
Dosimetric characterization of a dedicated breast computed
tomography clinical prototype

Ioannis Sechopoulosa�

Department of Radiology and Winship Cancer Institute, Emory University School of Medicine,
1701 Upper Gate Drive NE, Suite 5018 Atlanta, Georgia 30322

Steve Si Jia Feng
Department of Radiology, Emory University School of Medicine, 1701 Upper Gate Drive NE, Suite 5018
Atlanta, Georgia 30322 and Department of Biomedical Engineering, Georgia Institute of Technology,
313 Ferst Drive, Suite 2127 Atlanta, Georgia 30332

Carl J. D’Orsi
Department of Radiology and Winship Cancer Institute, Emory University School of Medicine
1701 Upper Gate Drive NE, Suite 5018 Atlanta, Georgia 30322

�Received 19 April 2010; revised 26 May 2010; accepted for publication 6 June 2010;
published 15 July 2010�

Purpose: To investigate the glandular dose magnitudes and characteristics resulting from image
acquisition using a dedicated breast computed tomography �BCT� clinical prototype imaging sys-
tem.
Methods: The x-ray spectrum and output characteristics of a BCT clinical prototype �Koning
Corporation, West Henrietta, NY� were determined using empirical measurements, breast phan-
toms, and an established spectrum model. The geometry of the BCT system was replicated in a
Monte Carlo-based computer simulation using the GEANT4 toolkit and was validated by comparing
the simulated results for exposure distribution in a standard 16 cm CT head phantom with those
empirically determined using a 10 cm CT pencil ionization chamber and dosimeter. The computer
simulation was further validated by replicating the results of a previous BCT dosimetry study. Upon
validation, the computer simulation was modified to include breasts of varying sizes and homoge-
neous compositions spanning those encountered clinically, and the normalized mean glandular dose
resulting from BCT was determined. Using the system’s measured exposure output determined
automatically for breasts of different size and density, the mean glandular dose for these breasts was
computed and compared to the glandular dose resulting from mammography. Finally, additional
Monte Carlo simulations were performed to study how the glandular dose values vary within the
breast tissue during acquisition with both this BCT prototype and a typical craniocaudal �CC�
mammographic acquisition.
Results: This BCT prototype uses an x-ray spectrum with a first half-value layer of 1.39 mm Al and
a mean x-ray energy of 30.3 keV. The normalized mean glandular dose for breasts of varying size
and composition during BCT acquisition with this system ranges from 0.278 to 0.582 mGy/mGy air
kerma with the reference air kerma measured in air at the center of rotation. Using the measured
exposure outputs for the tube currents automatically selected by the system for the breasts of
different sizes and densities, the mean glandular dose for a BCT acquisition with this prototype
system varies from 5.6 to 17.5 mGy, with the value for a breast of mean size and composition being
17.06 mGy. The glandular dose throughout the breast tissue of this mean breast varies by up to
�50% of the mean value. During a typical CC view mammographic acquisition of an equivalent
mean breast, which typically results in a mean glandular dose of 2.0–2.5 mGy, the glandular dose
throughout the breast tissue varies from �15% to �400% of the mean value.
Conclusions: Acquisition of a BCT image with the automated tube output settings for a mean
breast with the Koning Corp. clinical prototype results in mean glandular dose values approxi-
mately equivalent to three to five two-view mammographic examinations for a similar breast. For
all breast sizes and compositions studied, this glandular dose ratio between acquisition with this
BCT prototype and two-view mammography ranges from 1.4 to 7.2. In mammography, portions of
the mean-sized breast receive a considerably higher dose than the mean value for the whole breast.
However, only a small portion of a breast undergoing mammography would receive a glandular
dose similar to that from BCT. © 2010 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3457331�
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I. INTRODUCTION

Dedicated breast computed tomography �BCT� is being in-
vestigated as a new x-ray based tomographic breast imaging
method for early breast cancer detection and/or diagnosis.1–13

BCT involves the adaptation of standard whole body com-
puted tomography �CT� to breast cancer imaging. This in-
volves not only changing the acquisition geometry to limit
the primary x-ray beam to include only the breast but also
optimizing the acquisition parameters to the needs of breast
cancer imaging, namely, higher contrast and spatial reso-
lution. To increase the contrast resolution of BCT, required to
distinguish the different soft tissues in the breast, the energy
of the x-ray spectra in BCT is significantly lower than that of
whole body CT.11,13 However, to maintain reasonable levels
of radiation dose to the imaged breast, these spectra are of
considerably higher energies than that used in mammogra-
phy.

To the best of our knowledge, currently only two types of
BCT systems are being used for patient imaging studies. The
systems built and described by Boone et al.,1,4,6,7,13 when
used for patient imaging, use an x-ray spectrum output by a
tungsten anode, with a tube voltage of 80 kVp, with addi-
tional copper filtration, resulting in a spectrum with first half-
value layer �HVL� of 5.7 mm Al.14 Patient acquisitions with
this system result in mean glandular doses that range from
2.5 to 10.3 mGy,13 based on results of dosimetry calculations
performed by Boone et al.4,14

The second type of BCT system being used for patient
trials is a commercial prototype system �Koning Corpora-
tion, West Henrietta, NY�, which has been previously
described.2,3,5,11,15,16 Although the general design concepts of
this system are similar to those of the Boone BCT systems
�in terms of patient positioning, x-ray tube travel path, cone
beam acquisition, etc.�, the Koning BCT system uses a sub-
stantially different x-ray spectrum: Tungsten anode, tube
voltage of 49 kVp, and additional aluminum filtration. Given
the differences in the x-ray spectrum used by this system,
compared to those studied by Boone et al., in addition to
other geometrical differences and the inclusion of automated
tube output settings on the Koning system, it is of interest to
perform a comprehensive characterization of the dosimetry
properties of this system.

In addition, the mean glandular dose, used for breast do-
simetry, is a global measure of dose that encompasses the
whole imaged breast. However, it is expected that due to the
higher energies used in BCT, in addition to the variable en-
trance surface during exposure due to the rotation of the
x-ray tube around the entire breast, the distribution of energy
deposition in the breast tissue in BCT is very different from
that in standard mammography. Thacker and Glick17 showed
the distribution of energy deposition during BCT for some
monochromatic x-ray energies, but these distributions were
not studied for x-ray spectra, and a comparison to dose dis-
tributions resulting from mammography has not been re-
ported.

In this study, empirical measurements and computer simu-

lations of a Koning BCT system recently installed at our
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institution were performed to investigate the resulting mean
glandular dose to the breast for the specific acquisition pro-
tocols used by the system. Additional computer simulations
were performed to study the differences in dose deposition
during BCT acquisition and standard screen-film mammog-
raphy.

II. METHODS AND MATERIALS

To characterize the radiation dose resulting from the ac-
quisition of BCT images with the Koning BCT prototype,
first the system’s x-ray spectrum and the x-ray exposure lev-
els automatically selected by the system’s imaging software
were empirically investigated. Then a Monte Carlo simula-
tion program of the acquisition system was developed and
validated by comparing its predictions to empirical measure-
ments. Finally, the simulation program was used to deter-
mine the mean glandular dose from a BCT scan of breasts of
different sizes and compositions.

II.A. Dedicated breast computed tomography system

Details on the Koning BCT prototype clinical systems
such as the one installed at our institution have been pub-
lished previously,11,15,18 so here we will only describe the
system’s features most relevant to this study. The main com-
ponent of the BCT prototype consists of a tabletop on which
the patient lies prone, under which there is a tungsten anode
x-ray tube and a flat panel digital x-ray detector. The tabletop
includes a hole through which the breast being imaged is
pendant. The x-ray tube is positioned so that the central ray
traverses the patient’s chest wall, and the x-ray beam is col-
limated to a half-cone. To separate the moving components
of the system from the patient, a 2 mm thick polycarbonate
“cup” extends from the bottom of the tabletop, centered at
the center of the tabletop hole, with a 40 cm diameter at the
top, decreasing to 25 cm at the base, and a height of 32 cm.

During acquisition, the x-ray tube and the flat panel de-
tector rotate around a vertical axis located at the center of the
hole for the breast. A complete BCT scan entails the acqui-
sition of 300 projections over a full 360° revolution of the
x-ray tube and detector in 10 s. The x-ray tube operates in
pulsed mode, with a constant 8 ms pulse length and a tube
voltage of 49 kVp. To select the appropriate tube current for
each breast to be imaged, the system acquires two low-dose
projection �16 mA, 2 pulses of 8 ms each per projection�
images normal to each other, and the signal at a region of
interest �ROI�, positioned by the user in the approximate
midline of the breast close to the chest wall, is analyzed.
According to the signal level inside the two ROIs, the tube
current to be used during the acquisition of the BCT projec-
tions is selected from 13 predefined settings which range
from 12 to 200 mA.

II.B. X-ray tube characterization

As mentioned above, the BCT system’s x-ray tube oper-
ates at a voltage of 49 kVp and uses a tungsten target and

added aluminum filtration, but additional information is
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needed to perform an accurate dosimetric estimation. For
this, a standard CT 10 cm pencil ionization chamber �model
10X6-3CT, Radcal Corp., Monrovia, CA� connected to a do-
simeter �Radcal ACCU-DOSE 2186, Radcal Corp, Mon-
rovia, CA� was placed at the center of rotation �65 cm from
the focal spot and 27.3 cm from the detector�, with the up-
permost portion of the active volume of the chamber at the
central ray of the x-ray beam and the exposure output for a
single projection was measured. Several additional thick-
nesses of aluminum were placed at the exit port of the x-ray
tube, and the resulting exposure was measured again. For
accuracy, three exposure measurements were performed at
each aluminum thickness and the results averaged. With this
information, the first HVL of the x-ray spectrum was calcu-
lated and a spectral model was developed using the x-ray
spectra models published by Cranley et al.19 and attenuation
coefficients published by NIST.20 The spectral model was
developed by matching the HVL of the model to the empiri-
cally determined one by varying the thickness of the mod-
eled system’s aluminum filter. The exposure data acquired
with the different aluminum thicknesses were also compared
to the expected exposures resulting from our spectral model.
These exposure measurements, just like all others described
below, were converted to air kerma �1 mGy=114.5 mR�.

To determine the relationship between x-ray tube output
exposure and tube current setting, the total exposure at the
center of rotation during a complete BCT scan was measured
with the pencil ionization chamber placed as described above
with no additional aluminum filtration �except that included
in the system�, while the tube current was varied from 16 to
200 mA. To obtain more accurate results, the measurement at
each tube current setting was repeated three times and the
results averaged. The BCT system’s x-ray tube output had
recently been calibrated by the manufacturer before these
measurements were performed.

II.C. Monte Carlo simulation

A C�� based Monte Carlo simulation program of the
Koning BCT system was developed and implemented using
the GEANT4 toolkit for Monte Carlo simulations �version
9.3�,21,22 based on similar, previously described simulation
programs.23–25 With this program, the mean glandular radia-
tion dose deposited in simulated breasts of varying size and
composition during a simulated BCT scan was determined.

The Monte Carlo simulations included the pendant breast,
simulated as a semiellipsoid, with a 1.45 mm layer of skin,26

the body �to include any possible x-ray backscatter� as a
volume of water, the system’s polycarbonate protective cup,
the flat panel detector, detector cover, and the x-ray point
source �Fig. 1�. The breast sizes studied were selected to
represent the entire range from small to large sized breasts,
using the data published by Boone et al.,4 and the breast
compositions studied ranged from 1% glandular fraction to
100% glandular fraction, including a 14.3% glandular frac-
tion, which was recently shown to be the glandular fraction
of an average breast �skin excluded�.27 Although that publi-

27
cation by Yaffe et al. showed that patient breasts rarely
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have glandular fractions above 45%, in this study we in-
cluded results for breasts up to 100% glandular fraction to
continue what has traditionally been reported in previous
breast dosimetry studies and to allow for easier comparison
of our results with previous studies. The chemical composi-
tion of the glandular and adipose tissues was defined as re-
ported by Hammerstein et al.28 Table I shows the distribution
of breast sizes and glandular fractions that were included in
this study.

To obtain results for the empirically characterized x-ray
spectrum, each MC simulation involved the emission and
tracking of 106 x rays of the same energy ranging from 15 to
49 keV in 0.5 keV steps, while recording each energy depo-
sition in the breast tissue, using the method of Boone29 and
Wilkinson and Heggie.30 The monochromatic results were
then combined as described by Boone31 using the determined
model of the x-ray spectrum as described above, resulting in
a value for the normalized mean glandular dose �DgNCT� in
units of milligray per milligray air kerma at the center of
rotation, for each breast size and composition. Due to the
symmetric nature of the simulated geometry, the simulation
of only a single projection acquisition was required to obtain
the DgNCT results for the full BCT scan.

To verify that the tracking of 106 x rays at each x-ray
energy provides sufficient statistical precision, the Monte
Carlo simulation for the smallest, least dense breast studied
�chest wall-to-nipple distance=5 cm, diameter at chest
wall=10 cm, and glandular fraction=1%� for the minimum
and maximum x-ray energies �15 and 49 keV� was repeated
five times, and the coefficient of variation �COV=100� /��
of the resulting monoenergetic normalized mean glandular
dose was calculated.

II.D. Validation of Monte Carlo simulations

To validate the Monte Carlo simulation of the BCT sys-
tem, a standard 16 cm CT head phantom was placed at the
top of the tabletop hole in the Koning BCT system, where
the patient’s breast would be normally located. The center of
the phantom was located at the center of rotation of the sys-
tem, and the 10 cm CT pencil ionization chamber was placed
at the center hole of the phantom. Both full BCT scans and a

FIG. 1. Geometry of the Monte Carlo simulation of the dedicated breast
computed tomography clinical prototype and the patient. The breast was
simulated as a semiellipsoid with varying diameter, chest wall-to-nipple
distance, and homogeneous composition. The body, composed of water, was
simulated as a right cuboid to include the effects of backscatter.
single projection were acquired, and the resulting exposure at
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the center insert location was recorded. Similar measure-
ments were obtained with the CT pencil chamber placed in
each of the four perimeter hole positions.

In a similar fashion, in the Monte Carlo simulation, the
simulated breast was replaced with a standard CT head phan-
tom, and the simulation of the acquisition of a BCT scan was
performed. The phantom was simulated with the same di-
mensions as the physical phantom �polymethyl methacrylate
cylinder with a diameter of 16 cm and a height of 15 cm�.
Due to symmetry, the acquisition of only the first 75 projec-
tions �spanning 90°� of the 300 projections that the Koning
BCT system acquires during a complete 360° rotation was
simulated. During each simulation, the energy deposited in
the volumes occupied by the five standard inserts of the stan-
dard head CT phantom �1.31 cm in diameter, 10 cm in
height, perimeter inserts located 1 cm from the phantom
edge� was recorded.

The relative variation in exposure at each of the five insert
positions normalized to the values for the center position was
compared for both a single projection and for a full BCT
scan. To further validate our Monte Carlo simulation pro-
gram, it was modified to replicate the BCT imaging condi-
tions described by Boone et al.4 as closely as possible and
the simulations necessary to compare some of the results
presented in that work were performed. Specifically, the
spectral DgNCT for the breasts with even-numbered diameter
at the chest wall shown in Fig. 15�b� of the study of Boone et
al. were included in this comparison.

Statistical comparisons between the empirical measure-
ments and the Monte Carlo results and between our and the
results of Boone et al. were performed using commercial

TABLE I. DgNCT for the semiellipsoidal breasts includ
kerma is for that at the center of rotation. The diamet
patient values found by Boone et al. �Ref. 4�. The v
0.75, and 1.0 times the breast diameter. Breasts with
average composition �Ref. 27�.

Diameter at chest wall
�cm�

Chest wall-to-nipple distan
�cm�

10 5
10 7.5
10 10
12 6
12 9
12 12
14 7
14 10.5
14 14
16 8
16 12
16 16
18 9
18 13.5
18 18
software �TABLECURVE 2D, version 5.01.03, Systat Software,

Medical Physics, Vol. 37, No. 8, August 2010
Inc., Chicago, IL and SPSS STATISTICS 17.0, SPSS, Inc., Chi-
cago, IL�.

II.E. Automatic tube current settings

The Monte Carlo simulation results, namely, the normal-
ized mean glandular dose, provide the estimated mean glan-
dular dose to a homogeneous breast of a specific size and
glandular fraction per unit air kerma at the center of rotation
when the air kerma is measured in air with the same tech-
nique factors as those used for the imaging of the breast.
However, when the acquisition technique is set using the
recommended automatic method based on the analysis of
two low-dose projections, as described above, the air kerma
at the center of rotation will be set for specific breast sizes
and glandular fractions. Therefore, to determine what the ac-
tual mean glandular dose would be for breasts of specific
sizes and compositions, the tube current set by the automatic
method for different breasts with different sizes and compo-
sitions was investigated. For this, liquid cylinders within thin
plastic-lined vessels were used to represent breast phantoms.
First, a 10 cm diameter water cylinder �plastic lining thick-
ness of 0.80 mm� was used to represent 100% breast glan-
dular tissue and placed in the BCT system where the patient
breast would be positioned, and a single low-dose projection
image was acquired. Since the cylinder had a circular cross
section, the second projection normal to the first was not
acquired. To compute the automatic tube current setting, the
ROI to be analyzed was placed at the horizontal midline of
the cylinder projection, with its center 75 pixels below the
top edge of the image, which was deemed representative of

this study, in mGy/mGy air kerma. The reference air
the semiellipsoidal breasts was based on the range of
for chest wall-to-nipple distance were set to be 0.5,
andular fraction of 14.3% represent breasts with an

Glandular fraction
�%�

1 14.3 25 50 75 100

0.537 0.517 0.502 0.469 0.438 0.410
0.566 0.544 0.527 0.490 0.457 0.427
0.582 0.559 0.541 0.503 0.468 0.436
0.494 0.474 0.458 0.424 0.395 0.367
0.521 0.499 0.482 0.445 0.412 0.382
0.536 0.512 0.493 0.455 0.420 0.389
0.458 0.437 0.421 0.388 0.358 0.331
0.482 0.459 0.442 0.406 0.374 0.345
0.494 0.470 0.452 0.414 0.381 0.350
0.425 0.404 0.389 0.357 0.328 0.302
0.448 0.425 0.408 0.373 0.341 0.314
0.458 0.434 0.416 0.379 0.346 0.318
0.397 0.376 0.361 0.330 0.302 0.278
0.417 0.395 0.378 0.343 0.313 0.287
0.425 0.402 0.384 0.348 0.317 0.290
ed in
er of
alues

a gl

ce
the positioning of the ROI during patient scanning. From this
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low-dose projection, the system software determined what
the tube current setting for the BCT scan should be, as de-
scribed above. This was repeated with an olive oil cylinder,
to represent 100% breast adipose tissue.32 The same process
was repeated for cylinders with diameters of 12 cm �lining
thickness: 1.60 mm�, 14 cm �lining thickness: 2.24 mm�, and
16 cm �lining thickness: 2.24 mm�. The diameters that re-
sulted in a different automatic tube current setting for olive
oil or water were then replaced with varying homogeneous
mixtures of the two liquids, to represent equivalent glandular
fractions of 14.3%, 25%, 50%, and 75%. To obtain the ho-
mogeneous mixtures of water and olive oil, a hand-held elec-
tric mixer was used to perform the mixing. An 18 cm diam-
eter cylinder was not used since the 16 cm olive oil cylinder
already resulted in an automatic tube current setting of 200
mA, the system’s maximum.

With these data, and the measurements of exposure at the
center of rotation for different tube currents, as described
previously, the mean glandular dose to breasts of certain spe-
cific sizes and compositions could be estimated. These esti-
mates were compared to the mean glandular dose values re-
ported by Boone et al.14 for equivalent breasts, in terms of
size and composition, undergoing two-view screen-film
mammography. For this comparison, the compressed breast
thicknesses of the breasts undergoing mammography were
converted to equivalent breast diameters at the chest wall
using the relationship published in the same paper, and inter-
polation was performed on the BCT mean glandular dose
values to obtain the corresponding values for these equiva-
lent diameters. For this comparison, only the results of the
medium chest wall-to-nipple breast sizes were used since this
dimension does not introduce a large variation in mean glan-
dular dose.

II.F. Distribution of dose deposition

To investigate how this distribution differs throughout the
breast for this BCT prototype, and what dose levels different
sections of breast tissue are subjected to during BCT and
mammography, additional Monte Carlo simulations were
performed to simulate both modalities. These simulations re-
corded the energy deposition events in the breast during BCT
and mammography acquisition along with the position of the
event.

For BCT, the same geometry described above was used,
with the breast specified as of mean size and composition: A
chest wall-to-nipple distance of 10.5 cm, a diameter at the
chest wall of 14 cm, and a glandular fraction of 14.3%, in-
cluding a breast skin layer of 1.45 mm.26,27,31 The BCT ac-
quisition simulation was performed in the same manner de-
scribed above, but for this simulation 109 x rays of each
energy were tracked and the location and amount of energy
deposition in the breast tissue �excluding the skin tissue� was
recorded. These data were recorded by dividing the breast
volume into voxels of 0.1�0.1 mm2 in the coronal plane
and 1.0 mm in the posterioanterior direction. Due to symme-
try, only a single BCT projection acquisition was simulated,

and the resulting energy deposition distribution for the com-
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plete BCT scan was calculated by rotating and summing the
single projection results over 300 angles comprising 360°.

For simulation of mammography acquisition, the geom-
etry used was that of the craniocaudal �CC� view previously
described,25 with a compressed breast thickness of 5 cm, a
chest wall-to-nipple distance of 12 cm, a length along the
chest wall of 24 cm, a glandular fraction of 14.3%, and a
breast skin layer of 1.45 mm, which also represents a breast
of mean size and composition. In this case, 109 x rays of
each energy between 10 and 28 keV in 0.5 keV steps were
simulated and tracked as described above, and the results
combined using the relative x-ray fluence of a modeled spec-
trum according to Cranley et al.19 for a molybdenum target
x-ray tube, with a 30 �m molybdenum filter, a 0.8 mm Be
window, and a tube voltage of 28 kVp. This spectrum results
in a mean x-ray energy of 16.2 keV and a first HVL of 0.277
mm Al, which, if measured empirically after 60 cm of air and
a 2 mm breast compression plate, would result in a mean
energy of 16.8 keV and a first HVL of 0.339 mm Al. Since
our Monte Carlo simulations include the air and the breast
compression plate, the spectral model without these two
components was used to combine the monoenergetic results.
The CC view breast volume was divided into 1.0
�1.0 mm2 voxels in the transverse plane and 0.1 mm in the
x-ray tube to detector direction.

For both the BCT and CC view acquisition simulations, to
perform the computations in a reasonable time frame, Emory
University’s ELLIPSE high performance computer cluster
with 1024 computing cores �Opteron 2.6 GHz CPUs, Ad-
vanced Micro Devices Inc., Sunnyvale, CA� was used.

To study the resulting dose deposition distributions, the
energy deposition results were divided by the mass of each
voxel, and the results normalized to a mean value of unity.
To avoid some distortion of the results due to noisy data at
the edges of the breast volumes where the voxels included
only a small fraction of breast tissue, the data in the voxels
that were not fully inside the breast tissue were discarded
before normalization. This resulted in a removal for the BCT
of 3.12% of the voxels, which involved 1.55% of the total
mass of the breast, while for the CC simulation, 2.40% of the
voxels were discarded, representing 1.21% of the total mass.
The dose deposition distributions were analyzed using Inter-
active Data Language �IDL, ITT Visual Information Solu-
tions, Boulder, CO� to generate contour figures and dose dis-
tribution histograms.

III. RESULTS

III.A. X-ray tube characterization

The first HVL of the x-ray spectrum was calculated to be
1.39 mm Al, resulting in a spectral model, as shown in Fig.
2, with a mean photon energy of 30.3 keV. To match this
HVL with the modeled spectrum, the system’s aluminum fil-
ter had to be modeled to be 1.576 mm thick, which is within
1.5% of the known thickness of the actual aluminum filter
installed in the system. Since the Monte Carlo simulation
geometry included air and the protective cup, the modeled

x-ray spectrum actually used to combine the monochromatic
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results of the simulation was modified to exclude the effects
of the attenuation of these two materials. This adjustment
resulted in a modeled x-ray spectrum with a first HVL of
1.32 mm Al, and the small difference in the spectrum can be
seen in Fig. 2.

The comparison between predicted exposure after several
different thicknesses of aluminum and measured exposure
resulted in an excellent match, with a maximum deviation
for the predicted exposures of 0.82%. Figure 3 shows the
measured and predicted variations in exposure.

Figure 4 shows the measured relationship between tube
current during BCT acquisition and mean exposure at the
center of rotation. Although the relationship was found to be
linear up to 125 mA, substantial deviation from a linear re-
lationship was detected for the two tube current settings
available beyond this value �160 and 200 mA�, although the
system had been recently calibrated. For example, the expo-
sure measured for a tube current of 200 mA was only 78.7%
higher than that measured for 100 mA. The solid line in Fig.
4 is a linear fit of the measurements up to and including 125
mA, while the dashed line is a polynomial fit for all data. The
system manufacturer expressed that the measured nonlinear-

FIG. 2. Model of the x-ray spectrum output by the BCT prototype, accord-
ing to empirical measurements and the x-ray spectra cataloged by Cranley et
al. �Ref. 19�. The half-value layer of the BCT prototype spectrum was de-
termined to be 1.39 mm Al and the mean photon energy was 30.3 keV. The
spectrum used to combine the Monte Carlo simulation results differs slightly
from that measured since the simulations included the air and the protective
cup, so the effects of these did not need to be included in the x-ray spectrum
model.

FIG. 3. Validation of the BCT prototype x-ray spectrum model by compari-
son of the predicted exposure after varying thicknesses of added aluminum

and those measured empirically. Excellent agreement was found.
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ity might be due to a limitation of the calibration of the
generator but that it was still within the tolerance specifica-
tions.

III.B. Validation of Monte Carlo simulations

Figure 5�a� shows the comparison of the relative variation
in exposure at the five insert positions of the CT head phan-
tom normalized to the values for the center position, ob-
tained with the Monte Carlo simulations and with the empiri-
cal measurements, for both a single projection and for a full
BCT scan. The figure also includes the resulting linear fits
for both sets of comparisons. For position 5, during the ac-
quisition of a single projection, the exposure did not reach
the minimum threshold for the dosimeter in pulsed mode to
start acquisition, so a comparison for this position is not
included. An excellent correspondence in values was found
for both the single projection and the full BCT scan. For both
linear fits, the slope coefficients are not significantly different
from 1 and the y intercepts are not significantly different
from 0. In addition, for both the single projection and the full
scan the simulation results were not significantly different
from the measurements �Wilcoxon signed-rank test,
p=0.593 and p=0.257, respectively�.

Figure 5�b� shows the comparison between the DgNCT

data included in Fig. 15b of the paper by Boone et al.4 and
the DgNCT values determined by our Monte Carlo simulation
program modified to modify that paper’s imaging conditions.
Good correspondence can be seen, although the values were
found to be significantly different �p�10−6� and the fit co-
efficients were significantly different from 0 �y-intercept� and
1 �slope�. A possible reason for the difference in the results
could be an imperfect match of the x-ray spectrum models
used.

III.C. Monte Carlo simulation

The COVs for the five Monte Carlo simulations for x-ray
energies of 15 and 49 keV were 0.65% and 0.55%, respec-
tively. This shows that the emission and tracking of 106 x
rays at each x-ray energy provides results with enough sta-

FIG. 4. Measurement of x-ray output linearity for the BCT prototype for full
BCT scans. A deviation from the expected linearity was found for the two
highest user-selectable tube currents �160 and 200 mA�. The fitted lines
correspond to a fit using only the data below 160 mA �solid line� and all
measured data points �dashed line�.
tistical precision.
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The results for the normalized mean glandular dose
�DgNCT� for the different breast sizes and compositions in-
cluded in the simulation are shown in Table I. As expected,
DgNCT decreases with increasing glandular fraction, increas-

FIG. 5. Validation of the Monte Carlo simulation. �a� Comparison of the
predicted exposure distribution at the five insert positions of a 16 cm diam-
eter standard CT head phantom to that measured empirically. The compari-
son was performed for both the acquisition of a single projection and for a
full BCT scan. The diagram in the top left corner identifies the relative
position of the inserts compared to the x-ray source and detector. Excellent
agreement was found. �b� Comparison of spectral DgNCT �mGy/mGy� as
determined by Boone et al. for a set of breast sizes and the equivalent values
determined by our Monte Carlo simulation after modification to match the
imaging conditions of Boone et al. Good agreement was found.

TABLE II. Tube current settings automatically selecte
liquid cylinders with thin plastic lining with differen
glandular tissue�, olive oil �representing 100% adipo
breast diameters, or same breast diameters with a h
always result in a higher mA, if available. Thus, for
the BCT system’s maximum, larger cylinders, or high
that they would also result in an automatic setting of

Diameter at chest wall
�cm� 0 14.3

10 50 64
12 80 100
14 160 200
16 200 200�
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ing breast diameter, and increasing chest wall-to-nipple dis-
tance. These trends were also shown by Boone et al.31 and
Thacker and Glick.17

III.D. Automatic tube current settings

Table II shows the tube current settings that were auto-
matically selected by the image acquisition software of the
BCT system when analyzing the low-dose single projections
of the water and olive oil cylinders with varying concentra-
tion. Since the maximum tube current for the system is 200
mA, whenever this value was automatically selected by the
system, larger diameter cylinders or higher glandular density
mixtures were not investigated since it is known this would
result in a setting of 200 mA.

The tube current values listed here were used to compute
the exposure at the center of rotation for corresponding BCT
scans of breasts of these sizes and compositions, and there-
fore the actual mean glandular dose for BCT scanning of
these breasts could be computed. The resulting values are
listed in Table III.

Figure 6 shows the relationship found between mean
glandular dose due to a single BCT acquisition with the Kon-
ing Corp. prototype system and a two-view mammography
acquisition as reported by Boone et al.14 Piecewise linear
interpolation of the results in Table III had to be performed to
obtain values that correspond to the breast sizes reported on
by Boone et al. A second-order polynomial fit to the data for
the breast with mean composition �14.3% glandular fraction�
is also shown.

III.E. Distribution of dose deposition

Figure 7 shows the coronal slice of the relative glandular
dose deposition through the breast’s center of mass with con-
tour lines for several values. The horizontal profile through
the center of this slice is also included in Fig. 7. It can be
seen that the glandular dose in this slice varies between
�65% and �140% of the mean glandular dose of the entire
breast. Figure 8 shows similar information for the com-
pressed breast undergoing CC view mammographic acquisi-

the BCT system’s image acquisition software for the
eters composed of either water �representing 100%

sue�, or a homogeneous mixture of the two. Larger
proportion of glandular tissue composition would

itions that resulted in automatic settings of 200 mA,
ndular fractions were not tested since it was assumed
mA �these cases are marked with an asterisk ����.

quivalent glandular fraction
�%�

25 50 75 100

64 80 100 125
125 160 160 200
200� 200� 200� 200�

200� 200� 200� 200�
d by
t diam
se tis
igher
cond
er gla

200

E
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tion, although in this case, for enhanced visibility, only the
right half of the breast slice is shown �the left half is a mirror
image� and the dose profile shown is for the vertical profile
through the center of mass. In the case of mammographic
acquisition, it can be seen that the glandular dose varies be-
tween �15% to �400% of the mean glandular dose.

Figure 9�a� shows the histograms of relative glandular
dose value distributions for the entire breast undergoing BCT
and mammographic acquisition. It can be clearly seen that
for BCT acquisition with this prototype, the magnitude of
glandular dose throughout the entire breast is concentrated
around the mean glandular dose much more than for mam-
mography, with a maximum deviation from the mean of ap-
proximately �50%. For the CC view distribution, although
most tissue receives less glandular dose than the mean �64%

TABLE III. Mean glandular dose �in mGy� for the br
Monte Carlo simulation results combined with the
system for breast phantoms of equivalent size and co
Table II, a tube current of 200 mA was assumed.

Diameter at chest wall
�cm�

Chest wall-to-nipple distan
�cm�

10 5
10 7.5
10 10
12 6
12 9
12 12
14 7
14 10.5
14 14
16 8
16 12
16 16
18 9
18 13.5
18 18

FIG. 6. Mean glandular dose comparison between the studied BCT proto-
type and two-view screen-film mammography for breasts of different sizes
and glandular fractions. The equivalency between compressed breast thick-
ness and breast diameter and the mammography dose values was obtained
easts of varying sizes and compositions, according to the
tube current settings automatically selected by the BCT
mposition. For breast sizes and compositions not tested in

ce

Glandular fraction
�%�

1 14.3 25 50 75 100

5.57 6.85 6.65 7.77 9.07 10.60
5.87 7.21 6.99 8.13 9.48 11.06
6.03 7.41 7.18 8.33 9.69 11.29
8.19 9.81 11.86 13.01 12.10 13.63
8.64 10.33 12.47 13.65 12.63 14.19
8.88 10.60 12.77 13.94 12.88 14.46

14.03 16.21 15.64 14.41 13.31 12.31
14.78 17.06 16.43 15.06 13.88 12.81
15.15 17.46 16.79 15.39 14.13 13.01
15.78 15.02 14.46 13.25 12.18 11.23
16.62 15.79 15.17 13.83 12.67 11.65
16.99 16.11 15.46 14.07 12.86 11.79
14.73 13.98 13.42 12.25 11.23 10.31
15.49 14.66 14.04 12.75 11.64 10.65
15.77 14.91 14.27 12.93 11.77 10.75
from Boone et al. �Ref. 14�.
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FIG. 7. �a� Coronal slice through the breast’s center of mass showing the
glandular dose distribution for a BCT acquisition normalized to a mean
value of unity, with contour lines added. For better visibility of the contour
lines, these data were smoothed using a mean filter with a 5�5 kernel size.
�b� Horizontal profile through the center of the shown slice. These data were

not smoothed.
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in this case�, the glandular dose closest to the entrance sur-
face can be up to four times that of the mean.

Figure 9�b� shows the glandular dose value distributions
for the entire breast undergoing BCT and mammographic
acquisition if the BCT and the CC view mammography re-
sult in mean glandular doses of 17.06 and 2.5 mGy, respec-
tively.

IV. DISCUSSION

According to Boone et al.,14 a 14 cm diameter breast cor-
responds to a 5 cm thick compressed breast, which, if com-
posed of a 0%–50% glandular fraction, results, on the aver-
age, in a mean glandular dose due to two-view screen-film
mammography of approximately 4–5 mGy. According to the
results of this study, imaging a similar breast with the dedi-
cated BCT system manufactured by Koning Corp., using the
system’s automated tube output settings, would result in a
mean glandular dose of 14.0–17.5 mGy. This would indicate
that one BCT acquisition of an average breast with this sys-
tem is equivalent in mean glandular dose to approximately
three to five two-view mammographic examinations. Fur-
thermore, for the range of breast sizes and compositions
studied, it was found that the ratio between the mean glan-
dular dose of a BCT acquisition with this prototype to that of
a two-view screen-film mammographic acquisition varies be-
tween 1.4 and 7.2. According to Hendrick et al.,33 in 4366
cases studied from the Digital Mammographic Imaging
Screening Trial �DMIST�, digital mammography resulted in
22% lower mean glandular dose per view than screen-film

FIG. 8. �a� Right half of the coronal slice through the breast’s center of mass
showing the glandular dose distribution for a CC view mammographic ac-
quisition normalized to a mean value of unity, with contour lines added. For
better visibility of the contour lines, these data were smoothed using a mean
filter with a 5�5 kernel size. �b� Vertical profile through the center of mass
of the breast �leftmost column of the shown slice�. These data were not
smoothed.
mammography, so the dose ratio between BCT with this pro-
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totype and two-view digital mammography would probably
be higher for the range of breast sizes and compositions stud-
ied.

From the dose deposition distribution results, we expected
and showed that BCT’s use of higher energy x rays and
varying angular incidence results in a more consistent glan-
dular dose level throughout the entire breast compared to that
in mammography. However, although the glandular dose
variation throughout the breast tissue in mammography is
considerably larger than that of this BCT prototype, the mean
glandular dose difference between these modalities is large,
so only a small portion of the breast tissue undergoing mam-
mography receives a glandular dose equivalent to some por-
tions of the breast undergoing BCT. Of course, for this
voxel-based comparison to be complete, the fact that mam-
mographic acquisition is always performed with at least two
views �in the case of screening� and, in general, with four to
six views �in the case of diagnostic work-up� should be taken
into account. However, for this an understanding of the in-
ternal location of the same breast tissues during breast re-
compression for the CC view and mediolateral oblique or
other views would be necessary, which is beyond the scope
of this study.

Furthermore, the results of this study, especially those of

FIG. 9. �a� Histograms of the normalized glandular dose distributions for
both the BCT and the CC view mammographic acquisitions of a breast of
mean size and composition. The glandular dose values were normalized to a
mean of unity. The narrower distribution of values for the BCT acquisition
can be easily seen. �b� Histograms of the glandular dose distributions for
both the BCT and the CC view mammographic acquisitions assuming mean
glandular doses of 17.6 mGy for BCT and 2.5 mGy for the CC view.
the dose distributions within the breast tissue, are affected by
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the assumption that the breast is composed of a homoge-
neous mixture of adipose and glandular tissue. Although this
is known to not be an accurate representation of reality,
given the great variation in breast glandular tissue encoun-
tered clinically, this is an accepted approximation to make
the investigation of breast dosimetry possible, and at least
allows for a comparison among protocols, technologies,
and/or modalities rather than for the assignment of absolute
dose values to individual patients.

V. CONCLUSION

Empirical measurements were performed to characterize
the x-ray spectrum and exposure levels used by the dedicated
BCT clinical prototype imaging system manufactured by
Koning Corp. The system’s geometry was replicated in a
Monte Carlo-based computer simulation to obtain normal-
ized mean glandular dose values for simulated breasts of
different sizes and compositions, encompassing those en-
countered clinically. The empirical and simulation results
were combined to determine both the mean glandular dose
values to these breasts and the distribution of glandular dose
values within the breast tissue. Finally, these were compared
to glandular dose distributions and mean values for standard
mammography.

This investigation showed that the mean glandular dose
values for BCT acquisition using the automatic tube current
settings with this clinical prototype vary from 5.5 to 17.5
mGy, which is from 1.4 to 7.2 times that of a two-view
screen-film mammographic acquisition, depending on the
breast size and composition. Lower dose values have been
reported previously for BCT systems with different
characteristics.13,14 In addition, lower dose values would re-
sult if this system is used with lower tube current settings
than those automatically suggested by the system, although
the impact of these settings on image quality would have to
be investigated. Furthermore, this investigation showed that
during a BCT acquisition with this prototype, the glandular
dose distribution inside the breast can vary by up to �50%
of the mean value. For a typical mammographic acquisition
the glandular dose distribution varies from �15% to �400%
of the mean. It must be noted that although it can be ex-
pected that only one BCT acquisition will be acquired of
each breast for any noncontrast enhanced examination, mam-
mographic acquisitions are always performed with at least
two views or more.

Finally, it must be noted that relating this dosimetric in-
formation to actual increased risk of cancer development is
beyond the scope of this study and a subject of ongoing
research.
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