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Abstract

A study of the response of EBT3 films has been carried out. Light transmittance
images (around 630 nm) were acquired by means of a CCD camera. The difference of
optical density was assumed as dosimeter response. Calibration was performed by
means of 60Co photons, at a radiotherapy facility. A study of the response variation
during the time after exposure has been carried out. EBT3 films were exposed, in a
solid-water phantom, to proton beams of various energies and the obtained depth-dose
profiles were compared with those measured with a ionization chamber. As expected,
in the Bragg peak region the values obtained with EBT3 films were lower than those
obtained with the ionization chamber. The ratio of such values was evaluated, along
dose profiles, for each utilized energy. A method for correcting the data measured with
EBT3 has been proposed and tested. The results confirm that the method can be
advantageously applied for obtaining spatial distribution of the absorbed dose in
proton therapy.
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1.- INTRODUCTION
Film dosimeters are commonly used for measurements of planar dose distributions,
because they have advantageous properties compared to other two-dimensional detectors,
such as diode or ionization chamber arrays.

The new Gafchromic® EBT3 films (International Speciality Products, Wajne, NJ, USA)
were recently introduced to replace the previous EBT2 films, of which they are an
upgrading. Some peculiarities of EBT2 are still existent in EBT3, as the yellow marker
dye, incorporated in the active layer, which produces an absorption peak at 420 nm that
might be adopted to amend possible differences in the sensitive layer thickness
(M. J. Butson et al., 2009). The support of the radiation sensitive component is symmetric
in EBT3, and this symmetry has brought advantages, also for the analysis procedures with
an industrial scanner. Moreover, EBT3 films have shown negligible dependence of the
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response on the incidence direction of radiation and on photon energy, in the energy range
of radiotherapies with external beams. Owing to the very high spatial resolution that can be
achieved with Gafchromic® films and to the tissue-equivalence of EBT3, such dosimeters
are of great interest in all conformal radiotherapies, as standard dosimeters for quality
assurance or to perform depth-dose measurements.

EBT3 films represent a valid support also for proton therapy dosimetry. In the case of
protons, the dependence of the dosimeter response on radiation linear energy transfer
(LET) becomes critical. This is a typical characteristic of solid-state dosimeters. When
protons penetrate in tissue, they lose energy mainly at the end of their path (Bragg peak)
were the LET becomes higher and the dosimeter response becomes lower.

The purpose of this work is to investigate the feasibility of utilizing EBT3 films for dose
distribution measurements in proton therapy. To this aim, EBT3 film pieces were placed in
a tissue-equivalent phantom and exposed to proton beams of different energies. A method
has been proposed for correcting the acquired dose images and its efficacy has been
verified in the case of an exposure to 11 proton beams of different energies. The results
appear to be promising.

2.- MATERIALS AND METHODS
Gafchromic EBT3 foils were carefully cut into square or rectangular pieces. For calibration,
square pieces with 4 cm of side were prepared. Rectangular samples of 4 cm x 7 cm were
set up for in-phantom irradiation with proton beams. Optical analysis of films was
performed by means of light transmission detection. To this aim, samples were placed on a
plane and uniform light source and the transmittance images were detected by means of a
charge-coupled device (CCD) provided with optical lenses and optical filters. The EBT3
active component, after exposure to ionizing radiation, generates a blue polymer with two
absorption peaks: a main peak at 636 nm and a secondary one at 585 nm. So, three band744
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pass filters were arranged: a filter peaked at 630 nm, with a bandwidth of 40 nm, another
peaked at 585 nm, also with a bandwidth of 40 nm, for the analysis of light transmittance
of irradiated films and a filter peaked at 420 nm for possible uniformity check. All
measurements reported in this paper were performed with the filter at 630 nm. This
instrumentation for optical analysis was initially designed and set up in the same laboratory
for the optical imaging of Fricke gel dosimeters (G. Gambarini et al., 1999; G. Gambarini
et al., 2006; S. Tomatis et al., 2007). A sketch of the instrument is shown in Figure 1.

Figure 1.- Sketch of the instrumentation for EBT3 film optical analysis.

For the analysis, EBT samples were placed on the planar uniform white-light source, inside
the proper space cut on a black screen settled on the light source, in which also a grey level
(GL) reference strip is inserted.

The absorbed dose is proportional to the optical absorbance that is obtained by the
difference of optical density Δ(OD) between the two transmittance images acquired before
and after irradiation. The GL transmittance images were processed by means of a dedicated
745
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software developed with the programming environment MATLAB (The MathWorks Inc,
Natick MA, USA).

The optical density difference is so evaluated:

where Ibef and Iaft are the transmitted light before and after irradiation. The GL of the image
is proportional to the transmitted light. Therefore:

The obtained Δ(OD) is converted in dose value by means of calibration data. The
calibration was carried out at a 60Co radiotherapy facility. The pieces of EBT3 were placed
in a TE phantom, shown in Figure 2. In Figure 3, the calibration curve is reported.

Figure 2.- Calibration of EBT3 films at a radiotherapy cobalt facility.
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Figure 3.- Calibration curve of EBT3 films.

Optical analysis was always performed 24 hours after irradiation.

Measurements with proton beams were carried out at the Centro Nazionale di Adroterapia
Oncologica (CNAO) in Pavia (Italy). For exposures, the pieces of EBT3 (4 cm x 7 cm)
were placed in a solid-water phantom (RW3). Considering that the EBT3 radiation
sensitive component do not have good tissue equivalence and also to avoid artifacts due to
inevitable thin air gaps, the phantom was settled with an inclination of 5° with respect to
the beam direction, as shown in Figure 4. The proton beams was uniform, with had square
section of 6 cm x 6 cm.

Figure 4. – Sketch of the EBT3 irradiation in TE phantom.
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Depth-dose profiles and Bragg peaks were reported as a function of depth in the RW3
phantom:

.

Dose images are obtained from the EBT3 absorbance images utilizing the calibration curve
and central dose profiles that is Bragg peaks can be extracted. With a proper coefficient
(1.048) the DepthRW3(d,α) is converted to depth in water.
The reduction of EBT3 sensitivity to protons is quantified by the ratio between Bragg peaks
measured with an ionization chamber (IC) and those obtained with EBT3s, and therefore
this ratio represents the correction of measured value.
Can be find in literature many methods to amend profiles obtained with EBT2 or EBT3
films utilizing these correction curves. A method has been here studied to correct the
measured values with a procedure less time consuming. The idea was that of performing
the minimum number of measurements of Bragg peaks. This can be achieved evaluating a
Bragg peak function and a correction function that, in an appropriate way, can be used to
obtained a satisfactory amendment.

The modality is here shortly explained. In the case of exposures with many beams of
different energies, the dose measured with EBT3 is the addition of the contributions of
various energies each contributing with different sensitivity. The proposal is that of
obtaining, in each position of the image, approximate correction value obtained, utilizing
the Bragg peak and correction functions, considering the contributions of each energy in
that specific position. The Bragg peak function and the correction function are obtained
performing measurements with only a few energies. The Bragg peaks obtained with EBT3s
and the ratios respect to the values obtained with IC are shifted to overlap the peaks. With a
fit procedure, a Bragg peak B(x) and a correction function C(x) are achieved. Such
functions are utilized for performing the correction of the doses measured by EBT3 in the
case of a number N of beams of different energies each having intensity Ii, evaluating the
addition of N properly shifted B(x+di) corrected with the shifted C(x+di).
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(1)

Also the values measured by EBT3 are approximated as the addition of N uncorrected
Bragg peaks.

In conclusion, the proposed correction is:

An experiment was carried out to verify the feasibility of the proposed correction method.
The results are reported here.

3.- RESULTS
Measurements were performed with eleven proton beams, all having the intensity I and
energies ranging from 62.73 MeV to 81.56 MeV. Dose images were obtained from the
eleven EBT3 pieces utilizing the calibration curve and the central dose profiles that are
Bragg peaks were extracted.

Each measured profile was compared with the corresponding depth-dose curve in water
acquired with an ionization chamber. All the depth-dose profiles measured with EBT3s and
IC are reported in Figures 5 and 6 respectively.
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Figure 5. - Depth-dose profiles measured with EBT3s.

Figure 6. - Depth-dose profiles measured with IC.

In Figure 7, the ratio of EBT3 and IC are reported. Moreover, an EBT3 piece was irradiated
with the same eleven energies, all with intensity I/2.
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Figure 7. – EBT3/IC ratios.

Again, dose image was obtained from the acquired transmittance images of EBT3 piece and
central profile was extracted. This profile was compared with the profile obtained by
summing IC eleven peaks normalized to the intensity I/2. These profiles are shown in
Figure 8.

Figure 8. – Measured profile obtained with eleven energies and profile obtained adding the
corresponding eleven IC Bragg peaks.
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All the profiles obtained with EBT3 were shifted so that their maximums are overlapped to
the measured peak of the proton beam at the maximum energy that is located at a depth in
water of 50 mm, the same shifting procedure was applied to ratio curves.

A Bragg peak function was achieved both utilizing all the eleven experimental profiles and
with only three of them, corresponding with minimum, maximum and the central energies.
The results obtained by two fits were not practically indistinguishable, as can be seen in
Figures 9. In Figure 10 the fit of ratio curves is reported. This curve represents the
correction function. To have an idea of the consequence of utilizing the shifted functions
instead of those pertinent to each energy, the results calculated adding the shifted and
corrected peaks as indicated in formula (1), utilizing the fit on three curves, were compared
with dose obtained by IC data. These profiles are reported in Figure 11. Considered the fact
that Bragg peaks became more low and wide with increasing beam energy (i.e. increasing
the depth of Bragg peak), it is obvious that the results obtained with fit function, practically
representing an average peak, are more precise in the central region, as is evident in Figure
11. In this Figure the blue points represent the formula (1) data that correspond to the
numerator of the correction function indicated in formula (2).

Figure 9. – Shifted Bragg peaks measured with EBT3 and fit function obtained with
eleven (left) and three (right) curves.
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Figure 10. – Shifted ratio curves and their fit function.

Figure 11. – Addition of shifted and corrected peaks (blue points) compared with that
obtained by IC data (red points) .

The results showed in Figure 11 seems to confirm the feasibility of the proposed procedure.
The correction of the profile obtained with EBT3 for the irradiation with the eleven proton
beams has been made with the functions fitted on three energy as explained above.
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In Figure 12 the correction curve is shown and in Figure 13 the corrected EBT3 profile and
the profile evaluated with IC data are reported.

Figure 12. – Correction curve.

Figure 13. – Corrected EBT3 profile and the profile evaluated with IC data.
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The consistency of the results of Figure 13 confirms that the proposed method is promising.
Other measurements with different beam configurations are in program, focused to have a
further confirmation of the method.

4.- Conclusion
The results here presented shows that satisfactory correction of EBT3 images and profiles
can be achieved performing only a little number of measurements of Bragg peaks for
different proton energies performed with EBT3s and IC. This gives the possibility to obtain
corrected images and profile also for more complex beams combinations with a method
relatively simple and fast.
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