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Abstract Tomosynthesis is a three-dimension reconstruction method that can remove the effect of superim-

position with limited angle projections. It is especially promising in mammography where radiation dose is

concerned. In this paper, we propose a maximum likelihood tomosynthesis reconstruction algorithm (ML-TS)

on the apparent absorption data of diffraction enhanced imaging (DEI). The motivation of this contribution

is to develop a tomosynthesis algorithm in low-dose or noisy circumstances and make DEI get closer to clinic

application. The theoretical statistical models of DEI data in physics are analyzed and the proposed algorithm

is validated with the experimental data at the Beijing Synchrotron Radiation Facility (BSRF). The results of

ML-TS have better contrast compared with the well known ‘shift-and-add’ algorithm and FBP algorithm.
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1 Introduction

Tomosynthesis is a limited-angle tomography

method which allows reconstruction of three-

dimension objects from a limited number of angu-

lar views. As the technique of high-resolution and

large scale flat-panel detector develops, more atten-

tion has been paid to tomosynthesis these years es-

pecially in the medical imaging field where radiation

dose is concerned, e.g. mammography, chest imag-

ing, and orthopedic imaging[1]. Compared with com-

puter tomography (CT), tomosynthesis has irreplace-

able superiority in radiation dose control and inspec-

tion time saving. The basic idea of tomosynthesis was

first presented by Ziedses des Plantes[2] who used a

simple “shift-and-add” principle. Grant[3] showed a

proof of concept and coined the term “tomosynthesis”

in 1972. A comprehensive review of tomosynthesis

techniques was given by Dobbins et al[1]. Tomosyn-

thesis reconstruction algorithms can be divided into

three categories[4—6]: the ‘shift-and-add’ algorithm,

which is also named back projection (BP), the fil-

tered back projection type algorithms (FBP), and the

iterative algorithm. The BP algorithm is simple and

fast, but suffers structural artifacts; the efficiency of

FBP type algorithms depends on the filter design;

the iterative algorithms including ART and statisti-

cal iterative algorithms perform the reconstruction in

a recursive fashion and have advantages in noise sup-

pression when data are not sufficient.

X-ray diffraction enhanced imaging (DEI) has

been a hot field after the first system was developed

by Chapman et al in 1996[6]. It has extremely high

sensitivity for weakly absorbing low-Z samples and

can reveal elaborate details of medical and biolog-

ical tissues. Recently tomosynthesis based on DEI

was studied. Maksimenko et al showed the results of

tomosynthesis based on the refraction angle data of

DEI with a ‘shift-and-add’ algorithm[7]. His results

show that tomosynthesis based on DEI is promising

because of the high sensitivity to the soft tissue con-

trast and the extremely low radiation dose.
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Although DEI is mainly implemented on syn-

chrotron radiation, the translation of the system to

a conventional X-ray source is also practicable. The

recent experiments[8, 9] prove the possibility of DEI

method for clinic application. In this paper, a maxi-

mum likelihood tomosynthesis algorithm (ML-TS) is

proposed to reconstruct slices of DEI data. The theo-

retical statistical models of DEI projection data, espe-

cially the apparent absorption data[6], are analyzed.

The motivation of adopting statistical algorithms is to

gain acceptable tomosynthesis reconstruction in low-

dose or noisy circumstances where short inspection

time is expected or radiation dose on patients is con-

cerned. Successful tomosynthesis reconstruction in

these circumstances can make the DEI method get

closer to clinical application, such as applications in

mammography.

2 Method

The layout of the DEI system is shown in Fig. 1

of Ref. [10]. X-rays from synchrotron radiation (or

X-ray tube) first irradiate on a single perfect crystal

which acts as the monochromator to produce a quasi-

parallel beam of monochromatic X-rays. After prop-

agating through the sample, the beam is diffracted

by another perfect crystal which acts as the analyzer.

Several images are taken at different positions of the

Rocking Curve (RC). The signal detected by the de-

tector contains absorption, refraction and scattering

information, thus absorption contrast, refraction con-

trast or scattering contrast can be generated from the

DEI data.

Tomosynthesis in DEI is consistent with the orig-

inal DEI system, and it can be implemented without

modifying the configuration. The scheme of the to-

mosynthetic sampling is shown in Fig. 1. For sim-

plicity, only the sampling of a two-dimensional slice

paralleling to X-Y plane is illuminated.

The sampling is parallel with equal space in

the DEI system. According to the central slice

theorem[11], the sampling points are at a portion of

a concentric circle along the radial direction in the

Fourier domain. It can be seen in Fig. 1(b) that the

sampling along the direction of the spatial frequency

fY is missing more than that along the direction of

fX , thus the spatial resolution of the reconstructed

image along the X direction is higher than that along

the Y direction. The target of tomosynthesis is to re-

construct slices that parallel to X-Z plane in Fig. 1

of Ref. [10].

Fig. 1. Tomosynthetic sampling. (a) Schematic

illustrations tomosynthesis acquisition; (b)

Sampling in Fourier domain of the tomosyn-

thesis acquisition, fX and fY are the spatial

frequency along the X and Y direction, re-

spectively.

To adopt the maximum likelihood method in

the tomosynthesis reconstruction, first, a statistical

model in physics should be created. In the field of

emission and (monoenergetic) transmission CT, the

Poisson statistical model is well known and widely

used[12]. For emission CT, the Poisson model is nat-

ural when the law of radioactive decay of substance

is considered. For transmission CT, Poisson model is

adopted from the view of noise of detection rather

than the law of radioactive decay. In our experi-

ment, a flat Charge Coupled Device (CCD) detector

with numerous pixels was adopted and transmission

projections at several different angles were measured.

Each pixel receives a ray at each projection. The

transmission measurement of each ray is assumed to

follow a Poisson distribution[12]:

yi ∼Poisson{bie
−[Ax]i +ri} (1)

where yi denotes the transmission measurement of

the ith ray, bi denotes the blank scan (without sam-

ple) measurement of the ith ray, and ri denotes the
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mean number of background counts. [Ax]i =

N
∑

j

aijxj

(j =1,2, · · · ,N) represents the ith ray integral of the

attenuation map in which xj is the unknown atten-

uation coefficient in the jth pixel, A = {aij} is the

system matrix, and aij is the weighting factor that

represents the contribution of the jth pixel to the

ith ray integral, and N is the number of pixels. In

practice, {bi}, {aij}, {ri} are known nonnegative con-

stants.

The Poisson statistical model is not strictly true if

the scattering exists and the X-ray is not monochro-

matic. These situations are usually not fulfilled in

transmission X-ray systems. As to DEI data, the ap-

parent absorption data can be presented in the form

of[6]:

Iabs = I0 exp

{

−

∫
l

(µ+χ)dl

}

(2)

where µ and χ are the absorption and the extinction

coefficients, respectively.

The apparent absorption data can be thought as

pure absorption and extinction information without

the scattering[6], meanwhile because the X-ray beams

in DEI are (almost) monochromatic, a Poisson statis-

tical model is more accurate for apparent absorption

data of DEI than those from the transmission X-ray

systems.

In this paper, as a preliminary study, we fo-

cus on the apparent absorption data of DEI. In

terms of the refraction-angle data there isn’t a proper

model to depict them until now. For the scattering

data, a normal distribution may be feasible which

has been adopted in the field of cosmic ray muon

radiography[13].

To implement a maximum likelihood tomosynthe-

sis reconstruction of the DEI data, there are two

strategies. Since the beams of DEI are parallel, the

reconstruction could be performed slice by slice along

the Z direction in Fig. 1 of Ref. [10] and finally slices

are formed in the X-Z plane, or performed in a di-

rect 3D reconstruction. However, the former strategy

is more time-saving and memory-saving when imple-

mented by computer and is adopted in this paper.

The log-likelihood function of maximum likeli-

hood tomosynthesis algorithm is[14, 15]

L(x) =
∑

i

hi([Ax]i) (3)

where

hi(l) = yi log(bie
−l +ri)−(bie

−l +ri). (4)

This likelihood function is the same as the one in the

transmission CT context[14, 15] except that the pro-

jection data are less. The aim of ML-TS is to find an

x which maximizes L(x) by solving an optimization

problem. The optimization of transmission problems

is more difficult compared with the emission prob-

lems. A paraboloidal surrogate algorithm (PS) pro-

posed by Erdogan is adopted in ML-TS algorithm[14].

The PS method takes root to the framework of opti-

mization transfer[16]. The basic idea is that in each

iteration a surrogate function (usually a convex func-

tion) Φ(x) is constructed which has local properties

of the likelihood function:

Φ(xn|xn) = L(xn),

Φ(x|xn) 6 L(x),∀x,

∇xΦ(x|xn) |x=xn =∇L(x) |x=xn ,

(5)

xn is the solution in the nth iteration. If the three

conditions are fulfilled, maximizing Φ(x) equals max-

imizing L(x) and usually solving the optimization of

Φ(x) is easier. Due to the convexity of L(x), Erdo-

gan introduces the paraboloidal function that can be

maximized easily to build the surrogate function. The

paraboloidal surrogate function is:

Φ(x) =
∑

i

qi([Ax]i) (6)

where

qi(l; l
k
i ) = hi(l

k
i )+ ḣi(l

k
i )(l− lki )+

1

2
ci(l

k
i )(l− lki )2 . (7)

ci is the coefficient of the paraboloidal function which

compromises the convergence speed and the mono-

tonicity condition[14]. Another algorithm with com-

plex theoretical analysis is given by Ahn[15]. An ac-

celerated ordered subsets (OS) version of Erdogan’s

algorithm is also practicable. The solution of ML-TS

is achieved by maximizing Φ(x) by iteration.

3 Results

The DEI-tomosynthesis experiments were per-

formed at the 4W1A Station at BSRF. The setup was

located approximately 43 m away from the source.

The energy of the monochromatic X-rays was 10 keV.

A black ant was scanned. The sample was rotated in

5.0◦ interval within 60◦, and 12 projections were used

in the tomosynthesis reconstruction. The pixel size is

10.9 µm. The size of the tomosynthesis reconstruc-

tion image is 800 pixels ×320 pixels.

The tomosynthesis reconstructions are shown in

Fig. 2. Since tomosynthesis is a limited-angle prob-

lem, it is impossible to perform an exact reconstruc-

tion. Thus evaluating image quality of tomosynthesis
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Fig. 2. Results of tomosynthesis reconstruction of the DEI data. The reconstructed parts are the head and

the upper body of a black ant. (a) A 2D CT reconstruction image to indicate the projection direction, the

rotation center and the tomosynthesis reconstruction plane; (b) The projection image; (c) BP algorithm,

absorption data; (d) FBP algorithm, absorption data; (e) ML algorithm, absorption data, 6 iterations;

(f) ML algorithm, the image data that are taken at a low-angle position of RC, 6 iterations.

is difficult[17]. In this preliminary study, a simple vi-

sual contrast is used as a figure of merit.

The reconstruction images are stretched to a grey

range of [min, max] where min and max present the

minimal and maximal pixel values of the image, re-

spectively. The result of BP algorithm has the op-

posite contrast compared with the FBP and ML-TS

algorithms because the reconstruction is just the ad-

dition of projection data of absorption while the re-

sults of FBP and ML-TS present attenuation coeffi-

cients. From Fig. 2, it can be seen that the result

of ML-TS has a higher visual contrast than BP and

FBP algorithms. In Fig. 3(e), the ML-TS result of

the image data that are taken at a low-angle position

of RC is also acceptable though the visual quality of

the reconstruction is not as good as the result of ab-

sorption data. The artifacts are apparent compared

with the apparent absorption data. The reason may

be that the low-angle position image data contain re-

fraction information, thus they don’t follow a strict

Poisson distribution.

4 Conclusions

In this paper, a maximum likelihood tomosynthe-

sis algorithm is proposed to reconstruct 3D images of

DEI data. We analyze the statistical model of DEI

data, especially the apparent absorption data. The

results of ML-TS have better contrast compared with

conventional BP and FBP tomosynthesis algorithms

in visual effects. The potential applications of ML-

TS include biological and medical imaging, where

lower radiation dose and shorter inspection time are

expected. Further work includes establishing an ac-

curate statistical model for the refraction-angle data

or the scattering data and algorithm acceleration.

The experiments were carried out at the BSRF.

The authors appreciate the support of the BSRF.
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