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Abstract

Purpose Total skin electron beam therapy (TSEBT) is still a technical and therapeutic challenge today. Thus, we developed
TSEBT using a sweeping-beam technique.

Methods For treatment delivery, a linear accelerator Versa HD (ELEKTA, Stockholm, Sweden) with high-dose-rate
electrons (HDRE) was used with a dose rate of 9000 MU/min. Dosimetry quality assurance was performed by multiple
measurements with film dosimetry, 2D array, and Roos chamber.

Results Clinical experience shows that treatment durations of 75 to 90min are usual for the Stanford technique without
using HDRE. With this new sweeping-beam irradiation technique, the total treatment time of a daily fraction could
be reduced to 20min while keeping over- and underdosing low. The treatment area is about 60cmx200cm and the
dose distribution is uniform within 2% and 5% in vertical and horizontal directions, respectively. Initially, the electron
energy of 6 MeV is reduced to 3.2MeV by 1-cm polymethylmethacrylat (PMMA) scatter and the irradiation conditions of
a source—surface distance (SSD) of 350cm. The photon contamination drops to under 1%.

Conclusion These results show that the mean dose to total skin varies between 1.3 and 1.8 Gy. The sweeping-beam

technique with electrons has a homogeneous dose distribution in connection with a short treatment time.

Keywords Total skin electron beam therapy (TSEBT) - Total skin electron irradiation (TSEI) - Mycosis fungoides -

High-dose-rate electrons - In situ film dosimetry

Introduction

Large irradiation areas with electrons are mainly required
for total skin irradiation in case of diffuse involvement of
cutaneous T-cell lymphoma, but also for extensive skin
manifestations. In this treatment situation, a continuous and
homogeneous dose distribution over the whole skin surface
is required, with a low penetration depth of about 0.5 to
Icm. In the past, single doses of 2Gy to a total dose of
36 Gy were applied in treatment of cutaneous T-cell lym-
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phoma, but nowadays, more studies with a total skin dose
of 12 Gy (single dose 1.0 to 1.5Gy) show the same good re-
sults, with response rates of up to 95% (complete remission
in 33%) but significantly lower toxicity. The combination
with checkpoint inhibitors also shows local and systemic
synergistic effects, which is of special interest for the fu-
ture [1, 2, 4, 5, 7, 10-12, 14-16, 19, 22, 23, 25, 26, 28].

Large irradiation areas with electrons usually use the so-
called Stanford technique with several fixed radiation fields.
In this case, in the connecting regions, too high or too low
doses can occur, despite daily shifting of the border of the
connecting regions [6]. Additionally, underdosing can be
seen on top of the shoulders or the scalp, which must then
be compensated with additional radiation fields. All these
points lead to an extension of daily treatment time, which
alone can be an unnecessary burden for patients.
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Therefore, a new technical approach to large-area irra-
diation with electrons is presented below with the corre-
sponding dosimetry verification.

Materials and methods
Patient positioning

Patients are irradiated from three different angles for each
fraction. On the first day, the irradiation runs at 0°, 120°,
and 240° and on the second day, at 60°, 180°, and 300°.
This allowed a relatively homogeneous dose distribution to
be achieved. With the accessories for the treatment shown
in Fig. 1, the patient positioning is simple and reproducible.

Fig. 1 Patient positioning.

a Construction for patient posi-
tioning. b Rotatable plate with
footprints for different treatment
angles. ¢ Shielding of eyes.

d Shielding of nail beds
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A special construction was built to achieve safe and re-
producible positioning of the patients and also of a spe-
cial setup with a plate of polymethylmethacrylat (PMMA)
(Fig. 1a). Two handles were integrated, which can be varied
easily both horizontally and vertically. Thus, optimum po-
sitioning of arms and the upper body of the patient can be
performed reproducibly. The blue elements of polystyrene
on the ground shown in Fig. la are used to gain height for
the rotatable circular plate (Fig. 1b). This results in a higher
patient position, which achieves that the patient’s vertical
center is on the same level as the isocenter of the linear ac-
celerator. The entire construction was temporarily attached
to the wall so that it could be safely prevented from shifting
or tipping over.
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Evaluation of shielding and scatter effects

Additional investigations to examine shielding effects of
different materials have been carried out. The eyes, nail
beds, and the hands often need special protection. Exter-
nal eye shields that are fabricated in-house are constructed
with circular pieces of lead. The thickness of the lead is
4mm. The eye shielding area was about 14mm in diame-
ter. The lead shielding was attached like swimming goggles
with hook-and-loop tape on the head (Fig. 1c). So, it was
achieved that the lead shields had close contact with the
eyeballs. The nail beds of the feet were protected by cus-
tom-made 2-mm thick lead sheets (Fig. 1d). Furthermore,
the shielding effect of underwear with impact of dose was
investigated. For the choice of the scatter shape, some theo-
retical considerations were performed. The scatter material
was chosen to be PMMA, as it behaves like water and re-
duces the mean electron energy to the desired value.

Radiation technique

In contrast to the generally known Stanford technique using
two overlapping treatment fields, we developed a sweeping-
beam technique [13, 18, 21, 27]. The main field, with 80%
dose weight, is an arc beam over 74 degrees, namely from
233 to 307 degrees (Fig. 2). In order to achieve a homo-
geneous dose distribution, two additional equally weighted
static fields at 307 and 233 degrees were used. The angles
of the static fields correspond to the start and stop angles of
the arc field. This allows a continuous irradiation process.
For treatment delivery, a linear accelerator Versa HD
(ELEKTA) with high-dose-rate electrons (HDRE) was
used. The dose rate of the HDRE with an energy of 6 MeV
is 9000 MU/min and is passed by an open field. This high
dose rate is an essential requirement to achieve a very short

Fig.2 Treatment setup for the

treatment time [20, 29, 30]. The irradiation time for the
three fields is only 1.75min. The total time for the three
irradiation angles is, on average, 10 min. Most of the time
was needed to change the position of the patients for the dif-
ferent irradiation angles. The total treatment delivery time
(from entering the room to leaving the room) is only 20 min
on average. The advantages of this irradiation method are
the short duration of treatment and the homogeneous dose
distribution.

The distance from the source to the skin of the patient is
350cm. About 15cm in front of the patient, a 1-cm thick
PMMA plate was positioned. This scatter plate causes a ho-
mogeneous dose distribution and a reduction of the electron
energy.

The real dose to the skin of the patient had a relatively
high range because of the complex structure of the human
surface and due to the radiation technique. The prescribed
dose of 2.0Gy per fraction corresponds to the maximum
skin dose typically measured in the abdominal area or on
the instep of the foot.

Dosimetry

Dosimetry plays an essential role during the planning as
well as during the treatment process. Due to the geometrical
irradiation setup and the low electron energy, dose measure-
ments with a water phantom were not possible. Therefore,
a Roos Electron Chamber (PTW Freiburg GmbH, Freiburg,
Germany), a 2D array (OCTAVIUS Detector 1500, PTW
Freiburg GmbH, Freiburg, Germany), and dosimetric films
(GafChromic EBT3, Ashland Advanced Materials, Bridge-
water, NJ, USA) were used for dosimetry. Absolute dosime-
try and calibration of the films were measured by the Roos
chamber. In addition, the Roos chamber was used to mea-
sure the depth dose distribution and to optimize the irra-
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diation fields. These measurements were always performed
in a PMMA-plate phantom. A calibration factor was de-
termined for this purpose. To record dose profiles and to
examine field boundaries, a 2D array was deployed. Film
dosimetry not only served for determination of the patient’s
skin dose during irradiation, but also to measure vertical and
horizontal dose profiles.

GafChromic EBT3 films were used for film dosimetry.
Film pieces with a size of 3cm x 6 cm were used for both in
situ measurements at specific spots and for investigations
of dose profiles. The large detector area has the advantage
of a relatively high statistical certainty of the measurement
results. In some cases of the in situ measurement, the films
couldn’t be attached evenly to the patient, so that parts of
the area didn’t have direct contact to the skin. Thus, an
additional uncertainty in the measurement results can’t be
excluded. It was also important for the evaluation of the
films to keep a constant time between exposure and readout
of the films. The delay was 24 h each. Analysis of the films
was executed with an Epson Scanner Expression 11000 XL
(Epson, Suwa, Japan). Pixel values (PV) were extracted by
the software PTW FilmCal. The value of the net optical
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Fig.3 Film dosimetry. a Irradiated films of known dose for calibration
of a film sheet. b Calibration curve of a film sheet
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density (ODNet), which is needed for dose determination,
is calculated by using:

P Vlrradiated

ODNET 10g10 P Vumrradlated (1)

Every film sheet, which was split into pieces of 3cmx
6cm, was calibrated using the Roos chamber to further re-
duce the measurement uncertainty of film dosimetry. A cal-
ibration curve can be generated from irradiated films of
known dose (see Fig. 3a). It was revealed that films of dif-
ferent charges can deviate by up to 10% if they are used
with the same calibration curve. Consequently, calibration
of the film sheets is necessary to prevent additional sys-
tematic faults. The correlation of the ODNet values and
dose (D) results from following formula:

D=a- ODNET +b- ODNETC (2)

Fig. 3b shows a typical calibration curve which indicates
a good correlation between ODNet values and measured
dose for this method. The uncertainty of dose determination
can be declared as approximately 3%.

Results
Shielding effects

Shielding effects of lead, PMMA, and textile underwear
were investigated. Experiments show that 2 mm of lead re-
duces the dose to nearly 0% under the given treatment con-
ditions. The hands had no symptoms of the disease. For
protection of the hands, a 3-cm PMMA plate was used.
This reduced the dose almost completely.

There is always a discussion regarding whether irradi-
ation with underwear entails underdosing or whether this
is possible in the interests of the patient’s comfort [8, 24].
Thus, the shielding effect of textile underwear was inves-
tigated in detail. For this purpose, phantom measurements
with different textiles were carried out. The shielding ef-
fect is approximately only 2% on average. The maximum
dose reduction occurs with tangential irradiation, but does
not exceed 20%. This could be confirmed by the in situ
measurements. Taking the relatively wide value range of
the actually achieved skin dose into account, the shielding
effect of underwear can be neglected. Wearing a light non-
wired jogging bra has the advantage of keeping the female
patient’s breasts reproducibly at the same position. Further-
more, the shadowed area of the inframammary fold was
reduced.
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Scatter effect

The following considerations examine the difference be-
tween two versions of scatter close to the patient’s body:
PMMA plate and PMMA cylinder [27]. The cylinder has
the shape of a tube with a diameter of 1 m. The case study
calculation assumes that the patient is located at a dis-
tance of 350cm to the radiation source. The scatter is po-
sitioned at an source—surface distance (SSD) of 300cm.
Fig. 4a shows the geometrical boundary conditions of the
case study calculation.

The effective material thickness of the scatter was cal-
culated in dependence of the considered location of expo-
sition. As an area of exposition, a horizontal expansion of
80cm was assumed. It was assumed that the distance be-
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Fig.4 Investigation of scatter. a Model for estimation of effective scat-

ter thickness. b Effective scatter thickness depending on localization of
exposition

tween the outsides of the right and left arms is about 80cm.
Furthermore, for both geometries of scatter, a PMMA thick-
ness of 1 cm was determined. As expected, the results of the
case study calculation (see Fig. 4b) show for the cylindrical
scatter that from the irradiation center to the outside, the
effective scatter thickness increases. At 30cm off-axis, the
effective scatter thickness increases by 25% and at 40cm
by 68%. In contrast, the effective scatter thickness of the
PMMA plate changes by a maximum of 0.7%. This means
that for the use of a cylindrical scatter, it needs to be consid-
ered that at peripheral areas of the patient, a further reduced
energy and thus a reduced penetration depth occurs. The
body flanks of the patient will be irradiated by therapy beam
at tangential line caused by the body geometry. Thereby, the
effective penetration depth is reduced enormously. The use
of a cylindrical scatter will reduce the therapy beam at pe-
ripheral body areas yet further. From this point of view, the
use of a planar scatter seems advantageous.

Relative depth dose distribution

The determination of the depth dose distribution was carried
out in the PMMA-plate phantom. The point of measurement
in PMMA zpyma Was corrected under consideration of the
electron density relation to get the equivalent depth of water

w.
Zw = 1.16 - Zpmma (3)

First of all, it was shown that a comparison measure-
ment with a PMMA-plate phantom results in the same val-
ues as the measurements with a water phantom. Measure-
ments took place under standard conditions (electron en-
ergy: 6 MeV, field size: 20cmx20cm, SSD=100cm) and
their results are shown in Fig. 5a. It arises that the per-
centage depth dose (PDD) measurements in PMMA and in
water show an exact match. Occurring deviations are lim-
ited to the first half of the dose buildup region and range
by 2% at maximum. Thus, the differences are estimated to
be negligibly small.

To generate a PDD curve at designated treatment con-
ditions, the PMMA phantom was placed in the patient’s
position. The point of measurement is located 15cm be-
hind a I-cm thick PMMA plate. Also, the other parame-
ters of the beam correlate with the real treatment situation
(HDRE: 6MeV, field size: 40cmx40cm, SSD=350cm).
While working with the HDRE mode, an open field with-
out any conventional electron applicator collimation is used.
Showing the impact of the larger SSD of 350cm as well
as effects of the 1-cm thick PMMA plate, measurements
with and without a PMMA plate were performed at an
SSD of 100cm additionally to the measurements in the
treatment situation (see Fig. 5b). The chief cause of the
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Fig.5 Dose distribution. a Comparison of PDD distributions measured in water and in PMMA. b PDD distributions in treatment conditions in
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decrease of electron energy is implementation of the 1-cm
thick PMMA plate, which serves as a scatter. A smaller
part of this decrease is caused by the larger distance to the
radiation source with a 350-cm SSD.

The outcomes of the PDD distribution corresponding to
the treatment situation (SSD=350cm+ 1cm PMMA) are
the following parameters, which are essential for the treat-
ment:

o the therapeutic depth (80% of the prescription dose)
amounts to R80=8 mm,

e the contamination of photons falls to below 1%,

e the depth at 50% of the maximum dose is R50=12mm,

o the practical range is R,= 18 mm,

e a mean electron energy of E=3.2MeV can be calculated
using Eq. 4 [9].

E =0.656 +2.059 - R50 +0.022 - R50*(MeV) “)

The energy-dependent correction factor for absolute
dosimetry kg [3] rises consequently from 0.923 for 6 MeV
to 0.951 for 3.2MeV. This needs to be considered for de-
termination of absolute dosimetry. The therapeutic depth
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(80% of the prescription dose) could be reduced from 2cm
at an electron energy of 6 MeV to 0.8cm. The PDD distri-
bution also shows that placing a 3-cm thick PMMA plate
as dose shielding additional to the 1-cm scatter results to
an enormous dose reduction, to almost 0% remaining dose.

Vertical dose distribution

Ahead of the patient treatment, numerous studies were con-
ducted with the aim of reaching a homogeneous dose dis-
tribution at a duration which is kept as short as possible.
Therefore, the gantry angles of the arc field and both static
fields as well as the monitor units were varied until an
optimum solution was found. Roos chamber measurements
were carried out, but these only give spot information about
the whole vertical dose distribution. The potential irradia-
tion area covers a good 2-m distance in the vertical di-
rection. In order to achieve a sufficient resolution of dose
distribution for vertical and horizontal dose profiles, mea-
surements were carried out with radiochromic films. Fig. 5c
shows the results of the vertical dose distribution, which
corresponds to the vertical profile of the patient. The films
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show that a homogeneous dose was achieved through op-
timization of the treatment fields. The dose varies by only
+2% over the whole vertical area.

Horizontal dose distribution

The horizontal dose profiles were measured at four differ-
ent heights. Starting at the ground, the measurement heights
were 20cm, 70cm, 120cm (isocentre), and 170cm. The
measured dose profiles were almost congruent at all mea-
surement heights. The horizontal dose profile is presented
in Fig. 5d. It was measured for a potential therapeutic field
size of 80cm. The dose varies by about +8% in this area.
For a field size of 60cm, the width of variation reduces to
+5%. Through experimental research with special PMMA
scatters which were attached directly to the electron ap-
plicator, a homogeneous horizontal dose distribution could
be achieved. These scatters were produced out of 2-mm
thick PMMA plates of different sizes. The maximum mate-
rial thickness was 10 mm. The application of such an addi-
tional scatter would cause an effect on the electron energy
and thus it results to a location-dependent therapeutically
depth. For this reason, the PMMA application was not used
as additional scatter.

Absolute dose and film dosimetry

Initially, reference measurements with the water phantom
were performed to prove the impact of the PMMA phan-
tom on the measured absolute dose. The measurements
at the water phantom took place under standard condi-
tions according to DIN [3]. The depth of measurement for
the PMMA phantom was corrected corresponding to the
PMMA electron density (Eq. 3). The factor for dose cor-
rection was determined as 0.95. It is necessary to apply this
additional correction factor because for phantom measure-
ments, the energy-dependent correction factor kg (see DIN
[3]) is not taken into account.

Results of in situ dosimetry

Irradiation of the patient takes place with an orientation of
the patient to the gantry of 0°, 120°, and 240° on day 1 and
60°, 180°, and 300° on day 2. The purpose of this approach
is to preferably irradiate all parts of the body frontally as
well as laterally by the therapy beam. Whereas the tan-
gentially reached areas of skin are exposed by each of the
neighboring beams, the dose to the skin parts which are
towards the beam source are largely only reached by one
beam. The in situ measurements confirm this view. Fig. 6a
reveals that the skin doses depending on the respective po-
sition to the beam source vary by a factor of up to 2.

a Day 1

Day 2

240° 120°

180°

b Results of in-situ dosimetry in Gy

0.0 00

front back

Fig.6 In situ dosimetry. a Results measured by in situ dosimetry for
irradiation setup including treatment angles on different days. b Results
of in situ dosimetry for specific spots

Due to the daily change of patient position with respect
to the irradiation source, a relatively homogeneous mean
dose distribution can be achieved.

At 8 days of treatment, in total, 69 in situ measurements
of the skin dose were accomplished exemplarily. Dose val-
ues of each spot of exposition were averaged over the mea-
surement days and thus comply with the mean dose of the
respective skin parts. The results of the in situ measure-
ments are shown in Fig. 6b. The highest doses are measured
at the instep of the foot. This is in line with expectations, as
independent of the respective patient orientation, the instep

@ Springer



54

Strahlenther Onkol (2022) 198:47-55

is exposed by several beams at each fraction. The fractional
dose was chosen not to exceed the maximum dose of 2.0 Gy.
In order to maintain this boundary with certainty, the dose
of the instep was measured at all measurement days. The
areas of the shoulder also receive dose fractions of at least
two beams, but they are exposed more tangentially than
frontally. With 1.4 and 1.6 Gy, the mean doses of the shoul-
der areas are lower than the mean dose of the instep of the
foot at 1.9 Gy. The lowest doses are determined at the inner
side of the upper arm with 0.7 Gy, which correlates with
dose measurements in the literature [6].

The remaining measurements reveal that mean doses to
the torso as well as to the extremities, with values between
1.3 and 1.8 Gy, are relatively homogeneous.

Discussion

Techniques for TSEBT which are applied today show sim-
ilarities in many ways. Differences exist in irradiation time
and in the homogeneity of dose profiles. Both probably
don’t have an influence on the therapy.

Perhaps a substantial difference results from using dif-
ferent scatters, which are used for homogeneous dose dis-
tributions. In the literature, various shapes of scatter are
presented in relation to TSEBT. These can, in principle,
be distinguished by scatters with constant material thick-
ness [17] and scatters with different material thicknesses
[8]. Furthermore, in some radiation centers, scatters are in-
stalled next to the radiation source and others prefer a scat-
ter position next to the patient.

The investigations have shown that for determination of
dose as well as for determination of penetration depth, a rel-
atively high measurement effort is necessary. Particularly
with the application of scatters, it needs to take the changes
in energy of the electron beam both for determination of
skin dose and estimation of the penetration depth into ac-
count. The use of a scatters with different material thick-
nesses increases the measurement uncertainty for determi-
nation of the actually achieved skin dose.

Conclusion

Total skin irradiation with electrons in a sweeping-beam
technique is a safe and reproducible technique, with a ho-
mogeneous vertical and horizontal dose distribution. These
findings were verified both in vitro and in vivo measure-
ments on phantoms and patients. In addition, the patients
benefit from a very short treatment time.
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