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1.1 Lung cancer screening 
Lung cancer is the most common and fatal cancer in the world [1]. In Europe, there were 

391,000 (12% of the total, third place) new lung cancer cases and 342,000 lung cancer deaths 

(20% of total, first place) in 2008 [2]. Despite the modest improvements in treatments during 

the last few decades, the prognosis of lung cancer is still poor and the 5 year survival rate is 

15% in the United States, 10% in Europe and 9% in developing countries [1]. The survival of 

lung cancer is closely related to the stage at the time of diagnosis, ranging from 70% for 

limited, stage I disease to less than 5% for stage IV disease [3]. Usually, lung cancer does not 

cause symptoms early in the disease process, and is mostly diagnosed at a late stage in a 

clinical setting, when the probability of cure is rare.  

It is expected that screening can detect lung cancer at an early stage and reduce mortality. 

A number of clinical trials have been performed trying to prove this hypothesis. The screening 

trials using chest radiography alone or in combination with sputum cytological examination 

failed to demonstrate a reduction of mortality due to lack of sensitivity in picking up 

suspicious lesions [4-8]. With the development of multi-detector spiral computed tomography 

(CT) and its advantage in the detection of small pulmonary nodules [9-11], the interest in lung 

cancer screening rekindled. The results of several observational CT screening trials showed 

that CT is effective in the detection of early stage lung cancer, with a percentage of stage I 

lung cancers ranged from 68% to 96% of all detected [12-27]. Despite its efficiency on early 

detection, lung cancer CT screening is still not being recommended by any public health 

department due to the inherent biases in cohort studies, including lead-time bias, length-time 

bias and over-diagnosis bias. It is accepted that only a randomized controlled lung cancer 

screening trial can eliminate these biases to the highest degree and answer the question about 

mortality reduction by comparing lung-cancer mortality in the screening arm (with CT 

screening) and the control arm (without CT screening). The Dutch-Belgian lung cancer 

screening trial (NELSON trial) [28, 29] is an ongoing multicenter randomized controlled low-

dose CT lung cancer screening trial in the Netherlands and Belgium. The primary objective of 

the study is to determine whether screening with chest CT reduces lung cancer mortality in a 

high-risk cohort compared to a control group receiving no screening. This study recruited 

15,530 smokers and former smokers aged 50 to 75 years. The incidence screens take place 1 

year, 3 years and 5 years after the prevalence screen. The NELSON trial uses 16-row multi-

detector CT and semi-automated 3-dimensional volumetric assessment of nodular growth 

exclusively.  



 

 11

1.2 Nodule measurement in Lung cancer screening 
A large number of pulmonary nodules are being detected in lung cancer screening and only a 

few of them are malignant. How to accurately pick up the malignant nodule is of vital 

importance and can potentially influence the outcome of screening. In most screening trials, 

the nodule management protocols held the same concept: work-ups are recommended for 

large-size nodules, short-term follow-ups and growth evaluations for median-size nodules and 

long-term follow-up for small-size nodules. Therefore, an accurate method for the estimation 

of nodule size is a prerequisite for lung cancer screening, especially in the growth assessment 

of pulmonary nodules. Furthermore, the volume doubling time (VDT) based on serial CT 

examinations has been proven to be a valuable tool in the differentiation between benign and 

malignant pulmonary nodules. Malignant nodules typically present with a VDT between 30 

and 400 days [30-35] and thus may be applied as criterion in lung cancer screening.  

In most screening trials, the determination of nodule size and its growth were based on 

two-dimensional (2D) manual diameter measurements. The 2D measurement is subject to 

substantial measurement variability. This could be the reason that most trials had no 

quantitative criteria of significant growth (table 1). The recent development of three-

dimensional (3D) software-generated volumetric measurement has provided a new method for 

nodule measurement. Compared to traditional 2D measurement, 3D measurement is 

inherently more sensitive since the change of volume is more distinct than diameter as a 

doubling in volume is equal to a 26% increase in diameter in a spherical nodule. For instance, 

the diameter of a 5 mm nodule will increase to 6.3 mm when its volume doubles. Such a 

subtle change in size is difficult to be recognized by 2D diameter measurement, especially 

when the nodule has a non-smooth margin or irregular shape. 

The 3D volumetric measurement software is currently commercial available. Although 

it is more accurate and reproducible than traditional 2D measurement [35-38], it still has some 

degrees of measurement error. Understanding and quantifying the sources of volumetric 

measurement error is important to optimize the growth criterion in a screening project.  

Software-generated nodule volumetric measurement is typically initiated by defining a 

region of interest around a nodule or by a user-provided point inside the nodule area. 

Depending on the application, segmentation algorithms based on attenuation and morphology 

are then employed to delineate nodules from the surrounding lung parenchyma and 

neighboring structures such as attached vasculature and pleural surfaces. The estimate of 

nodule volume is then based on the total number of voxels within the segmented region.  
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Table 1. The methods for nodule measurement, growth assessment and reading strategy in 

lung cancer screening trials 

Name or institution 

and year started 

[references]  

Nodule size 

determination  

Quantitative 

criterion  for 

significant growth

Reading strategy 

ELCAP, 1992, US[15] 2D diameter No Consensus double reading 

I-ELCAP, 1993, 

International [18] 

2D diameter  No Consensus double reading 

University of Munster, 

1995, Germany 

[20,21] 

2D diameter  No  Single reading 

Mayo Clinic, 1999, 

US [16,17] 

2D diameter  No Single reading 

Hitachi Health Care 

Center, 2002, Japan 

[12] 

2D diameter No NR 

University of Milano, 

2004, Italy[24] 

2D diameter No Independent double 

reading arbitrated by a 3rd 

reader. 

NY-ELCAP, 2000, US 

[19] 

2D diameter No Consensus double reading 

ITALUNG, 2004, 

Italian [75] 

2D diameter Increase of at 

least 1mm in 

mean diameter 

Consensus double reading 

NELSON, 2003, 

Netherland [29] 

3D volume Volume 

change>25% and 

VDT<400 days  

Consensus double reading 

 

ELCAP indicates Early Lung Cancer Action Program; I-ELCAP indicates international 

ELCAP; NY-ELCAP indicates New York ELCAP; NR, not reported; 2D, two dimensional; 

3D, three dimensional 
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The accuracy of volumetric measurement is firstly affected by partial volume effect, an 

imaging artifact caused by the limited resolution of CT scanners and the averaging of the 

linear attenuation coefficients of all materials in a voxel. The problem results when an 

algorithm counts a percentage of voxels as containing pure nodule tissue or pure parenchyma 

tissue when, in fact, the voxels contain both [39], which leads to an over- or under-estimation 

of true volume of nodule tissue. It has been shown that the percentage of partial volume 

voxels decreases as nodule size increases and as section thickness decreases [40-42]. Secondly, 

the performance of the segmentation algorithms used to distinguish nodule boundaries from 

attached structures in most software did not work optimally. Kostis et al. developed a model-

based volumetric measurement method which classified nodules into four types on the basis 

of surrounding structures and found acceptable segmentations (as determined by a radiologist) 

in approximately 80% and 72% of segmented nodules with vascular and pleural attachments, 

respectively [43]. Das et al. reported the overall absolute percentage error varied for different 

nodule attachment categories using LungCare software and was highest for pleural nodules, 

ranging from 10.3% to 21.2% across CT vendors [44]. Other influencing factors of volumetric 

measurement accuracy include scan acquisition and reconstruction parameters, such as section 

thickness, collimation, radiation exposure and the type of CT system [39, 40, 42, 44-47].  

The reproducibility of volumetric measurement is another important indicator, 

representing the consistency of the measured volume. It consists of both the variability 

presented in the contemporary repeat scans of the same object (inter-scan variability) and the 

variability caused by the reader (intra- or inter-observer variability). The inter-scan variability 

can be caused by real change of the objects. For instance, the nodule itself and its margins 

with surrounding lung parenchyma can vary from scan to scan, physiological changes such as 

lung volume; furthermore, variation in phase of cardiac cycle, microatelectasis, or patient 

position on the table may occur [48-52]. In addition, the performance of segmentation could 

also play an important role [50]. The intra- or inter-observer variability is primarily due to 

semi-automated software because the observer is responsible for setting a point inside the 

nodule area to initiate the whole process. In some cases, the observer even needs to modify 

unsatisfying segmentation by the software. The disagreement between observers mostly 

occurs in case of some “difficult “nodules, such as those with non-smooth margin, irregular 

shape or attachment to surrounding structures [53].  

There have been a number of studies quantifying the degree of the variability. 

Wormanns et al. [54] reported an inter-observer variability ranging from -5.5 to 6.6% using 

LungCare software (Siemens). Revel et al. [53] reported the upper limit of the 95% limits of 
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acceptability was 6.38% of the previously measured volume using CT Lung Analysis software 

(GE Medical Systems Europe). Goodman et al. [49] reported the mean inter-observer 

variability was 0.018% with a standard deviation of 0.73% on 43 successfully segmented 

nodules.  However, multiple interrelated variables are involved in their studies, such as the 

variance in CT vendor, dose exposition, nodule selection, software vendor. Thus, it is 

currently difficult to give a general estimate of variability. Validation is thus necessary for the 

application of certain software in certain circumstances. Moreover, several studies [45,55,56] 

have found a significant effect of reconstruction settings on volume measurement variability, 

but these results are derived from normal-dose chest CTs, and no data are available from low-

dose chest CT studies so far. Furthermore, all these studies focused on the agreement between 

the volumes measured with the different reconstruction settings, but none of them addressed 

the repeatability of each individual reconstruction setting. For reconstruction settings with a 

lower repeatability, agreement is also expected to be lower.  

1.3 Reading strategy in lung cancer screening trial  
Achieving a maximum diagnostic yield in lung cancer screening programs is not only 

dependent on the image quality but also on the appropriate reading of the images. Efforts to 

improve accuracy and to reduce variability in the interpretation can potentially increase the 

effectiveness of a screening program. 

Most studies in breast cancer screening have shown that double reading increased the 

cancer detection rate with 6-15% compared to single reading [57-63]. Despite inconsistency 

in the data as some investigators only found an increase in the cancer detection rate of 2-5% 

after double reading [64-66], the strategy of double reading is recommended for breast cancer 

screening today. Taking the costs of double reading into account, double reading also 

appeared to be more cost-effective than a single reading policy [67, 68]. Double reading can 

be generally performed by three different methods: independent double reading in which the 

final result is in favor of the positive diagnosis of either reader; consensus double reading, in 

which both readers try to reach consensus; and independent double reading arbitrated by a 

third reader. The first method of double reading has been reported to increase the sensitivity 

of cancer detection at the expense of a decrease in specificity in screening projects [58, 63,64], 

while the latter two methods have been reported to achieve an increase in sensitivity without 

changing the specificity [59,60,62].   

In lung cancer screening trials, most studies adopt a double reading strategy (table 1). 

However, there is few data to date focusing on the reading strategy in lung cancer screening, 
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especially no information is available for the most important indicator, the change of cancer 

detection rate due to the double reading. Gierada et al. explored the inter-reader variability in 

lung screening project and showed that the difference between readers could have occurred in 

lesion detection, characterization of a lesion as a nodule or non-nodule, and lesion 

measurement. The inter-observer agreement was moderate to substantial and potential for 

considerable improvement existed [69]. Similar results were found in other studies in a 

clinical setting: a relatively high inter-observer variability for the detection and 

characterization of pulmonary nodules [70-72]. In a lung cancer screening project, image 

interpretation can be performed in different situations and these situations could result in 

different outcomes. For instance, displaying the chest CT data on a workstation, 

reconstructing the data with maximum intensity projection or volume rendering algorithm 

have been proven to increase the accuracy of the reader [73, 74]. Furthermore, using 3D 

software-generated volume as the criterion for nodule classification could also reduce the 

inter-observer variability. Therefore, the value of double reading could be different in different 

trials due to the difference in methodology.  

1.4 Overview of this thesis 
The issues of methods and validation of nodule measurement in lung cancer screening are 

studied in this thesis. In chapter 2, we describe the screening results of the first and second 

round of the NELSON trial, in which the software-generated volume and volume-doubling 

time of a non-calcified lung nodule was used as the main criterion for deciding on further 

action. The inter-observer variability of semi-automated volumetric measurement of 

pulmonary nodules and the effect of nodule characteristics were assessed in chapter 3 and 4. 

Furthermore, we explored the effect of reconstruction parameters on the repeatability of semi-

automated nodule volumetric measurement and assessed the agreement between three 

reconstruction settings in chapter 5. The value of consensus double reading in the baseline 

screening of the NELSON trial was assessed in chapter 6.    
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Abstract 
 

Background: The use of multidetector computed tomography (CT) in lung-cancer screening 

trials involving subjects with an increased risk of lung cancer has highlighted the problem for 

the clinician of deciding on the best course of action when noncalcified pulmonary nodules 

are detected by CT.  

 

Methods: A total of 7557 participants underwent CT screening in years 1, 2, and 4 of a 

randomized trial of lung-cancer screening. We used software to evaluate a noncalcified nodule 

according to its volume or volume-doubling time. Growth was defined as an increase in 

volume of at least 25% between two scans. The first-round screening test was considered to 

be negative if the volume of a nodule was less than 50 mm3, if it was 50 to 500 mm3 but had 

not grown by the time of the 3-month follow-up CT, or if, in the case of those that had grown, 

the volume-doubling time was 400 days or more.  

 

Results: In the first and second rounds of screening, 2.6% and 1.8% of the participants, 

respectively, had a positive test result. In round one, the sensitivity of the screen was 94.6% 

(95% confidence interval [CI], 86.5 to 98.0) and the negative predictive value 99.9% (95% CI, 

99.9 to 100.0). In the 7361 subjects with a negative screening result in round one, 20 lung 

cancers were detected after 2 years of follow-up.  

 

Conclusions: Among subjects at high risk for lung cancer who were screened in three rounds 

of CT scanning and in whom noncalcified pulmonary nodules were evaluated according to 

volume and volume-doubling time, the chances of finding lung cancer 1 and 2 years after a 

negative first-round test were 1 in 1000 and 3 in 1000, respectively.  
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Background 
The use of multidetector computed tomography (CT) has increased the chance of finding 

noncalcified pulmonary nodules,1,2 and as a result, clinicians often face the problem of 

deciding on the best course of action with respect to such nodules when they are found in 

asymptomatic subjects who have an increased risk for lung cancer.3 This difficulty is 

especially evident in CT-based screening programs for lung cancer. The current practice is to 

refer participants in these programs for additional diagnostic evaluation if they have a 

noncalcified nodule that is larger than 5 mm in diameter.4,5,6,7,8,9 In designing the Dutch–

Belgian randomized lung cancer screening trial (Nederlands-Leuvens Longkanker Screenings 

Onderzoek [NELSON]), we adopted a strategy that was meant to provide an inexpensive and 

simple follow-up process without increasing the false negative rate of the screening test.10 The 

strategy entailed the use of the volume and volume-doubling time of a noncalcified nodule as 

the main criteria for deciding on further action. In this article, we report an evaluation of this 

strategy, which involved the tracking of individual nodules and the collection of 2-year 

follow-up data from the screened population of the NELSON trial.  

 

Methods 
Participants 

We randomly assigned eligible participants in NELSON, who were recruited as described 

previously,11 to undergo CT screening at baseline (first round), 1 year later (second round), 

and 3 years later (third round, 2 years after the second round), or no screening. The purpose of 

the trial is to determine whether at 10 years after randomization CT screening will have 

reduced mortality from lung cancer by at least 25%. The trial was approved by the Dutch 

Minister of Health and the ethics board at each participating center. All participants gave 

written informed consent.  

Screening Strategy 

A 16-detector CT scanner (Somatom Sensation 16, Siemens Medical Solutions or, at the 

screening site in Utrecht, 1x Mx8000 IDT or Brilliance-16P, Philips Medical Systems) was 

used at each of the screening sites. Data sets were derived from images of the lung with a 

thickness of 1 mm that were reconstructed at overlapping 0.7-mm intervals. Isotropic data sets 

allowed for volume measurements with good reproducibility, even in the case of small 

lesions.12 Data acquisition and scanning conditions were standard across screening sites and 

were the same for all rounds of screening.10 At each site, CT data were analyzed on one type 
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of digital workstation (Leonardo, Siemens Medical Solutions) with the use of software for 

semiautomated volume measurements (LungCare, version Somaris/5 VA70C-W, Siemens 

Medical Solutions).13,14 In the case of inappropriate segmentation (i.e., nodules that were 

attached to a fissure or to a vessel), the radiologist was allowed to enter manual measurements, 

which overruled the automatically generated volumes. Data generated by the LungCare 

software were uploaded into the NELSON Management System, which automatically 

detected whether a nodule was new or had been present previously and which calculated the 

percentage change in volume and the volume-doubling time in days (Fig. 1 in the 

Supplementary Appendix, available with the full text of this article at NEJM.org).  

A nodule was classified as noncalcified if it did not meet previously specified criteria 

for a benign lesion.4 For solid pleural-based and nonsolid pulmonary nodules, the diameter 

was determined manually, and the volume-doubling time was calculated as described 

previously10 (Fig. 1 in the Supplementary Appendix). In the case of pleural-based nodules, the 

diameter was measured at a point perpendicular to the costal pleura. In the case of partially 

solid lesions, only the volume of the solid region was used. The diameter was defined as the 

average of the maximum length and width of the nodule. Growth was defined as a change in 

volume of at least 25% between the first and second scans or between the second and third 

scans. The 25% threshold was based on three zero-change data sets in which the variation in 

volume of individual nodules was assessed between two low-dose CT scans. After the first of 

these scans, the patient returned to the examining table for the second scan to simulate the 

condition of a repeat examination for the follow-up of a pulmonary nodule. In these studies, 

the volume measurement error varied between 20% and 25%.12,14,15 Growing nodules were 

classified into three growth categories according to their volume-doubling time (<400, 400 to 

600, and >600 days).  

CT scans were independently read by first and second readers. The experience of the 

13 first readers ranged from none to more than 20 years of experience reading thoracic CT 

scans (median, 6 years); both second readers had 6 years of experience. The second readers 

matched the nodules they had identified with nodules identified by the first readers according 

to location and size and compared their results with those of the first readers. If the results 

were discrepant, the readers reevaluated the scan to reach a consensus. If no consensus was 

reached, a third radiologist arbitrated the results.  

First-Round (Baseline) Scan 

A test was considered to be positive if on the CT scan any noncalcified nodule had a solid 

component that was more than 500 mm3 (>9.8 mm in diameter) and was considered to be 
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indeterminate if the volume of the largest solid nodule or of the solid component of a partially 

solid nodule was 50 to 500 mm3 (4.6 to 9.8 mm in diameter) or if the diameter of a nonsolid 

nodule was greater than 8 mm.10 In subjects with an indeterminate result, a follow-up scan 

was obtained 3 months after the baseline scan to assess the growth of the lesion. If at that time 

the lesion had a volume-doubling time of less than 400 days, the final result was declared to 

be positive; otherwise, it was considered to be negative. Subjects with positive screening tests 

were referred to a chest physician for workup and diagnosis. If lung cancer was diagnosed, the 

participant was treated for the disease and left the screening trial; if no lung cancer was found, 

the regular second-round CT scan was scheduled for 12 months after the baseline scan.  

Second-Round Scan 

When one or more new nodules were found on the second-round scan, the interpretation 

(positive or negative result) was based on the size of the nodule, as it had been in round one; 

if the result was indeterminate, a follow-up scan was obtained 6 weeks later.10 In the case of 

nodules that had been detected previously, the second-round result was based on the volume-

doubling time. If there was no growth, or if the volume-doubling time was more than 600 

days, the screen was classified as negative. If the volume-doubling time was less than 400 

days, or if a new solid component had emerged in a previously nonsolid nodule, the scan was 

considered to be positive. When the volume-doubling time was 400 to 600 days, the test result 

was considered to be indeterminate and a follow-up scan was obtained 1 year after the 

second-round scan. At that time, if the volume-doubling time was less than 400 days, the final 

result was considered to be positive; otherwise it was considered to be negative. If both new 

and existing nodules were present, the nodule with the largest volume or fastest growth 

determined the result. All participants with a negative second-round test result were invited to 

undergo the third round of screening 2 years after the second round. A cancer detected on 

screening was classified as a first-round or second-round cancer if it was diagnosed after a 

workup during the first year after a positive first-round or second-round screen, respectively. 

Lung cancers that were detected during the first year after a negative first-round or second-

round screening test were classified as interval cancers. They were identified through linkage 

with the national pathology database, information from participants and general practitioners, 

and, in the case of round-one interval cancers, linkage with the National Cancer Registry. The 

workup, staging, and treatment were standard across all screening sites and were performed 

according to published guidelines.10,16,17  
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All the authors contributed to the data collection and the decision to submit the 

manuscript for publication, and all the authors vouch for the accuracy and completeness of the 

data.  

Statistical Analysis 

The diagnostic sensitivity was defined as the ratio between the number of true positive results 

(participants who were diagnosed with lung cancer during the first year after a positive 

screening test) and the number of true positive results plus the number of false negative 

results (interval cancers detected during the same time period). Diagnostic sensitivity, 

specificity, positive predictive value, and negative predictive value were calculated at the 

participant level, and 95% confidence intervals were determined with the use of SPSS 

software, version 15.0 (SPSS). The standard for a negative baseline or second-round test 

result was based on the retrospective information that lung cancer was absent 2 years after the 

first round of screening and 1 year after the second round. Normally distributed data are 

shown as means ±SD. P values of less than 0.05 were considered to indicate statistical 

significance. 

 

Results 
First Round 

The mean (±SD) age of the screened participants was 59±6 years, and the mean number of 

pack-years smoked was 42±19; a total of 16% of the participants were women. The first round 

of screening was conducted from April 2004 through December 2006 (Fig. 2 in the 

Supplementary Appendix). Of the 7557 participants, 50.5% had a total of 8623 noncalcified 

pulmonary nodules, of which 98.0% were solid. Automated volumetric data were manually 

adjusted in the case of 6.3% of the nodules. The screening results were determined to be 

negative in 5987 participants (79.2%), indeterminate in 1451 (19.2%), and positive in 119 

(1.6%) (Figure 1). A total of 1536 follow-up scans were obtained 100±19 days, on average, 

after the baseline scan in participants with an indeterminate result. Including the outcome of 

these follow-up scans, the results from round one of the screening were negative in 7361 

participants (97.4%) and positive in 196 (2.6%).  

Of the 196 participants with a positive scan, 177 were referred for workup; 19 were 

not referred (9 because of a decision by the tumor board, 3 because of an administrative error, 

and 7 because they were already receiving treatment from another specialist). Lung cancer 

was diagnosed in 70 of the 177 participants who had a positive scan (39.5%); the diagnosis 
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was made mainly by means of an invasive procedure (85.7%). These 70 participants had 72 

lung cancers, of which 46 (63.9%) were classified as pathological stage I. In three subjects, no 

tissue for a histologic diagnosis could be obtained. These subjects received high-dose 

radiotherapy because the lesions were growing and were assessed as positive on a positron-

emission tomographic (PET) scan. Of the remaining 107 subjects with a positive scan, 100 

had benign disease and 7 had metastases from another cancer. In round one, the proportion of 

invasive procedures that revealed benign disease was 27.2%.  

The lung-cancer detection rate in round one was 0.9% (70 of 7557 subjects). There 

were four interval cancers, all of which were stage IV adenocarcinomas; three of these were 

new noncalcified nodules, and one, which had been seen in the first round, had a volume-

doubling time of more than 600 days at the 3-month follow-up. The sensitivity of round-one 

screening was 94.6% (95% confidence interval [CI], 86.5 to 98.0), the specificity 98.3% (95% 

CI, 98.0 to 98.6), the positive predictive value 35.7% (95% CI, 29.3 to 42.7), and the negative 

predictive value 99.9% (95% CI, 99.9 to 100.0). Thus, in a subject with a positive CT 

screening test, the probability that the lesion would be malignant was 36%; with a negative 

screening test, the probability that a participant would not have lung cancer was 99.9%.  

Among the 7361 negative CT scans in round one, 20 lung cancers were detected during the 2 

years of follow-up: 3 were round-one interval cancers, and 17 were detected in the round-two 

screening. On the basis of this information, the negative predictive value was 99.7% (95% CI, 

99.6 to 99.8). All 126 participants with a positive screening result at round one but with a 

negative workup returned to the screening program. After a mean follow-up of 785±263 days, 

10 of these 126 subjects received the diagnosis of pulmonary adenocarcinoma, which 

appeared to have originated from a suspicious nodule that was detected in round one (Table 1 

in the Supplementary Appendix).  

Second Round 

In accordance with the trial's protocol, all the participants in the first round of screening, 

except those in whom lung cancer had been diagnosed, were invited to undergo screening in 

the second round,12 which was conducted from April 2005 through April 2008. A total of 7289 

participants underwent screening 384±59 days after the round-one screening (Fig. 1 in the 

Supplementary Appendix). In 1588 (21.8%) of these participants, a total of 2320 new nodules 

were detected, 29.2% of which had a volume of less than 15 mm3 or had been missed in round 

one. Automated volumetric data were manually adjusted in the case of 5.4% of the new 

nodules and 1.9% of previously existing nodules. The second-round screening result was 

negative in 6719 participants (92.2%), indeterminate in 480 (6.6%), and positive in 90 (1.2%)  
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(Figure 2). Among participants with an indeterminate result, 276 had a follow-up scan 77±36 

days after the second-round screening and 231 had a follow-up scan 364±36 days after the 

second-round screening. The follow-up scans were positive in 38 subjects, and when the 

results of these positive follow-up scans were added to the results of the 90 positive screening 

scans, there were 128 subjects (1.8%) with positive second-round scans. Of these 128 

participants, 1 patient died as a result of a metastatic colon carcinoma and 118 were referred 

for workup; 54 of the 118 who were referred for workup (45.8%) received the diagnosis of 

lung cancer, mainly after undergoing an invasive procedure (88.9%). The nine participants 

who were not referred for workup (four because of a decision by the tumor board, four 

because of an administrative error, and one because the patient was already receiving 

treatment from another specialist) were invited to participate in the third round of screening 2 

years later. In one of these nine, lung cancer was found 23 months after the first detection of 

the nodule in a nodule that had not been seen previously. Of the remaining 64 subjects with a 

positive scan, 62 had benign disease and 2 had another cancer (1 a thymoma and 1 

lymphoma).  

There were two subjects with suspicious lesions from whom no tissue could be 

obtained for histologic diagnosis. These subjects were treated with high-dose radiotherapy 

because the lesions were new and growing and were positive on a PET scan. The 54 

participants with lung cancer had 57 cancerous nodules, 42 of which (73.7%) were classified 

as pathological stage I, including 3 that were synchronous double tumors. The lung-cancer 

detection rate was 0.5% (40 of 7289) during the first year after the second-round screening 

and 0.8% (57 of 7289) for the entire 2-year period after the second and third rounds of 

screening. One stage IV small-cell and one stage IV large-cell interval carcinoma, both of 

which were present in nodules that had been absent at the time of the second-round screening, 

were diagnosed during the first year after the second-round screening. The sensitivity of the 

second-round screening was 96.4% (95% CI, 86.8 to 99.1), the specificity was 99.0% (95% CI, 

98.7 to 99.2), the positive predictive value was 42.2% (95% CI, 33.9 to 50.9), and the negative 

predictive value was 99.9% (95% CI, 99.9 to 100.0).  

Additional Diagnostic Investigations 

The recall rates for CT scans among participants with indeterminate test results were 19.0% 

and 3.8% in rounds one and two, respectively (Table 2 in the Supplementary Appendix). No 

diagnostic PET or PET–CT scanning was performed in participants with positive test results, 

and fine-needle biopsy procedures were performed in less than 1% of the subjects. The rate of 

invasive diagnostic procedures was 1.2% in round one and 0.8% in round two.  
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Discussion 
In a population that was at an increased risk for lung cancer, our strategy of screening for lung 

cancer with the use of volume CT diminished the need for follow-up evaluation in 

participants with an indeterminate test result. This strategy was especially useful during the 

second-round screening. It reduced the number of follow-up examinations in participants with 

a positive test result without reducing the overall sensitivity of the technique, as compared 

with that reported in the literature.4,5,6,7,8,18,19,20,21,22,23 This report concerns itself only with how 

to deal with an abnormality that has been detected on a CT scan in this population; it does not 

address the usefulness of screening for lung cancer with the use of CT scanning.  

The rate of interval cancers that were found in participants in our trial was similar to 

that found in participants in other trials.20 The proportion of early (stage I) lung cancers 

detected in round one (63.9%) was similar to that found in other randomized trials,18,19,23 but 

lower than that found in nonrandomized trials (e.g., the proportion in the International Early 

Lung Cancer Action Program [I-ELCAP] was 86%, and the proportion in a trial performed at 

the Mayo Clinic was 75%).6,7,20 The lung-cancer detection rate in round one in I-ELCAP was 

higher than that in NELSON (1.3% vs. 0.9%),7 despite similar median ages of the participants 

and a higher number of pack-years smoked by participants in NELSON. The discrepancy was 

probably due to the fact that the proportion of women, who tend to have slow-growing 

cancers,24,25 was higher in I-ELCAP than in NELSON. Moreover, in I-ELCAP surgeons 

removed any nonsolid nodule that was larger than 8 mm, instead of waiting for the nodule to 

grow before removing it, as was done in NELSON. In our trial of subjects who had an 

increased risk of lung cancer, we found that the chances of finding lung cancer on a CT scan 

at 3 months, 1 year, and 2 years after a negative first-round test were 0, 1 in 1000, and 3 in 

1000, respectively.  

In round one, the proportion of invasive procedures that revealed benign disease was 

27.2%, which is similar to that found in other trials.5,6,19,21,22,26,27,28,29,30 The advantages of 

volumetric measurements become fully apparent when a volumetric comparison can be made 

with a previous indeterminate CT scan. Because there were no comparative CT scans 

available at round one, the first-round recall rate was almost as high as that in other trials 

(Table 2 in the Supplementary Appendix). The LungCare software version that we used is not 

proprietary and can be used with any CT data set, regardless of the CT system, for evaluation 

of solid nodules and the solid component of partially solid noncalcified nodules smaller than 
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500 mm3. With manual correction, the mean relative deviation from the true lesion volume 

was only –0.3±6.5% for these types of lesions.13  

As an absolute standard for negative test results, we used the absence of lung cancer 

after 2 years of follow-up, a period that is considered to be sufficient for concluding that a 

nodule is benign.2 The 400-day threshold for volume-doubling time that we used was based 

on current opinion that lung cancers with a volume-doubling time of 400 days or more are 

overdiagnosed cases.24,31 A volume-doubling time of 500 days is regarded as the upper limit 

for lung cancer, even though some tumors may grow more slowly32,33,34; our upper limit was 

set at 600 days. If a lower upper limit had been used, the rate of false negatives would have 

increased, but the rate of false positives would have decreased. Therefore, the ranges for 

volume-doubling time that we used are not definite and could be improved. Finally, before we 

can make clinically directive recommendations, our strategy requires validation in an 

independent study. 
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Abstract 

 
Purpose: To retrospectively determine interobserver variability of semiautomated volume 

measurements of pulmonary nodules and the potential reasons for variability.  

 

Materials and Methods: The Dutch-Belgian lung cancer screening trial (NELSON) is a lung 

cancer screening study that includes men between the ages of 50 and 75 years who are current 

or former heavy smokers. The NELSON project was approved by the Dutch Ministry of 

Health and the ethics committee of each participating hospital. Informed consent was obtained 

from all participants. For this study, the authors evaluated 1200 consecutive low-dose 

computed tomographic (CT) scans of the chest obtained during the NELSON project and 

identified subjects who had at least one 50–500-mm3 nodule. One local and one central 

observer independently evaluated the scans and measured the volume of any detected nodule 

by using semiautomated software. Noncalcified solid nodules with volumes of 15–500 mm3 

were included in this study if they were fully surrounded by air (intraparenchymal) and were 

detected by both observers. The mean volume and the difference between both measurements 

were calculated for all nodules. Intermeasurement agreement was assessed with the Spearman 

correlation coefficient. Potential reasons for discrepancies were assessed.  

 

Results: There were 232 men (mean age, 60 years; age range, 52–73 years) with 430 eligible 

nodules (mean volume, 77.8 mm3; range, 15.3–499.5 mm3). Interobserver correlation was 

high (r = 0.99). No difference in volume was seen for 383 nodules (89.1%). Discrepant results 

were obtained for 47 nodules (10.9%); in 16 cases (3.7%), the discrepancy was larger than 

10%. The most frequent cause of variability was incomplete segmentation due to an irregular 

shape or irregular margins.  

 

Conclusion: In a minority (approximately 11%) of small solid intraparenchymal nodules, 

semiautomated measurements are not completely reproducible and, thus, may cause errors in 

the assessment of nodule growth. For small or irregularly shaped nodules, an observer should 

check the segmentation shown by the program.  
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Introduction 
 
The introduction of multidetector computed tomography (CT) has led to a substantial increase 

in the number of incidentally detected small pulmonary nodules. In lung cancer screening 

trials in particular, only a small proportion of such nodules will be malignant; the vast 

majority will turn out to be benign (1–3). The challenge is to correctly identify the few 

malignant nodules among the large number of benign ones by using noninvasive procedures, 

thus avoiding unnecessary invasive procedures (4).  

Because of the high prevalence and often small size of these nodules, repeat CT scans 

are often performed to assess growth. The early assessment of growth has been established as 

the best way to discriminate between malignant and benign lesions (5–9). Volume 

measurements obtained with automated segmentation tools have been shown to be more 

reproducible than diameter measurements (10). Currently, various software tools are 

commercially available for that purpose. We have been using one of the commercially 

available software packages (11–15) for a multicenter lung cancer screening trial (16) and 

have found that volume measurements obtained with this semiautomated nodule segmentation 

program sometimes differed between the first and second readings of the same CT data set by 

different observers. The purpose of this study, therefore, was to retrospectively determine 

interobserver variability of semiautomated volume measurements of pulmonary nodules and 

potential reasons for the variability.  

 

Materials and methods 

Study Group 
Data were collected from the NELSON project, a randomized Dutch-Belgian multicenter lung 

cancer screening trial that includes men aged 50–75 years who are current or former heavy 

smokers. Subjects were included if they smoked a minimum of 16 cigarettes per day for 25 

years or 11 cigarettes per day for 30 years and were able to hold their breath for at least 20 

seconds. Subjects who quit more than 10 years ago and/or had a history of cancer were 

excluded from participation.  

The NELSON project is a population study that was approved by the Dutch Ministry 

of Health and the ethics committee of each participating hospital. Informed consent for 

participation and use of the collected data was obtained from all participants. Our study was 

performed by using CT data obtained at one of the participating centers.  
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Within the NELSON project, all nodules with volumes of more than 15 mm3 

(corresponding mean diameter, 3.1 mm) were prospectively recorded in a database. 

Noncalcified solid nodules with volumes of more than 500 mm3 (mean diameter, >9.8 mm) 

were considered suspicious for carcinoma, and subjects with such nodules were referred to a 

pulmonologist for further work-up. Solid nodules with volumes of 15–50 mm3 (mean 

diameter, 3.1–4.6 mm) were followed up at standard screening intervals (1 and 3 years). 

Noncalcified solid nodules with volumes of 50–500 mm3 were considered indeterminate and 

followed up with a repeat CT examination after 3–4 months to determine growth. Nonsolid 

nodules, part-solid nodules, pleural-based nodules, and nodules attached to a vessel were 

excluded from this interobserver variability study because the software we used for volume 

measurements is not yet designed for calculating reliable volume estimates for these kinds of 

nodules.  

For this study, we included the first 1200 consecutive participants scanned between 

April and December 2004 at one of the participating centers (University Medical Center, 

Utrecht, the Netherlands). We identified all individuals with at least one solid nodule with a 

volume of 50–500 mm3. All patients were referred to short-term follow-up according to the 

trial set-up. We included all patients with noncalcified solid nodules that were not attached to 

vessels or pleura with volumes of 15–500 mm3. This volume range included the smaller 

nodules of 15–50 mm3 found in this patient group because we wanted to acquire data for a 

wider range of nodule sizes.  

CT Scanning 

CT was performed with a 16–detector row scanner (Mx8000 IDT; Philips Medical Systems, 

Best, the Netherlands). All scans were performed in a spiral mode with 16 × 0.75-mm 

collimation and 15-mm table feed per rotation (pitch, 1.3). We used a caudocranial scan 

direction and scanned the entire chest in approximately 10 seconds. Contrast material was not 

injected. Exposure settings were 30 mAs at 120 kVp for patients weighing 80 kg or less and 

30 mAs at 140 kVp for those weighing more than 80 kg. This corresponds to CT dose index 

values of 2.2 and 3.5 mGy, respectively. We reconstructed 1.0-mm-thick transverse images at 

0.7-mm increments by using the smallest field of view to include the outer rib margins at the 

widest dimension of the thorax. A soft kernel was used for reconstruction (B filter; Philips 

Medical Systems).  

Nodule Detection and Volume Measurements 

CT scans were evaluated exclusively by using digital workstations (Leonardo workstation; 

Siemens Medical Solutions, Erlangen, Germany) with U.S. Food and Drug Administration–
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approved, commercially available software for semiautomated volume measurements 

(LungCare; Siemens Medical Solutions). Potential nodules were identified by a human 

observer (H.A.G., with 1 year of experience in radiology) on transverse thin-slab maximum 

intensity projections (slab thickness, 5 mm), which were reviewed with standardized window 

level and width settings of 1500 and −500 HU, respectively.  

After the observer marks a candidate nodule with a mouse click, the program 

automatically defines a volume of interest around the candidate nodule, which can be further 

analyzed by using volume-rendered displays or multiplanar reformations. The candidate 

nodule can then be either approved or discarded.  

The evaluation of a nodule with a second mouse click initiates an automated volume 

measurement program, which includes the following steps that are performed in the 

background (4). First, a fixed-attenuation threshold of −400 HU is applied, and a three-

dimensional connected “structure of interest” is extracted. This structure of interest consists of 

the nodule and, if present, connected structures such as vessels or parts of the chest wall. 

Subsequently, a small spherical three-dimensional template that originates from the click 

point is gradually expanded; its cross-correlation with the segmented nodule is computed for 

each step. The peak value of the cross-correlation curve is determined, and an empirical cutoff 

value close to the peak value is used to separate the nodule from potential adjacent structures.  

In this manner, an optimum three-dimensional template is generated that represents the 

nodule in the most optimal way. This template includes as much of the nodule as possible 

without the inclusion of surrounding structures. Finally, the nodule is segmented by fusing the 

optimum three-dimensional template and the structure of interest; this is followed by spatial 

reasoning to remove adjacent structures (4). The segmented nodule is then shown in yellow 

on the volume-rendered display of the volume of interest. If the proposed overlay does not 

match the nodule, the observer can interactively change which point on the cross-correlation 

curve is taken as the best proposal for a three-dimensional template (by using the “modify” 

option). In this way, the user can shrink or grow the overlaid volume to a user-defined extent. 

In addition, three-dimensional cutoff planes can be set, defining the space that must be 

excluded from the overlay volume.  

The program calculates the volume; the diameters along the x-, y-, and z-axes; and the 

minimum and maximum diameters of the segmented nodule to two decimal places.  

Nodule Evaluation 

After the first reading by one local observer (H.A.G.), scans were transferred for central 

reading to University Hospital Groningen, where another observer (Y.W. or D.X., both with 6 
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years of experience in radiology) performed the second reading. The same software algorithm 

was used at both centers. All nodule measurements were performed once locally and once at 

the central reading area without modification of the output of the program. Finally, the 

segmented volumes were stored in a central database (the NELSON Management System).  

Nodules for which volume measurements yielded different results underwent further work-up. 

Two observers (H.A.G. and M.P.)—both from the local institution—classified the 

morphology of these nodules with regard to their outer contours (smooth, irregular, 

polylobulated, or spiculated) and forms (round, oval, or elliptic). This classification was 

performed in consensus and on the basis of visual assessment. For each of these nodules, the 

same two observers visually compared the two segmented volumes (marked in yellow) and 

the appearance of the nodule on the volume-rendered images to qualitatively assess the 

discrepancies in the segmented volumes. This routine procedure was performed for all 

nodules as part of the NELSON project.  

Data Analysis 

Differences in volume were calculated by subtracting the volume measured by the local 

observer from that measured by the central observer. Differences in volume measurements of 

one nodule were normalized with respect to the underlying nodule size. This was done 

separately for each nodule by calculating the ratio between the difference in volume 

measurements (numerator) and the mean volume (denominator). Agreement in measured 

volume was shown visually by using Bland-Altman plots with 95% confidence intervals (CIs) 

(limits of agreement) (17). Because nodule size showed a nonnormal distribution, 

intermeasurement agreement was determined by calculating the Spearman correlation 

coefficient.  

We determined the number of nodules for which there were discrepant volume 

measurements. The degree of variation was calculated as the difference between the first and 

second measurements relative to the mean volume measured by both observers. We did this 

for the entire group of nodules and for the following three nodule-volume subgroups: 15–50 

mm3, greater than 50 to 200 mm3, and greater than 200 to 500 mm3. Differences between 

subgroups were calculated by using one-way analysis of variance.  

In addition, we calculated descriptive statistical parameters for the relative differences 

between the two measurements for (a) all nodules and (b) only those nodules in which 

discrepancies in volume were found. The difference in the frequency of discrepancies in 

nodule size between the three nodule size categories was determined with the Spearman 
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correlation coefficient for non–normally distributed populations. A P value of less than .05 

was considered to indicate a statistically significant difference.  

To calculate the degree of variation in those nodules for which discrepant volume 

measurements were obtained, we used the positive value of the relative difference between 

both measurements. All statistical analyses were performed with software (Excel 2000, 

Microsoft, Redmond, Wash; and SPSS, version 12, SPSS, Chicago, Ill).  

 
Results 
Included Nodules 

From among patients who underwent the first 1200 baseline scans performed in our hospital 

as part of the NELSON project, we identified 232 men who had at least one nodule with a 

volume of 50–500 mm3. In these 232 men (mean age, 60 years; age range, 52–73 years), we 

identified 450 nodules with volumes of 15–500 mm3 that had been detected and measured by 

both observers. Of these 450 nodules, 430 fulfilled the inclusion criteria of being solid and 

fully surrounded by lung tissue. Of the 20 nodules that were excluded, one was excluded 

because it was not solid, six were excluded because they were attached to a vessel, and 13 

were excluded because they were attached to the costal pleura. The mean volume (± standard 

deviation) of these 430 nodules was 77.8 mm3 ± 71.7 (range, 15.3–499.5 mm3). One hundred 

eighty-eight nodules (43.7%) had a volume of 15–50 mm3, 213 (49.5%) had a volume of 50–

200 mm3, and 29 (6.7%) had a volume of 200–500 mm3.  

Measurements 

Spearman correlation coefficient analysis revealed that intermeasurement (interobserver) 

agreement was excellent (r = 0.99) (Fig 1). Identical volumes were measured by both 

observers in 383 of the 430 nodules (89.1%). Six nodules showed a relative difference of less 

than −10%, nine showed a relative difference of −0.1% to −10%, 22 showed a relative 

difference of 0.1%–10%, and 10 showed a relative difference of more than 10%. This means 

that the positive difference in volume measurements was less than 10% in 31 nodules (7.2%) 

and more than 10% in 16 (3.7%). In five nodules (1.2%), the positive difference was more 

than 25%. The mean positive difference between the measurements for all 430 nodules was 

1.2% ± 4.3. If we consider only those 47 nodules for which we found interobserver variability, 

these values increase to 10.2% ± 8.4. Analysis of all 430 nodules revealed that the mean 

difference (bias) was 0.4% (95% CI: −8.2%, 9.0%) (Fig 2). If we consider only those 47 

nodules for which there was interobserver variability, then the bias was 3.1% (95% CI: 

−21.9%, 28.5%) (Fig 3).  
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Figure 1: Graph shows volume measurements for each nodule. Volume 1 was measured by 
the local observer; volume 2, by the central observer. Line indicates identical volumes 
measured by both readers.  
 
 
 

 
Figure 2a: Bland-Altman plots for all 430 nodules show (a) absolute and (b) relative 
interobserver variability as a function of average nodule volume. Dashed lines indicate 95% 
CIs, and solid lines indicate the bias (average difference). Note that although the mean 
difference is close to zero, substantial interobserver variability can be seen, as shown by the 
95% CIs.  
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Figure 2b: Bland-Altman plots for all 430 nodules show (a) absolute and (b) relative 
interobserver variability as a function of average nodule volume. Dashed lines indicate 95% 
CIs, and solid lines indicate the bias (average difference). Note that although the mean 
difference is close to zero, substantial interobserver variability can be seen, as shown by the 
95% CIs.  
 
 
 
 

 
Figure 3: Bland-Altman plot for 47 nodules for which there was a difference in volume 
measurements obtained by the central and local readers. Interobserver variability is shown as 
function of average nodule volume. Dashed lines indicate 95% CIs; solid line indicates the 
bias (average difference).  
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Results of analysis according to nodule size demonstrated that the percentage of 

nodules for which there were discrepant volume measurements increased with larger nodule 

size: Although only 7.4% (14 of 188 nodules) with volumes of 15–50 mm3 were affected, the 

percentage increased to 13.1% (28 of 213 nodules) for nodules with volumes of 50–200 mm3 

and to 17.2% (five of 29 nodules) for nodules with volumes of 200–500 mm3 (P < .001). In 

the latter group of five nodules, the mean positive difference in measured volume was 16.5% 

± 9.9.  

Reasons for Discrepancies 

We identified the following potential reasons for discrepancies in volume measurements 

between observers. In very small nodules with a volume of less than 30 mm3, the entire 

nodule that is visible on the volume-rendered image is not actually included in the threshold 

used for analysis. Instead, the outer voxels, which contain part nodule and part surrounding 

lung, are excluded. This was the cause of discrepant measurements in 12 nodules. The user, 

however, can interactively modify the segmented volume to improve segmentation.  

In larger nodules, an irregular shape may cause problems because the separation between a 

nodule and its surroundings might be dependent on how well the template matches the actual 

nodule. As a result, parts of the nodule may not be included in the initial segmentation. 

Among the remaining 35 nodules for which measurements varied, we found an irregular 

margin in 27 (Fig 4), a lobulated shape in three, spiculated margins in three, and an elongated 

shape in two (Fig 5).  

 

Discussion 

Although semiautomated measurements were highly reproducible for the vast majority of 

nodules, our results showed that there is a subset of nodules (approximately 11%) in which 

measured volume varies. The use of growth rates to detect malignant nodules, as is done in 

most lung cancer screening studies (1–3), necessitates reproducible volumetric measurements. 

It is known that interobserver variability is one of the factors that can influence the 

reproducibility of volume measurements (4,11,18).  

The observation that there is a subset of nodules for which measurement varies 

between observers basically indicates that a very small measured difference in volume should 

not automatically imply real growth as the only source. When a repeat scan is performed after 

6 weeks, the volume of a malignant nodule (with a volume doubling time of 300 days) that  
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Figure 4a: Volume-rendered displays show nodule with a 
polygonal shape for which there was incomplete segmentation 
during one of the two measurements. Nodule volume varied 
from (a) 134.8 mm3 (as measured by local observer) to (b) 
150.0 mm3 (as measured by central observer).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4b: Volume-rendered displays show nodule with a 
polygonal shape for which there was incomplete segmentation 
during one of the two measurements. Nodule volume varied 
from (a) 134.8 mm3 (as measured by local observer) to (b) 
150.0 mm3 (as measured by central observer).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 5: Volume-rendered display shows elongated nodule for 
which there was incomplete segmentation (indicated in yellow), 
which can lead to interobserver variability.  
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shows slow but substantial growth will increase about 10%. Referral of all subjects in whom 

nodules have shown a 10% increase in volume to a pulmonologist would imply that about 4% 

of the stable nodules will turn out to be false-positive findings. In lung cancer screening trials, 

in which thousands of nodules are being detected, this will concern a substantial number of 

nodules. A 3-month interval was recently recommended by the Fleischner Society for the 

follow-up of nodules with diameters of more than 6 mm (corresponding volume, 216 mm3) 

(19). After 3 months, a malignant nodule with a volume doubling time of 300 days will have 

increased 23% in volume. With use of a 25% increase in volume as the threshold for referral 

to a pulmonologist, the number of false-positive findings will decrease to 1.2%. When a 

repeat scan is performed after 6 months, no stable nodules will be depicted as showing 

substantial growth. 

Currently, the combination of fully automated nodule detection and consecutive 

volume measurements is not yet commercially available. However, semiautomated software 

in which a nodule is digitally marked by an observer to initiate an automated volume 

measurement should already yield highly reproducible estimates because the only 

nonautomated part of the procedure is a manually indicated starting point for nodule 

segmentation. Results of in vitro validation studies of this software with artificial (rounded) 

nodules (14) demonstrated that the segmentation approach used with the software tools is very 

precise for rounded nodules, showing that even a change of 100 μm can be detected on CT 

images. Because in vitro reproducibility was 100%, there seemed to be little use in 

meticulously checking the segmentation of simple intraparenchymal nodules.  

Semiautomated volume estimates of rounded nodules with a smooth margin appear to 

be extremely reproducible in vivo. In fact, we found no such nodule among those with 

discrepant measurements. This was expected because the software uses a spherical template to 

separate the nodule from surrounding structures. In our lung cancer screening trial, however, a 

substantial amount of nodules had a more irregular shape or margins, and some nodules had 

spiculation. These problems were seen most often in the group of intermediate-sized nodules 

with volumes of 50–500 mm3. The segmentation of such nodules often turns out to be 

incomplete and variable, due in part to the partial volume effect on the margins of these 

nodules, which leads to a lowered attenuation in part of the nodule and exclusion of this part 

of the nodule from the segmentation. The irregular shape can lead to problems with the 

spherical template: Depending on the location of the seed point, there may be different peak 

values for matching the spherical template with the real nodule, and, thus, the measured 

volume may vary. This is important because this group of irregular nodules can be expected to 
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include the most malignant ones. With the current semiautomated software, however, it is 

possible to modify the segmented volumes and, consequently, adapt the segmented part to the 

shape of the nodule. In this way, the observer can match the segmentation shown as a yellow 

overlay with the visual assessment of the nodule. In cases of ill-defined margins, it can be 

difficult to identify the correct border lines that separate the entire nodule from its 

surroundings.  

Although we focused on software from one particular vendor for this study, most other 

volume measurement softwares for lung nodules also use seed points to indicate a nodule and 

require some type of paradigm to separate a nodule from neighboring structures. This makes it 

probable that other programs may also be affected by the factors described earlier.  

A potential limitation of this study was the fact that the on-site reviewer had only 1 

year of radiology experience. This reader, however, was well trained for the specific task of 

identifying and selecting nodules. Because this was not a nodule detection study but a study in 

which semiautomatic software was used to calculate the volume of nodules, the influence of 

user experience should be minimal. Another potential limitation of this study was the fact that 

it was based on one specific software program; thus, our results are strictly applicable to this 

specific software only. Any other software with which any manual user input is required will 

also be subject to potential interobserver variations. The amount of these variations, however, 

will be dependent on the software.  

In conclusion, the results of our study demonstrate that although modern software used 

to measure lung nodule volume yields very high interobserver correlation (r = 0.99), volume 

measurements may vary in approximately 11% of cases. Because the detection of minor 

differences in nodule volume is important for determining whether a nodule is growing, it is 

essential to improve reproducibility even further. These tools, however, cannot be used in a 

fully automated approach. In fact, it is important to check the segmentation for completeness, 

particularly when a nodule has an irregular shape or irregular margins. Early published in 

vitro data (14) gave hope that checking the segmentation does not appear necessary; our 

results, however, suggest that a meticulous check of the segmentation should be performed in 

a clinical (in vivo) setting: In case of an incomplete segmentation, one should try to reposition 

the initial seed point to ensure visually complete segmentation and, when necessary, modify 

the segmented volume to match segmentation to the visual assessment of the nodule of 

interest.  
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Abstract 

Purpose: To retrospectively assess volume measurement variability in solid pulmonary 

nodules (volume, 15–500 mm3) detected at lung cancer screening and to quantify the 

independent effects of nodule morphology, size, and location.  

 

Materials and Methods: This retrospective study was a substudy of the screening program 

that was approved by the Dutch Ministry of Health, and all participants provided written 

informed consent. Two independent readers used semiautomated software to measure the 

volume of pulmonary nodules detected in 6774 participants aged 50–75 years (5917 men). 

Nodules were classified according to their location (purely intraparenchymal, pleural based, 

juxtavascular, or fissure attached), morphology (smooth, polylobulated, spiculated, or 

irregular), and size (≤50 mm3 or >50 mm3). The level of agreement was expressed by using 

the absolute values of the relative volume differences (RVDs). Multivariate logistic regression 

analysis was performed, and odds ratios (ORs) were computed to quantify the independent 

effects of morphology, location, and size on RVD categories.  

 

Results: Altogether, 4225 nodules in 2239 participants were included. Complete agreement in 

volume was obtained for 3646 (86%) of the nodules. Disagreement was small (absolute value 

of RVD < 5%) for 173 (4%) nodules, moderate (absolute value of RVD ≥ 5% but < 15%) for 

232 (6%), and large (absolute value of RVD ≥ 15%) for 174 (4%). Multivariate analysis 

showed that the ORs of volume disagreement were 15.7, 3.1, and 1.9 for irregular, spiculated, 

and polylobulated nodules, respectively; 3.5, 2.6, and 2.1 for juxtavascular, pleural-based, and 

fissure-attached nodules, respectively; and 1.3 for large nodules compared with smooth, 

purely intraparenchymal, and small reference nodules.  

 

Conclusion: Nodule morphology, location, and size influence volume measurement 

variability, particularly for juxtavascular and irregular nodules.  
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Introduction 
 
With the introduction of multidetector computed tomography (CT) and the ongoing advances 

in multidetector CT technology, the detection of small pulmonary nodules has become 

common, with detection rates ranging from 23% to 74% in lung cancer CT screening studies 

(1–5). Today, the challenge is to identify the malignant nodules among the majority of benign 

nodules. Volume doubling time has received attention as a diagnostic tool with which to 

differentiate malignant nodules from benign nodules, especially subcentimeter lesions in 

which additional diagnostic techniques—such as positron emission tomography, contrast 

material–enhanced CT, and percutaneous needle biopsy—are less suitable (6–8). Malignant 

solid pulmonary nodules typically have volume doubling times of 20–400 days, whereas 

benign nodules usually have volume doubling times of more than 400 days (9–14).  

The value of volume doubling time in clinical practice is, however, largely dependent 

on measurement variability. Two-dimensional volumetric assessments have been found to be 

unreliable in the detection of volume changes (15,16), while the results obtained with 

computer-aided three-dimensional (3D) volumetric software have been found to be superior to 

the results obtained with two-dimensional software (12,17–22). In a retrospective study, 

Revel et al (18) reported that software-generated volumetric analyses yielded similar results in 

nine repeated measurements in 35 (67%) of 52 nodules. Gietema et al (23) found complete 

agreement for 89% of the 430 solid 15–500-mm3 nodules that were situated entirely within 

the lung parenchyma. However, not all nodules are purely intraparenchymal. They may also 

be pleural based, juxtavascular, or fissure attached, and these different locations may 

influence the accuracy and variability of volumetric measurements. Furthermore, nodule 

morphology may influence volume measurement variability (23,24).  

To our knowledge, quantitative assessment of the independent effects of nodule 

morphology, size, and location on volume measurement variability has not been performed. 

Thus, the purpose of our study was to retrospectively assess volume measurement variability 

in solid pulmonary nodules (volume, 15–500 mm3) detected at lung cancer screening and to 

quantify the independent effects of nodule morphology, size, and location.  
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Materials and methods 
 
Study Group 

Between April 2004 and December 2005, 6774 participants underwent baseline low-dose 

multidetector CT screening for lung cancer. Participants (5917 men, 857 women) were current 

or former smokers aged 50–75 years with a history of smoking more than 15 cigarettes per 

day for more than 25 years or more than 10 cigarettes per day for more than 30 years. The 

prospective screening study was approved by the Dutch Ministry of Health and the medical 

ethical board at each of the four participating hospitals, and written informed consent was 

obtained from all participants. Our current retrospective study was performed by using CT 

data acquired in the prospective screening study. The original approval and informed consent 

for the prospective study included permission to use data for future retrospective research.  

Imaging 

All examinations were performed by using 16-detector helical CT scanners (Sensation 16, 

Siemens Medical Systems, Forchheim, Germany; Mx8000 IDT or Brilliance 16P, Philips 

Medical Systems, Cleveland, Ohio), a low radiation dose, and the following parameters: 0.5-

second tube rotation, 0.75-mm single-section collimation, 15- or 18-mm table feed per 

rotation, and 1.3–1.5 pitch. Scanning was performed in a caudocranial direction, without the 

use of contrast material. Images were obtained from the level of the lung bases (posterior 

recesses) to the level of the lung apex with the help of a scout view. Exposure settings (20–30 

mAs, 100–140 kVp) depended on the weight of the participant. These settings corresponded 

to an effective radiation dose of less than 1.6 mSv. We reconstructed axial images with a 1.0-

mm thickness at 0.7-mm increments. A moderately sharp kernel was used for reconstruction 

(B30 filter, Siemens Medical Solutions, Erlangen, Germany; B filter, Philips Medical 

Systems). All images were reconstructed with a field of view large enough to cover the 

complete lung cross section.  

Nodule Detection and Volume Measurement 

For nodule detection and volume measurement, digital workstations (Leonardo; Siemens 

Medical Systems) were used with Food and Drug Administration–approved commercially 

available software to obtain semiautomated volume measurements (LungCare; Siemens 

Medical Solutions) at all four screening sites. Pulmonary nodules were identified on axial 

thin-slab maximum intensity projections with the cine mode at standardized window width 

and window center settings of 1500 and −500 HU, respectively, and a slab thickness of 6 or 8 

mm. After the nodule was marked with a mouse click, the program automatically defined the 
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volume of interest around the nodule. A 3D template that represented the nodule in its most 

optimal way was generated, without inclusion of surrounding structures, if possible.  

A second mouse click initiated the automated volume measurement, which included 

the following steps (22): First, a fixed attenuation threshold of −400 HU was applied to 

extract a 3D-connected structure of interest. This structure may have included surrounding 

structures, such as vessels or parts of the chest wall. Apart from this process, a small spherical 

3D template that originated from the click point was gradually expanded, and its cross 

correlation with the segmented nodule was computed for each step. The peak value of the 

cross-correlation curve was determined, and an empirical cutoff value close to the peak value 

was used to separate the nodule from its potential adjacent structures. Finally, segmentation 

was completed by fusing the optimal 3D template and the structure of interest. The segmented 

nodule was then shown in yellow on the volume-rendered display as the volume of interest. If 

an observer disagreed with the fit of the 3D template with the volume of interest, he or she 

could manually modify the segmentation by increasing or decreasing the volume. This could 

have introduced bias in the estimation of volume measurement variability; therefore, if 

readers manually modified the volume in the prospective lung cancer screening study, the 

readings and nodules they evaluated were excluded from our retrospective study.  

Nodule Evaluation 

In the prospective lung cancer screening program, which was based on the study protocol, all 

solid nodules larger than 15 mm3 were prospectively evaluated and entered into our central 

database by a local reader and a second central reader working independently (25). The 13 

local readers had 1–20 years (median, 6 years) experience reading thoracic CT images. There 

were two central readers, each of whom had 6 years of experience. All readers measured the 

volume with the same software and recorded the nodule characteristics independently.  

The nodules were classified into the following four subgroups on the basis of location: 

The first subgroup consisted of purely intraparenchymal nodules that did not have contact 

with the pleura, vessels, or fissures or that had contact with less than 50% of the nodule 

diameter (average of long and short axis). The second subgroup consisted of pleural-based 

nodules that had pleural contact with more than 50% of the nodule diameter. The third 

subgroup consisted of fissure-attached nodules that had fissural contact with more than 50% 

of the nodule diameter. The fourth subgroup consisted of juxtavascular nodules that had 

vessel contact with more than 50% of the nodule diameter.  

Nodules were classified as smooth, polylobulated, spiculated, or irregular on the basis 

of morphologic findings (26). Lobulation was defined as an abrupt bulging of the lesion 
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contour (27). Spiculation was defined as the presence of thicker strands extending from the 

nodule margin into the lung parenchyma without reaching the pleural surface (28). A nodule 

was deemed irregular if it was not smooth, polylobulated, or spiculated. Nodules were further 

classified as small (15–49 mm3; effective diameter, 3.1–4.6 mm) or large (50–500 mm3; 

effective diameter, 4.7–9.8 mm), corresponding to two nodule categories (insignificantly 

small and indeterminate) in our screening program (25). In our retrospective study, we 

retrieved all information on solid nodules, with the exception of complete and central 

calcified nodules between 15 and 500 mm3 (effective diameter, 3.1–9.8 mm) detected by both 

readers in our central database. Nodules larger than 500 mm3 were excluded because the 

software we used was not developed for use with these larger nodules. We evaluated all CT 

images. Because two of the 13 local readers manually modified the volume, all of their 

readings were excluded from our retrospective study; thus, there were 11 local readers. In 

cases of disagreement between the first and second readers on nodule characteristics, two 

readers (D.M.Y., Y.W.) retrospectively reevaluated the images to reach consensus.  

Statistical Analysis 

Because the true nodule volume was unknown, we used the Bland-Altman method (29) to 

estimate volume measurement variability. The difference between the first and second volume 

measurements was computed for all nodules and was defined as the absolute volume 

difference. The relative volume difference (RVD) was defined as the absolute volume 

difference divided by the mean volume of the two measurements. Volume measurement 

variability was assessed for both absolute volume difference and RVD, and means and 95% 

confidence intervals (CIs) were calculated. Thereafter, the absolute value of RVD was 

calculated because the percentage volume change is directly related to growth (30). 

Disagreement was defined as small when the absolute value of RVD was less than 5%, 

moderate when it was between 5% and 15%, and large when it was more than 15%. The 

percentage of nodules with volume disagreement of more than 25% was computed because 

25% was used as the growth criterion in our lung cancer screening program.  

To evaluate the influence of nodule characteristics on measurement variability, we 

performed univariate logistic regression analysis by using volume disagreement as a 

dependent variable and by using location, morphology, and size as independent variables. 

Volume disagreement was defined as an absolute value of RVD that did not equal zero, 

whereas volume agreement was defined as an absolute value of RVD that equaled zero, and 

odds ratios (ORs) and 95% CIs were computed. In the next step, the independent variables 

that contributed significantly in the univariate analyses were included in the multivariate 
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logistic regression analysis. Again, ORs with 95% CIs were calculated. Because the definition 

of volume agreement was rather strict, the following factors were also considered: (a) whether 

a nodule had a disagreement of more than 5% (absolute value of RVD > 5% or absolute value 

of RVD ≤ 5%) and (b) whether a nodule had a disagreement of more than 15% (absolute 

value of RVD > 15% or absolute value of RVD ≤ 15%). All analyses were performed with 

statistical software (SPSS, version 14.0.1; SPSS, Chicago, Ill). P < .05 indicated a significant 

difference.  

 
Results 
 
Of the 6774 participants who underwent baseline screening, 2367 had 4477 solid noncalcified 

nodules with a volume of 15–500 mm3 detected by both readers. Of these nodules, 252 were 

excluded because they were evaluated by readers who manually changed the software-

generated volume. Thus, we included 4225 nodules in 2239 participants in our analyses. The 

median volume was 40 mm3 (range, 15–485 mm3). The majority of nodules were purely 

intraparenchymal (68%, n = 2853), had a smooth outer contour (80%, n = 3375), and were 

small (62%, n = 2603) (Table 1).  

 

Table 1.  RVD and Absolute Volume Difference according to Location, Morphology, and Size 
in 4225 Solid Pulmonary Nodules Detected at Baseline Screening for Lung Cancer 

 
*Data in parentheses are percentages.  
† Data are means ± standard deviations 
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The mean absolute volume difference for all nodules was 0.6 mm3 ± 9.1 (standard 

deviation) (95% CI: −17.2 mm3, 18.4 mm3) (Fig 1a), and the mean RVD was 0.5% (95% CI: 

−13.4%, 14.5%) (Fig 1b). Complete volume agreement between the two readers was recorded 

in 3646 (86%) nodules. Volume disagreement was small (absolute value of RVD < 5%) for 

173 (4%) nodules, moderate (absolute value of RVD ≥ 5% but < 15%) for 232 (6%), and large 

(absolute value of RVD ≥ 15%) for 174 (4%). For 75 nodules (2% [95% CI: 1.4%, 2.3%]), the 

positive value of RVD was larger than 25%.  

 

  
 
Figure 1a  

Bland-Altman plot for 4225 nodules shows the (a) absolute volume difference and (b) RVD 

between the two observers against mean nodule volume. The solid line indicates mean 

difference, and the dashed lines indicate 95% CIs. Although most nodules had volume 

disagreement close to zero, a small percentage of nodules had large volume disagreement.  

 

. 
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Figure 1b  

Bland-Altman plot for 4225 nodules shows the (a) absolute volume difference and (b) RVD 

between the two observers against mean nodule volume. The solid line indicates mean 

difference, and the dashed lines indicate 95% CIs. Although most nodules had volume 

disagreement close to zero, a small percentage of nodules had large volume disagreement.  

 

All three characteristics contributed significantly to the volume disagreement (P 

< .001) seen at univariate analysis (Table 2). In multivariate analysis, with volume 

disagreement as a dependent variable, nodule morphology and location remained highly 

significant (P < .001) contributors to disagreement, while nodule size just reached 

significance (P = .026). With disagreement of more than 5% and disagreement of more than 

15% as dependent variables, size was not a significant predictor (P = .611 and P = .194, 

respectively), whereas morphology and location were significant predictors (P < .001 for both) 

(Table 3).  
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Table 2.  ORs of Nodule Characteristics for Volume Disagreement at Univariate Analysis 
 

 
P < .001. Comparisons were made within each group. 
 
 

 
Table 3. Multivariate Logistic Regression Analysis of the Relationships of Morphology, 
Location, and Size with Volume Variability 
 

 
Note.—Data are ORs, and data in parentheses are 95% CIs. 

* Overall P value was less than .001  
† Overall P value was less than .05 for positive value of RVD greater than  
     0% and not significant for positive value of RVD greater than 5% and 
     positive value of RVD greater than 15%. 
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 In multivariate regression analysis, irregular nodules (Fig 2) had ORs of 15.7 (95% CI: 

11.0, 22.2), 12.5 (95% CI: 8.8, 17.7), and 9.6 (95% CI: 6.1, 15.1) for volume discrepancies of 

more than 0%, more than 5%, and more than 15%, respectively, compared with the smooth 

reference category. Juxtavascular nodules (Fig 3) had ORs for volume disagreement of 3.5 

(95% CI: 2.4, 5.0), 5.5 (95% CI: 3.8, 8.0), and 4.6 (95% CI: 2.8, 7.6), respectively, compared 

with the purely intraparenchymal reference category. Pleural-based, fissure-attached, 

spiculated, lobulated, and larger nodules had lower ORs compared with the corresponding 

reference category of nodules (Table 3).  
 
 

 
Figure 2: Volume-rendered CT displays show two volume estimates of an irregular purely 
intraparenchymal nodule. Nodule volume varied from 197 mm3 (right) to 248 mm3 (left), with 
a relative volume difference of 22.8%. The segmented nodule (yellow) is shown as the 
volume of interest.  
 

 
Figure 3: Volume-rendered CT displays show two volume estimates of a polylobulated 
juxtavascular nodule. Nodule volume varied from 46 mm3 (right) to 64 mm3 (left), with a 
relative volume difference of 31.7%. The segmented nodule (yellow) is shown as the volume 
of interest.  
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Discussion 
 
Our results show that in 86% of the solid nodules detected in a lung cancer screening trial, 

complete volume agreement between two readers can be achieved by using semiautomated 

volumetric software. Large volume discrepancies (absolute value of RVD ≥ 25%) occurred in 

only 2% of nodules (95% CI: 1.4%, 2.3%). An increase in volume of at least 25% within a 3-

month interval was defined as growth in one screening trial (25), and it might have led to a 

false-positive test result at 3-month follow-up in 2% of the pulmonary nodules detected. We 

also found that irregular and juxtavascular nodules had the largest risk of volume variability; 

spiculated, fissure-attached, and pleural-based nodules had a moderate risk of volume 

variability; and lobulated and larger nodules had a small risk of volume variability. 

Semiautomated software-generated segmentation should be visually verified and manually 

adjusted if the observer believes segmentation has not been successful, especially with 

irregular and juxtavascular nodules.  

Compared with previous studies on volume measurement variability, our study not 

only was larger, but it also covered the complete spectrum of solid nodules detected at 

baseline screening. To our knowledge, ours was also the only study in which the independent 

effects of nodule characteristics on volume measurement variability were quantified. Gietema 

et al (23) used a smaller data set with only purely intraparenchymal nodules. They found 

complete agreement between two readers regarding a purely intraparenchymal location for 

89% of the nodules, which is almost identical to our finding of complete agreement for 91% 

of the nodules. In the study conducted by Wormanns et al (22), two consecutive CT 

acquisitions were performed within a 10-minute interval in 151 nodules (mean diameter, 7.4 

mm) in patients with known pulmonary metastases. The interobserver 95% CI was −5.5% to 

6.6%, which was less than that in our study. However, no details on the morphology and 

location of these nodules were provided. As pulmonary metastases tend to be purely 

intraparenchymal, smooth, and round, the conclusion reached by Wormanns et al (22) might 

be applicable to only that type of nodule. In the other studies (13,18,21) on volume 

measurement error published thus far, the number of nodules ranged from 13 to 62. The 

nodules were usually smaller than 10 mm and incidentally found on routine CT images. 

Because different volumetric software programs were used, comparison with our results is 

impossible.  

An explanation for the observed volume disagreement between the two readers is 

related to the fact that semiautomatic volumetric measurements may vary according to the 
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positioning of the seed point by the observer, which is the only nonautomated part of the 

procedure. When a spherical 3D template gradually expands from the seed point, different 

starting positions within the nodules may lead to different volumetric results. In nonsmooth 

nodules, it is difficult to identify the correct borderline, and in nonspherical nodules, the 

segmentation tends to vary with the seed point owing to the spherical 3D template used in the 

software program. In pleural-based, fissure-attached, and juxtavascular nodules, both 

measurement errors occur, whereas in large nodules, the larger disposable seed point area 

leads to more measurement variability. The software program used in our study provides a 

postprocessing option for unsatisfactory segmentation. Two (Y.W., D.M.X.) of the original 13 

readers in our study were accustomed to changing the segmentation in cases of an 

unsatisfactory software-generated volume. The nodules these two readers evaluated were 

excluded because they performed the first reading and their results were not comparable to the 

results of the second readers, who used only the semiautomatic measurement and could have 

introduced additional variability. The number of nodules evaluated by these two readers (n = 

252) was relatively small compared with the total number of nodules (n = 4477).  

A limitation of our study was that there was no reference standard for the true nodule 

volume. However, in practice, this is impossible to achieve with noninvasive means. 

Furthermore, we wanted to assess volume measurement variability between two independent 

readers. Another limitation of our study was that our results are applicable only for the 

specific software used, although they may be applicable for other software if identical 

procedures are used to measure the volume. Furthermore, we evaluated only the variability 

between two observers and not the variability between two successive CT examinations, 

which may be considerably larger and relevant to the assessment of volumetric growth over 

time.  

In conclusion, semiautomated software-generated volumetric measurement was 

completely reproducible in 86% of the solid 15–500-mm3 nodules. Nodule morphology, 

location, and size influenced volume measurement variability, particularly among the 

juxtavascular and irregular nodules, in which visual verification of growth is recommended to 

avoid false-positive results.  
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Abstract 
 

Purpose: The purpose of this study is to assess volumetric measurement variability in 

pulmonary nodules detected at low-dose chest CT with three reconstruction settings. 

 

Methods: In 200 solid pulmonary nodules, volume was measured 3 times with LungCare® 

software at low-dose chest CT reconstructed with 1mm and a soft kernel (A), 2mm and a soft 

kernel (B), and 2mm and a sharp kernel (C), respectively. Repeatability coefficients of the 

three measurements within each setting were calculated by the Bland and Altman method. A 

three level model was applied to test the impact of reconstruction setting on the measured 

volume. 

 

Results:  The repeatability coefficients were 8.9%, 22.5% and 37.5% for settings A, B and C. 

Three level analysis showed that settings A and C yielded a 1.29 times higher estimate of 

nodule volume compared with setting B (p=0.03). 

 

Conclusions: The significant interaction between setting, nodule location, and morphology 

demonstrated that the effect of the reconstruction setting was different for different types of 

nodules. Low-dose CT reconstructed with 1mm section thickness and a soft kernel provided 

the most repeatable volume measurement. A wide, nodule-type-dependent range of agreement 

between volume measurements with different reconstruction settings suggests strict 

consistency is required for serial CT studies.  
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Introduction 
Currently, an increasing number of pulmonary nodules are being detected incidentally with 

the evolution of multi-detector computed tomography (CT) technology and the use of high 

resolution images [1]. Assessment of changes in nodule volume to determine the volume 

doubling time based on serial CT examinations has proven to be a valuable tool in the 

differentiation between benign and malignant pulmonary nodules as malignant nodules 

typically present with a volume doubling time between 30 and 400 days [2-7]. Three-

dimensional (3-D) volumetric measurements are more accurate and reproducible than two-

dimensional measurements and are increasingly used in lung cancer screening programs and 

tumour response evaluation after chemotherapy [8-13].  

However, none of the available 3-D software tools  appears to be completely reproducible and 

a certain degree of variability exists [14-18]. Potential sources of volumetric measurement 

error are, in addition to the type of software used, also dependent on the reader, nodule 

characteristics, imaging and reconstruction settings [15-17]. Several studies [19-22] explored 

the effect of reconstruction settings on volume measurement variability but they are derived 

from normal dose chest CT and no data are available from low-dose chest CT so far. 

Furthermore, all these studies focused on the agreement between the volumes measured with 

the different reconstruction settings, but none of them addressed the repeatability of each 

individual reconstruction setting. For reconstruction settings with a lower repeatability, 

agreement is also expected to be lower. The purpose of this study was to evaluate volume 

measurement variability in pulmonary nodules detected at with low-dose chest CT with three 

reconstruction settings including the repeatability and to quantify the effect of reconstruction 

settings on the volume measurement.  
 

Patients and Methods 

Nodule selection 

This study is a side-study of the Dutch-Belgian multi-centre randomised low-dose CT lung 

cancer screening trial NELSON [9]. The NELSON study has been approved by the Minister 

of Health of the Netherlands and the Ethical Committees of all four participating hospitals. 

Informed consent was obtained from all participants. The original approval and informed 

consent for the screening study included the ability to use data for future research, including 

the current side-study. 
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This side-study concerned an analysis of category II and III solid nodules (15-500 

mm3, effective diameter 3.1-9.8 mm) according to the NELSON classification [9]. 

Participants screened in the Groningen NELSON study centre between September 2007 and 

February 2008 (n=562, 556 males, 6 females), were consecutively enrolled in this side-study 

when they were diagnosed with non-calcified, solid nodules with a volume smaller than 500 

mm3. For every enrolled participant, all qualified nodules were included. Finally, 79 male and 

3 female participants with 200 nodules were included in the analysis, having a mean age of 64 

years (± 5years [SD]).  

Imaging  

Low dose chest CT examinations were performed by using 64 detector-row helical CT 

(Somatom-64, Siemens Medical systems, Forchheim, Germany) with the following 

parameters: 0.5 sec tube rotation, 32 x 0.6 mm collimation with z-Sample system and 28.8 

mm table feed per rotation (pitch = 1.5). A caudal-cranial direction without contrast was used. 

Images were obtained from the level of the lung bases (posterior recesses) to the lung apex 

with the help of a scout view. Exposure settings were 20-30 mAs and 100-140 kVp depending 

on the weight of the participant. This corresponds to a dose-length-product <107 mGy.cm and 

an effective radiation dose <1.6 mSv. The fields-of-view of all three settings were the same 

and large enough to cover the complete lung cross-section.  

Each low-dose chest CT examination was reconstructed using three different settings 

immediately after imaging using the three combinations of section thickness/increment and 

kernel: (A) 1.0 mm/0.7 mm and a soft kernel (Siemens B30 filter) (B) 2.0 mm/1.4 mm and a 

soft kernel (Siemens B30) and  (C) 2.0 mm/1.4 mm and a sharp kernel (Siemens B60). Setting 

A was the standard setting for the screening project [9], settings B and C were used for this 

particular study. Since a thicker section is less effective for nodule detection, only a 2 mm 

section thickness was chosen in our study [23]. The Siemens B30 kernel is the standard soft-

tissue reconstruction kernel, B60 is the bone reconstruction kernel, widely used in high 

resolution chest CT at normal dose levels.  

Volumetric analysis 

To evaluate the effect of reconstruction settings on volumetric measurement variability, each 

nodule was measured three consecutive times on every reconstructed CT image by one 

radiologist with 8 years’ experience in chest CT. Digital workstations (Leonardo®, Siemens 

Medical Solutions, Erlangen, Germany) were used for nodule volumetric analysis, with U.S. 

Food and Drug Administration (FDA) approved, commercially available software for semi-
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automated volume measurements (LungCare®, Somaris/5, VB28B-W, Siemens Medical 

Solutions). After the nodule was marked with a mouse click, the program automatically 

defined the Volume of Interest (VOI) around the nodule. A 3D template was generated, which 

represented the nodule in its optimal way, if possible without inclusion of surrounding 

structures. A second mouse click initiated the automated volume measurement, which 

included the following steps [14]: first, a fixed attenuation threshold of -400 HU was applied 

to extract a 3D-connected “structure of interest”. This “structure of interest” may also include 

surrounding structures such as vessels or parts of the chest wall. Apart from this process, a 

small spherical 3D template originating from the click point was gradually expanded and its 

cross-correlation with the segmented nodule was computed for each step. The peak value of 

the cross-correlation curve was determined and an empirical cut-off value close to the peak 

value was used to separate the nodule from its potential adjacent structures. Finally, 

segmentation was completed by fusing the optimal 3D template and the “structure of interest”. 

The segmented nodule was then shown in yellow on the volume rendered display as the VOI. 

If the reader was not satisfied with the fit of the VOI, a manual modification of the 

segmentation by increasing or decreasing the volume could be performed. Manual adjustment 

of the VOI was not performed in this side-study in order to avoid reader-induced volume 

measurement variability.  

Nodule characteristics  

The nodule characteristics (location and morphology) were determined by consensus double 

reading based on visual analysis of 1.0 mm thick axial images. Based on location, the nodules 

were classified into 2 subgroups: 1) purely intra-parenchymal, with little or no contact with 

the pleura, vessels or fissures; 2) attached, including pleural-based, fissure-attached and 

juxtavascular, with a pleura, fissure or vessel contact line larger than 50% of the nodule 

diameter. Based on their morphology, nodules were classified into two groups: smooth-round 

and non-smooth-round (including polylobulated, spiculated and irregular nodules). Although 

attached and non-smooth round nodules were reported to have high odds ratios of 

measurement variability, we decided to include them in order  to be able to evaluate the effect 

of reconstruction settings on volume measurements for all  nodule types encountered by CT 

screening [15;16].  
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Table 1 The distribution of 200 nodules in 82 participants 
 

Number of nodules per 
participants 

Number of participants (%) 

1 34 (41) 

2 18 (22 ) 

3 11 (13) 

4 9 (11) 

5 4 (5) 

6 3 (4) 

7 2 (3) 

9 1 (1) 

 

Statistical analysis 
The measured volumes were logarithmically transformed (InV) because of their skewed 

distribution.  As the anti-log of differences on a log scale provides dimensionless ratios, the 

differences on the log scale were back-transformed to provide ratios among actual 

measurements. The ratios were further changed into relative volume difference (RVD, %) 

minus 100%. 

Repeatability of each setting 

As three repeated volume measurements of pulmonary nodules were performed by the same 

reader and the same software for each reconstruction setting, the mean difference between 

replicates is expected to be zero, implying that the backward transformed mean difference has 

a ratio of 100%. Thus, we calculated the repeatability coefficients according to the Bland and 

Altman method, which defined the value below which 95% of the differences will lie and thus 

a larger coefficient corresponds to a lower repeatability [24]. Repeatability coefficients were 

calculated with one way analysis of variance, defined as 2.77 times the within-subject 

standard deviation.  

Effect of setting and repeat measures on the measured volume   

A multilevel model approach was performed to get unbiased effect estimates of reconstruction 

settings on the measured volume. We used nested data in the sense that some persons had 

more than one nodule and within each nodule we had several measurements. The multilevel 

model approach is particularly appropriate for these types of data where correlations between 

different measurements within participants could be present [25]. In detail, we used a three-

level model accounting for correlations within participants, between nodules and repeat  
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Table 2 Repeatability: Relative volume difference (%) among three assessments for each 

reconstructive setting in solid pulmonary nodules < 500 mm3 by location and morphology  

 
 

Relative volume difference (%)                                                             
Nodule characteristics 

N (%) 

1 mm & soft 
kernel (A) 

2 mm & soft 
kernel (B) 

2 mm & sharp 
kernel (C) 

Purely- intra-
parenchymal 

129 (64.5) 6.0 23.6 26.2 Location  

Attached 71 (35.5) 12.6 20.4 54.1 

Smooth round 
 

153 (76.5) 6.6 22.7 29.4 Morphology 

Non-smooth round 47 (23.5) 14.1 21.7 59.1 

Total 
 

200 (100) 8.9 22.5 37.5 

       
 

measures, and accounting for correlations within nodules between repeated measures. 

Consequently, the highest level consists of the participants, the second level of the nodules 

and the lowest level of the repeated measures.  

The reconstruction settings, nodule location and morphology were used as independent 

variables. Both random and fixed effects were considered. In the modelling process, variables 

were included in the model sequentially. After each step the goodness of fit was determined 

by the difference in deviance (-2*log likelihood) between the present and the previous model. 

The modelling started with an empty model, in which only a fixed intercept and three random 

terms were modelled. Thereafter, reconstruction setting, nodule characteristics and their 

interaction were subsequently added. For this multilevel analysis the MLwiN software 

package for fitting multi-level models was used (version 2.02; Centre for Multilevel 

Modelling, Institute of Education, University of London, UK). 

Results 
Of 82 participants, the median number of nodules per participants was 2 and ranged from 1 to 

9 (Table 1). Of 200 nodules, 36% (71/200) were attached nodule, 33.5% (47/200) were non-

smooth-round. 

Repeatability of each setting 

The plots of the standard deviation of three measurements for every nodule against their mean 
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Fig. 1 The plots of standard deviation of three measurements (logarithmically transformed 

volumes) for every nodule against their mean in each setting. a 1 mm section thickness and 

soft kernel, b 2 mm and soft kernel, c 2 mm and sharp kernel. Less variability was found in 

setting A than in B and C 
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for three settings are illustrated in Fig. 1. The repeatability coefficients of InV were 0.08, 0.20 

and 0.32 for settings A, B and C, respectively. After antilog transformation and presented as 

RVD, the coefficients were 8.9%, 22.5% and 37.5% for the three settings, respectively. Non-

smooth round, attached nodules had a lower repeatability than smooth round and purely intra-

parenchymal nodules with settings A and C, but not with setting B (Table 2).  

Effect of setting and repeat measures on the measured volume 

The results of multilevel modelling are shown in Table 3. In this multilevel model, settings A 

and C both yielded a 1.29 (95% confidence interval (CI): 1.03 - 1.63 ) times higher estimate 

of the volume than setting B (p=0.03). Measuring time also yielded a significant though very 

small effect on the measured volume: the second and third measures yielded a 1.01 (95% CI: 

1 - 1.02) times higher estimate for volume than the first measure, which indicated a 1% 

difference (p=0.03). It turned out that the differences between settings A and B, and between 

settings C and B were the same. The same held for the differences between time 2 and time 1, 

and for time 3 and time 1. Attached and non-smooth round nodules yielded 1.74 (95% CI: 

1.39 - 2.18) and 1.83 (95% CI: 1.42 - 2.37) times higher estimates of the volume than  

intraparenchymal and smooth round nodules (p<0.01), which indicated significant differences 

for the measured volumes of those types of nodules. In addition there was a significant 

interaction between setting and nodule characteristics (location and morphology) indicating 

that the effect of the reconstruction setting on the measured volumes was different for the 

different types of nodules (p<0.05).  
 

Discussion 
This study demonstrated that the repeatability of volume measurement of pulmonary nodules 

obtained at 1 mm section thickness combined with a soft kernel was almost two times better 

than that at 2 mm section thickness combined with a soft kernel and almost four times better 

than that obtained at 2 mm section thickness combined with a sharp kernel. Furthermore, the 

setting with 1 mm section thickness and a sharp kernel led to larger volumes and the effect of 

setting on the measured volume was different for the different types of nodules.  

The difference in repeatability among the three settings can serve as an indicator for 

choosing a certain reconstruction setting for low-dose chest CT, especially in lung cancer 

screening programs in which volumetric growth assessment is integrated into the nodule 

evaluation algorithm. Higher repeatability translates into more accurate growth assessment.  
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Fig. 2 Volume-rendered display showing three repeated measurements of a sub-centimetre 

intra-parenchymal pulmonary nodule with reconstruction settings A (top), B (middle) and C 

(bottom). Nodule measurements are completely identical with setting A (40.3 mm3), slightly 

different with setting B (32.9, 32.9, 33.0 mm3) and moderately different with setting C (39.1, 

42.2, 41.1 mm3). The means of measured volume with settings A and C were larger than with 

setting B (40.3 vs 32.9 vs 40.8 mm3) 
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Therefore, we recommend a reconstruction setting with 1 mm section thickness and a soft 

kernel as the standard reconstruction setting for low-dose CT lung cancer screening 

considering the volume measurement. Furthermore, if the reconstruction settings are different 

at follow-up, for example 2 mm at baseline and 1 mm at follow up, we should realise that a 

volume of 25% may not represent real growth but could be caused by the use of different 

reconstruction settings. Therefore, consistency in the use of reconstruction settings is 

recommended during follow up in order to avoid unreliable growth assessments and false 

positive test results in CT screening programs. 

In our study we demonstrated that there is poor agreement between the volume 

measurements on CT reconstructed with different section thicknesses and kernels, which has 

also been reported in previous studies. In two studies including 42 pulmonary metastases and 

75 pulmonary nodules, an increase in section thickness led to an increase in nodule volume 

measured [20;21]. However, we found that an increase in section thickness from 1 mm to 2 

mm led to a decrease in the measured volume which is contradictory to previous studies. This 

can be explained by an averaging effect of the CT density of adjoining voxels when the 

section thickness increases. For example, if there are two adjoining voxels along the 

longitudinal axis with CT values of -600 HU and -300 HU, only one voxel will be included in 

the segmentation by the volumetric software as the applied threshold was -400 HU. When the 

section thickness is doubled, these two voxels will form one voxel with an average of -450 

HU. This voxel will then be excluded from segmentation as it is below the threshold and 

subsequently lead to the decrease in volume compared with the original one. When the two 

original voxels have CT values of -500 HU and -200 HU, then the new voxel will be included 

in the segmentation and lead to an increase in the measured volume. Therefore, the effect of 

section thickness on measured volume is depending on the density of the nodules. Smaller 

nodules (mean volume 71 mm3) in our study were more inclined to be influenced by the 

partial-volume effect and had lower CT density than larger nodules (mean volume 348 mm3 

and 1259 mm3) in the above mentioned studies. Consequently, the increase of the section 

thickness caused a decrease in the measured volume in our study, contradictory to the 

mentioned studies (Fig. 2). With respect to the reconstruction kernel, Honda et al have 

reported that using a high-spatial frequency reconstruction algorithm led to significantly 

larger volumes than using low-spatial frequency algorithms. A low-spatial algorithm is 

equivalent to the soft kernel in our study [22]. The results of Honda et al. are in accordance 

with our results and demonstrate that a sharp kernel leads to a larger mean measured volume  



 

 89

Table 3 Effects of reconstruction setting, repeated measures and nodule characteristics on the 

measured volume by multilevel modelling 

 

 

Variable  Regression coefficient (95% 

confidence interval) 

p 

value 

A: 1mm thickness & soft 

kernel  

1.29 (1.03 - 1.63) 0.03 

B: 2mm thickness & soft 

kernel 

1  

Settings  

 

C: 2mm thickness & sharp 

kernel 

1.29 (1.03 - 1.63) 0.03 

1  1  

2 1.01 (1 - 1.02) 0.03 

Measuring times  

3 1.01 (1 - 1.02) 0.03 

Intraparenchymal 1  Location 

Attached 1.74 (1.39 - 2.18) <0.01 

Smooth round 1  Morphology 

Non-smooth round 1.83 (1.42 - 2.37) <0.01 

Setting * location B * intraparenchymal  1  

 A * attached 0.93 (0.88 - 0.99) 0.03 

 C * attached 0.90 (0.84 - 0.95) 0.01 

Setting * morphology B * smooth round 1  

 A * non-smooth round 0.97 (0.90 - 1.03) 0.36 

 C * non-smooth round 0.91 (0.85 - 0.98) 0.01 
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than a soft kernel. This can be explained by the fact that the spatial resolution in the X-Y 

plane increases when a sharp kernel is used and mild irregularities are included in the 

segmentation, which increases the measured volume (Fig. 2). The effect of reconstruction 

settings on volume measurement was quantified by multilevel modelling and demonstrated 

that 1 mm section thickness and a sharp kernel led to larger volumes and that the effect was 

different for the different nodule types (Table 3). Therefore, consistency in the use of 

reconstruction settings is recommended for follow-up CT.  

A limitation of our study is that we used only three reconstruction settings. Therefore, 

it is difficult to generalise the conclusions on the effect of section thickness and kernel. We 

decided to choose these three particular settings because they are most commonly used in 

low-dose chest CT. Furthermore, the accuracy of segmentation was not visually evaluated. It 

should be mentioned that manual adjustment of segmented volume will influence the 

standardization of volume measurement in large populations and therefore was not applied in 

our study. Finally, the results of our study are only applicable for the specific software used. 

Different software or software versions may show different effects of reconstruction setting 

on measured volume.  

In conclusion, low-dose CT reconstructed with 1mm section thickness and a soft 

kernel provided most repeatable volume measurement with special software used. A wide, 

nodule-type-dependent range of agreement between volume measurements at low dose CT 

reconstructed with different settings suggested the consistency in the use of reconstruction 

settings for serial CT.  
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Abstract  

Purpose: To investigate the benefit of consensus double reading compared to single reading 

during the baseline period of a low-dose CT lung cancer screening trial. 

 

Materials and Methods: The screening program was approved by the Minister of Health and 

informed consent was obtained from all participants. Consensus double reading was 

performed in 7,557 participants. All participants have been followed up for 2 years. The 

benefit of consensus double reading compared to single reading was expressed by the 

percentage change in the cancer detection rate, the number of additional nodules detected, 

follow up recommendations and the change in sensitivity, specificity, positive predictive value 

(PPV) and negative predictive value (NPV).  

 

Results: Of the 196 participants with a positive baseline test result, 73 were true positive for 

lung cancer after 2-years of follow after the baseline CT scan. One false negative case was 

found by retrospectively review. Due to consensus double reading, the lung cancer detection 

rate increased by 2.8% (2/71, 95% CI: 0.7%, 11.5%), the stage I detection rate by 2.2% (1/45, 

95% CI: 0.3%, 16.1%), the nodule detection rate by 23.4% (1,635/6,988, 95% CI: 22.2%, 

24.7%), the chest physician referral rate decreased by 9.3% (20/216, 95% CI: 5.9%, 14.6%) 

and the 3-month recall rate increased by 0.5% (8/1,551, 95% CI: 0.3%, 1.0%). The sensitivity, 

specificity, PPV and NPV were 96.0%, 98.1%, 32.9% and 99.9% for single reading and 

98.6%, 98.4%, 37.2% and 99.9% for consensus double reading, respectively.  

 

Conclusion: There is no benefit of consensus double reading with the use of NELSON 

nodule management strategy at baseline screening.  
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Introduction 
Achieving a maximum diagnostic yield in cancer screening programs is not only dependent 

on the image quality but also on the appropriate reading of the images. Studies in breast 

cancer screening have shown that radiologists can sometimes substantially differ in the 

interpretations of mammograms and their recommendations for further management [1-3]. 

Efforts to improve accuracy and to reduce variability in the interpretation may potentially 

increase the effectiveness of a screening program. 

Several studies have investigated the benefit of double reading in breast cancer 

screening and shown that double reading increased the cancer detection rate with 6-15% 

compared with single reading [4-12]. Taking the costs of double reading into account, double 

reading also appeared to be more cost-effective than a single reading policy [13;14]. Although 

double reading is recommended for breast cancer screening today, there is  inconsistency in 

the data reported so far as some investigators only found an increase in the cancer detection 

rate of 2-5% after double reading [15-17].  

Inter-observer variability in reader performance for the detection and characterization 

of  pulmonary nodules has been found to be relatively high in chest CT imaging [18-21]. So 

far, the value of double reading in lung cancer CT screening has, as to our knowledge, not 

been investigated. Question is whether double reading could improve the diagnostic 

performance. The purpose of this study was, therefore, to investigate the benefit of consensus 

double reading compared to single reading at the baseline screening round of a low-dose CT 

lung cancer screening trial.  
 

Materials and Methods 
Study group 

This study is a side-study of a multi-centre randomised controlled low-dose CT lung cancer 

screening trial [22]. Participants had to be current or former smokers with a history of >15 

cigarettes per day for >25 years or >10 cigarettes per day for >30 years and between 50-75 

years of age. Between April 2004 and December 2006, 7,557 participants were included. 

Their mean age was 59 ± 6 years and 16% were women. The study has been approved by the 

Dutch Minister of Health and the Ethical Committees of all four participating hospitals. 

Written informed consent was obtained from all participants. The original approval and 

informed consent for the screening study included the ability to use data for future research, 

including the current prospective side study.  
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Imaging methods 

All scans were performed using 16 detector-row helical CT scanners (Sensation-16, Siemens 

Medical systems, Forchheim, Germany; Mx8000 IDT or Brilliance 16P, Philips Medical 

SYSTEMS, Cleveland, OH, USA) at low dose radiation levels with the following parameters: 

0.5 sec tube rotation, 0.75 mm single slice collimation and 15 mm or 18 mm table feed per 

rotation (pitch = 1.3 -1.5). A caudo-cranial scan direction without contrast was used. Scans 

were obtained from the level of the lung bases (posterior recesses) to the lung apex with the 

help of a scout view. Exposure settings were 20-30 mAs and 100-140 kVp depending on the 

weight of the participants. This corresponds to an effective radiation dose <1.6 mSv. We 

reconstructed axial images with 1.0 mm thickness at 0.7 mm increments. A moderate kernel 

was used for reconstruction (Siemens B30 filter, Philips B filter). All scans were 

reconstructed with a field-of-view large enough to cover the complete lung cross-section. For 

nodule detection digital workstations (Leonardo®, Siemens Medical Solutions, Erlangen, 

Germany) were used in all screening sites with U.S. Food and Drug Administration (FDA) 

approved, commercially available software for semi-automated volume measurements 

(LungCare®, Siemens Medical Solutions, version Somaris/5: VA70C-W) [23;24]. Pulmonary 

nodules were identified on axial thin slab maximum intensity projections (MIPs) with cine 

mode. The slice thickness of MIPs was 6 mm or 8 mm. Images were initially displayed with a 

window level of -500 HU and window width of 1500 HU, but the readers were free to alter 

these settings at their discretion.  

Nodule management protocol 

A test was positive if any non-calcified nodule (NCN) on a CT scan had a solid component > 

500 mm3 (>9.8 mm in diameter) and indeterminate if the volume of the largest solid nodule or 

the solid component of a partial-solid nodule was between 50-500 mm3 (4.6-9.8 mm in 

diameter) or > 8 mm for non-solid nodules. Otherwise, the test was negative. In participants 

with an indeterminate test result a 3-month follow-up scan was performed to assess whether 

the nodule had grown. In case of growth and a volume doubling time < 400 days, the final test 

result for this group was positive, otherwise negative. Growth was defined as a percentage 

volume change (PVC) of ≥ 25% between the first and the second scan. All test positives were 

referred to the chest physician for work-up and diagnosis. If lung cancer was diagnosed, the 

participant was treated appropriately; otherwise they were scheduled  for the 2nd round CT 

scan [22,25].  

Procedure of consensus double reading  

All CT scans have subsequently been read by a first and a second reader. The level of 
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experience of the 13 first readers ranged from no experience to more than 20 years experience 

in reading thoracic CT scans (median 6 years), while the two second readers both had 6 years 

of experience.  

In the first part of the evaluation procedure, CT scans were independently read by the 

first and second readers. Subsequently, the second readers matched the nodules they had 

identified with those identified by the first readers according to location and size. After 

matching the nodules, the second readers compared their screening test results with those of 

the first readers. In case of a discrepancy, the second readers informed the first readers and 

they re-evaluated the CT scan to reach consensus. If no consensus was reached, arbitration 

from an expert radiologist with more than 20 years of experience was performed.   

Reference diagnosis 

Reference standard for a positive baseline test result was based on the retrospective analysis 

of the lung cancers were present during a 2-years period following the baseline CT scans. All 

screen detected and interval cancer cases identified during this follow-up period were 

retrospectively matched to one particular baseline pulmonary nodule. If these cancers 

originated from participants with large (>500 mm3) or growing nodules with a VDT < 400 

days these participants were regarded as true positives. A baseline or 2nd round interval lung 

cancer was defined as a lung cancer detected during the one year period following a negative 

baseline or 2nd round test result, respectively. They were identified through linkage of the 

participants with the national pathology database PALGA and by active information collection 

from appointments, general practitioners, letters and phone calls.  

Statistical analysis 

The effect of consensus double reading was first of all expressed by the change in cancer 

detection rate, defined as the number of cancer cases detected by consensus double reading 

minus the number detected by single reading divided by the number detected by single 

reading (%, 95% confidence interval (95% CI))[26]. This was also done for stage I and II 

cancers to investigate if consensus double reading led to the detection of more early stage 

disease than single reading. Furthermore, the effect of consensus double reading was 

expressed by the change in the nodule detection rate and the change in the rate of 3-months 

follow-up recommendations and referrals to a chest physician. The diagnostic accuracy of 

single and consensus double reading were expressed by the sensitivity, specificity, positive 

predictive value (PPV) and negative predictive value (NPV) with their 95% CI’s at the 

participant level. Sensitivity of single and consensus double reading was defined as the ratio 

between the number of true positive results (participants who were diagnosed with lung 
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cancer during a 2-years period after a positive baseline screening test) and the number of true 

positive results plus the number of false negative results (interval cancers detected during the 

same time period). Diagnostic performance evaluations have been performed in VassarStat 

online calculator (http://faculty.vassar. edu/lowry/clin1.html). 

Results 

Of the 196 participants with a positive baseline test result, 73 were true positive for lung 

cancer after 2-years of follow after the baseline CT scan. Seventy-one cancers were detected 

by both readings, 2 additional cases by consensus double reading and none by the single 

reading only. One false negative case interval cancer was found by retrospectively review in a 

participant with an interval cancer. The baseline CT of this participant showed a pleural mass 

in the right upper lobe, which had been classified as a benign pleural plaque by both readers. 

Of the 71 cancer cases detected by both readings, 63.4% (45/71) was pathological stage I and 

of the 2 cases detected by consensus double reading only, 50% (1/2) was stage I disease. The 

percentage change in cancer detection was 2.8% (2/71, 95% CI: 0.1%, 11.5%) (Table 1) and 

the percentage change in the detection of stage I disease was 2.2% (1/45, 95% CI: 0.3%, 

16.1%). In total 8,623 nodules have been detected at baseline screening, 1,635 have been 

additionally detected by consensus double reading, and the percentage change in nodule 

detection was 23.4% (1,635/6,988, 95% CI: 22.2%, 24.7%) (Table 2). During the first 

screening round 9,096 CT scans have been performed including the follow-up scans. 

Consensus double reading upgraded the follow-up recommendations in 1.8% (161/9,096) and 

downgraded in 2.0% (180/9,096), which eventually led to 20 less referrals to a chest physician 

and 8 more 3-month follow-up scans compared with single reading (Table 3). The percentage 

change was 9.3% (20/216, 95% CI: 5.9%, 14.6%) less referrals to a chest physician and 0.5% 

(8/1551, 95% CI: 0.3%, 1.0%) more 3-month follow up scans.  

The sensitivity, specificity, PPV and NPV were, respectively, 95.9% (95% CI: 87.8%, 

98.9%), 98.2% (95% CI: 97.9%, 98.5%), 32.9% (95% CI: 28.1%, 41.4%), 99.9% (95% CI: 

99.9%, 100%) for single reading and 98.6% (95% CI: 91.7%, 99.9%), 98.4% (95% CI: 

98.08%, 98.6%), 37.2% (95% CI: 30.5%, 44.5%), 99.9% (95% CI: 99.9%, 100%) for 

consensus double reading, respectively (Table 4).  



 

100 

Table 1 

Change in the lung cancer detection rate by single and consensus double reading at baseline 

screening of the low-dose CT screening trial (NELSON) at the participant level. 

  

Consensus double reading  

Positive Negative 

 

Total 

Positive 71 0 71 

Negative 2 1 3 

Single 

Reading 

Total 73 1 74 

Percentage change in lung cancer detection rate was 2.8% (2/71, 95% CI: 0.7%, 11.5%)  

 

Discussion 

At baseline screening of the NELSON lung cancer screening trial consensus double reading 

led, compared to single reading, to the identification of 2.8% more subjects with lung cancer 

and 2.2% more stage I disease lung cancer, the detection of 23.4% more nodules, a 9.3% 

decline in referrals, a 0.5% increase in 3-month recall CT scans, a 2.7% increase in sensitivity 

and a 0.2% increase in specificity.  

The most important parameter in the assessment of the effectiveness of double reading 

in a cancer screening program is the degree by which the cancer detection rate increases. The 

2.8% increase in our study is much lower than the 6-15% observed for breast cancer screening 

[4-10]. The reason for the only slight increase is two-fold. First of all, low-dose CT provides a 

high spatial and density resolution, which makes the identification of abnormalities more easy 

than for mammography in which lesion identification is relatively difficult due to the small 

difference in density between the lesion and the surrounding normal breast tissue. Secondly, 

evaluation of our CT scans was based on the NELSON nodule management strategy which is 

an objective, software driven approach [22;25] and, as such, far more objective than the 

interpretation of a mammography which is rather subjective according to the Breast Imaging 

Reporting and Data System [27]. We also found that the detection of stage I disease increased 

by only 2.2% as a result of consensus double reading. It demonstrates that the clinical benefit 

of consensus double reading was low, although this conclusion is based on a relatively small 

number of cases.   
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Table 2 

Number of additional pulmonary nodules detected by consensus double reading compared to 

single reading at baseline low-dose CT screening of the NELSON trial. 

 

Nodule category 

 

 

Single reading 

 

Additional nodules detected by 

consensus double reading  

Total 

 

Benign nodules and 

nodules <50 mm3 (<4.6 

mm) 

5,090  

 

1,166  6,256 

50-500 mm3 (4.6-9.8 mm) 1,796 

 

440  2,236 

>500 mm3 (>9.8 mm)  102  

 

29  131 

Total 6,988 1,635  8,623 

Percentage change in nodule detection rate was 23.4% (1,635/6,988, 95% CI: 22.2%, 24.7%) 

 

Another observation is that consensus double reading led to the detection of 23.4% more 

nodules, which is higher than the 16% increase reported by Wormanns et al. [28]. The 

increase in the detection of nodules could possibly be explained by the fact that first readers 

pay especially attention to the larger, suspicious nodules and neglect the smaller ones. 

Theoretically, the more nodules identified, the higher the probability to detect cancer. 

However, the 23.4% increase in the nodule detection rate observed in our study only 

translated into a 2.8% increase in the cancer detection rate due to the fact that the majority of 

the additional nodules detected was < 50 mm3 (< 4.6 mm in diameter) because lung cancer 

risk in these small nodules is very low [29].  

Another way to express the added value of double reading is to evaluate its effect on 

the sensitivity and specificity. Double reading can be performed by two different methods: 

independent double reading in which the final result is in favour of a positive diagnosis by 

either reader, and consensus double reading in which the final result is reached either by 

consensus between the first and second reader or after arbitration of a third reader. In breast 

cancer screening independent double reading has been reported to increase the sensitivity at 

the expense of the specificity[5;10;15;16], while consensus double reading has been reported 

to increase the sensitivity without changing specificity [6;7;9]. In our study double reading  
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Table 3 

Effect of consensus double reading on the number of participants who received a 

recommendation for referral to a chest physician or a 3-months recall scan in 9,096 chest CT 

scans of 7,557 participants during baseline period  

Consensus double reading  

referral to chest 

physician 

3-month 

follow up 

Annual 

follow up 

Total 

Referral to chest 

physician 

172 20 24 216 

3-month follow 

up 

13 1,402 136 1,551 

Single 

reading  

annual follow up 11 137 7,181 7,329 

Total 196  1,559 7,341 9,096 

The percentage change was 9.3% (20/216, 95% CI: 5.9%, 14.6%) less referrals to a chest 

physician and 0.5% (8/1551, 95% CI: 0.3%, 1.0%) more 3-month follow up scans compared 

with single reading 

 

increased both the sensitivity and the specificity, probably due to the fact that consensus 

double reading not only increased the detection of more suspicious lesions but also excluded 

more false positive cases. It could be hypothesized that during consensus double reading 

readers might perform less good because they are not blinded to each other, leading to 

carelessness of the first reader, prejudice of the second reader and eventually to a lower 

accuracy. However, we did not observe this phenomenon in our study because the final 

sensitivity increased by consensus double reading. Computer-aided detection (CAD) devices 

could serve as an attractive alternative for the enormous costs and efforts of double reading. 

The already commercially available CAD software might in the near future assist the reader in 

the detection of  pulmonary nodules and improves their performance.[30-33].   

Consensus double reading led only to a slight increase in the lung cancer detection rate 

without significant change in the detection of early stage disease despite the detection of 23% 

more nodules. All these additional nodules require radiological evaluation which increases the 

reading time and screening costs. The only advantage of consensus double reading was a 

decline in the referral rate to the chest physicians by 9% which reduces the screening costs.  
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Table 4A 

Sensitivity and specificity of single reading during the baseline period of low-dose CT lung 

cancer screening trial NELSON including the 3-months follow-up scan. 

     

Participants with Lung Cancer  

Yes No 

 

Total 

Positive 71 135 216 

Negative 3 7,338 7,341 

Test Results 

Total 74 7,483 7, 557 

 

Sensitivity: 95.9% (95% CI: 87.8%, 98.9%); specificity 98.2% (95% CI: 97.9%, 98.5%); PPV 

32.9% (95% CI: 28.1%, 41.4%); NPV 99.9% (95% CI: 99.9%, 100%) 

 

Table 4B 

Sensitivity and specificity of consensus double reading during the baseline period of low-dose 

CT lung cancer screening trial NELSON including the 3-months follow-up scan. 

     

Participants with Lung Cancer  

Yes No 

 

Total 

Positive 73 123 196 

Negative 1 7,360 7,361 

Test Results 

Total 74 7,483 7, 557 

Sensitivity: 98.6% (95% CI: 91.7%, 99.9%); specificity 98.4% (95% CI: 98.08%, 98.6%); 

PPV 37.2% (95% CI: 30.5%, 44.5%); NPV 99.9% (95% CI: 99.9%, 100%).  

 

 

After weighing the advantages and disadvantages of consensus doubling reading, we do not 

recommended consensus double reading in lung cancer screening when using the NELSON 

nodule management strategy. Limitation of our study is that we did not quantify the extra 

costs associated with double reading. Therefore, it is not possible to provide a cost-
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effectiveness recommendation for consensus double reading. Secondly, participants were 

followed up for this study for a period of 2 years. Although some “indolent” malignancies 

might have been missed longer follow-up data will not change the outcome of our study.  

In conclusion, no benefit of consensus double reading could be demonstrated with the use of 

the NELSON nodule management strategy at baseline screening of a lung cancer CT 

screening trial.  
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Chapter 7 
 

 

 

Summary  
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Lung cancer is the leading cause of cancer death worldwide. Current data on lung cancer 

screening are not sufficient to support screening for lung cancer with any method. The results 

of randomized trials of screening with low-dose CT are expected to better inform lung cancer 

screening decisions.  

The NELSON lung cancer screening trial is a randomised controlled low-dose CT 

lung cancer screening trial in the Netherlands and Belgium, in which non-calcified pulmonary 

nodules were evaluated according to volume and volume-doubling time. Of 7,553 participants 

in screening arm, 2.6% and 1.8% of the participants, respectively, had a positive test result in 

the first and second rounds of screening. In round one, the sensitivity of the screening was 

94.6% (95% CI, 86.5 to 98.0) and the negative predictive value 99.9% (95% CI, 99.9 to 

100.0). In the 7361 participants with a negative screening result in round one, 20 lung cancers 

were detected after 2 years of follow-up. The absolute risk of finding lung cancer 1 and 2 

years after a negative first-round test were 1 in 1000 and 3 in 1000, respectively, in this 

population at high risk for lung cancer (chapter 2). 

The software-generated volumetric measurement of lung nodules has advantage over 

traditional diameter measurement and is feasible in a lung cancer screening trial. In chapter 3 

we assessed the inter-observer variability of semi-automated volume measurements of 

pulmonary nodules and the potential reasons for variability using 430 screening detected 

purely-intraparenchymal pulmonary nodules with volume between 15 and 500 mm3 in the 

NELSON trial. No difference in volume was found for 383 nodules (89.1%). Discrepant 

results were obtained for 47 nodules (10.9%); in 16 cases (3.7%), the discrepancy in volume 

was larger than 10%. The most frequent cause of variability was incomplete segmentation due 

to an irregular shape or irregular margins. In conclusion, semi-automated measurements are 

not completely reproducible in a minority of small solid intraparenchymal nodules, and, thus, 

may cause errors in the assessment of nodule growth. For small or irregularly shaped nodules, 

an observer should check the segmentation shown by the program. 

In screening detected pulmonary nodules, a large part consists of attached nodules. 

The attachment with surrounding structures will increase the difficulty of segmentation by 

volumetric software and sequentially cause measurement error.  Therefore, we further 

included a large set of attached nodules in addition to purely-intraparenchymal nodules to 

assess the independent effects of the nodule characteristics on the measurement error in 

chapter 4. Totally, 4225 screening detected non-calcified pulmonary nodules in 2239 

participants were analyzed. Complete agreement in volume was obtained for 86% of the 

nodules. Large volume discrepancies (absolute value of relative volume difference (RVD) ≥ 
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25%) occurred in only 2% of nodules. This suggested that there may be a false-positive test 

result at 3-month follow-up in up to 2% of the pulmonary nodules, since 25% increase in 

volume was used as growth criterion in NELSON trial. The irregular and juxtavascular 

nodules had the largest probability of volume measurement error; spiculated, fissure-attached, 

and pleural-based nodules had a moderate probability of volume measurement error; and 

lobulated and larger nodules had a small probability of volume measurement error. Semi-

automated software-generated segmentation should be visually verified and manually adjusted 

when the observer estimates segmentation has not been successful. 

The effect of reconstruction on volumetric measurement was evaluated in chapter 5. 

The low-dose chest CT data-sets were reconstructed with 1 mm section thickness and a soft 

kernel, 2 mm and a soft kernel, and 2 mm and a sharp kernel, respectively. The analysis of 

measured volume of 200 pulmonary nodules with these three reconstruction settings showed 

that 1 mm section thickness and a soft kernel provided the most repeatable volume 

measurement. Thus, this should be recommended as the standard reconstruction setting for 

low-dose CT lung cancer screening. Furthermore, a significant difference was found in the 

measured volume of the same nodule in different reconstruction settings. Therefore, a 

consistency in the use of reconstruction settings is recommended for serial follow-up CTs to 

avoid unreliable growth assessments. 

The reading strategy in lung cancer screening could potentially influence the outcome 

of lung cancer screening. The value of double reading is thus evaluated in chapter 6. We 

found at baseline screening that consensus double reading, compared to single reading, led to 

the identification of 2.8% more subjects with lung cancer including 2.2% more stage I disease 

lung cancer, the detection of 23.4% more nodules, a 9.3% decline in referrals, a 0.5% increase 

in 3-month recall CT scans, a 2.7% increase in sensitivity and a 0.2% increase in specificity.  

This non-prominent benefit suggests a single reading strategy can function well at baseline of 

a lung cancer screening trial using the NELSON nodule management protocol.   

In conclusion, this thesis focuses on the validation of volume measurement and the 

reading strategy in the NELSON lung cancer screening trial. We quantified the inter-observer 

variability in NELSON volume data and concluded that a 25% change in volume is a reliable 

threshold for growth evaluation as the reader difference is concerned. To accurately assess the 

volume change of attached or irregular nodules using LungCare software, the observer needs 

to check the segmentation performance and visually assess the growth if necessary. 

Furthermore, a consistency in reconstruction parameter in serial follow-up CTs is required to 

accurately assess the nodule volume change. Although the consensus double reading strategy 
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in the  baseline stage of the NELSON trial contributes to the detection of more non-calcified 

pulmonary nodules and reduction in recall and refer rate, it only leads to a small increase in 

the early stage cancer detection and is thus not recommended.   
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Chapter 8 

 

 

 

Samenvatting 
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Longkanker is de belangrijkste doodsoorzaak als gevolg van kanker wereldwijd. Op dit 

moment zijn er onvoldoende argumenten om screening op longkanker aan te bevelen. De 

resultaten van gerandomiseerd onderzoek moeten een antwoord geven op de vraag of 

screening met behulp van een CT scan zinvol is. 

Het proefbevolkingsonderzoek op longkanker met behulp van de “low-dose CT” in Nederland 

en België (het zogenaamde NELSON onderzoek) is een gerandomiseerd onderzoek. Alle niet-

verkalkte nodules werden geëvalueerd op basis van hun volume en volume-verdubbelingstijd. 

Van de 7553 deelnemers in de screenings arm van de studie had 2,6% en 1,8% een positieve 

test uitslag in, respectievelijk, de eerste en tweede screeningsronde. In de eerste ronde was de 

sensitiviteit 94.6% (95% CI, 86,5 – 98,0) en de negatief voorspellende waarde 99,9% (95% CI, 

99,9 – 100,0). Van de 7361 deelnemers uit de eerste ronde werd bij 20 deelnemers na 2 jaar 

follow-up alsnog longkanker vastgesteld. De kans op longkanker na een negatieve testuitslag 

1 en 2 jaar na de eerste screeningsronde was, respectievelijk, 1:1000 en 3:1000 in deze 

populatie met een hoog risico op het krijgen van longkanker (Hoofdstuk 2). 

Een evaluatie van alle longnodules op basis van semi-automatische software voor 

volumemetingen heeft voordelen ten opzichte van een tweedimensionale meting en blijkt 

mogelijk in een grootschalig bevolkingsonderzoek. In Hoofdstuk 3 onderzochten wij de 

variabiliteit tussen de verschillende beoordelaars als deze software werd gebruikt voor de 

evaluatie van 430 long nodules met een volume tussen de 15 en 500 mm3, die volledig door 

longweefsel omgeven waren in de NELSON studie. Er werd in 89,1% geen verschil in 

volume tussen de beoordelaars gevonden. In 47 nodules (10,9%) werd er wel een verschil 

gevonden; in 16 gevallen (3,7%) was het verschil zelfs groter dan 10%. De belangrijkste 

oorzaak van variabiliteit was een onvolledige segmentatie als gevolg van een irregulaire vorm 

of een irregulaire begrenzing van het oppervlak van de nodule. Concluderend mag men stellen 

dat semi-automatische volumemetingen niet compleet reproduceerbaar zijn bij een kleine 

minderheid van de nodules en men op basis hiervan onjuist tot de conclusie zou kunnen 

komen dat er sprake is van groei. Advies is dan ook dat voor kleine en onregelmatige nodules 

de radioloog de segmentatie, zoals die wordt gegenereerd door de software, zou moeten 

controleren. Als een nodule vast zit aan en niet goed afgrensbaar is van een omgevende 

structuur wordt de segmentatie van de nodule door middel van de automatische software voor 

volumemetingen bemoeilijkt. Daarom onderzochten wij in Hoofdstuk 4 ook de meetfout in 

de volumemeting bij een groot aantal nodules, die niet goed afgrensbaar waren van een 

omgevende structuur en vergeleken die met de meetfout zoals die optreedt bij nodules die 

volledig door longweefsel zijn omgeven. In totaal werden 4225 long nodules geëvalueerd die 
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waren ontdekt bij 2239 deelnemers van het NELSON longkanker screeningprogramma. Bij 

85% van de nodules was de eerste volumemeting volledig identiek aan de tweede. Grote 

verschillen (absolute waarde van het relatieve volumeverschil ≥ 25%) werden in slechts 2% 

van de nodules aangetroffen. Dit betekent dat bij slechts 2% van de deelnemers er bij een 

herhaalscan na 3 maanden een fout positieve testuitslag zou kunnen optreden, omdat groei 

van nodules in de NELSON studie is gedefinieeerd als een toename in het volume van ≥ 25%. 

Irregulaire nodules en nodules die vastzaten aan bloedvaten bleken de grootste meetfout te 

hebben, nodules die vastzaten aan de pleura of een fissuur een matig grote fout, en grotere en 

gelobuleerde nodules een kleine fout in het meten van het volume. Advies is dan ook dat juist 

bij het type nodules met een grote meetfout de volumemetingen visueel gecontroleerd dienen 

te worden en eventueel handmatig moet worden aangepast als de radioloog van mening is dat 

de semi-automatische software de volumemeting heeft over- of onderschat. 

Het effect van het reconstructie-interval op de volumemeting werd onderzocht in Hoofdstuk 

5. De low-dose CT dataset werd gereconstrueerd met 3 verschillende instellingen: een coupe 

dikte van 1 mm en een zacht filter, 2 mm en een zacht filter en 2 mm en een hard filter. Bij de 

evaluatie van 200 longnodules op basis van deze 3 verschillende reconstructie-instellingen 

bleek dat de 1 mm coupedikte met het zachte filter de beste reproduceerbaarheid vertoonde bij 

het meten van het volume. Ons advies is dan ook om deze setting standaard te gebruiken bij 

low-dose CT long kanker screening. Bovendien bleek er sprake van een significant verschil in 

volumemeting tussen de verschillende reconstructie instellingen. Daarom adviseren wij om bij 

opeenvolgende (seriële) volumemetingen altijd dezelfde instellingen te gebruiken om een 

foute inschatting van de nodulegroei  te voorkomen.  

In Hoofdstuk 6 is het effect van een beoordeling van de screeningsresultaten door een tweede 

radioloog op de uitkomsten van een longkanker screeningsprogramma onderzocht gedurende 

de eerste screeningsronde. Wij vonden dat ten opzichte van één beoordeling er na een tweede 

beoordeling 2,8% meer gevallen van longkanker werden ontdekt, waarvan 2,2% stadium I 

longkanker. Verder bleek dat er als gevolg van een tweede lezing 23,4% meer nodules werden 

gevonden, het aantal verwijzingen naar de longarts afnam met 9,3% en er een toename was 

van het aantal herhaalscans na 3 maanden met 0,5%. De sensitiviteit van longkankerscreening 

nam toe met 2,7% en de specificiteit met 0,2%. Conclusie is dat er geen meerwaarde is van 

een tweede beoordeling van de CT scans ten opzichte van alleen een eerste beoordeling bij 

gebruik van het NELSON nodule management protocol. 

Samenvattend, is dit proefschrift gericht op de validatie van de volumemetingen en waarde 

van de tweede beoordeling van de CT scans. De variabiliteit tussen de beoordelaars in het 
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meten van het volume bleef onder de 25%, hetgeen betekent dat een volumetoename van 25% 

als drempelwaarde voor groei van een nodule betrouwbaar is. Voor nodules, die verbonden 

zijn met omliggende structuren, zoals bloedvaten, of bij hele irregulaire nodules is een visuele 

controle nodig en kan eventueel handmatig de automatische volumemeting worden bijgesteld.  

Verder toonden wij aan dat het voor een betrouwbare volumemetingen noodzakelijk is om de 

reconstructieparameters (reconstructie interval en filter) constant te houden. Alhoewel een 

tweede beoordeling leidde tot de detectie van meer nodules en een afname van het aantal 

verwijzingen en herhaal-CT scans, was er slechts een hele geringe toename in het aantal 

gevallen van longkanker dat werd opgespoord en een zeer geringe toename in het aantal 

vroege stadia longkanker. Dubbele lezing van de CT beelden wordt dus niet aanbevolen. 
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