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Abstract Cone-beam breast Computed Tomography (bCT) is an X-ray imaging technique for
breast cancer diagnosis, in principle capable of delivering a much more homogeneous dose
spatial pattern to the breast volume than conventional mammography, at dose levels compa-
rable to two-view mammography. We present an investigation of the three-dimensional dose
distribution for a cone-beam CT system dedicated to breast imaging. We employed Monte Carlo
simulations for estimating the dose deposited within a breast phantom having a hemiellipsoidal
shape placed on a cylinder of 3.5 cm thickness that simulates the chest wall. This phantom
represents a pendulant breast in a bCT exam with the average diameter at chest wall, assumed
to correspond to a 5-cm-thick compressed breast in mammography. The phantom is irradiated
in a circular orbit with an X-ray cone beam selected from four different techniques: 50, 60, 70,
and 80 kVp from a tube with tungsten anode, 1.8 mm Al inherent filtration and additional filtra-
tion of 0.2 mm Cu. Using the Monte Carlo code GEANT4 we simulated a system similar to the
experimental apparatus available in our lab. Simulations were performed at a constant free-in-
air air kerma at the isocenter (1 mGy); the corresponding total number of photon histories per
scan was 288 million at 80 kVp. We found that the more energetic beams provide a more
uniform dose distribution than at low energy: the 50 kVp beam presents a frequency distribu-
tion of absorbed dose values with a coefficient of variation almost double than that for the
80 kVp beam. This is confirmed by the analysis of the relative dose profiles along the radial
(i.e. parallel to the “chest wall”) and longitudinal (i.e. from “chest wall” to “nipple”)
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directions. Maximum radial deviations are on the order of 25% for the 80 kVp beam, whereas
for the 50 kVp beam variations around 43% were observed, with the lowest dose values being
found along the central longitudinal axis of the phantom.
ª 2012 Associazione Italiana di Fisica Medica. Published by Elsevier Ltd. All rights reserved.
Introduction

Conventional X-ray mammography (both in traditional and
digital form) is still the most commonly used technique for
breast cancer screening. However, the visualization and
detection of cancer can be impaired in the acquired planar
images because of the overlapping of normal tissue, soft
tissue masses and calcifications. Computed Tomography
(CT) can solve this problem by providing three-dimensional
(3D) views of the breast anatomy. Cone-beam breast
Computed Tomography (bCT) is an alternative method
which usually employs a flat panel detector and a wide X-
ray beam for generating 3D images of the breast. On the
contrary to traditional CT, here only the breast is exposed
to the radiation beam [1]. This allows both to improve the
image quality and to spare the rest of the patient’s body
from unnecessary radiation exposure. Furthermore, cone-
beam CT is able to provide true 3D breast images with
isotropic resolution and radiation dose comparable to two-
view mammography [2,3].

Dose delivery to tissues in conventional mammography is
highly heterogeneous spatially [1]; indeed, most of the
radiation is absorbed by surface tissue layers near to the
entrance of the X-ray beam, whereas the opposite side will
receive the lowest dose. From the analysis of dose histo-
grams, Boone et al. [1] estimate that for two-view
mammography of a 4.5-cm-thick compressed breast at
a total Mean Glandular Dose (MGD) of 4 mGy, about 5% of
the breast received an average of 14.2 mGy and that 20% of
the breast received an MGD greater than 10 mGy. On the
other hand, bCT is capable of delivering a much more
homogeneous dose pattern to the breast, especially at high
kilovoltages [1,4]. This is mainly due to two factors: first
the breast is irradiated from a plurality of positions, and
second in bCT energies higher than those used in traditional
mammography are usually employed. Thus, the homoge-
neity of the distribution of the dose should be considered
a parameter of interest in the assessment of the overall
quality of a bCT system [5e8].

Monte Carlo (MC) simulation is an important tool for dose
assessment in cone-beam CT examinations [9,10]. MC
simulations have been used for investigating the radiation
dosimetry of CT systems dedicated to breast imaging
[1,2,4e6]. GEANT4 is emerging as one of the most wide-
spread MC simulation programs, even for applications in the
medical field [11]. Indeed, GEANT4 was already used for
estimating the dose deposited in soft tissues and for
investigating the features of CT prototypes [12e14].

In order to better understand the dose distribution in
a cone-beam CT system dedicated to breast imaging, in this
paper we make use of MC simulations performed with
GEANT4. We made simulations of the same experimental
prototype developed by our group [15,16]. We estimated
the dose deposited within a Polymethyl Methacrylate
(PMMA) breast phantom irradiated with four different
beams from an X-ray tube. The different energies of the four
beams are expected to provide a different spatial distribu-
tion of absorbed dose in tissue, considering the difference in
tissue attenuation coefficients at those energies. We report
on the results of the dose distribution at various kilovoltages
and a comparison with experimental measurements and
published data, using PMMA phantoms simulating the
average-size uncompressed during a bCT exam. Our main
interest is to illustrate the differences in the relative dose
distribution, not to give absolute dosimetric values.

Materials and methods

Experimental prototype

In this paper we simulate a cone-beam bCT prototype
assembled in our laboratory at Federico II University in
Naples. It consists of a modular, bench-top system with
a step motor rotating gantry, a minifocus Tungsten anode X-
ray tube (0.05 mm nominal focal spot size), a flat panel
detector, custom acquisition software and commercial
cone-beam CT reconstruction software. The X-ray tube has
a continuous output, fixed tungsten anode, operated in the
range 50e80 kVp (1% ripple). The tube presents an inherent
filtration of 1.8 mm Al and an additional filtration of 0.2 mm
Cu was considered. This filtration was chosen because it has
already been demonstrated that it is capable of providing
a more uniform distribution of dose inside the phantom, in
comparison to thinner Cu filtrations [7]. The scanner is
mounted on an optical bench and housed in a shielded
cabinet. The mechanical assembly of the scanner contains
two rotating arms positioned along the horizontal axis of
the tomograph, which hold the X-ray tube and the detector,
respectively. The prototype is equipped with 8 computer-
driven step motors for controlling rotations and translations
necessary for achieving the tomographic acquisition with
selectable image magnification and acquisition field-of-
view. The system is comprised of a CMOS Flat Panel
Detector with a 0.15-mm-thick CsI scintillator layer and
a sensitive area of 12 cm � 12 cm with 50 mm � 50 mm
pixels. A detailed description of the experimental appa-
ratus can be found elsewhere [7,15e17]. In this study we do
not simulate the X-ray imaging detector, since we focus our
attention on the dose distribution within the breast.

Breast phantom

We estimated via MC simulations the absorbed dose in
a homogeneous phantom made of PMMA (1.19 g/cm3) with
a shape which approximates a pendulant average breast in
a bCT exam. A sketch of the simulated phantom is shown in
Fig. 1a. We assumed that the uncompressed breast presents
a 14-cm diameter at the chest wall, which is the average
“effective” breast diameter at chest wall reported by



Figure 1 a) Sketch of the simulated hemiellipsoidal phantom
(in red). b) The dose is registered within cubical voxels located
within the phantom. The cylindrical base simulates the chest
wall. The phantom diameter at its base (14 cm) corresponds to
the average effective diameter of the pendulant breast in
a bCT exam. c) Scheme of a real PMMA phantom showing the
positions of the TLDs at midplane in the phantom, indicating
the axial (AX) and peripheral (PER) positions close to the chest
wall (bot), in the middle (mid) and close to the nipple (top) of
the breast phantom. At each position three TLD-100 chips were
placed. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)

Figure 2 Normalized X-ray spectra for W anode tube derived
from the SpekCalc software [18]. For all the beams we
considered an inherent filtration of 1.8 mm Al and an added
filtration of 0.2 mm Cu.
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Boone et al. [3], with a length of the pendulant breast of
1.36 times its radius (close to the value of 1.5 times the
radius assumed by Boone et al.). Thus, the breast phantom
was modeled as a hemiellipsoid of rotation of half-axes of
7 cm (breast radius at chest wall) and 9.5 cm (breast
length), with a cylindrical base 3.5 cm thick for simulating
the chest wall. The phantom was placed at the scanner
isocenter, with its longitudinal axis (chest wall to nipple) at
a distance R1 of 385 mm from the focal spot of the X-ray
tube. The distance R2 of the detector from the isocenter
was 120 mm so that system magnification was [(R1 þ R2)/
R1] Z 1.31. A grid of cubical voxels was simulated within
the phantom, in order to register the dose in different
locations, as shown in Fig. 1b. Each voxel has a 1-cm side
and for covering the breast entirely 697 voxels were
considered. The hemiellipsoidal phantom volume (without
its cylindrical base) is 975 cm3 so that this mesh covers over
71% of the simulated breast volume. For each simulation,
the total energy deposited in each voxel was scored (in
MeV), and finally converted into average dose values
expressed in Gy, given the voxel mass. For a correct esti-
mate of the dose, the grid of voxels considered must be
completely inscribed within the breast phantom. Consid-
ering the shape of the phantom and the size of the voxels, it
turns out that is not possible to cover the whole breast. If
one would consider smaller voxels, the coverage would
increase. But in that case even the simulation time would
increase noticeably, for getting the same statistical error.
However, we believe that our choice is a good tradeoff
between simulation time and coverage of the breast: most
of the breast is covered, except for some peripheral
regions.

For the 80 kVp beam we also considered two additional
simulated conditions. First, a second type of tissue more
similar to the real one was used: breast tissue (50/50)
composed of 50% fibroglandular tissue and 50% fat with
density 0.985 g/cm3. In addition, a second breast phantom
size was simulated: a hemiellipsoid smaller than the first
one, with half-axes of 6 cm (radius at chest wall) and 9 cm
(breast length). Indeed, unpublished observations made in
a population of 200 women undergoing mammography
screening at Naples Cancer Institute show that the average
breast size is about 12 cm, slightly lower than the average
value reported for a population of 200 women in California
(14 cm) [3].

X-ray beams

The X-ray tube spectra have been generated using Spek-
Calc, an executable code freely available on the web for
calculating the X-ray emission spectra from tungsten
anodes tubes [18]. The spectra have been generated for
four different tube voltages (50, 60, 70, and 80 kVp) at
1 keV interval for an inherent filtration of 1.8 mm Al with
additional filtration of 0.2 mm Cu. Figure 2 shows the
spectra calculated for the four beams considered in this
paper. Some characteristics of these spectral models are
listed in Table 1.

Simulated system

MC simulations were run by using GEANT4, a general-
purpose toolkit which can simulate the transport of several
particle types in a wide range of energies [11]. Originally
developed for simulating high-energy physics experiments,
it is also used in various areas of application, including



Table 1 Parameters of the four spectra considered in this paper.

Half value layer
[mmAl]

Average energy
[keV]

Effective energy
(Al) [keV]

Tube output
at isocenter
[mGy/mAs]

Photon fluence per
mGy air kerma
[photons/cm2]

50 kVp 3.22 37.6 34.5 0.038 2.79 � 108

60 kVp 3.92 42.2 37.5 0.072 3.24 � 108

70 kVp 4.53 46.3 40.0 0.113 3.56 � 108

80 kVp 5.15 50.3 42.6 0.165 3.80 � 108

Table 2 Percent difference between the dose data pre-
sented in this paper and that reported in [7], for each kil-
ovoltage and position in the phantom. The comparison has
been achieved for the five positions of the TLDs considered
in that paper (i.e. PER-bot, AX-mid, PER-mid, AX-top, and
PER-top. For the detailed description of the location of
these positions, see Fig. 1). Data are normalized with
respect to the innermost position (i.e. AX-bot position
defined in [7]).

PER bot AX mid PER mid AX top PER top

50 kVp �7% �3% �10% �9% �10%
60 kVp �6% 3% �2% 0% �3%
70 kVp �5% �2% �6% �6% �8%
80 kVp �5% 3% �1% �1% �3%
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medical physics. With GEANT4 a broad range of physics
effects can be simulated, such as hadronic, electromag-
netic, and optical processes. With the latest releases of
GEANT4 the electromagnetic interactions can be simulated
with very good accuracy down to energies smaller than
1 keV. Users can also select various physics’ lists (e.g.
Standard, Penelope, Low-energy), through which different
electromagnetic processes can be considered; each list
implements different models of radiation transport and
makes use of different cross-section databases for the
various effects [19]. Simulations presented in this paper
have been performed with the Standard ElectroeMagnetic
(EM) package, comprising the following effects: Photo-
electric Effect, Compton Scattering and Gamma Conversion
for the transport of photons and Multiple Scattering, Ioni-
zation, and Bremsstrahlung for the electrons. The standard
EM model is considered valid in a range of energy that fits
well with our case (from 1 keV to about 10 PeV). In
a previous work [13] we evaluated this package with the
low energy libraries available with GEANT4 in a similar
problem (transport of photons and electrons in a homoge-
neous medium in a range of energy compatible with that
considered in this paper). No substantial differences
between the two outcomes were observed, whereas the
simulation time increased considerably with the Penelope
model. As a consequence, we decided to use the standard
model in this research.

In order to estimate the absorbed dose within the breast
phantom, we simulated a tomographic acquisition in
a circular orbit with 360 projections over 360�, with the
phantom longitudinal axis at the scanner isocenter (385 mm
from the focal spot). Simulations were performed by
varying the X-ray tube kivoltage (50, 60, 70, and 80 kVp) at
a constant air kerma at isocenter (1 mGy) for the four
considered photon spectra and by keeping an additional
filtration of 0.2 mm Cu for all the beams. The focal spot was
simulated as a point source and the cone-beam angle was
30�, sufficient for irradiating the entire phantom. In reality,
the focal spot of the X-ray tube is not a point (50 mm
nominal size). The number of photons simulated for each
beam condition was selected as that necessary for giving
the same free-in-air air kerma at the isocenter (1 mGy)
independently of tube voltage. The total deposited energy
in PMMA was scored for each and every voxel positioned
within the breast phantom. The simulated air kerma at
isocenter was much less than typically used in a bCT exam
(1 mGy vs. 6.4 mGy at 80 kVp for a 14-cm-thick uncom-
pressed breast of 50% glandular fraction [3]). However, this
allowed to reduce computation times while performing
simulations with as many as 288 million total number of
photon histories per scan at 80 kVp.
The uncertainty on the dose registered for each voxel
was estimated by using a history by history method [20]. In
practice, for each history we stored both the energy and
the energy squared value deposited in each voxel. At the
end of the simulation we accumulate the registered values
and we thus estimate the uncertainty of the scored dose.
The uncertainty depends on the number of simulated
photons; it turns out that the errors on the registered dose
were always smaller than 1%. We are aware that we are
simulating a number of photons much lower than those
considered in the experimental measurements. However,
we believe that this represents a good tradeoff between
the precision in our outcomes and the simulation time
required.

Experimental validation of the Monte Carlo

The simulation outcomes are validated with experimental
data from our prototype and reported in a previous paper
[7]. To this end we compared the distribution of dose ob-
tained for the 14-cm diameter hemiellipsoidal phantom
made of PMMA, irradiated with either of the four consid-
ered X-ray beams. The experimental dose value was
measured by means of six termoluminescent dosimeters
(TLDs) placed in different positions within the phantom
(Fig. 1). Table 2 shows a comparison with the experimental
measurements acquired with our prototype in the same
conditions and on the same hemiellipsoidal phantom [7]. In
that paper the dose was measured in six different positions
within the phantom: three on the longitudinal axis (position
named AX) and three on peripheral positions (named PER).
In both cases the TLD chips were positioned at three
different heights: at about 15 mm from the chest wall



Figure 4 3D dose distribution of the PMMA breast phantom
irradiated with the 80 kVp beam. The 3D position (x,y,z) of the
different voxels is represented along the 3 coordinate axes,
whereas their dose values are shown with a color map. Data are
normalized to the minimum value registered. The y-axis is
directed along the scanner rotation axis, with chest wall at left
and nipple at right.
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(bot), at about 45 mm from the chest wall (mid), and close
to the nipple (at about 75 mm from the chest wall e top
position). Data were normalized to the dose registered in
the innermost position (i.e. AX-bot). Considering that the
overall dose uncertainties in [7] were on the order of 5%,
agreement between simulations and experimental data
presented in Table 2 are good for all the beams, except for
the 50 kVp beam, where there is an overestimation of the
dose on the order of several percent for all the considered
positions. We point out that there are some factors which
are not considered in present simulations, including the
heel effect, the presence of the mechanical gantry of the
system and of the Pb shielding, which may contribute to
a slightly different distribution of the dose within the
phantom (due to the scattered radiation) and which can
cause some discrepancy between simulated and experi-
mental data, expected to be of the same sign and amount
as the deviations observed here. As a further validation of
our MC simulation, we calculated the ratio of dose in PMMA
(mGy) to free-in-air air kerma (mGy) for our hemiellipsoidal
phantom of 14 cm diameter, at varying kilovoltages; these
values have been compared with the air dose ratio
measured in [2] for 10, 13, 16 and 20-cm-diameter PMMA
cylindrical phantoms (Fig. 3). The air dose ratio was defined
as the air kerma in air at the center of the PMMA phantom,
divided by the air kerma free-in-air at the same axial
position, without the phantom; measurements in [2] were
performed with an ionization chamber placed in an air-fil-
led cavity at the center of the phantom. Figure 3 shows
a deviation less than 10% of our simulation data (open
symbols) from the interpolated value at 14-cm-diameter
between the data reported by Boone et al. [2] (closed
symbols). The agreement is considered fairly good.
Results and discussion

Figure 4 shows a 3D scatter plot of the dose distribution
obtained for the 697 voxels in the PMMA phantom irradiated
with the 80 kVp beam. Data are normalized to the minimum
Figure 3 The ratio of dose in PMMA to free-in-air air kerma
at the hemiellipsoidal phantom axis, as evaluated in the
present work (open symbols) at 50e80 kVp, is plotted with
comparison to measured air dose ratios reported in [2] at the
same kilovoltages for cylindrical PMMA phantoms of 10e20 cm
diameter and 15.2 cm height.
value registered, located near the chest wall and on the
central axis of the phantom, for all four dose distributions
from 50 kVp to 80 kVp. Voxels which received the highest
dose are those located at the periphery of the phantom
(near the skin), as expected. It is worth noting that the
spread of the frequency distribution of dose is very limited,
since the highest dose is about 25% higher than the lowest
one. We also notice that, thanks to the tomographic
geometry, there is a quasi isotropic dose distribution
around the central axis of the breast (i.e. longitudinal e y
direction in Fig. 4). The distribution of the dose for the
other three beams follows the same pattern, even though
the range of the deposited doses is wider at low energies.

Figure 5 shows 2D-plots of the dose absorbed in four
axial planes inside the 14-cm diameter phantom, both at 50
and 80 kVp. Similar data at 60 and 70 kVp are omitted for
conciseness. The planes have been selected at an axial
position with a distance of 15, 35, 55, and 85 mm from the
chest wall, for each kilovoltage. Dose values ranging from
0.28 mGy to 0.46 mGy (at 50 kVp), and from 0.44 mGy to
0.60 mGy (at 80 kVp) are observed; in each 2D plot at any
given axial position y, the dose decreases from the
periphery toward the center of the phantom. This
decreasing trend is evident especially near the chest wall.
These radial differences are much more limited than those
observed in conventional mammography, where variations
in the distributions of glandular dose as large as 600% have
been reported and 20% of the 5-cm thick compressed breast
received more than double the average glandular dose
[1,4]. The variations in registered dose are more moderate
along the longitudinal direction, from the chest to the
nipple (i.e. along the y direction). Again, the other inves-
tigated beams follow the same trend, but with more
accentuated variations between the inner and the periph-
eral regions.

The histogram of the distributions of dose values regis-
tered in the grid of cubical voxels for two of the considered



Figure 5 2D plot of the distribution of the absorbed dose in
the 14-cm PMMA phantom, evaluated in a slice (10-mm-thick-
ness) located at a distance of (15, 35, 55, and 85 mm) from the
chest wall. Each square symbol represents the simulated dose
in a 10 mm � 10 mm voxel.

Figure 6 Histogram of the dose in PMMA breast phantom for
two different beams: 50 kVp (black), and 80 kVp (white). The
free-in-air air kerma at isocenter was fixed at 1 mGy.
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beams (50 kVp and 80 kVp) is reported in Fig. 6, where dose
histograms are shown in order to compare the distributions
of dose values achieved in the breast phantom with the
different beams.

In this figure we can note that the dose deposition by the
most energetic beam is higher on average, with respect to
the low-energy beam. This is due to the more penetrating
characteristic of the high-energy beams, which deposit
energy at greater depths in the phantom, as already re-
ported by other authors [2]. The two intermediate beams
are not presented in this plot for the sake of clarity, but their
histograms are positioned intermediately, as expected.
Second, we would remark that the 50 kVp histogram is
noticeably wider than the 80 kVp one. This confirms the fact
that more energetic beams provide more homogeneous dose
distributions (i.e. narrower dose histograms). We also note
that, the histogram of the 50 kVp beam presents
a pronounced tail on the right (toward high doses). This
indicates that the use of low-energy beams would deliver
high dose to a significant number of voxels (those located at
small depths). Three quantitative parameters for measuring
the uniformity of the dose deposition are summarized in
Table 3 for the four beams. We considered the following
figures of merit: the difference between the maximum and
minimum values of the histogram, the skewness of the
distribution (i.e. the ratio of the third central moment of the
distribution and the standard deviation raised to the third
power), and the Coefficient of Variation (CoV), defined as
the ratio between the standard deviation and the mean of
the distribution. The first parameter is a measure of the
extension of the dose distribution, the second one indicates
its asymmetry and the third one gives an estimate of its
uniformity. We can see that the distribution becomes
increasingly more homogeneous and with a less pronounced
tail as the beam kilovoltages increases, as demonstrated by
both the difference betweenmaximum andminimum and by
the skewness at varying kilovoltages. As a consequence, the
uniformity of the dose deposition also increases with energy,
since the 50 kVp beampresents a CoValmost double than the
80 kVp one.

The (normalized) mean and standard deviation of the
distribution of dose values inside the PMMA phantom as
a function of the kilovoltage are depicted in Fig. 7. This
figure shows the increase of the average value of the
absorbed dose in the 14-cm phantom at increasing kilo-
voltages from 50 to 80 kVp (normalized to the value recorded
at 50 kVp). The trend is similar for both our data (open
symbols) and for the corresponding normalized (at 50 kVp)
Table 3 Comparison of dose uniformity for the four
considered beams in terms of difference between the
maximum and minimum dose registered, skewness of the
dose distribution, and Coefficient of Variation (CoV),
defined as the ratio between the standard deviation and the
mean of the distribution.

MaxeMin [mGy ] Skewness CoV

50 kVp 0.172 0.26 11.5%
60 kVp 0.166 0.23 8.9%
70 kVp 0.158 0.21 7.6%
80 kVp 0.139 0.16 6.7%



Figure 7 Simulated absorbed dose in PMMA hemiellipsoidal
phantom (mean � std. dev., normalized to the value at 50 kVp)
for varying kilovoltages (open symbols). Also shown for
comparison are data of normalized MGD calculated for a 14-
cm-diameter 50/50 breast according to [2] (closed symbols).

Figure 8 Radial profiles of the dose distribution in the PMMA
phantom for the four investigated beams at three different
distances from the chest wall: 15 mm (a), 45 mm (b), and
75 mm (c). Data are normalized to the minimum value at the
central position registered for the four beams.
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data derived from [2] (closed symbols) (see Fig. 15 in that
paper) for a 14-cm breast diameter of 50% glandular frac-
tion. The agreement is quite satisfactory as regards the
trend of the average dose increase from 50 to 80 kVp.

In Fig. 8 is shown the radial profile of the dose distri-
bution in the PMMA phantom for the four investigated
beams. Profiles were estimated along horizontal planes in
the phantom at three different distances from the chest
wall: 15 mm, 45 mm, and 75 mm (same distances from the
chest wall as in 5). Here, the position at 0 mm shown on the
abscissa of the plots corresponds to the voxels located on
the central axis of the phantom (longitudinal axis). Data for
each beam were normalized to the minimum value regis-
tered for that beam. The profiles for the 50-kVp and 60-kVp
beams present more marked variations, with respect to the
70- and 80-kVp beams, radially from the inner part of the
breast toward the skin. This trend can be noticed both near
the chest wall (Fig. 8, plot a), and also in the proximity of
the nipple (Fig. 8, plot c). For the 50-kVp beam we
observed a variation up to 50% in peripheral voxels, with
respect to the minimum dose registered in voxels on the
central axis close to the chest wall. The beam at 70 and
80 kVp shows very similar trends, indicating that the choice
of high-energy beams is really capable of delivering a more
homogeneous dose in homogeneous tissues.

Figure 9 shows the longitudinal profiles of the dose
distribution for the four beams. Also in this case the two
less energetic beams show the more accentuated variations
(dose values at the nipple up to around 15% higher than
those registered at the chest wall). On the contrary, the 70-
kVp and 80-kVp beams give a more uniform longitudinal
distribution of the dose delivery, the fluctuations being
confined within a few percent.

In order to provide a quantitative comparison among the
various beams, we considered two parameters ðDZedge�
center=centeranddZnipple�chest wall=chest wallÞ, which
measure the relative dose variation along the profiles on
the radial and longitudinal directions shown in Figs. 8 and 9.
The edge position was at the PER-bot location, the center
(chest wall ) position was at the AX-bot and the nipple
position was at the AX-top location in the phantom
(Fig. 1c). Table 4 summarizes the results calculated in the
PMMA phantom for the four beams. As already noted, the
two most energetic beams show more limited variations,
both in the radial and in the longitudinal direction, with
respect to 50-d60-kVp beams. In particular for the 80 kVp
beam, relative dose variations as measured by the D metric
reach a maximum of about 25% in the radial direction and
are confined within 2% on the longitudinal profile. On the
other hand, for the 50 kVp beam variations up to 43% and
about 10% are observed in the radial and longitudinal



Figure 9 Longitudinal profiles (i.e. along the central axis of
the PMMA phantom e y axis in Fig. 4) of the dose distribution
for the four investigated beams. Data are normalized to the
minimum value registered for the four beams.

Figure 10 Radial profiles of the dose distribution in the
12 cm phantom for the 80 kVp beams for two tissues (PMMA and
breast tissue) at three different distances from the chest wall:
15 mm, 45 mm, and 75 mm. Data are normalized to the
minimum value at the central position registered.
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direction, respectively. Thacker and Glick reported
a similar analysis achieved with simulated monochromatic
X-ray beams [5]. In their paper they found a decreasing D as
the energy increases, and for 40 keV and 60 keV photons,
they estimated D values of about 40% and 14%, respec-
tively, as also reported in [8]. Considering that the average
energy of our polychromatic beams is about 38 keV and
50 keV for the 50 kVp and 80 kVp, respectively, the agree-
ment with the data reported in [5] is satisfactory. Similar
results (D around 25% for 80 kVp beam) were also shown for
a cylindric paraffin phantom in [21]. Crotty et al. in a recent
paper measured similar values (D Z 29% and CoV of around
9%) using a similar hemiellipsoidal phantom than the one
considered in this paper, but a different X-ray beam (tung-
sten 60 kVp with additional Ce filter) [22]. In addition,
previous experimental measurements achieved with our
prototype reported in [7] showed DZ 18% and d Z �2% with
the same 80 kVp beam considered here, in good agreement
with the simulated data presented in this paper. In a subse-
quent paper similar results (D up to 25%) were presented for
a very similar prototype [8]. In that case the values measured
for the d parameter were different from those obtained in
this paper, possibly due to the different longitudinal position
of the focal spot with respect to the one considered here (d
being strongly dependent on the position of the focal spot
projection on the longitudinal axis).

Figure 10 shows the radial profiles of the dose distribution
achieved in the 12-cm diameter phantom at 80 kVp for the
Table 4 Variation of the dose values on radial (D) and
longitudinal (d) profiles, respectively (see text for
a complete description). Radial profiles have been esti-
mated on a plane at a distance of 15 mm from the chest
wall.

D d

50 kVp 43% 11%
60 kVp 33% 4%
70 kVp 24% 0%
80 kVp 22% �2%
two investigated tissues (PMMA and 50/50 breast tissue).
Figure 10 shows that the different materials produce similar
distributions as already observed by Crotty et al. for antro-
pomorphic breast phantoms [22]. However, in the 14-cm
phantom the average dose absorbed in breast tissue is
different from that in PMMA (variation of 6%), and the
histogram of dose values is slightly broader for PMMA (CoV of
6.7% for PMMA, and 5.8% for breast tissue). This is related to
the observation that densermedia present dose distributions
broader than less dense materials, as noted by Crotty et al.
for water and for oil [22]. These differences are greatly
reduced in the 12-cmphantom,where both average dose and
CoV are not significantly different for the two tissues.

Apart from the issue of dose distribution, it is worth
remarking some considerations about the image quality
that bCT is able to provide. Some groups have already re-
ported that dedicated cone-beam CT systems are able to
give equal or superior performance, with respect to
conventional mammography, in terms of visualization of
breast lesions with doses comparable to those delivered in
mammography [1,23e25]. In general, the detectability of
a lesion is determined by the combined effect of spatial
resolution and contrast resolution capability of the clinical
unit. Although bCT presents lower spatial resolution than
mammography (in our experimental setup, the resolution
was about 0.6 mm FWHM in the 14-cm PMMA phantom), its
significant higher contrast resolution allows the detection
of microcalcifications and masses. This has been demon-
strated both with breast phantoms and with clinical
examinations [24,25]. In particular, clinical investigations
showed that most calcifications and all the masses detected
with mammography are also detected with cone-beam bCT
[24]. The good performance in terms of image quality is also
confirmed when high energies (80 kVp or higher) are
employed [1,23]. In this case, clinical studies on 65 patients
demonstrated that the overall CT performance was equal to
mammography for visualization of breast lesions. In
particular, bCT was significantly better than mammography
for visualization of masses, whilst mammography out-
performed bCT for microcalcifications [23].
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Conclusion

In this paper we presented an investigation of the dose
distribution for a cone-beam CT system dedicated to breast
imaging. We used MC simulations for estimating the dose
deposited within a breast phantom. The phantom was irra-
diated with either of four different beams: 50, 60, 70, and
80 kVp with tungsten anode and additional filtration of
0.2 mm Cu. It turned out that the more energetic beams are
capable of providing a much more uniform dose distribution:
the50kVpbeampresents aCoValmost double than the80kVp
one.This is also confirmedby the relativedose variation along
the profiles on the radial and longitudinal directions. In
particular, radial fluctuations reach amaximumdifference of
about 25% for the 80 kVpbeam,whereas are about 43% for the
50 kVp beam. The simulated data presented here illustrate
a thorough investigation of the dose distribution and are in
good agreement with experimental measurements achieved
with the prototype available in our lab and with data coming
from the literature, using breast phantoms.
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