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Background: Lung cancer screening may provide a favorable opportunity for a spirometry examination, 
to diagnose participants with undiagnosed lung function impairments, or to improve targeting of computed 
tomography (CT) screening intensity in view of expected net benefit. 
Methods: Spirometry was performed in the CT screening arm (n=2,029) of the German Lung Cancer 
Screening Intervention Study (LUSI)—a trial examining the effects of annual CT screening on lung cancer 
mortality, in 50–69-year-old long-term smokers. Participants were classified as having chronic obstructive 
pulmonary disease (COPD) [forced expiration in one second (FEV1)/forced vital lung capacity (FVC) <0.7], 
preserved ratio impaired spirometry (PRISm; FEV1/FVC ≥0.7 and FEV1% predicted <80%), or normal 
spirometry. Descriptive statistics were used to examine associations of COPD or PRISm with respiratory 
symptoms, and self-reported medical diagnoses of respiratory and other morbidities. Logistic regression and 
proportional hazards regression were used to examine associations of COPD and PRISm, as well as their 
self-reported medical diagnoses, with risks of lung cancer and all-cause mortality.
Results: A total of 1,987 screening arm participants (98%) provided interpretable spirometry 
measurements; of these, 34.3% had spirometric patterns consistent with either COPD (18.6%) or PRISm 
(15.7%). Two thirds of participants with COPD or PRISm were asymptomatic, and only 23% reported a 
previous medical diagnosis concordant with COPD. Participants reporting a diagnosis tended to be more 
often current and heavier smokers, and more often had respiratory symptoms, cardiovascular comorbidities, 
or more severe lung function impairments. Independently of smoking history, moderate-to-severe (GOLD 
2–4) COPD (OR =2.14; 95% CI: 1.54–2.98), and PRISm (OR =2.68; 95% CI: 1.61–4.40), were associated 
with increased lung cancer risk. Lung cancer patients with PRISm less frequently had adenocarcinomas, and 
more often squamous cell or small cell tumors, compared to those with normal spirometry (n=45), and both 
PRISm and COPD were associated with more advanced lung cancer tumor stage for screen-detected cancers. 
PRISm and COPD, depending on GOLD stage, were also associated with about 2- to 4-fold increases in risk 
of overall mortality, which to 87 percent had causes other than lung cancer. 
Conclusions: About one third of smokers eligible for lung cancer screening in Germany have COPD or 
PRISm. As these conditions were associated with detection of lung cancer, spirometry may help identify 
populations at high risk for death of lung cancer or other causes, and who might particularly benefit from 
CT screening.
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Introduction 

Chronic pulmonary airflow impairment is a frequent and 
major contributing cause of morbidity and premature 
death worldwide (1,2). One frequent disorder is chronic 
obstructive pulmonary disease (COPD), which is diagnosed 
also through spirometric lung function tests that reveal a 
reduced 1-second expiration volume (FEV1) relative to the 
individual’s forced vital lung capacity (FVC). COPD severity 
is graded further by the reduction in FEV1 expressed as 
percent of predicted norm values, following guidelines 
of the Global Initiative for chronic Obstructive Lung 
Disease (GOLD) (3). Chronic bronchitis and emphysema 
are frequent underlying conditions and historical subtypes 
of COPD, with shortness of breath and chronic cough, 
with or without mucus production, as main symptoms. A 
complementary category of patients with diminished lung 
function does not meet spirometric GOLD criteria for 
COPD: they have reductions in both FVC and FEV1 but 
no major reduction in the FEV1/FVC ratio—a condition 
referred to as “restrictive”, or also preserved ratio impaired 
spirometry (PRISm) (4-8). PRISm is a heterogeneous, 
often also unstable (5-7) condition marked by restricted 
expansibility of the lungs and reduced total lung capacity, 
with various underlying causes ranging from pulmonary 
parenchymal disease to reduced chest wall expansion 
resulting from obesity (9). 

COPD (10,11) and PRISm (8,12-14) share an elevated 
prevalence among long-term, heavy smokers, and an 
association with cardiovascular, respiratory and other 
comorbidities (15,16). Additionally, PRISm was found 
to be associated with of obesity [higher average body 
mass index (BMI)] and diabetes (5-8). Independently of 
smoking, obstructive (17) and restrictive (6,7,18) spirometry 
patterns are both associated with increased mortality due to 
cardiovascular disease, cancer, and other causes. In addition, 
COPD and reduced FEV1 have been related to increased lung 
cancer risk (12,19-23), while only few studies have reported on 
the lung cancer risk in association with PRISm (12,21).

COPD (24-27)  and PRISm (7,8)  of ten remain 
undiagnosed, since their early symptoms may be only 

moderate. Population screening by spirometry could help 
detect lung disease in earlier stages of development, but 
earlier medical treatments of asymptomatic COPD have 
not convincingly improved health-related quality of life, 
morbidity, or mortality (3,28). None withstanding, as airflow 
obstruction is more prevalent among long-term smokers 
above age 50—a target group for lung cancer screening 
by computed tomography (CT) (29,30)—several recent 
studies have piloted a combination of general pulmonary 
health check with CT screening programs (25,31). In the 
latter context, it has also been proposed that lung function 
tests might help identify individuals at elevated lung cancer 
risk, for improved risk-based targeting of CT screening 
(32,33), although concerns exist that co-existing (e.g., 
cardiovascular) morbidities and increased overall mortality 
risk may diminish the benefit of CT screening among 
individuals with severe lung function impairments (32-35).

We here present findings from the German Lung Cancer 
Screening Intervention Study (LUSI), a randomized trial 
(n=4,052) to examine the effects of annual CT screening 
on lung cancer mortality among long-term smokers  
50–69 years of age (36). We report the prevalence of 
participants presenting with either spirometric COPD or 
PRISm, and provide descriptive data to characterize these 
participants regarding smoking history, BMI, respiratory 
symptoms and previous medical diagnosis of pulmonary and 
other morbidities. In addition, we then report associations 
of COPD and PRISm with lung cancer risk and all-cause 
mortality, independently of individuals’ detailed smoking 
histories, and discuss findings in view of the potential utility 
of spirometric tests for better targeting of CT screening, 
to those participants for whom it may bring greatest net 
benefit. We present our article in accordance with the 
STROBE reporting checklist (available at https://tlcr.
amegroups.com/article/view/10.21037/tlcr-22-63/rc).

Methods

Study design and participants
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(ISRCTN30604390) with a recruitment phase between 
October 2007 and April 2011 and active screening between 
October 2007 and April 2016, and with continuing 
prospective ascertainment of lung cancer incidence and 
overall mortality until to date. A sample of 292,000 men 
and women aged 50–69 years was drawn from population 
registers in the metropolitan area around Heidelberg 
and asked by mailed questionnaire about their past and 
current smoking habits. Eligibility was defined by a lifetime 
smoking history of minimally 15 cigarettes per day during 
25 years, or 10 cigarettes per day during 30 years, excluding 
those who had stopped smoking more than 10 years before 
invitation to screening [similar to criteria of the Dutch-
Belgian NELSON trial (38)]. Among 89,722 respondents 
who replied to the pre-baseline smoking questionnaire, 
4,708 were eligible by these criteria and willing to 
participate in the study, and were invited to the German 
Cancer Research Center (DKFZ) in Heidelberg for CT 
screening. A total of 4,052 participants accepted and were 
randomized into a screening intervention arm (n=2,029) 
comprising five annual CT screenings, and a control arm 
(n=2,023) without screening; 2,007 participants in the CT 
arm were also offered a spirometry test to be performed 
on occasion of their baseline CT scan. Practically all 
participants are of Caucasian ethnic ancestry.

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). Ethical 
approval for the LUSI trial was given by the University of 
Heidelberg Medical Ethics Committee (No. 073/2001) and 
by the radiation protection authority (BfS, 22462/2, 2006-
045). Written informed consent was provided by all study 
participants. 

Questionnaire information, at baseline and during 
prospective follow-up

At their first screening visit, participants completed a 
baseline questionnaire, and then follow-up questionnaires 
on occasion of their annual follow-up screens, about (recent 
changes in) smoking habits, use of radiologic (X-ray, CT, 
MRI) or other (e.g., endoscopic) examinations of the lungs 
independently of annual CT screening, surgical chest 
procedures, and possible occurrence of cancer (lung or 
other organs) or past major cardiovascular incidents and 
diagnoses. In addition, they reported about respiratory 
symptoms and pulmonary and other comorbidities. After 
the five screening rounds, annual follow-up questionnaires 
continued to be sent to participants in both study arms. 

Participants who did not respond immediately were 
contacted by telephone and also offered assistance with the 
completion of questionnaires during the call.

Questions about respiratory symptoms and morbidities 
covered chronic cough (≥3 months a year), chronic sputum 
production, shortness of breath during physical exertion, 
shortness of breath at rest (dyspnea), recurrent respiratory 
tract infections, and use of bronchodilators. Regarding 
pulmonary morbidities, participants were asked at their first 
screening visit (baseline questionnaire) to report whether 
their physician had ever diagnosed chronic bronchitis, 
or non-allergic or allergic asthma. At annual follow-up 
visits, participants provided further, complementary self-
reports on medical diagnoses of any pulmonary disease, 
including asthma, chronic bronchitis, emphysema, COPD, 
interstitial lung disease, pulmonary edema, or pneumonia. 
Other morbidities covered past or current physician-based 
diagnoses of circulatory disease (myocardial infarction, 
coronary heart disease, angina pectoris, stroke), diabetes 
mellitus, and hypertension.

Spirometry

Pre-bronchodilator spirometry was performed using a 
MasterScreen IOS (VIASYS Healthcare) spirometer. FEV1/
FVC ratios were calculated from the largest FEV1 and FVC 
values recorded in any 1 of 2 repeated assessments, and 
individuals’ predicted FEV1 and FVC values for given age, 
sex and body height and race (FEV1% predicted, FVC% 
predicted) were calculated by equations provided in (39). 
Participants with FEV1/FVC <0.70 were classified as having 
COPD, the severity of their airflow impairment was further 
classified into stages 1 (FEV1 ≥80% predicted), 2 (50% ≤ 
FEV1 < 80% predicted), or 3–4 (FEV1 <50% predicted) 
following the GOLD criteria (3). Participants with FEV1/
FVC ≥0.70 but with FEV1% <80% were classified as having 
PRISm (5,7). 

Prospective ascertainment of incident lung cancer, and 
overall and cause-specific mortality

Till April 2021, 99 cases of lung cancer were diagnosed 
among the CT-arm participants. Of these, 63 were screen-
detected, 6 were “interval” cases missed by CT screening, 
and 30 were diagnosed after the screening period (i.e., 
12 or more months after a participant’s last screening 
participation). Besides screen-detection, cases were 
identified through annual follow-up questionnaires, reports 
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from treating hospitals, and systematic record linkages to 
cancer and mortality registers. For all patients, detailed 
medical information (pathology reports, medical letters on 
diagnosis and treatment, radiology reports) was obtained 
and coded to ICD-O-3 for tumor histology and stage. 

Mortality and causes of death were ascertained through 
record linkages with municipal population registers and 
regional health offices. Up to July 2021, 239 deaths were 
observed in the CT arm. Based on death certificate data 
and clinical data records, all cases of death were classified by 
leading cause (ICD-10). 

Further details on ascertainment of lung cancer incidence 
and overall and cause-specific mortality have been published 
previously (36).

Statistical analyses

Of the 2,007 trial participants for which a spirometry test was 
available, 20 were excluded from statistical analyses because 
of missing values for FEV1 (n=12, 0.6%) or FVC (n=14, 0.7%) 
or because of having FEV1/FVC ratio >1.0 (n=5), leaving a 
final study set of 1,987 participants (Figure S1).

Descriptive statistics were used to calculate the 
population prevalence of spirometrically diagnosed 
COPD or PRISm, and to describe the frequency of self-
reported symptoms and comorbidities across categories of 
participants with COPD, PRISm or normal spirometry. 
Potential significance of risk factor differences between the 
three lung function status groups, and between participants 
with or without medical diagnosis concordant with the 
presence of COPD, was assessed through independent 
t-tests for continuous data, or Fisher’s exact tests for 
categorical data, as well as by logistic regression models. 
Information on smoking duration, the time since quitting, 
and the average daily cigarettes was originally collected 
and coded in form of categorical variables [6 categories for 
lifetime smoking duration; 6 for time since quitting; 12 
for average smoking intensity (cigarettes/day)]. To obtain 
quantitatively scored variables for smoking duration (years), 
the time since quitting (years), and average daily cigarettes 
category indicator values were replaced with their class 
midpoints.

Numbers of prevalent plus incident lung cancer 
cases, and numbers of deaths, were tabulated by lung 
function status (COPD, by GOLD stage; PRISm; normal 
spirometry). Logistic regression was used for evaluation 
of features that may independently predict lung cancer 
diagnosis, combining all prevalent plus incident lung cancer 

cases. Cox proportional hazards models were used to 
evaluate these same features in relation to overall or cause-
specific mortality rates. Further to age and sex, key features 
examined were lifetime smoking duration, time since 
smoking cessation, average cigarettes/day and spirometric 
COPD (by GOLD stage) or PRISm vs. normal spirometry, 
as well as self-reported medical diagnosis of COPD-related 
lung disease. FEV1/FVC, FEV1% predicted and FVC% 
predicted were also examined as continuous risk factors. 

Results

Spirometric COPD and PRISm: prevalence and 
associations with education, smoking, and BMI 

In a total of 1,987 of the 2,029 participants in the CT 
screening arm, spirometry yielded interpretable data  
(Table 1); of these, 369 (18.6%) had spirometry patterns 
consistent with COPD, 311 (15.7%) had patterns consistent 
with PRISm, and 1,307 (65.8%) had normal spirometry. Of 
the 369 participants with COPD, 92 (4.6%) were classified 
as mild (GOLD 1), 236 as moderate (GOLD 2; 11.9%), 
and 41 as severe or very severe COPD (GOLD 3–4; 
2.1%). Compared to participants with normal spirometry, 
those with COPD or PRISm more often had lower levels 
of formal education, and included higher proportions of 
current, as opposed to ex-smokers. Participants with PRISm 
had slightly higher, and those with COPD slightly lower 
median BMI compared to those with normal spirometry. 
COPD, but not PRISm, showed a higher male-to-female 
ratio compared to those with normal spirometry (Table 1). 

Associations with respiratory symptoms

Compared to those with normal spirometry, participants 
with spirometric COPD, and also those with PRISm, 
more frequently reported respiratory symptoms typical 
of COPD, notably chronic cough, sputum production, 
shortness of breath, physical stress when inhaling poor-
quality air, and persistent lower airway infections, and more 
often reported the use of bronchodilators (Table 2). Among 
those with COPD, the proportion of persons with at least 
one symptom increased with increasing GOLD stage, from 
33.7% of participants with mild (GOLD 1) COPD up 
to 61% of participants with severe (GOLD 3–4) COPD. 
Severe dyspnea at rest was reported only rarely (Table S1).  
Likewise, use of bronchodilators varied from 8.7% for 
participants with mild (GOLD 1) to 36.6% for those 
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Table 1 Basic characteristics of LUSI screening arm participants (n=1,987) with spirometry patterns consistent with COPD, PRISm or absence 
of respiratory impairments (normal spirometry)

Characteristics PRISm (n=311) P value COPD all GOLD stages (n=369) P value Normal spirometry (n=1,307)

FEV1/FVC 0.78 (0.79); [0.74–0.83] <0.01* 0.65 (0.62); [0.59–0.68] <0.01* 0.81 (0.81); [0.76–0.86]

FEV1 (L) 2.30 (2.34); [1.98–2.71] <0.01* 2.36 (2.32); [1.78–2.82] <0.01* 3.17 (3.19); [2.70–3.67]

FEV1% predicted 74.26 (71.87); [68.20–76.86] <0.01* 71.61 (69.52); [58.86–80.00] <0.01* 94.83 (96.59); [87.85–103.98]

FVC (L) 2.89 (2.99); [2.48–3.47] <0.01* 3.67 (3.81); [3.07–4.38] <0.01* 3.91 (3.94); [3.31–4.52]

FVC% predicted 72.47 (71.50); [66.18–78.21] <0.01* 86.66 (88.97); [78.04–96.87] <0.01* 92.54 (93.29); [85.08–100.55]

Age (years) 56.6 (57.7); [52.6–61.5] 0.04* 59.0 (59.2); [54.3–64.2] <0.01* 55.6 (57.0); [52.3–60.5]

Sex 0.09* 0.03*

Male 184 (59.2%) 261 (70.7%) 844 (64.6%)

Female 127 (40.8%) 108 (29.3%) 463 (35.4%)

BMI (kg/m2) 26.9 (27.6); [24.6–30.1] <0.01* 25.4 (26.1); [23.0–28.3] 0.28* 26.3 (26.6); [23.9–29.0]

Smoking status 0.11* 0.06*

Current 201 (64.6%) 240 (65.0%) 778 (59.5%)

Former 110 (35.4%) 129 (35.0%) 529 (40.5%)

Smoking duration (years) 0.02* <0.01*

26–30 48 (15.4%) 33 (11.9%) 253 (19.4%)

31–35 93 (29.9%) 64 (23.1%) 417 (31.9%)

36–40 104 (33.4%) 71 (25.6%) 402 (30.8%)

41–45 44 (14.1%) 71 (25.6%) 161 (12.3%)

46–50 14 (4.5%) 30 (10.8%) 66 (5.0%)

>50 8 (2.6%) 8 (2.9%) 8 (0.6%)

Time since quitting 0.16* 0.04*

<1 month 1 (0.9%) 3 (3.2%) 8 (1.5%)

1–6 months 8 (7.3%) 6 (6.4%) 32 (6.0%)

7 months–1 year 11 (10.0%) 6 (6.4%) 25 (4.7%)

1–2 years 12 (10.9%) 14 (14.9%) 88 (16.6%)

3–5 years 38 (34.5%) 38 (40.4%) 159 (30.1%)

6–10 years 40 (36.4%) 27 (28.7%) 217 (41.0%)

Average daily cigarettes 0.22* <0.01*

11–15 56 (18.0%) 41 (14.8%) 225 (17.2%)

16–20 77 (24.8%) 76 (27.4%) 438 (33.5%)

21–25 91 (29.3%) 61 (22.0%) 312 (23.9%)

26–30 34 (10.9%) 40 (14.4%) 133 (10.2%)

31–35 15 (4.8%) 21 (7.6%) 60 (4.6%)

36–40 19 (6.1%) 17 (6.1%) 64 (4.9%)

41–45 7 (2.3%) 5 (1.8%) 24 (1.8%)

Table 1 (continued)
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with severe (GOLD 3–4) COPD, vs. 12.9% among those 
with PRISm and 4.4% for those with normal spirometry  
(Table S1). 

Associations with previous medical diagnoses of respiratory 
and other morbidities

About twenty-eight percent (27.9%) of participants with 
COPD and 19% of those with PRISm reported a past 
or recent physician’s diagnosis of chronic bronchitis, 
COPD or emphysema, against 9% of those with normal 
spirometry, and compared to those with normal spirometry 
participants with COPD or PRISm more frequently 
also reported a diagnosis of asthma (Table 2). Among 
COPD patients, the prevalence of each of these self-
reported diagnoses increased with increasing GOLD stage  
(Table S1). Among participants with spirometry-based 
COPD or PRISm, participants reporting a corresponding 
physician’s diagnosis more often were current smokers, 
more often had respiratory symptoms, more often had 
lower formal levels of education (PRISm) and on average 

had more severe lung function impairments than those 
without a diagnosis of airway-related disease (Tables S2,S3).  
Regarding other morbidities, especially PRISm was 
associated with increased prevalence of diabetes, and 
previous stroke or heart attacks, whereas both PRISm 
and COPD were associated with increased prevalence of 
hypertension as well as coronary heart disease. 

Associations of spirometric COPD and PRISm with lung 
cancer risk and histology

From baseline screen up to a median follow-up of 12.1 years,  
26 prevalent plus incident cases of lung cancer were 
diagnosed among participants with COPD (cumulative 
diagnosis of 7.0%), 28 among participants with PRISm 
(7.7%) and 45 among participants with normal spirometry 
(3.4%). Regarding histologic subtypes, lung cancer patients 
with PRISM showed a significantly lower percentage of 
adenocarcinomas and a higher percentage of squamous cell 
or small-cell tumors, compared to patients with normal 
baseline spirometry (Table 3). A suggestion towards a similar 

Table 1 (continued)

Characteristics PRISm (n=311) P value COPD all GOLD stages (n=369) P value Normal spirometry (n=1,307)

46–50 2 (0.6%) 8 (2.9%) 19 (1.5%)

51–55 2 (0.6%) 6 (2.2%) 4 (0.3%)

56–60 4 (1.3%) 1 (0.4%) 18 (1.4%)

>60 4 (1.3%) 1 (0.4%) 10 (0.8%)

Educationa 0.07* 0.43*

Primary/lower secondary 
[ISCED 1–2] 

161 (51.8%) 174 (47.1%) 574 (43.9%)

Secondary [ISCED 3] 74 (23.8%) 90 (24.4%) 314 (24.0%)

Post secondary/non tertiary 
[ISCED 4] 

24 (7.7%) 29 (7.9%) 125 (9.6%)

Tertiary (university level) 
[ISCED 5/6]

50 (16.1%) 71 (19.2%) 283 (21.7%)

Other/unknown 2 (0.6%) 5 (1.3%) 11 (0.8%)

Higher education [ISCED 5/6] 50 (16.1%) 0.01* 53 (19.1%) 0.80* 290 (22.2%)

Median (mean) values and IQR ranges [in square brackets] are reported for continuous variables, while n (%) are reported for categorical 
variables. *, P values for the comparisons between the PRISm and COPD groups respectively vs. the normal spirometry group. For 
continuous variables these are derived using independent t-test, while for the categorical ones, the Fisher’s exact test has been 
implemented; a, Volks/Hauptschulabschluss (ISCED 1–2), Mittlere Reife (ISCED 3), Fachhochschule (ISCED 4), Hochschule (ISCED 5/6). 
LUSI, the German Lung Cancer Screening Intervention Study; COPD, chronic obstructive pulmonary disease; PRISm, preserved ratio 
impaired spirometry; FEV1, forced expiration in one second; FVC, forced vital lung capacity; BMI, body mass index; ISCED, International 
Standard Classification of Education; IQR, interquartile range. 
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histology shift was observed for lung cancer patients with 
severe (GOLD 3–4) COPD (Table S4), although numbers 
of observations were small. In addition, lung cancer patients 
with COPD or PRISm showed a lower proportion of 
cases with stage-1 tumors, and higher proportions of stage  
3–4 tumors, especially when lung cancer was diagnosed 
during the screening period. 

Adjusting for age, sex and smoking history, logistic 
regression showed significant associations of lung cancer risk 
with PRISm (OR =2.68; 95% CI: 1.61–4.40) and moderate-
to-severe (GOLD 2–4) COPD (OR =2.05; 95% CI: 1.20–

3.42); however, the association was not statistically for all-
stage COPD (GOLD 1–4: OR =1.54; 95% CI: 0.91–2.55) 
(Table 4), as no lung cancer cases were observed among the 
92 participants with mild (GOLD 1) COPD. Lung cancer 
risk was significantly inversely related to FEV1 percent 
predicted (for 10% absolute difference: OR =0.82; 95% CI: 
0.73–0.91), FVC percent predicted (10% difference: OR 
=0.73; 95% CI: 0.63–0.85), and FEV1/FVC ratio (percent) 
(10% difference: OR =0.94; 95% CI: 0.79–1.13) modelled 
as continuous variables. Odds ratio estimates obtained 
from models adjusting only for age and sex differed little 

Table 2 Medically diagnosed comorbidities (self-reported), respiratory symptoms and use of bronchodilators among LUSI participants classified 
as having COPD (GOLD-all stages), PRISm or normal spirometry

Symptoms and comorbidities PRISm (n=311) P value
COPD All GOLD stages 

(n=369)
P value

Normal spirometry 
(n=1,307)

Frequent pulmonary symptoms

Chronic cough 73 (23.5%) <0.01 113 (30.6%) <0.01 197 (15.1%)

Chronic sputum production 57 (18.3%) 0.06 97 (26.3%) <0.01 157 (12.0%)

Dyspnea (at rest) 12 (3.9%) <0.01 9 (2.4%) 0.28 15 (1.1%)

Avoiding physical efforts because of breathlessness 22 (7.1%) <0.01 33 (8.9%) <0.01 39 (3.0%)

Persistent bronchial infections 41 (13.2%) <0.01 53 (14.4%) <0.01 91 (7.0%)

Any of the above symptoms 108 (34.7%) <0.01 161 (43.6%) <0.01 288 (22.0%)

Use of medications

Bronchodilators (inhalers) 40 (12.9%) <0.01 68 (18.4%) <0.01 57 (4.4%)

Medically diagnosed respiratory disease, self-reported

Chronic bronchitis (ever)* 55 (17.7%) <0.01 89 (24.1%) <0.01 119 (9.1%)

Chronic bronchitis (past 12 months)** 4 (1.3%) 0.09 5 (1.4%) 0.05 5 (0.4%)

COPD (past 12 months)** 5 (1.6%) 0.03 11 (3.0%) <0.01 5 (0.4%)

Emphysema (past 12 months)** 0 1.00 4 (1.1%) <0.01 1 (0.1%)

Any of the four diagnoses above 59 (19.0%) <0.01 103 (27.9%) <0.01 118 (9.0%)

Asthma (ever)* 22 (7.1%) <0.01 29 (7.9%) <0.01 37 (2.8%)

Prior (ever) diagnosis of other (non-pulmonary) disease 
or major health events, self-reported 

Diabetes 50 (16.1%) <0.01 29 (7.9%) 0.97 101 (7.7%) 

Stroke 24 (7.7%) 0.01 20 (5.4%) 0.31 54 (4.1%)

Heart attack 48 (15.4%) <0.01 38 (10.3%) 0.48 118 (9.0%)

Coronary heart disease 27 (8.7%) <0.01 24 (6.5%) 0.06 73 (5.2%)

Hypertension 139 (44.7%) <0.01 141 (38.2%) 0.05 403 (30.8%)

n (%) are reported for categorical variables. *, questionnaire at baseline visit (1st screening round); **, questionnaire at 1st follow-up visit (2nd 
screening round). LUSI, the German Lung Cancer Screening Intervention Study; COPD, chronic obstructive pulmonary disease; GOLD, 
Global Initiative for chronic Obstructive Lung Disease; PRISm, preserved ratio impaired spirometry.
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from those of models additionally adjusting for smoking 
history, suggesting little confounding by smoking in this 
population. Beyond spirometry and smoking history, self-
reported diagnoses of COPD-related pulmonary disease or 
symptoms showed no further association with lung cancer 
risk (results not shown).

Associations of spirometric COPD and PRISm with 
mortality

The cumulative incidence of deaths of all causes combined 
was increased among participants with COPD (cumulative 
incidence of 21.1%) as well as PRISm (17.4%), compared 

Table 3 Lung cancer cases, overall and by histologic subtype, by spirometry classifications (PRISm, COPD stratified by GOLD grade, or neither) 

Patient characteristics PRISm (n=311) COPD (all stages) (n=369) Normal spirometry (n=1,307)

Total detection/diagnosed during screening period* 17 19 33

1st screening round* (“prevalence screening”) 5 8 11

2nd–5th screening round* (“incidence screenings”) 8 10 21

Interval cases 4 1 1

Lung cancer cases diagnosed after the end of screening 11 7 12

Cumulative prevalence plus incidence, n (%) 28 (7.7) 26 (7.0) 45 (3.4)

P value <0.01 <0.01

Histology distribution, n (%)

Adenocarcinomas 12 (42.9) 16 (61.5) 33 (73.3)

Squamous-cell 8 (28.6) 4 (15.4) 4 (8.9)

Small-cell 6 (21.4) 2 (7.7) 4 (8.9)

Other 2 (7.1) 4 (15.4) 4 (8.9)

P value 0.03 0.66

Stage distribution—screen-detected cases, n (%)

Stage 1 8 (28.6) 9 (34.6) 25 (55.6)

Stage 2 5 (17.9) 7 (26.9) 5 (11.1)

Stage 3 2 (7.1) 3 (11.5) 2 (4.4)

Stage 4 2 (7.1) 0 0 

Unknown 0 0 1 (2.2)

P value 0.22 <0.01

Stage distribution—screen-detected plus further incident (all) cases, n (%)

Stage 1 9 (31.1) 12 (46.1) 27 (60.0)

Stage 2 7 (25.0) 7 (26.9) 9 (20.0)

Stage 3 3 (10.7) 4 (15.4) 4 (8.9)

Stage 4 8 (28.6) 3 (11.5) 3 (6.7)

Unknown 1 (3.6) 0 2 (4.4)

P value 0.28 0.22

*, P values are based on Fischer’s exact test. PRISm, preserved ratio impaired spirometry; COPD, chronic obstructive pulmonary disease; 
GOLD, Global Initiative for chronic Obstructive Lung Disease.
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to participants with normal spirometry (8.2%) (Table 5). A 
total of 41 lung cancer deaths occurred, thereof 16 in the 
PRISm group (cumulative incidence of 16/311=5.1%), 9 
in the group with COPD (9/369=2.4%), and 16 among 
participants with normal spirometry (16/1,307=1.2%). For 
PRISm, as well as for COPD, increased cumulative mortality 
was also observed for deaths caused by malignancies 
other than lung cancer (ICD-10, C00–D48), or caused by 
circulatory diseases (ICD-10, I00–I99) (Table 5). Overall, 
87% of the deaths were due to other causes than lung cancer. 

Proportional hazards models adjusting for age, sex, 
smoking history and pre-existing diabetes mellitus showed 
significant associations for overall mortality risk for 
screening participants classified with PRISm [hazard ratio 
(HR) =2.29; 95% CI: 1.65–3.19] or with all-stage COPD 

(GOLD 1–4, HR =1.98; 95% CI: 1.47–2.66), and increasing 
HRs with increasing severity of COPD (GOLD 1: HR 
=1.40, 95% CI: 0.77–2.55); GOLD 2: HR =1.74, 95% CI: 
1.22–2.49; GOLD 3–4: HR =4.33, 95% CI: 2.68–6.99) 
(Table 6). Overall and cause-specific mortality were inversely 
related to FEV1% predicted (HR =0.82; 95% CI: 0.76–0.86 
for a 10% increase), percent FVC% predicted (HR =0.75; 
95% CI: 0.69–0.82 for a 10% increase), as well as to FEV1/
FVC ratio (HR =0.86; 95% CI: 0.78–0.94, for a 10% 
increase), analyzed as continuous variables. HR estimates 
remained essentially unaffected by adjustments for smoking 
history (Table 6). Beyond spirometry and smoking history, 
self-reported diagnoses of COPD-related pulmonary 
disease or symptoms showed no further association with all-
cause mortality (results not shown).

Table 4 Odds ratios for lung cancer in relation to spirometry-based conditions and measurements

Spirometry categories Statistical model Odds ratio (95% CI) P value, comparison with normal spirometry

COPD (all GOLD stages) vs. normal Model 1 1.72 (1.03–2.84) 0.04

Model 2 1.54 (0.91–2.55) 0.10

COPD (GOLD 2 vs. normal)* Model 1 2.43 (1.40–4.12) <0.01

Model 2 2.18 (1.24–3.72) <0.01

COPD (GOLD 3–4 vs. normal)* Model 1 1.82 (0.52–4.92) 0.28

Model 2 1.50 (0.42–4.11) 0.47

COPD (GOLD 2–4 vs. normal)* Model 1 2.32 (1.37–3.84) <0.01

Model 2 2.05 (1.20–3.42) <0.01

PRISm vs. normal* Model 1 2.64 (1.59–4.30) <0.01

Model 2 2.68 (1.61–4.40) <0.01

FEV1/FVC (%)** Model 1 0.90 (0.77–1.08) 0.25

Model 2 0.94 (0.79–1.13) 0.47

FEV1% predicted** Model 1 0.80 (0.72–0.89) <0.01

Model 2 0.82 (0.73–0.91) <0.01

FVC% predicted ** Model 1 0.73 (0.63–0.84) <0.01

Model 2 0.73 (0.63–0.85) <0.01

Known respiratory disease*** Model 1 1.13 (0.60–1.97) 0.68

Model 2 1.01 (0.54–1.77) 0.97

Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, lifetime smoking duration, average cigarettes/day, time since quitting 
(for ex-smokers). *, compared to reference group of normal spirometry (n=1,307). No lung cancer cases were observed among screening 
participants with GOLD stage-1 COPD; **, continuous variable (the odds ratios correspond to a unit of 10% increase); ***, known 
respiratory disease = self-report of previous physician’s diagnosis of chronic bronchitis, emphysema or COPD. COPD, chronic obstructive 
pulmonary disease; GOLD, Global Initiative for chronic Obstructive Lung Disease; PRISm, preserved ratio impaired spirometry; FEV1, 
forced expiration in one second; FVC, forced vital lung capacity. 
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Discussion

In this population-based lung cancer screening trial, we 
observed a prevalence of spirometric COPD (18.6%) 
clearly above that reported for general population samples 
un-selected for smoking history (40-43), but less elevated 
than in several other lung cancer screening studies, notably 
the American College of Radiology Imaging Network 
(ACRIN) component of the US National Lung Screening 
Trial (NLST-ACRIN) (34%) (21), the UK the Lung Screen 
Uptake Trial (LSUT) (57%) (25), or the Manchester Lung 
Health Check (MLHC) study (34.7%) (31). For severe 
(GOLD 3–4) COPD, NLST-ACRIN reported a prevalence 
of 7.0% (21) vs. only 2.1% in LUSI. The higher prevalence 
of COPD in NLST-ACRIN, LSUT and MLHC, relative 
to LUSI, may be explained by the higher age range and 
higher cumulative smoking exposures used as eligibility 
requirement for each of these former studies. Furthermore, 
the prevalence of PRISm (15.7%) was also higher than in 
general population studies unselected for smoking habits 
(7,12-14,16), but again lower than in NLST-ACRIN 
(19.5%) (21,32). 

As in NLST-ACRIN (32,33), the Lung Screening Uptake 
Trial (25) and the Manchester Lung Health Check (31)  
study, we found that increasing severity of COPD-related 
abnormal spirometry was associated with an increasing 
proportion of participants reporting classical COPD 
symptoms, up to about 60 percent in GOLD stages 3–4. 

PRISm was associated with a moderate increase of these 
symptoms, relative to normal spirometry. Overall, however, 
about two thirds of participants with COPD or PRISm 
were asymptomatic. Furthermore, only about 40% of 
LUSI participants with COPD or PRISm reported a past 
or current medical diagnosis of airway disease (chronic 
bronchitis, COPD or emphysema). In keeping with recent 
reports from NLST-ACRIN (33), Manchester Lung Health 
Check (31) and Lung Screening Uptake Trial (25), we 
found that participants with prior medical diagnoses of lung 
disease concordant with COPD were more likely to also 
report respiratory symptoms and be a current and more 
intense smoker, while more often also having cardiovascular 
comorbidities or more severe lung function impairments. 

Adjusting for smoking history,  we observed an 
approximate 2-fold increase in lung cancer risk for 
screening participants with moderate or severe (GOLD 2–4) 
COPD, relative to individuals with normal spirometry, in 
keeping with previous studies (12,20,21,23). Interestingly, 
we found that PRISm was also associated with an even 
2.6-fold increase in lung cancer risk. Overall, it is worth 
highlighting that 55% of the lung cancer cases observed 
in the LUSI screening arm had either COPD or PRISm 
according to the baseline spirometry examination. Only 
two previous studies previously reported lung cancer risks 
in association with PRISm, with relative risk estimates 
of 1.6 and 1.5, respectively: NLST-ACRIN (n=18,466; 
757 lung cancer cases over 6.4 years’ average follow-up; 

Table 5 Total cases of death, overall and by major principal causes, for participants with spirometric COPD, PRISm, or normal spirometry

Deaths, overall and by cause PRISm (n=311) COPD (GOLD 1–4) (n=369) Normal spirometry (n=1,307)

Total, n (%) 54 (17.4) 78 (21.1) 107 (8.2)

P value <0.01 <0.01

By frequent cause, n (%)

Cancer 

Total 29 (9.3) 26 (7.0) 52 (4.0)

Lung 16 (5.1) 9 (2.4) 16 (1.2)

Other 13 (4.2) 17 (4.6) 36 (2.8)

P value 0.04 0.66

Circulatory diseases 11 (3.5) 21 (5.7) 22 (1.7)

Respiratory diseases 3 (1.0) 15 (4.0) 4 (0.3)

Other 11 (3.5) 16 (4.3) 29 (2.2)

COPD, chronic obstructive pulmonary disease; PRISm, preserved ratio impaired spirometry; GOLD, Global Initiative for chronic 
Obstructive Lung Disease.
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baseline PRISm prevalence 19.5%) (21,32) and one in the 
first National Health and Nutrition Examination Survey 
(NHANES-I; n=5,402, 113 cases over 17.9 years’ average 
follow-up; PRISm prevalence 5.6%) (12). Further studies 
may be needed to understand the reasons for the association 
of PRISm with lung cancer risk in further detail, and to 
identify more specific underlying phenotypes related to 
lung cancer development. In the COPDGene study, a 
positive association was found between spirometry patterns 
analogous to PRISm and reduced total lung capacity with 
interstitial lung abnormalities (44), and further studies in 
COPDGene, as well as in NLST (45) and other lung cancer 
screening cohorts (46), have also shown an association of 

interstitial lobular abnormalities (ILA) with increased lung 
cancer risk. In our data, unlike spirometric assessments, 
self-reported diagnoses of chronic bronchitis, COPD or 
emphysema showed no association with lung cancer risk. 

In NLST-ACRIN, lung cancer cases among participants 
with spirometrically determined COPD included a lower 
proportion of patients with adenocarcinomas and early-stage 
tumors, and higher proportions of squamous-cell, small-
cell, and advanced-stage tumors, relative compared with 
patients who had normal spirometry (21,32,47). In further 
analyses of NLST-ACRIN data, Young and Hopkins found 
that reductions in lung cancer deaths for those randomized 
to the CT arm were mainly obtained among screening 

Table 6 Mortality HRs for screening participants with spirometric PRISm or COPD compared to normal spirometry, and in relation to FEV1/
FVC ratio, FEV1% predicted, FVC% predicted as continuous covariates

Spirometry categories Statistical model HR (95% CI) P value, comparison with normal spirometry

COPD (all GOLD stages) vs. normal Model 1 2.19 (1.63–2.94) <0.01

Model 2 1.98 (1.47–2.66) <0.01

COPD (GOLD 1 vs. normal)* Model 1 1.38 (0.76–2.50) 0.30

Model 2 1.40 (0.77–2.55) 0.28

COPD (GOLD 2 vs. normal)* Model 1 2.00 (1.40–2.84) <0.01

Model 2 1.74 (1.22–2.49) <0.01

COPD (GOLD 3–4 vs. normal)* Model 1 4.81 (2.99–7.73) <0.01

Model 2 4.33 (2.68–6.99) <0.01

COPD (GOLD 2–4 vs. normal)* Model 1 2.45 (1.80–3.35) <0.01

Model 2 2.15 (1.57–2.94) <0.01

PRISm vs. normal* Model 1 2.27 (1.63–3.15) <0.01

Model 2 2.29 (1.65–3.19) <0.01

FEV1/FVC (%)** Model 1 0.84 (0.76–0.92) <0.01

Model 2 0.86 (0.78–0.94) <0.01

FEV1% predicted** Model 1 0.80 (0.75–0.85) <0.01

Model 2 0.82 (0.76–0.86) <0.01

FVC% predicted ** Model 1 0.75 (0.68–0.82) <0.01

Model 2 0.75 (0.69–0.82) <0.01

Known respiratory disease*** Model 1 1.57 (1.13–2.18) <0.01

Model 2 1.38 (0.99–1.04) 0.06

Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, lifetime smoking duration, average cigarettes/day, time since quitting (for 
ex-smokers), diabetes. *, compared to reference group of normal spirometry (n=1,307); **, continuous variable (the odds ratios correspond 
to a unit of 10% increase); ***, known respiratory disease = self-report of previous physician’s diagnosis of chronic bronchitis, emphysema 
or COPD. PRISm, preserved ratio impaired spirometry; COPD, chronic obstructive pulmonary disease; FEV1, forced expiration in one 
second; FVC, forced vital lung capacity; HR, hazard ratio; GOLD, Global Initiative for chronic Obstructive Lung Disease. 
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participants who had either no, or only mild or undiagnosed 
COPD, whereas no reduction was observed for those with 
severe (GOLD 3–4) or already previously diagnosed COPD 
(32,33). A possible explanation of this could be that patients 
without major lung function impairments or only mild 
COPD more often had adenocarcinomas that were detected 
in earlier stages in the CT screening arm, whereas advanced 
COPD was frequently associated with squamous-cell or 
small-cell carcinoma. The latter is notoriously incurable 
even in early stages, and both are frequently centrally 
located, where they escape early detection by unenhanced 
CT. Unfortunately, the lack of spirometry data in the 
control arm of LUSI precluded a similar comparison as 
performed by Young and Hopkins of lung cancer mortality 
in the CT-screening and control arms, stratified by presence 
or absence of COPD or also PRISm. However, similar to 
NLST-ACRIN findings, our data did suggest histology 
and stage shifts for lung cancer patients who had abnormal 
spirometry, notably so in the COPD and PRISm groups. 
Several screening studies (48-51), including LUSI (36), 
found an increased proportion of adenocarcinomas among 
early-stage lung tumors detected by CT screening, likely 
because these are more slowly growing tumors, detectable 
over a longer period prior to clinical manifestation (52,53), 
and because of their more peripheral location in the lungs, 
where small nodules are detected more easily. Analyses of 
the full NLST trial data by sex and by tumor histology (48) 
showed that non-small cell and non-squamous cell tumors, 
notably adenocarcinomas, likely are the tumor subtypes 
most associated with reduced mortality upon early detection 
by CT screening. This may also explain why, as e.g., in 
LUSI, a lung cancer mortality reduction by CT screening 
was found to be more pronounced in women rather than in 
men: female lung cancer patients tend to include a higher 
proportion of cases with adenocarcinomas, and fewer with 
squamous- and small-cell carcinomas, compared to male 
patients (36,38,48). 

Parallel to lung cancer risk we found that, additionally to 
smoking, PRISm and COPD (all GOLD stages combined) 
were each associated with an approximately 2-fold increase 
in overall mortality. Notably, 87% of deaths were not due 
to lung cancer; circulatory diseases and non-pulmonary 
neoplasms combined were the most frequent causes of 
death. With increasing severity lung function impairment, 
HRs increased to more than four-fold for severe (GOLD 
3–4) COPD, and to 2.7-fold for PRISm combined with 
FEV1 below 70% of predicted values. Using a multivariable, 
flexible parametric model for overall survival that includes 

baseline variables as age, BMI, and smoking information, 
we further estimate that, in this population, individuals 
with PRISm or severe COPD have considerably reduced 
median life expectancy, with approximately 3.6 to 4.4 
and life years lost due to either PRISm or COPD for 
both men and women, independently of the other risk 
factors (Table S5). Similar estimates for life years lost in 
association with airflow restriction (COPD) were made 
in the NHANES-III study (54). These estimates suggest 
that for older individuals, e.g., 75 years or older, who 
continue to smoke and additionally show spirometric lung 
function impairments the benefit from CT screening may be 
very limited: there remain few life years to be gained even if 
lung cancer death is avoided, whereas the risk of being over-
diagnosed cannot be neglected. Beyond spirometry, we did 
not find further improvement of mortality prediction when 
integrating self-reports of medical diagnosis of COPD-related 
lung disease (chronic bronchitis, COPD, emphysema).

The question remains how spirometry measurements 
might best be used to improve targeting of CT screening, 
to optimize screening benefits (life years gained) against 
monetary costs, risks of over-diagnosis or possible 
consequences of false-positive screening tests. PRISm and 
COPD predict higher lung cancer risk independently of age 
and smoking history, and individuals at higher lung cancer 
risk may be more likely to benefit from lung cancer screening 
than those with lower risk (55). However, both COPD and 
PRISm appear to be associated with increased rates of those 
cancers that are aggressive and difficult to detect in early and 
still curable stages. Screening benefits will be additionally 
limited by reduced overall life expectancy. 

The analyses by Young and Hopkins of NLST-ACRIN 
data (32,33) indeed suggest that CT screening in the NLST 
study would have had greater benefit, had it been focused 
exclusively on participants without severe lung function 
impairments. The relationship of screening benefits to lung 
function impairments, however, is likely to be complex, as 
simultaneously it also depends on a participant’s age, sex, 
detailed smoking history, BMI and presence of further 
comorbidities, whereas the relationships of these various 
predictors to the risks of lung cancer vary with regard to 
subtypes of various aggressiveness, and with regard to risk 
of death by competing causes. More comprehensive models 
are being developed that predict an individual’s expected 
gain in life years by participation in CT screening, based 
on these multiple risk factors (56). Predictions from such 
models could be used to determine an individual’s general 
eligibility for CT screening, or whether he or she is not 
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expected to receive sufficient clinical benefit, weighed 
against the financial costs of screening or also risks of false-
positive screening tests or overdiagnosis. Conceivably, 
in organized screening programs such model predictions 
could be further improved by the inclusion of spirometry 
lung function tests. Likewise, ascertainments of spirometric 
abnormality may also be integrated in models predicting 
lung cancer risk, in view of determining personally 
optimized screening intervals (56-58), modulating screening 
frequency according to risk of having lung cancer detected 
upon a next screening visit. 

In summary,  the Lung Screening Uptake Trial 
and the Manchester Lung Health Check studies in 
the UK, the NLST-ARCIN trial as well as the LUSI 
trial have demonstrated that spirometry tests can be 
successfully integrated into a population-based lung 
cancer screening program, and all studies showed a high 
prevalence of previously undiagnosed, symptomatic as 
well as asymptomatic lung function impairment among 
screening participants. LUSI and previous studies also 
showed substantial concordance with regards to factors 
associated with previously undiagnosed, as compared to 
diagnosed, lung function impairment. A limitation of the 
LUSI study is that airflow measurements were based on 
pre-bronchodilator spirometry, on only a single study 
visit. Thus, abnormal spirometry indications may have 
included a proportion of participants with asthma or other 
reversible airflow conditions, and may have resulted in some 
overestimation of the prevalence of undiagnosed COPD 
and PRISm. This same limitation was also acknowledged 
for the previous reports from NLST, Lung Screening 
Uptake Trial and the Manchester Lung Health Check 
study. Nonetheless, as indicated also by these latter studies, 
pre-bronchodilator spirometry can be usefully applied to 
find potential COPD cases, to be further diagnostically 
verified and treated by a specialized pulmonology practice. 
For PRISm, however, previous studies have shown this is 
a more unstable, often transient phenotype that frequently 
transitioned either into, or away from other lung function 
categories (COPD, normal spirometry) and with highly 
variable rates of longitudinal decline in FEV1% (5-7). 
Furthermore, our data suggest that pre-bronchodilator 
spirometry readings indicating PRISm or more severe 
COPD may be associated with higher risk especially of 
having more aggressive forms of lung cancer (small cell and 
squamous cell tumors, as opposed to adenocarcinomas), 
similar to previous observations in NLST-ACRIN, and that 
both PRISm and COPD are also important predictors for 

increased overall mortality due to causes competing with 
lung cancer. Thus, our findings confirm that spirometry 
measurements may be useful predictors for lung cancer 
screening outcomes, which could be incorporated into 
models for the prediction of, both, screening benefits or 
harms and into optimized guidelines for screening eligibility 
and frequency. 
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