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Dependence of tissue inhomogeneity
correction factors on photon-beam
energy

Md. Akhtaruzzaman,
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Abstract. Introduction: Commissioning of the treatment-planning system includes the accuracy of dose calcula-
tions in the inhomogeneous absorber. Several results of measurements with regard to inhomogeneity correction
factors (CFs) have been published. However, the dependence of CFs on photon-beam energy may preclude such
results from being applied to the photon beams of general users. Purpose: The aim of this study was to assess
the dependence of CFs on the photon-beam energy. Materials and methods: CFs were calculated by the Batho
method for several slab geometries comprised of concentratlons of lung tissue and water of 0 25 and 1.00 g/cm3
respectively. The CFs were calculated at 6 MV (TPRj, = 0.67 = k * 0.01) and 15 MV (TPR}; = 0.76 = k * 0.01)
where k = -3, -2, -1, 0, 1, 2, 3. All calculations were performed in the region where a charged-particle equilib-
rium exists. Results: Changes in CFs of less than 2% were observed across the considered energy ranges. With a
change in TPRy 10 of 0.01, both at 6 and 15 MV at a depth of 5 cm below the lung; and lung thicknesses of 3, 5
and 8 cm over a field surface area of 10 x 10 cm?, the change in CF never exceeded 2.4%. The dependences of
changes in CFs in terms of TPR, ;o were 1.74% and 1.20% for field surface areas of 5 X 5 cm? and 20 x 20 cm?,
respectively. A comparison of 42 linear accelerators (LINACs) exhibiting 6 MV and 15 MV of energy installed
in Poland showed that the maximum differences in terms of TPR,,;, at 6 MV and 15 MV were 4.2% and 2.2%,
respectively. Conclusion: A linear dependence of CFs on energy was observed. According to observations, the
smaller the surface area of the field and deeper the point of interest below the lung, the more dependent CFs
are on energy.
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Introduction

The human body is comprised of various tissues
and cavities that possess different physical and
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perspective, the most significant tissues and cavities
are radiologically different from water, for example,
the lungs, oral cavities, teeth, nasal passages, sinuses
and bones. In some cases, foreign materials such as
metallic prostheses are also present. To maximize
the therapeutic benefit of radiation therapy, it is es-
sential that the absorbed dose should be delivered
accurately to all the irradiated tissues in the presence
of such inhomogeneity [1].

The treatment-planning process is one of the
most important steps in the preparation of radio-
therapy treatment. The aim of treatment planning
is to choose the best energy intensity and number of
treatment beams — their directions, intensities and
modulations — to conform with the dose distribu-
tion to the target and minimize the dose delivered to
normal structures as much as feasibly possible. The
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credibility of the treatment plan depends on the ac-
curacy of dose-distribution calculations. In order to
increase their accuracy, dose-calculation models are
being implemented in treatment-planning systems
[2-14]. Whatever dose-distribution-calculation algo-
rithm is used, before its first clinical application the
accuracy of dose-distribution calculations has to be
verified. From the user’s point of view, the verifica-
tion of the calculations performed in inhomogeneous
media is challenging. One of the tools most often
used is to compare the calculated and measured so-
-called correction factors (CFs) for inhomogeneities.
The correction factor is defined as the ratio of the
dose in a heterogeneous medium to the dose at the
same point in a homogeneous water-like medium.

Measuring correction factors is time-consuming
and resource-intensive. In the literature, results
of such investigations can be found [15, 16]. For
the sake of simplicity, CFs are usually measured for
slab geometries. It would be very helpful if the CFs
measured by one user could be used by another.
However, it is uncertain whether data taken from the
literature are applicable to actual situations. In other
words, the question arises of how much the user’s
beam differs from the one which had been used for
the measurement of correction factors. Two photon
beams of 6 MV and 15 MV “nominal” energies are
used most often, though beams of the same nominal
energy may exhibit differing photon-energy spectra.
In this study, the dependence of inhomogeneity
correction factors on energy in terms of 6 MV and
15 MV photon beams was investigated. Correction
factors were calculated by the Batho method [17],
which for many years has been used in modern
treatment-planning systems. To calculate the correc-
tion factors according to the Batho method, tissue
air ratios (TARs) were generated using the formulae
for percentage depth dose (PDD) proposed by Gerbi
[18] and peak scatter factors (PSFs) according to
the method described by Li [19]. More details con-
cerning the ideas of Gerbi and Li may be found in
the next paragraph.

Methods and materials

To obtain the dependence of the correction factors
on actual intensities of energy, CFs were calculated
using the Batho power law method. According to
Batho [17], the correction factor is given as the
ratio of powers of TARs. For a layer geometry as
shown in Fig. 1, the correction factor is described
by the formula:

~ T(dl’A)Pa’pb

1 CF
(1) @A
where: T - tissue air ratio at depths d, or d, of field
size A; p, — density of the material in which point
P lies at a depth d; below its surface; p, — density of
an overlying material of thickness (d,—d,).

In this work, the tissue air ratios (TARs) were
calculated using the following formula:

(R + dmax )2
-PDD(A,d,R)

2) T(AR;dj— (R+d) -PSF[A—Rer"“‘"j

where: A —field size, d — depth, R — source-to-surface
distance, I — source-to-isocenter distance, PDD -
percentage depth dose.

The PDDs were described by the formulae pro-
posed by Gerbi [18]:

_ A
3) PDD = log l[pl +p,d +(ps +p4d)log5}

where: P — perimeter, d — depth, p, through p, are
approximated by:
P1=q1 + q>* TPRy 10 + g5 (TPRy10)?%,
P2 =q4 + g5 * TPRy o,
Ps = s + q7 * TPRy 1o,
Ps = (s + qo * TPRy 10,
¢, = 1.993418, g, = —0.057964, g5 = 0.2236609,
gs = -0.071951, g5 = 0.067835, g5 = 0.038277,
g: = -0.074943, g5 = 0.030567, go = —0.034585.
The peak scatter factors (PSF) were calculated
using the formula proposed by Li [19]:

mA
A+n

where: m = 0.1090 (6 MV), 0.0917 (15 MV);
n =4.9173 (6 MV), 3.8347 (15 MV); A = field size.

CFs were calculated for several energies of pho-
ton beams described in terms of the so-called Quality
Index — TPRZO,lO~

(TPRiy = 0.67 = k *0.01) for 6 MV, k = -3, -2,
-1,0,1, 2, 3,

(TPR} = 0.76 = k * 0.01) for 15 MV, k = -3,
-2,-1,0, 1,2, 3.

TPRy010 0f 0.67 and 0.76 are typical values of the
Quality Index for the nominal photon energies of
6 MV and 15 MV, respectively.

CFs were calculated for the cases which mimic
irradiation in the thorax region, i.e. for a lung of
0.25 g/cm® in density and for field sizes of 5 X 5,
10 x 10, 15 x 15 and 20 x 20 cm?. The build-up
thickness (ds) was kept constant at 3 cm (Fig. 1).
Depths of 2, 5, 8 and 10 cm, 5 cm below the lung and
at a depth of 5 cm in terms of three different thick-
nesses of the lung of 3, 5 and 8 cm were considered

(4) PSF=1+

d,|=3cm ,o=_‘lgm/cm3
h 4

P -

j = dz_dz =5 p=0.25 gm/cm3
L]
S b \
n 1 / 3

~ p=1 gm/cm

= d1 =5cm \
v

Fig. 1. The geometry for which the CFs were calculated.
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Fig. 2. Normalized correction factors as a function of beam quality index at a depth of 5 cm, 5 cm below the lung for
6 MV (a) and 15 MV (b) X-rays with field sizes of 5 x 5, 10 x 10, 15 x 15 and 20 x 20 cm?.
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Fig. 3. Correction factors as a function of beam quality index at a depth of 5 cm, 3, 5 and 8 cm below the lung for
6 MV (a) and 15 MV (b) X-rays with a field size of 10 x 10 cm?.

in the calculations which were all performed by the
Visual Basic program.

Results

Figure 2 exhibited the linear dependence of CFs on
energy for four different beam sizes calculated at a
depth of 5 cm, 5 cm below the lung and changes in
CFs of up to 2% were observed across the considered
energy ranges. The dependence of CFs on energy is
demonstratedfor three different thicknesses of lung
(3, 5 and 8 cm) over a field size of 10 x 10 cm? in
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Fig. 3. The results yielded a maximum difference of
2.4%. Figure 4 also show the linear dependence of
the CFs on energy at four different depths (2, 5, 8
and 10 cm) at 5 cm below the lung over a field size
of 10 x 10 cm? and the largest difference of 1.5%
was found at a depth of 10 cm.

Discussion
The dose distribution for each treatment plan is
calculated by a mathematical model implemented

in the treatment-planning system. The accuracy
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Fig. 4. Correction factors as a function of beam quality index at depths of 2, 5, 8 and 10 cm, 5 cm below the lung for
6 MV (a) and 15 MV (b) X-rays with a field size of 10 x 10 cm?
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of dose distribution calculations is always limited,
therefore, before the first clinical application of each
treatment planning system (TPS), the accuracy
of dose-calculation algorithms has to be verified.
International recommendations propose that sev-
eral quality-control tests should be performed for
treatment-planning systems. Some of them are based
on a comparison of the measured and calculated
dose distributions [20-26]. These comparisons can
be quite easily drawn if the dose distributions are
measured and calculated in a homogeneous water-
-like phantom substance. The results of such com-
parisons yield very good agreement for most of the
treatment-planning systems used today. The worst
results are obtained in heterogeneous anatomies,
especially if the lungs are present. From the user’s
point of view, it would be very helpful to have a set
of correction factors that were calculated for well-
-described inhomogeneous situations. Two nominal
energies, namely 6 MV and 15 MV, are used most
frequently in clinical practice. Unfortunately, the
same nominal energy does not yield the same actual
energy nor the same spectrum of energy. There are
some differences which are fortunately not very
large. In this work, CFs for lung inhomogeneities
were intentionally calculated for the same nominal
energies, namely 6 MV and 15 MV, but different
actual energies — different Quality Indexes.

The study showed that there was a linear depen-
dence of correction factors on energy. The higher the
energy, the lower the CF. This dependence is more
pronounced if the thickness of the lung is higher
and the calculation point is deeper below the lung.
A change in the TPRy j, of 0.01 — both for energies
of 6 and 15 MV - at a depth of 5 cm below the lung,
and lung thicknesses of 3, 5 and 8 cm leads to a
change in CF of 0.87, 1.45 and 2.38%, respectively.
In addition, the size of the field influences these de-
pendencies. The smaller the field size, the larger the
influence of changes in energy on the CFs. Fora 5 X
5 cm? field size, a change in the TPRy 0 0f 0.01 leads
to a change in the CF of 1.74%, but for a field size of
20 x 20 cm?, the change in the CF is of only 1.2%.

The comparison was performed for a nominal
energy of 6 MV when TPRy 19 = 0.67 = 6%, and for a
nominal energy of 15 MV when TPRy 0 = 0.76 + 6%.
To obtain more detailed results of how the TPRy 0
differs for linear accelerators of the same nominal
energy, data from 21 linear accelerators (linacs) with
anominal energy of 6 MV, and 21 linear accelerators
(linacs) with a nominal energy of 15 MV were col-
lected from linacs installed in Poland (Fig. 5). The
maximum differences in TPRy ;o were found to be
4.2% and 2.2% for nominal energies of 6 MV and
15 MV, respectively. Therefore, it may be concluded
that our results are applicable for all accelerators
installed in Poland.

To calculate the TARs, calculated PDDs were
used derived from a formula proposed by Gerbi.
This formula is not applicable for field sizes less that
4 x 4 cm? and at depths shallower than d,,.x + 1 cm
or greater than 30 cm [18]. To calculate the correc-
tion factors, the Batho power law method was used.
This method has been considered the best available
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Fig. 5. TPRy 1o as a function of different linear accelerators
(linacs) for 6 and 15 MV X-rays.

for several years. There are several papers in which
authors have analysed the accuracy of the Batho
power law method [27-33] which showed that the
method yields very good results for geometries in
which a charge-particle equilibrium and slab geom-
etry exist. An improvement in the accuracy of dose
calculations at points within a lung of as much as 5%
can be achieved simply by using the Batho power law
method. This is particularly important for larger field
sizes where the scattered dose plays an important
role. However, due to tremendous developments in
terms of the calculation of algorithms with regard
to treatment planning systems, this method is not
widely used nowadays since it does not take into
account electron transport. Electron transport is
important in regions where no charged-particle
equilibrium exists. Therefore, this paper is limited
to regions where electric charged-particle equilibria
are present. In terms of these cases, other methods
that are more sophisticated have to be applied. This
problem will be addressed in our next work.

Conclusions

The linear dependence of correction factors on
photon-beam energy was investigated. Correction
factors decreased with an increase in the size of
the field. The thicker the lung is, the larger the dif-
ferences between the correction factors are. Also,
as the depth below a lung increases, so does the
correction factor. To our knowledge, this is the first
published study demonstrating the dependence of
inhomogeneity correction factors on the quality
of photon beams. These factors could be utilized
by readers concerned with the quality control of
treatment-planning systems.
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