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ABSTRACT

In vivo dosimetry in high dose-rate (HDR) intracavitary brachytherapy (ICBT) is important for assessing the true dose received by surrounding organs at risk during
treatment. It also serves as part of the treatment delivery quality assurance and verification program with the use of a suitable dosimeter. Such a dosimeter should be
characterized under brachytherapy conditions before clinical application to ensure the accuracy of in vivo measurement. In this study, a MOSFET-based detector,
MOSkin, was calibrated and characterized under HDR Cobalt-60 (Co-60) brachytherapy source. MOSkin possessed the major advantages of having small physical and
dosimetric sizes of 4.8 x 10~ ®mm?® with the ability to provide real-time measurements. Using solid water and polymethyl methacrylate (PMMA) phantom, the
detectors’ reproducibility, linearity, angular and distance dependency was tested for its suitability as an in vivo detector. Correction factors to account for differences
in depth measurements were determined. The MOSkin detector showed a reliable response when tested under Co-60 brachytherapy range of doses with an excellent
linearity of R = 0.9997 and acceptable reproducibility. A phantom verification study was also conducted to verify the differences between MOSkin responses and
treatment planning (TPS) calculated doses. By taking into account several correction factors, deviations ranging between 0.01 and 0.4 Gy were found between
MOSkin measured and TPS doses at measurement distance of 20-55 mm. The use of MOSkin as the dosimeter of choice for in vivo dosimetry under Co-60 bra-

chytherapy condition is feasible.

1. Introduction

High dose-rate (HDR) intracavitary brachytherapy (ICBT) is part of
cervical cancer definitive treatments. The main advantage of ICBT is the
delivery of good dose conformality to the tumor while sparing the dose
to the surrounding tissues. As the cervix is in close proximity to the
rectum and bladder, these organs will indirectly receive part of the dose
spillage from the treatment. Clinical correlation between doses in rectal
volume with toxicity have been demonstrated in earlier investigations
[1,2]. Hence it is crucial to monitor the dose received by these organs
during treatments. To accomplish this, in vivo dosimetry (IVD) is re-
commended to be performed during each fraction of ICBT. Any devia-
tions in the dose measured during ICBT allow for modification to the
prescribed dose in the subsequent treatment fraction. It also acts as part
of, and supplement to, the quality assurance program by providing an
independent verification of treatment delivery while having a perma-
nent record of actual organ doses received during treatment.

Development and implementation of IVD in brachytherapy has been
conducted using either commercially available or institutional self-de-
veloped detectors such as thermoluminescent dosimeters (TLD), diodes,

metal-oxide semiconductor field effect transistors (MOSFET), plastic
scintillation (PSD), alanine, fiber optic and optically-stimulated lumi-
nescence dosimeters (OSLD) [3-10]. Tanderup et al. rated and sum-
marized the advantages and convenience of the abovementioned de-
tectors according to the intrinsic characteristics, ease of handling and
availability of the detectors. Among them, MOSFET, OSLD and PSD
were categorized as having relatively small volumes that are essential
for the high spatial resolution required to provide accurate dose mea-
surements in high dose gradient areas.

MOSFET has the advantage of having features such as dose mea-
surement integration as well as allowing immediate dose readout (real-
time measurement) besides having a small volume. Although a com-
mercial MOSFET’s size is relatively small compared to other previously
mentioned detectors, the volume is still considered to be large for IVD
in brachytherapy. The production of micro-MOSFET detectors with a
smaller active volume of 0.2 x 0.2 X 5 x 10~ *mm?® is expected to
overcome the volume averaging problem in brachytherapy dosimetry.
Owing to small sizes, micro-MOSFET has been clinically used by in-
serting the detectors into the brachytherapy catheter to detect dose
differences during interstitial brachytherapy of head and neck, breast,
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soft tissues sarcoma, prostate and gynecological cancer treatment
[11-13].

A relatively new MOSFET-based detector, namely the MOSkin was
designed and developed by the Centre for Medical Radiation Physics
(CMRP), University of Wollongong, Australia. With its relatively small
physical dimensions and active volume, MOSkin had been introduced
and tested for IVD in brachytherapy. Previous works on the MOSkin
detector has been focused on characterizing and identifying dose
measurement for prostate, nasopharyngeal and vaginal HDR bra-
chytherapy with the use of Iridium-192 (Ir-192) as the brachytherapy
source [14-21].

Ir-192 is the most commonly-used isotope for HDR brachytherapy.
Recent technology has allowed for the application of HDR bra-
chytherapy with the use of Cobalt-60 (Co-60) isotope, with the same
dimensions as Ir-192. There are no prominent advantages or dis-
advantages of Co-60 source with regard to clinical aspects except for the
logistical consideration as it requires the source to be exchanged every
5years, compared to 3-monthly exchanges for Ir-192 [22-24]. The
purpose of this study is to characterize the physical properties as well as
to evaluate the suitability of MOSkin as an in vivo detector in HDR Co-60
brachytherapy system. This study, to the best of our knowledge, was the
first to characterize a MOSkin detector under Co-60 as the HDR bra-
chytherapy source.

2. Materials and methods
2.1. Cobalt-60 HDR brachytherapy system

An Eckert & Ziegler BEBIG MultiSource® HDR remote afterloader
brachytherapy treatment unit model 1322-0012 (Eckert & Ziegler,
Germany) was used throughout the study. The geometric design, ma-
terials and dosimetric properties of BEBIG Cobalt-60 source (model
C00.A86) are described elsewhere [23-26]. The radiation source of Co-
60 with initial activity of 68.05 GBq calibrated on 11th February 2016
was employed in the study. The source strength was verified locally
using a PTW (Physikalisch-Technishe Werkstatten GmbH, Freiburg,
Germany) well-type ionization chamber Type 077091 resulting in an
agreement of within = 2%.

2.2. MOSkin dosimetry system

A patented MOSFET of p-type detector, MOSkin is characterized by
its unique packaging which uses a thin, flexible and reproducible
polyamide film with 7 mg/cm? thickness to protect its sensor and acts
as the build-up layer of the MOSkin. It is equivalent to the thickness of
the skin basal layer in human. It has a physical dimension of approxi-
mately 2 X 1 x 0.5mm? as well as a small sensitive gate oxide volume
of 4.8 x 10”®mm?® and thus is suitable for measurements of doses at
steep dose gradient region and for skin dosimetry [16,18]. Information
on MOSkin has been described in detail elsewhere [14-20,27,28]. The
detector is read-out in real time with a frequency of 1Hz during
treatment delivery by connection to a reader with +15V potential
difference across the detector gate oxide during irradiation. The MO-
Skin operates on the same principle as a conventional MOSFET detector.
The voltage that was required to initiate the source-drain current is
known as threshold voltage, Vy,. The change in threshold voltage, AVy,
across the gate oxide ergo proportional to absorbed dose calculated
as = Vy(post exposure) — Vy,(pre exposure). Fig. 1(a) shows the MO-
Skin dosimetry system used in this study.

2.3. Phantoms

All measurements were performed using a polymethyl methacrylate
(PMMA) phantom with a dimension of 300 X 300 mm? and overall
thickness of 300 mm except for detectors calibration. A slab of PMMA
was specially designed and locally fabricated to house the MOSkin
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Fig. 1. (a) MOSkin dosimetry system. (b) Set-up of MOSkin calibration proce-
dure under Co-60 source. Both MOSkin and CCO1 detectors were aligned par-
allel at 30 mm distance to Co-60 source in a solid water phantom.

detector. The solid water phantom (GAMMEX RMI, Middleton, USA)
with a slab for insertion of 0.1cc cylindrical chamber, CCO1
(Scanditronix, USA) was used in the detector’s calibration.

2.4. Characterization

2.4.1. Calibration

Calibration under HDR Co-60 brachytherapy source for MOSkin
detector was performed by exposing both MOSkin and CCO1 simulta-
neously in the solid water phantom. The source was placed at source to
detector distance of 30 mm as shown in Fig. 1(b). Slabs of 100 mm
thickness were placed above and below the detectors to provide suffi-
cient scattering medium. A plan was generated using the HDRplus
treatment planning system (TPS) version 2.6 (Eckert & Ziegler BEBIG
GmbH, Germany) system to deliver 1 Gy of reference dose at 30 mm
depth. Detectors were irradiated three times to obtain the average
readings. The average readings were denoted as AV, for MOSkin
detector. Readings from CCO1 detector were converted into absolute
dose value, D¢co; using the TRS 398 photon dose calculation formalism
[29]. Dccos in this study was used to verify the AAPM TG43 calculated
dose in brachytherapy treatment planning system, Dyps. Thus, MOSkin'
calibration factor (CF) or sensitivity can be determined either using
Dcco1 or Dyps as reference dose data as shown in the equations below:

CFccor = AVinean/Decor (@)

CFrps = AVipean/ Drps 2)

The CF obtained from both methods was compared.

2.4.2. Reproducibility and linearity
The calibration procedure was repeated for three consecutive days
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and three consecutive weeks to evaluate the reproducibility of the de-
tector. Linearity test was conducted with a similar experimental setup
to the calibration procedure. Plans were generated with doses ranging
from 1 to 7 Gy with 1 Gy intervals, corresponding to the range of in-
tracavitary brachytherapy doses. The resulting MOSkin reading in mV
was plotted against the prescribed dose. Regression analysis was per-
formed to obtain the coefficient of determination (R?). By averaging the
detectors’ sensitivity from each dose fraction, MOSkin’s sensitivity
which has the unit of mV ¢Gy ™!, was calculated and determined from
this experiment.

2.4.3. Angular dependence

The angular dependence of MOSkin detector was assessed by mea-
suring the responses at various angles in the azimuthal and polar axis
due to the possibility of different source beam direction relative to the
detector during brachytherapy treatment. Measurements were per-
formed at a distance of 30 mm from the source with the detector placed
in the custom-made PMMA holder inserted into the PMMA slab. For
azimuthal axis, measurement of reference angle at 0° was carried out by
ensuring that the active volume of MOSkin directly faced the source.
The subsequent measurements were taken by rotating the holder in
clockwise position at every 45° interval.

The polar angular dependence measurement was carried out by
moving the Co-60 source from the first dwell position at the tip of the
applicator until reaching the ninth dwell position with 10 mm separa-
tion distance as shown in Fig. 2. The fifth dwell position was fixed
perpendicular to the MOSkin active volume and regarded as the re-
ference angle. Readings at each dwell position were corrected for dif-
ferences for source-detector distance. The corrected MOSkin readings
were then compared with doses calculated by TPS to assess the changes
in dose measured due to the angular dependence of MOSkin. All read-
ings in both the azimuth and polar angle measurements were normal-
ized to the reading obtained at each respective reference angle.

2.4.4. Distance dependence

Distance dependent test was performed to evaluate the variation in
MOSkin’s sensitivity due to photon energy spectrum changes at varying
distance ranging between 15 mm and 55 mm with 5 mm intervals from
Co-60 source. The change of distance was accompanied by change in
dose rate at each depth. Thus, the variations of sensitivity due to both
distance and dose rate can be evaluated simultaneously. This study was
performed on PMMA slab phantom as it possessed modest differences in
properties compared to water in terms of the density and electron
stopping power. The inverse of the detectors’ sensitivity for each depth
is the distance-dependent correction factor (Dd.) of the MOSkin de-
tector. Correction factors at each depth were normalized to the max-
imum depth of 55 mm.

2.5. In phantom verification

To verify dose measurements using the MOSkin detector, a simple
phantom dose measurement was conducted. A stack of solid water
phantoms with a source guide tube and MOSkin detectors embedded

10mm

Co-60

Applicator tip

Vil

MOSkin tail

1 MOSkin

[~ active volume

Fig. 2. Source dwelling position from tip of applicator until ninth dwell posi-
tion along longitudinal axis for measurement of polar angle dependency test.
Source at dwell position 0, perpendicular to detector surface defined as re-
ference angle.
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within the phantom were set up in a similar manner to the distance
dependent setup. A detector was placed at every 5 mm depth interval
starting from 15 mm source-detector distance. The setup and phantom
were scanned using a CT simulator (Brilliance CT Big Bore, Philips
Healthcare, Andover, MA) using 3 mm slice thickness. The acquired
images were used for planning with a prescribed dose of 1 Gy at 30 mm
source-detector distance.

Doses were measured at each depth in the solid water phantom from
15 to 55mm depth with distance-dependent correction factor in-
corporated into the dose conversion using the equation below:

Dose (Gy) = AV,/(CF x Ddy) 3

The correction factor to account for angular effect was not ac-
counted in the formula as the detector was perpendicular to the source.
On TPS, point doses were determined on the image at detector active
volume assumed to be located within the phantom. Measured doses
were then compared with the TPS calculated dose.

3. Results
3.1. Characterization

3.1.1. Calibration

The calibration factors derived from two methods resulted in small
difference with a 0.01 Gy dose deviation as shown in Table 1. The in-
significant difference may be due to the small active volume of CCO1,
comparable with the small active volume of MOSkin detector. Both
detectors are deemed to be suitable for dose measurements in the high
dose region of brachytherapy condition. In this study, 3 individual
detectors have been used for characterization. For multiple detector
usage, it is recommended to calibrate each detector individually re-
gardless of the batch, prior to clinical use, as comparison of calibration
factors among three MOSkin detectors resulted in a maximum differ-
ence of 8% above the mean value [19]. The three detectors were cali-
brated prior to characterization and the maximum sensitivity deviation
was 2.5% as shown in Table 2.

3.1.2. Reproducibility and linearity.

The measurement of MOSkin shows variations of 1.1%, 2.6% and
1.7% for intra-day, inter-day and weekly reproducibility respectively as
shown in Table 3. Fig. 3 shows excellent MOSkin’s linearity with
R? = 0.9997 and consistent sensitivity (mV/cGy) at each dose level
with average sensitivity of 2.34 = 0.02 and maximum deviation of
2.5%.

3.1.3. Angular dependence

Fig. 4 shows the normalized responses of the MOSkin detector at
different azimuth axis angles. The highest response was produced at 0°
angles, when the source was perpendicular to the detector’s active
volume with 0.015 standard deviation of measurement. A decrease of
0.8% and 2% in the MOSkin responses was observed at 45° and 315°
angles, respectively. There was an approximately 10% drop in the re-
sponse when the detector was turned to *+ 90°. Minimum MOSkin re-
sponses were recorded at + 135° with an approximate drop of 14%.

Table 1
Calibration factors calculated for MOSkin as CCO1 and AAPM TG43 TPS dose as
reference dose data.

Reference Dose Data

CCo1 TPS
Dose (Gy) 0.99" 1.00™
Calibration factor (mV/cGy) 2.38 2.38

*a = dose calculated from IAEA TRS-398 formula.
*b = AAPM TG43, TPS planning dose.
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Table 2
Measured sensitivity of three MOSkin detectors used in this study.

Detector 1 Sensitivity Detector 2 Sensitivity Detector 3 Sensitivity

(mV cGy™1) (mV cGy™1) (mV cGy 1)
2.38 2.35 2.41
Table 3

Reproducibility of MOSkin three measurements in a day, three consecutive days
(inter-day) and three consecutive weeks (inter-week).

Readings (V)

Intra-day Inter-day Weekly

Measurement 1 0.235 0.238 0.240
Measurement 2 0.232 0.230 0.236
Measurement 3 0.230 0.242 0.232
Mean *+ SD 0.232 *= 0.003 0.237 = 0.006 0.236 + 0.004
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Fig. 3. Response of MOSkin detector as a function of increasing range of in-
tracavitary brachytherapy doses (Gy). The error bars indicate the 2% mea-
surement uncertainty observed in MOSkin response.

Fig. 5 shows the ratio of MOSkin measured doses over TPS calculated
doses at several polar angles normalized to dwell position of zero de-
gree. The results revealed that the measured doses from MOSkin gen-
erally agree with the TPS calculated doses to within + 7%, except for a
difference of 15% recorded at polar angle 34°.

3.1.4. Distance dependence

In the distance dependent test, the correction factors in Fig. 6 were
fitted with a least-squares polynomial function. Consequently, correc-
tion factors at other depths in between 15 and 55 mm depth can be
obtained from this graph through interpolation. The normalized cor-
rection factors in general decreases with depth, but with small variation
of < 2%. From our clinical experience, the distance from OARs to the
source from the planning images, within range of 20-50 mm, and thus,
the equation on the graph can be used to determine the distance de-
pendent correction factor within this range of depth. Our results were
comparable with those reported by Gambarini et al. [30] and Qi et al.
[19], in which the correction factors decreased with increasing source
to MOSkin detector distance as shown in Fig. 6. It has been reported in a
study from our group that the response of normalized MOSkins’
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Fig. 4. Detector responses at different rotational angles. All readings were
normalized to the reading at 0°.
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Fig. 5. Ratio of MOSkin measured doses over TPS calculated doses at several
polar angles normalized to dwell position of zero degree. Positive dwell posi-
tions represent the source movement away from the applicator tip and from
detector surface, towards the detector end-tail.
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Fig. 6. Relative distance dependent correction factor of MOSkin normalized to
maximum depth of 55 mm.
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sensitivity is < 1% with varied dose-rate [31].
3.2. In phantom verification

The decrease of the dose around the source within the source dis-
tance range in our study is mainly described by the inverse square law
as shown in Fig. 7 with doses at each depth normalized to maximum
depth of 55mm. There were 0.1% to + 3.0% differences between
MOSkin measurement and doses calculated by TPS. When the dis-
crepancies expressed in terms of absolute dose as shown in Table 5, the
dose differences was in the range of 0.01-0.4 Gy with maximum dif-
ferences occurred at the smallest distance of 15mm. The doses mea-
sured by MOSkin detectors at depths other than 15 mm were found to
be higher than TPS calculated doses. The MOSkin responses were gen-
erally in good agreement with the AAPM TG43 calculated TPS dose and
follows the inverse square law.

3.3. Uncertainty analysis

The total uncertainty of using MOSkin detector for IVD during
brachytherapy is calculated by taking the quadrature sum of individual
uncertainty obtained from the characterization tests in this study. By
taking into account the uncertainties in each characterization test
measurement (1 standard deviation) of;, 1.9% reproducibility, 1%
readout unit, 1.8% distance-dependence (up to 55 mm source-detector
distance) , 2% sensitivity (over 1-7 Gy doses range), 1.9% azimuth-
angle dependence ( = 90°) and 3.2% polar-angle dependence ( = 45°),
the overall intrinsic uncertainties of MOSkin (k = 1) is 5.1%. By adding
the uncertainties of TPS dose calculation for high-energy sources of
2.6% and source calibration uncertainty of 1.5% produced by the
AAPM TG-138 and GEC-ESTRO guidelines [32], the overall MOSkin
uncertainty (k = 1) budget in this study for IVD in brachytherapy
was * 5.9%.

4. Discussion
4.1. Calibration, reproducibility and linearity

The choice of using either CCO1 or TPS as dose reference data for
MOSkin dose calibration factors is rarely discussed in the literature.
However, we prefer to apply the CF derived from TPS as reference dose
data for conversion of detector response to absorbed dose water in
medium, similar to other studies [14,15,18]. In addition, Monte Carlo
dosimetric studies have been performed and validated on the bra-
chytherapy system used in this study, BEBIG Co-60 HDR by Ballester
et al. and Campos and Almeida where the dosimetric parameters were
consistent with consensus data set and other published data [26,33].

MOSkin’s reproducibility in our study was higher in comparison
with published results under 6 MV Linac with deviations of < 1% for
dose ranging from 0 Gy to 3 Gy [28]. Qi et al. tested the MOSkin’s re-
producibility for two read-out modes; manual and real-time for in-
creasing dose ranges of 0.2 to 0.5 Gy and reported improved reprodu-
cibility with increasing dose, with standard deviation of < 2% at
0.5 Gy. [20]. This indicates excellent stability of MOSkin readout and
measurements.

MOSkin’s sensitivity from the linearity test was found to be con-
sistent with and within the range of other published results under dif-
ferent radiation sources and beam energies, as shown in Table 4
[20,27,28]. The slight differences in sensitivity values were probably
due to the intrinsic characteristics of the structural and packaging
material that differed between each detector’s production [18].

4.2. Angular dependence

Larger discrepancies in the detector response at various azimuthal
angles in comparison with other published studies may be due to
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Table 4
Average sensitivity of MOSkin in comparison with other published studies
under different calibration sources.

Studies Sensitivity (mV/cGy) Calibration source
Qi et al., 2012 2.17 = 0.01 Iridium-192
Kwan et al., 2014 2.49 6MV Linac
Gambarini et al., 2014 2.63 Iridium-192
Tenconi et al., 2014 2.43 & 2.49 Iridium-192
Jong et al., 2014 2.53 = 0.03 6MV Linac
Jong et al., 2017 2.49 + 0.06 6MV SRS Linac
This study 2.34 = 0.02 Cobalt-60

Table 5

Percentage differences of MOSkin measured and TPS calculated dose in
phantom measurements normalized to maximum depth of 55 mm.

Depth (mm) TPS dose (Gy) MOSkin dose (Gy) Differences (%)
15 14.64 14.24 -2.74

20 8.18 8.18 0.07

25 5.18 5.28 2.03

30 3.57 3.69 3.26

35 2.61 2.67 2.56

40 1.96 2.00 1.82

45 1.54 1.56 1.6

50 1.25 1.27 1.56

differences in the Co-60 spectrum. Qi et al. determined the MOSkin
response for azimuth angular dependence under Ir-192 source to vary
less than 2% over within 360° [17,19]. The present azimuth angle de-
pendence results, however, were in close agreement with the study by
Jong et al. [28] when comparing the detector response used in face-
down orientation under 6 MV photon beam with 180° angular response
in our study. A deviation of > 10% in the range of beam incident angle
from 0° to 75° was found in this study with maximum deviation of 18%
at 75° angle [28]. At 180° angle, the photon spectrum changed as the
water-equivalent depth (WED) of MOSkin detector increased to ap-
proximately 0.9 mm (instead of 0.07 mm) due to the silicon substrate
thickness under the oxide gate. Due to the steep dose gradient in bra-
chytherapy dose distribution, a sub-millimeter change in detector WED
will result in significant changes in the detector response.

In polar angular dependency test, the corrected MOSkin readings
for + 53° angle from the surface of detector shown to follow the trend
of TPS calculated dose. It was observed that the measured dose in-
creases for dwell position 2 to position-4, towards the MOSkin tail. The
variation within the range of measured angle in our study found to be
higher in comparison with study by Qi et al., with a sensitivity variation
of within 2% for = 60° [19]. This can be reduced if dose measurement
performed at = 20° angle in which the variation is < 3%.

4.3. Distance dependence

Determination of distance-dependent correction factor had shown
comparable results with other studies of lower correction factor with
increased distance [15,20]. In these published studies, either single or
dual MOSkins were shown to have significant increase in correction
factors at decreasing source-detector distance ranging from 7 to 50 mm.
However, at depth of =45 mm, a slight increase of correction factors
until maximum depth of 55 mm was observed in our study. This may be
due to inherent uncertainties of read-out unit as the response of MOSkin
detector at depth of =45mm was < 100 mV. This uncertainty could
have been reduced to = 1% for > 100 mV reading [34].

4.4. In phantom verification

The relatively lower MOSkin response at a smaller distance of
15mm and slightly higher measured doses at greater distances, as
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Fig. 7. Comparison of measured dose from MOSkin detector with calculated
dose of TPS. Readings were normalized to maximum depth of 55mm.
Measurements uncertainty is indicated by 5% error bars. The large differences
at smaller source-to-detector distance showed the importance of accurate po-
sitioning and thus should be avoided for clinical measurement.

shown in Fig. 7, is possibly due to some uncertainties. Two types of
uncertainties are expected to arise: a) detector positioning, b) detector
response. The uncertainties due to detector positioning dominate for
measurements close to the source while the detector response affected
reading at long distances with minimum of combined uncertainties
occur at 25 mm source distance [35].

At smaller distance, as the detector is located within the strong dose
gradient, the dose reduction after the first 10 mm is around 50% near
the source [36]. This is consistent with our measurements, with nearly
60% dose fall off from measurements at distances of 15-25 mm. Due to
this, a 1 mm detector positioning error can result in large dose differ-
ences at small distances. The uncertainties in dose measurement at
larger source to detector distance arise mainly due to the uncertainties
in detectors response which can be attributed by lower dose delivered
at larger distances. In this study, dose of 1 Gy was delivered at cali-
bration depth of 30 mm. Following the inverse square law, the dose at
subsequent distance beyond the calibration depth will be further de-
creased with inversely proportional to the distance (1/distance?). As the
MOSkin readout unit uncertainty reduced to = 1% for AVy, greater than
100 mV, hence the dose measurement uncertainty will become more
significant for lower dose [34].

The stopping powers data retrieved from National Institute of
Standards and Technologies (NIST), for PMMA and water under
1.25MeV photon energy were 1.781 and 1.845MeV cm?/g respec-
tively. With modest difference of 3.4%, one can assumed that the
measured doses in PMMA should be comparable with dose measure-
ments in water. In addition, the absorbed-dose water equivalence was
found to be less dependent on phantom material for high-energy bra-
chytherapy sources such as Ir-192 and Co-60 and thus PMMA can be
used with correction factors applied [37]. The dose deviation also
contributed by inaccurate determination of detector location at TPS.
The deviation of detector position during treatment from the assumed
location determined on TPS in a study by Romanyukha et al., hence
leads to = 3.62% dose indicated by TPS [38].

4.5. Application of MOSkin for in-vivo dosimetry

The difference in temperature at the time of MOSkin calibration and
patients’ body temperature during measurement has been proven to be
negligible as no significant changes have been noted for the same type
of MOSFET-based detector sensitivity within a temperature range of
15°-40° given that the detector reached thermal equilibrium [39].
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Hence no temperature correction factor has been determined in our
study of MOSkin characterization as we allowed detectors to reach
thermal equilibrium for approximately 60 s before any measurement.

To eliminate uncertainties in detector positioning and electronic
equilibrium of dose distribution, measurements of dose with the use of
Co-60 brachytherapy were performed at a source-detector distance >
10 mm. Ballester et al. found that at 1 mm from Ir-192 source, electrons
contributed to 9.4% of the total dose while collisional kerma equals to
total dose occurring at 2 mm source distance [40]. In comparison to Ir-
192, at the same distance of 1 mm, only 1.9% electron contribution was
found for Co-60 with collisional kerma equivalent to total dose at larger
source distance of 7 mm [40]. Thus, electronic disequilibrium occurs at
larger distances for Co-60, compared with Ir-192 source. In view of this,
it is recommended that any dose measurement with the use of Co-60
source should be performed at source detector distance > 10 mm.

At larger distance, the measured detector response can be converted
into absorbed dose by applying the correction factors determined from
tests above. The measured response is proportional to the summation of
the contribution from all dwell positions, with distance and angle
measured with respect to detector position defined on simulation
images Assuming no detector movement throughout the imaging and
treatment procedures, the distance and angle can be determined from
three-dimensional images (CT or MRI).

5. Conclusion

In this work, MOSkin was tested for its suitability as a detector for
in-vivo dosimetry in HDR Co-60 brachytherapy due to its special char-
acteristic of being small in size. Characterization of MOSkin revealed
good linearity with flat sensitivity within the clinical brachytherapy
dose range and good reproducibility over time. Sensitivity variation as
function of distance-dependent correction factors need to be taken into
account when converting the response into absorbed dose. Thus,
MOSkin can be considered to be a good detector of choice for in-vivo
dosimetry in HDR Co-60 intracavitary brachytherapy.
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