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Abstract
Objective Mammography, today’s standard imaging ap-
proach, has deficits with respect to the superimposition of
anatomical structures. Dedicated CT of the breast so far
indicated that it can provide superior soft-tissue imaging,
but that it still has significant limitations with respect to
spatial resolution and dose. We have assessed novel
dedicated breast CT technology.
Methods Based on simulations and measurements we
developed novel technology which uses direct-conversion
CdTe material and photon-counting electronics with 100
μm detector element size for close to 100% dose efficiency.
We assessed the potential for the imaging of microcalcifi-
cations of 100 to 200 μm diameter and soft-tissue lesions of
1 to 5 mm diameter by simulations at dose levels between 1
and 6 mGy.
Results Microcalcifications of 150 μm and soft-tissue
lesions of 2 mm diameter were found to be clearly

detectable at an average glandular dose of 3 mGy. Separate
displays are required for high-resolution microcalcification
and for low-resolution soft-tissue analysis. Total CT data
acquisition time will be below 10 s.
Conclusion Dedicated breast CT may eventually provide
comprehensive diagnostic assessment of microcalcifications
and soft-tissue structures at dose levels equivalent to or
below those of two-view screening mammography.

Keywords Computed tomography (CT) . Breast . Image
quality . Spatial resolution . Dose efficiency

Introduction

The early and reliable detection of breast carcinoma
remains a challenge. Digital x-ray mammography is
established as the primary investigation in breast cancer
screening and diagnosis; however, there is intense debate
regarding its performance [1–3]. Its sensitivity for lesion
detection in the range of 62% to 88% [4] may be
considered as questionable; in specific patient groups
sensitivity is even lower and, for example, quoted as 58%
for women under 49 years [5] and as low as 33% for women
with genetically higher breast cancer risk [6]. Consequently,
there is great interest in alternative approaches.

Digital tomosynthesis and magnetic resonance imaging
(MRI) are of particular interest in this respect. Tomosynthesis
of the female breast provides limited information in depth and
initial clinical trials do not yet show convincing advantages
over mammography [7–9]. MRI is of particular interest as it
offers full 3D and dynamic imaging capabilities following
the intravenous administration of contrast agents [1, 6].
However, it cannot reliably detect calcification and is
complicated to perform when biopsies are involved.

Key points
– Breast CT allows diagnosing both microcalcifications and soft tissue
in one acquisition.
– Microcalcifications of 100 to 150 μm are resolved.
– Soft tissue lesions down to 2 mm diameter are discernable.
– Dose levels of 2–4 mGy AGD conform with constraints imposed on
screening.
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The “perfect” breast imaging approach should meet with
the demands summarized in Table 1, and CT is here
considered as a candidate. Full 3D capabilities which are
considered a necessity are ensured by its principle. Breast
CT also provides adequate soft-tissue differentiation [10–
12] and can offer accurate local tissue density values which
are often considered important [13]. Contrast-enhanced
imaging has also been demonstrated successfully [14];
dynamic imaging is not a problem either.

The big challenges are to meet demands no. 5 and 6, i.e.
high resolution and good lesion detection in a single low-dose
CT data acquisition . The demand for resolution of about
100 μm relates to the desired imaging of microcalcifications
with a quality similar to or better than mammography. First
prototypes of dedicated breast CT systems revealed inferior
performance with respect to microcalcification due to their
limited spatial resolution of about 300 μm [11, 12]. We
demonstrated by micro-CT imaging of specimens that CT
with high isotropic spatial resolution can provide the
resolution for excellent assessment of microcalcification with
a signal of above 5,000 HU at 60 kV [15].

The demand for an average glandular dose (AGD) of
below 5 mGy as an upper limit relates to the demands
imposed on two view mammographic screening in Europe
[16]; it would also meet the limit of 6 mGy valid for the
USA [17]. It is understood that, in general, dose may have to
be increased if there is a valid indication such as diagnostic
workup for cases of suspected breast cancer or for interven-
tional procedures. Nevertheless, it appears desirable to stay
within the limits imposed for screening where we can safely
assume a very high benefit-to-risk ratio [18].

Demands no. 7 to 9 are predominantly engineering issues
and are solvable. Breast CTavoids compression, which means
an improvement of patient comfort. A biopsy option similar to
what today’s dedicated biopsy tables offer can be provided
easily and, again, without compression; based on the 3D CT
information it will provide the highest in targeting accuracy.
The cost of such a CT system is estimated to be in the same
order of magnitude as a tomosynthesis apparatus.

Work on the concept of a novel dedicated breast CT
system which could meet the demands stated in Table 1
started at the Institute of Medical Physics (IMP) in
Erlangen around 2006 and was supported by grants from
the European Union [19] and by the German National
Science Foundation [20]; recently, research and develop-
ment were started in cooperation with Artemis Imaging
GmbH, a spinoff of the IMP, which was funded by the
German Ministry of Education and Research [21].

In this special report, we describe the general physical
and technical considerations on how to reach 100 μm
spatial resolution with excellent low-contrast resolution
using less than 5 mGy average glandular dose (AGD). The
validation results in this study were obtained by simula-
tions. We focus on the two most important tasks: soft-tissue
lesion (STL) and microcalcification (μCa) detection.

Materials and methods

Novel dedicated breast CT concept

The basic design was derived by general considerations and
simulations [15]. Initially we aimed at the use of standard flat
detectors (Fig. 1a), but then decided on a spiral CT approach
and a new detector design (Fig. 1b,c). The parameters of
importance for image quality and dose simulations reported
here are summarized in Table 2. The short distances from
focal spot to center of rotation and to the detector are
important both with respect to x-ray power demands and the
size of the CT system. The field of measurement is 20 cm in
diameter to accommodate the typical breast sizes of 8 to
18 cm [22]. The detector which is presently under develop-
ment aims at 100% geometric and absorption efficiency. It
uses directly converting cadmium telluride (CdTe) crystals in
photon-counting mode with a detector pixel size of
(100 μm)². Absorption efficiency will be above 99% at the
60 kV setting planned, geometric efficiency will be close to
100% just the same since there is no division into single
detector elements necessary for the direct converter [23]. In
consequence, we can expect higher dose efficiency than for
any clinical CT system. No signal time lag is to be expected
due to the very high temporal resolution offered by CdTe. The
detector uses a selectable low-energy threshold to eliminate
electronic noise, dark current and low-energy scatter, which
exceeds the performance of the scintillator detectors in use
today. The detector height will be limited to about 5 to 8 cm
to avoid large cone angles and high scatter intensities.

CT data acquisition modes

To achieve high dose efficiency, spiral CT data acquisition
without oversampling effects is employed with 2,000 projec-

Table 1 Demands on imaging of the breast (adapted from [23])

1. Full 3D capability

2. Good soft-tissue differentiation

3. Accurate tissue density assessment

4. Dynamic contrast-enhanced imaging

5. High isotropic spatial resolution of 100 μm

6. Low patient dose with an AGD below 5 mGy

7. Patient comfort without breast compression

8. Integrated biopsy option

9. Low cost
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tions acquired per 360° with 2 s rotation time. We plan on
using focal spot sizes of 100 μm and 300 μm at 60 kV with
3 mm aluminum filtration which was determined to be a dose-
efficient and realizable solution for dedicated breast CT [24].

Acquisition times per breast will be limited to 10 s or below;
we plan for breast fixation to exclude motion effects.

If not stated differently, all the results presented below
were obtained for 10 cm anatomical length with 60 kV and
the mAs value adjusted to deliver an AGD of 3 mGy.
Additionally, a volume-of-interest (VOI) mode [25] was
investigated which aims at providing an initial overview CT
data acquisition (OV) for the whole field of view with wide
fan at lowered dose. In this mode, the reconstructed
image has adequate image quality for a general orienta-
tion. A sub-volume of arbitrary position and size is then
selected for closer investigation, e.g. a suspicious area
with microcalcifications to be imaged at higher resolu-
tion or a lesion to be treated. The collimation is
narrowed both in fan and in z-direction according to
the selection of the sub-volume and one or several VOI
CT data acquisitions are performed.

Table 2 Parameters of the novel CT system setup

Parameter Value

Focus-Isocenter distance 300 mm

Detector-Isocenter distance 150 mm

Detector pixel size (100 μm)²

Number of projections per 360° 2,000

Focal spot size 100 or 300 μm

Tube voltage 60 kV

Filtration 3 mm Al

(a) 

(b) (c) 

Fig. 1 Design concepts for the proposed breast CT with the patient
positioned prone and only one breast exposed and examined at a time.
(a) First concept with a standard flat detector [15]. Present design with

the patient bed (b) and the gantry (c) moving up and down
independently allowing for spiral acquisition and for easy patient
access [23]
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Image reconstruction

For image reconstruction we employed a standard
Feldkamp-based filtered back-projection (FBP) software
package (ImpactRecon, Artemis Imaging GmbH, Erlangen,
Germany) with an experimental extension that provides a
model-based iterative reconstruction (MBIR) method. In
order to provide fast results for large datasets, both
algorithms were implemented on modern graphics process-
ing units (GPUs) using the “Compute Unified Device
Architecture” (CUDA) framework from NVIDIA. The
iterative method is based on the ordered subset convex
(OSC) algorithm [26] and was investigated to show the
potential of dose-efficient reconstruction methods in com-
parison to FBP methods. Besides modeling photon statis-
tics, our approach also models geometrical parameters like
the volumetric extent of a voxel, the area of a detector
element as well as the area of the focal spot. In addition, a
regularization technique based on total variation (TV)
minimization was applied during the iterations which
accounts for unrealistic variations between neighboring
voxels while preserving sharp edges. Thereby the model-
based reconstruction aims at providing superior image
quality, but at the cost of significantly increased computa-
tion time. The number of subsets and the strength of the
regularization were chosen such that the results maintained
at least at the spatial resolution of the analytical FBP
reconstruction.

Both standard and iterative reconstructions were performed
and evaluated separately for the soft-tissue lesion and micro-
calcification detection tasks. For μCa, a high-resolution
reconstruction was performed with a voxel size of (50 μm)3

and a sharp kernel; for STL, a low resolution reconstruction
was performed with 2×2 binned detector data and a voxel
size of (150 mm)3 with a smooth filter kernel (Table 3). STL
data were smoothed further with a 3D Gauss kernel of
variable width. Additional reconstructions were performed
with a voxel size of (10 μm)3 to determine the system
modulation transfer function (MTF).

Phantoms

We employed a variety of phantoms mimicking the female
breast with respect to shape, dimensions and tissue
composition. A cylinder is reasonably well adapted to what
we see in prone imaging by MRI and CT; the diameter was
varied between 8 and 18 cm [22]. We used cylinders with a
diameter of 14 cm and a length of 10 cm as a typical breast.

For the measurements of spatial resolution we used
water cylinders with a 10 μm diameter tungsten (W) wire
placed 2 mm off center (Fig. 2a). Profiles of the wire were
acquired in an region of interest (ROI) of 1 mm in diameter
and averaged over 180° to calculate the point spread
function. From this the MTF was calculated and spatial
resolution determined as the 10% value of the MTF.

To investigate the visibility of different lesions in the breast,
a homogeneous phantom of 80% adipose and 20% glandular
tissue [27], 14 cm in diameter and 10 cm in length
representing an average breast [28], was modeled. A cylinder
of adipose tissue, 30 mm in diameter, with glandular lesions
with and without areas of microcalcification was placed
inside (Fig. 2b,c). Soft-tissue lesions were chosen as spheres
of 1, 2 and 5 mm in diameter with a contrast of glandular to
adipose tissue around 120 HU. Areas of microcalcifications
of 100, 150 and 200 μm in diameter were arranged in 2 mm
diameter glandular tissue in clusters of three perpendicular
rows of five spheres of the same size with a distance to each
other equal to their diameter. The calcifications were
assumed to be composed of calcium hydroxyapatite with a
density of 3.16 mg/cm3; their contrast in glandular tissue was
around 5,000 HU at 60 kV.

Table 3 Overview of different CT data acquisition and reconstruction
modes

Mode Focal spot size Convolution kernel Voxel size

STL 100 or 300 μm Smooth (150 μm)3

μCa 100 or 300 μm Sharp (50 μm)3

(c)(b)(a)

150 µm

100 µm
200 µm

5 mm
1 mm

2 mm

Microcalcifications

Soft-tissue lesions

Tungsten wire
10 µm diameter
2 mm off-center

Fig. 2 Phantoms used to assess
the performance of breast CT.
(a) Water cylinder with a 10 μm
tungsten wire placed 2 mm off
center for MTF determination.
(b) Homogeneous 14 cm diam-
eter phantom with soft-tissue
lesions and areas of microcalci-
fication. (c) Magnified portion
of (b) with the structures labeled
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Simulations of CT images

Projections were simulated by ray-tracing using the software
package ImpactSim (Artemis Imaging GmbH, Erlangen,
Germany). Attenuation coefficients of the materials used for
the simulations were calculated according to their elemental
composition and the respective attenuation coefficients of the
elements. To generate results as realistic as possible, we
modeled the spatial extent of the focal spot and the area of the
detector pixels as well as the motion of the gantry during the
measurement of a projection. Scattered radiation was dis-
regarded in view of the detector characteristics and the
relatively small cone beam. Quantum noise reflecting the
original intensity and the attenuation of the ray was
added using Poisson-distributed noise to the projection
data.

Simulations of 3D dose distributions

All dose calculations were carried out with the Monte Carlo
tool ImpactMC (CT Imaging GmbH, Erlangen, Germany)
validated previously [29]. For dose determination, coverage
of the complete breast was assumed. For this, three circular
scans with the distance equal to the collimation were
modeled. The dose simulations traced 3.6×109 photon
histories for each simulation resulting in a standard
deviation of less than 2% for a voxel size of 1 mm3.

For any specific parameter setting, i.e. for a specific mAs
value and resulting air kerma value, the average dose
absorbed in the whole breast results. This value is higher
than the AGD, because the dose to the centrally located
glandular tissue is lower than the dose in the periphery
which is included in our estimate. We therefore remain on
the safe side when estimating AGD by using the mean dose
for the complete breast. Conversion factors of dose to air
kerma for different breast diameters and, vice versa, the
mAs values necessary for specific dose targets result and
allow appropriate parameter selection. We selected an AGD
of 3 mGy for the investigation presented below; i.e., we
stayed below the typical values of 3.5 to 4 mGy for two-
view mammography [21].

Results

Spatial resolution

The MTFs were determined in data sets reconstructed with
a voxel size of (150 μm)3 and (50 mm)3, respectively,
according to the definition of the STL and μCa protocols.
Data were obtained for 100 and 300 μm focus size. Each
scan was processed separately for STL and μCa analysis
(Fig. 3). The desired resolution of 100 μm diameter details,

corresponding to a resolution of 5 lp/mm, is demonstrated
for both focus sizes. In STL reconstructions, resolution of
about 300 μm is essentially the same for both focus sizes.

Noise

Noise results were determined for the same settings as in
the MTF determination and in image quality assessments
in the next section. Exemplary values of noise, deter-
mined in homogeneous regions in the center of the
phantoms, are illustrated in Fig. 4. Noise levels were
reduced significantly using MBIR reconstruction. As
expected, noise reduction increased with resolution. E.g.,
in the STL case only about 20% noise reduction was
achieved; with the μCa phantom a dose reduction of 80%
was achievable.

Lesion detectability

According to the defined goals of investigating lesion
detectability for STL and μCa, we simulated single CT data
acquisitions with 100 and with 300 μm focal spot size at
3 mGy AGD and calculated the respective image volumes
with (150 μm)3 and (50 μm)3 voxel size, respectively
(Fig. 4a–d). In addition, MBIR reconstructions of the same
data as in Fig. 4c,d were calculated (Fig. 4e,f). Glandular
lesions in adipose tissue, marked by white arrows, were
clearly visible in all cases for 2 and 5 mm diameter lesions
(Fig. 4a,c,e). For all reconstructions, the 1 mm glandular
lesion is not adequately visible. The glandular lesions
containing areas of microcalcification, marked by yellow
arrows, are well seen due to the high signal contributed by
the μCa, although the calcified foci are not resolved as

Fig. 3 Wire MTFs determined for STL and μCa reconstructions with
both 100 and 300 μm focal spot sizes. In addition, system MTFs with
both focal spot sizes are given
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single entities due to the low resolution in the STL mode. In
the μCa reconstructions, the microcalcification patterns are
well resolved down to 150 μm calcification diameter in all
cases. The 100 μm calcifications are not shown with
300 μm focus size (Fig. 4b), but are recognizable for the
100 μm focus size with both analytic and iterative
reconstruction (Fig. 4d,f). The constraint that MBIR
provides resolution no worse than FBP, but often improved,
can be verified by comparing Fig. 4d and f. Reconstruction
times are short enough to be clinically realistic.

Discussion

The present study focused on the basic question whether
comprehensive diagnosis of breast cancer matching the
demands listed in Table 1 can be provided by CT. All
results indicate that it should be possible. It had to be
expected and was shown earlier that the first four demands
can be met. From the start of the project, the big questions
related to demands 5 and 6 on resolution and dose limits
(Table 1).
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Fig. 4 Comparison of simula-
tions with 300 and 100 μm focal
spot size at 3 mGy AGD and
FBP reconstruction (a–d). Sig-
nificant differences are visible
only for the μCa reconstruction
with the large focal spot size (b)
exhibiting decreased resolution
compared to (d). The MBIR
STL display (e) offers better
resolution and the noise level
reduced by about 20% (c). In the
μCa mode, MBIR allows a
noise reduction of about 80%
and improvements in resolution
for both 100 and 150 μm
microcalcifications (f) as
compared to (d)
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For the selected geometry and detector concept with
100 μm pixel size, a detail resolution of 100 μm or better
was demonstrated. Detectability of respective structures will
depend on their contrast, however. For areas of micro-
calcification we have the favorable situation that contrasts of
more than 5,000 HU can be expected and were verified at
60 kV [15]. Due to this high signal, the existence of
microcalcification clusters is clearly recognizable even when
they are not resolved as single entities (Fig. 4a,c,e). This
finding can be used for a selective strategy: Start with a very
low-dose overview CT data acquisition and follow up by
high-resolution CT of a limited volume of interest. We have
shown that this general approach can provide high resolution
with reduced total dose [25]. Even the standard single-CT
data acquisition approach appears to provide detectability of
microcalcifications superior to mammography which may
claim about 150 μm at best.

Regarding dose, taking AGD as a measure, our results
indicate that CTwill not need dose levels elevated over those
of mammography screening. Earlier prototype studies in the
USA, although operating at much lower resolution, recorded
significantly higher dose [12]. Our favorable results have to
be assigned to a strict optimization strategy with respect to
dose efficiency: It relates to the choice and design of the
components, primarily to the directly converting CdTe
detector, to the spiral scan geometry, and to the versatile
image reconstruction and data handling approach [23]. It
should also be noted that, at equal AGD, CT will offer the
advantage of a relatively homogeneous dose distribution,
while mammography exhibits peak dose values at the
entrance side which are typically several 100% higher than
the AGD value [30]. With the rotation time of 2 s per 360°,
total CT data acquisition time per breast will be below 10 s

Further work and confirmation is necessary regarding the
assumptions on contrast. CT values of foci of microcalcifica-
tion of about 5,000 HU in the simulations are realistic since
we measured even higher values in micro-CT at the same
voltage with lower filtration. With proper contrast medium
injection an enhancement of about 120 HU can also be
expected at 60 kV [14]. For soft-tissue contrast in general we
still do not have sufficient data.

The influence of scattered radiation was disregarded in
view of the detector characteristics and the limited cone beam.
This assumption will have to be verified, but we can be certain
that the scatter-to-primary ratios will be much lower than in
flat-detector breast CT. We intend to design and use shaped
filters from the start of operation, but did not include them in
this study yet. They are expected to reduce both dose and
scatter without an impact on image quality. Tube power
requirements of 1 to 5 kW are to be expected depending on
breast diameter and filtration. These demands can certainly be
fulfilled for 300 μm focus size; work on novel x-ray tubes
with smaller focal spots and increased power is underway.

These would also be of interest if we have to offer even higher
resolution. The possibility to do so without a dose penalty can
make use of the VOI technique described above.

In conclusion, all performance features postulated in
Table 1 appear to be realizable with the proposed design.
Excellent spatial resolution of down to 100 μm was shown
to be achievable. Resolution can be reduced in situations
where high resolution is not required, in order to lower
image noise for improved low-contrast imaging. Dose
levels below the upper level of 5 mGy accepted for
screening mammography are realistic. Soft-tissue lesion
detection well below a diameter of 5 mm appears possible
with and without the application of contrast media. Areas of
microcalcification are easily detected as clusters even in the
soft-tissue displays. Single microcalcified foci are quite
visible down to a diameter of 150 μm. Experimental and
clinical proof of device performance are planned late in
2011 and for 2012, respectively.
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