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Abstract

Introduction: This study presents an empirical method to modektactron beam percent depth dose curve (PDDy usin
the primary and tail functions in radiation therafpjhe modeling parameters N and n can be usedrigcedde depth
relative stopping power of the electron energyaidiation therapy.

Methods and Materials: The electrons PDD curves were modeled with thmany-tail function in this study. The primary
function included exponential function and maingmaeters of N, u while the tail function was compubbg a sigmoid
function with the main parameter of n. The PDDffee electron energies were modeled by the prinaaug tail function

by adjusting the parameters of N, p and n. ThegaRd R can be derived from the modeled straight line@&0 20%
region of PDD. The same electron energy with défércone sizes was also modeled with the primaryutaction. The
stopping power for different electron energiesitietent depths can also be derived from the patarsef N, p and n.
Percent ionization depth curve can then be derikad the percent depth dose by dividing its depllevant stopping
power for comparing with the original water phantoreasurement.

Results: The main parameters N, n increase, but u decréapemary-tail function when electron energy ieased. The
relationship of parameters n, N and LN(-u) withcalen energy are n=31.66¢£88, N =0.9975 & 2.8535,
LN(-p) =-0.1355 k- 6.0986, respectively. Stopping power of différetectron energy can be derived from n and N
with the equation: stopping power (=0.042 In(Ng, ) + 1.072)e( 05 107°+0.0381)d "where d is the depth in water.
Percent depth dose was derived from the percedinga&urve by multiplying the stopping power relet/to the depth

in water at certain electron energy.

Conclusion: The PDD of electrons at different energies andlif@tes can be modeled with an empirical modekt d
with the stopping power calculation. The primary-¢guation provides a uncomplicated solution tagrencil beam or
other numerical algorism for investigators to reskahe behavior of electron beam in radiationdpgr

Key words: percent depth dose modelling; electron; primailyequation.

Introduction

Linear accelerator electron beam irradiation offefficient
advantages in terms of dose uniformity in the trestt of the
target volume of skin and lip cancers, chest wadldiation for
breast cancer, administering boost dose to no@es, and neck
cancers and minimizing dose to deeper tissues.

Although electron beams played an important rabe i

superficial lesions such as H&N cancers, et alhia éarlier
decades before dynamic techniques (VMAT), which raoe
golden standard. It is no doubt that the Volumetfimdulated
Arc Therapy treatment technique allows the maxinpiraton
dosage and better conformity to the target whilarisg the
surrounding normal healthy tissue and minimizing ithdiation

damage dose as low as possible. The shape of fiie dese
curve character is somehow the major attractioth@felectron
beam offers a distinct clinical advantage overdbeventional
x-ray modalities for the superficial lesion.

The depth dose curves, beam profiles, absolutpubwnd
cone factor with different electron energy and ceizes must
be measured and implemented to treatment plannjistgra
prior to electron beam can apply for clinical uSke electron
dose distribution calculation algorithms mainly uke Monte
Carlo dose engine and pencil beams miod®l other numerical
modeP# in commercial treatment planning systenThe
parameters of model in pencil beams or Monte Caglatment
planning system for electron beams often need titera
adjustments to fit the measured depth dose andgwdfodose

© 2021 Dong-Ji Chen, Yan-Shan Zhang, Yan-ChengldeMing Wu. This is an open access atrticle licdngsder the Creative Commons Attribution-
NonCommercial-NoDerivs License (http://creativecoomsorg/licenses/by-nc-nd/4.0/).
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distribution in order to perform accuracy dosimetafculation
and prediction of PDD.

The pencil beams or Monte Carlo simulation alguoris
describe PDD by using a complex Gaussian pencihidbaory
with error function and:(z), the root mean square radial spread
to calculate dose at any depth &f z.

In this study, we proposed a simple mathematiatgu to
model the PDD by using the primary-tail functioredles the
useful empirical modeling of PDD, we also used #rigpirical
model to convert the depth ionization curves meswith an
ion chamber to depth dose curves by making thesction for
restricted mass stopping power ratio of waterto(ay p)y;,, as
a function of mean electron energy at depth.

Materials and Methods

Experiment Design and Steps

The experiment was conducted in the following steps

1. Measurement of electron beam ionization depth dasees
of five energies, 6 MeV, 9 MeV, 12 MeV, 15 MeV, W&V,
at SSD =100 cm with different cone sizes and diffie
electron cutout by parallel plate chamber in 3-digienal
water phantom.

2. Measurement of electron beam percent depth dosesof
five energies at SSD = 100 cm with different cozesand
different electron cutout by Gafchromic film in blwater
phantom.

3. Empirical modeling of the percent depth dose cureks
electron beams.

4. Logistic regression of the empirical modeling pagtens of
N, 4 and n.

5. Prediction of restricted mass stopping power rafigvater
to air, (L/p)%,-,» as a function of mean electron energy at
depth via the parameters N and n.

The details of each step are described in theviatig sections.

lonization depth curve measurement

In this study, the measurements of percent iominatiepth
curve were carried oatt WuWei Heavy lon Center, Wuwei
Cancer Hospital, GanSu, China (WHICH) for Varian Vital
Beam linear accelerator, five electron energiemfoMeV to
18 MeV, with an increasing interval of 3 MeV,
SSD =100 cm, with cone sizes 6 cm x 6 cm, 10 ctrDxm,
14 cm x 14 cm, 20 cm x 20 cm and 25 cm x 25 cmeeSthe
plane-parallel chamber has a small plate separatiah the
charged electron particle fluence is mostly forwdidcted, it
is explicit that the point of measurement is threnfrsurface of
the cavity. PTW MP3-T water phantom (PTW ionization
Feiburg Gmbh) was used for the percent ionizatipttd curves
measurements. The depth curve measured by plaafepar
chamber was then converted to percent depth dote theé
conversion function provided by water phantom, ahib
percent depth dose was then compared with the medepth
dose curve measured by film.

at
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The comparison of depth dose curve converted

via the ionization curve measured by Marcus
parallel-plate chamber with Gafchromic EBT3

film

We used Gafchromic EBT3 films (Ashland Specialty
Ingredients GP, NJ USA; Lot # 04022001, Exp. Dapril
2020) for the depth dose curves measurement fermeting
the percent depth dose. The film processing an@ gogfile
measurements followed the international protooks. pre-
exposure technique was used for the calibrationvecur
derivation? This was performed by giving each film a priming
dose of 2 Gy to homogenize the film density using WHICH
facility with a dose of 1 Gy at the electron enegfyl2 MeV.
We then measured the dose homogeneity using atoleeser.
Graded doses of 5, 10, 15, 40, 60, 80, 100, 150280dGy
were given to the Gafchromic film to obtain the téuDriffield
calibration curve (H-D curve).

All exposed films of depth dose curve were theansed with
an Epson Expression 11000XL scanner in the 48 BB Rhode
(16 bits per color), and the data were saved agethgnage file
format (TIFF) and analyzed by the VariSoft imagprgcession
software. A red filter was placed on top of the @abmic films
before scanning to increase the slope of the HiDeguhereby
raising the resolution of the dose-OD cur¥es.

The depth dose curve derived from the ionizatieptkl curve
from the plane-parallel chamber was then comparita tve
depth dose curves measured by Gafchromic EBT3 films

Absolute output and machine quality assurance were
performed before conducting the measurements ofepéer
ionization depth by plane-parallel chamber and @araepth
dose curve by Gafchromic film.

Electron percent depth dose numerical equation
There are two numerical equations for describirgy fiercent
depth dose curves, Primary function and Tail fuorctPrimary
function is described as follows,

XO.l

Primary function(NHO'z) et

Eqg. 1

wherex is the horizontal axis in a unit of mm, x alsoadees the
depth in water in a unit of mm, N is a beam hamdgrfactor
(scalar value), u is the linear attenuation fairt@r unit of mm.

Only scalar portion of the parameters x, N and jih@ut unit)

are taking into calculation in primary function.

Tail function:[(l - Eq. 2

X
W) + t]
where X is the horizontal axis in unit of mm, xaatienotes the
depth in water in unit of mm, n is a spread fa¢soalar value),
namely, n can be treated as the expansion powee penumbra
area inFigure 2c. t is a factor of scalar for adjusting the height
of tail.
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The empirical function of percentage depth doseths
combination of these two functions, denoted as RR43-ti,in
abbreviation of PDRx:

PDOD, , = (22 Y erx . |(1 *
p-t ™ (N+x°'2) € e L

All percentage depth doses of five electron energigth
different cone sizes at SSD = 100 cm were adjusyettie main
parameters of N, n and p to get the best fitting.

Eqg. 3

Results

The best fitting of percent depth dose by
empirical function in five electron energies

The percent depth dose of electron beam with diffeenergies
adopted in this study was already measured by thterw
phantom at the commission of linear acceleratoraBjysting
the main parameters of N, n and p we get the idegfof all
electron percent depth dose curves of every eneitgydifferent
cone sizes ifrigure 1.
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Figure 1d. Standard and modeled PDD for 15MeV at té field size
of 10x10 cni.
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Figure 1la to Figure le represents the fitting of the percent
depth dose curve of electron energy from 6 to 18&Me
respectively.
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The percent depth dose fitted by empirical
function in the same electron energy with
different cone sizes

The percent depth dose varies tiny in the samereteenergy
with different cone sizes. Therefore, we tabulatesideviation
of measured and modeled with one of the electrenggnof 12
MeV.

Table 1represents the fitting of 12 MeV electron beam PDD

with 5 cone sizes from 6 cm x 6 cm to 25 cm x 25 cm

The best fitting of percent depth dose by the main
parameters of N, n and p in empirical function
for all electron energies with different cone sizes

Table 2 shows the main parameters of N, n and p of the bes

fitting for percent depth dose curves at every gyewith
different cone sizes. According Table 2, N, n increases while
M decreases when electron energy increases.

Discussion

The percent depth dose can be fitted quite well thieé primary-
tail modeling by adjusting the main parameters phind p in
all five electron energy along the standard PDDvesirexcept
for the descending — X-ray contamination areBgigure 1.

It is obvious the modeled percent depth dose casweell as
the standard percent depth dose curves varietleadiviation
with field size at the electron energy of 12 MeVlable 1

The parameter N represents beam harden factbe girimary
function for describing the buildup region of tHeatron PDD.
The deviation of entrance dose and the maximum (thag is
smaller in high energy electron beam than in loergp electron
beam, which means that a larger electron energyesosith a
steeper gax due to the penetrating ability of strong strugglin
power in the medium. Therefore, the more electmergy, the
more N, n and [ it have for the PDD curve fittirgyslow in
Table 2

Table 1. Measured and modeled PDDs of 12 MeV for fivdifferent cone sizes from 6 x 6 cfrto 25 x 25 cm.

6 cone 10 cone

depth

14 cone

20 cone 25 cone

deviation deviation

mm i
(Mmm) modeling standard %) (%)

modeling standard

modeling standard

deviation
(%)

deviation
(%)

deviation

modeling standard %)

modeling standard

0 82.29 83.83 -0.02  79.93 83.34 -0.04  79.93
5 89.59 89.04 0.01 88.49 88.27 0.00 88.49
10 94.26 92.65 0.02  93.68 91.81 0.02 93.68
15 97.35 95.69 0.02 97.05 95.01 0.02 97.05
20 99.30 98.33 0.01 99.17 97.63 0.02 99.17
25 100.00 99.88 0.00 100.00 99.56 0.00 100.00
30 98.92 98.93 0.00 99.04 99.47 0.00 99.04
35 94.79 93.35 0.02  95.08 94.82 0.00 95.08
40 84.52 81.65 0.04 85.13 83.98 0.01 85.13
45 64.59 63.50 0.02 65.55 66.22 -0.01  65.55
50 39.93 41.84 -0.05 43.58 44.39 -0.02  40.58
55 21.97 22.03 0.00 21.90 23.63 -0.07  21.39
60 8.87 8.46 0.05 9.25 9.22 0.00 8.25

65 3.49 3.32 0.05 3.67 3.64 0.01 3.77

70 231 2.16 0.07 2.53 231 0.09 2.25

75 2.13 2.04 0.04 2.15 2.19 -0.01 2.25

80 2.43 2.49 -0.03 2.18 2.14 0.02 2.08

82.80 -0.03  79.93 83.24 -0.04 79.93 83.10 -0.04
88.12 0.00 88.49 88.29 0.00 88.49 88.04 0.01
91.80 0.02 93.68 91.75 0.02 93.68 91.65 0.02
94.90 0.02 97.05 94.80 0.02 97.05 94.63 0.03
97.76 0.01 99.17 97.57 0.02 99.17 97.55 0.02
99.71 0.00
99.11 0.00 99.04 99.19 0.00 99.04 99.19 0.00
93.86 0.01 95.08 94.37 0.01 95.08 93.78 0.01
82.00 0.04 85.13 82.56 0.03 85.13 81.76 0.04
63.91 0.03 65.55 64.22 0.02 65.55 62.98 0.04
41.83 -0.03  40.58 42.06 -0.04  40.58 40.81 -0.01
21.50 -0.01  21.90 21.97 0.00 21.90 20.99 0.04
8.19 0.01 8.25 8.54 -0.03 8.25 8.09 0.02
3.32 0.13 3.28 3.42 -0.04 3.18 3.27 -0.03
2.23 0.01 2.25 2.22 0.02 2.15 2.14 0.01
2.15 0.05 2.15 2.14 0.01 2.25 2.06 0.09
2.13 -0.02 2.28 2.31 -0.01 2.35 2.47 -0.05

100.00 99.64 0.00 100.00 99.61 0.00

Table 2. The best fitting parameters of the PDDs fofive electron energies.

electron energy N n u
6E 3.1 90 -0.001
9E 6.2 210 -0.0007
12E 8.9 290 -0.0005
15E 12.3 400 -0.0003
18E 15.1 470 -0.0002
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Figure 2. Figure demonstrates how the primary fundbn is affected by parameters N and n, the best fihg of parameter N and n in the PDD
of 9 MeV electron beam in (a) and (b). The curve bemes less attenuated in a large N as shown at thettom in (c). The factor n represents

the spreading factor at any electron energy, it iexplicitly a large electron
2c. The factorp is used to fine tune the shape of PDD curve andié trend

Figure 2in a andb shows the best fitting of parameters N and n
in the 9 MeV electron beam PDD. The parameter iof piimary
function represents the beam harden factor, thexefee can
adjust the value of N to fit the measured PDHgure 2
demonstrates how the primary function is affectegddrameters

N and n. Since N is the harden factor, higher edecenergy
comes with a larger value of N, as showrlable 2, and the
curve become less attenuated for a large N as slabvihe
bottom inFigure 2c. The factor n represents the spreading factor
at any electron energy. Namely, n can be treatétkessxpansion
power of the penumbra area. igure 2¢, the penumbra is
sharper and becomes gradually flattened for n féénto 470,
respectively. A large scalar number of n represémsmore
expansion of the penumbra. On the contrary, thdlenma the
sharper of the penumbra of the electron PDDFigure 2c.
Explicitly, a larger electron beam energy comeswaitarger n,

as shown imrable 2 andFigure 2c.

The factor u is used to fine tune the shape of DDe, and
it is trending to be smaller for high electron epebeam, as
shown inTable 2

In this study we defined the practical rangg, & the depth
of the point where the tangent to the descendimepli portion

beam energy comes with larger n as shown in Table 2 and Figure
ing to be smaller in high electron energypeam.

Table 3 show the maximum reading depth, dose maximum
depth and mean energy of the electron beaynTke depth at
which the dose are 50%, 90% of the maximum doskefined

as Ro, Reo, respectively as the American Association of
Physicists in Medicine (AAPM) protocol recommendadhis
study.

A good agreement of PDD measured by film and tB® P
measured by water phantom converted by the payatét ion
chamber has been observed in this study. It isonisvihat the
energy independence of film may be explained byfdleethat
the ratio of collision stopping power in emulsiomdain water
varies slowly with electron energy.

Table 3. Beam parameters and X-ray contamination in dunction
of nominal energy in this study.

Nominal E R /d R R x-ray
?hr/‘lir\?)y MeV)  (em) (em) (m) (cm) °°”t""(';2)')”a“°”
6 541  1.11/1.21 169 232 3.02 0.7
9 8.66 2.06/2.15 283 371 451 1.2
12 11.27 2.61/2.71 3.74 4.83 5.87 2.1
15 1404 2.71/2.84 461 6.03 7.37 2.6
18 17.03 2.43/2.52 5.68 7.31 8.87 3.5

of 80% to 20% of the curve intersects the extrapdia-ray
contamination at the point of inflection. The depttwhich the
dose is 50% of the maximum dose is defined as &d the
mean energy of the electron beam, iE

EO = 2.33 MeV/Cm'RSO Eq.4
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The descending portion, ranged between 80% to 20dénoted
as the slope of the PDD. It can be calculated thighequation,

ATAN (slope) = —6.6729 - LN(—p) — 16.623 Eq.5

The relationship between p and slope is showFigare 3, as
the figure showed, the slope decrease when thergase, which
means the larger electron energy, the less sidesdas.

When an electron beam penetrates a medium (water),
change in electron energy spectrum is reflected bfange in
the percent depth dose curve. It is convenienglate in-water
stopping power change to the main parameters Ndrdapth in
water in Figure 4. For electron, the incident of the
monoenergetic spectrum is degraded as it penetizesater.
The restricted stopping powéL/p)Y;,. increases significantly
with depth. In this study, the stopping power faeatain energy
and depth can be derived by the N and n relativis telectron
energy in this equation,

stopping power = (—0.042 ln(NEO) + 1.072) :

e(~NE0'5" 1075+0.0381)-d Eq.5

where d is the depth in water.

The converted ionization depth curve calculatedlivyding
the water phantom standard PDD with the relativip@ing
power from the above calculation at any certaintlidpr 12
MeV is shown inFigure 5.

Conclusions

We presented an empirical method in this study talehthe
electron beam percent depth dose curve (PDD) hygusie
primary function and tail function in radiation tapy. The
primary-tail equation provides a uncomplicated gotu than
pencil beam or other numerical algorithms for inigggors to
do researches regarding the behavior of electraamben
radiation therapy.
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