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Abstract: We present a simplified acquisition and processing method for X-

ray grating interferometry computed tomography (CT). The proposed 

approach eliminates the need to scan the gratings, thus allowing for a faster 

CT acquisition compared to methods presently in use. The contrast in the 

reconstructed images can be expressed as a linear combination of the 

absorption and refraction within the sample. Experimental images of a test 

phantom made of known materials and a human bone-cartilage sample 

prove the correctness of the method and show very good agreement with the 

theory. The here proposed approach might be highly interesting in many 

fields where a reduced imaging acquisition time is requested and/or where 

the radiation dose delivered to the sample has to be kept low, such as, for 

example, in in-vivo imaging. 

©2011 Optical Society of America 

OCIS codes: (110.6955) Tomographic imaging; (110.7440) X-ray imaging; (050.1950) 

Diffraction gratings. 
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1. Introduction 

X-ray grating interferometry (XGI) is a phase-contrast imaging technique that exploits, for 

generating the image contrast, diffraction from a grating used in combination with a highly 

spatially coherent X-ray beam and absorption in a second grating used as an analyzer [1]. Like 

other phase-contrast imaging methods that have been proposed and applied in the recent years 

[2–8], in XGI the image formation does not rely only on the X-ray absorption effect but also 

on the phase shift induced by the object onto the incoming beam. Therefore, it has been 

shown that it has the potential for much increased image contrast if compared to conventional 

absorption-based X-ray imaging of low absorbing materials, like the ones encountered in 

biological tissues. XGI in both projection and Computed Tomography (CT) modes is now 

used at different third generation synchrotron facilities [9–11]. Moreover, it was shown that 

XGI can also be applied with sources delivering spatially incoherent radiation, like 

commercially available X-ray tubes, by using a third grating placed just downstream of the 

source [12]. XGI has therefore the potential to find wide application in various fields, and 

especially in medical imaging where an increased image contrast can facilitate the diagnosis. 

In the “phase stepping” technique usually applied for data acquisition in grating 

interferometry [10], the scanning of one grating and the acquisition of several images, one for 

each step of the grating scan, are required. When CT imaging is performed, this procedure has 

to be repeated for each viewing angle, which leads to a high number of collected images, long 

integral acquisition time and considerable dose delivered to the sample. Other methods, which 

do not require scanning of the gratings, exist [13,14], but have the disadvantage of a much 

reduced spatial resolution. In this article, we propose a method that enables to simplify the 

acquisition by requiring only a single image per projection angle. 

In a grating interferometer, the two gratings are positioned at a mutual distance such that 

the self-imaging effect of the first grating (G1) occurs at the position of the second grating 

(G2) [9]. G1 is made of an array of phase shifting lines, while G2 consists of an array of 

absorbing lines with the same periodicity and orientation of the fringes induced by G1. If the 

phase stepping method is adopted and one of the two gratings is shifted in the direction 

normal to both the optical axis and the gratings lines, the intensity in each pixel will oscillate 

as a function of grating position. In many cases the oscillation can be approximated as a 

sinusoid as represented in Fig. 1(b) [10]. If an object is placed in the X-ray beam, the 

emerging refracted X-rays will locally shift the position of the fringes, absorption will lower 
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the average value and scattering will decrease the fringes visibility (V, defined as the relative 

difference between the peak and average intensities). This quantitative information can then 

be extracted mathematically. In CT mode, the rotation axis of the sample is usually oriented in 

the same direction of the gratings lines and the three-dimensional (3D) distributions of the 

absorption coefficient µ, of the refractive index decrement δ and of the amount of scattering 

are reconstructed using filtered-back projection (FBP) algorithm [12]. 

 

Fig. 1. (a) Scheme of the XGI setup used for this study, with gratings lines perpendicular to the 
sample rotation axis. (b) Sinusoidal fringe pattern measured with the phase stepping method, 

the linear approximation of the curve around the point x0 is indicated. V represents the 

visibility, I0 the intensity incident on the object and IT the transmitted intensity. 

2. Theory: a new reconstruction method 

Let us consider, instead, the configuration shown in Fig. 1(a), in which G1 and G2 have the 

gratings lines oriented in the horizontal direction, and the rotation axis of the sample is 

vertical. The coordinate system (x,yr,zr) of both the X-ray beam and the detector is rotated 

with respect to the sample reference frame (x,y,z) by an angle φ around the CT axis x. The 

beam propagates along zr and the gratings lines are parallel to yr. In this geometry the gratings 

are therefore sensitive to the component of the refraction angle that is parallel to the x axis. 

It can be shown [15] that the logarithm of the transmitted intensity IT and the vertical 

component of the refraction angle ΔθR can be expressed as line projections respectively of the 

linear attenuation coefficient (µ): 

      0ln , / , , , ,r r r r rTI x y I x y dz x y z  
     (1) 

and of the gradient of the refractive index decrement (δ): 

    , , , .
R r r r r

x y dz x y z
x





 


   (2) 

Let us denote by TGR the average intensity transmission through the gratings and by S = 

p2/dTalbot (where p2 is the period of G2 and dTalbot is the considered fractional Talbot distance) 

the angle corresponding to one grating period. If we indicate with ψ(x,yr) the shift of the 

sinusoidal fringe profile and with xG the relative position of the two gratings, the beam 

intensity at each point of the detector is [16]: 

         

   

2

2 2
; , ( , ) , 1 , sin , ,

( , ) , ; ; , ,

G r GR r T r r r G R r

GR r T r G R r

I x x y T x y I x y V x y x y x x y
p S

T x y I x y G x x y

 
 



  
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  

 

 (3) 

where ( ; ; , )G R rG x x y  is a function of both the object and the imaging system. 
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We will assume here that the scattering introduced by the object is negligible, so that the 

visibility map V(x,yr) is the same when recorded with or without the object. It is worthwhile to 

note that V(x,yr) and ψ(x,yr) can be easily measured from phase stepping scans acquired before 

inserting the object in the beam. We will further assume that V and ψ are spatially 

homogeneous, so that their dependence on x and yr can be neglected. 

In analogy with conventional absorption CT, we consider the following quantity: 

 
 

   
   

0

,
ln , , ln ; .

, ,

r

r r r G R

r GR r

I x y
dz x y z G x

I x y T x y
        (4) 

The first term on the right side of Eq. (4) is the usual Radon transform encountered in 

conventional CT. Since this term has the form of a line integral, the values of µ(x,y,z) can be 

reconstructed by applying conventional algorithms like FBP. In the case of XGI there is an 

additional term depending on refraction. This term generally does not have the form of a line 

integral. However, if the working point xG is chosen such that 
2

2 /
G

x p n    (n = 0,1,2..), 

where 0G   and G  is maximum (see point x0 in Fig. 1(b)), and in the hypothesis that 

ΔθR << S/4, then we can apply the first-order Taylor expansion around ΔθR = 0: 
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 (5) 

where we have expressed ΔθR as a function of δ and where the quantities K1(xG) and K2(xG) 

depend only on the chosen gratings position and are therefore constant in our case. By 

inserting Eq. (5) in Eq. (4) and applying the FBP algorithm, the following quantity can be 

reconstructed for each point of the object: 

    
 

   1

2, , , , , , ,
G

G

K x
f x y z x y z K x x y z

L x





   


  (6) 

where L is the dimension of each angular projection image in the yr direction, which 

determines the diameter of the reconstructed slice. The value calculated for each point of the 

object is therefore given by a linear combination of µ and of the vertical gradient of δ. 

This expression was obtained under the assumption that scattering is negligible. However, 

if the scattering angles are sufficiently small, so that / 4
R Scatt

S     , the approximation 

is still valid. If we consider the first order approximation of the function G, in fact, scattering 

positive and negative contributions cancel out. 

The choice of the working point xG in the linear region of the intensity function G presents 

two advantages. The first derivative G  is maximized: this implies that the highest sensitivity 

to refraction can be achieved at this point since the coefficient K2 in Eq. (6) is also maximized. 

Besides, since the second derivative G  is equal to zero, the interval of validity of the first-

order Taylor approximation for G is relatively large. Other positions along the intensity 

function may be used, but this would inevitably lead to a reduction of the refraction sensitivity 

and to more stringent requirements on the values of the refraction angles introduced by the 

object. 

3. Experimental methods 

The experimental verification was carried out at the ID19 beamline [17] of the European 

Synchrotron Radiation Facility using a monochromatic X-ray beam (ΔE/E 10
4

) of 32 keV. 

A silicon π-shifting grating (G1), with period p1 = 4.787 μm and thickness t1 = 45 μm, and a 
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gold absorption grating (G2) with period p2 = 2.4 μm and thickness t2 = 50 μm, were used, in 

the geometry of Fig. 1(a). The technical details of the interferometer setup are described 

elsewhere [18]. The distance between G1 and G2 was 37 cm (5th fractional Talbot distance for 

the energy used); the sample-to-detector distance was 55 cm. In these experimental conditions 

a visibility of 32% was obtained. The images were recorded by a FReLoN CCD camera [19] 

with 2048 x 2048 pixels coupled with a lens system to a scintillator. The effective pixel size 

of the detector was 8 µm. 

The first sample, a phantom made of objects of known composition and geometry, 

consisted of two hollow polypropylene cylinders, with an outer diameter of 2.3 mm and a wall 

thickness of 0.4 mm, inclined by approximately 11° with respect to the vertical axis and 

containing, respectively, ethanol and a 10% formalin solution. The second sample was a bone-

cartilage cylinder with a diameter of approximately 8 mm, extracted from a human patella. 

The specimen was placed in a cylindrical plastic container and dipped into a 10% formalin 

solution. CT scans of both samples were performed with the gratings kept fixed at a relative 

position x0, as in Fig. 1(b). 800 angular projections over 360° were recorded for imaging the 

plastic phantom and 1600 for the bone-cartilage sample. For comparison, an additional phase 

stepping CT acquisition was carried out for the plastic phantom at three gratings positions 

over one period, with the same angular sampling and the same exposure time for each raw 

projection image as in the previous case. A 2x2 binning of the detector pixels was used for the 

scans of the plastic phantom, leading to an effective pixel size of 16 μm. 

4. Results and discussion 

3D distributions of absorption and refraction have been reconstructed for the test phantom by 

using the phase stepping method. The combined absorption-refraction (according to Eq. (6) 

has been obtained by directly applying the FBP algorithm to the angular projections acquired 

at one fixed position of the gratings. An example of the resulting absorption, refraction and 

combined CT images obtained for the same slice within the sample are reported respectively 

in Figs. 2(a)–2(c) for the cylinder containing ethanol and in Figs. 2(d)–2(f) for that containing 

the formalin solution. 

 

Fig. 2. Reconstructed axial slices for the two cylinders containing ethanol (a,b,c) and formalin 

(d,e,f): absorption (a,d) and refraction (b,e) images obtained with phase stepping method and 
combined absorption-refraction images (c,f) obtained for one fixed gratings position. 
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In the absorption images, the difference in intensity between the plastic cylinder and the 

liquid is more pronounced for formalin than for ethanol because the linear attenuation 

coefficients for the liquid and for the plastic container differ more in the first case (μpol = 0.23 

cm
1

, μform = 0.35 cm
1

, μeth = 0.24 cm
1

). Edge enhancement due to propagation-based 

(“inline”) phase contrast is also observable in the absorption images, due to the finite 

propagation distance between the sample and the detector [10]. In the refraction images a 

signal is produced at the interfaces between materials. It is interesting to remark that the 

black-white contrast is reversed for the polypropylene-formalin boundary (Fig. 2(e)) with 

respect to the polypropylene-ethanol boundary (Fig. 2(b)), because the difference in the δ 

values has opposite signs in the two cases (δpol = 2.0∙10
7

, δform = 2.3∙10
7

, δeth = 1.8∙10
7

). In 

Figs. 2(c) and 2(f), as expected from the theory, the absorption and refraction signals visible 

in the previous images are combined in the same image and the variations of µ and δ can be 

qualitatively evaluated. 

For a quantitative comparison, the profiles over a horizontal line across the cylinders in 

Figs. 2(a)–2(c) have been considered; the profiles for absorption, refraction and combined 

absorption-refraction signals are reported in Fig. 3(a). In Fig. 3(b) the profile for combined 

absorption-refraction is compared to that obtained using Eq. (6). The latter has been calculated 

using the absorption and refraction images reconstructed from the phase stepping method and 

the theoretical values for the coefficients (estimated in K1(x0)0 and K2(x0)-3.1·10
5
 in our 

experimental conditions). An excellent agreement between the absorption and the combined 

absorption-refraction images in the regions where refraction is absent (i.e. far from the 

interfaces) is obtained (Fig. 3(a)). Furthermore, the combined absorption-refraction profile is 

very close to that expected from Eq. (6) (Fig. 3(b)), both in regions where absorption is the 

only signal and in regions where refraction is predominant, like at the boundaries between the 

different materials. 

 

Fig. 3. Profiles across the cylinder containing ethanol (line 1 in Fig. 2(a)). In (a), absorption 
and refraction profiles extracted with phase stepping method are reported (the latter multiplied 

by 105 for visualization purposes), together with absorption-refraction combined profile 
obtained from a single gratings position. In (b), the absorption-refraction combined profile is 

compared to that theoretically expected from Eq. (6) (see text). 
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The signal-to-noise ratio (SNR) (defined as the ratio between the pixels average value and 

their standard deviation) has been calculated in regions of interest (ROI) within the different 

materials. SNR is about 1.51-1.68 times higher in the absorption image than in the combined 

image. This result is close to the expected value of 3 1.73  that can be estimated considering 

that in the phase stepping acquisition the irradiation time was three times larger. To evaluate 

the statistical errors in the refraction signal, for each (negative and positive) refraction peak of 

the two cylinders, the area under the peak has been calculated for ten adjacent horizontal lines. 

The obtained SNR values (defined as the ratio between the average integral values over the 

ten lines and their standard deviation) are only 1.04 to 1.41 times higher in the refraction 

image than those for the combined image, despite of the much shorter exposure time in the 

latter case. This result suggests that the here presented method may be more robust to noise 

than the phase stepping method. 

In Fig. 4(a) the bone-cartilage sample reconstructed from the CT acquisition with a fixed 

gratings position is presented; Fig. 4(b) is a zoom within the cartilage. Both the internal 

structure of the bone and the contours of the cartilage tissue are clearly identifiable on the top 

and bottom regions of Fig. 4(a), respectively. The signal in the bone is given by a combination 

of absorption of the bulk and of refraction at the edges of the trabecular meshwork. 

Concerning cartilage, the signal is mainly given by the refraction occurring at the boundaries 

between the tissue and the surrounding liquid. A closer inspection to the cartilage reveals also 

that small spherical structures are visible, which can identified as single cartilage cells 

(chondrocytes) or clusters of them (chondrons) [20]. Chondrons and chondrocytes show a 

reversed black-white contrast if compared to the cartilage-liquid interface, since they are 

characterized by a refractive index decrement lower than the surrounding cartilage matrix 

[21]. Note, however, that the energy of 32 keV used in these acquisitions is not optimized to 

reveal these details. 

 

Fig. 4. Images of a human bone-cartilage sample calculated by using the combined absorption-

refraction reconstruction: (a) reconstructed CT vertical plane of the bone and cartilage tissues 
(respectively at the top and bottom parts of the image), (b) expanded view of a cartilage tissue 

region. 

5. Conclusions 

We have proposed a simplified method for CT data acquisition and reconstruction in X-ray 

grating interferometry. This technique needs only one raw image per viewing angle and does 

not require any motion of the gratings, which can remain in a fixed position with respect to 

each other and the rest of the setup. The procedure does not allow obtaining separate maps of 

the absorption and refraction of the sample, respectively, but produces images in which the 

contrast is generated by a combination of the two effects. However, this mixed signal contains 

more information than the absorption or refraction image alone and, from a diagnostic point of 

view, it may be advantageous. Important benefits arise from the fact that this method 
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eliminates the need for moving the gratings during acquisition of a tomography scan. In 

particular, a greater stability of the setup can be obtained and also a reduction in the total 

acquisition time, because of the reduced number of image frames and the removal of the dead 

times due to gratings movement. In any potential future in-vivo application of grating 

interferometric tomography, shorter acquisition time will result in reduced motion artefacts. 

Additionally, the analysis of the signal-to-noise ratio (SNR) obtained in the reconstructed 

images suggests that the method may be more robust to noise than the phase stepping, and 

thus may allow reducing the delivered radiation dose. A more detailed study will be needed to 

thoroughly investigate this point. 

It is noteworthy to remark the analogy between working within the linear region of the 

intensity function G in grating interferometry and acquiring images with the analyzer-based 

imaging technique [5,6] within the linear-slope region at approximately 50% the peak height 

of the rocking curve. The same signal linear dependence on absorption and refraction is also 

encountered within the “partial illumination condition” which is the basis of the “coded-

aperture” imaging approach developed by Olivo et al. [8]. This implies that the proposed 

reconstruction technique is also applicable to images acquired using both the analyzer-based 

and the coded-aperture setups. 

We demonstrated the feasibility of the method for both a simple test phantom and a 

complex biological sample. Furthermore, the results show not only a good quality of the 

reconstructed images, but also very good agreement with what predicted by theory. We 

therefore believe that the here-proposed method has the potential to find applications in many 

fields, in particular in possible future medical applications of X-ray grating interferometry, 

seen its advantages with respect to the usual phase stepping method. 
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