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Computed tomography (CT) images are used as the basis for proton Bragg peak position estimation and
treatment plan simulation. During the Hounsfield Unit (HU) based proton stopping power ratio (SPR) estimation,
small differences in the patient's density and elemental composition lead to uncertainty in the Bragg peak
positions along the path of the proton beam. In this study, we investigated the potential of dual-energy computed
tomography image-based proton SPRs prediction accuracy to reduce the uncertainty of Bragg peak position
prediction. Single- and dual-energy images of an electron density phantom (CIRS Model 062M electron density
phantom, CIRS Inc., Norfolk, VA, USA) were acquired using a computed tomography system (Somatom
Definition AS, Siemens Health Care, Forchheim, Germany) to estimate the SPRs of the proton beam. To validate
the method, it was compared to the SPRs estimated from standard data provided by the National Institute of
Standards and Technology (NIST). The results show that the dual-energy image-based method has the potential to
improve accuracy in predicting the SPRs of proton beams, and it is expected that further improvements in
predicting the position of the proton's Bragg peak will be possible if a wider variety of substitutes with different
densities and elemental compositions of the human body are used to predict the SPRs.
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Fig. 1. The CIRS 062M electron density phantom
which is composed of head and body electron density
sections and tissue-equivalent electron density plugs
scanning setup with the computed tomography(CT).

80 kVp 140 kVp

3000 3000
2500 2500
2000 2000
1500 1500
1000 1000
500 500
0

Fig. 2. The set of dual energy computed
tomography(CT) images taken at 80 kVp and 140
kVp for stopping power ratios calculation.
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Table 1. Tissue substitutes plug type and elements composition percentage.

C (0) N H Ca P Cl

Atomic weight(A) 12.011 15.999 14.006 1.0079 40.080 30.973 35.450

Tissue substitites Elements composition percentage by weight

Breast 70.4 17.0 9.6 1.9 0.9 0.0 0.2
Adipose 723 15.5 9.4 23 0.3 0.0 0.2
Trabecular Bone 56.3 22.7 7.0 2.0 8.5 33 0.2
Dense Bone 39.1 33.7 4.45 0.9 21.8 0.0 0.05
Liver 70.1 16.4 9.2 2.0 22 0.0 0.1
Lung Inhale 67.5 18.6 8.8 3.5 0.0 0.0 1.6
Lung Exhale 70.2 15.1 9.8 2.3 1.6 0.0 1.0
Muscle 69.7 16.8 9.1 2.1 22 0.0 0.1
Water 68.7 17.7 9.55 1.7 22 0.0 0.15
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Fig. 3. Schematic diagram of the k-mean clustering. The
inter-pixel correlation between adjacent pixels is taken
into consideration.
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Fig. 4. Scatter plot of singe energy hounsfield unit(HU)
to stopping power ratio(SPR) calibration curve derived
from CIRS phantom.
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Fig. 5. Scatter plot of dual energy Zefr - Inly calibration
curve derived from CIRS phantom.
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Fig. 6. Stopping power ratios(SPRs) estimation
images from single and dual energy method.
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Table 2. SPRs values and the relative differences between
estimated values and theroretical values. The mean values

and standard deviation for a region of interest in each
the DECT and SECT data sets are reported.

of

Material Theé’{,i{‘ca‘ SPRercr  %diff  SPRopser  %diff
Breast 0.99  0.988 £ 0.003 -0.2 0.989 + 0.006 -0.1
Adipose 096 0983 £ 0.005 2.4 0977 £ 0.004 1.7
Trabecular
p 1.16  1.108 = 0.012 -45 1.117 + 0.070 -3.7
DBe“Sf’ 1.53 1.439 + 0.015 -59 1471 + 0.009 -3.8
one
Liver 1.07  1.060 = 0.040 -0.9 1.068 = 0.029 -0.2
Lung
ichabs 020 0229 £ 0.013 14.0 0214 £ 0.011 7.0
Lung 050 0486 + 0.014 -2.8 0490 + 0.013 -2.0
Exhale
Muscle 1.06  1.068 = 0.011 0.7 1.061 + 0.009 0.1
Water 1.00  1.005 = 0.006 0.5 1.001 = 0.002 0.1

(a) EAN Image
Fig. 7. The Images generated with dual energy

(b) ED Image
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