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Abstract: Proton therapy is increasingly widespread and requires an accelerator to provide the
high energy protons. Most often, the accelerators used for proton therapy are cyclotrons and the
maximum initial beam energy (MIBE) is about 230 MeV or more to be able to achieve a range
of approximately 30 cm in water. We ask whether such a high energy is necessary for adequate
dosimetry for pathologies to be treated with proton beams. Eight patients of different clinical sites
(brain, prostate, and head and neck cancers) were selected to conduct this study. We analyzed the
tumor dose coverage and homogeneity, as well as healthy tissue protection for MIBE values of 120,
160, 180, 200 and 230 MeV. For each patient, a proton plan was developed using the particular MIBE
and then using multifield optimization (MFO). In this way, 34 plans in total were generated to fulfill
the unique clinical goals. This study found that MIBE of 120 MeV for brain tumors; 160 MeV for head
and neck cancer; and remarkably, for prostate cancer, only 160 MeV for one patient case and 180 MeV
for the remainder satisfied the clinical goals (words: 187 < approx. 200 words or less)

Keywords: maximum initial proton beam energy; cost-effectiveness; proton arc therapy; multi-
field optimization

1. Introduction

A monoenergetic proton beam presents the following mechanisms of interaction
with matter: (1) coulomb scattering with atomic electrons; (2) coulomb scattering with
atomic nuclei; (3) single hard scatters with a nucleus or components of it, resulting in
nuclear interactions; and (4) bremsstrahlung [1]. As a consequence of these, there is a
gradual decrement in beam energy as it moves in depth through matter. To clarify these
concepts, in Figure 1a, we show the Integrated Depth Dose (IDD) curve in water of a
230 MeV monoenergetic proton beam. This degradation mentioned above continues
until the generation of the Bragg peak (BP) area, where the dose to the medium rises
abruptly. Beyond the BP maximum dose, the distal edge of the beam appears (yellow area
in Figure 1a), in which the dose goes down to zero virtually. Range (d80%) in proton therapy
is defined as depth in a distal edge where the dose is 80% of the maximum BP dose [1]. As
shown in Figure 1b, an increment in proton energy results in a bigger range. Specifically,
monoenergetic proton beams with kinetic energy of 230 MeV, 201 MeV, 173 MeV, 140 MeV,
109 MeV, and 75 MeV present the following d80% values in water (Figure 2), respectively:
330.8 mm, 262.8 mm, 202.6 mm, 140.4 mm, 90.3 mm, and 46.1 mm [2]. A log–log relationship
between range and energy is almost linear, so the dependence of d80% with energy can be
approximated as a power law [1,3] as follows:

d80% ≈ aEb = 0.00244 E1.75 (1)

where coefficients a, b are obtained according to experimental data in water [2].
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Figure 1. (a) IDD curve for a 230 MeV proton beam in water. Yellow dashed area represents the 
distal edge region of the beam from which the dose decreases from the maximum to a zero net dose. 
Proton range (d80%) is graphically defined through the intersection of vertical and horizontal green 
dashed lines. (b) IDD curves in water for monoenergetic proton beams with distinct mean energies. 
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50 MeV to as high as 250 MeV. Because of the relationship between energy and range, 
tumors located in different depths are treated by selecting the proper beam energies for 
it. Therefore, proton accelerators are designed using some type of energy selection system 
(ESS) to be able to deliver an energy range suitable for the treatment of cancer patients [6]. 

Figure 1. (a) IDD curve for a 230 MeV proton beam in water. Yellow dashed area represents the distal
edge region of the beam from which the dose decreases from the maximum to a zero net dose. Proton
range (d80%) is graphically defined through the intersection of vertical and horizontal green dashed
lines. (b) IDD curves in water for monoenergetic proton beams with distinct mean energies.
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Figure 2. Range versus proton beam energy from the selected monoenergetic beams displayed in
Figure 1b.

The use of proton therapy to treat cancer patients has increased remarkably in the last
two decades [4,5]. Its main advantage is dose sparing in healthy tissue compared with
photon or electron beams while maintaining an adequate tumor coverage. Therapeutic
proton beams are the sum of monoenergetic beams with an energy range from as low as
50 MeV to as high as 250 MeV. Because of the relationship between energy and range,
tumors located in different depths are treated by selecting the proper beam energies for it.
Therefore, proton accelerators are designed using some type of energy selection system
(ESS) to be able to deliver an energy range suitable for the treatment of cancer patients [6].
In addition to this, we note that some special fixed beam lines have relatively lower energy
as the maximum energy, for instance, 62 MeV, to reach the proper tumor depth for ocular
treatments [7].

The proton beam energy, KE, is related to its momentum, p, and mass, m, in a straight-
forward manner [8]:

pc [MeV] =
√
(KE2 + 2 × KE × mc2)[MeV] (2)

where c is the speed of light.
The magnetic rigidity, Bρ, which is the product of the magnetic field B in units of Tesla

and the magnet radius ρ in meters, is related to the proton momentum p as follows [8]:

Bρ[Tm] =
1

300
× p [MeV/c] (3)

There is a relentless motivation to improve the cost-effectiveness of proton therapy [9],
which also includes investigations of gantry-less treatments [10]. The viability and im-
provement of proton therapy cost-effectiveness is a concept that has been a subject of much
discussion [11–14]. Decreasing the accelerator dimensions, ρ, is a key factor in reducing
the economic outlay in a proton therapy facility. The accelerators experience a remarkable
miniaturization (decreasing in ρ) in their designs. This enhancement is primarily because
of the transition from room-temperature to low-temperature superconducting magnet tech-
nology while maintaining the same maximum proton momentum. One of the attributes
which could enable the proton accelerators’ continued miniaturization is considering a
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reduction in the maximum proton momentum pmax for the same magnetic field strength.
The maximum initial beam energy (MIBE) is related to pmax as follows:

MIBE =
√
(pmax2c2 + m2c4)− mc2 (4)

Several studies [15–18] have analyzed MIBE, highlighting its relevance in proton ther-
apy. According to these studies, a lower value than 230–250 MeV for MIBE is possible
without compromising clinical quality. Goitien et al., 1985 [15] conducted a tumor-specific
retrospective analysis of the proton beam incursion in treated choroidal melanoma patients.
This incursion was defined as a 90% isodose depth. That study concluded that a beam
energy between 55 MeV and 60 MeV was necessary to properly treat this kind of tumor.
Moyers and Miller 2003 [16] performed an examination of the range, field size, and mod-
ulation of treatment plans corresponding to prostate cancer patients. A 290 mm range
was considered sufficient to ensure the irradiation of the tumor’s distal edge. Hence, a
MIBE of approximately 213 MeV was needed to fulfill this technical requirement using a
beam scanning system. Sengbusch et al., 2009, 2011 [17,18] claimed in their geometric study
that it was possible to treat most of the cancer patients evaluated with a maximum proton
beam energy between 198 and 207 MeV. A variety of different sites were included in their
work: specifically, breast, head and neck, brain, pelvis, and prostate cancer patients. Their
assessment was conducted in terms of the equivalent pathlength in water to be crossed by
a proton beam. In this way, brain tumors demanded a 118 MeV beam energy, while distal
tumors such as prostate cancer required higher values up to 200 MeV.

To our knowledge, the effect of MIBE on treatment planning system (TPS)-optimized
patient dose distributions has not been previously published. To accomplish this assess-
ment, we set MIBE values below 230 MeV in the TPS and then optimized a spot distribution
which satisfied the clinical goals for each patient. The achievement of these clinical aims
implies a decrease in the current high energy demands for proton therapy. Moreover,
the needs of neutron shielding and maintenance of proton therapy unit would be lower.
This is due to the fact that neutron production is lower for a reduced MIBE that is lower
than 230–250 MeV [17]. A decrease in the amount of required neutron shielding also has
implications for cost reductions for proton therapy.

The goal of this study is to demonstrate that a lower MIBE is still consistent with
viable, but likely more cost-effective, proton therapy. To accomplish this task, we replanned
real clinical cases with increasingly reduced MIBE to find the minimum MIBE that satisfies
the clinical goals. An evaluation of dose distributions in head and neck, prostate, and brain
cancer patients was performed for different MIBE selections. For each case, metrics of
tumor volumes and organs at risk (OARs) were evaluated to quantify the usefulness of a
proton plan using a specific MIBE.

2. Materials and Methods
2.1. Monte Carlo Beam Line Simulations

We defined a generic proton pencil beam scanning (PBS) therapy unit in TPS using
Monte Carlo (MC)-generated IDDs and spot profiles from Geant4 toolkit version 10.6 [19–21].
Its properties are for a generic cyclotron accelerator. GEANT4 simulations were carried out
for monoenergetic proton beams from the MIBE initial value down to 40 MeV. Therefore,
a specific beam line was constructed for each of the MIBE values in the assessed range of
this work, i.e., 120 MeV, 160 MeV, 180 MeV, 200 MeV, and 230 MeV. The monoenergetic
beams were stepped in range in approximately 5 mm steps, assuming a cyclotron like
energy degrader. The G4EM STANDARD OPT3 package was selected to calculate the
electromagnetic processes involved, and hadronic physics was modeled according to the
QGSP_BIC_HP physics list. Production cuts for secondary particle generation were set to
0.01 mm.

We simulated 107 events in a cubic phantom presenting a volume of 80 × 80 × 80 cm3

and filled with water (density = 0.997 g/cm3) to calculate IDD curves. Dose scoring was
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performed by means of cylindrical volumes 10 cm in diameter with thicknesses of 100 µm.
The total length of the cylindrical mesh, defined inside the water tank, was set up according
to the theoretical range of the incident proton beam in water. For spot size calculations, wa-
ter volumes of 10 × 10 × 0.3 cm3 were placed in air along the beam pathlength. Specifically,
these volumes were placed at the following depths: isocenter − 20 cm; isocenter − 10 cm;
isocenter; isocenter + 10 cm; and isocenter + 20 cm. Cubic meshes of 10 × 10 × 0.1 cm3,
with a 0.2 × 0.2 × 0.1 cm3 voxel size, for dose scoring were positioned inside each of these
water volumes. In addition to this, lateral dose profiles were acquired to determine the
spot size at each depth mentioned above.

The IDD curves obtained in water and the spot sizes calculated in air per energy
were imported into the TPS, attending to the original mean energy of the proton beam. In
this way, we defined a beam line per each of the MIBE values we employed in this work.
This study was determined to be exempt from the requirement for IRB approval (45 CFR
46.104d, category 4) by the Institutional Review Board of Mayo Clinic (IRB# 22-013357) on
27 February 2023.

2.2. Treatment Planning System Modelling and Case Preparations

The established model allows a particular fixed MIBE for proton therapy planning.
Permissible MIBE values are 120, 160, 180, 200, and 230 MeV. The justification for the range
definition is as follows: Energies below 120 MeV compromise the range in water [3] needed
to reach minimum adequate depths in brain patients. In the cases of prostate and head and
neck patients, this energy threshold is 160 MeV for the same reason.

For the purpose of our study, 2 brain cancer patients, 4 prostate cancer patients, and
2 head and neck cancer patients were selected. CT scan and RT-struct dicom files were
anonymized, exported, and reimported in the TPS. For each value of the MIBE range,
an intensity-modulated proton plan (IMPT) was developed for all studied clinical cases.
Equal weighted discrete beam angles around the patient were employed. A multi-field
optimization (MFO) for a pencil beam scan mode (PBS) was selected in the TPS to fulfill
the individual clinical goals. A template treatment plan was developed to facilitate the
automation of the workflow. Essentially, 18 angles spaced 20 degrees apart, from 181 to 160
degrees in the clockwise direction, constituted this template. Distinct dose–volume metrics
for treatment planning volume (PTV) and OARs were appraised based on the location. In
addition to this, dose–volume histogram (DVH) comparison was carried out individually
per patient including all the developed treatment plans.

2.3. Brain Patients’ Treatment Plans

Two patients with brain metastasis were evaluated. A dose prescription of 40 Gy in
10 fractions was defined in the first patient for a 3.7 cc tumor volume. The second patient
presented a 0.9 cc tumor volume treated in a single fraction of 20 Gy [22]. V110% (%) and
V98% (%) were subject to analysis for treatment planning volume (PTV) in both cases. In
addition to this, we appraised the ensuing dosimetric factors for OARs: (a) maximum and
mean dose for left and right eyes; (b) maximum and mean dose in brainstem; (c) maximum
and mean dose for left and right optical nerves; (d) maximum and mean dose in optic
chiasm; and (e) V90% (cc) and maximum dose in the brain.

2.4. Prostate Patients’ Treatment Plans

Patients affected with prostate cancer excluding the lymphatic nodes were assessed in
our study. Patient 1 had a PTV volume of 100.7 cc, while patients 2 and 3 had PTV volumes
of 142.4 cc and 223.5 cc, respectively. Patient 4 presented a right metal hip replacement and a
PTV volume of 223.5 cc. Dose prescription was 36.25 Gy in 5 fractions, following the scheme
suggested for a stereotactic ablative body radiotherapy (SABR) [23] in prostate cancer.

V107% (%) and V95% (%) in PTV were assessed for all treatment plans in each individual
clinical case. Furthermore, we evaluated the following metrics for the OARs involved:
(a) V100% (%), V95% (cc), V90% (%), V90% (cc), V80% (%), V50% (%) for the rectum; (b) V100%
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(cc), D5.5cc (Gy), V90% (%), V50% (%) for the bladder; (c) V40% (%) for femoral heads; and
(d) V20Gy (cc) for the penile bulb.

2.5. Head and Neck Patients’ Treatment Plans

Both patients presented bilateral head and neck cancer, with a dose prescription of
70 Gy in 35 fractions for high-risk tumor volume PTVhigh risk [24]. A dose prescription
of 63 Gy for intermediate-risk volume PTVint risk in 35 fractions was also defined. The
volumes of each PTV per patient, respectively, were 516.1 cc and 1763.1 cc in the first case
and 70.4 cc and 111.4 cc in the second case. The second patient also contained a low-risk
volume PTVlow risk of 422.4 cc with a prescribed dose of 56 Gy.

V107% (%) and V98% (%) were analyzed for the PTVs. The OAR dose parameters were:
(a) Maximum spinal cord dose; (b) mean dose in brainstem; (c) maximum and mean dose in
left and right cochlea; (d) mean dose and V20Gy (%) for left and right parotids; (e) V64Gy (%)
for mandible; (f) mean dose in lips; (g) mean dose in left and right submandibular gland;
(h) V45Gy (%) for oral cavity; (i) mean dose in esophagus; (j) maximum dose in larynx; (k)
maximum dose in thyroid; (l) maximum and mean dose in nasal cavity; and (m) maximum
and mean dose in right and left mastoid.

3. Results
3.1. Brain Patients’ Treatment Plans

PTV coverage and homogeneity were found to be maintained using a 120 MeV com-
pared to high-energy MIBE (Table 1). In these tables, green values correspond to values that
fulfill the clinical dosimetric requirements for a specific volume. Orange values indicate
values within ±2% of the dosimetric goals, and red values indicate deviations greater than
±2% from the objective values. Dose sparing in OARs for a 120 MeV MIBE was remarkable
compared with the other energies employed (Table 1). DHVs for the developed plans in
each patient are displayed in Figure 3a,b. Representative axial, sagittal, and coronal CT
slices with overlayed isodose distributions are shown in Figure 4a–f for the plan with the
lowest MIBE that satisfied the clinical goals for each of the assessed patients. In both cases,
we used a 120 MeV MIBE value. For the 120 MeV and 160 MeV MIBE values, some fields
were found not to contribute to dose distribution as the beam range was insufficient to
reach the target voxels. For patient 1, the gantry angle range started from 140 to 300 degrees
for an MIBE of 120 MeV, and from 60 to 360 degrees for an MIBE of 160 MeV. For patient 2,
this range covered values from 40 to 140 degrees for an MIBE of 120 MeV and from 340 to
180 degrees for an MIBE of 160 MeV. Note that all these arcs are defined in the clockwise
(CW) direction.

Table 1. PTV volume values V98% (%) and V110% (%) and dosimetric parameter values in OARs for
brain cancer patients 1 and 2 according to each selected MIBE value. For a given volume and metric,
first-row values correspond to patient 1 and second-row values to patient 2.

MIBE (MeV)

120 160 180 200 230

PTV V98% (%)
98 98 98 98 98
98 98 98 98 98

PTV V110% (%)
0.4 0.9 0 0 0.3
0 0 0 0 0

Left Eye Dmean (Gy) 0 0 0.7 0.5 0.5
0 0.9 0.5 0.7 0.8
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Table 1. Cont.

MIBE (MeV)

120 160 180 200 230

Left Eye Dmax (Gy) 0 0 2.6 1.1 0.9
0 1.3 0.7 1 1.2

Right Eye Dmean (Gy) 0 0.3 0.5 0.7 0.7
0 0.6 0.3 0.4 0.5

Right Eye Dmax (Gy) 0 1.6 1.1 1.3 1.1
0 0.9 0.5 0.6 0.7

Brainstem Dmean (Gy) 0 1.4 3.9 4.6 4.9
0 0.1 1.5 1.6 1.8

Brainstem Dmax (Gy) 0 13.8 11.3 14.0 14.8
0 1.3 4.2 4.2 5.2

Left Opt. Nerve Dmean (Gy) 0 0 0.8 0.7 0.8
0 1.7 1 1.4 1.9

Left Opt. Nerve Dmax (Gy) 0 0 1.5 1.1 1.2
0 2.1 1.4 1.8 2.6

Right Opt. Nerve Dmean (Gy) 0 0.2 0.9 0.8 0.8
0 0.8 0.5 0.7 1

Right Opt. Nerve Dmax (Gy) 0 0.3 2.4 1.2 1.1
0 1.6 1 1.2 1.6

Optic Chiasm Dmean (Gy) 0 0 1.4 1.1 1
0 1.5 1.4 1.6 2

Optic Chiasm Dmax (Gy) 0 0.1 2.1 1.3 1.1
0 1.9 2 2.2 2.8

Normal Brain V90% (cc)
7 7.1 7.6 8.5 8.9

2.3 2.7 2.3 2.9 3.4

Normal Brain Dmax (Gy) 44.2 44.7 44.1 44.1 44.2
21.7 21.2 21.6 21.1 21

Quantum Beam Sci. 2024, 8, x FOR PEER REVIEW 7 of 20 
 

 

Right Eye Dmax (Gy) 
0 1.6 1.1 1.3 1.1 
0 0.9 0.5 0.6 0.7 

Brainstem Dmean (Gy) 
0 1.4 3.9 4.6 4.9 
0 0.1 1.5 1.6 1.8 

Brainstem Dmax (Gy) 
0 13.8 11.3 14.0 14.8 
0 1.3 4.2 4.2 5.2 

Left Opt. Nerve Dmean (Gy) 
0 0 0.8 0.7 0.8 
0 1.7 1 1.4 1.9 

Left Opt. Nerve Dmax (Gy) 
0 0 1.5 1.1 1.2 
0 2.1 1.4 1.8 2.6 

Right Opt. Nerve Dmean (Gy) 
0 0.2 0.9 0.8 0.8 
0 0.8 0.5 0.7 1 

Right Opt. Nerve Dmax (Gy) 
0 0.3 2.4 1.2 1.1 
0 1.6 1 1.2 1.6 

Optic Chiasm Dmean (Gy) 
0 0 1.4 1.1 1 
0 1.5 1.4 1.6 2 

Optic Chiasm Dmax (Gy) 
0 0.1 2.1 1.3 1.1 
0 1.9 2 2.2 2.8 

Normal Brain V90% (cc) 
7 7.1 7.6 8.5 8.9 

2.3 2.7 2.3 2.9 3.4 

Normal Brain Dmax (Gy) 
44.2 44.7 44.1 44.1 44.2 
21.7 21.2 21.6 21.1 21 

 

 
(a) 

Figure 3. Cont.



Quantum Beam Sci. 2024, 8, 23 8 of 20

Quantum Beam Sci. 2024, 8, x FOR PEER REVIEW 8 of 20 
 

 

 
(b) 

Figure 3. Dose–volume histogram for brain cancer patients 1 (a) and 2 (b). The following structures 
are shown: PTV (red), CTV (green), brainstem (purple), brain (dark blue), chiasm (cyan), left optical 
nerve (yellow), right optical nerve (brown), right eye (pink), and left eye (orange). 

 
(a) (b) (c) 

Figure 3. Dose–volume histogram for brain cancer patients 1 (a) and 2 (b). The following structures
are shown: PTV (red), CTV (green), brainstem (purple), brain (dark blue), chiasm (cyan), left optical
nerve (yellow), right optical nerve (brown), right eye (pink), and left eye (orange).

Quantum Beam Sci. 2024, 8, x FOR PEER REVIEW 8 of 21

(b)

Figure 3. Dose–volume histogram for brain cancer patients 1 (a) and 2 (b). The following structures 
are shown: PTV (red), CTV (green), brainstem (purple), brain (dark blue), chiasm (cyan), left optical 
nerve (yellow), right optical nerve (brown), right eye (pink), and left eye (orange).

                         (a) (b)                    (c)

                         (d) (e)                    (f)

Figure 4. Axial, coronal, and sagittal CT slices of brain patients 1 (a–c) and 2 (d–f). Dose distribution 
is displayed in both patients, including isodoses from 40% (blue) to 107% (red) of the prescribed 
dose.

3.2. Prostate Patients Treatment Plans
Tumor dose coverage and homogeneity presented acceptable values, i.e., V98% (%) ≥ 

95% and V107% (%) ≤ 10%, for all MIBE studied (Table 2), except for 160 MeV. This was due 

Figure 4. Axial, coronal, and sagittal CT slices of brain patients 1 (a–c) and 2 (d–f). Dose distribution
is displayed in both patients, including isodoses from 40% (blue) to 107% (red) of the prescribed dose.

3.2. Prostate Patients Treatment Plans

Tumor dose coverage and homogeneity presented acceptable values, i.e., V98% (%) ≥ 95%
and V107% (%) ≤ 10%, for all MIBE studied (Table 2), except for 160 MeV. This was due to
its inadequate range compared to the water equivalent thickness (WEL) from the entrance
to the target for all gantry angles. Moreover, in Table 2, the values of the clinical goals
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show that 160 MeV allows for better protection of normal tissue, but the lack of coverage
in PTV (except for the first patient) suggests the use of 180 MeV as the lowest value for
MIBE. The color coding is the same as that used for Table 1. As a summary of the different
plans, the DVHs are shown in Figure 5a–d and the axial, sagittal, and coronal slices of dose
distributions are shown in Figure 6a–l. The dose distribution in patient 1 corresponded to a
proton plan of 160 MeV MIBE, while for the other patients, the MIBE was 180 MeV.

Table 2. PTV clinical goal values of the relevant OARs assessed in prostate cancer patients 1, 2, 3, and
4 depending on MIBE. PTV volume values V98% (%) and V107% (%) are also displayed.

MIBE (MeV)

160 180 200 230

PTV V98% (%)

95 95 95.4 95
78.3 95 95 95
35.1 95 95 95
37.8 95 95 95

PTV V107% (%)

0.7 0.8 0.2 0.5
0.6 1 0 0.3
0 0.3 1.1 0.1
0 0 0 0

Rectum V100% (cc)

0.4 0.2 0.2 0.3
0.4 0.9 0.6 0.4
0.9 3.8 5.6 3.6
0 0.1 0.1 0.1

Rectum V95% (cc)

0.9 0.7 0.7 1
1.1 2.5 2.7 1.6
3.3 6.9 8.7 8.1
0.1 0.7 0.7 0.9

Rectum V90% (%)

2.6 2.4 2.3 3.3
2 3.8 4.6 3.3

7.8 14.1 17.2 17.4
0.5 1.4 1.5 2.1

Rectum V90% (cc)

1.5 1.4 1.3 1.9
2.1 3.9 4.7 3.4
5 9 11 11.1
1 2 1.5 2.2

Rectum V80% (%)

5.4 5.7 4.9 7.4
5.1 6.9 8.9 7.6
12 19.4 23 24.5
1.6 3.4 3.9 5.9

Rectum V50% (%)

23.9 27.2 22.8 31.2
23.6 27.7 26.8 31.4
24.7 32.6 36.8 39.1
10.7 14.6 17.2 21.2

Bladder V100% (cc)

0.2 0.9 0.3 0.2
0.2 0.9 0.3 0.2
15.8 68.4 73.8 54.4
0.5 5.6 5.9 7.4



Quantum Beam Sci. 2024, 8, 23 10 of 20

Table 2. Cont.

MIBE (MeV)

160 180 200 230

Bladder D5.5cc (Gy)

35.5 35.5 35.3 35.4
30 31.08 31.9 33.1

36.8 38.1 38.1 37.3
34.7 36.3 36.4 36.6

Bladder V90% (%)

2.5 2.2 2 2.5
0.8 1 1.2 2
15 22.4 24 24.1
2 2.7 2.8 3.3

Bladder V50% (%)

7.3 6.9 6.4 8.9
6.8 8.6 9.8 12.6
21.6 33.7 35.8 38.2
6.4 7.7 7.8 8.5

Left Femoral Head V40% (%)

3.4 0 0 0
0 0 0 0

1.8 6.2 4.5 1.7
0 0 0 0

Right Femoral Head V40% (%)

4.3 0 0 0
0 0 0 0

1.9 12.3 6.2 2
0 0 0 0

Penile Bulb V20Gy (cc)

1 1.1 1.2 1.1
0.8 1 1.2 2.4
3.3 3 3.2 3.2
0 0.2 0.5 1.3
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3.3. Head and Neck Patients’ Treatment Plans

An MIBE of 160 MeV is the appropriate value to consider based on the results obtained
for tumor coverage and homogeneity and dose sparing in healthy tissue (Table 3). The color
coding is the same as that in Table 1. Figure 7a–d display the DVHs of the created proton
treatment plans. We have also included slices (axial, sagittal, and coronal views) with the
dose distribution overlayed (Figure 8a–f). For the two patients assessed, the developed
plans displayed in Figure 8a–f correspond to a 160 MeV MIBE proton plan.

Table 3. Clinical goals of the relevant OARs assessed in head and neck cancer patients 1 and 2
depending on MIBE value. V98% (%) for both high-, intermediate-, and low-risk PTVs and V107% (%)
for high-risk PTV are also displayed.

MIBE (MeV)

160 180 200 230

PTVlow. risk V98% (%) -- -- -- --
100 100 100 100

PTVint. risk V98% (%) 95.2 92.4 94 91.4
100 100 100 97

PTVhigh risk V98% (%) 95 95 95 95
95 95 95 95
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Table 3. Cont.

MIBE (MeV)

160 180 200 230

PTVhigh risk V107% (%) 0 0.9 0.3 0.5
0 0 0 0.1

Spinal Cord Dmax (Gy) 22.1 35.6 33.6 34
19.7 30.6 30.8 36.9

Brainstem Dmean (Gy) 1.1 2.1 6.5 4.2
9.5 13.7 14.1 12.1

Left Cochlea Dmean (Gy) 2.8 5.5 8.3 10.6
12.5 14.8 14.2 33.2

Left Cochlea Dmax (Gy) 5.3 9.4 13 15
19.4 19.6 18.9 40

Right Cochlea Dmean (Gy) 3 3.2 7 17
11 16.5 15.8 29.6

Right Cochlea Dmax (Gy) 8 5.1 9.8 20.9
16.3 21.9 21.7 35.5

Left Parotid Dmean (Gy) 53.8 58.6 61.1 59.4
13.3 20.5 18.8 34.4

Left Parotid V28Gy (%) 87.2 94.8 100 97.3
14.2 26.9 22.1 24.1

Right Parotid Dmean (Gy) 22.9 33.3 34.6 28.1
16.3 19.2 20.1 34.4

Right Parotid V28Gy (%) 34.2 57.1 56.4 39.7
19.9 23.5 24.5 22.7

Mandible V64Gy (%) 1.2 2.4 3.8 4
0.01 0.01 0.01 0.01

Lips Dmean (Gy) 1.5 6.1 11.7 8.3
0.8 11 13.4 10.4

Left SubMand Dmean (Gy) 66.8 66.6 68.2 69
34.2 36 35.6 52

Right SubMand Dmean (Gy) 64.7 65.3 66.9 66.6
34 37 36.1 46

Oral Cavity V45Gy (%) 35.5 43.7 56.9 46.2
15.4 21.1 21.4 26.7

Esophagus Dmean (Gy) 10.7 15.9 19.1 19.8
15.6 20.1 24.4 17.8

Larynx Dmax (Gy) 65.1 67.1 71.1 70.2
55.4 53.7 54.4 54.8

Thyroid Dmax (Gy) 68.6 69.9 71.2 65.3
61.3 64 60.1 60.8

Nasal Cavity Dmax (Gy) 50 53 61.7 64.2
72.9 72.5 72.1 72.6

Nasal Cavity Dmean (Gy) 2.4 4.6 16.3 15
13.1 21.8 22.9 20

Left Mastoid Dmean (Gy) 6.4 8.4 17.6 17
4.8 15.4 14.1 20

Right Mastoid Dmean (Gy) 1.8 2.8 15.6 16.6
6.4 18.2 21.2 16.4
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Figure 7. Dose–volume histogram for head and neck cancer patients 1 (a,b) and 2 (c,d). The follow-
ing structures are shown: PTVhigh-risk (red), PTVint-risk (green), PTVlow-risk (orange and only for patient 
2), brainstem (yellow), left parotid (cyan), right parotid (orange), spinal cord (black), left cochlea 
(dark blue), right cochlea (magenta), mandible (lemon green), lips (light blue), left submandibular 
gland (dark green), right submandibular gland (purple), oral cavity (pink), esophagus (red), left 
mastoid (brown), right mastoid (blue), larynx (maroon), thyroid (light purple), and nasal cavity 
(green). 

Figure 7. Dose–volume histogram for head and neck cancer patients 1 (a,b) and 2 (c,d). The following
structures are shown: PTVhigh-risk (red), PTVint-risk (green), PTVlow-risk (orange and only for patient
2), brainstem (yellow), left parotid (cyan), right parotid (orange), spinal cord (black), left cochlea (dark
blue), right cochlea (magenta), mandible (lemon green), lips (light blue), left submandibular gland
(dark green), right submandibular gland (purple), oral cavity (pink), esophagus (red), left mastoid
(brown), right mastoid (blue), larynx (maroon), thyroid (light purple), and nasal cavity (green).
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Figure 8. Axial, coronal, and sagittal CT slices of head and neck cancer patients 1 (a–c) and 2 (d–f).
Dose distribution is displayed showing isodose curves in a range from 40% (blue) to 107% (red) of
the prescribed dose.

4. Discussion

In all scenarios, we found a non-negligible reduction in MIBE. The MIBE of 180 MeV
or more, especially an MIBE of 120 MeV in the case of only treating a brain tumor, implies
radioprotection benefits. This statement is based on the dependence of neutron production
on proton beam energy. As we know, protons generate neutrons as a result of inelastic
reactions with beam line devices and the patient. The neutron spectra generated from
these proton interactions are less energetic, and the angular yield is narrower as the proton
beam energy decreases [25–27]. In this way, the ambient equivalent dose rate caused by
the neutrons also reduces the thickness of shielding needed to protect workers and public.
Monte Carlo (MC) simulations [17,28–30] for monoenergetic proton pencil beams have
been carried out to better understand the neutron dose out-of-field in patients. From
these studies, it is clear that proton beam energy plays an important role in the neutron
spectrum inside the patient. Essentially, the dependence of the neutron dose in patients
with beam energy displays roughly the same behavior as explained above with shielding.
This highlights the additional advantage of reducing MIBE to lower the required shielding.
Likewise, it diminishes the length of a patient transport maze of proton therapy facilities to
meet regulations for radiation workers and patient safety. And a byproduct of decreasing
the overall footprint of the facility is a reduction in the cost of facility construction.

The treatment plans in our study consist of a step-and-shoot sequence of fields around
the tumor volume. In this way, we have made a discretized approach to proton arc therapy
(PAT) [31]. However, there are some aspects of this study that could be improved for
practicality. First of all, the high demands on memory and computation speed make
these assessments very challenging to calculate. Specifically, the spot optimization took
approximately 20 to 40 min per plan without formally including robustness, proving that
this is impractical to clinically implement on a traditional proton therapy TPS. Secondly, the
TPS does not bring in the energy layer switching time [32] as others dedicated algorithms
do [32–36]. Despite these shortcomings, we believe we have adequately demonstrated as
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a proof of concept that lower MIBE in proton therapy could still deliver treatments with
adequate clinical plan quality. This advantage may influence beam delivery time as the
number of energy layers is optimally reduced [32], especially for brain tumors. Therefore,
our results show that PAT could benefit from and motivate new accelerator designs with a
lower MIBE.

As we have stated above, there is no such beam line with this specific feature. Hence,
future work should aim to define a hypothetical proton therapy unit in the TPS with a
maximum energy of 120 MeV, for instance. This virtual machine would be created from
experimental measurements made for the commission of a real proton therapy accelerator.
Once this item is created, clinical plans for brain tumors can be elaborated and their viability
and quality assurance can be checked through end-to-end tests. This workflow would then
be followed for head and neck and prostate cases by defining virtual machines of 160 MeV
and 180 MeV maximum energy, respectively.

Another aspect to consider is the number of patients evaluated per site. Despite our
results for MIBEs lower than 230 MeV, we do not have a strong statistic to generalize the
proper MIBE value per clinical site. Encouraged by these initial results, future work will
aim to develop a TPS that can generate optimized plans for a much larger cohort of patients
in a reasonable amount of time.

In conclusion, we have studied the required MIBE for a proton accelerator in optimized
patient treatment planning. This evaluation was carried out in terms of dose coverage and
homogeneity in tumors, as well as dose protection of normal tissue for each plan created.
In all cases evaluated, we showed that 120 MeV MIBE is sufficient for the brain and 160
MeV MIBE met the demands for all sites other than the prostate, which required an MIBE
of 180 MeV.
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