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Abstract With use of the phase shift of X-rays that
occurs when they pass through an object, phase-contrast
imaging (herein referred to as “phase imaging”) can pro-
duce images different from those of conventional contact
imaging (herein referred to as “conventional imaging”).
For this reason, assessment of the image quality based on
noise-equivalent quanta (NEQ) and detective quantum
efficiency (DQE) which does not include object-based
information may not be appropriate for comparison of
image quality between phase and conventional images. As
an alternative method, we conceived a new image-quality
assessment method with images that contain information
about an object. First, we constructed images with an
object and without an object under the same imaging
parameters; then, we obtained two-dimensional power
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spectra by Fourier transform of those images. Second, we
calculated the radial direction distribution function with the
power spectra, and the distribution of signal intensity,
which we defined as a signal intensity distribution function
(SIDF). In this way, differences in image quality were
evaluated relatively based on the SIDF of the imaged
object. In our study, we first confirmed that phase-imaging
evaluation was not appropriate by comparing NEQ and
DQE of conventional, magnification, and phase imaging.
Further, comparing the image quality of projected plant
seeds by employing conventional, magnification, and phase
imaging, we found that the phase-imaging method pro-
vided a higher image quality regarding edge sharpness than
did conventional and magnification imaging. Therefore,
based on these results, our image assessment method is
considered useful for evaluation of images which include
object-based information.

Keywords Phase-contrast imaging - Two-dimensional
power spectrum - Signal intensity distribution function -
Radial direction distribution function - Image quality

1 Introduction

When X-rays pass through an object, the X-ray energy is
absorbed in the object due to the photoelectric effect and
Compton scattering. The image density difference relative
to the X-ray energy absorption is called the “absorption
contrast”, which is the principle of radiograph formation.
Further, phase shift occurs after X-rays pass through an
object, and the image density difference arising from the
phase shift is called “phase contrast”. The X-ray imaging
which delineates the phase contrast is called “X-ray phase-
contrast imaging” (herein referred to as “phase imaging”)
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[1, 2]. Phase imaging is intended to provide edge
enhancement (phase effect) of an imaged object, utilizing
refracted X-rays which occur when X-rays pass through the
object [3-10].

Evaluation of phase imaging by use of a small-focal-spot
X-ray tube has been reported by several researchers. Kotre
et al. [11] reported visual evaluation of mammographic
images of a TORMAM image-quality phantom using three
imaging methods, i.e., conventional contact imaging (con-
ventional imaging), magnified imaging (magnification
imaging), and digital phase-contrast imaging (phase imag-
ing). Gido et al. [12] measured the modulation transfer
function (MTF), Wiener spectrum (WS) (noise power
spectrum), and noise-equivalent quanta (NEQ) of a phase-
contrast mammography (PCM) system. Yamazaki et al.
[13] studied the MTF and digital WS of a PCM system,
calculated the response function from image profile curves,
and compared with those of conventional imaging. How-
ever, the phase effect derived from refracted X-rays was not
discussed sufficiently in these reports because they used
simple objects (metallic plates or simple acrylic objects) for
measurement, which were different from actual images [12,
13]. Kuhis-Gilcrist et al. [14] introduced a new technique to
determine the system pre-sampled MTF in digital radiog-
raphy using only the WS, although calculation of the MTF,
including the phase effect, is not possible.

For image evaluation in digital X-ray imaging systems,
NEQ and detective quantum efficiency (DQE) [15, 16]
arising from the concept of the signal-to-noise ratio (SNR)
cannot be applied to images with an edge-enhancement
effect produced by refracted X-rays, as these measures are
calculated by the MTF and WS without consideration of
the phase effect. Therefore, for image quality evaluation of
phase imaging, we need to investigate the X-ray intensity
distribution after it passes through an imaged object,
including refracted X-ray effects.

As one of the evaluation methods that include an imaged
object, we conceived a new image evaluation method in the
present study, utilizing the signal intensity distribution
function (SIDF) which was obtained based on a two-dimen-
sional (2D) power spectrum (herein referred to as “power
spectrum”) [17-21]. Our method utilizing the power spec-
trum of an imaged object is a comprehensive method for
single evaluation of the capability of an imaging system by a
combination of contrast, sharpness, and noise characteristics.

This evaluation method enables the comparison of
images including an imaged object by direct spectral
analysis, in which the spectrum difference indicates the
imaged object’s data information. However, components of
power spectrum frequencies obtained from an X-ray beam
passing through the object include X-ray quantum noise
and system noise; thus, we cannot solely study the
important signals of phase images. Therefore, we surmised

that the analysis of spatial-frequency components of image
signals would be possible by a comparison of the power
spectrum of the noise component without including an
object (namely, the “noise power spectrum”) with that of
the signal and the noise components.

Firstly, we evaluated the image quality of conventional,
magnification, and phase imaging (without including phase
effect) by NEQ and DQE, in which we confirmed that the
image quality of phase imaging was not evaluated appro-
priately. Secondly, we produced and evaluated X-ray
images of plant seeds by conventional, magnification, and
phase imaging, in order to analyze the image improvement
due to the re-scaling effect (magnification effect) and phase
effect (edge enhancement).

2 Experimental methods
2.1 X-ray imaging

The system used in our experiment (Mermaid, Konica
Minolta, Tokyo, Japan) consisted of mammography X-ray
equipment (MGU-100B, Toshiba, Tokyo, Japan) capable of
performing conventional imaging (Fig. 1a), magnification
imaging (Fig. 1b), and phase imaging (Fig. 1c), and a data
reader (REGIUS MODEL190, Konica Minolta, Tokyo,
Japan). A photostimulable phosphor plate (RP-6M, Konica
Minolta, Tokyo, Japan) was used as the X-ray detector.

All images were obtained with use of a molybdenum
X-ray tube having a focal spot 0.1 mm in diameter. In
conventional and phase imaging, the distance between the
focal spot of the X-ray tube and the target object was
65 cm. In conventional imaging, the detector was posi-
tioned directly behind the object, whereas in phase imag-
ing, the detector was positioned 49 cm away from the
object. In magnification imaging, the distance between the
focal spot of the X-ray tube and the imaged object was
37 cm, and the distance between the imaged object and the
detector was 28 cm. Therefore, in magnification and phase
imaging, the imaged object was magnified 1.75 times.

The digital imaging system had a sampling pitch of
0.04375 mm and a density resolution of 12 bits. Therefore,
the effective sampling pitch at 1.75 times magnification
with phase imaging was 0.025 mm.

2.2 Evaluation by NEQ and DQE

The characteristics of image quality were compared by
NEQ and DQE for conventional, magnification, and phase
imaging. NEQ (u, v) was calculated by Eq. 1 that included
the MTFp (4, v), which was the pre-sampled MTF
excluding the effects of aliasing of the digital system, and
WSp (u, v), which was a digital Wiener spectrum [15, 16].
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Fig. 1 Geometric conditions
employed in this study.
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DQE (u, v) was calculated by Eq. 2 from the number of

incident photons “g” per unit area [15, 16].
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MTFp (u, v), which was used for calculation of NEQ (u,
v) and DQE (u, v), is an image resolution characteristic
specific for the digital system [22-24] excluding object-
based information.

Measurements of the digital characteristic curves neces-
sary for calculation of NEQ and DQE, the MTF (pre-sampled
MTF by the edge method), and the WS (2D Fourier transform
method) were done according to IEC (International Electro-
technical Commission) 62220-1 Ed.1 [25], which is a stan-
dard for DQE measurement of digital X-ray imaging input
systems for clinical use. Standard radiation quality [Mo/Mo
(RQA-M2): 28 kV] was applied to all images, according to
the definition of the IEC 61267 (Medical diagnostic X-ray
equipment-radiation condition for use in the determination
of characteristics). The MTF of magnification and phase
imaging was calculated from the MTF of conventional
imaging, considering the re-scaling effect and the effect of
geometrical unsharpness due to the diameter of the X-ray
focal spot. The geometric unsharpness associated with the
diameter of the focal spot was calculated assuming that the
intensity distribution in the X-ray focal spot had a Gaussian
distribution (FWHM = 0.1 mm: focal spot size) [26]. To
obtain the WS, we used imaging parameters of 28 kV (tube

DQE(u,v) =

(2)

age) and 120 mAs (exposure dose) for phase imaging sam-
ples. Three samples were produced for each imaging method.
Under these conditions, the exposure dose to the X-ray
detector was the same, approximately 230 uGy for each of
the three imaging methods. Then, the WS of the magnifica-
tion imaging was calculated according to the Eq. 3 [27]:
1 u v

WSm(u,v) = WWSC (%,%), (3)
where WS, (i, v) is the WS of magnification imaging, WS,
(u, v) is the WS of conventional imaging, and m is the
magnification ratio.

2.3 Power spectrum evaluation
2.3.1 Evaluation methods

Supposing a digital image of g (m, n), in which the picture
elements (pixels) are aligned in the x axis direction by the
number M, and in the y axis by the number N, the 2D
Fourier transform of G (u, v) is expressed by Eq. 4 [19]:

Glu,v) = VJW:: 21 2(m,n) exp{—jZn <”A’4k 4 Zj) }
(4)

where j is a complex number (=v/—1). The power spectrum
of G (u, v), i.e. P (u, v), is expressed by Eq. 5, the value of
which shows a squared number (energy) of the amplitude
at the spatial frequency (u, v) [19]:
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Fig. 2 The concept of the radial direction distribution function
(RDDF) of the spectrum, p (r): the ingredient of frequency r is
extracted

P(u,v) = |G(u,v)[, (5)

where P (u, v) can be expressed as P (r, 0) by the polar
coordinates centered at the origin at (u, v) = (0, 0), with
the distance (r) and direction (). As shown in Eq. 6, the
sum total of components at the spatial frequency (7),
which is p (r) (showing the roughness of the texture and
the size of the object being imaged), is considered [19,
20]:

p(r) =23 P(r.0), (6)
0=0

where p (r) is the sum total of the power spectrum in the
spatial-frequency regions; a round shape as shown in
Fig. 2. A large p (r) indicates a large power spectrum
component in the spatial frequency corresponding to r, and
there is a regular repetition of darkness and lightness,
corresponding to the spatial frequency of an image.
Namely, p (r) is defined as the radial direction distribution
function (RDDF) that shows the degree of textural
roughness.

Next, as shown in Eq. 7, by use of a logarithm of the
ratio between the p, ., (r) of the “signal 4+ noise compo-
nent” image and p, (r) of the “noise component” image,
the subtraction of p, (r) from pg,, (r) is performed, and,
thus, the RDDF of only “signals” is obtained (supposing
approximation is possible by only an additive noise com-
ponent). In the present study, we defined it as the SIDF, i.e.
P (r) [18]:

ps+n(r>
P =101 dB|. 7
S(r) 0810 Pn(i’) [ ] ( )
Here, note that both images have to be obtained by use
of the same exposure conditions.

2.3.2 Production of sample images for measurement

The image quality of conventional, magnification, and
phase images was compared with use of plant seeds
(including grains of rice embedded in glue) having major
axes of 4-5 mm (Fig. 3). In order to keep the entrance dose
to the detector the same in the comparison, we set the
exposure conditions of the phantom for conventional
imaging (Fig. 1a) and magnification imaging (Fig. 1b) at a
tube voltage of 28 kV and 5 mAs; that for phase imaging
(Fig. 1c) was set at the same voltage of 28 kV, but with
16 mAs. In the present study, “noise images” were defined
as images obtained with the same exposure conditions but
without use of a phantom, for measurement of the noise
component only. Three samples were made for each
method. For clinical mammography with conventional
imaging, a grid is generally used for reduction of scattered
X-rays. However, such a grid was not used in the present
study for conventional, magnification, and phase imaging,
because the scattered X-rays from the phantom were neg-
ligible. We evaluated quality differences of conventional,
magnification, and phase imaging using the RDDF and
SIDF of plant seed images.

3 Results
3.1 NEQ and DQE

The MTF and WS of conventional, magnification, and phase
imaging are shown in Fig. 4a and b, respectively. In the low-
frequency band, the MTF of magnification imaging was
greater than that of conventional imaging due to the re-scaling
effect, whereas in the high-frequency band, the MTF of
magnification imaging was less than that of conventional
imaging due to geometric unsharpness. As for the WS, the
noise property improved in magnification imaging over con-
ventional imaging, because of the magnification. As shown in
Eq. 3, the noise property has been known to be improved in
magnification imaging, compared with conventional imaging
(the dose incident on the detector is the same for the two
imaging methods) [26]. The WS of magnification imaging
calculated by Eq. 3, based on the WS of conventional imag-
ing, showed agreement between the actually measured WS of
magnification and that of phase imaging.

The NEQ and DQE calculated from the MTF and WS are
shown in Fig. 5a and b, respectively. Higher NEQ and DQE
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Fig. 3 Images of plant seeds embedded in glue (having major axes of

4-5 mm). a Conventional image, b 1.75 times magnification image,
and ¢ 1.75 times phase image. Lower images are magnified images on

(b)

the white-box region in each of the upper images. (Note that
0.04375 mm =+ 0.025 mm = 1.75, which is the magnification ratio
in the magnification and phase imaging.)

Fig. 4 MTFs in (a), WSs in 1.0
(b) of the conventional imaging,
1.75 times magnification
imaging, and 1.75 times phase
imaging
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were found in magnification and phase imaging, compared
with those in conventional imaging. The NEQ and DQE of
magnification and phase imaging were the same.

3.2 Power spectrum evaluation
The RDDF and SIDF of the conventional, magnification,

and phase images as shown in Fig. 3 are exhibited in
Figs. 6a and b, respectively.
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Based on the RDDF shown in Fig. 6a, the power spectrum
of plant seeds imaged at each frequency was found to be larger
in conventional images than that of magnification or phase
images. In background-noise images, the RDDF of magnifi-
cation images was high in the low-spatial-frequency band of
0.7 cycle/mm, and the RDDF of conventional images was high
when the spatial-frequency band exceeded 0.7 cycle/mm. The
RDDF of phase images was low in every spatial-frequency
band. The reason for the high RDDF of magnification images
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in the low-frequency band of less than 0.7 cycle/mm is the
influence of the heel effect, which is specific for the X-ray tube
of a mammography system. For the geometric arrangement of
magnification imaging (shown in Fig. 1), a 1.75 times wider
X-ray band is necessary to yield the same exposure field as that
for conventional or phase imaging. Therefore, magnification
imaging tends to be influenced by the heel effect, compared
with conventional or phase imaging.

Based on the SIDF shown in Fig. 6b, the signal intensity of
magnification imaging was inferior to that of conventional or
phase imaging in the low-spatial-frequency band (0.7 cycle/
mm or less). In spatial-frequency bands exceeding 0.7 cycle/
mm, the signal intensity of phase imaging was better than that
of conventional imaging.

4 Discussion

The improvement of sharpness found in phase imag-
ing can be explained by the re-scaling effect due to

magnification imaging and the phase effect due to
refracted X-rays.

For an X-ray tube with a small focal spot (0.1 mm), the
desired geometric arrangement of an object has been known
to obtain edge-enhancement images with refracted X-rays
[7]; the conditions necessary for verification of the edge-
enhancement effect are source-to-object distance (R;) >
50 cm and an object-to-detector distance (R;) > 25 cm, as
shown in Fig. 1. Even at the same magnification ratio, the
edge-enhancement effect occurs in geometrical arrangement
as shown in Fig. 1c, although such edge-enhancement effect
does not occur in the geometric arrangement shown in Fig. 1b.
Therefore, the differences in image quality between Fig. 3a
and b are considered to be due to the presence or absence of the
re-scaling effect, whereas the differences in image quality
between Fig. 3b and c are considered to be due to the presence
or absence of the phase effect.

Evaluation based on NEQ or DQE can assess the re-
scaling effect, but it cannot assess the phase effect.
Therefore, MTF measurement including the phase effect is
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0.0 - 1.0 cycle/mm

Phase image

Fig. 7 Decomposed images of plant seeds (Fig. 3) obtained on
conventional, magnification, and phase images processed with the
band-pass filter. Although the image component of the phase and

necessary. However, it is difficult to reflect the phase effect
in the MTF, because the phase effect changes depending on
the material, shape, size, and location of the object being
imaged.

The power spectrum method used in our study is a
comprehensive image evaluation method based on the
comparison of the spatial-frequency spectrum of images
including an object. However, with the present method, the
possible area for evaluation is limited to a specific spatial-
frequency band which includes signals of an imaged object.
Unlike an absolute evaluation method without use of an
imaged object, such as the NEQ and DQE, the power
spectrum evaluation is a relative evaluation method subject
to the SIDF changes relative to the imaged object.

We performed filtering processing to evaluate differ-
ences in the SIDF spectrum on actual spatial images, as
shown in Fig. 6b. Band-pass filter processing (band width:
1.0 cycle/mm) was performed for spatial-frequency images
obtained by Fourier transform of plant seed images by
conventional, magnification, and phase imaging; we then
returned to actual space images by use of the inverse 2D-
Fourier transform, as shown in Fig. 7. Band-pass filter

1.0 -2.0 cycless/mm 2.0 - 3.0 cycles/mm 3.0 - 4.0 cycles/mm 4.0 - 5.0 cycles/mm

magnification images can be confirmed visually over the frequencies
at least up to 5.0 cycles/mm, that of conventional images cannot be
seen at a frequency band higher than 3.0 cycles/mm

processing was conducted with a band width of 1.0 cycle/
mm and a frequency band of 0.0-5.0 cycles/mm. Thus, five
kinds of images were obtained after frequency analysis.
The image contrast had already been determined in the
low-frequency bands of 0.0-1.0 cycles/mm in conven-
tional, magnification, and phase imaging. Although the
image component of phase and magnification images can
be confirmed visually over the entire frequencies at least up
to 5.0 cycles/mm, that of conventional images cannot be
seen at a frequency band higher than 3.0 cycles/mm.
Phase imaging with a digital X-ray detector in our study
could not produce edge-enhanced images as was seen in
phase imaging with use of an analogue X-ray detector [4,
5]. The cause was that the edge-enhancement effect was
reduced, because the resolution characteristic of a phot-
ostimulable phosphor plate of computed radiography was
much inferior to that with an intensifying screen-film sys-
tem. Recently, a flat-panel detector became available,
which is based on a direct-conversion technique with high
precision and an excellent resolution property, thus further
improvement of image quality is hoped for by phase
imaging with use of such a digital X-ray detector.
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5 Conclusion

In the present study, we investigated whether image-quality
evaluation was possible among different images, by use of
the RDDF and SIDF, which were obtained from the power
spectrum.

Our method was proved to be able to evaluate the
sharpness of images considering the noise component,
through our image-quality evaluation results of conven-
tional, magnification, and phase images. Also, we found
that phase imaging enabled a substantial improvement of
the images.

However, the power spectrum method is a kind of rel-
ative evaluation depending on the object-based informa-
tion, unlike an absolute evaluation method, such as the use
of NEQ and DQE. For absolute evaluation by NEQ or
DQE, further investigation by the utilization of an MTF
measurement method including the phase effect is needed
in future studies.
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