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Abstract

The purpose of this study is to (i) investigate the impact of various air gaps in conjunction with a range shifter of 7.5 cm
water-equivalent-thickness (WET) on in-air spot size of a pencil proton beam at the isocenter and off-axis points, and (ii)
compare the treatment planning system (TPS) calculated spot sizes against the measured spot sizes. A scintillation detector
has been utilized to measure the in-air spot sizes at the isocenter. The air gap was varied from O to 35 cm at an increment of
5 cm. For each air gap, a single spot pencil proton beam of various energies (110-225 MeV) was delivered to the scintillation
detector. By mimicking the experimental setup in RayStation TPS, proton dose calculations were performed using pencil
beam (RS-PB) and Monte Carlo (RS-MC) dose calculation algorithms. The calculated spot sizes (RS-PB and RS-MC) were
then compared against the measured spot sizes. For a comparative purpose, the spot sizes of each measured energy for differ-
ent air gaps of (5-35 cm) were compared against that of 0 cm air gap. The results of the 5 cm air gap showed an increase in
spot size by <0.6 mm for all energies. For the largest air gap (35 cm) in the current study, the spot size increased by 3.0 mm
for the highest energy (225 MeV) and by 9.2 mm for the lowest energy (110 MeV). For the 0 cm air gap, the agreement
between the TPS-calculated (RS-PB and RS-MC) and measured spot sizes were within +0.1 mm. For the 35 cm air gap, the
RS-PB overpredicted spot sizes by 0.3—0.8 mm, whereas the RS-MC computed spot sizes were within + 0.3 mm of measured
spot sizes. In conclusion, spot size increment is dependent on the energy and air gap. The increase in spot size was more
pronounced at lower energies (< 150 MeV) for all air gaps. The comparison between the TPS calculated and measured spot
sizes showed that the RS-MC is more accurate (within + 0.3 mm), whereas the RS-PB overpredicted (up to 0.8 mm) the spot
sizes when a range shifter (7.5 cm WET) and large air gaps are encountered in the proton beam path.
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Introduction

The spot size of a pencil proton beam is typically defined in
the air at the isocenter of the machine. A number of studies
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dipole field uniformity, and energy spread of the pencil
beam. The lower energy protons have a lower probability
of forward beam emittance, thus undergoing a higher prob-
ability of wide-angle scattering. As the energy of a proton
beam increases, the probability of nuclear interaction and
forward beam emittance is increased [7, 8].

Currently, commercially available PBS proton machines
can deliver minimum energy of 70 MeV, which has approx-
imately 4 cm range in water. Hence, for the treatment of
shallower targets (e.g., breast and chest wall cases), a down-
stream pre-absorber material (also known as range shifter) is
added after the nozzle exit. The addition of range shifter at
the end of the nozzle exit reduces the beam energy, and this
allows to achieve full dose modulation of the tumor volume
that may be extended close to the skin. At the same time,
the range shifter creates an air gap between its downstream
and patient surface. The air gap increases the in-air spot size
at the isocenter due to the angular distribution of a pencil
proton beam after traversing the range shifter and translation
of angular distribution into a geometric spread of proton
beam’s cross-section at the detector/patient surfaces as a
function of distance [7, 8].

Several authors have investigated the use of a range of
shifter in PBS proton therapy. For example, Titt et al. [7]
studied the effect of a range shifter (or, pre-absorber) on
lateral and longitudinal spot size using Monte Carlo simula-
tions of PBS treatment head of Hitachi synchrotron. Shirey
et al. [9] quantified the effect of range shifter and air gap
on the absolute dose by performing measurements on an
IBA ProteusOne PBS system. However, the effect of the air
gap on the spot size was not included in the study [9]. Both
et al. [10] reported the use of a universal bolus to replace
the range shifter to maintain a smaller spot size on an IBA
ProteusPLUS PBS system. The results from Both et al. [10]
demonstrated the decrease in in-air spot size at the isocenter
using a universal bolus (5.5 cm WET) for air gaps of 2 and
8 cm when compared against using a range shifter (7.5 cm
WET) for an air gap of 34.5 cm. From the above studies [7,
10], it was shown that the decrease in the air gap between

the range shifter and patient surface will decrease the spot
size, but comprehensive measurements characterizing the
effect of various air gaps on spot size is yet to be reported in
a scientific literature, especially for a modern IBA Proteus-
PLUS proton therapy system with a PBS dedicated nozzle.
Additionally, to the best of our knowledge, there is no avail-
able literature that focuses on spot size prediction accuracy
of proton dose calculation algorithms implemented within
commercial RayStation treatment planning system (TPS)
(RaySearch Laboratories, Stockholm, Sweden).

The goal of this study is twofold. First, we investigated
the impact of various air gaps in conjunction with the range
shifter (7.5 cm WET) on in-air spot size (1 sigma) at the
isocenter and two off-axis points for various energies using a
high-resolution scintillation detector. Second, we mimicked
the experimental setup in the RayStation TPS and compared
the spot sizes calculated by analytical pencil beam (RS-PB)
and Monte Carlo (RS-MC) dose calculation algorithms
against the measured spot sizes.

Methods and materials
Proton beam delivery system

Our proton center is equipped with ProteusPLUS (Ion Beam
Applications, Louvain-la-Neuve, Belgium), which includes
PBS in all three gantries. A schematic of the PBS dedicated
nozzle of our ProteusPLUS system is shown in Fig. 1. The
description of the IBA PBS dedicated nozzle has been previ-
ously published [11, 12]. In brief, an ionization chamber 1
(IC1) verifies the alignment of the proton beam at the nozzle
entrance. A set of two focusing quadrupole magnets focus
the proton beam at the isocenter. Ionization chambers 2&3
(IC2/3) monitor beam characteristics and dose just before
the proton beam exit the nozzle. At our proton center, we
currently use 7.5 cm WET range shifter made up of lucite
for clinical treatment of tumors that are situated at a shal-
lower depth. A range shifter can be placed in the accessory

I Focusing Quadrupole Magnets I

| Horizongal Scanning Magnets I

Optional Range Shifter, Ridge

| Ic2/3 | Filter, or Snout

|IC1|

IVerticaIScanningMagnets I |Nozz|e | |Vacuum Chamber |

| Snout Holder |

Fig.1 Schematic representation of the Beam Delivery System (BDS) equipment in the PBS treatment mode for an IBA ProteusPLUS gantry-
based system. [IC1 = Ionization Chamber 1, IC 2/3 = Ionization Chambers 2 & 3]

@ Springer



Australasian Physical & Engineering Sciences in Medicine (2019) 42:853-862

855

drawer, which moves with the retractable dedicated nozzle
snout holder (DNSH) (Fig. 2).

Detector and software

The Lynx (IBA Dosimetry, Schwarzenbruck, Germany)
has been utilized to measure the in-air spot sizes at the iso-
center. The Lynx is a gadolinium-based scintillation detec-
tor with an active surface area of 300 mm X300 mm and a
pixel resolution of 0.5 mm. Readers are advised to read a
publication by Russo et al. [13] for a detailed description
of the Lynx. For spot profile acquisition and data analysis,
the Lynx plug-in within myQA software (IBA Dosimetry,
Schwarzenbruck, Germany) was used to calculate the in-air
spot sizes (1 sigma).

Experimental setup

Figure 3 shows the schematic of the experimental setup of
the current study. The Lynx was placed at the isocenter such
that proton beam (gantry angle 270°) is perpendicular to
the detector plane. The air gap was varied from 0 to 35 cm

Fig.2 A range shifter (7.5 cm WET) is placed in the accessory
drawer, which moves with the retractable dedicated nozzle snout
holder (DNSH). [WET = Water Equivalent Thickness]

Gantry at 270° Variable Air Gap

(0-35cm)

Proton Beam

Range Shifter
(7.5 cm WET)

Lynx Detector at
the Isocenter

End of Nozzle Exit

Fig.3 Schematic of the experimental setup with variable air gap
thicknesses (0-35 cm) between downstream of range shifter/
solid-water blocks and Lynx detector situated at the isocenter.
[WET = Water Equivalent Thickness]

with an increment of 5 cm. Specifically, air gaps of 15, 20,
25, 30, and 35 cm were created by moving the DNSH with
range shifter (7.5 cm WET) inserted in the beam path at
different snout positions. For example, a snout position of
41.5 cm, in this case, corresponds to an air gap of 35 cm
between the downstream of the range shifter and surface of
the Lynx (Fig. 4). For the DNSH in our PoteusPLUS system,
the smallest achievable air gap between downstream of the
range shifter and Lynx surface is about 11 cm. Hence, in
order to create the air gaps of 0, 5, and 10 cm, we placed
a total of 7.3 cm thick solid-water blocks (7.5 cm WET) in
the beam path at the distance of 0, 5, and 10 cm, respec-
tively, from the Lynx surface (Fig. 4). The WET of the lucite
range shifter and solid-water blocks were measured using
a Giraffe, a multi-layer ionization chamber (IBA Dosim-
etry, Schwarzenbruck, Germany). For the sake of simplic-
ity, solid-water blocks will be referred to as range shifter
from here onward. The in-air spot size measurements at the
isocenter (X, Y, Z =0 cm, 0 cm, 0 cm) were performed by
delivering a single spot pencil beam of energies ranged from
110 to 225 MeV at an increment of 2.5 MeV. Additionally,
the measurements were done at two off-axis points (Fig. 5)
(top left (TL) at X =— 12 cm, Y = 12 cm, Z = 0, and bottom
right (BR)at X =12 cm, Y = — 12 cm, Z = 0) for energies
ranged from 110 to 150 MeV at an increment of 5 MeV.
Both sets of measurements included the air gaps of 0, 5, 10,
15, 20, 25, 30, and 35 cm.

TPS setup
The experimental setup was mimicked by importing a vir-
tual phantom (30 x 30 x 30 cm?) in RayStation TPS (ver-

sion 6.1.1.2). The phantom was manually overridden with
the physical density of air. A treatment plan was created
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Fig.4 An experimental setup showing 35 cm air gap (left), 0 cm
air gap (middle) and 10 cm air gap (right). For 35 cm air gap setup,
the range shifter is in the beam path. For 0 and 10 cm air gaps setup
(middle and right, respectively), the range shifter is out of beam path.

The air gap in the middle and right figures is defined by the distance
from the downstream of solid-water blocks (7.5 cm WET) to the sur-

face of the Lynx detector. [WET = Water Equivalent Thickness]
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Fig.5 A map displaying the coordinates (X and Y) of the spots at the
isocenter and off-axis points. [TL = Top Left, BR = Bottom Right]
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Fig.6 The in-air spot size (1 sigma) at isocenter for air gaps of 0 cm
(AGO0), 5 cm (AGS5), 10 cm (AG10), 15 cm (AG15), 20 cm (AG20),
25 cm (AG25), 30 cm (AG30), and 35 cm (AG35). The air gap was
created by placing the pre-absorber (range shifter or solid water) of
7.5 cm WET in the beam path. [WET = Water Equivalent Thickness]

at the surface of the phantom. For air gaps of 15, 20, 25,
30, and 35 cm, a range shifter (7.5 cm WET) was inserted
in the beam path. For the air gaps of 0, 5, and 10 cm, a
block of 7.5 cm WET was placed in the beam path. Dose
calculations were performed using a grid size of 1 mm.
Specifically, for each scenario as outlined in "Experimen-
tal setup" section, a treatment plan was calculated using
PB and MC algorithms for a single spot of a given energy.

Results

Measurements at the isocenter

The in-air 1 sigma spot size (hereafter simply referred

The monitor unit (MU) of each spot was assigned to 5.

Once the dose calculations (RS-PB and R

S-MC) were

completed, in-air 1 sigma was calculated based on the

PB- and MC-calculated line dose profiles at
and off-axis points (TL and BR). For the RS
statistical uncertainty was used for the dose

the isocenter
-MC, a 0.5%
calculations.

Details on the RS-PB and RS-MC algorithms have been

provided elsewhere [14].

@ Springer

as spot size) results presented herein are based on 504
measurements at the isocenter and two off-axis points
(TL & BR) (Fig. 5). Figure 6 illustrates the spot sizes
measured at the isocenter for energies 110-225 MeV at
various air gaps of 0-35 cm. For a comparative purpose,
the average spot sizes of each energy for different air gaps
of 5-35 cm are compared against that of 0 cm air gap
(Fig. 7). Furthermore, in order to observe the impact of
air gap on the spot size at different energies, a total of 47
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Fig. 7 The difference (D) in spot sizes for energy sets A-D. The D is calculated by comparing the spot sizes at various air gaps (5, 10, 15, 20,

25, 30, and 35) with that of O cm air gap. [AG = Air Gap]

energies (110-225 MeV, an increment of 2.5 MeV) are
sub-grouped into: (a) Set A: 110 MeV <E <125 MeV
(b) Set B: 125 MeV<E<150 MeV (C) Set
C: 150 MeV<E<200 MeV, and (d) Set D:
200 MeV <E <225 MeV.

The results of the 5 cm air gap showed an increase in
spot size by < 0.6 mm for all sets (A — D). The results of the
10 cm air gap showed an increase in spot size by average of
1.4 mm for Set A, 0.9 mm for Set B, and 0.5—-0.6 mm for Sets
C and D. Similarly, the results of the 15 cm air gap showed
an increase in spot size by average of 2.5 mm for Set A,
1.7 mm for Set B, 1.2 mm for Set C, and 0.9 mm for Set D.
For the 20 cm air gap, on average, the increase in spot size
was 3.7 mm for Set A, 2.7 mm for Set B, 1.9 mm for Set C,
and 1.4 mm for Set D. For the 25 cm air gap, on average, the
increase in spot size was 5.0 mm for Set A, 3.6 mm for Set
B, 2.6 mm for Set C, and 1.9 mm for Set D. The results of
the 30 cm air gap showed an increase in spot size by average
of 6.4 mm for Set A, 4.6 mm for Set B, 3.3 mm for Set C,
and 2.5 mm for Set D. For the largest air gap (35 cm) in the
current study, the spot size increased by 9.2 mm at the lowest

energy (110 MeV) and by 3.0 mm at the highest energy
(225 MeV). Additionally, on average, the increase in spot
size for the 35 cm air gap was 7.8 mm for Set A, 5.7 mm for
Set B, 4.1 mm for Set C, and 3.1 mm for Set D.

Comparison of measurements versus TPS at the isocenter

Figures 8 and 9 show the effect of range shifter (7.5 cm
WET) and various air gaps on the measured and TPS-
calculated spot sizes for different energies (110-225 MeV
at an increment of 5 MeV). For the 0 cm air gap, the agree-
ment between the TPS-calculated (RS-PB and RS-MC)
and measured spot sizes were within + 0.1 mm. For the
air gaps of 5-35 cm in the current study, spot sizes cal-
culated by the RS-PB were found to be larger than the
ones calculated by the RS-MC. The agreement between
the RS-MC and measurements is within + 0.1 mm for the
air gaps of 5-30 cm and within +0.2 mm for the 35 cm
air gap. In contrast, the RS-PB always overestimated the
spot sizes when compared to the measured spot sizes. Spe-
cifically, spot size overestimation by the RS-PB was by

@ Springer
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Fig.8 The in-air spot size at isocenter for energies 110-225 MeV
on a ProteusPLUS PBS dedicated nozzle. The results shown are for
air gaps of 0—15 cm air gap in conjunction with 7.5 cm WET range

0.1-0.3 mm for the 5 cm air gap, 0.2-0.3 mm for the 10 cm
air gap, 0.1-0.5 mm for the 15 cm air gap, 0.1-0.4 mm
for the 20 cm air gap, 0.2-0.5 mm for the 25 cm air gap,
0.3-0.6 mm for the 30 cm air gap, and 0.3—-0.8 mm for the
35 cm air gap.

Comparison of measurements versus TPS at the off-axis
points

Figures 10 and 11 illustrate the difference (mm) in the spot
size between the TPS (RS-PB and RS-MC) and measure-
ments. For both the off-axis points (TL and RB), the accu-
racy of the RS-MC predicting more accurate spot size was
distinct for the air gaps >5 cm. In comparison to the meas-
urements, the RS-PB overpredicted the spot size by up to
0.8 mm, whereas the RS-MC computed spot sizes were
within+0.3 mm.
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shifter. [AG=Air Gap, MEAS =Measurement, RS-PB =RayStation
Pencil Beam Algorithm, RS-MC=RayStation Monte Carlo Algo-
rithm]

Discussion

The current study was designed to understand how the com-
bination of a range shifter and various air gap thicknesses
affect the spot size of a pencil proton beam. The study was
focused on a modern ProteusPLUS machine with a PBS
dedicated nozzle. To our best knowledge, this is the first
study to include comprehensive measurements on a Proteus-
PLUS machine to characterize the spot size change due to
the combination of the range shifter and various air gaps
(0-35 cm). Additionally, the current study investigates the
accuracy of spot size prediction by the RS-PB and RS-MC
when the range shifter and air gaps are involved in the proton
beam path.

From the results presented in the current study, it is evi-
dent that the increase in air gap will increase the spot size.
The spot size increment is more pronounced at the lower
energies for all the air gaps, but the largest air gap showed
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Fig.9 The in-air spot size at isocenter for energies 110-225 MeV
on a ProteusPLUS PBS dedicated nozzle. The results shown are for
air gaps of 20-35 cm air gap in conjunction with 7.5 cm WET range

the highest increment. For example, at 200 MeV, when com-
pared to the air gap of 0 cm, the spot size is increased by
0.2 mm for the 5 cm air gap and by 3.5 mm for the 35 cm
air gap. At lower energy of 115 MeV, when compared to
the air gap of 0 cm, the spot size is increased by 0.5 mm for
the 5 cm air gap and by 8.1 mm for the 35 cm air gap. The
increase in spot size due to the large air gap and range shifter
will result in widening of the lateral penumbrae, which could
spread out the dose distribution to the OARs adjacent to
the target volume. Kraan et al. [15] have shown that the
treatment plan with a small-spot machine results in sharper
dose gradients, and this could reduce the dose to the organs
at risk.

Previous studies [9, 14] were primarily focused on inves-
tigating the accuracy of the RS-PB and RS-MC in predict-
ing the dose, range, distal-fall-off, spread-out Bragg Peak,
and uniformity. The spot size is one of the fundamental
parameters in PBS proton therapy. The accuracy of spot size
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shifter. [AG=Air Gap, MEAS =Measurement, RS-PB =RayStation
Pencil Beam Algorithm, RS-MC=RayStation Monte Carlo Algo-
rithm]

calculation by proton dose calculation algorithms becomes
very critical since the spot size can have an impact on sev-
eral dosimetric parameters such as spot spacing, dose rip-
ples, dose distributions within the target volume, and lateral
penumbra. Hence, in addition to experimental measurements
of the spot sizes, the current study was undertaken to evalu-
ate the accuracy of spot size prediction by the RS-PB and
RS-MC.

One of the requirements for the RS TPS commissioning
is to measure the in-air spot profiles at the isocenter, and
the same spot profiles can be used for both the algorithms
(RS-PB and RS-MC). Also, our current version of the RS
TPS does not require separate spot profile data for the
range shifter. The results from the current study demon-
strate that both the RS-PB and RS-MC agreed (+0.1 mm)
well with the measurements for the 0 cm air gap. However,
for the larger air gaps (> 10 cm), the difference in spot
sizes between the RS-PB and measurements was larger
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Difference (mm) between TPS computed and measured sigma at off-axis points for 0 cm air gap
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Fig. 10 The difference (mm) in spot size between the TPS (RS-PB
and RS-MC) and measurements at off-axis points top-left (TL) and
bottom-right (BR) for energies 110-150 MeV on a ProteusPLUS
PBS dedicated nozzle. The results shown are for air gaps of 0—15 cm

when compared to the ones between the RS-MC and meas-
urements. The current study also demonstrated that, for the
air gaps that are > 5 cm, the spot sizes calculated by the
RS-PB is always larger than the RS-MC calculated spot
sizes and measurements. Overall, in comparison to the
measurements (isocenter and off-axis points), the over-
estimation of spot size by the RS-PB was found to be up
to 0.8 mm, whereas the RS-MC predicted the spot sizes
within +0.3 mm.

The TPS results from the current study agree with the
previous studies [9, 14] such that the RS-MC is more accu-
rate than the RS-PB in predicting spot size at the phantom
surface as a single pencil proton beam traverses through the
range shifter followed by the air gaps (>5 cm) and then
finally reaching the phantom surface. In this scenario, a pro-
ton beam creates secondary protons in the range shifter. A
larger discrepancy between the RS-PB and measurements is
attributed to the lack of proper modeling within the RS-PB
in accounting transport of secondary protons over the air gap
on the phantom/patient surface and into the patient [9, 14].
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Difference (mm) between TPS computed and measured sigma at off-axis points for 5 cm air gap
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Difference (mm) between TPS computed and measured sigma at off-axis points for 15 cm air gap
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air gap in conjunction with 7.5 cm WET range shifter. [AG=Air
Gap, TL=Top Left, BR=Bottom Right, MEAS =Measurement,
RS-PB =RayStation Pencil Beam Algorithm, RS-MC=RayStation
Monte Carlo Algorithm]

Although it is a common practice in the proton center to
minimize the air gap between the range shifter and patient
surface, the air gap is dependent on the patient anatomy,
selection of beam angles, external contour encompassing
immobilization devices, and geometric safe limit of the
machine without any collision. The air gap can be up to
35 cm for some clinical cases. Grassberger et al. [16] have
demonstrated that lung plans generated by a larger spot
machine were more found to be more robust than the ones
generated by a smaller spot machine. For a mobile target, an
interplay and plan robustness are a major concern, especially
for a smaller spot machine. Currently, ProteusPLUS sys-
tem at our center produces a smaller spot (i.e., about 3 mm
for the highest energy (226.5 MeV) at the isocenter when
no range shifter is involved in the proton beam path). Other
proton centers may also have a similar limitation of not hav-
ing small and large spot sizes at the same energy. Hence, it
would be interesting to investigate the interplay effect using
different spot sizes that are produced by the combination of
range shifter and various air gaps.
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Difference (mm) between TPS computed and measured sigma at off-axis points for 20 cm air gap
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Fig. 11 The difference (mm) in spot size between the TPS (RS-PB
and RS-MC) and measurements at off-axis points top-left (TL) and
bottom-right (BR) for energies 110-150 MeV on a ProteusPLUS PBS
dedicated nozzle. The results shown are for air gaps of 20-35 cm

Several limitations exist in the current study. First, the
spot size measurements and calculations were performed
in-air at the isocenter and two off-axis locations, which
were placed at the surface of the phantom. In a real clinical
scenario, an isocenter would be typically placed inside the
patient, and the spot size calculations inside patient/phan-
tom would provide additional information on the behavior
of the RS-PB and RS-MC. Second, our study does not
involve wide varieties of inhomogeneities that are often
encountered in treating clinical cases. A follow-up study
on how low- and high-density media will impact on the
spot size prediction accuracy of the RS-PB and RS-MC
will be conducted in the near future. Despite these limita-
tions, we believe that the current study provides valuable
comprehensive spot size results for a modern ProteusPLUS
PBS dedicated proton therapy machine as well as further
validates that the RS-MC is more accurate than the RS-PB
for proton dose calculations.

Difference (mm) between TPS computed and measured sigma at off-axis points for 25 cm air gap
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Difference (mm) between TPS computed and measured sigma at off-axis points for 35 cm air gap
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air gap in conjunction with 7.5 cm WET range shifter. [AG=Air
Gap, TL=Top-Left, BR=Bottom-Right, MEAS =Measurement,
RS-PB =RayStation Pencil Beam Algorithm, RS-MC=RayStation
Monte Carlo Algorithm]

Conclusion

For a given energy at the end of the nozzle exit, the
increase in in-air spot size due to range shifter and air gap
is more pronounced at lower energies for all air gaps, but
the largest air gap (35 cm) showed the highest increment in
in-air spot size by up to a factor of 2.6 and 2.0 at energies
of 110 MeV and 225 MeV, respectively, when compared
to the air gap of 0 cm. The comparison between the TPS
calculated and measured spot sizes demonstrate that the
RS-MC is more accurate (within +0.3 mm), whereas the
RS-PB overpredicted (up to 0.8 mm) the spot sizes when a
range shifter (7.5 cm WET) and large air gaps are encoun-
tered in the proton beam path.
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