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Radiochromic film dosimetry offers many advantages over standard film that requires 

wet chemical processing. Radiochromic film offers: a permanent color change upon 

irradiation; high spatial resolution; a response that is independent of energy, particle type, 

and angle of incidence; near tissue equivalence; and a wide dosimetric range. However, 

there are many notable disadvantages, as well. These include fluctuations that result 

from: scanner warm-up; temperature history; post-irradiation film darkening; film 

sensitivity; uniformity discrepancies; and the scanner-lateral effect. The lateral effect 

occurs as a result of differing angles of polarized light reflecting on mirrors within the 

scanner. The perceived transmitted light changes with lateral placement on the scanner 

and is observed more in the red channel due to its longer wavelength and associated 

increased polarization. Longitudinal effects have not been fully studied, but it is 

important to determine if longitudinal placement also affects the measured dose. In this 

study, four 4 X 4 cm
2
 pieces of GafChromic® EBT3 film were irradiated with 100, 300, 

500, and 700 cGy. The ODs were measured with FilmQA Pro software at the center of 

the scanner and at +/- 4, 8, and 12 cm displacement in the longitudinal direction. Triple 

channel dosimetry was then used to calculate associated doses. Lateral displacement was 

then briefly studied in an effort to see the dramatic increase in dose with increasing 

distance from center. The results of this study indicate that a longitudinal effect does 

exist, but on a much smaller scale than the lateral effect.   
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1. Introduction 

Radiochromic film offers many advantages over standard radiographic film. 

Radiochromic film experiences a permanent color change upon irradiation which is the 

result of a spectrally dependent change in optical density. It is not necessary to perform 

wet chemical processing that is required with standard radiographic films. Radiochromic 

film also provides high spatial resolution resulting from a large number of pixels per 

image. The composition of radiochromic film offers a low atomic number that is nearly 

tissue equivalent which translates to less energy and angle dependence and low scatter 

effects overall.  

 

Disadvantages of radiochromic film include a degradation of dosimetric accuracy near 

the edges of film pieces, uniformity concerns that stem from thickness variations in the 

active layer, and film sensitivity. Postirradiation film darkening kinetics may also 

contribute to higher reported doses as the time between irradiation and scanning is 

increased and the calibration is not similarly compensated for. One of the most notable 

discrepancies in reported doses results from what is known as the “lateral effect” or 

“parabola effect” where dose increases with increasing lateral distance on the scanner. 

Polymer rods in the film are in a nearly linear array and cause a polarization of 

transmitted light. The perceived transmission of light varies due to reflection on the 

mirrors in the scanner as this is a function of the reflection angle of the polarized light. 

This angle changes with lateral position on the scanner. This effect is an area of ongoing 

research (Palmer, Bradley, and Nisbet 2014). 

 

GafChromic® EBT3 film is becoming the gold standard in film dosimetry when used 

with Ashland’s FilmQA Pro software due to its capability of utilizing the separate 

contributions of all three color channels to calculate dose. This allows for the blue 

channel to utilize a yellow marker dye to permit a direct measurement for the correction 

of film thickness non-uniformities, whereas the red channel is dominated by the active 

component to display dose information. Triple channel film dosimetry uses the average 
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response from the three calibration curves obtained for calculating dose from OD. Single 

channel film dosimetry looks at the relevant calibration curve and uses only the average 

response from that particular curve to calculate the dose. The calibration functions used 

are rational functions which behave the same way that one expects films to behave: the 

response values decrease as dose increases since the film darkens with dose (“User 

Manual: FilmQA Pro” 2013).  

 

The purpose of this study is to determine whether or not there is an effect resulting from 

varying the scanning position of the film longitudinally (perpendicular to the scanning 

beam) along the scanner. GafChromic® EBT3 film will be used to measure OD along 

various positions longitudinally across the scanner. Triple channel uniformity will be 

used with FilmQA Pro software to determine the doses associated with each film.  

 

2. Background 

2.1. Film 

Film dosimetry can be used to gather two-dimensional dose distributions such as isodose 

curves. The energy independence provided with some radiographic films with electron 

beams is best attributed to the slow variation of the ratio of collision stopping power in 

emulsion with that of water. Bragg-Gray cavity theory states that ionization created in a 

gas-filled cavity is directly related to the energy absorbed in a surrounding medium 

(Khan and Gibbons, n.d.). If the cavity is small enough so that its placement in the 

medium does not change the number and distribution of electrons, then the Bragg-Gray 

(in terms of absorbed dose) relationship is explained by Equation 1 below: 

 

Equation 1 

𝐷𝒅𝒆𝒕 =  𝐷𝒎𝒆𝒅  ∗ (
�̅�

𝜌
)𝑚𝑒𝑑

𝑑𝑒𝑡  
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where 𝐷𝒅𝒆𝒕 is the dose absorbed in the detector, 𝐷𝒎𝒆𝒅 is the dose absorbed in the 

medium, and (
�̅�

𝜌
)𝑚𝑒𝑑

𝑑𝑒𝑡  is the weighted mean ratio of the restricted mass stopping power for 

electrons crossing the cavity from the detector to that of the medium. For electron 

energies, the restricted mass stopping power ratio of water to film is roughly equal to 1.  

 

AAPM TG69 notes that megavoltage photon beam dosimetry is more complicated than 

that of electron beam dosimetry due to the variation in film sensitivity that occurs as the 

photon energy spectrum changes with depth and field size. For energies below 150 keV, 

radiographic film over-responds due to strong photoelectric effects with respect to silver 

and bromine  (Pai et al. 2007). 

 

Using radiographic film as a method of dosimetry is challenging due to optical density 

(OD) dependencies. OD varies with photon beam energy. For standard radiographic film, 

the high atomic number (Z = 45) of the silver within the emulsion creates a strong 

photoelectric effect dependence. The silver absorbs radiation below 150 keV very 

strongly; therefore, any low energy scatter photons will greatly affect the OD. The 

orientation of the film plane in reference to the direction of the beam may also affect OD. 

Figure 1 (a) shows a perpendicular orientation with respect to the beam. In this instance, 

the film is sandwiched between two slabs of solid water which lie flat on the table and the 

gantry is positioned at 0°. Figure 1 (b) shows a parallel orientation with respect to the 

beam. The film is sandwiched between two slabs of solid water which are now standing 

upright so that the tip of the film itself is exposed to the beam. It should be noted that the 

parallel orientation results in an over-response when compared to the perpendicular 

orientation. The OD is most notably affected by differences in emulsion experienced by 

films in separate batches and the method in which the user processes the films. All of 

these conditions may result in two equal values of OD not corresponding to equal doses 

(Pai et al. 2007). 
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Figure 1: Film-plane orientations with respect to the source (Danciu et al. 2001) 

 

Film consists of a thin plastic base that is covered with a silver halide emulsion that is 

sensitive to light; this emulsion consists of crystals in a gelatin that is water soluble and 

may be located on one or both sides of the base (Bushberg et al. 2012). The silver halide 

contains microscopic crystals that are sensitive to radiation (AgBr, AgI, and AgCl for 

example). AgS is also present and is prone to create deformities in the crystal that result 

in positive charge culminating at the crystal’s surface. Once exposed to x-rays, gamma 

rays, or light rays, positively charged silver ions experience reduction as they are 

transformed into metallic silver via the formula Ag
+ 

+ e
- → 

Ag (“Film Processing” 2001). 

The electrons that are captured by the Ag
+ 

arise from the negatively charged Bromine. A 

latent image center, which is virtually undetectable, is produced if five or more positively 

charged silver ions are reduced (Bushberg et al. 2012).  

 

The best explanation of latent image formation is the Gurney and Mott mechanism. 

Figure 2 below explains this mechanism in which the ionic state of Ag
+
Br

- 
is shown with 

specks of impurities in the crystals. Once the silver halide grain is exposed to ionizing 

radiation, the Br
- 
ions split into Br and electrons. These electrons, in turn, travel toward 

the specks of impurities. Once the specks gain a negative charge, the Ag
+ 

ions are 

attracted to the specks in order to form the latent image. After being developed, the latent 
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image grains are transformed into metallic silver and dark areas are created in the film 

(Pai et al. 2007). 

 

 

Figure 2: Latent image formation (Pai et al. 2007) 

 

In order to process the film manually, a darkroom must be used. The film should be kept 

in a light tight compartment until it is ready to undergo wet chemical processing. The 

film is then developed in a chemical bath that is aqueous in nature and contains a 

developer working as the reducing agent. The leftover silver ions in each grain are 

reduced to form metallic silver atoms wherein the latent image centers behave as 

catalysts; these grains materialize on the film as black specks. The temperature must be 

kept stable in order to change the exposed grains while properly neglecting the 

unexposed grains (“Film Processing” 2001). After the film is placed in the developer it 

must be washed with water in order to dilute it. Next, the film goes through an oxidizing 

solution called a fixer. The fixer liquefies inactivated silver halide from areas of the 

emulsion that were not exposed and leaves the silver metal behind (“Film Processing” 

2001). Finally, the film must be rinsed with water in order to remove both the developer 

and the fixer before being dried (Bushberg et al. 2012).  

 

In order to properly process film, one must pay close attention to the temperature, time in 

each solution bath, and concentration of the chemicals. QA of the system requires that 
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sensitometric checks be performed on both the developer and fixer. Sensitometric checks 

include measuring fog level, speed, and average gradient (“Film Processing” 2001). 

Chemical checks should also be used to measure the pH, specific gravity, and fixer levels 

daily. For the reproducibility required in film dosimetry this has been done using 

mechanized deep tank processors, once common in radiography departments where the 

QA was carefully monitored on a daily basis.  As digital radiography has taken over as 

the imaging technology of choice these processors are disappearing from general use. 

Thus radiation departments wanting to use them for film dosimetry must either assume 

the time consuming job of processer monitoring or adopt a film that did not require 

processing.  

 

2.1.1. Optical Density 

Optical density is used to describe the darkness of film and is explained by Equation 2 

below where T represents a transmittance factor equal to 𝐼𝑡/𝐼0. I0 represents the incident 

intensity of the light that is measured without the presence of film and 𝐼𝑡 is the intensity 

that is transmitted through the film oriented perpendicular to the plane of the film.  

 

Equation 2           

OD = - 𝑙𝑜𝑔10(𝑇) 

 

Optical density has been further described in relation to grain size and photon interactions 

by Dainty and Shaw, as shown below: 

 

Equation 3                              

OD = −𝑙𝑜𝑔10(𝑒−𝛼𝑛) = 0.4343𝛼𝑛 

 

where α represents the average area of a developed silver grain measured in cm
2
/grain 

and n is the number of developed grains per cm
2 

of film. Furthermore, the authors state 

that if it is presumed that one grain is developed by one electron then the electron fluence 
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can correlate to the optical density and if N represents the amount of silver bromide 

atoms per unit area of the unexposed film, then Equations 4 and 5 can be developed. 

 

Equation 4                                      

𝑛 =  𝛼𝑁𝜙 

 

Equation 5                                         

𝑂𝐷 = 0.4343𝛼2𝑁𝜙. 

 

With this equation, it is clear to see that the OD should be a function of the dose since the 

photon and electron fluences are directly related to dose (Dainty and Shaw 1974).  

Devic, et al presented a calculation of netOD as shown below for use with more than one 

packet of film: 

 

Equation 6           

net𝑂𝐷𝑖(𝐷𝑗) =  𝑂𝐷𝑒𝑥𝑝
𝑖 (𝐷𝑗) − 𝑂𝐷𝑢𝑛𝑒𝑥𝑝

𝑖 (𝐷𝑗) 

 

where 𝑂𝐷𝑒𝑥𝑝
𝑖 (𝐷𝑗) represents the OD for an exposed film for a dose equal to 𝐷𝑗  and 

𝑂𝐷𝑢𝑛𝑒𝑥𝑝
𝑖 (𝐷𝑗) represents the OD for an unexposed film for a dose equal to 𝐷𝑗 . This 

relationship can further be broken down as Equation 7: 

 

Equation 7                 

net𝑂𝐷𝑖(𝐷𝑗) = 𝑙𝑜𝑔10
𝐼𝑢𝑛𝑒𝑥𝑝

𝑖 (𝐷𝑗)− 𝐼𝑏𝑐𝑘𝑔

𝐼𝑒𝑥𝑝
𝑖 (𝐷𝑗)− 𝐼𝑏𝑐𝑘𝑔

 

where 𝐼𝑢𝑛𝑒𝑥𝑝
𝑖 (𝐷𝑗) and 𝐼𝑒𝑥𝑝

𝑖 (𝐷𝑗) represent intensity readings for unexposed and exposed 

films for the i
th 

packet of film. Here, 𝐼𝑏𝑐𝑘𝑔 is the background intensity with no light being 

transmitted. Equation 7 can be written in terms of pixel values as shown in Equation 8: 
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Equation 8                       

𝑛𝑒𝑡𝑂𝐷 =  𝑙𝑜𝑔10(
𝑃𝑉𝑢𝑛𝑒𝑥𝑝 − 𝑃𝑉𝑏𝑐𝑘𝑔

𝑃𝑉𝑒𝑥𝑝 −  𝑃𝑉𝑏𝑐𝑘𝑔
) 

where 𝑃𝑉𝑢𝑛𝑒𝑥𝑝 is the pixel value associated with unexposed film, 𝑃𝑉𝑒𝑥𝑝 is the pixel value 

of exposed film, and 𝑃𝑉𝑏𝑐𝑘𝑔 is the pixel value when signal has been absorbed by the film 

(Martisikova and Jakel 2010). 

 

2.1.2. Film Characteristic Curves 

Film characteristic curves are used to relate the film exposure to the resultant optical 

density where the exposure refers to the amount of photons that reach the film and is 

dependent upon the intensity of the radiation and the time that the film is exposed (NDT 

Resource Center 2001). The characteristic curve is also referred to as the H&D curve, 

named after Hurter and Driffield who developed it in 1890. The log of the exposure is 

plotted on the x-axis and the OD is plotted on the y-axis. There are three regions of 

importance: the toe, gradient, and shoulder. The contrast can be described by the slope of 

the line. The toe and shoulder regions represent areas of lower contrast and the linear 

region or gradient shows higher contrast. The gamma (γ) is defined as the slope of the 

linear region and is generally constant. Equation 9 describes this relationship: 

 

Equation 9                        

Slope = Gamma (γ) = 
(𝐷2−𝐷1)

(𝐿𝑜𝑔 𝐸𝑥𝑝2−𝐿𝑜𝑔 𝐸𝑥𝑝1)
 

 

For unexposed films, the OD is the base and the fog level. Figure 3 shows this 

representation.  
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Figure 3: Characteristic curve (Davidson 1998) 

 

However, in terms of radiation dosimetry, the dose versus OD is most commonly used 

and is referred to as the sensitometric curve. In this case, the OD is a function of radiation 

dose, dose rate, energy, type of primary radiation, depth of measurement, field size, and 

processor conditions. Figure 4 shows the various types of plots used for film response 

where the H&D curve is most practical for describing the contrast and dynamic range of 

the film. 

 

 

Figure 4: Film Response Plots (Pai et al. 2007) 
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The temperature at which the film is developed greatly affects the relationship between 

dose and optical density and can vary the gamma, as seen in Equation 10: 

 

Equation 10                         

𝑂𝐷 =  𝐾0𝜏 + 𝐾1𝜏2 

 

where τ is the temperature and 𝐾0 and 𝐾1 are constants that are dependent upon the type 

of film  (Bogucki et al. 1997). 

 

Figure 5 shows the effect of temperature on OD as it relates to various radiographic films. 

 
Figure 5: Temperature dependence of radiographic films on OD (Pai et al. 2007) 

 

The strong energy dependence associated with radiographic films is correlated with 

photoelectric interactions due to the high atomic numbers of silver and bromine. The dose 

response is shown to increase when photon energies are below 100 keV and to drop 

dramatically in the megavoltage energy ranges. Figure 6 indicates the way that 

radiographic films exhibit energy dependence. 
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Figure 6: Changes in OD of Kodak VX film with energy (Muench et al. 1991) 

   

2.2. Radiochromic Film 

Radiochromic film (RCF) is unique in that is does not require any sort of chemical 

processing. RCF is composed of either a single or double layer of organic microcrystal 

monomers that are sensitive to radiation. These monomers are placed on a thin polyester 

base that consists of a transparent coat. Once irradiated, the films darken, primarily at the 

blue end of the spectrum. The darkness of the film increases with the dose.  

 

2.2.1. Introduction to GafChromic® Film 

During the process of photopolymerization, a polymer is formed when thousands of 

molecules of monomers react with one another. Such an event is referred to as an 

amplification due to the fact that more than one molecule is affected by one 

photochemical process (D. F. Lewis 2010).  

 

The active layer used in EBT (external beam therapy) film was discovered when 

researchers at the University of Florida were studying a new radiochromic gel. The 

composition of EBT film is shown in Figure 7 below, where the active layer is composed 

of C, H, O, N, Li, and Cl (7.5% water) to bring the Zeff to 7.14 (D. F. Lewis 2010). 
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When EBT film is irradiated, the spectrum of visible light is not absorbed uniformly. 

Once irradiated, EBT turns blue resulting from the greatest absorption occurring in the 

red portion of the visible light spectrum (Xu 2009).  

 

 
Figure 7: EBT film (Dempsey 2015) 

 

GafChromic® film is often used for dosimetry purposes due to its various advantages, 

including: a permanent optical change once irradiated, high spatial resolution, near tissue 

equivalence, and a wide dosimetric range (Mathot, Sobczak, and Hoornaert 2014; D. F. 

Lewis 2010). It appears to record dose independent of energy, type of particle, 

fractionation, or angle of incidence. Perhaps the most important advancement with EBT 

is its increased radiosensitivity within doses ranging from 0-400 cGy.  

 

With the original EBT film, the red and green channels work best with a color CCD 

based fluorescent scanner. It has been documented that the blue channel should be 

avoided, as shown in the sensitometric curve in Figure 8 below. It should be noted that 

optical density tends to saturate within 70 minutes and that measurements can be 

obtained within 2 hours for EBT, whereas standard RCF film measurement should be 
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performed after 4 days. Another advantage of EBT film is homogeneity within 2% 

(Dempsey 2015). 

 
Figure 8: Sensitometric curve indicating low response in blue channel (Dempsey 2015) 

 

However, there are several notable disadvantages that have been documented while using 

GafChromic® film. GafChromic® film tends to exhibit a loss of dosimetric accuracy 

near its edges resulting in concerns about uniformity. The sensitivity of the film is also of 

concern, especially when exposed to ultraviolet light or humidity. It has been noted that 

there may be variable thicknesses and compositions between film batches. The film plane 

orientation may also create inaccurate dosimetric results. For example, landscape 

orientation is recommended by Ashland since the lateral response artifact has shown to 

be lower in this orientation than in portrait orientation (Borca et al. 2012). The most 

commonly confronted disadvantages in the use of GafChromic® film result from 

conditions such as: post-irradiation film darkening, surface contamination, differences in 

film active layer thickness, scanner properties, and lateral scan artifacts created by 

transmission of polarized light through the film (Mathot, Sobczak, and Hoornaert 2014).  
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2.2.2. GafChromic® EBT2 Film 

GafChromic® EBT2 film has an over-laminate that provides protection for the active 

layer from water immersion and mechanical damage. The active layer has the same 

composition as the previous version save for the binder being changed to a synthetic 

polymer. This synthetic polymer allows for tighter control of the active layer atomic 

composition than its polymer, gelatin predecessor, reducing trace contamination and 

allowing for less energy dependence that results from high Z elements being present in 

the film. Since the active layer is covered by two polyester substrates, the film can be 

immersed in water due to the slow diffusion of water through polyester. Water may still 

penetrate the film since the edges are not sealed, but any areas affected by immersion will 

turn opaque, resulting in easy identification of areas to avoid during dosimetry (ISP 

2010).  

 

EBT2 film is yellow due to the presence of a marker dye added to the active layer. This 

addition serves a purpose to “establish a reference against which the response of the film 

can be measured.” Hence, the yellow marker dye allows for scanned film to be separated 

into dose-dependent and dose-independent parts. An additional benefit of the yellow dye 

is that it makes the film roughly ten times less sensitive to indoor light than previous 

versions (ISP 2010).   

 

When the active component in EBT2 film is exposed to radiation, a blue colored polymer 

is formed with maximum absorption at 636 nm and a secondary peak at 585 nm. Figure 9 

below show the visible absorption spectrum of the active component in EBT2 once 

exposed to radiation. 
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Figure 9: Absorption spectrum of active component in EBT2 (ISP 2010) 

 

Figure 10 shows the absorption spectra of a sample film coat that only contains the 

yellow marker dye and the binder where the maximum occurs at 420 nm as a result of the 

marker dye. At wavelengths greater than 550 nm, the marker dye does not exhibit any 

contribution to the absorbance since the active component produces a stronger response. 

The spectrum of the same film dosed with 50 Gy is also present in Figure 10 proving that 

the marker dye and binder are not affected by exposure to radiation at this level of dose.   
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Figure 10: Marker dye and binder absorption spectra before and after irradiation (ISP 2010) 

 

2.2.3. GafChromic® EBT3 Film 

Figure 11 shows the improvements in EBT film that are evident in the development of 

GafChromic® EBT3 film. Its active layer is still 26-28 µm thick, but its total thickness is 

0.23 mm as opposed to the 0.28 mm thickness of EBT2 film. It contains a matte polyester 

substrate and has a symmetric structure, whereas EBT2 has a smooth polyester substrate 

and an asymmetric structure. The matte polyester substrate creates a gap between the 

scanner glass and the active layer. Since the gap far exceeds the wavelength of light, 

Newton’s rings formations (a problem in scanning smooth films) may be avoided; this is 

shown in Figure 12. The symmetry in the structure allows for the film to be scanned on 

either side. The change in configuration in the newer film is shown in Figure 11. EBT3 

has an increased unexposed OD: roughly 0.12-0.14 vs. 0.10-0.12 for EBT2. Also, the 

newest EBT film is pre-marked with fiducials that allow for points of reference and 

automatic alignment when using FilmQa Pro software, as shown in Figure 13 (D. F. 

Lewis 2010).  
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Figure 11: Configuration change in EBT3 film (D. F. Lewis 2010) 

 

 
Figure 12: EBT3 frustrates Newton’s Rings formations (D. F. Lewis 2010) 

 

Both EBT2 and EBT3 films contain a yellow marker dye that allows for corrections of 

film non-uniformities. The active component creates a signal in the red channel and the 

marker dye creates a signal in the blue channel. The red channel should be used for doses 



18 

 

 

up to 8 Gy and the green channel can be used for doses ranging from 8 Gy to 40 Gy. The 

absorption spectra of the active layer show a peak at 636 nm so maximum sensitivity is 

observed in the red channel. Since the blue channel is used to discern differences in 

thicknesses and other non-uniformities, it is not appropriate to use this channel when 

gathering dose information via a single-channel method.  

 

 
Figure 13: Fiducial markers in EBT3 film (D. F. Lewis 2010) 

 

2.3. Single -Channel vs. Triple-Channel Dosimetry 

FilmQa Pro software has the capability of calculating doses using single, dual, or triple- 

channel dosimetry methods. The triple-channel method makes it possible to separate 

dose-dependent and dose-independent regions of the film. The software uses all three 

color channels to find an optimized dose that is representative of the lowest possible 

disturbance value. In doing so, the three calibration functions are shifted in an effort to 

make the reported dose values in each color channel as close to one another as possible. 

The triple-channel method maps dose to a change in OD rather than the OD being 

representative of a specific dose as is seen with single-channel dosimetry (van Hoof et al. 

2012) 
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Figure 14: Disturbances in path profile represented as oscillations (Micke and Yu 2011) 

 

Figure 14 indicates the fluctuations in the path profile where a flat response is expected to 

occur using single- channel dosimetry. The image on the left shows a 25 cGy dose profile 

and the one on the right shows a 225 cGy dose profile. Less variation in the values of 

dose obtained for each channel is present as the dose increases. The yellow marker dye in 

the film causes the blue channel signal to depend heavily upon disturbances in the active 

layer thickness.  

 

Figure 15 shows a horizontal profile across the dose map for the same film with 25 and 

225 cGy exposures using the triple channel method. 
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Figure 15: Better uniformity with triple channel method (Micke and Yu 2011) 

 

 

2.3.1. Single- Channel Dosimetry   

The optical density (𝑑𝑥) is determined for varying wavelengths using the dose-optical 

density response for each color channel and is calculated with Equation 11: 

 

Equation 11 

𝑑𝑥 =  −log (𝑋) 

 

where 𝑑𝑥 represents the optical density for the color channel and 𝑋 is the response 

observed at a given wavelength, determined through Equation 12: 

 

Equation 12 

𝑋(𝐷) =  
𝑃𝑉𝑥(𝐷)

65535
 

 

where 𝑃𝑉𝑥(𝐷) is the 16-bit channel response for x = R,G,B color channels. The software 

then averages the density values across the film by using Equation 13: 
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Equation 13 

𝑑𝑥(𝐷) = 𝑑𝑥
𝐷(𝐷)𝜏̅ 

 

where 𝑑𝑥
𝐷(𝐷) is equal to the optical density, which is independent from the thickness of 

the film, and 𝜏̅ is the average film thickness. Hence, 𝑑𝑥
𝐷(𝐷) varies only with the exposure 

D. The average thickness is calculated with Equation 14: 

 

Equation 14                             

𝜏̅ =  
1

𝑁
∑ 𝜏

𝑖,𝑗

 

 

where N represents the number of pixels used to obtain an average thickness.  

 

In order to determine a value for dose from a density value using only a single channel, 

Equation 15 may be used: 

 

Equation 15        

𝐷 =  �̅�𝑥
−1(𝑑𝑥

𝜏

𝜏̅
) 

where �̅�𝑥 represents a calibration function that is chosen through correlating a calibration 

table. The single-channel method assumes that the film is uniform and sets 
𝜏

�̅�
 equal to one: 

  

Equation 16 

𝐷 =  �̅�𝑥
−1(𝑑𝑥). 

 

In terms of optical density calculations, the rational function used to correlate the values 

in the calibration table takes the form of Equation 17: 
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Equation 17                                        

�̅�𝑥(𝐷) =  −log (
𝑎 + 𝑏𝐷

𝑐 + 𝐷
) 

 

where a, b, and c represent fitting parameters. By use of Equation 17, Equation 16 is 

equivalent to the one shown below: 

 

Equation 18 

𝐷 =  
𝑐10−(𝑑𝑥)−𝑎

𝑏−10−(𝑑𝑥) . 

 

 Distortions that contribute to errors in the dose calculations are calculated with 

Equation 19: 

 

Equation 19                                         

𝐷(1 + 𝛥𝐷) =  �̅�𝑥
−1(𝑑𝑥(1 + 𝛥𝑑𝑥)) 

 

where 𝑑𝑥 is the scanned optical density and 𝛥𝑑𝑥 is a dimensionless amount that 

corresponds to the distortion. The distortion may be caused by variations in thickness of 

the film coating or some other element such as the lateral effect. This is representative of 

an erroneous reporting of the dose that will be associated  with the single-channel method 

(Micke and Yu 2011).  

 

2.3.2. Triple-Channel Dosimetry 

The aim of triple-channel dosimetry is to separate the dose dependent part of a signal 

from its disturbances. A dose can then be determined for each color channel (X) by using 

a modification of Equation 15: 

 

Equation 20  

𝐷𝑋 =  �̅�𝑋
−1(𝑑𝑋𝛥𝑑) 
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where 𝛥𝑑 replaces the thickness non-uniformity and accounts for all distortions including 

those that stem from the film and the scanner. To ensure accuracy, the calibration 

functions require that 𝛥�̅� = 1. In order to achieve this, the films used for calibration 

should contain large exposure regions such that the regions used for measurement reflect 

the average response of the system. Since the calibration functions (�̅�𝑥) are solely 

dependent on dose, 𝛥𝑑 represents the part of the signal that is dose-independent.  

 

The differences in the dose responses between the color channels are then minimized by 

solving a non-linear optimization problem for each pixel. This minimization is 

represented below: 

 

Equation 21 

𝛺(∆𝑑) =  ∑(𝐷𝑥𝑖 −  𝐷𝑥𝑗)2  →  𝑚𝑖𝑛∆𝑑

𝑖 ≠𝑗

 

 

This equation is then solved through the use of Equation 22: 

 

Equation 22 

𝑑

𝑑∆𝑑
𝛺 = 0 

 

Essentially, the nearest color to the color path {�̅�𝑅(𝐷), �̅�𝐺(𝐷), �̅�𝐵(𝐷)} is found and the 

distance of a point from the color point is equal to the disturbance value. The path 

parameter value is representative of the optimal dose (Micke and Yu 2011).  

 

After optimizing the dose, FilmQA Pro software still separates the reported dose values 

into individual color channels. There should be strong agreement between all three color 

channels (preferably less than 2 % difference).  
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2.4. Scanner 

The Epson 10000 XL scanner is currently recommended by International Specialty 

Products (ISP 2010). It is a professional photographic scanner that makes use of a cold 

Xenon lamp rather than a fluorescent lamp that could skew results since EBT film is 

sensitive to fluorescent light. The lamp requires a warm-up period in order to reach an 

invariable temperature and this can be achieved by turning on the scanner and performing 

several blank scans to allow for lamp stability to be achieved (Devic et al. 2005; Xu 

2009).   Xu also states that performing a preview before scanning should be enough to 

avoid the scanner fluctuations. Figure 16 below shows the effect of OD with the number 

of scans achieved with and without a preview (Paelinck, Neve, and Wagter 2007). 

 
Figure 16: OD affected by preview scan (Paelinck, Neve, and Wagter 2007) 

 

Scanner noise is another problem that should be reviewed. It results from electronic noise 

that is present in all CCD detectors. Figure 17 shows the setup of such a scanner. With 

older forms of scanners, scanner noise was normally corrected for through the method of 

repetitive scanning (Devic et al. 2005). In one study, multiple neutral density filters were 

scanned and single pixel scan accuracy was at 0.5% for the optical density range of 0.2 

and 2.5 with an Epson 1680Pro scanner (Battum et al. 2008). This single pixel scan 

accuracy will hold steady for all scanners with a cold xenon gas lamp. Since the optical 
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density of EBT3 films fall within this range, scanner electronic noise may be neglected. It 

is safe to state that scanner electronic noise can also be neglected for the Epson 10000XL 

since it also has the same cold xenon gas lamp as the now discontinued 1680Pro (Xu 

2009). Since the reported dose associated with the disturbance value is removed in the 

method of triple-channel dosimetry, scanner noise is ultimately accounted for, as well.  

 
Figure 17: Flatbed scanner elements (Johnston 2010) 

 

2.5. Motivations 

The motivation behind this project stems from former student Alison Arnold’s work with 

irradiation of prostheses. In her thesis project, longitudinal effects were observed as the 

film was translated along the scanner. The longitudinal direction is defined as being 

perpendicular to the direction of the scanning lamp. It was beyond the scope of her work 

to determine whether or not the variations in dose observed were related to the position 

on the scanner or to some other element. The scope of this project is to determine 

whether or not longitudinal effects are present in the use of GafChromic® EBT3 film 

with an Epson Expression 10000 XL scanner. If the optical density and the dose vary 

with longitudinal position on the scanner then there is an effect present. Ideally, as the 
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strip of film is relocated on the scanner and rescanned as the position changes, the optical 

density and dose should remain the same.  

 

3. Materials and Methods 

    3.1.    Materials 

An Elekta Versa HD linear accelerator was used to irradiate all films at 6 MV with 5 cm 

solid water under the film and at 10 cm depth. A calibration was performed with FilmQa 

Pro software and then strips of GafChromic® EBT3 film (lot # 04011401) irradiated at 

known doses were analyzed with the software. The strips of film were moved along the 

scanner 4, 8, and 12 cm from the center of the scanner in the positive and negative 

directions longitudinally. The OD and doses were measured and compared to 

measurements obtained in the central position.  

 

   3.2.   Film Calibration 

In performing a calibration, it is important to make certain that the calibration strips are 

large enough so that the area of each strip provides an accurate representation of the 

average behavior of the film. Ashland recommends using film with an area of at least 5 X 

5 cm
2
. Also, using larger strips of film is a sort of safety net to ensure that the measured 

region does not come from the edges of the film where larger variations may occur due to 

the sensitive material being exposed to the atmospheric moisture. (ISP 2010).  

 

Five strips of 10 X 5 cm
2 

strips of film were using procedures to avoid optical 

contamination. Figure 18 shows the placement of the calibration strips. The strips were 

irradiated in geometric progression as recommended by Ashland. Doses used were 100, 

200, 400, and 800 cGy. The first strip of film was placed on top 5 cm solid water with 10 

cm buildup, perpendicular to the beam with a field size of 10 X 10 cm
2
 as recommended 

by Ashland. An Elekta Versa HD linear accelerator was used to irradiate the film and in 

order to ensure proper doses were delivered, the PDD curves were inspected from 

commissioning. The output was previously calibrated following the AAPM TG-51 
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protocol while using an ion chamber calibrated by the ADCL. At 10 cm depth, the 

percentage depth dose is 0.6761. The strip was labeled with the orientation, date, and 

time of irradiation. The SSD was set to 100 cm and 148 MUs were delivered in order to 

deliver 100 cGy. This process was repeated with three more strips of film: one receiving 

296 MUs, the second receiving 592 MUs and the third receiving 1,183 MUs. Since the 

linac can only go up to 1,000 MUs in service mode, this dose was split in two: one at 583 

MUs and the other at 600 MUs. The last strip was left unirradiated for reference purposes 

during calibration.  

 
Figure 18: Placement of calibration strip perpendicular to beam at 10 cm depth 

 

   3.2.   Experimental Strips 

Four 4 X 4 cm
2 

squares were cut while wearing gloves. The same procedure used to make 

the calibration films was repeated to make the test films. The monitor units were altered 

to give doses of 100, 300, 500, and 700 cGy.  

 

   3.3.   Scanning 

Prior to scanning the films, the scanner was allowed a thirty minute warm up period. In 

addition, five preview scans were performed to ensure that the light source was warmed 

up adequately. All films were scanned 24 hours post-exposure to ensure that any changes 

in film darkening were negligible. To scan the calibration and experimental strips, an 

Epson Expression 10000 XL professional photographic scanner was used in professional 
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mode for positive film with 48-bit color (16 bits per color channel) and at a spatial 

resolution of 72 dpi with all color correction capabilities turned off. Figure 19 shows the 

placement of the calibration strips on the scanner. They are placed in the longitudinal 

direction with the long 10 cm sides being perpendicular to the direction of scanning. 

There is also a 2 cm calibration region between the first calibration film (800 cGy) and 

the edge of the scanner as recommended by Ashland. This optical calibration window 

allows for the light source intensity to be briefly calibrated prior to each scan (D. Lewis 

and Chan 2015). 

 

 

Scan Direction 

Figure 19: Placement of calibration strips 

 

The center of the scanner was defined as being 15.5 cm from both lateral edges and 21 

cm from the longitudinal edges. To translate the film in the negative direction, the pieces 

were moved toward the user’s left near the 2 cm calibration region. Alternatively, the 

positive direction is defined as moving the film toward the user’s right. For example, a -

2cm shift was defined as being located 19 cm to the right of the 2 cm calibration region 
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of the scanner. While using the FilmQa Pro software to analyze the pieces of film, each 

uniform region of interest was roughly 3 X 3 cm
2
. 

 

In order to observe the lateral effect, the positive direction was defined as nearing the top 

of the scanner and the negative direction was defined as being further from the scanner 

top. The OD was noted for each position and triple-channel uniformity was selected to 

obtain all associated dose values.  

 

   3.4.   Statistical Analysis 

FilmQA Pro software calculates the standard deviation associated with the average dose 

reported for each color channel. Each time measurements were obtained, a region of 

interest was chosen and the standard deviation was noted for each color channel. Note 

that the standard deviation is determined as the square root of the variance of each 

individual observation. Since the final reported dose is an average of the doses reported 

in the three color channels, it is necessary to calculate a total standard deviation for each 

measurement. The standard deviations sum in quadrature indicating that the total 

uncertainty increases: 

 

Equation 23 

𝑠 =  √𝑠𝑟𝑒𝑑
2 + 𝑠𝑔𝑟𝑒𝑒𝑛

2 +  𝑠𝑏𝑙𝑢𝑒
2   

 

The standard error is reported as shown below: 

 

Equation 24 

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =  
𝑠

√𝑝𝑖𝑥𝑒𝑙𝑠
 

 

where the pixels are representative of the total number of pixels sampled in the region of 

interest specified.  
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4. Results and Discussion 

   4.1.   Calibration 

Figure 20 shows the calibration strips in the FilmQA Pro software. Each region of 

interest has had its correlating dose defined.  

 

 
Figure 20: Calibration strips in FilmQAPro software 

  

Figure 21 shows the calibration curve that was produced for each color channel.  

 

 
Figure 21: Calibration curve for each color channel 
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The color rational linear vs. dose function was chosen to fit the data following Ashland’s 

recommendations for doses up to 10 Gy: 

 

Equation 25 

X(D) = 
16−𝑏𝑖𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

65535
=  

(𝐴+𝐵𝐷)

𝐷+𝐶
 

 

where A, B, and C are fitting parameters and D is the dose represented in Gy. Table 1 

indicates the fitting parameters in each color channel.  

 

Table 1: Fitting parameters for red, green, and blue channels, respectively 

 
 

By plugging in the fitting parameters for the red channel, the following equation is 

obtained: 

 

Equation 26  

𝑋(𝐷)𝑟𝑒𝑑 = 
(1.953+0.023𝐷)

𝐷+3.195
 

 

Similarly, the following equation is obtained for the green channel: 

 

Equation 27    

𝑋(𝐷)𝑔𝑟𝑒𝑒𝑛 = 
(3.745+0.013𝐷)

𝐷+6.341
 

 

The following equation is obtained for the blue channel: 

 

Equation 28   

𝑋(𝐷)𝑏𝑙𝑢𝑒 = 
(4.277+0.063𝐷)

𝐷+12.438
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Table 2 shows the values of X(D) obtained with the calibration functions. 

 

Table 2: Values of X(D) for calibration films 

 
 

The OD of each color channel is related to the percentages in each color channel through 

the use of Equation 29. Figure 22 shows the calibration curves for the OD in each color 

channel.  

 

Equation 29   

OD = −𝑙𝑜𝑔10 (
16−𝑏𝑖𝑡 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

65535
) =  −𝑙𝑜𝑔10(𝑋(𝐷)) 

 

 
Figure 22: Calibration curve representing change in OD per color channel 

 

Table 3 indicates the OD calculated for each calibration dose in each color channel.  
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Table 3: Values of OD for calibration channels 

 

 
 

   4.2.   Longitudinal Displacement 

Table 4 shows how the OD changed for the 100 cGy film piece as it was translated 

longitudinally across the scanner; Figure 23 represents these measurements. 

 

Table 4: Longitudinal Percent Differences in OD from Centered Film for 100 cGy 

 

Position 

(cm) 

Red 

OD 

% Diff 

Red 

Green 

OD 

% Diff 

Green 

Blue 

OD 

% Diff 

Blue 

-12 0.309 0.323 0.272 0.733 0.469 0.849 

-8 0.309 0.323 0.273 0.366 0.469 0.849 

-4 0.309 0.323 0.273 0.366 0.469 0.849 

0 0.310 0 0.274 0 0.473 0 

4 0.310 0 0.273 0.366 0.471 0.424 

8 0.310 0 0.273 0.366 0.471 0.424 

12 0.310 0 0.273 0.366 0.470 0.636 

 

 

 
Figure 23: Values of OD as a result of longitudinal displacement for 100 cGy film piece 
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There is no clear trending in the change in OD as a result of longitudinal displacement for 

the 100 cGy film piece. The OD is quite consistent with very small changes, the largest 

percent difference being noted in the blue channel. 

 

Table 5 shows how the OD changed for the 300 cGy film piece as it was translated 

longitudinally across the scanner; Figure 24 depicts these results.  

 

Table 5: Longitudinal Percent Differences in OD from Centered Film for 300 cGy 

 

Position 

(cm) 

Red 

OD 

% Diff 

Red 

Green 

OD 

% Diff 

Green 

Blue 

OD 

% Diff 

Blue 

-12 0.482 0.207 0.390 0.256 0.530 0.939 

-8 0.482 0.207 0.389 0.513 0.530 0.939 

-4 0.482 0.207 0.389 0.513 0.530 0.939 

0 0.483 0 0.391 0 0.535 0 

4 0.481 0.415 0.389 0.513 0.531 0.750 

8 0.481 0.415 0.389 0.513 0.531 0.750 

12 0.481 0.415 0.388 0.770 0.529 1.127 

 

 
Figure 24: Values of OD as a result of longitudinal displacement for 300 cGy film piece 

 

In this instance, there appears to be a slight decrease in OD as the film is translated 

longitudinally. In the positive direction, the OD trends downward as the distance is 

increased. However, with a maximum difference of 1.13%, results are still very 

consistent.  
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Table 6 shows how the OD changed for the 500 cGy film piece as it was translated 

longitudinally across the scanner; Figure 25 visually represents these changes. 

 

Table 6: Longitudinal Percent Differences in OD from Centered Film for 500 cGy 

 

Position 

(cm) 

Red 

OD 

% Diff 

Red 

Green 

OD 

% Diff 

Green 

Blue 

OD 

% Diff 

Blue 

-12 0.596 0 0.473 0.211 0.579 0 

-8 0.595 0.168 0.472 0.423 0.579 0 

-4 0.596 0 0.473 0.211 0.579 0 

0 0.596 0 0.474 0 0.579 0 

4 0.597 0.168 0.474 0 0.579 0 

8 0.597 0.168 0.474 0 0.579 0 

12 0.597 0.168 0.474 0 0.579 0 

 

 
Figure 25: Values of OD as a result of longitudinal displacement for 500 cGy film piece 

 

There is no trend toward an increase or decrease in OD as the 500 cGy film piece was 

displaced longitudinally. Measurements are very consistent. 

 

Table 7 shows how the OD changed for the 700 cGy film piece as it was translated 

longitudinally across the scanner; Figure 26 represents these variations. 
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Table 7: Longitudinal Percent Differences in OD from Centered Film for 700 cGy 

 

Position 

(cm) 

Red 

OD 

% Diff 

Red 

Green 

OD 

% Diff 

Green 

Blue 

OD 

% Diff 

Blue 

-12 0.680 0 0.541 0.185 0.611 0 

-8 0.680 0 0.542 0.370 0.612 0.164 

-4 0.680 0 0.541 0.185 0.611 0 

0 0.680 0 0.540 0 0.611 0 

4 0.680 0 0.541 0.185 0.612 0.164 

8 0.680 0 0.541 0.185 0.611 0 

12 0.681 0.147 0.541 0.185 0.611 0 

 

 
Figure 26: Values of OD as a result of longitudinal displacement for 700 cGy film piece 

 

The OD remained quite consistent for the 700 cGy film piece and there was no clear 

trend in the slight variations obtained.  

  

Table 8 and Figure 27 indicate the doses associated with the 100 cGy film piece as it was 

translated longitudinally across the scanner. Also shown in the table is the percent 

difference between the dose measured at each position and the dose measured at the 

central location. The standard error was calculated with Equation 24 and was used to 

format the error bars. 
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Table 8: Corresponding Doses in Color Channels for 100 cGy Film and Variations from Center Piece for 

Longitudinal Shifts 

 

 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) % Diff 

Standard 

Error 

 -12 95.7 95.5 95.1 95.4 0.455 0.0369 

 -8 95.4 95.6 95.2 95.4 0.420 0.0375 

 -4 95.5 95.6 94.9 95.3 0.350 0.0389 

 0 95.2 95 94.8 95 0 0.0430 

 4 95.7 95.5 94.8 95.3 0.350 0.0452 

 8 95.5 95.7 95.1 95.4 0.455 0.0425 

 12 95.9 95.6 95 95.5 0.525 0.0392 

 

 
Figure 27: Dose as a result of longitudinal displacement for 100 cGy film piece 

  

Once the calibration functions were used to determine a dose via triple-channel 

uniformity, it is noted that the dose trends upward as the longitudinal displacement is 

increased in both the positive and negative directions.  

 

Table 9 and Figure 28 indicate the doses associated with the 300 cGy film piece as it was 

translated longitudinally across the scanner. Also shown in the table is the percent 

difference between the dose measured at each position and the dose measured at the 

central location. 
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Table 9: Corresponding Doses in Color Channels for 300 cGy Film and Variations from Center Piece for 

Longitudinal Shifts 

 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) % Diff 

Standard 

Error 

-12 309.8 308.7 309.6 309.4 1.214 0.0645 

-8 308.6 307.4 309.0 308.3 0.880 0.117 

-4 307.5 307.2 306.0 306.9 0.414 0.0621 

0 306.6 305.2 305.1 305.6 0 0.0696 

4 307.1 306.8 306.4 306.8 0.370 0.0475 

8 308.8 308.2 308.7 308.6 0.955 0.0643 

12 310.0 309.8 309.6 309.8 1.354 0.0654 

 

 
Figure 28: Dose as a result of longitudinal displacement for 300 cGy film piece 

 

The dose increases as the longitudinal distance from the center of the scanner is 

increased. The dose changes more dramatically than it did for the 100 cGy film piece. 

 

Table 10 and Figure 29 indicate the doses associated with the 500 cGy film piece as it 

was translated longitudinally across the scanner. Also shown in the table is the percent 

difference between the dose measured at each position and the dose measured at the 

central location. 
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Table 10: Corresponding Doses in Color Channels for 500 cGy Film and Variations from Center Piece for 

Longitudinal Shifts 

 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) % Diff 

Standard 

Error 

-12 508.6 505.2 506.5 506.8 1.144 0.289 

-8 506.9 504.3 504.9 505.4 0.868 0.296 

-4 505.6 502.4 502.2 503.4 0.478 0.149 

0 504.6 500.2 498.2 501.0 0 0.119 

4 506.7 503.1 500.2 503.3 0.465 0.252 

8 507.1 504.2 505.3 505.5 0.901 0.263 

12 508.2 504.3 507.2 506.6 1.104 0.266 

 

 
Figure 29: Dose as a result of longitudinal displacement for 500 cGy film piece 

 

The calculated dose increases slightly as the position of the film increases from the center 

of the scanner. This increase is consistent in the positive and negative directions. 

 

Table 11 and Figure 30 indicate the doses associated with the 700 cGy film piece as it 

was translated longitudinally across the scanner. Also shown in the table is the percent 

difference between the dose measured at each position and the dose measured at the 

central location. 
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Table 11: Corresponding Doses in Color Channels for 700 cGy Film and Variations from Center Piece for 

Longitudinal Shifts 

 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) % Diff 

Standard 

Error 

-12 708.2 717.3 712.8 712.8 1.157 0.262 

-8 706.6 714.8 710.8 710.7 0.871 0.205 

-4 703.9 710.8 708.7 707.8 0.458 0.201 

0 701.3 707.8 704.6 704.6 0 0.205 

4 706.0 712.6 709.4 709.3 0.674 0.198 

8 708.2 714.7 711.6 711.5 0.979 0.212 

12 708.1 716.3 714.5 713.0 1.185 0.208 

 

 
Figure 30: Dose as a result of longitudinal displacement for 700 cGy film piece 

 

The dose tends to rise as the distance from the central location is increased. Once again, 

roughly the same amount of increase is seen in both directions. 

 

Considering all measurements, the dose was shown to increase in the positive and 

negative directions. The highest variation, 1.4%, was recorded for the 300 cGy film piece 

at 12 cm.  
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RStudio software was used to determine whether or not the increase in reported dose is 

statistically significant for all dose levels. A simple linear regression model was followed 

where the longitudinal displacement represented the quantitative explanatory variable and 

the dose represented the quantitative response. The model was fit for displacements of 0, 

4, 8, and 12 cm by averaging the responses obtained in the positive and negative 

directions. A p-value was obtained in order to determine if there was evidence that the 

increase in dose was a result of the displacement. A correlation coefficient was also 

obtained using the Pearson’s Product Moment Correlation to measure the strength of the 

linear association between the dose and the longitudinal displacement. Figures 31-34 

display the linear regression models for the 100, 300, 500, and 700 cGy scenarios. Table 

12 shows the statistical data for each film. 

 

 

Figure 31: Linear regression for 100 cGy 
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Figure 32: Linear regression for 300 cGy film 

 

 

 
Figure 33: Linear regression for 500 cGy film 
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Figure 34: Linear regression for 700 cGy film 

 

 

Table 12: Statistical data obtained from regression models 

Dose 

(cGy) slope p-value r^2 

100 0.0375 0.0841 0.8389 

300 0.3368 0.00234 0.9954 

500 0.4773 0.00938 0.9813 

700 0.9659 0.0172 0.9659 

 

For the 100 cGy film piece, the coefficient for displacement suggests that the mean dose 

increases by 0.0375 cGy for every 1 cm increase in displacement. For the 300, 500, and 

700 cGy film pieces, this increase is equal to 0.3368, 0.4773, and 0.9659 cm, 

respectively. This trend would suggest that higher MUs will experience increasingly 

greater increases in dose variation due to displacement. For the 100 cGy film piece, the p-

value of 0.0841 gives suggestive, but inconclusive evidence that the slope is non-zero. 

For all other films, the p-value gives strong evidence against the null hypothesis that 

there is no change in dose as film is translated longitudinally along the scanner. For the 

100 cGy film piece, the correlation coefficient indicates that 82.39% of the variation in 

dose can be explained by the longitudinal displacement. The results for all other film 

pieces are even higher, nearing 100%. 
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   4.3.   Lateral Displacement 

As a nest step in the investigation, the effect of lateral displacement on dose was 

determined for the lowest and highest doses: 100 and 700 cGy. 

 

Table 13 and Figure 35 show how the OD changed for the 100 cGy film piece as it was 

translated laterally across the scanner.  

 

Table 13: Lateral Percent Differences in OD from Centered Film for 100 cGy 

 

Position 

(cm) 

Red 

OD 

% Diff 

Red 

Green 

OD 

% Diff 

Green 

Blue 

OD 

% Diff 

Blue 

-12 0.334 3.659 0.290 3.152 0.489 2.694 

-8 0.326 1.220 0.284 1.051 0.479 0.622 

-4 0.322 0 0.280 0.350 0.474 0.415 

0 0.322 0 0.281 0 0.476 0 

4 0.324 0.610 0.283 0.701 0.476 0 

8 0.329 2.134 0.285 1.401 0.474 0.415 

12 0.341 5.793 0.292 3.852 0.484 1.658 

 

 
Figure 35: Values of OD as a result of lateral displacement for 100 cGy film piece 
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The change in OD behaved as expected. At greater distances from the center of the 

scanner, the OD trended upward. The percent difference in OD at a specific location 

compared to that of the central film piece increased with lateral distance. 

 

Table 14 and Figure 36 show how the OD changed for the 700 cGy film piece as it was 

translated laterally across the scanner.  

 

Table 14: Lateral Percent Differences in OD from Centered Film for 700 cGy 

 

Position 

(cm) 

Red  

OD 

% Diff 

Red 

Green 

OD 

% Diff 

Green 

Blue 

OD 

% Diff 

Blue 

-12 0.754 5.730 0.572 1.586 0.630 1.439 

-8 0.733 2.907 0.564 0.177 0.624 0.482 

-4 0.716 0.560 0.561 0.356 0.619 0.323 

0 0.712 0 0.563 0 0.621 0 

4 0.717 0.700 0.562 0.178 0.621 0 

8 0.737 3.451 0.569 1.061 0.622 0.161 

12 0.766 7.307 0.581 3.146 0.631 1.597 

 

 
  Figure 36: Values of OD as a result of lateral displacement for 700 cGy film piece 
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The rise in the OD with lateral displacement continues with the 700 cGy film piece. The 

maximum difference observed occurred in the red channel at 12 cm displacement. This 

curve indicates why the lateral effect is often referred to as the parabola effect. 

 

Tables 15 and 16 and Figures 37 and 38 indicate the doses associated with the 100 and 

700 cGy film pieces as they were translated laterally across the scanner. Also shown in 

the tables is the percent difference between the dose measured at each position and the 

dose measured at the central location. The standard errors shown in the table were used to 

format the error bars. 

 

Table 15: Corresponding Doses in Color Channels for 100 cGy Film and Variations from Center Piece for 

Lateral Shifts 

 

 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) % Diff 

Standard 

Error 

 -12 100.5 99.0 98.4 99.3 4.426 0.0444 

 -8 98.9 98.7 97.8 98.5 3.584 0.0684 

 -4 96.0 95.2 96.4 95.9 0.908 0.0389 

 0 95.2 95.0 94.8 95.0 0 0.0489 

 4 95.8 95.4 96.6 95.9 0.978 0.0427 

 8 98.2 98.5 97.4 98.0 3.142 0.0525 

 12 100.5 99.0 98.4 99.3 4.426 0.0540 

 

 
Figure 37: Dose as a result of lateral displacement for 148 MU film piece 
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Table 16: Corresponding Doses in Color Channels for 700 cGy MU Film and Variations from Center Piece for 

Lateral Shifts 

 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) % Diff 

Standard 

Error 

-12 739.2 745.5 743.6 742.8 5.279 0.195 

-8 722.3 725.6 725.2 724.4 2.771 0.199 

-4 708.9 710.4 715.1 711.5 0.975 0.222 

0 701.3 707.8 704.6 704.6 0 0.239 

4 708.2 710.1 714.9 711.1 0.918 0.222 

8 722.0 726.1 725.9 724.7 2.813 0.188 

12 740.0 747.2 745.3 744.2 5.467 0.202 

 

 
Figure 38: Dose as a result of lateral displacement for 700 cGy film piece 

 

There is a clear increase in dose as the lateral displacement is increased for both films. 

This increase is much greater than for the longitudinal displacements observed in Figures 

27 and 30. 

 

 

   4.4.   Lateral and Longitudinal Combined 

As a final step, the 100 cGy film was shifted laterally and longitudinally to see if the 

lateral effect also affected the dose reported when the film was longitudinally displaced. 
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Tables 17 and 18 show the raw data for the doses at the longitudinal locations for +12cm 

and -12 cm lateral shifts. The lateral percent difference listed in the tables is 

representative of the difference between the dose reported at the same longitudinal 

position for the central lateral location. The central location data was already reported in 

Table 5. Figure 39 is the visual representation of the results.  

 

Table 17: Doses reported at varying longitudinal positions for a +12 cm lateral shift 

Longitudinal 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) 

%Diff 

Long 

%Diff 

Lat 

-12 101.1 100.6 99.0 100.2 0.936 4.906 

-8 100.9 100.2 98.7 99.9 0.636 4.607 

-4 100.7 99.9 98.5 99.7 0.402 4.373 

0 100.5 99.0 98.4 99.3 0 3.971 

4 100.6 99.7 98.6 99.6 0.335 4.306 

8 100.9 100.8 98.6 100.1 0.802 4.773 

12 101.3 100.5 98.9 100.2 0.936 4.906 

 

Table 18: Doses reported at varying longitudinal positions for a -12cm lateral shift 

Longitudinal 

Position 

(cm) 

Dose 

Red 

(cGy) 

Dose 

Green 

(cGy) 

Dose 

Blue 

(cGy) 

Dose 

Avg 

(cGy) 

%Diff 

Long 

%Diff 

Lat 

-12 101.0 100.7 99.1 100.3 0.969 4.940 

-8 100.8 100.5 98.9 100.1 0.769 4.740 

-4 100.6 100.2 98.5 99.8 0.469 4.440 

0 100.5 99.0 98.4 99.3 0 3.971 

4 100.7 99.8 98.5 99.7 0.369 4.340 

8 100.9 100.8 98.6 100.1 0.802 4.773 

12 100.5 100.7 99.0 100.1 0.769 4.740 
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Figure 39: Lateral and longitudinal displacements 

 

The doses reported for the +12 cm and -12 cm lateral shifts were consistent. At a lateral 

shift of 12 cm, one can expect a 5% increase in the reported dose. However, the 

longitudinal shifts only affect the reported dose within roughly 1%. 

 

   4.5.   Limitations 

There were two limitations in this study that were deemed necessary to be discussed. 

First, it would be beneficial to compare the dosimetric results of the FilmQA Pro 

software with ion chamber measurements. This could be achieved by delivering a film 

calibration plan to both the ion chamber in a water tank and to the film. Electrometer 

readings would then be converted to dose and compared with the software measurements 

of the film. Also, if this study were to be repeated, larger pieces of film would be used for 

the experimental strips. Even though there were no obvious disturbances in the smaller 

pieces, such as curling, it would be beneficial to be able to use larger regions of interest 

for measurements. 
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   5.   Conclusion 

A small longitudinal effect was observed for all dose levels. The data would suggest that 

the greater the dose to the film, the more intense the longitudinal effect. The variations in 

the positive and negative directions were consistent within experimental error. The 

maximum difference was found at the highest dose at the most extreme longitudinal 

position. Since this maximum difference was still relatively low (1.4%), it was important 

to perform statistical analyses to discover how dependent the dose is on the displacement. 

Linear regression was used to determine the relationship between longitudinal 

displacement and reported dose. At the lowest dose, the correlation coefficient indicated 

that 82% of the increase in dose could be explained by the increase in displacement. As 

the dose increased, the correlation coefficient indicated that over 96% of the increase in 

dose could be explained by the increase in longitudinal displacement.  

 

As expected, the lateral effect was more intense than the longitudinal one. As the lateral 

displacement was increased, the dose increased with the greatest discrepancy occurring at 

the most extreme lateral position. At 12 cm, the dose was reported as 5% higher than at 

the central location. At 4 cm, the reported dose was less than 1% greater than at the 

central location. These results are consistent with previous findings, including those 

reported by Palmer, et al in their article Evaluation and implementation of triple-channel 

radiochromic film dosimetry in brachytherapy. As mentioned previously, this lateral 

effect results from the varying angle of the polarized light which changes with lateral 

position.  

 

When the longitudinal effect was observed for the most extreme lateral position, results 

indicated that the dose reported varied less than 1% for all longitudinal positions. It is 

safe to say that increases in the lateral direction do not affect the reported dose in the 

longitudinal position by an amount that is worrisome. The “sweet” spot of the scanner is 

generally defined as being the region in which the reported dose is consistent within 1%. 

Keeping with this terminology, the results of this experiment indicate that the user should 
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place the film within +/-8 cm of the center of the scanner, longitudinally. In order to keep 

reported doses within 1%, it is safe to place the film within +/- 4 cm of the central 

position of the scanner, laterally. Only 8 cm X 16 cm of the scanner is useable, but a full 

sheet of GafChromic® film measures 20.32 cm X 25.4 cm. The user should take care 

when performing film dosimetry using an RGB scanner. 
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