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This document is the report of a task group of the Radiation Therapy Committee of the AAPM and
has been prepared primarily to advise hospital physicists involved in external beam treatment of
patients with pelvic malignancies who have high atomic number !Z" hip prostheses. The purpose of
the report is to make the radiation oncology community aware of the problems arising from the
presence of these devices in the radiation beam, to quantify the dose perturbations they cause, and,
finally, to provide recommendations for treatment planning and delivery. Some of the data and
recommendations are also applicable to patients having implanted high-Z prosthetic devices such as
pins, humeral head replacements. The scientific understanding and methodology of clinical dosim-
etry for these situations is still incomplete. This report is intended to reflect the current state of
scientific understanding and technical methodology in clinical dosimetry for radiation oncology
patients with high-Z hip prostheses. © 2003 American Association of Physicists in Medicine.
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I. INTRODUCTION

The success or failure of radiation therapy treatments de-
pends upon the accuracy with which the dose prescription is
fulfilled. For many diseases, the outcome of the treatment
depends upon the dose being delivered to an accuracy of
!3%–4% !one standard deviation".1,2 This is a stringent re-
quirement for routine treatments and is difficult to achieve if
all sources of treatment uncertainty are evaluated. Most of
the national and international guidelines3–7 for consistency
and accuracy in radiation dosimetry provide information for
homogeneous media, but the human body consists of many
components that deviate significantly from unit density, e.g.,
bone, lung, teeth, air cavities, and small intercalated spaces
within bone. In addition to these naturally occurring internal
inhomogeneities, man-made materials may also be present
such as mandibular plates for reconstruction, hip, leg, and
arm prostheses, spinal cord fixation devices, surgical rods,
stents, and various dental fillings. In this report we focus on
hip prostheses. These devices are usually made from high
atomic number !high-Z" elements. In this study high-Z is
defined as a material with atomic number greater than corti-
cal bone. In megavoltage photon beams these materials have
the potential to greatly affect the dose delivered to the pre-
scription point and to tissue shielded by the prosthesis. Con-
sequently, dramatic differences in the treatment outcome
from what was originally intended can result.
As the population ages and the use of hip prostheses be-

come more common, the problem of treating these patients
will also increase. Although at this time there are few data
showing a decrease in tumor control due to the reduced tar-
get dose from shadowing of the prosthesis, or an increase in
the complication rates due to the dose perturbation by the
presence of metallic implants, problems could arise in the
future. In groin irradiation for gynecological malignancies
using opposed anterior/posterior fields, Grigsby et al.8 re-
ported hip fractures in patients at doses greater than 50 Gy.
But, to the best knowledge of this group, no quantitative data
are available on the effects of the increased dose at the in-
terface between a hip prosthesis and surrounding tissue in
patients undergoing radical treatment of tumors in the pelvic
region. However, if dose escalation continues in treating pel-
vic tumors, the decreased tumor dose and the increased dose
near the bone-metal interface could become factors in tumor
control and radiation complications such as bone necrosis
and weakening of the fixation of the implant.
A survey of 30 institutions conducted by this task group

showed that the number of patients with prosthetic devices,
which could affect their radiation therapy, was 1%–4% of
the total number of patients. No general consensus on how to
manage the treatment of these cases was observed. Some
institutions ignore the presence of the device altogether.
Other institutions modify the beam orientation to avoid the
device even if the result is to give additional dose to critical
structures adjacent to the planning target volume. Sometimes
treating through sensitive structures is an appropriate solu-
tion to the problem if the total prescribed dose is low enough
so that the resultant dose to the structure is below the toler-

ance dose. Some institutions try to account for the presence
of the device by using computer treatment planning pro-
grams or hand calculations involving a correction for the
attenuation of the device. Others may fabricate compensators
to correct the dose distribution in the target while some may
use a combination of these approaches. The increasing avail-
ability of intensity modulated radiation therapy may offer a
method for treating these patients. All the survey respondents
acknowledged that high-Z devices constitute a problem with
the patient’s treatment and that recommendations for dealing
with these situations would be useful. In response to these
concerns, this task group was formed to identify the prob-
lems caused by the presence of high-Z hip prostheses in pel-
vic megavoltage photon radiation treatments. Practical sug-
gestions are given for dealing with the presence of prostheses
and to minimize, or at least quantify, their undesired effects,
while reducing the impact to the surrounding critical struc-
tures.

II. RADIATION PHYSICS CONSIDERATIONS
The presence of a high-Z inhomogeneity in an irradiated

water phantom or patient results in attenuation of the radia-
tion through the inhomogeneity as well as local perturbations
known as interface effects. There are numerous reports9–30
on attenuation effects in non-tissue-equivalent materials. Fig-
ure 1 illustrates the perturbations to the central axis depth
dose curve for 6 and 18 MV broad radiation beams incident
on a water phantom containing an infinitely wide 3 cm Co–
Cr–Mo slab from depths 5 to 8 cm. Three dose regions are
shown in the figure. Region 1 is a distance greater than dmax
from the implant, and regions 2 and 3 are at the proximal and
distal ends of the implant, respectively. The central axis
depth doses in region 1 shown in Figs. 1!a" and 1!b" are at a
distance greater than dmax from the inhomogeneity, and illus-
trate the effects of absorption and scatter by the implant. The
beam attenuation in the material is somewhat offset by the
in-scatter from the unobstructed portion of the beam. For a
smaller beam that just encompasses the implant, the curve
would run parallel to the unattenuated curve since there
would be a smaller contribution from in-scatter by the unob-
structed portion of the beam. However, since treatment fields
for the pelvis are generally larger than the inhomogeneity,
in-scatter from the unobstructed portion of the beam partially
compensates for the loss of dose due to attenuation distal to
the inhomogeneity. The magnitude and the spatial extent of
these effects depend on the energy of the radiation as well as
the density, atomic number, and dimensions of the inhomo-
geneity. For photon beams above 10 MV, there are gamma-
rays produced by interactions of contaminant neutrons with
the high-Z material. These are not included in the Monte
Carlo simulation, but will be shown !Sec. IVB 3" to contrib-
ute little dose to tissue around a prosthesis.
The decrease in intensity of the radiation at distances

greater than the secondary electron range downstream from
the inhomogeneity can be calculated with knowledge of the
density and atomic number of the material and its linear or
mass attenuation coefficients !% and %/&, respectively". The
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primary fluence beyond the metallic implant is approxi-
mately given by

'"'0e#%t, !1"

where ' is the photon fluence after passing through a thick-
ness t of high-Z material, '0 is the initial fluence, and % is
the total composite linear attenuation coefficient including
the various interactions: photoelectric !(", Compton !)", and
pair production !*" averaged over the photon spectrum:

%"($)$* . !2"

It is more difficult to account for the contribution of scattered
photons and the effects of electron disequilibrium. Approxi-

mate methods !e.g., effective TMR ratios to partially account
for scatter" are described in Sec. IVB 1. The problems asso-
ciated with the interface effect are much more complex, but
probably less clinically important within the context of hip
prosthesis. Various researchers in their publications describe
quantitatively the dose perturbation that occurs at the high-Z
interface.13,31–56 At the interface between bone and prosthe-
sis, the dose perturbation is similar to that at a tissue/high-Z
interface, albeit the magnitude and extent of the effects will
be diminished due to a closer match between the atomic
numbers of the two materials. Perturbations in the dose dis-
tributions in regions 2 and 3 !Fig. 1" occur near the interface

FIG. 1. Dose perturbation near and far
from a Co–Cr–Mo inhomogeneity. !a"
and !b" show the perturbation to the
central axis percentage depth dose for
6 and 18 M beams incident on a 3 cm
thick Co–Cr–Mo slab inhomogeneity.
Region 1 is greater than dmax from the
implant and zones 2 and 3 are at the
proximal and distal ends of the im-
plant, respectively.
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and extend a distance approximately dmax from it. On both
sides of a high-Z material within the homogeneous medium,
there are rapid changes in dose due to electron transport,
which extends into each medium over a distance of the order
of the range of the secondary electrons. These effects are
illustrated in Figs. 1!a" and 1!b" for 6 and 18 MV beams,
respectively. This dose may be higher or lower than that at
the same geometric depth in a homogeneous medium. The
dose perturbation depends upon the incident photon energy,
differences in the photon energy transfer coefficients, the
atomic number !Z", the mass density and thickness of the
inhomogeneity, and the differences in multiple scatter of the
secondary electrons. For energies greater than 10 MV there
may be an increased dose distal to the high-Z material that is
attributed to pair-production interactions in the metal. Lateral
to the inhomogeneity, the electron fluence increases due to
the increased lateral scattering from the material producing
an increased dose to the surrounding tissue. A dose correc-
tion factor !CF" can be defined as the ratio of doses with
(Di) and without (Dh) the presence of the interface as

CF!E ,A ,Ap ,d ,t ,x ,Z,& ,+""Di /Dh , !3"

where E is the beam energy, A is the field size, Ap is the area
of the prosthesis from the beam’s perspective, d is the depth
of the interface from the surface, t is the thickness of the
high-Z medium creating the interface with the soft tissue
!low-Z", x is the distance either proximal or distal from the
interface to the point where the dose is estimated, Z and & are
the atomic number and physical density of the inhomogene-
ity, respectively, + is the beam angle relative to the implant,
Di is the dose in the presence of the interface, and Dh is the
dose in a homogeneous medium. Although there are very
limited data on the interface effect and beam angle, Nadrow-
itz and Feyerabend57 reported it to be an important param-
eter. However, for a cylindrical prosthetic geometry, + can be
ignored in the equation. Furthermore, the CF can be sepa-
rated into two components: the backscattered dose perturba-
tion factor !BSDF31" at the entrance side of the high-Z inho-
mogeneity, and the forward dose perturbation factor
!FDPF43,44" on the exit side of the inhomogeneity. The mag-
nitude and the extent of the above effects are shown in
Tables I and II for a slab inhomogeneity !bone, steel and

lead" for 6 and 18 MV photon beams58 in a water-equivalent
phantom. Except in the build-up region, the correction fac-
tors are independent of the depth of the high-Z material. For
the given material thickness the FDPF behaves significantly
different with energy than the BSDF. At the interface for 6
MV it varies from 0.94 to 0.84 for bone and lead, and for 18
MV, it varies from 1.05 to 1.41 for bone and lead, respec-
tively. The magnitude of BSDF is between 1.08 and 1.70 for
bone and lead, respectively, and falls off rapidly from the
interface. Although we are unaware of published data for
correction factors at a bone/high-Z interface, we expect the
effect to be smaller than that at a tissue/high-Z interface by
approximately the ratio of their atomic numbers. Ding and
Yu9 using Monte Carlo simulations investigated the interface
effects for parallel-opposed photon beams.
Gullane56 measured doses at interfaces using a wall-less

ionization chamber. Figures 2!a"–2!d" show results for stain-
less steel and titanium for both single and parallel-opposed
beams. The interface doses increase by as much as 50% at
the proximal surface of the metallic inhomogeneity.
Erlanson et al.,18 using small Si diodes, measured the

dose increase at the distal site behind a titanium alloy pros-
thesis in a water phantom for photon energies of 6, 20, and
50 MV. They concluded that for radiation therapy in the pel-
vic region using a four-field box technique, the mean dose
close to the prosthesis is below the prescription dose of 65
Gy and below the critical level of complications, i.e., even a
25% increase in dose over that for a normal hip in a small
volume near the prosthesis is not expected to result in an
increase in morbidity. However, escalation of the prescrip-
tion dose and the enhanced dose at the bone–prosthesis in-
terface could increase the probability for bone necrosis. The
normal tissue complication probability doses for bone necro-
sis are estimated to be 52 and 65 Gy for the complication
probabilities of 5% in 5 years !TD 5/5" and 50% in 5 years
!TD 50/5", respectively.59,60 There are on-going dose escala-
tion studies for treating the prostate. The Radiation Therapy
Oncology Group !RTOG" closed a protocol !94-06" in which
the prescribed dose was 78 Gy. Some institutions treat high-
risk prostate patients to 86.4 Gy by using field arrangements
that avoid the prosthesis. Depending upon the field arrange-

TABLE I. BSDF versus distance from interface for 10%10 cm2 where
BSDF"Di /Dh and Di and Dh are the doses with and without the presence
of the interface, respectively.

Material Bone Lead
Density !g/cm3" 1.83 11.4
Atomic no. 13 82

Distance !cm" 6 MV 18 MV 6 MV 18 MV
0.1 1.03 1.04 1.34 1.45
0.2 1.01 1.02 1.20 1.30
0.4 1.01 1.01 1.01 1.14
1.0 1.00 1.00 1.00 1.06
1.4 1.00 1.00 1.00 1.03

TABLE II. FDPF versus distance from the interface for 10%10 cm2 where
FDPF"Di /Dh and Di and Dh are the doses with and without the presence
of the interface, respectively.

Material Bone Steel Lead
Density !g/cm3" 1.83 7.76 11.4
Thickness !g/cm3" 1.83 2.56 2.28
Atomic no. 13 26 82

Distance
!cm"

6
MV

18
MV

6
MV

18
MV

6
MV

18
MV

0.05 0.94 1.05 0.85 1.20 0.84 1.41
0.1 0.95 0.04 0.87 1.19 0.85 1.40
0.5 0.98 1.03 0.92 1.15 0.88 1.29
1.0 0.99 1.02 0.94 1.11 0.91 1.21
2.0 0.99 1.01 0.95 1.05 0.93 1.10
4.0 0.99 1.00 0.94 0.98 0.93 0.98
6.0 0.99 0.99 0.94 0.96 0.93 0.94
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ments and the beam energy, there is the potential for an en-
hanced dose near the prosthesis–bone interface that could
potentially increase the incidence of bone necrosis. Most cur-
rent treatment planning systems account for beam attenua-
tion, if the composition of the inhomogeneity is known, and
the CT number to electron density conversion curve is suit-
able. However, only Monte Carlo based treatment planning
systems promise the ability to calculate the dose accurately
near a high-Z inhomogeneity.

III. HIP PROSTHESES—GENERAL PROPERTIES
There are many designs of hip prostheses #see Fig. 3!a"$.

Usually, a total hip replacement will include a prosthetic ac-
etabular cup and a femoral component. The acetabular cup
consists of a polyethylene core supported by either a Co–
Cr–Mo or Ti alloy outer shell. The femoral component con-
sists of a stem and a head, which can be hollow or solid,
made of Co–Cr–Mo, Ti alloy, or steel. Some patients might
have all three components, while others might have only the
femoral stem implanted. The physical properties that are im-
portant dosimetrically are hollowness, shape, size, and com-
position. The majority of the current hip prosthetic devices
are made of Co–Cr–Mo alloys. Stainless steel was used in
the past, and may still be found in patients with older im-
plants. Titanium is also used in some cases.
A thorough study on the influence of hip prostheses on the

dose distribution was reported by Sibata et al.12 for incident
6 and 18 MV photon fields. In this study, prosthetic devices
from several manufacturers were used. Table III!a", from Si-
bata et al.,12 gives the common composition of the alloys
used in the manufacture of the hip prosthesis devices and the
calculated electron densities of the alloys relative to water.
The physical properties, such as mass density, mass attenua-
tion coefficient, effective atomic number, electron density,
and relative electron density for the three most common
types of hip prosthesis are provided in Table III!b" from
Hazuka et al.14 A difference as high as 17%–19% is shown
between the physical density and the relative electron density
of each alloy, the difference being much larger than the one
calculated for biologically equivalent materials.14 The rela-
tive electron densities of similar types of prosthetic devices
are slightly different in the two sets of data presented in
Tables III!a" and !b".
Besides the use of metals for prosthetic materials, ceramic

and synthetic materials are occasionally used as implants for
surgery. Ball heads of densely sintered, high-purity alumina
(Al2O3) ceramic and polyethylene have been used for pros-
thetic parts. The mass density and relative electron density
with respect to water for alumina are 3.97 g/cm3 and 3.52,
respectively. The dosimetric problems with these prostheses
are expected to be smaller than those reported here on me-
tallic prostheses because its electron density and effective
atomic number !,16" are lower.
The effect of the radiation on the prosthetic materials is

not of concern because published data61 indicate that doses
of the order of MGy are required to affect the mechanical
properties of these materials.

FIG. 2. High Z-tissue-metal interface effects for 15%15 cm2 field. The data
are normalized to 1.00 at a distance from the interface greater than the range
of the electrons set in motion. !a" Dose perturbations due to a stainless steel
plate for a single 18 MV unidirectional beam. !b" Dose perturbations due to
a stainless steel plate for parallel-opposed 18 MV beams. !c" Relative dose
in tissue on both sides of a Ti or steel plate irradiated by parallel-opposed 6
MV beams. !d" Relative dose in acrylic on one side of Ti irradiated by
parallel-opposed 60Co, 6 MV and 18 MV beams !Ref. 56".
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IV. QUANTIFICATION OF THE PERTURBATIONS
PRODUCED BY PROSTHETIC DEVICES IN
THE ABSORBED DOSE DISTRIBUTION

As previously mentioned, when a radiation beam passes
through a prosthesis, perturbations of the absorbed dose dis-
tribution occur due to the increased attenuation of the beam
by the prosthesis and interactions at the bone–metal inter-
face. Several groups11,12,14–17 have attempted to quantify

these perturbations by measuring the dose—either in phan-
toms containing a prosthesis or in patients—or by calculating
with a treatment planning system !TPS". Most prosthetic de-
vices are made of Co–Cr–Mo or titanium alloy, so some of
the measurement data in this report may also be useful for
implants other than hip prostheses. However, one should be
cautious in using these data for other type of implants be-
cause the size, shape, and composition of the device will

FIG. 3. !a" Prosthesis models and cross sections of the models. !b" Measured !#" versus calculated !!" dose behind a titanium prosthesis at depths of 10, 15,
and 20 cm for 6 and 18 MV beams !Ref. 12". Field size 10%15 cm2, 100 cm SSD and the prosthesis is at a depth of 6.5 cm !reprinted from Ref. 12".
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strongly affect the dose perturbation. The measured magni-
tude of these effects is presented in this section for the three
most common type hip prosthesis: Co–Cr–Mo, Ti, and steel.

A. Beam attenuation—measurements

Hazuka et al.14 published data on the transmission factor
through hip prosthesis devices made of Co–Cr–Mo, Ti, and
steel for 4 and 10 MV photon beams. The transmission was
measured in a water phantom with 0.1 cm3 sealed ion cham-
bers and with the beam positioned with its central axis pass-
ing through the approximate center of the solid stem of each
prosthesis. Measured beam profiles were used to correlate
beam transmission with the cross-sectional dimensions of
each prosthesis. In each case, the prosthesis was positioned
at 5 cm depth in water and measurements were made at 10
and 15 cm depth for 8%8 and 15%15 cm2 field sizes. Their
measurements are summarized in Table IV. The lowest trans-

mission was measured for a Co–Cr–Mo prosthesis !0.657
for 4 MV photons". The transmission increased with field
size and energy. The data show that for each prosthesis, at a
given energy and depth, the transmission increases with the
field size, due to the increased phantom scatter which par-
tially offsets the shielding effect of the prosthesis. The in-
crease in transmission ranged from 2% to 8% for the three
prostheses used in these measurements, when the field size
was increased from 8%8 cm2 to 15%15 cm2. The cross-
sectional dimensions of the three prostheses are different;
therefore, the differences in the transmission data cannot be
attributed only to the material of the prosthesis. Data for
prostheses fabricated from different materials with identical
geometrical dimensions !28 mm prosthesis head diameter"
were published by Sibata et al.,12 for 6 and 18 MV photon
beams. The cross sections of the prosthetic devices used in

TABLE IV. Transmission factors for 4 and 10 MV photon beams !Ref. 14" for the selected prostheses given in
Table III!a".

Photon energy !MV" 4 10
Field size !cm2" 8%8 15%15 8%8 15%15
Prosthesis/depth !cm" 10 15 10 15 10 15 10 15
Stainless steel 0.763 0.764 0.786 0.795 0.807 0.799 0.816 0.819
Co–Cr–Mo 0.657 0.672 0.708 0.714 0.735 0.736 0.748 0.749
Ti 0.861 0.855 0.869 0.876 0.887 0.879 0.891 0.894

TABLE III. !a" Elemental composition of various prosthetic devices !Ref. 12". !b" Physical properties of some selected hip prostheses !Hazuka et al., Ref. 14".

!a"
Stainless steel
wrought

Co-Cr-Mo
cast-wrought

Titanium
cast-wrought

!A" Composition of prosthesis alloys !%Weight"
Element
Carbon 0.08 max 0.35 max 0.08 max
Manganese 2.00 max 1.00 max ¯
Phosphorus 0.03 max ¯ ¯
Sulfur 0.03 max ¯ ¯
Silicon 0.75 max 1.00 max ¯
Oxygen ¯ ¯ 0.13 max
Cobalt ¯ Balance !57.4–65" ¯
Chromium 17–20 27–30 ¯
Nickel 10–14 2.50 max ¯
Molybdenum 2–4 5–7 ¯
Iron Balance !59–70" 0.75 max 0.25 max
Aluminum ¯ ¯ 5.6–6.5
Vanadium ¯ ¯ 3.5–4.5
Titanium ¯ ¯ Balance !88.5–91"

!B" Electron density relative to water
Range 6.55–6.61 6.79–6.90 3.72–3.76
Average 6.58 6.84 3.74

!b"
Prosthesis Cross Sectional

dimension
!mm"
Thickness%
width

Physical
density
!g/cm3"

Mass attenuation
coefficient at 4
MV
!cm2/g"

Effective
atomic
no.

Electron
density
(e#/cm3)

Relative
electron
density

Stainless steel 11.4%20.0 8.1 0.047 26.7 2.3%1024 6.83
Co–Cr–Mo 16.2 diameter 7.9 0.044 27.6 2.2%1024 6.74
Titanium 13.6%15.0 4.3 0.048 21.4 1.2%1024 3.6
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this study and their geometric properties are shown in Fig.
3!a". The effect of the prosthesis on the dose profiles at
depths of 10, 15, and 20 cm for 6 and 18 MV beams for a
titanium prosthetic device is presented in Fig. 3!b". The in-
creased contribution from the phantom scatter with depth
partially offsets the shielding effect of the prosthesis. The
transmission also increases from hardening of the beam as it
penetrates the device. The authors have further defined an
index of perturbation !IP" to take into account the average
attenuation over the geometry of the prosthetic device !Table
V". This index is the average measured attenuation of the
device in the plane of the cross section. The results show that
the Co–Cr–Mo prosthesis produces the most attenuation.
For a Ti alloy prosthesis Eng29 reported attenuation fac-

tors ranging from 0.64 to 0.39 and 0.60 to 0.32 for 6 and 15
MV photon beams, respectively. The magnitudes of these
factors depend upon the thickness of the prosthesis at the
point of measurement. Erlanson et al.,18 using small Si di-
odes, measured the attenuation behind a titanium alloy pros-
thesis at different angles !20° and 90°" in a water phantom
for photon energies of 6, 20, and 50 MV. Dose profiles at
various depths and depth dose curves were measured with
and without the prosthesis in place, at 5 cm depth, 100 cm
target to surface distance. The effect of attenuation for a
four-field technique was a decrease in the target dose ranging
from 9.8% to 8.1% between 6 and 50 MV beams for equally
weighted beams, and 6.2% to 5.2% for lightly weighted
!50% weighted" lateral beams. This suggests that for a four-
field technique the dose distribution is nearly independent of
energy at the center of the target. However, close to the pros-
thesis the attenuation was dependent on the beam energy and
the position of the prosthesis. For 50 MV a dose enhance-
ment of about 25% was observed at the interface that ex-
tended up to 2 cm from the interface.

B. Treatment planning and manual dose calculation
aspects

The calculation of the dose perturbations due to the beam
attenuation, interface effects, and neutron production will be
discussed in this section for the common types of hip pros-
theses. The published data12,14,16,18 demonstrate that the
changes in the dose distribution in the target volume depend
upon the location of the prosthesis with respect to the plan-
ning target volume !PTV", the size, shape, and material of
the prosthesis, as well as on the beam energy.

1. Beam attenuation

If the composition and type of the prosthesis is known,
the dose attenuation can be estimated by accounting for at-
tenuation and scatter of the beam using information from
simulator films and portal images. A more accurate method is
to use calculations obtained from treatment planning system
software supported by CT data. If CT information is used,
allowances for image artifacts created by the metallic device
must be made as discussed in Sec. IVB 1 d . Since kilovolt-
age images provide no information on whether the prosthesis
is solid or hollow, a portal image should be taken. From this
information the beam attenuation can be calculated from
tabulated mass attenuation coefficients !Table VI" !62" for
the average photon energy. Alternatively, flat sheets of the
appropriate material can be used to measure the effective
attenuation coefficient in a tissue-equivalent phantom under
broad beam geometry that approximates the clinical condi-
tion. These techniques will overestimate the attenuation be-
cause they do not account for the photon scatter. Alterna-

TABLE V. Attenuation factors for 6 and 18 MV photon beams !Ref. 12",
15%15 cm2 field size, at a depth of 10 cm for a selection of prostheses. The
prostheses were set at 5 cm depth. Index of perturbation !IP" is the average
attenuation for a given section !Fig. 3" of the prostheses.

Prosthesis Alloy Section

Maximum
attenuation IP

6 MV 18 MV 6 MV 18 MV

1 Co–Cr A 0.45 0.35 0.29 0.22
B 0.45 0.35 0.29 0.28

1 Ti A 0.26 0.17 0.16 0.11
B 0.26 0.17 0.21 0.15

2 Co–Cr A 0.44 0.32 0.28 0.18
B 0.36 0.25 0.27 0.20

2 Ti A 0.28 0.20 0.18 0.14
B 0.28 0.20 0.24 0.17

3 Co–Cr A 0.42 0.30 0.21 0.14
B 0.4 0.30 0.32 0.26
C 0.42 0.31 0.36 0.28

4 S. steel A 0.44 0.41 0.27 0.15
B 0.24 0.14 0.08 0.05
C 0.46 0.38 0.34 0.29

5 Co–Cr A 0.50 0.37 0.20 0.15
B 0.42 0.28 0.32 0.24

TABLE VI. Summary of mass attenuation coefficients %/& !cm2/g" !Ref. 62".

Energy
!MeV"

Titanium
(Z"22)

Iron
(Z"26)

Cobalt
(Z"27)

0.05 1.213 1.958 2.144
0.06 0.7661 1.205 1.314
0.08 0.4052 0.5952 0.6414
0.10 0.2721 0.3717 0.3949
0.15 0.1649 0.1964 0.2023
0.20 0.1314 0.1460 0.1476
0.30 0.1043 0.1099 0.1094
0.40 0.090 81 0.094 00 0.093 11
0.50 0.081 91 0.084 14 0.083 15
0.60 0.075 29 0.077 04 0.076 04
0.80 0.065 72 0.066 99 0.066 04
1.00 0.058 91 0.059 95 0.059 06
1.25 0.052 63 0.053 50 0.052 70
1.50 0.048 01 0.048 83 0.048 10
2.00 0.041 80 0.042 65 0.042 04
3.00 0.035 12 0.036 21 0.035 80
4.00 0.031 73 0.033 12 0.032 83
5.00 0.029 82 0.031 46 0.031 27
6.00 0.028 68 0.030 57 0.030 45
8.00 0.027 59 0.029 91 0.029 91
10.0 0.027 27 0.029 94 0.030 02
15.0 0.027 62 0.030 92 0.031 15
20.0 0.028 44 0.032 24 0.032 56
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tively, exit dose measurements using detectors as discussed
in Sec. IV C can be used to determine effective attenuation
coefficients.
a. Manual calculations. If the dose calculation point is in

a region where the assumption of charged particle equilib-
rium is a good approximation, that is, at a distance greater
than dmax from the implant, manual calculations are the sim-
plest way to estimate the attenuation of the prosthesis. The
target dose can be quickly estimated using either of the two
equations below: Eq. !4", which accounts for primary attenu-
ation only, or Eq. !5", which accounts for attenuation and
partially accounts for scatter. If the elemental composition of
the prosthesis can be obtained from the manufacturer, one
can calculate the approximate narrow beam attenuation co-
efficient as a weighted average, based on published tables.62
However, estimates of 5% accuracy can be made by using
the coefficients for iron, cobalt, or titanium for the three most
frequently used prostheses !Table VI". From the dimensions

of the prosthesis the transmission through the prosthesis can
be determined using

I/I0"e#%t, !4"

where I/I0 is the relative transmitted intensity and % is a
measured or calculated attenuation coefficient. The thick-
ness, t, of the prosthesis at various levels of the CT slices,
can be obtained from simulation films or CT scans #Figs.
4!a"–4!d"$. The attenuation calculated in this way overesti-
mates the beam attenuation due to the prosthesis, because the
narrow beam approximation does not take into account the
‘‘in-scattered’’ radiation, from the prosthesis or the patient.
Scattering partially compensates for primary photon attenu-
ation downstream from the prosthesis.
Scattering can be partially accounted for by using the ef-

fective tissue-air-ratio !TAR" or the tissue-maximum-ratio
!TMR" methods.63 The dose at a point behind the prosthesis,

FIG. 4. CT images of a patient with a hip prosthesis !cup, head, and stem": !a" frontal image/scout, !b" lateral view scout, !c" transversal slice showing artifacts,
and !d" same image as in !c", but contrast level adjusted to better visualize the contour of the prosthesis.
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Di , can be calculated by applying a correction factor, CF, to
the dose, Dh , at the same point in the absence of the pros-
thesis.

CF"Di!d!,t "/Dh!d ,t ""TMR!d!,w "/TMR!d ,w ", !5"

d!"d#t!1#&e". !6"

Here d! is the water-equivalent depth, t is the dimension of
the prosthesis measured parallel to the axis of the beam, d is
the calculation depth, &e is the electron density of the pros-
thesis relative to water !Table III", and w is the effective field
size. Ding and Yu9 showed that this method can adequately
predict the dose correction factor for the prosthesis when its
mass density is used to calculate the water-equivalent depth.
It was an empirical finding from their work that there was
better agreement between measurement and calculation us-
ing the mass density rather than the electron density. As an
example, for a 1.6 cm thick Co–Cr–Mo prosthesis located at
a depth of 8 cm, the dose correction factors calculated at a
distance 10 cm beyond it are 0.68 and 0.78, producing an
attenuation of 32% and 22% for incident 6 and 18 MV clini-
cal photon beams, respectively. If the linear attenuation co-
efficient method is used, Eq. !4" yields an attenuation of
about 37% and 28% for 6 and 18 MV photons, respectively.
The effective TMR method gives less attenuation because it
includes a scatter contribution. These correction methods do
not take into account the dimensions of the prosthesis rela-
tive to the field size or the position of the prosthesis relative
to the point of calculation. Two other approximate methods
that partly account for the location of the prosthesis are the
Batho correction and a substraction technique described by
Khan63 which is similar to estimating the dose behind a
block in a radiation field.
In regions of electronic disequilibrium, which exist within

dmax of the prosthesis, the previously discussed simple dose
correction methods are not applicable. Here, the dose may be
estimated using Eq. !3" and Tables I and II that provide mea-
sured values for BSDF and the FDPF for metal slabs as a
function of distance from them for 6 and 18 MV photon
beams. For dose estimates near steel and titanium, Fig. 2
!Ref. 56" may be used.
b. Treatment planning calculations. The effect of a hip

prosthesis on the absorbed dose in a patient with prostate
cancer and a Co–Cr–Mo hip prosthesis is illustrated in Fig.
5. Isodose distributions, both uncorrected and corrected !us-
ing the TMRs ratio method for heterogeneity corrections" for
the presence of the prosthesis, are shown. The target volume
!shaded area" represents the prostate plus margin. The plan
consists of 48.6 Gy tumor dose delivered with a 10 MV x-ray
four-field ‘‘box’’ technique and a boost of 18 Gy delivered
with 10 MV x-ray, 120° bilateral arcs. Using the water-
equivalent depths with the ratio of TMRs and the appropriate
electron density for the prosthesis, the isodose distributions
can be calculated to within 3% to 5% when compared to
measurements in a heterogeneous phantom at distances be-
yond the regions of interface effects.14,17 To obtain a treat-
ment plan with heterogeneity corrections, it can be con-
toured, or if the treatment planning system allows, a voxel by

voxel inhomogeneity correction using CT numbers can be
made. The problem is that the CT number to electron density
conversion factor may not account for the high-Z inhomoge-
neity and there are also image artifacts. Usually the system
allows for auto contouring by seeking the difference between
the densities of different structures. This will lead to several
problems due to artifacts produced on the CT image. How-
ever, either the CT or simulation film images should be sat-
isfactory for determining the outer dimensions of the pros-
thesis. The problems have been discussed along with
possible solutions by Alecu et al.64 and are discussed further
in Sec. IVB 1 d . The accuracy of the manual contouring
process can be increased by adjusting the contrast levels on
each CT slice as illustrated in Fig. 4!d". Due to these effects
the CT number, and therefore the electron density of the
prosthesis, cannot be accurately determined by the treatment
planning algorithms. If the type of the prosthesis is known,
the electron density can be obtained from Table III. If the
type of prosthesis is unknown, the electron density can be
estimated by making an approximate measurement of the
attenuation coefficient in the megavoltage beam !see Sec.
IVB 1". When the option to correct for tissue heterogeneity
is chosen, the algorithm may correct for the presence of all
areas having a CT number different from water. If the algo-

FIG. 5. Prostate treatment plan using 10 MV photons for a patient with a
single hip prosthesis 48.6 Gy using four-field box technique followed by 18
Gy boost with 120° bilateral arcs. Upper treatment plan with no inhomoge-
neity correction, and the lower plan using a TMR method #see Eq. !5"$ of
heterogeneity correction !reprinted from Ref. 14".
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rithm allows, the user should correct only for specific inho-
mogeneities.
The CT images cannot show whether the prosthesis is

hollow or solid because the low-energy x rays used in CT do
not penetrate the metallic part of the prosthesis. If informa-
tion from the manufacturer is not available to determine if
the device is solid or hollow, portal imaging with the treat-
ment beam should be performed. If the prosthesis is hollow,
the dimensions and geometry of the air cavity can be esti-
mated from an orthogonal pair of portal images and then
drawn manually on each slice within the prosthetic head. In
this situation the TPS should correct for both heterogeneities:
metal and the air cavity. It is the responsibility of the medical
physicist to determine how accurately the treatment planning
system accounts for high-Z materials. Measurements in a
water-equivalent phantom similar to those described by
Roberts10 can be performed to test the accuracy of the system
to account for high-density materials. Alternatively, if the
composition of the prosthesis is known, the dose calculated
by the TPS for a single beam passing through the prosthesis
can be compared to that calculated using Eq. !4" or !5". This
procedure only needs to be done once, like other tests made
in commissioning the TPS.
c. Dose distribution comparison for three different modes

of computing does. Here we give an example of the differ-
ences in dose distribution and in monitor units !MUs" for the
treatment of the prostate using a four-field ‘‘box’’ plan for a
patient with a solid steel implant for a left femur replace-
ment. All beams are 18 MV and are equally weighted to give
a total of 2.0 Gy to the isocenter. The dose is computed using
convolution/superposition algorithm system !Pinnacle, Ver-
sion 4.2F" in three different modes:

!1" assuming that the patient is homogeneous water !1D cal-
culation",

!2" assuming that the scatter is distributed in space as if the
patient was homogeneous, while the primary is com-
puted correctly, observing the spatial distribution of den-
sities !2.5D convolution calculation", and

!3" both primary and scatter components incorporate the dis-
tribution of densities in the dose calculation !density
scaling is an approximation since the implanted Z is non-
water equivalent" and performing a 3D superposition
calculation using the collapsed cone convolution algo-
rithm, where convolution kernels are scaled by the mass
density of the patient !O’Connor’s theorem".

Table VII gives the MUs for the three modes of dose
calculation for a patient. The increase in MUs for the right

field for methods 2 and 3 is due to the presence of bone. The
MUs for the left field rise sharply as the density of the im-
plant is included in the calculation. In fact the 3D calculation
predicts a slightly lower value than the 2.5D calculation.
This is attributed to the differences between the two mecha-
nisms to account for the scatter distribution as described ear-
lier. However, if MUs are adjusted to account for attenuation
through the prosthesis, hot spots of the order of 20% may
occur in the normal tissue, which could be unacceptable for
the patient treatment.
d. Methods to minimize artifacts from a metal prosthesis

on CT images. Methods to overcome the problems caused by
high atomic number materials by improving image recon-
struction and dose calculation methodology have been
published,65–69 although, as yet, none are commercially
available. The standard method of image reconstruction, fil-
tered back projection, gives characteristic streak artifacts due
to aliasing when attempting to create images from patients
containing high-Z materials. The loss of diagnostic quality
and corrupted density information is illustrated in Fig. 4!c".
Several attempts to overcome this limitation have been made
in the past.68,69 Besides aliasing scatter, low signal-to-noise-
ratio behind the prosthesis, beam hardening, or any other
phenomenon that makes CT detector response to attenuation
nonlinear will degrade the image.
Future developments including megavoltage imaging us-

ing tomotherapy or cone beam reconstructions or more ro-
bust numerical algorithms may help produce streak-free im-
ages. In selecting a CT scanner for purchase, you should
consider the availability and support for artifact reduction
algorithms.

2. Current TPS limitations and future possibilities
The physicist should be aware that not all commercially

available TPSs allow for adjustment or manual input of CT
numbers. Also, some systems have an upper limit for the
electron density used for the heterogeneity correction algo-
rithm. Table VIII provides information on some commer-
cially available TPS regarding heterogeneity correction algo-
rithms and their flexibility. This table provides a snapshot of
the capabilities of TPS at this time. The medical physicist
should consult with the commercial vendors to determine the
latest capabilities of their TPS. From the data in Table VIII,
all but one system allows to some degree the editing of CT
numbers and electron densities. Some groups have
published9,69 a comparison of the results of Monte Carlo
simulations to the calculations with a commercial TPS of the
dose perturbation produced by a prosthesis. An illuminating
discussion on the differences between measurements and
treatment planning calculations is given by Roberts.10 He
showed using one particular type of dose calculation that the
accuracy of dose calculation varies with beam energy and
depth !e.g., behind a steel prosthesis the pencil beam algo-
rithm overestimates the dose by 11% and 15% for 6 and 15
MV photons, respectively". This work illustrates the kind of
quality assurance the medical physicist should perform to
understand the limitations of their TPS.

TABLE VII. Monitor units to deliver 2 Gy dose at isocenter with equally
weighted 18 MV beam using homogeneous, 2.5D and 3D calculation meth-
ods.

Calculation Anterior Posterior Right Left

Homogeneous 57 56 70 69
2.5D 58 59 80 133
3D 58 58 79 126
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TABLE VIII. Characteristics of commonly used treatment planning systems obtained from the manufacturers in 2001. For more recent information contact the
manufacturers.

TPS, code
and version Algorithm

Allows for editing
of CT no.

Upper limit of allowed
CT number !in Hounsfeld
Units" or density

ADAC
Laboratories
version 4.2f

Adaptive collapsed cone
convolution superposition,
v.4.2f

Yes Practical limit on density is
12 g/cc

CMS
Focus 2.40

!a" Clarkson !effective pathlength" Yes No upper limit

!b" FFT convolution kernels !not scaled but beam hardening
accounted for"

CMS
Focus 2.5.0
and later

Multigrid superposition
!convolution kernels scaled with density"

Yes 15 !relative electron
density"

LLNL
Peregrine
first release
Distributed by
NOMOS

Full 3D Monte Carlo code based
on cross sections of photon
interactions with
inhomogeneities at the atomic
level

Yes No limits
CT no. can be set to actual
or negative as a key for
change in calculation
model

MDS Nordion
THERAPLAN
Plus v3.5

Equivalent TAR plus electron
transport

Yes. Contour
voxels are
assigned
bulk density.

No upper limit on CT
number. No practical limit
on density.

MDS Nordion
Helax-TMS
Version 6.0

!1" Fluence distribution engine:
total, including a full head scatter
model of all beam
collimating and modifying
elements.

!2" Energy transport engines:
• pencil kernel with depth scaling
• collapsed cone point kernel with 3D scaling

Yes CT nos.: No upper
limit of CT values.
However, CT values above
2832 in HU units are
considered to be induced
by stainless steel implants.
Manually assigned
densities: No upper limit.

MDS Nordion
Oncentra DM
!Dose
Modeling"
Module v1.0A

!1" Fluence distribution
engine: total, including a full head
scatter model of all beam
collimating and modifying
elements.
!2" Energy transport engines:
• pencil kernel with depth scaling
• collapsed cone point kernel with 3D scaling

No. DM is a
calculation
server with no
user interface for
modifying
contour density
values. This
would have to be
done on
originating
system !e.g. CT
Sim, VSIM"

CT numbers: No upper
limit of CT values.
However, CT values above
2832 HU units are
considered to be induced
by stainless steel implants.

Medtronic
Sofamor
Dainek. ARTS
3D 2.1

ETAR !equivalent TAR" No, but will be
added in the
future release.

No upper limit

Nucletron: Plato
RTS 3D 2.3

3D Dose algorithm: Bortfeld’s
method of pencil beam/convolution !Ref. 89"

Yes. No upper limit

Heterogeneity Correction:
Sontag and Cunningham’s !Ref. 90"
equivalent TAR method applied by Yu and Wong !Ref. 91"

ROCS, 5.0 Equivalent path length and
TMR ratio

No !1000 HU

Varian,
Cadplan

Pencil beam convolution
User’s choice:
!a" equivalent TAR
!b" Batho power law
!c"Modified Batho power law

Yes 2000 HU
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An obstacle to accurate dose calculations is the high-Z
image reconstruction limitations discussed in Sec. IV B 1 d
Once the image reconstruction algorithms are developed to
support quantitative CT attenuation measurements of dense
metal objects and artifact-free soft-tissue imaging, an accu-
rate method of transporting particles is needed which ac-
counts for the density and composition of the implant. Cur-
rent commercial algorithms, both correction and model
based, are unable to accurately predict the dose near high
atomic number implants. The Monte Carlo methods70–72 are
well suited to this application as individual particles are
transported, with the relevant interaction cross sections being
taken from the media through which the particles are being
transported. Although Monte Carlo methods for radiotherapy
dose calculation may soon become a clinical reality, the
correction- or model-based TPS will still be used in most
clinics in the near future.
To illustrate the magnitude and extent of the dosimetric

effects of a high-Z implant, a central axis depth dose curve in
water calculated by the Monte Carlo !EGS4/BEAM"73,74

method for a 6 MV beam incident on a water phantom con-
taining a 2%2%2 cm2 implant is shown in Fig. 6. The com-
plexity of the dosimetric effects is not accounted for by any
of the other methods currently available. Depth dose curves
calculated with some commonly used algorithms are com-
pared to the Monte Carlo results in Fig. 6. Monte Carlo is the
only algorithm that predicts the large increase in dose near
the proximal water–titanium interface. The Batho and ETAR
calculations performed here were obtained with a TPS with
an upper density limit of 3.0 g/cm3, and thus overestimate
the dose distal to the implant. Hence it is not only important
to have accurate dose calculation algorithms, but also the
ability to assign the correct density to the implant. This point
was emphasized by Roberts,10 who reported similar results
on the importance of using the correct density for the implant

in the dose calculation, and thus the ability to edit CT images
is an important feature of a TPS.

3. Neutron production
Photon beams with energy higher than 10 MV are con-

taminated with neutrons from the accelerator head. Neutrons
are also created inside patients irradiated with these high-
energy photon beams. The general conclusion from various
reports75,76 on this subject is that the neutron dose to patients
undergoing typical high-energy photon irradiation therapy is
negligible compared to the photon dose. Due to the interac-
tion of these neutrons after thermalization with the metallic
prosthesis, there exists a potential for increased photon dose
around the device.77 The following calculation provides an
estimate of the additional photon dose resulting from !n, -"
reactions in patients with hip prostheses to indicate the mag-
nitude of the effect.
The solid head of a titanium-based prosthesis can weigh

as much as 500 g. The cross section for thermal neutron
capture for Ti is 9 barns (9%10#24 cm2). Ti-48 was chosen
for this calculation because it is the most naturally abundant
isotope. The head of the Ti prosthesis at approximately 5 cm
depth inside a patient will be exposed to about 2.37
%106 n/cm2/s !100 cm SSD" when irradiated by an 18 MV
photon beam77 at 400 MU/min. The neutron flux may be
higher or lower depending on the type of accelerator and the
irradiation setup.75–77 Thermal neutron capture will result in
prompt gamma-ray emission with an average energy of 3.30
MeV. The dose rate due to these prompt gamma rays is about
0.74 cGy/min at 1 cm distance from the implant. These cal-
culations assume that the photons originate from a point
source of Ti weighing 500 g, that is, any self-absorption of
these high-energy photons inside the metal is ignored and
therefore can be considered a conservative estimate. Know-
ing the dose rate of the linear accelerator !at least 200 cGy/
min" and the dose delivered by the beam passing through the
prosthesis, one can estimate that the extra neutron induced
photon dose is less than 0.5% of the photon dose at 1 cm
from the prosthesis, and, therefore, can be assumed to be
clinically negligible.

C. In vivo measurements

There are many types of prostheses with variations in
composition !relative electron density", as previously dis-
cussed. Often, detailed information on the type of prosthesis
in a particular patient is not available and hence dose calcu-
lations will have large uncertainties. For these situations, in
vivo measurements can be useful to help determine the ef-
fective composition of the prosthesis and differentiate Ti
from steel or Co–Cr–Mo. These measurements in combina-
tion with image reconstruction information described in Sec.
IVB 1 b can be used to estimate the target dose.
The most conclusive type of measurement is an intracavi-

tary one obtained during the patient irradiation. Two
groups15,16 describe in vivo TLD measurements in patients
with hip prostheses. In these patients catheters loaded with
TLDs were inserted in a urological catheter placed into the

FIG. 6. A comparison of Monte Carlo calculated central axis depth dose with
superposition, pencil beam, Batho, and ETAR calculation algorithms for a 6
MV beam incident on a water phantom containing a 2%2%2 cm3 titanium
implant. Note that the Batho and the ETAR calculations shown in the figure
were performed on a TPS with an upper limit for the implant density of 3.0
g/cm2.
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bladder and irradiated during part of a treatment session. The
location of the TLDs with respect to the patient’s anatomy
was verified using metal markers. The results of the TLD
measurements of Burleson et al.17 showed a 10% to 15%
dose reduction for a conventional four-field beam geometry
in a patient with bilateral total hip replacement prostheses.
Hazuka et al.15 compared their in vivo TLD results with het-
erogeneity corrected dose calculations using the ratio of the
TMR correction algorithm, and an estimated thickness of the
prosthesis from CT. The difference between the measured
and calculated doses was only 3%. Unfortunately, their TLD
calibrations had a rather large error !8.3%, 1 SD". An obvi-
ous limitation of this type of in vivo measurement is the
added inconvenience and discomfort for the patient, and is
unlikely to be performed. Instead, in vivo dosimetry using
detectors positioned on the skin of the patient and at the exit
surface of the beam is often used as a method to assess the
dose inside the patient.78–81 Many exit dose measurements
relating to hip prostheses described in the literature are per-
formed with diodes. However, thermoluminescent detectors
!TLDs" and film have also been used. If film is used, a cali-
bration curve for the particular type of film should also be
obtained. Those interested in performing these types of mea-
surements should consult the ESTRO booklet82 which pro-
vides a comprehensive literature review on the clinical use of
both diodes and TLDs and an ESTRO publication83 on per-
forming in vivo dosimetry with a diode.
The exit dose for the beam passing through prosthesis is

calculated from a detector reading using the equation

De"R%K%II iCi , !7"

where De is the exit dose, R is the detector reading, K is the
detector calibration factor measured under reference
conditions,77–81 and II iCi are a product of correction factors
for the different detectors under nonreference irradiation
conditions. These Ci factors are related to the type of detec-
tor. For example, ionization chambers will have corrections
for recombination and temperature and pressure, diodes will
have corrections for dose rate and angular response, and film
may have corrections for scattering conditions. The sub-
script, e, refers to the actual measurement condition for mea-
suring the exit dose. The attenuation of the beam produced
by the prosthesis at a point along a given ray can now be
obtained by calculating the transmission through the prosthe-
sis as a ratio of the exit dose measured in the shadow of the
prosthesis and the dose at the same point, calculated by the
TPS, for a homogeneous case !neglecting the presence of the
prosthesis". The attenuation estimated in this way, at the exit
surface, is 2% to 6% lower than the actual broad beam at-
tenuation depending upon the energy, patient separation, and
field size. This is because internal scatter will partially cancel
the attenuation effect of the prosthesis at distances distal to
the inhomogeneity. This is a small effect compared to the
attenuation introduced by the prosthesis in the target volume.
The accuracy of in vivo dosimetry is very dependent on the
immobilization of the patient and the accurate positioning of
the patient and detector. However, exit dose measurements

can provide an estimate of the error in TPS calculations, if
the heterogeneity correction option is activated.
A drawback of in vivo dosimetry using diodes or TLDs is

that the dose is only measured at a limited number of points
instead of over the shadow of the target. One method to
obtain spatial dose information is to use film as described by
Van Dam et al.84 A promising approach is to use the infor-
mation in a portal image to verify the dose calculation. Rela-
tive dose distributions transmitted through the patient, ob-
tained with a portal image, can be used to determine the
radiological path length through the prosthesis. This can be
done by measuring dose profiles through the projection of
the prosthesis after converting the optical density of a film,
or the pixel values of an image of an electronic portal imag-
ing device, into dose values.85 The resulting reduction in
transmission at the position of the prosthesis, compared with
adjacent values, can then be converted into a radiological
path length that can be used for dose calculation as illus-
trated in Figs. 7!a" and 7!b". Currently, several groups have
developed methods85–87 to relate the information in the por-
tal image directly to the dose distribution in the patient.
However, these methods are still evolving and slowly com-
ing into clinical use, and the rather complicated algorithms
for patient dose calculations are not yet widely available.
Therefore, in the near future, only the simple relative meth-
ods described previously are likely to be available for clini-
cal needs.

V. POSSIBLE ACTIONS FOR MINIMIZING
THE DOSE PERTURBATIONS
Perturbations of the dose distribution by a hip prosthesis

when treating pelvic malignancies can result in unacceptable
dose inhomogeneities within the target volume. Such an in-
homogeneous dose distribution may compromise local con-
trol and, therefore, beam arrangements to completely or
partly avoid the prosthesis !e.g., avoid using or reduce the
weight of the lateral beam on the side of the prosthesis or
consider using rotational fields" have been proposed, and are
often the preferred solution. Sometimes these techniques are
not the best choice since the dose to organs at risk may be
unacceptably high. Tolerance doses to normal tissue can be
found in the literature.59 Therefore, alternative methods to
compensate for the beam attenuation due to the prosthesis
may be more suitable. In determining a course of action, it is
important to consult closely with the radiation oncologist
regarding the treatment goals. For patients treated to a low
prescription dose, the dose perturbation caused by one of the
fields traversing part or all of the prosthesis may still produce
a clinically acceptable isodose distribution in the normal tis-
sue. Alternatively, a simple heterogeneity correction to adjust
the treatment MUs may provide an acceptable plan. In either
case the normal tissue consequences of either changing the
beam arrangements or giving more MUs through the pros-
thesis are reduced for low treatment doses. However, patients
treated to a high prescription dose may require a more so-
phisticated treatment plan. In particular, due to the uncer-
tainty in the dose calculations near a high-Z material, there is
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the potential of increased bone necrosis, especially for pa-
tients undergoing dose escalations. A possible solution for
their treatment planning is to assure that, within a 1 cm thick
rind of tissue around the prosthesis, the maximum dose cal-
culated by the TPS is below 55 Gy. This would allow for a
possible 15% increase in dose to the bone from interface
effects and maintain the normal tissue complication probabil-
ity dose for the femoral head of 65 Gy !TD 50/5—the prob-
ability of 50% complication within 5 years59".

A. Special beam arrangements

As previously mentioned, the first option to consider
when treating a patient with a metal prosthesis is to design a
treatment plan with beams that do not pass through the de-
vice. Although this method avoids the dosimetric complica-
tions of the metallic inhomogeneity, it may result in compro-

mising the patient treatment by increasing the dose to organs
at risk. The following example illustrates this point. For
treating patients with prostate cancer, while avoiding the
prosthesis, numerous treatment techniques have been
developed.27,28 One of the most commonly used techniques
is four oblique fields or ‘‘diamond’’ plan. A comparison of
the standard four-field ‘‘box’’ plan with the ‘‘diamond’’ plan
is made for treatment with 18 MV photon beams using Ren-
der Plan 3D TPS. Dose-volume-histograms !DVHs" were
calculated with the same target volume planned for these two
techniques. Table IX summarizes the DVH results. The rectal
dose and bladder dose are significantly higher with the ‘‘dia-
mond’’ technique. These results will vary depending upon
the anatomy of the patient and the extent of the disease, as
discussed by Agapito.27

FIG. 7. !a" Portal image of a patient having bilateral hip prostheses. !b" Relative dose distribution along the lines indicated in the portal image.
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Examples of alternate beam arrangements to avoid treat-
ing through a hip prosthesis are presented. One technique for
treating cancer of the prostate involves six high-energy pho-
ton beams: two opposed lateral fields and two pairs of op-
posed oblique fields. Figure 8!a" shows the central axis iso-
dose distribution without inhomogeneity correction for 18
MV photons for six fields superimposed on a transverse CT
cut through the prostate. To avoid the prosthesis three differ-
ent treatment plans were developed for this patient: a five-
field plan #Fig. 8!b"$, a five-field plan with wedges #Fig.
8!c"$, and a three-field plan with wedges #Fig. 8!d"$. These
plans are provided as examples of treatment options that
avoid the metallic prosthesis. The optimal plan for covering
the target and minimizing the dose to the critical structures
depends upon the patient anatomy and the extent and loca-
tion of the disease. To compare the plans the integral DVHs
are shown in Fig. 9. All the plans completely cover the tar-
get, but there are significant differences in the dose to the
rectum and bladder among these three plans. Although the
DVH for the three-field plan shows significant sparing of the
rectum, this must be weighed against the increased dose to
the right femoral head illustrated by the isodose distribution
in Fig. 8!d". In appropriate cases more complex non-coplanar
beam arrangements may be considered. However, these
should be weighed against the practical issues such as ease of
treatment planning and delivery, gantry-couch collision, por-
tal verification, and staff training. Therefore, the advantages
and disadvantages of modified treatment techniques to avoid
dosimetric complications should be carefully considered and
discussed with the radiation oncologist.

B. Dose compensation

There are two general methods to correct for the effect of
a prosthesis on target dose distribution. In one method for-
ward planned intensity modulated beams are used to com-
pensate beams that traverse the prosthesis while in the other
method inverse planned intensity modulated beams are used
to provide normal tissue protection and target coverage with
beams that avoid the prosthesis. In the former method two
dose compensation techniques have been reported by Alecu
et al.64 The first technique uses a traditional compensator.
The other uses manually created intensity modulated x-ray
beams using a multileaf collimator. In the first method the
dose information available from a portal image is taken to
construct a physical compensator filter. A limitation of such a
compensator system is that it cannot be used for patients
with bilateral hip prostheses. This problem may be overcome
with the second method. A dose compensator is designed

FIG. 8. !a" Transverse isodose distribution through the central axis for a
six-field plan: Two opposed lateral fields and two pairs of opposed oblique
fields using 18 MV photons. The following three field arrangements are
designed to avoid the prosthesis. !b" Five-field plan: two anterior oblique
fields, two posterior oblique fields and a right lateral field for 18 MV pho-
tons. !c" A five-field plan with wedges: two anterior oblique fields, two
posterior oblique fields, and a right lateral field for 18 MV photons. All of
the oblique fields have a 30° wedge. !d" A three-field plan with wedges: 6
MV anterior field with a 45° wedge, 18 MV posterior field with a 30°
wedge, and 18 MV right lateral field with a 15° wedge. In all of these plans
the field sizes are adjusted to conform to the target and the dose distributions
are obtained with PLUNC, Plan University of North Carolina, 3D treatment
planning system.

TABLE IX. Summary of DVHs.

Four field box Diamond

Rectum 100% Vol.50% Dose 100% Vol.50% Dose
38% Vol gets 100% Dose 99% Vol gets 100% Dose

Bladder 60% Vol.50% Dose 77% Vol.50% Dose
8% gets 100% Dose 36% Vol gets 100% Dose
19%/20% Dose 16% Vol/20% Dose

1177 Reft et al.: Task Group 63 Report 1177

Medical Physics, Vol. 30, No. 6, June 2003



using a CT simulation, 3D treatment planning, and multileaf
collimators to produce segmental fields that allow high in-
tensity over the prosthesis. These methods of dose compen-
sation produce a high dose perturbation in the normal tissue
upstream of the prosthesis, which should be evaluated. These

techniques require accurate characterization of the prosthesis
geometry, accurate dosimetry modeling in the presence of
the metallic implant, as well as good patient immobilization
and accurate registration of the compensator to the patient.
Precautions similar to those in treatment planning should be
taken for the design of the compensator. Additionally, in vivo
measurements should be performed to verify its accuracy.
Because of these factors and the labor involved in designing
and constructing the compensators !less labor is involved
using a multileaf collimator", they will probably be of lim-
ited use in a busy clinic that does not have the necessary
physics and technical support.
An example of the latter method is intensity modulated

radiation therapy !IMRT" with dynamic multileaves as in the
step-and-shoot method in combination with inverse treat-
ment planning. This treatment modality is becoming more
available and potentially offers better treatment plans for the
prostate. By making the prosthesis a critical structure to
avoid or choosing beams that avoid it, treatment plans can be
developed using inverse treatment planning techniques88 that
are comparable to the commonly used six-field technique.
Alternatively, to provide more flexibility in developing treat-
ment plans, the prosthesis can be selected as a critical struc-
ture with a dose constraint. One study88 compares conformal
six-field and five-field plans with a nine-field IMRT plan. As
an example, Fig. 10 shows the comparison of DVHs for the
bladder, rectum, and PTV for a five-field 3D conformal 18
MV plan and a nine-field 6 MV IMRT plan for a patient with
a prosthesis. A six-field 18 MV plan with the inhomogeneity
correction turned off is shown as a reference for comparison.
The IMRT plan compares favorably with the reference plan.

VI. RECOMMENDATIONS
This Task Group recommends the following protocol:

!1" Find out from your treatment planning system manufac-
turer the possibilities and limitations regarding heteroge-
neity corrections for high electron densities of the treat-
ment planning algorithm available within your
department. Determine and test if electron densities can
be changed in user-selected regions, if there is an upper
limit to this value and how to edit the streak artifacts !see
Table VIII and Sec. IVB 1 b". Verify this information
with some phantom measurements such as those de-
scribed by Roberts10 or with hand calculations.

!2" The radiation oncologist should inform the physicist in
advance if a patient with a hip prosthesis is scheduled to
be simulated for pelvic radiation.

!3" Beam arrangements that avoid the prosthesis should be
considered first, and this option should be discussed with
the radiation oncologist.

!4" If the decision is made to use a technique with beams
which avoid the prosthesis, the following additional
steps are recommended:
4.1 Use standard immobilization and simulation or CT
simulation.
4.2 Perform treatment planning. Check with the simula-
tor films and/or DRRs that the prosthesis does not

FIG. 9. Summary of the dose volume histograms for the target, bladder, and
the rectum for the four different treatment techniques as shown in Figs.
9!a"–9!d".
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shadow part of the target volume. For CT planning you
can edit out the streak artifacts and turn off the inhomo-
geneity correction.
4.3 Take a port film or EPID image before or during the
first treatment to verify that the prosthesis does not
shadow part of the target volume.

!5" If treatment through the prosthesis is considered, then
the following are recommended.
5.1 Discuss with the radiation oncologist the treatment
plan for this patient. Include such questions as:
5.1.1. Is the patient getting a high or low target dose?
5.1.2. Is the dose to the bladder, rectum, or hip of

concern?
5.1.3. What uncertainty in the target dose is accept-

able?
5.2. Obtain before simulation as much data as possible
about the prosthesis from the patient’s medical records,
the surgeon, and/or prosthesis manufacturer.
5.3. Inform the radiation oncologist about the approxi-
mate magnitude of the relevant dose perturbation and the
capabilities of your TPS to make the corrections.
5.4. If the type of prosthesis is known, then the following
steps are recommended:
5.4.1. Obtain the physical characteristics such as its

dimensions from orthogonal simulator films or CT
scouts, electron density !to use in planning, if necessary",
approximate attenuation of the beam passing through the
prosthesis, and possible dose increase to the hip bone,

etc. from this report or other sources.12,14
5.4.2. Perform treatment planning !computerized iso-

dose distributions with heterogeneity corrections, input-
ting the electron density". Use the most physically rigor-
ous dose calculation algorithm available in your TPS.
5.4.3. Use published data on prosthesis attenuation

and electron densities to compare your hand and treat-
ment planning calculations.
5.4.4. Treat the first fraction based on 5.4.1 and take

portal images and confirm whether the prosthesis is hol-
low or solid.
5.4.5. During the first fraction perform exit dose mea-

surements with diodes, films, or TLDs to confirm and, if
necessary, modify your treatment planning calculations
and input characteristics.
5.5. If there are no data available on the physical char-
acteristics, but the composition of the prosthesis is
known, perform phantom measurements or a calculation
for the attenuation !see Sec. IV B 1 a" and continue
through steps 5.4.1–5.4.5.
5.6. If the type and characteristic of the prosthesis are
unknown, then the following steps are recommended:
5.6.1. Perform treatment planning !computerized iso-

dose distribution without heterogeneity corrections in or-
der to calculate attenuation—Sec. IV B".
5.6.2. Check with the physician if films only !no treat-

ment" can be taken on the first day to obtain information
on the prosthesis. If not, treat the first fraction ignoring

FIG. 10. DVHs for the bladder !a", rectum !b", and PTV !c" comparing five-field 3DCRT and IMRT plans. The six-field 3DCRT DVHs are shown for
comparison. The conformal plans obtained with PLUNC !Plan University of North Carolina" and the IMRT plan obtained with CORVUS inverse treatment
planning system.
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the presence of the prosthesis based on 5.6.1.
5.6.3. During the first fraction:
5.6.3.1. Take port film or EPID and determine if pros-

thesis is solid or hollow.
5.6.3.2. Perform exit dose measurements with EPID,

films, diodes, or TLDs !diodes will show up on portal
films or EPID images".
5.6.4. Use these measured data to derive physical

properties of the prosthesis, such as attenuation of the
beam due to the prosthesis, which might allow you to
identify the type of prosthesis and compare your results
with published data.
5.6.5. Perform treatment planning !computerized iso-

dose distribution with heterogeneity corrections" based
on your calculated and measured data. Use the most ac-
curate dose calculation algorithm available in your TPS.
5.6.6. During the second fraction perform exit dose

measurements with detectors to confirm, and if neces-
sary modify your treatment planning calculations and in-
put characteristics. If the patient has more than 30 frac-
tions, it might be acceptable to the physician for the
patient to be treated with the original plan for the first
few fractions while a more accurate treatment plan is
developed.
5.7. Document the treatment plan and procedure used
and inform the radiation oncologist about
5.7.1. The effect of the prosthesis on the target dose

distribution and the uncertainty in estimating this effect,
5.7.2. The approximate magnitude of the interface ef-

fect, and
5.7.3. The possible increase in dose for organs at risk,

peripheral tissue, etc.

Suggestions for future research work include the develop-
ment of algorithms to reduce the streaking artifacts produced
when reconstructing CT images of patients with prosthesis as
well as algorithms to calculate accurately dose distributions
near high-Z materials. Further study should also be per-
formed on the biological effects of the increased tissue dose
at the tissue-prosthesis interface.
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