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Purpose: In this article, we describe a method to estimate the spatial dose variation, average dose
and mean glandular dose �MGD� for a real breast using Monte Carlo simulation based on cone
beam breast computed tomography �CBBCT� images. We present and discuss the dose estimation
results for 19 mastectomy breast specimens, 4 homogeneous breast models, 6 ellipsoidal phantoms,
and 6 cylindrical phantoms.
Methods: To validate the Monte Carlo method for dose estimation in CBBCT, we compared the
Monte Carlo dose estimates with the thermoluminescent dosimeter measurements at various radial
positions in two polycarbonate cylinders �11- and 15-cm in diameter�. Cone-beam computed to-
mography �CBCT� images of 19 mastectomy breast specimens, obtained with a bench-top experi-
mental scanner, were segmented and used to construct 19 structured breast models. Monte Carlo
simulation of CBBCT with these models was performed and used to estimate the point doses,
average doses, and mean glandular doses for unit open air exposure at the iso-center. Mass based
glandularity values were computed and used to investigate their effects on the average doses as well
as the mean glandular doses. Average doses for 4 homogeneous breast models were estimated and
compared to those of the corresponding structured breast models to investigate the effect of tissue
structures. Average doses for ellipsoidal and cylindrical digital phantoms of identical diameter and
height were also estimated for various glandularity values and compared with those for the struc-
tured breast models.
Results: The absorbed dose maps for structured breast models show that doses in the glandular
tissue were higher than those in the nearby adipose tissue. Estimated average doses for the homo-
geneous breast models were almost identical to those for the structured breast models �p=1�.
Normalized average doses estimated for the ellipsoidal phantoms were similar to those for the
structured breast models �root mean square �rms� percentage difference=1.7%; p=0.01�, whereas
those for the cylindrical phantoms were significantly lower �rms percentage difference=7.7%; p
�0.01�. Normalized MGDs were found to decrease with increasing glandularity.
Conclusions: Our results indicate that it is sufficient to use homogeneous breast models derived
from CBCT generated structured breast models to estimate the average dose. This investigation also
shows that ellipsoidal digital phantoms of similar dimensions �diameter and height� and glandular-
ity to actual breasts may be used to represent a real breast to estimate the average breast dose with
Monte Carlo simulation. We have also successfully demonstrated the use of structured breast
models to estimate the true MGDs and shown that the normalized MGDs decreased with the
glandularity as previously reported by other researchers for CBBCT or mammography. © 2011
American Association of Physicists in Medicine. �DOI: 10.1118/1.3521469�
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I. INTRODUCTION

Mammography is widely used in the United States for rou-
tine screening of women over 40 years old for breast cancer.1

However, mammography suffers from the overlapping of
soft tissue masses and calcifications with background tissue
structures on the 2D image. To solve the problem of overlap-
ping tissue, many efforts have been made to develop tech-
niques that produce 3D images, including mainly tomosyn-

thesis and cone-beam breast computed tomography
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�CBBCT�. With tomosynthesis a small number of limited
angle projections are used to reconstruct pseudo-3D images.
With CBBCT the patient would lie prone on a table with one
breast hanging downward through an opening and scanned
by an x-ray tube and detector to produce true 3D images. A
great advantage of tomosynthesis is that it can be imple-
mented by modifying a conventional digital mammography
system.2,3 However, tomosynthesis suffers from poor reso-

lution along the direction of breast compression and artifacts
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generated from off focal plane objects. CBBCT, in contrast,
provides true 3D images, which may provide more accurate
and detailed information about tissue structures, lesions, and
calcifications in breasts.4–12

To realize the potential of CBBCT for true 3D breast im-
aging, the techniques and applications of CBBCT have been
actively developed and investigated. These efforts have in-
cluded feasibility studies, design and construction of proto-
type systems, development and investigation of new tech-
niques, assessment of image quality, clinical evaluation, and
estimation or measurement of doses.5–10 It has been demon-
strated with phantoms, mastectomy breast specimens, and
patient study that CBBCT can be used to generate true 3D
breast images with superior contrast of tissue structures and
large lesions �soft tissue masses and large calcifications�.
Due to the limited spatial resolution, large pixel size of the
detector and low exposure level used, CBBCT has yet to be
improved in order to image smaller calcifications which are
routinely imaged in mammography. Several prototypes have
been constructed and used in clinical evaluations to demon-
strate and investigate their potential use for screening and
diagnosis of breast cancers. Recently clinical research
showed that with the injection of contrast agent, it is likely
that the compromised microcalcification detection perfor-
mance of breast CT relative to mammography will become
superior to mammography performance.13 Breast CT was
significantly better than mammography for visualization of
masses.14–16

Despite the potential advantages of CBBCT, it is crucial
to consider the radiation risk in using CBBCT for breast
cancer screening and diagnosis. According to the American
College of Radiology, for a 4.2-cm-thick compressed breast
with 50% glandularity or breast density �both defined as the
ratio of glandular tissue mass to the total breast mass�, the
maximum allowed mean glandular dose �MGD� is 6 mGy for
two view mammograms.17 Following this practice, many re-
searchers have considered that the maximum dose at the iso-
center should be limited to �6 mGy.18 Because of the mul-
tiexposure geometry of CBBCT, accurate dose control is
very important, and thus the estimation of breast dose for
CBBCT has wide interest.19–22

Two methods are often used to estimate radiation dose:
physical measurement and Monte Carlo simulation. For
physical measurement, thermoluminescent dosimeters
�TLDs� and ion chambers are widely used.21 Both are por-
table and can be placed inside specially designed tissue-
equivalent phantoms to estimate radiation doses at various
locations in the breast phantoms. However, because the mea-
surements could be performed at a limited number of sam-
pling positions, average breast doses could not be directly
measured.

To overcome the limitations of experimental measure-
ments, Monte Carlo simulation has been widely used to
mimic the CBBCT system and to estimate the 3D dose varia-
tion for various breast sizes, shapes, and compositions.
Boone et al. used the SIERRA Monte Carlo code to estimate

normalized glandular dose in CT �DgNCT� for CBBCT by
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using cylindrical digital phantoms of various diameters and
tissue compositions for 30–100 kVp polyenergetic x-rays.20

Glick et al. employed the GEANT3 Monte Carlo code to esti-
mate the doses in cylindrical breast phantoms for various
combinations of acquisition geometry, kVp, pixel size, and
scintillator thickness.21 To better mimic an uncompressed,
pendant breast, Ning et al. used three half-ellipsoidal digital
phantoms of different sizes to estimate and use mean ab-
sorbed exposure-to-dose conversion factor �DgN� to convert
the entrance exposure in a single projection view to the av-
erage dose for full scan.7

Average doses and spatial dose variation have been esti-
mated and investigated for simple geometric or structured
breast phantoms for various mammography techniques.23–25

They have also been estimated and investigated for
CBBCT.19 However, the average dose and spatial dose varia-
tion have not been studied for realistic breasts in CBBCT. In
this study, we constructed 19 structured breast models de-
rived from segmented CBBCT images of mastectomy speci-
mens to better mimic uncompressed, pendant breasts. We
estimated spatial dose variation, average doses, and MGDs
by Monte Carlo simulations of CBBCT. We compared the
average doses for structured breast models with those for
simplified, homogeneous breast models: breast-shaped, cy-
lindrical, and half-ellipsoidal �hereafter referred to as ellip-
soidal� phantoms with various breast densities.

II. METHODS AND MATERIALS

II.A. CBBCT system

An experimental CBBCT system with a flat-panel digital
detector was built on an optical bench in our laboratory �Fig.
1�a��.26 This system consisted of three components: an x-ray
unit, an amorphous silicon/cesium iodide �a-Si:H/CsI� flat-
panel detector, and a step motor-driven rotary table. The
x-ray unit consisted of an x-ray generator �Indico 100 SP,
Communications & Power Industries, Georgetown, Canada�
coupled to an x-ray tube �G1592BI/B180, Varian Medical
Systems, Salt Lake City, UT� with a nominal focal spot size
of 0.6 or 1.2 mm. The flat-panel detector �PaxScan 4030CB,
Varian Medical Systems� had a 2048�1536 array of
194-�m pixels, resulting in a 40�30 cm2 active image area.
The phantom or specimen was placed on the rotary table,

(a) (b)

FIG. 1. �a� A bench-top experimental CBCT system with �b� a breast speci-
men placed on the rotating table.
which was driven by a stepping motor �B4872TS, Velmex,
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Bloomfield, NY� and rotated during the scan to simulate CB-
BCT with a rotating gantry. The distances from the x-ray
source to the isocenter and to the detector were 75 cm and
100 cm, respectively, resulting in a magnification of 1.33.
�Fig. 2� Notice that this acquisition geometry was duplicated
in Monte Carlo simulation.

II.B. Digital breast models and phantoms

II.B.1. Structured breast models

To compute and study spatial dose variation and average
dose for actual breasts, we used CBCT images of 19 mastec-
tomy breast specimens to construct 19 different digital struc-
tured breast models for the Monte Carlo simulation. These
images were acquired with breasts removed in the mastec-
tomy operations for patients recruited and consented under
an IRB approved protocol �LAB05–0588�. Each specimen
was placed in a bowl shaped holder on the rotary table for
CBCT imaging. During the scan it was rotated for 360°
while 300 projection images were acquired with x-rays gen-
erated at 80 kVp with a half value layer of 4.08 mm alumi-
num. Based on mammography performed before the mastec-
tomy, 13 of these breasts were categorized as
“heterogeneously dense,” and the rest as “scattered fibro-
glandular.”

The CBBCT images were first corrected to remove cup-
ping artifacts and then filtered to reduce the noise level. The
processed images were then segmented using the threshold
method to separate the breast into glandular and adipose tis-
sue regions. Each CBBCT image set consisted of 600–1200
slices of 900�900 images with a voxel size of 0.145
�0.145�0.145 mm3. To achieve reasonable simulation
speed, we binned the images into 100�100� �75–84� ma-
trix sizes with a voxel size of 1.305�1.305�1.305 mm3.
To compute the attenuation coefficients for Monte Carlo
simulation, the elemental composition and density of glandu-
lar tissue were adopted from a report by Hammerstein et
al.,27 while those of adipose tissue were adopted from a more
recent report by the National Institute of Standards and Tech-

28

75cm

10 cm

13 cm

Detector Lead

25cm

FIG. 2. Geometry for Monte Carlo simulations. Structured breast models
�grayscale�, ellipsoidal phantoms �dotted contour�, and cylindrical phantoms
�dashed contour� were irradiated. The voxel size was 1.305�1.305
�1.305 mm3 for the structured breast models and 1�1�1 mm3 for the
geometric phantoms. A 2-mm-thick lead plate was used to form a half-cone-
beam. The source-to-object distance was 75 cm. To simplify the Monte
Carlo simulation, we assumed that x-rays were generated from a point
source.
nology �NIST�.
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The glandularity was computed as the ratio of the glandu-
lar tissue mass to the total breast mass. The former was com-
puted as the product of number of glandular tissue voxels,
the voxel volume, and the density of glandular tissue. The
adipose tissue mass was computed in a similar way. The total
breast mass was computed as the sum of the glandular tissue
mass and the adipose tissue mass. For the 19 breasts studied,
the computed breast density was found to range from 18% to
58%.

II.B.2. Homogeneous breast models

To investigate the effects of tissue structures on the aver-
age dose, we selected four structured breast models with a
range of different glandularities �33%, 36%, 43%, and 48%�
and replaced the tissue structures with homogeneous tissue
with identical glandularities. These models were referred to
as the homogeneous breast models in this paper.

II.B.3. Ellipsoidal and cylindrical phantoms

To investigate the accuracy in using simple, homogeneous
geometric phantoms to represent breasts in Monte Carlo
simulation and dose estimation, we constructed a series of
ellipsoidal and cylindrical digital phantoms. To match the
dimensions of the structured breast models used, both the
ellipsoidal and cylindrical phantoms were created with a di-
ameter of 13 cm and a height of 10 cm. All the geometric
phantoms had a voxel size of 1�1�1 mm3, and the glan-
dularity values used were 0%, 20%, 40%, 60%, 80%, and
100%. In Fig. 2, the contours of these two phantoms are
drawn along with a structured breast model as aligned with
the isocenter in the acquisition layout.

II.B.4. Phantoms for validation

To validate dose estimates using Monte Carlo method, we
constructed two polycarbonate cylinder phantoms, one with
a diameter of 11 cm and the other with a diameter of 15 cm
and both with a height of 12 cm. �Fig. 3� 5-mm-diameter
holes were opened at 0, 0.73, 1.76, 3.0, and 5.1 cm from the
central axis for the small phantom and 0, 0.73, 1.76, 3.0, 5.1,
and 7.1 cm from the central axis for the large phantom to
allow the TLDs to be inserted and positioned at 1.25 cm
below the top surface for dose measurement. �Fig. 3� Two
digital phantoms, both with three different voxel sizes of 1
�1�10, 1�1�5, and 1�1�115 mm3 from top to bot-
tom, were created to mimic these two cylindrical phantoms
and used for Monte Carlo simulation and dose estimation.

II.C. Monte Carlo simulation

We used the BEAMNRC/EGSNRC code29 to simulate 108 pri-
mary photons emitted from the x-ray source point. The pho-
tons were generated at 80 kVp with a 12° tungsten target and
filtered by 5-mm-thick aluminum, resulting in a half-value
layer �HVL� of 4.08 mm aluminum which matched the mea-
sured HVL for the x-ray beam used in our validation mea-
surement. The x-ray spectrum was computed using a previ-

30
ously published program, SRS-78, for use with the



592 Yi et al.: Radiation doses in CBCT 592
simulation. Since half-cone-beam is usually used in CBBCT,
a 2-mm-thick lead collimator was incorporated in BEAMNRC

to collimate the x-rays into a half-cone-beam which con-
sisted of about 5�107 photons at the exit of the collimator
�Fig. 2�. The energies, positions, and directions of these pho-
tons were recorded as a data file, referred to as the phase
space file in the code, and used for subsequent image simu-
lation and dose estimation. To verify the intensity variation
of the half-cone-beam generated, we used the BEAMDP �Ref.
31� �BEAM data processor� code to derive the spatial varia-
tion of the photon fluence at the exit of the collimator.

The phase space file was used with the DOSXYZNRC

code32 to randomly generate 109 incident photons to simulate
x-ray exposure to our digital breast models or phantoms with
300 projection views evenly spread over 360°. The cutoff
energies for photon transport and electron transport were set
at 1 and 512 keV, respectively, in all components of the
codes. All attenuation data were produced with the PEGS4

code as required by EGSNRC code. The included interactions
were bremsstrahlung production, Coulomb scattering, Comp-
ton scattering, Rayleigh scattering, and the photoelectric ef-
fect. The energy deposited by the photons was tallied for
each voxel to estimate the dose on a voxel-by-voxel basis.
The doses were then averaged over the entire breast volume

to compute the average dose D̄ as follows:

D̄ =
�i=1

N D�i� � V � ��i�
�i=1

N V � ��i�
, �1�

where N is the total number of voxels, D�i� is the dose for

75 cm

12 cm

Detector Lead

100 cm

TLD

(a)

(b)

FIG. 3. Acquisition geometry for TLD measurements and Monte Carlo
simulations for validation. Two 12-cm-high polycarbonate cylinders, one 11
cm and the other 15 cm in diameter, were imaged. The voxel size was 1
�1�5 mm3 for the 5-mm-thick layer containing the TLDs, 1�1
�10 mm3 for the 10 mm thick layer above the TLDs and 1�1
�115 mm3 for 115 mm layer below the TLDs. �Upper gray area� A 2-mm-
thick lead plate was used to form a half-cone-beam. The source-to-object
distance was 75 cm. To simplify the Monte Carlo simulation, we assumed
that x-rays were generated from a point source. The positioning of TLDs are
illustrated in bellow the geometry.
the ith voxel, V is the volume of a voxel, and ��i� is the
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density of the ith voxel. For structured breast models, the
MGD was also computed by averaging the doses in all glan-
dular tissue voxels. For normalization, the free air kerma was
estimated at the isocenter with Monte Carlo simulation using
the same number of photons. All dose estimates were nor-
malized by the free air kerma and presented as dose �mGy�
per unit air kerma �mGy� for comparison.

II.D. Validation with TLD measurements

To validate our Monte Carlo method for simulating doses,
TLDs of lithium fluoride doped with magnesium and tita-
nium �LiF:Mg,Ti� were used to measure doses at selected
locations in the two polycarbonate cylindrical phantoms and
compared them with the results from Monte Carlo simula-
tion. To ensure the x-ray beam quality was kept the same for
the comparison, the HVL was measured to be 4.08 mm alu-
minum with an ion chamber �10X5–6, Radcal, Monrovia,
CA� and type 1100 aluminum sheets and used to determine
the filtration of the x-ray spectrum for Monte Carlo simula-
tion. For TLD dose measurements, x-rays were collimated to
form a half-cone-beam. With the measurement, each cylin-
drical polycarbonate phantom was positioned at the isocenter
with its top at 8 mm above the upper edge of the half-cone-
beam �Fig. 3�. The phantom was rotated for 360° during the
exposure to simulate CBBCT with a rotating source–detector
gantry. 33 msec pulsed exposures were made with tube cur-
rents of 25 and 29 mA for the small and large phantoms,
respectively.

After the exposures, signals were read out using a TLD
reader �Harshaw 3500, Harshaw-Bicron, Newbury, OH�. For
calibration, signals obtained at various exposure levels were
plotted as a function of the absorbed dose calculated from
the exposure to obtain a calibration curve. The absorbed
doses in this study were then computed using the calibration
curve and plotted as a function of the radial distance from the
central axis of the phantoms.

For normalization, the free air kerma measured with an
ion chamber were 3.2, 7.1, 15.6, 32.4, and 49.2 mGy at the
isocenter for 30, 60, 120, 240, and 360 mAs, respectively. As
with Monte Carlo dose estimation, all dose measurements
were normalized by the free air kerma and presented as dose
�mGy� per unit free air kerma �mGy�.

II.E. Comparison of dose values

All dose estimates or measurements were normalized by
the free air kerma at the isocenter before being compared to
each other. However, for simplicity of presentation, they are
sometimes referred to as the doses only hereafter in this pa-
per. To compare the Monte Carlo estimates and TLD mea-
surements, the percentage difference was individually given
for each pair of corresponding estimate and measurement.
The root mean square �rms� percentage difference was com-
puted for the two groups of data. Because the data were not
normally distributed, the Wilcoxon Signed Rank test was
used instead of the paired t-test to compute the p-value. Lin-
ear regression was also performed to quantify and study the

correlation between the two groups of data. The linear fit
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values was forced to go through the origin as both the Monte
Carlo estimate and TLD measurement would extrapolate to
zero with zero x-ray exposure. Similar analysis was per-
formed to compare the average doses of the ellipsoidal and
cylindrical phantoms with those of the structured breast
models.

III. RESULTS

III.A. Validation of Monte Carlo package

In Fig. 4�a�, normalized TLD measurements and Monte
Carlo estimates are plotted as a function of the radial posi-
tion for both small and large polycarbonate cylindrical phan-
toms. The TLD measurements were found to be consistently
higher than the Monte Carlo estimates. The percentage dif-
ferences between the TLD measurements and the Monte
Carlo estimate were found to be 1.7%–7.2% �rms percentage
difference=4.3%; p=0.06� and 3.0%–10.9% �rms percent-
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FIG. 4. �a� Comparison of normalized dose from experimental measure-
ments with Monte Carlo estimates for 11-cm-diam �solid symbol� and 15-
cm-diam �hollow symbol� cylindrical phantoms. �b� The Monte Carlo de-
rived doses are plotted against the corresponding TLD measurements and
correlation coefficients were given for small and large cylindrical phantoms,
respectively.
age difference=7.5%; p=0.03� for the small and large phan-
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toms, respectively. Following the linear regression, the
Monte Carlo dose estimates are plotted against the corre-
sponding normalized TLD dose measurements. The correla-
tion coefficients were calculated to be 0.983 and 0.991 for
the small and large phantoms, respectively. The slopes of the
fittings were calculated to be 0.956 and 0.918 for the small
and large phantoms, respectively.

III.B. Estimated dose variation for structured breast
models

A set of segmented CBBCT images and the corresponding
spatial dose variations are shown in Fig. 5. The absorbed
dose maps closely mirrored the tissue structures in the seg-
mented CBBCT images, and the estimated doses were higher
in the glandular tissue than in the neighboring adipose tissue.

III.C. Comparison of average doses for structured
and homogeneous breast models

Monte Carlo simulation was performed for four homoge-
neous breast models derived from four structured breast
models with glandularities of 33%, 36%, 43%, and 48%. The
normalized average doses were estimated to be 0.59, 0.59,
0.61, and 0.60 mGy/mGy, respectively. There was little dif-
ference �p=1.000� between these values and those for the
structured breast models.

III.D. Comparison of estimated doses for structured
breast models, ellipsoidal phantoms, and
cylindrical phantoms

In Fig. 6�a�, the normalized average doses are plotted as a
function of the glandularity for the structured breast models
and the ellipsoidal and cylindrical phantoms. The plots show

A
dipose

tissue
G
landular

tissue

(a)

(b)

(c)

(d)

FIG. 5. Monte Carlo dose estimates for structured breast models. �a� Spatial
dose variation for coronal slices �6.5, 26.1, 45.7, and 65.3 mm from the
chest wall, respectively� and �c� the corresponding structures on CBBCT
images. �b� Spatial dose variation for sagittal slices �6.5, 19.6, 32.6, and 45.7
mm from the central axis, respectively� and �d� the corresponding structures
on CBBCT images. Dose values are plotted using a gray scale.
that dose estimates with the ellipsoidal phantoms were close
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to those with the structured breast models. The dose esti-
mates with the cylindrical phantoms, on the other hand, were
found to be consistently lower. Because the ellipsoidal and
cylindrical phantoms studied had different glandularities �0%
20%, 40%, 60% 80%, and 100%� from those of the struc-
tured breast models �18%–58%�, a quantitative comparison
could not be directly performed. Linear equations relating
the normalized average doses to the glandularity were ob-
tained and then compared with each other �Fig. 6�b� and
6�c��. The equations for the ellipsoidal and cylindrical phan-
toms were also used to compute the normalized average
doses for the 19 glandularity values of the structured breast
models. The doses for the ellipsoidal phantom were found to
agree well with those obtained with the structured breast
models �rms percentage difference=1.7%; p=0.01�, while
those for the cylindrical phantoms significantly lower �rms
percentage difference=7.7%; p�0.01�. In Figs. 6�b� and
6�c�, the dose estimates for the two phantoms were plotted
separately against the corresponding dose estimates for the
structured breast models. Linear regressions resulted in a
correlation coefficient of 0.845 for both phantoms, a slope of
0.993 for the ellipsoidal phantom and 0.928 for the cylindri-
cal phantom.

III.E. Mean glandular dose for structured breast
models

In Fig. 7, normalized MGD is plotted as a function of
glandularity for our 19 structured breast models. Normalized
MGD was found to decrease with increasing glandularity.
This result is similar to the previously reported findings on
the variation of MGD with glandularity in mammography.

IV. DISCUSSION

In this study, we used Monte Carlo simulation to estimate
and compare doses for 19 structured breast models, 4 homo-
geneous breast models, 6 ellipsoidal phantoms, and 6 cylin-
drical phantoms. Although structured phantoms or models
have been previously used to estimate doses23–25 or to inves-
tigate image quality33,34 in various digital mammography
techniques, no structured models or phantoms have been
used to estimate doses in CBBCT. Furthermore, our struc-
tured breast models were derived from segmented images of
mastectomy breast specimens and contained realistic breast
tissue structures with both adipose and glandular tissues. In
addition to using these models to estimate the average doses,
we also used them to estimate the true MGDs, which cannot
be accurately estimated with the commonly used homoge-
neous phantoms.

To validate the Monte Carlo model, we compared normal-
ized TLD measurements with normalized Monte Carlo esti-
mates at various locations inside two cylindrical phantoms.
The Monte Carlo estimates were slightly lower than the TLD
measurements with rms percentage differences of 4.3% and
7.5% for the small and large phantoms, respectively. There
are several possible causes for this discrepancy. First, al-
though we tried to match the locations and sampling volumes

for Monte Carlo dose estimation with those for TLD mea-
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FIG. 6. �a� Normalized average dose versus glandularity. Normalized aver-
age doses were calculated for structured breast models, cylindrical phan-
toms, and ellipsoidal phantoms, respectively. The rms percentage difference
between structured breast models and ellipsoidal phantoms is 1.7% and
between structured breast models and cylindrical phantoms is 7.7%. �b� The
Monte Carlo derived average doses for ellipsoidal phantoms are plotted
against those for structured breast models. �c� The Monte Carlo derived
average doses for cylindrical phantoms are plotted against those for struc-
tured breast models.
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surements as accurately as possible, there could still be some
deviation. Second, although the x-ray spectrum used for
Monte Carlo simulation was selected to result in the same
HVL as for the x-ray spectrum used in the TLD measure-
ments, this does not guarantee that the two spectra were
identical. Third, the heel effect was not modeled in our simu-
lation for simplicity. This may have resulted in differences in
both photon fluences and spectra between Monte Carlo simu-
lation and TLD measurement.

Results with our structured breast models show that the
glandular tissue voxels had higher estimated doses than the
neighboring adipose tissue voxels and the absorbed dose
map closely mirrored the pattern of tissue structures in the
segmented CBBCT images. Both results were expected be-
cause the energy absorption coefficients of glandular tissue
are known to be higher than those of adipose tissue.28

We also investigated the dependence of the average breast
dose on the shape, dimensions, and tissue structures of the
breasts. Comparison of the linear fit values shows that the
average doses estimated for ellipsoidal and cylindrical phan-
toms correlated well �r=0.998 and 0.997� and increased lin-
early with the glandularity �Fig. 6�. The average doses for the
19 structured breast models could also be fitted to a linear
relationship with the glandularity but with poorer correlation
�r=0.845� as shown by the fluctuations around the fitted line.
Comparing the dose estimates for the 19 glandularity values
of the structured breast models, the ellipsoidal phantoms re-
sulted in estimates closer to those for the structured breast
models �rms percentage difference=1.7%; p=0.01�, while
that the cylindrical phantoms resulted in significantly lower
estimates �rms percentage difference=7.7%; p�0.01�. This
is also reflected by the different slopes of the plots in Figs.
6�b� and 6�c�. This finding indicates that an ellipsoidal phan-
tom of similar dimensions �diameter and height� and identi-
cal glandularity may be used to estimate the average dose of
a real breast with much better accuracy than the cylindrical
phantoms.

We also found that dose estimates for structured breast
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FIG. 7. Normalized MGD for 19 structured breast models.
models fluctuated significantly from their linear fit values
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while those for ellipsoidal or cylindrical phantoms had little
fluctuations from theirs. The fluctuation of dose estimates for
the structured breast models could be due to the variation of
the breast dimensions, shape, or tissue structures from breast
to breast. To investigate whether the tissue structures would
influence the estimation of average dose, we computed and
compared doses for four structured breast models and four
homogenous breast models which were derived from them.
No significant difference in estimated doses was found be-
tween these two groups of models. �p=1 or p�0.05�. Thus,
the fluctuations of the estimated doses for the structured
breast models from their linear fit values were probably due
to the variation of the breast shape and dimensions rather
than differences in tissue structures. In the cases of ellipsoi-
dal and cylindrical phantoms, the doses were estimated for
phantoms of the same dimensions and shape but varying
glandularity, thus the estimates fluctuated little from their
linear fit values. The fluctuation of the dose estimates for the
structured breast models from their linear fit values indicates
that although an ellipsoidal phantom with similar dimensions
and identical glandularity is a good candidate for estimating
the average dose with Monte Carlo simulation, it may be
subject to small deviation due to the slight differences in the
shape and dimensions between the phantom and the breast it
represents.

We also estimated the MGDs for structured breast models.
Figure 7 shows that the normalized MGD decreased with the
glandularity. Table I also shows normalized MGDs as for
various parameters. This is similar to the previously reported
relationships of the normalized MGD and the glandularity in
mammography �DgN� and between that in CBBCT �DgNCT�,
estimated with other methods.35,36 It should be noted that
although the MGD decreased with the glandularity, the total
radiation energy absorbed by the glandular tissue, which has
been suggested to be more linked to the cancer risk, actually
increased because the total glandular tissue mass increased at
a much faster rate with the glandularity. It should also be
noted that the estimation of the MGD through the use of
Monte Carlo simulation with a structured breast model de-
rived from the CBCT images allowed doses for glandular
tissue voxels and thus the MGD to be directly estimated as
the voxels of the model contain either pure glandular tissue
or pure adipose tissue. In contrast, the use of a homogeneous
model or phantom would require the conversion of doses
estimated for mixed �partially glandular and partially adi-
pose� tissue into those for pure glandular tissue. Point-by-
point estimation of the factors required for such conversion
could be tedious and difficult if not impossible.24

One shortcoming of this study is that since the skin is
usually left attached to the chest for sealing the wound in a
mastectomy operation, it is absent in our structured breast
models. This may result in a slightly inaccurate representa-
tion of real breasts. This problem can be resolved in the
future by using CBBCT images of normal patients and those
obtained prior to the mastectomy operation. Another short-
coming is the lack of heel effect in our modeling of the x-ray
source. These shortcomings will be investigated and resolved

in our future studies.
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V. CONCLUSIONS

In this study, we used Monte Carlo simulation to estimate
and compare normalized average doses for 19 structured
breast models, 4 homogeneous breast models, 6 ellipsoidal
phantoms, and 6 cylindrical phantoms. Structured breast
models derived from real breasts have been used to study the
spatial dose variation and average dose over the entire breast
in CBBCT therefore true MGD can be studied. Results with
our structured breast models show that the glandular tissue
voxels had higher estimated doses than the neighboring adi-
pose tissue voxels and the absorbed dose map closely mir-
rored the pattern of tissue structures in the segmented CB-
BCT images. The normalized average doses for the
structured breast models were found to increase with the
glandularity. On the other hand, the normalized MGDs for
these models were found to decrease with the glandularity.
Results with four homogeneous breast models show that the
presence of complex tissue structures had little effect on the
estimation of normalized average dose. Normalized average
doses estimated for the ellipsoidal phantoms and those for
the cylindrical phantoms were both found to increase linearly
with the glandularity with little fluctuations. Comparison of
the linear fit values shows that doses estimated for the ellip-
soidal phantoms were much closer to those for structured
breast models while those for the cylindrical phantoms were
significantly lower. Thus, an ellipsoidal phantom of similar
dimensions �diameter and height� and identical glandularity
may be used to estimate the average breast dose with Monte

TABLE I. Normalized MGDs �mGy/mGy� of structured breasts for different
glandularities and sizes.

Glandularity
�%�

Size
�cm3�

13.05�13.05�9.8 13.05�13.05�11.0

18.2 1.01
18.4 0.98
24.3 0.95
25.3 0.96
27.2 0.97
27.7 0.94
31.0 0.94
31.3 0.95
32.4 0.99
32.5 0.96
32.8 0.96 0.94
35.0 0.91
36.3 0.94
43.3 0.93
45.5 0.87
48.4 0.86
49.4 0.87
57.9 0.87
Carlo simulation.
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