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Conclusion:
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To retrospectively determine interobserver variability of
semiautomated volume measurements of pulmonary nod-
ules and the potential reasons for variability.

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-mm?®
nodule. One local and one central observer independently
evaluated the scans and measured the volume of any de-
tected nodule by using semiautomated software. Noncalci-
fied solid nodules with volumes of 15-500 mm?
cluded 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 mea-
surements were calculated for all nodules. Intermeasure-
ment agreement was assessed with the Spearman correla-
tion coefficient. Potential reasons for discrepancies were
assessed.

were in-

There were 232 men (mean age, 60 years; age range,
52-73 years) with 430 eligible nodules (mean volume, 77.8
mm?®; range, 15.3-499.5 1111113). 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 discrep-
ancy was larger than 10%. The most frequent cause of
variability was incomplete segmentation due to an irregu-
lar shape or irregular margins.

In a minority (approximately 11%) of small solid intrapa-
renchymal 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 segmenta-
tion shown by the program.

© RSNA, 2006
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he introduction of multidetector

computed tomography (CT) has

led to a substantial increase in the
number of incidentally detected small
pulmonary nodules.
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 be-
nign ones by using noninvasive proce-
dures, thus avoiding unnecessary inva-
sive 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 be-
nign lesions (5-9). Volume measure-
ments obtained with automated seg-
mentation tools have been shown to be
more reproducible than diameter mea-
surements (10). Currently, various soft-
ware tools are commercially available
for that purpose. We have been using
one of the commercially available soft-
ware packages (11-15) for a multi-
center lung cancer screening trial (16)
and have found that volume measure-
ments obtained with this semiauto-
mated nodule segmentation program
sometimes differed between the first
and second readings of the same CT
data set by different observers. The

Advances in Knowledge

B Although modern software for
lung nodule volume measure-
ments yields very high interob-
server correlation (r = 0.99), vol-
ume measurements may vary in
approximately 11% of cases.

B Because semiautomated measure-
ments are not reproducible under
all circumstances for all nodules,
they may cause errors in the as-
sessment of nodule growth if used
as the only criterion.

B With small or irregularly shaped
nodules, it is important to check
the proposed segmentation shown
by a semiautomated volume mea-
surement program.

In lung cancer

purpose of this study, therefore, was to
retrospectively determine interobserver
variability of semiautomated volume mea-
surements of pulmonary nodules and po-
tential 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 smok-
ers. 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 com-
mittee of each participating hospital. In-
formed 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 (see be-
low).

Within the NELSON project, all
nodules with volumes of more than 15
mm® (corresponding mean diameter,
3.1 mm) were prospectively recorded in
a database. Noncalcified solid nodules
with volumes of more than 500 mm?®
(mean diameter, >9.8 mm) were con-
sidered suspicious for carcinoma, and
subjects with such nodules were re-
ferred to a pulmonologist for further
work-up. Solid nodules with volumes of
15-50 mm?® (mean diameter, 3.1-4.6
mm) were followed up at standard
screening intervals (1 and 3 years).
Noncalcified solid nodules with volumes
of 30-500 mm?® were considered inde-
terminate and followed up with a repeat
CT examination after 3-4 months to de-
termine growth. Nonsolid nodules,
part-solid nodules, pleural-based nod-
ules, 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 nod-
ules.

For this study, we included the first
1200 consecutive participants scanned
between April and December 2004 at
one of the participating centers (Univer-
sity Medical Center, Utrecht, the Neth-
erlands). We identified all individuals
with at least one solid nodule with a
volume of 50-500 mm?®. All patients
were referred to short-term follow-up
according to the trial set-up. We in-
cluded all patients with noncalcified
solid nodules that were not attached to
vessels or pleura with volumes of 15—
500 mm?®. This volume range included
the smaller nodules of 15-50 mm?® 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 Med-
ical Systems, Best, the Netherlands). All
scans were performed in a spiral mode
with 16 X 0.75-mm collimation and
15-mm table feed per rotation (pitch,
1.3). We used a caudocranial scan di-
rection and scanned the entire chest in
approximately 10 seconds. Contrast
material was not injected. Exposure set-
tings were 30 mAs at 120 kVp for pa-
tients weighing 80 kg or less and 30 mAs
at 140 kVp for those weighing more
than 80 kg. This corresponds to CT
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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 Solu-
tions, Erlangen, Germany) with U.S.
Food and Drug Administration-ap-
proved, commercially available soft-
ware for semiautomated volume mea-
surements (LungCare; Siemens Medical
Solutions). Potential nodules were iden-
tified by a human observer (H.A.G.,
with 1 year of experience in radiology)
on transverse thin-slab maximum inten-
sity 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 candi-
date nodule with a mouse click, the pro-
gram automatically defines a volume of
interest around the candidate nodule,
which can be further analyzed by using
volume-rendered displays or multipla-
nar reformations. The candidate nodule
can then be either approved or dis-
carded.

The evaluation of a nodule with a
second mouse click initiates an auto-
mated 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-dimen-
sional 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 tem-
plate that originates from the click point
is gradually expanded; its cross-correla-
tion with the segmented nodule is com-
puted for each step. The peak value of
the cross-correlation curve is deter-
mined, and an empirical cutoff value
close to the peak value is used to sepa-

rate the nodule from potential adjacent
structures.

In this manner, an optimum three-
dimensional template is generated that
represents the nodule in the most opti-
mal way. This template includes as
much of the nodule as possible without
the inclusion of surrounding structures.
Finally, the nodule is segmented by fus-
ing 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 yel-
low 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 ex-
cluded 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 ob-
server (H.A.G.), scans were trans-
ferred for central reading to University
Hospital Groningen, where another ob-
server (Y.W. or D.X., both with 6 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 seg-
mented volumes were stored in a cen-
tral database (the NELSON Manage-
ment System).

Nodules for which volume measure-
ments yielded different results under-
went 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, poly-

lobulated, or spiculated) and forms
(round, oval, or elliptic). This classifica-
tion was performed in consensus and on
the basis of visual assessment. For each
of these nodules, the same two observ-
ers visually compared the two seg-
mented volumes (marked in yellow) and
the appearance of the nodule on the
volume-rendered images to qualitatively
assess the discrepancies in the seg-
mented volumes. This routine proce-
dure 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 un-
derlying nodule size. This was done sep-
arately for each nodule by calculating
the ratio between the difference in vol-
ume measurements (numerator) and
the mean volume (denominator). Agree-
ment in measured volume was shown vi-
sually by using Bland-Altman plots with
95% confidence intervals (Cls) (limits of
agreement) (17). Because nodule size
showed a nonnormal distribution, inter-
measurement agreement was determined
by calculating the Spearman correlation
coefficient.

We determined the number of nod-
ules for which there were discrepant
volume measurements. The degree of
variation was calculated as the differ-
ence between the first and second mea-
surements 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 mm?®, greater than 50
to 200 mm?®, and greater than 200 to
500 mm?. Differences between sub-
groups were calculated by using one-
way analysis of variance.

In addition, we calculated descrip-
tive statistical parameters for the rela-
tive differences between the two mea-
surements for (a) all nodules and
(b) only those nodules in which discrep-
ancies in volume were found. The differ-
ence in the frequency of discrepancies
in nodule size between the three nodule

Radiology: \/olume 241: Number 1—0Qctober 2006

253



Radiology

THORACIC IMAGING: Pulmonary Nodules Detected at Lung Cancer Screening

Gietemacetal

size categories was determined with the
Spearman correlation coefficient for
non-normally distributed populations.
A P value of less than .05 was consid-
ered 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 measure-
ments. All statistical analyses were per-
formed with software (Excel 2000, Mi-
crosoft, Redmond, Wash; and SPSS,
version 12, SPSS, Chicago, IIl).

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 mm?. In these 232 men (mean
age, 60 years; age range, 52-73 years),
we identified 450 nodules with volumes
of 15-300 mm? that had been detected
and measured by both observers. Of
these 450 nodules, 430 fulfilled the in-
clusion 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 at-
tached to a vessel, and 13 were ex-
cluded because they were attached to
the costal pleura. The mean volume (=
standard deviation) of these 430 nod-

ules was 77.8 mm® = 71.7 (range, 15.3-
499.5 mm?®). One hundred eighty-eight
nodules (43.7%) had a volume of 15-50
mm?, 213 (49.5%) had a volume of 50 -
200 mm?, and 29 (6.7%) had a volume
of 200-500 mm?®.

Measurements

Spearman correlation coefficient analy-
sis revealed that intermeasurement (in-
terobserver) 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 differ-
ence 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 variabil-
ity, then the bias was 3.1% (95% CI:
—21.9%, 28.5%) (Fig 3).

Results of analysis according to
nodule size demonstrated that the per-

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.
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centage of nodules for which there were
discrepant volume measurements in-
creased with larger nodule size: Al-
though only 7.4% (14 of 188 nodules)
with volumes of 15-50 mm® were af-
fected, the percentage increased to
13.1% (28 of 213 nodules) for nodules
with volumes of 50-200 mm?® and to
17.2% (five of 29 nodules) for nodules
with volumes of 200-300 mm?® (P <
.001). In the latter group of five nodules,
the mean positive difference in mea-
sured 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 mm?®, 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 mea-
surements in 12 nodules. The user,
however, can interactively modify the
segmented volume to improve segmen-
tation.

In larger nodules, an irregular shape
may cause problems because the sepa-
ration between a nodule and its sur-
roundings 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 seg-
mentation. Among the remaining 35
nodules for which measurements var-
ied, we found an irregular margin in 27
(Fig 4), a lobulated shape in three, spic-
ulated margins in three, and an elon-
gated shape in two (Fig 5).

Although semiautomated measurements
were highly reproducible for the vast
majority of nodules, our results showed
that there is a subset of nodules (ap-
proximately 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 volu-
metric measurements. It is known that
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Figure2:  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% Cls, 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% Cls.

interobserver variability is one of the
factors that can influence the reproduc-
ibility of volume measurements (4,
11,18).

The observation that there is a sub-
set of nodules for which measurement
varies between observers basically indi-
cates that a very small measured differ-
ence 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 nod-
ule (with a volume doubling time of 300
days) that shows slow but substantial
growth will increase about 10%. Refer-
ral 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 nod-
ules. A 3-month interval was recently
recommended by the Fleischner Society
for the follow-up of nodules with diame-
ters of more than 6 mm (correspond-
ing volume, 216 mm?®) (19). After 3
months, a malignant nodule with a vol-
ume doubling time of 300 days will have
increased 23% in volume. With use of a
25% increase in volume as the thresh-
old for referral to a pulmonologist, the

Figure 3:  Bland-Altman plot
for 47 nodules for which there was
adifference in volume measure-
ments obtained by the central and
local readers. Interobserver vari-
ability is shown as function of

average nodule volume. Dashed
lines indicate 95% Cls; solid line
. | indicates the bias (average differ-
ence).
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number of false-positive findings will de-
crease to 1.2%. When a repeat scan is
performed after 6 months, no stable
nodules will be depicted as showing sub-
stantial growth.

Currently, the combination of fully
automated nodule detection and con-
secutive volume measurements is not
yet commercially available. However,
semiautomated software in which a
nodule is digitally marked by an ob-
server to initiate an automated volume
should already yield
highly reproducible estimates because
the only nonautomated part of the pro-

measurement

cedure is a manually indicated starting
point for nodule segmentation. Results
of in vitro validation studies of this soft-
ware with artificial (rounded) nodules
(14) demonstrated that the segmenta-
tion approach used with the software
tools is very precise for rounded nod-
ules, showing that even a change of 100
pm can be detected on CT images. Be-
cause in vitro reproducibility was 100%,
there seemed to be little use in meticu-
lously checking the segmentation of sim-
ple intraparenchymal nodules.
Semiautomated volume estimates of
rounded nodules with a smooth margin
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Figures 4,5
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central observer).

Figure 4: Volume-rendered displays show nodule with a polygo-
nal 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 mm® (as measured by

5

Figure 5:  Volume-rendered dis-
play shows elongated nodule for
which there was incomplete seg-
mentation (indicated in yellow),
which can lead to interobserver
variability.

appear to be extremely reproducible in
vivo. In fact, we found no such nodule
among those with discrepant measure-
ments. 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 spicula-
tion. These problems were seen most
often in the group of intermediate-sized
nodules with volumes of 50-500 mm?.
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 match-
ing 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 ex-
pected to 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 segmenta-
tion 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 pro-
grams may also be affected by the fac-
tors 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 soft-
ware with which any manual user input
is required will also be subject to po-
tential interobserver variations. The
amount of these variations, however,
will be dependent on the software.

In conclusion, the results of our
study demonstrate that although mod-
ern software used to measure lung nod-
ule volume yields very high interob-
server correlation (r = 0.99), volume
measurements may vary in approxi-
mately 11% of cases. Because the detec-
tion of minor differences in nodule vol-
ume is important for determining
whether a nodule is growing, it is essen-
tial to improve reproducibility even fur-
ther. These tools, however, cannot be
used in a fully automated approach. In
fact, it is important to check the seg-
mentation for completeness, particu-
larly when a nodule has an irregular
shape or irregular margins. Early pub-
lished in vitro data (14) gave hope that
checking the segmentation does not ap-
pear 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 seg-
mented volume to match segmentation
to the visual assessment of the nodule of
interest.
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