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applied to expand treatment regions easily.

Introduction: External electron beams have excellent distributions in treatment for superficial tumors while
suppressing influence deeper normal tissue. However, the skin surface cannot be given a sufficient dose due to the
build-up effect. In this study, we have investigated the combination of electron beams to expand the treatment
region by keeping the dose gradient beyond du.. Materials and Methods: The percentage depth doses of different
electron beams were superimposed on a spreadsheet to determine the combinations of electron beams so that the
treatment range was maximized. Based on the obtained weight for electron beams, dose distributions were
calculated using a treatment planning system and examined for potential clinical application. Results: With the
combination of 4 MeV and 9 MeV electron beams, the 90% treatment range in the depth direction increased by 8.0
mm, and with 4 MeV and 12 MeV beams, it increased by 4.0 mm, with the same maximum dose depth and half-
dose depth of the absorbed dose. The dose calculations were performed using the treatment planning system yielded
similar results with a matching degree of £1.5%. Conclusions: Although the influences of low monitor unit values
and daily output differences remain to be considered, the results suggest that the proposed approach can be clinically
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Table 1 MU values, 80, 90, 95, 98%TR, du., Rso, and surface dose for each energy combination with a nominal 9 MeV electron beam
Combination of energies Energy MU 80%TR  90%TR  95%TR  98%TR dinax Rso Surface dose
(mm) (mm) (mm) (mm) (mm) (mm) (%)
9 MeV 9 100 30.0 18.5 11.5 7.0 21.0 35.7 82.5
(5.87)  (3.12)  (1.50)  (0.64)
4 MeV+9 MeV 4 9 30.0 26.5 21.0 17.0 21.0 35.7 89.9
9 91 (4.54) (2.90) (1.20) (0.55)
4 MeV+6 MeV+9 MeV 4 30.0 25.5 20.5 15.5 21.0 35.6 89.3
6 1 @470)  (277)  (124)  (0.47)
9 91
6 MeV+9 MeV 6 1 30.0 19.0 12.0 7.0 21.0 35.6 82.7
9 99 (5.88)  (320)  (1.58)  (0.64)

The numbers in parentheses indicate the standard deviations of the doses within the treatment regions.

Table 2 MU values, 80, 90, 95, 98%TR, dum., Rso and surface dose for each energy combination with

a nominal 12 MeV electron beam

Combination of energies Energy MU 80%TR  90%TR  95%TR  98%TR inax Rso Surface dose
(mm) (mm) (mm) (mm) (mm) (mm) (%)
12 MeV 12 100 42.5 35.0 22.5 12.5 29.0 50.3 87.7
(4.53) (2.97) (1.53) (0.60)
4 MeV+12 MeV 4 6 42.5 39.0 32.5 27.0 29.0 50.3 925
12 94 (4.01) (2.29) (1.19) (0.98)
6 MeV+12 MeV 6 4 42.5 37.5 28.0 18.5 23.0 50.1 89.9
12 96 (4.61) (2.98) (1.48) (0.56)
4 MeV+6 MeV+12 MeV 4 5 42.5 39.0 32.5 26.5 27.5 50.2 92.4
6 1 @11 (237  (1.15)  (0.74)
12 94
4 MeV+9 MeV+12 MeV 4 6 425 39.0 32.5 27.0 28.0 50.2 92.6
9 1 (4.19) (2.38) (1.20) (0.93)
12 93
6MeV+9MeV+12MeV 6 3 42.5 36.5 27.0 18.0 25.0 50.1 89.5
9 1 (4.69) (2.90) (1.48) (0.61)
12 96
4 MeV+6 MeV+9 MeV+12 MeV 4 5 42.5 38.5 32.5 27.5 26.0 50.1 93.1
6 2 (446)  (237)  (1.18)  (0.57)
9 1
12 92

The numbers in parentheses indicate the standard deviations of the dose within the treatment regions.
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Table 3 MU values, 80, 90, 95, 98%TR, dum., Rso and surface dose for each energy combination with a nominal 16 MeV electron beam

Combination of energies Energy MU 80%TR  90%TR  95%TR  98%TR inax Rso Surface dose
(mm) (mm) (mm) (mm)  (mm) (mm) (%)
16 MeV 16 100 56.0 50.5 42.0 30.5 28.0 66.6 93.0
(4.36) (2.41) (1.33) (0.58)
4MeV+16MeV 4 2 56.0 50.5 44.0 36.0 28.0 66.6 94.5
16 98 (4.40) (2.23) 1.21) (0.47)
6MeV+16MeV 6 1 56.0 50.5 43.0 32.5 22.0 66.5 93.5
16 99 (4.47) (2.42) (1.38) (0.56)
IMeV+16MeV 9 1 56.0 50.0 41.0 29.5 27.0 66.4 93.0
16 99 (4.58) (2.46) (1.35) (0.60)
12MeV+16MeV 12 1 56.0 50.5 42.0 30.0 28.0 66.4 92.9
16 99 (4.51) (2.49) (1.37) (0.58)
4MeV+6MeV+16MeV 4 1 56.0 50.5 43.5 34.5 22.0 66.5 94.3
6 1 (4.49) (2.35) (1.29) (0.50)
16 98
4 MeV+9 MeV+16 MeV 4 2 56.0 50.0 43.0 34.5 27.0 66.4 94.5
9 1 (4.64) (2.32) (1.25) (0.48)
16 97
4 MeV+12 MeV+16 MeV 4 2 56.0 50.5 44.0 35.5 28.0 66.4 94.5
12 1 (4.55) (2.32) (1.25) (0.46)
16 97
6MeV+9IMeV+16MeV 6 1 55.5 50.0 41.0 29.5 22.0 66.4 93.4
9 1 (4.45) (2.50) (1.33) (0.54)
16 98
6 MeV+12 MeV+16 MeV 6 1 56.0 50.0 42.0 31.5 22.0 66.4 93.4
12 1 (4.62) (2.39) (1.32) (0.53)
16 98
9IMeV+12MeV+16MeV 9 1 55.5 50.0 41.0 28.5 27.0 66.3 92.9
12 1 (4.47) (2.54) (1.39) (0.57)
16 98
4MeV+6MeV+IMeV+16MeV 4 1 55.5 50.0 42.0 32.0 22.0 66.4 94.1
6 1 (4.49) (2.45) (1.30) (0.52)
9 1
16 97
4MeV+6MeV+12MeV+16MeV 4 1 56.0 50.0 43.0 34.0 22.0 66.4 94.2
6 1 (4.65) (2.31) (1.28) (0.50)
12 1
16 97
6MeV+9IMeV+12MeV+16MeV 6 1 55.5 49.5 42.0 32.0 22.0 66.2 93.3
9 1 (4.60) (2.47) (1.37) (0.56)
12 1
16 97
4AMeV+6MeV+9MeV+12MeV+16MeV 4 1 55.5 49.5 42.0 32.0 22.0 66.2 94.1
6 1 (4.64) (2.41) (1.34) (0.53)
9 1
12 1
16 96

The numbers in parentheses indicate the standard deviations of the doses within the treatment regions.
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Fig. 1
from the 4 MeV and 9 MeV electron beams.

Mixed PDD from the scanned data (solid line) and distribution calculated using the eMC algorithm (dashed line) with weighting 9:91

The dotted line represents the measured PDDs for the nominal 9 MeV electron beams.
The circles represent the measured PDDs obtained from absorbed dose at each depth.
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Fig. 2 Mixed PDD with weighting 1:99 from the scanned data (solid line) and mixed PDD with weighting 10:90 (dashed line) for the 6

MeV and 9 MeV electron beams.

The dotted line represents the measured PDD for the nominal 9 MeV electron beam.

T, Fig. 3124, 6, 9MeV O —24%8:1:91 BL O
9:1:90 CHlAADLE/PDD 2#/R"9. ZOHMAED
T, KT ALVF—D4MeV O — 2% 1 MU #
w5 LML B, Table 1 1278 S L7z fiE
(MU ) OflAEDEZ IR L 72, MOMAE DI
DWTHEFRICHET L, 4MeV & 9MeV O#AAED
T, EAMTZ9:91 & LA RETHSH & H]
Wr L7z,

Vol. 76 No. 3 Mar 2020

WIZ, 12MeV OB F#EFHE LHAaG bl
LT, Fig 4124MeV & 12MeV O — L EZHMAED
%72 PDD #/RY. ZOMAEDLETIE, 80% TR @
X, WIFN D2 e o7, 4MeV & 12MeV
Y= ADOMAEDLEIZOWTIL, Table 2 IZ/R S5
£912, 90, 95, 98% TR A3ZN <4140, 100, 145
mm AR ENTBY), —7 du BL P R 1T L %2
WEFThHo.

~=



264

100 - —
90 S \\

80

70 \
60

50 \

100 -
P - '\
/ L] P A

40 \

30 ‘

Percentage depth dose (%)

20

\ 80
10 0 5 10 15 20 25 30

—Mixed PDD obtained from scanned data
4:6:9MeV=28:1:91

==-Mixed PDD obtained from scanned data
4:6:9MeV=9:1:90

e ¢ +PDD (nominal 9 MeV electron beam)

0 10 20 30 40
Depth (mm)

50 60 70 80 90 100

Fig. 3 Mixed PDD with weighting 8:1:91 from the scanned data (solid line) and mixed PDD with weighting 9:1:90 (dashed line) for the 4,

6, and 9 MeV electron beams.

The dotted line represents the measured PDD for the nominal 9 MeV electron beam.
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Fig. 4 Mixed PDD from the scanned data (solid line) and the distribution calculated using the eMC algorithm (dashed line) with weighting

6:94 from the 4 MeV and 12 MeV electron beams.

The dotted line represents the measured PDD for the nominal 12 MeV electron beams.
The circles represent the measured PDDs obtained from absorbed dose at each depth.
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100 - ——Mixed PDD obtained from scanned data
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Fig. 5 Mixed PDD with weighting 4:96 from the scanned data (solid line) and mixed PDD with weighting 6:94 (dashed line) for the 6 MeV

and 12 MeV electron beams.

The dotted line represents the measured PDD for the nominal 12 MeV electron beams.
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Fig. 6 Mixed PDD from the scanned data (solid line) and the distribution calculated using the eMC algorithm (dashed line) with weighting

2:98 from the 4 MeV and 16 MeV electron beams.

The dotted line represents the measured PDD for the nominal 16 MeV electron beams.
The circles represent the measured PDD obtained from absorbed dose at each depth.
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Fig. 7 Distributions calculated using the eMC algorithm for (a) the nominal 9 MeV electron beam
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Fig. 8 Distributions calculated using the eMC algorithm for (a) the nominal 12 MeV electron beam and (b) the mixed distribution with
weighting 6:94 from the 4 MeV and 12 MeV electron beams.
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Fig. 9 Distributions calculated using the eMC algorithm for (a) the nominal 16 MeV electron beam and (b) the mixed distribution with

weighting 2:98 from the 4 MeV and 16 MeV electron beams.
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