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ABSTRACT

X-Ray phase contrast imaging (PCI) is being developed as an alternative to overcome the poor contrast sensitivity
of existing attenuation imaging techniques. The “phase sensitivity” can be achieved using a number of phase-
enhancing geometries such as free space propagation, grating interferometry and edge illumination (also known
as coded aperture) technique. The enhanced contrast in the projected intensities (that combine absorption and
phase e↵ect) can vary by object shape, size and its material properties as well as the particular PCI method
used. We show a comparison of this signal enhancement for both FSP and coded aperture (CA) PCI. Our data
shows that the phase enhancement is significantly higher for CA in comparison to FSP. Our preliminary results
indicate that the enhanced phase e↵ect decreases in all PCI techniques with increasing background thickness.
Investigations involving signal location and background tissue thickness dependent signal enhancement (and/or
loss of this signal) are very important in determining the true benefit of PCI methods in a practical application
involving thick organs like breast imaging.

Keywords: X-ray, Medipix, Phase contrast imaging, Computerized tomography

1. INTRODUCTION

Since Röntgen’s discovery, x-ray imaging and the possibility to “see” through objects, has found application is a
large number of fields such as product inspection, security, material science etc. In medical imaging, x-ray based
imaging techniques are considered one of the most important diagnosis tools. For over a century, x-ray imaging
has only been based on sample’s x-ray attenuations. However, it is di�cult to discriminate soft tissue types with
very similar attenuation properties.

X-rays phase contrast imaging methods have been investigated to explore the wave properties of x-rays,
yielding additional information as they refract when they travel through objects.1–8 In biological tissues this
”phase e↵ect” can be several order of magnitude higher than absorption.9 The magnitude of phase change
introduced by an object is determined by its refractive index.1 The x-ray complex refraction index, n, can be
written as

n = 1� � + i�, (1)

where � is the refractive index decrement responsible for x-ray phase shift and � is the imaginary part of n,
which is responsible for the x-ray absorption. For soft tissue, � can be approximated as

� =
re�2

2⇡
⇢e ⇡ 4.49⇥ 10�16�2⇢e (2)

where ⇢e is the electron density. The magnitude of phase shift

� = �2⇡

�

Z
�(s)ds, (3)
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where the integral is over the x-ray path.

Phase-based tissue contrast can be revealed in several ways. X-ray phase contrast imaging (PCI) methods
include x-ray interferometry, di↵raction-enhanced imaging (DEI), coded aperture and in-line (or free space
propagation) phase contrast imaging. Because of the simplicity of the experimental set-up, this work examines
free space propagation and coded aperture PCI techniques.

For both in-line and coded aperture phase-contrast imaging, monochromaticity of the source is not a stringent
requirement.10,11 It has been shown that in-line and coded aperture phase-contrast imaging provides unprece-
dented details from biological tissue. Within the diagnostic x-ray energy range, � is more than three order of
magnitude higher than �. Additionally, � decreases slower than � as the energy increases. This could potentially
create new low dose imaging approaches. Phase-contrast imaging, thus, opens up new possibilities in a number
of clinical applications12 where attenuation based x-ray imaging is somewhat limited. These include cartilage
bone, blood vessels, breast, lung, renal and prostate carcinoma imaging.9,13

This work shows a systematic study of the variation in the phase-contrast signal under di↵erent PCI ex-
perimental geometries: free-space propagation and coded aperture (CA) PCI.11,14 The dependence of signal
location and tissue thickness on the detected phase enhanced signal is also investigated. These investigations are
important in determining the true benefits of PCI method in a practical application involving thick organs like
breast imaging.

A schematic of the FSP and CA PCI are shown in Fig. 1. For FSP, increasing the propagation distance past
the object plane enhances the phase signal which can then be detected via available detectors. In a CA geometry,
the refraction of the beamlets created by a first mask (object mask) is allowed to be recorded by placement of
suitable second x-ray mask at the detector. While a higher degree of spatial coherence is important in FSP, these
conditions are relaxed for a CA setup. The signal formation in the projected PCI image for both configurations
can be intuitively understood via the corresponding transport of intensity (TIE) equations 4 and 5,15–17

IR2 =
IR1

M2
(1� R2

Mk(E)
r2�) for FSP (4)

IR2 =
IR1

M2
(1� R2

Mwek(E)
r�) for CA. (5)

where M = R1+R2
R1

is the magnification factor, k(E) is the wave-vector and we is the relative mask displace-
ment. These equations can also allow e�cient phase retrieval.

While the TIE for a FSP was well understood as shown in Eq. 4, the TIE for an EI was derived recently as
shown in Eq. 5.15,16 For a given energy, the sensitivity of FSP to the phase variations can be enhanced due to
propagation distance R2 while in a CA PCI, both the relative mask displacement we and propagation distance
R2 can contribute to this enhancement.
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Figure 1: Top view of the schematic of a (a) FSP PCI and (b) EI PCI set up.

2. METHODS

A benchtop FSP and CA PCI setup is constructed in our laboratory along with PCI CT setup. The setup for CA
PCI has been automated for faster alignment and data acquisition. In this work we show results obtained with a
micro-focus x-ray tube L8121-03 from Hamamatsu capable of up to 150 kV and 500 µA using Tungsten cathode
with focal spot size ranging from 7 to 20 µm. No filter was used to harden the x-ray beam. The masks currently
available for the coded aperture PCI set-up have a thickness of gold stripes of 125 µm allowing blocking of 40
keV x-rays to only 96%. A Medipix3RX18–20 detector with 55m pitch and 1000 µm thick CdTe sensor was used.
The detector was used in an energy integrating mode for these studies without exploring its spectral capabilities.

For the free space propagation PCI experiments, the source to detector distance was set to 2 m. A number
of source to object distances were used, in order to find the optimal condition; this procedure is described in
detail in the next section. For the coded aperture experiment, the source to object mask, the source to detector
mask and the source to detector distances were set to 74, 106 and 110 cm respectively. The chosen propagation
distance (36 cm) for CA setting was decided by the specifications of the mask pairs currently available in our
laboratory. The only adjustable parameter in this case was the relative masks displacement (we).

For both FSP and CA settings the enhancement of phase contrast depends on the energy and on the prop-
agation distance (R2); for CA there is a further dependence on the mask displacement we (as described by the
Eq. 5). To examine the relative enhancement of a given signal for FSP and CA methods, signal enhancement
was tested using a cylindrical PMMA rod of diameter 6.4 mm embedded in various locations in both anthro-
pomorphic breast phantom slices of varying thickness from CIRS Inc. as well as in PMMA slabs. The edge
enhancement was calculated by

Edge enhancement (%) =
Imax � Iff

Iff
⇥ 100, (6)

where Imax and Iff refer to the maximum and flat field intensity measured from the average PMMA rod intensity
profile respectively (see also Fig. 2).

3. OPTIMIZATION OF THE EXPERIMENTAL SET-UP

3.1 Free Space Propagation

An initial optimization of the experimental set-up was carried out. The best imaging geometry was determined
experimentally, by determining the combination of R1 and R2 values where edge enhancement from the signal was
maximum. In general, according to Eq. 4, for a fixed photon energy and source-to-object distance, an increase
in the phase-contrast enhancement is expected when increasing the propagation distance R2. However, in a
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practical situation where the source-to-detector distance is fixed (in a clinical imaging system for example), an
increase in the propagation distance involves a decrease of the source-to-object distance R1. This leads to reduced
lateral coherence and higher geometric blurring. Hence the optimization consists in finding the optimal R1 and
R2 values that maximize both spatial coherence of the source and propagation distance. In our experiments, a
peak energy of 40 keV, 250 µA current and a 7 µm source size was used. By fixing source-to-detector distance
to 2m, the position of the sample (R1) was varied at regular 0.1 m intervals at intermediate positions between
the source and the detector. The optimal geometry was determined by evaluating the edge enhancement from
the PMMA rod, as shown in Fig. 2.

(a) (b)
Figure 2: Edge enhancement from an PMMA rod obtained in FSP geometry. (a) Image acquired by using a
focal spot size of 7 µm, a x-ray tube peak energy of 40 keV, a propagation distance of 1.4 m and a ⇥ 3.32
magnification. (b) Mean profile obtained by averaging the image along the vertical direction.

The edge enhancement measured as function of R2 is shown in Fig. 3. Edge enhancement is optimal when
the propagation distance is in the 1.35 m - 1.6 m range. When the propagation distance in above the optimal
range, the reduced spatial coherence deteriorates the phase contrast e↵ects.

Figure 3: FSP PCI geometry optimization. PMMA rod edge enhancement for di↵erent R2 and corresponding
magnification values. R1 values were changed accordingly, so as to have R1+R2 = 2 m. All images were acquired
by using a focal spot size of 7 µm, a x-ray tube peak energy of 40 keV.

Setting the propagation distance to 1.4 m, corresponds to a magnification of approximately ⇥3.3, resulting
in an edge enhancement from the PMMA rod that is of the order of 14%. This optimized FSP geometry is
maintained fixed throughout the remaining FSP experiments presented in this paper.
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Figure 4: Example of FSP PCI from a dry wasp.

An example of FSP PCI application to a biological specimen, a dry wasp, is shown in Fig. 4. Phase contrast
enhancements are visible at all interfaces between tissues: exoskeleton, wings and muscles are all enhanced.
Details of the internal structure are clearly discernible.

3.2 Coded aperture

A preliminary optimization was also carried out for the coded aperture geometry. As mentioned before, unlike
FSP, the geometrical arrangement for coded aperture is fixed by the mask dimensions. The optimization proce-
dure consisted in evaluating optimal photon energy and masks displacement. Preliminary beam visibility tests
have shown visibility of the signal increasing when decreasing beam energy. This is attributed to masks thickness
(125 µm), not being su�cient to fully absorb high-energy photons. Since mask absorption increases by decreasing
the photon energy, a more ideal mask behavior is obtained by exploiting low energy photons. An x-ray tube
peak energy of 40 keV energy was found to be su�ciently low to allow up to 96% of photons to be absorbed.
A low we increases edge enhancement at the expense of reduced photon flux. A mask displacement e↵ect was
evaluated by measuring the edge enhancement from the PMMA rod as function of the displacements. This is
shown in Fig. 5, where the normalized measured photon intensities are also shown. For a mask displacement of
approximately 6.27 µm, an edge enhancement value is of the order of 60% was observed. This is much larger
than the 14% enhancement obtained in FSP.
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Figure 5: CA PCI geometry optimization. PMMA rod edge enhancement for di↵erent we values (left y-axis).
The right y-axis shows the corresponding normalized signal intensities.

4. INVESTIGATING CHANGE IN PCI SIGNAL ENHANCEMENT DUE TO
SIGNAL LOCATION IN THE OBJECT.

In the previously presented experiments, x-rays from the signal (PMMA tube) was freely propagating towards
the detector. In a real application, the object of interest is often embedded within a thicker sample; this is often
the situation found in clinical applications, for example in mammography. There are still debates on the actual
e↵ectiveness of phase-contrast techniques when applied to thick specimens.

To determine whether the edge enhancement produced by a signal is detectable when photons further propa-
gate through additional material thickness, five breast phantom slices (CIRS anthropomorphic breast phantom),
each of 1 cm thick, were placed before or after the rod in two di↵erent experiments. The result is shown in Fig.
6. Figure 6(a) shows the signal without any additional background thickness; Figs.6(b-c) show the signal degra-
dation when 5 cm of breast phantom is placed before and after the signal respectively. Although a reduction in
the edge enhancement is visible, the phase contrast e↵ect is still su�ciently large to allow a clear identification of
the PMMA rod edge. Edge enhancement degradation in both configurations is of the same order of magnitude,
i.e. phase contrast degradation does not significantly depend on the position of the signal within the thicker
object. Because the breast phantom texture locally a↵ects the signal enhancement, a quantitative measurement
of the signal degradation has been performed by using PMMA slabs, which has a more homogeneous texture.

(a) (b) (c)
Figure 6: Edge enhancement measured with and without additional breast phantom slices. (a) Only signal; (b-c)
signal propagating through additional 5 cm thick breast phantom placed before and after the signal, respectively.

Proc. of SPIE Vol. 10573  1057324-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 4/4/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



100 200

1.2

1.1

1.0

0.9

0.8

0.7

0.6

o

50

100

150

200

250
0 100

1.2

1.0

0.8

0.6

0

0.6

50

0.5
100

0.4
150

200 0.3

250 0.2

0 100 0 100

0.75

0.70

0.65

0.60

0.55

0.50

0.45

0.40

100 200

0.16
0.15
0.14
0.13
0.12

0.10
0.09
0.08

,`
.Y

.,
,,

0 1 2 3 4 5
Additional PMMA thickness (cm)

The thickness dependent phase-contrast degradation has been determined by measuring the edge enhancement
by placing additional PMMA thicknesses, 24 mm, 32.4 mm, 42 mm, 50.7 mm respectively, after the signal. Figures
7(a-b) show a comparison between the signal without any additional background thickness and the enhancement
after photons propagation through additional 4.2 mm thick PMMA background. The dependence of the edge
enhancement as function of the additional PMMA thickness is shown in Fig. 7(c). Within this thickness range
plot shows a nearly linear trend. To note that after the propagation of the signal through additional 5 cm thick
PMMA slab, the signal intensity is almost halved.

(a) (b) (c)
Figure 7: Decrease in the PMMA rod edge enhancement when photons further propagates through additional
PMMA slices. (a) Only signal; (b) signal propagating through additional 4.2 cm thick PMMA slab placed after
the signal. (c) Edge enhancement as function of the additional PMMA thickness.

Thickness dependent phase-contrast degradation has been determined for the coded aperture modality as
well. Figure 8(a) shows the edge enhancement obtained in coded aperture PCI mode; Figs. 8(b-c) show the
signal degradation after photons propagation through a 41 mm thick PMMA slab and a 40 mm thick breast
phantom, respectively.

(a) (b) (c)
Figure 8: Decrease in the PMMA rod edge enhancement when signal further propagates through additional
PMMA thickness. (a) Only signal; (b) signal after additional of 41 mm thick PMMA slab; (c) signal after
additional 40 mm thick breast phantom. Images acquired in CA PCI geometry.

Thickness dependence of edge enhancement degradation in a coded aperture modality has found to be con-
sistent to what is measured for free space propagation modality. Their comparison in shown in Fig. 9. Here edge
enhancement values have been normalized by the one obtained when no additional PMMA background thickness
was used. For this particular case, the slope of the global linear fit is approximately -0.1 cm�1, meaning there
is approximately a 10% decrease in the normalized edge enhancement for each additional centimeters of PMMA
background placed after the signal. Perhaps, this last result provides an indication of the limit of applicability of
the discussed PCI techniques. For this particular case, very low benefits from PCI are expected when a PMMA
background larger than 10 cm is used.
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Figure 9: Decrease in the normalized edge enhancement as function of the additional PMMA thickness, for both
free space propagation and coded aperture geometry. The slope of the global linear fit is approximately -0.1
cm�1.

5. CONCLUSIONS

To summarize, a quantitative exploration of the impact of phase-contrast signal degradation due to its presence
in a thick background has been performed. Experiments exploited free space propagation and coded aperture
phase-contrast imaging techniques.

A preliminary optimization of experimental conditions were obtained for both techniques, in order to maximize
phase contrast from the signal. The absolute edge enhancement values depends on a number of factors. These
include materials properties, the shape of the object, the beam energy, the spatial and temporal coherence of
the x-ray field, the particular experimental setting used etc.

Regardless of the particular phase-contrast technique used, the edge enhancement produced by the signal
deteriorates when the signal is positioned within another thick sample. This situation is of particular interest,
since it reflects a real clinical applications. Within the range of background thickness’ used in this work, which
are relevant for applications such as mammography, su�cient signal could be obtained. The phase enhanced
signal was found to be not dependent on the signal position within the thicker background, but only on the overall
object thickness. A linear decrease of the order of 10% for each additional centimeters of PMMA background
placed after the signal was found. It can be concluded that for very thick specimen very low benefits from PCI
techniques are expected. Further studies are required to understand implications of this on signal type and
specific applications. However, within the range of thickness’s ( 5cm) explored in this work, the phase contrast
signal remains still su�ciently high to be clearly visible. Further work will explore implications of this in human
observer’s ability to detect these signals in a complex background.
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