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Lung Cancer: a major killer 

Cancer is a major health problem in the world. According to the World Cancer Report 2014 of 
the International Agency for Research on Cancer the number of new cases will increase from 
14 million in 2012 to 25 million in 2030 [1] and the number of cancer deaths will increase from 
about 8 million to 13 million a year. Amongst all cancers, lung cancer is highly lethal and re-
sponsible for the majority of deaths. Almost one out of fi ve cancer deaths in 2012 was caused 
by lung cancer. Specifi cally for the Netherlands, cancer death increased from 27% in 1997 to 
almost 31% in 2012 [2], and also in the Netherlands lung cancer is the number one in cancer 
mortality. Although in women the leading cause of death is still cardiovascular disease, in the 
last 15 years the number of women that died of lung cancer has doubled in the Netherlands [2].

Lung cancer screening: history

Obviously, the most eff ective strategy to reduce lung cancer mortality would be to reduce its 
major risk factor; smoking. However, due to many factors, limiting smoking has only been par-
tially successful. Additional to some anti-smoking eff orts, for more than half a century, attempts 
have been made to prevent lung cancer deaths by screening using chest X-ray, or a combination 
of chest x rays and sputum analysis [3]. Five randomized trials have been conducted with these 
techniques [4-8], but none of them showed a signifi cant decrease of lung cancer mortality rate in 
the screen arm compared to the control group. With the introduction of multi slice computed 
tomography (CT) a modality with a high sensitivity or the detection of solid lung nodules as 
small as 3 mm became widely available. Th e inherent contrast between solid lung nodules that 
are white in CT and the surrounding lung parenchyma that is black on CT made the develop-
ment of a low dose technique possible. Th is was of great importance since this technique, if 
successful, will be applied to a great number of healthy individuals and the potential damage 
caused by radiation should be kept as low as possible. In 1999 Henschke et al reported on the 
base line fi ndings with Low Dose Computed Tomography (LDCT) of the Early Lung Cancer 
Action Project (ELCAP)[9]. In this observational study with 1000 participants they found ma-
lignant disease in 2.7% of their cases with CT and 0.7% with chest X ray. Of the 27 CT-detected 
cancers, 26 were resectable, and 81% had a stage I cancer. Although promising, these results do 
not imply that lung cancer screening results in a lower mortality rate. 

Lung cancer screening: recent advances

To prove that LDCT leads to a decrease in lung cancer mortality a number of randomized trial 
were set up in the United States and Europe. In Europe randomized trials are being conducted 
in Italy [12-14], Denmark [15], Germany [16], Great Britain [17], and in our country: the NELSON trial. 
In the United States the best known is the National Lung Screening Trial (NLST) that in-
cluded 53454 participants in 33 centers [10]. In 2011 the NLST was the fi rst to report a relative 
reduction of lung cancer mortality of 20% [11]. On the basis of this evidence the U.S. Preventive 
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Services Taskforce recently recommended to “screen annually for lung cancer with low dose 
computed tomography” “asymptomatic adults aged 55 to 80 years who have a 30 pack year 
smoking history and currently smoke or have quit smoking in the past 15 years”. 
The Dutch Belgium lung cancer screening trial (NELSON) that included 15822 participants is 
the largest in this European series [18]. This trial has a ‘real’ control arm without screening. 
The results of the NELSON trial, aiming at a reduction of the lung cancer mortality rate of 20%, 
are expected in 2015 or 2016. More details on this trial can also be found in the trial register  
ISRCTN63545820 and in references 18 and 19.

Subsolid pulmonary nodules: a new entity due to lung cancer screening 

Lung nodules can be either solid or subsolid. The great majority of lung nodules are solid with 
a density in the range of other soft tissue structures like muscle and blood vessels which makes 
them stand out in the lung on CT images They are very common in a screening population of 
people that have been smoking for a number of years. In the first screening round of the NEL-

SON trial 50.5% of the participant had noncalcified pulmonary nodules, of which 98.0% were 
solid. The great majority of these solid nodules were benign: in only 0.9% of the participants 
a lung cancer was found in this first screening round [19]. Only 2% of the nodules found in the 
first screening round were not totally solid but subsolid nodules as they are generally called. 
Subsolid nodules are defined as nodules with a ground glass component in which ground glass 
is defined as hazy increased opacity of lung, with preservation of bronchial and vascular mar-
gins. They can have a solid component that does obscure vascular or bronchial components [20]. 
They were previously also described as Ground Glass Opacities (GGOs) and more recently as 
Ground Glass Nodules (GGNs). The Fleischner Society subdivides SSNs in pure GGNs and 
part solid GGNs [21]. We and others [22] find this terminology rather confusing, so we prefer the 
terms nonsolid SSNs and part-solid SSNs. SSNs can either be transient or persistent [21]. As 
the density of these nodules is much closer to the background lung parenchyma they can be 
difficult to detect. One of the questions that was therefore answered in this thesis is whether 
these would be a source of interval carcinoma’s. If so, that would provide a target for improve-
ment of screening by increasing awareness amongst readers or by developing computer aided 
detection tools.

Subsolid pulmonary nodules: significant or overdiagnosis?

The clinical significance of SSNs may lie in the fact that the reported malignancy rate of these 
nodules is much higher than that of solid nodules. The Early Lung Cancer Action Project  
(ELCAP) study reported a malignancy rate among their positive findings of 34% for nonsolid 
SSNs and 63% for part-solid SSNs [9]. However: in spite of the fact that the pathologist makes 
the diagnosis of a malignancy on microscopic examination of a resected specimen that does not 
mean that the behavior of the nodule is necessary malignant. By malignant behavior we mean 
that the nodule, if unnoted, will eventually present itself with clinical signs and complaints of 
the patient and if untreated will lead to death. If, on the other hand, the tumor grows so slowly 
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that it will never cause any complaints during the lifetime of the patient the behavior of the tu-
mor could be considered benign. If that is the case the diagnosis of such a tumor is considered 
overdiagnosis, and treatment of such a tumor as overtreatment. In a recent ‘viewpoint’ the 
question was raised if the term ‘cancer’ is still appropriate for these kind of tumors since cancer 
stands for sickness and death if untreated [23]. 

They state that “premalignant conditions (eg, ductalcarcinoma in situ or high-grade prostatic 
intraepithelial neoplasia) should not be labeled as cancers or neoplasia, nor should the word 
“cancer” be in the name”. They suggest to reclassify such cancers as indolent lesions of epithelial 
origin: IDLE[24]. In lung cancer screening, detection and treatment of cancers with a Volume 
Doubling Time (VDT) of more than 400 days is often considered overdiagnosis [25]. SSNs are 
often indolent with a VDT well over 400 days. When using this definition, detection and treat-
ment of the vast majority of SSNs can be considered overdiagnosis despite their high likelihood 
of containing malignant cells. So the ultimate goal in SSN research is, besides being able to 
detect these nodules and quantify their growth accurately, to also predict which SSN will show 
malignant behavior, and when this will happen. In this thesis we investigated several aspects of 
SubSolid Nodules in the NELSON trial: detectability, quantification of growth and if and when 
a close CT monitoring approach might be suitable for these nodules. Furthermore we investi-
gated the radiological aspects of the carcinomas that were missed during the screening and the 
prevalence of SSNs in that series.

Part I: Visual detectability of SubSolid Nodules.

This hazy character of the nodule in combination with a density that is much closer to the 
normal lung parenchyma than solid nodules makes them less conspicuous and thus easy 
to overlook visually, especially when a low dose technique is used as is the case in lung 
cancer screening. We hypothesized that a narrow window width and a low window level 
to enhance small contrast differences in combination with 5 mm multiplanar reconstruc-
tions (MPR) to decrease noise, would accommodate the visual detection of non-solid 
nodules [26]. Our results are described in chapter 2.

Part II: Semi automatic segmentation of SubSolid Nodules.

Not only are SSNs harder to detect and outlined precisely by the human observer, also 
software developed for the segmentation of solid nodules often has great difficulty in seg-
menting SSNs. Because accurate measurement of SSNs is becoming increasingly impor-
tant to manage these nodules we tested various aspects of the feasibility of a prototype 
software program in which the algorithm was adapted for the segmentation of SSNs [27]. 
We investigated semi-automatic SSNs measurements in a phantom study [28], and the 
interscan variability of semi-automatic measurements in 44 stable nodules [29]. Finally 
we compared the results of semi-automatic SSNs measurements to manual measure-
ments [30]. These specific studies are described in chapters 3-5.
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Part III: Management of SubSolid Nodules: towards a close CT monitoring approach?

For cancer screening to be effective, a good balance between the benefits and harms is 
required. One of the potential harms is the extent of overdiagnosis. This issue is still topic 
of debate in breast cancer screening [31,32] as well as it is in lung cancer screening [25,33,34] 
in which detection and treatment of cancers with a VDT of more than 400 days is often 
considered overdiagnosis [25]. Persistent SSNs usually have such a slow growth rate, but 
with a high likelihood of malignancy, so follow up guidelines for solid pulmonary nodules 
are not appropriate for SSNs. In the NELSON trial 108 (1.5%) out of the 7135 participants 
presented with a total of 117 persistent SSN’s.
In 2013, the Fleischner Society published fairly aggressive recommendations for manage-
ment of SSNs, largely based on expert opinion [21]. We investigated whether close follow-
up of SSNs and further evaluation and treatment of growing SSNs may not only be a 
safe approach, but also avoid overdiagnosis [35]. The NELSON experience is described in 
chapter 6.

Part IV: Detection and quantification of the solid component in pulmonary subsolid nodules.

In the recommendations of the Fleischner Society it is advised to measure the size of 
the solid components in persistent SSNs and to determine the percentage of solid ver-
sus ground-glass components of subsolid lesions. This is important because it has been 
shown that the greater the extent of the solid component, the more likely the lesion is an 
invasive adenocarcinoma with an associated poorer prognosis. A SSN with a solid com-
ponent larger than 5 mm should be considered malignant until proven otherwise and im-
portant decisions about whether or not to resect a nodule are based on this cut-off. This 
makes an accurate and reproducible method to assess the size of the solid component 
mandatory. We investigated whether semi-automatic segmentation software could dif-
ferentiate part-solid from nonsolid nodules and quantify the size of the solid component 
at least similar to human observers performing manual measurements [36]. The findings 
of these experiments are described in chapter 7.

Part V: Computed tomographic characteristics of interval carcinomas in lung cancer screening 

An issue that has received only limited attention in the radiological literature are interval 
carcinomas in CT-based lung cancer screening trials. Interval carcinomas are defined as 
cancers diagnosed after a negative or indeterminate screening result or after a positive 
screen in which diagnostic work-up did not lead to the diagnosis of cancer. Early reports 
suggested that these missed cancers were very subtle, and over 90% of detection errors 
involved SSNs [37]. Is in SSNs the problem that we are faced with their indolent character 
or can they also follow such an aggressive course that they manifest between screening 
rounds. We investigated the nature and cause of the intervalcarcinomas in the NELSON 
study and analyzed the CT findings [38]. Our findings can be found in chapter 8.
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Objective

To compare various visualization techniques for the detection of non-solid nodules in low-dose 
lung cancer screening computed tomography (CT) scans.

Methods

An enriched sample of 216 male lung cancer screening subjects aged age of 60.4 ± 6.0 years was 
used. Two blinded independent readers searched for non-solid nodules on 5 mm multiplanar 
reconstructions, 1 mm slices and 7 mm maximum intensity projections (trial protocol). Th e 
reference standard was a consensus diagnosis of all non-solid nodules reported at least once. 

Results

Twenty-three individuals (10.6%) had in total 34 non-solid nodules. Inter observer agreement 
was good (Cohen Kappa 0.89-0.95). For both observers we found no diff erences between the 
three viewing techniques (P>0.13).

Conclusion

In low-dose lung cancer screening CT scans we were unable to fi nd a viewing technique superi-
or to that used in the trial in experienced observers who focused on non-solid nodule detection.

Abstract
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Introduction

Non-solid lung nodules are a relatively uncommon fi nding in the Dutch-Belgian NELSON study 
lung cancer screening study. In the fi rst round of this study only 2.0% of the total of 8673 nodules 
found in 7557 participants were pure non-solid nodules or part-solid nodules [1]. 
Data suggest that human perception is an important limiting factor in the detection of solid 
and non-solid nodules [2-6], and undetected non-solid lung nodules were responsible for more 
than half of the missed carcinomas in one study [7]. Perception errors in non-solid nodules are 
multi-factorial and in part due to their rarity and lower density compared to solid nodules, the 
low-dose techniques used in lung cancer screening and partial volume eff ects when thick slices 
are used. It is our hypothesis that a narrow window width and a low window level to enhance 
small contrast diff erences in combination with 5 mm multi-planar reconstructions (MPR) to de-
crease noise will accommodate the detection of non-solid nodules. Optimizing of the detection 
is important as non-solid nodules have a higher chance of being malignant compared to solid 
nodules [8] and in the study by Li et al [7] 27 of the 39 missed carcinomas were non-solid (69%).
Purpose of the present study is to compare the detection rate of non-solid nodules larger than 
5 mm in two readers on 5 mm MPR slices with window level/width of -800/800 HU, 1 mm 
slices with window level/width of -800/800 HU and 7 mm maximum intensity projection (MIP) 
images with window level/width -500/1500 on low-dose lung cancer screening CT scans in 216 
subjects.
Th ese viewing techniques are illustrated with diff erent nodules in fi gure 1.

Methods 

Subjects

One of the investigators not involved in the readings selected 216 subjects participating in 
the Dutch-Belgium lung cancer screening trial [1]. Some had non-solid nodules according to 
the trial registration. Th is selection strategy was used to ensure that at least some non-solid 
nodules were included in the dataset, but the readers were blinded to the number of non-solid 
nodules. Th is study is a side study of the Dutch-Belgian multi-centre randomized low-dose CT 
lung cancer screening trial NELSON. Th e Minister of Health of the Netherlands and the eth-
ics committees of all four participating hospitals have approved the NELSON study. Informed 
consent was obtained from all participants. Th e original approval and informed consent for the 
screening study included the ability to use data for future research, including the current side 
study. (Current Controlled Trials number, ISRCTN63545820.)

CT Data Acquisition

A 16-section multi-detector CT scanner (Mx8000 IDT or Brilliance 16P, Philips Medical Sys-
tems, Cleveland, Ohio) was used. Scanning of the entire chest was performed in a caudocranial 
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direction. Scanning data were obtained in the spiral mode, with 16 detector rows, 0.75 mm 
section thickness, and a pitch of 1.5. No contrast material was used. Low-dose settings were 
applied. Depending on body weight (< 50, 50 – 80, or >80 kg), the peak voltagesettings were 80 
–90,120, and 140 kVp, respectively, to achieve volume CT dose index values of approximately 
0.8, 1.6, and 3.2 mGy, respectively. The tube current–time product settings were adjusted ac-
cordingly. To minimize breathing artifacts, scans were made after appropriate instruction to the 
subjects. Data were reconstructed at 1.0 mm section thickness, with a 0.7 mm reconstruction 
increment.

CT readings

Two independent readers (blinded for the number of subjects with nodules), who had 30 years 
and 9 years of experience in chest CT interpretation, searched the CT scans for non-solid nod-
ules in random order in three different ways with:
• 7 mm slab MIP projections with -500/1500 HU
 (These parameters were chosen since they were used In the original screening protocol).
• 1 mm axial images with -800/800 HU. 
• 5 mm MPR images with -800/800 HU.
All images were viewed in axial projection.

To avoid memory effects, we ensured that at least 2 weeks elapsed between reading sessions.
CT scans were recorded as negative when no non-solid nodules were found and this included 
nonspecific ground glass opacities (small linear or triangular ground glass areas). Both pure 
non-solid and part solid were considered positive. As invasive adenocarcinomas in isolated 
non-solid nodules smaller than 5 mm are extremely rare [9] a limit of lesion size exceeding 5 mm 
was used. After the independent readings a consensus reading by the two readers was done for 
all non-solid nodules that were reported in any of the six readings from the two observers to 
define the final diagnosis of a non-solid nodule for this study.
Furthermore the trial management system was checked for any nodules that might have been 
missed in all six readings by the two observers.

Statistical analysis

After consensus reading we analyzed the data on a per nodule basis. Inter observer agree-
ment was determined by calculating the Cohen Kappa coefficient. McNemar test was used to 
compare the three viewing techniques with the consensus diagnosis. Statistical analysis was 
performed with software (SPSS version 18, SPSS, Chicago). Data are given as mean ± standard 
deviation unless indicated otherwise. The significance level was set at P<0.05.
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Results

Subjects

The 216 subjects were all male with a mean age of 60.4 ± 6.0 years. All has at least 25 pack years of 
smoking In the 216 subjects 23 individuals were diagnosed with non-solid nodule by consensus, 19 
had 1 nodule, 2 had 2 nodules 1 had 4 nodules and 1had 7 nodules, resulting in a total of 34 nodules. 
The size of these nodules was 11.5 ± 3.8mm. The size was measured manually with calipers.

Observer agreement

Inter observer agreement was good for all the three observations with a Cohen Kappa between 
0.86 and 0.95 (table 1). In the consensus reading, by using the coordinates of the non-solid nod-
ules, we confirmed that the observers indeed detected the same nodules.

Table 1

Inter observer agreement of the detection of ground glass nodules in 34 nodules 216 subjects.

reconstruction	 window	 slice	 Cohen’s	 confidence	
technique	 level	/	width	 thickness	 kappa	 interval

maximum  
intensity -500/1500 HU 7 mm 0.89 0.78-0.95 
projection

multi planar -800/800 HU 5 mm 0.95 0.87-1.0 
reconstruction

thin slices -800/800 HU 1 mm 0.91 0.81-0.98

Data are given for 2 observers who evaluated 216 CT scans from 216 subjects.

 
Table 2

Differences in ground glass nodule detection between the 3 visualization techniques for both observers in  
34 nodules 216 subjects.

	 both	 both	 first	 second	 difference	
	 negative	 positive	 technique	 technique	 between		
	 	 	 	 	 techniques

observer 1 N N N N p-value

MIP vs MPR 191 29 2 3 1.0 

MIP vs thin  191 30 2 2 1.0 

MPR vs thin  193 31 1 0 1.0 

observer 2 N N N N p-value

MIP vs MPR 193 28 4 0 0.1

MIP vs thin  192 24 5 4 1.0 

MPR vs thin  192 28 1 4 0.38

MIP: Maximum Intensity Projection images of 7-mm thickness at window level and width of -500/1500 HU.  
MPR: Multi-planar reformations of 5-mm thickness at window level and width of -800/800 HU.  
Thin: Original 1-mm reconstruction at window level and width of -800/800 HU.  
Differences are tested with McNemar statistics.
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Figure 2

Illustration of undetected right para-hilar  
non-solid nodule.

1 mm slice

7 mm MIP: nodule missed by one observer.

5 mm MPR

Comparison of the three visualization  

techniques

For both observers we found no differenc-
es between the three viewing techniques 
(table 2). Since in the cases with multiple 
nodules only one nodule was missed by 
one of the readers, analysis on a patient 
bases resulted in essentially the same result 
as our analysis on a per nodule bases.
The size of the nodules that were missed 
in at least one reading was 9.0 ± 2.9 mm. 
Some misses could be explained by the fact 
the ground glass aspect of the lesion ap-
peared solid on the MIP images. Figure 2 
illustrates an example of a non-solid nod-
ule that were missed in one or more read-
ings.
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Discussion

We aimed in this study to determine whether visual detection of non-solid nodules on low-
dose lung cancer screening CT scans can be improved by changing the visualization technique. 
In contrast to our hypothesis we could not demonstrate that 5 mm multi-planar reconstruc-
tions (to reduce noise in low-dose CT images) in combination with narrow window settings 
(to enhance contrast between the non-solid nodule and the lung parenchyma) were superior to 
routine 7 mm maximum intensity projection images and thin-slices at narrow window settings.

For the detection of GGN we still largely depend on visual detection. Currently commercially 
available CAD systems still focus primarily on the detection of solid nodules [10]. Also studies 
investigating the optimization of the visibility of lung nodules primarily focus on solid nodules 
and not non-solid nodules [11]. In a series of Li [8] non-solid nodules were responsible for a large 
number of detection errors so there seems to be an argument to optimize their detect ability. 
One explanation of the large number of missed non-solid nodules could be that their density 
and thus their contrast in relation to their surroundings is less compared to solid nodules. 
Furthermore their delineation is less sharp than with small solid nodules. This effect will be en-
hanced by a considerable partial volume effect, especially for the smaller nodules if a technique 
using 10 mm slices is used, as is the case in the series of Li. Also the use of low dose CT tech-
niques that is customary in lung cancer screening programs will have a negative influence on 
the visibility of low contrast lesions like non-solid nodules. Therefore we argued that in order 
to improve the visibility and thus the detection percentage of these nodules it seems indicated 
to improve the contrast difference of the lesion in relation to the surrounding and to optimize 
the slice thickness. Contrast resolution can be improved by increasing the radiation dose. This 
is however not an option in lung cancer screening programs. Contrast can also be increased by 
using a smaller viewing window which will have the effect of a greater visibility of image noise. 
This latter effect will be more pronounced in the noisier 1 mm images than in the thicker 5 mm 
MPR images. A possibility to decrease noise, besides the mentioned increase in dose, is to in-
crease the slice thickness, for example by post processing the images with MPR. This decrease 
of image noise will be at the expense of spatial resolution with a potentially negative effect on 
the detection of smaller lesions if slice thickness is increased too much. Unexpectedly, in our 
study we did not find a significant difference between the results of three different viewing 
methods with two experienced observers.

Our study has several limitations. First, the dataset is fairly small. Nevertheless we believe that 
our results show convincingly that no major differences are expected between the visualization 
techniques when observers fully focus on non-solid nodule detection. Second, the observers in 
our study had only one task, non-solid nodule detection. This does not fully represent the rou-
tine situation where a busy reader is reading lung cancer screening studies with solid nodules 
and other pathologies. It may be that the benefit of enhanced visualization of non-solid nodules 

2



25Chapter 2 - Comparison of detection rate    |

is masked by the focus of the readers. Third, we have no real proof of non-solid nodules being 
present or pathology of the lesions, but used the consensus opinion after six readings of each 
scan by two experienced observers combined with the management system recordings to de-
fine non-solid nodules being present.

In conclusion, we found that in low dose lung cancer CT screening various viewing techniques 
using thin 1 mm slices, 5 mm MPR images and 7 mm MIP images at routine and narrow 
window settings have similar detection rates when experienced observers focus on non-solid 
nodule detection.

2
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Objective

To investigate a new software program for semi-automatic measurement of volume and mass 
of Ground Glass Nodules (GGNs) in a chest phantom and to investigate the infl uence of CT 
scanner, reconstruction fi lter, tube voltage and tube current.

Methods

We used an anthropomorphic chest phantom with 8 artifi cial spherical smooth GGNs with 
a CT density of -800, and -630 Hounsfi eld Units and a volume of volume 65, 268, 523 and 
904 mm3. CT scans were obtained on four CT scanners (16-256 detector-rows) at 120 kVp 
and 25 mAs with a soft and sharp fi lter. On the 256-CT scanner mAs (25-100 mAs) and kVp 
(80-120 kVp) were varied. GGNs were measured using semi-automatic software that auto-
matically segments the nodule and allows adjustment of roundness and density thresholds. 
Absolute Percentage Error (APE) was calculated for volume and mass. Wilcoxon signed rank, 
Mann-Whitney U and Kruskal-Wallis tests were used for analysis.

Results

Volume and mass did not diff er from the true values (p=0.81 and 0.40, respectively). When 
measurements were expressed as APE the errors ranged from 2%-36% and 5%-46% for volume 
and mass respectively, which was signifi cantly diff erent from no error (p<0.01). We did not fi nd 
signifi cant diff erences in APE between CT scanners (p=0.6 and 0.8), between fi lters (p=0.8 and 
0.6), lower mAs (p=1.0 and 1.0) and lower kVp (p=0.8 and 0.4) for volume and mass, respec-
tively.

Conclusion

Computer aided segmentation and mass and volume measurement of GGNs by the prototype 
software shows promising results in this phantom study. 

Abstract
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Introduction

Non-solid or ground glass nodules (GGNs) are a major challenge, both clinically [1] and in lung 
cancer screening trials, because these nodules are rare, slow growing, often multiple and bear 
a high malignancy rate. For example, in the Early Lung Cancer Action Project study [2], 19% of 
cases of positive screening results involved pure or partly solid GGNs. In the fi rst round of the 
Dutch-Belgian lung cancer screening trial only 2.0%, of the total of 8673 nodules found in 7557 
participants, were pure non-solid nodules or part-solid nodules [3].Growth rates with a mean 
volume doubling time of 813 days and malignancy rates up to 63% have been reported for pure 
non-solid GGNs [2,4].

A GGN can be defi ned as an area of increased lung attenuation with preservation of the bron-
chial and vascular margins[5]. Given the slow growth rate, the diagnosis of growing GGNs is 
challenging. According to a study of de Hoop et al [6] mass measurements can enable detection 
of growth of GGNs earlier than volume or diameter measurements. Mass measurements were 
obtained through manual segmentation on axial CT slices, which was followed by calculating 
the volume by the computer. GGN mass was then calculated expressing the attenuation values 
in terms of physical density. Th ese manual measurements require about 5 to 10 minutes seg-
mentation time. It would be a major scientifi c advancement when more automated methodol-
ogy for the segmentation of these nodules would be developed.
In this study we investigate a software program that automatically segments GGNs and allows 
for adjustment of roundness and density level and then calculates the volume and mass in a 
chest phantom study with 8 nodules of diff erent size and density. In addition we investigated 
the infl uence of CT scanner, reconstruction algorithm, tube voltage and tube current on the 
measurements.

Methods

Phantom

An anthropomorphic thorax phantom (Lungman, Kyoto Kagaku, Tokyo,Japan) with artifi cial 
heart, lung vessels, thorax wall, diaphragm and liver was used. Th e phantom consists of an ac-
curate life-size anatomical model of a male torso with soft tissue substitute materials made of 
polyurethane resin composites and synthetic bones made of epoxy resin with x-ray absorption 
rates very close to those of human tissue. Th e space between the lung vessels in the thoracic 
cavity consisted of air. We inserted 8 artifi cial spherical lung nodules with a smooth surface in 
4 diameters (5, 8, 10 and 12 mm, corresponding to a volume of 65, 268, 523 and 904 mm3) and 
2 CT densities (-800, and -630 Hounsfi eld Units (HU)). See table 1 and fi gure 1 for all nodule 
characteristics and location in the phantom. Th e artifi cial solid nodules were made of polyure-
thane resin and the artifi cial non-solid nodules were made of polyurethane foam resin.
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CT protocol 

CT scans typical for a low dose screening protocol were obtained on four CT scanners: two 
16-slice CTs, a 64-slice CT, and a 256-slice CT (Mx8000 IDT, Brilliance 16P, Brilliance 64, and 
Brilliance iCT, Philips Medical Systems, Cleveland, Ohio). For all CTs, the same slice thickness 
of 1 mm was used with tube voltage of 120 kVp and a tube current–time product of 25 mAs. 
The CTs were reconstructed using a soft ‘b’ and a sharper ‘c’ filter, resulting in a total of eight 
sets of images available for evaluation. To determine the influence of kVp and mAs on the ac-
curacy of the mass measurements we varied mAs at 120 kVp and kVp at 25 mAs on the Bril-
liance iCT for a total of seven combinations (table 2). All scans were performed sequentially on 
a single day without changing the position of the nodules in the phantom.

GGN quantification protocol

The lung nodules were measured on a standard personal computer using prototype software 
(Fraunhofer MEVIS, Bremen Germany, and Diagnostic Image Analysis Group, Nijmegen, The 
Netherlands). The algorithm is based on previously published techniques for segmentation of 
solid pulmonary nodule [7]. By placing a cursor on the nodule of interest and clicking with the 
mouse the software automatically delineated the nodule and quantified its diameter, volume, 

Table 1 

Characteristics of the 8 ground glass nodules in the phantom.

nodule	 density	 diameter	 volume	 weight	 perivascular	
number	 	(HU)	 	(mm)	 	(mm3)	 	(milligram)	

1 -800 5 65.4  13.1 +/-

2 -800 8 268  53.6 -

3 -800 10 523.6  104.7  +

4 -800 12 904 181.0  ++

5 -630 5 65.4  24.2  +

6 -630 8 268  99.2  +/-

7 -630 10 523.6  193.7  -

8 -630  12 904 334.8  +/-

Table 2

CT acquisition protocols.

CT	 Brilliance	 Brilliance	 Brilliance	 Mx8000	
scanner	 16	P	 ICT	256	 64	 IDT

kVp 120 120 120 80 100 120 120 120 120 120 120 120 120

mAs 25 25 25 25 25 100 50 25 25 25 25 25 25

filter b c c c c c c c b b c b c
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Nodule 5: 5 mm -630HU  Nodule 6: 8 mm -630HU 

Nodule 7: 10 mm -630 HU Nodule 8: 12 mm -630 HU

Figure 1

Nodules included in the phantom study. The larger image on the left shows an axial cross-section. 
The three smaller images on the right show, from top to bottom, a zoomed in axial, coronal and 
sagittal cross-section, respectively.

Nodule 1: 5 mm -800 HU Nodule 2: 8 mm -800 HU

Nodule 3: 10 mm -800 HU Nodule 4: 12 mm: -800 HU
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density and weight. Two parameters, density threshold value and roundness versus irregularity, 
can be adjusted by the observer. Density threshold values for the nodule segmentation were set 
to -850 HU as lower limit and -150 HU as upper limit. 

A first measurement was done using the default values of the program without any further ad-
justment by the observer. Segmentations were subjectively rated on a five point scale: ‘complete 
failure’, ’poor’, ’fair’, ’good’ and ’perfect’. A second measurement was performed if the segmen-
tation result of the first measurement was considered less than ‘perfect’. In this second mea-
surement the observer was allowed to adjust roundness and/or density. Enlarged multi planar 
reconstructions in three directions which are presented simultaneously with the axial image 
were used to judge the quality of the segmentation and to judge the effect of the adjustment 
made (figure 2). 

A

C

B

D

Figure 2

Illustration of exclusion of peri-vasculair vessels by adjusting the roundness.
  

Figures on the left (A and C) show inclusion of several vessel fragments in the segmentation. After adjustment of 
the ‘Roundness’ (B and C) vessel fragments are almost completely excluded.
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Data and Statistical Analysis

To evaluate the measurement accuracy, an absolute percentage error (APE) was used [8]. This APE 
was calculated as the absolute value of 100 * (measured value - true value)/true value. For the 
eight measurements with our standard technique mean APE values were calculated for the mea-
sured density, volume and mass of the nodule. Deviation of the measurements from the known 
nodule density, volume and mass and of the APE from zero error were analysed using descriptive 
statistics as median+/-interquartile range, graphically and by using the Wilcoxon signed rank test. 
Differences between protocols and CT scanners were analysed by using Mann-Whitney U Test 
and Kruskal Wallis test. One nodule with a measurement failure after adjustment was excluded 
from analysis (Nodule 2, CT Brilliance 64). P<0.05 was considered significant.

Results

GGN measurements

Without any adjustment 8 of 64 (12.5%) measurements in our series with 25 mAs and 120 kVp 
were perfect and 29 of 64 (45.3%) were good. After adjustment of roundness and/or density 58 
of 64 (90.6%) were perfect or good, 6 (9.4%) were considered poor, fair or failure.

GGN density, volume and mass measurements at 120 kVp and 25 mAs using soft and sharper 

filters

Mean density APE ranged from 2% for 5 mm -800 HU nodule to 11% for the 8 mm -800 HU 
nodule. Mean volume APE ranged from 2% for the 10 mm -630 HU nodule to 36% for the 5 mm 
-800 HU nodule. Mean mass APE ranged from 5% (12 mm nodule) to 17% (5 mm nodule) for 
the nodules of - 630HU and from 15% (12 mm nodule) to 46% (8 mm nodule) for the nodules 
of -800HU. 

The measurements were not significantly different from the true values but the APE for volume 
and mass was significantly different from zero (no error, p<0.01). An explanation for the latter 
observation could be that in some nodules, mass was measured higher and in others lower than 
the truth which is detected only when an absolute percentage error is used. Data are further 
presented in table 3 and figure 3.

Influence of filters, kVp, mAs and CT scanner on GGN measurements

Differences in APE between filters for nodule density, volume and mass at 120 kVp and 25 
mAs were not significant (p=0.4, p=0.8, p=0.6) (figure 4). Also mAs did not significantly influ-
ence nodule density, volume and mass (p=0.9, p=0.96, p=0.97). Decreasing the tube voltage to  
80 kVp increased the APE for mass from 28% to 46%, which is explained by the APE for volume 
which increased from 12% to 36% while the APE for HU was the same 7% for 120 kVp and  
80 kVp. The errors that can occur at 80 kVp are illustrated in figure 5 where obvious noise in the 
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image results in an underestimation of the volume while density measurement remained accu-
rate. These differences in volume and mass measurements did not reach significance (p=0.8, p= 
0.4), although the 46% APE was the largest error we observed in any of the CT series. Regarding 
the four CT scanners, we did not find a significant difference in APE for density (p=0.8), volume 
(p=0.6) and mass (p=0.8).

Table 3

Results of the nodule measurements on the CT scans of the phantom.

	 	 true	value	 	 	 measured	value

nodule	 density	 vol.	 mass	 density	(HU)	 	 volume	(mm3)	 mass	(mgram)

	
HU	 mm3	 mgram

	 median	 IQR	 	 median	 IQR	 median	 IQR

1 -800 65.4 13.1 -804.3 -808.2 -785.7 43.8 35.0-67.8 8.7 6.7-14.6

2 -800 268 53.6 -696.2 -742.2 -678.7 278.4 217.7-316.1 68.5 66.2-91.1

3 -800 523.6 104.7 -756.6 -777.9 -751.4 462.3 420.1-570.2 114.6 93.4-140.4

4 -800 904 181.0 -781.3 -789.7 -773.7 873.2 752.7-951.1 190.9 158.8-213.8

5 -630 65.4 24.2 -690.4 -694.4 -686.2 65.7 61.4-68.1 20.1 19.0-21.4

6 -630 268 99.2 -679.6 -688.1 -665.6 273.8 267.5-320.2 87.5 82.9-107.2

7 -630 523.6 193.7 -685.0 -688.5 -681.2 532.1 520.9-538.9 168.6 163.0-170.8

8 -630 904 334.8 -653.2 -653.2 -650.1 967.8 910.6-1013.2 336.9 309.2-353.3

Measured nodule values are the average of eight measurements with the standard technique:  
120 kVp and 25 mAs.
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Figure 3

Absolute Percentage Error (APE) in mass, volume and density measurement.
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Figure 4 a-d

Absolute Percentage Error (APE) in Mass, Volume and Density measurements at different reconstruction algori-
thms (A), kVp (B), mAs (C) and CT scanner (D).
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Discussion

Since volumetry is preferable to diameter measurements to quantify growth rate of GGNs as an 
indicator of malignancy, we evaluated a prototype software program that semi-automatically 
measures density, mass and volume.. To the best of our knowledge our study is the first to focus 
not only on computer aided segmentation and volume measurement of GGNs but also on mass 
measurement. Our study shows promising results in the volume and mass measurements of 
nodules with different sizes and different densities. After easy manual adjustments overall ab-
solute percentage of error of volume and mass measurement of 5% and 13% was achieved with 
measurements that are done rapidly, within one second of computation time.

There have been limited reports on mass measurements of GGNs [9-11] Oda et al [10] reported 
errors between -4.1% and 7.1% in a study with a different phantom with nodules measuring 

Note gross underestimation of volume due to noise in the 80 kVp image.  
Density measurement remained accurate.

Figure 5

Nodule 2 of 8 mm and density -800 HU at 80 kVp (top) and 120 kVp (bottom).
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5 mm or more, but they only used high dose CT scans which does at least not apply to screen-
ing studies or follow-up studies for clinically detected nodules. Our results of lowering the dose 
compare favorably to Linning and Daqing [11] who varied mAs in a phantom study with a tube 
current ranging from 30 mA to 210 mA resulting in a mAs of 15 to 105 mAs. Their nodules 
were all fairly large between 589 mm3 to 897 mm3. They reported an absolute percentage error 
from 0.14% to 22.67% with a mean relative percentage error ranging from -6.7% at 60 mA to 
2.32 % at 120 mA. Taken into account the big differences between the nodules in this study and 
in ours this result is not strikingly different from the absolute percentage error of 7% that we 
found with our 12 mm nodules. 

We did not find important differences between various generations of CT scanners from a 
single vendor or between filters. In contrast however to multiple studies [12,13] in solid nodules 
we did find negative influence of lowering the kVp to 80. This result was not statistically sig-
nificant which could be explained by our small sample size. However, errors increased to 46% 
and our personal impression, as illustrated in figure 5, suggests that dose needs more careful 
consideration in GGNs compared to solid nodules. 

Small visible imperfections of the segmentation process were noted in excluding vessels, in all 
the nodules in this phantom where the vessels were adjacent to the nodule. Inclusion of part of 
the vessel will artificially raise the apparent mass of the nodule. In a clinical setting this situa-
tion will be even more complex since we do not just have to deal with vessels adjacent to, but 
also vessels running through a GGN and GGNs can have solid components. Further research is 
warranted for this challenging problem.

Limitations of the study are mainly inherent of the fact that we used a phantom.
This removed any disturbing influence of voluntary and involuntary movement of the subject. 
Nodules in the phantom were perfectly round, and this may have made it easier to adjust the 
measurement to an optimal result. Another limitation is that nodules did not contain vessels 
running through it that could influence the accuracy of the measurements.
Another limitation lies in the fact that nodules in our phantom are surrounded by air, not lung 
tissue, and our lowest density nodules only differ 200 HU from its surroundings.
This might explain why measurements in these nodules were less accurate when compared with 
the -630 HU nodules. 

In conclusion, computer aided segmentation and mass measurement of GGNs by the prototype 
software shows promising results in this phantom study. Care must be taken in choosing the 
technical parameters of the CT for GGN quantification since too much noise in the image can 
result in inaccurate results.
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Rationale

Accurate measurement of subsolid pulmonary nodules (SSN) is becoming increasingly im-
portant in the management of these nodules. SSNs were previously quantifi ed with time-
consuming manual measurements. Th e aim of the present study is to test the feasibility of 
semi-automatic SSNs measurements and to compare the results to the manual measurements.

Methods

In 33 lung cancer screening participants with 33 SSNs, the nodules were previously quantifi ed 
by two observers manually. In the present study two observers quantifi ed these nodules by 
using semi-automated nodule volumetry software. Nodules were quantifi ed for eff ective diam-
eter, volume and mass. Th e manual and semi-automatic measurements were compared using 
Bland-Altman plots and paired T tests. Observer agreement was calculated as an intraclass 
correlation coeffi  cient. Data are presented as mean (±standard deviation).

Results

Semi-automated measurements were feasible in all 33 nodules. Nodule diameter, volume and 
mass were 11.2 (3.3) mm, 935 (691) ml and 379 (311) milligrams for observer 1 and 11.1 (3.7) 
mm, 986 (797) ml and 399 (344) milligrams for observer 2, respectively. Agreement between 
observers and within observer 1 for the semi-automatic measurements was good with an intra-
class correlation coeffi  cient >0.89. For observer 1 and observer 2, measured diameter was 8.8% 
and 10.3% larger (p<0.001), measured volume was 24.3% and 26.5% larger (p<0.001) and mea-
sured mass was 10.6% and 12.0% larger (p<0.001) with the semi-automatic program compared 
to the manual measurements.

Conclusion

Semi-automated measurement of the diameter, volume and mass of SSNs is feasible with good 
observer agreement. Semi-automated measurement makes quantifi cation of mass and volume 
feasible in daily practice.

Key Points

Semi-automatic measurement of SSNs is feasible with good observer agreement.
Semi-automatic measurement makes quantifi cation of mass and volume feasible in daily prac-
tice.

Abstract
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Introduction

Lung cancer screening with computed tomography (CT) has increased the awareness of a 
specifi c subtype of pulmonary nodules: the subsolid nodule (SSN). A SSN is defi ned as a cir-
cumscribed area of increased lung attenuation with preservation of the bronchial and vascular 
margins and also referred to as a ground glass opacity [1]. A SSN can be part-solid (part of 
the nodule completely obscures the underlying lung parenchyma) or pure nonsolid. Persistent 
SSNs have a high likelihood of malignancy. Th e ELCAP study [2] reported a malignancy rate of 
34% for all nonsolid SSNs, 18% for pure ground glass lesions and 63% for part-solid SSNs. For 
part solid lesions even higher malignancy rates with numbers up to 75 % are reported [3].
Recently, a statement from the Fleischner Society with recommendations for the management 
of SSNs detected at CT was published [4]. It was recommended that, because most non solid 
SSNs prove either to be benign or pre malignant, a 3 month and then annual follow up is ap-
propriate. A monitoring strategy can obviate unnecessary surgery and potentially avoid over-
diagnosis in cases in which no change is identifi ed. Monitoring should also allow early identi-
fi cation of lesions that will prove to be adenocarcinomas manifesting as pure nonsolid SSNs. 
For solitary part-solid SSNs, especially those in which the solid component is larger than 5mm, 
it was stated that, when persistent, these should be considered malignant until proven other-
wise. It is evident that accurate automated measurements of SSNs can be valuable to follow 
these recommendations and detect (absence) of growth as early as possible. For that purpose 
volume measurements are preferable to diameter measurements. For SSNs there is evidence 
that mass measurements are preferable to volume measurements [5]. However, most volumetry 
software is developed for solid pulmonary nodules and fails when segmenting SSNs. SSNs were 
manually segmented previously by two observers which took about 10 minutes for each nodule, 
making it inappropriate for daily routine [5]. Recently, software has become available for semi-
automatic segmentation of SSNs in which these nodules are segmented within a second [6,7].

Th e aim of this study was to the test the feasibility of nodule volumetry software for SSNs and 
to compare diameter, volume and mass measurements on CT exams of subsolid pulmonary 
nodules of the semi-automated software to the results of the manual segmentations.

Methods

Study Participants 

Th is is an ancillary study of the Dutch-Belgian Lung Cancer Screening Trial (NELSON trial; 
ISRCTN63545820). Th e NELSON trial was approved by the Dutch and Belgian Ministries of 
Health and by the ethical review board of the participating hospitals. Written informed consent 
was obtained from each participant. Th e trial population comprised current or former smokers 
between 50 and 75 years old at time of inclusion with a smoking history of at >15 cigarettes/day 
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during >25 years or >10 cigarettes/day during >30 years. Former smokers were included only 
if they quit smoking ≤10 years before the start of the study. Exclusion criteria for participating 
in the lung cancer screening trial were self-reported moderate or poor health status and/or 
inability to climb two flights of stairs, recent chest CT, current or previous history of cancer at 
time of inclusion, and body weight ≥140 kg. Participants were randomized to the screening arm 
(screening with low-dose CT) or the control arm (no imaging). 
For the current analysis, all 2994 baseline CT examinations performed at one of the study 
sites (University Medical Center, Utrecht, the Netherlands) were included. All 33 SSNs >5 mm 
detected in 33 volunteers and recorded in the NELSON Management System were used in our 
current evaluation. 

CT Scanning and reading protocol 

The NELSON protocol included a low-dose CT-examination. Patients were imaged using a 
16-detector-row CT scanner (Mx8000 IDT or Brilliance-16, Philips Medical Systems, Cleve-
land, OH) in helical mode with 16x0.75 mm collimation and 15 mm table feed per rotation 
(pitch 1.3). CT acquisition was done in full inspiration. No intravenous contrast was injected. 
Exposure settings were 30mAs at 120kVp for patients weighing <80kg, and 30mAs at 140kVp 
for those weighing more than 80kg. Axial images of 1.0 mm thickness were reconstructed at 
0.7 mm increment with a 512x512 matrix, using a moderately soft kernel and the smallest field 
of view (FOV) that included both lungs. The CT exams were evaluated by double reading with a 
consensus reading in case of discrepant results. All CT exams were read for nodules and detect-
ed nodules were characterized as solid nodule or subsolid nodule, either nonsolid or part-solid.

Subsolid nodule evaluation and measurements: detected SSNs.

Of the 33 participants with a GGN 25 (76%) were male. The age was 61.5 (SD 6.4) years, the 
number of packyears was 41.1 (SD 19.0) and 17 (51.5 %) were current smokers All included SSNs 
were manually segmented previously by two observers.(BdH,SvdV) These results and the agree-
ment between the observers have previously been published [5]. 
For the present study a software program was used to semi-automatically segment and quantify 
the nodule . Two observers, one with 10 years experience with chest CT (PdJ) and one with over 
30 years experience (ETS) measured the nodules independently with this software program. One 
observer (ETS) repeated the measurements after >1 month to assess intraobserver agreement.
The prototype of this software program has been described previously [6] and was adapted to 
handle SSNs. The user can either click a center point or draw a stroke on the largest diameter of 
the nodule as an input to the algorithm. Based on this user input, a volume of interest (VOI) is 
automatically defined around the nodule. An initial segmentation is acquired by region growing 
using thresholds applicable to subsolid nodules. Default value for the lower threshold is -750 
HU, and for the higher threshold -150 HU. Two parameters, density threshold value and round-
ness versus irregularity, can be adjusted by the user of the program to optimize the segmenta-
tion if this is felt to be necessary by the observer.
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Finally, a sequence of morphological operations is used to remove the chest wall and adjacent 
vessels, if applicable.
SSN mass was calculated by expressing attenuation values in terms of physical density. CT at-
tenuation in Hounsfield units can be translated directly into physical density in milligrams per 
milliliter by adding 1000 to the Hounsfield unit value . For soft-tissue nodules, the prerequisites 
for this approach are that the nodule contains no calcium and that no contrast material was 
injected. The mass within the nodule volume, as outlined on all sections that contained the 
nodule, was calculated by multiplying nodule volume by mean nodule density (ie, mean CT 
number + 1000) [8]. 

Data analysis

Data are presented as mean and standard deviation (SD) or percentage (%). Diameter, volume 
and mass of the SSNs were compared between the mean of the two results of the manual mea-
surement and the various semi-automatic measurements using the method described by Bland 
and Altman [9] and by paired T-tests. Observer agreement was calculated as an intraclass cor-
relation coefficient. P-values <0.05 were considered significant.

Results

Subjects and nodule characteristics

Thirty-three participants had a total of 33 SSNs at baseline according to NMS. The semi-au-
tomated program failed in none of the nodules. Of these 33 subsolid nodules, 19 were pure 
ground glass and 14 were part-solid. The mean diameter was just above one centimetre (table 
1). Observer 1 did not make any adjustment to the semi-automated measurements in 22 (67%) 
of the measurements, in 7 (21%) the density cut-off was adjusted and in 4 (12%) the roundness 
was adjusted. Observer 2 did not make any adjustment in 24 (73%) of the measurements and 
the density threshold was adjusted in 9 (28%) cases. Manual measurements involved about 10 
minutes per SSN and semi-automatic measurements involved a few seconds.

Comparison of manual and semi-automatic measurements and observer agreement
Nodule diameter, mass and volume were significantly different between the mean values of 
the two manual measurements and semi-automated measurements (all p<0.05), except for the 
mass measurements performed by observer 2 (table 1). The average difference between manual 
and the three semi-automated measurements was in diameter 1.0 to 1.4mm, in volume 215 to 
271 ml and in mass 32 to 52 mg. On average diameter, volume and mass were measured 8.8%-
10.3%, 24.3%-26.5% and 10.6%-12.0% smaller with the manual measurements when compared 
to the semi-automated measurements (figure 1). The intraclass correlation between and within 
observers was good (>0.89, table 2) and the agreement was best for mass measurements.
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Table 1

Results of manual and semi-automatic measurements of 33 subsolid nodules on CT.

	 semi-automatic	 	 manual	 	 difference	
	 measurements	 	 measurement	

	 mean	 SD	 mean	 SD	 p-value

observer 1 first     

diameter (mm) 11.2 3.3 12.2 3.7 <0.001

volume (ml) 935 692 1201 934 <0.001

mass (milligrams) 379 311 431 369 0.007

observer 1 second     

diameter (mm) 10.8 3.8 12.2 3.7 <0.001

volume (ml) 930 809 1201 934 0.001

mass (milligrams) 378 341 431 369 0.020

observer 2     

diameter (mm) 11.1 3.7 12.2 3.7 <0.001

volume (ml) 985 797 1201 934 0.001

mass (milligrams) 399 344 431 369 0.070

Table 2 

Between and within observer agreement for semi-automatic subsolid nodule measurements.

	 	 diameter	(mm)	 volume	(ml)	 mass	(milligrams)

observer 1,first  reading  
versus  0.89 0.92 0.95
observer 1, second reading    

observer 1, first reading 
versus   0.95 0.94 0.97
observer 2, reading   

observer 1, second reading 
versus  0.90 0.92 0.95
observer 2   

Data given are intraclass correlation coefficients.
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Figure 1 a-f

Bland-Altman plots of relative differences between manual and semi-automatic measurements of subsolid 
nodules on CT for diameter, volume and mass.
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Discussion

Our results show that semi-automated measurement of SSNs is feasible with good observer 
agreement. This result is in agreement with the previous conclusions of Oda et al [10] who con-
cluded that with computer-aided volumetry of subsolid nodules, the relative volume measure-
ment error was small for nodules 5 mm in diameter or larger. Intraobserver and interobserver 
agreement was relatively good for nodules 8 mm in diameter or larger.

SSN dimensions measured by semi-automated volumetry software compared closely to the re-
sults of manual measurements, but dimensions were slightly larger. These results are promising 
as the importance of SSN quantification is increasingly recognized and manual measurements 
are impractical due to the time involved in the segmentation.
SSNs are a major challenge, both clinically [11] and in a lung cancer screening setting [2], because 
these nodules are relatively rare, slow growing, often multiple and bear a high malignancy rate. 
Although transient SSNs can represent a large range of benign diseases, persistent SSNs have 
a high likelihood of malignancy, with reported malignancy rates ranging from 18% to 75% [2,3]). 
In the first round of the Dutch-Belgian lung cancer screening trial only 2.0% of the detected 
nodules, of the total of 8673 nodules found in 7557 participants, were nonsolid nodules or part-
solid nodules[12]. In the NELSON trial volumetry software was used to measure dimensions of 
solid nodules, because volumetry has been proven to be superior to diameter measurements 
in terms of accuracy and reproducibility. The SSN were assessed visually and by manual diam-
eter measurement as no volumetry software was available for SSNs and voumetry software for 
solid nodules often failed when segmenting SSNs. However, for SSN accurate measurement is 
becoming increasingly important, too, as differentiation between benign and malignant nod-
ules is largely based on change in size or on the development of a solid component. Recently, 
a statement from the Fleischner Society with recommendations for the management of SSNs 
detected at CT was published [4]. For persistent solitary nonsolid nodules it was recommend-
ed that monitoring is appropriate to enable early detection of even subtle interval change in 
their appearance. Such monitoring could prevent overtreatment and allow early identification 
of growing lesions that prove to be adenocarcinomas. For solitary part-solid SSNs, especially 
those in which the solid component is larger than 5mm, it was stated that these should be 
considered malignant until proven otherwise provided no regression of the nodule is seen at a 
follow-up CT examination performed in 3 months. It is evident that accurate semi-automated 
measurements of SSNs can be valuable to follow these recommendations and detect growth as 
early as possible. Furthermore, for SSNs there is evidence that mass measurements are prefer-
able to volume and diameter measurements [5].
In order to be feasible in clinical practice segmentation of SSNs must not be time consuming 
but easy and swift. In a previous study, SSNs were manually segmented by two observers and 
it took them about 10 minutes to segment one nodule. Recently, software has become avail-
able for semi-automated segmentation of SSNs in which nodules can be segmented in a few 
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seconds. By using the new software semi-automated measurement of SSNs were found to be 
feasible with good observer agreement. Reported SSN dimensions compared closely to manual 
measurements, but dimensions with the semi-automated approach were slightly larger than 
the manual measurements. The applied semi-automated software has previously been tested 
in an anthropomorphic phantom study [13]. In that study the semi-automated measurements 
compared closely to the true values without systematic errors. It may therefore well be that the 
manual measurements systematically underestimate nodule dimensions. The semi-automated 
software can now be further tested to investigate the interscan error in the large amount of CT 
imaging data that has been acquired as part of lung cancer screening trials.

Our study is limited by the lack of a true ‘gold’ standard as we compared our results to those of 
manual segmentations. The semi-automated segmentation measured the nodules systematically 
larger. Our study does not provide scientific evidence that semi-automatic segmentation is more 
accurate than manual segmentation. However, visual inspection in the coronal and sagital planes 
suggests that the semi-automatic measurements were more accurate as there were skip artefacts 
visible in the manually drawn contours.(Fig 2) This is also supported by previous phantom stud-
ies with the semi-automatic software in which no systematic errors were found [13].
Another limitation is the relative small number of nodules in our series. This made us refrain 
from analyzing even smaller subdivisions since this would not give significant results.
In conclusion, our study shows that semi-automated measurements of diameter, volume and 
mass of subsolid nodules are feasible with good observer agreement and without taking extra 
time. This makes semi-automated measurements appropriate to be used in daily clinical and 
screening practice.

Figure 2

Illustration of manual and semi-automatic nodule segmentation on CT.

The semi-automatic measurement is presented in fig.2a, and the manual measurement in fig.2b. At the right side 
are 3 zoomed images from top to bottom axial, coronal and sagital plane. Note the irregularity of the manual 
measurements in the coronal and sagital plane. This is because manual segmentations are done in the axial 
plane, while semi-automatic measurements are truly 3D.
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Rationale

We aimed to test the interscan variation of semi-automatic volumetry of subsolid nodules 
(SSNs) as growth evaluation is important for SSN management.

Methods

From a lung cancer screening trial all SSNs that were stable over at least 3 months were includ-
ed (N=44). SSNs were quantifi ed on the baseline CT by two observers using semi-automatic 
volumetry software for eff ective diameter, volume and mass. One observer also measured the 
SSNs on the second CT scan three months later. Interscan variation was evaluated using Bland-
Altman plots. Observer agreement was calculated as intraclass correlation coeffi  cient (ICC). 
Data are presented as mean (± standard deviation) or median and interquartile range (IQR).

Results

Semi-automatic measurements were feasible in all 44 SSNs. Th e interscan limits of agreement 
ranged from -12.0% to 9.7% for diameter, -35.4% to 28.6% for volume and -27.6% to 30.8% for 
mass. Agreement between observers was good with intraclass correlation coeffi  cients of 0.978, 
0.957 and 0.968 for diameter, volume and mass, respectively. 

Conclusion

Our data suggest that when using our software an increase in mass of 30% can be regarded as 
signifi cant growth.

Abstract
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Introduction

Lung cancer screening with computed tomography (CT) has increased the awareness of a 
specifi c subtype of pulmonary nodules; the subsolid nodule (SSN). A SSN is defi ned as a cir-
cumscribed area of increased lung attenuation with preservation of the bronchial and vascular 
margins. It is also referred to as a ground glass opacity [1]. A SSN can be part-solid (part of 
the nodule completely obscures the underlying lung parenchyma) or pure nonsolid. Persistent 
SSNs have a high likelihood of malignancy. Th e ELCAP study [2] reported a malignancy rate of 
34% for all SSNs, 18% for nonsolid nodules and 63% for part-solid SSNs. Others reported even 
higher malignancy rates for part-solid lesions up to 75 % [3].
Recently, a statement from the Fleischner Society with recommendations for the management 
of SSNs detected at computed tomography (CT) was published [4]. It was recommended that, 
because most nonsolid solitary SSNs prove either to be benign or to represent isolated foci 
of atypical adenomatous hyperplasia (AAH), adenocarcinoma in situ (AIS), or minimal inva-
sive adenocarcinoma (MIA), close monitoring of persistent nonsolid nodules is appropriate. 
A monitoring strategy can obviate unnecessary surgery and potentially avoid overdiagnosis 
in cases in which no change is identifi ed. Close monitoring should also allow identifi cation of 
growing lesions that prove to be adenocarcinomas manifesting as SSNs. For close monitoring 
reproducible measurements are mandatory and knowledge on the interscan error is required 
in order to defi ne growth.
For that purpose volumetric and automated measurements are preferable to diameter and 
manual measurements [5]. In a previous study, two observers manually segmented SSNs in or-
der to assess their volume and mass, which took about 10 minutes per nodule[5]. Recently, soft-
ware has become available for semi-automatic segmentation of SSNs in which these nodules 
are segmented within a few seconds [6].
Th e current data on interscan variatiability of SSNs is limited [7,8]. Park et al [7] reported on the 
interscan variablity of volume and attenuation of SSNs, but included only nonsolid SSNs. Kim 
et al [8] reported on measurement variability of volume and mass in nonsolid and part-solid 
nodules, but they excluded part-solid nodules with a solid component greater than 5 mm.
Th e aim of the current study was to the test interscan variation and interobserver agreement 
of SSN nodule of semi-automated measurements of diameter, volume and mass in order to 
establish the percentage of change indicative of signifi cant growth.

Methods

Study Participants 

Th is is an ancillary study of the Dutch-Belgian Lung Cancer Screening Trial (NELSON trial; 
ISRCTN63545820). Th e NELSON trial was approved by the Dutch Ministries of Health and by 
the ethical review board of the participating hospitals. Written informed consent was obtained 
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from each participant. The trial population comprised current or former smokers between 50 
and 75 years old at time of inclusion with a smoking history of at >15 cigarettes/day during >25 
years or >10 cigarettes/day during >30 years. Former smokers were included only if they quit 
smoking ≤10 years before the start of the study. Exclusion criteria for participating in the lung 
cancer screening trial were self-reported moderate or poor health status and/or inability to 
climb two flights of stairs, a chest CT in the twelve months before inclusion,, and body weight 
≥140 kg. Other exclusion criteria were: a current or previous history of cancer in the last five 
years, at time of inclusion, a history of melanomas, breast cancer or hypernephroma anytime 
or a previous pneumonectomie.
Participants were randomized to the screening arm (screening with low-dose CT) or the con-
trol arm (no imaging). 
For the present study, we investigated all 94 participants who had a stable SSN >5  mm for 
a period of maximal twelve months recorded in the NELSON Management System from the 
CT screening arm from the Dutch centers (University Medical Center Groningen, University 
Medical Center Utrecht and Kennemer Gasthuis, Haarlem, The Netherlands). All CTs were 
carefully reviewed by two experienced reviewers, both with more than ten years experience in 
chest CT, to confirm the stable character of the nodule visually. If one or both of, the reviewers 
had any doubt about the perfect stability of the nodule, the participant was excluded from this 
study. This procedure resulted in 44 included cases with 44 SSNs. 

CT Scanning and reading protocol 

The NELSON protocol included a low-dose CT-examination. Participants were imaged using a 
16-detector-row CT scanner (Somatom Sensation 16, Siemens Medical Solutions, Mx8000 IDT 
or Brilliance-16, Philips Medical Systems, Cleveland, OH ) in helical mode with 16x0.75 mm 
collimation and 15 mm table feed per rotation (pitch 1.3). CT acquisition was done in full in-
spiration. No intravenous contrast was injected. 
Depending on the body weight (<50, 50—80 and >80 kg) the kVp settings were 80—90, 120 
and 140 kVp. To achieve a CTDIvol of 0.8,1.6 and 3.2 mGy, respectively, the mAs settings were 
adjusted accordingly depending on the machine used.. Axial images of 1.0 mm thickness were 
reconstructed at 0.7 mm increment with a 512x512 matrix, using a moderately soft kernel and 
the smallest field of view (FOV) that included both lungs. The CT exams were evaluated by 
double reading with a consensus reading in case of discrepant results. All CT exams were read 
for nodules and detected nodules were characterized as solid nodule or subsolid nodule, either 
nonsolid or part-solid. 

Subsolid nodule evaluation and measurements

 For the current analysis, we retrospectively measured volume and mass of all 44 nodules with 
dedicated software, based on an established method for solid lesion segmentation [6] adapted 
for segmentation and volumetry of SSNs (CIRRUS Lung, Diagnostic Image Analysis Group, 
Nijmegen The Netherlands, Fraunhofer MEVIS, Bremen, Germany).

5



59Chapter 5 - Interscan variation of semi-automated volumetry of subsolid pulmonary nodules    |

Results of the measurement were:

n
on

so
lid

p
ar

ts
ol

id

Figure 1 a-d

Examples of successive segmentations of a nonsolid SSN (fig. 1a and 1b) and a part-solid SSN (fig. 1c and 1d). 

	 diameter	 volume	
	 in	mm	 in	mm3

fig. 1a 8.8 358.8

fig. 1b 8.7 345.0

perc.  99% 96%

fig. 1c 17.5 2790.8

fig. 1d 17.8 2947.6

perc. 102% 106%
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The user can either click a center point or draw a stroke on the largest diameter of the nodule 
as an input to the algorithm. Based on this input, a volume of interest (VOI) is automatically 
defined around the nodule. An initial segmentation is acquired by region growing using thresh-
olds applicable to subsolid nodules. Default value for the lower threshold is -750 HU, and for 
the higher threshold -150 HU. Two parameters, density threshold value and roundness versus 
irregularity, can be adjusted by the user. Finally, a sequence of morphological operations is used 
to remove the chest wall and adjacent vessels (figure 1).
Observer 1 (over 10 years experience with chest CT) measured the nodules semi-automatically 
in this way on the first and the second CT. To investigate the interobserver variation, a second 
reader (1 year experience with chest CT) measured the nodules on the first CT independently.

Data analysis

Data are presented as percentage (%) or mean and standard deviation (SD) for data with a 
normal distribution or as median and InterQuartile Range (IQR) for non-normally distrib-
uted data. Diameter, volume and mass of the SSNs were compared with Bland-Altman plots. 
Observer agreement was calculated as intraclass correlation coefficient. P-values <0.05 were 
considered significant.

Results

Subjects and nodule characteristics

Ninety-four subjects had a stable SSNs according to the database. Fifty of them were excluded, 
because on critical review by two experienced observers the stable character of the lesion could 
not be confirmed, leaving 44 subjects with 44 SSNs available for analysis. Thirty-three (75%) 
subjects were male. Mean age was 62.9 (SD 6.5) years, the median number of packyears was 
34.2 (IQR 28.0 to 44.3) and 24 (54.5 %) were current smokers. The semi-automatic program 
was successful in all nodules. Of the 44 nodules, 24 were nonsolid and 20 were part-solid. 
Mean diameter was 12.2 mm (SD 6.4 mm) (table 1). Observer 1 did not make any adjustments 
to the measurements in 61 of the 88 (69%) measurements, in 18 (20%) the density cut-off was 
adjusted and in 11 (13%) the roundness was adjusted. Semi-automatic measurements involved 
a few seconds.
Observer 2 did not make any adjustment to the semi-automatic measurements in 68 of the 88 
(77%) measurements, in 18 (20%) the density cut-off was adjusted and in 4 (5%) measurements 
the roundness was adjusted. 
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Interscan agreement: comparison first and second CT 

Mean difference between the first and the second CT was 0.2 mm, 167.4 mm3 and 55.8 mg 
for diameter, volume and mass, respectively. On average measurements were 2%, 9% and 6% 
greater on the second CT for diameter volume and mass respectively. 
Mean relative difference between the first and the second CT for the diameter was: -1.1%, 
(CI: -12.0% to 9.7%). For volume: 3.4%, (CI -35.4% to 28.6%) and for mass: -1.6% (CI: -27.6% to 
30.8%). Figure 2 a-c.

Observer agreement

Mean difference between the first and the second observer was 0.0 mm, 190.6 mm3 and 32.0 
mg for diameter, volume and mass, respectively. On average measurements were 0%, 10% great-
er and 3% smaller for the second reader for diameter, volume and mass respectively 
Mean relative interobserver variation for diameter was: 1.4% (CI -22.2% to 25.0%) For volume: 
3.8% (CI: -64.4% to 72.1%) and mass: 5.0% (CI -43.4% to 53.4%). Figure2d-f.
The intraclass correlation between the observers was best for diameter measurements with an 
intraclass correlation coefficient of 0.978 and good with intraclass correlation coefficients of 
0.957 and 0.968 for volume and mass respectively.

Table 1

Measurement results of 44 subsolid nodules on CT.

	 first	CT	 	 first	CT	 	 second	CT	
	 observer	1	 observer	2	 observer	1

	 mean	 SD	 mean	 SD	 mean	 SD 

diameter (mm) 12.2 6.3 12.2 6.9 12.4 6.7

volume (mm3) 1892.0 3411.2 2082.6 3992.0 2059.4 3741.6

mass (mg) 922.4 1904.2 890.4 1745.5 978.2 2009.5
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Figure 2 a-f

Bland-Altman plots of relative differences between the first and second measurement of one observer  
(fig 5.1a -5.1c) and between the two observers (fig 1d-1f) on CT for diameter, volume and mass of subsolid  
nodules.
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Discussion

Our results show that semi-automatic measurements of SSN are feasible with good interscan 
agreement. These results are promising as the importance of precise SSN quantification is in-
creasingly recognized and manual measurements are impractical due to the time involved in 
the segmentation.
SSNs are a major challenge, both clinically [9] and in lung cancer screening trials [2], because 
these nodules are relatively rare, slow growing, often multiple and bear a high malignancy rate. 
Although transient SSNs can represent a large range of benign diseases, persistent SSNs have a 
high likelihood of malignancy, with reported malignancy rates ranging from 18% to 75% [2,3]. In 
the first round of the Dutch-Belgian lung cancer screening trial only 2.0%, of the total of 8673 
nodules found in 7537 participants, were nonsolid nodules or part-solid nodules [10]. In this 
trial, for solid nodules volumetry software was used to measure nodule dimensions because 
volumetry had been proven to be superior to diameter measurements in terms of accuracy and 
reproducibility [5]. The SSN were assessed visually and by manual diameter measurements as no 
volumetry software for SSNs was available at the start of the trial. For SSN accurate measure-
ment is becoming increasingly important, as differentiation of benign and malignant nodules 
is largely based on change in size or on the development of a solid component. Recently, a 
statement from the Fleischner Society with recommendations for the management of SSNs de-
tected at CT was published [4]. For solitary nonsolid nodules and for solitary part-solid GGNs, 
in which the solid component is smaller than 5mm, it was recommended that close monitor-
ing is appropriate to enable early detection of even subtle interval change in their appearance. 
Such close monitoring requires precise measurements in order to detect early changes. So far, 
data on measurement variability of subsolid nodules is very limited. Park et al [7] included only 
nonsolid SSNs. 
Kim et al [8] were the first to investigated the measurement variability volume and mass in pure 
and part solid nodules with a solid portion less than or equal to 5mm. They reported a vari-
ability of mass measurements from -17.7% to 18.6% and a similar variation of volume measure-
ments of -17.3% to 18.5%. No significant correlation was found between the presence or the size 
of a solid portion and measurement variability.

The 95% confidence interval for difference for volume in our series was: -35.4% to 28.6% (mean 
difference -3.4%) and for mass -30.8% to 27.6% (mean difference -1.6%). The discrepancy of our 
results with those of Kim et al remain unclear.
In a previous study, SSNs were manually segmented with two observers, which took about 10 
minutes per nodule. Recently, semi-automatic software has become available for segmentation 
of SSNs in which nodules are segmented in a few seconds. This way, volumetry and mass mea-
surements of SSNs become feasible in clinical practice. The semi-automatic software has previ-
ously been tested in an anthropomorphic phantom study [11] and was furthermore compared 
to manual measurements. In the phantom study, the semi-automatic measurements compared 
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closely to the true values without systematic errors. In the comparison with manual measure-
ments, semi-automatic measurement of SSN showed a good observer agreement  [12].

Our study is limited by the relatively small number of nodules in the study that precluded the 
separate analysis of pure- and part-solid SSNs. Another limitation is the time laps between 
the two measurements due to the retrospective nature of our study. Average measurements 
of diameter volume and mass were respectively 2%, 9% and 6% greater on the second CT. It 
therefore cannot be excluded that some growth occurred in the period between the two CT’s 
that was not evident on critical review by two experienced observers.
Furthermore interobserver variation might be influenced by the difference in experience of the 
two observers. Another limitation is the lack of a true ‘gold’ standard, as we have no pathologi-
cal confirmation of our data. However, to assess change in size, precise measurements are more 
important than accurate measurement. 

In conclusion our study shows that semi-automatic measurement of the diameter, volume and 
mass of subsolid nodules is feasible within seconds with good interscan agreement. To mini-
mize the interscan variation it is advisable to have the measurements done by the same ob-
server for successive studies.
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Purpose

Pulmonary Subsolid nodules (SSNs) have a high likelihood of malignancy, but they are often in-
dolent A conservative treatment approach may therefore be suitable. Aim of the current study 
was to evaluate whether close follow-up of SSNs may be a safe approach.

Methods

Th e study population consisted of participants of the Dutch-Belgian lung cancer screening trial 
(NELSON). All SSNs detected during the trial were included in this analysis. Retrospectively, all 
persistent SSNs and SSNs that were resected after fi rst detection were segmented using dedi-
cated software and maximum diameter, volume and mass were measured. Mass doubling time 
(MDT) was calculated. 

Results

In total 7135 volunteers were included in the current analysis. Two hundred sixty-four SSNs 
in 234 (3.3%) participants were detected during the trial. Hundred forty-seven of these SSNs 
(63%) in 126 participants disappeared at follow-up, leaving 117 persistent SSNs in 108 (1.5%) 
participants available for analysis. Median follow-up was 95 months (range 20 – 110). Th irty-
three (28%) SSNs were resected, and 28 of those were (minimally) invasive. None of the non-
resected SSNs progressed into a clinical relevant malignancy. 

Conclusion

Persistent SSNs rarely developed into clinically manifest malignancies unexpectedly. Close 
follow-up with CT may be a safe option to monitor changes. 

Abstract
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Introduction 

Lung cancer screening with computed tomography (CT) has increased the awareness of a spe-
cifi c subtype of pulmonary nodules; the subsolid nodule (SSN). Currently, there are limited 
data that provide evidence and guidance how to manage these specifi c nodules [1,2]. An SSN is 
defi ned as a circumscribed area of increased lung attenuation with preservation of the bron-
chial and vascular margins and also referred to as a ground glass nodule (GGN). An SSN can 
be a part-solid GGN (part of the nodule completely obscures the underlying lung parenchyma) 
or a pure GGN (no completely obscured areas, hence pure ground glass) [3]. While transient 
SSNs can represent a large range of benign diseases, persistent SSNs have a high likelihood of 
malignancy, with reported malignancy rates ranging from 19.4% to 75% [4,5]. Th ese malignancy 
rates are much greater than the likelihood of malignancy of solid pulmonary nodules: Th e Early 
Lung Cancer Action Project (ELCAP) study reported a malignancy rate among their positive 
fi ndings of 34% for pure GGNs and 63% for part-solid GGNs, while only 7% of the solid nodules 
were malignant [1]. 
Despite their high malignancy rates, SSNs usually grow slowly with a low propensity of distant 
spread and they have an excellent prognosis [6,7]. Data suggest that resected SSNs often repre-
sent adenocarcinoma in situ (AIS)[8-12] and less aggressive treatment may be suitable for these 
nodules, especially in patients with severe co-morbidity. 
For solid pulmonary nodules, a volume doubling time (VDT) >400 days is often considered to 
refl ect benign histology 13-17]. Diagnosis and treatment of these slow growing solid nodules is 
usually considered overdiagnosis: diagnosis of ’disease’ that will never cause symptoms or death 
during a patient’s lifetime. Since SSNs usually have a slow growth rate with VDTs over 400 days, 
but with a high likelihood of malignancy, follow-up guidelines for solid pulmonary nodules 
are not appropriate for SSNs. In 2013, the Fleischner Society published recommendations for 
management of SSNs, but the committee emphasized that the recommendations were largely 
based on expert opinion [3]. To confi rm persistence of SSNs a three months follow-up CT was 
advised. Persistent pure GGNs >5 mm are recommended to be followed with an annual CT 
over at least three years. Persistent part-solid GGNs are recommended to be managed more 
aggressively, regardless of their size. For these nodules, further evaluation and resection was 
advised for patients without severe co-morbidities.
In the Dutch-Belgian lung cancer screening trial (NELSON; ISRCTN63545820) an approach 
of close follow-up of persistent SSNs was chosen [18]. Only SSNs with a solid component 
>500 mm3 at baseline were referred to a pulmonologist immediately. All other SSNs were fol-
lowed. Further evaluation was only indicated in case of increase in size (either total size or size 
of the solid component) or density. It was our objective to evaluate our close follow-up protocol 
for SSNs and relate the results to the new recommendations.
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Methods

Study Participants 

This is an ancillary study of NELSON trial, which was approved by the Dutch and Belgian Min-
istries of Health and by the ethical review boards of the participating hospitals [19]. Written 
informed consent was obtained from each participant. Details of the study population were 
described previously [19]. For the present study, we included all participants from the CT screen-
ing arm from the participating Dutch screening centers (University Medical Center Groningen, 
University Medical Center Utrecht and Kennemer Gasthuis, Haarlem, The Netherlands).

CT Scanning and reading protocol 

CT screening was done at baseline, one year and 3.5 years and 5.5 years after baseline plus addi-
tional follow-up CT exams in case indeterminate nodules were detected [18]. All CTs were read 
for noncalcified nodules and detected nodules were characterized as solid nodule or subsolid 
nodule, either pure GGN or part-solid GGN. Participants who were referred to a pulmonolo-
gist underwent diagnostic work-up including a standard dose CT with intravenous contrast, 
bronchoscopy, and/or biopsy. Based on the results of these exams, the pulmonologist eventu-
ally decided with the participant whether resection of the SSN was needed. 

Evaluation of subsolid nodules

All participants who had a SSN ≥5 mm according to trial database on any screening CT were 
identified. Previous and later exams from these participants were reviewed by two (chest) radi-
ologists with 30 and 10 years of experience, to detect possible unreported SSNs on previous or 
later CTs and to confirm the subsolid nature of the nodule. 

Size measurements 

During the trial, volumetry software (LungCare®, Siemens Medical Solutions) was used to mea-
sure nodule dimensions [18]. This software was developed for solid nodules and often failed 
when applied to subsolid nodules. Therefore, the diameter of SSNs was measured in the trial 
using electronic calipers. Based on results of these 2D measurements, volume was calculated 
by using the following equation:

volume = 4/3 π (diameter/2)3

When a solid component was present, the size of the solid component was quantified with 
the volumetry software. Increase in total volume or volume of the solid component >25% was 
considered growth in the original NELSON protocol. The radiologist was also allowed to refer 
a subject to the pulmonologist in case of visual impression of growth not supported by the 
measurements.
For the current analysis, we retrospectively measured volume and mass of all nodules with 
dedicated software, based on an established method for solid lesion segmentation, adapted for 
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segmentation and volumetry of SSNs [20]. (CIRRUS Lung, Diagnostic Image Analysis Group, 
Nijmegen The Netherlands, Fraunhofer MEVIS, Bremen, Germany). For the present study an 
increase of at least 30% of the mass of the nodule was considered as growth. This cut-off of 30% 
is based on our phantom study [21] and preliminary unpublished data on the interscan variation 
in our population.

Follow-up

Patient outcome was retrieved from the NELSON database that contained histological diagnosis, 
follow up, and vital status until november 2012. If needed, hospital information systems were 
investigated for additional details. 

Statistics

Growth was calculated by comparing actual mass to the mass at first detection and expressed 
as percentage. Growth rate was expressed as mass doubling time (MDT), using the following 
equation:

MDT (days) = (ln 2 x Δt)/(ln M2/M1)

Data are presented as median and interquartile range (IQR) for non-parametric variables and 
as mean and standard deviation for normally distributed variables. A Students t test was used to 
compare the subjects with an SSN to the total study population. P-values <0.05 were considered 
significant.
Statistical analysis was performed with software (IBM SPSS version 20, SPSS, Chicago)

Results

Study population and nodule characteristics

In total 7135 volunteers (1152 females (16.1%)) received at least a baseline CT. Median age at 
baseline was 58.0 years (IQR 8.0 yrs) and median smoking history was 38.0 packyears (IQR 19.8 
yrs); 3194 participants (44.8%) were still smokers at the date of inclusion. 
Two hundred sixty-four SSNs in 234 (3.3%) participants were detected during the trial. Hun-
dred forty-seven (63%) SSNs in 126 participants disappeared at follow-up, leaving 117 per-
sistent SSNs in 108 (1.5%) participants available for analysis, including 11 SSNs in eight par-
ticipants who were referred after baseline CT. In 5 other participants with 5 nodules changes 
in size could not be assessed because of missing data in 3 or inadequate segmentation of the 
nodule in 2 cases, leaving 101 nodules in 98 participants available for growth rate analysis Five 
participants had two SSNs, two participants had three SSNs. Eighty-one persistent SSNs were 
visible at baseline and 36 became first visible at follow-up. Baseline demographics are shown in 
table 1. Median follow-up time was 95 months (range 20 - 110). Median follow-up period after 
resection was 20 months (range 2 - 39). 
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Table 1

Baseline demographics.

characteristic	 participants	with	a	persistent	subsolid	nodule	N=108

age median (IQR) at baseline 62.0 (10.1) yrs

sex female n (%) 28 (26%)

smoking status current 57 (52.8%) 

  former  51 (47.2%)

smoking history median (IQR) 38 (19.8) years

pure GGN at detection 

number 69

size 11.1 (±3.6) mm Range: 5.1-22.6

part-solide GGN at detection 

number 48

size 12.7 (±6.2) mm Range: 4.6-34.3

SD = standard deviation / IQR = interquartile range.

 

Nodule size and type 

Pure GGNs

Sixty-nine SSNs were pure ground glass at the time of detection, including 37 nodules larger 
than 10 mm and 32 nodules <10mm. Twenty nodules (in 20 subjects) developed a solid compo-
nent, resulting in 49 pure GGNs at the last follow-up CT (figure 1). 
In the group of participants who developed in retrospect a solid component in a previously 
pure GGN, 13 participants were referred because of that nodule, and seven participants were 
not referred, since the original reader did not consider the nodule to be progressive. Of the 
remaining subjects with a pure GGN, 19 participants were referred for the following reasons: 
increase in size (n=9), visual impression of progression (n=8), appearance of multiple nodules 
suspect for metastatic disease (n=1), and growth of a SSN in combination with a suspicious 
solid nodule (n=1). 

Part-solid nodules

Forty-eight nodules were part-solid at detection. Thirty part-solid GGNs were ≥10 mm in di-
ameter and 18 part-solid GGNs were <10mm. Twenty pure GGN’s developed a solid compo-
nent, resulting in 68 part-solid GGNs at the last follow-up CT.
Twenty-five subjects, who had one part-solid GGN and one subject who had three part-solid 
GGNs at first detection were referred to a pulmonologist. Four subjects were referred a sec-
ond time after the pulmonologist put the participant back into the screening program after a 
negative evaluation of the nodule; one of those subjects was referred a third time, resulting in a 

6



73Chapter 6 - Towards a close CT monitoring approach?    |

total of 30 referrals because of a part-solid GGN. Reasons for the last referral were: increase in 
size (n=16), visual impression of either growth of the nodule or of the solid component or both 
(n=7), appearance of three nodules suspect for metastatic disease (n=1), or a solid component 
larger than 500 mm3 at baseline (n=1). 

Clinical Course

Non-referred nodules

Fifty-two participants with 58 nodules, including 30 nodules that were pure GGN at baseline, 
21 nodules that were part-solid GGN at baseline and seven pure GGNs that retrospectively 
developed a solid component, but were judged as non-progressive by the original reader, were 
followed according to the study protocol and never referred because of their SSNs (table 2). 
None of these 58 SSNs developed into a clinical relevant malignancy during follow-up. In this 
group of non-referred subjects, eight subjects died. Reported causes of death were pulmonary 
adenocarcinoma presenting as (another) solid nodule (n=6), esophageal carcinoma (n=1) and 
colon carcinoma (n=1).

Figure 1

Flowchart of nodule management for pure GGNs and part-solid GGN’s based on development of a solid com-
ponent and increase in mass >30%.
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Referred but non-resected nodules

Twenty-three participants with 26 SSNs, including eight pure GGNs and 18 part-solid GGNs , 
were referred, but did not have their SSN resected (table 2). Two of them had metastases from 
an extrapulmonary primary malignancy. One participant died from lymphoma. None of the 
other non-resected nodules developed into a clinical relevant malignancy. 

Resected nodules

Thirty-three SSNs were resected, including 11 pure GGN’s and 22 part-solid GGNs (table 2). 
Five SSNs turned out to be benign, including our only case of Atypical Adenomatous Hyperpla-
sia (AAH), nine SSNs were preinvasive lesions (AIS, originally diagnosed as Bronchoalveolair 
Carcinoma). Among these nine cases of AIS, there were six pure GGNs (mean size 15.2 mm  
± 3.1mm) and three part-solid GGNs (mean size 16.9 ±3.3mm) (p=0.21) (table 2). 
In this group of preinvasive lesions, three SSNs had only visual progression in the original as-
sessment according to the trial radiologist. 
Nineteen SSNs were diagnosed as invasive adenocarcinomas, of which six had only visual pro-
gression according to the original assessment. Among the invasive carcinomas there were four 
pure GGNs (mean size 12.9 mm ± 1.2 mm) and 15 part-solid GGNs (mean size 17.5 mm ± 9.2 
mm) (p=0.12) (table 2). 
All but one invasive carcinoma were stage IA (n=16) or IB (n=2). One invasive carcinoma was 
a stage IV at time of resection, which was delayed because of a competing malignancy. In this 
group of participants with a resected SSN, four participants died of lung cancer.

Growth rates 

Eight participants with 11 SSNs were referred after the first detection and had no follow-up 
CT. In five other participants with five nodules changes in size could not be assessed because 
of missing data in three or inadequate segmentation of the nodule in two cases, leaving 101 
nodules in 98 participants available for growth rate analysis (table 4).
Twenty-two SSNs were stable or decreased in size and 79 nodules showed growth. Relative 
increase in mass of the nodule as compared to the first appearance is graphically displayed in 

Table 2

Management and histology of all subsolid nodules at the last CT.

	 non-	 non-	 Benign		 adenocarcinoma					 invasive		 total	
		 referred		 resected		 	 in	situ	 carcinoma	

persistent pure GGN 30 8 1 6 4  49

persistent part-solid GGN 21 12 4 1  10 48

pure GGN that developed  
a solid component 7 6 0 2 5 20

total	 58	 26	 5	 9	 19	 117

 

6



75Chapter 6 - Towards a close CT monitoring approach?    |

figure 2. Two of the SSNs that were not referred or referred, but not resected, showed a mini-
mal increase in size that, in combination with a short follow up time resulted in a MDT <400 
days. Except for two benign nodules, all fast growing SSNs (MDT <400days) were invasive or 
minimal invasive, while the two fast growing benign nodules represented infections. Despite 
their invasive character, however, most invasive tumors were slow growers: 16 out of 19 (84.2%) 
had a MDT>400 days. 

Follow-up protocol

Only nine SSNs showed >30% increase in mass and a MDT <400 days, including three benign 
cases, three AIS and three invasive carcinomas (figure 1). The fast majority of invasive carcino-
mas had a MDT >400 days, making this cut-off inappropriate to discriminate between benign 
and malignant subsolid nodules. Table 3 shows the number of nodules that showed more than 
30% increase in size compared to baseline (i.e. mass on the first CT on which the nodule could 
be detected). Note that only one invasive carcinoma showed less than 30% increase in mass 
while none of the preinvasive lesions showed less than 30% increase in mass. The invasive car-
cinoma that showed less than 30% increase in mass, however, showed a significant increase in 
size of the solid component and was therefore referred and resected.

Table 3

Management and histology of the persistent stable and growing subsolid nodules.

	 growth	 non-	 non-	 Benign	 adeno-	 invasive	 total	
	 **	 referred	 resected	 	 carcinoma		 carcinoma	
	 	 	 	 	 in	situ	

pure GGN* <30% 14 1 0 0 0 15

 >30% 10  6 1 5 4  26

total	 	 24	 7	 1	 5	 4	 41

part-solid GGN* <30% 18  4 2 0 1 25

 >30% 7 9 2  3 14  35

total	 	 25	 13	 4	 3	 15	 60

*Nature of the SSN as assessed on the last CT scan.  
** Increase in mass compared to baseline CT (i.e. the first CT on which the nodule could be detected).  
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Discussion

In the current analysis, we describe our experience with close follow-up of subsolid nodules 
and further evaluation of growing SSNs and SSNs with a new or growing solid component only. 
This approach was found to be safe in a large lung cancer screening trial. We report that when 
using a cut-off of 30% increase in mass and/or volume of the solid component only, no clinical 
relevant carcinomas would have been missed during a median follow-up of 95 months as well. 
Recently Kim et al [22] found an interscan variability of −17.7% to 18.6% for the mass of subsolid 
nodules with solid portions ≤5 mm which we find supportive of our chosen cut-off value of 30% 
for significant growth. 
For persistent part-solid GGNs with a solid component >5mm, the new recommendations 
from the Fleischner Society are fairly aggressive because of their high likelihood of malignan-
cy [1]. We showed, however, that close follow-up may be a safe approach even though it is likely 
that many of the part-solid GGNs that were followed would have been diagnosed as malignant 
when resected. None of part-solid GGNs that were not resected developed into clinical relevant 
lung cancer in our cohort. 

For pure GGNs > 5mm, the Fleischner Society recommends further evaluation in case of nod-
ule growth. In the NELSON trial, the decision to refer a subsolid nodule to the pulmonologist 

Table 4

Mass doubling time for growing subsolid nodules.

growing	 follow-up	days	 mass	doubling	time	 volume	doubling	time	
nodules
(N=79)	 n	 mean	 SD	 median	 IQR	25-75	 median	 IQR	25-75

 33 pure GGNs

non referred 17 1292 798 2275 1083-3408 2530 1336-4581

non resected 6 1172 657 1064 692-1177 1204 685-1534

Benign 1 462 N.A. 683 N.A. 802 N.A.

AIS 5 1171 308 716 441-1257 713 427-1411

invasive 4 429 200 421 216-575 516 235-516

 46 part-solid GGNs

non referred 13 1348 739 2187 1273-4926 2399 1217-5819

non resected 11 1314 621 1234 942-2217 1576 1138-8260

Benign 4 837 608 1555 140-4389 1913 218-5421

AIS 3 378 347 277 74-NA 327 82-NA

invasive 15 899 327 575 516-1075 725 531-1092

SD=standard deviation  IQR=interquartile range
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for further evaluation was based on 25% increase in volume calculated from the diameter as 
measured with electronic calipers, irrespective of the baseline character of the nodule. In 15 
cases, there was visual progression either in size, density or size of the solid component only, 
as assessed by the radiologist. In eight of these cases, the nodule turned out to be either AIS 
(three) or invasive adenocarcinoma (five). We retrospectively measured volume and mass of 
all SSNs and reported that a total increase in mass <30% seems to be a reliable parameter to 
exclude clinical relevant malignancies, however for an increase >30% there is great overlap 
between malignant and non-malignant SSNs. 

For cancer screening to be effective, a good balance between the benefits and harms is required. 
One of the potential harms is the extent of overdiagnosis. This issue is still topic of debate in 
breast cancer screening [23,24]. Overdiagnosis has been reported to be a problem in lung cancer 
screening as well [25-27]. In lung cancer screening, detection and treatment of cancers with a 
VDT >400 days is often considered overdiagnosis [27]. When using this definition, detection and 
treatment of the vast majority of SSNs can be considered overdiagnosis despite their high likeli-
hood of containing malignant cells. In the current investigation, we retrospectively used mass 
doubling time instead of volume doubling time. Mass is a parameter that integrates volume 
and density, and will therefore not only increase when volume increases, but also when a solid 
component within a lesion develops or progresses. De Hoop et al showed that mass is a more 
sensitive parameter to detect progression than volume in SSNs and showed that even in the 
group of invasive carcinomas, the vast majority had a MDT >400 days [28]. 
In one case of invasive carcinoma mass did not increase, even though the solid component 
increased in size, because total size of the nodule decreased. Therefore, volumetry of the solid 
component is proposed as an additional indicator of growth of the nodule.

Recently Lee et al described their use of CT features to differentiate between invasive pulmo-
nary adenocarcinomas and preinvasive lesions in SSNs [29]. They observed that in pure GGNs a 
cut-off value of 10 mm was optimal for differentiation between a preinvasive lesions and inva-
sive adenocarcinomas with a sensitivity of 55.3% and a specificity of 100%. Lim et al described a 
cut off value of 16.4 mm in a series of 46 resected pure GGNs for differentiating invasive adeno-
carcinomas from preinvasive lesions [30]. We cannot confirm the findings of Lee et al since none 
of our resected nodules measured less than 10 mm and in contrast with Lee et al and Lim et al 
we did not find a significant difference in size between preinvasive and invasive lesions. In the 
group of part-solid nodules, invasive adenocarcinomas were significantly larger the preinvasive 
lesions in the series of Lee et al. We also found a larger size of invasive part-sold lesion com-
pared to preinvasive lesions. However this difference was not significant in our series, which 
can be attributed to our small number of only three part-sold preinvasive lesions.

Major strength of the currents analysis were the relative large size of the study population of 
this relatively rare, but important entity and the relative long follow-up. The study also suffers 
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from limitations. First of all, we do not know the exact malignancy rate among the studied 
SSNs, since the majority of the SSNs remained were not resected. Secondly, although diagnosed 
with stage Ia or stage Ib at time of resection, three subjects with a resected SSN died during 
follow-up. Thirdly, our results including the cut off value of 30% need external validation, pref-
erably in a prospective study. 

In conclusion, persistent SSNs have a high malignancy rate according to pathological analysis, 
but rarely developed into clinical manifest malignancies unexpectedly. Our data suggest that 
long-term follow-up with CT may be a safe option to monitor changes in persistent SSNs. 
We like to suggest that resection could be considered only in SSNs that show more than 30% 
growth or a new appearing or growing solid component.

	 A Non Referred Pure GGN B Non Referred Part-Solid GGN

	 C Referred Non Resected Pure GGN D Referred Non Resected Part-Solid GGN

 

Figure 2 a-d

Growth patterns on the persistent subsolid nodules in the trial.
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	 E Resected Benign Pure GGN F Resected Benign Part-Solid GGN

	 G Resected AIS Pure GGN H Resected AIS Part-Solid GGN

	 I Resected Invasive Pure GGN J Resected Invasive Part-Solid GGN

Figure 2 e-j

Growth patterns on the persistent subsolid nodules in the trial.

On the X-axis the number of days since the first apprearance, on the Y-axis the relative growth as compared to 
the first appearance. The horizontal gray line represents a relative increase of mass of 30%. The curved grey line 
represents a mass doubling time of 400 days.
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Figure 3  Illustration of a stable part-solid GGN.

january 2006 september 2008

The female trial participant was 57 years of age in 2006 and she was followed up until nov. 2012. The images 
show an axial cross-section with next to it the three zoomed in axial (top), coronal (middle) and sagittal (bottom) 
reconstructions, respectively. According to the Fleischner recommendations this nodule would have been resected.

 
Figure 4 a-d Illustration of a pure GGN that developed a solid component.

april 2004

june 2005

october 2004

july 2007

The male trial participant was 57 years of age in 2004 and he was followed up until nov. 2012. The images show 
an axial cross-section with next to it the three zoomed in axial (top), coronal (middle) and sagittal (bottom) re-
constructions, respectively. The nodule was classified as a pure GGN the first three CTs. The histological diagnosis 
was adenocarcinoma in situ (AIS).
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Objective

To determine whether semiautomatic volumetric software can diff erentiate part-solid from 
nonsolid pulmonary nodules and aid quantifi cation of the solid component.

Methods

As the reference standard 115 nodules were diff erentiated into nonsolid and part-solid by two 
radiologists, disagreements were adjudicated by a third radiologist. Th e diameters of solid 
components were measured manually. Semiautomatic volumetric measurements were used to 
identify and quantify a possible solid component, using diff erent Hounsfi eld Unit (HU) thresh-
olds. Th e measurements were compared with the reference standard and with the manual mea-
surements.

Results

Th e human reference standard detected a solid component in 86 nodules. Diagnosis of a solid 
component by semiautomatic software was dependent on the threshold chosen. A threshold 
of -350HU resulted in the detection of a solid component in 76 nodules with good sensitivity 
(92%) and specifi city (83%). At a threshold of -130 HU semiautomatic measurements of the size 
of the solid component (mean 2.4 mm, SD2.7 mm) were also comparable to manual measure-
ments done at mediastinal window setting (mean 2.3 mm, SD2.5 mm [p=0.63]).

Conclusion

Semiautomatic segmentation of subsolid nodules could diagnose part-solid nodules and quan-
tify the solid component similar to human observers. Th is method may prove useful in manag-
ing subsolid nodules.

Key points

• Semiautomatic segmentation can accurately diff erentiate nonsolid from part-solid 
pulmonary nodules

• Semiautomatic segmentation can quantify the solid component similar to manual 
measurements

• Semiautomatic segmentation may aid management of subsolid nodules following 
Fleischner Society recommendations.

Abstract
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Introduction

Lung cancer screening with computed tomography (CT) has increased the awareness of a spe-
cifi c subtype of pulmonary nodules; the subsolid nodule (SSN). SSNs can be subdivided in pure 
nonsolid nodules and part-solid nodules. A non-solid nodule consists only of ground glass, 
which is defi ned as increased lung attenuation with preservation of the bronchial and vascular 
margins. In a part-solid nodule, the solid part of the nodule completely obscures the underlying 
lung parenchyma. Persistent SSNs have a high likelihood of malignancy, with reported malig-
nancy rates ranging from 19% to 79% [1,2].

Precise assessment of change in size of pulmonary nodules on follow-up CT is essential for 
evaluation of nodules in lung cancer screening and routine care. For the evaluation of solid 
pulmonary nodules three-dimensional volumetric assessment has been shown to be more ac-
curate than two-dimensional measurements [3-5].
SSNs are less dense and less well circumscribed than solid nodules and thus more diffi  cult to 
measure accurately manually as well as by semi-automatic volumetry. For SSNs, mass has been 
reported to be a more sensitive parameter to detect progression than volume [6]. Mass, being 
the product of volume and physical density of the nodule, has the advantage that progression 
of the nodule will not only depend of an increase in volume, but also progression of a solid 
component or the appearance thereof will be refl ected in this parameter.
In 2013, the Fleischner Society published recommendations for management of SSNs [7]. It is 
recommended to measure the size of the solid components and to determine the percentage 
of solid versus ground-glass components of SSNs. Th is is important because it has been shown 
that the greater the extent of the solid component, the more likely the lesion will be an invasive 
adenocarcinoma with an associated poorer prognosis [8-15]. A SSN with a solid component larg-
er than 5 mm should be considered malignant until proven otherwise and important decisions 
to possibly resect a nodule are based on this cut-off . Th is makes an accurate and reproducible 
method to assess the size of the solid component mandatory.

Th e percentage of ground-glass component of the part-solid SSN can be calculated or deter-
mined in diff erent ways. Some calculations are based on the diameter of the diff erent compo-
nents, and others on the size of the area. Furthermore diff erent values for the window level and 
width are used. Aoki et al adopted the use of electronic calipers to measure the dimensions of 
the SSN and the solid component on a lung window [8]. Th e ground glass opacity (GGO) ratio 
of the SSN is then based on the dimension of the diameter of the solid part divided by the 
diameter of the whole nodule. Other papers report the calculation of the percentage of ground 
glass area based on the diff erence of the area total nodule on lung window minus the area the 
solid component on the mediastinal window with a mean of 40 and a window of 400. Th is 
is referred to as the vanishing ratio method [15] or the tumor disappearance rate (TDR) [11,12], 
although the ground glass component does not disappear, it can become invisible on mediasti-
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nal windows. This principle has been adopted by the Fleischner Society. In their recommenda-
tions [7] it is stated that the solid component should be evaluated with a mediastinal windows 
and the nodule including the ground-glass component should be measured with a lung window 
when electronic calipers are used.
In previous studies [16,17] we measured diameter, volume and mass of SSNs with dedicated volu-
metric software [18]. The aim of the present study was to determine whether this software could 
differentiate part-solid from nonsolid nodules and quantify the size of the solid component at 
least similar to human observers performing manual measurements.

Material and methods

Subjects

This study is part of the Dutch-Belgian multi-centre randomized low-dose CT lung cancer 
screening (NELSON) trial. The Minister of Health of the Netherlands and the ethics committees 
of the participating hospitals approved the NELSON study (number, ISRCTN63545820). Written 
informed consent was obtained from all participants. For the present study, we included the last 
CT from all 108 participants with one or more SSNs (total number 117) from the Dutch cen-
ters (University Medical Center Groningen, University Medical Center Utrecht and Kennemer 
Gasthuis, Haarlem, The Netherlands).
Two CT’s were missing, so 115 nodules were available for analysis.

CT scanning protocol 

CT screening was done at baseline, 1 year and 3.5 years and 5.5 years after baseline plus addi-
tional follow-up CT exams in case indeterminate nodules were detected [19]. Multidetector-row 
scanners (Somatom Sensation 16, Siemens Medical Solutions, Mx8000 IDT or Brilliance-16, 
Philips Medical Systems, Cleveland, OH) were used with 16x0.75 mm collimation and pitch 1.3. 
Unenhanced full inspiration CTs were acquired with 30mAs at 120kVp for patients weighing 
less than 80kg, and with 30mAs at 140kVp for those weighing more. Axial 1.0 mm images were 
reconstructed at 0.7 mm increment with a 512x512 matrix, using a moderately soft kernel and 
the smallest field of view that included both lungs. In the trial CTs were read for SSNs. 

Observer protocol 

Reference standard for nonsolid and part-solid pulmonary nodules
Two radiologists with more than 10 years experience with SSNs, were asked independently if 
the nodule was in their opinion either nonsolid or part-solid. In case of disagreement a third 
chest radiologist also with more than 10 years experience with SSNs who decided on the nature 
of the nodule. This resulted in a human reference standard for all nodules. Interobserver agree-
ment for the presence of a solid component was calculated for the two observers.
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Semi automatic segmentation of the solid component of part-solid nodules
We previously measured diameter, volume and mass for the 115 SSNs (CIRRUS Lung, Diagnos-
tic Image Analysis Group, Nijmegen, The Netherlands, Fraunhofer MEVIS, Bremen, Germany). 
This prototype software program has been described previously [18] and was adapted to handle 
SSNs. The user can either click a center point or draw a stroke on the largest diameter of the 
nodule as an input to the algorithm. Based on this user input, a volume of interest (VOI) is au-
tomatically defined around the nodule. An initial segmentation is acquired by region growing 
using thresholds applicable to subsolid nodules. Default value for the lower threshold is -750 
HU, and for the higher threshold -150 HU. If the segmentation is found to be acceptable the 
result can be stored after this single input. Two parameters, density threshold value and round-
ness versus irregularity, can be adjusted by the user of the program to optimize the segmenta-
tion if this is felt to be necessary by the observer. This requires an extra mouse click for every 
adaption of the segmentation until the result is acceptable to the observer.
Finally, a sequence of morphological operations is used to remove the chest wall and adjacent 
vessels, if applicable.
For the present study, we added segmentation of the solid component. To determine the most 
suitable segmentation threshold we used seven different lower threshold ranging from -500HU 
to -200HU, increasing the lower threshold in steps of 50 HU. Upper threshold was fixed at 
15.000HU.
A mediastinal window with a mean of 40 and a window width of 400 implies that only the part 
of the SSN with densities higher than-160 HU will be visible in the image. So additionally, we 
performed the segmentations using an eights lower threshold of -160HU in order to compare 
our segmentation with the manual measurements with a mediastinal setting as recommended 
by the Fleischner recommendations. Based on the results of these eight segmentations we de-
cided to perform an extra ninth segmentation with lower threshold of -130HU. The center of 
the nodule was pre-set on the basis of the previous segmentation of the whole SSN. The images 
show a zoomed nodule in cross-section with next to it the three zoomed in axial (top), coronal 
(middle) and sagittal (bottom) planes, respectively. (Fig.1) The observer could scroll through 
the images in all three planes. The segmentation of the solid component was indicated by a 
continuous line. 

For the semiautomatic measurements an apparent solid component of any dimension was con-
sidered positive and thus indicative for a part-solid SSN. Measurements in which the software 
could not segment any solid area were considered negative and indicative for a nonsolid SSN.

Measurement of the GGO ratio
GGO ratio is based on diameter of the whole SSN and its solid component (SC), both measured 
on lungsetting. For the calculation of the GGO ratio, two observers, one experienced radiolo-
gist and one MD doing a PhD on SSN, measured the solid component with electronic calipers 
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on lung window (-500HU/1600HU). Their results were averaged. For the size of the whole SSN 
we used the diameter as measured by the semi automatic segmentation. GGO ratio [13] is calcu-
lated as: ((Diameter SSN-Diameter SC)/Diameter SSN) x 100. (Figure 1a, 1b.)

Measurement of the Tumor Disappearance Rate
The same two observers, measured manually the solid component, according to the Fleischner 
recommendations, as the average diameter of long and short axis of the solid component on 
mediastinal window (40/400HU). Results from the two observers were averaged.

Figure 1 a-c

Figure	1c

The same SSN with a diameter of  
18 mm, but on mediastinal setting  
a solid component with a diameter 
of 9mm.

Area of the SSN is:  
diameter^2 * π /4 = 18^2* π/4=  
245 mm2.

Area of the solid component is:  
9^2* π/4= 64mm2

TDR = (245-64)/245*100 = 74%

Figure	1a	and	1b

SSN with a diameter of 18 mm (1a), 
and a solid component diameter on 
lungsetting of 12 mm (1b).

GGO ratio is:  
(Diameter SSN-Diameter SC)/Diameter 
SSN) x 100=(18-12)/18*100=33.3%
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For the manual measurements with the mediastinal window any visible and thus measurable 
soft tissue in the SSN was considered to be indicative of a solid component. Tumor (shadow) 
Disappearance Rate (TDR) is calculated based on areas. This areas first needs to be determined 
on the basis of the diameters. For the area of the whole SSN on lung window we used the 
diameter as measured by the semi automatic segmentation, and then calculated the area by 
using the equation: area = diameter^2 * π /4. Subsequently, the area of the solid component 
was calculated on the basis of the mean diameter of the two manual measurements using the 
same equation. 
TDR is subsequently calculated as (area on lung windows - area on mediastinal windows)/area 
on lung windows (figure 1a,1c) [14].

Statistical analysis

Data are presented as mean and standard deviation (SD) or median and interquartile range 
(IQR). Observer agreement for the manual measurements on mediastinal and lung window 
was calculated using an intraclass correlation coefficient and for a nonsolid versus part-solid as 
Cohen Kappa. A paired Student T test was used for the difference between the semi automatic 
segmentation of the solid component and the average of the two manual measurements, and a 
Fisher’s Exact Test for the difference in the detection of a solid component greater than 5 mm. 
A Pearson Correlation Coefficient was used to study the relation between the lower threshold 
and the measured size of the solid component. Sensitivity, specificity, positive predictive value 
(PPV) and negative predictive value (NPV) were calculated for the presence of a solid compo-
nent for the eight semi-automatic segmentations and for the manual measurements. P-values 
<0.05 were considered significant. Statistical analysis was performed with software (IBM SPSS 
version 20, SPSS, Chicago).
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Results

Visual SSN evaluation

In 78 out of the 115 cases (67.8%) both observers agreed on the part-solid and in 23 cases 
(20.0%) on the nonsolid character of the SSN. In 14 cases (12.1%) they disagreed, in 6 cases only 
observer one considered the SSN to be part-solid, in 8 cases only observer two. Those 14 cases 
were adjudicated by the third reader to part-solid (n=13) or nonsolid (n=1). After this third 
reading 86 SSNs were labeled part-solid and 29 nonsolid. Observer agreement was good with a 
Cohen Kappa value of 0.68 (table 1).

Semi automatic segmentation of the solid component

In 3 cases of bubbly SSNs a single solid component could not be indentified and segmented. 
In 5 more cases a vessel running through the SSN precluded a good segmentation of the solid 
component. These eight cases were excluded, resulting in 107 cases available for further evalu-
ation: 83 (77.6 %) part-solid and 24 (22.4%) nonsolid nodules. In 9 cases the segmentation had 
to be adjusted in one or more thresholds by replacing the seed point because a vessel was partly 
segmented. 

Detection of the solid component

Sensitivity and specificity of detection the solid component was dependent on the threshold 
chosen (table 2 and figure 2a and 2b). Sensitivity/specificity ranged from 100%/42% for -500 
HU to 69%/83% for -160HU, respectively. A low threshold of -500 HU resulted in a high sen-
sitivity at the cost of a low specificity. Increasing the lower threshold to -200 HU increased the 
specificity to near 90% while the sensitivity dropped to 77%. A threshold of -350HU resulted in 
a sensitivity of 92% a specificity of 83% with a PPV of 95% and a NPV of 74%.

Size of the solid component with various thresholds, GGO-ratio.

The mean size of the apparent solid component depended on the threshold and the sizes varied 
with about a factor 3 in the first 8 segmentations from 2.7 mm (SD 2.76 mm) at -160 HU to 
7.3 mm (SD 3.83mm) at -500 HU (table 3). The relationship between threshold and size of the 
solid component was nearly linear (Pearson correlation 0.99, figure 3).

Table 1

Visual evaluation of character of 115 SSNs.

	 	 observer	1	 	
total

	 	 PartSolid	 NonSolid	

observer	2	 PartSolid 78 8 86

 NonSolid 6 23 29

total  84 31 115
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Since the size of the solid component is the numerator in the GGO ratio, the linear relation is 
the same for the GGO ratio (table 4). 

Table 2 

Detection of the solid component with semi automatic segmentation with different lower thresholds.

HU	 TP	 FP	 FN	 TN	 Sens	 Spec	 PPV	 NPV	 total

-500 82 14 1 10 99% 42% 85% 91% 107

-450 80 8 3 16 96% 67% 91% 84% 107

-400 78 7 5 17 94% 71% 92% 77% 107

-350 76 4 7 20 92% 83% 95% 74% 107

-300 75 3 8 21 90% 88% 96% 72% 107

-250 70 3 13 21 84% 88% 96% 62% 107

-200 64 3 19 21 77% 88% 96% 53% 107

-160 54 4 29 20 65% 83% 93% 41% 107

manual 51 1 32 23 61% 96% 98% 42% 107

TP: True Positive FP: False Negative FN: False negative TN: True Negative  
Sens: Sensitivity Spec: Specificity PPV: Positive Predictive Value NPV: Negative Predictive Value

 

Fig 2a

Sensitivity and Specifi city for the detection of the 
solid component with semi automatic segmentation 
as a function of the lower density threshold.

Sens	and	Spec.	for	Solid	Core Predictive	value	for	Solid	Care
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Fig 2b

Positive Predictive Value and Negative Predictive 
Value for the detection of the solid component with 
semi automatic segmentation as a function of the 
lower density threshold. 
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Table 3

Size of the apparent solid component in the part-solid SSNs with semi automatic segmentation and with 
manual measurements with mediastinal and lung window.  
Manual measurement with mediastinal window is equivalent with semi automatic measurement with a 
lower threshold of -130 HU.  
Manual measurement with lung window turns out to be best comparable with semi automatic measurement 
with a lower threshold of -300 HU.

threshold	in	HU	 mean	size	solid	component	(mm)	 standard	deviation

-500  7.3 3.8

-450  6.6 3.8

-400  5.9 3.5

-350  5.2 3.4

-300  4.7 3.3

-250  3.8 3.1

-200  3.2 3.0

-160  2.7 2.8

-130  2.4 2.7

manual at medistinal window 2.3 2.5

 lung window 4.4 2.0

Figure 4

Bubbly lesions in which the system failed to calcula-
ted the mass of the solid parts. 
This case had to be excluded.

MeanSizeSolidCore
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Figure 3 

Mean size of the apparent solid component in the 
part-solid SSNs with semiautomatic segmentation.

 

  size in mm /    lower threshold in HU.
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Comparison of manual and semi-automatic solid component measurement 

Manual measurement of the solid component with a lung window setting resulted in a mean 
size of the solid component of 5.1 mm (SD 2.4mm) for observer 1 and 3.8 mm (SD 2.0 mm) for 
observer 2, Agreement between observers was good with an intraclass correlation coefficient 
of 0.706. Mean measurement for the two observers was 4.4 mm (SD 2.0 mm). resulting a mean 
GGO Ratio of 64.5% (range 28%-84%). This was not statistically significant different from the 
4.7 mm (Sd 3. mm) that was found with the semi-automatic measurement with a lower thresh-
old of -300HU (p=0.55) The mean GGO Ratio for this threshold was 64.7% (range 27%-100%). 
Manual measurement of the solid component with a mediastinal window (40/400HU) resulted 
in a mean diameter of 2.4 mm (SD 2.6mm) for observer 1 and 2.2 mm (SD 2.8 mm) for ob-
server  2. Agreement between observers was good with intraclass correlation coefficients of 
0.781. Mean measurement of the two observers was 2.3 mm (SD 2.5 mm). This was significantly 
smaller (17%) than the semi-automatic measurements at -160HU with a mean diameter of 
2.7 mm (SD 2.8 mm) (p=0.03). Because of this significant difference we decided to add an extra, 
ninth segmentation with the sole purpose of investigating whether we could decrease this dif-
ference to almost zero. On the basis of this linear relationship between the lower threshold and 
the measured size of the solid core we calculated that a segmentation with a lower threshold 
of -130 HU would result in a mean diameter of the solid component of 2.29 mm. This ninth 
segmentation actually resulted in a mean diameter of 2.40 mm (SD 2.67 mm). This was not 
significantly different from the manual measurements. (p=0.63)

The automatic segmentations with a lower threshold of -160 HU and with a lower threshold 
of -130 HU resulted in more lesions with a solid component >5 mm (n=18 respectively 15) 
compared to manual measurements (n=13), but the difference was not significant (p=0.29 re-
spectively p=0.41). 

Tumor Disappearance rate (TDR)

The lowest TDR in our series was 71% and the TDR was above 75% in 81 out of the 83 part-solid 
nodules with a median of TDR of 98.5% (IQR 91.9%-100%)
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Discussion

Our study focused on the role of semiautomatic segmentation in the implementation of the 
Fleischner Society recommendations for SSN management. Volumetry of solid pulmonary 
nodules has been shown to be more accurate and reproducible than two-dimensional measure-
ments [20]. So as it is conceivable that automated analysis reduces observer variation, semiauto-
matic segmentation may proof useful for the diagnosis of solid components and measurement 
of growth of SSNs. We showed that semiautomatic segmentation can detect a solid component 
and thus diagnose the part-solid nature of a SSN with a good accuracy. We think that a lower 
threshold of -350 HU with a sensitivity of 92% and a specificity of 83% is a good compromise 
between the number of false positives and false negatives. However the exact choice of the 
threshold will depend on the emphasis that an indiviudal screening program wants to place 
in the tradeoff between optimization of specificity or sensitivity. Furthermore, semiautomatic 
segmentation was able to measure the size of the solid component similar to manual measure-
ments. Consequently it can differentiate between solid component larger or smaller than 5 mm. 
This size is considered critical by the Fleischner Society. According to their recommendations a 
persistent or growing solid component greater than 5 mm should be considered malignant until 
proven otherwise. Therefore, the semiautomatic software can help to distinguish nodules that 
should be resected from those that can be followed, but thresholds are of crucial importance. 
When using a lower threshold of -160HU (mediastinal setting) as proposed by the Fleischner 
Society the measurement of the size of the solid component increases by on average 17% when 
compared to manual measurements with a mediastinal window of 40/400. 
When the lower threshold is increased to -130 HU the difference with manual measurements 
is reduced and is no longer significant. In the absence of a proper reference standard these 
cut-offs are arbitrary, but with our software -130HU corresponds favorably to the Fleischner 
recommendations.

Finally, semiautomatic segmentation could determine the GGO ratio of part-solid SSNs. Pro-
vided a lower threshold of the segmentation of -350 HU is chosen for the measurement of the 
size of the solid component the results are comparable with manual measurements at lung 
setting. Hence, the described methodology, if replicated, may proof useful in the diagnosis and 
follow-up of SSNs.

Numerous papers related in various ingenious ways quantitative or semi-quantitative data of 
SSNs to the clinical outcome. But as stated in the Fleischner recommendations [7] no consensus 
regarding an optimal approach has been sufficiently validated to be recommended. Kakinuma 
et al [15] evaluated four measuring methods for SSNs for the prediction of the clinical outcome 
of patients with a peripheral nonsmall cell lung cancer. They concluded that the vanishing ratio 
was the most useful predictor of the outcome. This vanishing ratio reflects the part of the tu-
mor that disappears on the image with mediastinal setting as compared to the image with lung 
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setting. The same principle is applied in the Tumor Disappearance Rate (TDR) as introduced 
by Takamochi et al [11] and applied by Okada et al [12]. They distinguished four groups of TDR: 
less than 25%, between 25 and 50%, between 50 and 75%, and more than 75% in their series of 
127 peripheral adenocarcinomas of the lung. They concluded that their findings correlated well 
with histologic prognostic factors. Since the TDR was over 75% in 98% of our cases of part-solid 
SSNs, this ratio was not useful to make any further differentiation in our series. The discrepancy 
between our results and those of Okade are probably due to the fact that we studied SSNs, 
mainly part-solid nodules with a relatively small solid component. 
More meaningful in our series was the calculation of the GGO ratio as described by Aioki [8] 
with a lower threshold set at -350 HU. This resulted in a mean GGO ratio of 61% (SD 21%) and 
a range between 25% and 100%. Several other papers report on attempts for objective methods 
other than the calculation of GGO ratio and TDR to evaluate the quantitative aspects and char-
acterization of a SSN [21-26]. Some use a one-dimensional analysis [24,26] by measuring the size or 
a combination of size and density of the components of a SSN on a one dimensional histogram 
of the nodule. Yanagawa et al [24] in a study of 96 adenocarcinoma concluded that the ratio of 
solid component to total tumor, using the profile curves is more useful in estimating prognostic 
factors than visual assessment. Kitami et al [25] concluded that a mean CT density value mea-
sured on a line through the maximum diameter of the nodule is useful to select between “follow 
up or resection” strategies and that lesions smaller than 1 cm and a mean CT density lower 
than -600 HU are preinvasive. The analysis of the attenuation coefficients in a three dimen-
sional histogram of the SSN is another approach to differentiate premalignant from malignant 
SSNs [17]. Ikeda et al concluded in their study that two peaks on the CT number histogram can 
rule out atypical adenomatous hyperplasia and that the analysis of the CT density numbers can 
be used to differentiate between atypical adenomatous hyperplasia and bronchoalveolaircell 
carcinoma and between bronchoalveolaircell carcinoma and adenocarcinoma. Maldonado et 
al [26] included features of the texture of the nodule into their analysis for risk stratification of 
nodules of the lung adenocarcinoma spectrum. Clearly a head-to-head comparison of all these 
methods is beyond the scope of our article. However, when a nodule is segmented successfully, 
our method is straightforward and intuitive and enables both diagnosis and measurement of all 
crucial nodule aspects as proposed in the Fleischner recommendations. 

Our study has several limitations. First, the software sometimes includes parts of a vessel pass-
ing through the SSN in the segmentation, which resulted in an apparent solid component in five 
SSNs that were considered nonsolid by two observers. These cases had to be excluded. In a fur-
ther nine cases, the segmentation of the solid component had to be adjusted since part of a ves-
sel was included in the segmentation. From this finding we concluded that visual inspection of 
the result of the semiautomatic segmentation remains necessary until this technical challenge 
is solved. Nevertheless, as a sufficient number of nodules remained in our analysis, we think 
this limitation does not invalidate our results Second, the system failed to segment the solid 
parts in three bubbly lesions, so these cases had to be excluded too (figure 4). Third, we have no 
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histologic confirmation of the nature of our nodules so we were not able to make a subgroup 
analysis of groups with different histology and we have no proof of the nonsolid or part-solid 
aspect of the lesions, nor of the size of the solid component. Nevertheless we used three human 
experts to decide on the aspect of the nodule and compared semiautomatic measurements with 
manual measurements that are currently used. Finally our results are valid only for the software 
we used and our thresholds need replication in an independent cohort.

In conclusion, we have shown that semi automatic segmentation of SSNs can differentiate be-
tween nonsolid and part-solid lesions with good sensitivity and specificity provided that no ves-
sel segments are included in the segmentation. Furthermore the GGO ratio can be calculated 
on the basis of semi automatic segmentations of the complete SSN and a second segmentation 
with a lower threshold of -350 HU for the solid component. Finally the size of the solid com-
ponent of a part-solid SSN as defined by the recommendations of the Fleischner Society can be 
measured semiautomatically with results comparable with the manual measurements. 7
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Objectives

To analyse computed tomography (CT) fi ndings of interval and post screen carcinomas in lung 
cancer screening.

Methods

From the Dutch-Belgium lung cancer screening trial consecutive interval and post screen car-
cinoma’s were included. Th e last screening and the diagnostic chest CT were reviewed by two 
experienced radiologists in consensus with knowledge of the tumour location on the diagnostic 
CT.

Results

Sixty-one participants (53 men) were diagnosed with an interval or post screen carcinoma. 
Twenty-two (36%) were in retrospect visible on the last screening CT. Detection error occurred 
in 20 and interpretation error in 2 cancers. Errors involved intrabronchial tumor (n=5), bulla 
with wall thickening (n=5), lymphadenopathy (n=3), pleural eff usion (n=1), and intra parenchy-
mal solid nodules (n=8). Th ese were missed due to a broad pleural attachment (n=4), extensive 
reticulation surrounding a nodule (n=1) and extensive scarring (n=1). No defi nite explanation 
other than human error was found in two cases (n=2). None of the interval or post screen car-
cinomas involved a subsolid nodule.

Conclusions

Interval or post screen carcinomas that were visible in retrospect were mostly due to detection 
errors of solid nodules, bulla wall thickening or endobronchial lesions.
Interval or post screen carcinomas due to human errors are rare.

Key points

Interval or post screen carcinomas due to human errors are rare.
Visible carcinoma’s presented in 22% as bulla wall thickening on CT.
Visible carcinoma’s presented in 22% as endobronchial lesions on CT.
All malignant endobronchial lesions presented as interval carcinomas.
In NELSON subsolid nodules were not a source of missed carcinomas.

Abstract

8
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Introduction

Early detection of lung cancer by low dose computed tomography (CT) scanning in asymptom-
atic smokers at high risk for developing lung cancer is a promising strategy to reduce lung can-
cer mortality. Several randomised lung cancer screening trials were conducted using low-dose 
CT scanning of high-risk groups, with the aim to detect lung cancer at an earlier and curable 
stage [1-6]. Th e National Lung Screening Trial (NLST) reported in 2011 a 20.0% decrease in lung 
cancer mortality when comparing CT with chest radiography screening [7]. Fast growing tu-
mours, protocol inadequacies and protocol violations and missed carcinomas on CT can result 
in an interval carcinoma. Th ese are defi ned as cancers diagnosed between screening rounds 
after a negative or indeterminate screening result (defi ned as no recommendation for referral) 
or after a positive screen in which diagnostic work-up did not lead to the diagnosis of cancer.
Missed carcinomas can be caused by detection and interpretation errors. In detection errors 
the lesion is not mentioned in the report but can be seen in retrospect on the last CT while in 
interpretation errors the lesion was noted but considered a benign lesion. 

Missed carcinomas in CT-based lung cancer screening trials have received only limited atten-
tion in the radiological literature [8]. In 1999, Kakinuma et al [9] concluded, based on a study of 
seven interval carcinomas, that minute nodules may be missed at spiral CT exams with a slice 
thickness of 10 mm. Li et al [10] reported in 2002 a study of 32 missed lung cancers in the screen-
ing setting, also based on CT with 10 mm slice thickness. Th ey found that missed cancers were 
very subtle, appeared as small faint nodules and 92% of their 20 detection errors involved sub-
solid nodules. Since then many studies were published on Computer Aided Diagnosis (CAD) 
systems for the detection of pulmonary nodules and CT equipment improved substantially [11-18].
To the best of our knowledge, we are the fi rst to report on missed lung carcinomas in a lung 
cancer screening program that used multi-detector CT equipment, CAD and thin-slice recon-
struction.
Post screen carcinomas were defi ned as carcinomas found after the last scheduled screen CT of 
the participant. In this study, we distinguish interval cancers from post screen carcinoma’s and 
both are subdivided in radiological detection errors, interpretation errors and other causes (e.g. 
normal screening examination, or non-compliance participant). Th e purpose of our present study 
was to analyse thewfi ndings in post screen and interval carcinomas in the NELSON trial in which 
we focused on the CT fi ndings that involved radiological detection and interpretation errors. 

Material and methods

Th is is an ancillary study of NELSON trial [1], which was approved by the Dutch Ministry of 
Health and by the ethical review boards of the participating hospitals. Written informed con-
sent was obtained from each participant. Screening started in 2004 and the population com-
prised of current or former smokers between 50 and 75 years old with a smoking history of >15 
cigarettes/day during >25 years or >10 cigarettes/day during >30 years. Former smokers were 

8



|    SubSolid Nodules in lung cancer screening106 Chapter 8 - Computed tomographic characteristics of interval and post screen carcinomas    |

included only if they quit smoking ≤10 years before the start of the study. Exclusion criteria 
were self-reported moderate or poor health status and/or inability to climb two flights of stairs, 
a chest CT within the last twelve month, and body weight ≥140 kg. Other exclusion criteria 
were: a current or previous history of cancer in the last five years, at time of inclusion, a history 
of melanoma’s, breast cancer or hypernephroma anytime or a previous pneumonectomy.

CT Scanning and reading protocol 

CT screening was done at baseline, 1 year and 3 years and 5.5 years after baseline plus addi-
tional follow-up CT exams in case indeterminate nodules were detected [19]. Multidetector-row 
scanners (Somatom Sensation 16, Siemens Medical Solutions, Mx8000 IDT or Brilliance-16, 
Philips Medical Systems, Cleveland, OH) were used with 16x0.75 mm collimation and pitch 
1.3. Unenhanced full inspiration CTs were acquired with 30mAs at 120kVp for subjects weigh-
ing ≤ 80kg, and 30mAs at 140kVp for those weighing more than 80kg. Axial 1.0 mm images 
were reconstructed at 0.7 mm increment with a 512x512 matrix, using a moderately soft kernel 
and the smallest field of view that included both lungs. At each site, CT data were analyzed by 
the local radiologist with a background varying from 1 year to more than 20 years experience 
in thoracic CT, and subsequently centrally by a second central reader with more than 6 years 
experience. One type of digital workstation (Leonardo, Siemens Medical Solutions) with the 
use of software for nodule identification and semi automated volume measurements (Lung-
Care, version Somaris/5 VA70C-W, Siemens Medical Solutions) was used. After the observer 
marked a potential nodule with a mouse click the program defines a volume of interest around 
the nodule which can further be analysed by volume rendering displays or multiplanar refor-
mations. After a potential nodule was approved a second mouseclick initiated an automatic 
volume measurement program. In case of discrepancy, the readers tried to reach a consensus 
about the reading. If no consensus was reached a third reading was performed by an expert 
radiologist with over twenty years of experience who made the final decision on the diagnosis. 
All CTs were analyzed for non-calcified nodules and detected nodules were characterized as 
solid nodule or sub-solid nodule, either pure or part-solid. Participants who were referred to a 
pulmonologist underwent diagnostic work-up including a standard dose CT with intravenous 
contrast, bronchoscopy and/or biopsy. Based on the results of these exams, the pulmonologist 
eventually decided whether resection of the nodule was needed. 

Study population 

For the present study we included all 7155 participants (1154 females (16.1%) from the CT 
screening arm from the participating Dutch screening centres (University Medical Center 
Groningen, University Medical Center Utrecht and Kennemer Gasthuis, Haarlem, The Neth-
erlands). The Belgian participants (N=935) were excluded because data on the interval cancers 
were not yet available. Median age at baseline was 58.0 years (interquartile range (IQR): 54.0-
62.0 yrs) and median smoking history was 38.0 pack years (IQR: 29.7-49.5); 4215 participants 
(58.9%) were still smokers at inclusion. 
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Interval and post screen carcinomas

Some cases developed a carcinoma a considerable time, up to six years, after the conclusion of 
the screening program for that participant. Since possibly conclusions can be drawn from these 
cases they are included in our series. Interval and post screen cancers were identified through 
linkages with the Dutch Cancer Registry, which has complete national coverage. 

After the first three screening rounds 187 screen detected carcinomas were found in the study 
population (2.6%).In between or after the subjects screening rounds of the NELSON trial, sixty-
one out of a total of 7155 participants (0.85%) were diagnosed with an interval or post screen 
carcinoma, 53 men and 8 women. Median age at the time of the diagnosis was 64 years, (IQR 6 
yrs). Of these patients, clinical and radiological files were retrieved from the various hospitals 
in which the diagnosis was established. Their last available screening CT was reviewed and 
compared to the clinical CT at the time of the diagnosis. Two radiologists, one chest radiolo-
gist with 10 years experience with chest CT, and one general radiologist with over 30 years of 
experience with chest CT decided in consensus whether or not the later histological proven 
carcinoma or signs of mediastinal or bone metastasis could be identified in retrospect on the 
screening CT that was not mentioned or misinterpreted in the original trial database. Further-
more, significant other pathology that might have influenced the reader was noted as well. De-
pending on the findings noted in the trial database missed carcinomas were either classified as 
a detection error or an interpretation error. An attempt was made to formulate the reason why 
the abnormality was not detected or misinterpreted by the screening radiologists.

Data analysis

Descriptive statistics (numbers and percentages) were used to analyse and present the data.
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Table 1

CT findings, reasons for and delay times of interval and post screen carcinomas. 

findings	 interval	 (median)	number	 post	screen	 (median)	number	
	 carcinoma	 of	days	since	the	 carcinoma	 of	days	since	the	
	 	 CT	at	the	time	of	 	 CT	at	the	time	of	
	 	 the	diagnosis	 	 the	diagnosis	
	 N	(%)	 (range)	 N	(%)	 (range)

Screening CT examination normal 
 protocol followed 11 (18.0) 425(169-676) 15 (24.6) 817(202-2037)

Cancer not treated due to: 3 (4.9)  10 (16.4 )

 protocol inadequate 1  257 1  349

 negative work up    3  68,815,1140

 non-compliance by participant  2  373,461 6  1805(1319-2179)

Cancer not detected, due to: 15 (24.6)   7	 (11.5)

a) detection error

 intrabronchial localization 5  367 (232-646)

 adjoining bullous structure 1  358 3  735,890,1290

 lymphadenopathy 3  217,310,436

 pleural effusion 1  177

 extensive fibrotic changes    1  311

 small pleural attachment 1  581 1  1515

 large pleural attachment 1  234 1  1089

 large nodule,unclear, 1  96 
 probably human error

b) interpretation error  

 large nodule classified as scarring  1  192

 adjoining bullous structure 1  562

total 29 (47.5)  32 (52.5) 

Definition of abbreviation: CT = computed tomography.
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Results

Based on the consensus reading, in 26 of the 61 cases (42.6%) the participant had a normal last 
screen CT and the protocol was followed. In 11 cases the carcinoma was considered an interval 
carcinoma since it was diagnosed before a scheduled screen CT, and in 15 cases it was con-
sidered a postscreen carcinoma as it was diagnosed after the screening program was finished 
(table 1). 

In 13 cases the carcinoma was not treated due to a drop-out of the participant in 8 cases ( 2 
interval carcinomas and 6 post screen carcinomas) and 3 post-screen carcinomas were diag-
nosed after a previous negative work-up by the pulmonologist. In the last 2 cases the protocol 
was considered inadequate since it was adhered to but one of the nodules (13 mm) that later 
was diagnosed with an interval carcinoma 
failed to show growth on a follow up scan 
after 3 month and another 12 mm nodule 
was considered stable over a period of three 
years but developed a post-screen carcino-
ma.

In the remaining 22 cases (0.31% of the 
screen population), 15 interval carcinomas 
and 7 post screen carcinomas the radiologi-
cal abnormality was either not detected (20 
cases) or misinterpreted (2 cases). Five out 
of the ten post screen cases were diagnosed 
more than 2 years after their last screen CT.

Undetected bronchial abnormalities

In 5 (22.7%) undetected carcinomas, that 
were all interval carcinomas, a central in-
trabronchial tumor was overlooked on the 
screening exam. All of the undetected le-
sions were small, although difficult to mea-
sure, estimated to be about 5 mm (figure 
1). Four of the endobronchial tumors were 
right sided: two located in the pectoral 
segmental bronchus, one in the lateral seg-
mental bronchus and one in the right up-
per lobe bronchus. The one endobronchial 
tumor located on the left was located in the 

Figure 1

Narrowing of right upper lobe segmental bronchus 
(arrows).

Figure 2

Small (7 mm) eliptical nodule in bulla wall (arrow).
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lingular bronchus. Median number of days 
since the last CT at the time of the diagnosis 
was 367 (range 232-646 days). In one case a 
note was made that lymphadenopathy was 
present, but no further action was taken.
 

Undetected carcinomas presenting as bulla 

with focal wall thickening

In another 5 cases, (22.7%)in 2 interval and 
3 post screen carcinomas, a bulla with a 
thickening of the wall was noted during the 
consensus meeting that was not reported 
in the database. In four of these cases the 
thickening of the wall was already visible 
on the first screen CT, in one case a bulla 
with wall thickening developed in a previ-
ously normal lung without a bulla. In two 
cases the wall thickening was focal; in one 
of these cases the 7 mm nodule was noted in 
the trial database, but no mention was made 
about the adjoining bulla, so we considered 
this an interpretation error (figure 2). The 
five lesions were evenly distributed over the 
lungs: 2 in the right upper lobe, and 1 each 
in the left upper lobe, right lower lobe and 
the left lower lobe. All three post screen car-
cinomas were detected more than two years 
after the last screen CT. 

Lung cancer presenting as lymphadenopathy

In three cases of an interval carcinoma 
lymphadenopathy was missed: two times 
located in an slightly enlarged right hilum 
in which it was, without intra venous con-
trast, inseparable from the right pulmonary 
artery, in one case mainly located in the 
aortic-pulmonary window with a maximal 
size of 22 mm. Number of days since the last 
CT at the time of the diagnosis was 217, 310 
and 436 days.

Figure 3

Small Nodule in left under lobe hidden in reticulation 
(arrow).

Figure 4

Image suggestive of lung cancer, but interpreted as 
fibrotic scarring.

Figure 5

Pre vertebral broad based tumor on the right (arrows).
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Lung cancer presenting as pleural fluid

In one case of an interval carcinoma pleural fluid on the right side remained unnoticed. Diagnosis 
of a large carcinoma with massive pleural fluid was made 177 days after the last CT.

Undetected carcinoma’s due to other reasons

Three small (<1cm) nodules (7, 7 and 5 mm) were not detected two of these were attached to 
the pleura. Delays of the diagnosis were 581 day for an interval carcinoma) and 1515 days for a 
post screen carcinoma,. One nodule was surrounded by extensive reticulation, delay in this case 
of a post screen carcinoma was 311 days (figure 3.)
Five larger (>1 cm) nodules were undetected 2 in the left lower lobe, and one each in the left 
upper lobe, right upper lobe and right lower lobe. Three of these large nodules were diagnosed 
with an interval carcinoma, two with a post screen carcinoma.
One of these five was a 22 mm large pleural attached nodule that was interpreted as scarring 
and consequently considered an interpretation error (figure 4). Two lesions were broadly pleu-
ral based (figure 5). Two of the five larger nodules were not attached to the pleura. No obvious 
reason for not detecting these lesion was found. Median number of days since the last CT at the 
time of the diagnosis was 234 (range 96-1089 days) for the larger nodules.

Discussion

Our study shows that of 61 consecutive interval and post screen carcinomas in the NELSON 
trial, the majority: 39 (64%) were not due to an undetected or misinterpreted carcinoma on the 
last screening CT exam. Of the 22 (36%) visible missed carcinoma’s the majority were due to 
detection errors of a nodule either in a bronchus, attached to a bulla or subpleural in the lung 
parenchyma. According to our protocol these nodules, with the possible exception of the bulla 
wall thickening, should have been followed either by a repeat scan after three month or by a 
referral to the pulmonologist for further evaluation. Interpretation errors seem to play a minor 
role. Our findings may aid improving lung cancer detection in lung cancer screening, although 
caution is needed as the predictive values for some of the imaging findings, especially bulla wall 
thickening, remain to be investigated.

Limited data are available on interval- and post screen carcinomas in CT based lung cancer 
screening. In contrast to the findings of Li, who reported in 2002 that 92% of their missed 
carcinomas were non-solid, none of our missed nodules were part or pure non-solid. This can 
at least partly be explained by the considerable improvement of spatial resolution of the 1 mm 
in our study compared to the 10 mm slice thickness in the study by Li et al [10]. However since 
subsolid nodules can grow very slowly it cannot be excluded that an interval carcinoma on the 
basis of a subsolid nodule will manifest itself after a longer follow-up period.

8



|    SubSolid Nodules in lung cancer screening112 Chapter 8 - Computed tomographic characteristics of interval and post screen carcinomas    |

In our trial, the most common detection error occurred with endobronchial lesions. This is 
probably explained by the fact that in a screening population this location is far less common 
for a nodule than an intrapulmonary lesion. As a result, the attention of the observer is primar-
ily focused on the lungs, and not the bronchi, which is not compensated by the CAD since the 
search for nodules of this system does not include the bronchi. In 1996 White et al reported on 
14 cases of overlooked primary carcinomas in CT in a clinical setting, in which 67% were in a 
central endobronchial location [20]. A similar explanation, not focusing on the central airways, 
was given for missed endobronchial lesions in their series. Another important factor at the time 
of their study was the use of 5mm or even thicker sections. Computer Aided Diagnosis of the 
bronchi has had considerable attention in the literature in the evaluation of bronchial lesions [21] 
and as a training tool [22]. Extension of the lung cancer detection CAD systems to the bronchi 
may proof helpful in the detection of small intra bronchial carcinomas. Until this extension is 
realized extra focus on the bronchial tree is warranted.
Another important cause of undetected carcinomas were bullae with a thickened wall. This 
entity was not recognized as a separate important abnormality at the start of our screening 
program in 2004, and thus not a pre-defined abnormality in our management system. In 2010, 
Keneda et al [23] described the clinical features of primary lung cancer adjoining bulla. In their 
retrospective study of 545 clinical cases that underwent an operation for lung cancer they iden-
tified an adjoining bulla in 19 cases (3.5%), suggesting that this finding is not uncommon. They 
also state that the association of bulla and lung cancer is not well recognized. This was one of 
the main causes for detection error in our series too. This seems to be confirmed by our finding 
that in one of our five cases the nodular thickening in the wall of the bulla was noted and its 
features described in the database, but even in this case where the main abnormality was noted, 
no mention was made of the adjoining bulla. 
In 2012 Farooqi et al reported on lung cancer associated with cystic airspaces in the Early Lung 
Cancer Action Program [24]. They found 25 and 12% of such cases in lung cancers found in re-
spectively their baseline and annual screening series. They concluded that at annual repeat CT 
screening the finding of an isolated cystic air space with increased wall thickness should raise 
the suspicion of lung cancer.

Since we have no data on the prevalence of bulla wall thickening in our screened population 
we are unable to make any statement about the positive predictive value (PPV) of this finding. 
However, we think that our findings justify more attention to focal or diffuse bulla wall thicken-
ing in lung cancer screening. 

Intraparenchymal nodules were, with 8 cases (36%), the most common cause for a missed car-
cinoma. Two smaller and 2 larger lesions were most likely missed by the CAD system and the 
observer because of their pleural attachment and their broad shape. One case was one of our 
two interpretation errors in which a nodule was interpreted as fibrotic scarring. 
White et al [20] reported in their clinical series of 14 cases of overlooked primary carcinomas in 
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CT that in 6 of their cases (43%) major distracting findings were present elsewhere in the chest, 
such as an aortic aneurysm or a large esophageal carcinoma. In our screening setting we did not 
encounter similar cases. However 1 lesion was missed because of extensive reticulation in the 
immediate surroundings of the lesion. In 2 cases of a larger intrapulmonary nodule we could 
not find a plausible reason other than human error why the nodule was missed.

Lymphadenopathy is more difficult to detect on low-dose screening CTs without intravenous 
contrast than on clinical contrast enhanced CT’s. Furthermore, the primary focus in screening 
CT’s is on the lungs and significant lymphadenopathy is far less common than in clinical CT’s. 
Hence, missed lymphadenopathy, responsible for 13.6% of our missed carcinomas, will be dif-
ficult to prevent. 

An important limitation of our study is the lack of data on the prevalence of bulla wall thicken-
ing. So we are unable to make any statement about the positive predictive value of this finding. 
Screening programs should consider including bulla wall thickening as a separate item to be 
looked for to resolve this problem.
Another limitation lies in the fact that the total number of cancers found in our screening pro-
gram is not known at present so we cannot relate this to the number of interval carcinomas. 
The percentage of interval or post screen carcinomas caused by radiological error in the total 
screen population (0.31%) suggests that interval or post screen carcinomas due to human er-
rors are rare.

In conclusion, we observed that interval and post screen carcinomas in the NELSON study that 
were visible in retrospect were mostly due to detection errors of solid and not to subsolid nod-
ules. Thickening of a bulla wall should be looked at with suspicion at least until we know more 
of the natural course of such cases. The detection of endobronchial lesions might improve from 
the extension of existing CAD systems to the bronchi. 
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Table 2

Characteristics of participants with the 22 missed lung carcinomas.

characteristics	participants	 N		 (%)

age at diagnosis - median (range) 64.0 yrs (56-76 yrs)

male sex 21  (95.5)

current smoker 15  (68.1)

no. of pack years - median (range) 49.5 (28.0-123.5)

computed	tomography	characteristics	 N		 (%)

size at diagnosis - median (range)

  > 5 cm 11  (50.0)

  < 5 cm 10  (45.5)

  not measurable 1  (4.5)

Localization nodule

  left upper lobe  6  (27.3)

  left lower lobe  4  (18.2)

  right upper lobe  8  (36.4)

  middle lobe  1  (4.5)

  right lower lobe 3 (13.6)

nodule type

  solid 17  (77.3)

  sub-solid 0  (0.0)

  bulla wall thickening 5  (22.7)

underlying lung disease

  fibrosis 1 (4.5)

Definition of abbreviation: IQR = interquartile range 
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Summary and general discussion

Lung cancer is with eight million deaths in 2012 the most common cause of cancer death in 
the world, and the problem is still growing[1]. Th e most eff ective way to decrease the number 
of lung cancer deaths is without any doubt primary prevention: the prevention of youngsters 
starting smoking cigarettes and the cessation of smoking tobacco of active smokers. However, 
smoking cessation programs have reported success rates of only 10 to 20% [2]. So, as long as 
this goal of a total ban on smoking tobacco is not fulfi lled, lung cancer screening as a means of 
secondary prevention has great potential. Th e aim of lung cancer screening is the detection of 
lung cancer in an early and hopefully curable stage resulting in a signifi cant reduction in lung 
cancer deaths in the population. For screening to be eff ective and acceptable there must be a 
good balance between costs and benefi ts [3]. Th is implies that on the one hand relevant abnor-
malities must be detected accurately, while on the other hand false positive fi ndings must be as 
low as possible especially when these lead to costly follow up investigations and unnecessary 
anxiety of the participant. To optimize the detection and quantifi cation of solid lung nodules 
the NELSON trial adopted an automatic nodule detection and segmentation system (Siemens 
Lungcare®). Th e NELSON trial design involved a nodule management strategy based on volume 
of a nodule on its fi rst appearance and on Volume Doubling Time (VDT) on follow-up [4]. In 
this system a special group of indeterminate solid nodules was defi ned. Th ese nodules had a 
volume between 50 and 500 mm3 on the base line scan or a VDT between 400-600 days in 
later rounds. Th is resulted in a reduction of false-positive results od 1.2% in the NELSON trial, as 
compared to the 23.3% in the National Lung Screening Trial [4].

Th is thesis has its focus on SubSolid Nodules (SSNs), a special kind of nodules that pose a grow-
ing problem in lung cancer screening. SubSolid Nodules are also referred to as Ground Glass 
Opacities or Ground Glass Nodules (GGN), especially when a distinction is made between so 
called pure nonsolid GGNs and part-solid GGNs. In this term ground glass is defi ned as a cir-
cumscribed area of increased lung attenuation with preservation of the bronchial and vascular 
margins. Since we fi nd this multiplicity of terms unnecessary complex and even confusing we 
will restrict ourselves in this discussion to the term SubSolid Nodules, to be subdivived in non-
solid and part-solid SSNs. Th e problems with SSNs as compared to solid nodules are in part in-
herent to the appearance of the nodules: SSNs are less dense and less well circumscript and thus 
not only harder to see on the image but also more diffi  cult to measure accurately compared to 
solid nodules. Th e second problem with SSNs that makes them more diffi  cult to handle is that 
their biological behavior is diff erent from SSNs and that a verdict of malignancy by the patholo-
gist does not necessarily mean that the patient will benefi t from treatment of that nodule [5].
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In this thesis we tried to make a contribution towards the solution of these problems by:
• reporting on the possible improvement of the visual detection of SSNs
• investigating several aspects of the semi-automatic segmentation of SSNs
• investigating the feasibility of the segmentation of a solid component in a SSN
• investigating a more conservative approach in the managing of SSNs
• evaluating the radiological aspect of missed carcinoma’s in the NELSON trial.

Part I: Visual detectability of SubSolid Nodules

Most CT scans of the chest are made in a clinical and not in a screening setting. The use of 
Computer Aided Diagnosis (CAD) to detect nodules is not common practice in these circum-
stances. So in most cases the detection of solid and nonsolid nodules still depends on hu-
man perception. Since SSNs are by nature less dense than solid nodules and therefore they are 
harder to notice than solid nodules. Even more so on thin section CT images made with a low 
dose like in screening and when displayed with wide pulmonary windows. So it seems logical 
to enhance the visibility of SSNs by optimizing these two parameters: slice thickness/noise and 
image window.
In chapter 2 we compared various visualization techniques for the detection of SSNs in low-
dose lung cancer screening CT scans. It was our hypothesis that a narrow window width and a 
low window level to enhance small contrast differences in combination with 5 mm multi-planar 
reconstructions (MPR) to decrease noise would accommodate the detection of non-solid nod-
ules. We compared this image display with the 7 mm maximum intensity projections as in was 
used in the NELSON trial and with the 1 mm slices with a standard pulmonary window setting. 
Two experienced blinded independent readers searched for SSNs with these three different 
techniques. We found that out of 216 individuals 23 (10.6%) had in total 34 SSNs. Inter observer 
agreement was good (Cohen Kappa 0.89-0.95). However, we found no significant differences 
between the three viewing techniques for both observers (P>0.13). We concluded that in low-
dose lung cancer screening CT scans we were unable to find a viewing technique superior to 
that used in the trial in experienced observers who focused on SSN detection. The fact that we 
were unable to prove our hypothesis in the particular setting that we used: experienced observ-
ers focusing on SSNs, does not necessarily imply that the hypothesis would not stand up in 
clinical practice. In this situation observers are not always that experienced, often in a hurry, 
multitasking and always looking for a variety of abnormalities other than SSNs.

Part II: Semi automatic segmentation of SubSolid Nodules

If lung cancer screening is to be implemented on a large scale computer aided diagnosis is an 
essential tool considering. Human reading is very time consuming, and thus costly, and prone 
to error both in detection and in interobserver variance of measuring nodule dimensions. Com-
puter aided detection and segmentation of lung nodules has the potential to overcome these 
difficulties. In this part we investigated a new prototype software program that was adapted for 
the automatic outlining of SSNs and that calculates the volume and mass of these nodules [6].
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In order to be useful in screening or clinical practice computer assisted volumetry of nodules 
must be able to measure the various features of a SSN, diameter, volume, density and mass, 
accurately. Since growth is the main feature to look for in the follow-up of lung nodules repro-
ducibility of the measurements, is at least equally important. The error in the reproducibility 
determines what change in the outcome of the measurements indicates significant growth. 
Finally the method must be applicable in daily screening practice, meaning that it must be 
swift and user friendly. Volumetry of solid nodules has been proven to be superior to diameter 
measurements in terms of reproducibility and accuracy. Volume was the main parameter in 
the NELSON trial to determine whether or not a nodule was to be investigated further. This 
was either based on the volume of the nodule when seen the first time, or growth when the 
nodule was seen on previous CTs. Mass measurements are important because in SSNs these 
measurements have proven to be able to indicate significant growth of a nodule, even earlier 
than volume measurements [7].

In chapter 3 the accuracy of the program was tested in a phantom study. The advantage of 
using a phantom is that true volume, density and mass of the nodules under investigation are 
dictated by the investigator and thus these parameters are exactly known. Furthermore a phan-
tom can be scanned over and over again without any concern about the radiation dose admin-
istered and thus the same unchanged nodules can be scanned with different techniques and 
even different CT scanners. In this way the influence of these parameters on the accuracy of 
the measurements can be calculated. The obvious disadvantage of the use of a phantom lies 
in the difference of even an anthropomorphic phantom with a living human being: there is no 
influence on the measurement by voluntary and involuntary movements on the measurements 
like there is with the human body and the anatomy is not identical. The purpose of this study 
was to investigate the accuracy of semiautomatic measurement of the volume and mass of SSNs 
in a chest phantom and to investigate the influence of CT scanner, reconstruction filter, tube 
voltage, and tube current. Measured volume and mass did not differ significantly from the true 
values. When measurements were expressed as an absolute percentage of error (APE), the er-
ror range was 2–36% for volume and 5–46% for mass, which was significantly different from 
no error. We did not find significant differences in APE between CT scanners with filters, for 
lower tube current for volume, or lower tube voltage for mass. We concluded that computer-
aided segmentation and mass and volume measurements of SSNs with the prototype software 
showed promising results.

In chapter 4 we tested the interscan variation of semi-automated volumetry of subsolid pulmo-
nary nodules. The reproducibility of the program was tested by comparing the measurements 
of visually unchanged nodules on two successive CT scans in participants of the NELSON study. 
Under ideal circumstances these two measurements would have been done as two separates 
CT scans with only minutes between them, for example before and after a coffee break. Since 
we conducted a retrospective study we used as an alternative the data of two separate CT 
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scans that did not show any change in the size of the nodules on careful re-examination by two 
experienced observers. From the NELSON lung cancer screening trial all SSNs that were stable 
over at least 3 months were included (N=44). SSNs were quantified on the baseline CT by two 
observers using semi-automatic volumetry software for effective diameter, volume and mass. 
Semi-automatic measurements were feasible in all 44 SSNs. The interscan limits of agreement 
ranged from -12.0% to 9.7% for diameter, -35.4% to 28.6% for volume and -27.6% to 30.8% 
for mass. Agreement between observers was good with an intraclass correlation coefficient 
of 0.978, 0.957 and 0.968 for diameter, volume and mass, respectively. We concluded from 
this study that our data suggest that an increase in mass of 30% can be regarded as significant 
growth when using our software and our scanning protocol.

In chapter 5 we compared manual with semi-automatic SSN segmentation. The practicable 
feasibility of the program was investigated by comparing the results of the manual outlining of 
SSNs with the semi-automatic segmentation. In 33 lung cancer screening participants with 33 
SSNs, the nodules were previously quantified by two observers manually which took about 10 
minutes per nodule to segment. In the present study two observers quantified these nodules 
by using semi-automated nodule volumetry software in which nodules are segmented within 
a second. Nodules were quantified for effective diameter, volume and mass. Semi-automated 
measurements were feasible in all 33 nodules. Agreement between observers and within ob-
server 1 for the semi-automatic measurements was good with an intraclass correlation coef-
ficient >0.89. For observer 1 and observer 2, measured diameter was 8.8% and 10.3% larger 
(p<0.001), measured volume was 24.3% and 26.5% larger (p<0.001) and measured mass was 
10.6% and 12.0% larger (p<0.001) with the semi-automatic program compared to the manual 
measurements. We concluded that semi-automated measurement of the diameter, volume and 
mass of SSNs is feasible with good observer agreement. And that semi-automated measure-
ment makes quantification of mass and volume feasible in daily practice.

Summarizing our three studies on a new prototype software program we found that semi-
automatic segmentation of SSNs is feasible in clinical practice with sufficient accuracy, and that 
an increase in mass of at least 30% can be considered as significant growth. 

Part III: Management of SubSolid Nodules: towards a close CT monitoring approach?

Pulmonary SSNs have a high likelihood of malignancy, meaning that the pathologist sees fea-
tures of malignancy in a resected nodule. This does not necessarily imply that the tumor will 
behave in a malignant manner leading to death when not treated. SSNs are often indolent with 
long volume doubling times, up to 800 days [8,9]. A conservative treatment approach may there-
fore be suitable in order to avoid overdiagnosis and consequent overtreatment. Overdiagnosis 
is defined as diagnosis of an abnormality that, if unnoted, would never have caused any harm to 
the patient [5]. For solid pulmonary nodules, a volume doubling time (VDT) >400 days is often 
considered to reflect benign histology [8]. Diagnosis and treatment of these slow growing solid 
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nodules is usually considered overdiagnosis. Since SSNs usually have a slow growth rate with 
VDTs over 400 days follow-up guidelines for solid pulmonary nodules are not appropriate for 
SSNs [9]. In 2013, the Fleischner Society published recommendations for management of SSNs, 
but the committee emphasized that the recommendations were largely based on expert opin-
ion [10]. To confirm persistence of SSNs a three months follow-up CT was advised. Persistent 
pure SSNs >5 mm are recommended to be followed with an annual CT over at least three years. 
Persistent part-solid SSNs are recommended to be managed more aggressively, regardless of 
their size. For these nodules, further evaluation and resection was advised for patients without 
severe co-morbidities.
In chapter 6 we aimed to evaluate whether close follow-up of SSNs may be a safe alterna-
tive for the Fleischner approach. All SSNs detected during the NELSON trial were included in 
this analysis. Retrospectively, all persistent SSNs and SSNs that were resected after first detec-
tion were segmented using dedicated software and maximum diameter, volume and mass were 
measured. Mass doubling time (MDT) was calculated. In total 7135 volunteers with a total of 
117 persistent SSNs in 108 (1.5%) participants were available for analysis. Median follow-up 
was 95 months (range 20 – 110). Thirty-three (28%) SSNs were resected, and 28 of those were 
(minimally) invasive. Only nine SSNs showed >30% increase in mass and a MDT <400 days, 
including three benign cases, three Adenocarcinomas in Situ (AIS) and three invasive adeno 
carcinomas. The fast majority of invasive carcinomas had a MDT >400 days, making this cut-
off inappropriate to discriminate between benign and malignant subsolid nodules. None of the 
non-resected SSNs progressed into a clinical relevant malignancy. We concluded that persis-
tent SSNs rarely developed into clinically manifest malignancies unexpectedly. Close follow-up 
with CT may be a safe option to monitor changes. 

Part IV: Detection and quantification of the solid component in pulmonary subsolid nodules.

The first important decision that has to be made when dealing with a SSN is whether a solid 
component is present in the nodule. This can be a difficult task, even for experienced observ-
ers. It is thus conceivable that automated analysis reduces observer variation in the diagnosis 
of solid components. 
In chapter 7 we investigated whether semiautomatic volumetric software can differentiate 
nonsolid from part-solid SSNs. The Fleischner Society recommended in 2013 to measure the 
size of the solid components and to determine the percentage of solid versus ground-glass com-
ponents of partsolid SSNs [10]. This is important because it has been shown that the greater the 
extent of the solid component, the more likely the lesion will be an invasive adenocarcinoma 
with an associated poorer prognosis [11]. According to these recommendations a SSN with a 
solid component larger than 5 mm should be considered malignant until proven otherwise 
and consequently important decisions are based on this cut-off. This makes an accurate and 
reproducible method to assess the size of the solid component mandatory. In this study we 
investigated whether semiautomatic volumetric software can aid in quantification of the solid 
component.
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Hundred fifteen persistent SSNs detected on CT scans obtained as part of the NELSON study 
were differentiated into nonsolid and part-solid SSNs by two radiologists. A third chest radiolo-
gist adjudicated disagreements. In 3 cases of bubbly SSNs a single solid component could not 
be indentified and segmented. In 5 more cases a vessel running through the SSN precluded a 
good segmentation of the solid component. These eight cases were excluded, resulting in 107 
cases available for further evaluation.
The diameters of solid components were measured manually. Semiautomatic volumetric 
measurements were used to identify and quantify a possible solid component, using different 
Hounsfield Unit (HU) thresholds. Only pixels with a density above the chosen threshold were 
identified and segmented by the software. The measurements were compared with the hu-
man reference standard and with the manual diameter measurements. The human reference 
standard detected a solid component in 86 of 107 (80.4 %) nodules. Diagnosis of the presence 
of a solid component by semiautomatic software was dependent on the threshold chosen. A 
threshold of -350HU resulted in the detection of a solid component in 76 nodules with good 
sensitivity (92%) and specificity (83%) when compared to the human reference standard. At this 
threshold semiautomatic measurements of the size of the solid component (mean 5.2 mm, SD 
3.3 mm) were also comparable to manual measurements done at lung window setting (mean 
5.1. mm, SD 2.4 mm (p = 0.65). We concluded that in our cohort, semiautomatic segmentation 
of subsolid nodules at a fixed threshold could diagnose part-solid nodules and quantify the solid 
component similar to human observers.
This method may prove useful in managing subsolid nodules and limit observer variation.

Part V: CT characteristics of interval and post screen carcinomas in lung cancer screening. 

Missed carcinomas in CT-based lung cancer screening trials have received only limited atten-
tion in the radiological literature [12]. In 1999, Kakinuma et al [13] concluded, based on a study 
of only seven interval carcinomas, that minute nodules may be missed at spiral CT exams with 
a slice thickness of 10 mm. Li et al [14] reported in 2002 a study of 32 missed lung cancers in 
the screening setting, also based on CT's with 10 mm slice thickness. They found that missed 
cancers were very subtle, appeared as small faint nodules and that 92% of their 20 detection 
errors involved subsolid nodules. Since then many studies were published on Computer Aided 
Diagnosis (CAD) systems for the detection of pulmonary nodules and CT equipment improved 
substantially [15]. 

To the best of our knowledge, we were the first to report on missed lung carcinomas in a lung 
cancer screening program that used multi-detector CT equipment, CAD and thin-slice re-
construction as described in chapter 8. We analysed CT findings of interval and post screen 
carcinomas in lung cancer screening from the NELSON lung cancer screening trial. Interval 
carcinomas were defined as cancers diagnosed between screening rounds after a negative or 
indeterminate screening result (defined as no recommendation for referral) or after a positive 
screen in which diagnostic work-up did not lead to the diagnosis of cancer. Post screen carci-

9



127Chapter 9 - Summary and general discussion    |

nomas were defined as carcinomas found after the last scheduled screen CT of the participant. 
The last screening and the diagnostic chest CT were reviewed by two experienced radiologists 
in consensus with knowledge of the tumour location on the diagnostic CT. Sixty-one partici-
pants (53 men), median age at the time of the diagnosis was 64 years (IQR 6 yrs), were diag-
nosed with an interval or post screen carcinoma. Twenty-two (36%) were in retrospect visible 
on the last screening CT. These missed carcinomas could be caused by detection and interpre-
tation errors. In detection errors the lesion is not mentioned in the report but can be seen in 
retrospect on the last CT, while in interpretation errors the lesion was noted but considered 
a benign lesion. Detection error occurred in 20 and interpretation error in 2 cancers. Errors 
involved intrabronchial tumor (n=5), bulla with wall thickening (n=5), lymphadenopathy (n=3), 
pleural effusion (n=1), and intra parenchymal solid nodules (n=8). These were missed due to a 
broad pleural attachment (n=4), extensive reticulation surrounding a nodule (n=1) and exten-
sive scarring (n=1). No definite explanation other than human error was found in two cases. 
(n=2). None of the interval or post screen carcinomas involved a SSN. We concluded that 
Interval or post screen carcinomas that were visible in retrospect were mostly due to detection 
errors of solid nodules, bulla wall thickening or endobronchial lesions and that interval or post 
screen carcinomas due to human errors are rare.
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Overall conclusions and future developments in lung 
cancer screening and SSN research.

In this thesis we have demonstrated that semi-automatic segmentation of SSNs and its solid 
component is achievable with sufficient accuracy in an efficient manner and that the restrained 
NELSON approach of SSNs has not lead to any interval or post screen carcinoma in the investi-
gated follow up period.
Furthermore we have shown that although interval or post screen carcinomas due to human 
errors are rare there is room for improvement in the detection of intra bronchial lesions and 
that at present still a lot has to be learned about the significance of focal bulla wall thickening.
However, even by demonstrating that the more restrictive NELSON approach of SSNs is to be 
preferred over the current Fleischner recommendation, we still don’t know what the biologi-
cal behavior of SSNs is, and consequently what would be the optimal screening or therapeutic 
strategy in these cases.
Ideally, lung cancer screening should detect every potentially lethal cancer in a curable stage at 
minimal cost, avoiding overdiagnosis and thus overtreatement. 
To approach this goals several challenges have to be met.

The first major challenge
To be able to predict the clinical course of a nodule in general and a SSN in particular will take, 
and to be able to do so without extensive experience in this respect.
Being able to predict the clinical course of an individual nodule is important since at present 
overdiagnosis is a serious problem in lung cancer screening especially when dealing with SSNs [5].
First we must increase our understanding of the correlation between the radiological features 
and the biological behavior of SSNs. This will enable us to discriminate between SSNs with an 
indolent character in which a follow up is a responsible approach and resection would mean 
overtreatement, and aggressive SSNs in which therapeutic options at least have to be considered.
Imaging features that can be taken into account are, besides the classic morphological features 
of nodules like the aspect of the margin or cavitation of a nodule, also the features that are typi-
cal for an SSN: for example an air bronchogram or bubbly lucencies.
Besides these descriptive features of a SSN there are several important quantitative features 
that have to be taken into account. These are the size and density of the SSN as a whole and, 
if present, the size and the density of a solid component in the nodule. From these parameters 
the volume and mass of the SSN and its SC can be calculated as well as several ratios. The most 
often cited is the so called Ground Glass Opacity ratio or GGO ratio.
All these ratios pretend to be a measure of the SC. A solid component, although it can be 
caused by collaps or scarring of the tissue, could be indicative of invasive growth of an adeno-
carcinoma, especially if this SC is persistent or even growing.
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Describing the morphological features of a SSN can be hard. Even experienced observers have 
different opinions of the pure nonsolid or part -solid nature of a nodule in a substantial number 
of cases. This problem of interobserver variance can in principle be overcome with Computer 
Aided Diagnosis (CAD). This has the extra advantage that it can be applied with equal accuracy 
by the general radiologist as by the expert.
Since the overwhelming majority of screening CTs will be reported by, or at least under the 
responsibility of general radiologists and not by experts in the field, this advantage of CAD 
cannot be overestimated.

In our study of the segmentation of the SC vessels crossing the SSN posed a problem that could 
be solved in most ( 9 out of 108) of our cases, but that precluded segmentation all together in 
some (5). Solving the limitation of the software that a vessel cannot always be distinguished 
from the SC would enhance its routine application in lung cancer screening programs.
The ultimate goal in the CAD of SSNs is, once the nodule is detected, to be able to predict its 
natural course at least on short notice from the moments of its appearance and on the long run 
after a follow up scan will have given insight into the growth rate of the SSN.
Being able to give a short term prediction of the natural course of a SSN would enable us to 
predict if a SSN is transient or persistent. This would reduce the number of follow up scans 
and thereby not only reducing the costs but also the inevitable anxiety that such an extra scan 
brings to the patient or participant of the screening program.
Being able to predict the natural course on the long run would enable us to optimize the in-
formation that radiologists can give to the pulmonologist. Information that will influence the 
decision on the course to be taken.
The choice to advice the patient a ’wait and see’ strategy or ‘action’ will always be made by the 
pulmonologist in the light of the total clinical picture of the patient and will depend not only 
depend on the CT features but also on several factors of which the life expectancy of the patient 
and the presence of significant co-morbidity are perhaps the most important.
However it is our responsibility as radiologists to see to it that the advice of the pulmonologist 
is based on information that is as accurate as possible.

The second major challenge
Before lung cancer screening can be implemented on a large scale the costs of such a program 
must be reduced to acceptable levels by optimizing the efficiency .
Human reading of screening CTs is very time consuming, and looking for small nodules is 
prone to error especially when it is done for an extended period of time.
Routine application of CAD software can solve these issues provided that CAD software for the 
detection of nodules is optimized to a level that it can replace humans as a first reader.
This implies automatic nodule detection with a high sensitivity, comparable with that of expert 
human observers. This feature alone would greatly reduce human reading time and thus costs.
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The next big step would be the development of a computer algorithm that will estimate the 
chance that a particular nodule is malignant. Human interventions can thus be limited to posi-
tive findings with a high risk of being malignant.
A further step in efficient use of available means could be the reduction of the number of CT 
scans. This would mean that the time interval between scans is not fixed and based on a pro-
tocol based on ‘expert opinion’ for all participants of the program, but that risk factors of the 
individual participants and finding of the screen CT are taken into account for the calculation 
of an optimal time interval for that particular participant.
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Nederlandse samenvatting

Longkanker is met acht miljoen doden in 2012 de meest voorkomende doodsoorzaak door kan-
ker in de wereld en het probleem neemt nog steeds in omvang toe. Primaire preventie, dat wil 
zeggen zorgen dat jongeren niet beginnen met roken en dat rokers daarmee stoppen, is zonder 
twijfel de meest eff ectieve manier om het aantal longkankerdoden te verminderen.
Rook preventie programma’s hebben echter maar een succespercentage variërend tussen de 10 
en 20 procent. Zolang het nog niet gelukt is het roken van tabak volledig uit onze samenleving 
te verbannen kan longkankerscreening als secundair preventiemiddel een grote rol spelen.
Het doel van longkankerscreening is in eerste instantie het in een vroeg en dus hopelijk te ge-
nezen stadium opsporen van longkanker. Het uiteindelijk doel is het daardoor verminderen van 
het aantal doden door longkanker ofwel longcarcinoom.
Om eff ectief en effi  ciënt te zijn, moet er bij screening een goede balans zijn tussen kosten en 
baten. Dit houdt in dat enerzijds belangrijke afwijkingen accuraat moeten worden opgespoord, 
anderzijds het aantal vals positieve bevindingen zo laag mogelijk moet zijn. Vals positief wil 
zeggen dat er een afwijking is gevonden waarvan pas later na aanvullend onderzoek blijkt dat 
deze niet belangrijk is. Dergelijke bevindingen genereren wel kosten en bezorgdheid bij de deel-
nemer van het screeningsprogramma.
De NELSON trial, het Nederlands Leuvens Longkanker Screenings Onderzoek naar de eff ecti-
viteit van longkankerscreening, maakte gebruik van een computerprogramma voor de detectie 
en het kwantifi ceren van longnodulen (Siemens Lungcare®). In de NELSON trial werden nodulen 
(haarden) ingedeeld op basis van het volume wanneer ze voor het eerst gevonden werden en op 
basis van de verdubbelingstijd van het volume bij controle van deze nodulen.
In dit systeem werd een speciale groep van nodulen gedefi nieerd waarvan de betekenis voor-
lopig als twijfelachtig werd geclassifi ceerd. Deze nodulen hadden een volume tussen de 50 en 
500 mm3 op de eerste scan of hadden een berekende verdubbelingstijd van het volume tussen 
de 400-600 dagen in latere screeningsronden. Twijfelachtig betekende dat de deelnemer niet 
meteen voor nadere analyse werd doorverwezen, maar dat eerst nog eens met een controle 
scan na 1.5 tot 3 maanden naar de groei van de nodule gekeken werd.
Vergeleken met de grote Amerikaanse National Lung Screening Trial werd het aantal vals posi-
tieve resultaten daardoor teruggebracht van 23.3% naar 1.2%.
Dit proefschrift richt zich op de zogenaamde SubSolide Nodulen (SSNen), een speciaal soort 
nodulen dat bij longkankerscreening speciale problemen met zich brengt. SubSolide wil zeg-
gen dat de gehele of tenminste een deel van de nodule door een sponsachtige groeiwijze weinig 
dicht is, vergelijkbaar met matglas. Hierop is de Engelse term GroundGlass Nodule (GGN) 
gebaseerd. SubSolide Nodulen komen minder voor dan solide nodulen: bij 3.3% van de deel-
nemers van de NELSON trial werd een dergelijke nodule gevonden, in meer dan de helft van die 
gevallen verdween deze weer. Uiteindelijk werd bij 1.5% van de deelnemers een persisterende 
SSN gevonden.
SSNen kunnen geheel of gedeeltelijk subsolide zijn. In het eerste geval spreekt men van een 
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volledig niet solide SSN, in het tweede geval van een part-solide nodule. De ook wel gebruikte 
termen en afkortingen in dit verband: pure nonsolid GGN en part-solid GGN vinden we een 
onnodige uitbreiding van de begripsbepalingen en daarmee onnodig verwarrend.
De problemen met SSNen zijn deels inherent aan hun radiologische verschijningsvorm: SSNen 
zijn minder dicht en minder goed afgrensbaar dan solide nodulen en daarmee niet alleen moei-
lijker op te merken maar ook moeilijker nauwkeurig te meten vergeleken met solide nodulen.
Het tweede probleem met SSNen is dat hun biologisch gedrag anders is dan dat van de meer 
gebruikelijke solide nodulen. Ook SSNen die later kwaadaardig blijken zijn vaak indolent met 
een langzame groei, meestal met een verdubbelingstijd van meer dan 400 dagen.
Het diagnosticeren van tumoren met een verdubbelingstijd van meer dan 400 dagen wordt vaak 
beschouwd als overdiagnose, en het behandelen daarvan als overbehandeling. Overbehande-
ling wil zeggen dat een aandoening wordt behandeld waaraan de patiënt zonder behandeling 
niet zou overlijden en de rest van zijn leven zelfs geen last van zou ondervinden.
In een recent opiniërend artikel in het gerenommeerde JAMA werd zelfs de vraag opgeworpen 
of de term ‘kanker’ voor dit soort zeer langzaam groeiende tumoren nog wel een goede bena-
ming was omdat kanker over het algemeen staat voor de ontwikkeling van een ziektebeeld dat 
zonder behandeling tot de dood leidt. 
Voor SSNen betekent dit dat de patiënt niet noodzakelijkerwijs gebaat is bij een behandeling 
daarvan, maar dat ook een afwachtend beleid overwogen kan worden.
Resectie van de SSN kan dan overwogen worden bij versnelling van de groei of bij de ontwik-
keling van een solide component., hetgeen kan wijzen op de ontwikkeling van een meer agres-
sieve groeiwijze in de tumor.
In dit proefschrift proberen we een bijdrage te leveren aan de oplossing van deze problemen 
door:
• verslag te doen van een mogelijke verbetering van de zichtbaarheid van SSNen op het CT beeld
• verschillende aspecten te onderzoeken van de semi automatische segmentatie van SSNen
• de mogelijkheid te onderzoeken van de segmentatie van een solide component in een SSN
• de haalbaarheid te onderzoeken van een terughoudende benadering in de behandeling 
 van een SSN
• de radiologische aspecten te onderzoeken van de gemiste longcarcinomen in de NELSON trial.
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Deel I: Zichtbaarheid van SubSolide Nodulen

Het gebruik van computers, zogenaamde Computer Aided Diagnosis (CAD), bij de opsporing 
van longnodulen is bij het beoordelen van CT’s niet gebruikelijk, en zelfs screeningsprogram-
mas maken vaak nog geen gebruik van CAD.
In de meeste gevallen hangt de opsporing van SSNen dus af van menselijke waarneming. Om-
dat SSNen minder dicht zijn dan solide nodulen zijn ze moeilijker op te merken. Dit wordt nog 
versterkt bij CT beelden zoals die bij longkankerscreening gemaakt worden. Longen worden 
over het algemeen met weinig contrastrijke beelden beoordeeld. Bij screening wordt de stralen-
dosis zoveel mogelijk beperkt waardoor de beelden nog minder contrastrijk worden.
Het lijkt dus voor de hand te liggen de zichtbaarheid van de nodulen te verbeteren door het 
contrast in de beelden te verbeteren. Dit kan door de dikte van de CT plak wat toe te laten ne-
men. Verder kunnen de beelden door middel van een zogenaamd smaller ‘window’ contrastrij-
ker beoordeeld worden.

In hoofdstuk 2 vergeleken we drie verschillende manieren van afbeelden van de CT scans bij 
de detectie van SSNen. We vergeleken door de computer berekende 5 mm dikke CT coupes 
met een contrastrijker window, met 1 mm coupes met een standaard windowsetting en met 
7 mm zogenaamde MIP coupes zoals deze in de NELSON trial gebruikt werden. MIP staat voor 
Maximum Intensity Projection, een techniek waarbij in een dikke coupe alleen de meest dichte 
beeldpunten worden weergegeven.

Onze hypothese was dat de detecteerbaarheid van de nodulen het grootst zou zijn bij de 5 mm 
dikke coupes met een contrastrijker window.
Twee ervaren onderzoekers beoordeelden 216 CT scans met in totaal 34 SSNen. Hun resulta-
ten toonden een goede overeenkomst (Cohen Kappa 0.89-0.95). Er werd echter geen significant 
verschil gevonden tussen de drie verschillende technieken.(p>0.13).
We concludeerden dus dat we niet in staat waren gebleken aan te tonen wat de beste techniek is 
om SSNen te detecteren bij ervaren waarnemers die zich uitsluitend op dat doel richten.
Dat wil niet zeggen dat onze hypothese niet overeind zou blijven in de klinische praktijk van 
alle dag waarbij waarnemers niet altijd zo ervaren zijn, altijd haast hebben, vaak verschillende 
taken door elkaar moeten verrichten en nog een heleboel andere dingen moeten vinden dan 
alleen SSNen.

Deel II: Semi-automatische segmentatie van SubSolide Nodulen

Menselijke beoordeling van screenings CT’s is erg tijdrovend en dus kostbaar.
Verder wordt altijd een percentage van de nodulen gemist en resulteert het opmeten van de 
nodulen door verschillende waarnemers vaak in verschillen. Door de computer uitgevoerde 
detectie en segmentatie (CAD) van de nodulen heeft de potentie deze problemen op te lossen.
Implementatie van CAD zal dan ook essentieel blijken voor de invoering van longkankers-
creening op een grote schaal. In dit deel onderzochten wij een nieuw prototype software dat 
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was aangepast voor het segmenteren, dat wil zeggen het automatisch omtrekken van SSNen. 
Vervolgens wordt met behulp van deze software dan het volume en de massa van de nodule 
berekend.
Om bruikbaar te zijn bij screening of in de klinische praktijk moeten bij CAD meting van de 
nodulen (volumetrie) verschillende parameters -diameter, volume, dichtheid en massa- nauw-
keurig bepaald kunnen worden. Omdat groei de belangrijkste factor is waarnaar gekeken wordt 
bij een follow-up scan is reproduceerbaarheid van deze resultaten tenminste zo belangrijk.
De foutenmarge bij herhaling van dezelfde scan (interscan error) en de foutenmarge bij beoor-
deling van twee verschillende onderzoekers van dezelfde nodule (inter observererror) bepalen 
welke uitkomst van een herhaalde meting met zekerheid wijst op groei van de nodule. Ver-
der moet CAD detectie en volumetrie toepasbaar zijn in de dagelijkse praktijk, dat wil zeggen 
het moet snel en gebruiksvriendelijk zijn. CAD volumetrie bleek bij solide nodulen al eerder 
nauwkeuriger en reproduceerbaarder te zijn dan handmatige metingen van de diameter van de 
nodulen. Volume was in de NELSON trial de belangrijkste parameter waarop over het verdere 
beleid werd beslist. Dit was óf het volume van de nodule wanneer die voor het eerst werd op-
gemerkt, óf de verandering in het volume bij een vervolg CT.
Bij SSNen is meting van de massa belangrijk omdat eerder onderzoek uitwees dat hiermee groei 
van SSNen eerder kan worden aangetoond dan met de meting van het volume.

In hoofdstuk 3 testten we de nauwkeurigheid van het programma in een mensvormig fantoom 
waarin een aantal op SSNen gelijkende nodulen werden aangebracht. Een belangrijk voordeel 
van een fantoom is dat de onderzoeker zelf de eigenschappen van de nodulen kan bepalen en 
dat het exacte volume, dichtheid en massa dus bekend zijn. Een ander voordeel is dat stralenbe-
lasting geen rol speelt, en dat dezelfde nodulen dus keer op keer met verschillende technieken 
en verschillende CT scanners gescand kunnen worden.
Op die manier kan de invloed van al deze verschillende factoren op de nauwkeurigheid van de 
metingen bepaald worden. Het evidente nadeel van een fantoom is het verschil met een mens: 
de anatomie is anders en er is geen invloed op het beeld van vrijwillige en onvrijwillige bewe-
gingen zoals bijvoorbeeld die van het hart.
Het doel van deze studie was de nauwkeurigheid van de meting van volume en massa te on-
derzoeken en de invloed op de nauwkeurigheid van de metingen van het type CT scanner, de 
reconstructie filter, de buisspanning en buisstroom van de röntgenbuis van de CT scanner.
Gemeten volume en massa toonden afwijkingen van de bekende waarden, maar deze afwij-
kingen waren niet significant voor CT scanners, reconstructiefilters, voor buisstroom op het 
volume en voor buisspanning op de massa.
We concludeerden dat de resultaten van computer segmentatie van SSNen en van de meting 
van volume en massa veelbelovend waren. 
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In hoofdstuk 4 onderzochten we de interscan variatie van semi-automatische volumetrie van 
SSNen. In het ideale geval gebeuren deze twee metingen op twee CT’s met een minimale tus-
senpose, bijvoorbeeld voor en na de koffiepauze. Alleen in dat geval weet je helemaal zeker dat 
de afmetingen en de massa van de nodulen bij beide scans hetzelfde zijn.
Omdat dit met het ons ter beschikking staande materiaal niet mogelijk was, hebben wij de 
reproduceerbaarheid van de metingen onderzocht door de metingen te vergelijken van twee 
opeenvolgende CT’s bij 44 nodulen die ook bij een zeer kritische herbeoordeling door twee 
ervaren onderzoekers niet veranderd waren. De interscan grenzen van overeenstemming vari-
eerden van -12.0% tot 9.7% voor de diameter, -35.4% tot 28.6% voor het volume en -27.6% tot 
30.8% voor de massa van de nodule. De overeenstemming tussen de beide onderzoekers was 
goed met een intraclass correlatie coëfficiënt van 0.978, 0.957 en 0.968 voor respectievelijk 
diameter, volume en massa. Bij deze test betekent een correlatie coëfficiënt van 1 een perfecte 
overeenstemming en staat een coëfficiënt boven de 0.8 voor een zeer goede overeenstemming.
We concludeerden op grond van onze bevindingen dat een toename van de massa van een SSN 
van meer dan 30% met gebruikmaking van onze techniek als significante groei beschouwd kan 
worden.

In hoofdstuk 5 vergelijken we handmatige met semi-automatische segmentatie. De praktische 
toepasbaarheid van dit laatste werd onderzocht aan de hand van 33 nodulen die bij een eerder 
onderzoek alle door twee onderzoekers met de hand waren gesegmenteerd. Dit kostte per seg-
mentatie ongeveer 10 minuten. 
In ons onderzoek werden dezelfde 33 nodulen nogmaals door twee andere onderzoekers geseg-
menteerd, maar nu met behulp van de semi-automatische nodule segmentatie software waarbij 
de nodule in minder dan een seconde werd gesegmenteerd. Van de nodule werden diameter, 
volume en massa gemeten. De overeenstemming tussen deze onderzoekers en tussen twee ver-
schillende metingen van één onderzoeker was goed met een intraclass correlatie coëfficiënt 
van meer dan 0.89. Voor onderzoeker 1 en 2 was de gemeten diameter 8.8% en 10.3% groter, 
(p<0.001), het gemeten volume was 24.3% en 26.5% groter (p<0.001) en de gemeten massa was 
10.6% en 12.0% groter (p<0.001) dan het gemiddelde van de handmatige metingen.
We concludeerden dat semi-automatische metingen van diameter, volume en massa van SSNen 
mogelijk is met goede onderzoekers overeenstemming. Verder concludeerden wij dat semi-
automatische metingen de bepaling van volume en massa van een SSN praktisch ook toepas-
baar maakte.

Samenvattend vonden wij bij onze drie onderzoeken van een nieuw prototype software dat se-
mi-automatische segmentatie van SSNen in de dagelijkse praktijk toepasbaar is met voldoende 
nauwkeurigheid en dat een toename van de massa van een SSN van meer dan 30% als signifi-
cante groei beschouwd kan worden.
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Deel III: Management van SubSolide Nodulen: naar een strategie van nauwkeurige controle 

met CT?

Als een SSN na resectie daarvan door de patholoog wordt onderzocht vindt deze vaak tekenen 
die wijzen op kwaadaardigheid. Dit wil bij een SSN nog niet zeggen dat deze zich ook altijd 
kwaadaardig ontwikkelt en onbehandeld tot de dood leidt. SSNen zijn vaak indolent en hebben 
meestal lange verdubbelingstijden tot wel 800 dagen aan toe. Een terughoudende behandelings-
strategie kan daarom verstandig zijn om overdiagnose en overbehandeling te voorkomen.
In 2013 publiceerde de gezaghebbende Fleischner Society aanbevelingen voor het management 
van SSNen waarbij de Society benadrukte dat deze aanbevelingen grotendeels op de ervaringen 
van experts waren gebaseerd en dus niet per se onderbouwd waren door wetenschappelijk 
onderzoek.
Om het persisterende karakter van een SSN te bewijzen, adviseert de Society herhaling van het 
CT onderzoek na drie maanden. Bij blijvende SSN groter dan 5 mm wordt jaarlijkse controle op 
groei geadviseerd gedurende tenminste drie jaar. Bij persisterende part-solide SSN wordt onge-
acht de grootte een meer agressieve benadering aanbevolen. Bij deze nodulen wordt verder on-
derzoek en vervolgens resectie geadviseerd bij patiënten zonder andere ernstige aandoeningen.

In hoofdstuk 6 onderzochten wij of nauwgezette controle van SSNen een alternatief zou kun-
nen zijn voor de benadering zoals aanbevolen door de Fleischner Society. Alle bij NELSON 
gevonden SSNen werden in deze analyse betrokken. Retrospectief werden alle persisterende 
SSNen en SSNen die na ontdekking geresecteerd werden gesegmenteerd. Daarbij werden ge-
middelde diameter, volume en massa werden gemeten. De massa verdubbelingstijd werd bij de 
niet direct geopereerde nodulen berekend. 
In totaal waren bij 108 (1.5%) van de 7135 deelnemers 117 persisterende SSNen beschikbaar 
voor analyse. De mediane follow-up tijd was 95 maanden, variërend van 20 tot 110 maanden.
Drieëndertig (28%) van de 117 SSNen werden geresecteerd waarvan 28 bij pathologisch on-
derzoek (minimale) invasieve groei vertoonden. Slechts bij negen van deze SSNen werd een 
toename van de massa van meer dan 30% gevonden en een verdubbelingstijd van minder dan 
400 dagen. Bij drie verwijderde nodulen ging het om goedaardige afwijkingen. Drie maal werd 
een zogenaamd adenocarcinoma in situ gevonden en drie maal betrof het een invasief en dus 
een agressiever carcinoom.
Ook het overgrote deel van de invasieve carcinomen had een verdubbelingtijd van meer dan 
400 dagen, zodat deze 400 dagen grens ook bij deze SSNen geen bruikbaar criterium is om een 
onderscheid te maken tussen goedaardige en kwaadaardige nodulen. Geen van de 75 (69%) van 
in totaal 108 deelnemers die niet verwezen werden ontwikkelden een klinisch manifest carci-
noom in de follow-up periode.
Wij concludeerden dat persisterende SSNen zich hoogstens zelden tot een klinisch manifeste 
maligniteit ontwikkelen. Nauwgezette controle door middel van CT onderzoek kan een veilige 
optie zijn om veranderingen in de SSN te contoleren.
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Deel IV: detectie en meting van de solide component in SSNen in de long

De eerste belangrijke beslissing die genomen moet worden als we met een persisterende SSN 
van doen hebben, is of er een solide component daarin aanwezig is. Ook voor in dat opzicht 
ervaren onderzoekers kan dat moeilijk zijn. Het is dus goed voorstelbaar dat automatische ana-
lyse de variatie tussen verschillende onderzoekers vermindert. In dit onderzoek onderzochten 
wij of semi-automatische volumetrie software part-solide SSNen kan onderscheiden van niet 
solide SSNen.
De Fleischner Society adviseerde in 2013 om de grootte van de solide component te meten en 
om het percentage matglas component in part-solide SSNen te meten.
Dit laatste is belangrijk omdat is aangetoond dat naarmate de solide component een groter deel 
van de SSN vormt de kans op een invasief carcinoom groter is, en de prognose daarvan slechter.
Volgens de Fleischner richtlijnen moeten SSNen met een solide component groter dan 5 mm 
als kwaadaardig beschouwd worden en dus worden belangrijke beslissingen genomen op basis 
van dit criterium. Dit maakt een methode om de grootte van de solide component nauwkeurig 
en reproduceerbaar te kunnen meten noodzakelijk.

In hoofdstuk 7 onderzochten wij of semi-automatische volumetrie gebruikt kan worden voor 
het vaststellen van de aanwezigheid van, en het meten van een solide component. Honderdvijf-
tien persisterende SSNen werden eerst door twee radiologen opgedeeld in nonsolide en part-
solide. Bij verschil van inzicht werd het oordeel van een derde radioloog als beslissend gebruikt. 
Bij acht van de 115 nodulen was semi-automatische segmentatie van de solide component niet 
mogelijk door verstoring van een bloedvat in de SSN of het multifocale karakter van de SSN. 
Van 107 nodulen kon de solide component dus goed worden gesegmenteerd. 
Eerst werd de afmeting van de solide component met de hand gemeten. Vervolgens werd se-
mi-automatische segmentatie software gebruikt om te beoordelen of een solide component 
aantoonbaar en meetbaar was. Hierbij werd de gevoeligheid van de software voor de aanwezig-
heid van solide componenten op verschillende waarden ingesteld. Dit kan door middel van het 
instellen van een zogenaamde onderste threshold waarde voor de op te merken dichtheden. 
Dat wil zeggen dat alleen pixels, dus beeldelementen met een dichtheid hoger dan die van de 
ingestelde threshold in de segmentatie betrokken worden. Met andere woorden: hoe lager de 
onderste threshold hoe gevoeliger de software is voor de aanwezigheid van solide componenten 
en dus omgekeerd: hoe hoger de threshold hoe ongevoeliger de software.
De menselijke detectie standaard ontdekte in 86 van de 107 (80%) nodulen een solide compo-
nent. De vaststelling van de aanwezigheid van een solide component door de semi-automati-
sche software was zoals te verwachten afhankelijk van de gekozen threshold. 
Een threshold met een waarde van -350 HU resulteerde in de detectie van 76 nodulen met een 
goede sensitiviteit van 92%, hetgeen wil zeggen dat 92% van de door de menselijke onderzoe-
kers gevonden solide componenten ook door de software werden opgemerkt. De specificiteit 
was 83%, hetgeen betekent dat 83% van de niet solide nodulen ook als zodanig door de software 
werden aangemerkt.
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Bij een gekozen threshold van -300 HU kwam de grootte van de automatisch gemeten solide 
component met een gemiddelde afmeting van 4.7 mm goed overeen met de handmatige me-
tingen op longensetting, dat wil zeggen een beeldinstelling waarbij met name de longvelden 
goed zichtbaar zijn, en waarbij een gemiddelde van 4.4 mm gevonden werd. Dit verschil was 
statistisch niet significant (p=0.55).
Bij een gekozen threshold van -130 HU kwam de grootte van de automatisch gemeten solide 
component met een gemiddelde afmeting van 2.4 mm goed overeen met de handmatige me-
tingen op mediastinumsetting, dus een setting waarop met name de weke delen goed zichtbaar 
zijn en waarbij een gemiddelde van 2.3 mm gevonden werd. Ook dit verschil was statistisch niet 
significant (p=0.63).
Wij concludeerden dat in onze serie semi-automatische segmentatie in staat was solide compo-
nenten in een SSN vergelijkbaar met menselijke onderzoekers op te merken.

Deel V: CT karakteristieken van interval en post screen carcinomen in longkankerscreening

Gemiste longkankers bij CT in het algemeen en bij op lage dosis CT gebaseerde screening 
programma’s in het bijzonder hebben slechts beperkte aandacht gekregen in de radiologische 
literatuur. Bij gemiste longcarcinomen kan onderscheid worden gemaakt tussen intervalcarci-
nomen en post screencarcinomen.
Intervalcarcinomen worden hierbij gedefinieerd als carcinomen die gevonden werden tussen 
de verschillende screen rondes na een negatief of twijfelachtig resultaat van de laatste screen 
CT. Dit gedefinieerd als een CT die niet tot een verwijzing van de deelnemer had geleid, of 
waarbij verwijzing niet had geleid tot het diagnosticeren van longkanker. Post screencarcino-
men werden gedefinieerd als longcarcinomen die gevonden werden na beëindiging van het 
screenprogramma van die deelnemer.
In 1999 vonden Japanse onderzoekers op basis van slechts zeven interval carcinomen dat zeer 
kleine nodulen gemist konden worden bij CT onderzoeken met een toen nog gangbare cou-
pedikte van 10 mm. In 2002 rapporteerden Amerikaanse onderzoekers over 32 gemiste long-
kankers bij een screeningsprogramma. Ook zij gebruikten 10 mm dikke coupes. Zij vonden dat 
gemiste longcarcinomen subtiel waren, en zich presenteerden als vage nodulen en dat 92% van 
hun observatiefouten SSNen betroffen.
Sinds die tijd zijn vele studies gepubliceerd over Computer Aided Diagnosis (CAD) systemen 
voor de detectie van longnodulen en is de kwaliteit van de CT apparatuur zeer aanzienlijk 
verbeterd.
Naar beste weten zijn wij de eerste die onderzoek hebben gedaan naar gemiste carcinomen in 
een longkankerscreening programma dat gebruik maakte van moderne multi-detector CT’s, 
CAD en reconstructie van dunne CT coupes.
In hoofdstuk 8 analyseerden wij de CT bevindingen bij de interval en post screen kankers in 
de NELSON trial. De laatste screening CT en de in het kader van de behandeling gemaakte CT’s 
werden door twee radiologen gereviseerd waarbij zij op de hoogte waren van de locatie van de 
gevonden longkanker.

10



143Chapter 10 - Nederlandse samenvatting    |

Bij 61 van de in het totaal 7155 deelnemers bleek er sprake van een interval of een post screen 
carcinoom.
Tweeëntwintig (36%) van deze 61waren retrospectief zichtbaar op de laatste screenings CT. Het 
missen van een carcinoom kan op basis van een detectie fout: de afwijking wordt niet gezien en 
derhalve ook niet vermeld in het verslag, of door een interpretatie fout: de afwijking wordt wel 
gezien en vermeld, maar werd voor een goedaardige afwijking gehouden. 
Wij vonden twintig detectie fouten en twee interpretatiefouten. Fouten betroffen vijf tumoren 
in de grotere luchtwegen, vijfmaal een verdikkingen in de wand van een bulla (dat wil zeggen 
een abnormale holte in de long gevuld met lucht) driemaal lympheklierzwellingen, eenmaal 
pleuravocht (dat wil zeggen vocht tussen de longvliezen) en achtmaal werd een haard in de 
longen gemist.
Mogelijke verklaringen voor het missen van de longhaarden waren: vier keer een positie vast 
aan de longvliezen, eenmaal uitgebreide al langer bestaande afwijkingen rondom een long no-
dule waardoor deze moeilijker op te merken was en eenmaal uitgebreide littekenvorming in de 
long. In de twee resterende gevallen kon geen andere verklaring voor het missen van de nodule 
worden gevonden dan een menselijke fout. Geen van de interval of post screen carcinomen 
betrof echter een SSN.
Wij concludeerden dat interval of post screen carcinomen die retrospectief al zichtbaar waren 
bij de laatste screen CT meestal berustten op detectiefouten van solide long nodulen, nodulen 
in de grotere luchtwegen en verdikkingen van de wand van een bulla, en dat interval of post 
screen carcinomen door menselijke fouten zeldzaam waren. 10
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In dit proefschrift hebben we aangetoond dat semi-automatische segmentatie van SSNen ef-
ficiënt mogelijk is met voldoende nauwkeurigheid en dat de terughoudende NELSON benade-
ring van SSNen niet geleid heeft tot enig interval of post screen carcinoom in de onderzochte 
follow-up periode.
Verder hebben we aangetoond dat, ook al zijn interval of post screen carcinomen door men-
selijk fouten zeldzaam, er ruimte is voor verbetering bij de detectie van tumoren in de grotere 
luchtwegen en dat er op dit moment nog een hoop onbekend is over de betekenis van lokale 
bulla wand verdikkingen.
Echter: ook al menen we aangetoond te hebben dat de terughoudende benadering van NELSON 
door middel van controle CT’s te prefereren is boven de benadering zoals die is geadviseerd door 
de Fleischner Society, dan nog weten we niet wat precies het natuurlijk verloop is van SSNen, en 
derhalve wat de optimale screenings of therapeutische strategie in dit soort gevallen is.
Om de efficiëntie en effectiviteit van longkankerscreening verder te verbeteren moeten nog een 
aantal uitdagingen met succes worden aangegaan.

De eerste grote uitdaging
In staat te zijn het natuurlijk verloop van een nodule in het algemeen en een SSN in het bijzon-
der te voorspellen. De voorspelling van het natuurlijk verloop van een individuele nodule is be-
langrijk omdat op dit moment overdiagnose een serieus probleem is bij longkankerscreening, 
in het bijzonder bij SSNen.
Eerst moeten we meer begrijpen over het verband tussen het biologisch gedrag van een SSN 
en de radiologische kenmerken daarvan. Dit stelt ons hopelijk in staat om onderscheid te ma-
ken tussen indolente SSNen waarbij follow-up een goede optie is en resectie overbehandeling 
zou betekenen en agressieve SSNen waarbij therapeutische opties zoals resectie van de nodule 
tenminste overwogen moeten worden. Radiologische kenmerken die daarbij betrokken kunnen 
worden, zijn behalve de grootte en het niet solide of part-solide karakter van de nodule het as-
pect van de begrenzing daarvan, holtevorming, en kleine ophelderingen door kleine luchtbellen 
in de nodule.
Behalve deze beschrijvende kenmerken van een SSN zijn er verschillende kwantitatieve ken-
merken die bij het onderzoek betrokken kunnen worden. Dat zijn de grootte en dichtheid van 
de SSN als geheel en, indien aanwezig, van de solide component. Uit deze parameters kunnen 
het volume en de massa van de nodule en de solide component berend worden en de verhou-
dingen tussen die parameters.
De meest geciteerde hierbij is de zogenaamde Ground Glass Opacity of GGO ratio die het per-
centage matglas aspect van de nodule berekent. Wat de verschillende ratio’s gemeen hebben is 
dat ze alle pretenderen een maat te zijn voor de solide component van de nodule.

Eindconclusies en toekomstige ontwikkelingen 
in long kanker screening en SSN onderzoek
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Een solide component, ook al kan deze ook veroorzaakt worden door littekenvorming of sa-
mengevallen longweefsel, kan wijzen op invasieve groei van een adenocarcinoom, in het bij-
zonder als deze solide component niet verdwijnt of zelfs groter wordt.
Het beschrijven van de radiologische kenmerken van een SSN kan moeilijk zijn. Zelfs ervaren 
onderzoekers verschillen in een niet verwaarloosbaar percentage van de gevallen van mening 
over de aan- of afwezigheid van een solide component in de nodule. Deze zogenaamde inter 
observervariatie zal nog groter zijn tussen de expert en de algemeen radioloog. Dit probleem 
kan in principe opgelost worden door CAD systemen.
Aangezien het overgrote deel van de screenings CT’s door of tenminste onder verantwoor-
delijkheid van een radioloog beoordeeld zal worden is dit een niet te onderschatten voordeel.
In ons onderzoek vormden bloedvaten die door de nodule heenliepen een probleem bij de 
segmentatie van de nodulen in 14 van onze 115 gevallen. In negen gevallen was dit probleem 
door handmatige correctie van de segmentatie oplosbaar, maar in vijf gevallen lukte dat niet.
Het oplossen van de beperking van de software dat geen onderscheid kan worden gemaakt 
tussen de solide component en een bloedvat in de nodule zou de toepasbaarheid van het CAD 
systeem in longkankerscreeningsprogramma’s zeer ten goede komen.
Het uiteindelijk doel bij CAD van SSNen is om het natuurlijk verloop daarvan te kunnen voor-
spellen. Na het vinden van een SSN zou dit betekenen dat we in staat zijn om te voorspellen of 
een gevonden SSN een voorbijgaande of een blijvende nodule is. Dit zou het aantal follow-up 
scans kunnen verminderen, waarmee niet alleen op kosten bespaard wordt, maar ook onnodige 
bezorgdheid van de deelnemer dan wel patiënt voorkomen wordt.
Als we in staat zijn om ook het natuurlijke verloop op de langere termijn te voorspellen, zou 
dit de kwaliteit verbeteren van de informatie die de radioloog aan de longarts geeft. Deze in-
formatie is van invloed op de beslissing om wel of niet te behandelen en op de frequentie van 
de controle CT’s.
De beslissing om af te wachten of tot actie over te gaan, zal altijd door de longarts in samen-
spraak met de patiënt genomen worden. Deze beslissing zal niet alleen afhangen van de radio-
logische kenmerken van de nodule maar van het totale klinische beeld van de patiënt. Hierbij 
zijn de huidige levensverwachting van de patiënt en eventuele andere ernstige aandoeningen 
belangrijke factoren.
Het is echter onze verantwoordelijkheid als radioloog om de longarts daarbij van zo nauwkeu-
rig mogelijke informatie te voorzien.
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De tweede grote uitdaging
Voordat longkankerscreening op grote schaal geïmplementeerd kan worden is het vergroten 
van de efficiëntie zodat de kosten tot een aanvaardbaar niveau dalen. 
Menselijke beoordeling van screenings CT’s is zeer arbeidsintensief en brengt onontkoombaar 
fouten daarin met zich mee, zeker wanneer dit werk gedurende een lange tijd achter elkaar 
gedaan wordt.
Routinematige toepassing van CAD kan deze problemen oplossen onder voorwaarde dat CAD 
software voor de detectie van nodulen geoptimaliseerd wordt tot een niveau dat het de mens 
als eerste beoordelaar kan vervangen. Dit betekent dus een sensitiviteit voor het detecteren van 
de nodulen vergelijkbaar met menselijke experts. Alleen al deze toepassing zou een geweldige 
besparing betekenen op het aantal benodigde man-uren en dus de kosten voor de beoordeling 
van de CT’s. 
De volgende grote stap zou een computer algoritme zijn dat de kans berekent dat een bepaalde 
nodule kwaadaardig is. Menselijke tussenkomst in het gehele proces kan op die manier beperkt 
worden tot die gevallen waar de kans op een kwaadaardige nodule meer dan verwaarloosbaar is.
Een volgende stap bij het verhogen van de efficiëntie zou kunnen zijn het aantal follow-up scans 
te minimaliseren. Dit zou beteken dat de tijdsintervallen tussen de follow-up CT’s niet met een 
‘one-size fits-all’ vast staan, maar dat bij de berekening van een optimaal tijdsinterval tussen de 
CT’s voor die bepaalde deelnemer rekening gehouden wordt met de individuele risicofactoren 
van de deelnemer en de bevindingen bij de eerdere CT onderzoeken.
Als deze uitdagingen met succes zijn aangepakt, zijn we een stuk dichter bij het uiteindelijke 
doel van longkankerscreening: de ontdekking van elke mogelijke dodelijke kanker in een te ge-
nezen stadium tegen minimale kosten, waarbij overdiagnose en dus overbehandeling vermeden 
wordt.
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Dankwoord

In de vier jaar tussen de aanvang van dit promotieonderzoek en de verdediging daarvan hebben 
een zeer groot aantal mensen een bijdrage geleverd aan de totstandkoming van dit proefschrift.

Prof.dr. W.Th .P.M. Mali, geachte promotor, beste Willem, het was vooral mijn vertrouwen in 
jouw capaciteiten als mens en promotor die mij deden besluiten een praatje te gaan maken over 
de mogelijkheid van een promotieonderzoek. Je eerste waardevolle suggestie was om het onder-
zoek te richten op subsolide nodulen, en een tweede wellicht nog waardevoller idee was om de 
dagelijkse begeleiding hiervan te delegeren aan Pim de Jong om zelf met wat meer afstand de 
grote lijn te bewaken. Dank voor je vertrouwen en je twee gouden grepen.

Prof.dr. M. Oudkerk, geachte promotor, beste Matthijs, dank voor je vele en jarenlange inspan-
ningen voor het van de grond krijgen en houden van het NELSON project en niet minder voor je 
initiatief om de afdeling radiologie van het Kennemer Gasthuis bij dit project te betrekken. Al in 
onze assistententijd in Leiden was ik onder de indruk van je drive voor de wetenschap. Inmiddels 
ben ik ook onder de indruk van de aanzienlijke wetenschappelijk productie die daar het gevolg 
van was. 

Dr. P.A. de Jong, geachte copromotor, beste Pim, een betere copromotor kan een promovendus 
niet hebben. Op het juiste moment beslissend bijsturend. Altijd snel met constructieve kritiek 
en helder geformuleerde aanvullingen op mijn concepten. En steeds met een aanstekelijk opti-
misme, ook als ik het zelf op dat moment wat minder zonnig in zag. Mijn oprechte en grote dank 
voor je zeer grote bijdrage aan dit proefschrift.

Dr. H.A. Gietema, geachte copromotor, beste Hester, je vermogen om ingewikkelde zaken 
beknopt en helder te formuleren bleek al bij onze eerste kennismaking nu meer dan tien jaar 
geleden. Je vatte toen de complexe bediening van de Lungcare software samen met: ‘Rechter 
muisknop, rechter muisknop, rechter muisknop’. Deze capaciteit kwam goed van pas bij je vele 
bijdragen aan meerdere artikelen, met name ook aan hoofdstuk 6, ons artikel over de follow up 
van de SSNen waar we een hoop tijd en energie in hebben zitten! Hartelijk dank hiervoor.

De leden van de beoordelingscommissie, prof.dr. P.J. van Diest, prof.dr. H.J.M. Groen, prof.dr. 
P.H.M. Peeters, prof.dr. J. Stoker en prof.dr.ir. M.A. Viergever dank ik voor hun bereidheid het 
manuscript te beoordelen.
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Dr. R.J. van Klaveren, beste Rob, zonder jouw geweldige inspanning was er geen NELSON project 
geweest. Een heleboel mensen waaronder ik, zijn je hiervoor veel dank verschuldigd. Het is te 
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