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Abstract:

Noting an increase in demand for procedures involving clinical radiosurgery we seek to
develop a high spatial resolution thermoluminescence dosimeter (TLD) to allow conduct of
in vivo dose verification measurements. An associated need is for a dynamic dose range
exceeding that of the well-established LiF (Mg, Ti) phosphor TLD-100, with in particular the
latter being limited in performance at the elevated doses seen in radiotherapy. The work
investigates the performance of a novel GeB co-doped Flat Fibre (GeB-FF) fabricated using
the modified chemical vapour deposition (MCVD) process, the hollow capillary optical fibres
(COF) produced from this being collapsed down into flat fibres (FF) to create strain-related
defects. This process has already been demonstrated to increase the low dose sensitivity of
optical fibres, notably at diagnostic x-ray potentials, with Minimum Detectable Dose (MDD)
values of down to 0.1 pGy. The intent of present work, conducted as a component of a safety
audit, part of the hospital periodic radiation protection quality assurance program, has been to
examine and compare the performance of the two forms of TL dosimeter, GeB-FF and TLD-
100, measuring scattered radiation resulting from cranial cavity radiosurgery procedures. The
dosimeters were placed on the neck, chest and pelvis of 20 patients. Using both types of
dosimeter, raw dose values at each site show general accord (= 3 mGy at 1 ), covering mean
doses ranging from some 10 mGy to less than 1 mGy, representing doses of < 1% to < 0.1 %
of prescribed dose at the treatment site. GeB-FF results uncorrected for energy response show
absorbed doses greater than that using TLD-100, by factors of some 1.4, 1.2 and 1.5 for the
pelvis, chest and neck respectively; energy corrections have been shown elsewhere to provide

for much closer agreement.
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1. Introduction:

In recent years stereotactic radiosurgery (SRS) has become increasingly popular, with a
number of medical machines now able to provide for such medical procedures (O’Beirn et
al., 2018). Examples include Gamma Kbnife, a robotic linear accelerator-based system and
CyberKnife (Alyahyawi et al., 2017). SRS provides precise fine-beam delivery of high
radiation dose that can reduce the number of treatment sessions. The SRS technique is used
to treat brain tumours, trigeminal neuralgia and other intracranial disorders. In SRS, the doses
that are used vary in accord with the size of the lesion (up to 2 cm: 22-25 Gy) (Nieder et al.,
2014).

Despite the various developments in methods that have taken place following establishment
of the SRS technique, more attention needs to be given to the scattered radiation received by
the organs at risk (Ma, 2019). A previous multi-centre dosimetric audit was carried out by
Alyahyawi et al. (2019), investigating scattered dose to the lens of the eye during SRS
procedures, use being made of three types of dosimeter (Ge-optical fibres, glass beads and
TLD-100). The study was performed as a result of recommendations to reduce the risk of
lens opacifications, seeking limitation of the dose to the lens (ICRP, 2012); the results
indicated that the doses were below the new threshold of 0.5 Gy.

Concerning the above, several studies have investigated the potential use of doped-silica
dosimeters as passive detectors, detailing the detection of several types of ionizing radiations
in medical applications, including photons (Yaakob et al., 2011; Abdul Rahman et al., 2011;
Issa et al., 2012); electrons (Hashim et al., 2009); protons (Hashim et al., 2006), alpha
particles (Ramli et al., 2009) and; neutrons (Hashim et al., 2010). Further studies have
involved use of different medical techniques such as intensity-modulated radiotherapy
(IMRT) verification (Noor et al., 2010), brachytherapy dosimetry (Issa et al., 2012; Palmer et
al., 2012), and interface radiation applications (Abdul Rahman et al., 2011). Investigations
have further been carried out on undoped flat fibres (Abdul Sani et al., 2014) and doped flat
fibres (Nawi et al., 2015; Begum et al., 2015). In regard to detection limits, in studies of
clinical diagnostic X-ray dosimetry, Alyahyawi et al. (2018) determined minimum detectable
doses (MDDs) of 0.1 uGy and 1.0 uGy for GeB co-doped flat fibres (FF) and Ge-doped discs
respectively. These low levels of detection benefit strongly from the photoelectric effect.
Conversely, Ghomeishi et al. (2015) in investigation of 6 MV photons found an MDD for
Ge-doped flat fibres of 31 £ 8 mGy.mg (equivalent to some 62 mGy), largely a result of the
less powerful Compton scattering dependencies. For intraoperative radiotherapy Moradi et al.

(2019) reported a minimum detectable dose for Ge doped fibres of around 50 mGy. Other



than the predominant interaction mechanisms, the MDD also depends on a range of other
factors, including type of dopant and concentrations, also the means of fabrications of the
fibre. In the work herein, with GeB co-doped flat fibres (FF) showing MDDs that are well-
suited to present interests, use has been made of these in probing SRS scattered doses.

In SRS procedures, small uncertainties linking to small field profile measurements can result
in systematic errors at magnitudes of concern (Lam et al., 2020). The measurement
challenges include detector size, positioning issues, and the absence of charged particle
equilibrium conditions. Of the dosimeters used in SRS dosimetry, these include diamond
detectors and small volume ionisation chambers, limitations from penumbra broadening
requiring significant corrections in some cases. Notwithstanding the high spatial resolution
and accurate measurement offered by diamond detectors, positioning issues and dose-rate
corrections arise (Pappas et al., 2008). Real-time dosimetry is also being used in SRS;
particularly highlighted is an integral quality monitor (IQM), with an area integrating energy
fluence-monitoring sensor (AIMS) typically mounted between the beam shaping and
collimation system and the patient (Qian et al, 2015).

In present study, surface measurements have been carried out on 20 patients, being children
of various ages, all suffering from different brain lesions at the time of treatment.
Specifically, investigation was made of scattered radiations doses to the thyroid, chest and
pelvis during SRS treatment. It is to be noted that this work was conducted as a component of
an approved safety audit, part of the hospital periodic radiation protection quality assurance

program.

2  Materials and methods:

2.1 Sample preparation:

Use has been made of GeB-FF and TLD-100. The Ge-B-doped flat fibres were fabricated
using the process of modified chemical vapour deposition (MCVD) (Dambuli et al., 2012).
The 0.3mm thick GeB-doped flat fibre samples were manually cut into 3.5 £ 0.1 mm lengths,
giving rise to a mean mass of 0.002g. For the TLD-100, use has been made of TLD-100 discs
of diameter 9.1 + 0.1 mm, thickness 0.4 + 0.01 mm and mean mass 0.5 g. In order to obtain a
set of dosimeters of approximate uniform response a screening process was performed. For
this, the complete set of dosimeters were simultaneously irradiated to a dose of 1 Gy
delivered by a linear accelerator operating at 6 MV (a Varian TrueBeam STX linear
accelerator unit) located at the Royal Surrey County Hospital. Samples providing a uniform

response to within £ 4% of the mean TL yield were selected for use.



2.2 Annealing and readout:

In regard to TL dosimetry, sample annealing prior to irradiation is needed, removing residual
filled traps arising from previous use or handling (Alyahyawi et al., 2016). The process
begins with the placing of the dosimeters on an aluminium plate, then wrapped with
aluminium foil and placed in an oven (in this case a Carbolite oven, U.K), annealed at 400 °C
for a period of 1 hour. Post-annealing, the samples were left inside the oven to allow slow
cooling to room temperature, stabilizing the traps. Subsequently, prior to use and post-
irradiation through to readout, the dosimeters were kept in light-tight containment at room
temperature, preventing exposure to visible light, humidity and temperature variation. For
readout, a Harshaw model 4500 TLD reader supported by WInREMS software was
employed. The time-temperature profile (TTP) comprised an initial ramp to 160° C for 15 s,
then an acquisition temperature of 300° C for 30 s. In order to inhibit sample oxidation all
measurements were obtained in a nitrogen atmosphere. For each dosimeter the observed TL
yield was normalized to unit mass of the particular TL medium, obtaining results in uC/g.
The selection of the particular annealing regime has been discussed in Alyahyawi (2019). A
typical glow curve for the GeB flat fibre is shown in Fig. 1, again characterised in detail in
Alyahyawi (2019).
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Figure 1. A typical glow curve for the GeB flat fibre, characterised in detail in Alyahyawi
(2019).



2.3 Calibration:

For calibration, irradiations of both the GeB-flat fibre and TLD-100 were performed using
the same Varian TrueBeam STX linear accelerator as before, operated at 6 MV. The samples
were irradiated to doses from 20 mGy to 0.5 Gy, delivered at a dose-rate of 600 MU/min, use
being made of a 10 x 10 cm field size at a source to sample distance (SSD) of 95 cm and with
the samples at 5 cm depth in solid water™ . Results for both the GeB-flat fibre and TLD-100

are shown in Figure 2.

2.4 Irradiation procedure using a radiosurgery machine:

Use has been made of a Gamma Knife Perfexion (Elekta AB, Stockholm, Sweden), a ®°Co
source system of mean energy 1.25 MeV, delivering dose-rates of between 2.5 to 3 Gy min,
located at the National Hospital for Neurology and Neurosurgery in London (UK). Five
samples from each dosimeter were kept in small plastic bags to then be placed on the skin
surface of each patient during the SRS treatment. For each patient, three plastic bags were
used, with one placed at each location: the thyroid, chest and pelvis. A fourth bag was kept as

a control to account for the background signal.

3. Results and discussions:
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Fig. 2. Calibration curve for doses from 20 mGy to 0.5 Gy, with use made of a Varian TrueBeam STX linear accelerator



Dose measured along patient's body using GeB-FF
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Fig. 3. Percentage of prescription dose versus the distance from SRS target, with use made of GeB-FF.

Dose measured along patient's body using LiF dosimeters
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Fig. 4. Percentage of prescription dose versus the distance from SRS target, with use made of TLD-100.

In use of both forms of dosimeter, the results indicate the same patterns being obtained
(Figures 3 and 4), validating in good part use of the GeB-FF for the particularly demanding

task of measuring scattered dose in SRS applications. The highest readings for the absorbed



dose from scattering were obtained for the thyroid, followed by the chest and pelvis. Using
both types of dosimeter, raw dose values at each site show general accord (= 3 mGy at 1 o),
covering mean doses ranging from some 10 mGy down to less than 1 mGy, representing
doses of < 1% to < 0.1 % of prescribed dose at the treatment site. The readings obtained from
use of the GeB-FF have been seen to exceed that from use of the TLD-100 by on average a
factor of 1.4, photoelectric absorption interactions taking place more predominantly in the
silica media than in the LiF based TLD-100. Energy dependence corrections bring both

evaluations into line, as previously shown in Alyahyawi et al. (2019).

4. Conclusion:

The work has sought to measure the scattered doses to thyroid, chest, and pelvis during
radiosurgery treatment using novel silica material GeB-FF and LiF based TLD-100. Use has
been made of a Gamma Knife Perfexion facility (Elekta AB, Stockholm, Sweden) at the
National hospital for Neurology and Neurosurgery in London. The measurements were
obtained for 20 children undergoing SRS radiosurgery treatment in respect of a number of
brain lesion types, the work being conducted as a component of an approved safety audit, part
of the hospital periodic radiation protection quality assurance program. The results showed
the readings to be greatest at the level of the thyroid, this location being closest to the SRS
target. The results showed similar results for both materials with relatively small variations of
1.4, 1.2 and 1.5 for the pelvis, chest and neck respectively, the difference relating to the
energy dependence of the silica materials, to be accounted for in calibration. The GeB-FF
offer versatility in terms of both dose sensitivity, robust in moist environments such as can be

expected to be experienced in skin dose evaluations.
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