Chin. Phys. B  Vol. 26, No. 12 (2017) 120601

Signal-to-noise ratio comparison of angular signal
radiography and phase stepping method*

Wali Faiz', Peiping Zhu(Zff°F)>", Renfang Hu(#11-75)3, Kun Gao(F )!,
Zhao Wu(Z#)1#, Yuan Bao(#f1[iid)>, and Yangchao Tian(Hizi#d)!$

1National Synchrotron Radiation Laboratory, University of Science and Technology of China, Hefei 230029, China

2Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
3Shanghai United Imaging Healthcare Co. Ltd., Shanghai 201807, China

(Received 13 June 2017; revised manuscript received 28 August 2017; published online 20 October 2017)

Grating-based x-ray phase contrast imaging has the potential to be applied in future medical applications as it is
compatible with both laboratory and synchrotron source. However, information retrieval methods are important because
acquisition speed, scanning mode, image quality, and radiation dose depend on them. Phase-stepping (PS) is a widely used
method to retrieve information, while angular signal radiography (ASR) is a newly established method. In this manuscript,
signal-to-noise ratios (SNRs) of ASR are compared with that of PS. Numerical experiments are performed to validate
theoretical results. SNRs comparison shows that for refraction and scattering images ASR has higher SNR than PS method,
while for absorption image both methods have same SNR. Therefore, our conclusions would have guideline in future

preclinical and clinical applications.
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1. Introduction

Conventional x-ray imaging has been widely used for
non-destructive testing, security screening and biomedical
imaging. Nonetheless, for low Z (atomic number) elements
like biological soft tissues its image contrast is poor. X-
ray phase-sensitive imaging techniques have potential to over-
come contrast restriction. In the hard x-ray regime for low Z
elements & (real part decrement of the refractive index, asso-
ciated with x-ray phase shift) is larger by about three orders
of magnitude than 8 (imaginary part of refractive index, re-
lated with x-ray attenuation).!!! Moreover, Z dependency is
lower for & than . These facts indicate that x-ray phase-
sensitive imaging techniques have potential of increased con-
trast for low Z elements.3=!

In the past two decades a number of x-ray phase-
contrast imaging techniques have been developed.[*-!3 Based
on the signal retrieval, these methods are categorized into
three types: the direct phase, the first derivative of phase
(the differential phase), and the second derivative of phase
of the object.
trast imaging has divergent configurations like diffraction-

Among these differential phases, the con-

enhanced imaging (DEI),®!4] grating-based interferometric
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imaging,!®!1% grating-based non-interferometric imaging,!'?!

[1L12] Though, their configurations are dif-

edge illumination.
ferent but they share some common characteristics.['>! The
performance of all differential phase-contrast imaging can be
depicted by rocking curve in DEL®! phase-stepping curve or
shifting curve (SC) in grating-based imaging!®!7-1°! and il-
lumination curve in edge illumination?®! imaging. Accord-
ing to angular signal radiography (ASR) point of view rock-
ing curve, phase stepping curve, and illumination curve are
all angular signal response functions in the differential phase-
contrast imaging.[16-!]

Specifically, grating-based x-ray phase-contrast imaging
(GB-XPCI) has potential applications due to its compatibility
with laboratory x-ray source along with synchrotron source
and having large field of view (FOV).!32%] Hence, clinical ap-
plications with GB-XPCI remain attainable. Beside attenua-
tion and phase-contrast GB-XPCI is sensitive to scattering in-
formation which is linked with micron and sub-micron struc-
tural information of the object.!?3! In GB-XPCI various infor-
mation extraction methods: like phase-stepping (PS),!'®! re-
verse projection (RP),”*! interlaced PS,*! sliding window
PS,[?%1 and ASR?!! have been developed to extract and sepa-
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rate absorption, refraction and scattering signals. Among these
methods, PS is one of the most extensively used information
extraction methods. However, discontinuous image acquisi-
tion hinders its wide use in practical applications. On the other
hand, interlaced PS and sliding window PS methods demand
high angular sampling frequency for complex structure. Fur-
ther, RP method is unable to extract scattering signal. In ad-
dition, ASR is a newly developed extraction method and has
simplified phase retrieval algorithm and high image acquisi-
tion speed with reduced radiation dose.

First, the principles of ASR and PS will be reviewed
briefly. In this article, noise properties of ASR and PS em-
ploying grating interferometer due to photon statistics using
error propagation formula are discussed. The signal-to-noise
ratios (SNRs) of the absorption, refraction and scattering im-
ages of the two methods show how system and sample param-
eters affect the noise behavior of GB-XPCI. This comparison
is of great importance in future pre-clinical and clinical appli-
cations of GB-XPCI.

2. Background

GB-XPCI setup, as shown in Fig. 1(a), mainly consists
of an x-ray source, splitter grating G1 (phase grating), ana-
lyzer grating G2 (absorption grating), and image detector. G1
having period p; causes a constant phase shift (generally 7/2
or ) on incident x-rays. Due to fractional Talbot effect self-
image pattern is formed downstream of G1.!'”] However, the
period of self-image is too small (about several micrometers)
to be directly detected by the image detector. Hence, another
grating G2 (having the same periodicity of self-imaging, p;)
is used to examine the intensity pattern. When one of the grat-
ings is scanned along the direction orthogonal to its groove
SC,?* as a function of position in each detector pixel is ob-
tained and shown in Fig. 1(b).

2.1. Angular signal radiography

In ASR, classical imaging description is applied to GB-
XPCI system. ASR mainly deals with angle modulated func-
tion (AMF) connected with an object’s physical properties like
absorption, refraction, and scattering and angular signal re-
sponse function (ASRF) determines sensitivity of GB-XPCI
setup.?!] The incoming x-ray beam interacts via absorption,
refraction, and scattering with the object. These interactions
are summed up by AMF and are given as:

2
fyiny) = EREMED] l_lw—ew}] W

V21 5(x,y) 2 %)

where M(x,y) is absorption, 6(x,y) is refraction angle,
©2(x,y) is scattering variance of sample, Iy is incident pho-
ton number, and Y is x-ray deviation angle.

In x-ray grating interferometer (XGI), by shifting the
G2 perpendicular to both grating lines and the incident beam
without object, ASRF can be measured with detector, e.g.,
S(y) = S(xg/d) and can be fitted with cosine function.*]
Further, when scanning steps are more then SC will be more
accurate. In ASR, data are investigated on four typical posi-
tions (valley V, up-slope U, peak P, and down-slope D, shown
in Fig. 1(b)) on the SC and are given as:

S(‘I’):S{l—VoCOS (W(‘I/+Vfo)+nﬂ>} . @
P2 2

where S = (Smax + Smin)/2 is the mean value, Vy = (Smax —
Smin)/ (Smax + Smin) is visibility, Smax 1S maximum, Sp, is
minimum value of SC, d is the inter-grating distance, Yy is
initial deviation angle, and =0, 1,2, 3 is modulation param-

eter.
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Fig. 1. (color online) (a) Schematic setup of GB-XPCI (b) exemplary
shifting curve.

Based on ASR in XGI, the four sample imaging equations
can be depicted as:

Fx,y) = f(y;x,y) @S(y)

— [pSe M) [1 e 2P )/}

X COS (W (0(x,y) +wp) +Tln> } , 3
P2 2

where ® stands for convolution. The four typical imaging
equations can be obtained by n =0,1,2,3.

In order to eliminate yp, generally caused by local im-
perfection of the grating, projection images with and without
sample are taken and then effective absorption, refraction, and
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scattering information of the sample are extracted as (for sim-
plicity here we drop (x,y)):

I+ +15+18
M= |, @
IU—I—ID—&-IV—i-IP
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0 = _P arctan [ <—2
2nd L—L
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where 15,15, 18,15 and I, I, I3, I} are background and sam-
ple images at position valley, up-slope, peak, and down-slope
respectively.

2.2. Phase stepping method

In the case of PS method one of the gratings is uniformly
scanned for phase steps J(J > 3) within one period. The
photon number detected by detector at each pixel is given by
Fourier series expansion.

2nd j
1) = atancos (260 (1)) + 257 40 )
2

J=123,....J, )

where ag and a; are Fourier coefficient.

When a sample is put in the x-ray beam path, it absorbs,
refracts, and scatters x-rays. Using 4-step PS, the absorption,
refraction and scattering of the sample can be extracted as!'®!

b b b b
M = In FAL+GE+I ®)
BAL+L+I 7
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where I, 10,15, 1 and 15,15, 15, I3 are background and sample

(10)

images at positions 1, 2, 3, 4 (shown in Fig. 1(b)) respectively.

3. Theory: Noise properties

Photon statistical noise, being one of the major causes of
noise in GB-XPCI is discussed in this section. In the retrieval
process, photon noise of the projection images shifts uncer-
tainties to the extracted absorption, refraction, and scattering
signals. The uncertainties in all the three signals of ASR are
calculated and compared with PS method,!?8! with the help of
error propagation formula,>”! and are given in Table 1.

Table 1. Expressions of the SNRs of ASR and PS for absorption, refraction and scattering images due to photon statistical noise (for simplicity

(x,y) are omitted).

ASR PS
Absorption 24/IhSe MM 24/1,S’ e MM
2v2nd — — 2V 2rd p— _
Refraction < van )V IpSe=M@ < van )V’y/l[)S/eMG
P2 P2
| o) VS o wieae) Ve v
Scattering p% v p% o~
\/1+V22V23in2 (—9) \/1+V/22V/2sin2 (—9)
P2 P2

From SNRs of ASR and PS for absorption, refraction, and
scattering images (given in Table 1), we deduce the following
six items:

(i) SNRs of both ASR and PS for all three images are di-
rectly proportional to the square root of the incident photon
number.

(i1) SNRs of both ASR and PS for all three images depend
upon absorption of the sample.

(iii) SNRs of both ASR and PS for all three images de-
pend upon mean value of background SC of respective meth-

ods.

(iv) SNRs of absorption images of both ASR and PS
methods are independent of the system parameters. On the
other hand, SNRs of both ASR and PS for refraction images
are proportional to inter-grating distance (d) and inversely
proportional to period of analyzer grating (p;). Meanwhile
SNRs of ASR and PS for scattering images are proportional to
square of the inter-grating distance and inversely proportional
to square of the period of analyzer grating.

(v) SNRs of both ASR and PS for refraction and scatter-
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ing images depend upon visibility of sample SC of respective
methods.

(vi) SNRs of ASR and PS for scattering images depend
upon the refraction angle.

Now taking the ratio of the standard deviations of ASR
and PS:

Ry = M =1/ 7=, Y

ASR XV !
IS
Ro = 26— /02 (V ) (12)
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—27%d?> 02 (x,y) }
P ’
2ﬂ2d2ﬁ?(x,y)}
% '
Equations (11)—(13) show ratio of standard deviations of ASR
and PS method for absorption, refraction, and scattering im-
Here, we have used four steps for both ASR and PS,
so the incident photon number in both methods is the same
Iy = I(’)) The ratio of the standard deviation of ASR and PS
for absorption images depends upon mean values of the back-

where

V(x,y) = Voexp [

V/(x,y) = Viexp [

ages.

ground SC while for refraction and scattering images depend
upon visibility of the corresponding methods. In ASR, many
steps are used to get the background SC, after that the back-
ground SC is fitted with cosine curve. In other words, in ASR
the ASRF is more accurate than SC of the PS method.

4. Simulation and discussion

To validate theoretical derivations, numerical simulations
using Matlab, based on ray optical approach are performed.
The pitches of phase and absorption grating of Talbot interfer-
ometer are the same p; = p» =4 pm. The interferometer is
operated by a monochromatic x-ray beam of energy 25 keV.
The inter-grating distance was set to first fractional Talbot dis-
tance of 16.13 cm. The cylinder of polymethyl methacrylate
(PMMA) with a radius of 5 mm is used as sample. The refrac-
tive index of the sample is n=1—-4.22 x 1077 4+i1.81 x 10710
at 25 keV. Four sample images are taken to extract absorp-
tion, refraction and scattering information in both ASR and
PS methods. The SNRs of ASR and PS are compared for var-
ious incident photon intensities. In both ASR and PS methods
the same total photon number is used.

Figures 2(a) and 2(b) show calculated absorption images
of ASR and PS methods respectively. Figure 2(c) shows the
SNRs comparison of the corresponding absorption images of
the four-step ASR and PS. In both methods excellent agree-
ment is achieved between simulation and theoretical deriva-
tions, which validates theoretical model. Under the same total
exposure, the SNRs of ASR and PS methods for absorption
image are compared. The SNRs of both methods are com-
pared versus incident photon number and shown in Fig. 2(c).
The comparison shows that SNR of ASR for absorption image
is closely the same as SNR of the PS method.
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Fig. 2. (color online) Calculated absorption images of (a) ASR, (b) PS,
and (c) signal-to-noise ratio comparison of four steps ASR and PS for
absorption image.

The calculated refraction images of ASR and PS are
shown in Figs. 3(a) and 3(b). In Fig. 3(c) the comparison of
SNRs of refraction images of ASR and PS are shown. In both
methods simulation and theoretical results match well, which
validates our theoretical model. The SNRs of ASR and PS
methods for refraction images are compared under the same
input parameters. Figure 3(c) shows the relationship of SNRs
of ASR and PS of refraction image and incident photon num-
ber. It can be seen in Fig. 3(c) that SNRs of ASR for refraction
images are higher than SNRs of the PS method. Figures 4(a)
and 4(b) represent scattering images obtained by ASR and
PS respectively and the corresponding SNRs are shown in
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Fig. 4(c). Itis clear from Fig. 4(c) that theoretical results are in
good agreement with simulation results, hence validating our
theoretical model. The SNRs of ASR and PS methods as a
function of incident photon number for scattering images are
shown in Fig. 4(c), which are obtained when input parame-
ters are kept identical. The comparison shows that scattering
image of ASR has higher SNRs than scattering image of PS.
Here, we point out that in ASR, ASRF is obtained with
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0
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SNRs of refraction image

a high number of steps after that take four typical images. In
this way the dose delivered to the sample is low. In fact, this
is useful for medical application, as a high dose is used to get
ASRF and we use a low dose to get sample images. However
in PS, the number of steps for background without sample is
the same as that for images with sample. This is the reason
that ASRF in ASR is more accurate than SC in PS, so high
quality images can be obtained using ASR.
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Fig. 3. (color online) Calculated refraction images of (a) ASR, (b) PS, and (c) signal-to-noise ratios of four steps ASR and PS for

refraction image.
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Fig. 4. (color online) Calculated scattering images of (a) ASR, (b) PS, and (c) signal-to-noise ratio comparison scattering images of

four steps ASR and PS.

5. Conclusion

In this paper, theoretical analysis of noise properties re-
trieved by ASR for absorption, refraction, and scattering im-
ages in grating-based x-ray phase-contrast imaging is pre-
sented and compared with PS method. Theoretical derivations
are validated by computer simulations. In addition, ratios of
standard deviations of both methods for absorption, refraction,
and scattering images are discussed. Furthermore, SNRs of
ASR and PS methods are compared. The comparison shows
that ASR has higher SNR for refraction and scattering images,
while both methods have nearly the same SNR for absorption
image.
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