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This work describes the procedure of using Micro Silica Beads (MSBs) to verify the output factors and profiles of a
stereotactic radiosurgery unit. MSBs have shown acceptable dosimetric accuracy for measurement of Detector
Output Ratios (DORs) and shot profiles, down to a full width at half maximum (FWHM) of 5 mm. DORs measured
with MSBs were within 1.5 % of radiochromic film, and 3 % of a microdiamond detector. Measured FWHM were

within 0.2 mm of planning system and radiochromic film. MSBs can be used as an effective substitute to radi-
ochromic film for measurement of shot profiles and DORs.

1. Introduction

Stereotactic Radiosurgery (SRS) uses finely collimated radiation
fields to deliver large therapeutic doses to small benign and malignant
targets, no greater than 20 cm® in volume, while effectively sparing the
surrounding healthy tissues. These finely collimated fields present a
dosimetric challenge, as only a limited subset of radiation detectors offer
the spatial resolution, sensitivity and small perturbations required to
accurately measure absorbed dose [1-3].

The measurement and validation of machine Output Factors (OFs)
and dose profiles are essential tasks when commissioning an SRS unit.
OFs quantify the absorbed dose to water ratio between a reference field
and non-reference field at a specific depth. TRS-483 provides guidance
on how to measure, calculate and use OFs and field output correction

factors (kg";‘f"Q“;s) for the quality assurance of SRS systems [4]. Due to
detector perturbations and volume averaging, the ratio of detector
readings acquired in output factor measurements cannot be considered
equivalent to absorbed dose ratios. The term Detector Output Ratios
(DORs) has been proposed to describe uncorrected estimates of field
output factors [5-7]. When DORs have received field output correction,
they may be considered OFs. Dose profiles, which represent the lateral
spread of dose from the beam central axis, must be measured and
confirmed to match those computed by the planning system. This is
important as some SRS systems scale reference dose profiles with depth
to calculate clinical doses.
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Radiochromic film has historically been the dosimeter of choice for
SRS dosimetry [7-11], however measured doses are strongly dependent
on the quality of the film scanner, procedures for handling and pro-
cessing films [12], and films may exhibit inhomogeneities between
batches [13]. Air ionisation chamber measurements are limited by
volume averaging and beam perturbation effects in small radiation fields
with large dose gradients, as the presence of these detectors within the
field causes lateral charged particle equilibrium to break down
[6,14,15]. A range of solid state and liquid filled ion chambers with
significantly smaller volumes, such as microdiamond detectors [8,9],
diodes [15], liquid ionisation chambers [15] and alanine pellets [16]
have proved more suitable. Groups have also reported perturbation
factors for some of these detectors [15,17,18]. Several studies have re-
ported the measurement of shot profiles using film [8,9], scanning
microdiamond detectors [8,9] and plastic scintillators [9].

The use of Micro Silica Bead (MSB) scintillators in radiation dosim-
etry was first reported in 2014 [19]. Subsequent articles discussed their
optimisation and how their application is influenced by their composi-
tion [20], mass [20], radiation response [21], processes of annealing
[19,22] and readout [19,22,23]. MSBs have been shown to have good
linearity over the range 1 cGy — 50 Gy [19,20], low angular dependence
from 0 to 90° [19], and an energy response like soft tissue for high en-
ergy photon beams [14,20,24]. Individual MSBs have dimensions of 1.1
mm x 1.6 mm, they are predominantly composed of oxygen, silicon and
sodium, have a similar density to cortical bone [14,20].
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Herein, we report a methodology for the verification of SRS OFs and
shot profiles using MSBs. MSBs were used to measure DORs for the 8 mm
and 4 mm shots using the 16 mm shots as the machine specific reference
field. As there are currently no published field output correction factors
for MSBs, MSB DORs were compared to OFs programmed into the
planning system and OFs measured using established detectors. MSBs
were also used to measure shot profiles which were compared with
profiles calculated by the planning system and measured using film.

2. Materials and Methods

A Leksell Gamma Knife Esprit treatment unit was used with Leksell
Gamma Plan (LGP) treatment planning system (version 11.3) running
the TMR10 dose engine. Twenty-two MSBs (each 1.1 mm in length, 1.6
mm in width) were threaded together to form a contiguous MSB array
(TrueInVivo DOSEmapper) of total length 24.2 mm (22 x 1.1 mm).
Separate MSB arrays were used for each measurement and an example of
an array is shown in Fig. 1. A spherical solid water phantom was used for
measurements, and an insert was modified to accommodate an array by
drilling a 1.8 mm diameter hole through its centre along the z-axis
(schematic shown in Supplementary Fig. S1). The phantom was moun-
ted using the GK G-Frame at a Gamma angle of 90°. An MSB array was
then inserted into the phantom and a Cone Beam CT (CBCT) scan was
used to ensure one of the two central beads was accurately positioned at
the radiation focus (x,y,z coordinates of 100,100,100 in mm). The dose
imparted to the MSBs by the CBCT scan was approximately 3000 times
lower than the treatment dose and was therefore not accounted for.
Once the central bead position was verified, an exposure was performed
for a duration of 2.2 min. This process was performed 13 times for the
16 mm shots, 11 times for the 8 mm shots and 19 times for the 4 mm
shots. After exposure, MSBs were sent to the manufacturer to be cali-
brated and analysed according to their published procedure [19].
Microsoft Excel was used to handle the final individual MSB data, and to
calculate DORs and percentage uncertainties. DORs were calculated for
each measurement by dividing the maximum dose from each 4 mm and
8 mm measurement (clinical field measurements) by the average
maximum dose from the 16 mm measurements (machine specific
reference field). Uncertainties were calculated by summing the standard
deviation of the machine specific reference field measurements and the
standard deviation of the clinical field measurements. As there are
currently no field output correction factors published for MSBs, no
corrections were applied. FWHM were calculated from shot profiles
using the zero-crossings of an interpolating spline (scipy) fitted to a
profile shifted down by half its maximum (see Supplementary Fig. S2).

EBT3 radiochromic film (Ashland Speciality Ingredients) was
exposed under the same conditions as for the MSB measurements using
the solid water film insert, and ten films were exposed for each colli-
mator setting. Films were then scanned using an Epson Expression
10000XL Scanner and analysed using MyQA Patients (IBA Dosimetry,
Germany) and Microsoft Excel. Z-profiles were extracted, and DORs and
FWHM were calculated using the same method used for the MSBs. The
batch of films were calibrated using a GK Esprit by exposing films to
doses from 0 Gy to 8 Gy as calculated by planning system, and a cali-
bration curve was produced in myQA Patients. The DORs measured
using film were deemed to be equivalent to OFs due to the water
equivalence of the phantom and lack of beam perturbation expected by
the film.

A PTW MicroLion Type 31,080 chamber (sensitive volume = 1.7
mm?) and a PTW microDiamond Type 60,019 (sensitive volume 0.004
mm?) were also used to measure DORs using the solid water phantom
with corresponding detector inserts. For these measurements, the charge
was measured from three 60 s exposures, for each collimator size. To
determine DORs, the ratio of the charge collected for each collimator
relative to the average charge from the 16 mm collimator was calcu-
lated. These DORs were converted to OFs by multiplying the DORs by
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Fig. 1. Z-axis profiles of 16 mm, 8 mm and 4 mm shots measured using an
MSBs and radiochromic film compared with the planning system. Average
FWHM also shown. Inset, an example photo of an MSB array.

kfél:mf& reported in [4] for the microDiamond detector and [15] for the
MicroLion.
Reference dose profiles were obtained from the planning system

using exported DICOM RT-Dose objects (1 x 1 x 1 mm spatial resolution).
3. Results
3.1. DORs/OFs

Table 1 shows all measured DORs and OFs and results from pub-

lished literature. Average DORs measured using MSBs for 8 mm and 4
mm collimations were 0.896 and 0.795, respectively, which represent
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Table 1 Table 1 (continued)
DORs, OFs and Z-axis profile FWHM from our work and published literature
[1,8-10]. Percentage differences between measurements and data from the
treatment planning system also shown. Standard deviation for 16 mm DOR/OF 16 mm 8 mm 4 mm 16 8 4

Dosimetry System  DORs FWHM

measurements also shown. mm mm  mm
Dosimetry System  DORs FWHM 0.914 0.804
(+1.4%)  (-1.2%)
16 mm 8 mm 4 mm 16 8 4 0.886 0.805
mm mm mm (-1.7 %) (-1.1 %)
MSBs Taken as  0.880 0.791 17.5 103 5.3 .
unity. (-23%) (-29%) 179 101 5.0 M‘é;" th;’“ Taken as ?'818?1 % ?'8132 "%
(+£1.6 %)  0.866 0.799 177 100 5.1 amber unity. a9
—3.9% -1.8% 17. . .
(-39%) (-18%) 178 95 53 Radiochromic Takenas  0.926 0.83 174 98 50
0.937 0.787 18.0 10.0 5.1 Film f . (G28%) (120%)  [9] o] o)
(39%)  (-34%) 177 98 54 i from unity- +28%)  (+2.0%
0.893 0.768 178 10.0 53 literature [8] [8] 17.3 9.7 4.9
(-0.9%) (-58%) 172 9.6 5.2 (()‘818; % (()'7291 % 8] 18] (8]
0.898 0.821 178 98 51 [I] o [I] e
(—=0.3%) (0.9 %) 17.4 9.6 5.0 0.908 0.809
0.927 0.776 180 9.6 5.1 (‘ 0.8%) (‘ 0.6 %)
(2.9 %) (-48%) 182 9.6 5.2 [Yoi ° [1’0]' °
0.873 0.789 17.5 5.1
-3.2% —3.1% 5.1
g 006 %) f) 67 %) o Micro Diamond Takenas  0.897 0.829 174 98 50
. : ! Detector from unity. (—0.3 %) (+1.8 %) [9] [9] [9]
(0.5 %) (—6.0 %) 5.1 .
0.886 0.803 5.1 literature [8] [8] 17.4 9.7 4.9
) ' ’ 0.902 0.827 [8] [8] [8]
(-1.7%) (-1.4%) 5.1 0.1 % 16 %
0.896 0.799 5.1 Soj %) So]. %)
(=0.5%) (~1.8%)
0.888 0.796 W2 Scintillat 175 9.8 5.1
-l4%)  (-23%) fi mi'i ; :r [9j [é] [é]
0.786 Tom literature
(=36 %) a - _ o
Corrected using field output correction (kK<nfm ) from [4].
0.803 & P ( chiQOsr) (4]
(1.3 %) b Corrected using field output correction (ka‘:',"‘,"fa“"; from [15].
0.795
(—2.4 %)
0.846
(3.8 %) differences of —0.6 % and —2.3 % compared with the planning system.
0.788 The microdiamond detector measured average OFs of 0.893 (—0.8 %)
(()’831'2 %) and 0.818 (+0.5 %) for 8 mm and 4 mm, respectively, and film
((') 2%) measured average OFs of 0.900 (—0.1 %) and 0.807 (—0.9 %), respec-
0.794 tively. The MicroLion chamber measured OFs of 0.888 (—1.4 %) and
(—2.5%) 0.830 (+1.9 %), for 8 mm and 4 mm shots, respectively.
0.785
—-3.6 % .
( %) 3.2. Uncertainties
Dosimetry System  OFs FWHM
16 mm 8 mm 4 mm 16 8 4 Overall uncertainties of the 8 mm and 4 mm MSB DORS were 3.9 %
mm  mm  mm and 3.9 %, respectively. These were similar to those obtained for the film
Treatme,m Tal,(e" as 0901 0.814 17.5 0.8 50 measurements (3.6 % and 4.0 %, respectively). Uncertainties were
Planning unity. R . .
System smallest for measurements using the microdiamond detector (0.2 % and
Micro Diamond Taken as  0.892 0.819 0.5 %, for 8 mm and 4 mm shots, respectively), and not enough mea-
Detector unity. (-1.0%)  (+0.6 %) surements were acquired with the MicroLion detector to have confi-
(£0.0%)  "0.893 ‘0.813 dence of uncertainty.
(-0.9%)  (-0.1 %)
0.895 0.821
(-0.7%)  (+0.9 %) 3.3. Shot profiles
) ) Fig. 1 shows shot profiles measured using the MSBs, film and
Rafil;Chromlc zzli{t;n as ?'846?) %) ?‘?Z %) 1;'3 2'3 gf calculated by the planning system. Table 1 shows all FWHM and results
. —4.0 % -3.4% . . . . .
(+1.6%) 0914 0.825 17.5 0.8 5.2 from published literature. FWHM calculated for 16 mm, 8 mm and 4 mm
(+1.4%) (+1.3%) 17.4 9.8 5.1 shot profiles measured by MSBs were 17.7 + 0.3 mm, 9.8 + 0.2 mm, and
0.911 0.787 175 9.9 5.1 5.1 £+ 0.1 mm, respectively. These values represent differences from the

(+1.1%) (3.4 %)
0.879 0.830
(-25%) (+1.9%)

reference by + 0.2 mm, 0.0 mm and + 0.1 mm, respectively. FWHM
calculated for 16 mm, 8 mm and 4 mm film profiles were 17.5 + 0.1

0.893 0.845 mm, 9.8 + 0.1 mm and 5.1 + 0.0 mm, respectively, which represent
(-0.9%) (+3.8%) differences of —0.1 mm, 0.0 mm, and 0.1 mm.

0.898 0.799

(=0.4%)  (-1.9%) 4. Discussion

0.930 0.801 '

+32%) (-1.6 %)

0.910 0.784 This work describes the procedure of using MSBs to verify that OFs
(+1.0%)  (-3.7 %) and shot dose profiles calculated by the planning system and produced

by the radiation unit are consistent. The microdiamond detector
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provided OFs that were most like the planning system (<1% difference
for all shots) and demonstrated the smallest uncertainties. The 8 mm
DORs measured using MSBs were within 1 % of the planning system,
microdiamond, Micro Lion and film measurements. The 4 mm DORs
measured by MSBs were within 1.5 % of film and within 3 % of the
planning system and microdiamond. The MicroLion measurements were
almost 2 % greater than the planning system. While the film and
microdiamond measurements in this work were all within 1 % of the
planning system, other groups have reported differences between 1.6 —
2.8 % between planning system OFs and OFs measured using micro-
diamond and film [1,8,10]. For the latter in particular, radiotherapy
departments will have their own protocols for the handling and analysis
of films which may contribute significant variation. Conversely, a
benefit of the MSBs is that the analysis procedure [19] is standardised,
which may provide more meaningful comparison of published MSB
measurements.

The MSBs and film demonstrated uncertainties of 3-4 % for 8 mm
and 4 mm shots, although uncertainties using film > 4 % have been
reported elsewhere [10]. The standard deviation of the 16 mm mea-
surements using MSBs was 1.6 % which is consistent with the 1.7 %
uncertainty reported in [19] for the whole measurement and readout
process. The standard deviations of the 8 mm and 4 mm DORs were 2.3
% and 2.3 %, respectively. Therefore, measurement of the smaller shots
contributed 0.7 % additional uncertainty.

The MSBs also provided profile measurements with FWHM that were
within 0.3 mm of the planning system and were at most 0.3 mm different
from literature reports that used microdiamond detectors, W2 scintil-
lators and film [8,9]. Overall, the MSBs provided satisfactory measure-
ments of DORs and shot profiles and could serve as a lower-cost, less
laborious dosemeter with acceptable uncertainties.

There are however some requirements and limitations of using MSBs
for SRS dosimetry. A solid water phantom insert needed to be modified
with a 1.8 mm diameter channel, to accurately fit the MSB array. The
MSBs also required accurate positioning which was achieved using the
GK onboard CBCT system to position one of the two central beads at the
radiation focus. While measurement of the 16 mm and 8 mm shots did
not require as careful positioning of the beads, in the case of the 4 mm
shots, it was essential to position a central bead at the radiation focus.
Based on the increased uncertainty of measuring doses from the smallest
collimator settings, we would recommend at least three measurement
repeats for the 16 mm and 8 mm shots and at least five measurement
repeats for the 4 mm shots. Only z-axis measurements were performed in
this work as the design of the solid water phantom only permits z-axis
measurements. The FWHMs reported in this work were estimated from a
small number of points, therefore, these values may be sensitive to the
interpolation method used.
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