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Abstract

Original Article

IntroductIon

Proton therapy offers a clinical advantage over photon 
therapy due to the Bragg peak behavior that can deliver high 
and escalated doses to the tumor when reducing the dose 
to surrounding normal tissues.[1-3] The human body consists 
of tissues with different physical properties and material 
compositions related to tissue inhomogeneity. The dose 
calculation and optimization in a patient are affected by tissue 
inhomogeneity, so computed tomography (CT) images are used 
and implemented in the treatment planning system (TPS) for 
accounting for tissue inhomogeneity. In proton TPS, the CT 
calibration curve requires the relationship between CT number 
and relative stopping power (RSP). RSP is the proton ranges 

calculated from proton stopping powers relative to that in water 
and needed for a treatment plan. The proton range uncertainties 
depend on the CT calibration curve and can induce inaccurate 
dose calculation in the TPS.[4-6]

Purpose: The focus of this work was given on the relative stopping power (RSP) using the water equivalent thickness (WET) validation 
on tissue substitutes and real pig organs, as well as a dosimetric comparison of proton treatment plans between single-energy computed 
tomography (SECT) and dual-energy computed tomography (DECT)-based dose calculations. Materials and Methods: The CT calibration 
curve of SECT and DECT data was generated using the stoichiometric calibration method. WET measurement was performed for RSP 
validation using a Giraffe dosimeter (IBA dosimetry) in various substitute tissues (Gammex) and real pig tissues. The thorax (008A, CIRS) 
and head (731-HN, CIRS) phantoms were used to generate proton plans. The dosimetric evaluations of SECT and DECT-based plans were 
performed using the gamma analysis with 1%/1 mm and the dose–volume histograms (DVHs) comparison. Results: For RSP validation of 
substitute tissues, the largest percent WET difference between measurement and calculation was observed up to 17.9% (4 mm) in lung tissue, 
using SECT based. In real pig tissues, the average WET difference was 2.3% ± 2.1% and 2.5% ± 2.3% for SECT and DECT, respectively. The 
average gamma passed of about 92.1% for the lung and 96.8% for the head regions was reported. For the lung region, the DVH of the target 
dose was observed with a higher predicted dose in SECT than in DECT, while results in the head region were in good agreement for both 
SECT and DECT. Conclusion: The performed dosimetric comparison indicates the dose differences between SECT and DECT. The impact 
of the CT calibration curve is more pronounced for the thorax region.
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There are several methods to create the CT calibration 
curve (Hounsfield unit [HU]-RSP) in proton therapy such 
as the stoichiometric calibration method. This method was 
proposed by Schneider et al.,[4] and it is the most common 
method for generating the CT number from single-energy 
CT (SECT) images to the RSP. However, the range uncertainty 
from the stoichiometric approach in SECT still exists. Using 
the dual-energy CT (DECT) is mostly done widely, but only 
in the research fields and it is limited to implementation in 
commercial TPS, due to complicated approaches and required 
more image data to generate the HU-RSP calibration curve. 
Proton-CT is the ideal method and can directly obtain the 
RSP distribution inside the patient from proton energy loss. 
Therefore, proton CT images solve the range errors associated 
with the X-ray CT-HU. However, it is still under development 
and inappropriate to use with the current clinical proton TPS.[5]

In human tissues, they may have the same CT number, but 
RSP may show a difference. The human tissue composition 
variations can also cause large RSP estimation errors based on 
SECT since it cannot characterize some tissues with similar 
CT numbers. DECT is well known for tissue characterization 
by scanning material at two different energy spectra.[7] The 
different attenuation of material at two energy levels can 
reduce RSP estimation errors which is possible to improve 
the accuracy of patient dose calculation in proton TPS.[4,5,7,8]

In this study, DECT images are the DECT pseudo-monoenergetic 
CT dataset. The DECT-based still has challenges such as cannot 
be applied to the commercial TPS and the complicated methods 
to predict the RSP. Thus, this work aimed to demonstrate the 
procedure of generating HU-RSP calibration curves following 
the stoichiometric calibration method, complement existing 
approaches of the DECT calibration curve in proton therapy, 
and implement this DECT images in commercial TPS for 
proton dose calculation.

More specifically, the investigation of the differences of the RSP 
using water equivalent thickness (WET) comparison in known 
material compositions (electron density plugs and pig organs) 
and the difference in dose distribution representing the clinical 
proton treatment plan in the thorax and head regions for DECT 
and SECT-based dose calculation is presented and discussed.

materIaLs and methods

Proton therapy center
All measurements were carried out at Her Royal Highness 
Princess Mahachakri Sirindhorn Proton Center (HPSP), King 
Chulalongkorn Memorial Hospital, Bangkok, Thailand. HPSP 
center is a single room equipped with 360-degree gantry and 
pencil beam scanning technique. The available clinical energies 
for proton ranges are 70–220 MeV which translates into ranges 
in the water of 40-305 mm and the lateral spot size (sigma) 
of 6.5 mm for the lowest proton energy (70 MeV) and 3 mm 
for the highest energy (220 MeV). The accelerator and nozzle 
design allow for a maximum field size of 30 cm × 40 cm at 
the isocenter.

Computed tomography calibration curve creation from 
single‑energy computed tomography and dual‑energy 
computed tomography images
The electron density phantom (062M, CIRS Inc., VA, USA) 
was scanned to access the HU values using GE Healthcare 
Revolution CT with single energy of 120 kVp and dual-energy 
of 80/140 kVp. The virtual monoenergetic CT images were 
generated from DECT images at 70 keV.

The measured HU of electron density phantom from both 
SECT and DECT data were used to calculate the linear 
attenuation coefficient of the CT scanner using
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where A, B, and C are constant parameters contributing to 
the linear attenuation coefficient from photoelectric effect, 
coherent scattering, and Compton scattering. These constant 
coefficients are obtained by linear regression.[6]
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, Wj, Zj and Aj are mass fraction, 

atomic number, and mass number of element j in the composite 
material i, respectively.

The linear attenuation coefficients were used to calculate 
HU values for CIRS and human tissues which are known for 
densities and elemental compositions from ICRU Reports of 
44 and 46.[9,10]

The proton CT calibration curve requires the relationship of HU 
values and RSP for dose calculation. The RSP values of CIRS 
and human tissues can be calculated using the Bethe–Bloch 
equation[4] which can be approximated by
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where mec
2 is electron rest mass-energy. β is the speed of proton 

relative to the speed of light. Im and Iw are the mean excitation 
energy of tissue and water, respectively.

To generate stoichiometric calibration curve, the HUs were 
plotted against with RSPs of human tissues and linearly fitted 
using linear regression within three tissue groups, including 
bone-like, soft tissues-like, and adipose-like tissues [Figure 1]. 
CT calibration curves based on DECT and SECT data were 
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implemented in the Eclipse TPS (TPS V15.06, Varian Medical 
Systems, Palo Alto, CA, USA).

The relative stopping power validation
The RSP was validated by comparing the WET between 
TPS and the measurement in various plugs (70 mm thick) 
of material substitute tissue (model 467, Gammex Inc., WI, 
USA), Table 1, and real pig organs. In pig organs, the WET 
measurements were performed in fat, leg, heart, kidney, liver, 
lung (deflated), muscle, ribs, and mixed tissues of the pig’s 
head. The WET values were acquired from the measurement of 
the integral depth dose (IDD) using the Giraffe dosimeter (IBA 
Dosimetry, Schwarzenbruck, Germany) at 220 MeV proton 

beams as shown in Figure 2a and b. The WET values were 
obtained by

WET = R80,air - R80,material

where R80,air and R80,material are the difference of the proton 
range at 80% dose behind the distal falloff between without 
material (air) and with material measurements. In addition, the 
percentage of WET difference was evaluated using

TPS measured

measured

WET -WET
% WET difference  =    ×100

WET

The clinical treatment plan validation based on dual‑energy 
computed tomography and single‑energy computed 
tomography calibration curves
The thorax phantom (Model 008A, CIRS Inc., VA, USA) 
and head phantom (Model 731-HN, ICRS Inc., VA, USA) 
were selected to represent the clinical scenario in thorax and 
head regions. Both phantoms were scanned with the DECT 
and SECT approaches. CT images were imported into the 
Eclipse TPS and applied the CT calibration curves for each 
CT data [Figure 2c and d].

To conduct the clinical plan validation, the target was delineated 
in the thorax and head regions for both DECT and SECT 
images with different CTV sizes and location. Ten treatment 
plans were generated (5 for thorax and 5 for head) with the 
intensity-modulated proton therapy (IMPT) treatment plans, 
2 Gy(RBE) prescribed dose, and nonrobustness optimization on 
SECT data. Once the target is optimized, subsequently, the plans 
were copied and recalculated based on DECT images. The dose 

Table 1: The water equivalent thickness differences between treatment planning system (single‑energy computed 
tomography and dual‑energy computed tomography) and measurement in Gammex plugs

Gammex plugs R80 
(mm)

WETmeasured 
(mm)

WETTPS (mm) Difference (mm) Difference (%) Difference (%)

SECT DECT SECT DECT SECT DECT SECT‑DECT
Soft-tissue

Solid water 233.0 72.4 72.2 73.0 −0.2 0.6 −0.3 0.8 −0.5
Breast 235.0 70.4 69.9 70.8 −0.5 0.4 −0.7 0.6 0.1
Liver 228.2 77.2 76.4 77.2 −0.8 0.0 −1.0 0.0 1.0
Adipose 237.4 68.0 67.4 68.4 −0.6 0.4 −0.9 0.6 0.3
Brain 228.7 76.7 72.3 73.6 −4.4 −3.1 −5.7 −4.0 1.7
Average±SD 1.3±1.7 0.9±1.2 1.7±2.3 1.2±1.6 0.7±0.6

Bone
Bone (CB2 30%) 214.7 90.7 88.6 90.6 −2.1 −0.1 −2.3 −0.1 −2.2
Bone (CB2 50%) 203.5 101.9 102.0 105.0 0.1 3.1 0.1 3.0 −2.9
Bone (B200) 225.7 79.7 80.4 82.1 0.7 2.4 0.9 3.0 −2.1
Cortical bone 190.2 115.2 117.8 121.4 2.6 6.2 2.3 5.4 −3.1
Inner bone 226.5 78.9 80.0 82.0 1.1 3.1 1.4 3.9 −2.5
Average±SD 1.3±1.0 3.0±2.2 1.4±0.9 3.1±1.9 2.6±0.4

Lung
Lung 300 283.1 22.3 18.3 19.0 −4.0 −3.3 −17.9 −14.8 −3.1
Lung 450 273.1 32.3 28.2 29.0 −4.1 −3.3 −12.7 −10.2 −2.5
Average±SD 4.1±0.1 3.3±0.0 15.3±3.7 12.5±3.2 2.8±0.3

CT: Computed tomography, WET: Water equivalent thickness, TPS: Treatment planning system, SECT: Single-energy CT, DECT: Dual-energy CT, 
SD: Standard deviation

Figure 1: The approach to generating the computed tomography (CT) 
calibration curve by fitting the linear regression based on 3 groups of 
human tissues: Soft tissue‑like, adipose‑like, and bone‑like. Data were 
acquired from the stoichiometric method on dual‑energy CT images. RSP: 
Relative stopping power, HU: Hounsfield unit
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distributions between the DECT and SECT were compared 
using the 1%/1 mm gamma analysis as well as the target 
dose–volume histograms (DVHs) were taken for evaluation.

resuLts

Dual‑energy computed tomography and single‑energy 
computed tomography calibration curves
The CT calibration curve was created by plotting the calculated 
HU against the RSP of reference tissues. The HU of reference 
tissues were calculated using the stoichiometric calibration 
method and their RSP was calculated from the Bethe–Bloch 
equation. The CT calibration curve-based SECT and DECT were 
linearly fitted using linear regression for three tissue groups: 
bone-like, soft tissue-like, and adipose-like tissues. Figure 3 
shows the CT calibration curves of both DECT and SECT data.

The relative stopping power validation
The WET measurement was performed for RSP validation 
at 220 MeV proton beams. The R80 without material 
insertion (open beam) was 305.4 mm. In Gammex plugs, 
the R80 of each plug and the WET difference values between 
measurement and calculation are shown in Table 1. For SECT 
based, the average and standard deviation of percent WET 
difference were 1.7% ± 2.3% for the soft-tissues group, 1.4% 
± 0.9% for the bone group, and 15.3% ± 3.7% for lung group. 
The average and standard deviation of percent WET difference 
for DECT based were 1.2% ± 1.6% for the soft-tissues group, 
3.1% ± 1.9% for the bone group, and 12.5% ± 3.2% for the 
lung group. The maximum WET difference was found in 
lung 300 for SECT based with the maximum WET deviation 
of − 17.9% (-4.0 mm).

For real pig organs, the maximum percent WET difference 
was observed in lung tissues for the SECT based with a 
deviation of − 5.8% (−5.0 mm) and for the DECT based with 
the difference of 7.5% (7.0 mm) in pig ribs. The average 
percent WET difference was 3.0% ± 2.3% and 3.2% ± 2.4% 
for the SECT and DECT-based curves, respectively. The 
average percent WET differences of mixed tissues (pig head) 

for the SECT and DECT based were 0.9% ± 0.3% and 0.9% 
± 1.0%, respectively. The R80, measured WET, calculated 
WET from the TPS and WET differences of pig tissues are 
shown in Table 2. The average percent WET differences for 
all tissues were 2.3% ± 2.1% for SECT and 2.5% ± 2.3% for 
DECT. The WET difference between SECT and DECT was 
compared using Wilcoxon signed-rank test with no significant 
difference (P > 0.05).

The clinical treatment plan validation based on dual‑energy 
computed tomography and single‑energy computed 
tomography calibration curves
The percent gamma passing rate of 10 IMPT plans in the 
thorax and head phantoms is shown in Table 3. The average 
and standard deviation of gamma passing rate of SECT 
and DECT were 92.1% ± 4.4% for the thorax and 96.8% 
± 1.8% for the head region. Figure 4 presents the dose 
distribution of DECT and SECT-based dose calculation, 
gamma distribution, and the DVHs of the target volume in 
the thorax phantom.

Figure 3: The computed tomography (CT) calibration curve‑based 
single‑energy CT (blue line) and dual‑energy CT (red line). RSP: Relative 
stopping power, SECT: Single‑energy computed tomography, DECT: 
Dual‑energy computed tomography, HU: Hounsfield unit

Figure 2: (a and b) The water equivalent thickness measurements in Gammex plugs and pig organs using Giraffe dosimeter (IBA Dosimetry), (c and 
d) The thorax and head phantoms together with their computed tomography images in the treatment planning system

d

c

b
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dIscussIon

Besides the limitation of DECT implementation in the clinical 
TPS, this research studied the comparison of dosimetric 
differences between using SECT and DECT for RSP estimation 
in proton therapy. The CT calibration curves were created based 
on the stoichiometric calibration method from SECT images 
and virtual monoenergetic images (DECT).

The RSP validation was firstly performed in Gammex phantom. 
The average percent WET difference value was within 2% for 

the soft tissues, 3% for the bone, and 16% for lung plugs. In 
lung tissue, the percent WET difference of SECT based was 
higher than DECT. The results are in line with the studies 
of Kassaee et al.[8] and Hudobivnik et al.,[11] showing the 
maximum RSP difference between the predicted RSP-based 
SECT and DECT in lung tissue. Large uncertainties in WET 
of lung phantom might cause by the natural porous structures 
of lung plugs. The inhomogeneity of lung structure relates to 
the partial volume effect which may lead to the inaccurate CT 
number and RSP estimation.[11]

Table 2: The water equivalent thickness differences between treatment planning system (single‑energy CT and 
dual‑energy CT) and measurement in real pig organs

Tissues R80 
(mm)

WETmeasured 
(mm)

WETTPS (mm) Difference (mm) Difference (%) Difference (%)

SECT DECT SECT DECT SECT DECT SECT‑DECT
Individual organ

Fat 252.3 53.0 55.1 56.4 2.1 3.4 3.9 6.3 −2.4
Heart 219.2 86.2 81.9 84.1 −4.3 −2.1 −5.0 −2.4 2.6
Liver 241.5 63.9 64.0 65.1 0.1 1.2 0.2 1.9 −1.7
Kidney 227.3 78.1 78.7 80.0 0.6 1.9 0.8 2.4 −1.6
Leg 242.9 62.4 60.8 62.1 −1.6 −0.3 −2.6 −0.6 2.0
Rib 211.6 93.8 98.6 100.8 4.8 7.0 5.1 7.5 −2.4
Muscle 238.6 66.7 66.5 67.6 −0.2 0.9 −0.4 1.3 −0.9
Lung (deflated) 218.6 86.7 81.7 83.7 −5.0 −3.0 −5.8 −3.5 2.3
Average±SD 2.3±2.1 2.5±2.1 3.0±2.3 3.2±2.4 2.0±0.6

Pig head (mixed tissues)
Head 1* 1376.0 167.8 169.8 171.8 2.0 4.0 1.2 2.4 −1.2
Head 2* 1634.0 142.0 142.6 143.2 0.6 1.2 0.4 0.9 −0.5
Mouth 1768.5 128.5 127.5 128.5 −1.0 0.0 −0.8 0.0 0.8
Nose 1977.5 107.6 106.5 108.2 −1.1 0.6 −1.1 0.5 0.6
Average±SD 1.2±0.6 1.5±1.8 0.9±0.3 0.9±1.0 0.8±0.3

*The positions of WET measurement in head 1 and head 2 were 5 cm and 4 cm away from the isocenter. CT: Computed tomography, WET: Water 
equivalent thickness, TPS: Treatment planning system, SECT: Single-energy CT, DECT: Dual-energy CT, SD: Standard deviation

Figure 4: An example of the dose calculation in the thorax and the dosimetric comparison between single‑energy computed tomography (SECT) and 
dual‑energy computed tomography (DECT)‑based dose calculation. (a and b) The dose distribution in SECT and DECT images. (c) The dosimetric 
comparison using the gamma analysis for 1%/1mm; red arrows indicate the proton beam direction. (d) The dose–volume histograms comparison of 
the target dose. SECT: Single‑energy computed tomography, DECT: Dual‑energy computed tomography

d

cba
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Table 3: The percent gamma passing rate of 
intensity‑modulated proton therapy treatment plans in 
thorax and head regions

IMPT plans Percent gamma passing rate

Thorax Head
Plan number 1 88.5 99.3
Plan number 2 92.1 95.3
Plan number 3 99.6 95.8
Plan number 4 91.2 98.3
Plan number 5 89.3 95.4
Average±SD 92.1±4.4 96.8±1.8
SD: Standard deviation, IMPT: Intensity-modulated proton therapy

In pig organs, DECT data were observed for maximum 
percent WET difference only in rib tissues, due to the 
RSP sensitivity to dense bone composition variations 
and beam hardening effect on CT images. Besides that, 
the virtual monoenergetic CT images (DECT) generated 
from a rapid kVp switching scanner are more influenced 
by the beam hardening effect in bone tissues compared to 
SECT images. The beam hardening effect relates to the 
inaccurate CT number and RSP estimation errors. Park 
et al.[12] and Ohira et al.[13] suggested generating virtual 
monoenergetic CT images (DECT) with higher energy due 
to the reduction of beam hardening effect from the Compton 
effect characteristic. In addition, the positioning of pig 
organs in acquiring CT scanned and WET measurements is 
one of the most challenging task, since the position of the 
pig organs placed in the container could have a possibility 
to move during the transportation between CT and proton 
treatment rooms. However, the average WET difference 
based on two curves was well presented within the clinical 
range uncertainty acceptable of 3.5%.[6,12]

Concerning the dosimetric evaluation in the clinical IMPT 
plan, the dosimetric evaluations were performed using the 
1%/1 mm gamma analysis in the thorax and head regions. 
The dosimetric difference between SECT and DECT-based 
curves showed more impact in the lung region compared to 
the head region [Figure 4c], due to the uncertainties in the 
predicted theoretical CT numbers of the lung substitutes and 
the RSP calculation on the various atomic composition of 
human lung tissues (section 2.2). Range uncertainties are 
induced by the errors in estimated RSPs from the conversion 
of CT-HU and are more pronounced in low-density tissues 
which could impact the dose deviation between SECT and 
DECT. The DVH of the target dose was observed with a 
higher predicted dose in SECT than in DECT [Figure 4d], 
whereas the results in the head region were in good 
agreement for both images. These results are in line with 
with Kassaee et al.[8] and Wohlfahrt et al.[14] who reported no 
dose distribution changes in head treatment plans.

concLusIon

The stoichiometric method for generating the HU-RSP calibration 
curve of SECT and DECT based-dose calculation implemented 
in the commercial TPS indicates the dose differences. The 
DECT-based curve has the potential to improve the accuracy of 
RSP estimation. This Stoichiometric method for DECT could 
be taken for dose calculation and treatment plan evaluation in 
commercial TPS. The impact of the CT calibration curve is more 
pronounced for the thorax region, whereas the results for head 
treatment plans show a more comparable dose distribution.
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