 1998 and 2015 to our Quebec cohort.

Methods

Study population and definition of lung cancer
This study used the CARTaGENE population-based cohort 
that was recruited in phase A (2009–2010), composed of 
19 985 Quebec residents aged 40–69 years.18 The CARTa-
GENE cohort consists of adults residing in metropolitan 
areas, representing 55.7% of the Quebec population (Mont-
réal, Québec, Sherbrooke and Saguenay). Participants were 
randomly selected to be broadly representative of the popula-
tion based on provincial health insurance registries (fichier 
administratif des inscriptions des personnes assurées de la 
Régie de l’assurance maladie du Québec). Survey design was 
defined by gender, 2 age groups and forward sortation area 
(defined by the first 3 digits of postal codes). Participants were 
excluded if they were not registered in the provincial health 
insurance registries; if they resided outside the selected 
regions, in First Nations reserves or in long-term health care 
facilities; or if they were in prison.

Several strategies were used to obtain adequate response 
rates and minimize attrition during follow-up phases, includ-
ing the use of a well-trusted governmental body to contact 
participants and handle identifying information; the use of 
systematic methods for contact, scheduling and sending 
reminders; and financial compensation ($45). Information 
packages were first sent by mail, and potential participants 
were then contacted by telephone to schedule an interview 
date in one of the clinical assessment sites. Around 35% of the 
people in the provincial health insurance registries did not 
have a phone number. Another 13%–15% of the files had 
incorrect phone numbers. Only files with phone numbers 
were included in the extraction files as of January 2010 up to 
October 2010 (the end of recruitment).

Questionnaires at enrolment included data on age, ethni-
city, education, body mass index, self-reported history of 
chronic obstructive pulmonary disease, familial history of lung 
cancer, smoking status, cigarettes per day at inclusion and 
when the participant smoked the most, start and stop smoking 
years, smoking duration and duration of smoking cessation. 

We linked participant data with the Quebec administrative 
health databases from 1998 to 2015 to provide data on cancer 
diagnoses. We included smokers and people with a history of 
smoking. We excluded people who had never smoked or had 
missing smoking data, and those with lung cancer diagnosed 
before 1998.

As outlined in Tonelli and colleagues,19 we used adminis-
trative data to define incident lung cancer (i.e., people with at 
least 2 claims in 2 years or 1 hospital admission related to lung 
cancer; incidence date was the date of first hospital discharge 
or first claim).

Study design
Our first objective was to externally validate the PLCOm2012 
model for estimating the 6-year risk of lung cancer from the 
time of enrolment in the CARTaGENE cohort. The second 
objective was to determine the hypothetical performance of 
7  different screening strategies to detect lung cancers if 
applied between Jan. 1, 1998, and Dec. 31, 2015. We tested 
the original PLCOm2012 model6 using 3 threshold risks of 
developing lung cancer over 6 years (≥ 1.51%, ≥ 1.70% and 
≥ 2.00%); the 2021 USPSTF criteria (age 50–80 yr, smoker or 
smoking quit-time < 15 yr, ≥ 20 pack-yr smoking history);20 
the 2016 CTFPHC criteria (age 55–74 yr, smoker or smoking 
quit-time < 15 yr, ≥ 30 pack-year smoking history);14 the Que-
bec pilot criteria (PLCOm2012 risk ≥ 2.00%, age 55–74 yr)21 and 
the Quebec pilot criteria with an age range of 50–74 years to 
test the lower age threshold of the 2021 USPSTF criteria. 
The risk thresholds for screening selection were based on 
Pasquinelli and colleagues;11 1.51% has been reported to be a 
reasonable threshold at which the benefit of mortality reduc-
tion benefit for scan over chest radiograph begins, while 
1.70% leads to the same number of individuals being selected 
by the USPSTF criteria; 2.00% was found to be appropriate 
for use in a pilot study conducted by Ontario Health and Can-
cer Care Ontario, and is currently used in Ontario for select-
ing people for scan screening. A summary of the differences 
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between each strategy can be found in Appendix 1, Sup-
plementary Materials, available at www.cmajopen.ca/
content/11/2/E314/suppl/DC1.

Statistical analysis
For both objectives, we considered education, family history, 
smoking status and chronic obstructive pulmonary disease 
stat us unchanged after enrolment in the cohort. We replaced 
missing data for variables in the PLCOm2012 model by the mean 
values from Tammemägi and colleagues6 for continuous vari-
ables (age 62 yr, education level 4 [some college education], 
body mass index 27, duration of smoking 27 yr, smoking quit-
time 10 yr) or by the mode, for categorical variables. The pro-
portion of missing data was higher for smoking-related vari-
ables such as intensity and duration, but was limited. 

For estimating the individual 6-year risk of lung cancer 
from time of enrolment in the CARTaGENE cohort, we 
computed the expected-to-observed ratio with 95% confi-
dence intervals (95% CIs), from the sum of the estimated risk 
(i.e., the number of expected cases) divided by the number of 
observed cases. We excluded participants with an occurrence 
of lung cancer before the inclusion date. As some individuals 
were censored, we obtained the number of observed cases by 
multiplying the sample size with the Kaplan–Meier estimate 
of the cumulative lung cancer risk at 6 years. We determined 
the expected-to-observed ratio in 8 quantiles (octiles) of the 
risk score. The best calibrated models have an estimate close 
to 1. We plotted calibration graphs to compare the propor-
tion of observed cases of lung cancer at 6 years in each risk 
group using a Kaplan–Meier estimator, and the proportion of 
expected cases (i.e., mean risk). We reported the slope and 
intercept estimates from logistic regression models (observed 
outcomes with the logit of the predicted probabilities as the 
independent variable). We assessed global discrimination by 
the C-statistic with an inverse probability of censoring 
weighting estimation of cumulative, time-dependent, receiver 
operating characteristic curve.22–24 We calculated sensitivity, 
specificity and positive predictive value for the 3 threshold 
risks of developing lung cancer over 6 years (≥ 1.51%, 
≥ 1.70% and ≥ 2.00%). We also plotted predictiveness curves 
(i.e., the risk quantile against the corresponding cumulative 
proportion of the population with risks below this quantile).

We assessed the hypothetical efficiency of a lung cancer 
screening strategy as if it has been implemented between 
Jan. 1, 1998, and Dec. 31, 2015. We excluded participants with 
missing cigarettes per day, missing start or stop smoking date, 
or with a stop smoking date before the start smoking date. We 
considered a lung cancer to be “screen-detected” if the partici-
pant was eligible for screening and if a low-dose computed 
tomography scan would have been theoretically performed in 
the year before the actual cancer occurrence date. To have at 
least 1 year post-screening for each participant, the last occur-
rence of what we considered a screening was in 2014.

We deemed participants as eligible for screening if they 
met eligibility criteria of the considered screening strategy. For 
the binary screening scenarios (USPSTF and CTFPHC), we 
determined eligibility yearly. For the screening scenarios based 

on the PLCOm2012 model, we determined eligibility based on 
the shift scenario, whereby we estimated eligibility annually 
using the PLCOm2012 thresholds (and added age for the Que-
bec program), and by the serial scenario, whereby we deter-
mined eligibility at 6-year intervals, starting in 1998 for the 
models using PLCOm2012 risk criteria and when the participant 
was aged 50 years or 55 years for the Quebec pilot strat egies 
(Appendix 1, Figure 1).

For each of the 7 screening strategies, we calculated the 
total number of participants who were theoretically eligible to 
be screened, the total number of scans that would have been 
performed, the number of incident lung cancers that would 
have been detected, the number of scans to be performed to 
detect 1 lung cancer and the number of participants to be 
screened to detect 1 lung cancer. We also estimated the num-
ber of scans per participant that would have been performed 
before the detection of the lung cancer and the number of 
scans per cancer-free participant with at least 1 scan.

We calculated the sensitivity, specificity and positive pre-
dictive value. The sensitivity was the probability of being 
screened in the year before a lung cancer was diagnosed. The 
specificity was the probability to have no scans per cancer-free 
year (i.e., the total number of cancer-free years with no scans, 
divided by the total number of cancer-free years). The posi-
tive predictive value was the probability to detect a lung can-
cer for a participant being screened and having at least 1 scan.

We performed all statistical analyses using R software, 
version 4.0.25

Ethics approval
This project has been approved by the Research Ethics Board 
of the CHU Sainte-Justine (no. 2020-2427). In addition, 
CARTaGENE has obtained ethics approval by the CHU 
Sainte-Justine (no. MP-21-2011-345, 3297). The latest annual 
ethics renewal was granted on Sept. 13, 2019. Written con-
sent was obtained from all participants.

Results

The creation of our study cohort is presented in Figure 1. 
The cohort characteristics at recruitment can be found in 
Table 1.

Six-year risk prediction accuracy for lung cancer 
from enrolment in the CARTaGENE cohort
The 11 652 participants included in the cohort used for external 
validation of the PLCOm2012 model had a median age of 53.9 
(interquartile range [IQR] 48.8–61.0) years at inclusion and a 
median follow-up time of 5.9 (IQR 5.7–6.0) years. Overall, 176 
(1.5%) lung cancers were diagnosed during the 6-year period 
following enrolment. Using the PLCOm2012 model, 19.0%, 
16.2% and 12.8% of the cohort had a 6-year lung cancer risk 
that was estimated to be equal or higher than 1.51%, 1.70% 
and 2.00%, respectively (Figure 2A). The estimated median 
risk scores for 6-year lung cancer were 1.67% (IQR 0.62%–
3.86%) and 0.54% (IQR 0.27%–1.16%) for the participants 
with and without a diagnosis of lung cancer, respectively. 
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The global calibration was 0.68 (95% confidence interval 
[CI] 0.59–0.79). Expected-to-observed ratios were less than 
1 in all risk groups, but this was significant only in the 
groups with risks of less than 0.27% (0.37, 95% CI 0.27–
0.51) and of 2.03% or greater (0.74, 95% CI 0.59–0.92) 
(Figure 2B). The slope and intercept were of 0.8 (95% CI 
0.6 to 0.9) and –0.6 (95% CI –1.2 to 0), respectively. The 
C-statistic was 0.727 (95% CI 0.679–0.770) (Figure 2C). For 
the different thresholds, the sensitivity ranged from 44.9% 
(95% CI 37.4%–52.6%) to 52.3% (95% CI 44.6%–59.8%). 
The specificity ranged from 81.6% (95% CI 80.8%–82.3%) 
to 87.7% (95% CI 87.0%–88.3%). The positive predictive 
value ranged from 4.2% (95% CI 3.4%–5.1%) to 5.3% 
(95% CI 4.2%–6.5%) (Table 2). 

Hypothetical efficiency of 7 lung cancer screening 
strategies
Among the 8938 participants included to compare the effi-
ciency of the 7 strategies for lung cancer screening, 205 
(2.3%) had a lung cancer between 1998 and 2015.

Shift scenario
The number of scans that would have been performed 
ranged from 15 201 (Quebec pilot, age 55–74 yr) to 40 448 

(USPSTF), while the number of cancers that would have 
been detected ranged from 99 (48.3%) (Quebec pilot, age 
55–74 yr) to 133 (64.9%) (USPSTF) (Table 3). A 2.00% risk 
threshold with the PLCOm2012 would have detected more 
lung cancers than CTFPHC, with fewer scans. The number 
of lung cancers that would have been detected using the 
Quebec pilot criteria (≥ 2.00% risk and age 55–74 yr) were 
lower than by using a PLCOm2012 risk threshold of greater 
than 2.00% alone (n = 99, 48.3% v. n = 103, 50.2%) for a 
similar number of scans performed to detect 1 lung cancer 
(153.5 v. 162.9). The number of screened participants that 
would have been needed to detect 1 cancer was the lowest 
for the Quebec pilot with an age range of 55–74 years (19.5) 
and highest for the USPSTF (33.4). The USPSTF had the 
highest sensitivity (64.9%, 95% CI 57.9%–71.4%), and the 
Quebec pilot had the highest positive predictive value (5.1%, 
95% CI 4.2%–6.2%). The results for the Quebec pilot cri-
teria with an age range of 50–74 years were similar to a strat-
egy that used only a 2.00% threshold of PLCOm2012 alone 
(Table 3).

Using the CTFPHC and USPSTF strategies, 11 and 
13 participants would have stopped their screening before 
the detection of their lung cancer, respectively, as they 
had stopped smoking for more than 15 years. Their lung 

CARTaGENE cohort phase A
n = 19 985

Excluded (not mutually exclusive):
•  Never smoked  n = 8115
•  Missing smoking status  n = 133
•  Declared lung cancer before 1998  n = 9

Participants included
n = 11 731

6-yr risk prediction 
accuracy for lung

cancer from enrolment
in the cohort

Efficacy of lung
cancer screening

between 1998
and 2015

Excluded (not mutually exclusive)
•  Missing cigarettes per day or start/stop 

smoking date  n = 2749
•  Stop smoking date after start smoking 

date  n = 54

Participants included
n = 11 652

Participants included
n = 8938

Excluded
•  Lung cancer before 

inclusion date  n = 79

Figure 1: Study flow chart. 
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cancers occurred between 3.8 and 14.5 years after their 
last scans. Among these 13 participants, 4 were detected 
by the PLCOm2012 models. None of the participants would 
have stopped screening before their lung cancer using the 
other strategies.

Serial scenario
Among the lung cancers that occurred between 1998 and 
2015, the number of cancers that would have been detected 
using the serial scenario was lower than the shift scenario, 
ranging from 16 (PLCOm2012 1.51%) to 26 (Quebec pilot with 
ages 50–74 yr) fewer cancers detected. Compared with the 
shift scenario, the number of screened participants that would 
have been needed to detect 1 cancer was similar for the Que-
bec pilot and lower for PLCOm2012. The sensitivities were all 
lower, while the positive predictive values were higher, the 
highest being the 2.00% threshold of the PLCOm2012 (6.0%, 
95% CI 4.8%–7.3%) (Appendix 1, Table S1 in Supplement-
ary Appendix).

Interpretation

Six-year risk prediction accuracy for lung cancer 
from enrolment in the CARTaGENE cohort
We validated the PLCOm2012 model in the Quebec population; 
a Quebec pilot study is also prospectively assessing the 
PLCOm2012 model for lung cancer screening.21 In our cohort, 
for which the rate of new cases of lung cancer was 1.5%, the 
PLCOm2012 model underestimated the number of cases. This 
underestimation can be explained by the higher age- 
standardized incidence rate of lung cancer in Quebec (106.7, 
95% CI 103.3–110.3 cases per 100 000 in 2010) than in the 
US (88.8, 95% CI 88.3–89.3 cases per 100 000 in 2010), based 
on information retrieved from national cancer databases.26–28 
This model has good discrimination but weak calibration for 
the Quebec population. A simple modification of the inter-
cept in the prediction model may be proposed for improving 
the calibration in this population, given its high incidence of 
lung cancer, but this should be externally validated.

Table 1: Cohort characteristics at recruitment

Characteristic

No. (%) of participants*

Participants in analysis of 6-yr 
risk prediction accuracy for 
lung cancer at inclusion† 

n = 11 652 Missing

Participants in analysis of 
efficiency of lung cancer screening 

between 1998 and 2015 
n = 8938 Missing

Age, yr, median (IQR) 53.9 (48.8–61.0) 0 54.1 (49.0–61.0) 0

Gender, woman 5710 (49.0) 0 4260 (47.7) 0

Highest level of education‡ 26 (0.2) 15 (0.2)

    Some high school 295 (2.4) 235 (2.6)

    High school graduate 3274 (28.2) 2608 (29.2)

    Some college 3846 (33.1) 2980 (33.4)

    College graduate 2073 (17.8) 1534 (17.2)

    Postgraduate or professional degree 2138 (18.4) 1566 (17.6)

BMI, median (IQR) 26.9 (24.1–30.3) 122 (1.1) 27.1 (24.1–0.5) 91 (1.0)

COPD history 853 (7.4) 74 (0.7) 741 (8.3) 799 (8.9)§

Cancer history 1278 (11.0) 0 1055 (11.8) 0

Family history of lung cancer 1550 (13.7) 321 (2.3) 1251 (14.4) 258 (2.9)

Smoking status 0 0

    Daily 2891 (24.8) 2611 (29.2)

    Occasionally 880 (76) 480 (5.37)

    Past 7881 (67.6) 5847 (65.4)

Current no. of cigarettes/d, median (IQR) 18 (13–23) 1352 (11.6) 18 (13–23) 0¶

Smoking duration, yr, median (IQR) 24 (12–34) 1450 (12.4) 25 (14–35) 0¶

Smoking quit time,** yr, median (IQR) 19.9 (10.1–27.9) 1062 (9.1) 19.3 (9.79–27.1) 0¶

Note: BMI = body mass index, COPD = chronic obstructive pulmonary disease, IQR = interquartile range.
*Unless indicated otherwise.
†Prediction cohort: 90% of the cohort for validating the models.
‡Level 3 (some training after high school) unavailable in our cohort.
§Missing age at COPD occurrence.
¶Participants with missing data were excluded.
**Time in years since a past smoker stopped smoking.
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The risk of lung cancer was overestimated in the UK Bio-
bank, EPIC-UK and Generation Study (incidence < 0.7%, 
expected-to-observed ratio around 1.3).8 Compared with the 
underestimation with a lung cancer incidence of 1.5% in our 

cohort, an Australian population-based cohort had an excel-
lent calibration, with an incidence rate of 1.17%.7

The discrimination of the PLCOm2012 was higher in the 
PLCO cancer screening trial, in UK cohorts and in an 
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Figure 2: Risk distribution and performance of the PLCOm2012 model (n = 11 652). Note: CI = confidence interval, E/O = expected-to-observed 
cases. (A) Distribution of the PLCOm2012 model’s predictions as a function of cumulative percentage of individuals. (B) Calibration according to the 
PLCOm2012 model’s predictions groups (octile). (C) Discrimination of the PLCOm2012 model according to sensitivity and specificity.
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Australian population-based cohort than in our cohort (areas 
under the receiver operating characteristic curve close to 
0.80 v. 0.73 in our cohort).6–8,29 These differences may be 
explained by the statistical method used for assessing dis-
crimination (as there were censored data in our study, we 
used the C-statistic instead of the area under the receiver 
operating characteristic curve), and how missing data were 
handled in the UK and Australian cohorts (in these other 
studies, participants with missing data were excluded or vari-
ables with too much missing data were still imputed).

Compared with other studies, we observed lower sensitiv-
ity values when using the classical PLCOm2012 thresholds in the 
Quebec cohort.7,11,29 Our positive predictive values were 
higher,7 which could be explained by the higher specificities 
and the higher prevalence of lung cancer in our cohort. This 
may be owing to smoking exposures in Quebec, which are 
known to be among the highest in North America.

Hypothetical efficiency of 7 lung cancer screening 
strategies
Reassessing eligibility for screening every 6 years instead of 
annually would lead to far fewer lung cancers being detected 
and lower sensitivities. However, the higher positive predict-
ive values and the lower cost should be accounted for in 
public health policies in the absence of a cost-effectiveness 

Table 2: Six-year risk prediction accuracy for lung cancer at 
inclusion from the PLCOm2012 (n = 11 652)

Variable Value (95% CI)

Expected-to-observed ratio 0.68 (0.59 to 0.79)

Slope 0.8 (0.6 to 0.9)

Intercept –0.6 (–1.2 to 0)

C-statistic 0.727 (0.679 to 0.77)

Sensitivity, %

    Threshold 1.51% 52.3 (44.6 to 59.8)

    Threshold 1.70% 49.4 (41.8 to 57.1)

    Threshold 2.00% 44.9 (37.4 to 52.6)

Specificity, %

    Threshold 1.51% 81.6 (80.8 to 82.3)

    Threshold 1.70% 84.3 (83.6 to 85.0)

    Threshold 2.00% 87.7 (87.0 to 88.3)

Positive predictive value, %

    Threshold 1.51% 4.2 (3.4 to 5.1)

    Threshold 1.70% 4.6 (3.7 to 5.7)

    Threshold 2.00% 5.3 (4.2 to 6.5)

Note: CI = confidence interval.

Table 3: Comparison of different inclusion criteria for lung cancer screening between 1998 and 2015 with a shift scenario (n = 8938)*

Variable USPSTF CTFPHC

Quebec pilot 
(55–74 yr 

+ PLCOm2012 
≥ 2%)

Quebec pilot 
(50–74 yr 

+ PLCOm2012 
≥ 2%)

PLCOm2012 
≥ 1.51%

PLCOm2012 
≥ 1.7%

PLCOm2012 
≥ 2.0%

Total no. of participants eligible 
to be screened, n (%) 
(n = 8938)

4445 (49.7) 2523 (28.2) 1931 (21.6) 2045 (22.9) 2733 (30.6) 2430 (27.2) 2064 (23.1)

Total no. of LDCTs 40 448 19 697 15 201 16 672 24 732 21 020 16 777

No. of lung cancers detected, 
n (%) (n = 205)

133 (64.9) 101 (49.3) 99 (48.3) 103 (50.2) 114 (55.6) 110 (53.7) 103 (50.2)

No. of LDCTs for 1 cancer 
detected

304.1 195.0 153.5 161.9 216.9 191.1 162.9

No. of participants screened to 
detect 1 lung cancer

33.4 25.0 19.5 19.9 24.0 22.1 20.0

No. of LDCTs before cancer 
detection per participant

10.3 8.6 7.7 8.2 9.6 9.1 8.3

No. of LDCTs per cancer-free 
participant†

9.1 7.8 7.9 8.1 9.0 8.6 8.1

Sensitivity, % (95% CI) 64.9 
(57.9–71.4)

49.3 
(42.2–56.3)

48.3 
(41.3–55.4)

50.2 
(43.2–57.3)

55.6 
(48.5–62.5)

53.7 
(46.6–60.6)

50.2 
(43.2–57.3)

Specificity, % (95% CI) 73.4% 
(73.2–73.7)

87.1 
(86.9–87.3)

90.0 
(89.9–90.2)

89.1 
(88.9–89.2)

83.8 
(83.6–84.0)

86.2 
(86.0–86.4)

89.0 
(88.9–89.2)

Positive predictive value, 
% (95% CI)

3.0% 
(2.5–3.5)

4.2 
(3.5–5.0)

5.1 
(4.2–6.2)

5.0 
(4.1–6.1)

4.2 
(3.5– 5.0)

4.5 
(3.7–5.4)

5.0 
(4.1–6.0)

Note: CTFPHC = Canadian Task Force on Preventive Health Care, LDCT = low-dose computed tomography, USPSTF = United States Preventive Services Task Force.
*We checked eligibility annually. If a participant met the screening criteria, we considered that they had an LDCT on the screening date and an LDCT each year during the 
next 5 years. If a participant no longer met the screening criteria, they had to complete the remained LDCT.
†Only participants with at least 1 LDCT.
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analysis, as positive predictive values are an important metric 
for screening policies.

The CTFPHC and 2021 USPSTF criteria seemed less 
efficient than predictive scores, and in some cases, would 
have led to screening being stopped before the occurrence of 
the lung cancer. Therefore, they should not be used in the 
Quebec population without more precise cost- effectiveness 
studies.

Decreasing the age limit of the Quebec pilot criteria from 
55 to 50 years was equivalent to a 2.00% PLCOm2012 threshold 
in terms of the number of cancers that would have been 
detected, with fewer scans performed and fewer participants 
screened by the 2.00% threshold of the PLCOm2012. However, 
this last result must be analyzed with participants older than 
75 years as the PLCOm2012 model does not have an age limit 
and could potentially include this age group. Although the 
positive predictive value of the 50–74-year age range was 
slightly lower than that of the 55–74-year age range, decreas-
ing the age threshold would allow the detection of lung can-
cers among younger people. In the retrospective study by 
Pasquinelli and colleagues,11 the 2013 USPSTF had a lower 
sensitivity than the 2021 USPSTF in our cohort (62.4% v. 
64.9%); PLCOm2012 had better sensitivities than in our cohort 
(ranging from 60.6% to 70.5%).

More studies are needed to adapt the PLCOm2012 model to 
the Quebec population before using it for screening, particu-
larly regarding calibration. Moreover, models such as 
PLCOm2012 predict the risk of lung cancer for only a specific 
period. However, published studies seem to underinvestigate 
the frequency with which lung cancer should be screened 
when using these types of models. Therefore, it is necessary to 
evaluate different screening scenarios to have a cost-effective 
screening policy. Finally, a Quebec cohort that includes par-
ticipants older than 74 years should be used for assessing all of 
these criteria.

Limitations
We did not have participants older than 75 years. As the rates 
of lung cancer are rising among older adults, screening 
patients older than 75 years may be worthwhile, but it 
requires further work with cohorts of older adults. We did not 
know how lung cancers were detected (e.g., participant under 
surveillance for lung nodules). Therefore, the incidence date 
may depend on unobserved factors that may lead to a biased 
estimate. However, since the population is coming from 
metro politan areas with a quite homogeneous public system 
of health care delivery, this should not represent a major issue. 
Some self-reported variables were only available before the 
inclusion date and, therefore, the incidence during follow-up 
could not be retrieved (e.g., chronic obstructive pulmonary 
disease). However, the time horizon of 6 years considered for 
this study means that this problem should potentially occur in 
a very low proportion. We had imputed missing data in the 
PLCOm2012 model, particularly regarding smoking-related 
variables, but the proportion was lower than in other large 
cohort studies.7,8 The CARTaGENE cohort is broadly repre-
sentative of the Quebec population, but the participants were 

generally more educated, with a slight over-representation of 
people of racial and ethnic minority groups, and not all the 
regions of Quebec were included. However, since the object-
ive was to evaluate screening strategies for lung cancer, the 
CARTaGENE cohort is nevertheless well suited since it 
gathers a target population that would be easily accessible for 
lung cancer screening (i.e., metropolitan centres and edu-
cated people). It is worth noting that not accounting for com-
peting events such as smoking-related death may be a limita-
tion of our work when computing the number of events in our 
study. However, the study’s time interval was short and the 
number of deaths was limited. Finally, we considered that 
lung cancers were detected if a scan was made 1 year before 
the cancer’s incidence, which was arbitrary but similar across 
the investigated scenarios.

Conclusion
In a cohort of Quebec smokers, the PLCOm2012 risk prediction 
tool had good discrimination in detecting lung cancer, but it 
may be helpful to adjust the intercept to improve calibration. 
In addition, our findings support that the estimation of lung 
cancer risk and screening eligibility should be done every 
6 years with a 2.00% threshold of the PLCOm2012. Lowering 
the onset age of screening to 50 years from 55 years may be 
considered but would require further cost-effectiveness analy-
ses. Finally, the CTFPHC criteria seemed less efficient than 
predictive scores; therefore, our results indicate that these cri-
teria should not be used in Quebec.
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