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Abstract

Context: This study was done to review the electron contamination sources and measurement based on dosimetry and simulation
techniques for radiotherapy and also to investigate factors affecting electron contamination reduction.

Methods: We systematically searched five major indexing databases, including PubMed, Scopus, Embase, ISI web of science, and
Cochrane central, using keywords of electron contamination, electron contamination AND measurement, electron contamination
AND simulation, and electron contamination AND reduction until Dec 2020.

Results: Overall, 35 studies were reviewed, including articles reporting the theory of electron contamination, papers on dosime-
try methods to measure electron contamination, studies about simulation methods to assess electron contamination, and articles
about reducing electron contamination. The results indicated an increase in electron contamination using a flattering filter, an
increase in field size, the presence of prosthesis in the patient’s body, and a rise in photon energy.

Conclusions: It can be concluded that the excessive delivered doses by electron contamination can cause skin complications, such
as erythema, desquamation, and telangiectasia inside or outside the photon field. The amount of electron contamination depends
on factors, such as radiation field size, beam energy, and materials placed in the photon path. Electron contamination can be de-
creased by increasing the source distance to the point of measurement by the dosimeter, applying a lead foil, magnetic deflector,
orreplacing a portion of air column between patient and radiotherapy system head by helium gas, and also limiting the treatment
field.
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. Context air column after jaws. Also, at larger source skin distances
(SSDs), electron contamination in the air was increased (3).
It has been shown that for absorbing or scattering most of
the secondary electrons in the beam, it is appropriate to
have an air gap of 15 to 20 cm between the absorber and
the skin before entering the tissue (6). For higher ener-

gies, electron contribution is due to the beam flattening fil-

Nowadays, high-energy photons are applied for the
treatment of deep tumors due to their skin-sparing effect
and higher penetration depth. One of the complications
with high-energy photon therapy is secondary electrons
generating from the interaction of photons with heavy ma-

terials in the beam path, which shifts the maximum dose
depth toward the surface and raises the surface dose (1-3).
Several studies have investigated various factors affect-
ing electron contamination (2-5). In this regard, Petti et al.
(3) reported that the flattening filter and also the monitor
chamber located in the linear accelerator’s head have the
most significant contribution in electron contamination,
and 17% of the secondary electrons were produced in the

ter and photon collimators (7). Klevenhagen (4) concluded
that by decreasing the treatment field size, the contami-
nating electrons are scattered; thus, the surface dose will
be reduced. Lopez Medina et al. (5) measured electron con-
tamination and showed that it depends on photon energy,
treatment field size, beam shaper, and SSD. Also, they re-
ported the greater dependence of electron contamination
on field size, SSD, and depth for 18 MV energy than 6 MV
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(5). Therefore, we reviewed different articles about sources
of electron contamination of photon beams applied for ra-
diation therapy and methods of measuring the contribu-
tion of contaminating electrons in dose distributions to
provide more knowledge about the clinical beams’ energy,
which helps to advance the accurate treatment planning
systems capable of considering electron contamination in
the radiation therapy calculations.

2. Methods

This scoping review was performed following the
PRISMA-ScR guidelines (8).

2.1. Search Strategy

This study was performed to review the measurements
and calculations of electron contamination for radiother-
apy photon mode. We searched five major indexing
databases, including PubMed, Scopus, Embase, ISI web of
science, and Cochrane central, using keywords of elec-
tron contamination, electron contamination AND mea-
surement, electron contamination AND simulation, and
electron contamination AND reduction until Dec 2020. No
language restriction was performed. Then, articles not rel-
evant to electron contamination and not relevant to radio-
therapy were excluded. Abstracts were screened for rele-
vance to the clinical outcomes of the procedures.

2.2. Inclusion and Exclusion Criteria

Title and abstract screening of initial selected studies
for inclusion or exclusion criteria was performed indepen-
dently by the reviewers (NCH and FR). Any disagreement
between two reviewers was resolved by either discussion
or the help of a third reviewer (MT). Only original articles
were eligible if they provided all of the following charac-
teristics: (A) electron contamination in radiotherapy; (B)
dosimetry and simulation methods; and (C) electron con-
tamination reduction techniques. Studies were excluded
if they were: (A) narrative or systematic reviews, letter to
editorial, and guideline; (B) not relevant to electron con-
tamination; and (C) not relevant to radiotherapy.

3. Results

3.1. Summary of Findings

Through searching, 219 records were recognized; 161
records remained after removing 58 duplicated articles.
Also, 92 records were excluded due to not being related to
radiotherapy. In the next stage, 69 papers were screened.
Finally, 35 studies remained for full review based on rea-
sons in Figure 1. Eleven articles had reported the theory of
electron contamination.

3.2. Techniques to Estimate Electron Contamination

Some studies had used methods as dosimetry measure-
ments or Monte Carlo simulations to assess electron con-
tamination, which are discussed in this article.

3.3. Theory

As it is not possible to separate the dose contributions
of electrons and photons, generally, accurate measuring of
the dose in the buildup region is difficult (9). The most
widely used theories for determining these doses are the
multiple scattering theory (MST) proposed by Rossi and
Greisen in 1941, and the theory of Eyges in 1948, known as
the Fermi-Eyges theory. According to these theories, cal-
culations are done based on the electron transport model,
which includes electron production by photons, transport,
and several scatters of the produced electrons (10-13).

Johns in 1951 and Yorke in 1985 discussed that the air
is a source of electron contamination and a scattering
medium for the electrons (14, 15). Bertilsson (16) illustrated
this by cavity theory, taking the transition effects on the flu-
ence of the electrons into account.

Higgins et al. (17) presented a method for calculat-
ing the relative contribution of contaminating electrons
in skin dose for Co-60 gamma photons. They applied the
Klein-Nishina differential scattering to assess the initial en-
ergy and the number of scattered electrons into a detec-
tor direction. Also, a Gaussian estimation was employed to
determine the surface distribution of contaminating elec-
trons. It was found that for SSDs > 80 cm, the relative con-
tribution of contaminating electrons produced in the air
was even greater than 50% of the total measured skin dose
(17). Ahnesjo et al. (18) in 1992 showed that the fluence of
contamination from charged particles at the surface can
be approximated with the Gaussian model. Beauvais et al.
(19) analyzed the surface dose under a wide range of en-
ergies (4, 6, 12,18, and 25 MV) and developed an approach
to extrapolate the contribution of electron contamination
in depth doses. Bjarngard et al. (20) in 1995 improved
this method using a model of the dose based on scatter-
ing photons generated in the surface of phantom and pa-
rameterization of the dose from electron contamination
using the analytical function. Zhu and Palta (21) developed
this method using the percentage depth dose data. Yang et
al. (22) developed a Gaussian planar source located on the
upper jaws’ surface to model the contaminating electrons.
They concluded that the proposed source size depends on
the applied treatment field size (22).

Ulmer etal. (23) stated the flattening filter, primary col-
limator, monitor chamber, air, and jaws as the sources of
producing contamination. They showed the dependency
of contaminating electrons fluence to the jaw positions

Jundishapur ] Health Sci. 2021;13(1):e115067.



ChegeniNetal.

Records identified through Additional records identified
g database searching through other sources
= (n=216) (n=3)
>
=
-
=
%
=
\ 4 \ 4
Records after duplicates removed
(n=161)
Duplicated records
—p (n=58)
2
£ 3 o
@ Review articles,
—
a Records screened R systematic and meta-
(n=161) " analysis (n=78)
Letter and
commentary (14)

z

=

=3 v

= ) Full-text articles

Full- text articles excluded, unrelated to
assessed for eligibility > the electron
contamination (n =34)
(n=69)
4
Studies included in

b5 qualitative synthesis

e (n=35)

)

5]

Figure 1. Article’s selection process

for small fields. Also, they concluded that the contaminat-
ing electrons can be represented with the convolution of
a Gaussian distribution (23). In this regard, Sadrollahi et
al. (24) stated the significant contribution of electron con-
tamination in the surface dose of flattened photon beams.
Also, they showed the reduction of the penumbra, surface
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dose, and the mean energy of photon beams when remov-
ing the flattening filter (24).

Gonzalez et al. (25) developed a general model to de-
fine the sources of contaminating electrons for any linacs
when utilizing photon mode. They proposed a two-source
model, in which the electrons produced in the head of the
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treatment system and also the distance between its head
and the patient’s surface. Their results showed that the
proposed model for calculation of electron contamination
is properly capable of describing the absorbed dose in a wa-
ter phantom for all considered treatment field sizes (25).

3.4. Dosimetry Results

Reviewed studies about measuring electron contami-
nation using dosimetric methods are summarized in Ta-
ble 1. Accordingly, thermoluminescent dosimeter (TLD),
LiF dosimeter, parallel plate chamber, diode, and optically
stimulated luminescent dosimeters (OSLD) have been used
for measuring electron contamination. The results indi-
cated the reduction of electron contamination by increas-
ing the source distance to the point of measurement by the
dosimeter. Also, electron contamination rises with the en-
ergy of the photon beam and at the edges of the treatment
field (Table1).

3.5. Simulation Techniques Results

The results of the reviewed articles related to electron
contamination calculating using simulation methods are
shown in Table 2. The simulation softwares, including MC-
NPX, BEAMnrc user code, MCSIM, EGSnrc, MC code PENE-
LOPE, MCRAD, and GEANT4, were applied in reviewed stud-
ies. The results of investigated studies revealed a good
agreement between simulation techniques’ findings and
the measurements. Thus, the results indicated an increase
in electron contamination when using a flattering filter, by
increasing field size or photon energy, and in the presence
of a prosthesis in the patient’s body (Table 2).

4. Discussion

High-energy photons used in radiation therapy always
generate contaminating electrons due to inelastic scatter-
ing interactions with materials placed in the beam path,
such as monitoring unit ion chambers, flattening filters,
beam collimators, wedges, compensator blocks, etc. (43).
Also, electron contamination can be produced from the in-
teraction of high-energy photons with the air molecules
between the radiation source and the patient body surface
(36, 43). Because the number of contaminating electrons
can be different for each treatment system, the knowledge
of the contaminating electron’s characteristics and calcu-
lation of electron contamination are important for clini-
cal dosimetry. Surface dose increment due to electron con-
tamination can damage patients’ skin. Hence, determin-
ing the electron contamination for photon beams is criti-
cal for proper commissioning and checking the treatment

planning system calculations, especially in the build-up re-
gion (36). In this regard, different researchers have con-
ducted studies to determine sources of electron contami-
nation or measuring or calculating it for photon beams in
the therapeutic energy ranges. We conducted this study
to review the techniques and methods for the measure-
ment and calculation of electron contamination for ra-
diotherapy photon mode. Based on our selection crite-
ria, this narrative review consisted of 35 selected articles
among many studies. Generally, dosimetry-based studies
using TLD, LiF, parallel plate chamber, diode, and OSLD
to measure electron contamination, and simulation stud-
ies using MCNP, BEAMnrc, MCRAD, PENELOPE, EGSnrc, and
GEANT4 softwares to calculate the electron contamination,
were reviewed.

The results of studies that had assessed the electron
contamination sources in medical linear accelerators, in-
dicated the flattening filters and air below the collima-
tors, as two main sources of contaminating electrons for
large radiation field sizes (24, 36, 42). Also, according to
the results of reviewed article, the amount of electron con-
tamination depends on the radiation field size (2, 24, 29,
34, 36, 37, 42) because for larger field sizes, the primary
photons interact with more surface area of the collima-
tor and air column between the linac head and the pa-
tient plane, which produces contaminating electrons and
increases the surface dose (37).

Also, based on the results of reviewed articles (29, 36),
electron contamination contribution in different MV pho-
ton beams to the total dose and the surface dose varied
from 8% to 76% from the central axis to the edges of the ra-
diation field and outside it. In this regard, Edwards et al.
(29) revealed that the measured dose by a diode dosime-
ter was much greater outside of a field relative to the beam
central axis. Therefore, they proposed that enough knowl-
edge of the relative electron contribution specific to the
measurement position and field size is required for mea-
suring a 6 MV x-ray dose outside a field with a diode. The
amount of contamination depends on the field size (2, 24,
34, 36, 38, 42) and the energy of primary photons (26, 31,
32). Also, Narayanasamy et al. declared that ion chamber
readings when using 5,10, and 15 mm bolus were about 31%,
22%, and 10% of the readings for open beam (30) Lye et al.
(33) showed that the lead cutouts applied for kilovoltage
radiotherapy increase dose due to electron contamination
atthe edges of theradiation field at shallow depths. Hence,
it can lead to erythema and hyperpigmentation at the bor-
der of the treated and untreated area of the patient skin.
They suggested wrapping a plastic film around the lead
cutoutor place under it to remove the electron contamina-
tion. They concluded that the increment of edge dose at a
particular depth in water is highly energy-dependent (33).
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Table 1. Review of Studies with Electron Contamination Dosimetry Results

Year Authors System Equipment

Photon Beam Energy, MV

Type of Dosimeter Contamination Range SDD, cm

1999 Hounsell and Wilkinson
(26)

Elekta (SL15)

2001 Butson et al. (27) Varian (2100C) 6

2010 Kumar et al. (28) 60Co

2006 Edwards etal. (29) Varian (2100CD) 6

2016 Narayanasamy et al. (30) Varian (23EX) 6

8,4;20

117,133 MeV

Parallel plate chamber The average energy of the
and poly methyl contaminating electrons
methacrylate (PMMA) was maximum for 20 MV

sheets photon beam.

70-140

Electron contamination 100
originated from blocking

tray can affect dose

distribution in

radiotherapy. The amount

of this electron

contamination was

maximum for 40 X

40cmz2 field size.

Attix parallel plate
ionization chamber and
radiochromic film

The electron
contamination for 60Co
photons originates mainly
from source shielding and
can be decreased by an
increase in the distance
between the source and
the dosimeter.

TLD badge and LiF crystals 50-100

Scanditronix PFD diode
and water phantom

Electron contribution to 100
the total dose depends on

field size and changed

from about 8% on the

central axis of the smallest

field to about 76% at10 cm

outside the edge of the

largest field

Optically stimulated
luminescent dosimeters
(OSLD)

Ion chamber readings 100
when using 5,10, and

15mm bolus were about

31%, 22%, and 10% of the

readings for open beam.

Abbreviations: SDD, Source to dosimeter distance.

Also, according to Bahreyni Toossi et al. (35) findings, the
presence of prosthesis or metal devices as spinal fixation
rods, dental restoration, and fixed prosthodontics in the
patient’s body in radiotherapy with high-energy photons
increases the possibility of generating electron and neu-
tron contamination. Therefore, they concluded that the
prosthesis should not be exposed to the primary radiation
in the treatment planning of high-energy photon therapy
of patients with such prosthesis.

To reduce electron contamination in photon therapy
researchers have evaluated some methods. For example,
Kumar et al. (28) stated that the electron contamination
for 60Co photons originates mainly from source shielding
and can be decreased by an increase in the distance be-
tween source and the dosimeter. Also, Li and Rogers (44)
used a 0.1 cm lead filter to remove the effect of electron
contamination on percent depth dose for photon fields.
They stated that the number of contaminating electrons
depends on the distance between the added lead filter and
the phantom surface. Accordingly, electron contamina-
tion is more considerable at a distance of 30 cm between

Jundishapur ] Health Sci. 2021; 13(1):e115067.

the foil and the phantom surface compared with a 50 cm
distance. Thus, they proposed that the filtering foils should
be placed at least 50 cm away from the phantom surface
to minimize electron contamination contribution in the
depth dose of the photon (44).

As we know, electron contamination influences the
percentage depth dose measured at 10 cm for a 10 X 10
cm? photon beam with SSD of 100 cm or %dd (10). In this
regard, Chegeni et al. (40) showed 10% reduction of the
deliverd dose to the target volume which received 80% of
the prescribed dose, in the absence of electron contamina-
tion. Also, Li and Rogers (44) concluded that using a 0.1cm
lead filter can reduce the effect of contaminating electrons
on surface dose more than 95% for photons with energy
ranges from 60Co to 50 MV. They showed that to achieve
the best results, the lead filter should be placed immedi-
ately below the accelerator head (44). Also, Shukla et al. (41)
found that tin, copper, and nickel are effective filters for re-
moving nearly 38% of contaminating electrons. Chegeni
etal. (39) reported that lead filter decreased electron con-
tamination by about 3.5%, while light elements, such as alu-
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minum and poly methyl metacrylate (PMMA) had no sig-
nificant effect on electron contamination reduction.

To correct the maximum dose of photon beams for
electron contamination, Rogers (45) conducted a Monte
Carlo study. They also considered a imm lead foil to re-
move unknown contaminating electron from the linac
head. This filter was located 50 or 30 cm away from the
phantom surface. Their calculations showed that about
20% of variations in the filter thickness had a negligible ef-
fect on the calculated corrections for a maximum dose of
photons in the presence of electron contamination from
filter compared with open field photons (45). Also, Li and
Rogers (44) obtained a cubic function for relating the val-
ues of the water-to-air stopping power ratio of an unfil-
tered photon field to the values of percent depth dose in
the filtered beam. They concluded that the variations of
stopping-power ratios in unfiltered beams for the same
value of percent depth dose in the filtered beam is about
0.2% for all beams (44). Also, Buston et al. (27) showed that
blocking trays applied in radiotherapy make electron con-
tamination, which can be absorbed by attenuating materi-
als, placed over patient’s skin.

Contaminating electrons, which result from the inter-
action of therapeutic photons with the components in the
head of a linear accelerator, can increase dose deposition
in the treatment field. Therefore, electron contamination
can increase the probability of skin and subcutaneous tis-
sue complications during radiotherapy (5, 36). In this re-
gard, applying a magnetic field can be a feasible approach
to turn the contaminating electrons away from the treat-
ment field. Using a magnetic field to sweep contaminat-
ing electron away can decrease the skin and subcutaneous
dose from high-energy photons in radiation therapy (28,
36, 43, 46). Also, another discussed method to reduce elec-
tron contamination in literature is replacing a part of the
air column between the radiotherapy system head and pa-
tient or phantom surface with a helium gas region to re-
duce contaminating electrons originated from the air (15,
39, 46). In this regard, Chegeni et al. (39) showed that the
presence of helium instead of the air column reduced the
surface dose by about 10%.

To investigate the effect of magnetic fields on contam-
inating electrons in radiation therapy, Damrongkijudom
et al. (43) conducted a simulation study. They aimed at
evaluating the strength of magnetic fields produced by an
improved magnetic deflector (Nd2Fe14B magnets) for de-
creasing the electron contamination of 6 MV x-ray pho-
tons. Their results showed up to 34% reduction in skin and
subcutaneous dose when using improved magnetic deflec-
tor compare with original values for a 20 x 20 cm? radia-
tion field of 6 MV photon beam (43). Also, Oborn et al. (46)
used GEANT4 software to conduct a simulation study for

modeling electron contamination and to reduce it in a 1
Tesla MRI-Linac system. They investigated the effect of mag-
netic deflectors and also helium gas on reducing electron
contamination and concluded the efficacy of magnetic de-
flectors along with helium gas to decrease electron con-
tamination (46).

5. Conclusions

This research summarized the studies on the sources
of electron contamination as flattening filter and air col-
umn between the collimator and patient plane and mea-
suring or calculating contaminating electron’s contribu-
tion to the surface and total dose of radiotherapy. Also,
factors affecting electron contamination, such as beam en-
ergy, field size, and SSD, were addressed. Furthermore,
some methods were studied to remove the electron con-
tamination, including the use of a lead filter and magnetic
field, which all have limitations. The lead filter causes the
photon beam to harden. Due to high costs, heavy magnets
are not clinically effective.

It can be concluded that the amount of electron con-
tamination depends on factors, such as radiation field size,
beam energy, and materials placed in the photon path (43).
For larger field sizes, the primary beam interacts with more
surface area of the collimator and air medium between col-
limator to the patient plane, which generates secondary
electrons and contributes to the surface dose (37). The in-
creased surface dose due to contaminating electrons can
introduce damage to the skin and subcutaneous tissue.
The excessive delivered doses can cause skin damages, such
as erythema, desquamation, and telangiectasia inside or
outside the treatment field (5, 43). According to the results
of reviewed studies, we can conclude that using the mate-
rials with lower atomic numbers and high densities and
helium bag simultaneously is an approach for decreasing
electron contamination originated from the head of accel-
erator and secondary collimators.
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