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Abstract
Introduction: Trials of CT-based screening for lung cancer have shown a mor-
tality advantage for screening in North America and Europe. Before introducing 
a nationwide lung cancer screening program in Germany, it is important to assess 
the criteria used in international trials in the German population.
Methods: We used data from 3623 lung cancer patients from the data warehouse 
of the German Center for Lung Research (DZL). We compared the sensitivity 
of the following lung cancer screening criteria overall and stratified by age and 
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1   |   INTRODUCTION

Trials of computed tomography (CT) lung cancer screen-
ing have shown a mortality advantage for patients in both 
North America and Europe.1–3 In contrast to some re-
gions of America, Asia, and Europe have not yet widely 
implemented CT screening. The German S3 Lung Cancer 
Guidelines were updated in 2018 and now include a 
“can” recommendation for lung cancer screening using 
CT Thorax,4 meaning that doctors can offer yearly CT 
screening to patients with a defined risk for lung cancer. 
Currently, the implementation of a nationwide lung can-
cer screening program is in planning.

Prior to implementing this screening program, it is im-
portant to assess the criteria used in international trials 
in the German population before using those criteria as 
the foundation for broad public health measures in this 
region. Due to regional variability in genetic susceptibility, 
smoking patterns, and both indoor and outdoor air qual-
ity, there may be clinically relevant regional differences in 
the performance of screening algorithms and risk scores. 
For this reason, it is important to test screening criteria 
developed elsewhere in the German population.

Lung cancer screening inclusion criteria can be divided 
into two categories. First, some eligibility criteria identify 

high-risk patients according to age and smoking history, 
which is easily applicable. Second, lung cancer risk models 
such as the Bach model, the Liverpool Lung Project model 
(LLP), or the Prostate, Lung, Colorectal, and Ovarian risk 
prediction model (PLCOm2012), which additionally take 
into account factors like personal history of cancer, family 
history of lung cancer, body mass index (BMI), respiratory 
comorbidities, and other factors. Though more complex, 
risk prediction models have been shown to be superior to 
the dichotomized criteria such as the 2013 and 2021 US 
Preventive Task Force (USPSTF) at identifying high-risk 
patients for screening programs.5–8

Thus far, two studies have analyzed eligibility crite-
ria in the German population. The first study investi-
gated German ever-smokers in the European Prospective 
Investigation of Cancer and Nutrition (EPIC) study, who 
were followed up for 5 years regarding cancer develop-
ment.9 The authors found that all of the established lung 
cancer risk prediction models performed better at detect-
ing high-risk patients compared with the simpler eligibility 
criteria.10 Of the risk prediction models, the PLCOm2012 
performed slightly better than the LLP and Bach mod-
els.10 The second study used data from the German Health 
Update study (GEDA; “Gesundheit in Deutschland aktu-
ell”), a series of cross-sectional surveys covering health 

82DZL003B3, 82DZL00402, 
82DZL004A2 and 82DZL004B2 histology: the National Lung Screening Trial (NLST), the Danish Lung Cancer 

Screening Trial (DLCST), the 2013 and 2021 US Preventive Services Task Force 
(USPSTF), and an adapted version of the Prostate, Lung, Colorectal, and Ovarian 
no race model (adapted PLCOm2012) with 6-year risk thresholds of 1.0%/6 year 
and 1.7%/6 year.
Results: Overall, the adapted PLCOm2012 model (1%/6 years), selected the high-
est proportion of lung cancer patients for screening (72.4%), followed by the 2021 
USPSTF (70.0%), the adapted PLCOm2012 (1.7%/6 year) (57.4%), the 2013 USPTF 
(57.0%), DLCST criteria (48.7%), and the NLST (48.5%). The adapted PLCOm2012 
risk model (1.0%/6 year) had the highest sensitivity for all histological types ex-
cept for small-cell and large-cell carcinomas (non-significant), whereas the 2021 
USPTF selected a higher proportion of patients. The sensitivity levels were higher 
in males than in females.
Conclusion: Using a risk-based selection score resulted in higher sensitivities 
compared to criteria using dichotomized age and smoking history. However, gen-
der disparities were apparent in all studied eligibility criteria. In light of increas-
ing lung cancer incidences in women, all selection criteria should be reviewed for 
ways to close this gender gap, especially when implementing a large-scale lung 
cancer screening program.
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and disease in the German population.11 This analysis 
showed that compared to other criteria the PLCOm2012 
had the best concordance between the numbers of lung 
cancer cases predicted and those reported in registries.12 
The most recent study aiming at comparing the NELSON 
and the PLCOm2012 selection criteria the HANSE study 
(Clini​calTr​ials.gov Identifier: NCT04913155), started en-
rolling German at-risk patients in June 2021. At the time 
of this study, no results had been published yet.

Although these two studies provide a good basis con-
cerning the performance of selection criteria in a pop-
ulation of healthy patients, further work is required to 
understand how these criteria perform in a cohort of al-
ready diseased patients. Additionally, we need a better un-
derstanding of the characteristics (e.g. histology, gender, 
and molecular pathology) of patients selected and not se-
lected by each of the criteria.

Therefore, in our analysis, we aimed to compare the 
sensitivity of different lung cancer screening inclusion 
criteria to select lung cancer patients for screening in 
a population of German lung cancer patients. We as-
sessed the screening inclusion criteria used in recent 
large trials including the National Lung Screening Trial 
NLST/USPSTF,1 the Danish Lung Cancer Screening Trial 
DLCST,13 and an adapted version of the PLCOm2012.5,7 
Additionally, we aimed to test the sensitivity of the selec-
tion criteria across different lung cancer histological types 
and between males and females, as well as to compare 
other characteristics between the patients who were se-
lected and not selected for screening.

2   |   METHODS

2.1  |  Study design, patient cohort, and 
data collection

In this retrospective analysis, we used data provided by the 
data warehouse of the German Center for Lung Research 
(DZL), covering five major German lung cancer centers 
consisting of several (university) hospitals and other sci-
entific facilities. The DZL data warehouse provides broad 
coordinated access to patient-related lung research data 
for scientific purposes. Patients included consent to the 
pseudonymized, pooled use of their clinical data for re-
search purposes. Within the DZL, interdisciplinary teams 
representing each area of research define basic clinical 
parameters for the dataset and encourage all contribut-
ing sites to include all consenting patients in a prospective 
manner. The dataset provided by the DZL data warehouse 
contained 9481 patients with a diagnosis of lung cancer. 
Variables in the dataset included date of birth, date of 
diagnosis, gender, histology, smoking status, pack years, 

height, weight, BMI, documentation of comorbidities 
such as chronic obstructive pulmonary disease (COPD), 
and TNM (tumor, nodes, metastases) stage at diagnosis. 
The depth of documentation varied between datasets. As 
age and smoking history are the major factors typically 
used in screening eligibility criteria, we excluded all pa-
tients that did not have any information on age and smok-
ing status/pack years.

2.2  |  Ethics statement

Approval for this retrospective non-interventional study 
was obtained from the Ethics Committee of the Ludwig-
Maximilians University (reference number 19-959). This 
study was conducted in accordance with the Declaration 
of Helsinki, Good Clinical Practice guidelines, and local 
ethical and legal requirements.

2.3  |  Selection criteria

We compared the following established lung cancer 
screening criteria in this analysis: the NLST (inclusion cri-
teria: 55–75 years, ≥30 pack years),14 the DLCST (inclusion 
criteria: 50–70 years, ≥20 pack years),13 the 2013 and 2021 
USPSTF (inclusion criteria 2013: 55–80 years, ≥30 pack 
years, inclusion criteria 2021: 50–80 years, ≥20 pack 
years),15 and an adapted PLCOm2012 model (PLCOm2012 
with risk thresholds of 1.0%/6 years and 1.7%/6 year).5 The 
risk threshold of 1.7%/6 years has been shown to be com-
parable to the USPSTF 2013 selection criteria in a North 
American population,16,17 and the 1.0%/6 years threshold 
is assumed to be comparable to the updated 2021 USPSTF 
criterion.

2.4  |  Adaptation of variables and 
handling of missing data

If available, we used variables for the exact date of diagnosis. 
For variables that may fluctuate over time (e.g. BMI, weight), 
we used the values closest to the date of diagnosis. We ad-
justed pack years to zero in patients that indicated they were 
never smokers or passive smokers. When pack years were 
provided as categories in the dataset, we used the mid-
points of the category. We categorized histological types ac-
cording to the WHO Classification of Thoracic Tumors into 
adenocarcinoma (ACC), squamous-cell carcinoma (SCC), 
large-cell carcinoma (LCC), small-cell carcinoma (SCLC), 
neuroendocrine tumors (including carcinoids and large-cell 
neuroendocrine carcinomas, excluding SCLC) (NET), and 
other histology. The category other included patients with 
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rare histological types such as adenosquamous carcinoma, 
sarcomatoid carcinomas, carcinosarcoma, salivary gland-
type tumors, and patients with unknown histological type. 
If a patient had no diagnosis of chronic pulmonary disease 
(COPD) documented in the dataset, we assumed they did 
not have a diagnosis of COPD. This might lead to an under-
estimation of patients selected for screening by the adapted 
PLCOm2012. We categorized patients' UICC stage using 
clinical and pathological TNM from the dataset. The edition 
of the UICC was provided with information on TNM and 
was used accordingly. When clinical and pathological TNM 
were both available, we used the pathological information 
rather than the clinical data.

The NLST, USPSTF, and DLCST selection criteria use 
quit times of <15 and <10 years for inclusion for screen-
ing, respectively. As quit time was not available in the 
dataset, we disregarded quit time when applying these 
screening criteria. This might lead to an overestimation 
of the sensitivity of these selection approaches, as some 
former smokers most probably had quit times greater 
than the thresholds set by the criteria. As some variables 
used in the calculation of the PLCOm2012noRace were 
not available in the dataset, we used an adapted version 
provided by the creator of the original PLCOm2012 model 
Martin Tammemägi. The original PLCOm2012 model 
uses the number of years smoked, and cigarettes smoked 
per day to measure the smoking intensity and includes 
a personal history of cancer and a family history of lung 
cancer, which were all missing in our dataset. The adapted 
version of the PLCOm2021 model included age, COPD, 
BMI, smoking status, and pack years. Using the adapted 
version of the PLCOm2021 made it possible to calculate 
the 6-year risk for a larger proportion of the patients in 
the dataset improving the power of this analysis. As, other 
than in other variables with missing values, BMI was only 
missing in a small proportion of patients (12.5%) we used 
multiple imputations to fill in the missing values.

2.5  |  Comparison of characteristics

We compared the characteristics of patients selected by 
different selection criteria as well as between patients se-
lected and not selected for screening. The reason for these 
comparisons was to determine differences between the 
criteria other than sensitivity as well as to detect areas for 
improvement of selection criteria in general.

2.6  |  Statistical analysis

Patient characteristics are presented as mean values with 
standard deviation (SD) for metric variables and absolute 

and relative frequencies for categorical variables. They 
were compared between included and excluded patients, 
and between selected and not selected patients using 
the Student's t-test for metric variables, and Chi2-test or 
fisher-exact test, when cell numbers were <6, for categori-
cal variables. Statistical significance for these comparisons 
was determined using two-sided p-values with alpha er-
rors <0.05. Multiple imputations of BMI was performed 
using the R package mice, which uses conditional multi-
ple imputations. Variables used in the imputation process 
were age, gender, and comorbidities COPD, asthma, car-
diovascular disease (CVD), renal insufficiency, and diabe-
tes mellitus. We calculated the sensitivity of the screening 
criteria as the proportion of patients selected for screening 
among the patients included in the analyses according to 
the exclusion criteria. We compared the sensitivity of the 
different criteria using the McNemar test for the compari-
son of proportions in dependent samples. To control the 
type I error rate we reduced the number of tests performed 
by limiting the comparison of the criteria to comparing 
the one with the best performance to all other criteria. 
Additionally, statistical significance was determined 
using two-sided p-values with Bonferroni-adjusted alpha 
errors <0.00143 (0.05 divided by 35 tests). The precision of 
estimates was based on 99.857% confidence intervals (CI).

Data analysis was performed using R Version 4.0.0 and 
RStudio Version 1.4. Tables and figures were created in 
RStudio and Microsoft Excel.

3   |   RESULTS

3.1  |  Patient population and 
demographics

In total, 9481 patients with a thoracic malignancy were 
identified in the DZL data warehouse. Of these, 3588 had 
complete information on pack years and age and were in-
cluded in the analysis. The mean age of the included pa-
tients included was 66.5 with an SD of 9.9 years and not 
significantly different compared to the excluded patients 
(66.2, SD = 10.0, p-value = 0.19). Of all included patients 
58.8% (n = 2106) were male compared to 58.6% (n = 3257, 
p-value 0.90) of all excluded patients. BMI was available 
in 87.5% (n = 3141), and mean BMI was 26.1 with an SD 
of = 4.9. After imputation, mean BMI was 26.1 with the 
SD of 4.7. In excluded patients, BMI was 26.0 with an 
SD of 5.7 (p-value  =  0.44) and available in 18.9%. Stage 
at diagnosis was available in 99.2% (n = 3560) of patients 
and distributed as follows: in situ 0.2% (n  =  8), stage I 
21.3% (n = 760), stage II 12.9% (n = 460), stage III 31.4% 
(n  =  1117), and stage IV 34.5% (n  =  1229). Compared 
to excluded patients, stage was significantly different 
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(stage I = 35.5%, stage II = 23.8%, stage III = 30.2%, stage 
IV = 10.4%, p-value <0.0001), however, information was 
missing in excluded patients in 49% of patients. Histology 
was known for 99.7% of patients; 53.2% (n  =  1904) of 
patients were diagnosed with adenocarcinoma, 25.5% 
(n = 913) had SCC, 9.7% (n = 346) SCLC, 5.1% (n = 181) 
NET, 0.6% LCC (n = 22), and 5.8% (n = 212) had a histol-
ogy other than the aforementioned. The proportion of pa-
tients with adenocarcinoma, the major histologic subtype, 
was not significantly different in excluded patients (53.2%, 
p-value 0.95). Smoking status was available in 99.8% of pa-
tients; 35.1% (n = 1259) indicated active smoking status, 
51.8% (n = 1858) were former smokers, and 13.1% (471) 
were never smokers. Mean pack years were 47.3 with a 
SD of 21.3 years for active smokers and 37.7 with a SD of 
23.9 years for former smokers. The proportion of patients 
with fewer than 30, 20, or 15 pack years was 48.3%, 35.0%, 
and 31.4% in females, which was higher compared to the 
proportion of males which were 26.2%, 17.1%, and 14.2%. 
Table 1 shows all patient characteristics, overall and strat-
ified by gender.

3.2  |  Sensitivity of screening criteria to 
select patients for screening stratified by 
gender and histology

Of all the lung cancer patients from the data warehouse 
included in the analysis, 72.4% (CI = 63.3% to 81.6%) were 
selected for screening by the adapted PLCOm2012 model 
with a risk threshold of 1.0%/6 years. This proportion 
was significantly higher compared to 70.0% (CI = 67.7% 
to 72.2%, p-value  =  0.001) in the 2021 USPSTF, 57.7% 
(CI  =  55.0% to 59.9%, p-value <0.0001) by the adapted 
PLCOm2012 with a threshold of 1.7%/6 years, 57.0% 
(CI  =  54.5% to 59.5%, p-value <0.0001) by the 2013 
USPSTF, 48.7% (CI  =  46.3% to 51.2%, p-value <0.0001) 
by the DLCST, and 48.5% (CI  =  46.0% to 51.0%, p-
value <0.0001) by the NLST. Among male patients, 
the sensitivity ranged from 78.8% (CI =  76.2% to 81.5%) 
using the adapted PLCOm2012 (1.0%/6 years) to 49.9% 
(CI = 46.6% to 53.1%, p-value <0.0001) using the DLCST. 
The 2021 USPSTF selected 76.2% (CI  =  73.4% to 79.0%, 
p-value  =  0.01) of patients, the 2013 USPSTF selected 
65.2% (CI = 61.2% to 68.3%, p-value <0.0001), the adapted 
PLCOm2012 (1.7%/6 years) selected 64.0% (CI  =  60.9% 
to 67.1%, p-value <0.0001), and the NLST had a sensitiv-
ity of 53.7% (CI = 50.4% to 56.9%, p-value <0.0001). The 
sensitivity to select patients for screening in females was 
lower compared to males for all criteria. The sensitivity 
was highest when using the adapted PLCOm2012 with 
a threshold of 1.0%/6 years (63.3%, CI = 59.5% to 67.0%). 
The 2021 USPSTF criteria selected 61.0% (CI = 57.2% to 

64.8%, p-value  =  0.02) of female patients, followed by 
48.0% (CI  =  44.2% to 51.9%, p-value <0.0001) using the 
adapted PLCOm2012 with a threshold of 1.7%, 47.2% 
(CI = 43.4% to 51.1%, p-value <0.0001) using the DLCST, 
45.2% (CI  =  41.3% to 49.1%, p-value <0.0001) using the 
2012 USPSTF, and 41.2% (CI  =  37.4% to 45.0%, p-value 
<0.0001) using the NLST criteria. Figure 1 displays these 
results.

Regarding histological types, the adapted PLCOm2012 
with a threshold of 1.0%/6 years selected a higher propor-
tion of patients for screening compared to all other selec-
tion criteria among all histological types, apart from SCLC 
and LCC where the USPSTF selected the highest propor-
tion of patients (no statistical significance). Exact sensitiv-
ities with CI of all selection criteria among all histological 
types and stratified by sex, as well as p-values can be found 
in Table 2.

3.3  |  Comparison of patients selected by 
adapted PLCOm2012 and USPSTF

We compared the proportions of patients with specific 
characteristics (comorbidities, stage, and smoking sta-
tus) selected by the adapted PLCOm2012 and USPSTF. 
The proportions of patients with comorbidities that were 
selected by the adapted PLCOm2012 were significantly 
higher than those selected by the USPSTF. It selected 6.9% 
more of the patients with COPD (92.5% vs. 85.6%, p-value 
<0.0001), 5.3% more of the patients with CVD (76.7 vs. 
71.4%, p-value <0.0001), and 9.0% more of the patients 
with renal insufficiency (79.8% vs. 70.7%, p-value = 0.01).

The adapted PLCOm2012 also performed significantly 
better in patients with stage I selecting 6.7% (70.8% vs. 
64.1%, p-value <0.0001) more patients compared to the 
USPSTF.

Additionally, the adapted PLCOm2012 selected 5.4% 
more current smokers (96.1% vs. 90.7%, p-value <0.0001). 
It was also the only selection criteria to select never smok-
ers for screening.

Table 3 displays the proportions of all characteristics, 
additionally stratified by gender.

3.4  |  Characteristics of selected and 
unselected patients

Compared to patients not selected for screening, patients 
selected by the adapted PLCOm2012 were significantly 
older (68.7 ± 8.2 vs. 60.6 ± 11.2 years, p-value <0.0001). The 
prevalence of comorbidities such as COPD (39.9% vs. 8.5%, 
p-value <0.0001), CVD (68.7% vs. 54.2%, p-value <0.0001), 
diabetes mellitus (18.2% vs. 13.8%, p-value = 0.002), and 
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renal insufficiency (5.8% vs. 3.8%, p-value = 0.02), was sig-
nificantly higher than in patients not selected for screen-
ing. Other characteristics and results stratified by gender 
can be found in Table 4.

Other than patients selected by the adapted 
PLCOm2012, patients selected by the 2021 USPSTF were 
significantly younger than patients not selected (66.1 
SD 7.3 vs. 67.4 SD 14.1 years). However, this difference 

T A B L E  1   Characteristics of the study population.

Characteristics

Complete cases (n = 3588) Male (n = 2106) Female (n = 1478)

Mean SD Mean SD Mean SD

Age at diagnosis 66.5 9.9 67.3 9.6 65.3 10.1

BMI 26.1 4.9 26.7 4.6 25.3 5.3

BMI (after imputation) 26.1 4.7 26.6 4.5 25.3 5.0

Pack years active smokers 47.3 21.3 51.9 22.6 40.9 17.3

Pack years ex-smokers 37.7 23.9 41.8 25.1 30.2 19.2

n % n % n %

<50 years 160 4.5% 74 3.5% 86 5.8%

<55 years 376 10.5% 184 8.7% 192 13.0%

>80 years 234 6.5% 152 7.2% 82 5.5%

Male 2106 58.8%

COPD 1120 31.2% 720 34.2% 400 27.1%

Asthma 47 1.3% 22 1.0% 25 1.7%

CVD 2329 64.9% 1467 69.7% 862 58.3%

Diabetes mellitus 611 17.0% 443 21.0% 168 11.4%

Renal insufficiency 188 5.2% 134 6.4% 54 3.7%

Stage at diagnosis

0 8 0.2% 6 0.3% 2 0.1%

I 760 21.3% 420 20.0% 339 23.2%

II 460 12.9% 277 13.2% 182 12.4%

III 1117 31.4% 679 32.4% 438 30.0%

IV 1229 34.5% 719 34.3% 509 34.8%

Histology

ACC 1904 53.2% 978 46.5% 924 62.8%

SCC 913 25.5% 692 32.9% 219 14.9%

SCLC 346 9.7% 203 9.7% 143 9.7%

LCC 22 0.6% 13 0.6% 9 0.6%

NET 181 5.1% 85 4.0% 96 6.5%

Other 212 5.8% 131 6.1% 81 5.4%

<30 pack years 1267 35.3% 552 714 48.3%

<20 pack years 879 24.5% 361 17.1% 517 35.0%

<15 pack years 765 21.3% 300 14.2% 464 31.4%

Smoking status

Current 1259 35.1% 731 34.7% 528 35.7%

Former 1858 51.8% 1212 57.5% 642 43.4%

Never 471 13.1% 163 7.7% 308 20.8%

Note: Characteristics of study population (complete cases: age and smoking status available), stratified by gender. Means with standard deviation of numerical 
variables and absolute and relative frequency of categorical variables.
Abbreviations: ACC, adenocarcinoma; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease; LCC, large-cell 
carcinoma; NET, neuroendocrine tumor; NSCLC, non-small lung cancer; SCC, squamous-cell carcinoma; SCLC, small-cell carcinoma; SD, standard deviation.
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in age does not signify a clinically relevant difference 
and is probably due to the large sample size. Similar to 
the adapted PLCOm2012 the prevalence of the comor-
bidities COPD (38.2% vs. 14.9%, p-value <0.0001), CVD 
(66.2% vs. 51.7%, p-value  =  0.01), and diabetes melli-
tus (18.0% vs. 14.7%, p-value =  0.02), was significantly 
higher in patients selected by the USPSTF. There was no 
significant difference in renal insufficiency. The results 
of these comparisons, also stratified by gender, are pre-
sented in Table 5.

4   |   DISCUSSION

Given that the introduction of a national lung cancer 
screening program is planned in Germany, this study 
aimed to compare the performance of different screening 
algorithms to select lung cancer patients for screening. 
Using a cohort of lung cancer patients documented as part 
of a research consortium, we were able to compare the sen-
sitivity of the selection criteria. We found that out of the 
screening algorithms compared in this study the adapted 

PLCOm2012 model with a threshold of 1.0%/6 years out-
performed the other screening criteria, mostly regardless 
of histologic type and gender of the lung cancer patients. 
The 2021 USPSTF criterion had the second-highest sensi-
tivity. The sensitivity of the adapted PLCOm2022 at both 
thresholds in this sample was lower than observed in 
other populations in which predictor variable data were 
more complete and the original model was used, suggest-
ing that the sensitivities in this study may be underesti-
mates of what can be expected when this model would be 
applied in the German population in practice, where com-
plete accurate data are collected.

In all analyses, we found that all selection criteria per-
formed worse in females than in males. However, while 
in males the sensitivity of the adapted PLCOm2012 was 
81.8% compared to 76.2% with the USPSTF, the difference 
in females was only marginal (63.3% vs. 61.0%). Pasquinelli 
et al. reported that women diagnosed with lung cancer typ-
ically have less of a smoking history and are less likely to 
be eligible by the 2013 USPSTF criteria compared to men 
and that expanding eligibility criteria (such as in the 2021 
USPSTF) would decrease but not eliminate this gap.18 

F I G U R E  1   Sensitivity (%) of lung cancer selection criteria overall and stratified by gender. Sensitivity of lung cancer selection criteria 
to select patients diagnosed with lung cancer for screening. Stratification by gender. DLCT, Danish Lung Cancer Screening Trial; NLST, 
National Lung Screening Trial; PLCO, Prostate, Lung, Colon, and Ovarian risk prediction model; USPSTF, US Preventive Task Force.
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T A B L E  3   Comparison of proportions of patients with specific characteristics selected by the adapted PLCOm2012 and USPSTF.

n total

All patients

diff p-value

PLCO 1.0% 2021 USPSTF

n % n %

COPD 1120 1036 92.5% 959 85.6% 6.9% <0.0001
Asthma 47 27 57.4% 25 53.2% 4.3% 0.75
CVD 2329 1786 76.7% 1662 71.4% 5.3% <0.0001
Diabetes mellitus 611 474 77.6% 453 74.1% 3.4% 0.06
Renal insufficiency 188 150 79.8% 133 70.7% 9.0% 0.01
Stage at diagnosis

0 8 5 62.5% 6 75.0% −12.5% 1.00
I 760 538 70.8% 487 64.1% 6.7% <0.0001
II 460 341 74.1% 340 73.9% 0.2% 1.00
III 1117 846 75.7% 828 74.1% 1.6% 0.27
IV 1229 864 70.3% 846 68.8% 1.5% 0.28

Smoking status
Active 1259 1210 96.1% 1142 90.7% 5.4% <0.0001
Former 1858 1357 73.0% 1368 73.6% −0.6% 0.68
Never 471 31 6.6% 0 0.0% 6.6% NA

n total

Male

diff p-value

PLCO 1.0% 2021 USPSTF

n % n %

n 1720 1605
Mean age at diagnosis 69.0 8.1 66.8 7.4
Male
Mean BMI 26.6 4.4 26.7 5.3
COPD 720 680 94.4% 624 86.7% 7.8% <0.0001
Asthma 22 14 63.6% 15 68.2% −4.5% 1.00
CVD 1467 1205 82.1% 1134 77.3% 4.8% <0.0001
Diabetes mellitus 443 365 82.4% 355 80.1% 2.3% 0.31
Renal insufficiency 134 112 83.6% 102 76.1% 7.5% 0.09
Stage at diagnosis

0 6 5 83.3% 5 83.3% 0.0% NA
I 420 321 76.4% 281 66.9% 9.5% <0.0001
II 277 228 82.3% 227 81.9% 0.4% 1.00
III 679 548 80.7% 552 81.3% −0.6% 0.81
IV 719 556 77.3% 540 75.1% 2.2% 0.22

Smoking status
Active 731 710 97.1% 672 91.9% 5.2% <0.0001
Former 1212 944 77.9% 933 77.0% 0.9% 0.60
Never 163 6 0.0% 0 0.0% 0.0% NA

n total

Female

diff p-value

PLCO 1.0% 2021 USPSTF

n % n %

n 915 902
Mean age at diagnosis 67.1 7.6 64.8 7.1
Male
Mean BMI 25.0 4.9 25.2 5.2

(Continues)
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This gender disparity is present in our analysis of German 
data. A single-center retrospective study similar to ours 
in the United States of America found that of 294 female 
lung cancer patients, only 19.4% would have been se-
lected for screening by the 2013 USPSTF criteria,19 which 
is even lower than the 45.2% we found in this study. An 
interesting additional finding of Vu et al. was that 48.1% 
of females not selected for screening by the USPSTF had 
a family history of cancer, which is a criterion included 
in the original PLCO risk model. A study across several 
countries in Europe comparing the sensitivity and spec-
ificity of smoking-based screening criteria found similar 
trends with regard to gender. The sensitivity in men than 
in women was higher in general, as well as in the German 
cohort. However, the specificity was higher in women.20 
Therefore, the loss in specificity when expanding selec-
tion criteria for females to increase sensitivity might still 
be reasonable.

All selection criteria performed better in histological 
types associated with a higher attributable risk of smok-
ing, such as SCC and SCLC. This finding is not surprising 
as smoking history is one of the two main factors incor-
porated in the selection criteria. However, as adenocarci-
nomas represent the highest proportion of lung cancers 
and have a lower attributable risk of smoking, this aspect 
underlines the need to incorporate factors other than 
smoking and age into screening algorithms. In addition, 

the proportion of women with adenocarcinomas is higher, 
which maybe one of the reasons for the lower sensitivity 
of selection criteria compared with that of males. Given 
the rising lung cancer incidence in females and the fact 
that the incidence in males is plateauing, a more gender-
specific approach to screening is expected to benefit 
screening programs. One approach to this, which is avail-
able to model-based approaches, is to add a specific pre-
dictor term for gender, which increased risk in women. 
Two existing models, the Bach and LCRAT/LCDRAT in-
clude predictor terms for gender but are counterproduc-
tive regarding gender disparity because they reduce the 
risk for women and lower the probability of selection of 
women for screening.

Disregarding model-based selection criteria, an im-
portant finding of this study was, that the sensitivity of the 
2013 USPSTF criteria was higher than that of the NLST 
for the whole sample and also in all subgroups. The only 
difference between these criteria is the upper age of 75 
versus 80 years, meaning the difference in sensitivities is 
attributable to upper age differences. This shows how the 
choice of selection criteria and small differences in eligi-
bility criteria can have an impact on public health practice 
and possibly cost-effectiveness.

When comparing other characteristics of patients se-
lected by USPFTF and the adapted PLCOm2012, we found 
that the adapted PLCOm2012 selected a significantly 

n total

Female

diff p-value

PLCO 1.0% 2021 USPSTF

n % n %

COPD 400 356 89.0% 335 83.8% 5.3% 0.4%
Asthma 25 13 52.0% 10 40.0% 12.0% 0.45
CVD 862 581 67.4% 528 61.3% 6.1% <0.0001
Diabetes mellitus 168 109 64.9% 98 58.3% 6.5% 0.10
Renal insufficiency 54 38 70.4% 31 57.4% 13.0% 0.12
Stage at diagnosis

0 2 0 0.0% 1 50.0% −50.0% NA
I 339 216 63.7% 205 60.5% 3.2% 0.21
II 182 113 62.1% 112 61.5% 0.5% 1.00
III 438 298 68.0% 276 63.0% 5.0% 0.02
IV 509 307 60.3% 306 60.1% 0.2% 1.00

Smoking status
Active 528 500 94.7% 470 89.0% 5.7% <0.0001
Former 642 410 63.9% 432 67.3% −3.4% 0.16
Never 308 25 0.0% 0 0.0% 0.0% NA

Note: Comparison of proportions of patients with specific characteristics (comorbidities, stage, smoking status) selected for screening by adapted PLCOm2012 
with a threshold of 1% and by the 2021 USPSTF. Proportions are calculated to the base of all patients in each category. p-values from McNemar test for paired 
samples.
Abbreviations: COPD, chronic obstructive pulmonary disease; CVD, cardiovascular disease, diff, difference.

T A B L E  3   (Continued)
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higher proportion of the patients with stage I disease at 
diagnosis. This is important in terms of life years gained 
which is a factor that is considered when analyzing the 
cost-effectiveness of screening programs. The two larg-
est trials of lung cancer screening the NLST1 and the 
NELSON21 trial reported a stage shift when implementing 
lung cancer screening programs, and numerous follow-up 
studies and systematic reviews support these findings.22,23

The adapted PLCOm2012 resulted in the selection of 
a patient cohort with a significantly higher comorbidity 
burden compared to patients not selected for screening. 
For example, in total, 5.2% of patients in the dataset had 
renal insufficiency. The proportion of those patients se-
lected by the adapted PLCOm2012 was higher (+9.0%) 
compared to the USPTF and represented almost 80% of all 
patients in this subgroup. It will be important to consider 
comorbidities when planning the follow-up of detected le-
sions and the treatment of detected cancers.

A limitation of our analysis derives from the nature 
of datasets within the DZL data warehouse. The DZL 
data warehouse is a multicenter data pool based on data 
from five academic lung cancer centers in Germany, and, 
as such, might not perfectly represent the general popu-
lation of lung cancer patients in Germany. For instance, 
there may be socioeconomic differences between patients 
treated at academic centers and the broader population. 
In addition, within the DZL various contributing depart-
ments may provide different types of clinical data, leading 
to the missing stage and smoking data in some datasets. 
Due to the strong research focus of thoracic surgery de-
partments within the DZL, early-stage lung cancer may 
be overrepresented in our cohort. However, this may 
provide more insight into patients with lower stage who 
in fact are the focus of lung cancer screening programs. 
Due to incomplete documentation of some basic clinical 
parameters in datasets from some contributing research-
ers, we had to exclude a large number of patients due to 
missing age at diagnosis or smoking status. When com-
paring included and excluded patients from the data ware-
house we did not find significant differences concerning 
age, gender, and BMI. Stage at diagnosis was significantly 
different in the included dataset; however, the cohort of 
patients included in the analysis was a better reflection 
of the expected distribution of disease stage compared to 
the excluded patients. We suspect that patients excluded 
due to incomplete data may have had missing informa-
tion on distant metastases, and may have had stage IV 
disease. Unfortunately, due to the high number of data 
sets with missing information on smoking history, we had 
to exclude a large number of patients with stage I and II 
disease who would have added substantial power to our 
analysis. We encourage public and academic data repos-
itories to emphasize complete documentation of a basic 
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clinical dataset including lung cancer risk factors such as 
smoking.

Within the cohort used for the analysis, some vari-
ables used in the calculation of the PLCOm2012 were not 
available in the dataset or were available but in a differ-
ent format. Therefore, we used an adapted model of the 
PLCOm2012. Although this model did include fewer vari-
ables the AUC was still very high (0.8375). Overall, using 
this adapted model might lead to an underestimation of 
the sensitivity of the PLCOm2012, so conclusions regard-
ing the PLCOm2012 are conservative. Another limitation 
of the analysis is that due to the nature of the dataset and 
lack of inclusion of at-risk individuals without lung can-
cer, we were not able to compare the specificity of the 
screening criteria. However, with regard to comparisons 
between USPSTF and PLCOm2012, risk thresholds were 
selected which have been shown in other studies to yield 
similar numbers being found to be eligible by both crite-
ria, thus allowing for fair comparisons.

One of the strengths of this study was the large size of 
the dataset, which allowed subset analyses. Many other 
analyses comparing screening criteria have been limited 
to lung cancer screening studies, in which few lung can-
cer cases were available, and subset analyses by histologi-
cal subtypes were constrained. Furthermore, our analysis 
included patients from all stages with differing treatment 
indications. Additionally, even though, one goal of lung 
cancer screening is to detect patients in early stages we 
believe that also including patients with higher stages can 
help to detect areas for improvement of selection criteria 
in general to improve their sensitivity also in these stages. 
Additionally, using this retrospective approach, our re-
sults provide the important aspect of real-world evidence.

5   |   CONCLUSION

Using a risk-based selection approach resulted in higher 
sensitivities compared to criteria using dichotomized cat-
egorical age and smoking history in a German population 
of lung cancer patients. However, gender disparities were 
apparent in all studied eligibility criteria. In light of in-
creasing lung cancer incidences in women, all selection 
criteria should be reviewed regarding ways to close this 
gender gap, especially when implementing a large-scale 
lung cancer screening program.
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