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ABSTRACT

X-ray phase contrast imaging is being investigated with the goal of improving the contrast of soft tissue. Enhanced
edges at material boundaries are characteristic of phase contrast images. These allow better retrieval of phase
maps and attenuation maps when material properties are very close to each other. Previous observations have
shown that the edge contrast of a target material reduces with increasing thickness of the surrounding bulk
material. In order to accurately retrieve material properties, it is important to understand the contributions
from various factors that may lead to this phase degradation. We investigate this edge degradation dependence
due to beam hardening and object scatter that results from the surrounding bulk material. Our results suggest
that the large propagation distances used in PB-PCI are effective at reducing the scatter influence. Rather, our
results indicate that the phase contrast degradation due to beam hardening is the most critical. The ability to
account for these variations may be necessary for more accurate phase retrievals using polychromatic sources
and large objects.
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1. INTRODUCTION

The complementary absorption and transmission rates of x-rays through matter is fundamental to conventional
x-ray imaging, where applications can be found in security and medicine. Such absorption-based x-ray imaging
techniques rely on distinct absorption properties to distinguish the different underlying materials. However, this
approach can be limited for discriminating biological tissues with similar absorption properties.

More recently, techniques are being developed to measure the phase signal of x-rays that have traversed
through a medium. This approach relies on the mediums index of refraction:1

n = 1− δ + iβ, (1)

where δ = reλ
2

2π ρe is the phase decrement that depends on the photon wavelength λ and the medium’s electron
density ρe, while the complex part β is related to the x-ray absorption. For biological tissue, δ is many magnitude
larger than β, which means larger phase signal is expected than absorption.2

There are many techniques being developed to measure the phase signal of the traversed x-rays. One of
the main requirements are for the incident beam to have high coherence. One approach grating interferometers
which applies absorbing grids to generate a series of periodic psuedo-sources.3 A similar method known as coded
aperture4 has been developed which relaxes some of the restrictions on grating interferometers by reducing the
need for translational scanning. However, both of these approaches rely on including gridded structures to the
beam path which require high precision and also increases the exposure to the patient.

Recent advancements in micro-focus x-ray source technology have made available sources with relatively high
coherence. These micro-focus sources can be used to generate a high coherence beam such that the phase signal
can be obtained by increasing the propagation distance from the object and detector.5 This propagation-based
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Figure 1: Schematic of the PB-PCI set-up which requires a micro-focus x-ray source and long propagation
distances to produce the edge enhancement.

phase contrast (PB-PCI) imaging modality requires no additional components to the beam path. The intensity
measured at the detector plane in a PB-PCI set-up can be described by the following transport-of-intensity (TIE)
equation:6

IR(E) =
I0(E)

M2
· exp

(
−
∫
µ(E)dl − R2

Mk(E)
∇2φ(E)

)
, (2)

where I0(E) is the incident spectrum, M is the magnification,
∫
µ(E)dl is the integrated attenuation coefficient

over the x-ray path, R2 is the distance from the object plane to the detector plane, ∇2 is the spatial Laplacian
on the x-ray phase φ(E) = − 2π

λ

∫
δ(l)dl with wavenumber k(E) = 2πE

hc . Replacing the φ leads to:

IR(E)

I0(E)
= M−2 · exp

(
−
∫

(µ(E) +
(hc)2reR2

M2πE2
∇2ρe)dl

)
. (3)

An illustration of the intensity varying with the propagation distance is shown in Figure 1. Sharp disconti-
nuities of the electron density result in enhanced edge signals which are characteristic of PB-PCI. The enhanced
edges allow better retrieval of phase maps and attenuation maps when material properties are very close to each
other.

Our recent observations7 have shown that edge contrast of a target material reduces with increasing thickness
of the surrounding bulk material. This is problematic since clinical applications desire finding targets that are
embedded in a larger bulk. In order to accurately retrieve material properties, it is important to understand the
contributions from various factors that may lead to this phase degradation. We investigate this edge degradation
dependence due to beam hardening and object scatter that is caused by the surrounding bulk material.

The main goal of this paper is to determine the contributions to the edge contrast degradation with various
benchtop parameters. In particular, we would like to provide more insight to the issue of edge contrast reduction
with increasing bulk around the target material. Typical reasons for contrast reduction include object scatter,8

beam hardening, and an increase to the effective energy. Of these, we would like to determine which factor is
the most prominent in reducing the edge contrast.

2. METHODS

2.1 Experiment Bench Top

An experimental set-up was prepared to investigate the influence of an additional bulk material on the edge
enhancement of the target material. The edge-illumination in this study is obtained using a free-space phase
contrast geometry. This set-up requires a small focal spot x-ray source and sufficiently large propagation distances
between the components.

A tungsten anode Hamamatsu L8121-03 micro-focus x-ray tube was used to generate a polychromatic spec-
trum with a 7 um focal spot size. The source has an inherint 200 um beryllium output window, and no additional
filtering was included. The source beam was incident on a 6.2 mm diameter PMMA rod that was fixed at a
distance of 57 cm. A Medipix3RX photon counting detector used as the image receptor which was placed 136
cm from the target.
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The Medipix3RX detector consists of a 256×256 pixel array with 55 um pitch with a direct conversion
semiconductor sensor. A 1000 um thick CdTe sensor was used in our study. While the Medipix3RX has energy-
resolving capabilities, the detector was operated with a single threshold energy such that all incident photons
above 8.5 keV were recorded. Additionally, the Medipix3RX detector was operated in ’charge-summing mode’9

to reduce the spectral distortions due to charge-sharing effects. Temporal distortions were minimized by resetting
the -500 V bias in between each measurement.

For each projection, an image profile was obtained by averaging the intensities along the vertical direction.
The edge contrast with the background intensity was used to quantify the changes to the edge enhancement.
The edge contrast was calculated by,

Cedge =
Iedge − Ibg

Ibg
, (4)

where Iedge is the maximum intensity of the image profile and Ibg is the mean of the image profile taken from a
region where the rod was not present.

2.1.1 Varying Bulk Thickness and Position

In practical applications, the target is likely to be surrounded by additional bulk material. We have used PMMA
slabs of varying thickness to observe the change in the visibility of the target edge. The average lateral dimensions
of the slabs were 15.0×10.2 cm2 and were fully exposed by the source beam. In a practical setting, the target
would be embedded in the bulk. Our study instead added additional bulk slabs to the path and any edge
enhancement was due to the boundary between the air and target rod.

In addition to varying the thickness, the bulk position was also changed. Initially, the additional bulk was
placed closeley at a distance 1.5 cm after the target rod. This bulk-to-detector distance provides a decent estimate
for a practical sample in PB-PCI. The influence of the bulk scatter was investigated by moving the bulk 2 cm
before the detector. The reduced bulk-to-detector distance increases the angle subtended by the detector and
therefore increases the amount of scatter collected.

2.1.2 Varying Tube Potential

The contrast is expected to also reduce with increased incident energy. This was investigated by removing the
PMMA bulk slabs and instead varying the tube potential. The x-ray source has power limitations that prevent
high flux operation. Further, the maximum current setting reduces as the tube potential is increased. We
sought to maximize the flux from the source and therefore the maximum current was used for each applied tube
potential.

2.2 Simulation Procedure

An analytic simulation has been prepared in Matlab based on the PB-PCI TIE decribed in Equation 3. An
incident spectrum based on the desired tube potnential is modeled using the Spektr toolkit.10,11 Attenuation
and δ projections12 were obtained by defining the sample geometry and material properties.13,14 The TIE is then
applied across the projections for each energy to obtain the intensity at the detector. The absorption efficiency
of a 1000 um thick CdTe detector was modeled based on the known sensor thickness and attenuation. Other
detector effects such as charge-sharing and fluorescence were not included.

3. RESULTS AND DISCUSSIONS

3.1 Varying the Bulk Thickness and Position

Edge enhancement of the sample rod occurs in the PB-PCI set-up due to the transition from the air to the
PMMA, as demonstrated in Figure 2a. The edge signal is complimentary to the absorption contrast for improving
structure identification. Both the image contrast and edge visibility reduces when including additional PMMA
bulk slabs, as shown in Figure 2b. The corresponding image profiles in Figure 2c and 2d show an edge contrast
of 12.3% and 8.5% for the rod-only and rod+bulk, respectively.

Previous observations have shown that the edge contrast reduces with increased thickness of the bulk slabs.
We conducted an investigation to evaluate the influence of the scatter signal from the additional bulk material
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(a) (b)

(c) (d)

Figure 2: (a) Edge enhancement of a PMMA rod in PB-PCI set-up. (b) Contrast reduces when including
additional 5.2 cm thick surrounding bulk material placed after the sample. (c-d) Image profiles obtained by
taking the mean along the vertical direction shows a 3.8% edge contrast reduction between rod-only and rod+bulk
images, respectively. The incident spectrum was generated with a 40 keV peak voltage.

on the edge contrast reduction. Positioning the bulk material near the detector reduces the air gap and increases
the scatter signal which results in additional contrast loss, as shown in Figure 3.

However, the edge contrast values obtained when the bulk was located near the target show a reasonable
match with the simulation values. This suggests that the scatter signal from the bulk surrounding the target rod
is negligible to the edge contrast reduction. This is not surprising considering the large propagation distances of
the PB-PCI set-up are an effective scatter rejection technique. Therefore, the edge contrast reduction with bulk
thickness is most likely due to the beam hardening.

3.2 Varying the Tube Potential

The results of the previous section have suggested that the edge contrast reduces with increasing bulk thickness
due to beam hardening. Therefore, the influence of the incident energy was investigated by varying the tube
potential. The edge contrast is expected to decrease with increasing incident energy as predicted by Equation 3,
which is shown in Figure 4. Further agreement is observed between the experiment and simulation edge contrast.
The differences, which occur more at the lower tube potentials, are likely due to the non-ideal detector response
including fluorescence and charge-sharing in the experiment.

The mean energy of the spectral distributions for varying the tube potential and bulk thickness were obtained.
Therefore, the edge contrast reduction for each parameter can be compared as a function of the effective energy,
as shown in Figure 5. The edge contrast reduces more rapidly with increasing bulk thickness although the same
effective energy can be obtained with a different tube potential. This occurs because the effective energy for the
increasing bulk thickness is due to a filtering off of the low energy photons. Alternatively, increasing the tube
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(a) (b)

Figure 3: (a) The contrast reduces more severely when the 5.2 cm thick additional bulk slab is placed near the
detector surface due to the increased scatter-to-primary ratio. (b) The rate at which the contrast reduces with
increasing bulk thickness is similar for when it is positioned near the target and the simulation prediction.

(a) (b)

Figure 4: (a) Contrast reduces with increasing tube potential due to the increased effective energy of the incident
beam. (b) A decent match for the contrast reduction is observed between the experiment and simulation when
normalized to the contrast at 50 kVp.

Figure 5: Simulated edge contrast of the target rod comparing varying tube potential and bulk thickness.

potential preserves these low energy photons. According to Equation 3, these low energy photons provide more
contrast.

4. CONCLUSIONS

The contributions to the contrast degradation of the edge-illumination in phase contrast imaging due to a bulk
material have been investigated. The edge contrast of a target sample reduces for increasing bulk thickness.
Both beam hardening and object scatter due to the bulk have been considered.
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Our results suggest that the influence of the scatter is negligible when the bulk is placed near the target
due to the large propagation distances in PB-PCI geometry. The edge contrast obtained with the experimental
set-up for varying bulk thickness closely resembled the trends observed with the simulation. Reducing the bulk-
to-detector distance caused a noticeable decrease to the edge contrast, but this would not occur in a practical
measurement.

The remaining effect that reduces the edge contrast is the beam hardening of the bulk material. Comparisons
of the edge contrast were made between the varying bulk thickness and varying tube potential. The filtering
of the low energy photons due to beam hardening were shown to have a greater influence in reducing the edge
contrast than for varying the tube potential. Overall, the edge signal remains visible for a bulk thickness of 5.2
cm, suggesting potential applications in small animal or breast imaging.
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