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Abstract

Background and purpose: As a part of the commissioning and quality assur-
ance in proton beam therapy, lateral dose profiles and output factors have to be
acquired. Such measurements can be performed with point detectors and are
especially challenging in small fields or steep lateral penumbra regions as the
detector’s volume effect may lead to perturbations. To address this issue, this
work aims to quantify and correct for such perturbations of six point detectors
in small proton fields created via three different delivery techniques.

Methods: Lateral dose profile and output measurements of three proton beam
delivery techniques (pencil beam scanning, pencil beam scanning combined
with collimators, passive scattering with collimators) were performed using high-
resolution EBT3 films, a PinPoint 3D 31022 ionization chamber, a microSilicon
diode 60023 and a microDiamond detector 60019 (all PTW Freiburg, Germany).
Detector specific lateral dose response functions K(x,y) acting as the con-
volution kernel transforming the undisturbed dose distribution D(x.y) into the
measured signal profiles M(x,y) were applied to quantify perturbations of the six
investigated detectors in the proton fields and correct the measurements. A sig-
nal theoretical analysis in Fourier space of the dose distributions and detector’s
K(x,y) was performed to aid the understanding of the measurement process
with regard to the combination of detector choice and delivery technique.
Results: Quantification of the lateral penumbra broadening and signal reduc-
tion at the fields center revealed that measurements in the pencil beam
scanning fields are only compromised slightly even by large volume ionization
chambers with maximum differences in the lateral penumbra of 0.25 mm and
4% signal reduction at the field center. In contrast, radiation techniques with
collimation are not accurately represented by the investigated detectors as
indicated by a penumbra broadening up to 1.6 mm for passive scattering with
collimators and 2.2 mm for pencil beam scanning with collimators. For a 3 mm
diameter collimator field, a signal reduction at field center between 7.6% and
60.7% was asserted. Lateral dose profile measurements have been corrected
via deconvolution with the corresponding K(x,y) to obtain the undisturbed D(x.y).
Corrected output ratios of the passively scattered collimated fields obtained for
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the microDiamond, microSilicon and PinPoint 3D show agreement better than
0.9% (one standard deviation) for the smallest field size of 3 mm.
Conclusion: Point detector perturbations in small proton fields created
with three delivery techniques were quantified and found to be especially
pronounced for collimated small proton fields with steep dose gradients. Among
all investigated detectors, the microSilicon diode showed the smallest perturba-
tions. The correction strategies based on detector’s K(x,y) were found suitable
for obtaining unperturbed lateral dose profiles and output factors. Approximation
of K(x,y) by considering only the geometrical averaging effect has been shown
to provide reasonable prediction of the detector’s volume effect. The findings of
this work may be used to guide the choice of point detectors in various proton
fields and to contribute toward the development of a code of practice for small
field proton dosimetry.

KEYWORDS

1 | INTRODUCTION

Dosimetry of small or steep radiation fields can be
challenging and recent works have emphasized the
need for higher spatial accuracy of detectors in pro-
ton therapy' as well as investigations of small proton
field dosimetry”~ While the dosimetry of small pho-
ton fields has been studied intensively in the past and
international guidelines were published as a report by
the AAPM Task Group 155° and as TRS 483 by the
IAEA? there are no national or international standards
for dosimetry of small proton fields which may require a
separate treatment due to the different nature of dose
deposition processes of protons from that of photons.

Nevertheless, the commissioning and quality assur-
ance tasks involved are similar to photon beams
including measurements of lateral dose profiles and
output or field size factors, that is, the change of
the dose per monitor unit as a function of field
size.”~9 Such measurements are usually acquired using
point detectors with extended sensitive volume that
may be subject to perturbations’ 21912 related to the
so-called volume effect.!®>'* Although several studies
found that the detector’s volume effect does not note-
worthy perturb measurements of proton fields with
Gaussian shaped profiles or large fields with broad
lateral penumbra as, for example, occurring in pen-
cil beam scanning (PBS) fields,'®>"5-17 volume effect
perturbations have been identified in some studies
and especially for proton beam delivery techniques
leading to reduced penumbras.’21%-2 While small pro-
ton fields are used in ocular treatments, treatments
of pediatric patients, minibeam irradiations or stereo-
tactic treatments 101820 the smallest possible lateral
penumbra is generally desired as this allows for bet-
ter sparing of adjacent organs at risk?>?% As a
consequence, several studies presented novel proton
irradiation techniques utilizing small proton fields with
reduced lateral penumbras 922.24-28

lateral penumbra, output factors, proton fields, small field dosimetry, volume effect

The anticipated increasing use of small and colli-
mated proton fields motivates further investigations of
the performance of detectors under these conditions.
The detector's volume effect, being dominant in small
fields, may lead to a broadening of the measured lateral
penumbra or, during output factor measurements, to a
reduction of the measured signal at the field center.'®

Therefore, correction strategies may be needed for
these measurements?® One of these is based on
the mathematical model in Equation 1, where the vol-
ume effect is characterized by the detector specific
lateral dose response function K(x,y), which acts as
the convolution kernel transforming the undisturbed
dose distribution D(x,y) into the measured dose dis-
tribution M(x,y) representing the distribution of the
background-subtracted electrical sighal measured with
a detector,!3:30-32

M(x,y) =D(xy) * K(xy) (1)

Equation 1 also shows that the knowledge of detector
specific K(x,y) allows the correction of the measure-
ments performed with the detector, that is, the detector
signal with respect to position, M(x)y), to obtain the
unperturbed dose distributions D(x,y) by deconvolu-
tion. The function K(xy) encompasses the detector
perturbation due to geometrical volume averaging and
disturbances of the local particle fluence by non-water
equivalent detector components, where the latter is often
called the density perturbation in the literature.'#30.32.33
In the following, the combined effect is referred to as the
volume effect.

Recently, Kretschmer et al.'” investigated the volume
effect of point detectors in proton fields and presented
one-dimensional K(x) measured in a 150 MeV proton slit
beam for various detectors, including ionization cham-
bers and diode-type detectors. The results indicated that
K(x) in proton fields can be generally considered as
energy and depth independent. Using the knowledge of

|14

85U801 7 SUOWIWIOD BA1Te810) 3|qeot [dde au Aq peusenob a.e 9o le YO ‘SN JO SNl oy Akeid1auljuQ AB[IM UO (SUORIPUOD-PUR-SLLBY WD A8 | 1M ARe.q Ul Uo//Scy) SUOIIPUOD Pue Swie | 8y} 88S *[£202/20/2T] Uo Akeiqiauljuo AB]iIm ‘1erseAlNnsy 1 eeyiolialg Aq SE9T dw/Z00T 0T/I0p/W0o" A8 1M Aseiq puljuo widee//:Sdiy Woly pepeojumoa ‘. ‘S202 ‘602rELYZ



DOSIMETRY IN SMALL PROTON FIELDS

% | \MEDICAL PHYSICS

the detector specific K(x,y), volume effect perturbation at
each position (x,y) in the measured lateral profiles M(x.y)
can be quantified according to Equation 1 and corrected
to obtain the undisturbed dose profiles D(x,y) by decon-
volution techniques.®* Furthermore, field size dependent
output correction factors can be derived.2°

The aim of this work is to provide insights on small
field proton dosimetry by investigating perturbation
effects of point detectors with regard to various pro-
ton beam delivery techniques. To do so, measurements
have been performed with proton fields created via PBS,
PBS combined with collimators (collimated PBS) and
passive scattering with collimators (passively scattered
collimated) using high-resolution EBT3 films, a small
volume ionization chamber, a diode, and a diamond
detector. Based on the mathematical convolution model
(Equation 1) and two-dimensional K(x,y), perturbation
effects in the studied proton fields have been quanti-
fied separately for each delivery technique. Additionally,
signal theoretical analysis has been carried out to com-
pare the undisturbed dose distributions delivered by the
three techniques. The differences are discussed in con-
junction with the detector specific K(x,y) with regard to
the magnitude of perturbations or potential errors, from
which the suitability of a detector used for the character-
ization of small proton fields in each investigated case
will be examined.

2 | MATERIALS AND METHODS

21 | Beam delivery techniques for small
proton fields

The perturbation of point detectors was studied in small
proton fields delivered with the three techniques PBS,
collimated PBS and passively scattered collimated (see
Section 1). All fields were provided using an IBA Pro-
teusPlus system (IBA, Louvain-la-Neuve/Belgium) at the
West German Proton Therapy Centre Essen (WPE).
In the following, the technical details of each beam
delivery technique in conjunction to the measurements
performed are elaborated.

2.1.1 | Pencil beam scanning

For the PBS delivery technique, monoenergetic proton
pencil beams of 160 MeV protons with constant spot
weight and 2.5 mm spot spacing were used to gen-
erate 10 mm x 10 mm and 20 mm x 20 mm square
fields. The underlying pencil beam has a Gaussian dis-
tribution free in air at isocenter defined by a standard
deviation of 5.1 mm. No range shifters were used. The
two-dimensional dose distributions D(x,y) of the fields
were measured with Gafchromic EBT3 films (Ashland
Speciality Ingredients G.P, Bridgewater, New Jersey,

USA), which have been calibrated following the meth-
ods described in Brodbek et al.'® For each field size,
three films were positioned in an RW3 solid water phan-
tom (SP34 phantom, IBA Dosimetry, Schwarzenbruck)
at 3 cm water equivalent depth at isocenter and irra-
diated simultaneously. The films were scanned with an
Epson 10000XL flatbed scanner (Seiko Epson Corp.,
Suwa, Japan) at a resolution of 600 dpi and 48 bit.
Each film scan was post-processed by applying a 2 mm
x 2 mm median filter in MATLAB R2019b3¢ Subse-
quently, all three films for each field size were aligned
and the average was computed.

2.1.2 | Collimated PBS proton fields

For the collimated PBS technique, PBS fields were
collimated allowing for steeper lateral dose fall-offs.
Measurements were performed using a monoenergetic
160 MeV proton field collimated by 6.6 cm thick cir-
cular brass collimators of 5, 10, and 15 mm diameter.
The PBS fields were delivered without a range shifter.
Two-dimensional D(x,y) profiles were determined from
EBT3 film measurements using the same methodology
as described in Section 2.1.1 with a 0.3 mm x 0.3 mm
median filter.

2.1.3 | Passively scattered collimated
proton fields

Measurements in passively scattered collimated proton
fields were carried out at the WPE eye treatment noz-
zle. An 82.5 MeV proton beam is scattered laterally by
tantalum foils and modulated in depth with a spinning
modulator wheel. The basic design of the eye nozzle
has been described in Slopsema et al3” A spread-out-
Bragg peak with 25 mm range and 20 mm modulation
was selected for measurements, representing a typical
radiation field in ocular proton therapy.

Measurements were performed for 12 mm thick colli-
mators with opening diameters of 3, 5, 10, 15, 20, and
30 mm. Lateral profiles M(x,y = 0) and M(x = 0y) of
these fields were measured with a microSilicon diode
60023 and a PinPoint 3D 31022 chamber. In addition,
the field outputs at the field center, that is, M(x = 0,y = 0),
were measured using the microSilicon, PinPoint 3D and
microDiamond 60019. The detectors were connected
to a TANDEM electrometer (PTW Freiburg, Germany)
and positioned axially under consideration of their
effective point of measurement at 15 mm depth in
a MP3XS phantom (PTW Freiburg, Germany) with a
modified thin entrance window. The phantom’s surface
was positioned at the isocenter. Lateral profiles of the
5 mm field were scanned along the crossplane (x) and
inplane (y) direction to center the detectors for output
measurements.
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2.2 | Derivation of two-dimensional
lateral dose response functions K(x,y)

The one-dimensional K(x) for three ionization cham-
bers: a Semiflex 3D 31021 and a PinPoint 3D 31022
(PTW Freiburg, Germany), and a CC01G Razor cham-
ber (IBA Dosimetry, Schwarzenbruck, Germany), a
microSilicon diode 60023 and a microDiamond detector
60019 (PTW Freiburg, Germany) have been previously
reported in Kretschmer et al.'* for the axial orien-
tation, that is, the detector's axis is parallel to the
beam’s axis. Additionally, Monte Carlo simulations in
GATE9.0/Geant4.10.06.p03%:39 were performed in this
work according to the methods reported in Kretschmer
et al'* to determine K(x) for an Advanced Markus
34045 ionization chamber (PTW Freiburg, Germany) not
included in the previous work. These functions derived
using a narrow slit beam geometry are also referred to
as the line spread function. The sought two-dimensional
function K(x,y) in Equation 1 or the point spread function
is related to the one-dimensional K(x) according to the
integral Equation:

+00
K (x) = / K(xy) dy @)

By utilizing the rotational symmetry of all investigated
detectors around the detector’s axis, the correspond-
ing rotational symmetric point spread functions K(r)
were calculated from the one-dimensional K(x) by solv-
ing an integral Equation, as proposed by Marchand*’
where r = (x> + y?)"? is the radial distance with ori-
gin at the detector’s center, that is, point of symmetry.
Subsequently, the two-dimensional K(x,y) function was
generated with 0.1 mm resolution for each detector from
the derived K(r).

2.3 | Application of K(x,y) functions
According to Equation 1, the K(x,y) determined accord-
ing to the methods presented in Section 2.2 can be
used to retrieve the unperturbed dose profile D(x,y) from
the measured profile M(x,y) by deconvolution or vice
versa by convolution. Since it has been shown that the
underlying K(x) are depth and energy independent,'*
the functions are regarded to be shift-invariant and
therefore applicable at all previously described radiation
fields.

For the PBS and collimated PBS fields, the undis-
turbed dose distributions D(x,y) acquired using EBT3
films were compared to the detector signal profiles
M(x,y) representing the expected distribution of the
background-subtracted electrical signal measured with
a detector. The latter was computed from the D(x,y)
by application of Equation 1 using the corresponding

MEDICAL PHYSICS——22

detector specific K(x,y). The detector's volume effect
perturbation was quantified in terms of lateral penumbra
broadening and the reduction of the measured signal
at the field center with respect to the actual dose at
the field center D(x,y). The broadening was defined
as the change in the 80%—20% lateral dose fall-off,
Adgo/zo = d80/20,M(x) - dgo/go’D(X).S The reduction of the
measured signal at the field center, also referred to as
difference at (0,0) in percent in the following, is defined
as (M(0,0)-D(0,0))«100.

For the passively scattered collimated proton fields,
the undisturbed dose profile D(x,y) was derived from
the measured signal profiles M(x,y) acquired with a
microSilicon detector and a PinPoint 3D chamber by
deconvolution (Equation 1) utilizing the known detector
specific K(x,y). To do so, two-dimensional M(x,y) distribu-
tions were computed from the measured profiles along
the x- and y-axis, M(x,y = 0) and M(x = 0,y), respectively,
acquired with step sizes in the range of 0.2-0.3 mm.
Both profiles were then interpolated to 0.1 mm resolu-
tion using a spline interpolation in MATLAB R2019b36
A radial symmetrical profile Ms,,,(r) was determined by
averaging the four half measured profiles centered at
x =0 and y = 0. Finally, a two-dimensional M(x.y) distri-
bution with 0.1 mm resolution was generated from the
Msym(r). The deconvolution of M(x,y) was performed in
two-dimensional space according to an iterative decon-
volution approach*' as described in Looe et al3® using
the two-dimensional lateral dose response functions
K(x,y) to obtain the D(x)y) profiles. The iteration was
terminated after five iteration cycles to suppress noise
amplification.

Furthermore, the detector specific field output correc-
tion factors k were calculated according to Equation 33°
from the measured M(x = Oy = 0) and the derived
D(x = 0,y = 0) of the passively scattered collimated
fields. The detector output ratio measurements acquired
with the microSilicon, PinPoint 3D and microDiamond
60019 were then corrected by multiplication with the
derived k factors to obtain the field output factors,
that is, the unperturbed relative dose at the field
center.

D(x=0,y = 0)

k=M(x:O,y:O) 3

2.4 | Application of approximated
Karea(xsy)

As pointed out in Kretschmer et al.,'* the dominant
detector perturbation in small proton fields is attributed
to the geometrical volume averaging. Therefore, it is
worthwhile to investigate the suitability to approximate
the lateral dose response function by a geometrical
weighting function as suggested for small photon fields
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in TRS-483° or by a Gaussian or parabolic function as
performed in previous studies to correct proton PBS
measurements.'> ' This has been performed using
the smallest fields of the three delivery techniques as
examples. The rotational symmetrical approximations
Karea(r) were defined according to a Heaviside func-
tion under consideration of the radius of the sensitive
area rgensitvieArea (EQuation 4). The dggpog and the signal
reduction at the maximum have been calculated using
Karea(X,y) and were compared to the corresponding
results obtained from K(x.y).

1 forr< I'sensitiveArea

Karea (1) = { (4)

0 forr> I'sensitiveArea

2.5 | Signal theoretical anaylsis

The convolution operation described in Equation 1 can
be expressed in the Fourier space as multiplication
according to Equation 5.

FTIM(x,y)] = FTID(x, y)I-FTIK(x,y)]  (5)

Based on this relationship, the suitability of a detec-
tor associated with a lateral dose response function
K(x)y) to characterize an underlying dose distribution
D(x,y) can be further evaluated by examining the fre-
quency components in D(x,y) and K(x,y).'>304243 To
do so, the Fourier transform of the narrowest dose
profile, that is, the dose profile with smallest lateral
width, FT[D(x, y)], from each delivery technique was
computed and compared to FT[K(x, y)] of four selected
detectors (microSilicon, PinPoint 3D, Semiflex 3D and
Advanced Markus).

2.6 |
errors

Influence of detector positioning

In addition to perturbations from the detector’s volume
effect, the detector positioning also plays an important
role during output measurements in small fields* 1044
The M(x.,y) and D(x,y) determined for the various delivery
techniques allow to estimate the impact due to uncer-

tainties in detector positioning. To do so, a selection of

proton fields from the investigated delivery techniques:

3,5,and 10 mm passively scattered collimated fields, 5
and 10 mm collimated PBS fields and a 10 mm x 10 mm
PBS field, were analyzed exemplarily by simulating posi-
tioning errors up to 1.5 mm. Thereby, the percentage
signal reduction in the M(x,y = 0) with respect to the
corresponding M(0,0) was determined as the values

1- m) - 100 at different off-axis positions x.
M(x=0,y=0)

0.08 - —— microSilicon
—»—microDiamond

Razor chamber
—*—PinPoint 3D

Semiflex 3D
¢ |—*— Advanced Markus (MC)

r[mm]
FIGURE 1 Rotationally symmetrical area normalized K(r) of the

six investigated point detectors. [Color figure can be viewed at
wileyonlinelibrary.com]

3 | RESULTS

3.1 | Two-dimensional lateral dose
response functions

Figure 1 shows the rotational symmetrical K(r) for the
six point detectors derived from the corresponding K(x)
determined experimentally in Kretschmer et al.' or sim-
ulated in this work (Advanced Markus chamber). The
width of K(r) increases with increasing diameter of the
sensitive volume such that the Advanced Markus cham-
ber has the broadest function, while the K(r) of the
smallest microSilicon diode is the narrowest among the
investigated detectors.

3.2 | Pencil beam scanning

Figure 2 shows the measured lateral dose profiles along
the x-axis D(x,y = 0) as determined from film measure-
ments of the two PBS fields with square field sizes of
10 mm (left) and 20 mm (right) side length. The aver-
age dggpo Of the fields are 6.9 and 8.7 mm, for the
10 mm x 10 mm and 20 mm x 20 mm, respectively.
In addition to the D(x,y = 0), Figure 2 shows the cal-
culated signal profiles M(x,y = 0) for various detectors
from the two-dimensional convolution of D(x.y) with the
K(x,y) according to Equation 1. For the 10 mm x 10 mm
field (left panel), a reduction of the signal maximum of
2.9% (Semiflex 3D) and 4% (Advanced Markus) can be
observed. For the 20 mm x 20 mm field (right panel in
Figure 2), the D(x,y = 0) and all M(x,y = 0), show min-
imal differences along the whole profile. Even for the
Advanced Markus chamber the signal reduction at the
field center is well below 1.5%. The differences in dgg/20
of the M(x,y = 0) as well as the percentage signal reduc-
tion at the field center in the measurements M(0,0) with
respect to the undisturbed dose profiles are listed in
Table 1.
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TABLE 1

Penumbra broadening (Adgg20) and reduction of the signal at the field center (0,0) for point detectors in dependence of the field

size and investigated delivery technique. Adggo represents the increase in lateral penumbra calculated as the difference between the dggog of
M(x,y = 0) and that of the corresponding D(x,y = 0). The difference at (0,0) is the percentage signal reduction between the respective M(0,0)
and D(0,0). The dose profiles used to retrieve the data are shown in Figure 2 (PBS), Figure 3 (collimated PBS) and Figure 6 (passively scattered

collimated)

PBS - Square field side length [mm)]

3 5 10 15 20

Adgo/zo Diff. at Adso/zo Diff. at

Detector [mm] (0,0) [%] [mm] (0,0) [%]
microSilicon 0.03 -0.34 0.02 -0.13
microDiamond 0.06 —0.68 0.04 -0.27
Razor chamber 0.06 -0.78 0.04 -0.29
PinPoint 3D 0.10 -1.15 0.06 -0.43
Semiflex 3D 0.20 -2.93 0.15 —1.01
Adv. Markus 0.25 —4.00 0.22 —1.34

Collimated PBS - Aperture diameter [mm]

3 5 10 15 20

Adso/zo Diff. at Adso/zo Diff. at Adgo/zo Diff. at

Detector [mm] (0,0) [%] [mm] (0,0) [%] [mm] (0,0) [%]
microSilicon 0.30 0.27 0.35 0.15 0.34 —-0.98
microDiamond 0.58 0.12 0.65 0.17 0.62 -1.03
Razor chamber 0.55 —0.48 0.62 0.07 0.60 —1.02
PinPoint 3D 0.86 —-0.42 0.95 0.15 0.91 -1.10
Semiflex 3D 1.64 —8.66 1.83 -0.04 1.78 —1.24
Adv. Markus 1.88 —15.67 2.16 —0.35 2.10 —1.28

Passively scattered collimated - Aperture diameter [mm]

3 5 10 15 20

Adgo/zo Diff. at Adgo/zo Diff. at Adgo/zo Diff. at Adso/zo Diff. at
Detector [mm] (0,0) [%]  [mm] (0,0) [%]  [mm] (0,0) [%]  [mm] (0,0) [%]
microSilicon 0.10 -7.55 0.17 —-0.47 0.17 -0.42 0.19 -0.13
microDiamond 0.20 —-15.79 0.35 —-1.31 0.36 -0.26 0.38 -0.20
Razor chamber  0.19 —-15.41 0.33 -1.81 0.35 —0.50 0.37 -0.22
PinPoint 3D 0.32 —25.36 0.54 -3.37 0.58 -0.24 0.59 -0.20
Semiflex 3D 0.68 —-52.95 1.06 -17.01 1.31 -0.45 1.31 -0.19
Adv. Markus 0.77 —60.68 1.24 —-24.34 1.59 -1.03 1.59 -0.23

Adgg0 are associated with an uncertainty of 0.2 mm and the uncertainty for the difference at (0,0) was estimated to be 2%, 1%, 0.5%, and 0.2% for field sizes with

side legths or diameters of 3,5, 10 mm or larger, respectively.

3.3 | Collimated pencil beam scanning

Figure 3 shows the measured lateral dose profiles along
the x-axis D(x,y = 0) as determined from the film mea-
surements of the collimated PBS fields with collimator
diameters of 5,10, and 15 mm. All fields show compara-
ble dgg00 between 0.7 and 0.8 mm, which are achieved
by collimating PBS fields created without a range shifter.
The corresponding computed signal profiles M(x,y = 0)
for various detectors from the convolution are presented
alongside. The differences between dggog values of the
M(x,y = 0) and that of the dose profiles as well as the
signal reduction at the maximum are listed in Table 1.For
all field sizes, the M(x,y = 0) profiles show broader lateral
penumbras than the D(x,y = 0). This penumbra broad-
ening is most pronounced for the Advanced Markus

chamber (Adggop Up to 2.2 mm) and least present in
the M(x,y = 0) of the microSilicon diode (Adgg;2q up to
0.4 mm). For the smallest aperture diameter (5 mm), a
reduction of the signal at the maximum of 8.7% (Semi-
flex 3D) and 15.7% (Advanced Markus) can also be
observed.

3.4 | Passively scattered collimated
proton fields

Figure 4 exemplarily shows the centered M(x,y = 0) and
M(x = 0,y) of the passively scattered proton beam colli-
mated by a 3 mm diameter aperture as measured with a
microSilicon detector and a PinPoint 3D chamber along
the x- and y-axis, respectively. In addition, the rotational
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M micropiamond®¥=0) semifiex 30XY=0)

FIGURE 2 EBTS3 film measured lateral dose profiles D(x,y = 0)
of square PBS fields with side lengths of 10 mm (left) and 20 mm
(right) as well as the corresponding measured dose profiles

M(x,y = 0) obtained from the two-dimensional convolution of D(x.y)
and K(x,y) for various point detectors. The relative values correspond
to the profile values normalized to D(x = 0,y = 0). The residuals
represent the difference between the normalized D(x,y = 0) and
M(x,y = 0) determined for each detector. [Color figure can be viewed
at wileyonlinelibrary.com]

symmetrical profile Mg, (xy = 0), which was derived
from averaging the four half profile sides is shown. The
comparison between the individual points of the half
profiles and Ms,(x,y = 0) for which all profiles were
normalized to the maximum of Ms,,(0,0) resulted in a
maximum difference of 1.8% of the maximum.

Figure 5 shows the dose profiles Dpjnpointzp(X.y = 0)
and Dpicrosiicon(X.y = 0) derived from the deconvolution
in comparison to the measured Mgy, pinpoint3p(X.y = 0)
and Msym microsilicon(Xy = 0) for the aperture diame-
ters 3, 5, 10, and 15 mm. For ease of comparison,
the profiles measured with the PinPoint 3D were mul-
tiplied by a cross-calibration factor determined as the

ratio Mmicrosiicon*=0Y=0) g0y 2 30 mm diameter field.
Mpinpoint 3p (x=0,y=0) )
The dggog values of the derived Dpj,pointzp(X.y = 0) and

Dpicrosiicon(X.y = 0) are given in Table 2 showing an
agreement within 0.13 mm. Based on these results the
uncertainty for calculating Adgg;oq with the convolution
model approach was estimated as 0.2 mm (Table 1).
When comparing the M(x,y = 0) with the deconvolved
D(x,y = 0) profiles, the perturbation of the volume effect
of the PinPoint 3D chamber can be identified for all four
field sizes in terms of penumbra broadening. In addition,
a reduction of the signal at the maximum of 23.5% and
3.7% can be seen for the PinPoint 3D chamber in the
two smallest field sizes, 3 and 5 mm. The perturbation
of the microSilicon diode, having a much smaller sen-

TABLE 2 dggo and difference in dggpo between
Dpinpointap(X.y = 0) and Dpjcrosiiicon(X.y = 0) derived from the
corresponding measured signal profiles Msym pinpointap(X,y = 0) and
Msym microsiicon(X,y = 0) by iterative deconvolution with K(x,y) of the
PinPoint 3D and microSilicon in dependence of the aperture
diameter of the passively scattered collimated fields.

Aperture diameter [mm]
3 5 10 15

dgo20 Of Dmicrositicon(X,y = 0) [mm] 122 128 125 1.25
dgo/zo of DPinPoint3D(X!y = 0) [mm] 1.32 1.33 1.38 1.37

Adggj20 [mm] -0.10 -0.05 -0.13 -0.12

sitive volume and narrower K(x.y), is less pronounced
and can only be seen in the 3 and 5 mm fields in terms
of penumbra broadening and in the smallest field also
in terms of a reduction of the signal at the maximum
(7.0%).

To examine the influence of other detectors in the
passively scattered collimated fields, detector signal pro-
files M(x,y) were calculated from the convolution of
Dpicrosiicon(X.y) and the presented K(x,y) of point detec-
tors in Figure 1. Figure 6 shows the M(xy = 0) in
comparison to Dpicrosiicon(Xy = 0). Table 1 lists the
increase in dggo9 between the profiles as well as the per-
centage difference between the signal at position (0,0)
with respect to Dpjcrosiiicon(0,0).

Figure 6 and Table 1 show that measurements of
the passively scattered collimated fields with the point
detectors investigated in this work would all suffer from
a broadening of the penumbra, which would be most
pronounced for the Advanced Markus chamber (Adgg2g
up to 1.6 mm) and least pronounced for the microSili-
con diode (Adggpg up to 0.2 mm). All M(x,y = 0) of the
3 mm diameter field show a reduction of the signal at the
maximum from 7.6% (microSilicon) to 60% (Advanced
Markus). For the 5 mm diameter field the reduction of
the signal at the maximum lies within the uncertainty for
the microSilicon diode but can still be identified for all
other detectors, varying between 1.3% (microDiamond)
and 24.3% (Advanced Markus). In the 10 mm diameter
field, a reduction of the signal at the maximum of 1% is
only determined for the Advanced Markus chamber. No
reduction was observed for all detectors in the 15 mm
diameter field.

The left panel of Figure 7 shows the measured
output ratios normalized to the 20 mm diameter field

_Mx=0y=0) using the microSilicon, PinPoint 3D and
M2omm (Xx=0,y=0) . .
microDiamond. The uncertainty for the output ratios

considers the machine reproducibility of 1% (20) as
specified by the manufacturer and the signal deviation
resulted from a 0.2 mm positioning uncertainty based on
the detailed analysis in Section 3.7. A value of 0.2 mm
was chosen taking into account the PTW specification
for the geometrical uncertainty of +0.1 mm for the used
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FIGURE 3 Lateral dose profiles D(x,y = 0) 10 mm 15 mm

of collimated PBS fields with circular 1 1 _ 1

collimators with opening diameters of 5 mm % g %

(left), 10 mm (middle), and 15 mm (right) as IS [ IS

well as the corresponding signal profiles 005 005 05

M(x,y = 0) as obtained from the = =2 =

two-dimensional convolution of D(x,y) and % % %

K(x.y) for various point detectors. The relative 14 o o

values correspond to the profile values 0 0 0

normalized to D(x = 0,y = 0). [Color figure can -5 0 5 -10 0 10 -10 0 10

be viewed at wileyonlinelibrary.com] x [mm] x [mm] x [mm]
—D(x,y=0) MRazor chamber(x’y =0) — MAdvanced Markus(x’y =0)
M pisrosiicon™Y=0)  ——Mpinpgin 3p*¥=0)
- MmicroDiamond(X’y =0) MSemiflex 3D(X’ y=0)

TABLE 3

Output correction factors k and corrected output factors determined for the detectors PinPoint 3D, microSilicon, and

microDiamond for passively scattered collimated proton fields with aperture diameters from 3 to 30 mm.

Aperture Correction factor k Corrected output factors

diameter [mm)] PinPoint 3D microSilicon microDiamond PinPoint 3D microSilicon microDiamond
3 1.340(45) 1.082(37) 1.187(40) 0.901(37) 0.877(37) 0.884(37)

5 1.035(25) 1.005(24) 1.013(24) 0.973(29) 0.983(29) 0.967(28)

10 1.002(24) 1.004(24) 1.003(24) 0.989(29) 0.999(29) 0.993(29)

15 1.002(24) 1.001(24) 1.002(24) 1.004(30) 1.004(30) 1.002(30)

20 1.003(24) 1.005(24) 1.004(24) 1.003(30) 1.003(30) 1.004(30)

30 0.999(24) 0.999(24) 0.999(24) 0.995(29) 0.995(29) 0.994(29)

The value within parenthesis corresponds to the uncertainty in the last digit(s).

1 microSilicon 1 PinPoint 3D
508 50.8
5, S,
506 506
S S
504 504
g g
S02 S02
0 0
-4 -2 0 2 4 -4 -2 0 2 4
x ory [mm] x ory [mm]

—M(xy=0) — M(=0,y) - - -M,,,,

FIGURE 4 Centered signal profiles M(x,y = 0) and M(x = 0,y) of
the 3 mm circular field measured with the microSilicon (left) and
PinPoint 3D (right) as well as the corresponding rotational
symmetrical profiles Mgym(x,y = 0), which were determined by
averaging the four half profiles. [Color figure can be viewed at
wileyonlinelibrary.com]

phantom and the chosen step size (0.2 mm) of the
profile measurements to center the detector.
The detector specific output correction factors k

were derived from the ratio 2X=0Y=9)/Daomm(*x=0.y=0)
M(x=0,y=0)/Mzomm(x=0,y=0)

the field center, where the dose profiles derived from
the microSilicon measurements D, ;crosiicon(Xy) were
used in the numerator. Table 3 summarizes the result-

ing detector and field size specific output correction
factors k by adopting the same consideration as above
for the uncertainty estimation. The right panel of Figure 7

shows the corrected field output factors —2&=%Y=0

Mixa0. v D2omm(x=0,y=0)
determined by multiplying v (X?x,y()_y)o) with the corre-
20mm\X=VY, Y=

sponding k factor in Table 3. The sought average field
output factors were calculated as the mean values of
the three corrected detector measurements (diamonds
in Figure 7, right panel). The percentage standard devi-
ations of the average field output factors considering
all three detectors were smaller than 0.5% for all field
sizes except for the smallest 3 mm diameter field with a
percentage standard deviation of 0.9%.

3.5 | Application of approximated
Karea(xsy)

To estimate the impact of using an approximated convo-
lution kernel based on the sensitive area of the detectors
Karea(X,y), Table 4 shows the difference in dggo9 and in
the signal reduction

at the maximum of the corresponding M(x,y = 0) pro-
files and those obtained from using the K(x,y) shown
in Figure 1. Table 4 reveals differences in dggpg up to
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TABLE 4 Difference in determined penumbra (dgg29) and percentage point difference of the signal reduction at the field center (0,0)

between measured signal profiles as predicted for point detectors by the convolution of D(x,y) with the detectors lateral dose response function
K(x.y) or an approximated convolution kernel Kyea(X,y) exemplarily for the three smallest fields of investigated techniques, the 10 mm x 10 mm
PBS, 5 mm collimated PBS and 3 mm passively scattered collimated field

3 mm passively scattered

10 mm x 10 mm PBS 5 mm collimated PBS collimated
Percentage Percentage Percentage
Difference point Difference point Difference point
in dgg/20 difference in dgg/20 difference in dgg/20 difference
[mm] at (0,0) [mm] at (0,0) [mm] at (0,0)
microSilicon 0.00 0.04 0.00 0.04 0.00 -0.04
microDiamond 0.00 0.03 0.00 0.13 0.00 0.04
Razor chamber 0.01 0.24 0.05 0.76 0.02 2.27
PinPoint 3D 0.00 0.03 —0.04 0.39 -0.02 -0.65
Semiflex 3D —0.01 —0.09 —0.13 0.44 0.00 -2.99
Adv. Markus 0.03 0.74 0.04 5.22 0.07 2.02
3 mm 5mm 3.6 | Signal theoretical analysis
- = 7N R .
3 3 i The left panel in Figure 8 shows the Fourier trans-
= = form of the dose profiles with the smallest lateral width
I} g 05 f i FT[D(x,y = 0)] for each delivery technique investigated
= 0. = 0. } 1 . . . .
; ; Fi \ in this work (10 mm x 10 mm PBS field, 5 mm diameter
N 5 ;’ % collimated PBS field, 3 mm diameter passively scattered
0 - collimated field). The 3 mm diameter passively scattered

M(x) or D(x) [a.u.]

x [mm] x [mm]
(x.y=0)

pinpointsp(Y=0)

(x,y=0) —D
D

M . - . .
microSilicon microSilicon

Mpinpointan®¥=0)

FIGURE 5 Dose profiles Dpj,pointap(X,y = 0) and

D picrosiicon(X:y = 0) from deconvolution in comparison to the
corresponding Mpinpoint3p(X.y = 0) and Mpicrosiicon(X.y = 0) for the
four smallest field sizes (3 mm, 5 mm, 10 and 15 mm) investigated for
the passively scattered collimated proton beam delivery technique.
The Mpjnpointsp(X,y = 0) profiles were scaled by a cross-calibration
factor to be comparable to the M,;crosiiicon(X.y = 0) (compare text).
The corresponding D(x,y = 0) were obtained from deconvolving the
presented M(x,y = 0).[Color figure can be viewed at
wileyonlinelibrary.com]

0.13 mm (Semiflex 3D in the 5 mm collimated PBS field).
The percentage point difference of the signal reduc-
tion at the maximum is less than 1% for the diode type
detectors and most chamber-field size combinations, but
becomes larger for ionization chambers with greater
signal reductions at the maximum.

collimated field exhibits the highest frequency compo-
nents followed by the 5 mm diameter collimated PBS
field and the 10 mm x 10 mm PBS field.

The Fourier transforms of the lateral dose response
functions of microSilicon, PinPoint 3D, Semiflex 3D and
Advanced Markus FT[K(x,y = 0)] are shown in the
right panel of Figure 8. All lateral response functions
presented in the right panel of Figure 8 serve as low-
pass filter during the measurement process attenuating
high-frequency components present in the dose profiles
according to Equation 5. The cutoff frequency of these
functions defined at FT[K(x,y = 0)] = 0.5* corresponds
to 0.41, 0.22, 0.13, and 0.12 mm~" for the microSili-
con, PinPoint 3D, Semiflex 3D, and Advanced Markus,
respectively. In other words, the smaller the dimensions
of the detector, the higher is the cutoff frequency.

Considering their low-pass filter property, the suitabil-
ity of the detector can be evaluated by comparing the
maximum frequency components present in the dose
profiles and the cutoff frequency associated with the
detectors. For example, the maximum frequency compo-
nent of the 10 mm x 10 mm PBS field is approximately
0.1 mm~" which is less than the cutoff frequencies
of all the detectors including the Advanced Markus
chamber. As a consequence, measurements of the
10 mm x 10 mm PBS profile are not largely perturbed
by these detectors resulting in the good agreement
between M(x,y = 0) and D(x,y = 0) as presented in
Figure 2. In contrast, the maximum frequencies of
the 5 mm diameter collimated PBS field and 3 mm
diameter passively scattered collimated field exceed
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FIGURE 6 Lateral dose profiles 3 mm 5 mm

Dpicrosiiicon(X.y) of passively scattered
collimated fields using circular apertures with 1 1
opening diameters of 3 mm (upper left), 5 mm
(upper right), 10 mm (lower left) and 15 mm g 0.8 3 0.8
i i © ©
(lower right) as well gs the cqrrespondlng > 06 > 06
measured dose profiles obtained from the ) [0)
convolution of Dmigrosiicon(Xy) @nd K(xy) of 2 04 204
the corresponding detectors. The relative g ’ % ’
values correspond to the profile values X 02 ¥ 02
normalized to D(x = 0,y = 0). [Color figure can
be viewed at wileyonlinelibrary.com] 0 0
-4
1 1
g 0.8 g 0.8
© ©
> 0.6 > 0.6
2 2
E 0.4 E 0.4 /
[} ) ‘
X 0.2 o 0.2
0 0
-5 0 5 -5 0 5
X [mm] X [mm]
D(x,y=0) MRazor chamber(x’y =0) MAdvanced Markus(x’ y=0)
M, icrosiicon™®Y=0) M pinpoint 3p™®:¥=0)
microDiamond(X’y =0) MSemiﬂex 3D(X’y =0)

FIGURE 7 Output ratios _Mx=0y=0) _
_ . Maomm(x=0,y=0) i @ ¥

(left) measured with the PinPoint 3D, 1 é’ @ 1
microSilicon, and microDiamond in passively %
scattered collimated proton fields and o
corrected output factors determined after 8 09+ % 0.9
application of the correction factors k (see g O
Table 3) % from which an average a {7 :53'_

20mm (X=U, Y= = =
output factor (red diamonds given a shift of 8 0.8} 8 0.8 B My poinian*=0Y=0 Ky oo o
1 mm for better visibility) was calculated B Mpipointan™®=0.Y=0) § M. o (x=Oy=O)k
(right). The errorbar for the average output @ § M, rosiicon*=0:y=0) o Mm'cmsumn (X;o y:O)'zcmsmcon
factor (red diamonds) corresponds to the 07t Mm’cm Hicon —0.v=0 07 microDiamond " microDiamond
standard error of the mean. [Color figure can ' b Microniamond*=0y=0) $  Output factor
be viewed at wileyonlinelibrary.com] ‘ ‘ ‘

0 10 20 30 0 10 20 30
Field diameter [mm] Field diameter [mm]

the cutoff frequencies of the PinPoint 3D, Semiflex 3D be resulted from positioning error. Note that, the values
and Advanced Markus that would result in the strong (1 — M) - 100 presented in Figure 9 correspond

. . . M(x=0,y=0)
perturbation demonstrated in Figures 3 and 6. to the signal reduction due to positioning errors only and

the perturbation due to the volume effect, that is, the dif-
3.7 | Influence of detector positioning ference between M(x = 0,y = 0) and D(x = 0,y = 0), must
errors be additionally considered to estimate the overall error.
Figure 9 shows that the smallest fields are influenced
Figure 9 shows the percentage signal reductions in the  the strongest by positioning errors. For the smallest
M(xy = 0) at different off-axis x-positions that could 3 mm passively scattered collimated field, the largest
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FIGURE 8 Left: FT[D(x,y = 0)] of dose
profiles of the smallest proton fields
investigated in this work (10 mm x 10 mm
PBS field, 5 mm diameter collimated PBS
field, 3 mm diameter passively scattered
collimated field). Right: FT[K(x,y = 0)] of the
K(x,y = 0) of selected point detectors
(microSilicon, PinPoint 3D, Semiflex 3D and
Advanced Markus). The vertical dashed lines
indicate the cutoff frequencies at

< FT[K(x,y = 0)] = 0.5 of the point detectors. All

profiles are maximum normalized. [Color
figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Percentage signal reduction in the M(x,y = 0) with
respect to the corresponding M(0,0) in dependence of a positioning
error for selected fields from the three delivery techniques. [Color
figure can be viewed at wileyonlinelibrary.com]

signal reduction due to a 0.5 mm positioning error can
be observed for the microSilicon that amounts to 6.6%.
In contrast, the impact of positioning errors in larger col-
limated fields, such as a 5 mm diameter field, becomes
less prominent for small detectors. Of all 10 mm fields
(right column in Figure 9) the 10 mm x 10 mm PBS
field is most sensitive to detector positioning errors but
shows a similar signal reduction in dependence of the
off-axis position for all detectors. The 10 mm diameter
collimated fields are more robust to positioning errors
with positioning errors up to 1.5 mm leading to signal
reductions withtin 0.5% for all detectors, except for

the Advanced Markus chamber for which the signal
reduction is up to 1.2%.

4 | DISCUSSION
4.1 | Detector choice based on delivery
techniques

The comparison between the dose distributions of small
clinical proton fields delivered using three different tech-
niques and the corresponding detector measurements
presented in this work have clearly demonstrated the
challenges associated with the correct dosimetric char-
acterization of these fields. More importantly, the results
reveal that the suitability of point detectors depends
on the delivery technique, field size, beam collimation
and detector’'s lateral dose response function. Based
on these results, the clinical recommendations pre-
sented in the following sections can be derived. It
should be mentioned that the fields investigated in this
work serve as examples for the considered techniques.
Nonetheless, other parameters like incident energies
or measurement depths can lead to different lateral
penumbras or field shape. Consequently, individual
measurement conditions require separate considera-
tions to conclude on the suitability of the detector’s
choice.

4.1.1 | Pencil beam scanning fields
The dggjpg of the 10 mm x 10 mm and 20 mm x 20 mm
PBS proton fields studied in this work were 6.9 mm and
8.7 mm, respectively. The achievable steepness of PBS
fields, including the small fields investigated in this study,
is limited by that of the single pencil beams so that
the lateral penumbra widths of PBS fields are generally
larger than those of an individual pencil beam.

As shown in Figure 8, the frequency analysis of
the smallest PBS field (10 mm x 10 mm) showed
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frequency components below approximately 0.1 mm~",
which is in accordance with a previously performed fre-
quency analysis of intensity modulated proton therapy
treatment plans.'® Since the cutoff frequencies of all
investigated detectors are larger than the frequencies
associated with PBS, the Gaussian shaped PBS fields
are not expected to suffer from detector’s volume effect
perturbations. Therefore, the predicted M(x.,y) derived
by convolution of film measured D(x,y) with K(x,y) only
showed differences in dggpg smaller than 0.25 mm for
all investigated detectors and both field sizes.

For some detectors in PBS fields, similar findings were
presented in the past.'315.17.29.45.46 gchwaab et al.,'®
Sahoo et al.’® and Sawakuchi et al.*> measured proton
and/or carbon ion pencil beam profiles with ionization
chambers and concluded that the effect of detector
size can be neglected for the Gussian like lateral pro-
files in scanned fields.'>6.2945 Fyrukawa et al. and
Brodbek et al.'® showed that the volume effect of ion-
ization chambers of 2D arrays only has a minor or
even negligible impact on the plan verification process
of the intensity modulated carbon ion or proton therapy
fields studied.'®'” Moignier et al*® simulated profiles
of a 100 MeV proton pencil beam with a full width
at half maximum (FWHM) of 5 mm using sensitive
diamond crystal volumes of widths between 0.25 and
4 mm. Their results also showed no volume averag-
ing effect for detector widths of 1 mm or less. However,
they found an increased measured lateral penumbra for
detectors with larger active surface at this small field
size*® Grevillot et al*’ investigated several detectors
and phantoms for commissioning a light ion beam facility.
A comparison of lateral profiles measured with a Pin-
Point chamber and microDiamond detector revealed a
constant underestimation of the fields FWHM measured
with the microDiamond, which Grevillot et al. attribute to
the PinPoints larger cavity diameter*” In the Task group
224 report on proton therapy machine QA2 small point-
like ionization chambers are listed as suitable detectors
for measuring scanned beam profiles, which can be con-
firmed by the results presented in our work. According
to a review of clinical dosimetry in scanned ion beam
dosimetry, PinPoint type ionization chambers with radii
smaller 1.5 mm should be used for point dose measure-
ments in gradient regions,*® which is supported by the
negligible increase in dggng of PBS fields found in this
work. For lateral dose profile acquisition, Giordanengo,
Manganaro and Vignati*® list films, scintillation screens
and diodes as detectors for commissioning in scanned
ion beams and add ministrips ionization chambers as
suitable detector for quality assurance measurements.*

In this work, the signal reduction at the maximum in
the smallest PBS field (10 mm x 10 mm) was esti-
mated to be 2.9% and 4% for the two largest detectors
used, Semiflex 3D and Advanced Markus, and between
1.2% and 0.8% for smaller ionization chambers like the
Razor chamber and PinPoint 3D, respectively. Harms
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et al. measured outputin 70 MeV PBS fields with a CC04
ionization chamber, films and a scintillation screen and
determined differences of the chamber’s signal of 3.6%
and 0.8% in the smallest field size of 20 mm width from
the film and scintillator measurements, respectively*?
Recently, Kugel et al. estimated the standard uncertainty
from disregarding volume averaging in dependence of
the PBS field size and incident proton energy for a
CCO01 ionization chamber (IBA Dosimetry, Schwarzen-
bruck, Germany) having the same inner diameter as
the Razor chamber” In that work the uncertainty of
measuring a small 160 MeV 10 mm x 10 mm proton
field with the CC01 was determined to be approximately
0.9%.* Following the same methodology as described
in the paper, the authors also investigated other detec-
tors and provided the corresponding uncertainties for
the microSilicon detector and PinPoint 3D chamber of
0.2% and 1%, respectively, in private communication.
Their results are in good agreement with the reduction of
the signal at the maximum calculated in this work for the
investigated dectectors (0.8% for Razor chamber, 0.3%
for microSilicon and 1.2% for PinPoint 3D).

41.2 | Proton fields combined with
collimators

In comparison to PBS fields, lateral penumbras of col-
limated proton fields are greatly reduced. The dggq
values of the dose profiles are 0.8 mm for all three
collimated PBS fields with diameters between 5 and
15 mm, while the dgg;p¢ of the passively scattered col-
limated fields for which no range shifter was used are
around 1.3 mm for all aperture diameters between 3 and
20 mm (Table 2). Due to the use of apertures in combi-
nation with the thereby smaller field sizes achievable,
the frequency components of these collimated fields
are higher than in PBS fields as shown in Figure 8,
where the frequency components in the 5 mm diameter
collimated PBS field and the 3 mm diameter passively
scattered collimated field exceed the cutoff frequencies
of the ionization chambers. This implies that measure-
ments with such chambers in collimated proton fields
will be perturbed, which can also be seen in Figures 3
and 6.

For the collimated PBS fields, the computed Adggq
values reveal a broadening of the measured lateral
penumbra by all investigated detectors. As the dgg/og Of
the dose profiles for these fields are approximately the
same (between 0.7 and 0.8 mm), the magnitudes of
penumbra broadening, Adggpg, caused by each detec-
tor are also comparable among the field sizes between
5 and 15 mm with values up to 0.35 mm for the microSil-
icon, 0.65 mm for the microDiamond, 0.62 mm for the
Razor chamber, 0.95 mm for the PinPoint 3D, 1.84 mm
for the Semiflex 3D, and 2.16 mm for the Advanced
Markus.
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The same can also be observed for the passively scat-
tered collimated fields, whereas the penumbra broaden-
ing, Adgg,00, are slightly smaller than that experienced
in collimated PBS fields. This can be partly attributed to
the larger dgg/pg Of the dose profiles (1.3 mm) as lower
proton energies and more scatterers are used in these
ocular treatment fields.

Several studies have also investigated potential per-
turbations from detectors in lateral profile measure-
ments of collimated proton fields. For example, McAuley
et al% found only small difference between the colli-
mated scattered profiles measured with high resolution
film and a diode detector operated in radial orienta-
tion having an especially small cross-sectional width of
20 um5% Marsolat et al.' investigated microDiamond
detectors in a passively scattered collimated proton
beam with an energy of 138 MeV and found increased
penumbras by approximately 0.3 mm in comparison to
penumbra measured with an SFD diode. In addition,
they operated the detectors oriented perpendicular to
the beam by which they were able to obtain even lower
penumbras than those measured with the SFD diode
indicating a much better resolution due to the small
thickness of the diamond in that orientation (1 um).’
Recently, spectral fiber dosimetry using beryllium oxide
as radioluminescent material with high spatial resolution
has been applied to acquire proton beam profiles and
depth dose distributions.’"

In addition to films and scintillation screens, Task
group 224 report? lists small point-like ionization cham-
bers as suitable for scanned and scattered beam pro-
file measurements. Although the maximum penumbra
increase identified with such small ionization chambers
in this work of 0.62 mm (Razor chamber) and 0.94 mm
(PinPoint 3D) is within the tolerances for dggog Sug-
gested in the Task group 224 report of + 2 mm, this
penumbra increase is still quite large with respect to
the small field sizes investigated in this work. As a
consequence, the recommendations may need to be
adapted to lateral profile measurements of such small
fields. As shown in this study, higher accuracy can be
achieved in these cases either by using detectors like the
microSilicon diode or by correcting the measurements
acquired using ionization chambers as demonstrated in
this work. For passive scattering proton beam dosime-
try under non-reference conditions, Rath and Sahoo
mention several detectors as suitable for lateral profile
measurements including small-volume ionization cham-
bers and point out that such measurements may need
a correction for the detector size effect?® which is
supported by our results.

A strong reduction of the signal at the maximum was
found for the small collimated fields studied in this work.
When measuring the 5 mm collimated PBS field using
the two detectors with the largest sensitive area, a reduc-
tion of the signal at the maximum of 8.7% and 15.7%

was determined for the Semiflex 3D and Advanced
Markus, respectively. In the 3 mm diameter passively
scattered collimated field this reduction was even larger
of up to 52.9% (Semiflex 3D) and 60.7% (Advanced
Markus).

Perturbations in output factor measurements of col-
limated fields have already been described in the past.
Andersen et al2 measured dose output in proton beams
collimated with apertures between 5 and 100 mm using
radiochromic film and a microDiamond detector, and
found differences between both detectors of up to 70% 2
Hoehr et al.'? identified differences in output factor
measurements for collimated 74 MeV scattered pro-
ton fields down to 5 mm diameter. Their investigation
included a scintillation detector, a diamond detector ori-
ented perpendicular to the beam direction and a silicon
diode detector, of which the latter had the largest cross-
sectional area of 2.65 mm x 2.65 mm and showed
a relative signal difference of 2% for the smallest
field size, which the authors attributed to larger volume
averaging.'? Fleury et al?’ measured output ratios for
passively scattered collimated fields dedicated for eye
treatments with an Advanced Markus chamber having
a comparably large sensitive area but found no remark-
able change in the Dose/MU ratios in dependence of
the field size for field sizes between 10 and 35 mm
diameter?® This is in agreement with our prediction for
the measurement with the Advanced Markus chamber
of 10 mm diameter fields for which we estimated the
signal reduction caused by the Advanced Markus cham-
ber to be only 0.4% (collimated PBS) and 1% (passively
scattered collimated). Fleury et al. emphasized that for
fields smaller than 10 mm diameter, proper consider-
ations of small field dosimetry should be made. This
statement is supported by our investigation of fields
with smaller diameter for which the volume effect of
the Advanced Markus chamber leads to a noteworthy
reduction of the signal at the maximum of up to 60.7%
(3 mm diameter passively scattered collimated field)
indicating that a higher resolution detector would be nec-
essary to accurately measure the dose in these smaller
field sizes?? Vatnitsky et al.'® investigated dosimetry
techniques for stereotactic proton fields and measured
output factors for two scattered proton beams of 127
MeV or 155 MeV collimated with collimators between 2
and 30 mm diameter. Vatnitsky et al. considered a large
set of detectors and concluded that the investigated
point detectors may only be used for measurements
in collimated fields with diameters greater than 8 mm.
While they list a diode and a TLD detector to be suitable
for characterizing the 8 mm field, they stated that a Pin-
Point ionization chamber and diamond detector should
only be used for collimators of 10 mm diameter or larger,
and even larger detectors (Extradin T1 and PTW Markus
chamber) are only considered accurate for collimators
of 20 mm diameter or larger.'®
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4.2 | Correction strategies with lateral
dose response functions

In this work, rotational symmetrical K(r) were deter-
mined from experimentally derived or Monte Carlo
simulated K(x) for six detectors in proton fields that can
be used to correct the perturbations of point detec-
tors in lateral dose profile or output factor measure-
ments. This has been demonstrated for measurements
of passively scattered collimated proton fields, where
the undisturbed D(x)y) have been derived from the
deconvolution of M(x,y) measured using a microSilicon
detector and PinPoint 3D chamber with the respective
K(x,y). The comparison of the resulting dose profiles
Dpinpointsp(*.y = 0) and Dpicrosiiicon(X.y = 0) showed an
overall good agreement with maximum differences in
the dggjp0 Of 0.13 mm (Table 2).

Output measurements in passively scattered colli-
mated proton fields were performed with a microSilicon,
microDiamond and PinPoint 3D and corrected with out-
put correction factors k in Table 3. After the corrections,
the percentage standard deviation of the average field
output factors considering all three detectors was within
1% indicating the suitability of the proposed correction
strategy based on the detector K(x)y). It is noteworthy
that the magnitude of k depends strongly on the shape
of the underlying dose profiles and the correction factors
in Table 3 should be validated before they can be applied
for other small proton fields. Despite the good consis-
tency of the corrected output factors as presented in the
right panel of Figure 7, one should avoid using detec-
tors that require large corrections® such as the PinPoint
3D chamber or microDiamond with kK = 1.340 and 1.187
for the 3 mm field size, respectively. The most suitable
detector in this case is in fact the microSilicon with the
smallest sensitive area. Nevertheless, the numerical val-
ues in Table 3 could still be helpful to guide the detector
choice and estimate the measurement uncertainty.

The investigation of using an approximated convo-
lution kernel based on the detectors sensitive areas
(compare Table 4) shows differences in dgg2g, as pre-
dicted from using the two convolution kernels, K(x,y) and
Karea(Xy), up to 0.13 mm and percentage point differ-
ences of the signal reduction at the maximum below
1% for the diode type detectors and most chamber-
field size combinations, but becomes larger for ionization
chambers. For example, the signal reduction from using
the Advanced Markus chamber in the 5 mm collimated
PBS field is estimated to be 16% using K(x,y) and 11%
using Kgrea(X.y). Similar differences can be observed in
the 3 mm passively scattered collimated field, where
the ionization chambers Razor chamber, Semiflex 3D
and Advanced Markus also show some higher percent-
age point differences up to 3%. The larger difference
observed for the ionization chambers can be partly
attributed to the negligence of the density perturba-
tion caused by the low density air volume when using
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Karea(r)- Furthermore, the approximation of the sensitive
volume by considering solely the detector radius may
cause additional discrepancy as the geometry of their
sensitive volume is more complex due to the spherical
chamber tip and the presence of nonsensitive air volume
adjacent to the chamber’s stem.>?

4.3 | Detector positioning

To estimate the role of an accurate positioning of the
detectors in the fields center during output measure-
ments in small fields, positioning errors were simulated
for selected M(x.,y). The results in Figure 9 show that the
smallest fields are influenced the strongest by errors in
positioning. For the smallest 3 mm passively scattered
collimated field, the signal reduction due to a 0.5 mm
positioning error was found for the microSilicon of up
to 6.6%. Considering that the microSilicon is the detec-
tor with the smallest sensitive volume this observation
may be surprising at first but this is a result of the steep
M(x,y = 0) profile (compare Figure 6) measured with the
microSilicon that resembles closest the D(x,y = 0) mak-
ing it much more sensitive to changes in position. For the
larger chambers, such as the Advanced Markus cham-
ber, the steepness of the measured M(x,y = 0) has been
strongly reduced by the volume effect so that it is less
sensitive to detector positioning errors.

In contrast, the impact of positioning errors in larger
collimated fields becomes less prominent for small
detectors as the profiles feature a plateau region that
is least affected by the volume effect associated with
small detectors. However, as demonstrated previously in
Figures 3 and 6, this plateau region vanishes when mea-
sured with large detectors, so that M(x,y = 0) profiles
become steeper around the maximum and therefore
more susceptible to positioning errors.

The comparison of the results of the 10 mm x 10 mm
PBS field and 10 mm diamater collimated fields (right
panels in Figure 9) shows that, on the one hand, the PBS
field is more sensitive to positioning errors due to the
non-vanishing dose gradient around its maximum. On
the other hand, the collimated fields associated with a
relatively homogenous plateau are more robust to posi-
tioning errors such that the percentage signal reduction
associated with positioning errors up to 1.5 mm of all
detectors, except for the Advanced Markus chamber, is
within 0.5%.

5 | CONCLUSION

Point detector measurements in small fields can be
challenging because the extended detector volume can
perturb the measurements leading to inadequate rep-
resentation of the actual dose distributions. To address
this issue, we investigated the suitability and accuracy
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of six clinical point detectors for lateral dose profile and
output measurements in small proton fields. Generic
correction strategies based on a convolution model in
combination with detector specific lateral dose response
functions K(x,y) were used to estimate or to correct for
perturbations in these fields created via PBS, collimated
PBS and a passively scattered collimated proton ther-
apy delivery techniques. While the difference between
D(x,y) and M(x,y) of PBS fields was generally small,
stronger detector perturbations were identified in col-
limated proton fields associated with a steep lateral
penumbra. The findings of this work can guide the detec-
tor selection for lateral dose profile and output factor
measurements in small proton fields with regard to the
different delivery techniques. The results can contribute
to the development of a code of practice for small field
proton dosimetry in the future.
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