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First experiment by two-dimensional digital mammography
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Two-dimensional digital mammography with synchrotron radiation was developed to obtain high-
contrast images. The system consisted of a single-crystal monochromator with an asymmetrically
reflecting silicon (311) crystal, an avalanche multiplication-type pick-up tube camera with a
fluorescent plate and lens-coupling system, and a workstation. The preliminary experiment was
carried out with a synchrotron light source at the Photon Factory, KEK, in Tsukuba. Breast phantom
and human breast specimen were imaged using 20 keV monochromatic synchrotron X-rays. These
images were compared with images obtained by a conventional mammography system. The minimal
detectable diameter of microcalcification on the breast phantom was 165 um by the two-dimensional
synchrotron radiation imaging system and 196 um by the conventional mammography system. In the
breast specimens, microcalcification and soft-tissue masses were clearly imaged and their contrasts
improved by about 18% and 38%, respectively, in the two-dimensional synchrotron radiation system.
The entrance surface dose of the two-dimensional synchrotron radiation system was about 400 mR,
which was almost the same value as the 420 mR delivered by the conventional mammography system.
Two-dimensional synchrotron radiation digital mammography is considered to be a powerful imaging

modality for diagnosing breast tumors.

Keywords: monochromatic X-rays; two-dimensional digital mammography; avalanche
multiplication-type pick-up tube cameras; diagnostic imaging.

1. Introduction

Mammography has been shown to be an effective tech-
nique for early detection of breast cancer (National
Council on Radiation Protection and Measurement, 1986).
Although the technology for mammography has advanced
with the introduction of microfocus molybdenum anode
X-ray tubes and high-definition screen-film systems, it is
well known that nodules less than 2-3 mm in size are
difficult to detect by mammography with conventional
X-ray sources. The molybdenum anode X-ray tubes are
operated at 25-30 kVP, and the obtained spectrum consists
of two peak fluorescent lines (K, = 17.4keV, K, =
19.6 keV) superimposed on a continuous spectrum. They
do not have sufficient intensity for Bragg diffraction to
provide monochromatic beams with an adequate photon
flux. Generally, the difference in absorption coefficients
between cancer and normal tissues increases at photon
energies of less than 20 keV. However, conventional
mammography does not demonstrate this difference
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because it uses photon energies of more than 20 keV. In
addition, X-rays with a photon energy of more than 20 keV
produce significant Compton scattering from objects, which
serves only to diminish the image contrast.

Synchrotron radiation has excellent properties such as
high X-ray flux, continuous spectrum and small divergence.
High X-ray flux and continuous spectrum allow the use of a
crystal monochromator to select the most suitable energy
for mammography. Small divergence of synchrotron X-rays
permits a long object-to-detector distance for the imaging
and reduces the superimposed scattering radiation from
objects. In conventional mammography the finite source
size will cause loss of spatial resolution by geometrical
magnification, whereas the influence of the synchrotron
radiation’s source size on spatial resolution is very small
because of the small divergence of the X-ray beam.
Therefore, the use of a monochromatic X-ray beam is ideal
for obtaining mammographic images with significantly
enhanced contrast and high resolution for the early
detection of small breast nodules.

Monochromatic synchrotron radiation mammography
with a line scan mode using a fan-shaped X-ray beam has

Journal of Synchrotron Radiation
ISSN 0909-0495 © 1999



Yu, Takeda, Umetani, Ueno, Itai, Hiranaka and Akatsuka

been employed in Italy (Arfelli er al., 1995, 1998; Burattini
etal.,1992,1995), the USA (Johnston et al., 1995, 1996) and
the UK (Lewis et al,, 1999). Using a linear array silicon pixel
detector, an imaging plate and conventional mammo-
graphic film, high-contrast images of breast phantom and
breast tissue were obtained with similar or less radiation
doses than that of conventional X-ray images. In Japan,
two-dimensional synchrotron radiation mammograms of
breast phantom were obtained and small microcalcifica-
tions which were not revealed by conventional mammo-
graphy are clearly detected at 20 keV energy (Umetani et
al., 1998). The advantage of the two-dimensional system is
easy acquisition of large objects similar to conventional
mammography without mechanical scanning apparatus.
Moreover, we can easily apply stereoscopic imaging of
breast tumors. In this preliminary study, using the two-
dimensional synchrotron radiation digital mammographic
system, details of experimental results for human breast
specimens and breast phantoms are discussed and
compared with conventional mammography.

2. Materials and methods

2.1. Two-dimensional synchrotron radiation digital
mammographic system

The two-dimensional synchrotron radiation digital
mammographic system was constructed with the super-
conducting vertical wiggler (5 T) beamline BL-14C at the
Photon Factory in Tsukuba. This system consisted of a
single-crystal monochromator with an asymmetrically
reflecting silicon (311) crystal, an object table, a fluorescent
plate (HR-4, Fuji Medical Systems Co. Ltd), an avalanche
multiplication-type pick-up tube camera (Hitachi Ltd), a
coupling lens system between the fluorescent plate and the
camera, an image-acquisition system and a workstation
(Fig. 1). A 35 mm x 7 mm white X-ray beam from a storage
ring was monochromated and expanded 3.5 times in the
horizontal direction by the asymmetric reflection on the
silicon crystal planes to a 35 mm x 25 mm monochromatic
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X-ray beam. The X-ray energy was adjusted to 20 keV. One
image was acquired in 66.7 ms. The distance between the
object and sensor was maintained at about 5 cm to reduce
overlap of scattered X-rays from the object. The storage
ring was operated at 2.5 GeV with an average current of
300 mA. In front of the object, the incident mono-
chromated flux was ~9 x 10° photons mm2s™".

The avalanche multiplication-type pick-up tube camera
was used to obtain better spatial resolution and better
dynamic range of the X-ray image (Umetani et al., 1996).
The high-sensitivity camera was 32 times more sensitive to
incident light photons than the conventional pick-up tube
cameras and also had a wide dynamic range (~1000:1)
(Takeda et al., 1997).

In this system the X-ray images were converted to light
images by the fluorescent plate and these optical images
were focused on the photoconductive layer of the pick-up
tube using a coupling lens with high numerical aperture.
The viewing field was 50 mm x 50 mm on the fluorescent
plate and X-ray images were digitized into a 1024 x 980
matrix by a 12-bit analog-to-digital converter, so the pixel
size corresponded to about 50 um. However, the actual
resolution was about 60 pm due to resolution limitations of
the fluorescent screen at the monochromatic X-ray energy
of 20 keV (Umetani et al., 1998). The workstation was used
for image processing and controlling the image-acquisition
system.

2.2. Image processing operations

To obtain the precise digital images a set of three images
was acquired: an image without X-ray exposure (dark-
current image), an X-ray image without an object (X-ray
source image) and an object image. The dark-current
component of the camera’s output was removed by
subtracting the dark-current image from the object image
and X-ray source image. Correction of non-uniformity of
the X-ray source and detection system was performed by
dividing the object image by the X-ray source image.

Breast specimen

Silicon monochromator (311)
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Figure 1

Schematic diagram of the two-dimen-
sional digital mammographic system with
synchrotron radiation.
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As the beam size in this system was limited to 35 mm X
25 mm, a whole breast specimen could not be imaged
simultaneously. Therefore, to obtain an image of a whole
breast specimen, image connection of six radiograms was
performed using landmarked structures on images such as
calcified lesion and fibrosis of breast tissue.

2.3. Objects

The experimental objects were a standard breast
phantom (Model 11A, CIRS, Inc., Virginia) and human
breast specimen. The phantom was 4.5 cm thick, and
consisted of microcalcifications, masses, fibrils and line-pair
test targets. The breast specimen was surgically prepared
and included cancer nodules.

To compare the results with those of the conventional
X-ray source, the same standard mammographic phantom
and breast specimen were also imaged with the conven-
tional mammographic system (Mammomat 3000, Siemens).
Images were obtained at 27 kVP with 32 mA using Mo
filters with an antiscattering grid (grid radio 5:1). The films
were digitized by the Drum Scanner (Densitometer 2605
Abe-Sekkei Ltd, Tokyo) at a pixel size of 50 pm x 50 um
and 12-bit grey levels.

2.4. Definition of image contrast

Image contrast /. on a mammogram (Arfelli et al., 1998;
Johnston et al., 1995) was defined by the following equa-
tion,

I = ([1 - Io)/]()v (1)

where [, is the average intensity of the measured signal of
target objects such as a soft-tissue mass and calcification
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Figure 2

Mammogram of breast phantom. (a) Two-dimensional synchro-
tron radiation image. (b) Conventional mammographic image.

Two-dimensional digital mammography

and [ is the average intensity of the surrounding region.
Ten regions of calcification and soft-tissue tumors were
measured.

2.5. Dose evaluation

Concerning synchrotron radiation images, the entrance
surface dose was measured using a thermoluminescent
dosimeter (TLD). TLD chips were placed at the object
position after object imaging. For comparison, the entrance
surface dose from conventional mammography was also
measured by using the ion chamber dosimeter.

3. Results

Images of the standard breast phantom were obtained both
by the two-dimensional synchrotron radiation digital
mammographic system (Fig. 2a) and the conventional
mammographic system (Fig. 2b). Two-dimensional
synchrotron radiation digital mammography detected
microcalcification of 165 um in diameter. This size of
microcalcification was not imaged by conventional
mammography, the detectable diameter of which was
196 pm.

The human breast specimen was also imaged by the two-
dimensional synchrotron radiation mammographic system
(Fig. 3a) and conventional mammographic system (Fig. 3b).
Two-dimensional synchrotron radiation mammography
imaged more clearly the calcified lesion and the soft-tissue
mass compared with conventional mammography. Good
differentiation was obtained among breast tumor lesions,
fibrous tissue and surrounding adipose tissue.

The image contrast was measured in the breast specimen.
The image contrast of microcalcification and the soft-tissue
mass was improved by about 18% and 38 %, respectively, in
the synchrotron radiation image system (Table 1).

The entrance surface doses of the synchrotron radiation
system and conventional mammography were about
400 mR and 420 mR, respectively. Therefore, the entrance
surface dose delivered by a 20 keV monochromatic beam
was almost the same as that delivered by the conventional
mammographic system.

4. Discussion
4.1. Imaging of two-dimensional digital mammography

In this preliminary experiment synchrotron radiation
mammograms were obtained two-dimensionally using the
video camera and fluorescent plate system with an area-
shaped X-ray beam produced by asymmetric reflection of a
crystal monochromator. The entrance surface dose deliv-
ered by the 20 keV monochromatic synchrotron X-ray was
almost the same as that delivered by the conventional
mammographic system. However, significant improvement
of image contrast was obtained by two-dimensional
synchrotron radiation mammography. Two-dimensional
synchrotron radiation mammography clearly imaged
microcalcifications within breast cancer and the tumor



Yu, Takeda, Umetani, Ueno, Itai, Hiranaka and Akatsuka 1151

Table 1
Percentage of improvement of image contrast measured for the
breast specimen.

Image contrast

Two-dimensional Conventional

SR mammography mammography Improvement
Calcification 57.7 £ 10.7 402 £10.2 177 £ 1.5
Soft tissue 472 £6.5 95+£47 379 +£47

margin was precisely detected. Quantitative analysis
showed that the image contrast improved by about 18% in
calcified lesions and 38% in soft-tissue masses compared
with conventional mammography.

This improvement of image contrast by two-dimensional
synchrotron radiation mammography was due to several
properties of synchrotron radiation such as monochromatic
X-rays with high flux and small beam divergence which
allows reduction of the amount of superimposed scattering
component from the object by placing the two-dimensional
detector away from the object. X-ray statistical noise in the
synchrotron radiation system is comparable with the
conventional mammography system because the entrance
surface dose delivered by a 20 keV monochromatic beam
was almost the same as that by the conventional mammo-
graphy system. For this reason the factors that affect the
image quality are the use of monochromatic X-rays and the
removal of the scattered radiation. Computer simulation
(Boone & Seibert, 1994) showed that monochromatic
X-rays exhibited 40-200% improvement in tissue contrast
when imaging the chest with different contrast targets such
as soft tissue and calcified lesions. Furthermore, qualitative
study with synchrotron radiation mammography using
phantom and specimens showed that higher contrast and
better resolution were obtained with similar or reduced
radiation doses compared with conventional mammo-
graphy (Burattini et al., 1992, 1995). Another study of the
breast phantom revealed that images obtained with

synchrotron radiation at 20keV showed about 18%
contrast improvement (Johnston et al., 1995). In our
preliminary experiment the image contrast improved by
about 18% in calcified lesions and 38% in masses of soft
tissue compared with conventional mammography. Signif-
icant improvement of soft-tissue contrast may be caused by
reduction of superimposed scattering X-rays from an object
due to an air gap.

In addition, digital mammography has numerous
potential advantages over screen-film mammography
(Roehrig et al., 1993; Feig & Yaffe, 1998). It has a wider
dynamic range (the linear response may be 1000:1
compared with 40:1 for screen-film mammography), so the
greater contrast resolution can be obtained, especially in
dense breast tissue. In digital mammography it is easy to
adjust the image with optimal brightness and contrast for
observation.

4.2. Present problems and future improvements

Our view field was limited to 35 mm x 25 mm because
the asymmetrically reflecting silicon (311) crystal mono-
chromator was prepared for angiography at an energy of
33.2 keV and not for mammography at an energy of 20 keV
(Umetani et al., 1996). A larger field of view can be easily
obtained by manufacturing an asymmetrically cut crystal
suitable for mammography.

Spatial resolution was about 60 pm for our HR-4 fluor-
escent screen. If the HR-3 fluorescent screen is applied, a
spatial resolution of 50 um would be obtained by 20%
higher resolution.

Further reduction of scatter contamination from objects
may markedly improve the image contrast. In conventional
mammography the air-gap technique is not applicable
because of large geometrical magnification caused by the
long object-to-detector distance. In the large geometrical
magnification, isotropic emission in space requires a large
detector and the finite source size will cause the loss of

Figure 3

Mammogram of human pathological
specimen.  (a)  Two-dimensional
synchrotron radiation image. (b)
Conventional mammographic image.
Scale bar: 5 mm.
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spatial resolution. However, the synchrotron radiation
X-ray beam has a small beam divergence, so the air-gap
technique can be easily used.

The horizontal and vertical source sizes of the super-
conducting vertical wiggler beamline BL-14C are 1.05 and
0.096 mm, respectively. The experimental hutch is located
at about 40 m from the source. The effect of source spot
size on spatial resolution of the image is expressed as
follows,

u=1b/a), @

where u is the broadening width of the spot size, / is the size
of the source, a is a distance from the source to the object
and b is the distance from object to detector (air gap). In
this experimental set-up, a is 40 m and the air gap b is 5 cm.
The values of u are less than 1 um in both the horizontal
and vertical directions and are negligibly small. The use of a
suitable experimental set-up allows the air-gap technique to
be applied more effectively and higher-quality images than
the present images can be obtained by perfect scattered X-
ray removal using the very large air gap.

The optimal energy for mammography is known to be in
the range 17-21 keV and to depend on breast thickness
(Jennings et al, 1981; Motz & Danos, 1978; Ragozzino,
1982). In our experiment a monochromatic X-ray beam of
20 keV was selected for imaging. Using an X-ray energy of
18.2 keV, the image contrast was expected to improve by
25%, but the X-ray dose for patients will increase by 1.7
times compared with that at an X-ray energy of 20 keV
(Burattini et al., 1992; Johnston et al., 1995). Even with a
20 keV X-ray energy image, use of the air gap will improve
the image contrast, so we can use this energy with a
significantly lower X-ray dose.

5. Conclusions

Two-dimensional synchrotron radiation digital mammo-
graphy was developed with high contrast and slightly high
spatial resolution. The preliminary experiment demon-
strated it could detect microcalcifications and masses of soft
tissue in breast specimens more clearly than the conven-
tional mammographic system under the same radiation
dose. Thus, we can conclude that the use of two-dimen-
sional synchrotron radiation digital mammography may
result in earlier detection of breast tumors.
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