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Purpose: To retrospectively assess volume measurement variability
in solid pulmonary nodules (volume, 15–500 mm3) de-
tected at lung cancer screening and to quantify the inde-
pendent 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 in-
cluded. Complete agreement in volume was obtained for
3646 (86%) of the nodules. Disagreement was small (abso-
lute 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 dis-
agreement were 15.7, 3.1, and 1.9 for irregular, spicu-
lated, and polylobulated nodules, respectively; 3.5, 2.6,
and 2.1 for juxtavascular, pleural-based, and fissure-at-
tached 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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W ith the introduction of multide-
tector computed tomography
(CT) and the ongoing advances

in multidetector CT technology, the de-
tection 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 re-
ceived attention as a diagnostic tool
with which to differentiate malignant
nodules from benign nodules, especially
subcentimeter lesions in which addi-
tional diagnostic techniques—such as
positron emission tomography, contrast
material–enhanced CT, and percutane-
ous 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 assess-
ments 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 volu-
metric 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 lo-
cations may influence the accuracy and
variability of volumetric measurements.
Furthermore, nodule morphology may
influence volume measurement variabil-
ity (23,24).

To our knowledge, quantitative as-
sessment 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 as-
sess volume measurement variability in
solid pulmonary nodules (volume, 15–
500 mm3) detected at lung cancer
screening and to quantify the indepen-
dent effects of nodule morphology, size,
and location.

Materials and Methods

Study Group
Between April 2004 and December
2005, 6774 participants underwent base-
line 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 cig-
arettes 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 medi-

cal ethical board at each of the four
participating hospitals, and written in-
formed 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 in-
formed consent for the prospective
study included permission to use data
for future retrospective research.

Imaging
All examinations were performed by us-
ing 16-detector helical CT scanners
(Sensation 16, Siemens Medical Sys-
tems, Forchheim, Germany; Mx8000
IDT or Brilliance 16P, Philips Medical
Systems, Cleveland, Ohio), a low radia-
tion dose, and the following parame-
ters: 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 cau-
docranial direction, without the use of
contrast material. Images were ob-
tained 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 in-
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Advances in Knowledge

� Complete agreement in software-
generated volume measurement is
dependent on nodule morphology
and location and varies from 91%
for purely intraparenchymal nod-
ules to 70% for juxtvascular nod-
ules and from 90% for smooth
nodules to 34% for irregular nod-
ules.

� Compared with smooth, small,
and purely intraparenchymal nod-
ules, irregular and juxtavascular
nodules have the largest volume
variability; in spiculated, pleural-
based, and fissure-attached nod-
ules, variability is moderate; and in
lobulated and larger (�50 mm3)
nodules, variability is small.

Implication for Patient Care

� Visual verification of growth, in
addition to volumetric measure-
ment, is recommended for pleu-
ral-based, fissure-attached, or
juxtavascular nodules with ill-de-
fined margins to avoid false-posi-
tive results.
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crements. A moderately sharp kernel
was used for reconstruction (B30 filter,
Siemens Medical Solutions, Erlangen,
Germany; B filter, Philips Medical Sys-
tems). 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 mea-
surement, digital workstations (Leo-
nardo; Siemens Medical Systems) were
used with Food and Drug Administra-
tion–approved commercially available
software to obtain semiautomated vol-
ume measurements (LungCare; Sie-
mens Medical Solutions) at all four
screening sites. Pulmonary nodules
were identified on axial thin-slab maxi-
mum intensity projections with the cine
mode at standardized window width
and window center settings of 1500 and
�500 HU, respectively, and a slab thick-
ness of 6 or 8 mm. After the nodule was
marked with a mouse click, the pro-
gram automatically defined the volume
of interest around the nodule. A 3D
template that represented the nodule in
its most optimal way was generated,
without inclusion of surrounding struc-
tures, 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-con-
nected structure of interest. This struc-
ture may have included surrounding
structures, such as vessels or parts of
the chest wall. Apart from this process,
a small spherical 3D template that orig-
inated from the click point was gradu-
ally expanded, and its cross correlation
with the segmented nodule was com-
puted for each step. The peak value of
the cross-correlation curve was deter-
mined, and an empirical cutoff value
close to the peak value was used to sep-
arate the nodule from its potential adja-
cent 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 dis-
play as the volume of interest. If an ob-

server disagreed with the fit of the 3D
template with the volume of interest, he
or she could manually modify the seg-
mentation by increasing or decreasing
the volume. This could have introduced
bias in the estimation of volume mea-
surement variability; therefore, if read-
ers 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 lo-
cal readers had 1–20 years (median, 6
years) experience reading thoracic CT
images. There were two central read-
ers, each of whom had 6 years of
experience. All readers measured the
volume with the same software and re-
corded the nodule characteristics indepen-
dently.

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 diame-
ter (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 diam-
eter. The third subgroup consisted of
fissure-attached nodules that had fis-
sural 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 contour
(27). Spiculation was defined as the
presence of thicker strands extending
from the nodule margin into the lung
parenchyma without reaching the pleu-

ral surface (28). A nodule was deemed
irregular if it was not smooth, polylobu-
lated, or spiculated. Nodules were fur-
ther classified as small (15–49 mm3; ef-
fective 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 in-
determinate) in our screening program
(25). In our retrospective study, we re-
trieved all information on solid nodules,
with the exception of complete and cen-
tral 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 eval-
uated all CT images. Because two of the
13 local readers manually modified the
volume, all of their readings were ex-
cluded from our retrospective study;
thus, there were 11 local readers. In
cases of disagreement between the first
and second readers on nodule charac-
teristics, two readers (D.M.Y., Y.W.)
retrospectively reevaluated the images
to reach consensus.

Statistical Analysis
Because the true nodule volume was un-
known, 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 differ-
ence. The relative volume difference
(RVD) was defined as the absolute vol-
ume difference divided by the mean vol-
ume 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. There-
after, the absolute value of RVD was
calculated because the percentage vol-
ume 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 per-
centage of nodules with volume dis-
agreement of more than 25% was com-
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puted because 25% was used as the
growth criterion in our lung cancer
screening program.

To evaluate the influence of nodule
characteristics on measurement vari-
ability, we performed univariate logistic
regression analysis by using volume dis-
agreement as a dependent variable and
by using location, morphology, and size
as independent variables. Volume dis-
agreement 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 univari-
ate analyses were included in the multi-
variate logistic regression analysis.
Again, ORs with 95% CIs were calcu-
lated. Because the definition of volume
agreement was rather strict, the follow-
ing factors were also considered:
(a) whether a nodule had a disagree-
ment 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 abso-
lute value of RVD � 15%). All analyses
were performed with statistical soft-
ware (SPSS, version 14.0.1; SPSS, Chi-

cago, Ill). P � .05 indicated a significant
difference.

Results

Of the 6774 participants who under-
went 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 vol-
ume. 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).

The mean absolute volume differ-
ence 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 (abso-
lute 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%.

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 loca-
tion remained highly significant (P �
.001) contributors to disagreement,
while nodule size just reached signifi-
cance (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).

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. Juxtavascu-
lar 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 corre-
sponding reference category of nodules
(Table 3).

Discussion

Our results show that in 86% of the
solid nodules detected in a lung cancer
screening trial, complete volume agree-
ment between two readers can be
achieved by using semiautomated volu-
metric software. Large volume discrep-
ancies (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 inter-
val was defined as growth in one screen-
ing trial (25), and it might have led to a
false-positive test result at 3-month fol-
low-up in 2% of the pulmonary nodules

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

Nodule Characteristic No. of Nodules* Median Volume (mm3) RVD (%)†

Absolute Volume
Difference (mm3)†

Location
Purely intraparenchymal 2853 (68) 36 0.4 � 5.4 0.5 � 6.2
Pleural based 717 (17) 50 1.3 � 9.4 1.4 � 15.2
Juxtavascular 199 (5) 68 0 � 12.5 0 � 14.2
Fissure attached 456 (11) 46 0.2 � 8.9 0.2 � 7.9

Morphology
Smooth 3375 (80) 36 0.4 � 5.1 0.2 � 4.6
Lobulated 611 (14) 64 1.4 � 1.1 2.1 � 17.4
Spiculated 68 (2) 181 0 � 6.0 �0.7 � 7.8
Irregular 171 (4) 40 2.0 � 16.8 3.6 � 21.9

Size
Small 2603 (62) 28 0.2 � 5.1 0.7 � 1.6
Large 1622 (38) 78 0.4 � 9.5 1.4 � 14.4

* Data in parentheses are percentages.
† Data are means � standard deviations.
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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 visu-
ally verified and manually adjusted if the
observer believes segmentation has not

been successful, especially with irregu-
lar and juxtavascular nodules.

Compared with previous studies
on volume measurement variability,

Figure 1

Figure 1: 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 nod-
ules had large volume disagreement.

Table 2

ORs of Nodule Characteristics for
Volume Disagreement at Univariate
Analysis

Nodule Characteristics OR 95% CI

Location*
Purely intraparenchymal 1 . . .
Pleural based 2.0 1.6, 2.6
Juxtavascular 4.1 2.9, 5.7
Fissure attached 3.7 2.9, 4.7

Morphology*
Smooth 1 . . .
Lobulated 2.3 1.8, 3.0
Spiculated 2.9 1.6, 5.1
Irregular 18.1 13.0, 25.4

Size*
Small 1 . . .
Large 1.7 1.4, 2.0

* 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

Nodule Characteristic
Positive Value of RVD
Greater than 0%

Positive Value of RVD
Greater than 5%

Positive Value of RVD
Greater than 15%

Morphology*
Smooth 1 1 1
Polylobulated 1.9 (1.5, 2.4) 1.7 (1.3, 2.3) 2.6 (1.7, 3.8)
Spiculated 3.1 (1.7, 5.6) 2.2 (1.0, 4.7) 2.5 (0.9, 7.2)
Irregular 15.7 (11.0, 22.2) 12.5 (8.8, 17.7) 9.6 (6.1, 15.1)

Location*
Purely intraparenchymal 1 1 1
Pleural based 2.1 (1.7, 2.7) 2.4 (1.8, 3.2) 2.5 (1.7, 3.7)
Fissure attached 2.6 (2.0, 3.4) 2.7 (2.0, 3.7) 1.6 (1.0, 2.6)
Juxtavascular 3.5 (2.4, 5.0) 5.5 (3.8, 8.0) 4.6 (2.8, 7.6)

Size†

Small 1 1 1
Large 1.3 (1.0, 1.5) 1.1 (0.8, 1.3) 1.2 (0.9, 1.7)

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

* Overall P value was less than .001 for positive value of RVD greater than 0%, positive value of RVD greater than 5%, and
positive value of RVD greater than 15%.
† 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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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 charac-
teristics on volume measurement vari-
ability were quantified. Gietema et al
(23) used a smaller data set with only

purely intraparenchymal nodules.
They found complete agreement be-
tween 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 pulmo-
nary metastases. The interobserver
95% CI was �5.5% to 6.6%, which
was less than that in our study. How-
ever, 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 nod-
ule. 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 im-
ages. Because different volumetric
software programs were used, com-
parison with our results is impossible.

An explanation for the observed vol-
ume disagreement between the two
readers is related to the fact that semi-
automatic volumetric measurements
may vary according to the positioning of
the seed point by the observer, which is
the only nonautomated part of the pro-
cedure. 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 dif-
ficult to identify the correct borderline,
and in nonspherical nodules, the seg-
mentation tends to vary with the seed
point owing to the spherical 3D tem-
plate used in the software program. In
pleural-based, fissure-attached, and jux-
tavascular 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 un-
satisfactory 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 unsatis-
factory 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 sec-
ond readers, who used only the semiau-

Figure 2

Figure 2: Volume-rendered CT displays show two volume estimates of an irregular purely intraparenchy-
mal 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

Figure 3: Volume-rendered CT displays show two volume estimates of a polylobulated juxtavascular nod-
ule. 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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tomatic 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 prac-
tice, 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 soft-
ware 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 examina-
tions, which may be considerably larger
and relevant to the assessment of volu-
metric growth over time.

In conclusion, semiautomated soft-
ware-generated volumetric measure-
ment was completely reproducible in
86% of the solid 15–500-mm3 nodules.
Nodule morphology, location, and size
influenced volume measurement vari-
ability, particularly among the juxtavas-
cular and irregular nodules, in which
visual verification of growth is recom-
mended to avoid false-positive results.
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