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Background.

Radiochromic films have many applications in radiology and radiation therapy. Generally, the dosimetry system for radiochromic film dosimetry is composed of radiochromic films, flatbed scanner, and film analysis software. The purpose of this work is to present the effectiveness of a protocol for accurate radiochromic film dosimetry
using Radiochromic.com as software for film analysis.
Materials and methods. Procedures for image acquisition, lot calibration, and dose calculation are explained and
analyzed. Radiochromic.com enables state-of-the-art models and corrections for radiochromic film dosimetry, such
as the Multigaussian model for multichannel film dosimetry, and lateral, inter-scan, and re-calibration corrections of
the response.
Results. The protocol presented here provides accurate dose results by mitigating the sources of uncertainty that
affect radiochromic film dosimetry.
Conclusions. Appropriate procedures for film and scanner handling in combination with Radiochromic.com as
software for film analysis make easy and accurate radiochromic film dosimetry feasible.
Key words: radiochromic film; dosimetry; protocol, film analysis software

Introduction
Radiochromic films are extensively employed
in radiology and radiation therapy because they
have excellent spatial resolution, near waterequivalence,1,2 and weak energy dependence.3-8
Furthermore, they can be immersed in water,9
can be cut, do not need chemical processing, and
present low sensitivity to visible light. The active
component of radiochromic films are diacetylene
monomers which polymerize upon irradiation.10
Polymerization makes films increasingly dark with
the absorbed dose. Changes in the visible absorption spectrum can be measured with a flatbed scanner. Scan pixel values are converted into doses with
Radiol Oncol 2021; 55(3): 369-378.

software for radiochromic film analysis. Hence, the
dosimetry system for radiochromic film dosimetry
commonly consists of radiochromic films, flatbed
scanner, and film analysis software.
The purpose of this work is to present a protocol for accurate radiochromic film dosimetry using
Radiochromic.com (Radiochromic SL, Benifaió,
Spain) as software for film analysis.
Radiochromic.com is a software as a service
(SaaS) program for radiochromic film dosimetry,
radiotherapy QA, and image analysis. It aims to
implement state-of-the-art methods and corrections for radiochromic film dosimetry. At the time
of writing this work, Radiochromic.com was at
version 3.3.
doi: 10.2478/raon-2021-0034
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Materials and methods
The film-scanner system
Radiochromic films
This protocol is designed for the analysis of
GafChromic films (Ashland Inc., Bridgewater, NJ,
USA). In radiation therapy, GafChromic EBT3 and
EBT-XD films are recommended. The difference
between EBT3 and EBT-XD films lies in the length
of the needles of the active component. EBT-XD
needles are shorter, which leads to less darkening
for the same absorbed dose and to higher saturation doses. Therefore, EBT-XD films are recommended for higher doses. EBT3 films can be used
for applications with doses in the range of 0.01–20
Gy. However, for doses larger than 10 Gy and up
to 40 Gy, EBT-XD films are preferred.10
EBT3 and EBT-XD films are considered energy
independent for MV photon beams. However, they
under-respond to photon energies lower than 100
keV8, and exhibit LET dependence for protons.10
In kV X-rays applications, such as dose measurements in interventional radiology or IORT11,
XR-RV3 films should be used instead. In the energy
range of these applications, films are strongly energy dependent and should be calibrated for each
energy in use.12

Pérez Azorín22 who argued that the dose range
should not be defined in terms of absolute changes
of the signal with the dose but in relative terms by
taking into consideration the signal to noise ratio.
The protocol presented here is valid for both scanning modes.

Sources of uncertainty
Several sources of uncertainty contribute to the
total uncertainty of the film-scanner system. Some
of them affect radiochromic films, others are exclusive of the scanner, while the rest arise from the
interaction between film and scanner.
Uncertainties of radiochromic films
Films display variations in the thickness of the
active layer23,24, causing film heterogeneities and
differences between films of the same lot (i.e., intra-lot variations). Also, film darkening continues
indefinitely following irradiation, although at an
ever slower pace.25 Humidity and temperature alter film response, yet this influence is reversible as
long as the temperature does not reach more than
60°C.9,10,26,27 Active layer polymerization can be
noncatalytic or can also be induced by ultraviolet
light.26 Finally, dust, scratches, and marks modify
the response of the system.

Flatbed scanner
Epson Expression 10000-12000XL and Epson
Perfection V700-850 flatbed scanner models (Seiko
Epson Corporation, Nagano, Japan) are recommended. They have been extensively studied in
the literature and possess suitable characteristics
for film dosimetry, such as RGB color channels, 16
bit color depth per channel, resolution up to 4800
dpi, reflection and transmission scanning modes,
and lamp autocalibration. Epson Expression 1000012000XL have A3 size, while Epson Perfection
V700-850 scanners have A4 size. Epson Expression
10000-12000XL are favored because they are less
affected by the lateral artifact.13-20 Epson scanners
can be controlled with the associated Epson Scan
software or with alternatives such as VueScan
(Hamrick Software, Phoenix, AZ, USA).
Papaconstadopoulos et al.21 found that the slope
of the sensitometric curve in reflection scanning
was flatter than in transmission mode and considered that the dose range should be reduced accordingly to doses lower than 2 Gy (red channel) and
8 Gy (green channel) in reflection mode. This assumption was called into question by Ramos and
Radiol Oncol 2021; 55(3): 369-378.

Uncertainties of the scanner
Despite autocalibrating before each scan, scanners
experience inter-scan variations, which cause that
repeated scans do not deliver constant responses.15,18 The signal of the scanner have noise.14,28,29 The
scanner lamp should warm-up before use.30,31 And
other minor sources of uncertainty of the scanner
include grid patterns and positional inaccuracies.15
Uncertainties of the interaction between film and
scanner
For a given dose value, the response of the filmscanner system in pixel value decreases with the
distance to the center of the scan on the axis parallel to the lamp. Furthermore, this lateral response
artifact becomes more important for higher doses.16,19,32 Radiochromic films polarize light, which
means that the response of the system depends
on the orientation of the film on the scanner bed.33
Also, the response depends on film-to-light source
distance.18,34 The effect of the point spread function of the film-scanner system is usually negligi-
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ble, however, in high contrast regions may become
significant.16 Lastly, even though the addition of
microscopic silica particles to the film surface prevents the occurrence of Newton rings35, they are
still a relevant source of uncertainty for older film
models (i.e., EBT2).

Image acquisition
A protocol for accurate radiochromic film dosimetry must minimize the impact of all those sources
of uncertainty. To this end, and regarding image
acquisition, our protocol recommends:
1. Keep films in a dry and dark environment.
2. Handle films with care, do not touch them
without wearing gloves to prevent marks and
scratches.
3. Keep films away from light whenever possible.
4. If films are submerged in water, minimize the
time of submersion.
5. Do not bend films when cutting them. Use
sharp scissors or, preferably, a guillotine.
6. Films, either entire films or film fragments,
shall always keep the same orientation (i.e., portrait or landscape) on the scanner. Label them
to keep the orientation with the original sheet
and place them consistently on the scanner.
7. Scanning the films prior to and after irradiation
delivers more accurate results.23 However, it
compels the use of a frame to place the films at
the same position in both occasions and, according to our experience, reduces the uncertainty
of film doses in less than 0.5%. Consequently,
scanning the films prior to irradiation is optional in this protocol.
8. After irradiation, wait for polymerization to
stabilize. For convenience, films are usually
scanned 24 h after irradiation. Short waiting
times can be employed as well, however, in this
case, time windows must be narrower to avoid
losing accuracy. For instance, Devic et al.36 found
similar errors with waiting-time windows of 24
± 2 h and 30 ± 5 min. Different waiting-time windows are associated with different sensitometric curves. Even though these differences can
be reduced with re-calibration methods37, this
protocol recommends using the same waitingtime window employed during the calibration
to prevent avoidable uncertainties.
9. Warm up the scanner for at least 30 min before
use.
10. Before acquisitions, and after pauses, perform
several (e.g., five) empty scans to stabilize the
scanner lamp.

FIGURE 1. Positioning films on the scanner with a frame.

11. Center the film on the scanner. A convenient
way to do so is with a frame. To prevent high
contrast between frame and film, frames can
be built from transparent materials, such as
acetate transparencies or PMMA sheets. A set
of technical drafts for frames and compression
sheets suitable for the scanners recommended
in this protocol can be found in the supplementary materials (Figures S1-S8). Figure 1 shows
an example on how films can be positioned on
the scanner with a frame.
12. Films shall be in perfect contact with the surface
of the scanner bed to avoid curling. In transmission mode, place a 2–4 mm thick glass or
PMMA sheet on top of the film. The positioning of the compression sheet shall be consistent, therefore, either cover or keep free the autocalibration area for all the scans. In reflection
mode, the scanner lid itself compresses the film
adequately.
13. Always use the same scanning mode, either reflection or transmission, that was used for the
calibration.
14. Maintain a fix scanning area by saving it into
the scanning software settings. In this manner,
pixel positions on the film match with scanner
coordinates, which is imperative when applying lateral corrections or scanning before and
after irradiation.
15. Scan with 48 bit RGB mode and all image processing tools turned off.
16. A resolution of 50–75 dpi (0.51–0.35 mm) fits
most applications. While for treatments using
Radiol Oncol 2021; 55(3): 369-378.
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FIGURE 2. Scanner settings for (A) a calibration and (B) a treatment using small fields.
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FIGURE 3. Upload films to Radiochromic.com with the correct orientation.

small fields 100–150 dpi (0.25–0.17 mm) may be
necessary. In this protocol, higher resolutions
are discouraged because they produce larger
noise14,15 and slow down film scanning and
analysis. Figure 2 depicts scanner settings for a
calibration and a treatment using small fields.
17. Perform four or five repeated scans and discard
the first one for each film.
18. Upload the scans to Radiochromic.com selecting the orientation of the scanner lamp on the
scans. The orientation should be correct to apply lateral corrections. The software will acquire the average image of the film after irradiation (irradiated film), and optionally before
irradiation (non-irradiated film). Figure 3 illustrates how films are uploaded to Radiochromic.
com.

Calibration and lateral correction
Calibration
A calibration is needed to convert film images into
absorbed dose distributions. On Radiochromic.
com, film images are converted into doses following the Multigaussian model23 for multichannel
radiochromic film dosimetry. The Multigaussian
model considers that the probability density function of the film-scanner system’s response given a
dose D follows a multivariate Gaussian distribution, where the response is a vector of pixel values including all color channels and both irradi-

ated and non-irradiated films. Or, in mathematical
form,
[1]
where is the response vector, is the expectation
vector, and is the covariance matrix.
On Radiochromic.com, a set of known reference
doses are associated to regions of interest (ROIs) of
a film image during the calibration. The outcome
of the software consists of pairing each dose (D)
and covariance
with the median pixel values
of the response on the associated
matrix
ROI. Radiochromic.com does not fit sensitometric
curves, for dose values not included in the calibraand
are interpolated with natural
tion,
cubic splines.
Lateral response correction
Commonly, to correct the lateral artifact, it is necessary to fit the parameters of a function that relates
dose and distance to the center of the scan on the
axis parallel to the lamp with changes in pixel values. Radiochromic.com integrates the calibration
with the fitting of the lateral correction. To do so,
the software applies the Lewis and Chan model for
the lateral correction:17,38
[2]
where v is the pixel value after correction, x is the
coordinate on the axis parallel to the lamp, xc is
Radiol Oncol 2021; 55(3): 369-378.
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FIGURE 4. Scans for a calibration including lateral correction: (A) unexposed image, (B) calibration fragments prior to irradiation, and
(C) calibration fragments after irradiation.

the coordinate of the center of the scanner, is the
pixel value before correction, and , , , and
are fitting parameters. As explained by Méndez et
al23, scanning an unexposed film can simplify the
process of fitting the parameters. We can rewrite
the lateral correction formula as
[3]
where
is the pixel value at zero and
is
the pixel value before correction as a function of ,
both of them on the unexposed film. Furthermore,
if the dose is homogeneous along the axis parallel
to the lamp, equation (3) becomes
[4]
Radiochromic.com follows equation (4). Thus,
in order to calibrate and fit the lateral correction
simultaneously, the reference doses should be homogeneous along the axis parallel to the lamp and
the image of an unexposed film has to be uploaded
to the application too.
Procedure for the calibration
In this protocol, we expose a calibration procedure
for external photon beams, yet, other methods, radiation sources, and applications are possible, provided that they observe four basic principles:
Calibrations are valid for films from the same
lot, therefore, each lot of films has to be calibrated
at least once. However, since films slowly autopolymerize over time, it is advisable to repeat lot caliRadiol Oncol 2021; 55(3): 369-378.

brations from time to time. Furthermore, since film
response depends on humidity and temperature,
more accurate film doses can be expected when
calibration and film dose measurements are done
together.
Uncertainties in the absorbed reference doses
will be translated into film dose uncertainties.
Hence, it is important to maximize the accuracy of
the reference doses. Generally, this can be achieved
by irradiating at reference conditions and selecting
ROIs with homogeneous doses.
To avoid the lateral response artifact, the ROIs
with reference doses should be centered on the scan.
Finally, the reference doses should cover the
range of doses of interest to prevent extrapolations.
In accordance with these principles, to calibrate
photon beams from a linear accelerator we recommend:
1. If the calibration will include the lateral correction, acquire also the image of an unexposed film.
2. Cut a film into several (e.g., seven) strips with
the longer side of the strips parallel to the lamp.
3. Keep one strip unexposed. One-by-one, irradiate the other strips at reference conditions in a
water equivalent phantom. Strip doses should
go from zero to a dose around 20% larger than
the largest dose of interest. If the calibration will
include the lateral correction, irradiate the strips
with approximately homogeneous doses by using a beam with flatenning filter and a 25 cm ×
25 cm field.
4. Scan all the calibration strips simultaneously.
The irradiated areas of the strips should be centered on the scan. Figure 4 presents scans for a
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FIGURE 5. Associating reference doses to ROIs for a calibration which includes lateral correction.

5.

6.

7.

8.

9.

calibration including lateral correction. An unexposed image and fragments irradiated with
approximately homogeneous doses are necessary, the scan of the calibration fragments prior
to irradiation is optional.
Keep the unexposed strip on the scanner and do
not remove it until the next calibration. This will
allow easier inter-scan corrections when measuring other films.
Acquire images into Radiochromic.com verifying that they are correctly oriented. For the calibration, doses should change on the left-right
axis of the screen. Correct the orientation if they
change on the vertical axis.
On
the
Calibration
functionality
of
Radiochromic.com, select the calibration image.
Select also the unexposed film image if the calibration will include lateral correction.
Associate reference doses to ROIs. The ROIs
should be centered on the image (and on the
scan). To provide enough statistics for the calibration while avoiding the lateral artifact, the
length of the ROIs on the axis parallel to the scan
should be between 1–4 cm approximately. An
example of this process can be found in Figure 5.
Radiochromic.com provides the mean error of
the calibration, which computes the difference
between film doses after applying the calibration

to the pixels of the ROIs and reference doses. In
our experience, calibrations have mean errors
around 1–2.5%. Larger errors may point to flaws
in the procedure. Also, they can be expected for
low doses, since uncertainties in radiochromic
film dosimetry grow fast for doses lower than 1.5
Gy.39 To reduce uncertainties when measuring
low doses with radiochromic films, we recommend to scale the number of MUs. For instance,
when measuring MLC transmission with films,
we recommend to irradiate with thousands of
MUs to achieve film doses around 2 Gy.

Dose calculation
Once a calibration is made, the procedure to convert film pixel values into doses consists of:
1. Scan the film together with the unexposed strip
of the calibration. Figure 6 shows an example of
film scans before and after irradiation. A piece
of transparency sheet was used, in addition to
a frame, to position the film consistently on the
scanner. However, scanning before irradiation
is optional in this protocol.
2. Acquire the film image into Radiochromic.com
and verify the orientation.
3. On the Dosimetry functionality of Radiochromic.
com, select the film image and the calibration.
Radiol Oncol 2021; 55(3): 369-378.
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B

FIGURE 6. Scans of a film (A) before and (B) after irradiation. A piece of transparency
sheet was used, in addition to a frame, to position the film consistently on the
scanner.

As previously mentioned, the software computes film doses with the Multigaussian method. The Multigaussian method is a multichannel method that employs all irradiated color
channels or all irradiated and non-irradiated
color channels simultaneously to obtain the
dose distribution. To include the non-irradiat-

ed channels, both the calibration and the film to
measure should be scanned before and after irradiation. Otherwise, only the irradiated channels are evaluated.
4. Keep the default noise reduction, which applies
a 3 × 3 square median filter to the dose distribution.
5. Apply the inter-scan correction. To do so, select
a ROI on the unexposed strip. The ROI should
be centered on the scan to avoid the lateral artifact. For each color channel, the inter-scan correction multiplies each pixel of the image with
a factor such that the median pixel value in the
ROI coincides with the median pixel value of
the unexposed ROI during the calibration.
Figure 7 illustrates this process.
6. Re-calibration correction is optional in this protocol. In Radiochromic.com it is composed of
inter-scan correction and dose rescaling. To apply dose rescaling, before the irradiation, cut a
strip from the film to measure. This strip should
be irradiated with a known homogeneous dose
and scanned together with the rest of the film
and the unexposed strip. Finally, select a ROI of
the exposed strip centered on the scan and introduce its dose. Radiochromic.com will rescale
film doses in order to match the median dose
of the ROI.

FIGURE 7. Applying the inter-scan correction in the film dosimetry functionality of Radiochromic.com.

Radiol Oncol 2021; 55(3): 369-378.
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Results and discussion

Uncertainties of the interaction between
film and scanner

The purpose of this work is to propose an accurate
protocol that minimizes the sources of uncertainty
that affect radiochromic film dosimetry by implementing appropriate procedures and up-to-date
models and corrections. The protocol presented
here incorporates the Multigaussian model for
multichannel film dosimetry, and lateral, interscan, and re-calibration corrections of the response.
Procedures for image acquisition, lot calibration,
and dose calculation are stated in detail. The accuracy of this protocol has been validated repeatedly
in several published studies.23,40,41

The lateral artifact is mitigated by the lateral correction. The dependency on the orientation of the
film on the scanner bed is removed if films always
keep the same orientation. And, by scanning in reflection mode or employing a compression sheet
if scanning in transmission mode, dependency
on film-to-light source distance can be reduced as
well.

Uncertainties of radiochromic films
With respect to the way uncertainties are reduced,
variations in the thickness of the active layer are
mitigated in this protocol with the Multigaussian
model, and to a larger extent if films are scanned
before and after irradiation. The evolution of
film darkening with post-irradiation time can be
managed with a constant waiting-time window
post-irradiation. Alternatively, the re-calibration
correction can be used, which also mitigates humidity and temperature changes, intra-lot variations, and noncatalytic or ultraviolet-catalyzed
polymerization. Dust, scratches, and other
marks require a repetition of the measurements.
However, repeated measurements with different
films also reduce uncertainties due to film heterogeneities, intra-lot variations, and noncatalytic or
ultraviolet-catalyzed polymerizations. Therefore,
repeating measurements with different films is
endorsed when the highest level of accuracy is
needed.

Uncertainties of the scanner
The inter-scan correction mitigates inter-scan variations, which are also reduced by taking repeated
scans of the same film. The noise of the scanner
signal is reduced by taking repeated scans, by applying a square median filter to the dose distribution, and by the Multigaussian model. By repeting
scans, minor positional inaccuracies of the scanner
are averaged as well. Multiple measurements with
different films reduce scanner noise, inter-scan
variations, grid patterns and positional inaccuracies.

Conclusions
This work presents a protocol for accurate radiochromic film dosimetry using Radiochromic.com
as software for film analysis. Detailed procedures
for image acquisition, lot calibration, and dose calculation are explained and analyzed. State-of-theart models and corrections for film dosimetry, such
as the Multigaussian model, and lateral, inter-scan,
and re-calibration corrections of the response, are
applied. Proper procedures for film and scanner
handling in combination with Radiochromic.com
software provide the means for easy and accurate
radiochromic film dosimetry.
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