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Mean excitation value Definition

Stopping power formula

The model of the collision stopping power from [Bethe, 1930]

S = 4πr2
emec

2ρe
z2

β2

[
ln

2mec
2β2γ2

I
− β2

]
omitting shell, density-effect, Barkas and Bloch corrections.

0 50 100 150 200 250 300
Kinetic Energy (MeV)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

β 2

β 2γ2

For protons:

β (E ) =
v

c
=

√
1−

(
mpc2

mpc2 + E

)2

γ (E ) = 1 +
E

mpc2

JM Létang (CREATIS) I -value from pCT and DECT pCT workshop 2018 3 / 25



Mean excitation value Definition

Stopping power dependence
[ICRU, 1993]

Logarithmic dependence of S vs I ⇒ fine accuracy on I not required
2.5 Mean Excitation Energies . . . 13 

1 . 0 

0 . 9 

0 . 8 

0 . 7 

1— 

o 3 
Q 
UJ 
Ct 

r-
2 
I I I 
O 
cz 
Ld 
a. 

0 

0 

0 

0 

6 

5 

4 

3 

0 . 2 

0 . 1 

0 . 0 ' 1 1 1 ! 1 ' , , • , ' • ' 

J 10° 10 ' 10" 

ENERGY/MeV 
Fig. 2.2. Percentage reduction of the electronic stopping power for protons resulting from a 1-percent increase of the mean excitation 

energy. 

fleet not only the improvement of the experimental 
database and advances in the method of analysis, but 
also different subjective judgments. 

In ICRU Report 37 on electron stopping powers 
(ICRU, 1984), estimates of /-values are given for all 
elements. These estimates were based on information 
from stopping-power measurements for protons, deu-
terons and alpha particles, as well as from oscillator-
strength distributions and dielectric-response func
tions. These /-values have been retained in the present 
work, and are listed in Table 2.8. Figure 2.4 illus
trates the non-smooth Z-dependence of the ratio I0 = 
HZ, implicit in the adopted /-values. 

Three new determinations of/-values for elements 
should also be considered. A group at Nara University 
(Sakamoto et al., 1988) deduced /-values for 21 
metallic elements from their stopping-power measure
ments with 6.5-MeV protons. These authors used 
Bonderup's shell corrections combined with Barkas 
corrections according to Ashley et al. (1972, 1973) in 

their analysis. Bichsel (1991, 1992), in the course of 
developing his shell-correction Model 2, examined all 
available stopping-power measurements for protons 
and alpha particles at energies up to 20 MeV to obtain 
/-values for elements with atomic numbers Z > 57. 
Sakamoto et al. (1991) made stopping power measure
ments for 55-, 65- and 73-MeV protons and deter
mined the /-values for ten metallic elements, using 
Bonderup's and Bichsel's shell corrections. In Table 
2.9, the /-values from these new analyses are com
pared with the /-values from ICRU (1984). 

The /-values deduced by Sakamoto et al. (1988), 
based on low-energy measurements, are close to the 
values adopted in ICRU Report 37 for atomic num
bers Z < 50, but are smaller for high-Z elements. The 
estimates of Sakamoto et al. (1991), based on high-
energy measurements, are higher than those in ICRU 
Report 37 for all atomic numbers. The estimates of 
Bichsel (1991) are higher than those in ICRU Report 
37 for some elements, and lower for others. 
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Mean excitation value Elements and compounds

Mean excitation energies for elements
[Tanabashi and PDG, 2018][ICRU, 1984][ICRU, 1993]

The mean excitation energy, I , is a quantity independent of the properties of the
projectile, and depends only on the properties of the medium.

33. Passage of particles through matter 9
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Figure 33.5: Mean excitation energies (divided by Z) as adopted by the ICRU [11].
Those based on experimental measurements are shown by symbols with error flags;
the interpolated values are simply joined. The grey point is for liquid H2; the black
point at 19.2 eV is for H2 gas. The open circles show more recent determinations by
Bichsel [13]. The dash-dotted curve is from the approximate formula of Barkas [14]
used in early editions of this Review.

The remaining relativistic rise comes from the β2γ growth of Wmax, which in turn is
due to (rare) large energy transfers to a few electrons. When these events are excluded,
the energy deposit in an absorbing layer approaches a constant value, the Fermi plateau
(see Sec. 33.2.8 below). At even higher energies (e.g., > 332 GeV for muons in iron, and
at a considerably higher energy for protons in iron), radiative effects are more important
than ionization losses. These are especially relevant for high-energy muons, as discussed
in Sec. 33.6.

33.2.6. Energy loss at low energies :

Shell corrections C/Z must be included in the square brackets of of Eq. (33.5) [4,11,13,14]
to correct for atomic binding having been neglected in calculating some of the contribu-
tions to Eq. (33.5). The Barkas form [14] was used in generating Fig. 33.1. For copper it
contributes about 1% at βγ = 0.3 (kinetic energy 6 MeV for a pion), and the correction
decreases very rapidly with increasing energy.

Equation 33.2, and therefore Eq. (33.5), are based on a first-order Born approximation.
Higher-order corrections, again important only at lower energies, are normally included
by adding the “Bloch correction” z2L2(β) inside the square brackets (Eq.(2.5) in [4]) .

An additional “Barkas correction” zL1(β) reduces the stopping power for a negative
particle below that for a positive particle with the same mass and velocity. In a 1956
paper, Barkas et al. noted that negative pions had a longer range than positive pions [6].
The effect has been measured for a number of negative/positive particle pairs, including
a detailed study with antiprotons [18].

A detailed discussion of low-energy corrections to the Bethe formula is given in

June 5, 2018 19:57

As shown by Bloch [1933] for
the Thomas-Fermi model of the
atom, I ≈ I0Z , with I0
approximately equal to 10 eV.

The most frequently applied method of obtaining I -values is to extract them from
measured stopping powers or ranges, using a stopping-power formula.
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Mean excitation value Elements and compounds

Mean excitation energies for compounds
[ICRU, 1993]

“The determination of the mean excitation energy is the principal
non-trivial task in the evaluation of the Bethe stopping-power formula.”

[Seltzer and Berger, 1982]

In order to obtain an accurate estimate of the I -value, it is necessary to account
for the specific electronic structure of the atom, molecule, or solid.

Bragg’s additivity rule on mass collision stopping power for compound m

(
S

ρ

)
m

=
∑
j

ωj

(
S

ρ

)
j

Bethe
===⇒ ln Im =

∑
j ωj

(
Zj

Aj

)
ln Ij∑

j ωj

(
Zj

Aj

)
with j sum over molecular fragments or functional groups for better accuracy
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Mean excitation value Uncertainty, range and dose

I -value of water
[Besemer et al., 2013][Sabin et al., 2013]
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I -values for water range
in [67 : 82] eV ≡ 18.5%
uncertainty.

A generally accepted
I -value for water has not
been established yet.
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Mean excitation value Uncertainty, range and dose

Human tissue I -value
[Doolan et al., 2016]
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Mean excitation value Uncertainty, range and dose

Impact of I -value uncertainty on range
[Besemer et al., 2013]

892 A Besemer et al

Figure 2. A lateral depth dose curve (SOBP) composed of two right lateral (RL) beams and two
LL beams for the prostate patient. Note the interesting shape of the dose distribution is a reflection
of the sum of two opposing fields. The fluctuations along the SOBP for each case are due to the
tissue heterogeneities within the patient.

two lateral boost fields. Patient 2 was a pancreas patient who was treated with two opposing
oblique lateral beams and an oblique PA beam. Both of these patients were chosen due to
the deep-seated target volume and the large number of heterogeneities along the beam path.
Patient 3 was a liver patient who was treated with a left lateral (LL) and PA beam. Patient 3
was chosen to investigate the impact of I-value uncertainties on a relatively shallow tumor near
low density tissues. dose volume histograms (DVHs), dose difference maps, and dose profiles
were generated for each patient. All doses are reported as the dose-to-tissue.

3. Results

3.1. Uniform variation study

3.1.1. Impact of I-value uncertainty on proton beam range. Uniformly changing the tissue
I-values clearly impacts the shape of the spread-out Bragg peak (SOBP) within the patient as
illustrated for the prostate patient in figure 2. Increasing the I-value of the tissues increased
the proton range within the patient due to a decrease in the stopping power. The increased
range resulted in a wider SOBP which decreased the dose delivered to the target volume and
increased the dose delivered to tissues near the distal edge of each beam. Additionally, the
dose to normal tissues in the entrance region (entrance to the depth of the first 80% dose
level, R80) decreased as well. Inversely, a decrease in the mean excitation energy resulted in
a decrease in the range, which increased the dose in the center of the target volume, as well
as the dose to the normal tissues in the entrance region, and decreased the dose near the distal
edge of the target volume. When the tissue I-values were modulated up to ± 10% the nominal
value, the relative dose in the entrance region differed by about 1.5% from the nominal case
while the while the relative dose in the SOBP region (R80 to R80) deferred by approximately
2.5%. Thus, slightly larger dose differences were observed within the target volume regions.

To quantify the range variations, the range was sampled along three different slices in the
transverse plane for each patient field. The SOBP modulation width was defined as the region
between the proximal 98% and distal 90% isodose levels and each curve was normalized

A lateral depth dose
curve (SOBP)
composed of two right
lateral (RL) beams and
two LL beams for the
prostate patient.

Modulating the I -value up to ±10% the nominal value shifted the R90 range by
up to 7.7 mm (2.7% of the range) from the nominal range.
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Mean excitation value Uncertainty, range and dose

Impact of I -value uncertainty on dose
[Besemer et al., 2013]

894 A Besemer et al

Figure 3. Isodose curves showing the dose difference between treatments with a 10% uniform
decrease/increase in tissue I-values and treatment with the nominal tissue I-values for the (top)
prostate, (middle) pancreas, and (bottom) liver patients. A negative dose difference (‘cool’ colors)
indicates a lower delivered dose than the nominal case while a positive dose difference (‘warm’
colors) indicates a higher delivered dose than the nominal case. The light dotted lines are nominal
isodose lines to show the beam directions.

894 A Besemer et al

Figure 3. Isodose curves showing the dose difference between treatments with a 10% uniform
decrease/increase in tissue I-values and treatment with the nominal tissue I-values for the (top)
prostate, (middle) pancreas, and (bottom) liver patients. A negative dose difference (‘cool’ colors)
indicates a lower delivered dose than the nominal case while a positive dose difference (‘warm’
colors) indicates a higher delivered dose than the nominal case. The light dotted lines are nominal
isodose lines to show the beam directions.

Isodose curves showing
the dose difference
between treatments with
a 10% uniform
decrease/increase in
tissue I -values.

The range changes in the prostate patient resulted in two large dose gradients
regions at the distal edges of the beams where the dose differs from the nominal
case by larger than ±9 Gy in some regions.
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I -value estimation Proposed method

Estimation of I
DECT - pCT combination

Doolan et al. [2016] showed that ignoring many of the corrections in Bethe’s
formulation, as first proposed by Schneider et al. [1996] using optimized I -values
(fitted to measurements of Gammex insert RSPs), has the lowest errors in
determining the RSP.

S = 4πr2
emec

2ρe
z2

β2

[
ln

2mec
2β2γ2

I
− β2

]
S

Swater
= RSP =

ρe,m
ρe,water

[
ln

2mec
2β2γ2

I
− β2

]/[
ln

2mec
2β2γ2

Iw
− β2

]
ρe

ρe,water
= RED

I (x) = 2mec
2β2γ2 exp

(
−RSP(x)

RED(x)

[
ln

2mec
2β2γ2

Iw
− β2

]
− β2

)
Two problems: estimate RSP and RED
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I -value estimation RSP estimation

Estimation of the RSP: pCT
[Arbor et al., 2015][Rit et al., 2015]

Along the proton path P with curvilinear abscissa p

WEPL ≡
∫ Eout

Ein

1

Swater (E )
dE =

∫ Eout

Ein

S (E )

Swater (E )

dE

S (E )
≈
∫
p∈P

RSP (p) dp

assuming that RSP = S (E )/Swater (E ) of a material does not on E .

⇓
Direct reconstruction of the RSP via Radon transform applied to the proton MLP
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I -value estimation RSP estimation

Estimation of the RSP: proton energy dependence
[Arbor et al., 2015]

7590

∫ ∫ ∫Γ
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The effect of the two approximations was evaluated on the Gammex 467 materials (figure 3, 
left) which showed that it is more accurate to consider the reconstructed image as a map of 
tissue RSP rather than a map of relative electron densities.

The simulated proton CT scanner corresponded to an ideal detector composed of two 
planes at the entrance and the exit of the phantom, to register the proton position, direction 
and energy before and after the patient. The proton source was a cone beam positioned at 
200 cm from the isocenter. The longitudinal axis of the phantom was perpendicular to the 
wide-angle plane of the cone beam. The two planes, of size 100 cm  ×  100 cm, were positioned 
at  −80 cm and 80 cm with respect to the isocenter. The planes were assumed to be perfect 

Table 2. Densities, stopping powers and RSPs of the materials of the Gammex 467 
calibration phantom for a 300 MeV proton beam. Inserts position is described in 
figure 1.

Insert ID Materials Density (g·cm3) E xd /d  (MeV·cm−1) RSP

5 LN300 lungs 0.30 1.023 0.291
6 LN450 lungs 0.45 1.552 0.442
3,15 AP6 adipose 0.94 3.314 0.943
13 BR12 breast 0.98 3.412 0.971
8,11 Water solid CT 1.02 3.506 0.998
10 Water insert 1.00 3.513 1.000
9 BRN-SR2 brain 1.05 3.726 1.060
2,16 LV1 liver 1.10 3.755 1.068
1 IB inner bone 1.14 3.808 1.083
4 B200 bone mineral 1.15 3.843 1.093
7 CB2-30% CaCO3 1.34 4.468 1.271
12 CB2-50% CaCO3 1.56 5.051 1.437
14 SB3 cortical bone 1.82 5.733 1.631

Figure 3. Left: reconstructed values of Gammex 467 materials in proton CT images 
compared to theoretical relative electron density and RSP. Right: Geant4 relative 
stopping power of Gammex 467 materials, divided by the 300 MeV value, as a function 
of the proton energy.
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Geant4 relative stopping
power of Gammex 467
materials, divided by the
300 MeV value, as a
function of the proton
energy.

The proton stopping power relative to the proton stopping power of water is
constant with the proton energy within less than 0.7% variations for Gammex 467
materials in the 80− 300 MeV energy range.
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I -value estimation RSP estimation

Estimation of the RSP: deviation
[Arbor et al., 2015]

p@300 MeV – 1mGy imaging dose

7595

Figure 9. Distributions of the voxel-by-voxel absolute deviation of the RSP 
reconstructed from x-ray and proton CT with respect to the ICRP phantom reference. 
Absolute deviation for liver, head and lungs sites are shown for proton CT (left) and for 
x-ray CT with a calibration based on a linear interpolation (middle) and a fit with two 
linear functions (right).
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Figure 10. Two-dimensional RSP absolute deviation with respect to the ICRP reference 
of the proton CT (left) and x-ray CT with a calibration based on a linear interpolation 
(middle) and a fit with two linear functions (right) applied to the head (top), lungs 
(middle) and liver (bottom) sites.
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Figure 11. Absolute deviation of the proton range calculations. Absolute deviation for 
liver, head and lungs cases are shown for the proton CT (left) and for the x-ray CT with 
a calibration based on a linear interpolation (middle) and a fit with two linear functions 
(right).
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x-ray CT with a calibration based on a linear interpolation (middle) and a fit with two 
linear functions (right).
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reconstructed from x-ray and proton CT with respect to the ICRP phantom reference. 
Absolute deviation for liver, head and lungs sites are shown for proton CT (left) and for 
x-ray CT with a calibration based on a linear interpolation (middle) and a fit with two 
linear functions (right).
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Figure 10. Two-dimensional RSP absolute deviation with respect to the ICRP reference 
of the proton CT (left) and x-ray CT with a calibration based on a linear interpolation 
(middle) and a fit with two linear functions (right) applied to the head (top), lungs 
(middle) and liver (bottom) sites.
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liver, head and lungs cases are shown for the proton CT (left) and for the x-ray CT with 
a calibration based on a linear interpolation (middle) and a fit with two linear functions 
(right).
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Deviation of the RSP wrt ICRP reference: high accuracy and a few % precision.
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I -value estimation RED estimation

Estimation of the RED: projection-based DECT
[Alvarez and Macovski, 1976]

Initial decomposition

µ (E ) =
∑
j

aj fj (E ) = a1 E
−3︸︷︷︸

PhE

+a2 fKN (E )︸ ︷︷ ︸
Compton

a1 ≈
K1ρZ

n

A
=

K1ρeZ
n−1

NA
with n ≈ 4 and a2 ≈

K2ρZ

A
=

K2ρe
NA

=⇒ Separable model in space and energy∫
s∈L(u,θ)

µ (x (s) ,E ) ds = A1 (u, θ) f1 (E ) + A2 (u, θ) f2 (E )

Ai (u, θ) =

∫
s∈L(u,θ)

ai (x (s)) ds
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I -value estimation RED estimation

Estimation of the RED: projection-based DECT
[Alvarez and Macovski, 1976]

System of 2 equations with 2 unknowns A1 and A2:

I1(A1,A2) =

∫
E∈spectrum1

S1 (E ) exp [−A1 f1 (E )− A2 f2 (E )] dE

I2(A1,A2) =

∫
E∈spectrum2

S2 (E ) exp [−A1 f1 (E )− A2 f2 (E )] dE

Inversion: Simplex, Polynomial model + calibration

Reconstruction of each 3D material images
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I -value estimation RED estimation

Separability model

µ(m,E ) '
∑

i∈{PhE,CS}

fi (m)gi (E )
Optimal f1 and f2 depend on the material set

Separability in position and energy does not
hold for a large spectrum range

Sensitivity to scatter
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I -value estimation RED estimation

Estimation of the RED: accuracy
[Vilches-Freixas et al., 2016]
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Fig. 5: RED accuracy and precision results for each insert of
the Gammex 467 phantom (78 kV, 94 kV, 0.1 mm Sn) for the
20 mGy acquisition.

0.1 mm Sn) point, orthogonal slices were plot to study the
dependence of the inserts accuracy with the low voltage, the
high voltage and the additional filtration. Due to the limited
space, only those plots relative to the ideal situation are shown
in Figure 6. However, these plots mask the increased presence
of noise in the low density inserts. Low and medium density
inserts are more sensitive to the energy spectra than high
density inserts. The optimal spectra selected by means of the
overall accuracy seems adequate for low and medium density
inserts. According to these plots, for high density tissues it is
preferable to have high LE, medium HE and high filtration.

IV. CONCLUSION

An extensive study of the impact of the dual-energy
spectra on the relative electron density accuracy and precision
was done. An ideal situation without noise and a realistic
acquisition with a total dose of 20 mGy were considered.
The optimal range of low and high energy tube voltages
and additional tin thicknesses in terms of accuracy and
precision were not the same. The precision was improved
with increasing energy separation between the incident spectra,
whereas the accuracy showed little dependence. According
to these results, a material selective spectra optimization is
advisable when performing dual-energy imaging of different
human regions for proton treatment planning. Moreover, it
would be interesting to reproduce the same study considering
a large-size patient.
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I -value estimation Error analysis

Relative error analysis

Im(x) =
(
2mec

2β2γ2 exp
(
−β2

))1−r(x)
I r(x)
w

where

r(x) =
RSP(x)

RED(x)
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I -value estimation Error analysis

RelativeError(I ) =

(
ln

2mec
2β2γ2 exp

(
−β2

)
Iw

)
︸ ︷︷ ︸

K ≈ 8.5

r RelativeError(r)
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2% on both RED and RSP =⇒ 24% on I
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Results

Results: dose
[Arbor et al., 2015]

7593

smaller than the insert size to avoid border effects. For soft tissue inserts with a Hounsfield 
Unit (HU) value around 0, some inserts with similar HU value have a quite different RSP.

Reconstructed values from x-ray CT have been both linearly interpolated (figure 5, 
left) and fitted with two linear functions in a least-squares minimization (figure 5, middle). 
Reconstructed values from the proton CT (figure 5, right) have been adjusted with a unique 
linear function close to identity which was therefore not used in the following.

3.2. Imaging dose

The dose maps of each site and each modality are provided in figure 6 and the correspond-
ing Dose Volume Histograms (DVHs) in figure 7. The DVHs have been computed in the full 
patient volume of about 220 litres. Large differences can be observed between the two maps 
with significantly more heterogeneity in the photon dose maps and quite impressive unifor-
mity in the proton dose maps. This translates into sharper DVHs for proton CT than x-ray CT, 
corresponding to a dose delivery more conformal to the imaged region. The dose criterion, i.e. 
the same volume receiving 1 mGy or more in both modalities, is best visualized in figure 7.

3.3. Relative stopping power maps

One slice of each RSP map is presented in figure 8. A slight blurring of proton CT images 
due to multiple Coulomb scattering can still be observed, despite the use of a reconstruction 
algorithm accounting for the most likely path of protons (Rit et al 2013).

Voxel-by-voxel absolute deviation of the RSP has been computed for all RSP maps. The 
absolute deviation of the RSP is defined as the difference between reconstructed x-ray or pro-
ton CT RSP maps and the ICRP reference map. Results for the three sites have been combined 
in figure 9.

Spatial uniformity of RSP deviation can also be observed in two dimensional image slices. 
The absolute deviation between the x-ray and proton CT RSP maps and the ICRP reference 
were used to produce figure 10.

Figure 6. Spatial distribution of the dose delivered in proton (top) and x-ray (bottom) 
CT in mGy. For each anatomical region (head, lungs and liver), coronal and axial slices 
at the isocenter (black cross) are provided.
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Spatial distribution of the dose delivered in pCT (top) and xCT (bottom)
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Results

Results
ICRP 110 phantom

RSP RED I
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Results

Results
ICRP 110 phantom

ROI Tissue RED (unitless) RSP (unitless) I (eV) σI (eV) I error
Ref. µ ± σ Ref. µ ± σ Ref. Med ±σ theory (%)

  

1

2
3

4

13

24

5

1

2

3

4

5

1 Adipose 0.95 0.95 ± 0.02 0.97 0.97 ± 0.02 63 60 ± 13 14 -5.0
2 Brain 1.04 1.05 ± 0.02 1.06 1.06 ± 0.02 69 71 ± 20 17 3.0
3 Muscle 1.04 1.04 ± 0.02 1.05 1.05 ± 0.02 69 74 ± 14 15 7.2
4 Salivary gland 1.02 1.02 ± 0.02 1.04 1.04 ± 0.02 68 67 ± 13 15 -1.2

  

1

2
3

4

13

24

5

1

2

3

4

5

1 Mammary gland 1.02 1.02 ± 0.02 1.04 1.05 ± 0.02 64 62 ± 20 22 -3.1
2 Blood 1.05 1.05 ± 0.02 1.06 1.06 ± 0.02 70 70 ± 24 21 0.8
3 Mammary gland 1.02 1.02 ± 0.02 1.04 1.04 ± 0.02 64 65 ± 24 21 1.6
4 Compressed lungs 0.38 0.38 ± 0.02 0.39 0.39 ± 0.02 70 54 ± 46 49 -21.8
5 Muscle 1.04 1.03 ± 0.04 1.05 1.04 ± 0.04 69 65 ± 36 37 -6.9

  

1

2
3

4

13

24

5

1

2

3

4

5

1 Muscle 1.04 1.04 ± 0.03 1.05 1.05 ± 0.03 69 67 ± 29 30 -2.9
2 Urine 1.03 1.03 ± 0.05 1.05 1.04 ± 0.05 70 60 ± 37 33 -14.5
3 Femora spongiosa 1.04 1.03 ± 0.05 1.06 1.05 ± 0.05 67 62 ± 39 36 -7.1
4 Muscle 1.04 1.05 ± 0.05 1.05 1.06 ± 0.05 69 78 ± 38 47 12.3
5 Adipose 0.95 0.95 ± 0.04 0.97 0.98 ± 0.04 63 59 ± 37 35 -6.5

I -value not a Gaussian distribution ⇒ ROI median value
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Conclusions

Conclusions

Difficulty in estimating I -value for compounds

Proposed method reached 15% accuracy for most anatomical sites

Similar noise contributions (about 2%) for RSP and RED

RSP with 5 mGy pCT
RED with 20 mGy DECT

Limitations: pCT with perfect detectors (energy and position)

Application:

Intra-organ or intra-tissue variability of I -value
Build a database of different population groups
(children/adult, male/female, ill/healthy...)
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