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Therapeutic treatment plan evaluation is often based on examining the radiotherapy
treatment planning~RTP! system dose distributions in the target and surrounding
normal structures. To study the effects of tissue inhomogeneities on photon dose
distributions, we compared FOCUS RTP system dose distributions from the
measurement-based Clarkson and model-based MultiGrid Superposition~MGS! al-
gorithms with those from theBEAM Monte Carlo code system in a set of heteroge-
neous phantoms. The phantom inhomogeneities mimic relevant clinical treatment
sites, which include lung slab, lung-bone slab, bone-lung slab, mediastinum, and
tumor geometries. The benchmark comparisons were performed in lung densities of
0.20 and 0.31 g/cm3, and a bone density of 2.40 g/cm3 for 535 cm2 and 10
310 cm2, 6- and 15-MV photon beams. Benchmark comparison results show that
the MGS model andBEAM doses match better than 3% or 3 mm, and the MGS
model is more accurate than the Clarkson model in all phantoms. The MGS model,
unlike the Clarkson model, predicts the build-down and build-up of dose near tissue
interfaces and penumbra broadening in lung associated with high energy beams.
The Clarkson model overestimates the dose in lung by a maximum of 10% com-
pared toBEAM. Dose comparisons suggest turning-off the effective path length
inhomogeneity correction in the Clarkson model for lung treatments. ©2001
American College of Medical Physics.@DOI: 10.1120/1.1328616#

PACS number~s!: 87.53.2j, 87.53.Bn
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INTRODUCTION
External beam radiotherapy treatment planning~RTP! is a complex process, which involves th
use of information from CT and/or MRI examinations in order to localize the target volume
surrounding normal structures. One then determines the treatment technique and beam
performs the dose calculation, evaluates and optimizes the plan, and verifies the plan
simulator and treatment machine. Dose calculation and treatment plan evaluation depend s
on the accuracy of the dose calculation algorithm in the RTP system.1

Dose calculation algorithms in RTP systems can be broadly classified into measuremen
and model-based approaches. Measurement-based models, such as the Clarkson algorith2 com-
pute dose based on measurements in water. These models usually correct the homogeneo
distributions to account for treatment aids, patient contours, and tissue inhomogeneities.
measurement-based approaches, model-based approaches, such as the convolution/sup
algorithm,3 compute the dose in water or patient from physics principles. The dose calcu
accounts for beam energy, treatment aids, the transport of primary and secondary radiatio
the patient, and the effects of tissue inhomogeneities on the dose distributions.
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When commissioning RTP dose calculation algorithms, the goal is often to achieve agre
between calculated and measured doses within 1–2 % for open and wedge fields in water
this is possible to achieve using both measurement-based and model-based algorithms i
phantoms, such an agreement is usually not possible for measurement-based algorithms
toms with heterogeneities. This is due to the fact that measurement-based models are
account for the effect of tissue inhomogeneities on the primary radiation. However, correcti
the scatter radiation is difficult since it depends on field size, beam energy and shape, locat
density of the inhomogeneities.4 In contrast, model-based algorithms can account for the effec
tissue inhomogeneities on the scatter radiation using the density scaling method5,6 or other
approaches.7,8

Many RTP research and commercial systems still use measurement-based models f
calculations. The accuracy of dose calculation algorithms in heterogeneous phantoms has
ously been investigated by comparing calculations with measurements. Comparisons were
limited to the central-axis due to the complexity of performing accurate full three-dimens
~3D! measurements.4,9,10 Therefore, there is a need for a detailed study and examination o
dose distributions in heterogeneous phantoms, since many studies have debated the use
mogeneity corrections in treatment planning, especially for lung treatments.11–14 In this work, we
compared FOCUS RTP system dose distributions from the measurement-based Clarkso2 and
model-based MultiGrid Superposition15 ~MGS! algorithms with those from theBEAM16 Monte
Carlo ~MC! code system in a set of heterogeneous phantoms. The phantom and beam geo
simulate clinical treatment situations. We present results that suggest turning-off the effectiv
length inhomogeneity correction in the Clarkson model for lung treatments. While the me
presented are specific to the FOCUS Clarkson and FOCUS MultiGrid Superposition m
results should apply to other implementations of the Clarkson and Superposition models in
treatment planning systems.

METHODS

The Clarkson and MGS models of the FOCUS RTP system are used~version 2.5.0, Comput-
erized Medical Systems, St. Louis, MO!. Calculated dose distributions are compared toBEAM

Monte Carlo dose distributions for a Varian Clinac 2300C/D accelerator~Varian Oncology Sys-
tems, Palo Alto, CA!. Dose distributions are normalized to the value from theBEAM simulation, at
the depth of maximum dose (dmax) along the central axis. Distributions for 6- and 15-MV bea
are compared for 535 cm2 and 10310 cm2 fields.

In order to compare theBEAM and RTP dose calculation models, corresponding dose value
extracted from the 3D dose data from each model. The dose values from the corresponding
are read into a comparison utility. The utility compares both sets of plane data and produc
percent-difference relative to the dose atdmax, distance to agreement~distance to agreement to th
nearest point exhibiting the same dose level! and percent passing information. The output is th
read by another utility which allows the visualization of isodose distributions and various i
mation.

Heterogeneous phantoms

The five heterogeneous phantom geometries studied in this work are shown in Fig.
phantoms have external dimensions of 30330330 cm3. A build-up layer of water with a thick-
ness of 3 cm for the 6-MV beam and 5 cm for the 15-MV beam is used in order to ac
electronic equilibrium before entering the low or high density layers. The heterogeneitie
assumed to have the same atomic composition as water.

The lung and bone slab geometries have been used to verify dose calculation algorithm
the central-axis in many research articles.4,9,10The slab-based phantoms are used to examine d
inside the inhomogeneities, beyond them, and near material interfaces. Figure 1~a! is a lung
slab in a water phantom with a density of 0.31 g/cm3. The lung slab has a dimension o
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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30330310 cm3. Figures 1~b!and 1~c!are a lung-bone and bone-lung slab in a water phan
with 0.2 and 2.4 g/cm3 density for lung and bone, respectively. The lung and bone slabs ha
dimension of 3033038 cm3 each. To achieve full scatter conditions, the lateral extent of the s
is larger than the 535 cm2 and 10310 cm2 field sizes used in this work.

Figure 1~d! is a mediastinum geometry~two lung geometry!.17 Each lung dimension is
8330316 cm3 and has a density of 0.31 g/cm3; the two lungs are separated by water of 2 c
thickness. For this geometry, the dose will change inside in the lungs. The scatter dose co
tion to the central axis will also change without affecting the primary dose. The tumor geom
is shown in Figure 1~e!with a tumor density of 1 g/cm3 and a 63636 cm3 dimension centered in
a lung thickness of 18 cm. The tumor geometry is designed to simulate the treatment of a
lung tumor, which is often located inside the lung.4 The setup is used to examine the do
distributions inside the tumor, lung and near interfaces.

BEAM setup

BEAM is a Monte Carlo based system for modeling radiotherapy treatment unit heads f
RTP.16 The BEAM code is developed based on the EGS4 code system18 which has been demon
strated to accurately simulate the coupled transport of electrons and photons in matter.19,20,22The
EGS4 system has been used to calculate beam data for many clinical linear accelerators a
distributions in both homogeneous and heterogeneous phantoms.19

TheBEAM code generated the full phase-space of all particles for the 6- and 15-MV beam
emerge from the simulated Varian Clinac 2300C/D treatment unit. The phase-space file co
information about particle type, energy, position, direction, weight, and a tag that record
particle history at any specified plane in the simulated geometry.

To commission the Monte Carlo simulated phase-space data, the dose distributions cal
using the Monte Carlo method were compared with the measured beam data for the 6- and
beams. The incident beam parameters, which include the incident electron energy, the spa
the angular distributions at the target surface, were altered so that the calculated dose distr
can match the measured values within 2% of the maximum dose everywhere in
phantom.22,24,25Sufficient number of particle histories were simulated to ensure the 1-sigma
tistical uncertainty on the calculated dose values was less than 1% of the maximum dose
voxels.

FIG. 1. Schematic of the~a! lung slab phantom,~b! lung-bone slab phantom,~c! bone-lung slab phantom,~d! mediastinum
phantom and~e! tumor phantom.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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DOSXYZ in the BEAM/EGS4 system is a code for simulating electron and photon transport
Cartesian volume and scoring the energy deposition in the designated voxels. The geome
rectilinear volume with voxel dimensions which are variable in all three dimensions. Each
can have different materials with varying densities for use with CT data.DOSXYZ was used to
calculate the dose in the heterogeneous phantoms, depicted in Fig. 1, on 0.530.530.5-cm grid
size using the 6- and 15-MV beam phase-space source distributions.

Dose calculation algorithms

The Clarkson sector integration algorithm uses patient data, treatment machine data, an
information to simulate dose distributions inside the patient. The patient information consi
relative electron density data which represents a section of the patient. The relative e
density values can be calculated from either the CT data or the assigned structure densiti
algorithm takes into account primary dose corrections for inhomogeneities in the patient,
mission by the wedge, and scatter modifications of blocks and collimators resulting from
shaping. The algorithm does not take into account scatter modifications due to differences
intensity ~e.g., wedges!, patient density, surface curvature and missing tissue.

In the Clarkson algorithm, the dose is calculated at a point (x,y) in a plane at depthd as the
sum of primary and scatter dose:

D~x,y,d!5F~x,y!bTAR~0,de f f!1SAR~x,y,de f f!c. ~1!

TAR is the central-axis tissue-to-air ratio at the radiological depthde f f extrapolated to zero field
size. SAR is the scatter-to-air ratio atde f f at the dose point. Here, the Clarkson algorithm accou
for the effects of tissue inhomogeneities by calculating the primary and scatter dose alon
beam ‘‘effective path length’’ fan line. Note that the Clarkson algorithm, unlike the MGS a
rithm, does not model the effect of tissue inhomogeneities on scatter dose distribution.

The MGS algorithm uses fundamental physics principles to calculate dose distributions
the patient rather than providing reproductions or modifications of measured data. Specifica
MGS algorithm computes the dose by convolving the total energy released in the patien
Monte Carlo generated energy deposition kernels.20 The MGS model accounts for beam harde
ing, missing tissue and the effects of tissue inhomogeneities on the dose distributions. A d
description of the implementation and commissioning of the MGS model has recently
reported.15 In the MGS algorithm, the total energy released per unit mass~TERMA21!, T, at the
interaction point may be calculated as

T~r 8,E!5
m

r
~E,r 8!EF~r o!exp~2mur 82r ou!, ~2!

wherem/r is the mass attenuation coefficient,E is the beam energy,m is the linear attenuation
coefficient,r o is a point at the patient surface,F is the primary fluence along the beam fan lin
through the positionr o . The dose at a pointr is calculated by convolving TERMA with a densit
scaled energy deposition kernel,

D~r !5EET~r 8,E!
r~r 8!

r̄
K~ r̄ l ~r 2r 8!,r 2r 8,E!d3r 8dE, ~3!

whereK is the energy deposition kernel,r̄ is the average density along the path between
interaction and dose deposition sites,l (r 2r 8), r 2r 8 is the distance between interaction and do
deposition sites, andr(r 8) is the density of the interaction site.K is distorted by the radiologica
distancer̄ l (r 2r 8) from dose deposition point. The density scaling method was used to sca
energy deposition kernels to account for the effect of tissue inhomogeneities on the dose
bution.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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RESULTS AND DISCUSSION

Figure 2 shows the total number of points that passed a 3% or 3 mm accuracy criteria f
Clarkson and MGS models, compared toBEAM, for all study beam setups and test phantoms. T
is an overall quantitative assessment of the accuracy through reporting the total number of
lation points passing a 3% or 3 mm criteria. In general, the MGS model is more accurate th
Clarkson model in all phantoms with an average of 99% versus 87% for the Clarkson mod

Next, we will discuss the results of the quantitative evaluation for a qualitative evalua
Specifically, the depth dose and isodose distributions in each test phantom were examine
vidually to study the effects of tissue inhomogeneities on dose distributions and to determi
accuracy of the algorithms under these various clinical situations. For the sake of brevit
decided to present only the MGS model isodose results.

Lung slab phantom

Figures 3~a!and 3~b!show the Clarkson, MGS, andBEAM depth dose distributions and Fig
3~c! and 3~d! show the MGS andBEAM isodose distributions in the lung phantom for th
535 cm2, 6- and 15-MV beams. Figures 4~a!–4~d! show the same information for the 1
310 cm2, 6- and 15-MV beams. Note that theBEAM MC dose distributions are not smooth as
consequence of the inherent random errors, or statistical uncertainty, contained i
calculations.23

For this type of setup, the MGS results are within 3% or 3 mm ofBEAM results. Note however
that the Clarkson model overestimates the dose by a maximum of 10% and 4%, compa
BEAM, in the lung for the 535 cm2 and 10310 cm2 field sizes, respectively. The overestimatio
arises from the use of the effective path length correction which tends to boost the primary
in the low density region without accounting for loss of scatter.

In reality, a deficit in dose in the lungs occurs, mainly due to two conditions presented i
the lungs:~i! the loss of scatter and~ii! electronic disequlibrium, especially for higher energies a
small field sizes as shown in Fig. 3. This is due to the increase of the ratio of primary to s
radiation. With higher energy beams, there is a reduction in the number of scattered ph
Further, more energy is carried away by primary electrons from the low density lung region
re-enters from the off-axis direction. The increase of primary photons in lung also results
increase~build-up! in the dose when radiation penetrates through the water region below the
slab as shown in Fig. 3~b!. The effect of lung inhomogeneity along central-axis dose distrib
increases with smaller field sizes and higher energies.

FIG. 2. ~Color! A histogram showing the total number of Clarkson and MGS dose calculation points passing a 3% or
accuracy criteria versusBEAM.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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The MGS model can account for most of these effects by scaling the energy deposition k
using the density scaling method as we observed in the figures. The Clarkson model, usin
the effective path length correction for the primary radiation, does not account for these s
effects and therefore yields inaccurate results.

The protuberance of the 3% and 5% isodose lines in lung, as shown in Figs. 3~c! and 3~d!, is
modeled correctly using the MGS algorithm. The bulge of low isodose lines is due to the fac
higher energy photons set primary electrons in motion with higher energy resulting in an incr
electron range, especially in low density materials. The increase in the lateral range of ele
and scattered photons in low density regions causes an increase in the lateral range of do
usually results in penumbra broadening in low density regions such as lung, especially for
field sizes and higher energy beams.

Lung-bone and bone-lung slab phantoms

Figures 5~a!and 5~c!show the depth dose distribution and isodose lines for 535 cm2, 15-MV
beams in the lung-bone slab phantom. Figures 5~b! and 5~d!show the dose distributions for th
same beam setup in the bone-lung slab phantom.

FIG. 3. ~Color! Depth dose distributions for the Clarkson, MGS, andBEAM in the lung phantom,~a! 535 cm2, 6-MV beam,
~b! 535 cm2, 15-MV beam. Isodose distributions for the MGS andBEAM along a central-axis transverse plan
~c! 535 cm2, 6-MV beam,~d! 535 cm2, 15-MV beam.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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In these phantoms, the MGS model is more accurate than Clarkson in the lung and
structures. The increased accuracy for the MGS model is due to the correct modeling
inhomogeneities effects on scatter radiation in the MGS algorithm, using the density s
method. In the bony structure, both models generate results within 3% of BEAM. The reas
this agreement is that most electrons set in motion by photons deposit the energy locally due
high density of bone which limits electron range. Note that the Clarkson model, MGS mode
BEAM assume that the bone material is equivalent to water~i.e., same atomic properties!in the
dose calculations. Larger differences between the MGS andBEAM would be expected if we had
modeled the materials as nonwater equivalent in theBEAM calculations, especially near bon
interfaces.

The differences observed in the lung slab phantom, using the Clarkson model, in the
down and build-up regions are also observed in the lung-bone and bone-lung phantoms. Th
no interface effects after the radiation penetrates the water below the bone in the lung
phantom. The reason for this behavior is the reduction of both primary and scatter radiat
bone due to attenuation.

FIG. 4. ~Color! Depth dose distributions for the Clarkson, MGS, andBEAM in the lung phantom,~a! 10310 cm2, 6-MV
beam,~b! 10310 cm2, 15-MV beam. Isodose distributions for the MGS andBEAM along a central-axis transverse plane,~c!
10310 cm2, 6-MV beam,~d! 10310 cm2, 15-MV beam.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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Mediastinum phantom

Figures 6~a!–6~d! show the depth dose and isodose lines in the two-lung geometry
10310 cm2 6-MV and 15-MV beams. The phantom shape alters the scatter contribution t
central-axis without modifying the primary radiation along the central axis. Therefore, comp
dose calculation models along the central axis only for such type of phantom may lead to inc
conclusions on the accuracy of models.

The MGS model agrees withBEAM along the central-axis and the Clarkson model overe
mates the dose. The dose distributions inside the lung and at the lateral interfaces show
MGS model predicts the penumbra broadening inside the lung and the build-down and bu
along the interfaces, especially for the 15-MV beam.

Tumor phantom

The tumor geometry shown in Figures 7~a!–7~d! depicts a clinical setting of treating a tumo
inside the lung using a 737 cm2 field. The MGS model is more accurate than the Clarkson al

FIG. 5. ~Color! Depth dose distributions of the Clarkson, MGS, andBEAM for 535 cm2, 15-MV beam in the~a! lung-bone
phantom,~b! bone-lung phantom. Isodose distributions for the MGS andBEAM along a central-axis transverse plane f
535 cm2, 15-MV beam in the~c! lung-bone phantom,~d! bone-lung phantom.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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the central axis. The results show the MGS model is within 2% for 6 MV and 3% for 15
compared toBEAM. Further, the isodose distributions in Figures 7~c! and 7~d!show that the MGS
predicts the doses correctly along and beyond the inhomogeneity in the lateral directi
contrast, the Clarkson model overestimates the dose in the lung by a maximum of 6% in the
and by a maximum of 10% in lung for the 15-MV beam.

These results clearly show that using the Clarkson model~with only the effective path length
correction!overestimates the dose in lung and target. This may lead the ‘‘treatment planne
reduce the dose in order to reduce lung complications. Consequently, this may result in und
ing the target. Therefore, inhomogeneity correction, based only on the effective path lengt
rection, should not be used for Clarkson-type algorithms in lung treatments because it may
inaccurate calculations. The results and analysis presented so far suggest treating the pat
unit density medium in order to avoid underdosing the target. Furthermore, the results indica
using model-based algorithms for heterogeneous calculations, such as the MGS model, is
sary to achieve accurate dose distributions in lung treatments.

FIG. 6. ~Color! Depth dose distributions for the Clarkson, MGS, andBEAM in the mediastinum phantom,~a!
10310 cm2, 6-MV beam,~b! 10310 cm2, 15-MV beam. Isodose distributions for the MGS andBEAM along a central-axis
transverse plane,~c! 10310 cm2, 6-MV beam,~d! 10310 cm2, 15-MV beam.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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CONCLUSIONS

Accurate dose calculation models in RTP systems are a vital link in the radiotherapy trea
planning process. We compared dose distributions from the FOCUS Clarkson and FOCUS
tiGrid Superposition~MGS! models with those from theBEAM Monte Carlo simulation system in
heterogeneous phantoms. The results confirmed that the MGS model andBEAM doses are within
3% or 3 mm, and the MGS model is more accurate than the Clarkson model in heteroge
phantoms. Furthermore, the results suggest turning-off the effective path length inhomog
correction for lung treatments using the measurement-based Clarkson model and demons
importance of using the model-based MGS algorithm for heterogeneous dose calculations

*Email address: miften@radonc.duke.edu
†Email address: markw@cms-stl.com
‡Current address: GE Corporate Research and Development, Clifton Park, NY 12065. Email address: kapur@crd
§Email address: cma@reyes.stanford.edu

FIG. 7. ~Color! Depth dose distributions for the Clarkson, MGS, andBEAM in the tumor phantom,~a! 737 cm2, 6-MV
beam,~b! 737 cm2, 15-MV beam. Isodose distributions for the MGS andBEAM along a central-axis transverse plane,~c!
737 cm2, 6-MV beam,~d! 737 cm2, 15-MV beam.
Journal of Applied Clinical Medical Physics, Vol. 2, No. 1, Winter 2001
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