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Abstract
This study aimed to develop a method for performing accurate, high-resolution, three-dimensional (3D) Fricke gel dosimetry 
measurements of high dose rate (HDR) brachytherapy dose distributions using optical computed tomography (CT). A multi-
needle brachytherapy gel phantom was purpose-built to contain four stainless-steel brachytherapy needles and a sample of 
Fricke Xylenol gel. A Paris-style HDR brachytherapy treatment was planned and delivered to the gel, which was then read 
out using a novel optical CT scanning method; all the brachytherapy needles were removed prior to scanning and replaced 
with a refractive index matched fluid. The removal of the stainless-steel needles during pre- and post-irradiation scanning 
minimised the potential for artefacts caused by missing ray-sum data. Results showed good agreement between measured and 
calculated doses (within 1%) at all positions greater than 0.1 cm from each needle. This study demonstrated that 3D Fricke 
gel phantoms may be valuable tools in verifying HDR brachytherapy treatments. The phantom construction and optical CT 
scanning method proposed in this work has the potential to enable routine quality assurance measurements of complex HDR 
brachytherapy treatment deliveries via accurate and detailed three-dimensional dose measurements.
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Introduction

High-dose rate (HDR) brachytherapy uses radioactive 
sources that are placed within or adjacent to tumours in the 
body, to efficiently deliver high doses of radiation to local-
ised volumes of tissue, while the steep dose fall-off around 
the brachytherapy source effectively spares surrounding 
organs [1]. Accurate measurement of the high dose gradi-
ents around HDR brachytherapy sources requires the use 
of a dosimetry system with high spatial resolution, flat 
energy response, and high sensitivity. Many non-chemical 

dosimeters that are widely used in other areas of radiation 
therapy are unsuitable for HDR brachytherapy dosimetry 
due to their large size (resulting in volume averaging, a lack 
of spatial resolution and perturbation of the dose distribu-
tion) and their inability to provide detailed two or three-
dimensional information [2].

Radio-sensitive dosimetry gels containing suspended 
ferrous-sulfate Fricke solution [3] have been proposed as 
capable of providing accurate one-, two- or three-dimen-
sional measurements of dose distributions produced by HDR 
brachytherapy sources [4–6], due to their approximate water 
equivalence (lack of dose perturbation), energy independ-
ence (above 30 keV), and linear dose response (between 0.1 
and 30 Gy) [7–9]. Specifically, studies by Carrara et al. [4, 5] 
have demonstrated the potential of Fricke gels for measuring 
HDR brachytherapy dose, either in stacks of two-dimen-
sional planes alongside the HDR source [4] or in narrow 
catheters inserted into the phantom (or potentially patient) 
dispersed between HDR brachytherapy needles [5].

Three-dimensional measurements of HDR brachytherapy 
dose distributions have previously been achieved using pol-
ymer-based (rather than Fricke-based) dosimetry gels that 
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were read out using magnetic resonance imaging (MRI) [2, 
10, 11]. To avoid perturbing the MRI signal, these studies 
used plastic catheters [2, 10, 11] rather than the stainless-
steel needles that are also used in the more-complex HDR 
brachytherapy treatments of sites such as prostate [1]. The 
achievable dose resolution in these studies was limited by 
unexplained dose differences in low-dose regions [2, 10], 
oxygenation of the gel in regions close to the catheter [2] and 
the need to compromise MRI spatial resolution [2] or use 
elevated prescription doses (up to 20 Gy) [11] to overcome 
the inherent noise in the MRI scans.

Optical computed tomography (CT) imaging has been 
shown to produce high-resolution, low-noise, three-dimen-
sional dose images, when used to read out dosimetry gels in 
general [12, 13] and Fricke gels in particular [8, 14]. How-
ever, when opaque objects are contained in the gel, missing 
reconstruction ray-sum data can lead to substantial artefacts 
in the resulting optical CT reconstruction [15–17] which can 
substantially degrade the accuracy of the resulting three-
dimensional dose measurement [15, 16]. The presence of 
the opaque catheters or needles that are used to deliver HDR 
brachytherapy treatment doses to dosimetry gels [2, 10, 11] 
has the potential to severely limit the accuracy and detail 
that would otherwise be achievable via optical CT read out 
of Fricke gels, even if the catheters are made from plastic.

This study aimed to develop a method for performing 
accurate, high-resolution, three-dimensional Fricke gel 
dosimetry measurements of HDR brachytherapy dose dis-
tributions by adapting an optical CT based gel dosimetry 
technique that was previously established for measuring 
external beam radiotherapy dose distributions around metal 
implants [17].

Methods

Fricke gel phantoms

The Fricke Xylenol (FX) gel dosimeters used in this study 
were composed of: gelatin from porcine skin of 300 Bloom 
strength, 50 mM sulfuric acid, 0.2 mM ferrous sulfate (FS), 
0.2 mM xylenol orange (XO), and Milli-Q water [18]. The 
gel formulation was mixed with a magnetic stirrer while the 
heat was maintained at approximately 45 °C.

Two gel phantoms were created; one was designed to hold 
a single needle, for use in normalising the voxel values from 
the gel readout, and the other was designed to hold four 
parallel needles, to act as the measurement phantom. Both 
gel phantoms used cylindrical plastic containers with height 
14 cm and diameter 7 cm. The gel phantoms were designed 
and created using a 3D printing (rapid prototyping) process 
[19, 20], so that the ultimate positions of the HDR treat-
ment needles could be precisely determined, to avoid the 

alignment issues encountered in Senkesen et al’s polymer-
gel-based study of HDR brachytherapy dose [10].

Figure 1 shows the schematics of both gel phantoms 
including custom designed and 3D printed needle position-
ers and stabilisers. These were created in SketchUp Make 8 
(Trimble Navigation Limited, Sunnyvale, California, USA) 
before being exported as stereolithography files and printed 
on a MakerBot Replicator 2 (MakerBot, Brooklyn, NY) 
using polyactic acid (PLA) filament. Each phantom used 
0.2 cm stainless steel needles that were positioned before the 
gel was poured and allowed to set for 24 h by refrigeration at 
approximately 4 °C. In the measurement phantom, the four 
needles were arranged to form a square with a separation 
distance of 2 cm, while the normalisation phantom had its 
needle placed along the central axis of the container.

Brachytherapy treatment planning and irradiation

The two phantoms containing the FX gel were CT scanned 
on the day of irradiation, and HDR brachytherapy treat-
ments were planned using the Oncentra Brachy treatment 
planning system (TPS) version 4.3 (Elekta AB, Stockholm, 
Sweden) with a model 192Ir source and a dose calculation 
algorithm based on the report of the AAPM’s task group 
43 [21] (abbreviated to TG-43) which was used to calculate 
dose at resolution of 0.1 × 0.1 × 0.1 cm3.

To produce a dose distribution for use in normalising the 
FX gel, a treatment plan was created for the single-needle 
gel phantom. This treatment plan modelled a line source 
by using equally-spaced dwell positions and equal dwell 
times, for the 192Ir source, which produced a circular dose 
distribution across the axial plane of the phantom. For the 
measurement phantom, which contained four equally-spaced 
parallel needles, a Paris-style treatment was planned, using 
equally-spaced dwell positions and equal dwell times to pro-
duce a dose distribution that varied across the axial plane of 
the phantom. Both treatment plans used 45 dwell positions 
per needle, with a uniform step size of 0.25 cm.

A prescription dose of 300 cGy was defined at a point 
1 cm lateral to the needle in the normalisation phantom and 
1 cm lateral (towards the container wall) from any one of the 
needles in the measurement phantom, in a plane at the verti-
cal centre (7 cm from the base) of the gel. To achieve this 
dose, the normalisation treatment plan used dwell times of 
5.3 s and the measurement treatment plan used dwell times 
of 2.1 s for each dwell position.

After placing each phantom in a water tank to ensure suf-
ficient scatter conditions, the afterloader was connected to 
each needle and the respective treatment plan was delivered.

HDR brachytherapy irradiations were performed using 
a Nucletron Microselectron remote afterloader (Elekta AB, 
Stockholm, Sweden). The afterloader used a 192Ir source 
with an active length of 0.36 cm and a diameter of 0.065 cm. 
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At the time of irradiation, the source strength in terms of Air 
Kerma was 29.92 mGy cm2 h− 1.

Optical CT scanning

To obtain accurate and detailed optical CT images of the 
irradiated gel phantoms, it was necessary to adapt a method 
previously proposed to eliminate reconstruction artefacts 
caused by the presence of opaque medical implants in poly-
mer gels used to measure external beam radiotherapy dose 
distributions [17]. Briefly, the stainless-steel brachytherapy 
needles were removed during pre- and post-irradiation scan-
ning, and the cylindrical cavities that remained were filled 
with refractive index matched fluid made up of Glycerol 
[17], combined with an identical FX solution without the 
gelling agent (10 volume parts 0.2 mM FX solution to 3 
parts Glycerol).

Using this method, each Fricke gel phantom was optically 
CT scanned before irradiation (to allow background subtrac-
tion [22]) and then optically CT scanned again, after irra-
diation, using a Vista Optical CT Scanner with VistaRecon 
software (Modus Medical Devices Inc., London, Canada). 
Between irradiation and scanning, a development time of 
50 min was used, as this period equated to the 50 min devel-
opment time observed for FX solutions with 0.2 mM ferrous 
sulfate concentrations [18] and exceeded the 30–40 min wait 

time that is generally recommended for FX gels to mini-
mise measurement uncertainties due to development time 
and diffusion [23, 24], while also fitting conveniently into 
our clinical workflow.

Data analysis

In-house Matlab code (MathWorks, Natick, USA) was used 
to subtract the background image from each optical CT scan, 
to produce three-dimensional arrays of net optical density, 
which were converted to dose using a factor determined as 
the ratio of the 300 cGy prescription dose to the net optical 
density at the normalisation point (1 cm distance from the 
needle) in the normalisation phantom. This method assumes 
that the TPS (i.e. TG-43) provides an accurate dose calcula-
tion at the normalisation point, in this homogeneous phan-
tom, with this simple line-source treatment geometry, and 
relies on the linear relationship between dose and net optical 
density that has been established for FX gels [6, 25].

The three-dimensional dose distribution produced by the 
TPS was exported in DICOM format, for the normalisation 
treatment plan and the measurement treatment plan. These 
planned dose distributions were each registered to the cor-
responding three-dimensional dose array from the gel meas-
urements, by iteratively shifting the locations of all voxels 
in the measured dose distribution until the locations of dose 

Fig. 1   Design of the measure-
ment phantom (left), and nor-
malisation phantom (right)
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maxima were matched; no deformations were applied. In-
house Matlab code was used for data registration and subse-
quent output and analysis of dose comparison data.

Results

In the normalisation gel, the dose at the prescription point 
matched the planned dose of 300 cGy by definition. Good 
agreement (within 1%) was achieved at all measured points 
further than 0.1 cm from the needle. This result confirms 
the linear response of the FX gel, over a dose range from 
100–800 cGy.

Comparisons of planned and measured dose profiles in 
the measurement gel are shown in Fig. 2. There is a gener-
ally good agreement across all profiles except in the high 
dose regions 0.1 cm from the needles (Fig. 2a). At this loca-
tion there is a discrepancy of approximately 4% when the 
dose exceeds 800 cGy.

Discussion

The slight deviation between the dose measured in the gel 
and calculated by the TPS in regions within 0.1 cm of the 
brachytherapy needles may be a consequence of the TG-43 
model used by the TPS, which assumes that everything 
beyond the encapsulated 192Ir is a homogeneous medium, 
including the thin stainless-steel walls of the brachyther-
apy needles. Alternatively, this small dose difference may 
be entirely attributable to the effects of the steep dose gra-
dients that occur close to the source, including volume 
averaging or registration uncertainties.

Compared with previously published studies that have 
used FX gels and the Vista optical CT to evaluate dose dis-
tributions from intensity modulated [26, 27], stereotactic 
ablative [28] and static [23] external beam radiotherapy 
as well as superficial HDR brachytherapy treatments [6], 
the level of agreement between the planned and measured 

Fig. 2   Measured dose profiles 
(solid lines) versus dose profiles 
taken from TPS system (dot-
ted lines) at profile locations 
moving from one pair of 
needles towards the other pair 
of needles, by distances of a 
0.1 cm, b 0.2 cm, c 0.3 cm, d 
0.4 cm, e 0.5 cm, and f 0.6 cm. 
Note that the measured dose in 
cGy shown here is derived from 
a normalisation measurement 
in a separate gel sample and not 
from the independent produc-
tion of a calibration curve
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doses achieved in the current study is unusually close. 
For example, Jordan et al. observed agreement within 3% 
between measurements made using FX gel and using a 
commercial diode array, for one intensity modulated radi-
otherapy (IMRT) treatment beam [26], and Babic et al. 
reported dose differences of 2–3% between planned and 
measured IMRT doses when an FX gel was placed inside 
a head and neck phantom [27].

The uncertainty budget provided by Pappas et al., in 
their investigation of HDR brachytherapy dose calcula-
tion accuracy using FX gel [6], provides an indication of 
how the currently study achieved such close agreement 
(generally within 1%) between planned and measured 
doses. Sources of dosimetric uncertainty reported by 
Pappas et al. include the calibration of the gel using a 
linear accelerator and the specification of the source air 
kerma strength, as well as the reproducibility of optical 
density characteristics and temperature histories between 
gel samples [6]. Because the current study used gel from 
the same batch (irradiated and read out within minutes of 
each other, under the same temperature conditions) for 
both normalisation and measurement, and normalisated 
the gel using a dose point from the brachytherapy TPS 
rather than an independent system such as a linear accel-
erator, the results reported herein have avoided the major 
uncertainties affecting previous studies. This may be either 
an advantage or a disadvantage, when considering clinical 
implementation of this method.

Reliance on the TPS for normalisation removes uncer-
tainties due to both linear accelerator output and 192Ir source 
strength, but has the potential to obscure gross errors such as 
inaccurate date and time specification (or inaccurate decay 
calculations) or incorrect source strength specification in 
the TPS. These errors would need to be investigated and 
eliminated using more conventional routine quality assur-
ance and data entry checks.

This study was also limited by not including a separate 
characterisation of the specific gel formulation and pro-
duction process used to obtain the results. Auto-oxidation 
effects in the gel [27] were not measured and were assumed 
negligible with respect to the measured dose levels.

The gel normalisation method used herein relies on the 
assumption that the dose calculation provided by the TPS 
at the normalisation point is correct. It is therefore very 
important to eliminate or minimise more subtle sources of 
dosimetric error, such as the lack of full scatter around the 
relatively small containers that are often used for gel dosim-
etry. For this reason, it is very important to immerse the 
gel container in water (or surround it with water-equivalent 
material), at least when the normalisation irradiation is tak-
ing place. The measurement gel can then be set up without 
full scatter conditions, if particular density effects are being 
investigated.

Processes for performing and clinically implementing 
gel dosimetry measurements using FX gels and optical 
scanning systems have already been provided in the sci-
entific literature (see for example, references [23, 25]). 
This note describes a particular method for obtaining accu-
rate measurements of brachytherapy dose using optical 
CT scanning, despite the use of optically opaque needles. 
This method could be easily extended to measure dose in 
the presence of density heterogeneities and therefore has 
the potential to be particularly valuable when evaluating 
new brachytherapy dose calculation algorithms or com-
missioning new applicators. Cavities could be set into the 
gel, using purpose-designed and 3D printed moulds, filled 
with refractive-index matched fluid during pre and post-
irradiation scanning, and filled with high or low-density 
materials (including air) or replaced with brachytherapy 
applicators during irradiation, and then the resulting 
three dimensional dose measurement could be compared 
with brachytherapy dose calculations generated using the 
TG-43 algorithm or model based dose calculation algo-
rithms (MBDCAs) [29]. Accurate 3D gel measurements 
could make an important contribution to the existing lit-
erature on MBDCAs [6, 30–32] and would provide useful 
information on dosimetric uncertainties in regions close to 
density heterogeneities for users of TG-43 based systems.

Conclusion

This study demonstrated a practical method for using opti-
cal CT scanning of a Fricke gel, to obtain accurate three-
dimensional dose measurements around complex HDR 
brachytherapy implants. Accurate and detailed results 
can be obtained by creating purpose-built gel containers 
in order to ensure precise positioning and alignment of 
brachytherapy needles, removing the catheters or needles 
prior to optical CT scanning and filling the resulting voids 
with refractive index matched fluid to avoid the effects of 
missing-ray sum data arising from the presence of opaque 
objects in the optical scanning path, and otherwise plan-
ning and delivering the HDR brachytherapy treatment as 
usual. By these means, relatively noise-free three-dimen-
sional dose distributions can be produced, even when rela-
tively low prescription doses are used, with an accuracy 
within 1% at distances greater than 0.1 cm from the source.

The phantom construction and optical CT scanning 
method proposed in this work has the potential to ena-
ble the use of optically scanned Fricke gels (and other 
gels) to be used for routine quality assurance measure-
ments of complex HDR brachytherapy treatment deliver-
ies, via accurate, high-resolution, three-dimensional dose 
measurements.



226	 Australasian Physical & Engineering Sciences in Medicine (2019) 42:221–226

1 3

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Research involving human and animal participants  This article does 
not contain any studies with human participants or animals performed 
by any of the authors.

References

	 1.	 Dutta SW, Alonso CE, Libby B, Showalter TN (2018) Pros-
tate cancer high dose-rate brachytherapy: review of evidence 
and current perspectives Expert Rev Med Devices. https​://doi.
org/10.1080/17434​440.2018.14190​58

	 2.	 McJury M, Tapper PD, Cosgrove VP, Murphy PS, Griffin S, Leach 
MO, Webb S, Oldham M (1999) Experimental 3D dosimetry 
around a high-dose-rate clinical 192Ir source using a polyacryla-
mide gel (PAG) dosimeter. Phys Med Biol 44(10):2431–2444

	 3.	 Schreiner LJ (2004) Review of Fricke gel dosimeters. J Phys 
3:9–21

	 4.	 Carrara M, Fallai C, Gambarini G, Negri A (2010) Fricke gel-
layer dosimetry in high dose-rate brachytherapy. Appl Radiat Isot 
68(4):722–725

	 5.	 Carrara M, Gambarini G, Borroni M et al (2011) Fricke gel dosi-
metric catheters in high dose rate brachytherapy. In phantom dose 
distribution measurements of a 5 catheter implant. Radiat Meas 
46(12):1924–1927

	 6.	 Pappas EP, Peppa V, Hourdakis CJ, Karaiskos P, Papagiannis 
P (2018) On the use of a novel Ferrous Xylenol-orange gelatin 
dosimeter for HDR brachytherapy commissioning and quality 
assurance testing. Physica Med 45:162–169

	 7.	 Cavinato CC, Campos LL (2010) Energy dependent response of 
the Fricke gel dosimeter prepared with 270 Bloom gelatine for 
photons in the energy range 13.93 keV–6 MeV. Nucl Instrum 
Methods Phys Res A 619(1):198–202

	 8.	 Smith S, Masters K-S, Hosokawa K et al (2015) Technical note: 
preliminary investigations into the use of a functionalised pol-
ymer to reduce diffusion in Fricke gel dosimeters. Med Phys 
42(12):6798–6803

	 9.	 Colnot J, Huet C, Gschwind R, Clairand I (2018) Characterisation 
of two new radiochromic gel dosimeters TruView and ClearView 
in combination with the vista optical CT scanner: a feasibility 
study. Phys Med 52:154–164

	10.	 Senkesen O, Tezcanli E, Buyuksarac B, Ozbay I (2014) Compari-
son of 3D dose distributions for HDR 192Ir brachytherapy sources 
with normoxic polymer gel dosimetry and treatment planning sys-
tem. Med Dosim 39(3):266–271

	11.	 Papagiannis P, Pappas E, Kipouros P et al (2001) Dosimetry close 
to an 192Ir HDR source using N-vinylpyrrolidone based polymer 
gels and magnetic resonance imaging. Med Phys 28(7):1416–1426

	12.	 Oldham M, Siewerdsen JH, Shetty A, Jaffray DA (2001) High 
resolution gel-dosimetry by optical-CT and MR scanning. Med 
Phys 28(7):1436–1445

	13.	 Kairn T, Taylor ML, Crowe SB et al (2012) Monte Carlo verifica-
tion of gel dosimetry measurements for stereotactic radiotherapy. 
Phys Med Biol 57(11):3359–3369

	14.	 Viti V, d’Errico F, Pacilio M et al (2006) Optical imaging of dose 
distributions in Fricke gels. Radiat Prot Dosim 120(1–4):148–150

	15.	 Asena A, Kairn T, Crowe SB, Smith ST, Trapp JV (2015) PAGAT 
gel dosimeters for dose distribution measurements in the vicinity 
of high-density implants: a preliminary study. J Phys 573:012061

	16.	 Asena A, Smith ST, Kairn T et al (2017) Reduction of artefacts 
caused by missing ray-sum data in optical-CT imaging of implants 
in gel dosimeters. J Phys 847:012070

	17.	 Asena A, Smith ST, Kairn T et al (2017) Dose distributions in the 
vicinity of high-density implants using 3D gel dosimeters. Med 
Phys 44(4):1545–1551

	18.	 Chu KC, Jordan KJ, Battista JJ, Van Dyk J, Rutt BK (2000) Poly-
vinyl alcohol-Fricke hydrogel and cryogel: two new gel dosimetry 
systems with low Fe3+ diffusion. Phys Med Biol 45(4):955–969

	19.	 Rengier F, Mehndiratta A, Von Tengg-Kobligk H et al (2010) 3D 
printing based on imaging data: review of medical applications. 
Int J Comput Assist Radiol Surg 5(4):335–341

	20.	 Kairn T, Crowe SB, Markwell T (2015), Use of 3D printed materi-
als as tissue-equivalent phantoms. IFMBE Proc 51:728–731

	21.	 Rivard MJ, Coursey BM, DeWerd LA et al (2004) Update of 
AAPM Task Group No. 43 Report: A revised AAPM protocol 
for brachytherapy dose calculations. Med Phys 31(3):633–674

	22.	 Trapp JV, Bäck SÅJ, Lepage M et al (2001) An experimental study 
of the dose response of polymer gel dosimeters imaged with X-ray 
computed tomography. Phys Med Biol 46(11):2939–2951

	23.	 Olding T, Schreiner LJ (2011) Cone-beam optical computed 
tomography for gel dosimetry II: imaging protocols. Phys Med 
Biol 56:1259–1279

	24.	 Kelly BG, Jordan KJ, Battista JJ (1998) Optical CT reconstruction 
of 3D dose distributions using the ferrous-benzoic-xylenol (FBX) 
gel dosimeter. Med Phys 25:1741–1750

	25.	 Olding T, Darko J, Schreiner LJ (2010) Effective management of 
FXG gel dosimetry. J Phys 250:012028

	26.	 Jordan K, Babic S, Chen J, Battista J (2007) SU-FF-T-117: Com-
parison of 3D dose measurements in ferrous xylenol orange gels 
with mapcheck diode array and pinnacle3 dose calculations. Med 
Phys 34:2428

	27.	 Babic S, Battista J, Jordan K (2008) Three-dimensional dose veri-
fication for intensity-modulated radiation therapy in the radiologi-
cal physics centre head-and-neck phantom using optical computed 
tomography scans of ferrous xylenol–orange gel dosimeters. Int J 
Radiat Oncol Biol Phys 70(4):1281–1291

	28.	 Kairn T, Asena A, Crowe SB, Livingstone A, Papworth D, Smith 
S, Sutherland B, Sylvander S, Franich RD, Trapp JV (2017) Can 
a commercial gel dosimetry system be used to verify stereo-
tactic spinal radiotherapy treatment dose distributions? J Phys 
847:012071

	29.	 Beaulieu L, Carlsson Tedgren Å, Carrier JF, Davis SD, Mourtada 
F, Rivard MJ, Thomson RM, Verhaegen F, Wareing TA, William-
son JF (2012) Report of the task group 186 on model-based dose 
calculation methods in brachytherapy beyond the TG-43 formal-
ism: current status and recommendations for clinical implementa-
tion. Med Phys 39(10):6208–6236

	30.	 Petrokokkinos L, Zourari K, Pantelis E, Moutsatsos A, Karaiskos 
P, Sakelliou L, Seimenis I, Georgiou E, Papagiannis P (2011) 
Dosimetric accuracy of a deterministic radiation transport 
based 192Ir brachytherapy treatment planning system. Part II: 
Monte Carlo and experimental verification of a multiple source 
dwell position plan employing a shielded applicator. Med Phys 
38:1981–1992

	31.	 Moura ES, Micka JA, Hammer CG, Culberson WS, DeWerd LA, 
Rostelato MECM, Zeituni CA (2015) Development of a phantom 
to validate high-dose-rate brachytherapy treatment planning sys-
tems with heterogeneous algorithms. Med Phys 42:1566–1574

	32.	 Pappas EP, Zoros E, Moutsatsos A, Peppa V, Zourari K, Karaiskos 
P, Papagiannis P (2017) On the experimental validation of model-
based dose calculation algorithms for 192Ir HDR brachytherapy 
treatment planning. Phys Med Biol 62(10):4160–4182

https://doi.org/10.1080/17434440.2018.1419058
https://doi.org/10.1080/17434440.2018.1419058

	A method for obtaining three-dimensional measurements of HDR brachytherapy dose distributions using Fricke gel dosimeters and optical computed tomography
	Abstract
	Introduction
	Methods
	Fricke gel phantoms
	Brachytherapy treatment planning and irradiation
	Optical CT scanning
	Data analysis

	Results
	Discussion
	Conclusion
	References


