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Abstract
Background: In reference dosimetry, radiation quality correction factors are
used in order to account for changes in the detector’s response among different
radiation qualities, improving dosimetric accuracy.
Purpose: Reference dosimetry radiation quality corrections factors for the PTW
microDiamond were calculated for preclinical X-ray and proton minibeams, and
their impact in dosimetric accuracy was evaluated.
Methods: A formalism for the calculation of radiation quality correction fac-
tors for absolute dosimetry in minibeam fields was developed. Following our
formalism, radiation quality correction factors were calculated for the PTW
microDiamond detector, using the Monte Carlo method. Models of the detec-
tor, and X-ray and proton irradiation platform, were imported into the TOPAS
Monte Carlo simulation toolkit. The radiation quality correction factors were cal-
culated in the following scenarios:(i) reference dosimetry open field to minibeam
center of the central peak, (ii) different positions at the minibeam profile (along
the peaks and valleys direction) to the center of the central minibeam, and (iii)
some representative depth positions. In addition, the radiation quality correction
factors needed for the calculation of the peak-to-valley dose ratio at different
depths were calculated.
Results: An important overestimation of the dose (about 10%) was found in the
case of the open to minibeam field for both X-rays and proton beams, when the
correction factors were used. Smaller differences were observed in the other
cases.
Conclusions: The usage of the PTW microDiamond detector requires radiation
quality correction factors in order to be used in minibeam reference dosimetry.

KEYWORDS
minibeams, microdiamond, Monte Carlo, radiation quality correction factors

1 INTRODUCTION

Minibeam radiation therapy (MBRT) utilizes highly spa-
tially fractionated dose distributions showing areas
of high dose (peaks) and low dose (valleys).1 This
inhomogeneous dose distribution can achieve better
normal tissue-sparing effect2–8 and higher tumor control
probability.9–12 These promising results observed with
minibeam radiotherapy have increased the research

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.

interest, with a large number of preclinical irradiations
taken place. The improved efficacy of MBRT seems
strongly related to the ratio between the peak and the
valley dose at the entrance, the so-called peak-to-valley
dose ratio (PVDR). As a result, the development of
protocols for accurate routine dosimetry is necessary.

The dosimetry of minibeam dose distributions and
quantification of the PVDR is challenging. Typical
minibeam slit widths are between 0.2 and 1 mm

6716 wileyonlinelibrary.com/journal/mp Med Phys. 2022;49:6716–6727.
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SOTIROPOULOS AND PREZADO 6717

resulting to (partial) occlusion of the primary source in
the beam axis and local charged particle equilibrium
loss. Under these limitations, film dosimetry has been
implemented in micro- and minibeam dosimetry13–16

due to its two-dimensional nature, high spatial resolu-
tion, and weak energy dependence. Despite, typical film
dosimetry requires many hours or even days after the
irradiation to obtain the measurement results.17

Common detectors routinely used in small field
dosimetry are still too large for the minibeams, whereas
specialized detectors have not been commercially avail-
able. The small width of the minibeams requires
detectors with active volume thickness in the order
of a few micrometers. A potential candidate satisfying
those requirements is a single-crystal diamond detec-
tor. These detectors have a thin layer of active volume,
which can be placed perpendicular to the radiation field
(edge-on orientation) providing a very high spatial reso-
lution. The microDiamond (type 60019, PTW, Freiburg,
Germany) solid-state dosimeter is a typical represen-
tative of this type of detectors. It has a 0.004 mm3

cylindrical sensitive volume with a thickness of 1 μm
and radius of 1.1 mm constituting it an ideal candidate
for minibeam dosimetry. It has been extensively stud-
ied for use in photon, electron, and proton beam small
fields18–23 and has been used in micro- and minibeam
measurements.24,25

The presence of the PTW microDiamond detector
in a small field can introduce perturbations, and radi-
ation quality correction factors might be necessary to
correct for the perturbations and improve dosimetric
accuracy, especially in the case of reference dosime-
try. In synchrotron-based microbeam dosimetry, there is
an indication that radiation quality correction factors for
the PTW microDiamond might be needed.24 Following
this indication, Hugtenburg and Reynard25 found that
a correction factor of 1.144 ± 0.013 is needed for the
evaluation of the PVDR with the microDiamond detec-
tor, demonstrating an important role of radiation quality
correction factors in microbeam dosimetry.

In this work, we evaluated the improvements in the
dosimetric accuracy when radiation quality correction
factors are used in reference dosimetry for preclinical
minibeam radiotherapy. For this purpose, we developed
a formalism for the calculation of the radiation qual-
ity correction factors in minibeam radiotherapy. Then
we applied the formalism in the calculation of radiation
quality correction factors for the PTW microDiamond
detector in typical preclinical X-ray and proton minibeam
fields and demonstrated the impact of using the correc-
tion factors in the PVDR quantification. To the best of
our knowledge, this is the first evaluation of this kind
in the context of spatially fractionated radiation therapy
and MBRT in particular.

2 MATERIALS AND METHODS

2.1 Minibeam radiation quality
correction factors formalism

Typically, the clinical reference dosimetry is based on the
measurement of the absorbed dose in water, Dw (e.g.,
TRS-398,26 AAPM TG-51,27 etc). The absorbed dose in
water under reference conditions (denoted as “open”—
see next paragraph) at depth d, Dopen,d

w , is related to
a measurement with the detector at depth d, Mopen, d,
through a calibration coefficient Nopen,d

D,w :

Dopen,d
w = Mopen,d ⋅ Nopen,d

D,w (1)

The irradiation setup in this case is the reference con-
ditions described in the dosimetry protocol followed to
obtain the calibration coefficient.This calibration is done
in an open,broad beam,field (denoted as “open”), in con-
trast to a minibeam field, which is used in the following
sections.

In the case of minibeams, the absorbed dose in water
at the center of the central peak of a minibeam field at
depth d (denoted as “mini,x = 0,d”, see Figure 1) would
be

Dmini,x=0,d
w = Mmini,x=0,d ⋅ Nopen,d

D,w ⋅ kmini,x=0,d;open,d (2)

where the radiation quality correction factor,
kmini,x=0,d;open,d, was defined. The superscripts here
denote the irradiation field and measurement details
(i.e., detector position) that would normally affect the
radiation quality. When a minibeam field is used, the
exact position in the minibeam dose distribution has to
be denoted. This is done by assuming a 2D Cartesian
coordinates system, with the x-axis pointing toward the
peaks and valleys. In addition, the depth of measure-
ment (i.e., the z-axis) needs to be denoted. For example,
“mini,x = 0,y = 0,d = 1 cm” would define the point in a
minibeam distribution at x = 0 cm and y = 0 cm (i.e., the
center of the distribution) at the depth of 1 cm. It can be
easily inferred that when a parameter is not explicitly
mentioned is considered 0, as in the case of an open
field, where the measurement is done at the center of
the field. When two field descriptors are required, they
are separated by a semicolon. Here, we considered
position at the center of the minibeam dose distribution
(y = 0), and for simplicity, we do not explicitly denote the
position at the y-axis. This radiation quality correction
factor accounts for differences in field size, geometry,
and beam quality between the open reference field
used in the initial calibration of the detector and the
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6718 SOTIROPOULOS AND PREZADO

F IGURE 1 A minibeam field is shown with the peaks (blue) and valleys. The PTW microDiamond detector is placed at different positions
along the direction of the peaks and valleys at a distance x from the center of the central peak.

minibeam field. It is given as follows:

kmini,x=0,d;open,d =
Dmini,x=0,d

w ∕Mmini,x=0,d

Dopen,d
w ∕Mopen,d

(3)

If the kmini,x=0,d;open,d radiation quality correction fac-
tors are available, the calibration coefficient of the open
field can be used to calculate the absorbed dose in water
at the center of the central peak of the minibeam field
from a measurement with the detector at this point.

Instead of the center of the central peak, the correc-
tion factor can also be calculated for other positions in
the minibeam distribution.However, it is more convenient
to use the center of the central peak as an intermediate
field/position. In this case, the absorbed dose in water
at depth d and distance x from the center of the cen-
tral peak along the peak and valley direction (denoted
as “mini,x,d”) is

Dmini,x,d
w = Mmini,x,d .Nmini,x=0,d

D,w .kmini,x,d;mini,x=0,d

= Mmini,x,d .Nopen
D,w .kmini,x,d;mini,x=0,d .kmini,x=0,d;open,d

(4)

and the correction factor between the center of the cen-
tral peak and distance x at depth d is defined as follows:

kmini,x,d;mini,x=0,d =
Dmini,x,d

w ∕Mmini,x,d

Dmini,x=0,d
w ∕Mmini,x=0,d

(5)

The calculation of a set of kmini,x,d;mini,x=0,d factors
over the minibeam field will demonstrate the changes
in the radiation quality between the center of the central
peak and the rest of the minibeam dose distribution. If
the difference is large, corrections might be necessary
to improve dosimetric accuracy.

The radiation quality correction factors can be calcu-
lated implementing the Monte Carlo technique,using the
following relation28:

kQ1;Q2 =
DQ1

w ∕D̄Q1
det

DQ2
w ∕D̄Q2

det

(6)

where DQ1
w and DQ2

w is the absorbed dose in water, and
D̄Q1

det and D̄Q2
det is the dose in the active volume of the

detector,under irradiation conditions Q1 and Q2, respec-
tively. Here it is noteworthy that the dose in water is
calculated to a point, whereas the dose in the detector
is calculated in the active volume (and material) of the
detector.28

The two methods for calculating the correction factor
are related as follows:

kQ1;Q2 =
DQ1

w ∕D̄Q1
det

DQ2
w ∕D̄Q2

det

=
DQ1

w ∕(MQ1 .WQ1
det)

DQ2
w ∕(MQ2 .WQ1

det)

=
DQ1

w ∕MQ1

DQ2
w ∕MQ2

.
WQ2

det

WQ1
det

(7)

where WQ1
det and WQ2

det is the average energy to create
an electron–hole (or electron–ion) pair. Typically, the W
values have a small dependence to the beam quality
and the ratio WQ2

det∕WQ1
det can be considered constant and

equal to unity when similar radiation qualities are used.

2.2 Simulation geometry

For all simulations, the TOPAS v3.2 simulation software
was used.29,30 Within this environment, models of the
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SOTIROPOULOS AND PREZADO 6719

F IGURE 2 Simulation geometry at the small animal radiotherapy
research platform (SARRP) in the minibeam setup. All dimensions
are in mm.

detector, and the X-ray and proton irradiation platforms,
were built.

2.2.1 X-ray source

A simple geometry of the X-ray tube of the small ani-
mal radiotherapy research platform (SARRP—Xstrahl
Inc., Swanee, GA, USA) was created for the simulations
(Figure 2). The geometry consists of an X-ray source
and the internal brass collimator of the tube. When the
minibeam collimator was needed, it was placed at the
front of the internal collimator.The photons of the source
were initiated from the focal plane of the X-ray tube.
Their spatial distribution was sampled from a Gaussian
with a sigma of 0.75 and 0.25 mm for the x- and y-
direction and a cutoff value of 3 and 1 mm, respectively.
The angular distributions were uniform in both direc-
tions,with an angle of 20◦.The spectrum was generated
using the SpekPy software toolkit.31,32 The tube param-
eters at treatment mode were selected. At this mode,
the large spot is used at 220 kV tube potential. The tube
has an inherent 0.8 mm beryllium filter,with an additional
0.15 mm copper filter in the treatment mode. The per-
manent ionization chamber installed in our system adds
another 0.1 mm copper-equivalent filtration. For more
details in the validation of the X-ray tube model, see
Section S1.

For the minibeam generation, the previously devel-
oped preclinical collimator6 was modeled and included
in the simulation. In contrast to the previous work, the
position of the collimator is now 1.275 mm downstream,
due to the addition of the ionization chamber. In short,
the brass collimator has seven divergent slits of about
400 μm width and 20 mm length at a center-to-center
distance of 1.6 mm. For use in small animal irradiations,
the minibeam field is further reduced by a 5 mm thick,
7 mm × 7 mm square brass collimator at the exit of the
minibeam collimator,which results in having five different
minibeams.

For simulation efficiency, the particle split vari-
ance reduction method was used. In this method,
when a photon was reaching the phantom surface, it
was duplicated 10 times with a weight of 1/10 =

0.1.
In all the X-ray simulations, the “g4em-standard_opt3”

physics list was used with a cutoff value for all particles
of 0.005 mm.

2.2.2 Proton beamline

For the proton irradiation, the ICPO proton therapy
beamline was assumed (Figure 3). The model and the
parameterization of the ICPO pencil beam scanning
nozzle previously reported were used.33,34 In this model,
the beam at the vacuum window is defined by its param-
eters at the isocenter. The simulation transports the
proton beam from the vacuum window to the isocenter
and includes the scanning magnets and both ionization
chamber monitors.

The 6.5 cm thick brass collimator is placed at the
nozzle exit. It has five divergent slits of 400 μm width
and 20 mm length at a center-to-center distance of
2.8 mm, as this is a typical setup we use for preclinical
irradiations.

In TOPAS, a typical modular physics list for proton
therapy was used.33,34 The cutoff value for all particles
is 0.05 mm. In order to increase efficiency, the particle
split variance reduction method was used. Two parti-
cle split planes were placed, one after the ionization
chamber number 2 (in Figure 3) and one after the col-
limator; the particle split number was 10 for each split
plane.

2.2.3 The PTW microDiamond

The TOPAS model of the PTW microDiamond detector
(type 60019) was created based on the technical draw-
ing provided from PTW that provided dimensions and
material composition of the detector internal structure.
In the simulation, the active volume is a cylindrical vol-
ume of 1 μm thickness and 1.1 mm radius consisting of
carbon with a density of 3.53 g/cm3.
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6720 SOTIROPOULOS AND PREZADO

F IGURE 3 ICPO proton therapy beam line exit section, from the second ionization chamber to the collimator exit. All dimensions are in cm.

2.3 Calculations using the Monte Carlo
method

2.3.1 Radiation quality correction factors

The PTW microDiamond detector was placed perpen-
dicular to the radiation field on the direction of the peaks
and valleys of the minibeam distribution (see Figure 1).
The same orientation for the detector was used with
the open field irradiations. The calculations were made
at typical minibeam fields routinely used in preclinical
experiments at our lab.

The simulations provided values for the Dw and D̄det
for the open fields and minibeam fields in order to calcu-
late the kmini,0,d;open,d radiation quality correction factor
between the reference calibration open field and the
center of the central minibeam,and the kmini,x,d;mini,x=0,d

correction factor between the center of the central
minibeam and the minibeam position at distance x.

As the radiation quality can change significantly with
depth, the radiation quality correction factors were also
calculated at different depths relative to the reference
depth. Some representative depths were selected for
this purpose, and only the central peak (x = 0) and first
valley correction factors were calculated.

2.3.2 Corrected peak-to-valley dose ratio
values

The PVDR is a common quality index in minibeam
dose distributions. To demonstrate the improvement
when using the radiation quality correction factors,
a comparison between corrected and uncorrected
PVDR was performed. The corrected PVDR between
the central peak and the first valley was calculated

as

PVD Rd
corr =

Dmini,x=0,d
w

Dmini,x=valley,d
w

=
D̄mini,x=0,d

det

D̄mini,x=valley,d
det

.
1

kmini,x=valley,d;mini,x=0,d
(8)

which shows that the corrected PVDR is inversely pro-
portional to the radiation quality correction factor at the
valley.

2.3.3 PTW microDiamond directional
dependence

Assuming that the microDiamond detector is not sym-
metrical, different rotations were simulated in order to
evaluate the asymmetry of the design. The effect might
come from the asymmetrical internal structure (elec-
trodes and supporting structure) that includes some
structures with high atomic number materials. Two
cases were evaluated: (i) a 90◦ rotation along the main
axis and (ii) a 180◦ rotation in an axis perpendicular to
the main axis and through the active volume.

3 RESULTS

Using the formalism developed, reference dosimetry
radiation quality correction factors were calculated for
the PTW microDiamond detector. The radiation qual-
ity correction factors were calculated in the case of (i)
the reference calibration open field and the center of
the central minibeam peak and (ii) the central minibeam
peak and other positions in the minibeam profile, that
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SOTIROPOULOS AND PREZADO 6721

F IGURE 4 Minibeam percentage profiles calculated in water and in diamond material for the 220 kV X-ray minibeams at 1 cm depth

TABLE 1 Radiation quality correction factors for the 220 kV
X-ray minibeams, from the reference open field to central minibeam
peak

Minibeam depth @ 1 cm
SSD (cm) kmin i,x=0,d=1cm;open,d 𝝈kmin i,0;open

19.45 0.944 0.002

33.00 0.925 0.006

Note:The open field is at the minibeam (SSD= 19.45 cm,detector depth= 1 cm)
or reference conditions (SSD = 33.00 cm, detector depth = 2 cm) setup.

is, positions in the peaks, valleys, and, in between, at
different depths. Using the calculated radiation quality
correction factors,PVDR values were evaluated in order
to estimate the impact of the correction factors to the
PVDR.

3.1 X-ray minibeam radiation quality
correction factors

Radiation quality correction factors between the
open field at the reference setup (open field about
10 × 10 cm2, SSD = 33.00 cm, depth = 2 cm) or
the minibeam setup (open field about 10 × 10 cm2,
SSD = 19.45 cm, depth = 1 cm) and the center of the
central minibeam peak for the 220-kV X-rays (minibeam
collimator, SSD = 19.45 cm, depth = 1 cm) are pre-
sented in Table 1. These correction factors show an
important change (∼6%–8%) between the open field
and the center of the central peak of the minibeam
distribution, indicating the need for correction factors
when the microDiamond detector has been calibrated
in an open field.

F IGURE 5 Radiation quality correction factors for the 220 kV
X-ray minibeams between the central minibeam peak and off -axis
positions at the minibeam profile, at 1 cm depth

Figure 4 shows the minibeam percentage profiles cal-
culated in water and in diamond at 1 cm depth for the
220 kV X-ray minibeams.The position where the dose in
diamond is calculated is the position where the radiation
quality correction factors are calculated. The correc-
tion factors between the center of the central minibeam
and at distance x are shown in Figure 5. A difference
of ±1.8% is observed for the off -axis correction fac-
tors demonstrating only a small radiation quality change
between peaks and valleys. At greater depths (Figure 6,
see also Figures S5 and S6 for the depth–dose pro-
file and profiles at different depths), there is a small
change in the radiation quality correction factors, less
than 3%, demonstrating again a small dependence of
the correction factor with the depth.
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6722 SOTIROPOULOS AND PREZADO

TABLE 2 Radiation quality correction factors for 100 and 160 MeV proton minibeams, from the open field to central minibeam peak

100-MeV protons 160-MeV protons
Field size (cm2) Open field depth (cm) kmin i,x=0,d;open,d 𝝈kmin i,x=0,d;open,d kmin i,x=0,d;open,d 𝝈kmin i,x=0;open,d

Minibeam depth @ 1 cm

4 × 4 1 0.904 0.007 N/A

2 0.897 0.014 N/A

10 × 10 1 0.912 0.019 0.891 0.014

2 0.884 0.007 0.884 0.012

Minibeam depth @ 2 cm

4 × 4 1 0.910 0.007 N/A

2 0.903 0.014 N/A

10 × 10 1 0.918 0.019 0.897 0.014

2 0.890 0.007 0.890 0.012

Note: The correction factor is calculated in two different open field sizes and two minibeam depths.

F IGURE 6 Radiation quality correction factors for the central
minibeam peak at different depths with respect to the 1 cm depth for
the 220 kV X-ray minibeams

3.2 Proton minibeam radiation quality
correction factors

Table 2 shows the radiation quality correction factors
between the open field and the center of the central
peak for the 100 and 160 MeV protons. The open
field is either 4 × 4 or 10 × 10 cm2 and the mea-
surement depth for the open field is either 1 or 2 cm.
The minibeams are measured at a depth of 1 or 2 cm.
Again, an important correction of about 10% is required
when the PTW microDiamond calibration is given in an
open field but is intended to be used in a minibeam
field.

Figures 7 and 8 show the percentage minibeam
profiles at 1 and 2 cm and the dose in the PTW micro-
Diamond for the 100- and 160-MeV proton minibeams,
respectively. The corresponding minibeam radiation
quality correction factors are shown in Figures 9 and 10.
The correction factor significantly increases from the
peak to the valley, exhibiting a difference of around 10%

F IGURE 7 Minibeam percentage profiles calculated in water
and in diamond material for the 100 MeV proton minibeams at (a)
1 and (b) 2 cm depth

in the valleys. This demonstrates a significant change
in the radiation quality in the valleys, which leads to
change in the detector response. The correction factors
for the depth–dose profiles (see Figures S7–S9 in for
the percentage depth–dose profiles and minibeam
profiles) are presented in Figures 11 and 12, respec-
tively. Differences with the depth are of the order of 2%
and 5% for the 100 and 160 MeV proton minibeams.
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SOTIROPOULOS AND PREZADO 6723

F IGURE 8 Minibeam percentage profiles calculated in water
and in diamond material for the 160 MeV proton minibeams at (a)
1 and (b) 2 cm depth

Here, it is worthy to mention that depth–dose profiles at
the center of a minibeam exhibit steep gradients (see
Figure S7), and some dose averaging effects might be
present.

3.3 Uncertainty in the peak-to-valley
dose ratio

A common index in the minibeams treatments is the
PVDR. In this section, the PVDR of the main peak and
the valley next to it is calculated. Table 3 shows the
corrected (i.e., using the radiation quality correction fac-
tor) and uncorrected (i.e., without using the radiation
quality correction factor) PVDR data for the radiation
qualities studied. Although the correction in the X-rays
is small, the corrections for the protons are quite impor-
tant for most depths. The difference is around 10% for
the low-energy protons. In the higher energy protons, the
correction varies between about 3% and 9%, excluding
the cases where the peaks and valley dose distribution
is not observed and has been merged (i.e., depths of 12
and 16 cm, see depth–dose profile in Figure S7). In pro-
tons, there is a decrease in the difference between the
corrected and uncorrected PVDR with depth; shallow
depths have greater PVDR differences.

F IGURE 9 Radiation quality correction factors for the 100 MeV
proton minibeams between the central minibeam peak and off -axis
positions at the minibeam profile at (a) 1 and (b) 2 cm depth

3.4 PTW MicroDiamond directional
dependence

The directional dependence of the PTW microDiamond
detector is shown in Table 4. Overall, the difference
in dose measured with a rotated detector is less than
0.65%, demonstrating a negligible dependence on the
orientation. This result is in-line with previous findings in
photon small field dosimetry.23

4 DISCUSSION

In this work,we evaluated the improvements in the dosi-
metric accuracy in minibeam preclinical radiotherapy
when radiation quality correction factors are used in
reference dosimetry. For this purpose, a formalism for
the calculation of the radiation quality correction factors
was developed and applied in typical scenarios. In the
proposed formalism, the absorbed dose in water at a
minibeam profile is divided into two steps: (i) The dose at
the center of the central beam is calculated, and (ii) the
dose at the minibeam profile is calculated.This two-step
approach generates the need for two types of correction
factors:(i) between the open field where the detector has
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6724 SOTIROPOULOS AND PREZADO

TABLE 3 Peak-to-valley dose ratio (PVDR) calculated with (corrected) and without (uncorrected) the radiation quality correction factors for
the radiation qualities studied

Radiation type
Depth
(cm) k

mini, x = valley, d;
mini, x = 0, d σk PVDRuncorr σPVDRuncorr PVDRcorr σPVDRcorr

Difference
(%)

X-rays

220 kV 1 0.985 0.006 12.85 0.06 13.05 0.09 −1.5

3 0.995 0.007 6.34 0.03 6.37 0.05 −0.5

5 0.960 0.008 3.90 0.02 4.06 0.04 −4.0

Protons

100 MeV 1 1.112 0.006 9.10 0.04 8.18 0.06 11.2

2 1.094 0.005 7.47 0.03 6.83 0.04 9.4

4 1.109 0.005 3.58 0.01 3.22 0.02 10.9

6 1.119 0.003 1.46 0.00 1.30 0.01 11.9

160 MeV 1 1.090 0.010 8.99 0.07 8.25 0.10 9.0

2 1.084 0.008 7.90 0.05 7.29 0.07 8.4

4 1.068 0.008 5.17 0.04 4.84 0.05 6.8

8 1.031 0.019 1.41 0.03 1.37 0.04 3.1

12 0.999 0.006 1.01 0.01 1.01 0.01 −0.1

16 0.995 0.005 1.01 0.00 1.01 0.01 −0.5

F IGURE 10 Radiation quality correction factors for the 160 MeV
proton minibeams between the central minibeam peak and off -axis
positions at the minibeam profile at (a) 1 and (b) 2 cm depth

F IGURE 11 Depth–dose radiation quality correction factors for
the central minibeam peak at different depths with respect to the
1 cm depth for the 100 MeV proton minibeams

F IGURE 12 Depth–dose radiation quality correction factors for
the central minibeam peak at different depths with respect to the
1 cm depth for the 160 MeV proton minibeams
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SOTIROPOULOS AND PREZADO 6725

TABLE 4 Difference between the rotated and un-rotated PTW
microDiamond detectors

Rotation
(◦) Radiation quality

Depth
(cm)

Difference
(%)

θ
90 X-rays 1 0.17

90 100-MeV protons 1 −0.15

90 100-MeV protons 2 −0.16

φ
180 X-rays 1 0.25

180 100-MeV protons 1 0.64

180 100-MeV protons 2 0.17

Note:With theta,θ, is a rotation around the main axis and with phi,φ, is a rotation
perpendicular to the main axis through the active volume.

been calibrated and the center of the central peak in the
minibeam profile, and (ii) between the center of the cen-
tral peak in the minibeam profile and at distance x from it.
Following the proposed formalism, the impact of the cor-
rection factors in the dosimetric accuracy was evaluated
for the PTW microDiamond detector for orthovoltage X-
rays (220 kV) and proton (100 and 160 MeV) minibeam
fields.

The correction factors for the PTW microDiamond
detector between the open field and the central peak in
the minibeam profile, kmin i,x=0,d;open,d, are important in
both (X-rays and protons) radiation qualities.For the typ-
ical reference dosimetry setup for 220 kV X-rays at our
lab (field size is about 10 × 10 cm2, which is achieved
without a collimator, SSD = 33 cm, depth = 2 cm) and a
minibeam profile at 1 cm depth (SSD = 19.45 cm), the
correction is 8%. In protons (reference setup: 10 × 10-
cm2 field, 2 cm depth; minibeams at 1 cm depth) the
correction is around 10%. That is expected as the radi-
ation quality, and therefore the detector response is
expected to significantly change between the open field
and the central minibeam. These results demonstrate
the need to generate quality correction factors when
radiation detectors are used for determination of the
absorbed dose in water at a minibeam array, especially
at shallow depths.

The correction factors for the microdiamond detec-
tor between the central peak in the minibeam profile
and distance x along the peak and valley direction,
kmin i,x,d;min i,x=0,d, are important in the case of protons.
For X-ray minibeams, the correction is around 1.5% and
is close to the measurement uncertainty so in a first
approximation could be neglected. In proton minibeams,
the dose at the valleys is underestimated, and a correc-
tion of around 10% is required. This large difference is
expected due to the change in the spectrum and LETd
in the valleys in comparison to the peaks35 that affect
the detector response.

The significance of the profile corrections fac-
tors, kmin i,x,d;min i,x=0,d, is demonstrated in PVDR

calculations. PVDR is very sensitive to changes
in peak or valley dose. In our formalism, PVDR is
directly proportional to the kmin i,x=valley,d;min i,x=0,d cor-
rection. Consequently, PVDR differences between
uncorrected and corrected are −1.5% for the X-ray
minibeams and get more important in proton minibeams,
around 10%.

Due to the physical dimensions of the PTW microDi-
amond detector minibeam profiles only along the peak
and valley direction are possible. Indeed the diameter of
the microDiamond is 2.2 mm and when compared with
the length of the minibeams studied (∼2 cm) can expect
strong averaging effects,especially near the edge of the
field.

Getting accurate measurements of the minibeam pro-
files and in particular the peak and valley dose and
the PVDR is crucial for quantifying the MBRT effect.36

This work highlights the need for using minibeam
field–specific radiation quality correction factors with
measurements with the PTW microDiamond detector in
the reference dosimetry of minibeams.We hope that this
work would be a guide for other groups to conduct their
own measurements and calculations in order to gener-
ate radiation quality correction factors valid and specific
for their conditions.

At the same time, we can note the limitations in creat-
ing a dosimetry protocol for minibeams: At the moment,
there is not a standard for describing the minibeam
field,and there is not a minibeam radiation quality index.
More importantly, due to the sharp gradient typically
found in minibeam dose distributions, lot of attention
needs to be taken during a measurement. Defining a
position in a minibeam profile might be complicated,
and only the peaks and the valleys might be possible
to define with enough precision. In this study, by using
Monte Carlo simulations, we were able to demonstrate
the situation in an idealized environment in order to initi-
ate the discussion for accurate reference dosimetry in
MBRT. We expect that this discussion would become
more important toward the clinical implementation
of MBRT.

5 CONCLUSIONS

Radiation quality correction factors were calculated for
reference dosimetry with the PTW microDiamond detec-
tor in a series of X-ray and proton minibeam fields
typically used in small animal irradiations. Our calcu-
lations demonstrated that a notable correction factor
is involved when the detector is calibrated in an open
field but is intended to be used in a photon or pro-
ton minibeam field. In addition, an important effect of
the correction factors to the PVDR was shown for pro-
ton minibeam, whereas for the X-rays, the correction
was small. Overall, the inclusion of radiation quality cor-
rection factors in minibeam dosimetry with the PTW
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6726 SOTIROPOULOS AND PREZADO

microDiamond detector results in differences in the
dose of around 5% and 10% for photons and proton
minibeams, respectively.
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