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FUSION-BASED ALGORITHM FOR X-RAY PHASE
CONTRAST IMAGING TECHNIQUES

Cezara RASINAR "2, Nicoleta SAFCA?3, Elena COTORCEANU?*, Tonut
CIOBANU'#, Dan STEFANOIU!

Phase Contrast X-ray Imaging represents a technique that has shown
remarkable potential in the research field, by providing better visualization of soft
tissue, high-contrast images, and high spatial resolution. In the phase contrast
imaging technique, the extraction of the three images represented by attenuation,
differential phase contrast, and dark-field contrast is essential, providing, in a specific
way, information about the nature of the analyzed tissue. This paper introduces a new
method based on the three acquired images merging while adjusting the weighting
factors, aiming to identify the interest object and to extract the information provided
by each contrast channel. In this regard, a fusion-based algorithm was applied to
images acquired, using a 5.66 m long Interferometer Talbot-Lau with ultrahigh
sensitivity of 0.84 uradians and mean energy of 30 keV. The obtained results are quite
promising, as shown in the end of the article.

Keywords: Phase-contrast imaging, grating interferometry, phase-stepping, image
fusion algorithm

1. Introduction

In the last decades, X-ray-based imaging techniques have been one of the
most widely used tools for medical diagnosis[1], [2]. In conventional radiography
techniques, the dominating physical process is represented by the X-ray attenuation
effect, which can provide reliable information about high-density materials. At the
same time, information regarding soft tissue is neglected. Therefore, as a
consequence of the need for soft tissue visualization, researchers have investigated
new X-ray-based imaging techniques to overcome the limitations brought by
conventional methods [2], [3]. Phase-contrast X-ray imaging has been strongly
exploited in the research field [4], [5], exhibiting considerable potential in medical
diagnosis, since it provides better visualization for soft tissue due to its sensitivity
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to low atomic number elements [6]. In the last years, a phase-sensitive technique,
namely Grating Interferometry has attracted special interest in the research field [7],
[8] due to its flexible experimental arrangement and cost-effectiveness. Within this
article, the interferometric technique based on the Talbot-Lau interferometer is
described [9], [10]. The major strength of this method is that it enables phase-
contrast imaging with conventional X-ray tubes, thus showing the increased
potential for further implementation in the medical diagnosis field [11]. Also,
another important advantage of this new technique is that it yields a visualization
of 3 image types or contrast channels (namely, attenuation, phase, and scattering
signals) [12], by performing the phase-stepping technique [12]. Moreover, for
future implementation in the clinical field, researchers have looked for different
ways to design this new concept to meet the requirements of radiologists. Different
methods such as Weiner filtering [13], image denoising using wavelets [14], image
deconvolution methods for phase retrieval [15], and image-fusion algorithm [16],
[17] have been developed for visualization improvements and diagnosis process
optimization, in phase-contrast imaging. The fusion-based technique aims to
combine the 3 contrast-channel information in a single image, using a different
weighting factor for each one, according to the importance of provided information
and the need for visualization. The resulting fusion image aims to be not only more
meaningful, containing useful information from all 3 images acquired, but also
more compatible with clinical requirements, making the evaluation process more
accessible [18-20].

This paper introduces a Fourier-based fusion algorithm applied to the 3
images acquired by means of the phase-stepping procedure [21], [22]. In this regard,
images were obtained in an X-ray Laboratory, using a Talbot-Lau Interferometer
with a high angular sensitivity of 0.84 urad and a fringe contrast of 14% to 16%.
The images were first acquired through the phase-stepping method, then analyzed
and processed with the Fourier-based algorithm for the 3-channel extraction, as
described in [21] and, finally, merged by using the fusion image method. To prove
the effectiveness of the proposed fusion method, images of different chicken organs
and tissues were employed. The novelty of the approach described next is
represented by the integration of the image-fusion method into a Fourier-based
extraction algorithm, followed by the visual evaluation of the informational content
that the investigated chicken tissues provide on each channel, and the adjustment
of scaling parameters, in order to encompass the features of the analyzed object in
a single image.

The article is structured as follows. In the next section, the physical concept
of phase-contrast imaging and the grating interferometry technique performed to
obtain the images are presented. In section 3, the phase-stepping procedure, the 3
contrast-channel extraction method, and the fusion-based algorithm, developed to
enhance the feature visualization and the sharpness of the image are described. The
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experimental setup is introduced in section 4, while the obtained results of tissues
taken from chickens are exhibited in section 5. Some concluding remarks are
completing the article.

2. Physical concepts in phase-contrast imaging

It is well known that conventional X-ray imaging methods are based on
attenuation effects. However, the phase contrast imaging technique uses the
refraction effects and, consequently, the phase change is more important than the
attenuation phenomenon [2], [23].

X-rays can be presented through two different perspectives: either as
photons or as waves. Mathematically, the oscillation of a complex-valued

harmonic, y,, with amplitude 4 >0 and pulsation ® >0 is expressed as:
v, (1) = dexp(-jot), VteR,. (1

Assume the X-ray is propagated through some material (along the Oz axis),
as illustrated in Fig. 1. Then, as the figure suggests, the harmonic (1) is distorted by
refraction and attenuation phenomena.
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Fig. 1. Refraction and attenuation of an X-ray inside a tissue.

Both phenomena occur along a different direction than Oz axis in 3D space.
The angle of this direction, denoted by a, partially depends on the distance traveled
by the X-ray inside the tissue. More specifically, if the X-ray has reached some
point of coordinates (x, y,z) in tissue, then o only depends on x and y, not on

z . Formally, refraction and attenuation effects on X-ray are described by:
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w(d,t)=\|/O(d,t)exp(jnkd)=Aexp[j(nkd—mt)], vd,teR,, ()

where k& =2m/A is the wave number (depending on wavelength A ), while 7 is
the complex index of refraction, specific to the analyzed tissue. According to [21],
[24], this index encompasses both effects: refraction (or the elastic effect) in the
real part and attenuation (or the inelastic effect) in the imaginary part, as expressed
below [25]:

n=1-3+jp. 3)

In Eq. (3), O is the refraction index and 3 is the attenuation index. Both depend
on the position of the current point inside the tissue, (x,y,z). With Eq. (3), the
distorted X-ray (2) becomes:

v(d,1) :Aexp(—kdB)exp{j[kd(l—S)—mt]}, Vd,teR,_. 4)
N el e/

w(d.0)

In Eq. (4), one can easily notice how the amplitude of genuine X-ray is
attenuated (by an exponential law), whereas its phase shift is caused by refraction.
Focus now on phase, as it represents the main contrast mechanism for the presented
imaging technique. The phase variation can be evaluated like in [23] and [24]:

AY(x, ) =k [8(x, y, 2)dz (5)

and does not depend on the depth of propagation (as the integral is computed along

the Oz axis, which is the initial propagation direction of the X-ray). The refraction

angle is strongly related to the first derivative of the phase shift along Ox axis
[11],[24]:

1 OAd 00

a(x,y) =06 p) =[xy, 2)dz (6)

Analyzing the phenomenon caused by the X-ray interaction with matter,

some studies (e.g. [11], [23-24]) employed different types of weakly absorbing

materials, showing that the refractive index decrement is about 3 orders greater than

the absorption (attenuation) index, for the clinical energy range (of 10-100 keV).

Another important aspect is represented by their dependence on the energy £: &

decreases more slowly, with E, whereas the decay of B is approximatively

proportional to E™* [11], [26]. This observation enables increasing the energy
without reducing the contrast. Consequently, the X-ray phase shift contribution is
expected to be more effective than attenuation in obtaining high contrast for soft
tissue density variations in the human body.
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In this regard, researchers designed different techniques that provide
phase-contrast images, aiming to improve the visualization of internal structures
and reduce the radiation dose for patients. Various methods that have been
developed, can be categorized as follows: Analyzer-Based Imaging (ABI)[26],
Crystal Interferometry (CI)[27], Propagation-Based Imaging (PBI)[28], Grating
Interferometry (GI)[29], and the non-interferometric methods [30][31]. The
technique proposed in this article is represented by the GI, consisting of 3 periodic
gratings that provide high phase sensitivity [32-34].

3. Methods of interferometric imaging

In this section, the theoretical foundations regarding the interferometric
imaging technique and the image-acquiring methods, followed by the processing
algorithms employed to improve visualization are presented.

3.1. Grating Interferometry method

The GI method, employed in this article, is based on a Talbot-Lau
Interferometer with high angular sensitivity [35], used together with a
polychromatic source. The interferometer performance is described by the contrast
or fringe visibility and the angular sensitivity. The latter represents the smallest
measurable refraction angle and in this paper is defined as by the ratio between the
grating period and the inter-grating distance.

The components of the Talbot-Lau interferometer and their contribution to
phase-contrast image formation are described next, with the help of Fig. 2. As
illustrated, the set-up consists of three gratings, with the same period (of
micrometric order), an X-ray source and a detector.

Source Grating Phase Grating Analyzer Grating
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Fig. 2. Grating Interferometry experimental set-up, consisting of 3 micro-periodic gratings,
an X-ray source and a detector. The extended source size is shaped into an array of fine slit
sources, by using a source grating (GO0). This aspect fulfills the special requirement for transverse
coherence of the wavefront. This way, each virtual source s contributes to create an interference
pattern with good contrast at the analyzer plane because of sufficient spatial coherence.
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The phase grating G1 is used to split the transmitted X-ray beam in +15¢
diffraction orders, that interfere and produce a periodic interference pattern [21].
An object (sample) is positioned between the source grating and the phase grating,
near the G1, producing a displacement of the interference pattern [21], [36]. Since
the resulting fringe pattern has a period of only a few micrometers, the existing
detectors cannot directly resolve it. Thus, the analyzer grating G2 was introduced,
to match the period of the interference pattern and to transform the fringe positions
into intensity variations [21], [36]. Additionally, a source grating GO is placed
between the object and the X-ray source, aiming to ensure beam coherence, which
is a requirement for the appearance of the interference pattern [28], [36-37].

By operating this system and performing a phase-stepping procedure,
images are acquired. Three contrast parameters are extracted for images, namely:
the attenuation, the differential phase (or the refraction angle), and the scattering.
By means of phase-stepping procedure, nearly sinusoidal intensity modulations are
recorded in each pixel. Such modulations can be analyzed to extract information
about the 3 parameters. For each pixel, the attenuation is obtained from the mean
value of the intensity oscillation, the phase gradient is obtained from the phase
difference of intensity oscillation, while scattering is defined as a change in the
amplitude of the intensity oscillation. The scattering is associated to the visibility
of the stepping curve. (The computing equations of all 3 parameters are written in
the next sub-section.) By gathering the values of a contrast parameter from all
pixels, a new image is obtained. Thus, 3 images can characterize the contrast of
each analyzed image: the attenuation image, the differential phase contrast image,
and the scattering image (also referred to as dark-field image). Afterwards, the 2D
Discrete Fourier Transform (2D-DFT) is applied to every one of the 3 contrast
images [22]. Thus, their information is represented in the frequency domain, which
will facilitate obtaining one single fusion image with better contrast, as described
in sub-section 3.3.

Two types of scans are used: the reference one, without the object in the
interference pattern, and the one with the investigated object in the beam path [36].

3.2. Phase-stepping procedure and contrast parameters extraction

For data collection and analysis, a phase-stepping procedure is performed,
which consists of scanning the source grating (G0) at a certain number of positions
(e.g. 16 positions) or steps. This method relies on the assumption that an object
positioned in the beam will determine the shift of the intensity pattern that can be
translated into fringe pattern modulations [7], [37].

The grating scan varies the transmission of the interferometer as a function
of the deviation angle, producing in each detector pixel a nearly sinusoidal intensity
modulation curve [11].
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The 3 contrast parameters are computed according to the principle illustrated
in Fig. 3 [21].
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Fig. 3. Intensity oscillation curve obtained for each signal of X-rays: attenuation (a), differential
phase (b), and scattering(c), for each pixel.

Assume that the image matrix has N rows and M columns. Consider the
current pixel located at coordinates (n,m), with nel,N and

me1,M . Then, the relative intensity of pixel attenuation can be computed as

ay[n,m]

follows: I, [n,m]= (7)

ag[n,m]’
where a, and a, are the intensity average values for the scan with object and the

reference scan, respectively. Practically, as Fig. 3 suggests, @, and @, are the two

characteristic biases of the harmonic intensity.

The intensity corresponding to differential phase is:
Lo [sm] =@ [n,m] = @"[n,m], (®)

where @’ and ¢ are the phase of harmonic intensity in both scan types. Obviously,

when the object to scan is present, the harmonic is delayed, compared to the case
when no object was inserted between gratings.
The intensity of scattering resulting image can be evaluated by:

a;[n,m]

Iscatt [nﬂ m] = (9)

a/[n,m]l ,[n,m]
where g, and a, are the oscillation amplitude for the two types of scans,

respectively. The inserted object causes not only attenuation of the X-ray, but also
a phase change.
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From the 3 contrast images, the X-ray interaction with matter tendency
influences the information provided by each contrast image. For example, while the
material is strong scattering, the differential phase contrast image would present
poor signal. By fusing parts from all 3 images, superior image with good contrast
should be obtained.

3.3. Image fusion algorithm based on Fourier Transform

After obtaining the 3 images, a fusion procedure should be applied. One
aims to obtain a single image that combines the information from all 3 images above
[18], [19], [35]. In order to keep the fusion procedure as simple as possible, all
images have squared shape (i.e. the number of rows equals the number of columns).

The fusion method consists of 4 main steps (see [16], [18], [20]):

1. First, the 2D-DFT is applied to each contrast image to obtain the
corresponding frequency representation. In this way, the information of
each image is mainly concentrated in the middle of resulted matrices
with complex values (where the low frequencies lie).

2. Next, the complex matrices are weighted by 2D Gaussian bells centered
in the middle. Their role is to increase even more the importance of low
frequency zone comparing to the high frequency zones (where, usually,
the information is corrupted by various noises). Actually, the Gaussian
bell is a filter that denoises the important information about the contrast.
(At least the differential phase contrast image requires denoising.)

3. The third step is the most important. Here, the three filtered matrices
are linearly combined, with the help of some variable weights, to obtain
a single fusion matrix. The weights can be set according to the analyzed
object characteristics and frequency behavior of contrast matrices.

4. The inverse 2D-DFT is applied at the fourth step to the fusion matrix.
This produces the fusion image, which is expected to have better
contrast and to emphasize more details than any of the initial images.

Each step is explained next at length.

Recall that, if A is a square image matrix of size N x N (usually with pixel
intensity varying between 0 and 1), the 2D-DFT can be computed as below:

N-1 N-1 . .
F [kr,kc] = z Z Alnr, nc]exp(—j 2nr kr]-i\-]nc kc)nj,

nr=0 nc=0

Vkr,kceO,N—1. (10)

In Eq. (10), A[nr,nc] is the current element of matrix A (the current pixel
intensity, assuming the indexing starts from 0), while F,[kr,kc] is the Fourier
coefficient for frequency indexes kr and kc . The matrix that gathers all Fourier
coefficients is F, and can be organized such that the low frequency information
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falls into the middle (around the coordinates (N /2,N/2)), by accounting the
symmetry properties of Fourier Transform.

The inverse 2D-DFT is:

N-1 N-1 ] 2 o -k
Alnr,nc]=>" > FA[kr,kc]exp(J (nr-hr + ne C)n), Vnr,nceO,N—-1. (11)
kr=0 ke=0 N
After applying the transform (10) to the image matrices I, I and
I, one obtains the frequency matrices simply denoted by F,;, F, .. and F_,,

respectively. All matrices are of size N x N . This allows building the 2D Gaussian
bell straightforwardly. The central point is i =N /2, while the standard deviation
6 can be computed by considering that the frequency matrix is covered by the
60 -interval. More specifically, o =(N —1)/6. Thus, the generic 2D Gaussian bell
is expressed as:

2 26

G(x,y)zﬁexp{—(x_u) +2(y—u) }, Vx,yeR. (12)

The bell (12) needs to be sampled, in order to make possible multiplication with
frequency matrices. Thus, the Gaussian matrix to employ is G and its generic
element can be computed by:

(n=w)’ +(m—p)’
267

G[n,m]= %exp{

}, Vn,mel,_N. (13)
216

The elementwise multiplication between the matrix G and matrices F

att »
F F . leads to filtered frequency matrices F¢, FS . F¢

phase * scatt att > phase ° scatt 2

A single fusion matrix can be obtained from the filtered matrices, by means of linear
combination below:

respectively.

FC=w F¢+w,  FS +w F° (14)

att™ att phase™ phase scatt™ scatt 2

Where Watt b thase

and W, are corresponding weights that have to be set. Setting
them as constants proved to be unrealistic, because each object has some refraction
and absorption characteristics at X-rays. Thus, constant weights can lead to a
modest fusion contrast image. Therefore, the weights have to be set by accounting

both the natural inner structure of analyzed object and the frequency behavior of
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contrast matrices. In [20], the authors propose an interesting adaptive assignment
of weights, based on frequency approach.

The normalized frequency plane can be split into K squared frequency
sub-bands, like in Fig. 4. The normalized frequencies are fr (for matrix rows) and
fc (for matrix columns).

According to the frequency structure above, the weights can be set to be
constant at each sub-band level, while varying from a sub-band to another. More

specifically, for each k€ 1,K :
K 2 Ch k2 c kz
Wa — , W _ __phase , W — ___scatt , 15
tt K2 + Cankz phase K2 + k2 scatt Kz + k2 ( )

where €, ¢

nase aNd C, are constants to be determined depending on the object

characteristics. Fig. 5 exhibits the variation of weights (15), for K =100,

Catt = 0'3 b cphase :1 and cscatt = 2 :
fc |
0.5
K.
K-1
2.
-0.5 1 0.5
0 fr
-0.5

Fig. 4. Splitting the normalized frequency plane into sub-bands.
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Fig. 5. Variation of fusion weights, depending on frequency sub-bands index.

One can easily observe that, as the frequency sub-band index increases, the
weight for the attenuation image decreases, while for differential phase contrast and
scattering images, the weights increase. This means the information of attenuation
image is dominant at low frequency, whereas phase and scattering bring more
information at high frequency. Hence, the attenuation is responsible for creating the
zones with small variations in pixels intensities (quite constant grey level), while
the phase and scattering bring to the fusion image information about contours, lines,
curves etc., where pixels intensity exhibit rapid variations or even jumps.

The only problem left is to set the constants K, ¢, ¢ and ¢

phase scatt *

Unfortunately, there is no general rule for setting them, because they strongly
depend on the molecular structure of tissue to analyze. Therefore, usually, the
constants are semi-empirically determined, in a subjective manner. Thus, several
combinations of constants are tested and the results on the final fusion image are
visually compared. The combination that leads to the fusion image with the best
visual contrast is selected. This means fulfilling two major goals: noise reduction
and sharpness enhancement into the fusion image.

Setting K 1is easier than setting the other 3 constants, since the experiments
revealed that increasing the number of sub-bands beyond 10 does not improve much
the quality of fusion image. Consequently, for each K varying from 0 to 10 (where

0 means without sub-bands), the best constants ¢,,, ¢, . and ¢, can be found.

phase scat
The final assessment is to select the best combination out of the 11 ones.

At the final step, the inverse 2D-DFT (11) has to be applied on fusion matrix
(14). Thus, the fusion image 1€ is obtained.
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4. Experimental setup

Based on the interferometer introduced in [35], a similar symmetrical
Talbot-Lau Interferometer has been employed to perform experiments. The
interferometer has an angular sensitivity of 0.84 prad and an average visibility of
around 14%, being placed within the X-ray imaging laboratory, from ELI-NP. The
system is composed of a conventional X-ray tube, three micro-periodic gratings,
and a high-resolution detector, as illustrated in Fig. 6.

Fig. 6. Photo of Talbot-Lau Interferometer from the X-ray Imaging Laboratory from ELI-NP.

The X-ray source is a conventional tungsten anode tube, having a 400 um
focal spot operated at 30 kVp. The interferometer is 566 cm long and consists of
three micro-periodic gratings that were designed to have the smallest constant
period, of 2.4 um for the mean energy of 25 keV (which corresponds to a
wavelength of 0.049 nm) [12]. The two absorbing gratings, namely the source
grating and the analyzer grating, present a nominal thickness of 60 um gold, while
the employed phase grating is 8 pm thick and made of nickel. The detector consists
of a CslI scintillator and a CCD Camera with a pixel size of 12x12 um, placed at
566 cm from the source, next to the analyzer grating.

The setup configuration is symmetrical, as the phase grating (Gl) is
positioned midway between the source grating (G0) and the analyzer grating (G2).
As Fig. 6 illustrates, the source grating is placed in front of the X-ray source, while
the analyzer grating is placed in front of the detector.

The objects to be analyzed during the experiments are represented by
different types of chicken tissue embedded in recipients containing water, as shown
in Fig. 7. These conditions help avoiding the phase variations that can arise at the
interface between tissue and air.
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a) Chicken Gizzard b) Different types of ¢) Chicken Wing
tissue

Fig. 7. Three objects used in experiments: a) Chicken Gizzard; b) Different types of tissue
(namely: bone, muscle, and adipose matter); ¢c) Chicken Wing.

First, the chicken gizzard was analyzed, as it consists of muscles and
connective tissue. Then, an object that comprises different types of chicken tissue,
such as bone, muscle, and adipose matter was tested. Finally, a chicken wing was
exposed to the X—ray beam.

The images are obtained using the previously described setup, operated at
30 keV mean energy and 10 mA intensity. Then, a set of 16 images is acquired
using the phase—stepping procedure, in which the source grating is translated in 16
steps, of 0.3 um, over two periods of the grating. The exposure time for each
imagine from the set is 80 seconds. After performing the phase-stepping procedure,
the contrast parameters are determined as described in sub-section 3.2, and the 3
images are obtained. Next, the 4-step fusion algorithm of sub-section 3.3 was run.

5. Experimental results

By performing the phase-stepping procedure, a dataset of 16 images is
acquired for each investigated sample. In Fig.8, three images of the dataset are
illustrated. As the performed steps are very small, it is hard to observe some
differences between these three images. This method causes intensity modulations
in each pixel to be recorded, and the three signals are extracted by performing the
Fourier Analysis of the phase stepping curve. Thus, the three images are obtained:
attenuation, phase, and scattering.
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Step 2 Step 6 Step 16

Fig.8. Images acquired through the phase stepping procedure, corresponding to step 2, 6, ang 16
respectively

In the following figures, 4 images are shown, from left to right: attenuation,
differential phase contrast, scattering, and fusion. For all 3 tested objects, the 3
contrast images (attenuation, differential phase and scattering) are obtained
performing the phase-stepping procedure of 16 steps with 80 seconds per step, at
30 kVp and 10 mA intensity.

In Fig. 9, the results for chicken gizzard are displayed.

‘ Fiber structures in the muscular tissue |

Visible density variations

‘ Shade of gizzard tissue ‘ | Adipose tissue ‘ ‘ End of thick musclar II ‘ ‘ Adipose tissue | ‘ Fiber-like texture of muscle ‘

Fig. 9. Experimental results for a chicken gizzard. a. attenuation image; b. differential phase
contrast image; c. scattering image; d. fusion image.

The most suitable frequency plane splitting was in K =10 sub-bands, for
which the best-found weighting constants corresponding to each contrast parameter

=3andc_. =60.

arc: Catt =1 s C scatt

phase

The attenuation image in Fig.9a exhibits low contrast and poor
informational content concerning the local details, as expected. A shade of the
investigated object can slightly be noticed. However, this image is important for
creating the overall background of the fusion image. The differential phase contrast
image in Fig. 9b shows the fiber-like texture of the thick muscle in the gizzard. The
extracted scattering image in Fig. 9c is the most significant, providing more



171 Fusion-based Algorithm for X-ray Phase Contrast Imaging Techniques

information about small density variations in the adipose and muscular tissue,
which are known as strongly scattering materials.

Because the attenuation image provides low-contrast content and its
contribution is almost insignificant, it was suitable to neglect the low frequency
information and rather use the high frequency sub-bands. In this case, the scattering
image presents enhanced visibility and more information about both the fibrous and
adipose tissue of the gizzard, compared to the differential phase contrast image,
which shows about the same visible artifacts, but affected by sensibly higher noise.
This is the reason for setting the constants of the weighting as previously mentioned.
When looking at the fusion image in Fig 9d, one can see that, on one hand, the noise
was reduced (especially comparing to the differential phase contrast and scattering
images) and, on the other hand, the sharpness was increased, allowing easier
identification of various structures inside the gizzard tissue.

The second object to analyze includes a combination of three different types
of tissue: bone, muscle, and fat from different chicken organs. Thus, one aims to
balance the contribution of each contrast channel into the fusion image.

The experimental results are displayed in Fig. 10.

Bone structure The fibrous structure of the muscle tissue se tissue edges Edges enhancement

Fig. 10. Experimental results for three different types of tissue: bone, muscle, and adipose matter.
a. attenuation image; b. differential phase contrast image; c. scattering image; d. fusion image.

Like in the previous experiment, the number of sub-bands was set to

K =10. The best corresponding constants resulted to be: ¢,, =1, ¢, =5 and

phase
4.

As illustrated in Fig. 10a, the attenuation image provides significant
information about the bone structure and lack of information about the muscle and
adipose tissue. The differential phase contrast image in Fig. 10b exhibits poor signal
quality (quite noisy) for the investigated bone, due to the strong absorption tendency
of the high-density material. However, due to the refracting tendency of the
material, the enhancement of the fibrous structure of the muscle is noticed. The
scattering signal in Fig. 10c provides better margin delineation (contour
emphasizing) and small differences in density variations of the strongly scattering

C

scatt
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adipose tissue, although the information about the bone is too strong, to the
detriment of the other tissues. Therefore, the highest constant was set for differential
image, closely followed by the constant for scattering image.

The object used in the last experiment, shown in Fig. 11, is represented by
a chicken wing, consisting of bone, muscle, and skin.

Bone structure Muscular and connective tissue Epithelial tissue (skin) Structure enhancement

Fig. 11. Experimental results for a chicken wing. a. attenuation image; b. differential phase
contrast image; c. scattering image; d. fusion image.

This time, the number of sub-bands was set to K =5 and the working
=1 and ¢ 4.

Since the object is composed of different types of tissue, one expects that
the 3 images provide different information. One can see the clear structure of the
chicken bone in the attenuation image of Fig. 11a. At the same time, there is a lack
of information about the high-density matter, in the differential phase contrast and
scattering images. As noticed in Fig. 11b, the differential phase contrast image
displays different textural features of the connective tissue, but the signal quality is
poor due to the strong scattering tendency of the epithelial tissue. Therefore, the
scattering image in Fig. 11c renders significant information about the small density
differences in the tissue. All these observations led to the necessity to increase the
attenuation coefficient, which lowers the contribution of corresponding image at
high frequency in the fusion image of Fig. 11d. Since the phase coefficient is small,
the dominant contribution at high frequency is made by the scattering image.

The milestone of image fusion method is represented by the evaluation of
the best weights to combine the information from the 3 contrast images in a single
fusion image with lesser noise and better sharpness. As the first and second
investigated objects revealed, the visibility of the soft tissue features and
edge-enhancement was improved, by using increased scaling weights for the
differential phase contrast and scattering images. The last example showed that
good contrast of fusion image is obtained when using both low and high frequency
components. All three experiments have proven that knowing in advance the
absorption, refraction and scattering properties of the analyzed tissue can help
finding the best combination of weights to build the fusion image.

constants are: C,, =3, ¢

phase scatt
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6. Concluding remarks and future approaches

The aim of this article was to design and implement a fusion-based
algorithm for X-ray phase contrast images, that provides a new visualization
approach, improving the identification process of the interest object. To obtain the
desired images, a Talbot-Lau Interferometer was employed, with an ultrahigh
sensitivity of 0.84 prad. Three objects, consisting of different types of tissue, have
been investigated. Images collected through the phase-stepping method were later
processed, resulting in three contrast images: attenuation, differential phase contrast
and scattering. To build superior fusion images (denoised and with better
sharpness), visual detection of the features provided by the three composing images,
as well as the intrinsic properties of analyzed tissue (especially absorption,
refraction, and scattering) are very important. This allows setting the number of
frequency sub-bands as well as the weights to be applied for each sub-band.

The experimental results have shown significant improvements in merging
the individual content of each signal with different percentages, in visualizing the
object features, edge enhancement, and structural characteristics of tissue.
Furthermore, this method has shown improved results in terms of image sharpness,
noise reduction, and complexity of the image. Finally, the proposed method
provides valuable capability to render the biological characteristics of different
tissue types. Also, from a diagnostic point of view, the method presents a
meaningful potential to provide useful information, depending on the necessity of
investigation. Through this method, the experts would be able to set the parameters
needed for an advantageous visualization and deliver a reliable diagnosis.
Furthermore, the fusion-based algorithm can be adapted to various types of image.
For example, one can employ reconstructed images acquired through a novel
tomosynthesis-based algorithm for phase contrast mammographic images.

The image fusion algorithm can be improved in at least two respects. Firstly,
it would be better to define a cost function to optimize, in order to select the number
of frequency sub-bands and the three weighting constants. In this way, their
determination becomes less subjective and less empirical. Moreover, the cost
function can be optimized through a metaheuristic. Secondly, a different transform
than the Fourier’s one could be employed. Any transform from the
time-frequency-scale class can constitute a good candidate. For example, the
Wavelet Transform is of worth to be considered, as wavelets have the capacity to
focus on contours and boundaries between various textures inside the image. Least,
but not last, a user-friendly interface can be designed and implemented to facilitate
running the algorithm.
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