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Abstract 

Introduction: In some clinical cases a full therapeutic dose needs to be delivered in the area close to the skin surface 

where a high dose gradient and there no charged-particle equilibrium (CPE) exists. The accuracy of dose distribution 

calculations performed in this region with the treatment planning system is limited. In this work we investigated the 

usefulness of small pieces of Gafchromic EBT3 film for measurements of the absolute dose value in the area close to the 

skin surface. 

Material and methods: The Gafchromic EBT3 film detectors of size 1.0 cm x 1.5 cm were prepared. The film samples 

were calibrated in 6 MV photon beam (Elekta Versa HD). Calibration was performed in a dose range of 0 – 250 cGy. 

Films were scanned using the EPSON EXPRESSION 10000 XL flatbed scanner in 48-bit RGB mode, with a resolution 

of 72 dpi. ImageJ software was used to calculate the dose. Triple-channel film dosimetry was applied. The uncertainty of 

the dose measurement method was estimated. Film measurements were compared with the dose measurements using 

ionization chamber. The conformity of measurements was assessed using the metrological compliance test. 

Results: The relative differences between dose measurements using Gafchromic EBT3 film detectors and ionization 

chamber for a single square photon beam were -0.8% and 0.3% for a depth of 0.5 cm and 5.0 cm (CPE) respectively. The 

values of the metrological compatibility test factor ζ were 0.3 and 0.1 respectively. The maximum relative differences for 

dynamic beams were 0.9% and -1.0% for a depth of 0.5 cm and 5.0 cm respectively. Metrological compatibility test 

showed also good agreement (ζ=0.3). 

Conclusions: Small film detectors made of Gafchromic EBT3 film allow for the accurate dose measurements in the high 

dose gradient region and without CPE. They can be used to validate the calculation of the treatment planning systems 

also for VMAT techniques. 

Keywords: Gafchromic films; build-up region measurements; accuracy; verification of treatment planning system 

calculations. 

 

1. Introduction 

Verification of the dose distributions computations accuracy 

performed with the use of computer treatment planning systems 

is an essential element of acceptance tests and approval 

procedures before clinical application.1 With the development of 

treatment techniques it is necessary to implement new 

verification methods. It is a challenging task in case of dynamic 

treatment techniques such as volumetric modulated arc therapy 

(VMAT), especially when the accuracy of dose calculations 

needs to be determined in a dose build-up regions where 

charged-particle equilibrium (CPE) doesn’t exist and where 

there is a high dose gradient.2,3 In most clinical cases the 

accuracy of the calculations in dose build-up regions is not of 

great clinical importance. However, for patients irradiated in the 

head and neck area, for some of them it is necessary to deliver 

full therapeutic dose in the area close to the skin surface, In such 

cases, knowledge about the accuracy of dose calculations in this 

area plays an important role. Useful detector for the verification 

of dose distribution calculation in the area close to the patient 

surface should be small, it should be possible to place it at any 

depth, also in the buildup region. Moreover, it should be possible 

to measure the absolute dose and it should have a high spatial 

resolution. A promising detector for this task is the Gafchromic 

EBT3 film.4 
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So far, Gachromic films have been used mainly for the 

verification of the IMRT and VMAT treatment plans before 

beginning of patient’s irradiation.5 The usefulness of films for 

quality control of tomotherapy treatment plans has been 

demonstrated,6,7 as well as for dosimetry and quality assurance 

in stereotactic radiosurgery (SRS) and stereotactic body 

radiation therapy (SBRT) performed with medical linear 

accelerators. Gafchromic films have also been used for 

measurements of patients skin dose resulting from the 

kilovoltage imaging systems (kV CBCT) mounted on the 

medical linear accelerators.8 Gafchromic films are also used in 

interventional radiology.9 

 In this work, we investigated the usefulness of small detectors 

made of Gafchromic EBT3 film for measurements of the 

absolute dose value in areas without CPE and in areas of high 

dose gradient. 

 

2. Materials and methods 

2.1. Gafchromic EBT3 radiochromic films 

The films consist of 28 μm thick active layer, coated between 

two layers of matte-polyester substrates with a thickness of 125 

μm. The films are made of materials equivalent to soft tissue and 

have a response that is nearly independent of the 

electromagnetic radiation energy in the rage of 100 keV to 18 

MeV (<5% difference in optical density change).10 Their 

dynamic dose range is from 0.1 to 20 Gy, while the optimal dose 

range declared by the manufacturer is 0.2 to 10 Gy. Film 

response is practically independent of the ambient temperature 

and atmospheric pressure, as well as the angle of incidence of 

the radiation beam. 

 Under the influence of ionizing radiation, the active 

component of the film polymerizes and turn blue with an 

absorption maximum of approximately 633 nm. Application of 

a marker dye in the active layer of the film allows for the 

correction of film heterogeneity by means of multichannel 

dosimetry and reduces the film sensitivity to visible light 

(especially UV radiation). Gachromic EBT3 films allow for 

fractionated dose measurements. Films can be cut to any shape. 

The great advantage of Gafchromic EBT3 films is that they are 

very thin (thickness ~278 μm) which results in negligible 

attenuation of the megavoltage ionizing radiation beam, and 

high spatial resolution of the measurement in the direction 

perpendicular to the film. 

 The small film detectors made of 8” × 10” (20.3 cm × 25.4 

cm) Gafchromic EBT3 film sheets for dose measurements in the 

dose buildup region were investigated. Film sheets were cut into 

small samples of 1.0 cm × 1.5 cm. Such dimensions were chosen 

in order to avoid the influence of delamination of the film at the 

edges during cutting on the measurement result. That size 

enabled placing a square region of interest (ROI) of 10 pixels × 

10 pixels in the center of a sample with sufficient dimensions for 

the measurement, and large enough to mark the sample and its 

orientation.11 To avoid the flatbed CCD scanner lamp effects 

(film orientation) which affects the readout result, the 

rectangular shape of the film samples was chosen. 

 

2.2. Film calibration 

2.2.1. Film irradiation 

Film calibration was performed in a solid slab phantom (RW3 

by PTW-Freiburg), made of polystyrene (C8H8) containing 2% 

(±0.4%) of titanium dioxide (TiO2). The physical density of the 

RW3 plates is 1.045 g/cm3, and their electron density is 1.012 

times higher than electron density of water. Gafchromic EBT3 

film samples were placed in the phantom, in the central axis of 

the beam, at a 5 cm depth, in a radiation field of 10 cm x 10 cm. 

The distance from the radiation source to the surface of the RW3 

plates was 90 cm. The films were irradiated with a 6 MV photon 

beam generated by the Elekta Versa HD medical linear 

accelerator. To monitor accelerator dose output and to measure 

the dose delivered to film samples, a reference 0.6 ccm Farmer 

type ionization chamber (model 30013 by PTW-Freiburg) was 

additionally placed at a depth of 10 cm. The dose was read on a 

UNIDOS electrometer, model 10001, by PTW-Freiburg. The 

dose to the film samples placed at a depth of 0.5 cm and 5.0 cm 

was calculated from the dose measured by an ionization 

chamber at a depth of 10 cm. The conversion was performed on 

the basis of previously experimentally determined coefficients. 

The coefficients were determined as the quotient of the ionizing 

chamber signal at a given depth (0.5 cm or 5.0 cm) to the signal 

measured at a depth of 10 cm (for the same measurement 

geometry and the same environmental conditions). The 

influence of the presence of film samples above the ionization 

chamber on the measurement result with the ionization chamber 

was also checked and taken into account. Ionization chamber 

dose measurements were performed according to the IAEA TRS 

398 report.12 

 Calibration was performed in the range of fractional doses 

used in conventional teleradiotherapy. The calibration points 

were selected based on the recommendations of the 

manufacturer, that is 6 – 8 points for a typical situation 

(including unexposed film) with doses in geometric progression. 

A total of 8 points were obtained on the calibration curve.  Film 

samples were irradiated with doses of 0, 10, 25, 50, 100, 150, 

200 and 250 cGy. The actual dose output of the accelerator was 

taken into account during all measurements. 

 To diminish uncertainty of the film readout, six film samples 

were irradiated simultaneously for one point of the calibration 

curve.13 The films were placed in the center of the square field 

of 10 cm side and arranged so as to form a square with a side of 

3 cm. The maximum difference of the dose values in the area 

where the irradiated film samples were located was 0.3%. 

 The darkening of the films was read at least 24 hours after 

exposure to irradiation. The time was chosen so that the 

polymerization process taking place in the active layer of the 
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film, induced by ionizing radiation, was completely finished. 

Thanks to this, the influence of errors related to the dynamics of 

the polymerization process can be neglected.14 

 The films handling procedure followed the recommendations 

of the AAPM TG-55 report.15 All films were stored in the same 

place, under the same conditions, in order to limit the influence 

of storage conditions on the final measurement result. Films 

were handled in such a way as to minimize the exposure of 

samples to visible/ultraviolet light. 

2.2.2. Film scanning procedure 

The film samples were scanned in transmission mode using the 

EPSON EXPRESSION 10000 XL flatbed scanner, 

recommended by the Gafchromic EBT3 films manufacturer. 

The original EPSON Scan software provided with the scanner 

was used for scanning. All image processing options, color 

corrections and all available filters in the software have been 

turned off in order to get raw images. Scanning was performed 

in transmission mode, in 48-bit RGB color mode (16-bit per 

color), with a resolution of 72 dpi. Scanned images were saved 

as TIFF (tagged image file format). 

 The scanner was always turned on 30 minutes before the 

beginning of films scanning. Then, five blank scans were 

performed in order to stabilize the working conditions of the 

scanner lamp, to minimize the effect of temperature changes on 

the scanner performance.16 

 In order to minimize the influence of scanner’s inhomogeneity 

on the measurement result and avoid the need of applying 

corrections, the films were placed in the center of the scanning 

area, along the direction of the lamp movement, always in the 

same place, using a previously prepared template.17 The film 

samples were placed in a horizontal orientation. The long side 

of the film was set perpendicular to the direction of the lamp’s 

movement (landscape orientation). 

 The analysis of faulty pixels was also performed for the area 

of the scanner table where the films were placed. For this 

purpose, five consecutive blank scans were performed. On the 

obtained images, in the area where the film samples were placed, 

a histogram of the pixel values was made. Defective pixels have 

been recognized as pixels whose value differs by more than two 

standard deviations from the mean value. The obtained average 

number of faulty pixels from all images was 0.1%. This proved 

that there were no artifacts in this area that could significantly 

affect the measurement result and that the scanner is operating 

properly. 

2.2.3. Analysis of film images 

ImageJ software18 used to analyze the obtained images of 

scanned film samples using scripts written by the first author of 

this work. Each scanned image was divided into three separate 

red (R), green (G), and blue (B) color channels, each with 16-bit 

depth. In the center of each film sample, separately on each color 

channel, a region of interest (ROI) of 10 pixels × 10 pixels (3.5 

mm × 3.5 mm) was placed, from which the readout was made. 

The area of interest was placed at least 3 mm from the edge of 

the sample to avoid edge artifacts resulting from cutting the film 

sheet.19 

 In order to remove noise, before readout, each individual color 

channel of the obtained images was separately processed before 

readout using a median filter with diameter of 2 pixels.13 

 The conversion of the pixel values read from the three color 

channels (R, G, B) into the dose delivered to the film sample was 

carried out with the use of experimentally determined calibration 

curves, using a hand-written script in the ImageJ software. 

2.2.4. Determination of the calibration curves 

The calibration procedure was based on the methodology 

described in other studies.14 The applied multichannel procedure 

allowed to reduce the influence of dose-independent factors on 

the signal, such as non-uniform thickens of the active film layer, 

inhomogeneity or artifacts of the scanner.20 Detailed description 

of the calibration procedure is given in Appendix 1. The 

calibration curves are presented in Figure 1. 

 

 

Figure 1. Calibration curves for small samples of Gafchromic 

EBT2 film, for three color channels, in the dose range including 

fractional dose. 

 

2.3. Dose calculation procedure – triple-channel 

film dosimetry 

Calculation of the doses delivered to the film samples was done 

by means of self-written script in ImageJ software.18 The 

procedsure was based on methodology described by Andre 

Micke.14,20 A detailed description of the dose calculation 

procedure is enclosed in Appendix 2. The script was written in 

order to find the minimum of the function Ω (Equation 1), 

separately for each pixel on the image. The Ω equation contains 

the sum of the squared noise differences (Δdx, where x = R, G, 

B) defined as the quotient of the scanned film optical density 

dx,scan(D) and the film optical density calculated from the 

calibration curve (dx,cal(D)). The optical density values dx,scan(D) 

were calculated based on the pixel values (PVx) read from the 

images of the scanned film samples (Equation 5).  
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The optical density values dx,cal(D) were calculated based on the 

previously determined calibration curves (Equation 6). 

Ω(𝐷) = (∆𝑑𝑅 − ∆𝑑𝐵)
2 + (∆𝑑𝐵 − ∆𝑑𝐺)

2 + (∆𝑑𝐺 − ∆𝑑𝑅)
2 

→ 𝑚𝑖𝑛 Eq. 1 

The dose was read from a 10 pixels x 10 pixels ROI placed in 

the center of the film sample image. Figure 2 shows the solution 

of the Ω equation as a function of dose, for film pieces irradiated 

with doses of 50 cGy and 150 cGy. 

 

 

Figure 2. The results of calculations of the equation Ω as a function 

of dose, fort two film samples irradiated separately with the dose of 

50 cGy and 150 cGy. 

 

2.4. Standard uncertainties of measurements 

The uncertainty of the dose measurement using small samples 

of the Gafchromic EBT3 film was determined based on the 

JCGM 100:2008 report entitled „Evaluation of measurement 

data - Guide to the expression of uncertainty in measurement”.21  

Since the measured dose value is calculated with the application 

of numerical methods, using self-written algorithm, its standard 

uncertainty was assessed by the type B method. For this purpose, 

film samples utilized to obtain calibration curves were employed 

(42 samples in total). Based on the calibration films images, the 

dose values were calculated using the methodology described in 

section 2.3. The obtained values were compared with the values 

of the reference doses measured with the ionization chamber 

during calibration. The combined standard uncertainty of the 

dose measured using ionization chamber during calibration was 

calculated based on the JCGM 100:2008 report21 and the IAEA-

TECDOC-1585 report22 and is 1.5%. 

 Based on the differences between the calculated doses and 

actual doses delivered to the film samples, the mean value of 

these differences and the standard deviation of a single 

measurement were calculated. The mean difference between the 

dose measured by the ionization chamber and the dose measured 

with small film detectors was -0.2%. Standard deviation of a 

single measurement was 2.9%. This value was taken as the total 

relative standard uncertainty of the dose measured by means of 

small film samples, using the method presented in this article. 

This value is close to standard uncertainties of the dose 

measurement using conventional in vivo dosimetry system.23 

 

2.5. The accuracy assessment of measurements 

using small film detectors 

In order to validate the described method of the dose 

measurement with the use of small Gafchromic EBT3 film 

detectors, measurements were made in the RW3 slab phantom, 

for a single square photon beam, at a depth of 5 cm – in the area 

of charged-particle equilibrium (CPE). Then, in the same 

phantom, for the same photon beam, measurements were made 

in the buildup area at a depth of 0.5 cm (high dose gradient) 

where the charged-particle equilibrium didn’t exist. Finally, 

measurements were made for the beam shaped by the dynamic 

movement of the collimator leaves, also at two depths of 0.5 cm 

and 5.0 cm (a high dose gradient and no CPE at both depths). 

2.5.1 Measurements in the RW3 slab phantom for a single 

square photon beam 

Measurements were made using small film samples, in simple 

geometry, for a single square photon beam, in the RW3 slab 

phantom, at two depths. One depth was in the area of slow dose 

decrease (where there is CPE) and another one was in the 

buildup region (CPE doesn’t exist). The films were irradiated on 

the Elekta Versa HD medical linear accelerator, placed between 

the RW3 plates at a depth of 5.0 cm (CPE) and 0.5 cm (no CPE) 

– separate measurements. For this purpose, a perpendicular 6 

MV photon beam, with dimensions of 10 cm × 10 cm was used. 

The distance between the ionizing radiation source and the 

surface of the phantom (SSD) was 90 cm. The appropriate 

number of monitor units (MU) was applied to deliver a dose of 

200 cGy at a depth of 5.0 cm. The accelerator dose output 

monitoring and the actual dose delivered to film samples 

measurements (Dic) were handled in the same way as in section 

2.2.1. 

 Finally, the dose measured with the use of small samples of 

Gafchromic EBT3 films and the dose calculated based on the 

ionization chamber measurement were compared, 

independently for the two depths. The results are shown in 

Table 1. 
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Table 1. The results of the comparison between the dose measurements using Gafchromic EBT3 small film detectors (Dfilm) against the doses 

calculated based on ionization chamber measurements (Dic), at a depth of 0.5 cm and 5.0 cm, in a solid slab RW3 phantom (PTW-Freiburg), 

in conditions similar to the films calibration conditions. 

d [cm] Dic [cGy] 
u(Dic) 

[cGy] 
ur(Dic) 

Dfilm 

[cGy] 

u(Dfilm) 

[cGy] 
ur(Dfilm) 

Dfilm-Dic 

[cGy] 
(Dfilm/Dic-1) ζ(Dfilm,p-Dic) 

0.5 198.9 3.1 1.5% 197.2 5.7 2.9% -1.7 -0.8% 0.3 

5.0 201.1 3.1 1.5% 201.7 5.8 2.9% 0.5 0.3% 0.1 

 

Table 2. The results of the comparison between the dose measurements using Gafchromic EBT3 small film samples (Dfilm) against the doses 

calculated based on the ionization chamber measurement (Dic), at the depth of 0.5 and 5.0 cm, in the solid slab RW3 phantom (PTW-Freiburg), 

for the VMAT treatment plan reduced to 0° gantry angle. 

d [cm] Dic [cGy] 
u(Dic) 

[cGy] 
ur(Dic) 

Dfilm 

[cGy] 

u(Dfilm) 

[cGy] 
ur(Dfilm) 

Dfilm-Dic 

[cGy] 
(Dfilm/Dic-1) ζ(Dfilm,p-Dic) 

0.5 240.9 3.7 1.5% 243.1 7.0 2.9% 2.2 0.9% 0.3 

5.0 239.2 3.7 1.5% 236.8 6.9 2.9% -2.4 -1.0% 0.3 

 

2.5.2. Measurements in the RW3 slab phantom for dynamic 

beams 

To create more complex measurement conditions a treatment 

plan made in volumetric modulated arc therapy technique 

(VMAT) was utilized. In VMAT technique dose distribution 

modulation takes place, among other, through the dynamic 

movement of the leaves of the multi-leaf collimator, variable 

dose rate and variable rotation speed of the accelerator gantry. 

The VMAT technique was used to obtain a dose distribution 

with areas of high dose gradient and without CPE. The treatment 

plan in the VMAT technique was carried out in the Philips 

Pinnacle treatment planning system for the anthropomorphic 

phantom of the head and neck. The plan consisted of three arcs 

(6 MV photon beams) which were to deliver a dose of 200 cGy 

to the isocenter. Then the plan was transferred to the CT of the 

RW3 homogeneous slab phantom in the treatment planning 

system (as in section 2.5.1) and was recalculated. All arcs were 

brought to 0° gantry angle, maintaining the dynamic fields 

shaped by the multi-leaf collimator (Figure 3). The dose at the 

isocenter for the RW3 slab phantom was 251 cGy. 

Measurements were made for one treatment fraction. Irradiation 

and measurements were done in the same way as in the section 

2.5.1. The only difference was that a Markus flat-parallel 

ionization chamber, model 23343, from PTW-Freiburg, was 

used to monitor a dose output of the accelerator and to measure 

the actual dose delivered to the film samples. The results are 

shown in Table 2. 

 

2.6. Conformity assessment of the results 

The conformity of measurements was assessed using the 

metrological compliance test. For two uncorrelated variables, 

the quantity ζ was determined24: 

𝜁(𝑥1 − 𝑥2) =
|𝑥1−𝑥2|

√𝑢2(𝑥1)+𝑢
2(𝑥2)

≤ 2 Eq. 2 

where x1, x2 are the values of the variables, and u(x1), u(x2) are 

their standard uncertainties. 

 

 

Figure 3. Dose distribution of the VMAT treatment plan consisting 

of three arcs (6 MV photon beams) brought to 0° gantry angle, 

calculated in the RW3 slab phantom (PTW-Freiburg) in the 

Pinnacle, Philips treatment planning system. 

 

In order to conclude that two variables are compatible (at 95% 

confidence level), the absolute difference in their values divided 

by the root of the sum of the squares of their standard 

uncertainties should be less than or equal to 2. 

 In this work, for each pair of two compared quantities, the 

variables xi (i = 1, 2) will be the dose measured using 

Gafchromic EBT3 film small samples (Dfilm) and the dose 

calculated based on the ionization chamber measurement (Dic). 

Their standard uncertainties u(xi) will be combined standard 

uncertainties calculated according to the methodology given in 

the JCGM 200:100 report (description in section 2.4). 
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3. Results 

3.1. Results of the measurements in the RW3 slab 

phantom for a single square photon beam 

Table 1 shows the results of dose measurements using 

Gafchromic EBT3 film samples made in RW3 slab phantom 

(Dfilm) and the dose obtained based on the ionization chamber 

measurement (Dic) for a single square photon beam (section 

2.5.1). The table presents the dose values Di (i = film; ic), their 

combined standard uncertainties u(Di) (calculated according to 

section 2.4 and the JCGM 100:2008 report21), as well as the 

relative uncertainties ur(Di) expressed in percentages. For the 

compared dose values, their absolute differences, relative 

differences and ζ factor of the metrological compatibility test 

(Equation 2, section 2.4) were calculated. Measurements were 

made at depth of 0.5 and 5.0 cm. 

 

3.2. Results of the measurements in the RW3 slab 

phantom for dynamic beams 

Table 2 shows the comparison results of dose measurements 

using Gafchromic EBT3 small film samples (Dfilm) against the 

dose obtained from the ionization chamber measurement (Dic). 

Measurements were made in the RW3 slab phantom (section 

2.5.2) for the treatment plan prepared in the VMAT technique 

(three arcs reduced to the 0° gantry angle). The table present the 

dose values Di (i = film; ic), their combined standard 

uncertainties u(Di) (calculated according to section 2.4 and 

JCGM 100:2008 report21), as well as relative uncertainties ur(Di) 

expressed in percentages. For the compared dose values, their 

absolute differences, relative differences and the ζ factor of the 

metrological compatibility test were calculated (Equation 2, 

section 2.6). 

 

4. Discussion 

4.1. Calibration curves 

The analysis of the calibration curves for the three color 

channels shown in Figure 1 allows to conclude that the rational 

function represented by the Equation 4 describes the 

measurement results very well. The R2 parameter was 1.000, 

0.999, 0.996 for the red, green and blue channels respectively. 

Figure 1 also show that film response expressed as the 

normalized pixel value (Xx) is not linear, and that the slope of 

the curves for all channels decreases. 

 

4.2. Measurements in RW3 slab phantom – 

comparison with an ionization chamber 

Measurements carried out with the Gafchromic EBT3 small film 

samples, made in the RW3 slab phantom (PTW-Freibrug), 

proved that the method presented in this study is sufficiently 

accurate to be applied in practice. This is shown by the 

comparison between the dose measurements using Gafchromic 

EBT3 small film detectors (Dfilm) against the doses calculated 

based on the ionization chamber measurement (Dic – the actual 

dose that films were irradiated) presented in Table 1. The 

maximum difference was -0.8% and corresponds with the 

measurement made at 0.5 cm depth (dose buildup area, no CPE). 

The difference at a depth of 5.0 cm was 0.3%. The values of the 

metrological compatibility test factor ζ were 0.3 and 0.1 for a 

depth of 0.5 cm and 5.0 cm respectively. The results in Table 1 

show that small Gafchromic EBT3 film detectors allow for 

reliable dose measurement at various depths, also in the area 

without charged-particle equilibrium. 

 The comparison results for a more complex situation are 

presented in Table 2. There are the results of measurements and 

calculations for the treatment plan prepared in the VMAT 

technique, consisting of three arcs of 6 MV photon beams, 

transferred to the RW3 slab phantom and reduced to the 0° 

gantry angle (section 2.5.2). The total dose distribution was 

obtained by the continuous, dynamic movement of the 

collimator leaves. The dose measured using small film detectors 

(Dfilm) was compared to the dose measured with the ionization 

chamber (Dic). The absolute dose value differences at both 

depths are at a similar level (0.5 cm: 0.9%, 5.0 cm: -1.0%) and 

agree well with the ionization chamber measurements 

(differences 2.2 cGy and -2.4 cGy) – as it was in the case of a 

single photon beam. However, it should be noted that neither the 

films nor the ionization chamber were in the area of the uniform 

dose. The isodose distribution in Figure 3 shows that in the area 

where the detectors were placed (depths of 0.5 cm and 5.0 cm – 

film samples, 10 cm – ionization chamber), there was a dose 

gradient which is the sum of multiple dose distributions for 

multiple irradiation segments. Despite this, the metrological 

compatibility factor showed good agreement between the results 

(ζ = 0.3). 

 

5. Conclusions 

More and more complex techniques of photon beam 

radiotherapy are used in cases where irradiation structures are 

located at very small depths. In such situations, it is very 

important to know the accuracy of calculation algorithms in 

treatment planning systems, especially in the areas of high dose 

gradient and without charged-particle equilibrium. For this 

reason, appropriate tools are necessary to determine the 

accuracy of radiotherapy, regardless of the treatment technique 

or measurement conditions. The results obtained by the authors 

indicate that small film detectors made of Gafchromic EBT3 

film can be good detectors for this purpose. They are very thin 

and practically do not attenuate the photon beam, they can be cut 

to any shape and have no energy dependence. They enable direct 

dose measurement in the areas where they are placed. They 

allow for accurate dose measurements in the area of high dose 

gradient and without CPE. They can also be used to validate the 

calculation of the treatment planning systems, especially for 

complex irradiation techniques (such as VMAT) and in 

conditions where the use of others commercially available 

detectors would not be possible. 
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Appendix 1. Calibration curves determination 

From region of interest (ROI) of the size 10 pixels × 10 pixels, 

placed in the center of the irradiated film samples images, the 

mean pixel value MPVx and the standard deviation SDx were 

read (where x corresponds to the R, G, B color channel). The 

read mean pixel values were normalized to the maximum 

possible pixel value for a 16-bit image (i.e. 216 = 65536), thus 

obtaining normalized pixel values Xx, separately for each of the 

color channel. 

𝑋𝑥 =
𝑀𝑃𝑉𝑥

216
 Eq. 3 

The film’s response to ionizing radiation is well described by 

rational functions. Therefore, calibration data was fitted using 

the following formula: 

𝑋𝑥(𝐷) =
𝑎𝑥+𝑏𝑥∙𝐷

𝑐𝑥+𝐷
 Eq. 4 

where Xx(D) is the normalized pixel value for the color channel 

x (x = R, G, B), D is the dose delivered to the film sample, ax, 

bx i cx are the calibration curve fitting parameters. Thus, three 

calibration curves (red, green and blue channel) were obtained. 

 Figure 1 shows the calibration curves for the individual red, 

green and blue color channels. They are represented as 

normalized pixel values of the color channels (Xx) as a function 

of the dose delivered to the film (D). The calibration curves 

shown were determined in a dose range of 0 to 250 cGy, 

covering the doses received by the patient during a single 

treatment session.

The points in the Figure 1 corresponds to the normalized pixel 

values (Xx) calculated according to the Equation 3, based on 

the mean pixel values (MPVx) read from the calibration films 

irradiated with the specified doses (D). The points are the 

values obtained during the calibration measurements. The 

standard uncertainties are not visible in the graph due to the fact 

that they are small and overlap with symbols. The lines show 

fitting curves calculated according to the Equation 4. The 

fitting accuracy described by the R2 parameter was 1.000, 

0.999, 0.996 for the red, green and blue channel, respectively. 

 The pixel values read from the film images can be converted 

to the optical density using the formula: 

𝑑𝑥,𝑠𝑐𝑎𝑛 = −𝑙𝑜𝑔 (
𝑀𝑃𝑉𝑥

216
) = −𝑙𝑜𝑔(𝑋𝑥) Eq. 5 

where dx,scan is the optical density of the film for the channel x 

(x = R, G, B). In this way, calibration data were obtained in the 

form of doses delivered to the film samples (D) and optical 

density values for individual color channel (dx,scan), which were 

calculated based on the normalized pixel values (Xx) obtained 

from the images of the irradiated film detectors. 

 The optical density values for a given color channel can also 

be calculated based on the obtained calibration curves: 

𝑑𝑥,𝑐𝑎𝑙(𝐷) = −log⁡ (
𝑎𝑥+𝑏𝑥∙𝐷

𝑐𝑥+𝐷
) Eq. 6 
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Appendix 2. Dose calculation procedure – triple-channel film dosimetry 

The triple-channel method of dose calculation procedure in this 

article, using the three image channels of the film, was based 

on the methodology described by Andre Micke.14,20 

 The calibration was done so that it reflects the average 

response of the scanner-film system to ionizing radiation. The 

measured (calculated) optical density of the film used for the 

measurement consists of the dose-dependent part of the signal 

represented by the calibration function and the part of the signal 

originating from other factors which cause disturbances, such 

as e.g. different thickness of the active film layer, scanner 

inhomogeneity or noise. This can be represented by the 

formula: 

𝑑𝑠𝑐𝑎𝑛(𝐷) = 𝑑𝑐𝑎𝑙(𝐷) ∙ ∆𝑑 Eq .7 

where dscan(D) is the scanned optical density of the film, dcal(D) 

is the optical density of the film during calibration, D is the dose 

delivered to the film and Δd are disturbances. 

Therefore, for each color channel (x = R, G, B) it can be written: 

∆𝑑𝑥 =
𝑑𝑥,𝑠𝑐𝑎𝑛(𝐷)

𝑑𝑥,𝑐𝑎𝑙(𝐷)
 Eq. 8 

Disturbances Δdx are not dose dependent and they are 

independent on the color channel (i.e. the wavelength of 

scanner lamp light). Otherwise, Δdx should be the same for each 

color channel. Therefore, finding the minimum of the equation 

(9) is an equivalent to finding dose value closes to the dose 

actually delivered to the film. 

Ω(𝐷) = (∆𝑑𝑅 − ∆𝑑𝐵)
2 + (∆𝑑𝐵 − ∆𝑑𝐺)

2 + (∆𝑑𝐺 − ∆𝑑𝑅)
2 →

𝑚𝑖𝑛 Eq. 9 


