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High-resolution analyser-based X-ray imaging computed tomography (HR
ABI-CT) findings on in vitro human breast cancer are compared with
histopathology, mammography, computed tomography (CT) and magnetic
resonance imaging. The HR ABI-CT images provided significantly better low-
contrast visibility compared with the standard radiological images. Fine cancer
structures indistinguishable and superimposed in mammograms were seen, and
could be matched with the histopathological results. The mean glandular dose
was less than 1 mGy in mammography and 12-13 mGy in CT and ABI-CT. The
excellent visibility of in vitro breast cancer suggests that HR ABI-CT may have a
valuable role in the future as an adjunct or even alternative to current breast
diagnostics, when radiation dose is further decreased, and compact synchrotron
radiation sources become available.
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1. Introduction

Mammography is the basic technique for early breast cancer
detection, and has been proven to reduce breast cancer
mortality by about 30% in women 50-69 years of age (Elmore
et al., 2005). Ultrasonography and magnetic resonance
imaging (MRI) do not substitute mammography in screening,
but they seem beneficial adjuncts in specific diagnostic situa-
tions (Warren & Crawley, 2002). Mammography has, despite
its relatively high sensitivity, a number of limitations, which
reduce its effectiveness under certain conditions. It under-
estimates tumour size and multifocality, and even 10-20%
of palpable breast cancers are not visible in mammograms
(Durfee et al., 2000). Furthermore, only 5-10% of screening
mammograms that are interpreted as abnormal turn out to
harbour cancer (Carney et al., 2003). The clinical value of
computed tomography (CT) is widely recognized, but its use

as a diagnostic tool of breast disorders has remained limited.
Recognizing its future possibilities, the technical development
of a dedicated breast CT scanner is being pursued (Boone et
al., 2006). Evidently, a three-dimensional image of the entire
breast could improve the detection of diseases in dense breasts
and the perception of lesions hidden by superimposed struc-
tures.

The analyser-based X-ray imaging (ABI) technique is one
of the approaches in which the changes in the X-ray wavefront
phase or propagation direction at the interfaces of the object
are used for contrast formation (Davis et al., 1995; Takeda et
al., 1995; Chapman et al., 1997). In the diagnostic X-ray regime
the ensuing phase contrast may be orders of magnitude larger
than the absorption contrast, which is currently the source of
contrast in roentgenology. This can be particularly advanta-
geous to mammography, where an inherent weakness of
absorption contrast in breast tissues is the principal reason for

]. Synchrotron Rad. (2011). 18, 689-696

doi:10.1107/5090904951102810X 689


http://crossmark.crossref.org/dialog/?doi=10.1107/S090904951102810X&domain=pdf&date_stamp=2011-07-26

research papers

an unsatisfactory image quality. Earlier studies have demon-
strated that small structures invisible in mammography and
CT are highlighted with the ABI technique, and that the high-
resolution (HR) analyser-based X-ray imaging computed
tomography (ABI-CT) images have a close resemblance to
optical images of stained histological sections (Fiedler et al.,
2004; Keyrildinen er al, 2005, 2008; Bravin et al., 2007).
Further carefully analysed case studies are, however, needed
to establish a one-to-one correspondence between the ABI-
CT images and the actual anatomical structures.

The purpose of this investigation was to make detailed
comparisons of the ABI-CT images with histopathology,
mammograms and clinical CT images. On one hand, the
spatial resolution in ABI-CT is similar to that in mammo-
graphy, and, on the other hand, the resolution of a clinical
whole-body CT scanner is only slightly worse than the reso-
lution of prototype dedicated breast CT scanners. The
comparisons elucidate the importance of resolving the over-
lying structures by CT imaging, and demonstrate that high
spatial resolution is needed for extraction of abnormal signs
in CT images. A new dimension was to evaluate the comple-
mentary morphological information found in MR images. The
possibilities of extrapolating the results obtained by synchro-
tron radiation to the clinical environment for breast cancer
diagnosis are also discussed.

2. Materials and methods

This study is actually a long chain of steps from the operation
room to inspection and analysis of different images. The
surgically removed tissue lumps that contain tumours are first
examined by a pathologist, who selects a few interesting and
typical samples. These are fixed in formalin and encapsulated
for imaging by synchrotron radiation at the biomedical
beamline ID17 of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France), and subsequently by clin-
ical modalities at the Departments of Oncology and Radi-
ology, Helsinki University Central Hospital (HUCH, Helsinki,
Finland). Stained sections of the samples are prepared for
histopathological analysis and comparison with the images.

2.1. In vitro breast cancer

Two malignant breast tumours from routine surgical
mastectomy operations were used for in vitro analysis. The
specimens were provided by the Breast Surgery Unit and
Department of Pathology of the HUCH. The Surgical Ethical
Committee of the HUCH approved the study, and an
informed consent was obtained (reference code: Dnro 85/E/
02). The specimens are described and characterized in Table 1.

The formalin-fixed specimens were chosen to include
cancers that were considered to be either challenging for
mammography (infiltrating lobular carcinoma) or include
typical abnormal findings (e.g. calcifications). Samples were
sealed hermetically in cylindrical polyethylene containers with
1 mm-thick walls and 50 um-thick polyimide films (Kapton;
DuPont de Nemours, Les Ulis, France) at both ends. The

Table 1
Characteristics of breast tumour specimens, and the evaluated mean
glandular doses (MGD) in different X-ray imaging modalities.

The actual image acquisition time in ABI-CT images is 95.7% of the total time.
MGD = mean glandular dose. CT = computed tomography (conventional).
ABI-CT = analyser-based X-ray imaging computed tomography.

MGD (mGy)
Specimen: tumour type (histologic-grade/focuses)

B: lobular
carcinoma (1/2)

Imaging modality
(X-ray voltage/energy)

A: ductal partly
lobular carcinoma (1/2)

Mammography (26 kVp) 0.8 0.3
CT (80 kVp) 12.0 12.0
ABI-CT (33 keV) 13.3 13.3

visible diameter of specimens was 40-50 mm, depending on
radiological modality. Histological slides were prepared
corresponding to tomographic planes, and they were used as
references for all radiological images. About 5 pum-thick
Herovici-stained (Herovici, 1963) sections were analysed by
light microscopy, and their optical images were acquired with a
scanner resolution of 12.7 um (Duoscan HiD; AGFA-Gevaert
NV, Taipei, Taiwan).

2.2. ABI-CT

ABI-CT imaging was performed at the ID17 of the ESRF.
The critical energy of the wiggler radiation was 14 keV at
60 mm wiggler gap, and 33 keV radiation was selected by a
broad-band Laue-Laue-type pre-monochromator (Suortti et
al., 2000). The ABI-CT set-up includes a Si(333) Bragg-type
monochromator, an identical analyser in non-dispersive
orientation, the sample stage between the crystals, and the
detector (Fig. 1) (Fiedler et al., 2004). A highly parallel fan-
shaped X-ray beam traverses the specimen, and the intensity
and the propagation direction of the beam are changed. The
rocking curve (RC) of the analyser is a few microradians wide
and approximately triangular, and by tuning the reflection
angle the effects of attenuation (absorption and extinction),
scattering and refraction at tissue interfaces are recorded and

Si(333)
analyzer

Piezo-electricactuator

Sampleis rotated and/or scanned across
the beam for imaging

FReLoN CCD
Two-dimensional
detector

pre-monochromatized

si(333)
monochromator

Figure 1

Analyser-based imaging set-up at the ID17 of the ESRF. The fan beam
from the pre-monochromator is reflected from the Si(333) Bragg-type
monochromator and, after traversing the sample, is reflected by the
Si(333) analyser to the detector. The analyser rocking curve is shown in
the insert, and the working positions at the peak and slope are indicated.
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provide the image contrast (Chapman et al, 1997). In the
present study, HR ABI-CT images were acquired at peak and
mid-slope positions on the RC of the Si(333) Bragg reflection.
The peak images show the so-called apparent absorption,
where true absorption, scatter rejection (extinction) and
refraction all reduce the observed intensity. In the slope
images the effects of refraction are enhanced emphasizing the
contours of tissue structures. The specimens were rotated
about an axis that was perpendicular to the fan-shaped X-ray
beam of 0.2 mm (height) x 91.5 mm (width). Sampling speeds
in 1440 projections with 0.25° intervals were 6.25-12.50° s .
After flat-field normalization, images were reconstructed
using a filtered back-projection algorithm with Hamming
filter.

The data acquisition system consisted of a 100 pum-thick
mammographic phosphor screen (Gd,0,S:Tb) coupled opti-
cally to a charge-coupled device (FReLoN; ESRF, Grenoble,
France) (Coan et al., 2006). An active input surface of 94 mm
X 94mm and an array of 2048 x 2048 pixels provide an
effective pixel size of 46 pm x 46 pm. At 33 keV the measured
spatial resolution of the detector is 0.05 mm at 5% level of
the modulation transfer function (MTF) and the detective
quantum efficiency is 0.3 at 0 mm™' spatial frequency. The
detector was placed 2 m behind the specimen, and the source-
to-specimen distance was about 155 m.

2.3. X-ray mammography

Mammograms of the samples were taken as reference
images, because the spatial resolution is similar to the reso-
lution of the ABI-CT images, and the reporting terminology is
based on examination of mammograms. Mammograms were
obtained with a clinical mammography unit (Mammomat
3000; Siemens-Elema Ab, Solna, Sweden). The imaging
conditions were selected as 26 kVp with a molybdenum/
molybdenum (Mo/Mo) anode-filter combination (a 30 um-
thick Mo filter, half-value layer = 0.30 mm Al) that corre-
sponds to a compromise between dose and contrast when thin
objects are imaged.

All images were recorded with an image magnification
of 1.8 and a fine-focus of 0.1 mm using manually adjusted
exposures between 2.2 and 10.0 mAs. The source-to-image
distance was 65.0 cm and the measured spatial resolution of
the screen-film receptor was 0.03 mm (Mamoray HDR-C
X-ray film, EU film cassette and Detail R intensifying screen;
AGFA-Gevaert NV, Peissenberg, Germany). All films were
processed in a film-processing unit (Scopix LR 5200P; AGFA-
Gevaert NV, Peissenberg, Germany) and digitized using the
same scanner as used with the histological slides.

2.4. X-ray CT

Transaxial CT images were recorded with a clinical whole-
body scanner (Asteion TSX-021A; Toshiba Corp., Tokyo,
Japan). Its tungsten anode X-ray tube was operated at the
minimum tube voltage of 80 kVp in the exposure range 50—
200 mAs in order to match the average energy of the filtered
radiation (~50keV) and delivered mean glandular dose

(MGD) as well as possible to the values used in the ABI-CT
scans of the specimens (Keyrildinen, 2004).

All CT examinations were performed with a small tube
focus (0.9 mm x 0.9 mm) and a section thickness of 4 mm x
0.5 mm (2 mm). The measured spatial resolution of 0.5 mm is
determined by the size of the tube focus, and by the pixel size
of a two-dimensional multi-slice detector array (0.5 mm X
0.5 mm). The spatial resolution is slightly worse than the
resolution of prototype dedicated breast CT scanners (Boone
et al., 2006). Acquisition was carried out in the axial mode with
a pitch of 1.0 using a 100 mm-diameter field of view and a 512
x 512 image area matrix, which corresponded to a pixel
dimension of 0.20 mm x 0.20 mm. Different image recon-
struction filters were tested and the best image quality was
achieved with a routine head scan filter (FC27) in combination
with a beam-hardening correction.

2.5. MRI

MR imaging was performed with a 1.5 T clinical scanner
(Magnetom Sonata; Siemens Medical Systems, Erlangen,
Germany). Basic axial T1-weighted spin echo images were
acquired using the standard head coil as a receiver and the
body coil as a transmitter. The slice thickness was 2 mm and
the slice gap was 1-2 mm in all images. This choice and a high
number of excitations (NEX = 8) provided a good compro-
mise with respect to the total acquisition time, resolution and
signal-to-noise ratio. The repetition time (TR) was 400 ms and
the echo time (TE) was 15 ms. The field of view was 100 mm
and the matrix size was 256 x 256; thus the voxel size was
0.39 mm x 0.39 mm x 2 mm.

Because little is known about the formalin-preserved tissue
specimens in MRI, T2-weighted turbo spin echo images (with
and without fat suppression) and fluid attenuated inversion
recovery (FLAIR) images were also acquired for comparison.
The imaging parameters of these sequences were varied for
optimal performance. In T2 imaging, TR was 5100-5370 ms,
TE 130-136 ms, the echo train length 15-17, and NEX 6-8
without fat suppression and 6-14 with fat suppression. In
FLAIR imaging, TR was 9000 ms, TE 164 ms, the inversion
time 2500 ms, the echo train length 31, and NEX 4-8. It turned
out that the T2 and FLAIR images did not provide any useful
additional information.

2.6. Dosimetry

In ABI-CT imaging a continuously operated air-filled cali-
brated ionization chamber (Type S-2266, OKEN, Tokyo,
Japan) was placed 10 cm before the specimen to monitor the
absorbed dose at the entrance surface. The MGD was deduced
from the measured dose by using an EGS4 Monte Carlo
simulation code (DOSRZ usercode) and tabulated values for
mediums of given compositions (ICRU, 1989; NIST, 2010).

In standard X-ray imaging, dosimetry was carried out using
calibrated thermoluminescent dosimeters (Li,B4O,; Rados
Technology Oy, Turku, Finland). The MGD in mammography
was evaluated from the dosimetry results by applying tabu-
lated values of mediums and normalized glandular doses
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(ICRU, 1989; Boone, 1999; NIST, 2010). The MGD for CT was
evaluated using appropriate average absorption coefficients
and the measured absorbed dose at the surface of the
cylindrical specimen (ICRU, 1989; NIST, 2010).

2.7. Data analysis

The analysis of the images was carried out at three levels.
First, an experienced radiologist (PV) evaluated all radi-
ological images without information about the histopatholo-
gical results. The standard radiological images were examined
first in order to determine the limits of visibility. The standard
reporting terminology applied in diagnostic radiology was
complemented by a visual assessment, and the same proce-
dure was followed with the ABI-CT images (ACR, 2003).

Second, the above analysis was complemented with
assessment by physicists who had been developing the ABI
method. Attention was drawn to the different sources of
contrast and to the interpretation of the findings on the basis
of X-ray physics. Finally, an experienced pathologist (M-LK-
L) determined the correspondence of the interesting regions
found in radiological images with actual morphological
structures in the stained histological sections. Pathological

. 1cem
C)]
Figure 2

examination provided the ‘golden standard’ for interpretation
of the radiological images of the specimens.

3. Results

Visualization of structural details in the breast tumour samples
was clearly improved in the HR ABI-CT images as compared
with standard radiological images. A histological microscopic
examination confirmed the correspondence of these radio-
graphic findings with the morphology of the specimens (Figs. 2
and 3). Specific details of the most interesting features found
on the specimens are described in the following sections,
where both the radiological and the corresponding histo-
pathological examination are performed for one cross-
sectional slide of each specimen. The MGDs received by
the specimens in X-ray-based examinations are presented
in Table 1.

3.1. Findings at specimen A

In the histological analysis the 28 mm-thick breast cancer
specimen was classified as a bifocal mixed form of ductal and
lobular carcinoma. Six images of the specimen are shown in
Fig. 2.

o)

The 28 mm-thick specimen A with mixed ductal-lobular carcinoma. (¢) Mammogram of the specimen (26 kVp, 8.0 mAs). Note the flabellate connective
tissue septa between the arrows, highly suggestive of cancer. (b) CT image of the specimen (80 kVp, 50 mAs). Collagen septa among the adipose tissue
are seen (arrowheads). (c) MR image of the specimen (T1, spin echo, TR = 400 ms, TE = 15 ms, NEX = 8). The arrowheads are as in (b). (d) ABI-CT
peak image of the same cross section (33 keV). Pleomorphic calcifications (arrowheads) with irregular margins, and a presumable focus of the tumour
(arrow) are seen. (e¢) ABI-CT slope image of the same cross section (33 keV). The arrow and arrowheads are as in (d). (f) Scanner image of the
corresponding histological whole-mount slide (Herovici’s stain; original magnification, x1). Calcifications (black arrowheads), invasion of ductal
carcinoma (black arrows), lobular carcinoma in situ and atypical hyperplasia (grey arrow), and high-density partially wavy and braided connective tissue
(grey arrowhead) are seen with a microscope. The nuclei are shown in brown or black, mature collagen in red and adipocytes in white. At this
magnification the individual carcinoma cells are not visible.
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The mammogram (Fig. 2a) shows flabellate connective
tissue septa between the arrows, highly suggestive of malig-
nancy. Calcifications in a cluster are pleomorphic and variable
in size, also referring to a malignant lesion. In the clinical CT
image (Fig. 2b) the contrast between adipose and connective
tissue is moderate, but the details are faded owing to limited
spatial resolution (0.5 mm). Although calcifications are not
perceived, the collagen septa among adipose tissue (arrow-
heads) indicate a high probability of cancer. The T1-weighted
spin echo MR image (Fig. 2c) shows clearly the borderlines of
soft tissues. Strands of connective tissue among the adipose
tissue that start from the tumour focus are highlighted
(arrowheads). As expected, no calcifications were detected in
the MR image.

The visibility of details, such as thin collagen strands on the
left side of the specimen, is improved in the ABI-CT image
taken at peak position on the RC (Fig. 2d). Calcifications
(arrowheads) have irregular margins, and they are multiform
and variable in size, indicating malignancy. The focus of the
tumour is likely at the arrow. In the ABI-CT slope image
(Fig. 2e) the collagen strands seem to penetrate radially from
the presumed tumour focus (arrow) to the surrounding tissue,
highlighting the focus location. The enhanced refraction
contrast in the slope image makes the braid of the collagen

1lem
(@
Figure 3

strands visible. On the other hand, the identification and
interpretation of most calcifications (arrowheads) became
more problematic, since they were obscured by the enhanced
soft-tissue contrast.

In the histological section (Fig. 2f) calcifications were
observed at the same locations (black arrowheads) as in the
ABI-CT images (Figs. 2d and 2¢). The examination revealed
lymph-vascular invasion of ductal carcinoma (black arrows),
but no signs of carcinoma invasion into collagen. Some
lymphacytic inflammation, elastosis and ductal carcinoma
in situ were found in the same area and lobular carcinoma
in situ and atypical hyperplasia were recognized (grey arrow).
The left upper quadrant of the specimen contains mostly
adipose tissue appearing yellowish or pink, and the lowest
quadrants have only normal and benign structures. The dark
region (grey arrowhead) consists of high-density partially
wavy and braided connective tissue, whereas the right lower
quadrant of the Herovici-stained section has a large hole,
which appears white in the optical image.

3.2. Findings at specimen B

The histological analysis of the 11 mm-thick breast cancer
specimen revealed a bifocal infiltrating lobular carcinoma
(ILC). Six images of the specimen are shown in Fig. 3.

The 11 mm-thick specimen B with lobular carcinoma. (¢) Mammogram of the specimen (26 kVp, 2.2 mAs). Note two benign calcifications (arrows). (b)
CT image of the specimen (80 kVp, 50 mAs). Strands of connective tissue (arrowheads) are barely seen. (¢) MR image of the specimen (T1, spin echo,
TR =400 ms, TE = 15 ms, NEX = 8). Some suspect areas (arrows) are seen. (d) ABI-CT peak image of the same cross section (33 keV). Presumed foci of
the tumour and morphological changes (arrowheads) are visible. (¢) ABI-CT slope image of the same cross section (33 keV). Some strands penetrating
to adipose tissue (arrowheads) are seen. (f) Scanner image of the corresponding histological whole-mount slide (Herovici’s stain; original magnification,
x1). An ‘Indian file’ growth pattern (black arrowheads), targetoidal arrangement (black frames), and a combination of these two patterns (grey arrow)
can be seen with a microscope. An ILC (solid black arrows), periductal invasion (between the dashed lines), vascular invasion (grey frame) and some
cystic changes next to the large circular duct (dashed black arrow) are also seen with a microscope.
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The mammogram (Fig. 3a) shows two benign calcifications
(arrows), but no malignancy. The specimen appears as a
normal breast tissue with dense fibrosis on the right side. The
clinical CT scan (Fig. 3b) shows healthy breast tissue with no
evidence of malignancy and some strands of connective tissue
(arrowheads), which are barely seen. The T1-weighted spin
echo MR image (Fig. 3¢) reveals suspicious areas (arrows), but
the possibility of being normal fibrous tissue cannot be
excluded.

The ABI-CT peak image (Fig. 3d) shows fibrous details with
high contrast. Calcifications are not observed, whereas the
presumed tumour foci and morphological changes (arrow-
heads) are easily detected. The ABI-CT slope image (Fig. 3e)
emphasizes the rich structures of fibrous collagen, but the
excessive contrast hides some of the details. Strands pene-
trating to adipose tissue (arrowheads) are highlighted, but
there are no signs of malignancy.

The examination of the histological section (Fig. 3f) indi-
cated pathologies typical of ILC. Poorly visible ‘Indian file’
growth patterns were found in large regions (black arrow-
heads), and a targetoidal arrangement was detected (black
frames). A combination of these two arrays was perceived at
the grey arrow. The ILC among the adipose tissue was found
in several areas (solid black arrows) and a periductal invasion
in the collagen strand expansion between the dashed lines. A
vascular invasion was detected (grey frame), as well as some
cystic changes next to the large circular duct (dashed black
arrow).

4. Discussion

This study was initiated with the objective of making it
possible to read diagnostically relevant information from
images where the contrast is due to the variation of the X-ray
phase rather than the variation of its amplitude. ABI-CT
images were compared in detail with histology of the corre-
sponding slices, and standard mammograms and CT images
were used as reference material for interpreting the findings.
The results demonstrated the importance of resolving over-
lapping structures by CT imaging, and that high spatial reso-
lution is required for correct reading of abnormal signs in the
images. The clinical CT images were acquired with a standard
whole-body CT scanner, which has a limited spatial resolution
(0.5 mm), and relatively high dose (order of 10 mGy) is
required for imaging with sufficient contrast. Similar doses
were used in ABI-CT for an equitable comparison of the
methods. Preliminary studies have shown that dedicated
breast CT provides moderate-resolution (better than 0.5 mm)
three-dimensional images at mammographic doses (Boone et
al., 2006; Lindfors et al., 2008). This system was not available,
but the comparison of clinical CT images with the ABI-CT
images indicates that a spatial resolution of about 0.1 mm
would be essential, e.g. for discerning the fine structure of thin
collagen strands.

In this work we have shown that the moderate/high spatial
resolution (0.05 mm at 5% of the MTF) and enhanced contrast
of the ABI-CT images makes visible very thin (about 50 pm-

thick; measured from the ABI-CT image) collagen strands,
whose radio-morphological changes often correspond to
malignant growth. This is the particular situation in the so-
called ‘Indian file’ progression, where the ILC cancer cells are
oriented as a single file along the collagen strands. A typical
example of this insidious disease, which often develops
without marked symptoms and shows only low opacity in
mammograms, is found in histopathology of specimen B
(black arrowheads in Fig. 3f). Although the ILC cancer cells
are not visible in ABI-CT images, systematic architectural
comparisons with histology may provide correspondence that
could be used for radiological diagnosis of ILC. Another
example is a dense fibrous breast tissue, which appears opaque
in mammograms (Fig. 3a), but HR ABI-CT images (Figs. 3d
and 3e) reveal even its inner structure, e.g. the directions of
collagen fibres and their degree of ordering. The visibility of
microcalcifications, whose number, size and morphology play
an important role in the mammographic diagnosis, is greatly
enhanced in the ABI-CT images compared with mammograms
(Figs. 2a and 2d). The spatial resolution of MRI is low, but the
contrast between adipose and connective tissue is very strong,
so that even traces of thin collagen strands are discerned in the
MR images.

The comparison of ABI-CT with mammography is
revealing. Thin collagen strands and small calcifications are
seen with both, but their relative positions are seen in the
ABI-CT images only. In Fig. 2 the tumour focus with a star-like
pattern of collagen strands is obvious in the ABI-CT images,
particularly in the one acquired at the slope on the RC
(Fig. 2e). It is also important that the focus appears uniform,
suggesting disintegrated structures, which are found in
collagen invaded by cancer (Fernandez et al., 2005). The star-
like formation is evident in the MR image (Fig. 2¢), demon-
strating that MRI (without any contrast medium) provides
important complementary information. Instead, the existence
of a focus is not obvious in the mammogram, and the calcifi-
cations have scattered distribution throughout the fibrous part
of the specimen, which makes it more difficult to detect them.

The MGD of tomographic X-ray imaging was 12-13 mGy,
but it has been demonstrated that the dose can be reduced
to the level recommended by the mammography guidelines
(a few mGy) (EC, 1999; FDA, 2006) and still maintain an
adequate image quality (Bravin et al., 2007; Keyrildinen et al.,
2008). To make comparisons equitable both with mammo-
graphy and clinical CT, ABI-CT imaging was performed at
a rather low X-ray energy of 33 keV, midway between the
energies used in the conventional methods. This opens the way
to dose reduction: the phase contrast decreases slower with
increasing X-ray energy than the absorption contrast (a
compromise between dose and contrast), and the optimal
energy for soft-tissue imaging by ABI is about 50 keV for
sample thicknesses similar to those used in this study. Thus, in
principle, three-dimensional low-dose ABI-CT images can be
acquired in vivo with a spatial resolution of about 0.1 mm. By
setting proper thresholds for intensity, the tumour mass can be
visualized and examined in three dimensions, and the actual
distribution of the microcalcifications can be extracted, for
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instance. Some in vitro data for making such reconstructions
already exist, and suitable reconstruction algorithms are being
developed.

The analyser-based imaging, ABI-CT in the present study,
exploits various contrast mechanisms, which give information
about the tissue structure in different length scales. The
absorption contrast dominates at the largest dimensions of the
object, refraction contrast highlights the tissue contours within
the object, and scattering contrast may reveal different
structures on the molecular or above-molecular level. The
ABI-CT images in this study were acquired either at peak or at
mid-slope position on the RC. The contrast in the peak image
arises mostly from the reduction of intensity owing to scatter
rejection (extinction) and refraction in either direction. This
emphasizes the visibility of fibrous collagen and calcifications,
where small-angle scattering and/or refraction are strong
(Fernandez et al., 2005). At peak position ABI images have
also their closest resemblance to the standard images. On the
other hand, the strongest refraction contrast is seen in the ABI
slope images. For a more complete recording of refraction and
scattering, ABI-CT images should be acquired at many points
along the RC. Several approaches for such imaging have been
introduced (Oltulu er al., 2003; Pagot et al., 2003; Wernick et
al., 2003; Rigon et al., 2007). The intensity, centre shift and
second moment of the RC are determined, and these provide
maps of attenuation, refraction and scattering. It is possible
that with systematic and extensive comparisons with the
histopathology (‘golden standard’) these maps could make it
possible to read the signs of malignancy from the three-
dimensional HR CT images and to develop an optimal
imaging strategy. The prospected use of such maps for breast
cancer in vivo diagnosis is always limited by the radiation dose,
and alternative approaches are studied to reduce the required
number of analyser settings, eliminate the use of the crystal
analyser altogether, or develop a hybrid technique where ABI
and scatter imaging by an area detector are combined
(Suhonen et al., 2007; Coan & Bravin, 2007). The imaging time
per slice may be reduced to a few seconds from the present 30—
60 s, and reduce the dose by a factor of ten. Data for three-
dimensional images of attenuation, refraction and scattering
could be acquired by multi-slice scanning in a few minutes.

ABI is just one of several phase-contrast imaging methods
that have been developed at synchrotron radiation facilities.
Other methods include phase-propagation imaging (Dreossi et
al., 2008) and interferometry (Pfeiffer et al., 2008; Takeda et
al., 2004). It is essential, however, that at least in principle
these methods can be used with conventional X-ray sources.
The requirements are sufficient spectral brightness and
transverse coherence of the X-ray beam, and new sources are
coming available. Recently, different biological samples were
imaged by grating interferometry using a compact light source
(Bech et al., 2009). The intensity was still low, but this is
expected to improve substantially. Grating interferometry
provides images that are similar to those obtained by the ABI,
but the method may be easier to transfer to clinical environ-
ment. The instrument is quite compact and, in addition, phase-
step recording provides a dark-field image, i.e. an image of

scattering from the sample. This is an important source of
information about the molecular structure of the tissue
(Pfeiffer et al., 2008; Keyrildinen et al., 2010).

The present examples also demonstrate that MR images
may provide definite additional information on tumour loca-
tion and invasion to the surrounding tissue even when
formalin-preserved breast cancer specimens are examined.
Although the spatial resolution of present MRI is rather
limited, its real benefit is, of course, the use of non-ionizing
radiation.

5. Summary and conclusions

Phase-contrast imaging has opened new avenues for breast
cancer diagnosis, owing to the unprecedented spatial and
contrast resolution. The methods have been developed at
synchrotron radiation facilities, but transfer to clinical envir-
onment is possible. It is important that clinical trials are
underway at the ELETTRA facility in Trieste, Italy, which will
make it necessary to learn about reading the clinically relevant
signs in phase-contrast images (Dreossi et al, 2008). The
imaging method is that of phase-propagation imaging, which
does not require delicate X-ray optics, and is easily adapted to
clinic, when suitable X-ray sources are available.

It has been shown that analyser-based imaging (and
presumably also grating interferometry) provides stronger
contrast than phase-propagation imaging, particularly at high
X-ray energies (Pagot et al., 2005; Olivo et al., 2009). The
excellent visibility of in vitro breast cancer suggests that HR
ABI-CT, particularly in combination with MRI, may have a
valuable role in the future as an adjunct or even alternative to
current breast diagnostics, when radiation dose on breast is
further decreased. The one-to-one correspondence between
the ABI-CT images and micrographs of stained tissue sections
may even allow envisioning ‘histology of multiple slices
without cutting the sample’. Compact synchrotron radiation
sources are becoming available, and these will make possible
the transfer of phase-contrast methods to the clinical envir-
onment (ThomX, 2010; Lyncean Technologies, 2011).
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