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Purpose: Quantification analysis for monoenergetic computed tomography (CT) images obtained from dual-
energy CT scanning was performed in the light of their potential use for structures delineation during radio-
therapy.

Methods: Parameters that describe the quality of the images are: linearity, low and high contrast resolution,
uniformity, noise and signal to noise ratio (SNR). To evaluate these parameters, a Catphan phantom was scanned
using a dual-energy mode at Somatom Definition AS. Based on the polyenergetic CT images, sixteen mono-
energetic series (ranged from 40 keV to 190 keV) were created by CT scanner software and automatically ana-
lyzed using Artiscan software.

Results: Analysis of linearity shows that a potential use of any monoenergetic images in radiotherapy planning
requires that individual calibration curves are implemented for each of them. While the results of the high
contrast resolution analysis were comparable for each energy (5 lp/cm), the results of the analyses for uni-
formity, low contrast resolution, noise and SNR allowed us to select the best imaging energies. The highest
relative uniformity was detected for images reconstructed for energies of 60keV and 70keV (98.54% and
98.61%). Similar results were observed for low contrast resolution, where the largest number of disks was
detected for these energies, and the noise values (0.42% for 60keV, 0.44% for 70keV). The best SNR was
observed for images reconstructed for energy of 60 keV.

Conclusions: Taking into account these results, the energy of 70 keV was selected as potentially the best for
reconstruction of monoenergetic images used for structures delineation during radiotherapy.

1. Introduction material, but is a function of the material composition, the photon

energies interacting with the material, and the mass density of the

Limited differentiation of anatomical structures on computed to-
mographic (CT) images significantly affects the precision of the de-
termination of the target volumes and organs at risk during the seg-
mentation process which is one of the crucial parts of the treatment
planning procedure performed before radiation therapy [1,2]. In the
case of dynamic techniques of radiation therapy (e.g. intensity modu-
lated radiation therapy or volumetric modulated arc therapy), in-
accuracy of segmentation affects directly the optimization of dose dis-
tribution during the treatment plan preparation and, eventually, the
accuracy of dose deposition during the treatment. The reason for these
difficulties is that the CT-numbers measured for a specific voxel (re-
presenting an elemental part of the tissue) is related to the linear at-
tenuation coefficient p(E) which is not unique for any given tissue/

material [1]. Assuming the use of monoenergetic x-rays, at approxi-
mately 120 keV, the same linear attenuation coefficients can be mea-
sured for example, for calcified plaques and iodine-containing lymph
nodes [1]. Data acquired at approximately 70keV would allow the
differentiation of the two materials.

This was a prerequisite for the development of new computed to-
mography technologies, which, apart from imaging capabilities using a
polyenergetic spectrum of radiation with defined nominal energy,
would enable to obtain a few anatomically identical sets of images
differentiated by the energy of radiation during one imaging session on
CT in such a way that each set of images is related to specific mono-
energetic radiation (monoenergetic CT). There are several technical
solutions to generate monoenergetic CT images. First group of them is
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based on using two or more polyenergetic spectrums with different
nominal energies (e.g. 80keV and 140keV) and is realized, respec-
tively, by: (i) a system of two x-ray tubes [3-5], (ii) technology of fast
switching of scanning energy between possible highest and lowest
nominal energy [6-8], or (iii) double helix technique, where the object
is scanned twice (each time using a different nominal energy) [9,10].
The second group of technical solutions applies to the construction of
CT detectors, e.g. (i) two-layer detectors, where the surface layer col-
lects a signal with lower energies and the layer located deeper collects a
signal with higher energies [11-14], or (ii) technology based on
counting single photons for which the detector is a semiconductor diode
that allows to detect single photons and correlate the strength of the
detected signal with energy [15-18].

Use of a different set of monoenergetic images based on the spectral
analysis allows to resolve problems with non-differentiated structures
for conventional imaging (polyenergetic CT with specified nominal
energy of radiation). When the anatomical data are non-contrasted and
free of high-density material, there is a possibility to select the mono-
energetic set of images that, based on the parameters characterizing the
image quality, are most appropriate for treatment plan preparation.

2. Material and methods

The aim of this study was to evaluate the monoenergetic CT images
collected by the dual-energy mode using the double helix technique on
the Somatom Definition AS machine (Siemens Medical Solutions,
Erlangen, Germany). The evaluation was performed on the images
gathered for the Catphan 504 (CTP504) phantom (The Phantom
Laboratory, Salem, NY, USA). The CTP504 was placed on the CT table
in such a way that only the basis of the phantom was on the table while
the active (imaged) part of the phantom was outside the table during
scanning (Fig. 1a). The slice thickness of 3 mm, 1.2 value of the pitch
and 80keV and 140 keV energies for the first and the other helix, re-
spectively, were used during imaging of the phantom. The CT dose
volume indices (CTDI,,) and dose length products (DLP) were, re-
spectively: 16.8 mGy and 369.6 mGy*cm for the first helix (80keV);
and 18.4 mGy and 404.8 mGy*cm for the other helix (140 keV). Based
on the obtained set of dual-energy CT images, the reconstructions of the
sixteen monoenergetic CT sets of images were performed with energies
ranging from 40 keV to 190 keV with a step of 10 keV. Fig. 1b shows the
operation window available in the reconstruction module of software
installed on an operator station of the Somatom Definition AS machine,
where a monoenergetic CT set of images is created from the dual-energy
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CT set of images. The energy selection slider located at the bottom of
the window on Fig. 1b allows to extract the monoenergetic data ranged
from 40keV to 140keV from data gathered during scanning and ex-
trapolate these data to the monoenergetic data for energies from
141 keV up to 190 keV.

All quantitative analyses of the quality of images included in this
study were performed in the Artiscan software (AQUILAB, Loos les
Lille, France) enabling automatic analysis of the CT images gathered for
the CTP504 phantom. The CTP504 is 20 cm in length and includes four
modules dedicated for measurements of the parameters of CT images
describing their quality [19,20]. For each monoenergetic CT set of
images, the following parameters were evaluated: (i) linearity of the
CT-numbers for different mass densities displayed on different mono-
energetic CT sets of images (imaging data collected in CTP401 module),
(ii) low contrast resolution (imaging data collected in CTP515 module),
(iii) uniformity, noise and signal to noise ratio (imaging data collected
in CTP486 module), and (iv) high contrast resolution (imaging data
collected in CTP528 module).

According to the Artiscan brochure describing details of parameters
[21] the low contrast resolution, uniformity, noise and signal to noise
ratio were expressed, respectively, as:

SO_ Sk

C, = x 100

Sk (€)]
where Co is the low contrast resolution, Sp is the mean signal value
collected on the object and Sy is the mean signal value of the signal from
the background around the object.

NdGqx — NdGpin

Uni= ————————
NdGax + NdGpin

(2)
where Uni is the uniformity, and NdG,,,, and NdG,,;, are, respectively,
the maximum and minimum gray levels measured in the region of in-
terest.

ONH

N= ————
HUWater - HUAir

X 100%

3)
where N is the noise level, oyy is the standard deviation of the
Hounsfield units in the region of interest, and HUyqr and HUy; are,
respectively, the Hounsfield units for water and for air.

sNr = 2L
Opif

4

where SNR is the signal to noise ratio, GL is the mean value of gray

Fig. 1. The Catphan 504 - phantom used in the study. Figures show: (a) position of the phantom during data gathering and (b) image of CTP515 module of the

phantom with energy selector at the bottom of the window.
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levels in the region of interest and opy is the standard deviation of the
gray level difference in the region of interest.

The high contrast resolution was calculated from the ratios for the
21 test patterns of the insert in the phantom (CTP528 module). The
power spectral density ratio curve was plotted according to the all test
patterns, expressed as pairs of lines per unit of measure. This curve
tends towards 100% for the largest pattern and towards 0% when the
imaging system can no longer distinguish between them. The first
minimum of the curve gives the high contrast resolution. The power
spectral density is defined as [21]:

SDacq

PSDR; = x 100

SDrec (%)

where PSDR; is the power spectral density PSD for the i-th pattern R;,
and PSD,,. and PSD,, are the power spectral densities for the recon-
stituted theoretical profile and for the acquired profile, respectively.

To analyze the linearity, absolute differences (AD) [HU] and abso-
lute relative differences (ARD) [%] between CT-numbers were mea-
sured on monoenergetic and polyenergetic (dual-energy mode) images.
The AD and ARD were expressed as follows:

ADMEJ.,DI. = ICTnumberMEj,Di — CTnumberpg p| 6)

CTnumberMEj, p; — CTnumberpg, p,
ARDME]',Di = 100%

CTnumberpg p, %)

where CTnumberyg; p; is an average value of Hounsfield units detected
in pixels contained in the i-th disc (D;) at the monoenergetic CT set of
images reconstructed for the j-th energy (ME;), CTnumberpgp; is an
average value of Hounsfield units detected in pixels contained in the i-th
disc (D;) at the polyenergetic CT set of images obtained from imaging
based on the dual energy mode (DE).

3. Results

Based on the linearity analysis, the absolute differences (AD) and
absolute relative differences (ARD) between the CT-numbers from

A) Material
Air PMP LDPE Polystyrene  Acrylic Delfrin Teflon
40 2 | m | e 69
50 2 53 57 56 31 35 77
60 0 22 23 22 13 15 31
70 1 2 2 2 2 2 3
80 2 10 12 12 6 6 16
90 3 19 21 21 10 1 28
Y 100 3 24 27 27 14 15 36
.‘g. 110 4 29 32 31 16 18 42
? 120 4 31 35 34 18 20 46
‘s 130 4 34 37 36 19 21 50
140 4 35 39 38 20 22 52
150 4 37 41 39 21 23 54
160 4 38 42 40 21 24 56
170 4 38 43 41 22 24 57
180 5 39 43 42 22 25 58
190 5 40 44 42 23 25 58
0.001 0.853 0.945 0.998 1.147 1.363 1.868

Relative electron density [e/cm’]

Relations between colours and absolute differences [HU] between CT-numbers
don getic and poly getic (dual-energy) images:
[ 0 [ 10 T 3 [ e [ 90
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monoenergetic and polyenergetic (dual energy mode) CT images were
computed. Fig. 2 shows the relations of these values in the light of
different relative electron densities displayed on different mono-
energetic CT sets of images. The relative electron densities ranged from
low values (e.g. 0.001 e/cm? for air) through the values comparable to
electron densities for water (e.g. 0.998 e/cm® for polystyrene) to high
values (e.g. 1.868 e/cm?® for teflon). Based on values of the AD (Fig. 2a)
and ARD (Fig. 2b) parameters, the most consistent and the smallest
values were observed for energy of 70 keV (1 HU and 0.1% for air, 2HU
and 5.9% for polystyrene, and 3HU and 0.3% for teflon). The highest
inconsistency was observed for energy of 40 keV: 2 HU and 0.2% for air,
111 HU and 302.1% for polystyrene, and 156 HU and 16.2% for teflon.
While the ARD parameter is small for low (air) and high (teflon) re-
lative electron densities, the values of ARD increase for relative electron
densities near 1 e/cm®. For example, for CT images reconstructed for
energy of 120keV the ARD is: 0.4% for air (0.001 e/cm®), 91.3% for
polystyrene (0.998 e/cm?) and 4.9% for Teflon (1.868 e/cm®).

Fig. 3 shows the results for low contrast resolution analysis per-
formed in the CTP515 module of CTP504. The CTP515 module contains
low contrast supra-slice discs with diameters ranging from 2mm to
15mm, and contrast levels of 0.3%, 0.5% and 1.0%. These discs are
used to evaluate the ability to differentiate objects with slightly dif-
ferent densities. The first column of the graphical table in Fig. 3 re-
presents the diameters of the discs. The analysis was performed for
monoenergetic CT sets of images reconstructed for energies ranging
from 40keV to 190keV (last row in Fig. 3). The results for contrast
levels of 1.0%, 0.5% and 0.3% are presented in the first, second and
third column, respectively, for each energy (Fig. 3). While the green
dots in Fig. 3 represent the positive result of detection (disc is visible),
the red dots mean that no disc was detected. The best results of low
contrast resolution analysis were observed for energies of 70 keV and
60 keV. For both of these energies, all discs with contrast level of 1%
were visible. For the contrast level of 0.5%, the disc with a diameter of
2 mm, and for the contrast level of 0.3%, discs with diameters of 2 mm,
3 mm and 4 mm were not detected for these energies. The worst results
were observed for all energies higher than 120 keV. For these energies,
only the discs with diameters higher than 2 mm verified on the contrast

B) Material
Air PMP LDPE Polystyrene  Acrylic Delfrin Teflon
40 0.2 57.1 118.8 302.1 55.6 17.6 16.2
50 0.2 28.8 59.4 152.6 28.3 9.1 8.2
60 0.0 12.0 24.0 60.3 12.1 3.8 33
70 0.1 11 21 5.9 1.6 0.6 0.3
80 0.2 5.4 12.2 321 4.8 1.8 17
90 0.3 10.3 219 56.5 8.9 2.9 3.0
Y 100 0.3 13.0 28.1 72.8 121 4.1 3.8
g 110 0.4 15.8 333 83.3 14.5 4.7 4.5
gﬁ 120 0.4 16.8 36.5 91.3 16.1 5.3 4.9
5 130 0.4 18.5 38.5 97.7 16.9 5.6 5.3
140 0.4 19.0 40.6 102.5 17.7 5.9 5.5
150 0.4 20.1 42.7 106.4 18.5 6.2 5.7
160 0.4 20.7 43.8 109.4 19.4 6.2 59
170 0.4 20.7 44.8 111.7 19.4 6.5 6.0
180 0.5 21.2 44.6 113.7 20.2 6.5 6.2
190 0.5 21.7 45.8 115.2 20.2 6.8 6.2
0.001 0.853 0.945 0.998 1.147 1.363 1.868

Relative electron density [e/cm’]

Relations between colours and absolute relative differences [%] between CT-numbers
don getic and poly getic (dual rgy) i :
[ o [ 10 [ 20 [ 4 [ e [ 8 [ 5100 |

Fig. 2. The absolute differences (a) and the absolute relative differences (b) between the CT-numbers from monoenergetic and polyenergetic (dual energy mode) CT
images and their relations to different relative electron densities and different monoenergetic CT sets of images.
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1% (1** column), 0.5% (2”" column) and 0.3% (3th column) contrast, respectively for each energy

15 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
@00 000 @00 000 000
@00 000 @00 000 000

Disc diameter [mm]

Q@00

@00

@00 000

@ Disc detected
@ Disc not detected

110
Energy [keV]

120

Fig. 3. The results for low contrast resolution analysis performed in the CTP515 module of the Catphan 504 phantom. The green dots represent the positive result of
detection, the red dots mean that no disc was detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 1
High contrast resolution, relative uniformity, noise and signal to noise ratio in
relation to the energies of monoenergetic CT images.

Relative
Uniformity [%]

Energy [keV] High Contrast

Resolution [lp/cm]

Signal to
Noise Ratio

Noise [%]

40 5.63 92.42 54.66 2.21
50 5.74 96.58 129.00 0.98
60 5.79 98.54 300.00 0.42
70 5.82 98.61 254.90 0.44
80 5.85 98.04 175.81 0.63
90 5.86 97.47 142.45 0.78
100 5.88 97.09 125.67 0.88
110 5.88 96.86 115.72 0.96
120 5.88 96.62 110.01 1.01
130 5.89 96.54 105.51 1.06
140 5.89 96.44 103.20 1.09
150 5.90 96.35 100.35 1.12
160 5.90 96.26 98.74 1.13
170 5.90 96.24 97.49 1.15
180 5.90 96.21 96.51 1.16
190 5.90 96.17 95.68 1.17
Dual-Energy”  5.83 98.66 227.41 0.49

“Images obtained from scanning with two polyenergetic beams with nominal
energies of 80keV and 140 keV (dual energy mode). Data from dual energy
mode are the source for reconstruction of monoenergetic images.

level of 1% were detected.

The results of high contrast resolution as well as relative uniformity
were presented in Table 1. While almost the whole table contains data
for specified energy, the last row of Table 1 contains data for poly-
energetic imaging (dual energy mode). Despite a difference between
high contrast resolution measured at monoenergetic and polyenergetic
CT sets of images, the results are comparable because, in fact, 5 lines
pair per cm were detected for every energy.

The best relative uniformity for the monoenergetic CT sets of images
was obtained for 70 keV energy (98.61%). The relative uniformity for
images obtained from this energy correspond to the relative uniformity
for the polyenergetic images (98.66%). For the rest of monoenergetic
images, except the images obtained for the energy of 40 keV, the re-
lative uniformity ranged from 96% to 98% and was slightly worse than
for the polyenergetic images. The relative uniformity for 40 keV images
was significantly worse than for polyenergetic images and was 92.42%.

In addition to the data of high contrast resolution and relative
uniformity, Table 1 includes data of noise and signal to noise ratio
(SNR) that were visualized in Fig. 4. Among all analyzed energies, the
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best SNR and the lowest value of the noise were observed for images
obtained for the energies of 60 keV and 70 keV.

Moreover, images obtained for these energies were characterised by
better values of SNR and noise than the polyenergetic images. The noise
and SNR were respectively: 0.42% and 300.00 for 60 keV, 0.44% and
254.90 for 70 keV and 0.49% and 227.41 for polyenergetic images.

4. Discussion

In connection to the technical solutions of the CT scanner used in
our hospital (Somatom Definition AS), the evaluation of the mono-
energetic CT images was limited to the dual-energy mode realized by
the double helix technique. The double helix technique at the Somatom
Definition AS scanner consists of two successive spiral scans, where the
first scanning uses the energy of 140 keV and the other, the energy of
80 keV. One of the potential limitations of this method is the time delay
between the two helixes that can lead to inaccurate imaging of tissues
and organs susceptible to motion [1]. In our study, analysis was per-
formed for data gathered from the static phantom. Therefore, the study
is free of potential influence of inaccuracy caused by movement. Be-
cause our therapeutic line is based on Varian products, the CTP504 was
the phantom that was used by us for data gathering [22]. To eliminate
the potential influence of the CT table on the images, the CTP504 was
placed on the CT table in such a way that the active (imaged) part of the
phantom was outside the table during the scanning process (Fig. 1a). To
reduce inaccurate image reconstruction at the edges of the active part
CTP504 with a full length of 20 cm, a 1 cm margin was used from each
side of the phantom. As a result, the scanned length was 22cm.
Therefore, total (for both helixes) CTDI,, and DLP were 35.2 mGy and
774.4mGy*cm. In contrast to conventional scanning (e.g. when a
polyenergetic spectrum of radiation with nominal energy of 120 keV is
used), total CTDI,, for the dual energy mode available on our CT
scanner is fixed and cannot be modified. This makes it impossible to
reduce the dose during scanning. Nevertheless, the total CTDI,,, for the
dual energy mode is not dramatically higher than every CTDI,, ob-
tained for conventional scanning. For example, in our hospital, for
conventional scanning and routinely used protocols, such as protocols
for the abdomen and head, the CTDI,, and DLP (for 22cm) were
14.9mGy and 327.8 mGy*cm (for abdomen), and 59.4 mGy and
1306.8 mGy*cm (for head). These values were obtained for the same
conditions (pitch and slice thickness) as used for dual energy scanning.

The monoenergetic CT images collected by the dual-energy mode
were evaluated in the light of parameters characterizing their quality.
The quantification analysis of linearity, uniformity, noise and signal to
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Fig. 4. Noise and signal to noise ratio in relation to the energies of monoenergetic CT images.

noise ratio, and low and high contrast resolution were performed by us
with the Artiscan software. The automation tools implemented in the
Artiscan software use well-known and widely accepted calculation
formalizations. The Artiscan automate manual and objective operations
were performed by the investigator for the analysis of linearity, uni-
formity, noise and signal to noise ratio. The classical assessment of low
contrast is based on measurements made by counting numbers of
visible targets by the investigator. To maintain reproducibility, the
measurements should be carried out by the same investigator and on
the same monitor screen with the same viewing conditions (same
window settings, same day, subdued ambient light). To minimize all
possible factors influencing the results and subjective interpretation of
the investigator, Artiscan software performs these measurements au-
tomatically. As in low contrast measurements, the classical (visual)
evaluation of high resolution is replaced by automated measuring.
While automation reduces the impact of inter-observer effect on the
obtained results, there is still a question of whether the detection made
by the computer is compatible to an average detection performed by
investigators in a classical way. Nevertheless, the concept of our study
prevents us from addressing this problem because the analysis was
based on the evaluation of the parameters computed always in the same
way (by Artiscan) between different monoenergetic CT images.

The results from the analysis of linearity (Fig. 2) clearly show that
CT-numbers counted for different materials at monoenergetic images
differ from one another and are different from CT-numbers counted on
polyenergetic images. It means that a potential use of any mono-
energetic images in radiation therapy planning, requires that individual
calibration curves are implemented for each of them. While individual
calibration curves require an absolute difference for evaluation
(Fig. 2a), the absolute relative differences (Fig. 2b) show the strength of
the absolute differences in the light of the HU ranges detected in
structures with specified relative electron density and imaged by dif-
ferent energies. The lowest differences between monoenergetic and
polyenergetic images were observed for the energy of 70keV (Fig. 2).
This is caused by the fact that the energy of 70 keV is a main component
of the polyenergetic spectrum of radiation used during scanning by the
dual energy mode. While the results of a high contrast resolution ana-
lysis were comparable for each energy (5 lp/cm), the results of analyses
for relative uniformity, low contrast resolution, noise and SNR allowed
us to select the best imaging energies. The highest relative uniformity
was detected for images reconstructed for energy of 70 keV (98.61%).
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The best results for low contrast resolution (Fig. 3) and the noise values
(Table 1) were observed for energies of 70keV and 60keV. Images
obtained for both of these energies were characterized by better signal
to noise ratios than polyenergetic images (Fig. 4 and Table 1). All the
results analyzed and discussed above were gathered in CTP504. Fig. 5
shows images of the head and neck anatomy gathered for mono-
energetic (for energies of 50keV, 70keV, 120 keV) and mixed (poly-
energetic) imaging.

Fig. 5 complement visually the data collected in Table 1. In con-
junction to the limitations of the double helix technique, we decided to
visualize the head and neck region characterized by relatively low
organ flexibility during scanning.

Using one calibration curve (e.g. calibration curve for polyenergetic
images) for different sets of monoenergetic images causes inaccuracies
of dose calculation. It results directly from the differences in linearity
between sets of monoenergetic images (Fig. 2) and their different re-
lative uniformity (Table 1). Fig. 6 shows an example of differences
between doses calculated on sets of images differing in energy (50 keV,
70 keV, 120 keV and polyenergetic images) while one calibration curve
(for polyenergetic images) was applied. The treatment plans were
prepared for Varian TrueBeam™ accelerator (Varian Medical Systems,
Palo Alto, CA, USA) using the Eclipse™ treatment planning system ver.
13.6 (Varian Medical Systems, Palo Alto, CA, USA). The analytic ani-
sotropic algorithm with the spatial resolution of 2.5 mm was used for
computing dose to the irradiated region. The same simple geometry of
the therapeutic beams (i.e. two lateral photon beams with 6 MeV en-
ergy, normalised in the same isocentre point) was used for each cal-
culation. As can be seen in Fig. 6, the smallest inaccuracies in the cal-
culation of the dose were observed for images obtained for the energy
of 70keV. This is due to the smallest differences of the linearity and
relative uniformity between these images and the polyenergetic images.
Nevertheless, it should be clearly noted that the usage of different sets
of monoenergetic images during dose calculation induces the need of
adding individual calibration curves for each set.

While the linearity and relative uniformity impact the accuracy of
the dose calculation, the noise, SNR and low contrast resolution impact
the clarity and detail of the images (Fig. 5) that can affect the accuracy
of the contouring for specific parts of patient's anatomy. Fig. 7 shows
the outlines of bones and the tongue prepared on four different sets of
images, i.e. on three monoenergetic sets with energies of 50 keV, 70 keV
and 120 keV, and on one set of polyenergetic images.
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Fig. 5. Head and neck anatomy gathered for (a-c) monoenergetic imaging (respectively: a) 50 keV, b) 70keV, c) 120 keV), and (d) mixed (polyenergetic) imaging.
For each image the same displaying settings were used (window width: 1160 and level: 140).

The bones were outlined automatically, and the tongue was outlined
manually by a well experienced radiation oncologist. 70 keV images
were indicated by the radiation oncologist as the clearest and most
useful during segmentation. Therefore, the outlines performed on this
set of images was established as the reference for outlines performed on
the other sets of images (50keV, 120keV and polyenergetic).
Differences between referenced outline and the other outlines were
analysed by the Sgrensen-Dice coefficient (DSC) [23,24] and by the
relative volumes of the outlined structures. The DSC was defined in this
example as:

2(Ve N Vx)
Ve + Vx

DSC =
(8)
where Vj is the volume of structure obtained during segmentation on
the set of 70 keV images, V, is the volume of structure obtained during
segmentation on the other sets of images and

Vr N Vx is a common part of these volumes.

The relative volumes (Vo) were defined in per cent as the relation
between the volume of the structure obtained during segmentation on
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the other sets of images (Vx) to the volume of structure obtained during
segmentation on the set of 70 keV images (V).

Table 2 shows the results of analysis for the differences between the
reference outline and the other outlines. For both methods of segmen-
tation (automatic for bones and manual for tongue), the differences
between the coverage of the outlines performed on different sets of
images as well as the differences in relative volumes were detected.
These differences can affect the dose distribution in the treatment plans
for dynamic techniques of radiotherapy (e.g. intensity modulated
radiotherapy or volumetric modulated arc therapy) where inverse
planning is used.

Both of these examples are limited to one patient and one in-
vestigator (physicist in the first example and radiation oncologist in the
other one). Therefore, it should be interpreted as a clinical illustration
of our analysis rather than a fundamental part of our study. In future
studies, reconstructed monoenergetic scans for 70 keV will be analyzed
for clinical use for tumor and organs at risk delineation.

Taking the results of this study, the energy of 70 keV was selected as
potentially the best for the reconstruction of monoenergetic images.
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(a) - area of the skin and soft tissues
(b) - area of the mandible and teeth
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Fig. 6. The differences between doses calculated on four different sets of images (i.e. three sets of monoenergetic images with energies of 50 keV, 70 keV, 120 keV and
one set of polyenergetic images) while one calibration curve (for polyenergetic images) was applied.
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Fig. 7. The outlines for the bones (automatic segmentation) and for the tongue (manual segmentation) prepared on four different sets of images, i.e. on three
monoenergetic sets with energies of 50 keV, 70 keV and 120 keV and on one set of polyenergetic images.
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Table 2
The differences between the outlines obtained from set of 70 keV images and
the outlines from the sets of 50keV, 120 keV and polyenergetic images.

Structure: Bones Tongue

Method of segmentation: Automatic Manual

Reference outlines: 70 keV DSC Viorm [%] DSC Viorm [%]
50 keV: 1.000 109.1 0.994 117.0
120 keV: 0.940 89.0 0.995 131.7
polyenergetic images: 0.976 99.8 0.996 101.7

DSC - Sgrensen-Dice coefficient between the structure contoured on X set of
images and the same structure contoured on the set of images with energy of
70keV.
Vhorm [%] — Volume of the structure contoured on X set of images, normalised
to volume of the same structure contoured on the set of images with energy of
70 keV.

5. Conclusion

To improve relative uniformity, low contrast resolution, noise and
signal to noise ratio, monoenergetic CT sets of images reconstructed
from dual energy CT scanning can be used. The best results of the above
pointed parameters were obtained for images reconstructed for energy
of 70 keV that are potentially the best for radiotherapy treatment plan
preparation.
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