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Purpose: The aim of this work was to evaluate the effect of tissue segmentation on the accuracy of
Monte Carlo (MC) dose calculations for kilovoltage radiation therapy, which are commonly used in
preclinical radiotherapy studies and are also being revisited as a clinical treatment modality. The
feasibility of tissue segmentation routinely done on the basis of differences in tissue mass densities
was studied and a new segmentation scheme based on differences in effective atomic numbers was
developed.

Methods: MC dose calculations in a cylindrical mouse phantom with small cylindrical inhomoge-
neities consisting of 34 ICRU-44 tissues were performed using the EGSnrc/BEAMnrc and DOS-
XYZnrc codes. The dose to tissue was calculated for five different kilovoltage beams currently
used in small animal radiotherapy: a microCT 120 kV beam, two 225 kV beams filtered with either
4 mm of Al or 0.5 mm of Cu, a heavily filtered 320 kV beam, and a 1921r beam. The mean doses to
the 34 ICRU-44 tissues as a function of tissue mass density and effective atomic number and beam
energy were studied. A treatment plan for an orthotopic lung tumor model was created, and the
dose distribution was calculated for three tissue segmentation schemes using 4, 8, and 39 tissue
bins to assess the significance of the simulation results for kilovoltage radiotherapy.

Results: In our model, incorrect assignment of adipose tissue to muscle caused dose calculation dif-
ferences of 27%, 13%, and 7% for the 120 kV beam and the 225 kV beams filtered with 4 mm Al
and 0.5 mm Cu, respectively. For the heavily filtered 320 kV beam and a 9211 source, potential
dose calculation differences due to tissue mis-assignment were below 4%. There was no clear rela-
tionship between the dose to tissue and its mass density for x-ray beams generated by tube poten-
tials equal or less than 225 kV. A second order polynomial fit approximated well the absorbed dose
to tissue as a function of effective atomic number for these beams. In the mouse study, the 120 kV
beam dose to bone was overestimated by 100% and underestimated by 10% for the 4 and 8-tissue
segmentation schemes compared to the 39-tissue segmentation scheme, respectively. Dose to adi-
pose tissue was overestimated by 30% and underestimated by 10%, respectively. In general, organ
at risk (OAR) doses were overestimated in the 4-tissue and the 8-tissue segmentation schemes com-
pared to the 39-tissue segmentation.

Conclusions: Tissue segmentation was shown to be a key parameter for dose calculations with kilo-
voltage beams used in small animal radiotherapy when an x-ray tube with a potential <225 kV
is used as a source. A new tissue segmentation scheme with 39 tissues based on effective
number differences derived from mass density differences has been implemented. © 2011 American
Association of Physicists in Medicine. [DOI: 10.1118/1.3589138]
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I. INTRODUCTION

Preclinical laboratory studies are vital to understand cancer
radiobiology and to develop and validate radiation therapies
prior to clinical translation. Irradiation of laboratory animal
models of cancer helps to understand the responses of
tumors and normal tissues to various radiation delivery tech-
niques, as well as their complex dose-response relationships.
In this report we investigate the accuracy of dose calcula-
tions for small animal radiotherapy, a key factor in the exe-
cution of laboratory radiotherapy studies with maximal
scientific and translational significance.

Formerly, simple single beam irradiation techniques were
used for laboratory research in radiotherapy.'” However
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with the development of conformal radiotherapy, intensity
modulated radiation therapy, and image-guided radiation
therapy, new conformal small animal radiation therapy sys-
tems simulating clinical dose delivery methods have been
designed.>”” While systems developed at Princess Margaret
Hospital and John Hopkins University use 225 kV x-ray
tubes for irradiation of small animals, preclinical radiation
therapy at Washington University, originally done with a
1921y source, has been recently conducted with a 320 kV
x-ray tube. At Stanford University, a kilovoltage (kV) GE
eXplore Locus microCT scanner (GE Healthcare, London,
Ontario, Canada) has been modified for delivery of therapeu-
tic doses to small animals.®®
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In order to efficiently study biological effects of radio-
therapy, the delivered dose must be calculated with high ac-
curacy. All dedicated conformal small animal radiotherapy
systems described above utilize kV photon beams for which
the TMR-based dose calculation method is not accurate
because it does not account for tissue inhomogeneities. For
kV photon beams, the dose to high atomic number tissues
such as bones will be elevated compared to soft tissue due to
the importance of the photoelectric effect in these tissue
types for this photon energy range. The Monte Carlo (MC)
technique is potentially the most accurate method for dose
calculation in these cases.

In the EGSnrc/DOSXYZnrc MC dose calculation code,’
each voxel of the CT image of the subject receiving radio-
therapy is converted into its mass density and tissue type.
For treatments with megavoltage beams, mass density is the
crucial parameter that dictates the accuracy of dose calcula-
tions'® and may be the only parameter that is needed for MC
dose calculations.!" The conversion of CT numbers into
mass or electron densities has been studied extensively.'* '
However, the conversion of CT numbers into tissue types for
kV beam dose calculations has not yet been thoroughly
investigated. Zhou et al.'® reported that 47 bones types
should be used if the dose from a 120 kV beam is to be cal-
culated with 2% accuracy. The bone types are segmented
based on mass densities derived from CT numbers. The
effects of tissue inhomogeneities for a brachytherapy '**Ir
source have been previously studied.'®'” A breast cancer
case study demonstrated dose overestimation to all structures
by more than 5% compared to the TG-43 dose calculation
formalism.'® In an esophageal case, a 15% underestimation
of dose to sternum bone was shown.!” However, more
research must be performed t o similarly evaluate dose cal-
culations in soft tissues. The CT numbers of various soft tis-
sue types are similar, and precise tissue segmentation based
on CT number differences is not possible.

Bazalova et al.'” recently presented that tissue segmenta-
tion for MC dose calculations can be improved by the use of
dual-energy CT (DECT) based material extraction. CT
images acquired at two different voltages are analyzed, and
the effective atomic numbers and electron or mass densities
of each voxel are calculated based on a parameterization of
the linear attenuation coefficient. It was also reported that
incorrect tissue assignment could result in 4.2% error in dose
calculation for a 250 kV beam. The dose calculation errors
due to tissue mis-assignment are expected to be larger for
lower energy photon beams. The purpose of this work is to
investigate the effect of tissue segmentation on the accuracy
of Monte Carlo dose calculations (MCDC) for kV photon
beams currently used for small animal radiotherapy.

Il. MATERIALS AND METHODS

All MC simulations were performed in the EGSnrc (Refs.
18 and 19) MC codes. Photon beams were modeled using
the BEAMnrc (Ref. 20) code, and all dose calculations were
run in the DOSXYZnrc (Ref. 9) code. The dependence of
the absorbed dose on the mass density (p) and the effective
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TasLe I. The values of mass density (p) and effective atomic number (Z)*
for 34 ICRU-44 tissues. Tissue used in the 4-tissue and 8-tissue small animal
dose calculations are italicized.

Medium P g/(:m3 Z

Lung (inf.) 0.260 7.879
Adipose 0.950 6.670
Skeleton-yellow marrow 0.980 6.559
Cell nucleus 1.000 8.167
Breast 1.020 7.271
Skeleton-red marrow 1.030 7.266
GI tract 1.030 7.710
Lymph 1.030 7.837
Pancreas 1.040 7.699
Testis 1.040 7.816
Brain 1.040 7.878
Thyroid 1.050 7.710
Ovary 1.050 7.843
Muscle 1.050 7.848
Kidney 1.050 7.840
Lung (def.) 1.050 7.879
Heart 1.060 7.806
Blood 1.060 7.825
Liver 1.060 7.866
Spleen 1.060 7.872
Eye lens 1.070 7.541
Skin 1.090 7.627
Skeleton-cartilage 1.100 8.329
Skeleton-spongiosa 1.180 10.678
Skeleton-sacrum 1.290 11.407
Skeleton-vert. column (D6,L.3) 1.330 11.742
Skeleton-femur 1.330 12.087
Skeleton-ribs (2,6) 1410 12.224
Skeleton-vert. column (C4) 1.420 12.271
Skeleton-humerus 1.460 12.612
Skeleton-ribs (10) 1.520 12.760
Skeleton-cranium 1.610 13.129
Skeleton-mandible 1.680 13.332
Skeleton-cortical bone 1.920 13.978

27, where w; is fraction by weight of element i with atomic number 22 Z;??
(Ref. 22).

atomic number (Z) for various ICRU-44 (Ref. 21) human tis-
sues (Table I) was studied with a cylindrical mouse phantom.
Simulations were run for four different kV photon beam
energies that are currently used in small animal radiotherapy
research. The microCT scanner utilizes a 120 kV x-ray beam
filtered with 2.5 mm of Al. Two other systems are using a
225 kV x-ray beam that can be further modified using addi-
tional filtration with the two extreme cases being 4 mm of Al
and 0.5 mm of Cu. The absorbed dose to this phantom was
also calculated for heavily filtered 320 kV beam and a '*Ir
source, as has been employed at Washington University for
small animal studies.

IlLA. MicroCT x-ray beam

MicroCT 120 kV treatment beams filtered with 2.5 mm
of aluminum and shaped to various sizes by a two-stage col-
limator were previously modeled in the BEAMnrc code and
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compared to depth dose curves and beam profiles measured
with EBT Gafchromic films.® MC simulations were opti-
mized and a library of phase-space files for treatment beams
with diameters up to 30 mm was generated. The 5 mm diam-
eter beam phase-space file was used for dose calculations
using the DOSXYZnrc code in this work.

I.B. 225 kV x-ray beams

Two 225 kV x-ray treatment beams were modeled with
two filtrations: a 4 mm Al filter and a 0.5 mm Cu filter. The
tube itself was modeled as a 20°-tilted tungsten anode struck
by an incident 225 keV electron beam, with the emitted
x-ray beam filtered by either of the two filters just below the
x-ray tube output window. Similar to the overall geometry of
the JHU system,” the x-rays were shaped to a (5 x 5) mm
beam using a 1-in.-thick brass block located at 30 cm from
the 3 mm diameter focal spot. The source to isocenter dis-
tance was set to 35 cm. Two phase-space files were produced
for the two Al-filtered and Cu-filtered beams and used for
dose calculation in the next step of the study.

II.C. 320 kV beam

The 320 kV beam was simulated with a 20°-tilted tung-
sten anode and a 320 keV electron beam. The photon beam
was extensively filtered with 1.5 mm Pb, 5 mm Sn, 1 mm
Cu, and 4 mm Al to generate a beam with half-value layer of
4.6 mm Cu.” The beam was subsequently collimated with a
7-mm-thick tungsten block to a (5 X 5) mm beam at 15 cm
from the focal spot. The source-to-isocenter distance was set
to 30 cm.

To produce the phase space files for the 225 kV and the
320 kV sources, all processes relevant to low energy electron
and photon interactions, such as electron impact ionization,
bound Compton scattering, and Rayleigh scattering, were
included in the simulations. Directional Bremsstrahlung
splitting of 1 x 10° was used for all x-ray beam simulations.
The NIST Bremsstrahlung cross-section and the XCOM
photon cross-section database were used.

I.D. %2y

The '*’Ir beam was modeled using a bare spectrum23 and

rectangular parallel beams. Beams of this spectrum were
conformed to (5 x5) mm fields and directed onto the
phantom.
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Fic. 1. Dose distribution calculated for five uniformly
spaced 5 mm diameter 120 kV beams filtered with 2.5
mm of Al in a 2 cm diameter phantom with a 5 mm
cortical bone heterogeneity: the isocenter axial (a), cor-
onal (b), and sagittal slices (c).

Il.LE. Phantom dose calculations

Dose deposited in a 2 cm diameter cylindrical mouse
phantom consisting of muscle tissue and a single, central
5 mm diameter heterogeneity (Fig. 1) was calculated using a
(0.2x0.2x0.2) mm grid. The heterogeneity was varied
between 34 ICRU-44 (Ref. 21) tissues and used the densities
listed in Table I. Dose was calculated for each phantom
setup using each of the x-ray beams described above. The re-
solution used is double that of typical microCT images with
(0.1 x0.1 x0.1) mm? voxels and balances dose calculation
accuracy for small animal subjects with computation time.
The treatment plan applied to the phantom consisted of five
isocentric equally distributed beams. The mean dose to the
tissue heterogeneity was calculated for each simulated case.

Due to the low photon energies electrons were not trans-
ported, which significantly shortened the dose calculation
time and resulted in dose calculation differences of less than
5% and 20% in the first layer of surface voxels for the 120
KV beam and '?Ir, respectively. Negligible differences were
observed at larger depths for all beams. The dose differences
in the tissue inhomogeneity for simulations with ECUT set
at 0.516 and 1.511 MeV (no electron transport) were within
statistical uncertainties of the simulations for all beams
investigated in the study. A photon splitting number of 100
was used. The statistical dose calculation uncertainties did
not exceed 1% in the high dose regions for all dose calcula-
tions. All MC simulations were run on a 2 X 3 GHz Quad-
Core Intel Xeon machine with 4 GB memory.

Relationships between the absorbed dose D and mass
density and effective atomic number for the 34 tissue types
were investigated.

Based on the relationship between the absorbed dose and
the effective atomic number for the 120 kV beam, a new
tissue set TS2% required to achieve 2% dose calculation ac-
curacy for this beam was derived. New tissue types with the
required effective atomic numbers were created from
the ICRU data set as follows. The elemental composition of
the new tissues was linearly interpolated from the two neigh-
boring ICRU tissues. The content of hydrogen (for Z <8)
and calcium (for Z > 8) was, however, modified to achieve
the required effective atomic number. The mass density of
the new tissue was also a linearly interpolated based on the
two neighboring ICRU tissues. The TS2% tissue set with 92
tissues was used to derive tissues for small animal dose
calculations.
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TaBLE II. CT number and mass density ranges for the 4-tissue and 8-tissue segmentation schemes.
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CT number
—1000 —820 —340 -70 0 280 1200 2100 3000
4-tissue seg. Air Lung Muscle Cortical bone
8-tissue seg. Air Lung Adipose Muscle Cranium Spongiosa Ribs (2,6) Cortical
39-tissue seg. Air 8% 0.1 g/em® 30 x 0.02 g/em®
0 0.19 0.7 0.97 1.0 1.1 L5 1.7

mass density (g/cm?)

II.F. Small animal dose calculations

The effect of tissue assignment was assessed by simulat-
ing treatment of a mouse with an orthotopic lung tumor
with all studied beams. The treatment plan consisted of
nine equally weighted 9 and 10 mm large beams uniformly
spread between 150° and 230°, and the prescribed dose to
the target was 5 Gy. A CT number to mass density (p) cal-
ibration curve (p = 1.034 x HU/1000 4+ 1.040 for HU < 0
and p = 0.224 x HU/1000 + 1.040 for HU > 0) was created
with an electron density CT phantom (CIRS, Norfolk, VI).
Three tissue segmentation schemes with 4, 8, and 39 tissue
types were applied. Due to the lack of mouse tissue com-
position data in the literature, human ICRU-44 tissues were
used. However, it is expected that mouse bone densities
are lower than human bone densities.>* In the first segmen-
tation scheme, only four tissues commonly employed in
MC simulations were used in the simulation: air (CT num-
bers from —1000 to —820), lung (—820 to —340), muscle
(—340 to 280), and cortical bone (280-3100). In the second
simulation, 8 tissue types that can be relatively easily seg-
mented in usually noisy microCT images were used. Adi-
pose tissue (—340 to —100) was added between the lung
and muscle tissue, and the bone material from the 4-tissue
segmentation scheme was split into four bone materials—
spongiosa (280-1200), ribs (2,6) (1200-2100), cranium
(2100-2900), and cortical bone (2900-3100). The bone
material bins are 0.2 g/cm® wide and the representative
tissue type was selected from the center of each bin
(Tables I and II).

The third segmentation scheme with 39 tissue types was
derived from the 120 kV TS2% segmentation based on differ-
ences in effective atomic numbers. Figure 2 represent a histo-
gram of CT numbers for the entire mouse microCT data
volume. The soft tissue peak around 0 HU can be fitted with a
Gaussian with a standard deviation of 97 HU that corresponds
to the noise in the data set. It is therefore reasonable to assume
that 97 HU can be resolved in tissue segmentation. According
to the calibration curve segments, 97 HU correspond to 0.1
and 0.02 g/em? for p < 1 g/em® and p > 1 g/em?, respectively.

It was found out that 92 tissue types are needed to achieve
2% dose calculation accuracy. Ideally, all 92 TS2% tissue
types should be used in dose calculations with 120 kV
beams. However, in order to resolve soft tissues for the
TS2% segmentation scheme, CT image noise of less than 5
HU is required.
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Due to the 97 HU image noise in our data set, the tissue
types used for small animal dose calculations were selected
from TS2% in the following way (Figure 3). For each mass
density bin of the mouse data (open triangles), the respec-
tive effective atomic number was calculated using the
ICRU tissue data set (squares). If the mass density bin con-
tained ICRU tissues, the effective atomic number of the bin
was calculated as the mean of the mass density of the ICRU
tissues in the bin. If there were no ICRU tissues present in
the mass density bin, the effective atomic number of the
bin was interpolated based on the two neighboring ICRU
tissues.

In the next step, the mouse tissue types defined by effec-
tive atomic numbers (closed triangles) were segmented
using the TS2% segmentation scheme (circles) based on
nearest neighbor interpolation. Due to the image noise of
97 HU (or 0.02 g/cm3 for p > 1 g/cm3), some TS2% bins
with Z < 12.0 were combined into a single effective atomic
number bin based on mass density differences [Fig. 3(a)].

spongiosa
ribs (2,6)
craniumy
j cortical;bone]

cortical bone

Number of voxels

0-1000 -500 0 500 1000 1500
CT number

2000 2500 3000

FiG. 2. Histogram of CT numbers with the corresponding 4-tissue (in blue)
and 8-tissue (in red) material assignment of the microCT data set. Dashed
lines define air, lung, adipose, muscle, spongiosa, ribs (2,6), cranium, and
cortical bone as used in the 8-tissue segmentation model. Adipose and mus-
cle are combined into muscle and spongiosa, ribs (2,6), cranium, and corti-
cal bone are combined into cortical bone in the 4-tissue segmentation
model.
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FiG. 3. Demonstration of tissue segmentation for lower (a) and higher (b) effective atomic number (Z) intervals in small animal dose calculations using 39 tis-
sue types. Z is plotted as a function of mass density for ICRU tissues (squares), for tissue types required to achieve 2% dose calculation accuracy for a 120 kV
beam based on Z differences (circles), and for the center of bins for segmentation with 0.02 g/cm® mass density bins (open triangles). Tissue types used for

dose calculations are shown in closed triangles and separated by solid lines.

For example, the 1.17 g/(:m3 mass density bin (Z=10.40)
encompasses six TS2% bins with Z in the range between
10.14 and 10.57. On the other hand, some mass density
bins for Z>12.0 were combined into a single effective
atomic number bin [Fig. 3(b)]. For example, the 1.49 and
1.51 g/cm® mass density bins are two resolvable tissue
types, which can be combined into one TS2% atomic num-
ber based tissue type (Z=12.72). In summary, due to the
image noise and the ability to combine tissues based on
mass density, the Ninety-two 2% effective atomic number
materials were reduced to 39 effective atomic number bins.
With this segmentation limited by the noise in CT images,
the maximum difference between two neighboring soft tis-
sues is 10%.

Mass densities of each voxel were identical for all tissue
segmentation schemes. Adipose tissue segmentation was
performed based on differences in CT numbers and by visual
assessment. Due to partial volume artifacts, the interface
between lung and soft tissue was incorrectly assigned to adi-
pose tissue when simple thresholding was used; therefore,
these voxels were manually assigned to be soft tissue. Tissue
maps of the isocentric slice for all three tissue segmentation
schemes are shown in Fig. 4.

cortical
cranium
ribs(2,6)
spongiosa
muscle
adipose
lung
air

(b)

lll. RESULTS

All phase-space files were calculated in 5 h and contained
more than 1 x 10° particles. The energy spectra of the pho-
ton beams investigated in this study are plotted in Fig. 5.
The mean energies for the 120 kV beam and the 225 kV
beams filtered with 4 mm of Al and 0.5 mm of Cu were 55,
77, and 92 keV, respectively. The mean energy for the 320
kV beam and the '**Ir source were 237 and 346 keV, respec-
tively. Dose calculations in the DOSXYZnrc code were opti-
mized resulting in dose calculation times of less than 30 min
for phantom simulations and less than 4 h for small animal
simulations.

The results of the dose calculations are plotted and sum-
marized in the following sections.

All doses are normalized to dose to muscle with density
of muscle (Table I).

lll.LA. Dependence of dose to tissue on mass density
lll.LA.1. 120 kV x-ray beam

The mean doses for the 34 ICRU-44 tissues as a function
of the mass density for the microCT 120 kV beam filtered

11272
12.09
1.1
9.81
7.68

7.20

FiG. 4. Tissue segmentation with 4 tissues (a), 8 tissues (b), and 39 tissues based on effective atomic number differences (c).
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The results for the 225 kV beam filtered with 4 mm of Al
and 0.5 mm Cu are presented in Figs. 7(a) and 7(b), respec-
tively. A comparable distribution of points for soft tissues in
the rectangle is seen for both 225 kV beams, it also resem-
bles the distribution of doses from the 120 kV beam in
Fig. 6. However, the spread of doses for these tissues is dif-
ferent, being from 0.87 to 1.15 for the 4 mm Al filtered
beam and from 0.93 to 1.09 for the 0.5 mm Cu filtered beam.
The dose-width of the spread is observed to decrease with
increasing mean x-ray energy, as expected.

Figure 8(a) represents the results of the dose calculation
for a heavily filtered 320 kV beam with the mean energy of
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Fic. 5. Spectral distributions of the photon beams investigated in the study.
The 120 kV beam is a circular beam of 5 mm in diameter and the 225 kV
beams and the 320 kV beam are (5 x 5) mm rectangular beams. The '**Ir
spectrum is the bare spectrum.

with 2.5 mm Al are plotted in Fig. 6. Due to the material
composition of each soft tissue, a nonlinear relationship
between the absorbed dose and mass density of all tissues is
evident.

The relative absorbed doses for soft tissues with mass
densities between 0.95 and 1.15 g/cm® encompassed by the
black rectangle are between 0.69 and 1.15. Figure 6 also
demonstrates there is a relationship between the absorbed
dose and mass density for tissues with mass density higher
than 1.2 g/cm?®, even though some nonlinearities due to ma-
terial composition are still present. Statistical uncertainties
of <1.4% are not plotted for clarity.
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Fic. 6. Relative dose to tissue as a function of tissue mass density for 34
ICRU tissues from a 120 kV beam with <E> =55 keV. Tissues used in 4-
tissue and 8-tissue model small animal dose calculations are plotted with
filled symbols and vertical lines indicated.
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237 keV. Unlike for the previous beam energies, the
absorbed dose only slightly decreases with increasing tissue
density for all studied beams. The rectangle encompassing
soft tissues shows that the dose differences for all soft tissues
are within 2%. The maximum dose difference for all tissues
is also within 2%.

HI.LA.4. "%2Ir source

The dose to tissue as a function of mass density from a
211 source is plotted in Fig. 8(b). Similarly to the heavily
filtered 320 kV beam, the absorbed dose only slightly
decreases with increasing mass density; the spread of all
studied tissues is within 4%. This is in agreement with the
mass energy absorption coefficients for human tissues at 346
keV listed in the NIST database.” Note that the spread of
absorbed doses for soft tissues in the rectangle is less than
2%.

lll.B. Dependence of dose to tissue on effective
atomic number

The photoelectric effect is strongly dependent on the
effective atomic number and is the dominant interaction for
the sources modeled with potentials <225 kV. The absorbed
dose for the 34 ICRU-44 tissues as a function of the tissue
effective atomic number for all studied beams is plotted in
Fig. 9. A strong relationship between the mean absorbed
dose and the effective atomic number for all ICRU-44 tis-
sues for all beams is apparent. The relationship between the
absorbed dose in a tissue and the effective atomic number of
the tissue can be very well approximated by a second order
polynomial (Fig. 9). The R* values of the polynomial fits are
larger than 0.99 for the 120 kV and both 225 kV beams and
they are 0.90 for the 320 kV and '*Ir beam. The inset in
Fig. 9 shows that the fit match the data points to within 5%.
The absorbed dose for the 320 kV beam and the '**Ir source
decreases, albeit slightly, as both a function of the mass den-
sity and the effective atomic number of tissues for these
beam energies.

Based on the quadratic fit, a tissue set TS2% for the 120
kV beam was created. New tissue types with the appropriate
effective numbers were generated so that the dose
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Fic. 7. Relative dose to tissue as a function of tissue mass density for 34 ICRU tissues from a 225 kV beam filtered by 4 mm of Al with <E> =77 keV (a)
and 0.5 mm of Cu with <E> =92 keV (b). Tissues used in 4-tissue and 8-tissue model small animal dose calculations are plotted with filled symbols and verti-
cal lines indicated the tissue segmentation ranges. Statistical uncertainties of <1.4% are not plotted for clarity.

calculation differences due to tissue mis-assignment are less
than 2%. It was found that 92 tissue types were needed for
the relevant 6.5-14.0 effective atomic number range. How-
ever, for the small animal study these 92 types were reduced
to 39 effective atomic number bins due to the 97 HU noise
in microCT images.

lll.C. Small animal dose calculations

The results from the small animal dose calculations with
the 120 kV beam using the 4, 8, and 39-tissue segmentation
schemes for a target dose of 5 Gy are presented in Fig. 10.
The dose distribution for the 4-tissue segmentation scheme is
presented in Fig. 10(a). The dose difference maps (Dagissues

7D39tissues)/D39tissues and (Dgtissues7D39tissues)/D39lissues are
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shown in Figs. 10(b) and 10(c), respectively. These simula-
tions utilize the tissue segmentations presented in Fig. 4.
When the 4-tissue segmentation is used, large dose differ-
ences up to 100% compared to the 39-tissue segmentation
schemes can be seen in the ribs. Due to the assignment of
ribs to cortical bone in the 4-tissue segmentation scheme, the
dose calculated in the bone is 10.7 Gy, whereas it is between
4.8 Gy and 5.1 Gy in the 39-tissue segmentation scheme in
which the ribs were assigned to tissues with effective atomic
numbers of 10.75 — 11.89. The dose to the ribs is 4.5 Gy in
the 8-tissue calculation in which the ribs were assigned to
spongiosa and ribs (2,6). This results in up to 15% differen-
ces from the 39-tissue segmentation scheme. The results of
Figs. 10(b) and 10(c) also demonstrate that in comparison
with the 39-tissue segmentation scheme the dose to adipose
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Fic. 8. Relative dose to tissue as a function of tissue mass density for 34 ICRU tissues from irradiation with an extensively filtered 320 kV beam with
<E>=237 keV (a) and a "?Ir source with <E> =346 keV (b). Tissues used in 4-tissue and 8-tissue model small animal dose calculations are plotted with
filled symbols and vertical lines indicated the tissue segmentation ranges. Statistical uncertainties of <1.4% are not plotted for clarity.
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is overestimated by approximately 30% using the 4-tissuse
segmentation and underestimated by 10% using the 8-tissue
segmentation. When adipose is assigned as muscle in the 4-
tissue segmentation scheme, the dose to the subcutaneous
adipose tissue on the right side is calculated to be 6.1 Gy.
The dose to the same adipose tissue is 4.2 Gy and 4.7 Gy for
the 8-tissue and 39-tissue segmentation schemes, respec-
tively. These large dose calculations differences are expected
based on the phantom simulations presented in Fig. 6. The
mean right lung dose differences between the 39-tissue seg-
mentation and both the 4-tissue and 8-tissue segmentation
schemes are 10%. It can also be seen that there are no signif-
icant dose differences in the PTV in between the three seg-
mentation schemes. However, finer tissue segmentation
causes dose inhomogeneities in the PTV when the 39-tissue
segmentation scheme is used.

For the 225 kV beam filtered with 4 mm Al the dose dif-
ferences between the 4-tissue and 39-tissue segmentation
schemes are —70% in the ribs, 10% in the right subcutaneous
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Fic. 11. DVH for the PTV, the spinal cord, the heart and the left and the
right lung for 120 kVp dose calculations with the 39-tissue segmentation
scheme (solid curves), with the 4-tissue segmentation scheme (dashed
curves), and with the 8-tissue segmentation scheme (dotted curves).

adipose tissue, and 7% in the lung. When the 8-tissue seg-
mentation scheme is used, the differences for the same beam
are —11% in the ribs, —6% in the right subcutaneous adipose
tissue, and 7% in the lung. The differences for the 225 kV
beam filtered with 0.5 mm Cu are lower in all tissues. The
dose differences in the ribs are —57% and —7% for the 4-tis-
sue and 8-tissue segmentation schemes.

There are no significant dose differences for the 320 kV
beam and the '*?Ir beam between these two different tissue
segmentation schemes.

Dose volume histograms (DVH) for the PTV and organs
at risk (OARs) are plotted in Fig. 11. The DVHs for the PTV
are nearly identical for the 4-tissue and 8-tissue segmenta-
tion schemes. Differences in the 39-tissue segmentation
scheme PTV are due to the fine tissue segmentation, and
they show a 0.6 Gy (13%) dose difference to the PTV D90.
There are significant differences in the DVHs of OARs. The
largest difference is observed for the spinal cord where the
maximum dose is 12 Gy in the 4-tissue segmentation scheme
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FiG. 10. Monte Carlo dose distribution for an orthotopic lung tumor with the standard 4-tissue segmentation scheme (a) for a 120 kVp plan. The percentage
difference maps (D4gissues—D30tissues)/D30otissues ANd (Dggissues—D30tissues)/D3otissues are shown in (b) and (c), respectively. The PTV is delineated in red.
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whereas it is 6 and 7 Gy in the 8-tissue and 39-tissue seg-
mentation schemes, respectively. The dose to right lung is
the lowest in the 39-tissue segmentation scheme, with a D5
of 4.0 Gy. In the 4-tissue and 8-tissue segmentation schemes,
the Dsg is 4.9 and 4.8 Gy, corresponding to 23% and 20%
differences, respectively. In general, for a similar PTV cov-
erage, the 4-tissue and the 8-tissue segmentation schemes
overestimate the dose to critical organs compared to the 39-
tissue segmentation.

IV. DISCUSSION

This study shows that incorrect tissue segmentation can
result in large dose calculation differences for kilovoltage
photon beams. The dose calculation differences due to dif-
ferent tissue segmentation schemes increase with decreasing
energy of the beam. Currently, tissue segmentation in CT
images is done based on differences in CT numbers or mass
densities. In our model using a centrally located 5 mm diam-
eter inhomogeneity in a 2 cm diameter phantom, various tis-
sue segmentation schemes could result in various dose
differences in soft tissues.

The simple 4-tissue segmentation scheme with air, lung,
soft tissue, and cortical bone is still being implemented for
kilovoltage beam dose calculations.?® In this segmentation
scheme, adipose tissue is incorrectly assigned to muscle tis-
sue. Our model predicts that the dose calculation difference
could be as high as 27%, 13% and 7%, (normalized to dose
to muscle) for the 120 kV beam and the two 225 kV beams
filtered with 4 mm Al and 0.5 mm Cu, respectively. Adipose
tissue and yellow marrow (p =0.98 g/cm?®) with mass den-
sities of approximately 1.00 g/cm® contain a higher fraction
of hydrogen that causes the tissues to have a significantly
lower effective atomic number (~6.5 compared to ~7.8 and
larger for soft tissues). The predominant interaction at these
energies is the photoelectric effect with the linear attenuation
coefficient being Z* dependent.”” The strong Z-dependence
results in significant differences of the absorbed doses to adi-
pose tissue or yellow marrow compared to the absorbed dose
to muscle tissue.

Even larger dose calculation differences can occur when
adipose tissue (p=0.95 g/cm?) is incorrectly assigned as
cartilage tissue (p=1.10 g/cm?). This could happen if tis-
sues are segmented based on differences in mass densities
with 0.15 g/cm® or wider bins, both tissue types fall into the
same bin, and the bin is represented by one of the two tissue
types. The dose calculation differences could then be as high
as 36%, 24%, and 14% (normalized to dose to cartilage) for
the 120 kV beam, the 4 mm Al filtered and 0.5 mm Cu fil-
tered 225 kV beams, respectively. Note that based on the CT
number to mass density calibration curve presented in this
work 0.15 g/em® bin width corresponds to image noise of
454 HU. If tissues are segmented at the limit of image noise
levels as suggested in this work, this worst-case scenario is
unlikely.

The predominant photon interaction for human tissues
using the heavily filtered 320 kV beam and a '*?Ir source is
Compton scattering, with mass energy absorption coefficient
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nearly independent of mass density and effective atomic
number.”® An incorrect assignment of tissues would there-
fore not result in significant differences in dose calculation
for these photon beams.

Note that the inflated lung point with mass density of 0.26
g/cm® can be easily segmented in CT images and is generally
not of concern. The dose calculation differences in small ani-
mal tissues could also depend on the beam arrangement and
small animal anatomy. The second order polynomial fit of
the absorbed dose as a function of effective atomic number
is a good approximation for the studied beams. Photoelectric
effect cross-section decreases with Z* and Compton interac-
tion cross-section depends only on Z. Based on observation
of Figs. 6 and 7, a second-order polynomial fit was a logical
choice. Higher order polynomials could be used for lower
beam energies, however, the R? values of the fits were excel-
lent for all x-ray beams with tube potentials <225 kV when
second order polynomials were used.

The polynomial fits were used to create a new set of 92
tissues in which the 120 kV beam dose differences between
two neighboring tissue types are within 2%. The doses to the
new tissues in the TS2% segmentation scheme agree with
the 120 kV polynomial fit to within 2%. Due to the high
noise in the presented microCT images, the 92 tissue types
were reduced to 39 tissues. If higher quality CT images are
available, a larger number of materials can be segmented. In
order to use all 92 tissue types and achieve 2% dose calcula-
tion accuracy for the 120 kV beam, the noise in CT images
needs to be less than 5 HU.

It was found that 69 and 53 materials are required for an
effective atomic number based scheme with 2% accuracy for
the 225 kV beams filtered with 4 mm Al and 0.5 mm Cu,
respectively. Due to the CT image noise levels of 97 HU in
our small animal data set, these have to be reduced to 38 and
29 tissue types, respectively. If the CT images noise levels
are equal or less than 13 and 22 HU, all 69 and 53 materials
can be used and dose calculation differences less than 2%
for the 225 kV beams filtered with 4 mm Al and 0.5 mm Cu,
respectively, can be achieved.

Dose for higher energy beams can be also calculated with
the 92-tissue segmentation scheme derived for the 120 kV
beam, which due to image noise was reduced to 39 tissue
types as discussed in the previous section. For lower energy
beams, a new tissue set to achieve 2% dose calculation accu-
racy must be derived.

The small animal study shows that for a similar PTV cov-
erage, the dose to OARs can be affected by the choice of tis-
sue segmentation scheme. The importance of bone
assignment is also shown in the small animal study. Dose
calculation results with different tissue segmentation
schemes for bone tissues can be significantly different.
Based on mass density differences, mouse ribs were seg-
mented as cortical bone and mostly as spongiosa in the 4-tis-
sue and 8-tissue segmentation schemes, respectively [Figs.
4(a) and 4(b)]. They were not assigned as human ribs due to
the fact that mouse bone density is lower than bone density
of human tissues. Whereas according to previously pub-
lished data,”* mouse femur has an average density of
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approximately 1.1 g/cm®, the average density of human fe-
mur is 1.33 g/cm3. Moreover, based on the CT number to
mass density calibration curve, the maximum mass density
of the entire mouse CT dataset is 1.7 g/cm®. The density of
human cortical bone is 1.92 g/cm’. We assume that due to
the finer tissue segmentation scheme, the dose calculation
with 39 tissue types is more accurate; however, rigorous
comparison with physical dosimetry will be needed to vali-
date this claim.

Based on the small animal simulations, cortical bone (or
the default ICRPBONES5211ICRU) should not be used as the
representative bone material in tissue segmentations for
mouse MC dose calculations with kilovoltage beams. Corti-
cal bone, however, might be present in other small animals
used for radiotherapy preclinical studies, such as rats or
rabbits.

Due to the high effective atomic number of bone tissues,
dose to bone is an important issue of small animal radiation
therapy when kilovoltage beams are used. Figure 9 demon-
strates that the dose to cortical bone (Z=14) is 4.0, 3.3, and
2.6 times higher than the dose to muscle for the 120 kV
beam, 225 kV beam filtered with 4 mm of Al and 0.5 mm of
Cu, respectively. The dose to bone is slightly less than to the
dose to muscle when the 320 kV beam or a '*Ir source is
used. It has been shown, however, that single radiation doses
up to 30 Gy do not cause a significant effect on bone mineral
density and fragility of small animal bones.*’

The dose D for each tissue type was normalized to dose
to muscle with the density of muscle. Doses to muscle with
the density of each ICRU-44 tissue were also calculated and
used for normalization, however, maximum differences of
5% from the former normalization were found. This suggests
that the calculated dose differences are due to differences in
tissue compositions.

The results of the study suggest that unlike in megavolt-
age radiotherapy, kilovoltage small animal radiotherapy
treatment planning using MC simulations should segment
the subject using the differences in the atomic numbers
rather than mass densities. This could be achieved by dual-
energy microCT (DEmCT) imaging. MicroCT images are
acquired at two different tube voltages and the mass density
and the effective atomic number can be calculated based on
an approximation of the linear attenuation coefficient.
Though this approach is possible for clinical CT images,
microCT images suffer from significantly higher noise (noise
for muscle tissue of 50—100 HU in microCT images shown
here as opposed to <10 HU in clinical CT images) and
DEmCT is more challenging.

V. CONCLUSIONS

It has been demonstrated that tissue segmentation is one of
the key steps in Monte Carlo treatment planning for small ani-
mal radiotherapy with kilovoltage beams. With our model
employing a small centrally located tissue inhomogeneity we
have shown that whereas tissue segmentation is not crucial for
a heavily filtered 320 kV beam and a 192 source, the conven-
tional approach to tissue segmentation based on mass density
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differences of tissues does not yield acceptable dose calcula-
tions results for beams generated by x-ray tubes with potentials
equal or less than 225 kV. If tissue segmentation is not properly
handled and for example adipose is incorrectly assigned as
muscle tissue, dose calculation differences in a 5 mm diameter
inhomogeneity up to 27%, 13%, and 7% for a 120 kV x-ray
beam and for 225 kV x-ray beams filtered with 4 mm Al and
0.5 mm Cu, respectively, can occur. Such large dosimetric
uncertainties could render current small animal radiotherapy
approaches practically meaningless, especially if PTV or OARs
contained mis-assigned tissues.

It has been shown that there is a strong relationship
between the absorbed dose to tissue and the effective atomic
number of the tissue for all studied beams. We suggest that
the effective atomic number of each voxel should be used
for tissue segmentation for Monte Carlo dose calculations
when x-ray beams with tube potentials equal or less than 225
kV are used. The choice of number of tissues needed for seg-
mentation depends on the required dose calculation accuracy
and the energy of the treatment beam, and it can be limited
by the noise in the CT data set.

We present a method for tissue segmentation with 39 tis-
sue types derived from the relationship between the absorbed
dose, the effective atomic number, and the mass density of
ICRU tissues. Differences in dose distributions between
three segmentation schemes for a small animal treatment
have demonstrated that doses to OARs could be overesti-
mated with the common 4-tissue segmentation scheme and
easily implementable 8-tissue segmentation scheme com-
pared to the more accurate 39-tissue segmentation scheme.

¥ Author to whom correspondence should be addressed. Electronic mail:
bazalova@stanford.edu; Telephone: (650) 723-0389; Fax: (650) 498-
4015.

IG. G. Hillman, R. L. Maughan, D. J. Grignon, M. Yudelev, J. Rubio,S.
Tekyi-Mensah, A. Layer, M. X. Che, and J. D. Forman, “Neutron or pho-
ton irradiation for prostate tumors: Enhancement of cytokine therapy in a
metastatic tumor model,” Clin. Cancer Res. 7, 136-144 (2001).

M. Khan, R. Hill, and J. Vandyk, “Partial volume rat lung irradiation: An
evaluation of early DNA damage,” Int. J. Radiat. Oncol. Biol. Phys. 40,
467-476 (1998).

3S. Stojadinovic, D. A. Low, M. Vicic, S. Mutic, J. O. Deasy, A. J. Hope,
P. J. Parikh, and P. W. Grigsby, “Progress toward a microradiation therapy
small animal conformal irradiator,” Med. Phys. 33, 3834-3845 (2006).

4. Wong, E. Armour, P. Kazanzides, U. Iordachita, E. Tryggestad, H.
Deng, M. Matinfar, C. Kennedy, Z. J. Liu, T. Chan, O. Gray, F. Verhae-
gen, T. McNutt, E. Ford, and T. L. DeWeese, “High-resolution, small ani-
mal radiation research platform with x-ray tomographic guidance
capabilities,” Int. J.Radiat. Oncol. Biol. Phys. 71, 1591-1599 (2008).

SM. Matinfar, E. Ford, I. Iordachita, J. Wong, and P. Kazanzides, “Image-
guided small animal radiation research platform: Calibration of treatment
beam alignment,” Phys. Med. Biol. 54, 891-905 (2009).

oM. Rodriguez, H. Zhou, P. Keall and E. Graves, “Commissioning of a
novel microCT/RT system for small animal conformal radiotherapy,”
Phys. Med. Biol. 54, 3727-3740 (2009).

"E. W. Izaguirre, H. Chen, I. Su, A. A. Silvius, J. Birch, S. G. Price, and D.
A. Low, “Implementation of a small animal image guided microirradiator:
The MicrolGRT,” Med. Phys. 37, 1 (2010).

8M. Bazalova, H. Zhou, P. J. Keall, and E. E. Graves, “Kilovoltage beam
Monte Carlo dose calculations in submillimeter voxels for small animal
radiotherapy,” Med. Phys. 36, 4991-4999 (2009).

°B.R. B. Walters, I. Kawrakow, and D. W. O. Rogers, DOSXYZnrc Users
Manual (NRCC, Ottawa, ON, Canada, 2007).


http://dx.doi.org/10.1016/S0360-3016(97)00736-0
http://dx.doi.org/10.1118/1.2349693
http://dx.doi.org/10.1016/j.ijrobp.2008.04.025
http://dx.doi.org/10.1088/0031-9155/54/4/005
http://dx.doi.org/10.1088/0031-9155/54/12/008
http://dx.doi.org/10.1118/1.3469502
http://dx.doi.org/10.1118/1.3238465

3049 M. Bazalova and E. E. Graves: Tissue segmentation for kilovoltage radiotherapy 3049

10M. Bazalova, J. Carrier, L. Beaulieu, and F. Verhaegen, “Dual-energy CT-
based material extraction for tissue segmentation in Monte Carlo dose cal-
culations,” Phys. Med. Biol. 53, 2439-2456 (2008).

. Kawrakow, M. Fippel, and K. Friedrich, “3D electron dose calculation
using a voxel based Monte Carlo algorithm (VMC),” Med. Phys. 23, 445—
457 (1996).

2y, Schneider, T. Bortfeld, and W. Schlegel, “Correlation between CT
numbers and tissue parameters needed for Monte Carlo simulations of
clinical dose distributions,” Phys. Med. Biol. 45, 459-478 (2000).

13y. Schneider, E. Pedroni, and A. Lomax, “The calibration of CT Houns-
field units for radiotherapy treatment planning,” Phys. Med. Biol. 41, 111—
124 (1996).

F. C.P. du Plessis, C. A. Willemse, M. G. Lotter, and L. Goedhals, “The
indirect use of CT numbers to establish material properties needed for
Monte Carlo calculation of dose distributions in patients,” Med. Phys. 25,
1195-1201 (1998).

15y. Zhou, P. J. Keall, and E. E. Graves, “A bone composition model for
Monte Carlo x-ray transport simulations,” Med. Phys. 36, 1008-1018
(2009).

1°E. Poon and F. Verhaegen, “A CT-based analytical dose calculation
method for HDR Ir-192 brachytherapy,” Med. Phys. 36, 3982-3994
(2009).

'7G. Anagnostopoulos, D. Baltas, E. Pantelis, P. Papagiannis, and L. Sakel-
liou, “The effect of patient inhomogeneities in oesophageal Ir-192 HDR
brachytherapy: A Monte Carlo and analytical dosimetry study,” Phys.
Med. Biol. 49, 2675-2685 (2004).

18], Kawrakow and D. W. O. Rogers, The EGSnrc Code System: Monte Carlo
Simulation of Electron and Photon Transport (NRCC, Ottawa, ON, Canada,
2006).

Medical Physics, Vol. 38, No. 6, June 2011

191, Kawrakow, “Accurate condensed history Monte Carlo simulation of
electron transport. I. EGsnrc, the new EGs4 version,” Med. Phys. 27, 485—
498 (2000).

2D, W. 0. Rogers, B. A. Faddegon, G. X. Ding, C. M. Ma, J. We, and T. R.
Mackie, “BEAM: A Monte Carlo code to simulate radiotherapy treatment
units,” Med. Phys. 22, 503-524 (1995).

2ICRU, ICRU Report 44 1989 Tissue Substitutes in Radiation Dosimetry
and Measurement (1989).

22H. Johns and J. Cunningham, The Physics of Radiology, 4th edit, edited by
C. C. Thomas (Springfield, IL, 1983), pp. 241-243.

23B. Duchemin and N. Coursol, “Reevalution de l’lqzlr,” Technical Note
LPRI/93/018 (DAMRI, CEA, France, 1993).

%H. R. Massie, V. R. Aiello, M. E. Shumway, and T. Armstrong, “Calcium,
iron, copper, boron, collagen, and density changes in bone with aging in
C57BL/6]J MALE-MICE,” Exp. Gerontol. 25, 469-481 (1990).

25]. H. Hubbell and S. M. Seltzer, Tables of X-Ray Mass Attenuation Coeffi-
cients and Mass Energy-Absorption Coefficients from 1 keV to 20 MeV for
Elements Z=1 to 92 and 48 Additional Substances of Dosimetric Interest
(Ionizing Radiation Division, Physics Laboratory, NIST, 1996).

205 C. L. Chow, M. K. K. Leung, P. E. Lindsay, and D. A. Jaffray,
“Dosimetric variation due to the photon beam energy in the small-animal
irradiation: A Monte Carlo study,” Med. Phys. 37, 5322-5329 (2010).

7E. Podgorsak, Radiation Oncology Physics: A Handbook for Teachers and
Students (International Atomic Energy Agency, Vienna, 2005).

28F, M. Khan and S. Stathakis, “The physics of radiation therapy,” Med.
Phys. 37, 1374-1375 (2010).

M. M. Nyaruba, I. Yamamoto, H. Kimura, and R. Morita, “Bone fragility
induced by x-ray irradiation in relation to cortical bone-mineral content,”
Acta Radiol. 39, 43—46 (1998).


http://dx.doi.org/10.1088/0031-9155/53/9/015
http://dx.doi.org/10.1118/1.597673
http://dx.doi.org/10.1088/0031-9155/45/2/314
http://dx.doi.org/10.1088/0031-9155/41/1/009
http://dx.doi.org/10.1118/1.598297
http://dx.doi.org/10.1118/1.3077129
http://dx.doi.org/10.1118/1.3184695
http://dx.doi.org/10.1088/0031-9155/49/12/014
http://dx.doi.org/10.1088/0031-9155/49/12/014
http://dx.doi.org/10.1118/1.598917
http://dx.doi.org/10.1118/1.597552
http://dx.doi.org/10.1016/0531-5565(90)90035-Z
http://dx.doi.org/10.1118/1.3488979
http://dx.doi.org/10.1118/1.3319185
http://dx.doi.org/10.1118/1.3319185

	s1
	s2
	s2A
	T1
	TFN1
	s2B
	s2C
	s2D
	s2E
	F1
	s2F
	T2
	F2
	s3
	s3A
	s3A1
	F3
	F4
	s3A2
	s3A3
	s3A4
	s3B
	F5
	F6
	s3C
	F7
	F8
	F9
	F10
	F11
	s4
	s5
	cor1
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27
	B28
	B29

