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Abstract

The accuracy of determining proton stopping powers with a 30/60 kV dual energy CT scan is
investigated. This research was needed to check if the determination of proton stopping powers
can be tested in pre-clinical research. The method how the proton stopping power can be
estimated from the electron density and the effective atomic number of the tissue is explained.
The best reference material was found to be CB2-30%. A correlation curve was found between
the difference in Hounsfield units (obtained from the dual energy CT) and the accuracy of
the relative electron density. If the data was scaled by the curve the deviation in the relative
electron density was found to be 0.3% and the correctness of the effective atomic number 0.1.
The influence of noise on the Hounsfield units was investigated. It did not have an increased
negative effect when a lower kV was used. It was concluded that the proton stopping power can
be determined with a 30/60 kV dual energy CT-scan.
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1 Introduction

A large fraction of cancer patients receives radiation therapy during the course of their treatment
[1]. Currently, proton therapy is a fast developing method in radiation therapy to radiate unhealthy
tissue. In proton therapy high energy protons interact with human tissues, causing mutations or
complete functional disruptance of cells. The amount of cell mutations is related to the proton energy
transfer, which is inversely proportional to the square of the velocity of the protons. The dependence
of the energy transfer on the velocity is mainly caused by the electromagnetic interactions of the
protons with the atomic electrons. These interactions increase with decreasing energy. Along the
track the particle will deposit its energy and so decelerate. The deceleration will increase the amount
of electromagnetic interactions, causing a high energy transfer at the end of its track, this peak is
called the Bragg peak [1].
The aim in proton therapy is to position the Bragg peak inside the tumour, to accomplish the highest
deposited energy inside the unhealthy tissue. However, in practice it is hard to fulfill this goal, due
to uncertainties in the position and size of the target volume and the location of the Bragg peak. The
location of the Bragg peak is determined by proton stopping powers (PSP). The proton stopping
power is defined as the energy transfer per unit length of the tissue, traversed by the proton. PSP are
tissue dependent and so information is needed of all the surrounding tissues of the tumour. At the
moment, PSP for proton therapy planning are based on a calibration curve between the Hounsfield
units and the PSP. The Hounsfield unit scale is a measure for the radio-density [2]. This scale is
used for scaling the attenuation of the x-ray beam during a CT-scan. Currently, for proton therapy
planning, the Hounsfield units are taken from Single Energy Computed Tomography (SECT). During
SECT a CT scan is made with one fixed voltage applied on the x-ray tube. However, there is still
an uncertainty in the calculation of the stopping power and so a margin is used of 3-3.5% [3].
Since a couple of years, a new method is in development. In this method the Hounsfield units are
taken from a Dual Energy CT (DECT), which uses two distinct tube voltages to obtain two different
equations. From these equations the electron density and the effective atomic number of the target
tissue can be extracted. If the composition of the target material is known the PSP can be calculated
[3]. In this report the method is explained to obtain the composition with the use of DECT.
The verification of the PSP with DECT is planned to be used in a new facility for preclinical research.
This will be available at KVI-CART in the near future. In such a facility research with small test
animals is conducted and usually the voltage of the CT scanner is lowered due to their size [4]. In
this report the uncertainties in the composition of high DECT (tube voltages of 90/150 kV) and low
DECT (tube voltages of 30/60 kV) are compared. The lowest pair of tube voltages will be selected
that still has a considerably low uncertainty for the composition of the material. At the end noise
will be introduced to the Hounsfield units to study the effect on the achieved electron density and
the effective atomic number.
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2 Theory

2.1 Stopping powers from mass density and composition

The dose which is deposited by a charged particle to a tissue, is determined by the linear energy
transfer to that tissue (LET). For energies larger than 1 MeV, the proton stopping power (S, which
induces nuclear and radiative stopping) is almost equal to the LET. The proton stopping power is
tissue dependent and is given by: S = −dE

dx . With relativistic quantum mechanics, the Bethe-Bloch
equation can be derived [5]. The Bethe-Bloch equation describes the stopping power of charged
particles due to interaction with the atomic electrons of the tissue traversed by the particle. The
equation can be used together with Bragg’s additivity rule to express the proton stopping power
of a certain tissue. The stopping power is directly dependent on the density of the target material
and so S is often scaled by the density of the tissue, to obtain the mass stopping power, given in
equation 1.

S

ρ
=
Z

A

K

Muβ2

[
ln

2mec
2β2

I(1 − β2)
− β2

]
(1)

The derivation of equation 1 can be found in [5]. Here, K is a constant in eVµm2, which can also be
found in [5]. mec

2 is the electron rest mass in MeV. β = v/c is the velocity of the particle relative
to the velocity of light. I is the mean excitation energy of the medium in MeV. Z/A is used for
the amount of protons relative to the total amount of nucleons. Mu is the molar mass constant in
kg/mol and ρ is the mass density in kg/µm2.
A tissue can be considered as a set of atoms, each atom with its own mass fraction ωi. So the tissue
dependent parameters in equation 1 (ρe,

Z
A and ln(I)) need to be weighted over all mass fractions

ωi.

ρe =
∑
i

ωiρe,i = Na
ρ

Mu

∑
i

ωi
Zi
Ai

(2)

Z

A
=
∑
i

ωi
Zi
Ai

(3)

ln(I) =

∑
i ωi

Zi

Ai
lnIi∑

i ωi
Zi

Ai

(4)

The stopping power of a compound can be expressed relative to the stopping power of water [3].
The ratios of Sx and (S/ρ)x over SH2O and (S/ρ)H2O, respectively, are shown in equations 5 and
6. The relative electron density,

ρe,x
ρH2O

, of a specific compound, x, is defined as the electron density

originating from compound x relative to the electron density originating from water. It can be
concluded that the stopping power of a compound can be determined if the relative electron density
and the effective atomic number are known.

Sx
SH2O

=
ρe,x
ρe,H2O

[
ln 2mec

2β2

Ix(1−β2) − β2
]

[
ln 2mec2β2

IH2O(1−β2) − β2
] (5)

(S/ρ)x
(S/ρ)H2O

=
(Z/A)x

(Z/A)H2O

[
ln 2mec

2β2

Ix(1−β2) − β2
]

[
ln 2mec2β2

IH2O(1−β2) − β2
] (6)
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2.2 CT Spectrum

The x-rays from an x-ray tube are produced by the interaction of high energy electrons with an
anode. A schematic overview of a x-ray tube is shown in figure 1. The electrons are produced at
the cathode side, where a current (1mA-1A) is flowing through a filament. In case the current is
increased more electrons will be produced and so the x-ray intensity will be enhanced. Between the
cathode and the anode a high voltage is generated, such that the electrons will be strongly attracted
by the anode. When the electrons hit the anode, high energy photons will be produced, creating an
x-ray beam. If the voltage is increased the acceleration of the electrons will become larger, resulting
in a higher photon energy.
The photons are produced by the Bremsstrahlung interactions of the electrons with the anode. If
an electron moves through the electron cloud of an atom, it experiences an electrostatic attraction
by the nuclei. As a result the electron deviates from its originally straight line path and it will be
slowed down. A schematic overview of the effect can be seen in figure 2. Due to the deceleration
the kinetic energy of the electron is lowered. This change in energy results in the production of a
photon, with its energy equal to the energy shift of the electron. The deflection of the electrons can
be strong (black line in figure 2), resulting in a high energy photon. Or the deflection can be weak
(blue line in figure) 2, resulting in a low energy photon.

Figure 1 – X-ray tube [6]. High energy electrons
generated at the cathode interact with the anode,
resulting in an x-ray beam.

Figure 2 – Bremsstrahlung [7]. The production
of photons, due to the electrostatic attraction of
the electrons by the nuclei.

The dotted line in figure 3 shows the intensity of an x-ray beam produced by Bremsstrahlung as
function of the photon energy. Low energy photons have a high interaction probability in the tissue
due to the photoelectric effect. Consequentially low energy photons will not penetrate through the
tissue and only contribute to dose to the patient and not to the formation of a CT image. To obviate
this dose, a filter is used before the beam enters the tissue, such that low energy photons will not
enter the tissue. Two graphs are shown for the filtered and unfiltered spectra in figure 3. In the
graph, peaks occur at a specific energies, these are called the characteristic peaks. Characteristic
peaks are created in the anode. Electrons are knocked out of the inner shells by the electrons coming
from the cathode. A hole is created in one of the inner shells and then one of the outer electrons will
fall down emitting characteristic photons with a specific energy. Due to the distinguished energy
levels in the shells, several characteristic peaks may occur.
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Figure 3 – The x-ray spectrum for tube voltages of 60 kV and 100 kV. On the horizontal and
vertical axis the x-ray energy and intensity are given, respectively. In the figure both the filtered

and the unfiltered spectra are shown by the solid and the dotted line, respectively. Also the
characteristic peaks are indicated.

2.3 SpekCalc

To calculate the x-ray spectra a software program, SpekCalc, can be used. SpekCalc is designed
for research and education purposes in the medical field [8]. SpekCalc is able to predict the x-ray
spectrum with changeable parameters: the filters, the tube voltage and the anode angle. The angle is
measured between the released photon beam and the axis perpendicular to the electron beam. More
information about the geometry and the background of SpekCalc can be found in [8]. Currently, in
medical imaging mostly a Siemens CT-scan is used. [9] compared the spectra from Siemens with
the theoretical spectra calculated with SpekCalc. To get the best correspondence, it was found that
several filtration filters were needed: 3 mm aluminum, 0.9 mm titanium and 500 mm air. The anode
angle was set on 8◦.

2.4 Hounsfield units

During the CT-scan the x-ray beam will be attenuated, due to interactions with the tissue. A part of
the x-ray beam will pass through the tissue and the attenuation of the x-rays will be measured with
a detector. Hounsfield units, HU, provide a scheme for scaling the linear attenuation coefficients in
medical CT systems [10]. The Hounsfield unit is defined in equation 7 [3].

HU =
µx − µH2O

µH2O − µair
1000 ≈ µx − µH2O

µH2O
1000 =

(
µx
µH2O

− 1

)
1000 = H − 1000 (7)

In which µx, µH2O and µair are the linear attenuation coefficients in tissue, water and air, respec-
tively. The attenuation of the x-ray beam in air is much smaller compared to the attenuation in
water, so µair is usually considered as negligible. To scale all the units to positive values the scaled
Hounsfield unit, H, is introduced and it is defined in equation 8. So for water the Hounsfield unit
is H=1000.

H = HU + 1000 =

(
µx
µH2O

)
1000 (8)
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2.5 Attenuation coefficient

The attenuation of the x-ray beam depends on the interactions with the sample, due to the photo-
electric effect and scattering. The linear attenuation coefficient for a material x can be parameterized
as [3]:

µx(E) = ρe,x[apeZ
nf(E) + ascg(E)] (9)

ape and asc are parameters which describe the relative strengths of the photoelectric f(E) and
scattering interactions g(E), respectively. Both parameters are assumed to be independent of the
material and the photon energy.
The average attenuation coefficient µx,j depends on the x-ray spectrum. To take the x-ray spectrum
into account the so called spectrum weighting function, wj , for a specific tube voltage j is applied.
The spectrum weighting function is given in equation 10. In this equation Sj(E) is the energy
distribution of the x-ray spectrum for a specific tube voltage j. D(E) is the detector efficiency
which is dependent on the photon energy E. To obtain the average attenuation coefficient the
attenuation coefficient is weighted by wj and it is integrated over all energies. This is expressed in
equation 11. Since the photoelectric effect is dependent on the atomic number of the target material
it is multiplied by Zn. Here n is a parameter, which is found to be close to 3.3 in previous studies
[3].

wj(E) =
Sj(E)D(E)∫∞

0
Sj(E)D(E)dE

(10)

µx,j = ρe,x

∫ ∞
0

wj(E)
(
apeZ

nf(E) + ascg(E)
)
dE = ρe,x

(
apeZ

nf j + ascgj

)
(11)

with,

f j =

∫ ∞
0

wj(E)f(E)dE and gj =

∫ ∞
0

wj(E)g(E)dE (12)

2.6 Extraction of the relative electron density and the effective atomic
number with the use of dual energy CT

In dual energy computed tomography two distinct tube voltages are used of typically 90 kV and
150 kV. These two different measurements provide two separate expressions for µx,j . For convention

j=1 is used for a high tube voltage and j=2 for a low tube voltage. If
µx,2

f2
will be subtracted from

µx,1

f1
an expression for ρe,xasc can be achieved [3]. With the use of scaled Hounsfield units and water

as reference material the equation can be equaled to unity. By definition H1 = H2 = 1000, this
can be plugged in and we can end up with equation 13 for the relative electron density of the tissue
compared to water. See [3] for a detailed description of the derivation.

ρe,x
ρe,H2O

= a
( H1

1000

)
+ (1 − a)

( H2

1000

)
(13) where, a =

(
1

ρe,H2Oasc

)
f2µH2O,1

g1f2 − g2f1
(14)

In a similar manner the equation for the effective atomic number Zx for a calibration material
x can be extracted. This is done by introducing a second constant b. We again refer to [3] for a
detailed description of the derivation.

ρe,x
ρe,H2O

Znx = b
( H1

1000

)
+ (ZnH2O − b)

( H2

1000

)
(15) where,

b =

(
1

apeρe,H2O

)
g2µH2O,1

g2f1 − g1f2
(16)
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To obtain the electron density for a mixture of atoms with a certain effective atomic number equation
17 can be used. In this equation ρe is the electron density in the composed material. ρe,i denotes
the contribution of the atom type i to the total electron density [11].

ρeZ
n
x =

∑
i

ρe,iZ
n
i (17)

An expression for the effective atomic number expressed in terms of the composed atomic numbers
and the mass fractions can be found. See [3] for a complete derivation.

Zx =

(∑
i
wiZi

Ai
Zni∑

i
wiZi

Ai

)1/n

(18)

This definition can be used to calculate the effective atomic number in equation 15. However the
coefficient n should be determined beforehand. Hünemohr [11] determined the coefficient n by x-ray
absorption simulations, which indicate that the optimum coefficient lies around n=3.1. This is done
for a Z range of 1 to 20.

3 Method

In this report the accuracy of the determination of proton stopping powers is investigated. The
determination is done with the use of a dual energy CT. Two distinct pairs of low (30-60 keV) and
high (90-150 keV) tube voltages will be used to determine the effective atomic number (Zeff ) and
the relative electron density (RED). The difference in accuracy of both tube voltage pairs will be
compared. The Zeff and RED will be calculated with the constants a and b given in formulas 13
and 15. The constants are determined first, with a calibration material which is chosen to be the
best by [3] to be AlMgSil.
For this experiment two data sets of materials will be used, from which the composition and the
density information are known. The first data set contains 39 materials, which are introduced by
[12]. The second data set consists of 81 human tissues [13]. From NIST the atomic cross section
is taken as a function of photon energy [14]. With the use of SpekCalc the x-ray spectra will be
calculated for all tube voltages from 30 to 150 kV with steps of 10 kV. The filtration parameters in
SpekCalc will be set on 3 mm aluminum, 500 mm air and 0.9 mm titanium and the anode angle on
8◦.

3.1 The Hounsfield units

In practice a dual energy CT will provide the Hounsfield units for every sample. However, in this
investigation a practical CT scan will not be used, but the Hounsfield units for all the materials will
be calculated with equation 8 and the composition of the materials. In order to obtain the scaled
Hounsfield units the attenuation coefficients for all separate materials are needed. The attenuation
coefficient for a specific material x is given by: µx = ρeσe(E). In which ρe is the electron density and
σe(E) is the electronic cross-section, which is dependent on the photon energy. The electron density
determined by the composition of the material. The electron density ρe,i for a specific element i are
given by the following equation [3]:

ρe,i =
ρxNA
Mu

ωi
Zi
Ai

(19)

NA is the Avogadro’s constant and Mu is the molar mass constant. Zi and Ai give the atomic
number and atomic mass for a specific element i, respectively. The mass fraction of a specific

9



element i relative to the total mass of the material, is given by ωi. To get the average attenuation
for a material, ρe,i needs to be summed over all the elements i and photon energies k:

µx,j =
ρxNA
Mu

N∑
k=1

wj,k

(∑
i

ωiZi
Ai

(σi,k
Zi

))
(20)

wj is the energy distribution of the x-ray spectrum given in equation 10. In this report the energy
dependence of the detector will not be taken in to account, due to the small influence.
With the use of the composition of the materials and the spectrum all average attenuation coefficients
can be calculated. From these coefficients the Hounsfield units will be extracted with equation 8.

3.2 The relative electron density

According to equation 13 the relative electron density can be calculated with the use of the two
Hounsfield units of the dual energy CT and the constant a. However the constant a is still unde-
termined. The constant can be calculated with the use of a calibration material. The calibration
material is chosen to be AlMgSi1, because then the difference in the calculated RED and the real
RED from the composition of the material was found to be the smallest in an earlier study [3]. This
constant will be calculated separately for both pairs of tube voltages. With this constant the RED’s
will be calculated for all the different materials. These will be compared to the real relative electron
densities known from the composition of the materials. The accuracy of both obtained sets of RED’s
for the different tube voltage pairs will be compared.

3.3 The effective atomic number

With the use of equation 1 and the Hounsfield unit pairs the effective atomic number Zx can be
calculated. Constant b can be determined with the same method as constant a, again with the
calibration material AlMgSi1 [3]. However, equation 1 also depends on the parameter n, which
according to [3] lies close to 3.3. Because the parameter n can be energy dependent, b will be
calculated for the voltage pairs separately, with n ranging from n = 2.6 until n = 3.5 with steps
of 0.05. With b the effective atomic number can be calculated. This effective atomic number will
be compared to the atomic number from 18, so that the best value of n can be chosen for the
corresponding voltage pairs.

The values which are found for a, b and n will be used for both, the data set of the various materials
and the data set of the human tissues.

3.4 Noise on the Hounsfield units

During a real CT-scan, noise will be present in the Hounsfield units, due to statistical fluctuations.
The Hounsfield units determined with the method described in section 3.1 do not include noise, due
to the calculation approach. To investigate the accuracy, noise should be taken into account. This
will be done by introducing noise to the Hounsfield units of six different tissues. The tissues which
are chosen are: inflated lung, adiopose 2, liver 2, muscle 2, cortical bone and total bone. To introduce
noise, a value will be added and subtracted to all Hounsfield units. According to Hünemohr [11],
who obtained the data from real CT-scans the noise value should be chosen to be around 10 HU.
With the new Hounsfield units the relative electron density and the effective atomic number will be
calculated. This will be done for pairs where for both 10 HU is added or subtracted. It will also be
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Figure 4 – The SpekCalc setting panel for a tube voltage of 90 kV

done for pairs, where for one 10 HU is added and for the other 10 HU is subtracted and vice versa.
Now the accuracy of the RED’s and the Zeff of both tube voltage pairs can be compared.

4 Results

SpekCalc is used to calculate the x-ray spectra for the tube voltages ranging from 30 kV until 150 kV,
with steps of 10 kV. To get the best convention with a siemens CT-scan [9], the filters were set on
3 mm aluminum, 500 mm air and 0.9 mm titanium and the anode angle was set on 8◦. An overview
of the settings for a tube voltage of 90 kV is given in figure 4. In figure 5 two examples of the x-ray
spectra are shown, for tube voltages of for 90 kV (green) and 150 kV (red).
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Figure 5 – The x-ray spectra for both tube voltages 90 kV and 150 kV coloured in green and red,
respectively. The horizontal axis shows the photon energy in units of keV. The vertical axis shows

the number of photons counted for the specific energy in units of keV· cm2· mAs.

4.1 The Hounsfield units

With the use of the composition of the materials and tissues, given by [12] [13], the fractional electron
density could be calculated. This is the electron density that can be attributed to a specific element
in a material (equation 19). To calculate the average attenuation of the photons in the materials
and tissues, for a tube voltage j, equation 20 is used. Here, the spectrum for the tube voltage is
obtained from SpekCalc and this spectrum was then normalized. The average attenuation is used
to determine all the scaled Hounsfield units for differing tube voltages. The Hounsfield units are all
calculated with equation 8 and are stated in tables 18 and 19 of the appendix.

4.2 The relative electron densities of the materials

The Hounsfield units found for AlMgSi1 and equation 13 are used to extract a. a is dependent on
the reference material and the tube voltage. All a values used during the calculations are given in
table 1. From here the RED’s are calculated, for convention these will be called REDcalc. Due to
different a values and Hounsfield units the REDcalc differ per tube voltage pair. In figure 6 the ratio
of REDcalc over REDreal is plotted, for two different tube voltage pairs.
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Tube voltage (kV) Reference material a n b
30/60 AlMgSi1 1.94 3.25 -954
30/60 CB2-30% 1.98 3.20 -855
60/100 CB2-30% 2.55 3.25 -4587
90/150 AlMgSi1 3.07 3.30 -10532

Table 1 – Values for a, n and b, which are used to calculate the relative electron densities and the
effective atomic numbers of the tissues.

Figure 6 – Plot of the accuracy of determining the relative electron densities with tube voltage
pairs of 30/60 kV and 90/150 kV. On the vertical axis the ratio is given between the calculated

RED and the real RED. The horizontal axis shows the material number.

In the ideal case REDcalc/REDreal=1. From figure 6 it can be seen that REDcalc/REDreal has a
maximum deviation of less than 1% for a tube voltage pair of 90/150 kV. However, for a tube voltage
pair of 30/60 kV there is almost a maximum deviation of 7%. This deviation occurs especially at
material numbers 13, 14, and 15, which correspond to the materials CB2-30%, CB2-50% and SB3.

To obviate this deviation CB2-30% was taken as reference material as well. The a value which is
obtained is given in table 1. A new graph is made to compare the accuracy of the relative electron
densities for the tube voltage pair 30/60 kV, obtained with reference materials AlMgSi1 and CB2-
30%. The data is plot in figure 7.
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Figure 7 – Plot of the accuracy of determining the relative electron densities for a tube voltage pair
of 30/60 kV. Both reference materials AlMgSi1 and CB2-30% are used. On the vertical axis the

ratio between REDcalc and REDreal is given. The horizontal axis shows the material number.

From figure 7 it is remarkable that the deviations are all above 1 for the reference material AlMgSi1.
However, the large deviations with CB2-30% as reference material are smaller than 1.

To increase the accuracy the analysis is done with an a higher tube voltage. The highest tube voltage
is chosen to be 100 kV. The best value for the low tube voltage is chosen with the method described
below:
In a real CT-scanner noise will be present in the Hounsfield units. According to equation 13, the
difference between H1 and H2 is important for the calculation of the relative electron densities.
However, when noise is present this difference will be affected even more, especially when the differ-
ence between the Hounsfield units is already small. To make sure the Hounsfield units differ enough,
the tube voltages need to be chosen apart from each other. To calculate the influence of noise on
the Hounsfield units, error analysis is done. The error in the relative electron density, ∆ρ, due to
fluctuations in the Hounsfield units can be calculated with equation 21. In a previous study [11]
is concluded that the average noise value in the Hounsfield units lie around 10. This error is used,
together with the value of a (table 1) to calculate the ∆ρ for the tube voltage pair 90/150 kV. Now,
the new low tube voltage is chosen in such a way that the associated ∆ρ is smaller than the ∆ρ
for the voltage pair 90/150 kV. It is concluded that for a voltage pair of 60/100 kV, the Hounsfield
units will be far enough apart to prevent the noise to interfere.

∆ρ =
( a

1000

)2
∆H2

1 +
(1 − a

1000

)2
∆H2

2 (21)

To test the accuracy of the voltage pair 60/100 kV, REDcalc/REDreal is plotted for all the materials
(figure 8). The relative electron densities are calculated with both reference materials AlMgSi1 and
CB2-30%. If this graph is compared to figure 7, it can be observed that the accuracy increased with
the higher voltage pair.
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Figure 8 – Plot of the accuracy of determining the relative electron densities for a tube voltage pair
of 60/100 kV. Both reference materials AlMgSi1 and CB2-30% are used. On the vertical axis the

ratio between REDcalc and REDreal is given. The horizontal axis shows the material number.

To be sure which reference material gives the smallest error in the relative electron density, the
average fluctuation of REDcalc/REDreal around 1 is calculated. It is observed that the relative
electron densities calculated with the reference material CB2-30% has the smallest fluctuations
around 1.

4.3 The relative electron density of the tissues

Since a has already been determined with the materials in section 4.2, the relative electron densities
of the tissues can directly be calculated. This is done for the tube voltage settings: 30/60 kV,
60/100 kV and 90/150 kV and reference materials: AlMgSi1 and CB2-30%. The values used for a
can be found in table 1.

The relative electron densities for the tissues were calculated with equation 13. The relative electron
densities over the real relative electron densities were plotted versus the material number (figure 9).
It is observed that after tissue 53 the relative electron density is less accurate. It should be noticed,
from table 17 in the appendix, that the tissues with a material number larger than 53 are more
dense tissues, like bone. In figure 9a REDcalc/REDreal is plotted, determined with a tube voltage
of 30/60 kV. The blue and grey data points are calculated with reference materials AlMgSi1 and
CB2-30%, respectively. Again the REDcalc/REDreal calculated with CB2-30% lies below 1 and the
REDcalc/REDreal calculated with AlMgSi1 lies above 1. It should be noticed that the distribution
of the vertical axis in figure 9b is changed and that the data points are closer to 1.

To investigate the dependence of the relative electron density on the difference in the Hounsfield
units a graph is made (figure??). In this graph REDcalc/REDreal is plot versus ∆H = H1 − H2.
This is done for both the data sets obtained with 30/60 kV and reference materials AlMgSi1 and
CB2-30%. It can be observed that there is a noticeable correlation between REDcalc/REDreal and
∆H. To use this correlation a linear fit is made through the data points with ∆H < -500. This is
shown in figure 10. The equations for both fits are given in the figure. The largest deviating tissue,
which is skeleton-cortical bone, has a Hounsfield unit difference of -3047. The equation corresponding
to reference material CB2-30% is used to scale the relative electron density. The relative electron
density is scaled by a factor of 0.9756. With this method we obtain an accuracy of 0.3% for the
largest deviating tissue skeleton-cortical bone.
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(a) (b)

Figure 9 – Plot of the accuracy of determining the relative electron densities for the tube voltage
pairs of 30/60 kV, 60/100 kV and 90/150 kV. Both reference materials AlMgSi1 and CB2-30% are

used. On the vertical axis the ratio between REDcalc and REDreal is given. The horizontal axis
shows the type of tissue.

Figure 10 – Plot of the accuracy of relative electron densities for the tube voltage pair 30/60 kV.
Both reference materials AlMgSi1 and CB2-30% are used. On the vertical axis the ratio between
REDcalc and REDreal is given. The horizontal axis shows difference in Hounsfield units. A line is

fit through the correlation between the RED and the ∆H for ∆H < −500

4.4 The effective atomic numbers of the materials

For the effective atomic number, Zx, three different voltage pairs and both reference materials,
found in section 4.2, are used. All the different settings can be found in table 1. Before Zx could
be obtained, b needed to be determined. This was done with equation 15, with n still as a variable
ranging from 2.6 till 3.5. Zx and ZH2O were both found with equation 18. The values found for b
are given in table 1. From here Zx could be determined as a function of n. To find the best value
for n, the calculated Zx is compared with the Z obtained with equation 18. From now on this later
Z is called the true atomic number, Ztrue. The comparison between the two Z values is done by
calculating the root mean square deviation (RMSD), given in equation 22.

RMSD =
1

N

√√√√∑
x

(
Zx − Zx,true
Zx,true

)2

(22)
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In this equation is summed over all the materials, x. N is used for the total amount of materials.
The n value is chosen for which the RMSD is the lowest. In figure 21 of the appendix the RMSD
is plot versus the n value. The most favourable n value is found to be n=3.20 for the tube voltage
30/60 kV with CB2-30% as reference material. For the tube voltages 30/60 and 60/100 kV, with
reference materials AlMgSi1 and CB2-30%, respectively, n is found to be 3.25. For the last tube
voltage pair, 90/150 kV, the RMSD is found to be the smallest for n=3.30.

To investigate the accuracy of the effective atomic numbers graphs are made, which are shown in
figure 11. In these graphs the left vertical axis shows the obtained Zx and the right vertical axis
shows the difference, Ztrue-Zx. These are both plot versus Ztrue. This is done for all four of the
settings. From the blue graph, which shows Zx, it can be observed that the data points have a higher
fluctuation in 11a and 11b compared to 11d. Looking at the grey data points, this effect becomes
better observable. In 11a the data points are more spread out and in 11c and 11d the points are
more focused around the line ∆Z=0. It should be noticed that the range on the axis for ∆Z is
changed in 11b. This is done because the data points go to lower values.

(a) (b)

(c) (d)

Figure 11 – Correctness of Zx. The left vertical axis shows the obtained Zx and the right vertical
axis shows the difference, Ztrue-Zx. The horizontal axis shows Ztrue.

4.5 The effective atomic numbers of the tissues

The effective atomic numbers of all the tissues are calculated with table 1 and equation 15. Here
ZH2O is obtained with the composition of water and equation 18. To illustrate the accuracy of Zx
graphs are made in figure 12. On the vertical axis the difference between Zx and Ztrue (obtained
with equation 18) is shown. On the horizontal axis the tissue number is shown, which can be found
in table 17 of the appendix. It should be noticed that the range on the vertical axis is changed. For
the reference material AlMgSi1 the maximum deviation is found to be 0.35 and for the reference
material CB2-30% it is found to be 0.11, both for a tube voltage pair of 30/60 kV.
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(a) (b)

Figure 12 – The correctness of the effective atomic number. The vertical axis shows the deviation
from the real effective atomic number. The horizontal axis shows the number of the tissue.

Figure 13 – The correctness of the effective atomic number compared to the Hounsfield unit
difference. The vertical axis shows the deviation from the real effective atomic number. The

horizontal axis shows ∆H = H1 −H2

Again a correlation was found between the difference in Hounsfield units and the correctness of the
effective atomic number. For both reference materials the correlation is plotted, both with a tube
voltage pair of 30/60 kV (figure 13). The grey and the blue data points from figures 12a and 12b,
respectively, are plotted in this figure. The effective atomic number depends on the relative electron
density, equation 15. It was found that the deviation of the relative electron density influences the
effective atomic number. If the relative electron density was scaled with the correlation curve 10, the
effective atomic number becomes more accurate. This was found to be true for the most deviating
tissue skeleton cortical bone. The method which is used is explained below:

From figure 13 it can be seen that the most deviating tissue (for both reference materials) has a
Hounsfield unit difference of -3047. This corresponds to the material skeleton-cortical bone. From
figure 10 the correlation curves could be observed. If the relative electron density of skeleton cortical
bone was scaled by this curve it influenced the accuracy the effective atomic number. It was found
that effective atomic number was in between 0.01 accuracy of the Zx for skeleton cortical bone with
the reference material CB2-30%.
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(a) AlMgSi1, 30/60 kV (b) CB2-30%, 30/60 kV

(c) CB2-30%, 60/100 kV (d) AlMgSi1, 90/150 kV

Figure 14 – The accuracy of the relative electron density when noise is introduced. The blue data points
show the calculated RED and the error bars show the possible deviations when noise is present.

4.6 Noise on the Hounsfield units

To study the effect of noise on the Hounsfield units, noise is added to the Hounsfield units. This
is done by adding and subtracting of a value of 10 on the Hounsfield units. This study was done
for six different tissues. The tissues which were chosen are: lung-inflated, adiopose tissue 2, liver 2,
muscle skeletal 2, skeleton-cortical bone, humerus (total bone). The new obtained Hounsfield units
are given in table 20 of the appendix.

It was found that for all tissues the calculated relative electron density becomes larger when 10 HU
is added to H1 and 10 is subtracted from H2. In contrary the relative electron density becomes
smaller when 10 HU is subtracted from H1 and 10 HU is added to H2. Figure 14 visualizes the
deviation of the relative electron density with noise present. In these figures the vertical axis shows
the ratio between REDcalc and RED real. The horizontal axis shows the type of tissue, which can be
found in table 20. The blue dots indicate the ratio which is found with the Hounsfield units without
noise. Since the calculated value of the RED can be different than the real RED not all blue dots
lie on the line REDcalc/REDreal=1. The error bars indicate the range of the deviation, when a noise
value of 10 HU is present. It should be noticed that the range on the vertical axis is changed for
figure 14c and figure 14d. It is observable that the calculated RED becomes more accurate when
the tube voltage is increased. However, at the same time the magnitude of the deviations (the error
bars) increase.

The effect of noise on the effective atomic number is shown in figure 15. In the plots the blue
data points illustrate the calculated effective atomic number. The error bars show the range of
fluctuations around the Zx for a noise value of 10. It should be noticed that the range on the
vertical axis in figure 15c and figure 15d has changed. It was found that when 10 HU was added to
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(a) AlMgSi1, 30/60 kV (b) CB2-30%, 30/60 kV

(c) CB2-30%, 60/100kV (d) AlMgSi1, 90/150 kV

Figure 15 – The correctness of the effective atomic number when noise is introduced. The blue data
points show the calculated effective atomic number and the error bars show the possible deviations when

noise is present.

H1 and 10 HU was subtracted from H2 that the calculated effective atomic number became smaller.
The opposite effect happened when 10 HU was subtracted from H1 and 10 HU was added to H2.
From the graphs it can be seen that deviation of Zx around Ztrue decreases when the tube voltage
is increased. However, the magnitude of the fluctuations around Zx increased.
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5 Discussion

In the first part the relative electron densities of the materials are determined with the reference
material AlMgSi1. This was done for both tube voltage pairs 30/60 kV and 90/150 kV, figure 6.
It was found that the accuracy deteriorated significantly with a lower tube voltage. For bone-like
structures there was a deviation of 7%, which is too large to use for the determination of the proton
stopping power.
CB2-30% was used as reference material as well. From figure 7 it can be observed that the relative
electron densities estimated with AlMgSi1 are too large and with CB2-30% are too small. This effect
has to do with strength of the attenuation coefficient compared to water and it is further explained
in appendix 7.3. The overall accuracy of the RED of the materials did not change. However, the
materials for which the deviation occurred did. The largest deviations occurred with the materials:
AlMgSi1, Silicon oil Siluron 5000, Potassiom chloride sol and Al2O3 99.7%. Since these materials
are not present in the human body, CB2-30% is chosen as the best reference material to use for the
calculation of the relative electron density.
To further investigate the effect of the tube voltage, it is increased to 60/100 kV. For the reference
material AlMgSi1 an accuracy of 1% is found and for the reference material CB2-30% an accuracy
of 0.2% (if the four materials mentioned before were not taken into account). In comparison to the
high tube voltage of 90/150 kV, it is almost the same accuracy. The tube voltage 90/150 kV has an
accuracy of 0.2% (figure 6).
In the next part the relative electron densities of the tissues are determined. Again this was done for
the tube voltage pair of 30/60 kV and both reference materials AlMgSi1 and CB2-30%. Once more
the electron densities obtained with the reference material AlMgSi1 turned out less accurate than
the electron densities obtained with CB2-30%. With the reference material CB2-30% an accuracy
of 2% was obtained.
For both sets of relative electron densities we found a linear correlation with the difference in the
Hounsfield units. Since the reference material CB2-30% shows a higher accuracy this material is
preferred for further calculations. With the use of the equation in figure 10 it is possible to obtain
an accuracy of 0.3% for the largest deviating tissue skeleton-cortical bone, with a tube voltage of
30/60 kV. To calculate the factor, which is used to scale the RED, the difference in Hounsfield units
is used. This means that noise has an amplified effect on this factor. So the influence of noise needs
to be studied. According to [11] the value of noise lies around 10. This means that ∆H can differ
with 20. With the use of the equations in figure 10 it is found that this will have an influence of
0.03% on the accuracy if the relative electron density. It is concluded that noise will not have a
significant effect on this method. This research is done with 82 human tissues, however, other tissues
may exist which are not consistent with the fit. Before the method is used the tissues present in the
irradiated part need to be compared with these 82 tissues.
Equation 15 is used to determine the effective atomic numbers of the materials and the tissues. In
this equation there were two variables present: n and b. In previous studies n was approximated to
be 3.3. Here the n values found were: 3.20, 3.25 and 3.30, in agreement with earlier studies. The
correctness of the effective atomic number can be found in figure 11 and 12, for the materials and
tissues, respectively. It is observed that the correctness decreased with an decreasing tube voltage.
In figure 13 the correctness of both reference materials, with a tube voltage pair of 30/60 kV, is
compared. The atomic numbers achieved with the reference material CB2-30% turned out to be
closer to the atomic number calculated with equation 18. A maximum difference of 0.1 is found
for the tissue skeleton - cortical bone. From the same figure 13 a correlation is observed with the
difference in Hounsfield. This is due to the fact that the effective atomic number depends on the
relative electron density. When the relative electron density was scaled for the ratio found in figure
10 the correctness of the Zx of skeleton - cortical bone increased to 0.01.
For the relative electron density and the effective atomic number the influence of noise on the
Hounsfield units is tested. From the previous discussion the tube voltage pair of 30/60 kV and the
reference material CB2-30% was considered as a reliable set-up. To test the influence of noise these
settings were compared to the voltage pair of 90/150 kV with reference material AlMgSi1. For the
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relative electron density the figures 14b and 14d are compared and for the effective atomic number
the figures 15b and 15d. It is found that the accuracy increased with a lower tube voltage. This
can be explained by the behaviour of the linear attenuation coefficient with a lower tube voltage
(Chapter 8 in [5]). This behaviour induces that the ∆H for a lower tube voltage pair is larger than
the ∆H for a higher tube voltage pair. This means that the influence of noise on the ∆H decreases
with a lower tube voltage pair and so the accuracy will increase. However, this method was based
on a noise value obtained from a 100/140 kV dual energy CT. When a lower tube voltage is used
the noise value may differ. This means that the influence of noise on the obtained electron density
and effective atomic number can be different. Before a low kV dual energy CT is used in preclinical
research, research needs to be done into the noise on low kV CT scans.
From figures 14 and 15 it is also observed that the error range for the first tissue is much higher
than for the other tissues. This tissue corresponds to an inflated lung. Errors of 10% and 0.6 were
found for the relative electron density and the effective atomic number, respectively. These errors
would normally be too large to use for the calculation of the proton stopping power. However, the
density of an inflated lung is very low and so the proton energy transfer will be too. A relative large
error in a low proton energy transfer will not effect the absolute proton energy significantly. This
means that the absolute proton energy can still be approximated accurate enough, to use for the
proton stopping power.
When the energy of a photon decreases, the interaction probability with the tissue will increase [5].
This means that the signal which reaches the detector will be lower and so the efficiency will drop if
the tube voltage is decreased. To overcome this effect, the current going through the cathode in the
x-ray tube needs to be increased. This will enhance the amount of photons reaching the detector.
However, at the same time the dose will increase, which is unwanted. So before dual energy CT will
be tested in preclinical research, more research needs to be done into the efficiency of using a tube
voltage pair of 30/60 kV.

6 Conclusion

In this research the accuracy of the use of a low kV dual energy CT for the determination of proton
stopping power was investigated. It is explained how the proton stopping power can be calculated,
from the electron density and the effective atomic number of the tissue, obtained with a dual energy
CT-scan. In this report the accuracy of the electron density and the effective atomic number obtained
with a 30/60 kV dual energy CT was investigated.
Firstly, it was concluded that a voltage pair of 30/60 kV, with reference material AlMgSi1, was
not accurate enough to use for the determination of the proton stopping power. The deviation of
the relative electron density and the correctness of the effective atomic number were 7% and 0.35,
respectively. It was found that the reference material CB2-30% gave more accurate results. The
deviation of the relative electron density and the correctness of the effective atomic number were
2% and 0.12, respectively.
A correlation was observed between the difference in Hounsfield units (using equation 13) and
the accuracy of the relative electron density. The accuracy was increased if it was scaled by the
correlation curve. This resulted in a positive effect on the correctness of the effective atomic number.
The new deviation of the relative electron density and the correctness of the effective atomic number
were 0.3% and 0.02. This can be compared to the accuracy of a 90/150 kV dual energy CT, which
shows the values 0.2% and 0.1. It is concluded that the tube voltage of 30/60kV shows a reasonable
accuracy to use for the determination of the proton stopping power.
The influence of noise on the Hounsfield units was investigated as well. It was observed that the
influence decreases, if a lower tube voltage pair is chosen. However, the noise value was based on a
100/140 kV dual energy CT scan. In further research this value should be based on a low kV dual
energy CT scan. Moreover, this research did not go into depth about the efficiency of a low kV
dual energy CT. The signal reaching the detector will drop if the voltage is decreased. To detect
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enough photons the dose needs to be increased possibly to an unfavourable high level. Before a low
kilo-voltage dual energy CT is used in preclinical research a consideration needs to be made between
the essential signal and the dose.
From the overall research it can be concluded that a low tube voltage of 30/60 kV can be used, with
reference material CB2-30%. However, before the determination of the proton stopping powers with
a dual energy CT can be tested, research needs to be done into the efficiency and the noise of low
kV dual energy CT-scans.
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7 Appendix

7.1 Type of materials and tissues

Table 16 – Materials given by [12]

Figure 17 – Tissues given by [13]
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7.2 Hounsfield units

(a) Materials 1 till 26

Table 18 – Hounsfield units determined with formula 8 for the materials[12]. In the first columns
the tube voltage is given in kV.
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(b) Materials 27 till 39

(a) Tissues 1 till 13

Table 19 – Hounsfield units determined with
equation 8 for the tissues [13]. In the first
columns the tube voltage is given in kV.
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(b) Tissues 14 till 39
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(c) Tissues 40 till 65
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(d) Tissues 66 till 82
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Table 20 – Introduced noise on the Hounsfield units for six different tissues

7.3 Relative electron densities estimated with reference materials AlMgSi1
and CB2-30%

To explain why the REDcalc is estimated larger for the reference material like AlMgSi1 and smaller
for the reference material for CB2-30%, equation 13 is used. This equation can be rewritten in a
way such that the difference between H1 and H2 is apparent. This can be seen in equation 23.

RED =
H2

1000
+ a

(
H1 −H2

1000

)
(23)

The difference of ∆H for AlMgSi1 is larger than the difference for CB2-30% this can be explained
with the following derivation:

H1 −H2 = 1000
( µx,1
µH2O,1

− µx,2
µH2O,2

)
(24)

Since ∆H is negative for both reference materials, the attenuation coefficients should obey the
following equation:

µx,1
µH2O,1

<
µx,2
µH2O,2

(25)

Which can rewritten as:
µH2O,2

µH2O,1
<
µx,2
µx,1

(26)

This means that the attenuation coefficients both drop faster relative to water with an increasing
tube voltage. Moreover, the drop of the attenuation coefficient of AlMgSi1 is even larger than the
drop of CB2-30%, resulting in a larger ∆H.

The influence of the different a values on the relative electron density depend on the sign of H1−H2.
Which is the cause of the different accuracy’s of the relative electron density obtained with AlMgSi1
and the relative electron densities obtained with CB2-30%.
If H1 < H2 the second term of equation 23 will become negative. A larger a value (reference material
CB2-30%) will amplify this effect. Such that the calculated relative electron density obtained with
CB2-30% will turn out smaller.
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If H1 > H2 the second term of equation 23 will become positive. A larger a value (reference material
CB2-30%) will amplify this effect. Such that the calculated relative electron density obtained with
CB2-30% will turn out larger. These both effects can be seen in figure 7.

7.4 Determination of n

(a) (b)

(c) (d)

Figure 21 – The RMSD obtained with equation 22 as a function of n
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