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Abstract. Modern radiotherapy is becoming increasingly complex. Conformal and intensity modulated (IMRT) 
techniques are nowadays available for achieving better tumour control. However, accurate methods for 3D dose 
verification for these modern irradiation techniques have not been adequately established yet. Fricke gel 
dosimeters consist, essentially, in a ferrous sulphate (Fricke) solution fixed to a gel matrix, which enables spatial 
resolution. A suitable radiochromic marker (xylenol orange) is added to the solution in order to produce 
radiochromic changes within the visible spectrum range, due to the chemical internal conversion (oxidation) of 
ferrous ions to ferric ions. In addition, xylenol orange has proved to slow down the internal diffusion effect of 
ferric ions. These dosimeters suitably shaped in form of thin layers and optically analyzed by means of visible 
light transmission imaging have recently been proposed as a method for 3D absorbed dose distribution 
determinations in radiotherapy, and tested in several IMRT applications employing a homogeneous plane (visible 
light) illuminator and a CCD camera with a monochromatic filter for sample analysis by means of transmittance 
images. In this work, the performance of an alternative read-out method is characterized, consisting on visible 
light images, acquired before and after irradiation by means of a commercially available flatbed-like scanner. 
Registered images are suitably converted to matrices and analyzed by means of dedicated “in-house” software. 
The integral developed method allows performing 1D (profiles), 2D (surfaces) and 3D (volumes) dose mapping. 
In addition, quantitative comparisons have been performed by means of the Gamma composite criteria. Dose 
distribution comparisons between Fricke gel dosimeters and traditional standard dosimetric techniques for IMRT 
irradiations show an overall good agreement, supporting the suitability of the method. The agreement, quantified 
by the gamma index (that seldom reaches the 3 value for all the here considered dosimetric systems) satisfactorily 
indicates the feasibility of the proposed method. 
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1. Introduction 
 
During the last years, modern radiotherapy technologies and treatment techniques have increasingly 
been characterized by complex field arrangements using conformal as well as intensity modulated 
irradiation modalities improving significantly treatment quality. One of the most important irradiation 
techniques worldwide used today at an increasing number of centres is the Intensity Modulated 
Radiation Therapy (IMRT). The development and clinical implementation of the IMRT process 
provides an effective means to produce tightly conformal dose distribution, offering a way of reducing 
the volume of irradiated normal tissue and potentially allowing for dose escalation. 
A comprehensive Quality Assurance (QA) program is essential for the safe and accurate delivery of 
IMRT treatment fields. One very important issue in the QA program is the direct measurement of the 
IMRT delivered dose distribution in order to compare it with the calculated one. Therefore, performing 
accurate dosimetric verification for IMRT techniques becomes critical. However, it is significantly 
difficult, mainly due to intrinsic complexity and the presence of high dose regions.  
Typical dose verification procedures for IMRT consist of absolute point dose measurements in low dose 
gradient regions by means of ionization chambers coupled to 2D relative dose distribution 
measurements at selected planes using film dosimetry. Also, other dosimetry systems are currently used 
as semiconductor-based devices provided with a diode array for measurements in several points 
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arranged in a plane normal to the beam axis. Although film, TLD or diode dosimetry are capable of 
producing a large amount of data, it should be mentioned that they are still 2D survey methods [1].  
A novel dosimetry system has been introduced by Gore [2], which is mainly based on ferrous sulphate 
(Fricke) solution fixed to an aqueous tissue-equivalent gel matrix. The ferrous (Fe2+) ions are oxidized 
to ferric (Fe3+) ions under radiation exposure and the radiation yield, i.e. the produced amount of Fe3+, is 
proportionally related to the absorbed dose. Spin-lattice relaxation measurements have been proposed 
for determining the radiation-induced ferric ion yield, therefore rapidly developing Fricke gel dosimetry 
into a successful tool for mapping 3D dose distributions when combined with the powerful modality of 
Magnetic Resonance Imaging (MRI) [3-7]. In addition, a unique and important advantage of the gel 
dosimetry system is that it is totally tissue-equivalent, since the dosimeter itself forms phantom and 
detector, being capable of measuring dose distribution from several beams, even considering different 
radiation qualities. 
Fricke gel dosimeters analyzed by means of MRI enable accurate and continuous distribution 
determinations; however the clinical implementation of this technique presents an important drawback 
due to difficulties found in the access to MRI facilities for routine dosimetric evaluations. 
On the other hand, Fricke gel dosimeters suitably shaped in form of thin layers and optically analyzed 
have shown to be a useful method for dose distribution measurements [8, 9]. The analysis method 
consists mainly on light transmittance measurements by means of images captured with a CCD camera 
before and after exposure. 
Recent studies regarding Fricke gel dosimeter layers optically analyzed systems have presented the 
feasibility of performing image acquisition by means of commercial flatbed-like scanners [10]. 
Other gel systems, based on monomer solutions, have been proposed [11-13]. However, polymer gel 
dosimeters manufacture is significantly more difficult and time-consuming, involving toxic reagents, 
therefore becoming less convenient [1,12,13]. 
In this context, Fricke gel dosimeters optically analyzed have shown enough capabilities and significant 
good performance regarding accuracy, spatial and dose resolution within a tissue-equivalent material, 
therefore becoming a promising tool for 3D dose measurements [1,9-13]. 
In this work, the performance of Fricke gel dosimeters optically analyzed by means of flatbed-like 
scanner along with traditional dosimetric techniques has been studied. The employed standard methods 
consisted on film dosimeters and a Mapcheck® device based on an array of semiconductor detectors. In 
order to compare Fricke gel dosimeters and traditional dosimetric techniques, 1D and 2D distributions 
have been investigated by means of the dedicated “in-house” software. In addition, all experimental 
dosimetric techniques have been compared with the corresponding Treatment Planning System (TPS) 
dose calculations. 
 
2. Materials and methods 
 
2.1 Dosimetric systems 
 
The adopted gel dosimeters consist on Fricke solution infused with Xylenol Orange, which is 
incorporated to a gel matrix constituting the tissue-equivalent radiochromic dosimeters. 
The standard chemical composition of these Fricke gel dosimeters is reported in Table 1. Only 
ingredients of high purity have been employed during the preparation of the Fricke dosimeters. 
Powdered porcine skin gelatine (BioChemika Fluka, Germany) has been used for the gel matrix, 
whereas water constitutes the main part of the Fricke solution (approximately 97% of final weight) 
providing an excellent tissue-equivalence. 
The gel dosimeter elaboration process has been carried out in chemical laboratory facilities. Detailed 
descriptions of Fricke gel dosimeter layer elaboration have been reported in previous works [7-10]. 
The solution is introduced in properly designed polystyrene layers of different shapes and sizes having 
a sensitive thickness of 3mm. 
Water, ferrous ammonium sulphate, sulphuric acid and Xylenol Orange have been mixed before and 
placed at rest avoiding light exposure during gel preparation. The gel has been mixed in a glass placed 
on a heating plate with constant stirring. The gelatine powder was added at approximately 45°C. At 
55°C, the heating has been stopped. The gel has been left cooling at room temperature and at 42°C 
both components have been carefully mixed avoiding bubble formation, which minimize unwanted 
spontaneous oxidation, due to the extra oxygen supply. After mixing, the liquid solution has been 

2 



inserted into the proper designed plastic containers and left at low temperature (4-6°C) for at least 12 
hours. 
 
Table 1: Fricke gel dosimeter composition. 
 

Constituent Chemical composition Amount 
Ferrous ammonium sulphate Fe(NH4)2(SO4)2·6H2O 1mM 

Sulphuric acid H2SO4 25mM 
Xylenol-Orange C31H27N2Na5O13S 0.165mM 
Gelatine powder - 3% final weight 

Highly purified water  H2O Completing  final weight 
 

Also, standard dosimetric techniques used have been used, namely film dosimeters (Kodak X-OMAT 
V Film, Kodak Co. N.Y: USA) along with film dosimeter scanner (VXR-16 dosimetry PRO, VIDAR 
System Co. Hendon, VA, USA) and the Mapcheck 2D diode array consisting of solid-state radiation 
detectors (hardened n-type diodes, with an active area of 0.8×0.8mm2), provided with software for 
dose measurement evaluation. 
 
2.2 Fricke gel dosimeter read-out system 
 
Images of Fricke gel dosimeter layers have been acquired before and after irradiation by means of a 
commercial flatbed-like scanner (Genius ColorPage-Vivid 1200XE). In what follows, this technique 
will be cited as scanned Fricke gel dosimeters (SFG). The scanning resolution has been set to 100dpi, 
establishing a pixel dimension about 250μm. The scanner acquisition mode has been set to 8-bit 
format, so that sample intensities have been detected in a standard 256 gray level scale. 
 
Figure 1: Sketch of imaging system. 
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Scanner illuminator

Dosimeter

 
 
An opaque mask (Fig. 1) has been attached to the scanner in order to ensure dosimeter positioning 
reproducibility. In addition, a gray level scale has been used as reference for correcting eventual 
voltage variations. 
Dedicated “in-house” software, Matlab supported, reads the acquired images converting them to 
matrices. The software allows fast image processing for optical density difference (ΔOD) calculation. 
Essentially, it uses before and after irradiation gray level images in order to compute the pixel-by-pixel 
ΔOD  in the selected region of interest (ROI) according to: 
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Where GLBefore and GLAfter are the gray level intensities corresponding to the before and after 
irradiation image, respectively. The software performs voltage variation corrections by means of 
suitable algorithms based on the reference gray level scale. Eventual dosimeter non-uniform 
sensitivity within the ROI is corrected by a suitable method, which employs (uniformly) “pre-
irradiated” images in order to establish the sensitivity distribution. After correction, the software 
permits to select suitable algorithms for unwanted fluctuation elimination as well as smoothing 
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processes. In addition, the dedicated software allows to use three images each time (before irradiation, 
uniform pre-irradiation and after IMRT irradiation, respectively) in order to provide better statistics 
with the aim of minimizing unwanted effects due to intrinsic flatbed-like scanner fluctuations. 
In addition, the software performs graphical visualization of the processed data. Finally, it provides a 
dedicated environment for the analysis and comparison of data from different sources (Fricke gel 
dosimeters, Monte Carlo simulations, Mapcheck and film dosimeter dose distribution measurements 
and TPS calculations). 

 
2.3 Measurement set-up 
 
A 6MV photon beam from a linear accelerator (Clinac Varian 6/100) has been employed for all 
irradiations. Fricke gel dosimeter layers have been located inside a properly designed water-equivalent 
phantom, positioning them in a plane normal to the beam axis at 5cm depth. 
The irradiations have been carried out delivering the planned dose at isocentre (SAD=100cm) using 
different field sizes.   
Typical IMRT fields have been chosen in order to compare the performances of the different 
dosimetric techniques. The corresponding plans have been realized with the XiO TPS (CMS Corp., St. 
Louis, MO, USA). 
 
2.4 Measurement comparisons 
    
Routine IMRT planning requires the comparison of measured and calculated dose distributions. 
Measured (often planar) dose distributions are obtained for these fields, and the corresponding isodose 
distributions are subsequently analyzed. The qualitative evaluation is made by superimposing the 
isodose distributions. This evaluation highlights areas of significant disagreement, but a more 
quantitative assessment may be needed for final treatment plan approval. Quantitative evaluation 
methods directly compare the measured and calculated dose distribution values [14]. The dose-
difference and distance to agreement (DTA) evaluations complement each other when used as for dose 
distribution calculation. Composite analyse have been presented [14-16], which use pass–fail criteria 
of both the dose difference and DTA. Each measured point is evaluated to determine if both the dose 
difference and DTA exceed the selected tolerances. 
In order to provide a complete analysis procedure, further algorithms have been developed and 
included in the software in order to perform suitable comparisons between different dosimetric 
methods, even when considering different dose and spatial resolutions. 
The software assesses dose-surface histogram calculation and isodoses curves. Furthermore, it allows 
to compute 1D and 2D Gamma analysis [16] achieving a complete quantification for the required 
comparison. Finally, the developed software is provided with a user-friendly graphic user interface, 
which simplifies data input, process and result visualization. 
 
3. Results and discussion 
 
In order to establish the dose-response calibration curve, a set of Fricke gel dosimeter layers has been 
uniformly irradiated delivering different dose values, following the usual procedure reported in 
previous works [9, 10]. The obtained dose-response calibration curve for the SFG employed in this 
work is: ΔOD=0.0028·Dose. Also, simple irradiation schemes, like in-depth dose and beam profile 
measurements have been already performed and reported in previous works [9, 10] confirming the 
feasibility of the technique for these applications. Therefore, the present study will be mainly 
concentrated on intensity modulated fields. 
 
3.1 IMRT measurements 
 
Fricke gel dosimeter layers of 120×120mm2 (useful area 100×100mm2, approximately) have been 
employed for the IMRT irradiations. The dosimeters have been placed over virtual water® 10cm thick 
in a plane normal to the beam axis at 5cm depth. Also, virtual water 5cm thick surrounded the Fricke 
gel dosimeters ensuring back- and lateral-scattering conditions as well as avoiding air gaps within the 
arrangement. Different IMRT fields have been chosen, whereas 15Gy has been the maximum 
delivered dose. 
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The pre-irradiation procedure mentioned above has been realized consisting on a uniform irradiation 
before exposing the dosimeters to the IMRT field. This procedure allows accounting for eventual 
sensitivity differences within the dosimeter volume as well as single sample response. The pre-
irradiation procedure has been performed delivering 5Gy with a 20.0×20.0cm2 field size. 
During the IMRT irradiations, Fricke gel dosimeters have been irradiated following exactly the same 
conditions attained by the other dosimetric techniques (film dosimeters and Mapcheck). 
Fricke gel dosimeter images have been acquired just before irradiation, 30 minutes after pre-irradiation 
and 30 minutes after IMRT irradiation. Between pre-irradiation and IMRT irradiation, Fricke gel 
dosimeters have been kept at low temperatures as long as possible in order to avoid liquefaction. For 
comparison reasons, all the obtained dose distributions have been normalized with respect to the 
isocentre dose value. Typical scanned images of a Fricke gel dosimeter layer irradiated by means of an 
IMRT field are reported in Fig. 2. 
 
Figure 2: Scanned images of Fricke gel dosimeter layer corresponding to a non-irradiated sample (a), 
pre-irradiated sample (b) and IMRT irradiated sample (c). 
 

 

  
a b c 

 
As may be noted in Fig. 2, imaging artefacts as well as elaboration defects may appear in the SFG. For 
this reason, reproducible positioning during imaging along with suitable algorithms for artefacts 
recognition and bubbles removal have been applied in order to avoid or minimize incorrect sample 
analysis. 
As mentioned above, each sample image (not-irradiated, pre-irradiated and IMRT-irradiated) has been 
acquired three times in order to account for eventual intrinsic fluctuation corrections, therefore 
reducing effects due to flatbed-like scanner non-ideal reproducibility. 
In addition, the gray-level scales have been employed for voltage change corrections during image 
acquisition and the four reference marks on the opaque mask have been included in order to establish 
accurately the pixel-distance conversion factor. 
 After this image treatment, suitable ΔOD distributions are obtained, from which dose distributions 
can be straightforwardly achieved by means of the above mentioned calibration factor. The 
corresponding ΔOD and dose distributions have been obtained for each IMRT field. Isodose curves 
are achieved from the normalized dose distributions and they may be fused to the ΔOD distributions in 
order to provide suitable visualization. 
For all IMRT fields, analogue dose distributions have been obtained by means of film dosimeters and 
the Mapcheck device. In addition, the corresponding XiO TPS calculations have been performed with 
the highest calculation resolution (2mm) for these IMRT fields. 
 
3.2 Quantitative comparison between IMRT measurements 
 
The starting point for the comparison consisted on calculating isodose curves, dose-surface histograms 
and the corresponding 1D and/or 2D Gamma acceptance distributions, which has been performed by 
means of the dedicated “in-house” software. To this purpose, all dose distributions have been 
normalized to the isocentre dose value.  
This procedure has been applied to three typical fields attained through compensator-IMRT technique. 
Field I has been measured by means of the Mapcheck and the SFG, whereas field II and field III have 
been measured by means of film dosimeters and SFG. For all cases, the corresponding TPS 
calculations have been also performed. Fig. 3 reports experimental dose distributions. The selected 
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colour scale indicates the dose levels, varying from red for high dose values to blue for low ones. As 
may be seen, there is a reasonably coincidence between the different methods.  
 
Figure 3: Dose distributions obtained for the IMRT fields I, II and III (first, second and third row, 
respectively). The first column shows SFG results, the third column reports the TPS calculations and 
the second column displays the Mapcheck (field I) and the film (fields II and III) distributions 
corresponding to a 100×100mm2 ROI. Spatial resolution: 1pix=1mm2, except the Mapcheck, for which 
1pix=25mm2. 
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The first attempt for dose distribution comparison consisted on performing vertical and horizontal 
relative dose profiles passing at the central axes. In addition, a rigorous quantification process has 
been accomplished by means of the 1D Gamma criterion algorithms provided in the “in-house” 
software. The obtained vertical dose profiles are reported in Fig. 4a, whereas a 1D Gamma comparison 
between the SFG and TPS is shown in Fig. 4b.  
 
Figure 4: Dose profiles corresponding to the IMRT field I taken from the above dose distributions: 
vertical profile (a) reporting SFG (solid black triangles), TPS (solid red circles) and Mapckeck (open 
blue squares); whereas horizontal profiles (b) are shown for TPS (solid blue triangles) and SFG (solid 
black squares) along with the corresponding 1D Gamma calculation (open green circles indicate 
passing points and open red triangles indicate failing points, Γ(3%,3mm) = 58%).  
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Noticeable differences become evident when comparing SFG with TPS or Mapcheck, which may be 
attributed to the arbitrarily selected normalization point, as well as eventual fluctuations within this 
region.  
In order to perform 2D quantitative comparisons, a suitable algorithm has been developed for matrix 
re-shaping, so that the highest dimensional distributions (SFG and TPS calculation, whose spatial 
resolution corresponds to 1pix=1mm2) have been “compressed” into smaller size matrices by means of 
dedicated division into square sub-blocks of specific width in order to achieve the required dimension, 
which should match the Mapcheck one (1pix=25mm2), therefore 2D comparisons became feasible. 
Clearly, this choice leads to a loss of spatial resolution achievable with the SFG and TPS.  
The measured and calculated dose distributions corresponding to the IMRT fields have been 
quantitatively compared by means of 2D Gamma criteria. The obtained results are reported in Fig.5 
and summarized in Table 2.  
 
Figure 5: IMRT field I (first row) IMRT fields II (second) and IMRT field III (third row): 2D Gamma 
acceptance (5%, 5mm) distributions: Mapcheck against TPS (a), SFG against TPS (b), SFG against 
Mapcheck (c) SFG against TPS (d), film against TPS (e), SFG against film (f), SFG against TPS (g), 
film against TPS (h) and SFG against film (i).Dark red indicates failing points and light green  passing 
ones.  
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It is evident the lacking of agreement between the SFG and standard dosimetry techniques for the 
IMRT field I. This fact may be due to the normalization point (isocentre), which seems to be not a 
good selection for the SFG as may be seen in Fig. 4. Also, it has been the only case in which fiducial 
marks were not available, therefore becoming significantly hard to achieve accurate spatial correlation. 
On the hand, film dosimeter distributions have been directly introduced to the software and handled 
without any kind of filtration process, which is being considered for its implementation. 
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Table 2: Percentage of Acceptance from the 2D Gamma composite criterion for IMRT fields. 
 
Irradiation 

field 
Dose and 

Dist. Tol. [% 
, mm] 

SFG 
against 

TPS 

Film 
against 

TPS 

SFG 
against 

Film  
Mapcheck 

against TPS 
SFG against 
Mapcheck 

3 ; 5 9 - - 51 9 IMRT field I 
5 ; 5 14 - - 59 14 
3 ; 3 58 84 63 - - 
5 ; 3 72 90 77 - - IMRT field II 
5 ; 5 87 99 91 - - 
3 ; 3 45 75 55 - - 
5 ; 3 56 83 69 - - IMRT field 

III 
5 ; 5 75 97 82 - - 

 
Once the dose distributions were processed, isodose curves and dose-surface histograms have been 
obtained. Some representative results are presented in Fig. 6. 
 
Figure 6: IMRT field I isodose curves (a) for the Mapcheck (dashed thin lines) and the TPS (solid 
thick lines), IMRT field II dose-surface histograms (b) for the TPS (black) and SFG (red), IMRT field 
II isodose curves (c) for the SFG (dashed lines) and the film (solid lines) and IMRT field III dose-
surface histograms (d) for the film (black) and SFG (red). Representative isodoses: 30% in blue, 50% 
in cyan, 70% in yellow, 90% in red and 100% in dark red for Fig. 6a, whereas 30% in blue, 70% in 
cyan, 100% in yellow and 130% in dark red for Fig. 6c.  
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Although the SFG distributions have shown significant differences with standard dosimetric 
techniques for the IMRT field I, the quantitative comparisons corresponding to IMRT fields II and III 
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indicate a good performance of the SFG method. Actually, it should be noticed that significant 
contributions to the overall discrepancies for the SFG performance arise from relative low dose 
regions. 
 
4. Conclusion 
 
An integral novel method for Fricke gel dosimetry has been presented, with specific application to 
IMRT dose distribution verification The reported results suggest the feasibility of the proposed 
method, which introduces the use of a commercial flatbed-like scanners for the optical read-out system 
and a dedicated powerful software for dose distribution assessment and analysis. 
After rigorous comparisons, it has been proved that the performance of the SFG technique achieves 
acceptable agreement with standard dosimetric techniques.  
The main drawbacks of the proposed method are due to the fact that Fricke gel dosimeter layers 
require a difficult and time-expensive elaboration process, as compared to diode arrays or scanning 
beam systems. However, the spatial resolution achievable with the proposed method justifies its 
implementation. Although this high spatial resolution is also attainable by means of film dosimeters, it 
should be emphasized that the scattering properties of Fricke gel dosimeters enable to ensure tissue 
equivalent conditions. Also, Fricke gels show negligible energy dependency within a wide energy 
range and they can be useful even for different types of radiation [9,17]. Another important advantage 
of this system is the possibility of obtaining successful 3D dose distribution maps.   
In addition, this work has also presented a strategy for taking into account eventual non-uniform 
sensitivity within the dosimeter layer. Actually, the implemented pre-irradiation procedure has 
reasonably improved the method; however this feature is still being developed. 
The "in-house" developed software represents a useful tool for fast data and images processing, 
because its versatility regarding the possibility of acquiring and processing data from different 
dosimetric techniques. The dedicated user-friendly graphic interface simplifies data input, process and 
result visualization. Although, preliminary consistency tests suggest the suitability of the software, it is 
mandatory to perform further exhaustive examinations. 
The proposed method is still being developed, however these preliminary results indicate that it may 
become a promising efficient tool for dose distribution verification. Furthermore, if high enough 
performance could be achieved along with its significant relative low cost, the proposed method may 
be established as a valuable alternative dosimetric technique for clinical purposes. 
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