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Abstract X-ray diffraction enhanced imaging (DEI) has extremely high sensitivity for weakly absorbing low-

Z samples in medical and biological fields. In this paper, we propose an Algebra Reconstruction Technique

(ART) iterative reconstruction algorithm for computed tomography of diffraction enhanced imaging (DEI-CT).

An Ordered Subsets (OS) technique is used to accelerate the ART reconstruction. Few-view reconstruction is

also studied, and a partial differential equation (PDE) type filter which has the ability of edge-preserving and

denoising is used to improve the image quality and eliminate the artifacts. The proposed algorithm is validated

with both the numerical simulations and the experiment at the Beijing synchrotron radiation facility (BSRF).
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1 Introduction

In the last decade, due to the availability of
new brilliant and coherent sources, hard X-ray phase
contrast imaging methods have developed rapidly.
Diffraction enhanced imaging (DEI) based on syn-
chrotron radiation is a non-destructive testing and di-
agnostic technology which has an extremely high sen-
sitivity for weakly absorbing low-Z samples in medi-
cal and biological fields. The conception of the DEI
was first developed by Chapman et al at the National
Synchrotron Light Source (NSLS) in 1996M,

Compared with conventional computer tomogra-
phy (CT), the projective data in computed tomog-
raphy of diffraction enhanced imaging (DEI-CT) are
the integral of the partial derivative of the refractive
index of the sample along the beam path. When com-
bined with reconstruction algorithms that reconstruct
the refraction index distribution of the sample, DEI-
CT can investigate the inner structure of a weakly
absorbing sample. Dilmanian et al first realized the
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DEI-CT based on the geometric optics approximation
(GOA) method at the NSLS in 2000, For parallel-
beam, Pavlov et al proposed an indirect algorithm:
firstly restore the “directional derivative projections”
to the line integral of the refraction index decrement
0, and then reconstruct ¢ by the filtered backprojec-
tion (FBP) algorithm. Maksimenko et al presented
another indirect algorithm!: firstly reconstruct Vo
and restore ¢ using an integrating method. Huang et
al presented a direct FBP type algorithm to solve the
reconstruction problem in the parallel-beam case™.
Zhu et al advised a reconstruction framework to re-
construct the gradient of the refraction index accord-
ing to the DEI layout of the Beijing Synchrotron Ra-
diation Facility (BSRF).

Liu et al proposed a maximum likelihood itera-
tive algorithm for DEI reconstruction'”. He applied
a maximum likelihood iterative formula of emission
CT (ECT) to DEI-CT based on a successful simula-
tion of the imaging process. Poisson noise process was

assumed. Compared with the analytical methods,
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iterative reconstruction algorithms!™® exhibit great
advantages in noisy and few-view circumstances, as in
the case of biological samples, to reduce the exposure
time due to the absorbed dose consideration.

In this paper, an ART iterative algorithm named
DEICT-ART is proposed to reconstruct the gradient
of the refraction index of the sample.
the convergent speed, an Order Subsets technique
is adopted to accelerate the iterative reconstruction.
Few-view reconstruction of DEICT-ART is studied
and a partial differential equation (PDE) type filter
which has the ability of edge-preserving and denois-
ing is used to eliminate the artifacts in the few-view
reconstruction. Our algorithm is validated with both

To improve

the numerical simulations and the experiments at the
BSRF.

2 DEI-CT layout at BSRF

The algorithm and the actual experiment are
based on the DEI setup at the 4W1A Beamline of
the BSRF. The layout of the experimental setup is
shown in Fig. 1 of Ref. [9]. It is composed of two per-
fect crystals: one acted as the monochromator and
the other acted as the analyzer. A white beam from
the synchrotron radiation source was monochroma-
tized by the monochromator. The transmitted beam
changed its direction of propagation slightly because
of the refractive index’s gradients of the sample. The
refracted beam was diffracted by the analyser before
the detector. The rocking curve (RC) of the dou-
ble crystal system describes the reflectivity of the
monochromator—analyzer system as a function of the
incident angle. The refraction of the sample on the
final projection data can be measured by the rocking

curve through extraction methods™®.

3 Review of Zhu’s algorithm

Zhu et al proposed a framework to reconstruct the
gradient of the refraction index!®. The phase gradient

contribution can be written as

21 a4 a0
vQS(z,y):TJ [Eegﬁ—@ey] ds, (1)
sample

where 0 is the refractive index decrement, @(z,y) is
the total phase change along the ray path, e, and
e, are the unit vectors along the X and Y axes, re-
spectively, and s is the ray path. According to the
geometry of Fig. 1 in Ref. [9], when the sample is
rotated along the axis Z with an angle 3, Zhu et al

Vol. 33
deduced that:
1)
(AG)scosf= Lample ﬁdé‘, (2)
d0
Af)gsinf = J —ds, 3
( )B sample ay ( )

where (A#)s is the refraction angle when the rotating
angle is 3. After the refraction angle information is
retrieved by the extraction methods, a conventional
CT algorithm can be used to reconstruct the gradi-

a4
ent of the refraction index. In this paper, only 32 is
x

reconstructed for example.
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Fig. 1. Reconstruction results of the phase

(a) The phase phantom; (b) g—i
of the phantom to be reconstructed; (c) The
reconstruction result of DEICT-FBP; (d) The
reconstruction result of DEICT-ART; (e) Lo-
cal profile comparison of the 70th row of the
phantom indicated by the gray line in (a).

phantom.
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4 ART algorithm for DEI-CT

We propose that the ART iterative algorithm
named DEICT-ART be taken to reconstruct the gra-
dient of the refraction index instead of the widely-
used FBP algorithm (DEICT-FBP). Compared with
the analytical algorithm like FBP, the ART itera-
tive algorithm has advantages in anti-noise and few-
view reconstruction. Another attractive feature of
the ART iterative approach is that it is possible to
incorporate some types of a priori information into
the solution. DEICT-ART inherits the advantages of
ART.

The DEICT-ART algorithm proposed contains
three steps:

1) Refraction angle extraction.

We use multiply-images statistical (MIS) method
to extract the refraction angle!'® '
sample group and a background group) of DEI im-
ages are measured in several positions of the RC. The
refraction-angle image is calculated on the pixel-by-
pixel basis by Formula (4):

0, = ZH7LIS(TL)/ZIS(7’L),
B = > OuTis(n) /> L), (4)

ol\/IIS = 95 - Gbga

. Two groups (a

where I;(n) and I,,(n) denote the intensity of the
DEI image in the position 6,, of the RC with the sam-
ple and without the sample, respectively.
2) Refraction angle data preprocessing.
Preprocess the refraction angle projection data ac-
cording to Zhu’s algorithm:

p=(A6)5cos. (5)

3) ART reconstruction.
A simultaneous ART formula proposed in Ref. [11]
is adopted in the final reconstruction:

Jj=1
)
E Ajj
[

where xf is the jth pixel of the image vector z in
the kth iteration; p; is the ith projection measured;

a;; is the contribution of the jth pixel to the ith ray;
N

k+1 _ .k
z; —xj—i—

(a;,x) = E a;;x;, is a forward projection process ray
J

by ray.

Iterative algorithm suffers from the slow conver-
gence. To accelerate the DEICT-ART algorithm, we
use an ordered subsets (OS) technique. OS was first
discussed in Ref. [12] for ART algorithm™®, and more
attention was paid to it after the concept was pro-
posed by Hudson!'*. The basic idea is to use the
orthogonality of the projection data to reduce the
redundant information in the sequential projections.
The formula of DEICT-OS-ART proposed is

aivpi_<ai7j7>
> |

j=
E Aij
[

k,m+1 __ k,m
J =xz;"+

T

k+1 __ k,M
T =X
where M is the number of subsets, m=1,2,--- /M is

the index of subsets and S,, is the mth subset.

5 PDE filter

Partial differential equations (PDE) in image
modeling, denoising and edge-detection have grown
significantly over the past few years. The PDE-based
models modify an image with a PDE by looking for

A PDE filter called anisotropic diffu-
1028l

its solution.
sion which was initially introduced by Perona et a
has the property of edge-preserving and denoising.
Considering that the reconstructed object is the gra-
dient of refraction index, the reconstruction images
usually consist of sharp edges (at the edge of the
sample where the refraction index changes greatly)
and smooth regions (within the sample where the re-
fraction index does not change or changes gradually).
Based on this prior knowledge, PDE filter is suitable
for image quality improvement and artifacts elimina-
tion of our reconstruction images.

Given an original image f, the anisotropic diffu-
sion scheme proposed can be described by the follow-

ing equation[ls] :

U Y1V )V ). ©

V denotes the gradient operator, Ve is the divergence
operator, and |f| is the gradient magnitude of image
f. If g(JVf]) that has a high value at the smooth
region of the image and a low value at the edge is
chosen, the diffusion process is controlled to denoise
while preserving edges.
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One type of g(|Vf]|) proposed by Perona et al is:

1
IV =—r7—
1+(Vf]/0)?
where o is a user-defined threshold that controls the
edge sensitivity. The iterative PDE filtering method

, 0>0, 9)

1S:

fHr=f+AatxVe(g(VF)VS), (10)

where [ is the index of the filtering iteration and
At is the step size which decides the stability of the
filtering™®.

6 Numerical simulations

A pure phase phantom was modeled and the re-
fraction angle data were calculated directly through
Snell’s law. 180 views within 180 degrees with 1.0 de-
gree interval were taken for the reconstruction. The
pixel size is 20 um. The details of the phantom are
shown in Table 1. The reconstruction results are
shown in Fig. 1. As shown in Fig. 1, the DEICT-
FBP and DEICT-ART reconstruction results are al-
most the same when the projection data are sufficient.
However, at the edge of the reconstruction image, the
reconstruction value of DEICT-ART is slightly lower
than the result of DEICT-FBP which can be seen
from Fig. 1(e).

Table 1. The phantom details.
position/mm radii/mm
object é

x Y z T Y z
1 0 0 0 5 5 00 2.5x1076
2 0 0 0 4 4 00 1.5x1076
3 0 1 0 3 2 2 2x1076
4 —1 1 1 1.5 1.5 1.5 1.5x10~6

Fig. 2.

Reconstruction results in a noisy cir-
cumstance, the SNR of the refraction angle
data is 50 db. (a) The reconstruction result of
DEICT-FBP; (b) The reconstruction result of
DEICT-ART, 40 iterations.

To validate the anti-noise property of DEICT-
ART algorithm, white gauss noise was added to the

refraction angle projection data of the phantom. The
Signal Noise Ratio (SNR) of the generated noisy pro-
jections was 50 db. The reconstruction images are
shown in Fig. 2. In a noisy circumstance, the recon-
struction result of DEICT-ART is better than that of
DEICT-FBP. Compared with DEICT-FBP, the result
of DEICT-ART is smoother and less blurred.

As indicated in Section 1, in situations where it
is not possible to measure a large number of projec-
tions or the projections are not uniformly distributed
over 180° or 360°, the ART algorithm has better per-
formances than analytical algorithm such as FBP. To
simulate a few-view situation, 20 views within 180°
with identical angular interval are used to do the re-
construction. Because of the simplicity of the phan-
tom, the quality of reconstruction images is accept-
able. However, strip artifacts appear due to the in-
sufficient of the projection data. It can be seen from
Fig. 3(c), in a few-view circumstance, the reconstruc-
tion result of DEICT-ART is smoother than DEICT-
FBP.

1.0
.......... phantom
DEICT-FBP

0.5 \ —%— DEICT-ART

(=}

a8/0x (x107%)

=0.5

©

~15 I I I I I | I \
25 30 35 40 45 50 55 60 65 70

pixel position/(20 um/pixel)

Fig. 3. Few-view reconstruction results of the
phase phantom, 20 views. (a) The recon-
struction result of DEICT-FBP; (b) The re-
construction result of DEICT-ART; (c) Local
profile comparison of the 60th row indicated
by the white line in (a).

7 Experiments at BSRF

The DEI-CT experiments were performed at the
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4W1A Station of the BSRF. The layout of DEI-CT
setup is described in Section 2. The setup was located
approximately 43 m away from the source. The en-
ergy of the monochromatic X-rays was 10 keV. A plas-
tic cylinder cut from a common ball-point pen refill
was inspected in experiment, as shown in Fig. 4(a).
Its outer diameter was 3 mm and its inner diame-
ter was 1.5 mm. The pixel size was 10.9 um. The
sample was rotated in 1.0 degree interval within 180
degrees.

For each projection direction, seven DEI images
were measured at different positions of the RC. The
refraction angle information was extracted by the
MIS method!™. The size of the reconstruction image
is 120x120 pixels. 20 views within 180 degrees with
identical angular interval are used to simulate a few-
view reconstruction. The reconstruction results are
shown in Fig. 4. Asshown in Fig. 4(f), in the few-view
circumstance, the strip artifacts appear just as in the
case of simulation. These artifacts can be eliminated
or weakened by the PDE filter. In Fig. 4(g), after 2
iterations, the artifacts in the region of the rectangle
are significantly weakened. It can be seen in Fig. 4(h),
that the flat region of the image is smoothed while the
edges are preserved.

A disadvantage of the ART iterative algorithm is
that the time-consumption is far longer than analyt-
ical algorithms. To accelerate the DEICT-ART algo-
rithm, an ordered subsets technique is adopted. 180
views from 1° to 180° are divided into 5 subsets. The
residual per pixel is used as figure of merit to illumi-
nate the convergence of the proposed DEICT-ART
algorithm:

. |$k+1_$k|

TN (1)

r

where N is the number of pixels and z* is the re-
construction image of the kth iteration. As shown in
Fig. 5, the convergence of DEICT-OS-ART is faster
than ordinary DEICT-ART especially in the incipient
iterations and both of the two algorithms converge
to the identical value. The time-consumption of one
step iteration of DEICT-OS-ART and DEICT-ART
is the same!"¥ however the speed of the reconstruc-
tion can benefit from the faster convergence rate of
DEICT-OS-ART. To achieve the same image quality
of the reconstruction, the number of iterations needed
is about 10% reduction in DEICT-OS-ART in our
experiments. The time cost of one step iteration is
around 0.6 second with a dual-core 1.8 G CPU and
1 G memory and the program code is implemented
in Matlab currently.
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Fig. 4. Reconstruction results of the experi-
ment data. (a) The sample, a plastic cylinder;
(b) One view of the refraction-angle extracted
by the MIS method; (¢) The reconstruction
result of DEICT-FBP; (d) The reconstruction
result of DEICT-ART, 40 iterations; (e) Lo-
cal profile comparison of the 60th row indi-
cated by the white line in (c). (f) DEICT-
ART reconstruction of the plastic cylinder, 20
views; (g) PDE filtering of (f), 2 iterations, o
of Eq. (9) is set to 0.5 and the At of Eq. (10)
is set to 0.2; (h) Local profile of the 30th row
indicated by the white line in (f).
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Fig. 5. The convergence curve of DEICT-ART

and DEICT-OS-ART of the experiment data.

8 Conclusions

In this paper, an ART iterative algorithm named
DEICT-ART is proposed to reconstruct the gradi-
ent of the refraction index for computer tomography
of diffraction enhanced imaging. The algorithm is
in the reconstruction framework of Zhu et al'® and
simply replaces the conventional FBP algorithm with
an ART algorithm. In situations where the projec-

tion data are sufficient, the reconstruction results
of DEICT-FBP and DEICT-ART are comparable
except that at the sharp edges, the value of DEICT-
ART is slightly lower than that of DEICT-FBP. In the
noisy circumstance and the few-view circumstance,
the DEICT-ART algorithm which inherits the advan-
tage of ART performs better than DEICT-FBP. The
reconstruction images of DEICT-ART are smoother
than DEICT-FBP. In a few-view circumstance, strip
artifacts seriously affect the reconstruction image
quality of DEICT-ART. A new type of iterative im-
age restoration method named PDE filter can signif-
icantly eliminate or weaken the artifacts. The PDE
filter has the property of edge-preserving and denois-
ing. Besides the proposed PDE filter method, other
edge-preserving and denoising techniques can also be
adapted, e.g. total variance (TV) image restoration.
One disadvantage of the ART iterative algorithms is
the long time-consumption. However, DEICT-ART
can benefit from the ordered subsets acceleration
technique. This problem can also be solved or weak-
ened by now emerging computation technologies,
such as DSP chips and GPU acceleration.

The experiments were carried out at the BSRF, so
the authors appreciate the support of the BSRF.
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