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The study investigates the effect of a substantial dose
reduction on the variability of lung nodule volume
measurements by assessing and comparing nodule vol-
umes using a dedicated semiautomated segmentation
software on ultralow-dose computed tomography (ULD-
CT) and standard-dose computed tomography (SD-CT)
data. In 20 patients, thin-slice chest CT datasets (1 mm
slice thickness; 20% reconstruction overlap) were ac-
quired at ultralow-dose (120 kV, 5 mAs) and at standard-
dose (120 kV, 75 mAs), respectively, and analyzed using
the segmentation software OncoTREAT (MeVis, Bremen,
Germany; version 1.3). Interobserver variability of volume
measurements of 202 solid pulmonary nodules (mean
diameter 11 mm, range 3.2–44.5 mm) was calculated for
SD-CT and ULD-CT. With respect to interobserver vari-
ability, the 95% confidence interval for the relative
differences in nodule volume in the intrascan analysis
was measured with −9.7% to 8.3% (mean difference
−0.7%) for SD-CT and with −12.6% to 12.4% (mean
difference −0.2%) for ULD-CT. In the interscan analysis,
the 95% confidence intervals for the differences in nodule
volume ranged with −25.1% to −23.4% and 26.2% to
28.9% (mean difference 1.4% to 2.1%) dependent on
the combination of readers and scans. Intrascan interob-
server variability of volume measurements was compara-
ble for ULD-CT and SD-CT data. The calculated variability
of volume measurements in the interscan analysis was
similar to the data reported in the literature for CT data
acquired with equal radiation dose. Thus, the evaluated
segmentation software provides nodule volumetry that
appears to be independent of the dose level with which
the CT source dataset is acquired.
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INTRODUCTION

C hest computed tomography (CT) is the
modality of choice to determine the size of

a pulmonary mass or of pulmonary nodules in case
of metastatic disease. In most cases, nodule size is
still determined by the one-dimensional diameter
measurement according to the established criteria.1

However, since the majority of pulmonary nodules
are not perfectly spherical, volumetric measure-
ment is preferable to diameter measurements for
accurate determination of nodule size. In vitro
segmentation analysis of artificial nodules ren-
dered excellent results in terms of interobserver
and interscan variability.2–4 In these studies,
interscan variability was defined as the difference
in nodule volume between two consecutive CT
scans. Interobserver variability was found to be
larger for in vivo volume measurements of
pulmonary nodules compared to in vitro phantom
studies.5 It has been suggested that the accuracy of
volume measurements in vivo strongly depends on
the size, location, and in particular, nodule
morphology. Closer evaluation of factors that
might, however, influence segmentation results
besides morphology and location is desirable. In
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this context, the effect of technical aspects such as
CT image compression, reconstruction kernel, CT
scanner technology, or observer training levels for
computer-assisted lung nodule volumetry has been
evaluated in vivo and ex vivo, respectively.6–11

Thin-slice low-dose CT was not only found to be
sufficient for the detection of pulmonary nodules and,
hence, for the early diagnosis of lung cancer12,13 but
was also used to study nodule volumetry. Nodule
volumetry and interobserver variability has been
evaluated using screening CT datasets acquired in
low-dose technique at 30 mAs.14 Wormanns et al.
analyzed interscan variability of nodule segmenta-
tion using dual-scan data acquired at low dose with
20 effective mAs.15 Goodman et al. performed an
interscan analysis comparing nodule volumes deter-
mined on three consecutive CT scans, however,
using 200–400 mAs for data acquisition.16 The
assessment of lesion growth is the major indication
for follow-up imaging in low-dose CT screening
trials or using routine chest CT. Since adequate size
determination and, hence, assessment of lesion
growth are considered to be assessed more sensi-
tively with volume than with the diameter measure-
ments, there is clinical need for reproducible volume
measurements across different dose levels.
To our knowledge, no in vivo study has been

performed to evaluate the impact of dose reduction
and, hence, increased image noise on the intrascan
and interscan variability of lung nodule volume
measurements using a semiautomated segmenta-
tion software. Thus, the purpose of the present
study was to compare volume measurements of
pulmonary nodules using CT data acquired at
ultralow dose (ULD-CT) and, consecutively, at
standard dose (SD-CT).

MATERIALS AND METHODS

Study Population and Design

Chest CT datasets of 20 patients (12 females
and eight males) were retrospectively analyzed.
Patients were examined between March 2004 and
May 2005 and retrospectively selected for the
present study. In this period, CT data had been
acquired in a previously conducted prospective
study in which ULD-CT imaging was investigated.
Indications for multislice computed tomography
(MSCT) had been staging of an extrathoracic

primary carcinoma or restaging in case of previ-
ously detected lung metastases. Other indications
had been suspicious roundish opacities on chest
radiograph or suspected pulmonary malignancies
in chronic obstructive lung disease. Included were
20 consecutive patients with one or more solid
pulmonary nodules reported with a diameter of
3 mm or more. Patients with metastatic disease had
been diagnosed with primary lung cancer or
metastatic spread of soft tissue sarcoma, cancer
of the thyroid gland, and renal cell carcinoma.
Exclusion criteria were significant alterations of
the lung parenchyma like ground-glass opacities or
fibrosis. Two patients had negligible discrete focal
overinflation of the lung parenchyma due to low-
grade emphysema associated with chronic obstruc-
tive pulmonary disease. Two hundred two solid
pulmonary nodules were included in the final
analysis. Included were only solid nodules includ-
ing nodules with contact to pleura and vessels.
Nodules were spherical as well as nonspherical
and irregularly shaped. The number of pulmonary
nodules per patient ranged from one to 46 nodules
(mean number per patient=10.2; median number
per patient=6.5).
The CT study protocol had institutional review

board approval. The distribution of nodules by
diameter is shown in Figure 1.

CT Data Acquisition

Two MSCT scans had been obtained in all
patients, one scan in ultralow dose (ULD) and,
consecutively, another scan in standard-dose (SD)
technique, on a 16-slice MSCT scanner (Aquilion
16, Toshiba Medical, Nasu, Japan). Informed
consent had been obtained from each patient at
the time of the examination. The following
scanning parameters had been used for ULD-CT
with the patient in supine position and data
acquisition during suspended full inspiration:
5 mAs tube current with a pitch of 1.43—hence
3.5 effective mAs—at a tube voltage of 120 kV.
All examinations had been reconstructed at a slice
thickness of 1 mm with 0.8 mm collimation.
Following ULD-CT, the SD-CT dataset had been
acquired during suspended full inspiration and
after automatic intravenous injection of 80 mL
nonionic contrast medium using a standard tube
current of 75 mAs with a pitch of 1.43 (hence,
52.2 effective mAs). Thin-slice images used for
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volume analysis had been reconstructed using a
soft tissue kernel (FC12) for both SD-CT and
ULD-CT as recommended by the software manu-
facturer.

Data Analysis

The CT data of the 20 patients were sent to a
workstation and analyzed with the OncoTREAT
volumetry software (Mevis, Bremen, Germany).
This software employs a hybrid combination of
region growing and morphological image process-
ing algorithms for segmentation. In order to
improve repeatability under varying imaging pro-
tocols, the volume is not simply defined as the
product of segmented voxels and voxel size.
Rather, the partial volume zone around the lesion
will be analyzed and voxels near the 3-D boundary
of the segmentation mask will contribute to the
volume (unless detected as belonging to vascula-
ture or pleura). The contribution of the voxels
depends on their gray value and the contrast
between lesion and surrounding parenchyma.
Details of the algorithm and results of phantom
evaluations were published earlier by Bornemann
et al.17 and Kuhnigk et al.18

Pulmonary nodules were identified and analyzed
by two experienced radiologists (H-C.B., P.A.H.)
using axial thin-slice reconstructions. Recon-

structed soft tissue kernel images were displayed
for nodule detection and selection with lung
window level and width setting of 1,500 and
−500 HU, respectively, which could be, if neces-
sary, altered by the readers. The readers deter-
mined the volumes of all nodules in the datasets
independently of their location, size, and morphol-
ogy. Each reader performed segmentations of each
nodule at each dose level.
The reader selected a pulmonary nodule with a

single mouse click. Segmentation was then auto-
matically initiated and usually completed within 2–
3 s. For detailed verification of segmentation
quality, the readers are presented with three
orthogonal detail views (showing the axial, coro-
nal, and sagittal sections) of the lesion and a local
3-D volume reconstruction with a bright color
isosurface rendering of the segmentation result
embedded. Whenever semiautomatic nodule seg-
mentation was not satisfying after five attempts, a
poor quality result was recorded by the reader. If
both readers found the segmentation inappropriate,
this nodule was excluded from further analysis.
To avoid bias through recognition of a previ-

ously obtained segmentation result, ULD-CT and
SD-CT datasets of the same patient were analyzed
with at least some days between readings. For the
purpose of result registration, the serially num-
bered locations of the pulmonary nodules already

Fig 1. Distribution of nodule diameters of 202 nodules included in the analysis as measured automatically by the
software.
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segmented by one of the readers were marked in
the CT dataset. These markers in the ULD-CT or
SD-CT dataset were then available for the reader
as reference on one screen of the two-screen
setting of the workstation. Thus, only pulmonary
nodule position and number, but not the segmen-
tation result of the previous measurement, were
provided by the software during the second
reading at each dose level.

Statistical Analysis

Since we found that the distribution of errors did
not follow the pattern of a normal distribution, we
assessed interobserver correlation by using the
Spearman correlation coefficient for nonnormally
distributed populations. For intrascan and interscan
analysis, we calculated the mean of two measure-
ments by the same reader on the identical dataset
and used the results for further analysis. Differ-
ences in volume measurements were calculated by
subtracting the volume measured by reader 1 (R1)
or on one scan, respectively, from the volume
measured by reader 2 (R2) or on the other scan.
Relative differences in volume percent were also
calculated. These relative differences were plotted
against the mean nodule volume by using the
Bland and Altman approach. Limits of agreement
were given as 95% confidence intervals.
The equality of the limits of agreement for the

interobserver variabilities of the intrascan analysis
was tested using a two-tailed F test.
Regarding the absolute results of volume mea-

surements, a volume may be, alternatively, more
intuitively described by means of its effective
diameter (D), which is defined as the diameter of
a volume equivalent sphere and was computed for
all nodules.

RESULTS

Twelve percent of all nodules had to be
excluded from further analysis due to unacceptable
segmentation results. In all excluded nodules,
segmentation was unacceptable in ULD-CT as
well as in SD-CT. All nodules excluded were in
juxtapleural location or were found in a costo-
diaphragmatic recess with contact to the pleural
surface.

The automatically displayed median diameter of
the 202 included nodules on axial slices was
8.2 mm (mean diameter 11 mm) with a range of
3.2 to 44.5 mm. The median volume of all
analyzed nodules in the SD-CT scans was
0.19 mL and ranged between 0.01 and 48 mL.
Of all nodules, 90% were found to have volumes
between 0.035 and 7.7 mL. The median effective
nodule diameter was 7.1 mm (range 2.8 to
45.4 mm). Interobserver correlation was excellent
with a Spearmen correlation coefficient of 0.99 for
all combinations of readers and scans.
The relative differences of nodule volume for

interobserver variability—R1 vs. R2—in the intra-
scan analysis were median 0%. The 95% confi-
dence interval for relative differences in nodule
volume in the intrascan analysis was measured
with −9.7% to 8.3% (mean difference −0.7%) for
SD-CT and with −12.6% to 12.4% (mean differ-
ence −0.2%) for ULD-CT. Absolute differences in
volume ranged between −0.7 and +1.3 mL for SD-
CT and between −0.9 and +0.9 mL for ULD-CT.
No statistical significance was found when

comparing the limits of agreement in the intrascan
analysis (F test90.05). Scatter plots illustrate
interobserver variability of the intrascan analysis
(Fig. 2).
Variability of volume measurements was con-

siderably greater for the interscan data (ULD-CT
vs. SD-CT). Median interobserver and intraob-
server variability of relative differences in volume
measurements ranged between 1.9% and 2.4% vs.
0% in the intrascan analysis. The mean relative
difference for volume measurements amounted to
1.4% with a 95% confidence interval of −23.4% to
26.2% comparing measurements of R1 at SD-CT
vs. R1 at ULD-CT and to 1.9% with a 95%
confidence interval of −25.1% to 28.9% compar-
ing measurements of R2 at SD-CT vs. R2 at ULD-
CT. The mean relative difference for volume
measurements was recorded with 1.2% with a
95% confidence interval of −25.0% to 27.4%
comparing measurements of R1 at SD-CT vs. R2
at ULD-CT and with 2.1% with a 95% confidence
interval of −23.9% to 28.1% comparing measure-
ments of R2 at SD-CT and R1 at ULD-CT.
Absolute differences of nodule volume ranged
between −1.3 and +2.1 mL. Interscan agreement
of volume measurements is illustrated in Figure 3.
Figures 4 and 5 show the representative volume
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measurements of identical nodules in ULD-CT and
SD-CT.

DISCUSSION

Linear measurement of pulmonary nodules on
chest CT images is the common tool to determine
nodule size for primary staging purposes or
assessment of changes in follow-up CT. According

to the Response Evaluation Criteria in Solid
Tumors guidelines, the largest diameter is mea-
sured to determine the size of a pulmonary nodule
or tumor. Since pulmonary nodules commonly do
not present as perfectly spherical structures but are
often lobulated and have spiculated margins,
measurement of the long axis is necessarily
subjective. Therefore, an observer-independent,
reproducible, and accurate measurement tool is
needed to diagnose progressive disease by detect-
ing size increase on follow-up imaging. Wormanns
et al. assessed interobserver variability of linear
measurements of nodule sizes using CT images
reconstructed with 3 and 5 mm slice thickness.19

They found an interobserver correlation of 0.91
and 0.89, respectively. Other studies investigating
one- or two-dimensional nodule measurements
also described a rather high variability in nodule
size when one nodule was measured twice by the
same observer or by different observers.20 Mea-
suring 40 tumors unidimensionally or bidimen-
sionally on CT scans, Erasmus et al. reported
higher interobserver misclassification rates com-
pared to intraobserver misclassification rates using
either progressive disease or response criteria.
Revel et al. recorded the maximum diameters of
54 solid pulmonary nodules.21 The authors con-
cluded that linear measurements were not reliable
for evaluating the size of uncalcified nodules. The
95% limits of agreement for the difference among
readers were −1.73 and 1.73 mm with nodule sizes
of 3–18 mm in their study.
The investigation of interobserver and interscan

variability is likewise of highest importance for
volume determination when assessing proportional
changes in nodule size at follow-up. An increase in
nodule diameter or interobserver variability of
diameter measurements of 10% would correspond
to a change in volume by a factor of about 3.
Clinically relevant nodule growth might be an
indication for an interventional procedure or
alternative therapy. Phantom studies yielded ex-
cellent results for volume measurements in this
context. Yankelevitz et al. assessed deformable
and spherical nodules with diameters ranging from
3.9 to 11 mm.2 The resulting volumes of the
silicone nodules after semiautomated segmentation
matched the true volumes of the nodules as
determined by fluid replacement with a small
variance of ±3%. Phantom studies were also

Fig 2. a The graph shows the interobserver agreement of
volume measurements of 202 nodules at SD-CT. The relative
differences between measurements of reader 1 and reader 2 are
plotted against the mean nodule volume (logarithmic scale). The
mean relative difference is shown by the continuous line; upper
and lower limits of agreement are shown by the dashed lines. R1
reader 1, R2 reader 2. b The graph shows the interobserver
agreement of volume measurements of 202 nodules at ULD-CT.
The relative differences between measurements of reader 1 and
reader 2 are plotted against the mean nodule volume (logarith-
mic scale). The mean relative difference is shown by the
continuous line; upper and lower limits of agreement are shown
by the dashed lines. R1 reader 1, R2 reader 2.
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performed for detailed analysis of the effects of
technical parameters on accurate nodule segmen-
tation, e.g., image compression, reconstruction
parameters, and nodule segmentation thresholds.6

In their study, Goo et al. found a strong impact of
slice thickness and segmentation threshold on
volume analysis.22 The dependency of volumetry
on slice thickness was also assessed by a phantom
study conducted by Winer-Muram et al. According
to their results, thick-section reconstruction of
chest CT led to overestimation of nodule volume.3

The findings of our intrascan analysis are
comparable to the results of the most recent large
study conducted by Gietema et al. In their study,
screening CT datasets of 232 men with 430 nodules
were analyzed with regard to interobserver variabil-
ity. The authors found a high interobserver correla-
tion and no differences in volume were seen for the

majority of nodules. However, discrepant results
were obtained for 47 nodules with a discrepancy of
over 10% in 16 cases. The authors reported that the
most frequent cause of variability was incomplete
segmentation due to an irregular shape or irregular
margins although nonsolid nodules, pleura-based
nodules, and nodules attached to a vessel were
excluded from this interobserver variability study.
In contrast, and noteworthy to be mentioned in
particular, we chose the CT datasets to represent the
full spectrum of nodule shapes and sites encoun-
tered in clinical practice. Our CT datasets contained
intraparenchymal nodules as well as nodules with
contact to the pleural surface and vessels in all lung
lobes. For that reason, the obtained results of the
intrascan analysis can be considered to indicate
good correlation compared to the previously pub-
lished data.

Fig 3. The graphs show the intraobserver and interobserver agreements of volume measurements of 202 nodules in the interscan
analysis. The mean relative difference is shown by the continuous line; upper and lower limits of agreement are shown by the dashed
lines. R1 reader 1, R2 reader 2.
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The limits of agreement in the interscan analysis
were observed up to three times higher than those
of the intrascan analysis. Differences in volume
measurements of pulmonary nodules on consecu-

tive CT scans are attributed to several factors.
These comprise alterations of the nodule itself and
the surrounding lung parenchyma due to physio-
logic changes between the scans. A different phase

Fig 4. a Volume measurement of an intraparenchymal pulmonary nodule using the CT dataset acquired in ultralow-dose technique.
The axial thin-slice section is displayed on the left and multiplanar reconstructions as well as volume rendering on the right. b Volume
measurement of the identical pulmonary nodule using the CT dataset acquired in standard-dose technique.
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within the cardiac cycle as well as changes in total
lung volume may also affect volume measure-
ments.23 Moreover, focal microatelectasis, differ-
ent patient positioning, or different acquisition

parameters affect measurements. Using a semi-
automated segmentation software, Wormanns et al.
analyzed 50 nodules with diameters ranging from
2 to 20 mm.15 They assessed intraobserver and

Fig 5. a Volume measurement of a more complex-shaped pulmonary nodule with pleural and vascular contact and spiculated margins
in ULD-CT. The multiplanar reconstructions and volume-rendered image illustrate the segmentation result with successful separation of
the nodule from the adjacent structures. b Corresponding images of the identical pulmonary nodule obtained with SD-CT.

VARIABILITY OF SEMIAUTOMATED LUNG NODULE VOLUMETRY ON ULD-CT 15



interobserver variability on two consecutive CT
scans obtained within 10 min on ten patients. They
used 20 effective mAs for both CT scans.
Automated volumetry yielded an interobserver
variability of 0.5% (95% confidence interval of
−3.0% to 1.4%). The results of our interscan
analysis corresponded well to the data published
by Wormanns et al. The authors described a
noticeable increase between intrascan and inter-
scan data with respect to interobserver variability,
whereby the authors used the same radiation dose
for both CT scans in their study; 95% limits of
agreement were −20.4% to 21.9%. The increase in
interobserver variability when analyzing respective
nodule volumes on different scans is comparable
to our findings and can be interpreted to indicate
that the calculated volumes are independent of the
radiation dose with which the CT datasets are
acquired. An increase in intraobserver and inter-
observer variability when analyzing interscan data
was also observed in a recent study by Goodman
et al. The study evaluated a semiautomated
segmentation software on 50 nodules with differ-
ent morphologies and diameters of less than
20 mm. Volumes were evaluated on three consec-
utively obtained CT scans and segmentation
results compared. The authors concluded that
interscan variability in vivo is substantial with a
standard deviation of the mean of 13.1% and wide
confidence limits (95% confidence limit of
±25.6%). The three CT scans were acquired with
rather high radiation doses of 200–400 mAs. The
result of interscan variability comparable to our
findings can be as well interpreted to indicate that
the calculated volumes are independent of the
radiation dose with which the CT datasets are
acquired.
The acquisition dose of 75 mAs of the SD-CT

scan at 120 kV is standard for a chest MSCT at our
institution. The acquisition dose for a chest CT
might vary between different institutions. The
standard acquisition dose can be considered to be
below average in comparison with other institu-
tions. There are worldwide growing dose concerns
especially with respect to CT as imaging modality.
The radiological societies encourage the radiolo-
gist or institution, respectively, to acquire CT
images resulting in the lowest exposure achievable
without jeopardizing sufficient image quality for
diagnosis. The dose level used in our study
provided high-quality CT images in all patients

examined. The term “standard-dose” CT was used
for categorization purpose and might be mislead-
ing to use the specific mAs product as full-dose
reference standard. The acquisition dose is a factor
which influences the image quality and image
noise of a CT study. However, besides the used
mAs product, various factors have impact on
image quality, in particular reconstruction algo-
rithms and filters. There are differences in the
image quality and resulting radiation exposure of
chest CT protocols between different CT manu-
facturers. Das et al. studied in vitro the effect of
different CT systems (single-row CT and different
MSCT systems) on lung nodule segmentation.8

The resulting mean absolute percentage errors
were reported to be comparable. The investigation
of the effect of the substantial dose reduction on
the results of our study should not be influenced
by the rather low standard acquisition dose level of
the SD-CT.
With the currently available software, segmenta-

tion was feasible in 88% of all nodules in our study.
This result is in agreement with the rate of
approximately 12% unsuccessful segmentations of
nodules reported by Goodman et al. assessing 50
nodules.16 Volterrani et al. concluded that repro-
ducibility of volume estimation in juxtapleural
pulmonary nodules, particularly those adjacent to
diaphragmatic pleura, was inadequate and software
improvement needed.24 Analysis of the locations of
the nodules excluded in our study suggests that the
juxtapleural and, in particular, the juxtadiaphrag-
matic locations are most critical for segmentation.
The following limitations to our study had to be

mentioned: Certainly, the retrospective nature of
the analysis with preselection of CT datasets and
the missing ground truth of nodule volumes in an
in vivo study is a limitation. However, patient
preselection was based on the inclusion criterion,
the presence of pulmonary nodules. Nodule prese-
lection due to its location as part of the method-
ology in previously published studies was not
performed.
Due to the change of a parameter (mAs) of the

CT scan acquisition, a “true” interscan variability
could not be calculated. It has to be mentioned that
the authors were aware of this fact and chose to
refer to as interscan analysis to describe the results.
The administration of contrast agent in the SD-

CT scans has to be mentioned as one major
limitation of the study which might influence
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segmentation results. However, in a previous
study, Goodman et al.16 could not observe a higher
interobserver interscan variability measuring en-
hancing nodules. The administration of contrast
material might, however, facilitate segmentation of
nodules from parenchyma, except vessels, due to
high contrast differences and could influence
segmentation variability.
In conclusion, the interobserver variability of

semiautomated volumetry of pulmonary nodules
seems to be independent of the dose level with
which the chest CT datasets used for analysis are
acquired. Interobserver variability of volume
measurements was higher in the interscan analysis.
Interobserver variability of volume measurements
in the intrascan analysis was in a comparable range
for ULD-CT and SD-CT, thus nodule volumetry
on CT datasets acquired with ultralow dose seems
to be feasible.
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