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A B S T R A C T

Dosimetry protocols for superficial X-rays prescribe the determination of kerma on the surface of a phantom
through the use of a backscatter factor (Bw) that accounts for the effect of phantom scatter. Bw values corre-
sponding to full-scatter phantoms are provided by these protocols. In practice, clinical situations arise wherein
there is insufficient scattering material downstream, resulting in published Bw values that overestimate the
amount of occurring scatter.

To provide an accurate dose calculation the backscatter values need to be corrected for any reduction in
scattered radiation. Estimating the change of Bw in situations with incomplete backscatter has previously been
achieved by direct measurements or Monte Carlo modelling. For increasing the accuracy of clinical dosimetries,
we developed a physical model to deduce an algorithm for calculating backscatter factors in situations with
reduced downstream scattering medium. The predictions of the model were validated by comparison with
published data, Monte Carlo simulations and film-based measurements for beams with a half-value layer of 0.8,
2 and 4mm Al.

Our algorithm accurately predicts the effect of partial scatter conditions with suitable precision. Its reliability,
combined with the simplicity of calculation, makes this methodology suitable to be incorporated into routine
clinical dosimetry. The algorithm’s underlying physical model provides an intuitive understanding of the effects
of field size and beam energy on backscatter reduction, permitting a rational management of this effect.

1. Introduction

Superficial X-ray radiation therapy (SXRT) utilises low-energy X-
rays. The low-penetrating nature of superficial X-rays means most of the
dose is delivered near the surface of the treated region, making them
suitable for treating a variety of malignant or benign skin conditions.

Dosimetry protocols for superficial X-rays, such as those provided
by the Institution of Physics and Engineering in Medicine and Biology
(IPEMB) and the American Association of Physicists in Medicine
Radiation Therapy Committee Task Group 61 (TG-61), state that re-
ference dosimetry for determining dose to water on a phantom surface
is performed free-in-air for low energy X-rays with tube potentials less
than or equal to 100 kV [1–3]. The same methodology can be used for
tube potentials up to 300 kV [1–3].

The ionization chambers used for SXRT reference dosimetry are
calibrated in terms of air kerma free-in-air. Air kerma free-in-air is
converted to water kerma free-in-air through multiplication by the ratio
for water-to-air of the mean mass energy-absorption coefficients aver-
aged over the incident photon spectrum, µ( ¯ / )en air

w (values of µ( ¯ / )en air
w

are supplied by dosimetry protocols such as TG-61). Water kerma on
the surface of a phantom is determined by the application of a back-
scatter factor, Bw, which accounts for the effect of phantom scatter.
Absorbed dose to water is equivalent to water kerma provided that
charged particle equilibrium is preserved. Backscatter values corre-
sponding to fully developed backscatter conditions are available from
major clinical dosimetry protocols [1–3]. Published values are gen-
erally utilised in favour of direct measurement as direct measurements
of backscatter values are challenging in the clinical environment [4,5].

Machine outputs are typically calibrated in terms of water kerma in-
air, calling for the use of the methodology described above for clinical
dosimetries. Clinical situations arise wherein there is insufficient
downstream scattering material, resulting in the published backscatter
values overestimating the amount of occurring scatter. Commonly en-
countered situations of this nature include those where shielding is used
to protect underlying tissue, such as treatments to the ear, nose and lip,
treatments to sites with insufficient underlying tissue, such as the hand,
and treatments to sites with shallow underlying bone (due to the dif-
ferential X-ray absorption in bone resulting in reduced backscatter),
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such as the scalp [5,6]. To provide an accurate dose calculation, the
published backscatter values need to be corrected for the loss of scat-
tering material.

The need to correct for the loss of backscatter is highlighted in the
recent ACPSEM position paper, however, no methodology for this
correction is provided [5]. Estimations of the change of Bw in situations
with incomplete backscatter have been achieved by direct measure-
ments or by Monte Carlo (MC) modelling, however, these methods lack
the simplicity and versatility required for usage in the everyday clinical
environment [6–11]. Calculation methodologies based on fitting com-
plex exponential functions to empirical data have been published [11];
this approach lacks an underlying physical model supporting its
mathematical form and the dependences of its functional parameter on
experimental variables as field size, HVL, etc. The absence of an un-
derlying physical model prevents the extension of the algorithm to
different situations as multiple layers, extension suited for modelling
underlying bones.

Additionally, there are an increasing number of superficial ma-
chines in dermatologic clinics and these units often have no direct
physics support [12–15] appealing for simple, yet precise, dosimetric
calculation algorithms.

For these reasons, a calculation algorithm to correct for the loss of
backscatter in superficial X-ray radiation therapy was developed.

The algorithm introduced in this work is based on a simple semi-
empirical model of the transport of photon radiation. The predictions of
the model were tested through comparison with findings from MC
modelling, film measurements and previous published data. The model-
based algorithm is being used in clinical dosimetry calculations at
Andrew Love Cancer Centre, University Hospital Geelong.

In this paper we will outline the physical principles used to deduce
the calculation algorithm for assessing the effect of incomplete scatter
and present two methods for validating the accuracy of the calculation
algorithm.

2. Materials and methods

2.1. Calculation algorithm

2.1.1. Homogenous phantoms
We developed a physical model to deduce an algorithm for calcu-

lating the backscatter factor in situations with reduced scattering
medium. This model is graphically depicted in Fig. 1. A full deduction is
presented in this section, to enable the reader to adopt the model for use

in their clinics.
In a water phantom under full backscatter conditions (Fig. 1(ii)), the

dose to point a is the water kerma free-in-air at a, Ka , multiplied by the
water backscatter factor, Bw:

=D K B·a wa (1)

The scatter contribution to dose at point a, Sa, is given by:

=S K B( 1)a wa (2)

For X-rays generated using between 60 kV and 300 kV, the domi-
nant interaction in water is the Compton effect. Below 60 kV the pho-
toelectric effect becomes the dominant interaction. The maximum
range of the electrons produced by these beams, in water, is less than
0.8 mm and the characteristic photoelectric emissions in water are of
very low energy, negligibly contributing to dose at distance [16]. The
Compton effect is the dominant source of photons that build up the
backscattered radiation. It is therefore sound to treat the scattered ra-
diation as if it were made up of single-scattered photons carrying es-
sentially the same energy as the impinging radiation, as the mean en-
ergy loss of Compton-backscattered photons is insignificant at
superficial X-ray beam energies (see Appendix 1).

In situations where there is an incomplete scatter region we need to
account for the missing scatter. This situation is shown in Fig. 1(i),
where we need to account for the missing scatter, Sa , resulting from the
missing material of region β (Fig. 1(ii)) in order to determine the scatter
from region α alone.

We define the scatter contribution to point a from regions α and β as
Sa and Sa . Assuming the backscattered radiation is made up of single-
scattered photons, the sum of the scatter from these two regions equals
the full-scatter contribution, so:

= +S S Sa a a (3)

We estimate Sa as the scattered dose at point b occurring from re-
gion β, Sb, transported upstream through region α to reach point a
(Fig. 1(iii)).

2.1.1.1. Downstream transport. The scattered dose at point b, Sb, can be
calculated as the water kerma free-in-air at b, Kb, times B( 1)w

b , where
Bw

b is the backscatter generated by the remaining phantom material
present downstream, which can be considered as a full backscatter
phantom. In order to estimate the value Bw

b at point b, we need to
consider that Bw is a monotonous, slowly growing function of the field
size and the beam’s effective energy. As the thickness of region α

Fig. 1. Graphical representation of the physical model for calculating the loss of backscatter: The amount of backscatter received by point a from the irradiated
volume α, Sa (i), can be calculated as the amount received from full backscatter conditions (ii) minus the amount received from the missing volume β, Sa (iii).
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increases, the field size at point b increases (divergence) and the
effective energy of the beam increases (filtration).

Kb can be estimated as the kerma at point a, K ,a transported
downwards through region α to point b. The beam attenuation through
region α, characterised by its thickness, z, is accounted for using the
percentage depth dose of the impinging beam, PDD z FS( , ), where FS is
the beam’s field size at the phantom’s surface, measured as the diameter
of the equivalent circular field. With these assumptions, the scatter dose
at point b, Sb, is given by:

=S K B K PDD z FS B z FS( 1) · ( , )·( ( , ) 1)w w zb b
b

a
b (4)

where = +FS FS SSD z SSD·( )/z is the field size at the level of point b.

2.1.1.2. Upstream transport. The scatter contribution from region β to
point a is modelled as the scatter dose at point b transported upstream
through region α:

= =S S tr S att z g z FS· · ( )· ( , )z FS
up

za b b( , ) (5)

The upstream transport factor, tr z FS
up
( , )z , is modelled by the product of

two functions, one accounting for the attenuation of the beam because
of photon-phantom interaction, att z( ), and the other accounting for
radiation’s geometrical spread, g z FS( , )z .

att z( ) can be considered as the infinite-SSD PDD(z) of a narrow
beam, i.e. the PDD without the inverse square law component. A
narrow beam geometry implies this factor is independent of field size.
We used the PDD of a circular field of 1 cm diameter as a surrogate for
narrow beam geometry.

For modelling the geometrical spread of the scattered radiation,
g z FS( , ), we propose to treat the backscatter radiation traversing up-
ward through the plane containing point b as if it were produced by
identical point sources uniformly distributed on the upper surface of
region β. This assumption is based on the rapidly decreasing intensity of
the impinging beam and of the backscattered radiation. This proposal
implies a spatial variation of the radiation intensity that is analogous to
the spatial variation of the electric field produced by a disc of uniform
charge density with diameter FSz:

=
+

g z FS z
z FS

( , ) 1z
z

2 2 (6)

The upstream transport factor then becomes:

= +
+

tr PDD z SSD z
SSD

z
z FS

( ) · 1z FS
up

z
( , )

2

2 2z
(7)

If Ba represents the backscatter factor at point a under incomplete
scatter conditions, the scatter contribution to point a is given by:

=S K B( 1)a a a (8)

Combining Eqs. (3), (4), (5), (7) and (8) we obtain the following
expression for the backscatter factor under incomplete scatter condi-
tions:

= +B B PDD z FS tr B z FS( 1) ( , )· ·( ( , ) 1) 1w z FS
up

w za
b

( , )z (9)

If we disregard the change of Bw
b with z (increasing field size and

filtration, see Appendix 1 for justification), we can write Eq. (9) in a
more compact form:

= +B B PDD z FS tr( 1)(1 ( , )· ) 1w z FS
up

a ( , ) (10)

This corrected backscatter can be used in the TG-61 formalism to
calculate the dose at point a in incomplete scatter conditions using the
formula

=D K B·a a a (11)

Eqs. (9), (7) and (6) predict the variation of Ba with changes in the
thickness of the incomplete backscatter slab, the field size and beam
quality, through Bw, B z FS( , )w z

b , tr z FS
up
( , )z and PDD z FS( , ).

It is noteworthy that the model-derived algorithm (Eq. (9)) and its
compact form (Eq. (10)) correctly predict the extreme situations of both
a full-scatter phantom and a total lack of scattering material. This is
easily seen on the compact form (Eq. (10)): For the full-scattering si-
tuation, z =∞, both PDD z FS( , ) and tr z FS

up
( , ) vanish, making =B Bwa .

For a complete lack of backscatter material, z =0, both PDD z FS( , ) and
tr z FS

up
( , ) equals 1 and hence =B 1a (no backscatter).

2.1.2. Heterogeneous phantoms
The model can be easily extended to deal with heterogeneous slab

phantoms. The scatter contribution to the dose at the entrance surface
of the phantom from each slab can be calculated if the kerma at the
upper surface of each slab, the full-backscatter factor corresponding to
the slab material and the PDD of the impinging beam in the slab ma-
terial are known. Clinical cases like the irradiation of the scalp can be
modelled by such slab geometry.

The phantom depicted in Fig. 2 represents a full-scatter water
phantom with a slab of a different material (medium “m”) of thickness
z2 inserted at the depth z1. The scatter at point a from the irradiated
volume α can be calculated combining Eqs. (3), (4) and (5):

=S K B PDD z FS tr B z FS·(( 1) ( , )· ·( ( , ) 1))w z FS
up

w za a
b

( , )z (12)

Fig. 2. Graphical representation of the physical model adapted to an heterogeneous slab phantom: (i) the amount of backscatter received by point a can be calculated
as the amount received from each slab. Regions α (ii), β (iii) and δ (iv) are composed of different materials.
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Eq. (12) can be used to compute the scatter at point b from the
irradiated volume β, Sb , by replacing the full-backscatter-in-water va-
lues Bw and Bw

b with the full-backscatter-in-medium-“m” values Bm and
Bm

c :

=S K B PDD z FS tr B z FS·(( 1) ( , )· ·( ( , ) 1))m z FS
up

m zb b
c

( , )z (13)

Kb, the water kerma free-in-air at point b, can be modelled as:

K K PDD z FS· ( , )b a 1 (14)

To quantify the amount of scatter reaching point a from region β,
we need to transport Sb upwards through region α. Eqs. (5), (6) and (7)
describe this upward transport:

= = +
+

S S tr S PDD z SSD z
SSD

z
z FS

· · ( ) · 1z FS
up

z
a b b( , ) 1

1
2

1
2 21

1 (15)

The same process allows for the calculation of the scatter con-
tribution from region δ to point a: if region δ is thick enough to provide
full-scatter conditions, the amount of scatter at point c is K B( 1)w

c
c ; if

region δ does not provide full-scatter, then Eq. (12) can be used to
compute the scatter at point c from the irradiated volume δ, Sc by re-
placing Ka with Kc, the water kerma free-in-air at point c:

=S K B PDD z FS tr B z FS·(( 1) ( , )· ·( ( , ) 1))w z FS
up

w zc c
c c

( , )z (16)

The water kerma free-in-air at point c can be modelled as:

K K PDD z FS K PDD z FS PDD z FS· ( , ) · ( , )· ( , )c b a2 1 2 (17)

where PDD is the PDD corresponding to the medium “m” filling region
β.

The amount of scatter reaching point a from region δ is computed
transporting Sc upwards through regions β and α:

= = + +

+
+ +

S S tr S PDD z SSD z
SSD

PDD z SSD z
SSD

z z
z z FS

·( ) · ( ) · ( ) ·

1
( )

up
a c c, 2

2
2

1
1

2

1 2

1 2
2 2 (18)

Combining the scatter to point a from each slab allows us to cal-
culate the backscatter:

= + + +B S
K

S
K

S
K

1a
a

a

a

a

a

a (19)

To be able to compute the backscatter at point a, we need to know
the full-backscatter factors and the PDD for each medium on the slab
phantom. This data is generally not available and its determination is
challenging. Nonetheless, for treatments of the scalp, the problem can
be well modelled by a full-scatter water phantom containing a slab of
bone material. In such a case, dosimetry protocols provide values of
full-scatter backscatter factors in bone and values of µ( ¯ / )en w

bone, which
can be used to scale the dimensional parameters of water PDDs in order
to estimate bone PDDs. For the range of energies considered in this
work, µ( ¯ / ) 4en w

bone . A 1 cm slab of bone can therefore be considered as
a full backscatter slab, enabling us to simplify the calculation of the
backscatter at the surface to the following expression:

= +B B PDD z FS tr B B( 1) ( , )· ·( ) 1w z FS
up

w bonea
b b

1 ( , )z1 1 (20)

2.2. Measurement of relative reduction of backscatter

For experimental validation of our model we used superficial X-rays
generated by an Xstrahl-100 machine incident on varying thicknesses of
a Gammex 457-CTG Solid Water® phantom and Gafchromic™ EBT3
films. The Xstrahl-100 contains a tungsten anode tube and is able to
deliver accelerating potentials between 20 kV and 100 kV. The machine
is equipped with circular open applicators of 15 cm SSD. We used a
circular applicator of 6 cm diameter for all measurements reported in
this work. We used three different beam qualities, referred to as F2, F3
and F5, as these are the machine’s codes for the added filtration. The
characteristics of these three beam qualities are listed in Table 1.

We measured the relative reduction of backscatter as a function of
thickness by varying the amount of underlying Solid Water. The in-
vestigated geometries are listed in Table 2. Doses at the surface of the
Solid Water phantom were assessed by irradiating three pieces of film
for each investigated geometry, with the films placed at the beam
central axis on the surface of the Solid Water phantom.

We calibrated the films using the F3 beam (HVL=2mm Al) and the
6 cm applicator in Solid Water under full-scatter conditions. The ex-
posure time for each measurement was varied in order to have the films
irradiated to a dose of approximately 5 Gy, allowing the use of a narrow
calibration curve. The calibration curve contained 5 dose levels span-
ning a 20% variation centered on 5 Gy. A narrow calibration curve
reduces the uncertainties involved in converting optical density to dose
when compared to a wider calibration curve. To assess the optical
density corresponding to each dose level we irradiated three pieces of
film for each dose level.

All films were scanned in an Epson Expression 10000 XL scanner,
and images of the films were obtained in transmission mode using a
72 dpi resolution. Each piece of film was scanned before and after ir-
radiation at the same position on the scanner bed. A template was used
to ensure the reproducibility of film placement in relation to the
scanner bed. The reproducibility of film placement is important, as
scanners exhibit some variability of response across the scanner bed
[17]. Each image consisted of the average of 3 consecutive scans. The
images corresponding to the irradiated (< irr>) and un-irradiated
(< blank > ) state of each film were manually registered in order to
correct for possible misalignment, and these manually registered films
were subsequently combined to produce a net pixel value (NetPV)
image as follow:

= < > < >NetPV(pixel i) irr (pixel i)/ blank (pixel i) (21)

Film analysis was done using in-house multichannel film dosimetry
software. Two different algorithms were used to convert NetPV to dose:
weighted mean (WM) and Micke–Mayer (MM) methods [18,19]. For
each algorithm we used three different sensitometric functional types:
the rational function, 2nd degree polynomial and 4th degree poly-
nomial. The reported dose values corresponding to each measurement
set-up are the average dose calculated on the central 17 pixel× 17
pixel region of each of the three films used per experimental set-up,
assessing the dose per pixel with the 6 different methods previously
described. The estimated overall uncertainty for the dose values de-
termined using films is± 1% (2 σ). Uncertainty in the weighted mean
(WM) and Micke–Mayer (MM) algorithms are well characterised by the
authors [18,19]. We combined in quadrature the uncertainty from each
measurement of net optical density and dose conversion algorithm for

Table 1
Beam characteristics of the Xstrahl-100 superficial machine.

Filter code Peak potential
[kV]

Added Filtration [mm
Al]

Half value layer
[mm Al]

F2 50 0.8 0.8
F3 80 1.7 2.0
F5 100 1.9 (+0.05mm Cu) 4.0

Table 2
Thickness of Solid Water phantom used on film measurements.

Filter code Thickness of underlying backscatter material [mm]

F2 (HVL=0.8mm Al) 3, 5, 10, 20, 50
F3 (HVL=2mm Al) 3, 5, 10, 20, 70
F5 (HVL=4mm Al) 3, 5, 10, 20, 30, 70
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calculating the reported estimated uncertainty.

2.3. Monte Carlo modelling

We used EGSnrc RZ user code for all MC simulations presented in
this work [20,21]. We used the source type 1 (point source) for simu-
lating X-ray beams impinging on the geometries listed in Table 2. This
source type allows the user to define the spectra, source-phantom dis-
tance (SSD) and radius of a circular field size at the phantom’s entrance
surface.

The following radiation transport parameters were common to all
simulations: PRESTA-II electron-step algorithm, coherent Rayleigh
scattering “On”, photo-electron angular sampling “On”, “Simple”
bremsstrahlung sampling, electron-impact ionization “On”, “Exact”
boundary crossing algorithm (skin depth=3), bound Compton scat-
tering “On”, ECUT=0.521MeV, PCUT=0.001MeV, atomic relaxa-
tions “On”, ESTEPE=0.25, Xlmax=0.5 and spin effects “On”. The
surface dose was scored in a cylinder of 0.2 mm depth and 5 mm radius.

We used between 2× 108 and 5×109 histories per simulation,
depending on the field size (0.5 cm diameter up to 10 cm diameter),
allowing us to have less than 1% statistical uncertainty for surface
doses. The spectra of the X-ray beams were determined using TASMICS
(Tungsten Anode Spectral Model using Interpolating Cubic Splines)
[22]. TASMICS produces X-ray spectra with 1 keV energy resolution for
minimally inherently filtered (0.8mm Be) beams traversing user-de-
fined added filtration. The spectra generation parameters were fine-
tuned to match the HVL of the beams being studied. The quality of the
MC simulations was assessed by comparing MC-generated PDDs with
PDD data published in the British Journal of Radiology Supplement 25
(BJR-Sup25) and MC-generated Bw values with published data (TG-61)
[3,4]. In Appendix 2 we present the validation of our MC simulations by
comparison with published data.

3. Results

3.1. Comparison of film-measured, Monte Carlo-calculated and model-
predicted backscatter factors

We measured the relative reduction of backscatter at the surface of a
Solid Water phantom (point a) for three different beam qualities
available on our machine, F2, F3 and F5 (Table 1), and for varying
thicknesses of region α (Fig. 1(i)), as per the experimental set-ups given
in Table 2.

We calculated the relative reduction of backscatter with a corre-
sponding reduction of scattering material, expressed as the quotient Ba
(thickness)/Bw (full-scatter). In order to do this, we used the compact
form of the equation describing the model introduced in this work (Eq.
(10)), values taken from backscatter tables inTG-61 and PDD data from
BJR-Sup25. We also calculated the reduction of backscatter factor for
the same experimental set-ups using the MC methodology described
above.

The comparison of the relative reduction of backscatter as a func-
tion of phantom thickness presented in Fig. 3 reveals a high degree of
agreement between the values predicted using the model introduced in
this work, the film-measured and MC-calculated values: the differences
between the model-predicted and MC-calculated values are of the same
magnitude as the MC statistical uncertainty (± 0.5%).

3.2. Comparison of model-predicted backscatter factors with published
data-fitting formula

We compared the predictions of our model (compact form, Eq. (10))
with values derived from the data-fitting formulas provided by Kle-
venhagen using the methodology discussed in Section 3.1 [11]. This
comparison is presented in Fig. 3; it reveals a poorer degree of agree-
ment than that discussed in the previous section. The values predicted

using the model introduced in this work are consistently bigger than the
ones predicted using Klevenhagen’s data-fitting formulas. The same
discrepancy has been reported by Eaton et al and Healy et al. [8,10].

Klevenhagen presented the reduction of backscatter defining the
parameter FFBS as “the fraction of the full backscatter” and proposed
the following data-fitting formula for this parameter [11]:

=FFBS z e( ) 1
z
k (22)

Klevenhagen’s paper does not give a clear definition of FFBS, but
considering this parameter varies between 0 and 1, we concluded this
parameter is actually a quotient between the scattered component of in-
phantom doses, i.e, B B( 1)/( 1)z w( ) , the same interpretation was
published by Lanzon et al. [23]. By combining Eq. (10) with Eq. (22),
we can derive an expression for FFBS based on our model’s calculation
algorithm:

=

=
+ +

FFBS z PDD z FS tr

SSD
SSD z

z
z FS

e

( ) (1 ( , )· )

1 1

z FS
up

z

z

( , )

2

2 2
(23)

On Eq. (23), the variation of PDD with z can be expressed as a
geometric spreading function (inverse square law) times an exponential
attenuation factor, e µz [24]. The tr z FS

up
( , ) factor, defined on Eq. (7), can

also be expressed as an exponential attenuation factor times a geo-
metric factor. The prediction of FFBS in our model is different from
Klevenhagen’s data-fitting formula due to the positive defined geo-
metric factor which is smaller than 1 for z > 0 cm and for any FS or
SSD. This can explain the differences observed between our model (and
modern published data) with Klevenhagen’s data-fitting formula.

3.3. Comparison of model-predicted backscatter factors with published data
and Monte Carlo- calculated data

Fig. 4 shows values of the relative reduction of backscatter with
reduction of scattering material calculated using the model introduced
in this work and values published by Healy et al. [10,25]. Our model
correctly predicts the measured values, corresponding to 3 different
beam qualities, with a maximum difference of 1%.

Fig. 5, panel A presents the values of the relative reduction in
backscatter as a function of field size as predicted by our model and the
values published by Healy et al. for a 1 cm thick phantom. The same
trend is observed by our model and the published values. Some dis-
crepancies are observable but the maximum difference does not exceed
1%.

In Fig. 5, panel B, we present the same model-predicted values
compared with our own MC-calculated values. In this case we can ob-
serve better agreement between the two sets of values. This is probably
the result of the fine-tuned spectra used in our MC calculation, which
allowed us to correctly reproduce the PDD and Bw data that was used to
compute backscatter reduction using the model-based algorithm.

3.4. Comparison of model-predicted backscatter factors with published data
for a water/bone slab phantom

We compared the predictions of our model in the case of a slab of
bone material inserted in a water phantom (Eq. (20)), with data pub-
lished by Baines et al. [6]. Baines et al. investigated the reduction of
backscatter with the decrease in water-equivalent scattering medium
with air as the underlying material (Fig. 6A/Eq. (10)) and with the
presence of a bone slab as the underlying material (Fig. 6B/Eq. (20)).

Fig. 7 constitutes a comparison of the predictions of our model with
their published data corresponding to MC-calculated values of the re-
lative reduction of backscatter, as a function of water-phantom thick-
ness or depth to the bone slab (slab thickness= 1 cm), for the 150 kV
beam and for 2 different field sizes [26].
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4. Discussion

The high degree of agreement of model-predicted values with
measured, MC-calculated and previously published data validates the
suitability of the proposed model. In particular, the compact forms of
the algorithm, expressed by Eq. (10) (homogeneous phantom) and Eq.
(20) (bone slab in full-scatter water phantom) succeeded in predicting
the loss of backscatter with clinically suitable precision.

The compact form expressed in Eq. (10), describing the proposed
model disregarding the change of Bw with FS and beam spectrum,
correctly describes the variation of Ba with the thickness of the scat-
tering material, with the variation of beam quality and with variation of
field size. Poorer agreement was observed with Klevenhagen’s data-
fitting formula [11]. We suspect the empirical model presented by
Klevenhagen does not accurately model the geometric radiation spread
component. This is apparent in the lack of agreement in the middle
section of the curve.

The model extension for heterogeneous slab phantoms (Eq. (20))
predicts backscatter reduction for difficult-to-manage clinical situations
in close concordance with published MC data, further indicating that

Fig. 3. Comparison of measured (○), model-predicted (−−), Klevenhagen’s data-fitting formula (——) and MC calculated (*) reduction of backscatter due to loss of
backscatter material, expressed as the quotient Ba (thickness)/Bw (full-scatter). The data corresponds to 3 different beam qualities and for a 6 cm diameter applicator
(SSD=15 cm) on a water equivalent phantom of varying thickness. The fine dotted lines represent the region of± 1% variation of the Ba/Bw quotient as calculated
using the model introduced on this work.

Fig. 4. Comparison of relative reduction of backscatter at the surface of a water
phantom, for 3 different beam qualities and for varying phantom thicknesses
(thickness of region α) as predicted by the model introduced on this work (Eq.
(10), filled symbols) and published by Healy et al. (open symbols).

Fig. 5. Comparison of the relative reduction of backscatter at the surface of a 1 cm thick water phantom, for 3 different beam qualities and for varying field sizes: A)
Predicted by the model introduced on this work (Eq. (10), open symbols) vs data published by Healy et al. (filled symbols), B) Predicted by the model introduced on
this work (Eq. (10), open symbols) vs MC calculation (filled symbols).
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the physical model successfully incorporates the dominant mechanisms
of backscatter production and transport.

Changed scattering conditions occur due to the use of lead shielding
to spare underlying healthy tissue. The presence of lead shielding re-
sults in a reduction of scattered radiation due to the dramatically in-
creased beam attenuation in lead. The resulting dose reduction is si-
milar to cases with missing underlying scattering material as the
presence of lead results in the loss of backscatter radiation from un-
derlying shielded tissues. The corresponding dose reduction is accu-
rately modelled by our algorithm. Nevertheless, a localised dose en-
hancement in areas very close to lead shielding (closer than a
millimetre) has been reported [8,10,27,28]. The effect of dose en-
hancement in areas very close to lead shielding is not modelled by our
algorithm, however, published data shows this effect is less prominent
at clinically relevant distances than the dose reduction due to the lack
of backscatter produced by the lead shield [8,10,27,28]. In clinical
practice lead shielding is covered with plastic wrap or wax in order to
avoid direct contact between the lead and patients’ tissues; this miti-
gates the effect of localised dose enhancement. Mayles et al. state 1mm
of wax is sufficient to mitigate the effect of localised dose enhancement
due to lead up to 140 kV but no reference is provided to justify this
[28]. However, Das and Chopra suggest that 1mm of tissue equivalent
material is sufficient up to 300 kV [27].

Our model, as expressed in Eqs. (10) and (20), can be used clinically
without further gathering of experimental data and has the potential to
increase the accuracy of clinical dosimetries.

The model employs a heuristic determination of the backscattered
radiation's effective energy. The effect of varying the energy of

backscattered radiation is explicitly investigated in Appendix 1. The
broad beam attenuation factors used in this semi-empirical model were
deduced from published PDD data. Upstream backscattered radiation
was considered as originating from a two-dimensional disc of uniformly
distributed equal-intensity point sources. The experimental data was
measured using films in Solid Water, while modelled values are cal-
culated from published PDD and Bw values for water. The impact of
these assumptions has been considered in the uncertainties given in this
report.

5. Conclusions

This work provides a simple model of the physical mechanisms that
result in the reduction of backscatter due to missing underlying tissue in
superficial X-ray radiation therapy. The algorithm allows an intuitive
understanding of the effects of field size and beam energy.

The algorithm accurately predicts the effect of partial scatter con-
ditions in superficial X-rays with accuracy appropriate for clinical ap-
plications. Its precision, combined with the simplicity of calculation,
makes this methodology suitable to be incorporated into routine clin-
ical dosimetry.
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Fig. 6. Schematic of the phantom used in
the investigation by Baines et al.: A) water
phantom of varying thicknesses, B) water
phantom of varying thicknesses with a 1 cm
thick bone slab at the bottom. In both cases
the beam is directed downwards to the
upper surface.

Fig. 7. Comparison of relative reduction of backscatter at the surface of a water phantom, with and without a 1 cm thick bone slab, for 2 different beam qualities and
2 field sizes, as a function of phantom thickness or distance to the bone slab: Predicted by the model introduced on this work (Eq. (10) – Air, Eq. (20) – Bone, open
symbols) vs MC-calculated data published by Baines et al. (filled symbols). A) 5 cm diameter field size, B) 2.5 cm diameter field size.
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Appendix 1

Characterisation of model parameters

The energy spectrum and the field size of the beam at point b are functions of the thickness of region α (see Fig. 4). As the thickness of region α
increases, the field size at point b increases linearly and the effective energy of the beam increases (filtration). Beam hardening because of increased
filtration as z increases produces less than 1% change in Bw for a 100 kV beam traversing 7 cm of water, and can therefore be ignored. We determined
a maximum difference of less than 0.5% on the estimation of the relative reduction of the backscatter factor when disregarding the change of Bw
because of this effect. The change of Bw with field size is easily manageable and has been incorporated into the model-based values reported in this
work.

The transport of scattered radiation upstream requires the evaluation of the beam transmission properties of the phantom material, att z( ). This
parameter is modelled as the infinite-SSD PDD(z). In order to evaluate att z( ) we need to know the quality of the scattered radiation.

We estimated the beam quality of the scattered radiation in the following way: using µ/ NIST data for aluminium and mono-energetic photon
beams, we calculated an “effective beam energy” for our F2, F3 and F5 beams. This was defined as the energy of the mono-energetic beam displaying
the same aluminium HVL: HVL=0.63/μ [24]. We used the prediction of change of energy of the recoiling photon in Compton scattering theory to
compute the change in effective energy for scattering at 90 degrees and 180 degrees. We used this “effective energy” of the recoiling photons and µ/
NIST data to compute the HVL of the scattered radiation. The results are presented in Table 3:

The change in beam quality of the scattered radiation affects the calculation of the reduction of backscatter factor through its impact on the
estimation att z( ). Fig. 8 presents the maximum expected change in att z( ) and tr z FS

up
( , )z for a 5 cm diameter F2 and F5 beam both when considering and

disregarding the change in beam quality of the backscattered radiation. Despite the maximum change in the estimated value of attenuation amount
of 20%, the rapid reduction of the geometric part of the upward transmission, g z FS( , )z (Eq. (6)) produces a minimal difference on the overall
upward transmission coefficient, tr z FS

up
( , )z . This results in a maximum difference of less than 0.5% on the estimation of the relative reduction of the

backscatter factor when disregarding the change in beam quality of the scattered radiation.

Appendix 2

Comparison of MC-calculated dosimetric parameters with published data

We assessed the quality of our MC simulations by comparing our MC-predicted PDD and Bw values with published data. We calculated PDD data

Table 3
Estimation of beam quality of backscattered radiation.

Incident beam 90° Scatt. 180° Scatt.

Eff. E
[keV]

HVL [mm
Al]

Eff. E
[keV]

HVL [mm
Al]

Eff. E
[keV]

HVL [mm
Al]

F2 20.2 0.8 19.5 0.72 18.8 0.64
F3 28.6 2.0 27.1 1.75 25.7 1.53
F5 38.3 4.0 35.7 3.39 33.4 2.90

Fig. 8. Maximum expected change in att(z) and tr(z,FSz)
up for a 5 cm diameter F2 and F5 beam when considering (F2*(180 deg), F5*(180 deg)) or disregarding (F2, F5)

the change in beam quality of the backscattered radiation: Panel A corresponds to the F2 beam and panel B corresponds to the F5 beam.
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for the F2, F3 and F5 beams using the TASMICS spectra, which were fine-tuned to match the measured HVLs. We used an SSD of 15 cm and a circular
field size of 5 cm diameter.

Fig. 9 presents a comparison between the MC-calculated PDDs and the data published in the BJR-Sup25. The published data is displayed with
accompanying± 2% error bars. This uncertainty does not represent the uncertainty of the BJR-Sup25 data but is an indication of the degree of
conformity with the MC-generated data: the average difference between these data, referenced to the 100% level, was 1.1% (σ=0.8%) and the
maximum discrepancy was 2.7% (difference calculated as: (MC(z)[%]-BJR-Sup25(z)[%])/100%.). For the F3 and F5 beams, there is PDD-published
data corresponding to their HVL. For the F2 beam (HVL=0.8mm Al), however, there is no data with an identical HVL. We therefore obtained the
PDD of the F2 beam from BJR-Sup25 published data for HVL=0.7mm Al and for HVL=1.0mm Al, using a linear interpolation [4]. Published data
was used as measurement of PDDs has a comparable or greater degree of uncertainty than published data especially for tube potentials below 40 kVp
[3].

We calculated Bw values from MC simulations by calculating the dose per incident particle deposited on a water-filled disc of 1 cm diameter by
0.2 mm height, positioned on the beam-entrance face of a 15 cm diameter by 15 cm height cylindrical phantom filled with water, Dw, or with air,
Dair , delivering enough particles to ensure an uncertainty of less than 0.5% of the scored dose.

The Bw value was calculated as the quotient Dw/Dair . This quotient is not exactly Bw, as the latter is defined as the quotient of kerma in water in a
full-scatter water phantom, divided by the kerma in water free-in-air. Nonetheless, Dw/Dair represents a very good approximation of Bw, as back-
scatter in the water-filled disc used as surrogate of a water-filled volume just big enough for ensuring charged particle equilibrium generates a
negligible amount of scattered radiation, thus fulfilling the TG-61 provisions [3]. The absorbed dose to water, Dw, at the water surface can be
approximated by Kw with the assumption of the existence of charged particle equilibrium and the negligible difference between kerma and collision
kerma. We simulated a circular field of 6 cm diameter with SSD=15 cm.

TG-61 states a 1.5% uncertainty (1σ) for Bw; the values of Bw we calculated have a numerical uncertainty of 1% (1σ). The small differences stated
in Table 4 support the quality of our simulations. In particular, they support the validity of our method of calculating backscatter factors. It is to be
noted that the magnitude we are studying is a quotient of backscatter factors, thus the impact of small deviations observed between our Bw values,
deduced from our simplistic MC-simulations, and published values is therefore very likely minimal.

Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.ejmp.2019.08.018.
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