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A B S T R A C T

Uniform dose distribution with steep lateral gradient within depth range of 0–0.5 cm is crucial to be able to treat
small skin lesions. The standard nominal 4MeV electron beam from Elekta Versa HD linear accelerator was
modified with degrading filter to remove the lateral scatter from treatment head and minimize the penumbra.
The energy degrading method was verified based on dosimetric properties and output factors (OFs) with com-
parison of four types of measurement methods. The properties of degraded 4MeV electron beam and developed
electron applicators seem optimal for treating small targets near the skin surface.

1. Introduction

Small superficial non-melanotic skin tumors were traditionally
among the first curative indications of radiation therapy (RT). As the
incidence of basal cell and spinocellular carcinoma is rapidly increasing
in the Western countries [1], RT is still widely used even though the
awareness of long-term consequences has increased. Especially in the
facial area where the surgical procedures are challenging, and among
the elderly people, RT has its place [2].

The most optimal radiation modality for treating superficial tumors
with less than 0.5 cm invasion depth, would produce uniform dose dis-
tribution, easy protection of adjacent healthy structures, narrow pe-
numbra, insensitivity to moderate density variations or complex surface
geometry, and fast dose fall-off for areas deeper than 0.5 cm. The po-
tential techniques include: X-ray contact therapy devices with tube
voltage≤50 kV, orthovoltage devices with tube voltage≥150 kV,
electron beams from the linear accelerators, superficial brachytherapy
applicators with Ir-192 afterloaders, and radioactive superficial molds,
like Re-188 paste [3–5]. None of the existing techniques includes all the
optimal treatment features.

One possible approach to combine the ideal treatment beam prop-
erties for superficial targets has been the use of low-density degrading
filters with electron beam. This approach has been used in in-
traoperative radiation therapy (IORT) where typically a set of circular
plexiglas or metal collimators are constructed either for the standard
linac or a dedicated IORT device [6]. The introduction of the filters
changes the beam characteristics compared to standard electron beam.

The degraded beam contains scattered electrons from the filter, which
results wider energy spectrum and energy distribution of electrons at
the skin surface. To be able to reach acceptable field homogeneity the
beam output must be compromised [7,8].

The aim of this work was to develop a method to produce uniform
dose distribution within the depth range 0–0.5 cm and as fast dose fall-
off as possible in deeper areas. Our approach was to utilize the standard
nominal 4MeV electron beam from the linear accelerator with the
beam degrading filter to reduce the energy of about 1.2MeV. The lat-
eral uniformity was controlled with the extra collimation brought close
to the skin surface. After developed an applicator type that fulfilled
basic requirements the dose distribution data was collected for treat-
ment planning and patient safety aspects. Comparative absolute dose
measurements were performed using four independent methods.

2. Material and methods

2.1. Design of the applicator

The modifications were designed to fit into the structure of the
standard square 6×6 cm2 electron applicator from the Elekta Versa
HD (Elekta AB, Stockholm, Sweden) linear accelerator with minimal
changes and increase of weight. The lowest electron energy
(R50ion= 1.7 cm for the 20× 20 cm2 field size, nominal energy 4MeV)
was degraded with a 0.6 cm thick Plexiglas (polymethyl methacrylate,
PMMA) plate located in the second aperture plate. To restrict lateral
electron scatter from the plate, an additional 5 cm long PMMA
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collimator was added under the degrader (Fig. 1). PMMA material was
chosen to minimize bremsstrahlung production.

To minimize the penumbra in the treatment fields, 6 cm long cir-
cular PMMA collimators with the inner diameters 2.5, 3, 4 and 5 cm
were attached to 1 cm thick brass baseplates. These collimators fit into
the standard holder of Wood metal cutouts and the existing coding
system was available for collimator size verification. The length of the
collimators was set to leave 1 cm space between the skin and the col-
limator end at the standard treatment distance of 100 cm. The wall
thickness of PMMA tubes was 0.3–0.4 cm depending on the diameter.

The dose rate of the degraded beam was reduced, because of the
filter. The laterally scattered radiation component through the appli-
cator open sides becomes potentially significant. The lateral dose pro-
files at 0.2 cm depth, in water up to 30 cm from the beam axis, were
measured during the initial testing for the applicator design. A 10–15%
dose component was observed at distances > 15 cm from the central
axis (CAX). It was found geometrically that the dose component was
due to the lateral scatter from the open aperture of the secondary col-
limators visible through the open sides of the applicator, observed far
outside the primary field. This component can be eliminated by adding
0.5 cm thick and 10 cm high PMMA plates surrounding the upper part
of the applicator (Fig. 1).

2.2. Dose distributions of circular fields

Beam data for delivering therapeutical dose in a single field at the
specified depth was collected with a Sun Nuclear (Sun Nuclear Corp.,
Melbourne, Florida, USA) non-shielded SunPoint electron diode in the
PTW water phantom. The beam data included depth dose curves at the
CAX, lateral profiles at several depths (0.2, 0.5, 1 and 2 cm) and output
factors (OFs) relative to the standard 20×20 cm2 field with nominal
4MeV as a reference. Measurements were performed with the nominal
treatment distance 100 cm and at an increased distance up to 104 cm.
Shielding properties of the whole modified applicator were measured.
The measurement covered area up to 30 cm laterally from the beam
CAX.

CAX depth dose and the OFs were measured with the small parallel

plate ionization chamber (IC) PTW 23342 (0.02 cm3) (PTW- Freiburg,
Freiburg, Germany) in CIRS (CIRS Inc, Norfolk, Virginia, USA) Plastic
water solid phantom with a resolution of 0.1 cm. CIRS Plastic water has
been shown to be water-equivalent at low-energy electron beams for
beam qualities R50 < 4 g/cm2 (E0 below 10MeV) [9,10]. For com-
parison absolute measurements and OF were checked with Gafchromic®
EBT3 (International Specialty Products Inc., Wayne, NJ, USA) radio-
chromic film calibrated with 4MeV standard electron beam at the
depth of dose maximum in CIRS Plastic water.

2.3. Comparative measurements for absolute dose

The lowest electron energy supported by the International
Atomic Energy Agency (IAEA) TRS 398 dosimetry standard [11] is
R50ion= 1.0 cm corresponding approximately to the mean electron
energy of 2.3MeV (≈ 2.33MeV/cm·R50ion) at the phantom surface. The
absolute output of the modified beam was measured using the standard
4MeV electron beam as a reference. Corrections for temperature,
pressure, recombination and polarization were performed. The small
degraded beam output Ddeg was measured with a small parallel plate IC
PTW 23342 in CIRS Plastic water. The reference result was acquired
from measurement at the IAEA TRS 398 reference depth zref = 0.8 cm
for the 20× 20 cm2 standard 4MeV field measured with IC PTW Roos
with collected charge mref, beam quality R50ion,ref and reference dose
Dref. In order to take into account the effect of change of water/air
stopping power ratio in beam degradation the charge signal for the
degraded beam (collected charge mdeg, beam quality R50ion,deg) was
corrected with the relative change of stopping power ratios in water/
air, polarization kpol, recombination ks and measurement mdeg, which
was performed at the corresponding zref = 0.5 cm. The degraded beam
output Ddeg is given by the equation
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These results were compared to Sun Nuclear electron diode mea-
surements and Gafchromic® EBT3 film irradiations at same depths to
4 Gy dose which was calculated from IC measurements (Eq. (1)). The
diode measurement was done in water and the films were irradiated in
CIRS plastic water at dmax of corresponding beams. No corrections for
diode or film readings were applied, except normalization to reference
dose with the non-degraded 4MeV beam. For the absolute OF defini-
tion, the OFs from the IC, diode and Gafchromic® film measurements
were analyzed with 10×10 cm2 4MeV electron field as a reference,
because the field was possible to measure with both ICs PTW Roos and
23342, and this made it possible to set the field OF to value 1.

As a totally independent set of measurements irradiations using
optically stimulated luminescence dosimeters (OSLDs) from IROC
(Imaging and Radiation Oncology Core at MD Anderson Cancer Center,
Houston, TX, USA) were performed. OSLDs were irradiated to calcu-
lated dose of 1 Gy with 4MeV standard, degraded and both degraded
and collimated (2.5 cm circle) electron fields. Irradiations were per-
formed at the depth of dose maximum (=zref) in the PMMA dosimeter
blocks of IROC where the detectors had been placed at the 0.7 cm
depth. For the standard 4MeV with dmax= 0.8 cm, an extra 0.3 cm
layer of CIRS plastic water was used. OSDLs have been calibrated by
IROC using their standard procedure and American Association of
Physicists in Medicine (AAPM) TG51 dosimetry protocol for electrons
[12].

3. Results

The depth dose curves of 4MeV electrons shown in the Fig. 2A are
from two different linac vendors, the degraded 4MeV beam, one
modern orthovoltage device and from the idealized model, where the
depth dose curve remains constant and falls instantly to zero, when

Fig. 1. Modifications of the standard 6× 6 cm2 applicator marked with three
ellipses from up to down: (1) 6mm thick PMMA plates restrict lateral scatter
from the treatment head, (2) 6mm thick PMMA degrader was located on the
second lowest applicator trimmer level to reduce electron energy, and (3) cy-
lindrical collimators were attached to the standard block holder level.
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0.5 cm depth is reached. It was noticeable that Versa HD degraded
4MeV electron beam had shortest build-up region and the fall-off re-
gion started at equal depth as the Elekta Esteya brachy device. Im-
portant was that the dose drop was faster with degraded electrons than
other devices. On average the depth of dose maximum (R100) was
0.46 cm and therapeutic range (R80) 0.86 cm for all collimator sizes. As
a conclusion 4MeV degraded electron beam seemed to reach a com-
promise between uniform dose distribution to target and healthy tissue
protection.

The Fig. 2B shows profiles for all collimator sizes at depth 0.5 cm.
The field width of 80% dose from the maximum, a therapeutic field size
(FS80%), was 0.2–0.3 cm less than the nominal applicator size except for
the largest applicator where it was 0.2 cm larger. Penumbra (20/80) of
the 2.5–5 cm collimators were equal, or slightly less than 0.5 cm for all
applicators, 0.46–0.50 cm.

The differences in OFs from the IC, diode and Gafchromic® film
measurements were found to be smaller than 4%. The difference was
the biggest in 2.5 cm collimator field, for other degraded fields the

differences were equal or smaller than 2%. The output factors reduced
significantly relative to standard 10×10 cm 4MeV open field
(OF=1.000). As an example, for the 2.5 cm collimator field the OFs
was only 0.127 (measured with IC) which means drop of factor 8 in
output due to strong lateral scatter in the degrader plate. The drop of
output was equal to factor of 7–8 for other field sizes. For OSLDs the
difference between OFs in reference field size was 8% and in 2.5 cm
collimator field 16.5% when compared to IC measurement. The bigger
differences in OSLD OFs can be explained by the different medium and
the difficulties to determine the correct field size and calibration factors
for OSLDs. There may be self-attenuation, because aluminum oxide
density is relatively high.

4. Discussion

The properties of developed electron applicators seem optimal for
treating maximally 0.5 cm thick skin lesions. Because the properties of
standard electron beam were remarkably modified, safety issues

Fig. 2. Depth dose curve and profiles for 4MeV degraded electron beam: (A) Comparison between depth dose curves. The idealized depth dose model is presented as
a solid line. (B) Profiles for different collimator sizes at depth 0.5 cm.
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become an important role. There is only the block coding system to
prevent mixing standard electron shields with the modified applicators.
Situation is critical as there is a drop by a factor of 7–8 in beam output
due to the distance of PMMA filter from the skin and the scatter out of
the field. We consider restricting the use of the 4MeV beam energy with
6× 6 applicator for only this specific application to avoid errors.

The modifications were based on the dimensions of the standard
applicator. Our aim was to make as minimal changes to achieve sa-
tisfactory output. At least two variables could be optimized: size and
distance of the degrader plate. Karolis et al. [7] found that degrader
plates placed at the jaw face provide better beam homogeneity and
steeper penumbra and are to be preferred for that reason, but also re-
lative X-ray contamination increases, as noticed. In conclusion, this
study showed that the properties of the degraded 4MeV electron beam
and developed electron applicators seem optimal for treating small
targets near the skin surface.
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