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INTRODUCTION

Smoking is a major health care problem and is projected to cause over 8 million deaths 
per year worldwide in the coming decades 1, 2. Although elimination of tobacco smoking 
is the most effective way to reduce the number of smoking-induced deaths, smoking 
cessation is difficult to achieve and barriers to prevent starting this addictive habit are 
low. Therefore, other ways are needed to reduce the burden of smoking-induced diseases 
like lung cancer. For that purpose, several randomized screening trials were initiated in 
the past years to reduce lung cancer mortality in heavy smokers using screening with low-
dose Computed Tomography (CT) 3-7. In 2004 the Dutch Belgian Lung Cancer Screening 
Trial (NELSON) started including participants. The NELSON-trial is the largest population-
based lung cancer screening trial and compares lung cancer mortality in about 15,000 
current and former heavy smokers that did or did not underwent screening with low-
dose chest CT 4. Final results from this trial are currently awaited. Recently, the National 
Lung Screening Trial (NLST), which was performed in the United States of America 
and compared about 25,000 participants screened with CT against 25,000 participants 
screened with conventional chest radiography, reported an overall lung cancer mortality 
reduction over 20% in the CT arm 8. Interestingly, this is also the first cancer screening that 
demonstrated an increase in overall survival, which raises high expectations 8, 9. Despite 
cost-effectiveness is yet unknown, major authorities have already released practical 
guidelines that recommend CT-based screening for lung cancer in current and former 
heavy smokers 10, 11. 

Smoking-induced mortality and morbidity is not only due to lung cancer, and comparable 
numbers of heavy smokers die from cardiovascular disease (CVD), followed by chronic 
obstructive pulmonary disease (COPD) 8, 12, 13. Interestingly, the screening test used for 
lung cancer screening (ie. CT) is also capable of visualizing several other pulmonary and 
cardiovascular diseases. This raises the question why one would only look at lung cancer, 
not using potentially important information on CVD and COPD in subjects who are at 
risk for multiple smoking-induced diseases (Figure 1). If screening CT scans would enable 
early detection and timely treatment of these diseases, morbidity and mortality from CVD 
and COPD might be reduced. Additionally, screening for multiple diseases may enhance 
the cost-effectiveness of CT-based screening in heavy smokers. 

Regarding the evaluation of COPD -a disease characterized by irreversible airflow 
obstruction- it is known that this airflow obstruction mainly depends on two disease 
components: parenchymal destruction (ie. pulmonary emphysema) and inflammation 
with remodeling of the small conducting airways (ie. small airways disease) 14. In individual 
subjects these two components of airflow obstruction may be present in varying degrees. 
Advances in CT technology have led to automated analysis of emphysema extent on 
inspiratory CT, however, not much is known on the assessment of air trapping on expiratory 
CT which may reflect small airways disease. Quantitative assessment of both disease 
components might prove useful in the evaluation of COPD in a CT-based lung cancer 
screening setting. Regarding the evaluation of CVD it is known that coronary and aortic 
calcifications are strong predictors for cardiovascular events 15-18. These calcifications can 
be well depicted on chest CT. Using this information, cardiovascular risk may additionally 
be evaluated in lung cancer screening participants. 
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Automated analysis of screening CT scans in the evaluation of CVD and COPD has been 
a major research focus of the University Medical Center Utrecht. Prior dissertations 
focused on the possibilities and limitations of emphysema quantification on low-dose  
CT 19, evaluation of emphysema distribution and progression 20, the relationship between 
emphysema and lung function decline 21, quantification of arterial calcifications 22 and the 
association of arterial calcifications with cardiovascular events 23. The present thesis is the 
outcome of all the efforts that were put into the NELSON-trial and the abovementioned 
research, and lifts the side-studies to a next level by calculating the prognostic and 
diagnostic value of low-dose lung cancer screening CT scans for CVD and COPD. 

OUTLINE OF THIS THESIS

Part 1 – Automated assessment of air trapping on expiratory CT: methodological 
studies

The first part of this thesis explores automated techniques for air trapping assessment 
on ultralow-dose expiratory CT and determines the added value of this quantitative 
CT measure. Air trapping assessment on such screening scans, as a measure of small 
airways disease, may provide missing information about COPD in addition to inspiratory 
emphysema assessment.

As a first step, Chapter 2 reports the variation in CT air trapping measures  on repeat 
examinations when all technical confounders are excluded. Such information is crucial in 
distinguishing true disease progression over time from interscan variability, and provides 
an indication on the suitability of CT air trapping analysis for longitudinal application. 
Furthermore, it is known that technical factors can affect lung density measures, and the 
influence of reconstruction algorithm 24-27, section thickness 24, CT scanner 28 and radiation 
dose 29 have previously been reported. Chapter 3 expands the current knowledge by 
reporting the effect of a frequently applied reconstruction technique to improve the 
image quality in scans obtained with reduced radiation dose (ie. iterative reconstruction) 
on various quantitative CT measures of the lung. 

As a next step, because it is unknown which of the CT air trapping measures suggested 
in literature is best suitable to detect air trapping in current and former heavy smokers in 
a lung cancer screening setting, in Chapter 4 we compare the available CT air trapping 
measures against a reference standard to identify the preferred measure in such a setting. 

Lastly, in Chapter 5 we evaluate the relationship between lung function and quantitative 
CT measures of air trapping and emphysema in subjects with and without COPD, 
to determine the added value of expiratory CT air trapping measurements in such a 
population. 
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Part 2 – Lung cancer screening: automated evaluation of cardiovascular disease 
and COPD 

The second part of this thesis focuses on the diagnostic and prognostic value of 
automated quantitative analysis of inspiratory and expiratory CT for the evaluation of 
CVD and COPD in a lung cancer screening setting. We develop a prognostic model for 
cardiovascular events to evaluate CVD in this setting, and combine the CT air trapping 
measures examined in Part 1 with quantitative CT emphysema assessment to develop a 
diagnostic model for COPD.

Firstly, we evaluate the use of low-dose screening CT in cardiovascular disease. Coronary 
and aortic calcifications are strong predictors for cardiovascular events 15-18 and can be 
well depicted on chest CT scans. Chapter 6 describes the derivation and validation of 
a prediction model that quantifies the individual risk for a cardiovascular event, using 
automatically quantified coronary and aortic calcium volumes in lung cancer screening 
chest CT scans. 

Secondly, we evaluate the potential role of low-dose screening CT scans in the 
evaluation of early stage COPD. It is known that distinct symptoms occur only 
late in the course of this disease, and early stages of the disease are substantially 
underdiagnosed 30, 31. Adding an expiratory acquisition to the standard inspiratory 
lung cancer screening protocol allows for automated analysis of both the 
small airways disease and emphysematous component of COPD (Figure 1).  
Chapter 7 evaluates whether participants with early stages of COPD can be identified 
using automated quantitative analysis of these disease components in paired inspiratory 
and expiratory low-dose CT scans. To determine the potential clinical value of such 
an automated approach to identify COPD on low-dose screening CT scans, Chapter 8 
compares the performance of this automated model to that of human observers.



1

Chapter 1

14

Figure 1 () In current lung cancer screening protocols, lung cancer is visually evaluated in an inspiratory 
low-dose CT (left part, solid lines). Beyond the information on lung cancer, CT-based screening may provide 
additional information on other smoking-induced diseases (right part), which is currently unutilized. Firstly, 
cardiovascular disease may be evaluated in the standard inspiratory CT by quantification of vascular calcifications 
in the coronary arteries and the aorta (dotted lines). Secondly, the inspiratory CT also allows for quantitative 
assessment of emphysema (dotted lines) which, in combination with air trapping quantification in an easily 
added expiratory acquisition (dash-dot line), may be used to evaluate COPD. The information on these two 
major smoking-induced diseases is additional to the initial purpose of imaging (ie. lung cancer evaluation), and 
therefore likely enhances the benefits and cost-effectiveness of CT-based screening.
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Abstract

OBJECTIVES
To determine the variation in quantitative computed tomography (CT) measures of air 
trapping in low-dose chest CTs of heavy smokers.

METHODS 
We analyzed 45 subjects from a lung cancer screening trial, examined by CT  twice 
within 3 months. Inspiratory and expiratory low-dose CT was obtained using breath hold 
instructions. CT air trapping was defined as the percentage of voxels in expiratory CT with 
an attenuation below -856HU (EXP-856) and the expiratory to inspiratory ratio of mean 
lung density (E/I-ratioMLD). Variation was determined using limits of agreement, defined as 
1.96 times the standard deviation of the mean difference. The effect of both lung volume 
correction and breath hold reproducibility was determined. 

RESULTS 
The limits of agreement for uncorrected CT air trapping measurements were -15.0% 
to 11.7% (EXP-856) and -9.8% to 8.0% (E/I-ratioMLD). Good breath hold reproducibility 
significantly narrowed the limits for EXP-856 (-10.7% to 7.5%, P=0.002), but not for  
E/I-ratioMLD (-9.2% to 7.9%, P=0.75). Statistical lung volume correction did not improve the 
limits for EXP-856 (-12.5% to 8.8%, P=0.12) and E/I-ratioMLD (-7.5% to 5.8%, P=0.17). 

CONCLUSIONS 
Quantitative air trapping measures on low-dose CT of heavy smokers show considerable 
variation on repeat CT examinations, regardless of lung volume correction or reproducible 
breath holds.
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INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is a major cause of morbidity and mortality 
worldwide, and is projected to become one of the leading causes of death in the world in 
the coming decades 1, 2. It is now thought that the disease starts long before obstruction 
is measurable on spirometry by narrowing and disappearance of small airways, before 
the onset of emphysematous destruction which eventually results in deterioration of 
lung function 3. This sequence of events makes evaluation of small airways disease highly 
interesting for measuring disease progression in the early stages of smoking induced lung 
disease. The hallmark of small airways dysfunction on imaging is air trapping, and can be 
evaluated in expiratory computed tomography (CT). Air trapping can be automatically 
quantified by CT, which makes it suitable to study disease progression in large cohort 
studies 4, 5, lung cancer screening examinations 6, 7 and drug trials. However, to be able 
to detect disease progression or effects of therapy, variation between examinations 
should be within acceptable limits as disease progression is defined as an increase above 
the upper limit of such variation. The variation with the limits of agreement for repeat 
CT studies in emphysema are known 8, 9, however, to our knowledge no information is 
available on the variation of CT air trapping quantification. Therefore, the objective of this 
study is to determine the variation in two commonly used quantitative CT air trapping 
measures in current and former heavy smokers.

METHODS

SUBJECTS
Subjects were participants in the Dutch-Belgian Lung Cancer Screening (NELSON) trial, a 
population-based randomized lung cancer screening trial 7. NELSON subjects are current 
or former (<10 year) heavy smokers between 50 and 75 years, with a smoking-history 
of at least 16 cigarettes/day for 25 years or at least 11 cigarettes/day for 30 years (i.e. 
>16.5 packyears). Patient characteristics and smoking history were collected at baseline. 
Exclusion criteria for participating in the trial were a self-reported moderate or bad health 
with inability to climb 2 flights of stairs, a recent chest CT, current or past cancer and 
a body weight greater than or equal to 140 kg 7. The trial was approved by the Dutch 
Ministry of Health and by the local ethical review board. Written informed consent was 
obtained from each participant. In one centre, expiratory CT was added to the screening 
protocol during the third screening round for a prospective side-study into COPD. 
Since the lung cancer screening trial participants are current and former heavy smokers 
with no or mainly mild COPD 10, it enabled us to study the variation between repeat CT 
examinations for quantitative CT air trapping in a population with early stages of disease. 
The adjustment of the screening protocol was separately approved by the local ethical 
review board of our hospital. 

For the present study, we retrospectively included all consecutive participants who 
received short-term repeat CT imaging in inspiration and expiration between July 2007 
and September 2008 for an indeterminate nodule (approximately 6 weeks interval 
between CTs, N=70). No formal power calculation was performed. We excluded four 
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subjects due to failure of the expiratory CT, six due to lung segmentation errors (see next 
paragraph) and 15 due to differences in CT protocol at follow-up (different kVp in 13 and 
different CT equipment in 2 subjects). The final study population therefore consisted of 
45 subjects, with two paired inspiratory and expiratory CT examinations obtained on the 
same CT system, with the same protocol. Pulmonary function data is not available for 
this study population, given that only a random subset of all screening trial participants 
received pulmonary function testing due to the lung cancer screening study design.

COMPUTED TOMOGRAPHY AND QUANTITATIVE ANALYSIS
All subjects underwent volumetric CT of the chest in inspiration and end-expiration, after 
standardized breathing instructions. All CTs were acquired with 16x0.75mm collimation 
(Brilliance 16P; Philips Medical Systems, Cleveland OH, USA). Settings were adjusted to 
body weight: 120kVp (≤80kg) or 140kVp (>80kg) both at 30mAs for inspiratory CT, and 
90kVp (≤80kg) or 120kVp (>80kg) both at 20mAs for expiratory CT. A combined inspiratory 
and expiratory CT yielded an estimated effective dose of 1.2-2.0 millisievert (mSv), of 
which 0.3 – 0.65 mSv is accounted for by the expiration CT. Images with section thickness 
of 1.0mm at 0.7mm increment were reconstructed from lung bases to lung apices using 
a smooth reconstruction kernel (B-filter; Philips Medical Systems, Cleveland OH, USA), 
according to the protocol. 

The lungs were automatically segmented using dedicated software 11, and a noise 
reduction filter was applied to decrease the influence of noise on the quantitative 
measurements 12. Briefly, the lungs were segmented from the chest wall, mediastinum, 
diaphragm and airways in both inspiratory and expiratory CT images. Total volume and 
attenuation of all voxels included in the lung segmentation was calculated and a density 
histogram created, from which the quantitative CT air trapping measures were extracted. 
Lung segmentation was visually checked in all CT pairs of each participant. The extent 
of CT air trapping was defined as the percentage of voxels below -856HU in expiratory 
CT (EXP-856) 5 and as the expiratory to inspiratory ratio of mean lung density (E/I-ratioMLD) 
13, which are both currently available techniques to quantify air trapping in COPD on CT. 
Quantitative results are presented as percentage.

The influence of lung volume on densitometry has previously been reported 14-16. Given 
that differences in inspiratory and expiratory volume will lead to differences in lung 
density we evaluated the effect of lung volume correction on the CT air trapping measures, 
as proposed essential for quantitative lung densitometric analyses 17, 18. Additionally, 
we arbitrarily subdivided the subject into two groups to determine the susceptibility 
of the CT air trapping measures for differences in inspiratory and expiratory volume; 
one subgroup with a difference in expiratory volume (EXP-856) or exhaled lung volume  
(E/I-ratioMLD) on repeat examination in the outer quartiles (ie. Q1 and Q4), and one subgroup 
within the interquartile range around the median (ie. Q2 and Q3). These subgroups are 
further referred to as inferior and superior breath hold reproducibility, respectively.

QUALITY CONTROL
Additional to standard calibration procedures according to manufacturer guidelines, 
a quality control phantom was imaged at each data acquisition session to monitor CT 
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numbers during the period of data collection. The 32 centimetre wide phantom consists 
of a foam body, which mimics emphysematous lung parenchyma, and further includes 
two separate cylinders filled with air and plastic, respectively (Figure 1). The phantom 
was imaged with the same protocol as was applied to the participants (120 kVp, 30 mAs, 
B-filter). One observer with 2 years of experience in thoracic CT, manually placed circular 
regions of interest with a diameter of 20mm at a fixed location in the foam body of the 
phantom; from these regions the average CT number was calculated.

STATISTICAL ANALYSIS
Reproducibility of CT air trapping measures between the two visits was assessed by the 
concordance correlation coefficient (pc), which takes into account both the correlation and 
the distance to the line of identity 19. Differences between the two visits were calculated 
by subtracting the values from the repeat CT from the values from the baseline CT  
(ie. Δ = CT1 – CT2). The resulting difference was plotted against the mean of both results, 
using the Bland-Altman approach 20. The limits of agreement were defined as ±1.96 times the 
standard deviation of the mean difference. The limits of agreement (ie. heteroscedasticity) 
of uncorrected and volume corrected CT air trapping values within subjects was tested for 
significance according to Sandvik & Olsson 21. The heteroscedasticity of CT air trapping 
values between subjects with superior and inferior breath hold reproducibility was tested 
with Levene’s test 22. 

All statistical analyses were performed using SPSS software v15.0 (SPSS Inc, Chicago, 
Illinois, USA). Bland-Altman plots and concordance correlation coefficients were calculated 
using MedCalc v11.3.8.0, Mariakerke Belgium. A p-value less than 0.05 was considered 
statistically significant. Data given are median (25th – 75th percentile), unless indicated 
otherwise. 

The phantom consists of a 32 centimetre wide foam body containing two cylinders filled with air and plastic, 
respectively. Mean CT numbers were determined using a manually placed region of interest, drawn at a fixed 
location in the foam body (see asterix).

Figure 1 Quality control phantom used to monitor the CT numbers over time 
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RESULTS

STUDY POPULATION
The study population consisted of 45 subjects (44 male), with a mean ± standard deviation 
(SD) age of 64.1 ± 5.1 year. Repeat CT was performed after 6.7 (6.1 – 7.0) weeks. Study 
population characteristics are summarized in Table 1.

Table 1 Study population characteristics 

(N=45)

Male gender, n (%) 44 (98%)

Age in years, mean ± SD 64.1 ± 5.1

Height in cm, mean ± SD  a 180 ± 7

Smoking status a

Current smoker, n (%) 27 (60)

Former smoker, n (%) 14 (31)

Packyears a, median [interquartile range] 37 (30 – 49)

Follow-up period in weeks, median [interquartile range] 6.7 (6.1 – 7.0) 

a missing data in 4 cases;

 
QUALITY CONTROL
Mean CT numbers of the foam were -966 ± 2.1 HU during the study. The standard deviation 
of 2.1HU is well within the acceptable range reported by the vendor (0 – 4HU).

VARIABILITY IN QUANTITATIVE CT ASSESSMENT OF AIR TRAPPING
Inspiratory and expiratory volumes generally showed good repeatability; the 
median (interquartile range) absolute differences in total lung volume were  
-145 mL (-303 – 149) for inspiratory volume, -116 mL (-424 – 157) for expiratory volume, 
and 26 mL (-385 – 393) for exhaled volume. The association between the two acquisitions 
is illustrated in Figure 2. 

At baseline, CT air trapping measures ranged from 0.5% to 59.1% for EXP-856, and from 
64.5% to 95.1% for E/I-ratioMLD. At repeat CT examination, this was 0.9% to 67.5% for 
EXP-856, and 70.7% to 96.5% for E/I-ratioMLD. CT air trapping between the two acquisitions 
showed a concordance correlation coefficient of 0.886 and 0.741 for EXP-856 and E/I-ratioMLD, 
respectively. The difference in CT air trapping between the two acquisitions ranged from 
-13.3 – 19.6 for EXP-856, and from -13.9% – 9.9% for E/I-ratioMLD. 

The difference in CT air trapping in subjects with superior breath hold reproducibility 
ranged from -12.8% – 7.6% for EXP-856, and from -13.9% – 5.4% for E/I-ratioMLD. The 
quantitative results in subjects with inferior and superior breath hold reproducibility are 
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further summarized in Table 2. After lung volume correction was applied, the difference in 
CT air trapping between the two acquisitions ranged from -12.6% – 14.9% for EXP-856, and 
from -9.5% – 9.5% for E/I-ratioMLD. The quantitative results for uncorrected and volume 
corrected CT air trapping measures are summarized in Table 3.

The variation in CT air trapping measures on repeat CT examinations is summarized 
in Figures 3 and 4. As shown, the limits of agreement for the uncorrected quantitative 
CT air trapping measures were -15.0% – 11.7% for EXP-856 and -9.8% to – 8.0% for  
E/I-ratioMLD. After application of lung volume correction, this changed to -12.5% – 8.8% 
(EXP-856, p=0.12) and -7.5% – 5.8% (E/I-ratioMLD, p=0.17). In subjects with superior breath 
hold reproducibility, the limits of agreement were -10.7% – 7.5% (EXP-856, p=0.002) and 
-9.2% – 7.9% (E/I-ratioMLD, p=0.75). 

Table 2 Quantitative CT measures of air trapping at baseline and repeat CT according 
to breath hold reproducibility

EXP-856 (%) E/I-ratioMLD (%)

Reproducibility Reproducibility

Inferior a Superior b Inferior a Superior b

(N=22) ( N=23) (N=22) ( N=23)

Baseline CT

Median 14 7.7 87.5 85.2

IQR 5.3 – 23.3 1.6 – 16.4 80.3 – 90.9 79.3 – 87.2

Range 0.5 – 59.1 0.6 – 39.1 64.5 – 95.1 67.6 – 90.2

Repeat CT

Median 15.4 9.4 87.1 85.2

IQR 4.6 – 27.0 2.3 – 20.9 83.1 – 92.0 81.6 – 88.2

Range 2.0 – 67.5 0.9 – 43.9 77.4 – 96.5 70.7 – 91.2

Difference

Mean -1.7 -1.6 -1.1 -0.6

LoA -18.7 – 15.3 -10.7 – 7.5 -10.5 – 8.3 -9.2 – 7.9

p=0.002 p=0.75

a defined as a difference of expiratory volume (EXP-856) or exhaled lung volume (E/I-ratioMLD) outside the 
interquartile range on repeat examination; b defined as a difference of expiratory volume (EXP-856) or exhaled 
lung volume (E/I-ratioMLD) within the interquartile range on repeat examination;

EXP-856 = air trapping score as percentage of voxels below -856HU in expiratory CT;  E/I-ratioMLD = air trapping 
score as expiratory to inspiratory ratio of mean lung density; IQR = interquartile range; LoA = limit of agreement, 
defined as ±1.96 time the standard deviation of the mean difference;
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Figure 2 Relationship between inspiratory (top), expiratory (middle) and exhaled 
(bottom) lung volume in baseline and repeat CT.
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DISCUSSION

We report limits of agreement in quantitative assessment of CT air trapping in current 
and former heavy smokers. Knowledge on these limits is mandatory to be able to judge 
whether differences between two acquisitions are caused by actual disease progression 
or regression, or that it may be based on the normal variation between repeat CT 
examinations. This is particularly important as small airways are the most important site 
for early obstructive disease in current and former heavy smokers, and measurements of 
small airways disease may prove important for evaluation of therapy or in monitoring 
disease progression in the early stages of smoking induced lung disease. Unfortunately, 
quantitative air trapping measures on low dose CT of heavy smokers showed considerable 
variation on repeat CT examinations, regardless of lung volume correction or breath hold 
reproducibility.

Regarding the longitudinal application of CT air trapping assessment, our results lead to 
the following considerations. First, uncorrected EXP-856 shows large variability on repeat CT 
examinations, while the variability is considerably less for uncorrected E/I-ratioMLD. Second, 
EXP-856  is more sensitive to the expiratory effort, which is illustrated by the significant 

Table 3 Quantitative CT measures of air trapping at baseline and repeat CT with and 
without lung volume correction

EXP-856 (%) E/I-ratioMLD (%)

Volume correction (N=45) Volume correction (N=45)

No Yes No Yes

Baseline CT

Median 10.8 12.8 85.6 85.2

IQR 3.5 – 22.8 4.8 – 23.5 80.2 – 89.2 80.5 – 88.9

Range 0.5 – 59.1 -4.8 – 53.6 64.5 – 95.1 68.7 – 93.8

Repeat CT

Median 11.7 14.3 85.6 85.9

IQR 2.7 – 25.0 4.8 – 24.3 81.7 – 88.7 81.1 – 89.1

Range 0.9 – 67.5 1.1 – 63.9 70.7 – 96.5 71.0 – 97.1

Difference

Mean -1.6 -1.8 -0.9 -0.9

LoA -15.0 – +11.7 -12.5 – 8.8 -9.8 – +8.0 -7.5 – 8.8

p=0.12 p=0.17

EXP-856 = air trapping score as percentage of voxels below -856HU in expiratory CT; E/I-ratioMLD = 
air trapping score as expiratory to inspiratory ratio of mean lung density; IQR = interquartile range;  
LoA = Limit of agreement,  defined as ±1.96 time the standard deviation of the mean difference;
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difference in the limits of agreement between the subgroups with superior and inferior 
breath hold reproducibility on repeat CT examinations. Third, application of lung volume 
correction does not significantly narrow the limits of agreement of the CT air trapping 
measures. An interesting finding is that application of lung volume correction can create 
negative values for EXP-856, while it is expressed in percentages (see Table 3). This may 
well be explained by the fact that the volume correction method used assumes a simple 
linear relation 17, 18, which seemingly does not apply for expiratory analyses. Application of 
the volume correction method in E/I-ratioMLD, which combines inspiratory and expiratory 
data, does not encounter these difficulties. Taken together, our results suggest that  
E/I-ratioMLD is the preferred CT air trapping measure, since it shows the narrowest limits 
of agreement and is least dependent on variations in inspiratory and expiratory volume. 
Nevertheless, our main conclusion is that both CT air trapping measures may not be 
very suitable for longitudinal application, given the substantial variation between CT 
examinations regardless of good lung volume reproducibility or lung volume correction. 
Whether other lung volume correction methods or exact replication of lung volume by 
spirometric gating sufficiently improves variation between CT examinations requires 
further study.

The strength of our study is that it provides novel information on variation in CT air 
trapping measures on repeat CT examinations. Further, our study population was imaged 
on the same CT system with the same protocol at both visits, and additional quality 
control using a phantom was performed to assure constant CT numbers over time. This 
approach eliminates many confounding factors on the variation on repeat quantitative 
CT measures. 

Our study also has limitations. Due to the strict exclusion criteria our study population is 
fairly small. However, these strict criteria are needed to obtain valid results on variation 
in quantitative CT measures on repeat examinations. Another limitation is the follow-up 
period between the two CTs. Based on pathophysiological knowledge that air trapping 
in smokers is an expression of remodelling and obliteration of the terminal bronchioles 23, 
we assumed smoking-induced small airways disease in our population-based cohort with 
no or only mild COPD to be stable in our short follow-up period. Nevertheless, a repeat 
acquisition directly following the initial CT would be more ideal to eliminate possible 
differences over the period of 6 weeks. Further, it must be noted that this study used low-
dose CT data, which might limit the generalizability to standard dose acquisitions. Finally, 
we used a breath hold instructions instead of spirometric gating, which may improve 
agreement between repeat CT examinations. However, nearly all CTs are obtained 
without respiratory gating 4, 5, 24 and the present study therefore provides data that applies 
best to today’s common practice. 

In conclusion, this study reports the variation in quantitative CT assessment of airtrapping 
on repeated low-dose, non-gated CT examinations. Although the E/I-ratioMLD seems 
preferable over EXP-856, we found considerable variation for both methods regardless of 
lung volume correction or proper lung volume reproducibility. Our findings implicate that 
the evaluated quantitative CT air trapping measures may not be suitable for longitudinal 
application using current techniques.
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Abstract

OBJECTIVES
To determine the influence of iterative reconstruction (IR) on quantitative computed 
tomography (CT) measurements of emphysema, air trapping, and airway wall and lumen 
dimensions, compared to filtered back-projection (FBP).

METHODS
Inspiratory and expiratory chest CTs of 75 patients (37 male; 38 female, mean age 64.0 
± 5.7 yrs) were reconstructed using FBP and IR. CT emphysema, CT air trapping and 
airway dimensions of a segmental bronchus were quantified using several commonly 
used quantification methods. The two algorithms were compared using the concordance 
correlation coefficient (pc) and Wilcoxon Signed Rank test.

RESULTS
Only the E/I-ratioMLD as a measure of CT air trapping and airway dimensions showed no 
significant differences between the algorithms, while all CT emphysema and the other CT 
air trapping measures were significantly different at IR when compared to FBP (P<0.001).

CONCLUSION
The evaluated IR algorithm significantly influences quantitative CT measures in the 
assessment of emphysema and air trapping. However, the E/I-ratioMLD as a measure of CT 
air trapping, as well as the airway measurements, are unaffected by this reconstruction 
method. Quantitative CT of the lungs should be performed with careful attention to the 
CT protocol, especially when iterative reconstruction is introduced.
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INTRODUCTION

The use of Computed Tomography (CT) increases rapidly, resulting in a marked increase 
in radiation exposure for the population 1. Therefore, radiation dose saving has received 
much attention and has been pursued by introducing low-dose protocols using 
the conventional filtered back-projection (FBP) algorithm for image reconstruction. 
However, the constraint on radiation dose increases image noise 2. Recent advances in 
computational power allowed the introduction of iterative reconstruction (IR) algorithms 
for image reconstruction. Data suggest that IR allows radiation dose reduction by 50% or 
more compared to standard dose acquisition, while maintaining image quality 3-6. Such a 
dose reduction would be a major step forward, especially in case of repeated evaluations 
and follow-up as regularly applied in chest imaging. However, the influence of IR on 
quantitative CT measurements, e.g. measurement of lung density and airway dimensions 
used in the evaluation of chronic obstructive pulmonary disease (COPD), is not yet known. 
Therefore, the aim of this study is to determine the influence of IR on quantitative CT 
measurements of pulmonary emphysema, air trapping and airway dimensions, compared 
to the standard FBP algorithm.

MATERIALS AND METHODS

SUBJECTS
This study was performed in subjects participating in the population-based Dutch and 
Belgian randomized lung cancer screening trial (NELSON-trial). Inclusion criteria of the 
trial and study population characteristics have previously been described in detail 7. 
Briefly, participants were at baseline current and former smokers (who quit ≤10 years 
ago) between the age of 50 and 75 years, who smoked >15 cigarettes per day during >25 
years or >10 cigarettes per day during >30 years. In the present study we included 83 
consecutive subjects who received a paired inspiratory and expiratory CT between June 
2011 and August 2011 for lung cancer screening purposes. All CTs were reconstructed 
using both standard FBP and IR. We excluded a total of eight subjects due to CT protocol 
violation (N=1), post-operative changes after lobectomy of the right upper lobe (N=1), and 
failure of the automatic lung segmentation (N=6) (see paragraph ‘Quantitative analysis of 
emphysema and air trapping’). The final study population thus comprised 75 subjects.

CT DATA ACQUISITION AND IMAGE RECONSTRUCTION 
Chest CT was performed using one of two available CT systems: 44 subjects were 
examined using 64-slice CT (Brilliance 64; Philips Healthcare, Best, The  Netherlands) with 
a smooth reconstruction filter (C-filter, Philips); 31 subjects were examined using 256-slice 
CT (Brilliance iCT; Philips Healthcare, Best, The Netherlands) using either a smooth 
B-filter (N=24) or C-filter (N=7). Slices of 1 mm thickness with 0.7 mm increment were 
reconstructed. Dose settings were adjusted to patients body weight: 120 kVp at 30 mAs 
for inspiratory CT and 80 kVp at 30 mAs for expiratory CT in subjects weighing less than 
80 kg, and 140 kVp at 30 mAs for inspiratory CT and 120 kVp at 20 mAs for expiratory CT 
in subjects weighing 80 kg or more.
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Raw CT data of the study subjects were reconstructed using both standard FBP and 
hybrid IR (iDose; Philips Healthcare, Best, The Netherlands). iDose is a recently introduced 
reconstruction algorithm using two denoising components 3, 6, 8, which provides image 
noise reduction without changing the image characteristics. Technically, iDose applies an 
iterative maximum likelihood denoising algorithm, based on Poisson statistics, on the raw 
projection data. Subsequently, the reconstructed images are iteratively adjusted in order 
to decrease uncorrelated noise. The level of noise reduction is adjustable by selecting one 
of seven levels (with level 1 having the least noise reduction, and level 7 having the most 
noise reduction). iDose level 6 was used in the present study, resulting in a theoretical 
noise reduction of 45% compared to FBP 8.

QUANTITATIVE ANALYSIS OF EMPHYSEMA AND AIR TRAPPING
Specialized software automatically segmented the lungs from the chest wall, mediastinum, 
diaphragm and airways 9 in the inspiratory and expiratory CT images of both reconstruction 
algorithms. Additionally, all lung segmentation results were visually checked and those 
with major errors excluded, as previously described 10. Attenuation of each voxel within 
the segmented lung volume was assessed, and several commonly used CT emphysema 
and CT air trapping measures were calculated from the attenuation distribution histogram. 
CT emphysema was defined as the percentage of voxels below -950HU in inspiratory CT 
(IN-950) 11 and as the Hounsfield Unit (HU) value at the 15th percentile of the attenuation 
curve (Perc15) 12. CT air trapping was defined as the percentage of voxels below -856HU 
in expiratory CT (EXP-856) 13, the change in relative lung volume with attenuation values 
between -860HU and -950HU (RVC-860 to -950) 14, and as the expiratory to inspiratory ratio of 
the mean lung density (E/I-ratioMLD) 15.

QUANTITATIVE ANALYSIS OF AIRWAY DIMENSIONS
We used the apical segmental bronchus of the right upper lobe (RB1) to assess airway 
dimensions 16. Airway dimensions of RB1 were measured using validated custom software 
based on the full-width-at-half maximum method (EmphylxJ; University of British 
Columbia, Vancouver, BC, Canada) 16, 17. In short, the RB1 was visually identified on the 
inspiratory CT by a trained observer, who manually placed a seed point in the lumen 
centre. The software then calculates the x-ray attenuation along rays placed from the 
lumen centre outwards in all directions. The airway boundaries are assumed halfway to 
the maximum on the lumen side, and halfway to the minimum on the parenchymal side 
17, 18. Using these airway wall boundaries we calculated absolute values of lumen area (LA), 
wall area (WA) and internal perimeter (Pi) of the RB1 for each subject. Additionally, wall 
area was expressed as percentage of total airway area: 100% x WA / (WA + LA) = WA%. The 
airway measurements were performed similarly and at the exact same location in both 
inspiratory CT series.

DATA ANALYSIS
Quantitative CT measures of emphysema, air trapping and airway dimensions for 
the conventional FBP and the IR algorithm were compared within each subject. The 
agreement of the quantitative CT measures using the two algorithms was assessed by the 
concordance correlation coefficient (pc), which takes into account both the correlation and 
the distance to the line of identity 19. A pc <0.90 is considered to represent poor agreement 
in a continuous variable, whereas higher pc-values represent moderate (0.90≤ pc ≥0.95), 
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substantial (0.95≤ pc ≥0.99), or almost perfect (pc >0.99) agreement 20. The non-parametric 
Wilcoxon Signed Rank test was used in all variables to test for statistical differences within 
the subjects.

Statistical analyses were performed using SPSS software v15.0 (SPSS Inc, Chicago, Illinois, 
USA) and MedCalc v11.3.8.0, Mariakerke Belgium. A p-value below 0.05 was considered 
statistically significant. Values given are medians with interquartile range, unless indicated 
otherwise.

RESULTS

Subjects in our study population were on average 64.0 ± 5.7 (SD) years of age, and male 
(N=37, 49%) and female subjects (N=38, 51%) were equally represented.

Table 1 Differences in quantitative CT measurements of emphysema, air trapping 
and airway dimensions using filtered back projection (FBP) and iDose reconstruction 
algorithms

FBP iDose pc p-value

CT emphysema

IN-950 (%) 3.81 (2.17 – 7.46) 0.57 (0.25 – 2.26) 0.486 <0.001

Perc15 (HU) -918 (-907 – -931) -906 (-896 – -920) 0.866 <0.001

CT air trapping

EXP-856 (%) 24.3 (17.0 – 32.6) 14.4 (7.4 – 22.3) 0.777 <0.001

RVC-860 to -950 (%) -35.3 (-43.1 – -26.3) -42.6 (-54.7 – -30.6) 0.873 <0.001

E/I-ratioMLD (%) 87.9 (83.9 – 90.9) 88.1 (84.3 – 90.8) 0.998 NS

Airway 
measurements

Lumen Area (mm2) 10.3 (7.6 – 14.6) 10.2 (7.3 – 14.5) 0.991 NS

Wall Area (mm2) 34.9 (29.4 – 41.7) 34.4 (28.8 – 44.3) 0.960 NS

WA% (%) 77.0 (73.1 – 81.4) 77.6 (73.4 – 80.7) 0.935 NS

Pi (mm) 11.8 (10.2 -13.8) 11.7 (10.0 – 13.7) 0.990 NS

Values given are median with interquartile range.

HU = Hounsfield Units; IN-950 = emphysema score as percentage of voxels below -950HU; Perc15 = emphysema 
score as the 15th percentile of the inspiratory attenuation distribution curve; EXP-856 = air trapping score as 
percentage of voxels below -856HU; RVC-860 to -950 = air trapping score as change in relative lung volume with 
attenuation values between -860HU and -950HU; E/I-ratioMLD = air trapping score as expiratory to inspiratory 
ratio of mean lung density; WA% = Wall area percentage as 100% x (WA / WA+LA); Pi = Internal perimeter of the 
airway; pc = Concordance correlation coefficient, a correlation <0.90 represents poor agreement. See Figure 1 
and Figure 2 for a visual representation.
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COMPARISON OF QUANTITATIVE CT MEASURES
Comparison of quantitative CT measures using FBP and IR showed significant differences 
for all CT emphysema measurements. Also most CT air trapping measures differed 
significantly between FBP and IR, except for the E/I-ratioMLD as a measure of CT air trapping. 
Finally, airway measurements showed no significant differences between the algorithms. 
Table 1 lists the quantitative results per reconstruction algorithm. The absolute differences 
in CT emphysema were 3.04% (interquartile range, 1.86 – 4.62) for IN-950 and 11HU 
(interquartile range, 10 – 13) for Perc15. The absolute differences in CT air trapping were 
8.0% (interquartile range, 6.1 – 11.2) for EXP-856 and 7.6% (interquartile range, 4.2 – 10.2) for 
RVC-860 to -950. Except for E/I-ratioMLD, all CT measures of emphysema and air trapping showed 
poor agreement between standard FBP and IR. CT measures of the apical segmental 
bronchus of the right upper lobe showed on average substantial agreement. The results 
of quantitative CT assessment using both reconstruction algorithms are presented in 
Figure 1 and Figure 2, further illustrating the systematic differences. Figure 3 shows an 
example of quantitative assessment of CT emphysema using either the conventional FBP 
and the IR algorithm. 

DISCUSSION

This study found that noise-reducing IR significantly alters most of the quantitative 
measures of CT emphysema and CT air trapping generally used in respiratory research. 
However, it seems that the E/I-ratioMLD as a measure of CT air trapping and quantitative 
measurements of a relatively large airway lumen and wall remain unchanged between 
the two reconstruction algorithms. These findings may be important given that CT 
quantification of the lungs is increasingly used, while dose-reduction and IR methods are 
introduced at the same time. 

Previous studies have shown that quantitative CT emphysema measures are influenced 
by several technical factors such as slice thickness 21, 22 and type of CT equipment used 23. 
However, research into the factors which may influence CT air trapping assessment and 
airway measurements has been limited 18. Our study offers insight into the influence of IR 
in several widely used quantitative CT measures of emphysema, air trapping and airway 
dimensions. Given the significant differences that we have shown between the two 
reconstruction methods for several measures, our findings underline that comparison 
of quantitative CT results of lung densitometry should always be performed with careful 
attention to the protocols used for CT data acquisition and image reconstruction 18, 24. 

Regarding the application of CT air trapping, our findings suggest that E/I-ratioMLD is the 
preferred method given its insensitivity to differences in the evaluated reconstruction 
algorithms. This insensitivity may be due to the fact that denoising in IR affects the 
extremes of the attenuation distribution histogram. As a consequence, threshold 
methods (e.g. EXP-856 or RVC-860 to -950 for CT air trapping) are substantially altered while the 
mean lung density is hardly affected. This in combination with the use of an inspiratory 
to expiratory ratio apparently makes this measure independent of a denoising algorithm. 
If this insensitivity also applies to other protocol differences, such as kVp and mAs, this 
might imply that E/I-ratioMLD is preferable over other CT air trapping measures. 
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Further, our findings suggest that the denoising process in IR does not affect the delineation 
of segmental airway structures, given that the differences in airway measurements for 
the right apical segmental bronchus between both reconstruction methods were not 
significantly different from zero. 

Our study has potential limitations. Firstly, it is important to note the lack of a pathological 
reference standard, which would be needed to judge which method is closed to a 
‘pathological truth’, although we would like to emphasize that this study specifically 
aimed to investigate and describe the differences that occur when IR is applied instead 
of conventional FBP. Secondly, it is noted that our results might differ between altering 
IR denoising levels and other IR algorithms and CT manufacturers, given that the results 
were obtained from testing the IR algorithm of a single vendor at one denoising level. 
Future research might focus on ways to correct for structural differences in quantitative 
measures when IR algorithms are applied. Thirdly, we focussed on a commonly used 
segmental airway and based on our findings it cannot be concluded that measurements 
on smaller airways are unaffected by IR.

In conclusion, our study shows that the evaluated IR algorithm significantly alters the 
common quantitative CT measures of  emphysema and air trapping, compared to FBP. 

Figure 1 Scatter plots of quantitative CT measures of emphysema and CT air trapping 
using conventional filtered back projection and hybrid iterative reconstruction

Structural differences between iterative reconstruction (iDose, Philips Healthcare, Best, The Netherlands) and 
filtered back projection (FBP) are shown for CT emphysema as percentage of voxels below -950HU (IN-950) and 
as 15th percentile of the inspiratory attenuation distribution curve (Perc15) (upper row) and CT air trapping as 
percentage of voxels below -856HU (EXP-856) and as change in relative lung volume with attenuation values 
between -860HU and -950HU (RVC-860 to -950) (lower left en middle). The only quantitative CT measure with 
a concordance correlation coefficient (pc) ≥0.90, and thus insensitive to the iterative reconstruction, is the 
expiratory to inspiratory ratio of mean lung density (E/I-ratioMLD; lower right).
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However, both the E/I-ratioMLD as a measure of CT air trapping and the quantitative 
measurements in a segmental airway are unaffected by this reconstruction method. 
Quantitative CT lung densitometry should always be performed with careful attention 
to the CT protocol, especially in an era of increased used of quantitative CT while dose-
reduction and iterative reconstruction are introduced alongside.

Figure 2 Scatter plots of quantitative CT measures of the apical segmental bronchus 
of the right upper lobe using conventional filtered back projection and hybrid iterative 
reconstruction

No structural differences between iterative reconstruction (iDose, Philips Healthcare, Best, The Netherlands) and 
filtered back projection (FBP) were found for lumen area (upper left), wall area (upper right), wall area percentage 
(WA%, lower left) and internal perimeter (Pi, lower right), because all concordance correlation coefficients (pc) 
were ≥0.90.
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Figure 3 Quantitative assessment of CT emphysema using the conventional filtered 
back projection and iterative reconstruction algorithm (iDose, Philips Healthcare)

Axial CT images in inspiration. The lungs are automatically segmented from the chest wall, airways and 
mediastinum using dedicated software. Attenuation of each voxel in the segmented lung volume is calculated 
and CT emphysema is defined as voxels with an attenuation below -950HU; voxels within this range are 
coloured white (right images). Note the denoising effect and the difference in CT emphysema extent between 
the filtered back projection (upper images) and the iterative reconstruction algorithm (lower images).
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Abstract

PURPOSE
Lung cancer screening CT scans might provide valuable information about air trapping 
as an early indicator of smoking-related lung disease. We studied which of the currently 
suggested measures is most suitable for detecting air trapping on low-dose computed 
tomography (CT) in lung cancer screening participants.

MATERIALS AND METHODS 
This study was ethically approved and informed consent was obtained. Three quantitative 
CT air trapping measures were compared against a functional reference standard in 427 
male lung cancer screening participants. This reference standard for air trapping was 
derived from the residual volume over total lung capacity ratio (RV/TLC) beyond the 95th 
percentile of predicted. The following CT air trapping measures were compared: change 
in relative lung volume with attenuation values from -860 to -950 Hounsfield Units (HU) 
between inspiratory and expiratory CT (RVC-860 to -950), expiratory to inspiratory ratio of 
mean lung density (E/I-ratioMLD) and percentage of voxels below -856HU in expiratory CT 
(EXP-856). Receiver operating characteristic (ROC) analysis was performed and area under 
the ROC curve compared.

RESULTS
Air trapping was present in 38 (8.9%) participants. E/I-ratioMLD showed the largest 
area under the curve (0.850, 95%CI 0.813-0.883), which was significantly larger than  
RVC-860 to -950 (0.703, 0.657-0.746; p<0.001) and EXP-856 (0.798, 0.757-0.835; p=0.002). At the 
optimum for sensitivity and specificity, E/I-ratioMLD yielded an accuracy of 81.5%.

CONCLUSION
The expiratory to inspiratory ratio of mean lung density (E/I-ratioMLD) has an accuracy 
of >80% for the detection of air trapping on low-dose screening CT and is significantly 
superior to other suggested quantitative measures.
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INTRODUCTION

Substantial mortality reduction has recently been reported for computed tomography 
(CT) based lung cancer screening 1, which raises high expectations 1, 2. Lung cancer 
screening CT may also provide information on other smoking related diseases, such as 
chronic obstructive pulmonary disease (COPD) which is a growing healthcare issue 3. 
COPD is characterized by chronic airflow limitation, largely caused by emphysema and 
small airways remodeling 4. Small airways disease precedes emphysematous destruction 
in the course of the disease 5 and might be used as an early marker of COPD. This early 
detection of the disease and intervention in an early stage might prevent progression of 
COPD-related morbidity and mortality. 

CT assessment of small airways disease in COPD has been an active area of research for 
the past years. After initial use of inspiratory large airway wall dimensions as a surrogate of 
small airways remodeling 6, 7, more recently the quantification of air trapping in expiratory 
CT scans has been used to evaluate small airways disease 8-12. There is, however, no 
consensus yet about the most suitable quantification measure. Options range from simple 
ratios of expiratory to inspiratory mean lung density to absolute expiratory thresholds 
based on normal values of lung inflation, or complex threshold-based measures that try to 
correct for emphysematous components. We studied which of these currently suggested 
measures is most suitable for detecting air trapping on low-dose computed tomography 
(CT) in lung cancer screening participants.

MATERIALS AND METHODS

This study was conducted as a side-study of the Dutch and Belgium Lung Cancer Screening 
Trial (NELSON trial – ISRCTN63545820) 13. The lung cancer screening study was approved 
by the Ministry of Health of The Netherlands and the institutional ethical review board. 
Written informed consent was obtained in all screening trial participants.

PATIENT SELECTION
To study the small airways disease component of COPD in lung cancer screening setting, 
an expiratory acquisition was added to the screening protocol in our center. CT scanning 
and pulmonary function testing took place between July 2007 and September 2008. 
Participants in the lung cancer screening trial were 50-75 year old current or former 
heavy smokers (ceased smoking <10 years ago), with a smoking history of at least 16 
cigarettes per day for 25 years or at least 11 cigarettes per day for 30 years (ie. >16.5 
packyears) 13. A random sample of 447 participants received extensive PFT, including body 
plethysmography, on the same day as the CT scan. As a next step, we excluded the female 
subjects (N=18) and the subjects who were imaged on a different CT scanner (N=2). The 
final study population thus comprised 427 male current or former heavy smokers in a lung 
cancer screening setting.

CT SCANNING
All CTs were performed without intravenous contrast injection, and obtained with 16x0.75 
mm collimation (Brilliance 16P, Philips Medical Systems, USA). Volumetric inspiratory CT 



Chapter 4

56

4

and volumetric end-expiratory CT were obtained after standardized breathing instructions 
in all subjects. In the lung cancer screening trial subjects weighing 80 kg or less were 
scanned with 120 kVp at 30 mAs for inspiratory acquisition and 90 kVp at 20 mAs for 
expiratory acquisition (total effective dose 0.98 and 0.27 mSv, respectively). In subjects 
>80 kg this was 140 kVp at 30 mAs for inspiratory acquisition and 120 kVp at 20 mAs for 
expiratory acquisition (total effective dose 1.4 and 0.65 mSv, respectively). Axial images 
were reconstructed from lung bases to lung apices at a slice thickness of 1.0 mm at 0.7 mm 
increment, using a smoothed reconstruction filter (B-filter, Philips).

PULMONARY FUNCTION TESTING
Pulmonary function testing (PFT) was performed with ZAN equipment (ZAN Messgeräte 
GmbH, Germany), and obtained according to European Respiratory Society (ERS) 
guidelines 14. The RV/TLC (ratio of residual volume over total lung capacity) was used as 
reference, as this is a generally used method that allows in vivo assessment of air trapping. 
The predicted upper limit of normal for each subject was calculated as the 95th percentile 
by using the formula for adult males: 14.0 + 0.39*Age + (1.64*RSD) 15. Cases with an RV/TLC 
above this 95th percentile were considered abnormal and were assigned as air trapping 
positive. 

QUANTITATIVE CT ASSESSMENT OF AIR TRAPPING
Firstly, the lungs were automatically segmented from the chest wall, airways and 
mediastinum using dedicated software 16. Secondly, a noise reduction filter was applied 
to decrease the influence of noise on the quantitative measurements 17. Lastly, CT air 
trapping was automatically quantified using three measures currently suggested in the 
literature:

Quantitative CT measure 1) RVC-860 to -950; change in relative lung volume with attenuation 
values from -860HU to -950HU between paired inspiratory and expiratory CT 8. For this 
measure, as described by Matsuoka et al 8, new limited lung volumes are calculated 
for the inspiratory and expiratory CT by excluding the volume with HU-values below 
-950 to correct for pulmonary emphysema. Next, the difference between expiratory 
and inspiratory lung volume below -860HU in the limited lung volume is expressed as  
RVC -860 to -950. This measure is thus calculated according to the formula: expiratory relative 
lung volume below -860HU – inspiratory relative lung volume below -860HU, with relative 
lung volume below -860HU defined as the lung volume with attenuation values between 
-860HU and -950HU divided by the total lung volume with attenuation values over  
-950HU 8. Increase in air trapping results in a higher RVC-860 to -950 value.

Quantitative CT measure 2) E/I-ratioMLD; the expiratory to inspiratory ratio of mean lung 
density 12. The expiratory mean lung density in HU is divided by the inspiratory mean 
lung density, and presented as percentage. Increase in air trapping results in a higher 
E/I-ratioMLD.

Quantitative CT measure 3) EXP-856; the percentage of voxels in expiratory CT with 
an attenuation value below the threshold of -856HU 11. This expiratory threshold of  
-856HU is a conversion of 6.0 ml/g lung inflation in inspiration 18, and has previously 
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been used in studies in asthmatic children 19. Increase in air trapping results in a higher 
percentage of low-attenuation voxels.

DATA ANALYSIS
First, the three quantitative CT air trapping measures (RVC-860 to -950, E/I-ratioMLD and EXP-856) 
were compared to each other by testing the areas under the  receiver operating 
characteristic (ROC) curves for significant differences in performance 20. As a next step, we 
determined the optimal cut-off value at highest sensitivity and specificity for the preferred 
quantitative CT air trapping method.

ROC comparison was performed with MedCalc v11.3.8.0 (Mariakerke, Belgium). All other 
analyses were performed with SPSS software v15.0 (SPSS Inc., Chicago, Illinois, USA). A 
p-value below 0.05 was considered statistically significant. Subject characteristics and 
pulmonary function data are expressed as means with standard deviation. Quantitative 
CT measurements are expressed as median with 25th to 75th percentile.

Table 1 Demographic data and quantitative CT measurements (N=427)

Age, years (mean ± SD) 61.8 ± 5.0

%FEV1 , % (mean ± SD) 94.7 ± 16.3

FEV1/FVC, % (mean ± SD) 70.3 ± 9.1

Airflow limitation a, n (%) 175 (41.0)

Mild, n (%) 119 (68.0)

Moderate, n (%) 49 (28.0)

Severe, n (%) 7 (4.0)

RV/TLC, % (mean ± SD) 35.8 ± 8.3

Air trapping positive, n (%) 38 (8.9)

Quantitative CT

RVC-860 to -950 , % (median, P25 - P75) -57.9 (-67.3 – -44.3)

E/I-ratioMLD , % (median, P25 - P75) 84.3 (79.5 – 87.4)

EXP-856 , % (median, P25 - P75) 6.5 (2.3 – 14.4)

a Airflow limitation is defined as FEV1/FVC < 70%, classified as mild (FEV1 >80% predicted), moderate  
(FEV1 between 50% and 80% predicted), and severe disease (FEV1 <50% predicted); %FEV1 = percent predicted 
of forced expiratory flow in one second; FEV1/FVC = ratio of forced expiratory flow in one second over forced 
vital capacity; RV/TLC = ratio of residual volume over total lung capacity; RVC-860 to -950 = air trapping score as 
change in relative lung volume with attenuation values from -860HU to -950HU between paired inspiratory 
and expiratory CT; E/I-ratioMLD = air trapping score as expiratory to inspiratory ratio of mean lung density;  
EXP-856 = air trapping score as percentage of voxela below -856HU in expiratory CT;
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RESULTS

Demographic data on the 427 included male subjects are listed in Table 1. Thirty-eight 
(8.9%) subjects had air trapping according to the RV/TLC reference, defined as a value 
over the 95th percentile of the predicted value. 

COMPARISON OF CT AIR TRAPPING MEASURES
Median with interquartile range of the three CT air trapping measures are presented in 
Table 1. The area under the ROC curve was 0.703 (RVC-860 to -950), 0.850 (E/I-ratioMLD) and 
0.798 (EXP-856), see Table 2 and Figure 1. The area under the curve was significantly larger 
for E/I-ratioMLD compared to both RVC-860 to -950 (p<0.001) and EXP-856 (p=0.002). 

The optimal cut-off for E/I-ratioMLD to depict air trapping was at a ratio of 87.4%. This cut-off 
assigned the correct status to 348 of the 427 subjects; an accuracy of 81.5%, at a sensitivity 
of 81.6% (31/38) and a specificity of 81.5% (317/389).

DISCUSSION

This study statistically compares the currently suggested quantitative CT air trapping 
measures, and shows that the expiratory to inspiratory ratio of mean lung density  
(E/I-ratioMLD) is the preferred quantitative CT measure to identify air trapping in a 
population of current and former heavy smokers in a lung cancer screening setting. 

When comparing the two other quantitative CT air trapping measures to the 
E/I-ratioMLD in low-dose CT imaging, RVC-860 to -950 is clearly outperformed. The  
RVC-860 to -950 method was developed in a small population of subjects suffering from 
severe and very severe COPD 8. When applied in a population of screening participants 
with absent or mainly low-grade disease, RVC-860 to -950 performs significantly worse 

Table 2 Area under the receiver operating characteristic (ROC) curve for the various 
quantitative CT air trapping measures

AUC

E/I-ratioMLD 0.85

EXP-856 0.798

RVC-860 to -950 0.703

Three quantitative CT measures were used to identify air trapping, defined as RV/TLC >95th percentile of 
the predicted value. The area under the ROC curve is significantly larger for E/I-ratioMLD compared to EXP-856 
(p=0.002) and RVC-860 to -950 (p<0.001).

AUC = area under the curve; CI = confidence interval; E/I-ratioMLD = air trapping score as expiratory to 
inspiratory ratio of mean lung density; EXP-856 = air trapping score as percentage of voxels below -856HU in 
expiratory CT; RVC-860 to -950 = air trapping score as change in relative lung volume with attenuation values from 
-860HU to -950HU between paired inspiratory and expiratory CT;
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than other measures for identifying air trapping. The percentage of lung voxels below  
-856HU in expiration has been introduced more recently as a measure of air trapping in 
COPD research 11. The absolute threshold of -856HU originates from 6.0 ml/g lung inflation 
(ie. lung inflation at normal TLC in inspiration 21), and has previously been applied in 
inspiratory scans as a measure for mild emphysema in heavy smokers 18 and in expiratory 
scans as a measure for air trapping in asthmatic children 19. The drawback of such a single 
threshold measure in a population of heavy smokers is that it does not compensate for 
the influence of possible emphysematous areas; ie. it combines the low attenuation areas 
of air trapping and emphysema into one measure. The results of our study show that the 
single threshold EXP-856 measure has lower accuracy in the identification of air trapping 
in a screening population, compared to the E/I-ratioMLD. Besides the poorer performance, 
a single fixed threshold in expiratory CT might be more susceptible to differences in 
scanning protocol and scanner type, compared to a measure that combines inspiratory 
and expiratory data. 

Using E/I-ratioMLD in our study population, we illustrated that the optimal cut-off value for 
this quantitative measure lies at 87.4%, yielding an accuracy for the identification of air 
trapping of >80%. 

Figure 1 Receiver operating characteristic (ROC) curves for the identification of air 
trapping in low-dose lung cancer screening CT scans by three currently suggested 
quantitative CT measures

Three quantitative CT measures were used to identify air trapping, defined as RV/TLC >95th percentile of the 
predicted value. It is shown that E/I-ratioMLD is superior to EXP-856 and RVC-860 to -950 in the detection of air trapping.

E/I-ratioMLD = air trapping score as expiratory to inspiratory ratio of mean lung density; EXP-856 = air trapping score 
as percentage of voxels below -856HU in expiratory CT; RVC-860 to -950 = air trapping score as change in relative lung 
volume with attenuation values from -860HU to -950HU between paired inspiratory and expiratory CT;
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The results of this study add important information to the knowledge on quantitative 
assessment of air trapping in a lung cancer screening setting, which, in addition to CT 
quantification of emphysema, is of value for two reasons. Firstly, it has been shown 
that CT assessment of air trapping and emphysema may reveal ‘hidden’ disease in 
undiagnosed COPD patients who undergo chest CT screening 22. This is promising 
since early intervention with smoking cessation is currently the only way to prevent 
progress of COPD-related morbidity and mortality. Secondly, COPD is a heterogeneous  
disease 23, 24. Therefore, separate quantification of disease components might allow 
establishing morphologic phenotypes within this disease, which might help in the 
development of targeted research and therapy.

Our study has limitations. Firstly, the reference standard used is not a direct measure of 
small airways remodeling, but a functional measure of small airways dysfunction (i.e. air 
trapping). However, given the in-vivo assessment of early disease in a lung cancer screening 
setting, it is the most optimal reference standard and a widely acknowledged measure 
of small airways disease. Secondly, CT acquisitions were not spirometrically controlled, 
which would have guaranteed a standardized level of inspiration and expiration during 
scan acquisition. However, its absence strengthens the generalizability of the results 
since spirometer-gated scanning is not widely used in a lung cancer screening setting. 
Moreover, it has been reported that quantitative CT measurements in gated- and ungated 
scanning are very closely correlated 25. Thirdly, it has to be noted that the optimal cut-off 
for E/I-ratioMLD should be interpreted with caution as this is only the first study to report 
such a value; validation in other cohorts and establishment of normative values in heavy 
smokers is needed. Fourthly, it is noted that the number of cases with air trapping (i.e. 
an abnormal RV/TLC) was limited to 38. However, this number is generally believed to 
be sufficient to compare three determinants in diagnostic studies 26. Lastly, our study 
population consisted only of male participants, which might limit the generalizability of 
our results to other populations.

In conclusion, the expiratory to inspiratory ratio of mean lung density (E/I-ratioMLD) has an 
accuracy of more than 80% for the detection of air trapping in low-dose screening CT and 
is significantly superior to other suggested quantitative measures.
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Abstract

OBJECTIVES 
To determine the relationship between lung function impairment and quantitative 
computed tomography (CT) measurements of air trapping and emphysema in a 
population of current and former heavy smokers with and without airflow limitation.

METHODS 
In 248 subjects (50 normal smokers; 50 mild obstruction; 50 moderate obstruction; 50 
severe obstruction; 48 very severe obstruction) CT emphysema and CT air trapping 
were quantified on paired inspiratory and end-expiratory CT examinations using several 
available quantification methods. CT measurements were related to lung function (FEV1, 
FEV1/FVC, RV/TLC, Kco) by univariate and multivariate linear regression analysis. 

RESULTS 
Quantitative CT measurements of emphysema and air trapping were strongly correlated 
to airflow limitation (univariate r-squared up to 0.72, p<0.001). In multivariate analysis, the 
combination of CT emphysema and CT air trapping explained 68-83% of the variability in 
airflow limitation in subjects covering the total range of airflow limitation (p<0.001). 

CONCLUSIONS 
The combination of quantitative CT air trapping and emphysema measurements is 
strongly associated with lung function impairment in current and former heavy smokers 
with a wide range of airflow limitation.
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INTRODUCTION

Chronic Obstructive Pulmonary Disease (COPD) is characterized by chronic airflow 
limitation, and its severity is graded according to the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) criteria 1. The airflow limitation in COPD patients is 
caused by parenchymal destruction (i.e. emphysema) and small airways disease with 
airway inflammation and airway remodeling, which leads to expiratory airway obstruction 
and air trapping 2, 3. Emphysema has been quantified in vivo by computed tomography 
(CT) for decades 4, but in vivo detection of small airways disease has been difficult since 
these small airways (diameter <2mm) can not be visualized directly with current CT 
techniques. Nakano et al suggested that measurements of large airway wall thickening 
can be used as an indirect sign of small airways disease 5. However, quantification of 
airway wall dimensions remains technically challenging. Alternatively, air trapping on 
end-expiratory CT may be easier to quantify, and is possibly a more direct measurement 
of small airways dysfunction. For this, the main challenge is to separate air trapping due 
to small airways disease from air that remains in emphysematous spaces after expiration 6.  
 
Separate quantification of air trapping and emphysema is relevant for two reasons. 
First, COPD is a disease with a wide heterogeneity 7-10, and COPD phenotyping may be 
possible when quantitative CT is combined with clinical and physiological characteristics. 
Second, quantitative CT of COPD components might gain a role in (early) diagnosis of the 
disease; a risk estimate for COPD may be calculated from CT data, providing additional 
information in subjects who undergo CT. This strategy may be especially interesting 
in lung cancer screening, where large numbers of CT examinations are obtained in 
heavy smokers. Here, CT may reveal ‘hidden’ disease in undiagnosed COPD patients, 
and might reveal disease in patients with lung function still within the normal range 11. 
 
The purpose of this study was to determine the relationship between lung function 
impairment and quantitative CT measures of air trapping and emphysema in heavy 
smokers with and without COPD. 

METHODS 

To study COPD in a lung cancer screening trial 12, pulmonary function tests (PFT) and an 
expiratory CT data acquisition had previously been added to the screening protocol in our 
center. In the present study, we automatically assessed emphysema and air trapping in 
CT examinations obtained in this lung cancer screening population. Since limited subjects 
with severe airflow limitation were present in the screening trial, we added clinical subjects 
to be able to study the total range of COPD. 

This retrospective study was approved by our institutional ethics board; written informed 
consent was obtained in the screening trial participants, and waived for the clinical 
subjects. 

SUBJECTS 
Within the lung cancer screening trial participants, random samples of 50 subjects 
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were drawn for each GOLD stage 1, resulting in 50 GOLD 1, 50 GOLD 2 and 24 GOLD 3 
subjects. The clinical subjects underwent outpatient inspiratory and expiratory CT and 
PFT examination for evaluation of COPD and/or lung transplantation screening. Cases 
with GOLD 3 of GOLD 4 were selected. No CTs contained major breathing artifacts, and 
scans with signs of acute pneumonia were excluded. The GOLD 3 study population was 
extended to 50 subjects with a random sample of clinical subjects. The GOLD 4 group 
consisted of all available clinical subjects (N=48). 
 
Additionally, we selected a group of normal smokers from the screening trial participants. 
We defined ‘normal smoker’ as two normal lung function tests with at least a two-year 
interval, plus a slow rate of lung function decline. Normal lung function was defined as 
FEV1 (forced expiratory volume in one second) >80% predicted and FEV1/FVC (forced 
expiratory volume in one second / forced vital capacity) >70%. A slow rate of decline 
was defined as an FEV1 decline less than 29 ml per year 13. Seventy subjects fulfilled these 
criteria, of whom 50 were randomly selected. 

PULMONARY FUNCTION TESTING
Spirometry, body plethysmography and diffusion capacity testing was obtained 
according to ERS guidelines 14. PFT was performed with ZAN equipment (ZAN messgeräte 
GmbH, Oberthulba, Germany). Spirometry was obtained in all subjects and included 
forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC), and the ratio of 
FEV1 over FVC (FEV1/FVC). Data on bronchodilator use on the day of examination was not 
available, and reversibility with bronchodilation was not assessed. Due to restrictions in 
testing capacity during screening rounds, extensive pulmonary function testing was only 
performed in a subgroup of subjects. For our study population, RV/TLC (ratio of residual 
volume over total lung capacity) was available in 121 subjects, and Kco (ratio of diffusion 
capacity over alveolar volume) in 103 subjects. For lung cancer screening subjects, PFT 
was performed on the same day as CT. For clinical subjects, the PFT performed closest to 
the CT date was selected (median 1 day, interquartile range 0–4 days). 

COMPUTED TOMOGRAPHY
Volumetric inspiratory CT and volumetric end-expiratory CT after standardized breathing 
instructions were obtained between July 2007 and September 2008. All CT examinations 
were performed without intravenous contrast medium, using 16 slice CT (Brilliance 16P, 
Philips Medical Systems, Cleveland, OH, USA) and 0.75mm collimation. Settings were 
adjusted to body weight: 120 kVp (≤80kg) or 140 kVp (>80kg), both with 30mAs, for 
inspiratory CT, and 90 kVp (≤80kg) or 120 kVp (>80kg), both with 20 mAs, for expiratory 
CT . A smooth reconstruction filter was used (B-filter, Philips), according to the protocol. 
Images with slice thickness of 1.0mm at 0.7mm increment were reconstructed from lung 
bases to lung apices. 

The clinically evaluated patients that were added to the screening population, underwent 
volumetric inspiratory CT and volumetric end-expiratory CT after standardized breathing 
instructions between October 2003 and May 2010. CT was performed without any 
intravenous contrast medium. These CT examinations were acquired on various 
generations of CT equipment from the same vendor (Philips Medical Systems, Cleveland, 
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OH, USA) with 16x0.75mm collimation on Brilliance 16P (N=16) and Mx8000 IDT (N=12), 
40x0.625mm collimation on Brilliance 40 (N=8), 64x0.625mm collimation on Brilliance 
64 (N=32) or 128x0.625mm collimation on Brilliance iCT (N=6). Exposure settings were: 
100kVp or 120kVp, both with 130mAs, for inspiratory CT, and 80-120kVp with 10-30mAs 
for expiratory CT. A sharp reconstruction filter (C-filter, Philips) was used, according to the 
clinical protocol. Images with slice-thickness of either 0.9 or 1.0mm at 0.45 or 0.7mm slice-
spacing were reconstructed from lung bases to lung apices. 

EMPHYSEMA AND AIR TRAPPING QUANTIFICATION
The lung parenchyma on inspiratory and expiratory CT data sets was automatically 
segmented 15. Additionally, lung segmentation was checked visually, and those with major 
errors (see Supplement 1) were excluded. Subjects that were excluded were replaced by 
another random subject with a corresponding GOLD stage (N=16). A noise reduction filter 
was applied to decrease the influence of noise on the quantitative CT measurements 16. 

The extent of emphysema was assessed by two widely used quantitative CT measures:  
1) IN-950; the percentage of voxels below -950 Hounsfield Units (HU) in inspiratory CT 17, 18.

2) Perc15; the HU at the 15th percentile of the inspiratory attenuation distribution curve 19. 

The extent of air trapping was quantified by four different methods: 
1) EXP-850; the percentage of voxels below -850HU in expiratory CT 20, 21. 

2) EXP-850 to -910; the percentage of voxels between -850HU and -910HU in expiratory CT.  
To correct for air in emphysematous areas, method 1 was adjusted by excluding the 
voxels below -910HU, based on reference 22. 

3) RVC-860 to -950; the change in relative lung volume with attenuation values from 
-860HU to -950HU between paired inspiratory and expiratory examinations 6. 
The RVC860-950 is calculated using the formula: 
Expiratory relative lung volume-860 to -950HU - Inspiratory relative lung volume -860 to -950HU
In this formula, the relative lung volume-860 to -950HU is defined as the volume of voxels 
with attenuation values between -860 to -950HU divided by the volume of voxels with 
attenuation values above -950HU (i.e. limited lung volume, without emphysema) 6. 

4) E/I-ratioMLD; the expiratory to inspiratory ratio of mean lung density 23-25. 

DATA ANALYSIS
CT measurements were compared between the five groups (i.e. normal smokers and 
the four COPD stages) with analysis of covariance (ANCOVA), with age, height and sex 
as covariates. Univariate and multivariate linear regression analysis were performed to 
evaluate the relationship between lung function parameters (dependent variables) and 
the CT measurements (independent variables). Multivariate analysis incorporated CT 
emphysema (2 methods) and CT air trapping (4 methods), while age, sex and height were 
introduced as correction factors for PFT. In order to meet linear regression requirements, 
we used absolute values instead of the ‘percentage of predicted value’, as the latter 
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often elicits a heteroscedastic distribution of the residuals to one side 26. Furthermore, 
multicollinearity and the distribution of residuals was assessed for all models; FEV1 and 
IN-950 were log-transformed (logFEV1 and logIN-950) as to obtain a normal distribution and 
warrant symmetrical variance of the errors around zero (i.e. homoscedasticicy). Linear 
regression analyses were performed in the total cohort of 248 subjects, as well as in the 
174 screening trial participants separately.

All statistical analyses were performed using SPSS software v15.0 (SPSS Inc, Chicago, 
Illinois, USA). A p-value below 0.05 was considered statistically significant. Continuous 
data are given as mean ± SD, unless indicated otherwise.

RESULTS

STUDY POPULATION CHARACTERISTICS
The majority were male and the average age was around 60 years, except for the subjects 
in the GOLD 4 group who were younger and more often female (Table 1). CT emphysema 
and CT air trapping results were worse in the COPD cases when compared to the smokers 
with normal lung function, and the results worsened in the subsequent COPD stages. 
Differences were significant except for IN-950 between normal smokers to GOLD2, Perc15 
between GOLD1 and GOLD2, EXP-850 to -910 and E/I-ratioMLD between normal smokers and 
GOLD1, RVC-860 to -950 between normal smokers and GOLD2, and EXP-850 to -910 between 
GOLD3 and GOLD4.

UNIVARIATE REGRESSION ANALYSIS
Quantitative CT measurements showed moderate to strong association with lung 
function parameters of airflow limitation (R-squared values ranging from 0.25 to 0.72, 
p<0.001 (Table 2, Figure 1). CT emphysema measurements were better correlated to 
Kco compared to RV/TLC. Also, CT air trapping measurements were better correlated to 
RV/TLC compared to Kco. These findings did not change when only the screening trial 
participants were included, though the associations were weaker after exclusion of the 
more severely affected subjects (Supplement 2). 

MULTIVARIATE REGRESSION ANALYSIS
Testing of collinearity and residuals showed a variance inflation factor below 10 27 in all 
models (max: 3.85), and a normal, homoscedastic distribution of residuals. The multivariate 
CT models largely explained the variability in airflow limitation; R -squared value from 0.68 
to 0.83 (Table 3). This pattern did not change when only the screening trial participants 
were included, though the explained variance was lower after exclusion of the more 
severely affected subjects; R-squared value from 0.49 to 0.59 (Table 3).
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Table 2 Results of univariate linear regression analysis for quantitative CT 
measurements of emphysema and air trapping and pulmonary function tests

logFEV1 FEV1/FVC RV/TLC a Kco b

CT Emphysema

logIN-950 0.53 0.61 0.42 0.52

Perc15 0.44 0.53 0.35 0.45

CT Air trapping

EXP-850 0.69 0.72 0.63 0.44

EXP-850 to -910 0.25 0.33 0.31 0.18

RVC-860 to -950 0.66 0.58 0.51 0.27

E/I-ratioMLD 0.60 0.60 0.56 0.31

Data given are r-squared (R2) values, with P<0.001 for all results.
a 121 subjects with body plethysmography measurements; b 103 subjects with diffusion capacity measurements

Table 3 Results of multivariate linear regression for quantitative CT measurements of 
emphysema and air trapping and pulmonary function tests

All subjects (N=248) Subanalysis (N=174) a

CT Model logFEV1 FEV1/FVC logFEV1 FEV1/FVC

logIN-950 + EXP-850 0.81 0.76 0.54 0.58

logIN-950 + EXP-850 to -910 0.75 0.72 0.51 0.56

logIN-950 + RVC-860 to -950 0.83 0.75 0.53 0.55

logIN-950 + E/I-ratioMLD 0.81 0.76 0.54 0.57

Perc15 +EXP-850 0.81 0.75 0.54 0.55

Perc15 +EXP-850 to -910 0.71 0.68 0.49 0.49

Perc15 + RVC-860 to -950 0.83 0.75 0.55 0.56

Perc15 + E/I-ratioMLD 0.79 0.73 0.51 0.51

Data given are r-squared (R2) values. 
a Lung cancer screening trial participants only, controls to GOLD III; logIN-950 = log-transformed emphysema 
score as voxels below -950HU in inspiratory CT; Perc15 = emphysema score as HU at the 15th percentile of the 
inspiratory attenuation distribution curve; EXP-850 = air trapping score as voxels below -850HU in expiratory 
CT; EXP-850 to -910 = air trapping score as voxels between -850HU and -910HU in expiratory CT; RVC-860 to -950 = 
air trapping score as change in relative lung volume with attenuation values between -860HU and -950HU;  
E/I-ratioMLD = air trapping score as expiratory to inspiratory ratio of mean lung density;
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The relationship between the quantitative CT measures and the forced expiratory volume in one second 
(FEV1). A = log-transformed emphysema score as voxels below -950HU in inspiratory CT (logIN-950) versus 
FEV1; B = emphysema score as the HU at the15th percentile of the inspiratory attenuation distribution 
curve (Perc15) versus FEV1; C = air trapping score as voxels below -850HU in expiratory CT (EXP-850) versus 
FEV1; D = air trapping score as voxels between -850HU and -910HU in expiratory CT (EXP-850 to -910) versus  
FEV1; E = air trapping score as change in relative lung volume with attenuation values between -860HU and -950HU  
(RVC-860 to -950) versus FEV1; F = air trapping score as expiratory to inspiratory ratio of mean lung density  
(E/I-ratioMLD) versus FEV1; GOLD = global initiative for chronic obstructive lung disease;

Figure 1 Graphical illustration of the relationship between quantitative CT 
measurements and airflow obstruction (FEV1)
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DISCUSSION

In a population that covered the range of airflow limitation from mild to very severe, 
we showed that the combination of quantitative CT measurements of emphysema and 
air trapping is strongly associated with lung function impairment, and explains a large 
proportion of the variability in airflow limitation. 
 
Previous studies have addressed the small airways disease component in COPD by 
quantitative CT, but used large airway wall dimensions as a surrogate for small airways 
disease 28. Nakano et al reported on the combination of large airway wall thickening 
and quantitative emphysema to explain lung function variability and to detect COPD 
subgroups. They evaluated 114 smokers, and showed that quantitative CT measurements 
of emphysema and airways wall thickness explained 23% to 49% of lung function 
variability 28. In the present study we found a higher R-squared value; 68% to 83% for 
the whole study population, and 49% to 58% in the screening participants only. This 
difference in explained variance compared to the study of Nakano et al is likely due to the 
fact that air trapping is a more direct measure of small airways dysfunction than airway 
wall thickness. Additionally, part of the increase may be due to differences between the 
study populations. 

Nakano et al showed that airway wall thickening in CT closely correlates with small 
airway dimensions in histological specimens, and thus can be used as an indirect sign 
of small airways disease 5. Other groups have shown that the correlation between large 
airway measurements and lung function parameters increases with subsequent airway 
generations 29-32. This supports our view that the signal is strongest in the more peripheral 
airways. Additionally, quantification of airway wall dimensions remains technically 
challenging, especially in the more distal generations (i.e. beyond the fifth generation). 
Therefore, assessment of air trapping with quantitative measures in expiratory CT may 
also have important technical benefits. Although there is an increase in radiation dose for 
an additional expiratory CT acquisition, this is limited; in our screening trial protocol the 
effective radiation dose was less than 0.65 mSv for the additional expiratory CT acquisition.

Previously, the univariate relationship between quantitative CT measures and lung 
function in COPD is reported in a few studies 23-25, 33, 34. In these studies, correlation 
coefficients between E/I-ratioMLD and FEV1 of 0.45 and 0.64 (p<0.001) are reported, which 
is lower than what we found. Reported correlation coefficients with RV/TLC are between 
0.54 and 0.71, which is also slightly lower than our results. These differences may well 
be due to differences in study populations, since our study population was larger and 
equally covered all the stages of COPD. Further, RVC-860 to -950 has been previously studied 
by Matsuoka and colleagues in a cohort of 36 COPD subjects with GOLD stage 1-4 6. They 
found correlation coefficients of 0.80 and 0.78 between this CT air trapping measure and 
FEV1 and FEV1/FVC, respectively 6. Despite the considerably smaller study population 
their results are comparable to ours, both for the whole population, and the less severely 
affected trial participants only. Lastly, the EXP-850 method has been published only in 
abstract format 20, and was previously used in asthma research for quantification of air 
trapping 21. 
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One has to be careful with the conclusion that one method is better than the other, given 
the absence of a clear reference standard for either emphysema or air trapping in our 
study. In fact, the main purpose of our study was to assess how well the quantitative 
CT measurements can explain the lung function impairment, instead of testing for the 
optimal method. Nevertheless, we feel that air trapping measurements that combine 
inspiratory and expiratory CT data may be preferable when ones purpose is to quantify 
the individual disease components in COPD (i.e. emphysema and small airways disease). 
This radiologic separation of disease components may be a next step in further defining 
morphologic phenotypes within COPD. The solely expiratory measurement of air 
trapping (i.e. EXP-850) is not useful for this purpose, because it does not correct for air that 
remains in emphysematous spaces on end-expiratory CT; it thus combines quantification 
of emphysema and small airways disease in one measure. Therefore, we intended to 
eliminate emphysema from this measurement by calculating the EXP-850 to -910, since 
Gevenois et al demonstrated that voxels with a density below -910HU on expiratory CT 
represent emphysema 22. However, the performance of the models including this measure 
were worse, which makes us believe that the air trapping measurements that combine 
inspiration and expiration CT data will outperform the EXP-850 to -910 when confronted with 
a proper reference standard.

Since only a moderate number of GOLD3 and no GOLD4 subjects were present in the 
screening trial, we added clinical subjects with advanced airflow limitation to our study 
population. Unfortunately, the inspiratory radiation exposure and the reconstruction filter 
used were not identical in the clinical and screening subjects. Despite the differences, the 
selection of clinical subjects was reasonably the best achievable option to investigate the 
total spectrum of COPD. The use of two different reconstruction filters and a difference 
in inspiratory radiation dose may have had some influence on the quantitative CT 
measurements 35-38. However, it has also been suggested that dose-reduction to as low as 
20mAs can be applied without clinical importance 39-41. Moreover, after analyzing only the 
screening trial participants, examined with a single CT system and protocol, the pattern 
of univariate- and multivariate regression analysis remained the same as in the total 
population, though was less strong after exclusion of the 74 more severely affected cases. 
These findings support the validity of our conclusions.

Our study has some limitations. Firstly, there is no good reference standard for air 
trapping, which is an in vivo phenomenon. This limitation makes it difficult to prove that 
the combined inspiratory-expiratory air trapping measurements are the best methods 
to quantify air trapping outside emphysematous spaces. Secondly, CT data acquisitions 
were not spirometrically controlled, which would enable a standardized inspiration and 
expiration level. Nevertheless, its absence strengthens the generalizability of our results 
since spirometer-gated CT is not widely applied. Moreover, despite this limitation, the 
combination of CT emphysema and CT air trapping explains a large part of the lung function 
variability. Thirdly, we acknowledge that spirometry was obtained before bronchodilator 
administration, and that some asthma, whether or not coexisting with COPD, can be 
present. However, this likely concerns only a small amount of heavy smoking subjects. 
Lastly, we used a retrospective design and added a separate patient group due to the 
paucity of severely obstructed subjects in the screening population. However, this was 



Chapter 5

78

5

the best achievable option to investigate the total spectrum of COPD. Moreover, although 
the explained variance decreased, the pattern found did not change after exclusion of the 
severely affected subjects.

In summary, quantitative CT measures of emphysema and air trapping are strongly 
associated with airflow limitation in a population that covers the total range of airflow 
limitation; the combination of CT emphysema and CT air trapping, as simple density 
measurements on paired inspiratory and expiratory CT images, explains around three-
quarters of the lung function variability. We suggest that these measures might gain a 
role in the CT-based identification of subjects with suspected lung function impairment, 
and might prove useful in phenotyping COPD. This may be especially interesting in lung 
cancer screening, where large numbers of examinations are obtained in heavy smokers. 
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Supplement 1 Visual check of the the lung segmentation process

To score lung segmentation the observer was able to scroll through the entire scan with 
a semi-translucent colour overlay of the segmentation. This overlay could be removed 
and replaced at any time. The guidelines for scoring, as provided to the observers, was as 
follows:

Excellent: over 95% of the segmentation is correct
Minor errors: 80-95% of the segmentation is correct
Major errors: 50-80% of the segmentation is correct
Totally wrong: less than 50% of the segmentation is correct

Supplement 2 Results of univariate linear regression analysis for quantitative CT 
emphysema and air trapping measurements and pulmonary function tests in a subset 
of 174 subjects a

logFEV1 FEV1/FVC RV/TLC b Kco c

CT Emphysema

logIN-950 0.25* 0.46* 0.07‡ 0.25*

Perc15 0.14* 0.35* 0.03NS 0.16*

CT Air trapping

EXP-850 0.41* 0.54* 0.24* 0.15*

EXP-850 to -910 0.36* 0.44* 0.24* 0.11†

RVC-860 to -950 0.28* 0.21* 0.08‡ 0.01NS

E/I-ratioMLD 0.34* 0.34* 0.27* 0.09†

Data given are r-squared (R2) values.
a Lung cancer screening trial participants only, controls to GOLD III; b 71 subjects with body plethysmography 
measurements; c 70 subjects with diffusion capacity measurements;
* p<0.001; † p<0.01; ‡ p<0.05; NS not significant; logIN-950 = log-transformed emphysema score as voxels below 
-950HU in inspiratory CT; Perc15 = emphysema score as HU at the 15th percentile of the inspiratory attenuation 
distribution curve; EXP-850 = air trapping score as voxels below -850HU in expiratory CT; EXP-850 to -910 = air trapping 
score as voxels between -850HU and -910HU in expiratory CT; RVC-860 to -950 = air trapping score as change in 
relative lung volume with attenuation values between -860HU and -950HU; E/I-ratioMLD = air trapping score as 
expiratory to inspiratory ratio of mean lung density;
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Abstract

OBJECTIVES 
We aimed to derivate and validate a prediction model for cardiovascular events based on 
coronary and aortic calcium volume in lung cancer screening chest CT.

BACKGROUND 
Computed Tomography (CT)-based lung cancer screening in heavy smokers may provide 
the opportunity to identify participants at high cardiovascular risk.

METHODS 
Smoking characteristics, patient demographics and physician diagnosed cardiovascular 
events were collected in 3559 screening participants from 10 years before the CT (ie. 
cardiovascular history) until 3 years after the CT (ie. follow-up time). Data on medication 
use was collected in a subsample of the cohort. Cox proportional hazard analysis was used 
to derivate and validate a prediction model for cardiovascular risk. Age, smoking status, 
smoking history, cardiovascular history and automatically quantified coronary and aortic 
calcium volume were included as independent predictors. The primary outcome measure 
was the discriminatory value of the model. 

RESULTS 
Incident cardiovascular events occurred in 145/1834 and 118/1725 subjects of the 
derivation and validation cohort, respectively. The model showed a C-statistic of 0.71 
(95%CI, 0.67 – 0.76) in the validation cohort. When high-risk was defined as a 3-years-risk 
≥6%, 589/1725 subjects were regarded as high-risk and 72/118 of all events were correctly 
predicted by the model. In the high-risk group, 41.8% did not receive any cardiovascular 
medication.

CONCLUSIONS 
Quantification of coronary and aortic calcifications in lung cancer screening CT images, 
information that is readily available, can be used to predict cardiovascular risk. Such an 
approach might prove useful in the reduction of cardiovascular morbidity and mortality 
and may enhance the cost-effectiveness of CT-based screening in heavy smokers.
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INTRODUCTION

Cardiovascular disease is a major cause of mortality in heavy cigarette smokers. In the 
National Lung cancer Screening Trial (NLST) most participants died from cardiovascular 
disease 1, which confirms observations in other cohorts 2,3. The NLST achievement is 
remarkable as this is the first cancer screening trial demonstrating an all-cause mortality 
reduction. This raises high expectations for chest computed tomography (CT) based lung 
cancer screening 1,4. Nevertheless, CT-based screening for lung cancer will be costly and 
may therefore not be adopted by many countries 5. 

It has recently been shown that CT-based screening can aid in the automatic identification 
of additional subjects with chronic obstructive pulmonary disease 6. Interestingly, the 
test that is used for lung cancer screening (ie. CT), is also suitable for quantification of 
vascular calcifications, which are strong predictors for cardiovascular events in multiple 
other settings 7-12. Since cardiovascular morbidity and mortality can be reduced through 
primary and secondary preventive efforts 13,14, inclusion of cardiovascular disease in the 
screening protocol may enhance the benefits and the cost-effectiveness of chest CT-
based screening of heavy smokers. However, it is currently unknown how well lung cancer 
screening chest CT can predict cardiovascular events.

In this study, we developed and validated a prediction model using the extent of coronary 
and aortic calcifications quantified in lung cancer screening chest CT scans to predict 
cardiovascular events and re-events. 

METHODS

ETHICS STATEMENT
This present study is an ancillary study of the population based Dutch and Belgian 
Lung Cancer Screening Trial (NELSON trial; ISRCTN63545820) 15, which was approved 
by the Ministry of Health of The Netherlands and the institutional ethical boards of the 
participating centers. Written informed consent was obtained from all participants.

SUBJECTS
The eligibility criteria and recruitment practices of the NELSON-trial have been described 
in detail elsewhere 15. Briefly, participants are all current and former heavy smokers 
between the ages of 50 and 75 years with a smoking history of at least 16.5 packyears. 
Exclusion criteria for participating in the lung cancer screening trial were self-reported 
moderate or bad health with inability to climb 2 flights of stairs, a recent chest CT, current 
or past cancer, and body weight ≥ 140 kg. 

We included subjects from two centers (N=3648), and excluded all female participants 
(N=89). Far fewer women than men are included in the lung cancer screening trial, because 
in the Dutch population there are few women with accumulated long-term exposure to 
cigarettes 15. Our final study population comprised 3559 males; 1834 from the University 
Medical Center in Groningen (derivation cohort) and 1725 from the University Medical 
Center in Utrecht (validation cohort), both located in the Netherlands. 
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At baseline, participants in the NELSON-trial filled in a questionnaire on their current and 
former smoking behavior. No data on the use of medication was collected in the lung 
cancer screening trial questionnaire, but a separate questionnaire on medication use was 
sent to the general practitioners of a subset of the trial participants (response rate 70%) 16. 
Use of HMG-CoA reductase inhibitors (statins) and antihypertensive medication including 
diuretics, angiotensin-converting-enzyme (ACE) inhibitors, angiotensin II receptor 
antagonists and calcium channel blockers was available for 260 subjects of the validation 
cohort. 

CT SCANNING AND CALCIUM ANALYSIS
Subjects underwent at baseline a volumetric chest CT in full inspiration between January 
2004 and December 2007. CTs were obtained without cardiac or respiratory gating on 
16-slice MDCT scanners with a collimation of 16 x 0.75 mm. The derivation cohort was 
scanned on a Sensation-16 CT (Siemens Medical Solutions, Forchheim, Germany), whereas 
the validation cohort was scanned on either a Mx8000 or Brilliance-16P CT (Philips Medical 
Systems, Cleveland, OH, USA). Exposure settings were adjusted according to body weight: 
120 kVp (less than 80 kg) or 140 kVp (80 kg or more) both at 30 mAs, yielding an effective 
dose of <0.9 and <1.6 millisievert, respectively. Axial images with a slice thickness of 1 mm 
at 0.7 mm increment were reconstructed using a smooth reconstruction filter (Siemens 
B30f, Philips B-filter).

Reconstruction slice thickness for calcium quantification was 3.1 mm. Four slices were 
averaged with 1.4 mm increment. Calcium quantification was performed with dedicated, 
non-commercial, in-house developed software: calcifications in the coronary arteries 
were automatically quantified based on the algorithm described by Isgum et al 17, and 
calcifications in the aorta were quantified as previously described 18. Briefly, a threshold 
of 130 Hounsfield units in combination with three-dimensional connected component 
labelling was used to identify potential calcifications. Subsequently, aortic calcifications 
were extracted based on multi-atlas-based segmentation of the aorta, followed by a 
supervised pattern recognition system detecting aortic calcifications based on spatial-, 
size- and texture features. Given the excellent agreement between automatic and manual 
calcium scoring of aortic lesions in low-dose CT 18, only outliers in aortic calcium scores 
were inspected and manually corrected if needed. Coronary calcifications were extracted 
based on a probabilistic coronary calcium map providing an a priori probability for 
appearance of coronary calcifications on a chest CT scan, followed by a supervised pattern 
recognition system detecting calcifications based on spatial- and texture features. All 
coronary calcifications were inspected and manually corrected if needed. Calcifications 
were quantified in terms of total calcium volume (mm3). Additionally, Agatston score was 
calculated for coronary calcifications.

CARDIOVASCULAR EVENTS
We retrieved physician-diagnosed cause of death and hospital admission diagnosis through 
the National Death Registry and the National Registry of Hospital Discharge Diagnoses. 
We included fatal and nonfatal cardiovascular events that occurred between January 
1995 and January 2008. All events were classified using the 9th (discharge diagnoses) and 
10th (cause of death) revision of the International Classification of Diseases. Hypertensive 
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disease (codes 401-405), ischemic heart disease (codes 410-414), heart failure (code 428), 
diseases of arteries, arterioles and capillaries (codes 440-448), cerebrovascular disease 
(codes 430-438), or other heart disease (code 429) were included as cardiovascular events. 
Revascularization procedures were not considered valid endpoints. Cardiovascular death 
prevailed over hospital admissions. In case of multiple valid hospital admissions the first 
hospital discharge diagnosis was used. A positive history for cardiovascular disease was 
defined as any cardiovascular event between 1995 and the CT (on average 10 year).

DERIVATION OF THE PREDICTION MODEL
Cox proportional hazard analysis was used to predict 3-year cardiovascular events (ie. 
the average follow-up time of the cohort). The prediction model was derived from the 
center with most events (Groningen, 145 events). Firstly, coronary calcium volume and 
aortic calcium volume were truncated at the 99th percentile because it is undesirable 
that prognostic accuracy is influenced by biologically implausible outliers 19. Secondly, 
imputation based on regression techniques was performed in case of missing values 20; 
coronary calcium volume was missing in 1, aortic calcium volume in 2, smoking status in 3 
and packyears in 7 subjects. Lastly, a preliminary model was fitted using the prespecified 
predictors age, smoking status, smoking history, history of cardiovascular disease, 
coronary calcium volume and aortic calcium volume. Also, the biologically plausible 
interaction between age and calcium was added to the model. 

In order to improve model fit, we determined the functional form to be used for 
each continuous predictor by examining univariate nonlinear restricted cubic spline 
transformations 21. It showed that in our dataset a smoking history >50 packyears, 
coronary calcium volume >1500 mm3 and aortic calcium volume >4000 mm3 had no 
added predictive value. Consequently, smoking history, coronary calcium volume and 
aortic calcium volume were truncated at these cut-off values. Next, the model was 
specified using backward stepwise selection based on Akaike Information Criterion (AIC) 
22. To assess the proportional hazard assumption, correlations between scaled Schoenfeld 
residuals for various predictors and time were tested 23. Bootstrap resampling was used 
to quantify the degree of overoptimism of the model, which was consequently corrected 
for by uniformly shrinking the regression coefficients by the same amount 24. Finally, a 
nomogram was generated to illustrate the model.
 
The primary analysis was performed in all subjects, because we believe that an absolute 
risk estimate should also be applicable to subjects who previously experienced a 
cardiovascular event. Therefore, we included cardiovascular history as a predictor in the 
model and did not exclude these subjects from our analysis. Secondary analyses were 
performed in subjects without cardiovascular history (N=1620, 106 events), in subjects 
with ischemic heart disease and cerebrovascular disease only (N=1834, 111 events), and 
using Agatston score instead of coronary calcium volume (N=1834, 145 events).

VALIDATION OF THE PREDICTION MODEL 
The prediction model was validated in data from the Utrecht location (118 events). 
Imputation based on regression techniques was performed in case of missing values 
20; smoking status was missing in 3 subjects and packyears was missing in 7 subjects. 
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Model discrimination and calibration were evaluated to assess the performance of the 
model. Discrimination is the ability of the model to separate those with and without a 
cardiovascular event, and was assessed by using C-indexes 25. Calibration refers to the 
agreement between the predicted risk and the observed values, and was evaluated with 
the Gronnesby and Borgan goodness-of-fit test 26,27. Event-free survival was calculated for 
1-, 2- and 3-year follow-up, respectively. 

To illustrate the model, we evaluated several cut-off values for high-risk by using ROC and 
Kaplan-Meier survival analysis, although eventually the cut-off depends on formal cost-
effectiveness analysis. Nevertheless, we aimed to illustrate the model at a cut-off value 
that provided a sufficiently large number of correctly predicted events at a reasonable 
number of referred cases. 

Because we used ungated CT, which overestimated coronary calcium scores compared 
to gated CT 28,29, we simulated a systematic overestimation of coronary calcium volume 
of 50% in the validation cohort by dividing the measured coronary calcium volumes by 
two. The number of events incorrectly reclassified to the non high-risk subgroup was 
determined.

All analyses were performed with R statistical software, version 2.10.2 (R Foundation for 
Statistical Computing, Vienna, Austria, 2011). 

RESULTS

STUDY POPULATION
The males in both cohorts were about 60 years old and had smoked 38 packyears. Current 
and former smokers were about equally present. A cardiovascular history was present in 
214 (11.7%) subjects in the derivation cohort, and in 234 subjects (13.6%) of the validation 
cohort. During follow-up 145 (11 fatal, 134 nonfatal) and 118 (7 fatal, 111 nonfatal) 
cardiovascular events occurred in the derivation and validation cohort, respectively. The 
majority of events were from ischemic heart disease or cerebrovascular disease; 111/145 
(77%) in the derivation cohort and 76/118 (64%) in the validation cohort. Overall, baseline 
survival was 0.976 (1-year), 0.955 (2-year) and 0.940 (3-year). The characteristics of the 
derivation and validation cohort are summarized in Table 1. 

DERIVATION OF THE PREDICTION MODEL
On testing the proportional hazard assumption, no statistically significant proportionality 
was found (p=0.48). The interaction term between age and calcium scores was not 
included in the final model as it did not improve the model fit. The final model included 
age, smoking status, packyears, history of cardiovascular disease, coronary calcium 
volume and aortic calcium volume as independent predictors. Table 2 lists the regression 
coefficients and the hazard ratios of the predictors. The increase in hazard ratios with 
increasing extent of coronary and aortic calcium is further illustrated in the supplement 
(Supplement 1). Discrimination of the model in the derivation set was good, showing a 
C-statistic of 0.74 (95%CI, 0.70 – 0.78). Overoptimism was found to be 3.4%, therefore, 
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the coefficients were shrunk by a factor 0.966. The resulting mathematical equation to 
calculate absolute individual risk for a cardiovascular event is presented in the supplement 
(Supplement 2). The nomogram for cardiovascular risk prediction is presented in Figure 1.

Secondary analyses showed that a model in subjects without a cardiovascular history 
had good discrimination in the derivation cohort, showing a C-statistic of 0.73 (95%CI, 
0.68 – 0.78). When only ischemic heart disease and cerebrovascular disease were included 
as endpoints, aortic calcium volume ended up being excluded from the model. The 
discrimination of this model was similarly good with a C-statistic of 0.73 (95%CI, 0.68 – 
0.78). Lastly, when Agatston score was used instead of coronary calcium volume, the 
discrimination was slightly lower when compared to the original model (C-statistic 0.74; 
95%CI, 0.70 – 0.78). 

Table 1 Baseline demographics of the study populations

Derivation cohort Validation cohort

N=1834 N=1725

Age [year] 59.2 (55.8 – 63.4) 60.1 (56.7 – 64.3)

Smoking Status, n (%)

Current smoker 1055 (57.5) 917 (53.2)

Former smoker 776 (42.3) 805 (46.7)

Packyears [year] 38.0 (28.0 – 46.2) 38.0 (29.7 – 49.5)

Time before CT [year] 10.1 (9.8 – 10.5) 9.8 (9.6 – 10.2)

Cardiovascular history, n (%) 214 (11.7) 234 (13.6)

Time to Event [years] 2.82 (2.29 – 3.15) 3.07 (2.81 – 3.42)

Cardiovascular event, n (%) 145 (7.9) 118 (6.8)

Ischemic heart disease or 
cerebrovascular disease

111 (76.6) 76 (64.4)

Cardiovascular death, n (%) 11 (0.6) 7 (0.4)

All cause death, n (%) 33 (1.8) 23 (1.3)

Coronary calcium volume [mm3] 260 (36 – 944) 107 (5 – 569)

Aorta calcium volume[mm3] 574 (123 - 1961) 472 (77 – 1586)

Data given are median (P25 -P75) unless indicated otherwise 
* the period prior to the screening CT for which data on cardiovascular history was collected; 
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VALIDATION OF THE PREDICTION MODEL
In the validation cohort discrimination remained good and yielded a C-statistic of 0.71 
(95%CI, 0.67 – 0.76). Calibration of the model was good, without statistically significant 

Table 2 The effect of the predictors on the 3-year risk of cardiovascular events in the 
derivation cohort (N=1834)

Predictor βeta Standard Error

Age (per 10 years) 0.218 0.174

Former smoker -0.729 0.185

Smoking history (per 10 packyears) 0.219 0.088

Cardiovascular history present 0.638 0.2

Coronary calcium volume (per 500 mm3) 0.376 0.08

Aortic calcium volume (per 500 mm3) 0.096 0.033

Table 3 Characteristics of the model-based high-risk and non high-risk subgroups in 
the validation cohort

non High-risk (<6%) High-risk (≥6%)

Number of participants, n (%) 1136 (61.9) 589 (34.1)

3-year cardiovascular risk [%] 3.4 (2.4 – 4.5) 10.3 (7.7 – 16.3)

Age [years] 58.6 (55.9 – 62.3) 62.9 (59.3 – 67.6)

Packyears 34.2 (28.0 – 43.7) 43.7 (34.2 – 55.2)

Current smoker, n (%) 544 (47.9) 375 (63.7)

Cardiovascular history, n (%) 42 (3.7) 192 (32.6)

Cardiovascular events, n (%) 46 (4.0) 72 (12.2)

Re-event *, n (%) 4 (8.7) 34 (47.2)

Coronary calcium volume [mm3] 27 (0 – 161) 863 (313 – 1834)

Aortic calcium volume [mm3] 212 (33 – 666) 2073 (775 – 4551)

Medication data available † 139 (12.2) 121 (20.5)

No medication, n (%) 95 (68.3) 51 (42.1)

Antihypertensive drugs only, n (%) 18 (12.9) 19 (15.7)

Statins only, n (%) 9 (6.5) 6 (5.0)

Both, n (%) 17 (12.2) 45 (37.2)

Data given are median (P25 - P75) unless indicated otherwise
* proportion of cardiovascular events occurring in subjects with any cardiovascular history; † data on the 
use of medication to prevent cardiovascular events was obtained from the general practitioner through 
questionnaires in a subgroup of the non high-risk subjects and high-risk subjects;



6

Lung cancer screening CT-based prediction of cardiovascular events

99

differences between predicted and observed values (goodness-of-fit test, p=0.65). The 
calibration plot is presented in the supplement (Supplement 3). The individual risk can be 
calculated by using the nomogram presented in Figure 1.

We judged that the proportions of true positive, false negative and the total amount 
of referred subjects was reasonable at a risk equal to or greater than 6%, and will use 
this arbitrary cut-off for further illustration. The performance of the prediction model at 
other cut-off values is presented in the supplement (Supplement 4). The characteristics 
of the resulting high-risk group as identified by the model at the chosen cut-off level, are 
listed in Table 3. Compared to subjects the model identified as non high-risk, the subjects 
predicted to have high-risk had substantial higher coronary and aortic calcium volumes. 
The probability for an event in the selected high-risk subgroup was 12.2% (72/589), 
compared to 4.0% (46/1136) in the non high-risk subgroup. Figure 2 shows the Kaplan-
Meier survival curves for both the high-risk and non high-risk subgroup.

Figure 1 Nomogram to calculate individual 3-years risk for a cardiovascular event

Patient characteristics are filled in and points earned are determined per variable. The sum of all points is filled in 
on the total points scale, and 3-year event free survival is read of. A total of 21 points yields a cardiovascular risk 
over 6% (event free survival below 0.94), classifying the subject into the high-risk subgroup based on the cut-off 
value chosen in this study.
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MEDICATION USE IN THE VALIDATION COHORT
Data on the use of cardiovascular medication was available for 122/589 (20.7%) of the 
high-risk subjects, for 60/234 (25.6%) of the subjects with a positive cardiovascular history 
and for 48/118 (40.7%) of the subjects who developed a cardiovascular event. Almost 
half of the subjects defined as high-risk did not use any cardiovascular medication (see 
Table 3). Even amongst those with a positive cardiovascular history 26.7% (16/60) did not 
use any cardiovascular medication, 5.0% (3/60) used statins only and 18.3% (11/60) used 
antihypertensive medication only.

SIMULATED OVERESTIMATION OF CORONARY CALCIUM VOLUME
In the simulation with coronary calcium volume reduced by 50% the number of correctly 
detected high-risk subjects dropped only slightly from 72 to 66 whilst the proportion 
defined as high-risk decreased from 34% to 30%, reducing the number of false positives 
(Supplement 5).

DISCUSSION

This study shows that automated quantification of coronary and aortic calcium in lung 
cancer screening CT scans, combined with few patient demographics and smoking 
characteristics, can be used to predict cardiovascular events and re-events. This 
information, which is readily available in the screening test, may be utilized in the 
screening of current and former heavy smokers to identify those with highest risk for 

Figure 2 Kaplan-Meier survival curves of cardiovascular event free survival in non high-
risk and high-risk subgroups

The survival curves show a distinct difference in the event free survival over a 3 year period between CT-based 
high-risk (≥6%, dotted line) and non high-risk (<6%, solid line) subjects.
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cardiovascular events. These subjects may benefit most from targeted and intensive 
primary and secondary preventive strategies as substantial numbers of heavy smokers at 
high-risk for a cardiovascular event are currently untreated. 

IMPLICATIONS FOR PRACTICE
Practically, when subjects are identified as high-risk using CT-based screening, initiation 
and optimization of preventive measures and intensification of smoking cessation efforts 
may be the most viable way through which to improve subjects outcome. Primary and 
secondary preventive efforts are recommended to reduce cardiovascular morbidity 
and mortality 13,14. In particular, smoking cessation significantly reduces the risk for 
cardiovascular events and death, especially coronary heart disease, within a short time 
period 30. Whilst the potential benefits are promising, establishing their magnitude and 
the cost-effectiveness of chest CT-based screening for multiple diseases is beyond the 
scope of this study and requires a formal outcome study. Nevertheless, we showed that 
a substantial proportion of the high-risk group is currently not treated with preventive 
medication, strongly suggesting that benefits of chest CT-based screening in heavy 
smokers can increase beyond lung cancer reduction.

STUDY POPULATION
Although the discrimination of the prediction model remains acceptable when subjects 
with cardiovascular history are excluded, we propose to include subjects with a prior 
cardiovascular event for several reasons. Firstly, even when a subject has experienced a 
prior event, the risk for a re-event differs substantially between individuals; in our dataset, 
some subjects show a re-event risk of 4.5%, while others show a re-event risk of >20% 
within three years. The latter subject may require more thorough evaluation as to whether 
secondary prevention can be optimized or whether changes in management are needed. 
Secondly, the re-event may occur at another location than the prior event (e.g. myocardial 
infarction in a subject with a history of peripheral artery disease). Thirdly, subjects who 
have experienced a cardiovascular event may not receive optimal secondary preventive 
measures, as also observed in our cohort, or do not show good medication adherence 31.

LIMITATIONS
Our study has limitations. Firstly, we note that the derivation and validation cohort originate 
from the same lung cancer screening trial. Nevertheless, the two locations are situated in 
geographically distant parts of the Netherlands, with substantial differences in population 
density and migration rate. Furthermore, CT scanners from different vendors were used 
in the different locations. Secondly, ungated CT may lead to systematic overestimation of 
coronary calcium (but not aortic calcium) due to cardiac motion 28,29. However, ungated CT 
can effectively detect the high amounts of calcium needed for our purpose of identifying 
high-risk subject 12,29. We showed that an overestimation of 50% for coronary calcium leads 
to only modest decrease in the number of detected cases. Therefore, we expect that the 
use of ECG-gated CT would achieve only modest improvements in model performance 
in this population. Thirdly, it would be advantageous to provide separate risk predictions 
for cerebrovascular disease, coronary heart disease, aorta and peripheral arterial disease. 
However, our dataset lacked power for such detailed subgroup analyses. Fourthly, caution 
is needed regarding the generalizability of our results outside a lung cancer screening 
setting. Lastly, as we operated within a lung cancer screening setting, conventional 
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cardiovascular risk factors are mostly unknown. One has to realize that measuring risk 
factors such as blood pressure and lipid levels is not part of current lung cancer screening 
protocols, and will significantly alter the logistics and feasibility of screening practice. 
Although interesting, we cannot comment on whether adding conventional risk factors 
would have incremental predictive value to our model in this setting. Notwithstanding, 
the present study clearly demonstrates the ability of cardiovascular risk assessment from 
screening chest CT.

CONCLUSION
In conclusion, we showed that automated quantification of coronary and aortic calcium 
in a CT-based lung cancer screening setting can be used to predict events and re-events 
in a population of current and former heavy smokers who are currently undertreated. 
This additional information on cardiovascular disease, which is readily available in the 
screening test, may enhance the cost-effectiveness of CT screening in heavy smokers, 
although a randomized clinical trial is needed to establish the exact magnitude.
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Supplement 2 eEquation Prediction formula for the 3-years cardiovascular risk
 
3-years risk for cardiovascular event (%) = [1-0.9402(Exp[A – 2.5004] ) * 100%] 
In this formula, ‘A’ is the sum of products from the regression coefficients and variables. 
Subsequently, the overall mean linear predictor (2.5004 in this study) is subtracted from 
‘A’ to correct for averages of the patients risk factors.

A = 0.02178 x age – 0.72885 (if former smoker) + 0.02219 x packyears of smoking history*   
+ 0.6380 (if medical history of cardiovascular disease) + 0.00079 x coronary calcium 
volume † + 0.00016 x aortic calcium volume ‡

 

* when smoking history >50 packyears, fill in 50 packyears; † when coronary calcium volume >1500 mm3, fill in 
1500 mm3; ‡ when aortic calcium volume >4000 mm3, fill in 4000 mm3;
 
 

Supplement 1 Hazard ratios for varying extents of coronary and aortic calcium volumes

Coronary calcium volume [mm3] HR (95%CI) *

100 1.08 (1.05 - 1.11)

250 1.22 (1.13 - 1.31)

500 1.48 (1.27 - 172)

1000 2.18 (1.61 - 2.95)

1500 3.22 (2.05 - 5.07)

2500 -

4000 -

Aortic calcium volume [mm3] HR (95%CI) *

100 1.02 (1.00 - 1.03)

250 1.04 (1.01 - 1.07)

500 1.08 (1.02 - 1.15)

1000 1.17 (1.04 - 1.33)

1500 1.27 (1.06 - 1.53)

2500 1.50 (1.10 - 2.04)

4000 1.90 (1.16 - 3.13)

* In multivariate analysis with age, smoking status, smoking history and cardiovascular history;  
HR = Hazard ratio; 95%CI = 95th percent confidence interval; 
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Supplement 3 Calibration plot of the prediction model in the validation cohort

The observed Kaplan-Meier estimates for 3-year event free survival within quintiles are plotted against the mean 
predicted event free survival of each quintile. There is good agreement between the predicted and observed 
values.

Supplement 4 Approximation of the performance of the prediction model in the 
derivation cohort at various cut-off values for high-risk

3-year 
risk

True 
positive

False 
negative

True 
negative

False 
positive

PPV 
(%)

NPV 
(%)

High-risk *

1% 118 0 2 1605 6.9 100 99.9

2.5% 111 7 307 1300 7.9 97.8 81.8

6% 72 46 1100 507 12.4 96 33.6

10% 48 70 1349 258 15.7 95.1 17.7

15% 34 84 1474 133 20.4 94.6 9.7

20% 23 95 1540 67 25.6 94.2 5.2

25% 15 103 1566 41 26.8 93.8 3.3

* Percentage of the screening population the model defined as high-risk for a cardiovascular event within 
3-years; PPV positive predicted value; NPV negative predicted value;
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Supplement 5 Characteristics of the model based high-risk subgroups in the validation 
cohort (N=1725) for the total amount of coronary calcium and for the simulated 
amount of 50% coronary calcium (ie. overestimation of 100%)

High-risk subgroup (≥6%)

original coronary calcium 
volume

simulated 50% coronary 
calcium volume

Number of participants, n (%) 589 (34.1) 510 (29.6)

3-year cardiovascular risk [%] 10.3 (7.7 – 16.3) 9.2 (7.1 – 13.9)

Age [years] 62.9 (59.3 – 67.6) 63.5 (59.8 – 68.0)

Packyears 43.7 (34.2 – 55.2) 43.7 (34.2 – 55.2)

Current smoker, n (%) 375 (63.7) 338 (66.3)

Cardiovascular history, n (%) 192 (32.6) 181 (35.5)

Cardiovascular events, n (%) 72 (12.2) 66 (12.9)

Re-event *, n (%) 34 (47.2) 34 (51.5)

Coronary calcium volume [mm3] 863 (313 – 1834) 437 (145 – 1014)

Aortic calcium volume [mm3] 2073 (775 – 4551) 2288 (974 -5122)

Data given are median (P25 - P75) unless indicated otherwise
* proportion of cardiovascular events occurring in subjects with any prior cardiovascular event
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Abstract

CONTEXT
Smoking is a major risk factor for both cancer and chronic obstructive pulmonary disease 
(COPD). Computed Tomography (CT)-based lung cancer screening may provide an 
opportunity to detect additional individuals with COPD at an early stage. 

OBJECTIVE
To determine whether low-dose lung cancer screening CT scans can be used to identify 
participants with COPD.

DESIGN, SETTING AND PATIENTS
Single-center prospective cross-sectional study within an ongoing lung cancer screening 
trial. Prebronchodilator pulmonary function testing with inspiratory and expiratory 
CT on the same day was obtained from 1140 male participants between July 2007 and 
September 2008. CT emphysema was defined as percentage of voxels less than -950 
Hounsfield units (HU), and CT air trapping was defined as the expiratory:inspiratory ratio 
of mean lung density. COPD was defined as the ratio of forced expiratory volume in the 
first second to forced vital capacity (FEV1/FVC) of less than 70%. Logistic regression was 
used to develop a diagnostic prediction model for airflow limitation.

MAIN OUTCOME MEASURE
Diagnostic accuracy of COPD diagnosis using pulmonary function tests as the reference 
standard.

RESULTS
Four hundred thirty-seven participants (38%) had COPD according to lung function 
testing. A diagnostic model with CT emphysema, CT air trapping, body mass index, pack-
years and smoking status corrected for overoptimism (internal validation), yielded an area 
under the receiver operating characteristic curve of 0.83 [95%CI, 0.81 – 0.86]. Using the 
point of optimal accuracy, the model identified 274 participants with COPD with 85 false-
positives, a sensitivity of 63% [95%CI, 58 – 67], specificity of 88% [95%CI, 85 – 90], positive 
predictive value of 76% [95% CI, 72 – 81], and negative predictive value of 79% [95% CI, 
76 – 82]. The diagnostic model showed an area under the receiver operating characteristic 
curve of 0.87 [95% CI, 0.86 – 0.88] for participants with symptoms and 0.78 [95% CI, 0.76 – 
0.80] for those without symptoms.   

CONCLUSIONS
Among men who are current and former heavy smokers, automated analysis of low-
dose inspiratory and expiratory CT scans obtained in lung cancer screening can identify 
participants with COPD, with a sensitivity of 63% and a specificity of 88%. 
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INTRODUCTION

Smoking is annually projected to cause more than 8 million deaths worldwide in the 
coming decades 1, 2. Besides cardiovascular disease and cancer, chronic obstructive 
pulmonary disease (COPD) is a major cause of death in heavy smokers. Nevertheless, 
COPD is substantially underdiagnosed 3, 4. Despite a decrease in cardiovascular mortality 
and stabilization of cancer mortality worldwide, mortality from COPD is increasing 5. 
The onset of COPD can be insidious, but the disease can progress to advanced stages 
with functional disabilities, repeated exacerbations and early death 6. Early cessation of 
smoking can prevent disease progression 7, 8, and there is suggestive evidence that early 
intensive intervention can improve outcomes for patients with COPD 9. This underlines 
the importance of early detection of disease.

Modern computed tomography (CT) allows rapid in vivo evaluation of emphysematous 
parenchymal destruction and small airways dysfunction. Air trapping assessment 
using chest CT has become established as a technique to quantify small airways  
dysfunction 10, 11. This allows information on COPD-related changes to be obtained from 
CT studies performed for other reasons, such as lung cancer screening. 

We hypothesized that CT-based lung cancer screening in heavy smokers could provide 
an opportunity to acquire information on the presence of COPD, without the need for 
obtaining pulmonary function testing. We analyzed data from a cohort of current and 
former heavy smokers participating in an ongoing lung cancer screening trial, who 
underwent inspiratory and expiratory CT scanning and pulmonary function testing. 

METHODS 

STUDY POPULATION
This study of COPD was an ancillary study of the Dutch and Belgian Lung Cancer Screening 
Trial (International Standard Randomised Controlled Trial number ISRCTN63545820) 12. 
For this study, expiratory CT scans were added to the lung cancer screening protocol at a 
single center. CT scanning and pulmonary function testing were performed on the same 
day and were conducted between July 2007 and September 2008. 

The study population consisted of male participants with both CT and pulmonary function 
testing data, and was a subsample of the total group of trial participants who underwent 
radiological screening for lung cancer. Seven participants with CT segmentation errors and 
15 with missing data on smoking habits were excluded (Figure 1). Baseline characteristics  
–age, body mass index, smoking history and self-reported presence of respiratory 
symptoms and physician diagnosed emphysema or bronchitis (Supplement 1)– were 
collected from all participants in the lung cancer screening trial. Screening trial participants 
included current or former (<10 years) heavy smokers between the ages of 50 and 75 
years with a smoking-history of at least 16 cigarettes per day for 25 years or at least 11 
cigarettes per day for 30 years (i.e. >16.5 packyears). Exclusion criteria for participating in 
the lung cancer screening trial were a self-reported moderate or poor health with inability 
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Figure 1 Flow diagram of the study

to climb 2 flights of stairs, a recent CT scan of the thorax, current or previous history of 
cancer, and a body weight greater than or equal to 140 kg 12. 

The study was approved by the Dutch and Belgian Ministry of Health and by the ethical 
review board of the University Medical Center Utrecht. Written informed consent was 
obtained from each participant. 

CT SCANNING AND ANALYSIS
Low-dose volume scans were acquired after standardized breathing instructions in 
inspiration and at end expiration. All scans were acquired with 16x0.75mm collimation 
(Brilliance 16P; Philips Medical Systems). Settings were adjusted to body weight: 120 
kilovolt (peak) kV(p) for those weighing 80kg or less or 140 kV(p) for those weighing more 
than 80 kg, both at 30mAs for inspiratory scans, and 90 kV(p) for those weighing 80kg or 
less or 120 kV(p) for those weighing more than 80 kg, both at 20mAs for expiratory scans. 
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A scan pair yielded an estimated effective dose of 1.2 to 2.0 millisievert (mSv), of which 
0.3 – 0.65 mSv is accounted for by the expiration scan. Images with section thickness of 
1.0mm at 0.7mm increments were reconstructed from lung bases to lung apices using a 
smooth reconstruction kernel (B-filter; Philips). 

The lungs were automatically segmented (separated from the chest wall, diaphragm, 
mediastinum, and airways) 13, and a noise reduction filter was applied to decrease the 
influence of noise on the quantitative measurements 14. Within the segmented lung 
volume, the attenuation of each voxel (in Hounsfield Units; HU) was assessed to quantify 
emphysema and air trapping severity. CT emphysema was defined as the percentage 
of voxels with an attenuation below -950HU in inspiratory CT 15. The HU value at the 
15th percentile of the attenuation distribution curve as a measure of CT emphysema 16 
was calculated for secondary analysis. CT air trapping was defined as the expiratory to 
inspiratory ratio of mean lung density 11, 17. Figure 2 illustrates the quantitative assessment 
of CT emphysema and CT air trapping.

PULMONARY FUNCTION TESTING
Prebronchodilator spirometry was performed with ZAN equipment (ZAN messgeräte 
GmbH, Oberthulba, Germany), according to European Respiratory Society guidelines 18. 
Forced expiratory volume in the first second (FEV1) was expressed as percent predicted 
19, and the ratio of FEV1 to forced vital capacity (FEV1/FVC ) was expressed as percentage. 
Chronic obstructive pulmonary disease was defined as an FEV1/FVC ratio less than 70% 
and classified as mild obstruction if the FEV1 was 80% or higher than predicted, moderate 
obstruction if the FEV1 was 50% or higher and less than 80% of predicted, and severe 
obstruction if the FEV1 was less than 50% of predicted 6.

STATISTICAL ANALYSIS
Logistic regression was used to develop a multivariable model with the FEV1/FVC ratio of 
less than 70% as the outcome, and CT emphysema, CT air trapping, age, body mass index, 
pack-years of smoking history, and smoking status as possible associated factors. A post 
hoc power calculation estimated the actual power for developing the diagnostic model 
given the number of determinants in the model to be 100% for an effective sample size of 
437 participants with COPD 20. 

CT emphysema was transformed using natural logarithm to obtain normal distribution; 
the other variables did not have to be transformed. The selected full model was simplified 
based on Akaike’s information criterion (AIC) in backward fashion 21. A bootstrap resampling 
22, 23 procedure using 500 iterations was used to assess the degree of overoptimism in 
the model (i.e. internal validation). The initially estimated coefficients were shrunk by the 
estimated degree of overoptimism 24 because models of derivation studies commonly fit 
too well to the study sample, limiting the application to external populations. The model 
intercept was reestimated accordingly. For the shrunk model, calibration was assessed 
visually in a calibration plot and discrimination was evaluated using a receiving operating 
characteristic (ROC) curve. Subsequently, the area under the curve (C-statistic) was 
calculated. The model provided a risk score for COPD, varying between 0 and 1. Several 
points on the ROC curve (i.e. risk scores) were considered as cut points, and sensitivity and 
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specificity were calculated. The point of optimal accuracy was defined as the cut point 
value with the highest number of true-positives plus true-negative patients. 

Separate analyses were performed to evaluate the change in model performance 
when different quantitative CT measures of emphysema alone or together with air 
trapping were added stepwise to a baseline model that included only clinical data  
(Supplement 2). We also assessed the performance of the model to predict COPD in 
symptomatic and asymptomatic participants separately. We defined asymptomatic 
patients as those who reported absence of cough, sputum production, dyspnea and 
wheezing. For this analysis, we imputed missing data on respiratory symptoms in 55 cases 
(4.8%) using multiple imputation technique.

A p-value less than 0.05 was considered statistically significant with 2-sided hypothesis 
testing. Data analyses were performed with R statistical program (v.2.13.1) using 
regression modeling strategies version 3.3-0 22 and ROCR v1.0-4 25. Data are reported as 
mean ± standard deviation (SD), unless indicated otherwise.

RESULTS

STUDY PARTICIPANT CHARACTERISTICS
Of the 1800 male participants screened for lung cancer, 1140 who underwent spirometry 
on the same day represent our subsample (Figure 1). There were no important clinical 
differences between the subsample of participants who underwent pulmonary function 
testing and those who did not (Supplement 3).

The mean age of participants was 62.5 ± 5.2 years (Table 1). Current and former smokers 
were roughly equally represented. Data for self-reported respiratory symptoms were 
available in 1085 participants; a total of 566 participants were symptomatic, and 519 
participants were asymptomatic. Forty-one participants (3.6%) reported physician-
diagnosed emphysema and 93 (8.2%), bronchitis. Based on the results of pulmonary 
function testing, 437 participants (38%) had COPD. 

DIAGNOSTIC MODEL FOR OBSTRUCTIVE PULMONARY DISEASE
The final model included 5 factors independently associated with obstructive pulmonary 
disease: CT emphysema, CT air trapping, BMI, pack-years, and smoking status (Table 2). 
Age was excluded from the initial model because it did not contribute significantly. The 
degree of overoptimism corrected for by shrinking the coefficients was small: 0.0224 (2%). 
Visual inspection of the calibration plot showed excellent agreement across the entire 
range of predicted risks for obstructive disease (Supplement 4). The discrimination of the 
final model, after bootstrap shrinkage, was good with a C-statistic of 0.83 [95%CI, 0.81 – 
0.86]. Discrimination for symptomatic participants was 0.87 [95% CI, 0.86 – 0.88] and was 
0.78 [95% CI, 0.76 – 0.80] for asymptomatic participants. Model fitting for each of these 
subgroups separately, or adding symptoms as a predictor to the model, did not further 
increase the performance compared to the overall model, with C-statistics ranging from 
0.78 [95% CI, 0.76 – 0.80] to 0.87 [95% CI, 0.86 – 0.88].
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The optimum cut point for accuracy on the ROC curve (Figure 3) represented a sensitivity 
of 62.7% [95%CI, 58.1 – 67.1] and a specificity of 87.9% [95%CI, 85.3 – 90.1]. Based on 
this optimum cut point, which is 78% accurate, 359 of 1140 screening participants were 
categorized as having COPD, which was confirmed in 274 of these participants (positive 
predictive value, 76% [95%CI, 72 – 81]), which corresponds to 63% (274 of 437) of all 
participants with COPD. The negative predictive value was 79% [95%CI, 76 – 82]. These 

Table 1 Characteristics of the 1140 study participants 

Characteristic Mean ± SD or Number (%)

Age, years 62.5 ± 5.2

Body mass index, kg/m2 27.1 ± 3.6

Packyears a 38 (28 – 49)

Smoking status

Current smoker 609 (53.4)

COPD 262 (43.0)

Former smokers 531 (46.6)

COPD 175 (33.0)

Pulmonary Function

FEV1, liter 3.2 ± 0.7

FEV1, %predicted 94.8 ± 17.6

FEV1/FVC, % 70.9 ± 9.3

COPD b 437 (38.3)

Mild disease c 277 (63.4)

Moderate disease d 135 (30.9)

Severe disease e 25 (5.7)

Respiratory symptoms f

Symptomatic 566 (49.6)

COPD 256 (45.2)

Asymptomatic 519 (45.5)

COPD 160 (30.8)

a data presented as median (25th – 75th percentile); b COPD is defined as FEV1/FVC < 70%; c FEV1/FVC < 70% 
and FEV1(% predicted) >80%; d FEV1/FVC < 70% and FEV1(% predicted) 51%-80%; e FEV1/FVC < 70% and 
FEV1(% predicted) 31%-50%; f data for respiratory symptoms are missing in 55 cases;

FEV1 = forced expiratory volume in one second; FEV1/FVC = ratio of forced expiratory volume in one second 
over forced vital capacity; 
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274 participants comprised 54% (150 of 277) of all participants with mild obstruction, 
73% (99 of 135) of all participants with moderate obstruction, and 100% (25 of 25) of all 
participants with severe obstruction. Other points at the ROC-curve also were considered 
as cut points (Supplement 5), but the optimal accuracy point was judged to deliver the 
most feasible results for lung cancer screening, based on the lowest number of pulmonary 
function testing performed with acceptable performance measures. Regression equations 
are presented in Supplement 6.

COMMENT

Table 2 Independent predictors of chronic obstructive pulmonary disease in lung 
cancer screening trial participants

Predictor OR 95% CI β 95% CI p-value

Constant - - -11.4 -14.22 – -8.582 <0.001

CT emphysema a 2.47 2.09 – 2.92 0.904 0.737 – 1.070 <0.001

CT air trapping b 1.16 1.13 – 1.20 0.152 0.122 – 0.181 <0.001

BMI 0.94 0.90 – 0.98 -0.065 -1.077 – -0.021 0.003

Packyears 1.01 1.00 – 1.02 0.008 0.002 – 0.016 0.04

Former smoker 0.49 0.36 – 0.69 -0.711 -1.019 – -0.403 <0.0001

The variables included in the logistic regression analysis are logIN-950, E/I-ratioMLD, BMI, packyears of smoking 
history and smoking status.
a logIN-950, log-transformed emphysema score as percentage of voxels below -950HU in inspiratory CT;  
b  E/I-ratioMLD, expiratory to inspiratory ratio of mean lung density;

OR = Odds Ratio; 95%CI = Ninety-five percent confidence interval; β = logistic regression coefficient; BMI = 
body mass index in kg/m2;

Figure 2 () The figure illustrates the computed tomographic (CT) quantification process. A = Inspiratory CT 
scan with centrilobular emphysema, seen as areas of hypoattenuation. B = Expiratory CT scan with air trapping, 
seen as sharply demarcated areas with insufficient decrease in lung volume and less than normal increase in 
attenuation after expiration. C and D = In the first step of the quantification process, the lungs, trachea, and 
main bronchi are segmented. The segmentation process is illustrated using an overlay for the lungs (white), 
as well as for the trachea and main bronchi (gray). E and F = Next, the attenuation value of each voxel in the 
segmented lung volume is calculated and presented in an attenuation histogram. This analysis is performed 
in both the inspiratory and expiratory CT scan. Note that when the patient exhales, the histogram shifts to 
the right (i.e. higher attenuation of the voxels) and broadens. The principle of histogram analysis is further 
explained in Supplement 7. The attenuation histograms are used to calculate CT emphysema and CT air 
trapping; CT emphysema is defined as percentage of voxels below -950 Hounsfield units (HU) in inspiratory CT. 
The voxels below this threshold are highlighted in black in panel E; the highlighted voxels correspond to the 
emphysematous areas in panel A. CT air trapping is defined as the expiratory to inspiratory ratio of mean lung 
density. Quantitative analysis in a healthy participant is shown in Supplement 8.
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Figure 2 Quantitative assessment of Computed Tomographic emphysema and air 
trapping

A. Inspiratory CT B. Expiratory CT

D. Segmentation of expiratory CTC. Segmentation of inspiratory CT

E. Emphysema quanti�cation F. Attenuation histograms

= < -950 HU
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In this study, use of automated analysis of unenhanced low-dose CT scans performed in 
men undergoing lung cancer screening, identified a substantial proportion of participants 
with COPD. Among 1140 participants screened for lung cancer, 274 of 437 participants 
(63%) with COPD were identified, with 85 false-positives. Most of these were newly 
diagnosed COPD cases, given the low prevalence of diagnosed COPD. In subanalyses, 
COPD was predicted more accurately in symptomatic than in asymptomatic participants, 
which is likely explained by the presence of more advanced disease in symptomatic 
patients. However, fitting of separate models for symptomatic and asymptomatic 
participants did not improve results. If CT screening for lung cancer is widely adopted, an 
additional benefit may be early detection of COPD. Early diagnosis is important because 
smoking cessation early in the disease process slows disease progression and decreases 
morbidity and mortality 3, 9. 

The results of the National Lung Screening Trial 26 have sparked discussions about 
implementing 27, 28 CT screening for patients who are heavy smokers. Our study may 
add to the debate about whether and how to implement screening for heavy smokers 
because we have shown that detection of COPD using low-dose screening CT scans may 

Figure 3 Receiver operating characteristic curve for the chronic obstructive pulmonary 
disease prediction model.

The chronic obstructive pulmonary disease (COPD) reference standard for this study was defined as airflow 
limitation: forced expiratory  volume in the first second to forced vital capacity (FEV1/FVC) ratio of less than 70%. 
The area under the curve for the final model based on CT emphysema, CT air trapping, body mass index, pack-
years smoked and smoking status, with COPD as a reference standard, is 0.83.
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be feasible. Because smokers die not only from lung cancer, but also from COPD and 
cardiovascular disease, the rationale for evaluating lung cancer screening CT scans for 
additional information may prove important. 

Our study findings suggest several practical considerations. If the results of this study 
are validated and confirmed and are found to be generalizable, it may be reasonable to 
consider adding an expiratory CT scan to the (baseline) inspiratory CT scan for additional 
evaluation of COPD, because this would improve diagnostic accuracy. Although an 
additional ultra low-dose expiration CT scan increases the radiation dose, this exposure is 
limited (0.3-0.65 mSv versus approximately 3 mSv of annual background radiation in the 
United States) 29. The additional scan can be obtained within the 5 minutes needed for 
lung cancer screening, so a substantial amount of extra scan time is not required. 

However, this possible strategy of using quantitative CT for detection of airflow limitation 
is not proposed as a primary screening method for COPD, for which pulmonary function 
testing is the preferred method. A screening test should have a high sensitivity to identify 
most of the participants with unsuspected disease, and the performance of our strategy 
at optimal accuracy is not sufficient for CT to serve as a COPD screening test. By lowering 
the cut point, the sensitivity can be increased; however, this means that more pulmonary 
function testing will be performed and the positive predictive value would decrease. 

The strengths of our study include a relatively large study sample; relatively simple 
determinants used in our model (i.e. body mass index, smoking history and smoking status 
can easily be obtained at the screening visit); and CT measures that are relatively simple 
measures of lung density. We used the accepted quantification methods of a threshold at 
-950HU in inspiratory CT, and the 15th percentile of the attenuation distribution curve in 
inspiratory CT to assess emphysema (the latter performed slightly worse in our analysis), 
and the ratio of the mean lung attenuation in the expiratory and inspiratory CT scan 
to assess air trapping. With these densitometry measures, we were able to reasonably 
identify participants with COPD.

Our study has several limitations. Firstly, external validation in an independent cohort 
is necessary, and at present our model can not be widely implemented. Secondly, the 
generalizability of our study cohort is limited. The characteristics of participants in this 
screening study may be different from the characteristics of patients in clinical settings. 
Also, CT scanning protocols (i.e. radiation dose, use of intravascular contrast material and 
type of scanner) may differ from those in other screening studies. Attention must be paid 
to these differences when interpreting and applying our findings. Thirdly, spirometry 
was not obtained after bronchodilator administration due to time restrictions during 
screening. Therefore, reversibility in airflow limitation, which is a criterion to exclude 
asthma in diagnosing COPD, was not assessed 6, 30. However, our results might not be 
significantly influenced by this limitation. Asthma, whether or not it coexists with COPD, 
generally involves only a small number of heavily smoking participants. Our study 
population was population-based, and the prevalence of asthma in men between the 
ages of 50 and 75 years is approximately 2% in the Netherlands 31. Fourthly, it is possible 
that some individuals detected by our model were already diagnosed with COPD prior to 
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screening. However, given that patients with more advanced stages were not included 
due to the exclusion criteria of the screening trial and given that COPD is a substantially 
underdiagnosed diseased in the early stages 3, 4, it is likely that detected individuals 
represent newly diagnosed cases.

In conclusion, this study shows that quantitative measures in low-dose CT scans may 
be useful in a lung cancer screening setting to identify heavy smokers with COPD, 
although external validation is needed before this approach should be considered for 
implementation. Early intervention may prevent morbidity and mortality from COPD, and 
since early stages of the disease are substantially underdiagnosed, detection of airflow 
limitation may provide additional benefit to chest CT-based screening in heavy smokers.
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Supplement 1 Questionnaire on self-reported respiratory symptoms

Participants indicated whether respiratory symptoms mentioned below were present 
or absent. A participant was labeled symptomatic when at least 1 of the symptoms was 
reported to be present. Otherwise, a participant was labeled asymptomatic.

Are the following symptoms present for at least three months a year, even when you do 
not have a cold:

Coughing       Yes/No
Production of sputum      Yes/No
Dyspnea       Yes/No
Wheezing       Yes/No

Additionally, participants reported physician diagnosed emphysema or chronic bronchitis 
by answering the questions stated below: 

Did a physician ever tell you that you have chronic bronchitis? Yes/No
Did a physician ever tell you that you have lung emphysema?  Yes/No

Supplement 2 Performance measures for the airflow limitation prediction models in 
secondary analysis

Variable in prediction model AIC df R2 C-statistic

Clinical data only

BMI, age, packyears, former smoker 1442.4 4 0.10 0.66

Clinical and Inspiratory CT data

BMI, age, packyears, former smoker , Perc15 1288.2 5 0.26 0.76

BMI, age, packyears, former smoker , IN-950 1288.2 5 0.28 0.77

BMI, age, packyears, former smoker , logIN-950 1231.9 5 0.31 0.79

Clinical, Inspiratory and Expiratory CT data

BMI, age, packyears, former smoker, Perc15, E/I-ratioMLD 1149.6 6 0.39 0.82

BMI, age, packyears, former smoker, IN-950, E/I-ratioMLD 1145.7 6 0.39 0.83

BMI, age, packyears, former smoker, logIN-950, E/I-ratioMLD 1106.3 6 0.42 0.84

Adding quantitative CT measures increases the diagnostic performance of the model, represented by the 
decrease of AIC and increase of C-statistic. The model including CT emphysema (logIN-950), CT air trapping  
(E/I-ratioMLD), BMI, age, packyears and smoking status shows the best performance.

Perc15 = emphysema measure as HU at the 15th percentile of the inspiratory attenuation distribution curve;  
IN-950 = emphsema measure as percentage of voxels below -950HU in inspiratory CT; logIN-950 = log-transformed 
IN-950; E/I-ratioMLD = air trapping measure as expiratory to inspiratory ratio of mean lung density; AIC = Aikaike's 
information criterion; df = degrees of freedom
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Supplement 4 Calibration-plot of the prediction model 

The predicted values closely resemble the observed values, representing great similarity between the prediction 
model and the observed data.

Supplement 3 Comparison between the included subsample of participants that 
received both CT screening and pulmonary function testing and the total cohort of 
screening participants in the study period

Study population a All screening participants b

(N=1140) (N=1800)

Age in years

Mean ± SD 62.5 ± 5.2 62.6 ± 5.4

CT emphysema (%)

Mean ± SD 1.66 ± 3.04 1.66 ± 3.01 c

Median [P25 – P75] 0.75 [0.40 – 1.46] 0.76 [0.39 – 1.49] c

CT air trapping (%) 

Mean ± SD 83.8 ± 6.2 84.1 ± 6.5 c

Median [P25 – P75] 84.3 [79.6 – 87.9] 84.7 [80.1 – 88.4] c

Respiratory symptoms d

Symptomatic, n (%) 566 (49.6) 873 (48.5)

Asymptomatic, n (%) 519 (45.5) 794 (44.1)

Comparison between the two groups revealed no significant differences.
a subsample of male participants in whom both CT and PFT was obtained between July 2007 and September 
2008; b total group of male participants that received CT screening in the study period; c data calculated 
from 1735 participants due to failure of quantitative measurements in 65 cases; d self-reported presence of 
respiratory symptoms;
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Supplement 6 Logistic regression equations of the final model for current and former 
heavy smokers

Current smoker: 
Logit(riskairflow limitation) = -11.400 + 0.9036*CT emphysema(log) + 0.1519*CT air trapping – 
0.0645*BMI + 0.0083*packyears. 

Former smoker: 
Logit(riskairflow limitation) = -11.400 + 0.9036*CT emphysema(log) + 0.1519*CT air trapping – 
0.0645*BMI + 0.0083*packyears – 0.7115
 

Supplement 5 Performance of the model predicting airflow limitation from CT 
emphysema, CT airtrapping, body mass index (BMI), packyears and smoking status at 
various cut-off values

Cut-off 
(%)

Positive 
(n) a  

FN 
(n)

TN 
(n)

TP 
(n)

FP 
(n)

SENS 
(%)

SPEC 
(%)

PPV 
(%)

NPV 
(%)

5 1056 4 80 433 623 99.1 11.4 41 95.2

10 936 15 189 422 514 96.6 26.9 45.1 92.6

25 688 48 404 389 299 89 57.5 56.5 89.4

51.4* 359 163 618 274 85 62.7 87.9 76.3 79.1

75 164 298 678 139 25 31.8 96.4 84.8 69.5

90 66 373 701 64 2 14.7 99.7 97 65.3

95 40 398 702 39 1 8.9 99.9 97.5 63.8

a assigned as having chronic obstructive pulmonary disease according to the prediction model; * cut-off value 
at the optimal accuracy point on ROC curve; 

FN = false negative; TN = true negative; TP = true positive; FP = false positive; SENS = sensitivity; SPEC = 
specificity; PPV = positive predicted value; NPV = negative predicted value;
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Supplement 7 Graph illustrating the principle of density histogram analysis for CT 
emphysema and CT air trapping measures

The upper graph shows baseline density histograms of an inspiratory and expiratory CT. When emphysema 
increases, the inspiratory histogram shifts towards lower density values, and the CT emphysema measure  
(IN-950; shaded area) increases (middle graph). When air trapping increases, the expiratory histogram shifts 
towards lower density values, and the expiratory mean lung density (MLD) decreases accordingly. This leads to 
an increase in the CT air trapping measure (EI-ratioMLD).
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Supplement 8 Quantitative assessment of Computed Tomographic emphysema and air 
trapping in a healthy participant

The figure illustrates the computed tomographic (CT) quantification process. A = Inspiratory CT scan without 
emphysematous areas. B = Expiratory CT scan with normal decrease in lung volume and normal increase in lung 
attenuation after expiration. C and D = In the first step of the quantification process, the lungs, trachea, and main 
bronchi are segmented. The segmentation process is illustrated using an overlay for the lungs (white), as well as 
for the trachea and main bronchi (gray). E and F = Next, the attenuation value of each voxel in the segmented 
lung volume is calculated and presented in an attenuation histogram. This analysis is performed in both the 
inspiratory and expiratory CT scan. The attenuation histograms are used to calculate CT emphysema and air 
trapping; CT emphysema is defined as the percentage of voxels below -950 Hounsfield units (HU) in inspiratory 
CT. The voxels below this threshold are highlighted in black in panel E; in accordance with panel A there are no 
emphysematous areas seen. CT air trapping is defined as the expiratory to inspiratory ratio of mean lung density.

A. Inspiratory CT B. Expiratory CT

D. Segmentation of expiratory CTC. Segmentation of inspiratory CT

E. Emphysema quanti�cation F. Attenuation histograms

= < -950 HU
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Abstract

Background 
Incidental CT findings may provide an opportunity for early detection of chronic 
obstructive pulmonary disease (COPD), which may prove important in CT-based lung 
cancer screening setting. We aimed to determine the diagnostic performance of human 
observers to visually evaluate COPD presence on CT images, in comparison to automated 
evaluation using quantitative CT measures.

Methods 
This study was approved by the Dutch Ministry of Health and the institutional review 
board. All participants provided written informed consent. We studied 266 heavy smokers 
enrolled in a lung cancer screening trial. All subjects underwent volumetric inspiratory 
and expiratory chest computed tomography (CT). Pulmonary function testing was used 
as the reference standard for COPD. We evaluated the diagnostic performance of eight 
observers and one automated model based on quantitative CT measures. 

Results 
The prevalence of COPD in the study population was 44% (118/266), of whom 62% (73/118) 
had mild disease. The diagnostic accuracy was 74.1% in the automated evaluation, and 
ranged between 58.3% and 74.3% for the visual evaluation of CT images. The positive 
predictive value was 74.3% in the automated evaluation, and ranged between 52.9% and 
74.7% for the visual evaluation. Interobserver variation was substantial, even within the 
subgroup of experienced observers. Agreement within observers yielded kappa values 
between 0.28 and 0.68, regardless of the level of expertise. The agreement between the 
observers and the automated CT model showed kappa values of 0.12 – 0.35. 

Conclusions
Visual evaluation of COPD presence on chest CT images provides at best modest accuracy 
and is associated with substantial interobserver variation. Automated evaluation of COPD 
subjects using quantitative CT measures appears superior to visual evaluation by human 
observers.
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Introduction 

Emphysema and airways disease are common incidental findings on computed 
tomography (CT) performed for other reasons, offering the potential to identify subjects 
with undetected chronic obstructive pulmonary disease (COPD) 1. COPD is one of 
the leading causes of death 2,3, and is expected to account for one in every 25 deaths 
in the developed world 2. The disease is predominantly caused by tobacco exposure 
and is characterized by chronic airflow obstruction caused by emphysema and airways  
disease 4. Since early smoking cessation prevents disease progression 5,6 and evidence 
suggests that early intervention improves outcome 7,8, early diagnosis is crucial in 
managing this disease 9,10. Unfortunately, symptoms occur late in the course of the disease 
and early stages are substantially underdiagnosed 11,12. Additionally, COPD is a predictor 
of cardiovascular mortality 13 and lung cancer 14,15. Given these facts, and given that chest 
imaging is among the most commonly ordered radiological examinations, often ordered 
by non-pulmonary specialists in patients with an unknown COPD status, there has been 
considerable interest in the use of chest imaging to identify subjects with COPD. However, 
the general conclusion is that conventional chest radiography is insensitive in identifying 
mild to moderate COPD-related abnormalities 16-19. Contrarily, COPD-related abnormalities 
(ie. airways disease and emphysema) are probably more readily detectable on chest CT as 
compared to conventional radiography. The Lung Screening Study supports this superior 
accuracy by showing that chest CT depicted 2.5 times more COPD-related changes 
compared to chest radiography 20. 

Recently, it has been reported that identification of COPD subjects in a lung cancer 
screening setting was feasible with reasonable accuracy using an automated CT model 
based on quantitative measures of emphysema and air trapping 21. However, the 
reliability and accuracy of human observers to visually evaluate COPD presence on CT 
images is unknown. Therefore, we aimed to determine the diagnostic performance of 
human observers with various levels of expertise to visually evaluate COPD presence 
on CT images, and compare this to the performance of automated evaluation based on 
quantitative CT measures.

Methods 

ETHICS STATEMENT
This study was performed within the setting of the population-based Dutch Belgian 
Lung Cancer Screening Trial (NELSON-trial; ISRCTN63545820) 22, which was approved 
by the Dutch Ministry of Health and by the local ethical review board (‘Medisch Ethische 
Toetsingcommissie University Medical Center Utrecht’). To study COPD, expiratory 
CT acquisition was added to the screening protocol (ie. inspiratory CT and pulmonary 
function testing) in our center, starting July 2007. This addition was separately 
approved by the local ethical review board of the University Medical Center Utrecht  
(approval 03-040/C). Written informed consent was obtained from each participant. 
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STUDY POPULATION
The NELSON-trial enables valuable research into the early stages of COPD, which is more 
difficult in clinical routine because early COPD is not an indication for chest CT in our 
routine practice. Participants were all current or former heavy smokers meeting the 
inclusion criteria of the screening trial, as described previously 22. Briefly, participants 
were heavy smokers between the ages of 50 and 75 year with at least 16.5 packyears of 
smoking history, and who were also physically fit enough to undergo potential surgery. 
For the present study we included a random sample of 266 male individuals who had lung 
function testing and a paired inspiratory and expiratory CT scan obtained on the same 
day between July 2007 and September 2008. This cohort is a representative sample of 
the total screening population. The comparison between our study population and the 
total screening trial population is shown in Table 1. A flow diagram of the study is shown 
in Figure 1.

CT SCANNING
Volumetric CT in inspiration and at end-expiration was obtained from lung bases to lung 
apices after standardized breathing instructions by a trained radiographer. CT images 
were acquired with 16x0.75mm collimation (Brilliance 16P; Philips Medical Systems, USA), 
and images with slice thickness of 1.0 mm at 0.7 mm increment were reconstructed using 
a smooth kernel (B-filter; Philips). Dose settings were adjusted to body weight: subjects 
weighing 80 kg or less received 120 kVp at 30 mAs for the inspiratory acquisition and  
90 kVp at 20 mAs for the expiratory acquisition. Subjects weighing over 80 kg received 
140 kVp at 30 mAs for the inspiratory acquisition and 120 kVp at 20 mAs for the expiratory 
acquisition.

PULMONARY FUNCTION TESTING
Pulmonary function testing without bronchodilator administration was performed 
on the same day as CT imaging. Spirometry was performed with ZAN equipment (ZAN 
Messgeräte GmbH, Oberthulba, Germany), according to the American Thoracic Society 
and European Respiratory Society guidelines 23. The lung function testing included forced 
expiratory volume in the first second (FEV1) and the ratio of FEV1 over forced vital capacity 
(FEV1/FVC). The reference standard for COPD was a FEV1/FVC ratio less than 0.70 4. 

VISUAL EVALUATION OF CT IMAGES
Eight observers with various levels of expertise in evaluating chest CT images 24 

participated in this study. The observers were: one specialized chest radiologist (P.A.J), 
one senior radiologist (E.Th.S), one senior-resident in radiology with chest radiology 
specialty (H.A.G), two junior residents in radiology (R.P.H.B, M.A), one clinical research 
coordinator evaluating lung cancer screening chest CT images (S.A.V), and two MDs 
performing COPD research (F.M.H, O.M.M); see Table 2 for more detailed information.  
 
All CT images were anonymized and presented to the observers in a randomized order on 
a 3D research workstation (iXviewer, Image Sciences Institute, Utrecht, The Netherlands). 
For each case, the paired inspiratory and expiratory CT scans were shown alongside 
each other. The observers were able to view each scan completely and in any direction, 
corresponding to clinical routine. The observers were asked to judge whether lung 
function impairment was present in the case presented (ie. COPD present or absent), 
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based on their evaluation of the presence and extent of emphysema, air trapping, airway 
abnormalities or any other finding on CT imaging. They were also provided with some 
basic patient characteristics, similar as applied in the automated evaluation (ie. age, 
body mass index, smoking status and smoking history; see next paragraph). To closely 
resemble daily practice, visual evaluation of the cases was performed without a prior 
consensus meeting. Each of the 266 cases was evaluated by all eight observers. To study 
intraobserver agreement, a subset of 30 random cases was evaluated a second time by all 
observers. 

AUTOMATED EVALUATION OF CT IMAGES
COPD presence was automatically evaluated, using a CT model that includes quantitative 
measures of CT emphysema and CT air trapping, body mass index, smoking status and 
smoking history. The model has previously been described in detail elsewhere 21. In 
summary, the predicted probability for COPD presence was calculated using a regression 
equation (ProbabilityCOPD = -11.400 + 0.9036*CT emphysema(log) + 0.1519*CT air trapping 
– 0.0645*BMI + 0.0083*packyears (– 0.7115 if former smoker). Based on the calculated 
probability, subjects were dichotomized as either COPD subjects or non-COPD subjects 
according to an optimal cut-off value 21. 

STATISTICAL ANALYSES
Kappa (κ) values were calculated in order to assess intraobserver and interobserver 
agreement. Agreement was classified as poor when κ was 0.20 or less, fair when between 
0.21 and 0.40, moderate when between 0.41 and 0.60, good when between 0.61 and 0.80, 
and very good when higher than 0.80 25. Both the automated and the visual evaluation 

Table 1 Comparison between the included subsample of participants and the total 
cohort of screening participants in the study period between July 2007 – September 
2008

Study population a All screening participants b

(N=266) (N=1,741)

Age in years

Mean ± SD 62.5 ± 5.0 62.6 ± 5.4

CT emphysema (%)

Mean ± SD 1.74 ± 3.34 1.67 ± 3.01

Median [P25 – P75] 0.78 [0.40 – 1.58] 0.76 [0.39 – 1.49]

CT air trapping (%) 

Mean ± SD 84.4 ± 5.9 84.1 ± 6.5

Median [P25 – P75] 84.9 [80.9 – 88.4] 84.7 [80.2 – 88.3]

Comparison using Mann-Whitney U test revealed no significant differences between the two groups. 

a data in the randomly selected subsample of male participants; b data in the total group of male participants 
screened in the study period; 
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were compared to the reference standard of pulmonary function testing, and diagnostic 
performance was calculated in terms of the sensitivity, specificity, positive predictive value 
(PPV), negative predictive value (NPV) and accuracy, all with 95% confidence intervals. 
Results are presented separately for the less experienced and experienced observers.
Diagnostic performance was compared between each observer and the automated 
evaluation by the CT model 26.
 
All analyses were performed with SPSS v15.0 for Windows (SPSS, Chicago, Illinois, USA).  
A p-value below 0.05 was considered statistically significant. 

Figure 1 Flow diagram of the study showing the selection of the study population from 
the total screening trial cohort. The index test presented is for the observer with the 
highest positive predictive value.
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Table 2 Expertise levels of the human observers

Job Title Expertise level a Reading chest CT b

Observer 1 MD researcher I 0

Observer 2 MD researcher I 2

Observer 3 Junior resident II 2

Observer 4 Junior resident II 2

Observer 5 Clinical research coordinator II 7

Observer 6 Senior resident IV 8

Observer 7 Senior radiologist V 34

Observer 8 Chest radiologist V 10

a level of expertise, based as on Reference 24: I = has knowledge and some skills; II = acts under full supervision; 
III = acts under limited supervision; IV = acts without supervision; V = supervises and teaches; b Years since the 
observer started reading and evaluating chest CT scans;
Observer 1 to 5 were considered ‘less experienced observers’ and observer 6 to 8 were considered ‘experienced 
observers’.

Table 3 Characteristics of the 266 study participants

Characteristic Values

Age, years [mean ± SD] 62.5 ± 5.0

BMI, kg/m2 [mean ± SD] 26.8 ± 3.4

Smoking status

Current smoker [n (%)] 135 (50.8)

Former smoker [n (%)] 131 (49.2)

Packyears, median [P25 –P75] 38 [28 – 46]

FEV1, % predicted [mean ± SD] 93.6 ± 17.0

FEV1/FVC, % [mean ± SD] 69.3 ± 9.2

Airflow limitation [n (%)] a 118 (44.4)

Mild obstruction [n (%)] 73 (27.4)

Moderate obstruction [n (%)] 40 (15.0)

Severe obstruction [n (%)] 5 (1.9)

a airflow limitation was defined as FEV1/FVC ratio less than 70% and classified as mild (FEV1 ≥ 80%), moderate 
(50% ≤ FEV1 < 80%) and severe (FEV1 < 50%);
SD = Standard deviation; FEV1 = forced expiratory volume in the first second; FEV1/FVC = ratio of FEV1 over 
forced vital capacity;
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Results

STUDY POPULATION
Our study population consisted of 266 heavily smoking male subjects with a mean  
± standard deviation age of 62.5 ± 5.0 years. Detailed study population characteristics are 
presented in Table 3.

OBSERVER AGREEMENT IN CT-BASED EVALUATION OF COPD PRESENCE
The intraobserver agreement ranged from a κ-value of 0.28 to 0.68 (median 0.64) for 
the less experienced observers, and from 0.49 to 0.53 (median 0.49) for the experienced 
observers. The interobserver agreement for the less experienced observers yielded 
κ-values between 0.18 and 0.55 (median 0.36). The interobserver agreement for the 
experienced observers yielded κ-values between 0.35 and 0.57 (median 0.40). 

The agreement between each less experienced observer and the automated CT model 
yielded κ values between 0.12 and 0.30 (median 0.28). For the experienced observers 
this ranged between 0.20 and 0.35 (median 0.33). Results on the observer agreement are 
listed in Table 4.

DIAGNOSTIC PERFORMANCE FOR CT-BASED EVALUATION OF COPD PRESENCE 
In our study population, 44.4% (118/266) of the subjects had COPD according to the 
reference standard. The percentage of subjects with suspected COPD after visual 
evaluation of the CT images by the human observers ranged from 25.9% to 60.2%. The 
accuracy of the less experienced observers ranged from 58.3% to 62.4%, and the positive 
predictive value ranged from 52.9% to 60.9%. For the experienced observers this was 
64.7% to 73.3% for the accuracy, and 64.6% to 74.7% for the positive predicted value. The 
percentage of subjects with suspected COPD after automated evaluation by the CT model 

Table 4 Intra- and interobserver agreement for CT-based identification of COPD

Obs 1

Obs 1 0.64 Obs 2

Obs 2 0.39 0.28 Obs 3

Obs 3 0.49 0.32 0.68 Obs 4

Obs 4 0.25 0.18 0.38 0.68 Obs 5

Obs 5 0.46 0.28 0.55 0.33 0.53 Obs 6

Obs 6 0.55 0.35 0.36 0.32 0.48 0.49 Obs 7

Obs 7 0.53 0.31 0.48 0.43 0.55 0.57 0.49 Obs 8

Obs 8 0.30 0.35 0.32 0.25 0.35 0.35 0.40 0.53

CT Model 0.30 0.12 0.28 0.23 0.30 0.20 0.33 0.35

Data given are Kappa (κ) values. Obs = Observer;
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was 38.0%. The automated CT model had an accuracy of 74.1% and a positive predicted 
value of 74.3%. Table 5 specifies the diagnostic performance measures for each observer 
and for the automated CT model. 

Comparison between the automated evaluation by the CT model and the visual 
evaluation by the human observers shows that all but two observers had a significantly 
worse diagnostic performance in either sensitivity or specificity, or both (0.001 < p < 0.05). 
Only the specialized chest radiologist clearly approached the diagnostic performance 
of the CT model (p=0.79), while a clear trend was seen for the other, less experienced 
observer (p=0.06).

Table 5 Diagnostic performance measures with 95% confidence interval for CT-based 
evaluation of COPD presence

Sensitivity Specificity PPV NPV Accuracy

Observer 1 35.6 81.8 60.9 61.4 61.3

(29.8 – 41.4) (77.1 – 86.4) (55.0 – 66.7) (55.6 – 67.3) (55.4 – 67.1)

Observer 2 54.2 61.5 52.9 62.8 58.3

(48.3 – 60.2) (55.6 – 67.3) (46.9 – 58.9) (57.0 – 68.6) (52.3 – 64.2)

Observer 3 51.7 70.9 58.7 64.8 62.4

(45.7 – 57.7) (65.5 – 76.4) (52.7 – 64.6) (59.1 – 70.6) (56.6 – 68.2)

Observer 4 73.7 50.7 54.4 70.8 60.9

(68.4 – 79.0) (44.7 – 56.7) (48.4 – 60.4)   (65.3 – 76.2) (55.0 – 66.8)

Observer 5 49.2 70.9 57.4 63.6 61.3

(43.1 – 55.2) (65.5 – 76.4) (51.5 – 63.4) (57.9 – 69.4) (55.4 – 67.1)

Median a 51.7 70.9 57.4 63.6 61.3

(45.7 – 57.7) (65.5 – 76.4) (51.5 – 63.4)  (57.9 – 69.4)  (55.4 – 67.1)

Observer 6 44.9 80.4 64.6 64.7 64.7

(38.9 – 50.9) (75.6 – 85.2) (58.9 – 70.4) (58.9 – 70.4) (58.9 – 70.4)

Observer 7 50.8 78.4 65.2 66.7 66.2

(44.8 – 56.9) (73.4 – 83.3) (59.5 – 70.9) (61.0 – 72.3) (60.5 – 71.9)

Observer 8 60.2 83.8 74.7 72.5 73.3

(54.3 – 66.1) (79.4 – 88.2) (69.5 – 80.0) (67.2 – 77.9) (68.0 – 78.6)

Median b 50.8 80.4 65.2 66.7 66.2

(44.8 – 56.9) (75.6 – 85.2) (59.5 – 70.9) (61.0 – 72.3) (60.5 – 71.9)

CT Model 63.6 82.4 74.3 73.9 74.1

(57.8 – 69.3) (77.9 – 87.0) (69.0 – 79.5) (68.7 – 79.2) (68.8 – 79.3)

Data given are percentages. a median of observer 1 to 5; b median of observer 6 to 8; 
PPV = positive predicted value; NPV = negative predictive value;
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Discussion

In this study we report the diagnostic performance of human observers in identifying 
subjects with COPD using visual evaluation of lung cancer screening chest CT scans. Their 
performance was compared to the performance of automated evaluation of CT images. 
Accuracy of visual evaluation for COPD presence was modest, and the accuracy of the 
automated evaluation was higher than that of the observers. Diagnostic performance of 
the human observers seems to improve slightly with level of expertise, and approaches that 
of the automated model for the specialized chest radiologist. Nevertheless, intraobserver 
and interobserver variation was substantial, even in the most experienced observers. Our 
study demonstrates that although CT images contain diagnostic information related to 
COPD in a population with mainly early stages of disease, the reliability and diagnostic 
accuracy of visual evaluation is limited and certainly not better than automated evaluation. 

The fairly low accuracy of visual evaluation for COPD presence shows that human observers 
experience difficulty in judging which lung abnormalities are functionally relevant. In 
addition, the limited intraobserver and interobserver agreement found indicates that 
human observers have their own subjective and inconsequent understanding of what 
COPD would look like on CT (ie. what type of abnormalities, and to what extent, will result 
in airflow obstruction and abnormal lung function). This finding is in line with previous 
literature which has shown that visual evaluation of emphysema, air trapping and airway 
wall thickening are prone to considerable interobserver variability 27-31. This, together with 
the modest diagnostic accuracy, has clinical implications: the extensive and increasing use 
of CT imaging 32, combined with the commendable practice of radiologists to report all 
imaging findings, including the incidental and unrequested ones, may lead to an increase 
in subjects who are wrongfully stigmatized based on the presence of COPD-related 
abnormalities on CT. Consequently, our study urges radiologist to remain cautious in 
interpreting these abnormalities and in reporting previously unknown disease. Whenever 
COPD is suspected based on CT findings, confirmatory lung function testing is required 
and should always be suggested. 

Since CT-based lung cancer screening in heavy smokers is now recommended in the  
U.S. 33,34 the chances to detect early COPD in high-risk subjects using screening CT 
images are increasing. At this stage, better understanding of functionally relevant CT 
abnormalities and improvement of observer agreement should be sought, which may 
lead to improved accuracy. On the other hand, identification of COPD can be based on 
automated evaluation using quantitative CT analysis, which we believe will become 
more important than that of visual evaluation; it is fast and inexpensive and the basic CT 
model, which at this stage includes only simple lung density measures and few patient 
characteristics, already performs better than the human observers. Its performance is 
approached only by the specialized chest radiologist, and it is unlikely that in daily practice 
the large amount of lung cancer screening CT scans will be reviewed by a specialized 
chest radiologist. Nevertheless, the quantitative approach needs to be further validated 
and improved, and clinical use might require more standardized CT operating procedures 
to limit differences between CT scanners and differences in breath hold procedures. 
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Our study is of importance since it addresses a common clinical problem, related to a 
disease with major healthcare impact. The main strengths are that we have used a 
representative sample of CT readers with various levels of expertise, and closely resembled 
clinical practice with 3D inspiratory and expiratory CT data and some clinical information. 
Also, we were able to provide data on a substantial number of subjects with early stages 
of COPD who are difficult to obtain in routine practice.

Our study has limitations. Firstly, spirometry was performed without administration of 
a bronchodilator, which is recommended to exclude asthma. However, we believe it is 
unlikely that this has significantly influenced the results because the prevalence of asthma 
in men between the ages of 50 and 75 years is only approximately 2% in the general 
population of the Netherlands 35, and our study population comprised only heavy smokers. 
Secondly, our study was limited to male subjects. This may limit the generalizability of our 
findings. Thirdly, our study evaluated functionally relevant lung abnormalities at the time 
of imaging. Given the cross-sectional nature of our study we cannot comment on whether 
observers identified subclinical abnormalities that may lead to abnormal lung function in 
the future. Lastly, we were unable to include more than one or two observers at each level 
of expertise, which impedes analysis within a group of similarly experienced observers. 
Nevertheless, our results are based on a fairly large group of observers subdivided into a 
less experienced and experienced subgroup.

In conclusion, this study reports modest diagnostic accuracy of human observers in the 
visual evaluation of COPD presence on volumetric inspiratory and expiratory CT images 
in heavy smokers. Moreover, visual evaluation of COPD presence is associated with 
substantial observer variation. Our findings suggest that visual evaluation of CT scans for 
COPD presence is of limited diagnostic value, while there may be a role for automated 
evaluation. This may be important for the additional identification of COPD subjects in a 
CT-based lung cancer screening setting.
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As discussed in Chapter 1, lung cancer screening in heavy smokers using low-dose CT 
has recently been shown to substantially reduce mortality 1, and practical guidelines on 
lung cancer screening have been released 2, 3. This CT-based screening may provide the 
appropriate setting to thoroughly evaluate a heavily smoking population at high-risk for 
multiple smoking-induced diseases. However, it was unknown whether low-dose lung 
cancer screening CT scans enabled additional evaluation of chronic obstructive pulmonary 
disease (COPD) and cardiovascular risk calculation. If these CT scans would prove suitable 
for this additional evaluation and the diseases can be treated before becoming clinically 
apparent, this would reduce the burden of smoking-induced diseases on top of the lung 
cancer mortality reduction, increasing both the clinical value and the cost-effectiveness of 
CT-based screening. Therefore, this thesis showed the optimization of automated analysis 
in expiratory CT and reported the diagnostic and prognostic value of CT for evaluation of 
diseases other than lung cancer.

Part 1 – Automated assessment of air trapping on expiratory CT: 
methodological studies 

Cigarette smoking is the main risk factor for COPD. Besides the extrapulmonary effects, 
COPD is characterized by irreversible airflow limitation, which is mainly caused by 
parenchymal destruction (ie. pulmonary emphysema) and inflammation with obliteration 
and remodeling of the small conducting airways (ie. small airways disease) 4. It is thought 
that small airways disease precedes emphysematous changes over the course of the 
disease 5 and is more important in the early stages of COPD, even before the disease 
becomes clinically apparent. Nowadays, both these disease components of COPD can be 
quantified using CT densitometry; emphysema is seen as areas of decreased attenuation 
on inspiratory CT, mostly in the upper lung zones, and air trapping (as a measure of 
small airways disease) is seen as parenchymal areas with less than normal increase in 
attenuation and lack of volume reduction on expiratory CT 6. 

To investigate quantitative assessment of the small airways disease component in the 
evaluation of COPD in heavy smokers, expiratory imaging was added to the standard 
inspiratory lung cancer screening protocol of the NELSON-trial 7 in our centre. Contrarily 
to emphysema quantification, the most suitable technique for air trapping quantification 
in lung cancer screening setting was not yet established. Therefore, we started in  
Chapter 2 with comparing the variability of CT air trapping measures in heavy smokers on 
repeat examinations. Our results showed that the expiratory to inspiratory ratio of mean 
lung density (E/I-ratioMLD) is less sensitive to differences in breath hold reproducibility 
compared to the percentage of voxels in expiratory CT with an attenuation value below 
-856 Hounsfield Unit (EXP-856). Also, it does not encounter difficulties when commonly 
suggested statistical volume correction 8, 9 is applied, contrarily to EXP-856. Nevertheless, 
despite reproducible breath hold and lung volume correction the variation in CT air 
trapping remains substantial in our study. This may implicate that CT air trapping 
quantification using current acquisition techniques may not be suitable for the evaluation 
of disease progression over time, and should preferably be used in cross-sectional setting. 



Chapter 9

158

9

At this point, the effect of technical and patient-related factors on quantitative CT air 
trapping assessment remained unknown. Chapter 3 therefore expands the current 
knowledge by reporting the effects of an upcoming and increasingly used iterative 
reconstruction technique that increases image quality of scans obtained with reduced 
radiation dose. We showed that this iterative reconstruction technique significantly 
influences both quantitative CT emphysema and CT air trapping results, however,  
E/I-ratioMLD was found to be unaffected. In addition to the reported technical confounders 
for emphysema assessment in inspiratory CT, which may be assumed valid for CT 
densitometry in the expiratory lung, our results further underline the need to pay close 
attention to scanning protocols when comparing quantitative results between studies or 
within studies over time. 

As a next step, in Chapter 4 we compared three different CT air trapping measures 
suggested in literature 10-12 against a functional reference standard of air trapping in a 
population of 427 male subjects to identify the optimal CT air trapping measure in a lung 
cancer screening setting. We showed that E/I-ratioMLD significantly outperforms the other 
two measures in the detection of air trapping in a lung cancer screening setting. This 
implicates that when CT air trapping is to be assessed in low-dose screening chest CT, 
E/I-ratioMLD should be preferred over other quantitative CT air trapping measures. This 
superiority in air trapping detection is another advantage of E/I-ratioMLD, on top of the 
robustness shown in the previous chapter. 

Lastly, in Chapter 5 CT air trapping was found to be independently associated with lung 
function in a population of COPD subjects, and the combination of CT air trapping and CT 
emphysema explained around three-quarters of the variability in lung function, compared 
to about half of the variability by CT emphysema alone. We calculated CT air trapping and 
CT emphysema in a cohort of 50 heavily smoking controls and 198 COPD subject, evenly 
distributed over all disease stages. The results of this study strongly suggest there may 
be a role for combined analysis of both disease components in the evaluation of COPD. 

Taken together, the first part of this thesis reports methodology of quantitative assessment 
of CT air trapping and shows the additional value of expiratory air trapping quantification. 
Despite the variability on repeat examinations, CT air trapping appears to add important 
diagnostic information in a cross-sectional setting, independent of CT emphysema. This 
may prove important in the identification of COPD in a screening setting. Comparing 
the multiple CT air trapping measures suggested in the literature, we showed that the  
E/I-ratioMLD is the preferred measure to quantify air trapping in low-dose chest CT images 
within a lung cancer screening setting.

Part 2 – Lung cancer screening: automated evaluation of 
cardiovascular disease and COPD 

Smoking-induced mortality and morbidity is not only due to lung cancer, but also due 
to cardiovascular disease (CVD) and chronic obstructive pulmonary disease (COPD). 
Additional early detection of these smoking-induced diseases in a lung cancer screening 
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setting may reduce morbidity and mortality, and screening for multiple diseases may 
enhance the cost-effectiveness of CT-based screening in heavy smokers. 

It is known that vascular calcifications of the coronary arteries and thoracic aorta are strong 
predictors for cardiovascular disease 13-16. Given that these calcifications can be depicted 
on non-ECG-gated low-dose CT scans of the chest 17, we hypothesized that cardiovascular 
risk in screening participants might be reliably predicted through quantification of the 
calcium volume in the coronary arteries and the thoracic aorta in inspiratory chest CT. 
In Chapter 6 we derivated a prediction model for cardiovascular events in a screening 
cohort of over 1800 heavily smoking males, and validated the model in another cohort of 
1725 screening participants. We found that coronary calcium may lead to an increase of 
3.2 times the risk for a cardiovascular event in the follow-up period, and up to 1.9 times 
the risk for aortic calcium. The performance of our validated prediction model was good, 
and we confirmed that individual risk for a cardiovascular event can be predicted from  
low-dose screening CT data. The presented approach of identifying high-risk subjects 
using information on vascular calcifications readily available within the lung cancer 
screening test, might play an important role in targeted interventions and optimizing 
therapy. It will likely increase the potential benefits of CT-based screening in heavy 
smokers since we have shown that a substantial number of the high-risk subjects does 
not receive any preventive medication. 

In Chapter 7 we applied the CT air trapping measures examined in part I of this thesis, 
and investigated whether an automated model based on inspiratory and expiratory 
CT densitometry, together with some basic patient characteristics, could accurately 
diagnose COPD. Our results showed that automated analysis of inspiratory and expiratory 
CT enables identification of COPD subjects in a screening population with an accuracy of 
78%. Practically, our approach advocates identification of COPD subjects using CT data 
with further evaluation by pulmonary function testing; a low-prized examination with no 
harmful effects for those individuals incorrectly referred (ie. false positive cases). 

Although the analysis using the automated CT model is fast and inexpensive, it remained 
unknown whether human observers would have higher accuracy in the CT-based 
identification of COPD. If human observers would clearly outperform the automated CT 
analysis, it may still be advantageous to have readers evaluate screening chest CT images 
for the presence of COPD, despite the higher expenses. Therefore, we compared the 
performance of the automated CT model to that of human observers in Chapter 8. A 
total of eight observers with various levels of expertise in reading chest CT images were 
asked to evaluate whether COPD was present or not, based on the paired inspiratory 
and expiratory CT images and some basic patient characteristics. In a random subgroup 
of 266 male lung cancer screening participants the observers proved to be moderately 
accurate in the identification of COPD subjects. The performance of the automated CT 
model was approached only by the specialized chest radiologist. Moreover, all observers 
showed considerable intraobserver variation on repeat evaluation, regardless of the 
level of expertise. These results support the potential role of automated evaluation 
using lung densitometry, as CT images in screening practice may not always be handled 
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by a specialized chest radiologist. Moreover, automated analysis eliminates observer 
variability, which is known to be substantial in visual evaluation of COPD 18.

Limitations

This thesis shows that lung cancer screening chest CT in heavy smokers contains useful 
extra information on both cardiovascular disease and COPD, which is currently unutilized. 
This additional information may increase potential benefits of CT-based screening in such 
a population. However, our research has limitations. Firstly, no good reference standard 
exists for air trapping, which is an in vivo phenomenon. That makes it difficult to prove 
that the CT air trapping measures specifically quantify the extent of small airways disease, 
as well as to prove that one measure is superior to another. Nevertheless, although we 
cannot be certain on the pathological nature of the E/I-ratioMLD, we conclusively showed 
that quantitative analysis of air trapping in expiratory CT has added value beyond the 
information from inspiratory CT. 

Secondly, CT acquisition was performed without spirometric gating. This would have 
guaranteed an exact and constant inspiratory and expiratory volume, eliminating volume 
differences as a confounding factor. Nevertheless, spirometric gating is technically 
cumbersome and hardly ever used in CT imaging. The present studies therefore provide 
data that applies best to today’s common practice. 

Thirdly, we did not use ECG-gating. This would have increased the accuracy of calcium 
volumes in the coronary arteries, while aortic calcium measurements are not substantially 
improved by ECG-gating 19, 20. Nevertheless, our analysis, as well as from others, suggests 
that detection of high-risk subjects in a lung cancer screening setting does not require 
highly accurate coronary calcium measurements. That is because the substantial amount 
of coronary calcium that is associated with high-risk can be detected on CT even in 
scans with motion artefacts of the heart; a situation that is much different from reliably 
excluding smaller amounts of coronary calcium from ungated CT. Altogether, we feel that 
ECG-gating may not be required for CVD evaluation in a CT-based lung cancer screening 
setting.

Fourthly, characteristics of participants in our screening population may be different 
from patients in other screening trials and clinical practice. Also, CT scanning protocols 
in other settings may be different from those used in our studies. It is important to pay 
close attention to these possible differences when interpreting and applying our findings. 

Lastly, our approach to evaluate COPD in a lung cancer screening setting requires adding 
an expiratory acquisition to the standard inspiratory lung cancer screening protocol to 
allow CT air trapping assessment. Although it yields only a minor increase in radiation 
dose and no substantial amount of extra scan time is needed, it would be advantageous 
if all information (ie. lung cancer, cardiovascular disease and COPD) could be obtained 
from a single inspiratory acquisition. The measures extracted from such a single scan 
should have at least the same diagnostic value for COPD as the measures extracted 
from the combined inspiratory and expiratory scans. Since we have shown in this thesis 
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that inspiratory CT emphysema alone is insufficient, other measures extracted from the 
inspiratory CT (e.g. airway wall dimensions) should provide the same added value as air 
trapping. If that is disproved, expiratory CT is essential in the evaluation of COPD in a 
screening setting and inspiratory measures such as airway wall dimensions may be used 
to further improve the performance of the current diagnostic model. 

Future perspectives

In this thesis we focused on the additional evaluation of smoking-induced diseases beyond 
lung cancer, using low-dose lung cancer screening CT scans. We have described CT air 
trapping methodology, the diagnostic value of lung density measurements for COPD and 
the prognostic value of vascular calcifications for cardiovascular risk assessment in a lung 
cancer screening setting. As described in our Viewpoint article 21, our results add to the 
discussion if and how CT-based screening in heavy smokers should be implemented, and 
may be of great importance in leading the focus of screening in heavy smokers towards an 
approach beyond lung cancer. Although there may be room for improvement, currently 
reported diagnostic and prognostic value is already sufficient according to commonly 
used standards. 

Regarding the prediction of cardiovascular risk we expect that improvement is possible 
by incorporating the anatomical location and size of calcified lesions, as well as by 
using motion correction techniques. Nevertheless, we expect most from adding novel 
cardiovascular markers such as heart size, cardiac valve calcifications and calcifications 
in supra-aortic branches. Additionally, improvement may be expected from adding non-
cardiovascular markers to the analysis, as theoretically anything that is visualized in the 
chest CT might improve cardiovascular risk prediction. For example, airway wall thickness 
may be a sign of systemic inflammation or airway wall edema related to subclinical 
heart failure. Emphysema is another sign of systemic inflammation, and small pleural 
effusions may potentially reveal subclinical heart failure. Also, it needs to be investigated 
whether conventional cardiovascular markers further improve risk prediction. However, 
one should realize that evaluation of blood pressure, lipid levels and diabetes, although 
not very expensive, adds costs and additional efforts to the screening process while the 
required information may be obtained from CT imaging.

Regarding the identification of COPD, accuracy of the model may be further increased 
by improving the quantitative techniques of emphysema and air trapping assessment 
as well as by adding information on disease location. However, adding novel pulmonary 
markers such as bronchial wall thickness, bronchiectasis, interstitial lung diseases  
and/or airway collapsibility are probably most important. Moreover, given that 
osteoporosis, obesity and cardiovascular disease are associated with COPD, diagnostic 
accuracy may be improved by using these non-pulmonary markers obtained from the 
chest CT. Notwithstanding, the most important hurdles to overcome are probably how to 
detect clinically relevant non-malignant lung diseases in heavy smokers, and how to treat 
such disorders; cross-sectional spirometric measurements are likely not the optimal way 
to diagnose the smoking-induced lung diseases.
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Lastly, although diagnosis and prediction of lung cancer was beyond the scope of 
this thesis, we would like to stress that future studies should investigate whether the 
automated measurements in screening chest CT can be applied to improve lung cancer 
diagnosis and prediction. 

In conclusion, if CT-based screening of heavy smokers is actually adopted, we should 
be able to provide the participants a personalized diagnosis, prognosis, treatment 
and follow-up screening protocol to reduce morbidity and mortality due to all major  
smoking-induced diseases visualized on chest CT. This requires a holistic approach 
of screening, which should not be limited to only one disease or specialty and should 
include evaluation of multiple smoking-induced diseases. The cost-effectiveness of such 
an approach should be analyzed, which we believe requires another large randomized 
trial. Although current results of CT-based lung cancer screening are impressive, the risks 
associated with cigarette smoking include more than just lung cancer.  
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Een Computer Tomografie (CT)-scan creëert dwarsdoorsnede-plaatjes van het lichaam 
met behulp van röntgenstraling. Er zijn sterke aanwijzingen dat de sterfte als gevolg 
van longkanker zal afnemen wanneer er CT-scans van de borstkas gemaakt worden om 
zware (ex)rokers te screenen op longkanker 1. CT van de borstkas is een bijzondere test, 
omdat je op de beelden niet alleen longkanker in een vroeg stadium kunt vinden, maar 
tegelijkertijd ook tekenen van slagaderverkalking en chronisch obstructieve longziekte 
(COPD) kunt zien. Op de beelden die gemaakt zijn bij de longkankerscreening kunnen 
dus mogelijk ook hart- en vaatziekten en COPD vroegtijdig worden ontdekt. In dat geval 
zou de ziektelast van deze twee ziekten eerder kunnen worden teruggedrongen, zodat 
zware rokers langer en in betere gezondheid kunnen leven. Ook zou het gebruiken van de  
CT-beelden voor meer dan één ziekte de balans tussen kosten en gezondheidswinst 
kunnen verbeteren, aangezien CT-screening onder zware rokers relatief duur is. 
Voorafgaand aan de totstandkoming van dit proefschrift was het echter onbekend of CT-
scans met een lage dosis röntgenstraling - om het gezondheidsrisico voor de deelnemers 
te beperken, is het bij longkankerscreening gebruikelijk om te scannen met een lage dosis 
röntgenstraling - geschikt zouden zijn om aandoeningen als COPD en hart- en vaatziekten 
vroegtijdig te ontdekken. 

De doelen van dit proefschrift waren 1) om de computeranalyse in CT-scans-na-uitademing 
te optimaliseren en 2) te onderzoeken of computeranalyses in de longkankerscreening-
CT-scans de aanwezigheid van COPD en hart- en vaatziekten betrouwbaar kunnen 
vaststellen.

Deel 1 – Automatische analyse van air trapping in CT-scans-na-
uitademing: methodologische studies

COPD wordt met name veroorzaakt door inhalatie van sigarettenrook. Bij patiënten met 
COPD stroomt de lucht minder goed de longen in en uit en wordt zuurstof minder goed 
in het bloed opgenomen. COPD-patiënten worden daarom naarmate de ziekte verergert 
steeds benauwder en gaan slechter functioneren. In het eindstadium hebben ze continu 
zuurstof nodig of overlijden zelfs aan deze aandoening. De verslechterde luchtstroom bij 
COPD heeft twee belangrijke oorzaken: 1) het stukgaan van de longblaasjes (longemfyseem) 
en 2) het ontsteken en verstoppen van de kleinste luchtwegen (kleineluchtwegziekte) 2. 
Mogelijk begint de ziekte in de kleine luchtwegen en ontstaat longemfyseem later in het 
ziekteproces 3. Kleineluchtwegziekte is in ieder geval een zeer belangrijk vroeg kenmerk 
van COPD en uit zich als ‘air trapping’: lucht die met de uitademing niet goed uitstroomt 
en ‘gevangen blijft’. De laatste jaren is er een enorme vooruitgang geboekt op het gebied 
van de CT-technologie en de automatische computeranalyses van de verkregen beelden, 
waardoor het mogelijk is om de hoeveelheid longemfyseem en kleineluchtwegziekte 
exact te berekenen 4. 

In tegenstelling tot de computeranalyse van longemfyseem was de computeranalyse van 
air trapping - als maat voor kleineluchtwegziekte - nog onvoldoende uitgewerkt. Om deze 
computeranalyse van kleineluchtwegziekte bij zware rokers goed te kunnen onderzoeken, 
waren CT-scans nodig die op het moment van volledige uitademing waren gemaakt. 
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De CT-scans bij longkankerscreening worden juist gemaakt tijdens het inademen. Om 
het onderzoek naar de computeranalyse van kleineluchtwegziekte mogelijk te maken, 
werd in ons ziekenhuis tijdens de NELSON-studie 5 (een grote longkankerscreeningstudie 
onder zware rokers in Nederland en België) een extra CT-scan-na-uitademing gemaakt. De 
studies in het eerste deel van dit proefschrift beschrijven de techniek en de verbetering 
van de computeranalyse van air trapping in deze extra verkregen CT-scans-na-uitademing. 

In hoofdstuk 2 worden de verschillen beschreven in de gemeten hoeveelheid air 
trapping als mensen kort achter elkaar twee keer worden gescand (in het ideale geval 
zou er geen verschil zijn tussen beide metingen). In dit hoofdstuk laten we zien dat de  
E/I-ratioMLD (de gemiddelde dichtheid van het longweefsel na uitademing gedeeld 
door die bij inademing) de meest betrouwbare maat is om air trapping te berekenen. 
Vergeleken met EXP-856  (het percentage van het longweefsel met een dichtheid onder 
een bepaalde grens), een andere air trapping-maat op CT, verandert de E/I-ratioMLD minder 
wanneer het longvolume tussen beide opeenvolgende scans verschillend is. Bovendien 
geeft deze maat, in tegenstelling tot de EXP-856, geen problemen wanneer een vaak 
gesuggereerde correctiemethode toegepast wordt die het verschil in longvolume tussen 
beide scans teniet moet doen 6, 7. Hoewel de ene maat geschikter lijkt dan de andere, 
blijven de verschillen in air trapping-metingen tussen de twee kort opeenvolgende scans 
van dezelfde patiënt behoorlijk groot. Dit maakt het lastig om toename van ziekte snel op 
te sporen. 

Als de herhaalbaarheid van een test niet zo goed is, betekent dit niet dat de test ook 
geen onderscheid zou kunnen maken tussen COPD of geen COPD op één meetmoment. 
Echter, ook op één moment kunnen er nog systematische afwijkingen in de air 
trapping-metingen voorkomen als de CT-beelden op een andere manier gemaakt zijn 
(bv. met een ander type CT-scanner, andere dikte van de ‘plakjes’, andere hoeveelheid 
röntgenstralen, etc.). De invloed die deze verschillen kunnen hebben op de air trapping-
metingen was ten tijde van dit onderzoek nog onbekend. Daarom hebben we mogelijke 
oorzaken van deze systematische afwijkingen onderzocht. In hoofdstuk 3 beschrijven 
we de invloed van een nieuwe, steeds vaker gebruikte reconstructiemethode (genaamd 
‘iteratieve reconstructie’) die de beeldkwaliteit van CT-beelden die gemaakt zijn met 
een lage dosis röntgenstraling verbetert (de consequentie van scannen met een lage 
dosis röntgenstraling is dat de beeldkwaliteit minder goed is dan bij een hoge dosis 
röntgenstraling). Onze studie laat zien dat zowel de gemeten hoeveelheid emfyseem als 
de hoeveelheid air trapping bij gebruik van deze reconstructiemethode verandert. Dat 
benadrukt dat het belangrijk is om te bekijken hoe de CT-beelden gemaakt zijn wanneer 
verschillende computeranalyses met elkaar vergeleken worden. Onze studie laat echter 
ook zien dat air trapping uitgedrukt als E/I-ratioMLD als enige niet beïnvloed wordt door 
deze nieuwe reconstructiemethode. De E/I-ratioMLD is hierdoor breder toepasbaar, en dat 
kan een belangrijk voordeel zijn van deze air trapping-maat boven de andere maten.

Een volgende stap in het onderzoek naar de techniek en de verbetering van de 
computeranalyses van air trapping is de vergelijkingsstudie in hoofdstuk 4. Hierin 
vergelijken we in een groep van 427 mannelijke rokers drie verschillende air trapping-
maten. 8-10 Een longfunctiemaat diende als controlemaat. In deze studie hebben we 



10

Nederlandse samenvatting

171

geprobeerd te bepalen welke van deze drie air trapping-maten het meest geschikt is 
om de aanwezigheid van kleineluchtwegziekte te analyseren in longkankerscreening-
CT-scans met een lage dosis röntgenstraling. Onze resultaten laten zien dat  
E/I-ratioMLD beter presteert dan de overige twee air trapping-maten, wat tot de conclusie 
leidt dat E/I-ratioMLD het meest geschikt is om kleineluchtwegziekte te beoordelen in  
screening-CT-scans. Dit is een bijkomend voordeel van E/I-ratioMLD boven de andere air 
trapping-maten, naast de brede toepasbaarheid zoals beschreven in het vorige hoofdstuk.

Tenslotte beschrijven we in hoofdstuk 5 de samenhang tussen de air trapping-metingen 
en de longfunctie bij COPD-patiënten. In deze studie hebben we de hoeveelheid 
emfyseem en air trapping berekend bij een groep patiënten bestaande uit 50 zware 
rokers zonder ziekte en 198 COPD-patiënten, verdeeld in gelijke groepen van milde tot 
zeer ernstige ziekte. Onze resultaten laten zien dat de longfunctie voor driekwart bepaald 
wordt door de hoeveelheid air trapping en longemfyseem die aanwezig is. Wanneer 
de air trapping-analyse niet gedaan wordt, dus als er alleen naar de aanwezigheid 
van longemfyseem wordt gekeken, is slechts de helft van de longfunctie te verklaren. 
Dit betekent dat de hoeveelheid air trapping duidelijk informatie toevoegt over de 
longfunctie, naast de informatie die gegeven wordt door de hoeveelheid longemfyseem. 
Naar aanleiding hiervan verwachten we dat de analyse van kleineluchtwegziekte ook 
belangrijke informatie zal toevoegen bij het bepalen van de aan- of afwezigheid van 
COPD met behulp van de screening-CT-beelden.

Concluderend: we beschrijven in het eerste deel van dit proefschrift de techniek en de 
verbetering van de computeranalyse van air trapping in CT-scans-na-uitademing. Uit 
de resultaten van onze studies blijkt dat de er meer informatie over COPD verkregen 
kan worden wanneer de hoeveelheid air trapping in CT-scans-na-uitademing ook 
geanalyseerd wordt, naast de analyse van de hoeveelheid longemfyseem in CT-scan-
in-inademing. Hieruit volgt dat vermoedelijk beide computeranalyses nodig zijn om op 
basis van een longkankerscreening-CT-scan te kunnen beoordelen of COPD aanwezig is. 
Daarnaast hebben we door verschillende air trapping-maten te vergelijken aangetoond 
dat E/I-ratioMLD de beste maat is om air trapping als gevolg van kleineluchtwegziekte te 
berekenen in CT-scans met een lage dosis röntgenstraling.

Deel 2 – Longkankerscreening: automatische analyse van hart- 
en vaatziekten en COPD 

Naast het risico op longkanker verhoogt roken ook het risico op hart- en vaatziekten 
en COPD. Dat betekent dat veel zware rokers die meedoen aan een longkanker-
screeningprogramma ook een hoog risico lopen op het hebben of krijgen van hart- en 
vaatziekten en/of COPD. Als we deze twee andere aan-roken-gerelateerde-ziekten ook 
vroegtijdig op kunnen sporen op de CT-scan, kan dat er mogelijk voor zorgen dat de 
algehele ziektelast als gevolg van roken in deze groep verder daalt dan wanneer er alleen 
naar longkanker wordt gekeken. Daarnaast zal het naar verwachting de balans tussen de 
kosten en gezondheidswinst duidelijk kunnen verbeteren. 
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Eerder is al aangetoond dat verkalkingen in de slagaders van het hart en in de aorta sterk 
samenhangen met hart- en vaatziekten 11-14. Omdat verkalkingen in de bloedvaten goed 
te zien zijn op CT-scans met een lage dosis röntgenstraling 15, verwachtten we het risico 
op hart- en vaatziekten betrouwbaar te kunnen voorspellen door de uitgebreidheid 
van de slagaderverkalkingen te meten in de longkankerscreening-CT-scans. In  
hoofdstuk 6 beschrijven we het ontwikkelen en testen van een model om op basis van 
de longkankerscreening-CT-scan het risico op een aan-hart-en-vaatziekten-gerelateerde 
gebeurtenis (hartinfarct, herseninfarct of -bloeding etc.) te voorspellen. Het model is 
ontwikkeld met behulp van scans van ongeveer 1800 zware rokers en is daarna getest 
in een andere groep van ruim 1700 zware rokers die allen deelnamen aan de NELSON-
longkankerscreeningstudie. De uitkomsten laten zien dat zware rokers met verkalkingen 
in de kransslagaderen van het hart tot meer dan drie keer zoveel risico hebben op het 
optreden van een aan-hart-en-vaatziekten-gerelateerde gebeurtenis in de drie jaar na 
de CT-scan. Het risico op het optreden van een aan-hart-en-vaatziekten-gerelateerde 
gebeurtenis in zware rokers met verkalkingen in de aorta is bijna het dubbele van dat 
in de zware rokers zonder verkalkingen. Het door ons ontwikkelde model bleek goed in 
staat om de deelnemers te herkennen die een hoog risico hadden op een aan-hart-en-
vaatziekten-gerelateerde gebeurtenis. Onze studie bevestigt daarmee dat het mogelijk 
is om het risico op hart- en vaatziekten te voorspellen aan de hand van de hoeveelheid 
vaatkalk in de longkankerscreening-CT-scan. We stellen voor om de computer automatisch 
de hoogrisico-patiënten te laten selecteren door de hoeveelheid vaatkalk te berekenen 
die in de longkankerscreening-CT-scan aanwezig is. Deze aanpak kan mogelijk een 
belangrijke rol gaan spelen in de bepaling van welke preventieve maatregelen en welke 
therapie voor een individuele patiënt noodzakelijk zijn. De extra informatie over het risico 
op hart- en vaatziekten zal naar verwachting de voordelen van screening onder zware 
rokers kunnen verhogen.

In het volgende hoofdstuk passen we de in deel 1 van dit proefschrift uitgewerkte CT-
air-trapping-analyse toe om de aanwezigheid van COPD automatisch te beoordelen 
op basis van de longkankerscreening-CT-scans. Uit het eerste deel van dit proefschrift 
kwam naar voren dat analyse van air trapping in CT-scans-na-uitademing extra informatie 
verschaft over COPD, bovenop de analyse van de hoeveelheid longemfyseem die wordt 
gedaan in CT-scans-in-inademing. Hieruit volgde de conclusie dat waarschijnlijk beide 
computeranalyses nodig zijn om op basis van een longkankerscreening-CT-scan te 
beoordelen of COPD aanwezig is. In hoofdstuk 7 hebben we dit getest in een groep 
van 1140 longkankerscreeningdeelnemers en beschrijven we de ontwikkeling van een 
model om de computer automatisch te laten beoordelen of COPD al dan niet aanwezig 
is. De resultaten van deze studie laten zien dat het model inderdaad het best in staat 
bleek om de aanwezigheid van COPD te beoordelen wanneer zowel de hoeveelheid 
air trapping als de hoeveelheid longemfyseem werd gemeten. De computeranalyse 
oordeelde in 78% van de gevallen correct (d.w.z. COPD aanwezig dan wel afwezig). Voor 
de praktijk stellen we voor om de computer automatisch te laten beoordelen welke 
longkankerscreeningdeelnemers vermoedelijk COPD hebben. Vervolgens kunnen deze 
patiënten een longfunctietest bij de longarts ondergaan om vast te stellen of er inderdaad 
sprake is van COPD. Deze longfunctietest is goedkoop en bovendien onschadelijk voor 
hen die ten onrechte doorverwezen worden (d.w.z. de vals-positieven).
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Hoewel automatische analyse door de computer een zeer snelle en goedkope manier 
is om te beoordelen of COPD aanwezig is bij de zware rokers die deelnemen aan de 
longkankerscreening, is het wel belangrijk om te weten hoe de prestaties ervan in 
verhouding staan tot de prestaties van een menselijke beoordelaar die de beelden 
bekijkt en beoordeelt. Ten tijde van ons onderzoek ontbrak deze informatie echter in de 
wetenschappelijke literatuur. Daarom beschrijven we in hoofdstuk 8 een studie die de 
prestaties van het ontwikkelde model vergelijkt met de individuele prestaties van acht 
beoordelaars met uiteenlopende ervaring in het evalueren van CT-scans van de borstkas. 
De beoordelaars bekeken de beelden van een willekeurige groep van 266 zware rokers uit 
de longkankerscreeningstudie en beoordeelden of COPD naar hun mening aan- of afwezig 
was. De resultaten lieten zien dat de beoordelaars er maar matig in slaagden om de aan- of 
afwezigheid van COPD juist te beoordelen. De prestaties van het computermodel werden 
slechts benaderd door één enkele radioloog die gespecialiseerd is in beeldvorming 
van de borstkas. Bovendien kwamen de beoordelaars, ongeacht hun ervaring, vaak tot 
een ander oordeel wanneer zij dezelfde scan nog een keer kregen voorgelegd. Deze 
wisselvalligheid komt overeen met eerdere wetenschappelijke literatuur die beschrijft 
dat de menselijke beoordeling van COPD-gerelateerde afwijkingen (longemfyseem, 
kleineluchtwegziekte etc.) op CT grote variatie kan laten zien 16. Op basis van onze studie 
zouden we voorzichtig kunnen concluderen dat de computeranalyse geschikter is dan 
een menselijk oordeel om op basis van een longkankerscreening-CT-scan te beoordelen 
of COPD aanwezig is, aangezien de grote hoeveelheid CT-beelden in de praktijk niet altijd 
beoordeeld zullen worden door een radioloog die gespecialiseerd is in beeldvorming van 
de borstkas. Bovendien heeft de computeranalyse geen last van de grote wisselvalligheid 
bij het tweemaal analyseren van dezelfde beelden, zoals dat bij de beoordelaars wel het 
geval is.

Discussie

Dit proefschrift beschrijft de automatische analyse van hart- en vaatziekten en COPD in 
longkankerscreening-CT-scans van zware rokers, als extra informatie naast de beoordeling 
of longkanker aanwezig is. De resultaten van dit proefschrift dragen bij aan de discussie 
of, en in welke vorm, screening van zware rokers met CT ingevoerd zou moeten worden. 
De bevindingen kunnen namelijk een belangrijke rol spelen in het verleggen van de focus 
van een specifieke screening op longkanker naar een aanpak die gericht is op meerdere 
aan-roken-gerelateerde-ziekten tegelijk.

Hoewel de prestaties van de huidige computeranalyses in principe voldoende zijn, zijn 
er uiteraard verbeteringen van de technieken mogelijk. De voorspelling van het risico 
op hart- en vaatziekten zou bijvoorbeeld verbeterd kunnen worden door nog meer 
informatie over het hart en de slagaders (bv. de locatie van de verkalkingen, afmetingen 
van het hart, etc.) in het model op te nemen. Ook zou het toevoegen van informatie over 
afwijkingen buiten het hart en de vaten (bv. longemfyseem, vocht achter de longen, 
etc.) de voorspellingen eventueel nog verder kunnen verbeteren. Hetzelfde geldt voor 
het verbeteren van de techniek om te beoordelen of COPD aanwezig is; het effect van 
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het toevoegen van extra metingen zowel binnen als buiten de longen moet onderzocht 
worden. 

Concluderend: wanneer screening van zware rokers met behulp van CT daadwerkelijk 
ingevoerd zal worden, zou screening volgens ons bij voorkeur gericht moeten zijn 
op beoordeling van zowel longkanker, COPD als hart- en vaatziekte en niet alleen 
op longkanker. Dit vereist een bredere benadering van screening dan nu het geval is. 
Deze bredere aanpak zou ervoor kunnen zorgen dat het mogelijk is om voor iedere 
deelnemer een persoonlijke uitspraak te doen over diagnose, prognose, behandeling 
en vervolg van de screening. De balans tussen de kosten en de gezondheidswinst van 
een dergelijke aanpak moet onderzocht worden, wat onzes inziens een aanvullende 
grote gerandomiseerde studie vereist. Hoewel de momenteel behaalde resultaten van 
de specifiek op longkanker gerichte CT-screening al indrukwekkend zijn, moet men niet 
vergeten dat roken kan leiden tot meer aandoeningen dan longkanker alleen.
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Tot slot het dankwoord. Mijn promotietraject is een geweldige, leerzame en relatief 
vrijblijvende periode geweest, waarin ik heel erg veel heb opgestoken. Na het ter perse 
gaan van dit boekje mag ik mij op gaan maken voor de laatste stap; de verdediging. Dat 
het nu ook echt tijd is om af te ronden, wordt onderstreept door het feit dat mijn PC ook 
steeds meer kuren begint te vertonen; vermoedelijk is die het zat om jaren onafgebroken 
beschikbaar te zijn geweest voor de VPN-verbinding die nogal eens gebruikt werd vanuit 
Amsterdam. 

Omdat dit boekje er nooit had kunnen zijn zonder de hulp en betrokkenheid van vele 
anderen, wil ik dit dankwoord richten tot hen die er (in)direct voor gezorgd hebben dat 
mijn onderzoek mogelijk was. Ik weet nu al dat ik niet iedereen persoonlijk bedanken kan 
en dat deze woorden per definitie niet afdoende zullen zijn, maar hier volgt mijn ultieme 
poging:

Pim, dr. de Jong, eerste co-promotor. Ik kan niet anders dan dit dankwoord te beginnen 
met een alinea aan jou. Ik prijs mijzelf erg gelukkig dat jij ten tonele bent verschenen 
om samen met mij aan de slag te gaan. Jouw pragmatisme, stiptheid, overzicht en 
begeleidende kwaliteiten zijn misschien wel het allerbelangrijkste ingrediënt geweest 
voor het succes van mijn promotietraject. Volgens de gegevens in mijn PC hebben wij 
ruim 100 besprekingen gehad, waarin we altijd snel en helder to the point konden komen. 
Afgezien van een enkele keer kon ik altijd binnen het uur weer verder, had ik antwoord 
op al mijn vragen, waren wij het er over eens wat wel en niet te doen en was het duidelijk 
op welke manier dat aan te pakken. Daarnaast sta jij op het moment van schrijven in 
1096 mailtjes in de adresbalk. Wanneer ik ook mailde met een vraag, een opzetje of een 
heel manuscript, er zijn maar weinig keren voorbij gegaan dat je niet binnen 24 uur jouw 
antwoord èn verbeteringen teruggestuurd had. Daarom een groot en welgemeend 
DANKJEWEL voor jouw enorme inzet en de begeleiding die ervoor gezorgd hebben dat 
mijn promotietraject zo gelopen is als het gelopen is. Ik hoop in de toekomst nog veel van 
je te kunnen leren, al zal zich dat deze keer vermoedelijk meer op het onderwijstechnische 
vlak van de thorax- en kinderradiologie af gaan spelen.

Pieter, dr. Zanen, tweede co-promotor. Zonder onze afspraken en jouw gouden SPSS-
vingers had ik lang niet alle studies “voor de poorten van Petrus weggesleept”. De Excel-
formuliertjes die jij af en toe maakte om een overzicht te geven van analyses en resultaten 
waren een verademing en o zo leerzaam. Ik heb genoten van jouw humor en de kijk op 
het leven, jouw kennis van de statistiek en de drang naar koffie. Ik wil je hierbij bedanken 
voor je hulp, de tijd die je in mijn projecten hebt gestoken en alle kunstjes die ik van je af 
heb mogen kijken.

Prof.dr. Prokop, beste Mathias, eerste promotor. Bij mijn sollicitatie begin 2009 vond ik 
het al verrassend hoe ontspannen en benaderbaar jij bent. Helaas verkaste jij al kort na de 
start van mijn onderzoek naar Nijmegen. We hebben daardoor wat minder contact gehad 
dan wanneer je als promotor hier in huis aanwezig was geweest. In uitvoerende zin was 
dat soms wat lastig, maar dat kwam altijd wel weer goed via de telefoon of een bezoekje 
aan Nijmegen. Jouw kennis, visie, ideeën en de kwaliteiten om een boodschap zo weer 
te geven dat je je als lezer bij de hand genomen voelt, zijn af en toe jaloersmakend. Wij 
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hadden immers toch ook al heel goed nagedacht…? De discussies in de pulmo-meetings 
en je commentaren op mijn manuscripten zijn op cruciale momenten van grote waarde 
geweest. Dank daarvoor.

Prof.dr. Lammers, beste Jan-Willem, tweede promotor. Het wisselde over de tijd hoe vaak 
wij contact hadden, maar ik heb het als zeer geruststellend ervaren dat ik overal mee 
aan kon kloppen. Een afspraak om een en ander kort te sluiten was altijd zo geregeld 
met een belletje of mailtje naar Berry of Mariken. Tijdens zo’n overleg kwam de map 
met documenten over mijn promotie en voortgang tevoorschijn en was het altijd snel 
duidelijk hoe de zaken aan te pakken en hoe weer verder te gaan. Mijn dank voor uw 
begeleiding en back-up.

Prof.dr. Mali, beste Willem. Ondanks dat u op papier misschien niet nauw betrokken bent 
geweest bij mijn promotie, wil ik u heel graag bedanken voor alles wat u gedaan heeft. 
Natuurlijk voor de mogelijkheid om op deze afdeling onderzoek te doen, maar bovenal 
voor de talloze keren dat ik even binnen mocht glippen en we in een paar minuten een 
lastig probleem of praktisch vraagstuk konden tackelen. Ik waardeer uw pragmatisme 
en overzicht als hoofd van de research-afdeling en ben erg blij dat ik daarin heb mogen 
delen.

Dr. Schaefer-Prokop, beste Cornelia. Wij maakten kennis tijdens mijn co-schap in het AMC 
en het bleek al snel dat ik daarna onderzoek zou gaan doen onder supervisie van Mathias. 
Tijdens mijn onderzoeksperiode kwam je verschillende keren helpen als observer en 
denk-tank, waarvoor mijn dank. Het was fantastisch dat je altijd en overal bereikbaar was 
voor mijn vragen, advies of hulp. Ik hoop in de toekomst nog veel van je te kunnen leren 
en zie uit naar de onderwijsmomenten.

Prof.dr. Peeters, prof.dr. Viergever, prof.dr. Oudkerk, prof.dr. Groen. Ik wil jullie via deze 
weg bedanken dat jullie de tijd hebben genomen mijn proefschrift kritisch te beoordelen 
en plaats hebben willen nemen in de leescommissie.

Mijn dank gaat verder uit naar al die anderen die betrokken zijn geweest bij de NELSON-trial. 
Zonder deze enorme studie was het niet mogelijk geweest om mijn promotieonderzoek 
te doen. Dank allemaal voor de juiste visie, het opzetten van deze trial en de voorgaande 
projecten en resultaten die daaruit voortgekomen zijn. Jullie werk heeft het mogelijk 
gemaakt dat wij verder konden gaan en is in de basis de reden dat ik promoveren mag.

Zonder de beeldbewerkingsmethoden die bij het ISI en DIAG ontwikkeld zijn, was mijn 
onderzoek kansloos geweest. Zonder jullie algoritmen, computerkracht en kunsten had ik 
nooit mijn tanden in de kwantitatieve data kunnen zetten. Hierbij wil ik iedereen heel erg 
bedanken voor de samenwerking en wens jullie veel succes voor de toekomst; ik twijfel 
er niet aan dat er binnen de radiologie een fantastisch grote rol weggelegd is voor jullie.

Verder wil ik hierbij de gehele afdeling en alle betrokken medewerkers bedanken voor het 
feit dat het hier zo fijn en soepel onderzoek doen was. Ik heb veel te danken aan de hulp 
van iedereen bij de ICT, het trial-bureau, de fotografie, de secretariaten etc. Dank voor 
jullie betrokkenheid en de geleverde diensten als ik weer eens iets van jullie nodig had!
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Aan alle directe collegae die over de tijd langsgetrokken zijn: Dank jullie wel voor alle 
hulp, de korte overlegjes, de lunches, de taartpuntjes en al die kopjes koffie. Ik wens jullie 
allemaal veel succes! Tot in de toekomst.

Een aantal collegae wil ik nog speciaal noemen:
Jan-Willem Dankbaar, jouw muziek en nuchtere en humorvolle kijk op de zaken hebben 
mij in het begin veel plezier gebracht. Dank voor je inleiding in de wereld van (lijn)figuren, 
vector-bestanden en Corel-Draw. Ik heb veel van je kunnen opsteken en zonder jou waren 
de plaatjes in dit proefschrift en in mijn overige publicaties nooit zo mooi geweest!! Ik 
hoop dat we de etentjes met Ewoud op gezette tijden kunnen blijven voortzetten.
Stan Buckens en Martijn Gondrie, jullie kennis van statistiek en R zijn onmisbaar geweest. 
Stan, ik ben je erg dankbaar voor de hulplijn die je altijd bent geweest. Ongeacht de 
benodigde analyses of de problemen die de kop op staken, losten wij alles altijd op korte 
termijn op. Jouw correcties als native speaker betreffende mijn allerbelangrijkste Engelse 
teksten zijn ook zeer gewaardeerd.
Tim Luijkx, jouw obsessie met taalfouten en grammatica is geweldig. Soms is het bijna 
op het storende af, maar ik wil je hierbij toch bedanken voor al je commentaren op 
presentaties en voordrachten waarin ik iets fout deed. Ik heb veel van je geleerd. Niet in 
de laatste plaats ook mijn dank voor het doornemen van de Nederlandse samenvatting 
van dit proefschrift. NB. Stoor je niet teveel aan de fouten die ongetwijfeld nog her en der 
in mijn proefschrift door gedrongen zijn… ;)

Mijn paranimfen: Ewoud, jarenlang heb jij de rol van kamergenoot met glans vervuld, 
waarvoor goud! Jouw opofferingsgezindheid en inzet voor de wetenschap in puurste 
vorm is intrigerend. Veelal help jij iemand of begin jij aan een project met de blik op het 
grotere geheel, maar vergeet je soms dat er op kortere termijn ook spijkers met koppen 
geslagen moeten worden. Ik hoop dat je snel je eigen promotie afrondt en ik twijfel er niet 
aan dat het een geweldig proefschrift wordt. Voor de toekomst geloof ik werkelijk dat jij 
de wereld verbeteren kan, omdat jouw ideeën en inzet gaan waar niet veel anderen gaan. 
Als ik je ooit ergens bij helpen kan, weet me dan te vinden.
Ahmed, het begon al op de middelbare school en heeft zich voortgezet tot waar 
we nu zijn. In de tussentijd studeerden wij samen aan het AMC en hebben we menig 
wetenschappelijke opdracht samen uitgevoerd. Volgend jaar promoveer jij ook en is 
de cirkel helemaal rond. Hoe geweldig is het dat jij straks achter me staat tijdens mijn 
verdediging!

AMVJ, dank voor al jullie geweldige persoonlijkheden! Jullie vriendschap op -en zeker ook 
buiten- de honkbalvelden zijn belangrijke wortels in de Amsterdamse aarde. 
AA-1851, een levensclub! Sinds 2004 wekelijks bij elkaar en op momenten als dit besef 
je wat het waard is dat je onvoorwaardelijke vrienden om je heen hebt staan. Ik twijfel er 
niet aan dat wij tot in verre tijden samen door zullen gaan, binnen of buiten Nederland. 
Dank voor jullie vragen en de interesse in mijn werk over de jaren, ook al begrepen jullie 
vermoedelijk vaak nog niet de helft van waar ik mee bezig was. Ik hoop dat dit boekje een 
en ander alsnog op zijn plek kan leggen. Ik zie er erg naar uit om de komende decennia 
met jullie te delen en mij in jullie gezelschap op het juiste moment van en op het pad te 
bevinden.
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Lieve familie: dat ik dit dankwoord überhaupt schrijven mag, is het gevolg van het feit dat 
jullie mij de mogelijkheden gaven hier te komen. 
Opa en Oma Boom, jullie staan aan de basis van een groter geheel en ik hoop dat jullie 
nog lang onderdeel van mijn leven uit mogen maken. De recente verhuizing zal jullie 
hopelijk goed doen en hieraan bijdragen.
Opa en Oma Mets, helaas maken jullie deze promotie niet in levenden lijve mee. Jullie 
betrokkenheid en liefde heeft mij van kleins af aan gevormd en ik ben jullie onbeschrijfelijk 
dankbaar voor alles wat ik gekregen heb en wat ik jullie terug heb kunnen geven. Ik vind 
het een eer dit proefschrift aan jullie op te kunnen dragen en ik hoop dat jullie ‘groos op 
me zijn’.
Lieve papa en mama, lieve Thijs, het is pas de laatste jaren dat ik echt goed begin te 
beseffen wat het allemaal vereist om een gezin te vormen en kinderen op te voeden. 
Opgroeien in een fijn gezin is geen vanzelfsprekendheid! Wat kan ik meer zeggen dan 
dat ik mijn leven lang bij jullie in het krijt sta voor de offers die jullie gebracht hebben 
om mij te laten bereiken wat ik allemaal bereikt heb. Ik heb van jullie een prachtige hand 
met kaarten meegekregen en ik zal mijn best blijven doen het spel goed uit te spelen. Het 
wordt niet vaak onder woorden gebracht bij ons, maar ik hoop dat ik de omvang van mijn 
gevoel hiermee over brengen kan: Dank jullie wel, ik hou van jullie!

Han en Cathalien, als mijn schoonouders mogen jullie hier ook niet ontbreken. Dank voor 
al jullie hulp, de steun en het vertrouwen dat jullie de afgelopen jaren gegeven hebben. 
De wereld zou een betere plek kunnen zijn als er meer mensen waren zoals jullie.

Liefste Anne, soms weet je gewoon dat je een geluksvogel bent. Dat ik jou ben 
tegengekomen en heb weten te strikken, is niets minder dan een lot uit de loterij. Ik ben 
je dankbaar voor je liefde, je steun, je geduld en je onmetelijke vertrouwen. Ik vind het 
een feestje om samen met jou het leven te leven en hoop met heel mijn hart dat we dit 
nog tientallen jaren op deze manier vol kunnen houden. Wat wij kunnen, kunnen er maar 
weinig. Ik hou van je. Kus!
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