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Abstract The objectives of this study are to evaluate the
dosimetric impact of hip prosthesis using ELEKTA linac
X-rays and compare the dose perturbations of metallic and
nonmetallic hip prostheses. The local dose distributions of
typical hip prostheses were calculated for 4, 8, and 15 MV
beams by Geant4. Three prosthesis materials were selected
in calculation to reveal the relation between material type
and local dose perturbations of prostheses. Furthermore,
the effect of nominal energy on prosthesis perturbation was
also discussed and analyzed. Taking the calculated dose to
the hip joint as reference, considerable differences were
observed between prostheses and hip joints. In the pros-
thesis shadow region, the relative dose decreasing was up
to 36, 21, and 16 % for the Co—Cr—Mo alloy, titanium
alloy, and ceramic prostheses, respectively. In backscat-
tering region, the relative dose increasing was about
1-7 %. Overall, the results show that the dose perturbation
effect of prostheses was mainly determined by material
type, nominal energy, and density. Among these typical hip
prostheses, ceramic prosthesis introduces the lowest dose
perturbations.
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1 Introduction

Total hip replacement (THR) is a widely recommended
surgical procedure. There were 76 448 THRs in the UK
according to the 2012 National Joint Registry for England
and Wales [1]. The number of THRs has risen to about
300,000 every year in the USA [2]. THR is very effective
in relieving chronic pain for patients with hip joint necro-
sis. However, it also can introduce errors in dose calcula-
tions [3-5]. Considering the dosimetric importance of
prosthesis, the dosimetric impact of hip prosthesis has
gradually become a widespread concern in radiotherapy.

An evaluation about the effects of titanium, titanium
alloy, and stainless steel prostheses on dose calculation
shows that the dose perturbations are determined by the
type of material, its density, and its nominal energy [6]. In
the other two studies [7, 8], results showed that the dose
decreasing was up to 45 % for a metallic hip prosthesis
using slice prosthesis configuration, while considerable
attenuations (32-55 %) were observed using cubic pros-
thesis configuration. A series of studies [9—15] approached
the accuracy of dose calculation methods for a typical
treatment planning system (TPS) in the presence of
metallic hip prostheses. The results of these studies showed
that most of the typical methods (pencil beam convolution,
effective path-length, superposition) more or less overes-
timate the local dose distributions of prostheses. The
algorithm termed Acuros XB performed better than typical
methods in commercial TPS; however, it is awaiting full
Monte Carlo verifications and not widely applied [10].
Avoidance of directly passing through prostheses was
approached, but it has some adverse impacts on treatment
plans for photon beams [11]. From the dosimetric per-
spective, it is still valuable to evaluate the local dose
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perturbations by accurate calculation methods, while clin-
ical photon beams pass through hip prostheses.

With the development of ceramic manufacturing tech-
nology, ceramic is widely used in manufacturing prosthetic
devices [16-18]. However, the dose perturbations of
ceramic hip prosthesis are rarely analyzed in most of the
previous studies [6—15]. Considering this gap in research
on ceramic prosthesis, this study focuses on the differences
of relative dose perturbations between titanium alloy, Co—
Cr—Mo alloy, and ceramic prostheses, while 4, 8, and
15MYV photon beams pass through these prostheses. Tak-
ing the hip joint as a reference, the relative dose pertur-
bations of these hip prostheses were calculated and
analyzed by Geant4. These calculation results of various
material types are helpful for medical physicists and radi-
ation oncologists and are especially useful to quantify the
perturbation differences between ceramic and typical
metallic prostheses. More importantly, the results of this
study are suitable for the situation of single-photon beams
passing through hip prostheses, thus should be corrected by
the field weight in a specified treatment plan.

2 Materials and methods

In this section, the elemental composition of a hip
prosthesis, the geometry setup of the treatment head, and
dose calculation models are provided and illustrated. Two
variables (detector angle and detector distance) for pros-
thesis-detector configuration are introduced for describing
the locations of sensitive detectors.

2.1 Relevant parameters used in Monte Carlo
simulation

As we know, Monte Carlo particle transport code is
widely applied in dose calculation [9-12], and the calcu-
lation results of these codes (e.g., MCNP, EGS4, and
Geant4) have been accepted as benchmark data for other
methods. Consequently, Geant4 Monte Carlo code (version
4.9.2) was selected to calculate the local dose distributions
of hip prostheses. The Monte Carlo (MC) simulations of
this study were performed on a computing server with two
Xeon E5504 processors.

2.2 Elemental composition of typical hip prostheses

Three typical prosthesis materials (titanium alloy, Co—
Cr-Mo alloy, and ceramic) were selected in MC simula-
tions. The elemental composition of the hip joint (bone,
mass density = 1.4 g/cm®) was extracted from the No. 23
report of the ICRP (International Commission on
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Radiological Protection) [14], while that of hip prostheses
were extracted from the reference data supplied by manu-
facturers. The compositions data listed in Table 1 were
used as benchmark data and incorporated into the material
functions of the Geant4 detector-construction file.

2.3 Modeling of the linac treatment head

The aim of the modeling is to obtain the photon spec-
trum of ELEKTA medical linac. For ELEKTA linac, the
main components of the treatment head are a target, a
primary collimator, two flattening filters, and a secondary
collimator system. As shown in Fig. 1, flattening filter
No. 1 (difference filter) was located at the basis of the
primary collimator only for 15MV X-ray mode, while
flattening filter No. 2 (low-energy X-ray filter) appears at
the 4, 8, and 15 MV modes.

2.4 Energy spectra of clinical photon beams

For obtaining photon spectra of ELEKTA linac, the
interactions between various electron beams and the target-
collimator-filter combined system were simulated. Then, the
calculated spectra of the resultant photon beams (Fig. 2) were
used as reference data for the 4, 8, and 15 MV virtual sources.

2.5 Modeling of the Monte Carlo calculation

The source-phantom and the prosthesis-detector config-
urations are illustrated in Fig. 3. As shown in Fig. 3a, virtual
photon sources (4, 8, and 15 MV) were placed above a cubic
water phantom, and the spheroid hip prosthesis with a 4 cm
diameter is located at the phantom center. Figure 3b (gen-
erated by OPENGL) depicts the interaction between the
primary ray and the hip prosthesis. It also shows a sketch of
the prosthesis-detector configuration. Several sensitive
detectors were placed at an interval of 5° surrounding the
prosthesis. As illustrated in Fig. 3c, the geometric parameter
0 is termed as detector angle, and it is defined as the angle
between the beam axis and the vector connecting the pros-
thesis and the detector center. The parameter d (detector
distance) quantify the distance between the prosthesis sur-
face and detector centers. In this study, several simulations
were accomplished using various d (5, 10, 15, and 20 mm) to
reveal the relation between prosthesis dose perturbations and
detector distance.

2.6 The dose differences between hip prostheses
and hip joint

In this study, the dose differences between prostheses
and the hip joint are quantified by a variable RDP (relative
dose perturbation), which can be expressed as follows:
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Table 1 (a) Elemental composition of typical hip prostheses. (b) Physical properties of typical hip prostheses

Element Fraction by weight Element Fraction by weight
Hip joint (%) Titanium alloy Co—Cr-Mo alloy Ceramic Hip joint Titanium alloy Co-Cr—Mo alloy Ceramic
()
H 7.337 0.015 % - - Rb 0.002 % - - -
C 25.475 0.1 % 0.1 % - Sr 0.003 % - - -
N 3.057 0.05 % 0.25 % - Pb 0.001 % - - -
(¢ 47.893 0.2 % - - Ti - 88.04 % - -
F 0.025 - - - Al - 6.8 % - -
Na 0.326 - - - \% - 45 % - -
Mg 0.112 - - - Co - - 61.9 % -
Si 0.002 - 1% - Cr - - 28 % -
5.095 - - - Mo - - 6 % -
S 0.173 - - - Mn - - 1 % -
Cl 0.143 - - - Ni - - 1 % -
K 0.153 - - - AL, 04 - - - 82 %
Ca 10.190 - - - 710, - - - 17 %
Fe 0.008 0.3 % 0.75 % - SrO - - - 1 %
Zn 0.005 - - -
Titanium alloy Co—Cr-Mo alloy Ceramic
(b)
Mass density 4.5g/cm? 8.0g/cm? 3.98 g/cm?
Relative electron density 34 6.6 35

Primary
collimator

Flattening

Target filter No.1

Flattening
filter No.2

MLC backup
collimator

%
Tungsten leaf %
é

Fig. 1 Geometry setup of the treatment head
RDP(0,d) = D(0,d),, — D(0,d)pgpe; (1)

where m; is the abbreviation of prosthesis material, 0 is the
detector angle, d is the detector distance, D(0,d),, is the
calculated dose for mi, and D(0,d)p e is the calculated
dose for the hip joint.
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° o o©
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Fig. 2 Calculated photon spectra for 4, 8, and 15 MV clinical beams

3 Results and discussion
3.1 Local dose distributions of typical hip prostheses
In this section, the calculated dose distributions of typ-

ical prostheses are illustrated in Fig. 4. In most cases, about
2 billion events were simulated in each Geant4 Run-
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Fig. 3 The MC calculation model: a source-phantom system;
b prosthesis-detector system; ¢ illustration of two geometry setup
parameters for prosthesis-detector system

Action, while the relative errors are smaller than 0.05. To
simplify notations, the titanium alloy prosthesis, Co—Cr—
Mo alloy prosthesis, and ceramic prostheses were,
respectively, abbreviated as TC4, CCM, and ceramic.

As shown in Fig. 4, the calculated dose for the hip joint
increases approximately linearly with 6 (detector angle).
For hip prostheses, an inflection point appears at each dose-
angle curve. The inflection point becomes the critical point
that divides the entire angle range into two regions with
different dose-angle variation laws. Compared to the hip
joint, the dose distributions of prostheses show several
obvious characteristics. Firstly, the inflection angles (cor-
respondent 0 of inflection points) of these prostheses are
approximately the same for a specified d (detector dis-
tance), and it decreases with d. Secondly, the calculated
dose increases with 6 in accordance with a power function,
while 0 is smaller than the inflection angles (shadow
region). Thirdly, the calculated dose for the prostheses is
approximately the same as that for the hip joint for 10, 15,
and 20 mm detector distances, while 0 is larger than the
inflection angles (scattering region).

Overall, the calculated dose is smallest for CCM and
largest for ceramic in the prosthesis shadow region. In the
prosthesis scattering region, the largest calculated dose for
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the prostheses appears for a 15 MV beam, while the
smallest dose was observed for a 4 MV beam. In this
region, it increases about 1-7 % for 8 and 15 MV beams at
a 5 mm detector distance.

3.2 Local dose differences between hip prostheses
and hip joint

In this section, the relative dose perturbation (RDP) is
calculated and illustrated in Fig. 5.

As shown in Fig. 5, each RDP-angle curve has an
inflection point. The inflection angles are approximately
60°,50°,45°, and 40° for 5, 10, 15, and 20 mm, respec-
tively. The expression of RDP implies that the positive
RDPs quantify the relative dose increases of the prostheses
compared to the hip joint, while the negative RDPs quan-
tify the relative dose decreases. In the prosthesis shadow
region, CCM and ceramic show the smallest and largest
RDPs, respectively. For a specified hip prosthesis, RDP is
minimized at the minimum 0, and then increases with the 0
according to the power function law. Finally, it nearly
approaches zero at the inflection point. In the prosthesis
scattering region, the RDPs are very sensitive to the
nominal energy and are nearly zero for the 4, 8, and 15 MV
beams, while the detector distances are 10, 15, or 20 mm.
However, the RDPs are slightly positive (1-7 %) for the 8
and 15 MV beams at a 5 mm detector distance, which
indicates the calculated dose for the prostheses is slightly
larger than that of the hip joint.

Generally, the differences between this study and pre-
vious reports [6—8] mainly originate from the differences in
geometric setup parameters, radiation source characteris-
tics, and calculation codes. Firstly, a spheroid configuration
was used in our Monte Carlo modeling, but cubic or thin
slice configuration was used in most previous works.
Besides, the deviations of geometric setup parameters (e.g.,
source-surface distance, source-axis distance) can also
introduce differences of calculated dose perturbations.
Secondly, the differences of linac X-ray characteristic (e.g.,
photon spectrum and photon intensity) probably influence
the calculation results. Thirdly, the Geant4 Monte Carlo
toolkit (standard EM physics process) was applied in
evaluating the RDP of hip prosthesis in this study, but the
EGS4 or EGSnrc systems were mainly utilized in earlier
works. Taking together, the combination of above factors
has important dosimetric implications when calculation
results of different investigations were compared.

3.3 Impact of nominal energy on relative dose
perturbations

In the prosthesis shadow region, the RDP values for the
Co—-Cr—Mo alloy, titanium alloy, and ceramic hip
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Fig. 4 Local dose distributions for 4, 8, and 15 MV photon beams

prostheses are almost 37, 22, and 16 % for the 4 MV beam;
35, 21, and 14 % for the 8 MV beam; 35, 21, and 13 % for
the 15 MV beam. Obviously, the differences of maximum
RDP values between 4, 8, and 15 MV beams are smaller
than 2 % for specified material type and detector distance.
In other words, nominal energy is not the dominant factor
influencing prosthesis perturbations in this region. That is
because the beam with higher nominal energy also shows

Detector angle (degree)

Detector angle (degree)

stronger penetrating power toward the water above the
prostheses, when prostheses show stronger absorption and
scattering compared to the hip joint. For this region,
material type greatly influences RDPs, which is due to
substantial attenuations by these prostheses. Thus, the
prostheses with a higher atomic number or density are
more likely to introduce stronger perturbations, owing to its
stronger absorption or scattering.
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Fig. 5 Calculated RDP values for 4, 8, and 15MV photon beams

In the prosthesis scattering region, however, the RDPs
are greatly influenced by nominal energy or detector dis-
tance. Except for the 5 mm detector distance, almost no
dose perturbations were observed for 4, 8, and 15 MV
beams. The primary ray was not attenuated by the pros-
theses before reaching these detectors belonging to this
region; therefore, the water-generated electrons and pros-
thesis-generated Compton electrons mainly influence
prosthesis dose perturbations. The water-generated elec-
trons remain approximately constant after the replacement
of the hip joint by prosthesis. Thus, the RDPs mainly
depend on the Compton electrons generated by the
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prostheses. In other words, the calculated dose will
increase with the yield of prosthesis-generated electrons,
while detector distance is shorter than the range of these
electrons. On the contrary, an increased electron yield
hardly introduces any dose perturbations, while detector
distances are larger than the Compton electron range. In
most cases, photon beams with higher nominal energy are
inclined to generate Compton electrons with a relatively
higher kinetic energy. Thus, the dose perturbations for a
15 MV beam are stronger than that of 4 and 8 MV beams
in this region, and it reaches up to 7 % for a 5 mm detector
distance.
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Fig. 7 Depth dose differences between prostheses and hip joint

3.4 Depth dose distribution beneath prostheses

In this section, percentage depth dose (Fig. 6) beneath
the prosthesis was calculated for 4, 8, and 15 MV beams.
The depth dose differences (Fig. 7) between the prostheses
and hip joint were introduced to reveal the relation between
material type and prosthesis attenuations.

Obviously, 4, 8, and 15 MV beams were intensively
attenuated by these prostheses, while the dose decrease
closely depends on the atomic number or density of the
prostheses. In detail, CCM illustrated the largest dose
decrease; on the contrary ceramic shows the smallest
decrease, owing to its smaller atomic number or density.
To quantify the decrease of the depth dose, the authors
calculated the dose differences between the prostheses and
hip joint and plotted these calculated differences in Fig. 7.
As shown in Fig. 7, depth dose differences increase with
depth and were determined by the atomic number or den-
sity. So far, we have evaluated the dosimetric perturbations
of three typical prostheses and offered useful data for
medical physicists and radiation oncologists.

4 Conclusion

In this investigation, several simulations were performed
to evaluate the relative dose perturbations (RDPs) of var-
ious hip prostheses for 4, 8, and 15MYV clinical beams by

210

Depth (mm)

1
220 230 240 250 170 180 190 200 210 220

Depth (mm)

230 240 250 260

Geant4. In the prosthesis shadow region, the maximum
dose perturbations are 37, 21, and 16 % for the Co—Cr-Mo
alloy, titanium alloy, and ceramic hip prostheses, respec-
tively. In the prosthesis scattering region, the maximum
perturbations are 1, 4, and 7 % for 4, 8, and 15 MV clinical
beams at a 5 mm detector distance.

Among these patients with a hip prosthesis, the metal-
losis probability of ceramic prostheses is much smaller
than that of metallic hip prostheses [16]. From the dosi-
metric prospective, a ceramic prosthesis introduces the
lowest dose perturbations between typical prosthesis
materials, while photon beams pass through. The maxi-
mum relative perturbations of a ceramic prosthesis are
smaller than 2 % in the scattering region; the relative
perturbations caused by prosthesis attenuations are smaller
than 16 % in the shadow region. Taken together, ceramic is
more recommended in prosthetic device manufacture.

Considering the strong dose perturbations of metallic hip
prostheses, medical physicists should select proper gantry
angles to prevent clinical beams from passing through it. If
that is unavoidable, a possible solution is to let clinical beams
pass through the PTV (planning target volume) before
passing through metallic prostheses. This is useful for partly
lowering the dose perturbations, because the perturbations of
the scatting region are much smaller than that of shadow
region. For the fields passing through the prostheses, another
effective method to lower the dose perturbations in a speci-
fied treatment plan is to minimize its field weight.
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