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Objective: To devise a new method to measure the amount of soft tissue in
pulmonary ground-glass opacity nodules, and to compare the use of this method
with a previous volumetric measurement method by use of a phantom study.
Materials and Methods: Phantom nodules were prepared with material from
fixed normal swine lung. Forty nodules, each with a diameter of 10 mm, were
made with a variable mean attenuation. The reference-standard amount of soft
tissue in the nodules was obtained by dividing the weight by the specific gravity.
The imaging data on the phantom nodules were acquired with the use of a 16channel multidetector CT scanner. The CT-measured amount of soft tissue of the
nodules was calculated as follows: soft tissue amount = volume (1 + mean
attenuation value / 1,000). The relative percentage error (RPE) between the CTmeasured amount of the soft tissue and the reference-standard amount of the
soft tissue was also measured. The RPEs determined with use of the new
method were compared with the RPEs determined with the current volumetric
measurement method by the use of the paired t test.
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Results: The CT-measured amount of soft tissue showed a strong correlation
with the reference-standard amount of soft tissue (R2 = 0.996, p < 0.01). The
mean RPE of the CT-measured amount of soft tissue in the nodules was 7.79
1.88%. The mean RPE of the CT-measured volume was 114.78 51.02%,
which was significantly greater than the RPE of the CT-measured amount of soft
tissue (p < 0.01).
Conclusion: The amount of soft tissue measured by the use of CT reflects the
reference-standard amount of soft tissue in the ground-glass opacity nodules
much more accurately than does the use of the CT-measured volume.

S

ince the introduction of low-dose CT for mass screening to diagnose lung
cancer, an increasing number of nodules with ground-glass opacity
(GGO) have been detected (1, 2).
Software that allows one to measure the dimensions of non-spherical lesions rapidly
on each CT section and to compute automatically and easily the cross-sectional area
and the volume is now widely available (3 6). Accurate volumetry is essential for the
accurate calculation of the volume doubling time of nodules, which is one of the most
important clues for differentiating between a malignant and benign nodule. There are
few algorithms, however, for the determination of a volumetric measurement or the
assessment of a temporal change in the amount of soft tissue of nodules with GGO
(7 10). The volume of GGO nodules is more difficult to measure due to the lower
contrast of the nodules with the lung parenchyma as compared to solid nodules (11).
If the mean attenuation value of a nodule changes from
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700 HU to 300 HU without any change in its diameter,
the amount of soft tissue in that nodule will double or
triple. However, the volume of the nodule will not change
or will change minimally, as determined with the use of
current volumetric measurement methods. Current
methods of measuring the nodule volume with the use of
bi-dimensional and three-dimensional CT do not reflect the
mean attenuation value of nodules with GGO. Therefore, a
new method of measuring the amount of soft tissue in
GGO nodules is required that will reflect the mean attenuation value of the nodules.
The purpose of this study was to demonstrate the
problems with the use of the current volumetric measurement methods and to devise a new method for measuring
the amount of soft tissue in pulmonary GGO nodules by
use of a phantom study.

MATERIALS AND METHODS
Phantom Nodules
The nodules with GGO that were used in this study were
made from material from swine lung tissue. After a pig was
sacrificed, the thorax was opened and the main pulmonary
artery was ligated. The lungs were then removed from the
thorax. Lung fixation and inflation were performed using
the methods of Markarian and Dailey (12). The lungs were
inflated with a fixative composed of the following
compounds: 50% polyethylene glycol 400, 25% of 95%
ethyl alcohol, 10% of 37% formaldehyde and 15% water
by volume. This fluid was instilled into the lungs through
the trachea so that the lung would be inflated
incompletely. The trachea was then clamped to prevent
loss of the fixative, and the specimen was kept in a
container of the same fixative for three days. The lungs

Fig. 1. Phantom nodules made of fixed
swine lung (A). Forty nodules were
placed in wells with diameter of approximately 10 mm of 5 cm-thick Styrofoam
plate (B).

A

B
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were dried in room air for more than four weeks.
The GGO nodules were then sculptured out of this lung
tissue. Forty nodules were prepared, each with a diameter
of approximately, or greater than, 10 mm (Fig. 1A). These
nodules were compressible to some degree in the 10 mmdiameter Styrofoam wells. It was assumed that the amount
of soft tissue would not change from compression. The
mean attenuation value of the nodules was approximately
from 350 HU to 750 HU.
Styrofoam matrix material (with a mean attenuation
value of 986 HU) was used as a phantom of the
surrounding pulmonary parenchyma. Forty wells, each
with a diameter of 10 mm, were drilled into a 5 cm-thick
Styrofoam plate (Fig. 1B).
Reference-Standard Amount of Soft Tissue of the
Phantom Nodules
To obtain the reference-standard amount of soft tissue
(STARS), the nodules were weighed on a scale with a
precision of 0.1 mg. The weight measurement was
repeated three times and was averaged to calculate the
values used in the analysis. The STARS of a nodule was
then calculated by dividing the weight by the specific
gravity of the fixed pulmonary parenchymal tissue in the
same condition as the phantom nodules. After 20 30 g of
the fixed lung tissue was weighed on a precision scale, the
lung tissue was compressed and squeezed vigorously with
a stick in a 100 mL cylinder to remove the entrapped air in
the tissue, and was soaked overnight in water. The volume
was measured three times using displacement of the water.
Then, the mean specific gravity was determined by
dividing the weight by the volume.
CT Imaging
The imaging data on the phantom nodules were acquired
with the use of a 16-channel multidetector CT scanner (Mx
8000; Philips Medical System, Cleveland, OH). The
imaging parameters were as follows: spiral mode, 16
0.75 mm collimation, 120 kVp, 200 mA, 1 mm thickness,

and 0.75 sec rotation time. The images were reconstructed
at 1 mm intervals using a soft tissue algorithm (reconstruction kernel standard C) and an 18 cm field of view (Fig. 2).
Measurement of the Soft Tissue Amount by CT
Initially, the volume of the nodules was measured with
commercially available 3-D software (Rapidia; Infinitt,
Seoul, Korea). This program allows a user to segment the
nodule and to measure the volume of the nodules at a
user-defined attenuation threshold. Regions of interest
(ROI) were manually placed on each nodule, and the
nodules were segmented automatically on the gray-level
threshold.
The CT-measured volume of the nodules (VCT) was
defined as the segmented nodule volume with a variety of
thresholds. The mean attenuation value of the segmented
nodules was then calculated. It was assumed that the mean
CT attenuation value of a given nodule volume correlated
with the proportion of the gas and tissue within the nodule.
Considering that the attenuation value of air is 1,000 HU
and the attenuation value of water is 0 HU, it is possible to
compute the amount of gas and tissue present in the ROI
using the following equation: Volumetissue = Volumegas +
tissue [1 + HU / 1,000 ]. According to previously described
analyses (13 15), this equation was applied for the
measurement of the air volume in the lung with acute lung
injury. It was assumed that this method could also be used
to measure the amount of soft tissue in pulmonary GGO
nodules. The amount of soft tissue in each nodule of
interest was measured using the following equation: the
amount of soft tissue measured by CT (STACT) = CTmeasured volume (VCT) (1 + mean attenuation value /
1,000). The unit of the STARS, the STACT and the VCT is
mm3.
The volume of the nodules was measured using the fixed
threshold method. Three lower thresholds ( 900 HU,
800 HU and 700 HU) and an upper threshold (200 HU)
were used. The accuracy of the lower threshold value was
compared, and the most accurate value was selected as the

Fig. 2. CT image of 40 ground-glass
opacity nodules. Mean attenuation
values of nodules range from 754 HU
to 352 HU.

Korean J Radiol 9(3), June 2008

221

Lee et al.

lower threshold.

for normality using the Kolmogorov-Smirnov test.
To assess the difference between the RPEs with the use
of the two measurement methods and among different
lower thresholds, the paired t test and the Friedman test (a
non-parametric repeated measure one-way analysis of
variance) were performed. The Pearson correlation coefficient (R) between the STACT of each lower threshold level
and the STARS was calculated to compare the measurement accuracy of the three lower threshold levels. Linear
regression analysis was used to assess the association
between the STACT and the STARS of the nodules and
between the VCT and the STARS at the 900 HU lower

Data Analysis
To evaluate the measurement accuracy, the relative
percent error (RPE) was used (16, 17). The RPE is the
percent deviation of a measured value from the true value.
The RPE of VCT or STACT is defined as 100 (VCT or
STACT STARS) / STARS, in which VCT is the CTmeasured volume of each nodule and STACT and STARS
are the CT-measured amount of soft tissue and the
reference-standard amount of soft tissue, respectively, in
each nodule. All of the measurement data sets were tested

A

B
Fig. 3. Scatterplots of linear regression.
A. Regression of STARS on STACT of nodules at 900 HU lower
threshold level. Scatterplot shows very strong correlation between
STACT and STARS. Resulting linear equation was as follows:
STARS = 1.036 STACT + 21.199 (R2 = 0.996, p < 0.01).
B. Regression of STARS on VCT of nodules at 900 HU lower
threshold level. Scatterplot shows poor correlation between VCT
and STARS (R2 = 0.294, p < 0.01).
C. Regression of relative percent error of VCT on attenuation values
of nodules at 900 HU lower threshold level. Scatterplot shows
negative strong correlation between mean attenuation value of
nodules and VCT (R2 = 0.941, p < 0.01).
RPE = relative percentage error; STACT = CT-measured amount of
soft tissue in nodules; STARS = reference-standard amount of soft
tissue in nodules; VCT = CT-measured volume of nodules; MHU =
mean attenuation value of nodules

C
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Table 1. Comparison of Relative Percentage Error of Nodules between Two Measurement Methods and among Three Lower
Thresholds
Measurement
Method
STACT

VCT
Note.

Lower Threshold
(HU)
700
800
900
900

Mean RPE of STACT
(%)
22.11
13.43
7.79
114.78

11.46
5.040
1.88
51.02

Pearson Correlation
Coefficient (R)
0.990
0.996
0.998
0.542

Friedman Test

Paired T Test

p < 0.001
p < 0.001

RPE = relative percentage error; STACT = CT-measured amount of soft tissue in nodules; VCT = CT-measured volume of nodules

threshold level as the measurement was most accurate at
that threshold level. Regression between the RPE of the
STACT and the mean attenuation value was not analyzed
as the STACT already included the mean attenuation value,
so that a separate regression would have been meaningless.
A p value of less than 0.05 was considered statistically
significant and was subject to further analysis with multiple
posttest comparisons. Statistical analyses were performed
using SPSS 12.0 for Windows (SPSS, Chicago, IL).

RESULTS
The specific gravity of the fixed lung tissue was 0.9942.
The STARS in the nodules ranged from 307.38 mm3 to
754.68 mm3.
Relative Percent Error of STACT and VCT
The RPEs of STACT of the nodules ranged from 12.2%
to 3.32%. The STACT was smaller than the STARS in all
of the nodules. The mean RPE of the STACT was 7.79
1.88% at the lower threshold level of 900 HU, 13.4
5.04% at 800 HU and 22.1 11.46% at 700 HU
(Table 1). The RPE of the STACT at the lower threshold
level of 900 HU was significantly smaller than that at
800 HU and at 700 HU (p < 0.01). The mean RPE of the
VCT was 114.8 51.02%. The STACT was much more
accurate than the VCT (p < 0.01) (Table 1).
Linear Regression of STARS on STACT and RPE of
STACT on the Mean Attenuation Value
The Pearson correlation coefficients determined between
the STACT and the STARS were 0.998 for the 900 HU
threshold level, 0.996 for 800 HU and 0.990 for 700
HU (Table 1). Linear regression of the STARS on the
STACT of the nodules showed the strongest correlation at
the 900 HU threshold level (R2 = 0.996, p < 0.01) (Fig.
3A). The resulting linear equation was as follows: STARS =
1.036 STACT + 21.199. Regression of the STARS on the
VCT of the nodules at the 900 HU lower threshold level
showed a poor correlation (R2 = 0.294, p < 0.01) (Fig. 3B).
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Regression of the RPE of the VCT at the 900 HU threshold level on the mean attenuation value showed a strong
negative correlation (R2 = 0.941, p < 0.01) (Fig. 3C).

DISCUSSION
Volumetric assessment of small pulmonary nodules to
estimate tumor growth is gaining increased attention in
radiological practice, particularly in conjunction with
ongoing lung cancer screening trials (18). Recent advances
in imaging technology enable precise 3-D volumetric
measurement of tumors, and the use of advanced technology allows more accurate assessments of tumor burden
than the use of traditional unidimensional or bidimensional
measurement methods (3, 16, 19, 20).
There is, however, no suitable volumetric measurement
method for GGO nodules. Ko et al. (11) reported that a
higher precision in volume measurement is associated with
the use of a partial volume method and a predetermined
pure-nodule-attenuation high-frequency algorithm. The
investigators used simulated GGO nodules with approximately 360 HU, which were composed of a plastic
created by blending epoxy resins and urethanes. The
absolute errors of the GGO nodules were observed as
higher than the absolute errors of the solid-attenuation
nodules. The investigators suggested that any difference
between methods of measuring GGO nodule volume was
related to the reduced contrast between the GGO nodules
and the lung parenchyma. However, the investigators did
not consider the effect of the mean attenuation of the
nodules on the measured volume.
The amount of soft tissue in a GGO nodule with a mean
attenuation of 300 HU is different from the amount in a
nodule with a mean attenuation of 700 HU. If two
nodules have the same diameter, the measured volume of
the GGO nodule with a mean attenuation of 300 HU
would be the same as that of the nodule with a mean
attenuation of 700 HU using current volumetric
measurement methods. The amount of tissue in a GGO
nodule should increase based on the mean attenuation
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value of the nodules. Therefore, the mean attenuation
value of a nodule should be considered when measuring
the volume or amount of tissue in nodules.
In this study, the RPE of the STACT of the nodules
ranged from 12.21% to 3.32%. There was a tendency
towards improved accuracy with an increase in the mean
attenuation value of the nodules. However, the discrepancy among the nodules with different mean attenuation
values was not significant. The volume of a GGO nodule,
measured with commercially available 3-D software using
the threshold method was much greater than the STARS.
The RPEs of the VCT of the nodules ranged from 42% to
258%. The RPE of the VCT showed a very strong negative
correlation with the mean attenuation value. This study
showed that for a lower mean attenuation value of a
nodule, a greater RPE of the VCT will be found. This
finding is explained by the smaller amount of tissue in a
nodule with a lower mean attenuation value. The STACT
represents the amount of soft tissue in GGO nodules much
more accurately than the VCT .
In this study, the linear regression equation of the STARS
on the STACT was as follows: STARS = 1.036 STACT +
21.199 = 1.036 VCT (1 + mean attenuation value /
1,000) + 21.199. The slope was near 1 and the R2 (R2 =
0.996, p < 0.01) was very high. These results show that the
STACT has a very strong linear correlation with the STARS.
The intercept 21.199 indicates that the STACT was
somewhat smaller than the STARS. Based on this result, the
STARS could be calculated from the STACT, which could be
obtained from the VCT and the mean attenuation value of a
nodule.
To make artificial GGO nodules, fixed swine lungs were
used. Artificial nodules made by blending epoxy resins or
urethanes could not be utilized to represent true GGO
nodules.
For the lower threshold in this phantom study, 900 HU
was used, as the RPE was smaller in proportion to a
decrease in the lower threshold. The RPE of the STACT
with a 900 HU threshold was significantly smaller than
the RPE of an STACT with 800 HU and 700 HU thresholds (p < 0.01). This finding indicates that the volume
measured at the 900 HU threshold was the most
accurate. When 800 HU or 700 HU was used as the
lower threshold, some portions of the nodules were not
included in the volume measurement, especially for the
nodules with lower mean attenuation values, and the
measured mean attenuation value increased.
Application of 900 HU as the lower threshold was
possible in the phantom study. In this study, the margin of
the nodule could be defined clearly. In addition, the
measurement of the volume was not disturbed by a
224

surrounding parenchymal phantom. However, 900 HU
could not be used as a lower threshold level in the volumetry of real GGO nodules in patient studies.
The VCT and the STACT measured by two researchers
were the same, regardless of the mean attenuation value or
diameter of the nodules. The VCT and the STACT measured
at two different times were also the same. There was no
inter- and intra-observer discrepancy. CT-measurement of
the amount of soft tissue in a nodule is an objective
method.
This study has several limitations. For one, a chest
phantom was not used in the study. Instead, Styrofoam
was used as the surrounding lung parenchyma. The results
of prior studies on nodule densitometry in phantom
models have demonstrated that the mean attenuation
value of a nodule is lower in a tissue phantom or a chest
phantom. It is uncertain how different the mean attenuation value of GGO nodules within a tissue phantom or a
chest phantom is from mean attenuation value of GGO
nodules within Styrofoam. The effect of the diameter of
the GGO nodules on the accuracy of measurement was not
evaluated, which could be another limitation of this study.
A further study is needed to evaluate the accuracy of
volumetric measurement for smaller GGO nodules with
diameters of less than 10 mm.
In summary, the amount of soft tissue in GGO nodules
measured by CT is well correlated with the referencestandard amount of soft tissue in GGO nodules, and is
much more accurate than as determined with the use of the
previous volumetric measurement method.
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