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Aim: The purpose of this work was to estimate the dependency between the produced

positron emitters and the proton dose distribution as well as the dependency between points

of  annihilation and the proton dose distribution.

Background: One important feature of proton therapy is that, through the non-elastic nuclear

interaction of protons with the target nuclei such as 12C, 14N and 16O, it produces a small

number of positron-emitting radioisotopes along the beam-path. These radioisotopes allow

imaging the Bragg peak position which is related to the proton dose distribution by using

positron emission tomography.

Methods: In this study, the GEANT4 toolkit was applied to simulate a soft and bone tissue

phantom in proton therapy to evaluate the positron emitter productions and the actual

annihilation points of �+. Simulation was done by delivering pencil and spread-out Bragg

peak (SOBP) proton beams.

Results: The findings showed that (15O, 11C, 13N) and (11C, 15O, 38K, 30P, 39Ca, 13N) are the

most suitable positron emitters in the soft and bone tissue respectively. By increasing the

proton energy, the distance between the peak of annihilation profile and Bragg peak is almost

constant, but the distance between the Bragg peak position and positron annihilation point

peak in bone tissue is smaller than that in the soft tissue. The peak of �+ activity distribution

becomes sharper at higher proton energies.
Conclusions: There is a good relationship between the positions of positron annihilation pro-

file and positron emitters radioactive decay. Also, GEANT4 is a powerful and suitable tool

for  simulation of nuclear interactions and positron emitters in tissues.
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duction density results of C, N, O, K, P, Ca, F and
positrons annihilation points for bone and soft tissue phan-
reports of practical oncology an

.  Background

owadays, cancer is a major disaster around the world.
wenty-five percent of all deaths in Europe have been asso-
iated with different types of cancers. In fact, cancer is the
ain cause of mortality in the age range of 45–65 years.1 The
ain goal in cancer treatment is to destroy the tumor tissues

nd spare the adjacent healthy tissues.2

Proton therapy is increasingly gaining acceptance in cancer
reatment. The power of proton therapy is that the maximum
adiation dose (at the Bragg peak) is deposited just before the
nd of the proton path. Beyond this point, the dose quickly falls
own near zero. This characteristic enables proton beams to
eliver a large radiation dose to the tumors while sparing crit-

cal distal organs. In order to achieve ideal proton treatment
utcomes, an accurate calculation of tissue stopping power

s needed to estimate range and proton beam dose. Despite
hese benefits, currently, there are many  unanswered ques-
ions regarding proton therapy.3 One of the most important
nknowns is the uncertainty in the position of the Bragg peak.
he exact determination of the peak position is difficult due

o internal motions of the patient organs during the treatment
ourse. Therefore, to adjust the Bragg peak position, it is essen-
ial to have an online monitoring system. Positron emission
omography (PET) is potentially a very useful and powerful
ool for monitoring the dose distribution in proton therapy.4–9

his method is based on the detection of 0.511 MeV  pho-
ons, resulting from the annihilation of positrons emitted by
ositron emission radioactive decay. Positron emitters, such
s 11C, 13N, 15O are produced via non-elastic nuclear reaction
f protons with the target nuclei of the irradiated tissue. After
+ decay, positrons move through the matter and they con-
inually lose their energy by coulomb scattering. Coincidence
etection of the two collinear photons by PET camera makes

t possible to determine the Bragg peak position in proton
herapy.

Due to multiple scattering of the positron, its path in a
issue is far from a straight line, and its average penetra-
ion depth is shorter than its actual depth. This difference
s described by a detour factor.10,11 Since the positrons
low down by multiple scattering, e+–e− annihilation takes
lace practically at rest. Therefore, the angle between the
omenta of the emitted photons is close to 180◦ and can

e detected outside the patient body by a PET system. There
re complexities in nuclear interactions and spatial rela-
ionship between delivered dose and �+ activity. However,
t needs some models to describe the complex physics of
harged particle interactions. GEANT4 is a Monte Carlo code
hat is able to manage elementary particles and heavy ion
nteractions from the threshold up to cosmic range ener-
ies.

In this paper, we  have done Monte Carlo simulations
f biological tissues irradiated by pencil and spread-out
ragg peak (SOBP) proton beams to determine the main
ositron emitters (11C, 13N, 15O, 38K, 30P, 39Ca, 18F) and

+
he actual � annihilation points for each type of tissue.
hese simulations have been done by GEANT4 Monte Carlo

oolkit.
iotherapy 2 2 ( 2 0 1 7 ) 52–57 53

2.  Materials  and  methods

Geant4, version 4.10.01, is a C++ toolkit for simulating the
transport and interactions of particles in matter, modeling
comprehensively physical processes over a wide range of
energies.12 First, protons are emitted from the point source
without any dispersion in energy. For generating SOBP beams,
discrete spectra with 68.2 and 119.15 MeV mean energies are
simulated. Positron emitter productions and positron annihi-
lation points are recorded as long as radioactive decay and pair
annihilation process take place.

The models we used in the physics list contain the standard
package and binary cascade model for EM and hadronic inter-
actions. The geometry is a cubic phantom with dimensions of
60 × 20 × 20 cm3. Here we have considered two different types
of phantoms: soft tissue (0.1% H, 0.11% C, 0.02% N, 0.76% O) and
bone tissue (0.063% H, 0.27% C, 0.027% N, 0.41% O, 0.002% Mg,
0.07% P, 0.002% S, 0.14% Ca) with density of 1 and 1/85 g/cm3,
respectively.13

3.  Results  and  discussion

The simulations were performed using pencil and SOBP pro-
ton beams irradiating a soft and bone tissue by using the
GEANT4 toolkit. The number of protons used in each set of
the simulations was 4 × 106. Simulation results for yields of
positron emitter nuclei per beam particles in beam direction
for four different proton energies are listed in (Tables 1 and 2).

The results in Table 1, for the soft tissue, show that the
yields of 15O, 11C, 13N and 18F are ordered and the yields are
increased by the energy beam. However, in Table 2, 11C has
the highest yield instead of 15O. Because the 12C(p, pn)11C and
16O(p, pn)15O cross sections are different in these types of tis-
sues. The yields of other �+-emitting nuclei, such as 18F, are
negligible.

The yields of positron emitter productions depend on the
incident beam energy and composite material of the target
and strongly depend on the modeling of nuclear interactions.
So it takes some models to describe the complex physics of
charge particle interactions. Also, the content of the consid-
ered isotopes in soft and bone tissues influences these yields.

With this analysis, it can be seen that 11C and 15O nuclei
are the most suitable radioisotopes for monitoring the Bragg
peak position in proton therapy. Most of the 11C nuclei with
20.39 min  half-life will survive for 10–20 min  after stopping the
proton irradiation.

The results regarding the distance of the Bragg peak and
50% peak fall-off in positrons annihilation points curve are
listed in Table 3. Also in Table 3, the distances between the
Bragg peak and peak of �+-activity distributions are illustrated.

In order to use the PET method for dose monitoring, the
employed calculation tool must well describe both the dose
and �+-activity distributions, like the GEANT4 toolkit. The pro-

11 13 15 38 30 39 18
tom under proton pencil beam are presented in Figs. 1–4.
The total dose deposited in the tissue is superimposed with a
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Table 1 – Calculated yields of positron-emitting nuclei (per beam particle) produced by proton pencil beam in the soft
tissue.

Positron emitter 50 MeV  100 MeV 150 MeV 200 MeV
15O 0.0052 ± 0.0003 0.0147 ± 0.0006 0.0260 ± 0.0007 0.0390 ± 0.0009
11C 0.0024 ± 0.0002 0.0089 ± 0.0004 0.0158 ± 0.0006 0.0234 ± 0.0007
13N 0.0002 ± 0.0007 0.0016 ± 0.0001 0.0035 ± 0.0002 0.0057 ± 0.0003
18F 0.0000 ± 0.0000 0.0000 ± 0.0004 0.0000 ± 0.0009 0.0000 ± 0.0001

Table 2 – Calculated yields of positron-emitting nuclei (per beam particle) produced by proton pencil beam in bone tissue.

Positron emitter 50 MeV  100 MeV 150 MeV 200 MeV
11C 0.0041 ± 0.0003 0.0117 ± 0.0005 0.0201 ± 0.0007 0.0293 ± 0.0008
15O 0.0029 ± 0.0002 0.0083 ± 0.0004 0.0149 ± 0.0006 0.0227 ± 0.0007
38K 0.0004 ± 0.0001 0.0019 ± 0.0002 0.0033 ± 0.0002 0.0050 ± 0.0003
30P 0.0005 ± 0.0001 0.0014 ± 0.0001 0.0026 ± 0.0002 0.0041 ± 0.0003
39Ca 0.0004 ± 0.0001 0.0012 ± 0.0001 0.0022 ± 0.0002 0.0034 ± 0.0002
13N 0.0002 ± 0.0007 0.0010 ± 0.0001 0.0024 ± 0.0002 0.0037 ± 0.0003
18F 0.0000 ± 0.0004 0.000 ± 0.001 0.000 ± 0.003 0.0001 ± 0.0005

Table 3 – Distance of 50% peak falloff in annihilation profile and Bragg peak and distance between peak of annihilation
profile and Bragg peak by proton pencil beams in soft and bone tissues.

Energy (MeV) Bone tissue Soft tissue

50% �+ peak
falloff-Bragg peak

(cm)

�+ peak-Bragg
peak (cm)

50% �+ peak
falloff-Bragg peak

(cm)

�+ peak-Bragg
peak (cm)

50 0.271 ± 0.001 0.48 ± 0.01 0.509 ± 0.001 1.20 ± 0.02
100 0.188 ± 0.001 0.48 ± 0.01 0.506 ± 0.001 1.08 ± 0.02
150 0.173 ± 0.001 0.48 ± 0.01 0.440 ± 0.001 1.20 ± 0.02
200 0.105 ± 0.008 0.60 ± 0.01 0.321 ± 0.001 1.20 ± 0.02

Fig. 1 – Calculated depth dose profiles and positron emitter productions, their sum and actual e+annihilation points for
.
50 MeV  proton pencil beam in soft and bone tissue phantom

right-side vertical scale in the same Figs. for in depth compar-
ison. The obtained results show that the distance between the
peak of the annihilation profile and the Bragg peak is almost
constant for different initial energies. The distance between
the annihilation depth profile and Bragg peak is mainly deter-
mined by the rest range of the protons when falling below the
nuclear reaction energy threshold. So, we expect this differ-
ence to be almost constant for different initial proton energies.
But the 50% peak fall-off in annihilation profile is closer to the
Bragg peak at higher proton energies.
The distance between the Bragg peak position and positron
annihilation point peak in bone tissue is smaller than the
soft tissue. It may come from the different interaction cross
sections and enhanced relative electronic stopping-power in
bone compared to soft tissue. Electromagnetic and nuclear
interactions are responsible for the dose deposition and
positron emitter productions, respectively. With the increase
of electron density and electronic stopping power, the depth
of proton beams in bone tissue is shorter than soft tissue. In
addition, nuclear interactions are different in these types of
tissues.

It can be seen that in the soft tissue the total positron emit-
ters distribution of 11C, 13N, 15O and 18F is close to �+-activity

distributions by all positron emitters. Therefore, these four
nuclei are important and sufficient in our calculation. But in
the bone tissue positron emitter distributions do not match

dx.doi.org/10.1016/j.rpor.2016.10.004
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Fig. 2 – Calculated depth dose profiles and positron emitter productions, their sum and actual e+-annihilation points for
100 MeV  proton pencil beam in soft and bone tissue phantom.

Fig. 3 – Calculated depth dose profiles and positron emitter productions, their sum and actual e+-annihilation points for
150 MeV  proton pencil beam in soft and bone tissue phantom.

Fig. 4 – Calculated depth dose profiles and positron emitter productions, their sum and actual e+-annihilation points for
200 MeV  proton pencil beam in soft and bone tissue phantom.
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Fig. 5 – Calculated depth dose profiles and positron emitter productions, their sum and actual e+-annihilation points for

r

1

1

SOBP proton beams in soft tissue phantom.

well with the �+-activity distributions; it means that some
other positron emitters (38K, 30P, 39Ca) must be considered.14,15

Fig. 5 shows positron emitter productions and annihilation
points for SOBP proton beams in the soft tissue. In this case,
there are wide peaks in �+-activity and positron emitter dis-
tribution since there is a spectrum in protons beam energy.
When the proton energy falls down below the neutron emis-
sion threshold, the production of �+-activity will be stopped, so
no �+-emitters are produced by protons before the Bragg peak
in these energies. It is necessary to mention that some of 11C
and 15O nuclei are produced in the target by secondary parti-
cles like p, n and �+-particles in the projectile fragmentation.
The contribution of such processes is small, but still visible
beyond the Bragg peak.16 By increasing the proton energy, the
peak of �+ activity distribution becomes sharper as shown in
Figs. 1–4.

4.  Conclusion

In this simulation, the results have been calculated during
proton irradiation by pencil and SOBP beams in soft and
bone tissue. Our results show that there is a strong correla-
tion between the position of positron annihilation profile and
positron emitters radioactive decay. By increasing the proton
energy, the distance between the peak of annihilation profile
and the Bragg peak is almost constant. But the 50% peak fall-
off in annihilation profile is closer to the Bragg peak at higher
proton energies. This is important for online PET system based
on the verification of dose distributions delivered by charged
particles. In the soft tissue 15O, 11C, 13N and in the bone tis-
sue 11C, 15O, 38K, 30P, 39Ca, 13N are the main positron emitters
produced by proton beam, respectively.
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