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Abstract

Purpose: Online determination of the elemental composition of tissues near the Bragg peak is a challenge in
proton therapy related studies. In the present work, an analysis method based on the whole spectral information
is presented for the quantitative determination of the elemental composition (weight %) of an irradiated target
from its emitted Prompt Gamma (PG) spectrum.

Materials and Methods: To address this issue, four test phantoms with different weights (%) of *2C, *°0, *°Ca,
and **N elements were considered. The simulated PG spectra were recorded using 3 x 3 inch Nal detectors. A
library consisting of the spectra of single-element phantoms as well as the spectra of test-irradiated phantoms was
produced for 30, 70, and 150 MeV incident protons using the Geant4 Monte Carlo toolkit. The elemental analysis
was performed using the information of the whole spectrum by applying two methods, including the well-known
Genetic Algorithm (GA) and Multiple Linear Regression (MLR).

Results: The results show that the proposed method estimates the oxygen concentration accurately. Furthermore,
the estimated weights of other elements, with both methods, agree well with nominal values in each test phantom,
for the considered energies.

Conclusion: The proposed quantitative elemental analysis of proton-bombarded phantoms using their induced PG
spectrum is expected to be beneficial in treatment planning and treatment verification studies.

Keywords: Proton Therapy; Prompt Gamma-Ray Spectrum; Whole Spectrum Analysis; Genetic Algorithm;
Multiple Linear Regression.
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1. Introduction

The sharp peak of the end of the range, known as
the Bragg peak, offered by proton beam therapy allows
tumors to be exposed to higher doses while minimizing
the energy deposited in healthy surrounding tissues [1].
However, the full potential advantage of this method
could only be achieved by the precise prediction of the
Bragg peak position in treatment planning systems and
its online verification [2]. The online monitoring of dose
distribution is essential to avoid the destructive effect
of deviations of the real treatment from the predicted
dose distribution [3, 4]. The detection of gamma rays
produced in proton therapy is one of the best candidates
to this aim. The gamma monitoring can be performed by
either the B+ emitters or prompt photons [5-8]. While
real-time monitoring needs complex Post processing in
Positron Emission Tomography (PET) [9], Prompt Gamma
(PG) produced by non-elastic nuclear interactions in
target and incident protons within a few Pico-seconds,
can be used for online monitoring in proton therapy
due to their immediate production and relatively larger
yield [10].

The pioneering study of Stichelbaut and Jongen [11]
suggested the possibility of using PGs for monitoring the
particle range in hadron therapy. After that, Min et al.
in 2006 [12] and Testa et al. in 2008 [13] preliminary
detected PG spectra experimentally. In recently published
studies, Polf et al. [14-16] and Verburg et al. [17, 18]
found a correlation between the delivered Spread-Out
Bragg Peak (SOBP) dose distribution and the characteristic
PG-ray production in the presence of tissues with an
unknown composition.

The potential of using PG emission as a method to
acquire information about the irradiated target has been
investigated in proton therapy [16, 19]. Their proposed
method is based on specific gamma lines in the recorded
gamma-ray spectrum of the phantom. According to the
best of our knowledge, there is no attempt at an accurate
guantitative elemental analysis of whole spectral
information of PG spectra generated in proton therapy.

It has been previously demonstrated that using whole
information of gamma-ray spectrum would lead to
more accurate results in the gamma-ray spectroscopy
applications like PG neutron activation analysis [20],
radioisotope identification [21, 22], and environmental
radioactivity [23].
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In the present study, a quantitative elemental analysis
is presented to evaluate the elements’ weight (%) in
some test phantoms, using their whole information of
PG spectra. In the analysis algorithm, two conventional
methods with a whole spectrum approach, the Genetic
Algorithm (GA), and the Multiple Linear Regression
(MLR) were applied.

2. Materials and Methods

2.1. Monte Carlo Simulation

In the present study, the Geant 4.10.03 toolkit [24]
was applied to simulate single-element and multi-element
phantoms for evaluating the feasibility of PG spectroscopy
in the accurate elemental analysis of tissues. To consider
different shallow and deep-seated tumors, different
incident proton beams of 30 MeV, 70 MeV, and 150 MeV
were used in simulations. The approximate ranges of
protons in phantoms of this study are: 0.6 cm for 30
MeV, 3 cm for 70 MeV, and 11 cm for 150 MeV. The
Nal scintillation detector was applied to record the high-
energy PG-rays. The primary support reason to choose
Nal detector is its good detection efficiency for high-
energy PG-rays. The arrangement of the spectroscopy
system is shown in Figure 1. The target was considered
as a cuboid of 2 x 2 x 2 cm?® for 30 MeV, 6 x 2 x 2 cm®
for 70 MeV, and 20 x 2 x 2 cm? for 150 MeV beams.
As can be seen in part (a) of Figure 1, the detection
system consists of two 3 x 3 inch Nal(TI) crystals as

A

Nal crystal
MgO reflector
Al shield

-

Proton be:

Phantom
Detector F'N

Detector shield

Collimator

Figure 1. A schematic view of the geometry of the detection
system used in this study without (a) and with (b) lead shield
and collimator
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the main scintillator, MgO as a reflector layer (0.2 cm
thick), and an aluminum shield (0.05 cm thick). To
decrease the required time for Monte Carlo simulations,
we used two identical detectors in opposite sides.
According to the previous studies [14, 15], the detectors
were located at a 90 angle with respect to the direction
of the proton beam’s central axis as shown in Figurel.
The detectors were also positioned in the Bragg peak
region to record the maximum yield of produced PG-
rays. A planar source with dimensions of 2cm x 2cm
was used in simulations for mentioned proton energies.
As shown in Figure 1, the detector shield and collimator
were considered to investigate their roles in analysis
results by removing the majority of the unwanted
radiations named background. Undesired gamma rays
are the counts produced in the depth of tissue, except in
the Bragg peak region. These counts may be recorded
in each channel of the spectra. For example, Although the
4.44 MeV gamma rays originated from the Bragg peak
region are the desired gamma rays that include beneficial
information, the 4.44 MeV gamma rays originated from
out of the Bragg peak region are undesired and therefore
should be shielded and collimated to prevent overestimating
mass concentration of each element.

A cylindrical lead shield with a thickness of 6.2 cm
along with a semi-quartic collimator [25, 26] presented
in Figure 1b was used in Monte Carlo simulations. The
energy cut-off was set equal to a range of 100 um for
proton, gamma, electron, and positron in different
phantoms in the simulations.

In this work, our analysis method was applied to the
following different scenarios:

*The reliability of the proposed analysis method
was investigated in quantitative analysis of different
phantoms. To do this, the 30 MeV protons as the source
and four phantoms presented in Table 1 as the targets
were considered in Monte Carlo simulations. Oxygen,
Carbon, Nitrogen, and Calcium display a similar trend in
their gamma-ray emission as a function of proton beam
energy. For each element, gamma-ray emission rises
sharply at low proton energies reaching a maximum
between 25 MeV and 35 MeV [14]. So, the 30 MeV
proton energy produces the maximum gamma fluence
and it is an appropriate energy for feasibility studies.
Also, the proton energy is adjusted the through treatment
plan in each clinical case.
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» To evaluate the applicability of the proposed method
in analyzing an irradiated phantom with different proton
energies, phantom 3 of Table 1 was irradiated by 30,
70, and 150 MeV protons in different simulations.

* The collimator role in improving the analysis results
was investigated by analyzing the obtained detector
spectra related to the 70 MeV proton energy and phantom
3 of Table 1.

Table 1. Density and elemental composition of the test
phantoms

Elemental composition (% mass)

p (gcm®) C (o] N Ca
Phantom1 0.95 66.75 31.45 1.80 0
Phantom?2 0.26 11.86 84.63 3.51 0

Phantom3  1.52 27.10  50.60 4.70 17.60
Phantom4  1.05 16.12  80.04 3.84 0

For all incident proton energies, the simulations were
carried out in two steps. In the first step, the phantom
material was chosen to be ?C, 0, ?Ca, and **N single
elements and the resulting PG spectra were recorded in
the detectors. The libraries generated from gamma-ray
spectra of these given elements were established to be used
as a reference to find the weight (%) of that element
inside an unknown target. In the second step, four test
phantoms were simulated.

Since the hydrogen concentration is mapped to zero
in this study, we couldn’t entitle the defined phantoms
as human tissues. Therefore, these are only defined
phantoms though they can be extended to other tissues
with estimated hydrogen concentration in unknown
phantoms through any biological methods such as the
method presented in Ref. [27] and scale other elements'
concentration. This is not a shortcoming of our work, in
fact, the interaction between proton and hydrogen does
not produce any characteristic prompt gamma rays. So,
the analysis method based on the prompt gamma spectrum
cannot estimate the hydrogen level.

The resolution of the detector was also taken into
account in simulations by convolving the Geant4 results
with the Full Width at Half Maximum (FWHM) of the
Nal detector. The FWHM of Nal detector shows a
nonlinear response versus energy and can be calculated
by Equation 1:

FWHM = a + by/E + cE? (1)
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Where E is the incident gamma-ray energy and
constant parameters a, b, and ¢ depend on the detector
type, size, and front-end electronics. In this work, these
parameters were taken from ref. [28] for high energy
PG-rays recorded in a 3 x 3 inch Nal detector with the
following values:

a =—0.00789 MeV;
1
b =0.06769 MeVz;

¢ =0.21159 MeV 1

Once the gamma-ray spectra were produced for single
and compound phantoms using the Monte Carlo approach,
the weight (%) of elements was calculated by applying
the GA and MLR analysis methods in each test phantom.

2.2. Analysis Methods

Whole Spectrum Analysis (WSA) is one of the well-
known elemental analysis methods. It has been previously
introduced to overcome the disadvantages of the peak
analysis method in gamma-ray spectroscopy [20, 22]. The
entire gamma-ray spectrum, including both the photopeaks
and the Compton continuum is taken into account in the
WSA method [22]. In this method, it is assumed that the
detector spectrum is a linear combination of contributing
fundamental library spectra in an unknown sample, as
in Equation 2 [29, 30]:

N+¢e=Rx (2)

Here, the vector N is the recorded detector gamma-
ray spectrum related to the unknown sample; ¢ is the
statistical error related to the detector spectrum; R is the
response matrix of the detector in which the columns are
the fundamental library spectra; and X is the contribution
of the sample components.

In the present study, the WSA method is applied for
the elemental analysis of PG-ray spectra induced in
proton therapy. This approach is implemented using
two optimization methods: the MLR and GA method.

The analytical optimization MLR method has frequently
been used for the analysis of gamma-ray spectra in the
literature [21, 29, 31]. It makes use of all the available
constituent of library spectra to fit an unknown PG-ray
spectrum using linear regression [22, 29]. As there are
four constituent library spectra (**C, *°0, 2°Ca, and *N)
considered in the current work, the MLR is applied with
four library spectra.
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The GA method is an artificial intelligence optimization
technique [32-35] that has been successfully applied for
analyzing complex gamma-ray spectra with the WSA
method [21, 36]. For gamma-ray spectrum analysis,
the GA method is applied to minimize both the Mean
Absolute Error (MAE) and the Root Mean Square Error
(RMSE) as presented in Refs. [30, 36]. The standard
deviation of the estimated values using the GA method
is also calculated as shown in Equation 3 [21, 31].

“N_Nestllz .
olx;) = — , j=1,...m 3
() vn—mx ||R; — Rj||, (3)

Here, N is the detector spectrum; N,; is the estimated
spectrum; a(xj) is the standard deviation of the estimated
values; R; is the jth column of the response matrix with
a dimension of n; and Rj is the mean of the jth column
of the response matrix.

The developed algorithm was applied for analyzing
the simulated PG-ray spectra using the obtained response
matrices and the results are presented in the next section.

Verification of the simulations is of high importance
and the straightforward method is to compare the various
simulated gamma lines to the experimental ones. We
have compared all of the simulated gamma lines to those
of previously reported works [14-18, 37]. However, there
are a few protons-induced prompt gamma spectrometer
facilities that have been assembled in the world. We
investigated the cross-section of produced prompt gamma
rays versus proton energy and compared the results with
those of experimental ones reported in the literature [18,
19, 37]. The results are in acceptable agreement between
and show that the simulation of interactions and applied
physics model are correct [19, 38]. In addition, we
compared the simulated prompt gamma spectra of some
elements with those of experimental ones in our previous
work [38]. Furthermore, the validation of our study was
accomplished according to the following steps:

1- Pre-defining a phantom and simulating the related
spectrum.

2- Considering the simulated spectrum as the spectrum
of an unknown phantom.

3- Analyzing the spectrum using the optimization methods.

4- Comparing the obtained weight percent of elements
with those of pre-defined values.
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3. Results

A set of library spectra from gamma lines of the **C,
160, ®Ca, and N elements in tissues, is established
by simulating single-element phantoms with densities
equivalent to test phantoms 1, 2, 3, and 4 reported in
Table 1, respectively. The obtained gamma spectra due
to the 30 MeV proton beam for *C, ?°Ca, **N, and *°O
elements with a density of phantom 3, with and without
FWHM, are illustrated in Figures 2a, 2b, 2c, and 2d,
respectively.
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Figure 2. The library spectra of PG-ray for elements of
phantom 3 corresponding to 30 MeV protons: (a) carbon,
(b) calcium, (c) nitrogen, and (d) oxygen with and without
FWHM broadening
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To show detailed information on our considerations
of physical interactions in simulations, a logarithmic plot
of PG normalized counts before applying the detector
FWHM related to part (a) of Figure 2 is presented in
Figure 3. The PG lines, as well as the Compton continuum,
Compton edge and single and double escape peaks
(resulted from the pair production interaction) can be
observed in the detector spectrum.
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4.44 MeV

Compton edge

10°

DE 4.44 MeV

Normalised Count
v
=

L 1 n I L L
4 5 6 7 8 9 10

i
1 2 3

Gamma Energy (MeV)

1
Eos
S 0.6
3
504
£
202

ol . . )

1 2 3 4 8 9 10

5 6
Gamma Energy (MeV)

Figure 3. The PG-ray spectrum for the carbon of
phantom 3 without (top panel) and with (bottom panel)
FWHM broadening. The SE and DE in the upper part
refer to single-scape and double-scape peaks

The proton history is 1e9 which is in order of clinical
proton flux in the proton therapy. The mass concentration
of elements is not directly from Monte Carlo simulations
and the uncertainty of prompt gamma counts in each
gamma energy-channel is low (as a quantitative scale, it
is less than 0.1% in photo peaks of spectra). However,
one of the advantages of WSA is its less sensitivity to
low uncertainty of gamma counts in each channel.

The estimated quantities of each element (Wes)
obtained from GA and MLR algorithms are listed in
Tables 2, 3, 4, and 5 for 30 MeV protons corresponding
to the phantoms 1, 2, 3, and 4, respectively. The nominal
weights of each element in Table 1 are shown in the
second column of these Tables. The Standard Deviations
(STD), as a measure of precision, and the relative error,
as a measure of accuracy, are also included in the Tables
for both the GA and MLR methods.

In order to evaluate how well the GA and MLR
algorithms can be used as a method to quantitatively
estimate the elemental composition of a target from its
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Table 2. Quantitative Elemental Analysis of phantom 1 corresponding to 30 MeV protons

) MLR GA
Element Nominal W (%)
West = STD (%) Error (%) West £ STD (%) Error (%)
C 66.75 66.41 + 0.57 0.50 66.50 £ 0.57 0.37
Ca 0 0 - 0 -
N 1.80 2.23+£0.24 23.71 2.05+0.24 14.17
0] 31.45 31.36 £0.28 0.28 31.44+0.28 0.02

Table 3. Quantitative Elemental Analysis of phantom 2 corresponding to 30 MeV protons

MLR GA
Element Nominal W (%)
West £ STD (%) Error (%) West £ STD (%) Error (%)
C 11.86 11.50 £ 0.60 3.03 11.66 + 0.60 1.65
Ca 0 0 - 0 -
N 3.51 5.12 £0.26 45.85 4,93 +£0.26 40.41
(0] 84.63 83.34 £0.30 1.48 83.41£0.30 1.44
Table 4. Quantitative Elemental Analysis of phantom 3 corresponding to 30 MeV protons
MLR GA
Element Nominal W (%)
West £ STD (%) Error (%) West £ STD (%) Error (%)
C 27.10 27.50 £ 0.61 1.47 27.69+£0.61 2.16
Ca 17.60 15.60 £ 0.11 11.39 15.60 + 0.11 11.38
N 4.70 6.04 £ 0.26 28.59 5.99 + 0.26 27.36
O 50.60 50.86 + 0.30 0.51 50.73£0.30 0.26
Table 5. Quantitative Elemental Analysis of phantom 4 related to 30 MeV protons
MLR GA
Element Nominal W (%)
West £ STD (%) Error (%) West £ STD (%0) Error (%)
C 16.12 16.15 + 0.60 1.18 16.16 + 0.60 0.26
Ca 0 0.23+£0.10 - 0.20+ 10 -
N 3.84 3.73+£0.25 2.73 3.67£0.25 4.34
(0] 80.04 79.89 £ 0.30 0.19 79.97 £0.30 0.09

gamma-ray spectra, the estimated weight (%) of each
element is multiplied by the corresponding gamma-ray
library spectrum to reversely construct the compound
phantom gamma-ray spectrum. The reconstructed gamma-
ray spectra corresponding to 30 MeV protons for GA
and MLR methods and calculated spectra by Geant4
are shown in Figure 4 for test phantom 3. It has to be
noted that similar results were obtained for reconstructed
spectra related to phantoms 1, 2, and 4. For the sake of
brevity, only the quantitative results are presented in
Tables 2, 3, and 5.
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To investigate the applicability of the proposed analysis
method for higher energy protons, the elemental analysis
was also performed for 70 and 150 MeV protons irradiated
on phantom 3, as an example of our test phantoms. The
analysis results corresponding to 70 MeV and 150 MeV
protons for phantom 3 are presented in Tables 6 and 7,
respectively. Furthermore, the reconstructed gamma-ray
spectra for GA and MLR methods and calculated spectra
using Geant4 corresponding to 70 MeV and 150 MeV
are shown in Figures 5 and 6, respectively.
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Figure 4. The reconstructed spectra obtained using MLR and GA methods and the calculated spectrum for
phantom 3 corresponding to 30 MeV protons

Table 6. Quantitative Elemental Analysis of phantom 3 corresponding to 70 MeV protons

MLR GA
Element Nominal W (%)
West = STD (%) Error (%) West £ STD (%0) Error (%)
C 27.10 26.64 £ 0.41 1.68 26.58 £ 0.41 1.92
Ca 17.60 17.16 = 0.05 2.50 17.14 £ 0.05 2.58
N 4.70 6.06 +0.21 29.05 6.24 +0.21 32.84
O 50.60 50.13+0.21 0.93 50.03 +0.21 1.12
Table 7. Quantitative Elemental Analysis of phantom 3 corresponding to 150 MeV protons
MLR GA
Element Nominal W (%)
West £ STD (%) Error (%) West = STD (%) Error (%)
C 27.10 22.88 £0.29 15.56 22,74 £0.29 16.09
Ca 17.60 17.31£0.04 1.65 17.40 £ 0.04 1.15
N 4.70 8.57+0.19 82.27 8.64 £0.19 83.78
o] 50.60 51.24 +0.20 1.26 51.23+0.20 1.24

T

—— Simulated spectrum by Geantd
Reconstructed spectrum for MLR method | |
Reconstructed spectrum for GA method

..»J\,\/\\ |

w\',l' \

=
3
> >

<
B
N
S

Normalised Count
s = 2
- - "
T T

Gamma Energy (MeV)

Figure 5. The reconstructed spectra obtained using MLR and GA methods and the calculated spectrum for
phantom 3 corresponding to 70 MeV protons
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phantom 3 corresponding to 150 MeV protons

To examine the effect of applying a detector shield and
collimator on the analysis results, the 70 MeV protons and
phantom 3 were selected as an example of considered
proton energy and test phantom, respectively. The analysis
results corresponding to this scenario are presented in
Table 8. It should be noted that the present work is a
preliminary study in this field aiming to investigate the
effect of adding a collimator on improving the results.
Optimizing the shield and collimator characteristics
can be accomplished for a wider set of proton energies.

4. Discussion and Conclusion

The library spectra of the **C, *0, *Ca, and N
elements in human tissues studied in the current work
include gamma lines of 4.44 MeV for carbon, 4.44,
6.13, 6.92, and 7.12 MeV for oxygen, 1.37, 3.74, and
3.91MeV for calcium, and 1.64, 2.32, and 5.11 MeV for
nitrogen. According to the obtained results presented
in Tables 2-5 for 30 MeV protons, Table 6 for 70 MeV
protons, and Table 7 for 150 MeV protons, the weight
percentage of oxygen is calculated accurately which is
a vital piece clinical evidence for monitoring the cellular

metabolism. The calculated weight percentage of carbon
and calcium using both GA and MLR methods are in good
agreement with the corresponding nominal values in all
the test phantoms (Table 1), as shown in Tables 2-5
for 30 MeV protons, Table 6 for 70 MeV and Table 7
for 150 MeV protons. Generally, the relative errors of
GA are smaller than those of MLR due to the applied
cost function in the GA algorithm.

The main origin of relative errors in Tables 2-7 can
be related to the statistical error. In addition, the lower
counts of gamma lines are due to either small cross sections
or a small amount of corresponding elements in the test
phantoms. For example, since nitrogen is a minor element
as shown in Table 1, the error related to the estimated
concentration of nitrogen is larger than other elements
according to the results presented in Tables 2-7. It should
be noted that the smaller concentration of an element leads
to its smaller contribution to the detector output spectrum
and the estimated amount of that element is highly
sensitive to the background. Furthermore, the estimated
error of nitrogen concentration increases with increasing
proton energy due to introducing more complexity to the
spectra by generating similar peaks for different elements

Table 8. Quantitative Elemental Analysis of phantom 3 corresponding to 70 MeV protons for the collimated

detector
. MLR GA
Element Nominal W (%)
WestzSTD (%0) Error (%) WestzSTD (%0) Error (%)
C 27.10 27.08+0.25 0.07 27.08+0.25 0.06
Ca 17.60 16.81+0.05 4.50 16.93+0.05 3.80
N 4.70 5.93+0.18 26.25 5.42+0.18 15.42
(0] 50.60 50.18+0.16 0.83 50.56+0.17 0.08

FBT, Vol. 10, No. 1 (Winter 2023) 78-87
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such as 4.44 MeV gamma line for carbon, oxygen, and
nitrogen. A significant improvement in estimating the
nitrogen concentration can be seen by comparing the results
presented in Tables 6 and 8 related to the uncollimated
and collimated gamma-ray detector for 70 MeV protons,
respectively. We think that the obtained results can be
further improved by optimizing the different collimator
characteristics.

In conclusion, the WSA approach was successfully
applied to analyze the proton-induced PG-ray spectra
obtained using 3 x 3 inch Nal(TI) detectors. The required
gamma-ray spectra were obtained using the Geant4
toolkit for single-element and multi-element phantoms.
The results of applying the WSA in the obtained spectra
of four test phantoms using the two well-known GA and
MLR methods show that these methods provide an
evaluation of the weight (%) of elements in different test
phantoms. Strictly speaking, our analysis approach has
the potential to be used for analyzing complex PG-ray
spectra obtained using high-efficiency detectors (like
Nal and BGO) in proton therapy setups.

This analysis method is useful for the online
determination of the elemental composition of tissues
near the Bragg peak in proton therapy. It determines the
elemental composition of tissues from their measured
PG-ray spectra along with Monte Carlo simulated library
spectra. Moreover, it has the potential to be used for
comparing the concentrations of elements in the normal
and cancer tissues at different time points of the treatment
period. However, more clinical considerations are required
in simulation setups. The present study provides sufficient
evidence for introducing a quantitative elemental analysis
of proton-bombarded phantoms using their induced
PG spectra.
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