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Background: When assessing the volume of pulmonary nodules on computed tomography (CT) images,
there is an inevitable discrepancy between values based on the diameter-based volume calculation and the
voxel-counting method, which is derived from the Euclidean distance measurement method on pixel/voxel-
based digital image. We aimed to evaluate the ability of a modified diameter measurement method to reduce
the discrepancy, and we determined a conversion equation to equate volumes derived from different methods.
Methods: Two different anthropomorphic phantoms with subsolid and solid nodules were repeatedly
scanned under various settings. Nodules in CT images were detected and segmented using a fully automated
algorithm and the volume was calculated using three methods: the voxel-counting method (V,,), diameter-
based volume calculation (), and a modified diameter-based volume calculation (V,,;), in which one pixel
spacing was added to the diameters in the three axes (x-, y-, and z-axis). For each nodule, V, and V,,, were
compared to V,. by computing the absolute percentage error (APE) as follows: APE =100 x (V = V,)/V,,.
Comparisons between APE; and APE,,, according to CT parameter setting were performed using the
Wilcoxon signed-rank test. The Jonckheere-Terpstra test was used to evaluate trends across the four different
nodule sizes.

Results: The deep learning-based computer-aided diagnosis (DL-CAD) successfully detected and
segmented all nodules in a fully automatic manner. The APE was significantly less with V/,,; than with
V, (Wilcoxon signed-rank test, P<0.05) regardless of CT parameters and nodule size. The APE median
increased as the size of the nodule decreased. This trend was statistically significant (Jonckheere-Terpstra
test, P<0.001) regardless of volume measurement method (diameter-based and modified diameter-based
volume calculations).

Conclusions: Our modified diameter-based volume calculation significantly reduces the discrepancy

between the diameter-based volume calculation and voxel-counting method.
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Introduction

Assessing pulmonary nodule size is crucial to deciding an
appropriate management plan. Although an electronic
caliper has been used to measure nodule diameter and
growth (1,2), nodule volume assessment (volumetry)
has been recently recognized as a more reliable method.
Accordingly, several lung cancer screening trials have
incorporated a volumetric analysis within their protocols
(3-6). To facilitate a simple and accurate assessment of
nodule volume, a wide range of volumetric software
packages are commercially available. However, measuring
an object’s length and volume in a digital radiological image
is not simple.

In digital two-dimensional (2D) images, a pixel is the
smallest addressable element. Although it occupies a certain
area in the image, it is treated as a dot, which theoretically
does not have an area. The Euclidean distance between two
distant pixels in an image is calculated using the coordinates
of the center of two pixels (Figure I). To obtain the physical
distance between two points, the Euclidean distance is
multiplied by the pixel spacing (the physical distance
between the centers of neighboring pixels). In a virtual
three-dimensional (3D) space made of 2D radiological
images, a voxel (a virtual volumetric unit which is a cuboid
having a pixel as the floor) is the smallest addressable
element. The physical volume of a voxel is a square with
one pixel spacing as the floor and a height of the slice
interval (interslice distance). The Euclidean distance
between two voxels is calculated as in the 2D image, using
the coordinates of the center of two voxels.

Assuming that pulmonary nodules are ellipsoid or
spherical, the volume of a nodule can be measured using
two methods: the voxel-counting method, which is the
current standard in the segmentation-based volumetry (7-9),
and a diameter-based volume calculation. Ideally, for a
consistent management plan, the derived volume should be
the same regardless of method; however, a slight difference
is inevitable, as the curved surface of an ellipsoid object in
digital 3D space is not perfectly smooth. Furthermore, the
most important, but neglected, contributing factor is that
at least one pixel spacing is lost in the assessment of the
nodule diameter. As portions of voxels are excluded from
the diameter measurement, the diameter-based calculation
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yields a smaller volume than that with the volume-counting
method. For small nodules, this difference cannot be
ignored. To ensure the consistent and accurate assessment
of small nodules, the values based on the diameter-based
volume calculation and the voxel-counting method cannot
be treated as equal even in ellipsoid or spherical nodules.
The result of voxel-counting method should be properly
modified when it is compared to the result of diameter-
based volume calculation.

Therefore, we evaluated the extent of the discrepancy
between volumes derived from these methods using
pulmonary phantom nodules, and the ability of a simple
modification (adding one pixel spacing to the diameter in
each axis to the diameter-based calculation) to reduce this
discrepancy. Additionally, we determined a conversion
equation to equate volumes derived from different methods.
We present the following article in accordance with the
Materials Design Analysis Reporting (MDAR) reporting
checklist (available at https://dx.doi.org/10.21037/qims-21-
485).

Methods

This study was exempt from Institutional Review Board
approval of Seoul National University Bundang Hospital
because only lung phantoms were used and no animal or
human data were acquired.

Anthropomorpbic phantom and synthetic nodules

Two commercially available anthropomorphic lung
phantoms (LSCT001 and Lungman, Kyoto Kagaku, Japan)
were used (Figure 2). LSCTO01 is a lung cancer screening
phantom; for which, the chest wall and mediastinum consist
of a substance radiologically equivalent to water, and the
vertebrae and ribs consist of a substance radiologically
equivalent to bone. The targeted computed tomography
(CT) value of the lung parenchyma is 900 HU. Five types
of nodules (diameter: 4, 6, 8, 10, and 12 mm) with 270 HU
contrast to the background were embedded in the right
lung at three levels: apices, bifurcation, and base of the
lungs. Another five types of nodules (diameter: 2, 4, 6, 8,
and 10 mm) with 100 HU contrast to the background were
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Figure 1 Measurement of the Euclidean distance between two pixels. The Euclidean distance between two distant pixels in an image is

calculated using the coordinates of the center of two pixels (red dotted line). The length of blue dotted lines is not included in the Euclidean

distance between A and B pixels.
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Figure 2 Simulated solid and subsolid nodules in two anthropomorphic phantoms: LSCT001 (A-C) and Lungman (D-F).

embedded in the left lung at the same levels. We used a
10-mm nodule with a 270 HU contrast to the background
as the target nodule. The Lungman is a multipurpose chest
phantom that consists of simulated pulmonary vessels,
heart, trachea, chest wall, diaphragm, and abdomen block.
Simulated pulmonary nodules of various diameters and
attenuations (diameter: 5, 8, 10, and 12 mm; attenuation:
+100, -630, and -800 HU for each diameter) were manually
placed within foam inserts to avoid any vessel attachment.
We used nodules of 100 HU as the target.

Image acquisition

The LSCT001 phantom was scanned using two 64-
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row multi-detector CT scanners: Brilliance 64 and
1Qon Spectral CT (Philips Healthcare, Eindhoven, The
Netherlands). Images were acquired using two different
radiation dose levels, with a collimated detector width of
64x0.625 mm, a tube voltage of 120 kVp, and a maximal
tube current-time product of 30 or 15 mAs. In consideration
of the interscan variability, each scan was repeated 30 times.
The scans were reconstructed with a slice thickness of 1 mm
and an increment of 1 mm, as recommended in lung cancer
screening guidelines (10,11). Images from Brilliance 64
were reconstructed by two methods: filtered back projection
(FBP) and iterative reconstruction (IR) (iDose* level 5,
Philips Healthcare, Eindhoven, The Netherlands). Images
acquired by IQon Spectral CT were reconstructed with a
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Figure 3 Automatic segmentation of a 10-mm subsolid nodule

using a computer-aided diagnosis system.

dedicated spectral IR algorithm (Spectral Level 5, Philips
Healthcare, Eindhoven, The Netherlands).

The Lungman phantom was scanned using a 256-channel
multi-detector CT scanner (Philips Healthcare, Eindhoven,
The Netherlands). Images from the iCT 256 were acquired
with a collimated detector width of 128x0.625 mm, a tube
voltage of 120 kVp, and a maximal tube current-time
product of 30 mAs. The CT scan was repeated 19 times.
The scans were reconstructed by FBP and iterative model
reconstruction (IMR) (IMR level 2, Philips Healthcare,
Eindhoven, The Netherlands) using a slice thickness of
I mm with an increment of 1 mm.

Nodule segmentation and volume measurement

For nodule segmentation, a commercially available software
program, LuCAS (Monitor Corporation, Seoul, Korea),
was used. LuCAS is a deep learning-based computer-aided
diagnosis (DL-CAD) solution that provides detection and
segmentation applications for pulmonary nodules. After
loading the DICOM images into the software, the software
detected nodules and initiated the segmentation (Figure 3).
Nodule volume and diameter were quantified in a fully
automatic manner.

The volume of each nodule was calculated using three
methods:

Voxel-counting method

Nodule volume (V) was calculated using the total number
of voxels within the segmented region and the pixel
spacings:

V.. = number of voxels x pixel spacing onthe z

(1]

— axis x (pixel spacing onthe x — y plane)’
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Diameter-based volume calculation

Nodule volume (V,;) was calculated using the greatest
transverse diameter in the x-y plane (#), the perpendicular
diameter in the x-y plane (§), and the length in the z-axis (¢):

_abcr

14
6

(2]

Modified diameter-based volume calculation

Nodule volume (V,,;) was calculated using the greatest

transverse diameter in the x-y plane + the pixel spacing

on the x-y plane (4’), the perpendicular diameter in the

x-y plane + the pixel spacing on the x-y plane (5’), and the

length in the z-axis + the pixel spacing along the z-axis (¢):
a'b'c'n

%HZ—jr— (3]

Statistical analysis

For each nodule, the V, and V,,; were compared to V. by
computing the absolute percentage error (APE) for all CT
scans, as follows:

=V

The APE of VV, (APE,) and V,,, (APE,,,) were calculated

accordingly. As APE,, APE,,,, and APE, - APE,,, were
revealed to have non-normal distribution by the Shapiro-

APE =100x [4]

Wilks test, medians and non-parametric tests were used
for further analysis. Comparisons between APE; and
APE,,, according to CT parameter setting were performed
using the Wilcoxon signed-rank test. The Jonckheere-
Terpstra test was used to evaluate trends across the four
different nodule sizes. Data are presented as medians with
interquartile range (IQR). P values <0.05 were considered
to indicate statistical significance. Statistical calculations
were performed using R 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria).

Results
Nodule segmentation

Using the LSCTO001 phantom, 120 scans were conducted
and 180 images were generated. A total of 540 10-mm
nodules were used for volume measurement. Using the
Lungman phantom, 38 images were generated, and a total
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Figure 4 Box plots comparing APE; and APE,,, for 10-mm nodules under different CT parameters. APE,,; was significantly lower than

APE, for all settings (Wilcoxon signed-rank test, P<0.05). APE, absolute percentage error; CT, computed tomography.

of 152 nodules of four different sizes (5, 8, 10, and 12 mm)
were used for volume measurement. The DL-CAD
successfully detected and segmented all nodules in a fully
automatic manner. The program automatically calculated
the nodule volume using the voxel-counting method. the
greatest transverse diameter and the perpendicular diameter
in the x-y plane and the length in the z-axis were also

automatically measured.

Absolute percentage ervor reduction by the new method

In the LSCTO001 series of scans, in which 10-mm nodules
were scanned and measured under six different settings, the
APE was significantly less with the modified diameter-based
volume calculation than with the diameter-based volume
calculation (Wilcoxon signed-rank test, P<0.05) under each
scan setting (Figure 4 and Tible 1). In the Lungman series
of scans, in which 5-, 8-, 10-, and 12-mm nodules were
scanned with different reconstruction algorithms, the APE
was significantly less with the modified diameter-based
calculation than with the diameter-based calculation for all

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

nodule sizes (Wilcoxon signed-rank test, P<0.001) and each
reconstruction algorithm (Figure 5 and Table 2). The APE
median increased as the size of the nodule decreased. This
trend was statistically significant (Jonckheere-Terpstra test,
P<0.001), regardless of the reconstruction algorithm (FBP
and IMR) and volume measurement method (diameter-
based and modified diameter-based volume calculations).

Discussion

The present study demonstrated a substantial difference
between volumes derived from diameter-based and voxel-
counting methods in synthetic spherical nodules; however,
this difference was significantly reduced when one pixel
spacing was added to the diameter in each axis as a
modification to the diameter-based volume calculation.

To our knowledge, studies directly comparing volumes
derived from these two methods in the same cohort
of nodules are lacking. Additionally, the impact of
manual measurements must be considered when nodule

segmentation and voxel-counting are semi- or fully
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Table 1 Measured nodule volume and absolute percentage error (APE) by different CT scanners, CT tube currents, and reconstruction algorithms

Machine mAs  Reconstruction algorithm ~ Volume measurement method ~ Nodule volume (mm?®)" APE (%)" P value*

Brilliance64 15 FBP Voxel-counting 556.7 (547.6-568.9) - -
Diameter-based 473.3 (441.5-513.2) 15.4 (9.0-20.8) -

Modified diameter-based 604.9 (569.5-652.4) 8.4 (3.9-16.6) 0.012
15 iDose Voxel-counting 554.0 (544.9-565.8) - -
Diameter-based 470.1 (440.4-503.0) 16.3 (10.5-21.1) -

Modified diameter-based 602.5 (566.6-640.3) 9.2 (3.6-15.8) 0.004
30 FBP Voxel-counting 561.3 (552.8-569.2) - -
Diameter-based 484.2 (467.5-504.2) 14.5 (11.4-16.2) -

Modified diameter-based 616.9 (596.9-640.6) 9.0 (7.1-13.3) 0.002
30 iDose Voxel-counting 560.8 (553.4-570.6) - -
Diameter-based 475.0 (468.1-496.6)  14.9 (11.8-17.9) -

Modified diameter-based 605.8 (597.6-631.6) 8.8 (5.3-13.4) <0.001
1Qon 15 Spectral IR Voxel-counting 548.8 (534.1-561.7) - -
Diameter-based 438.6 (408.1-469.5) 19.3 (15.2-24.9) -

Modified diameter-based 559.4 (524.9-595.6) 5.5(2.8-9.9) <0.001
30 Spectral IR Voxel-counting 554.0 (545.5-565.7) - -
Diameter-based 465.5 (414.5-469.5) 17.5 (15.3-23.3) -

Modified diameter-based 590.9 (532.2-595.6) 5.6 (2.8-7.5) <0.001

*, P value of the Wilcoxon signed-rank test for the comparison between APEs of two methods (diameter-based vs. modified
diameter-based volume calculation). , data are presented as median (first quartile-third quartile). APE, absolute percentage error; CT,

computed tomography; FBP, filtered back-projection; IR, iterative reconstruction.

automated but the diameter is manually measured (using
an electronic caliper). In a recent study, in which a semi-
automated voxel-counting volume measurement was
compared to diameter-based volume calculation using a
lung phantom, the volumes were significantly larger with
the semi-automated voxel-counting method than with
the diameter-based calculation (12). The present study
similarly compared these two methods; however, the same
fully automated segmentation algorithm was used in both
methods, without any human interference. We found that,
even when using the same segmentation result, the volumes
were consistently larger with the voxel-counting method
than with the diameter-based calculation under various
settings.

The inter-scan variability for the volume is as much as
+25% (13,14); accordingly, 25% has been used in some
screening studies as the minimal percentage volume change
signifying true growth (3,4,15). In our study, the APE of
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the diameter-based volume relative to the voxel-counting
volume was substantial, and increased as the nodule size
decreased, with medians exceeding 25% for 5- and 8-mm
nodules. Our phantom study results may be applied to
clinical settings. Unless consistent volume measurement
method is used, follow-up images of small nodules can be
prone to false interpretation: nodule growth or shrinkage.
To minimize those confusing interpretations and avoid
inconsistent nodule management, an adequate conversion
should be applied when comparing diameter-based and
voxel-based volumes of a pulmonary nodule. Among
several factors that can cause disparity between two volume
assessments, we focused on the loss of at least one pixel
spacing when measuring the physical distance between two
voxels, and added one extra pixel spacing to the diameter
in each axis during the volume calculation. As a result,
this simple new method significantly reduced the APE to
a median of around 25% for 5- and 8-mm nodules, which

Quant Imaging Med Surg 2022;12(3):1674-1683 | https://dx.doi.org/10.21037/qims-21-485



1680

Yoon et al. Discrepancy between different volumetric analysis methods

FBP

IMR

60

N
o
L

Absolute percentage error, %

.

N
o
L

il

=

ﬁ—t
-

Method

' Diameter-based
E Modified diameter-based

12 5
Nodule size, mm

10

10 12

Figure 5 Box plots comparing APE, and APE,,, for 5-, 8-, 10-, and 12-mm nodules under different reconstruction algorithms. APE,,, was

significantly lower than APE, in nodules with different sizes (Wilcoxon signed-rank test, P<0.001 vs. the corresponding APE,). There was

a statistically significant correlation between APE and nodule size, regardless of the reconstruction algorithm and volume measurement

method (Jonckheere-Terpstra test, P<0.001). APE, absolute percentage error; FBP, filtered back projection; IR, iterative reconstruction.

would provide more consistent nodule management.
Assessment of pulmonary nodules by volumetry has
benefits. Volumetry does not require the assumption that
nodules are perfectly spherical and grow in a symmetrical
fashion. Nodule growth can be evaluated three-
dimensionally. Furthermore, semi-automatic volumetry
results in less inconsistency among observers. In a previous
study, repeated volume measurements of over 4,000 nodules
showed identical results in 86% of nodules, with a relative
volume difference of over 15% in only 4% of nodules (16).
In contrast, the overall variation in manual diameter
measurements is 20% or more (17,18), which equates to
a 73% variation in the calculated volume, as the volume
is proportional to the diameter cubed. Nevertheless, the
volumetric analysis of pulmonary nodules has yet to become
routine clinical practice because it requires additional
software, and the measurement is time-consuming; thus,
manual measurement of the nodule’s diameter is still more

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

common, and volumetry is often used as an optional and
enhanced approach. Considering the significant volume
difference between the two methods, the volume derived
from voxel-counting should be converted to its equivalent
in diameter-based volume calculations. Based on the
present results, we propose the following formula for a
basic conversion between methods for ellipsoid nodules,
where a, b, and c are the greatest transverse diameter and
the perpendicular diameter in the x-y plane and the length
of z-axis, respectively, and #', b’, and ¢" are the respective
greatest transverse diameters plus one pixel spacing.

axbxc

V.~V [5]

“axb'xc'

The present study has some limitations. First, we used
only spherical nodules in which “missing one pixel spacing”
alone could signify volume difference with two methods.
Volumetry of non-spherical nodules can be influenced
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Table 2 Measured nodule volume and APE by different nodule sizes, CT tube currents and reconstruction algorithms
Nodule size (mm) Reconstruction algorithm ~ Volume measurement method ~ Nodule volume (mm®°" APE (%)" P value*
5 FBP Voxel-counting 44.0 (43.3-44.4) - -
Diameter-based 16.5 (16.5-16.8) 62.1 (61.6-63.4) -
Modified diameter-based 32.9 (32.9-33.3) 24.5 (23.6-27.0) <0.001
IMR Voxel-counting 44.7 (44.4-45.6) - -
Diameter-based 16.5 (16.5-17.7) 62.5 (61.3-63.1) -
Modified diameter-based 32.9 (32.9-34.9) 25.2 (23.2-26.6) <0.001
8 FBP Voxel-counting 219.6 (217.2-221.2) - -
Diameter-based 131.5 (131.0-136.6) 39.9 (37.5-40.6) -
Modified diameter-based 185.9 (185.3-192.6) 15.1 (12.0-16.0) <0.001
IMR Voxel-counting 216.7 (213.7-217.8) - -
Diameter-based 131.5(129.8-135.7) 39.3 (37.1-40.2) -
Modified diameter-based 185.9 (183.7-191.4) 14.2 (11.2-15.4) <0.001
10 FBP Voxel-counting 464.8 (463.4-465.9) - -
Diameter-based 377.9 (376.9-399.6) 18.3 (14.2-18.8) -
Modified diameter-based 481.0 (479.9-507.1) 4.0 (3.3-8.9) <0.001
IMR Voxel-counting 467.8 (467.2-470.0) - -
Diameter-based 376.9 (376.9-378.3) 19.4 (19.1-19.8) -
Modified diameter-based 479.9 (479.9-481.6) 2.7 (2.5-4.5) <0.001
12 FBP Voxel-counting 825.2 (822.3-827.2) - -
Diameter-based 684.2 (663.0-713.9) 17.1 (13.7-19.8) -
Modified diameter-based 834.5 (809.9-868.9) 4.0 (1.6-5.7) <0.001
IMR Voxel-counting 812.7 (810.0-814.0) - -
Diameter-based 635.4 (627.2-694.1)  22.2 (14.1-22.8) -
Modified diameter-based 777.9 (768.3-846.0) 5.3 (4.7-6.3) <0.001

*, P value of Wilcoxon signed-rank test for comparison between APE of two methods (diameter-based vs. modified diameter-based
volume calculation). ', data are presented as the median (first quartile-third quartile). APE, absolute percentage error; CT, computed

tomography; FBP, filtered back-projection; IMR, iterative model reconstruction.

by surficial appearance of nodules and they do not seem
adequate for investigation of “missing one pixel problem”.
In the clinical practice, however, suspicious nodules can
vary in shape. Although we proposed a modified volume
measurement method and a conversion method for
synthetic ellipsoid nodules, they can be not practical in
routine practice. Future studies could investigate the clinical
impact of different volume measurement methods and
usefulness of conversion between volume methods in true
lung nodules. In the process, the unnecessary loss of length
during distance measurement should also be considered

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

for non-ellipsoid nodules. Second, the true volumes of the
synthetic nodules were not compared to V, and V,,, because
our study primarily focused on demonstrating discrepancy
between volumes from voxel-counting and diameter-
based methods. The ultimate goal of nodule volumetry is,
however, accurate measurement of true volume. We did
not intend to investigate variability in segmentation results
and measured volumes across different settings. To achieve
true volume measurement, further investigation is needed
regarding the performance of different segmentation
algorithms and their improvement. Third, we used a single
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DL-CAD software solution. As the V,, is consistently
larger than 7, within certain segmented voxels, we believed
that this result was caused by the choice of the volume
measurement method, not by the segmentation algorithm.
Although segmentation results may differ slightly among
various volumetric software packages, we expect V. to
be larger than V, within the same segmentation result.
However, we used a single DL-CAD software solution
and it remains unknown whether different segmentation
algorithms would reproduce similar relationships between
V,.and V,.

Conclusions

Adding one pixel spacing to the diameter in each axis
reduced the discrepancy between the diameter-based
volume calculation and the voxel-counting method across
different settings. Our results also suggested that the loss
of length during the diameter measurement should be
considered when comparing diameter-based volumes and
volumes derived from voxel-counting.
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