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Purpose: This paper concerns the feasibility of x-ray differential phase contrast (DPC) tomosyn-
thesis imaging using a grating-based DPC benchtop experimental system, which is equipped with a
commercial digital flat-panel detector and a medical-grade rotating-anode x-ray tube. An extensive
system characterization was performed to quantify its imaging performance.
Methods: The major components of the benchtop system include a diagnostic x-ray tube with a
1.0 mm nominal focal spot size, a flat-panel detector with 96 μm pixel pitch, a sample stage that
rotates within a limited angular span of ±30◦, and a Talbot-Lau interferometer with three x-ray
gratings. A total of 21 projection views acquired with 3◦ increments were used to reconstruct three
sets of tomosynthetic image volumes, including the conventional absorption contrast tomosynthesis
image volume (AC-tomo) reconstructed using the filtered-backprojection (FBP) algorithm with the
ramp kernel, the phase contrast tomosynthesis image volume (PC-tomo) reconstructed using FBP
with a Hilbert kernel, and the differential phase contrast tomosynthesis image volume (DPC-tomo)
reconstructed using the shift-and-add algorithm. Three inhouse physical phantoms containing tissue-
surrogate materials were used to characterize the signal linearity, the signal difference-to-noise ra-
tio (SDNR), the three-dimensional noise power spectrum (3D NPS), and the through-plane artifact
spread function (ASF).
Results: While DPC-tomo highlights edges and interfaces in the image object, PC-tomo removes the
differential nature of the DPC projection data and its pixel values are linearly related to the decrement
of the real part of the x-ray refractive index. The SDNR values of polyoxymethylene in water and
polystyrene in oil are 1.5 and 1.0, respectively, in AC-tomo, and the values were improved to 3.0 and
2.0, respectively, in PC-tomo. PC-tomo and AC-tomo demonstrate equivalent ASF, but their noise
characteristics quantified by the 3D NPS were found to be different due to the difference in the
tomosynthesis image reconstruction algorithms.
Conclusions: It is feasible to simultaneously generate x-ray differential phase contrast, phase
contrast, and absorption contrast tomosynthesis images using a grating-based data acquisition
setup. The method shows promise in improving the visibility of several low-density materials and
therefore merits further investigation. © 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4835455]
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1. INTRODUCTION

X-ray digital tomosynthesis is an imaging method that uses
multiple planar x-ray projection images acquired at different
angular positions around the image object to reconstruct pseu-
dotomographic images of the object.1 The total angular span
of the projection data acquisition is limited to a few tens of
degrees, and the reconstructed tomosynthesis images usually
have high inplane spatial resolutions but limited slice thick-
ness (typically 1 mm for breast tomosynthesis and 5 mm for
chest tomosynthesis).2–4 This method can be applied to med-
ical imaging to partially address the tissue overlapping prob-
lem commonly observed in x-ray planar projection imaging

(radiography) while being able to limit the ionizing radia-
tion dose to a reasonably low level.3, 5 Compared with the
fully three-dimensional (3D) cone beam computed tomog-
raphy (CBCT) imaging method, tomosynthesis has several
attractive features: first, it typically offers superior inplane
spatial resolution than CBCT; second, the cost of the hard-
ware components of a tomosynthesis system is usually less
than that of a CBCT system; third, the operating x-ray energy
can be reduced in tomosynthesis to improve tissue contrast.
This is achieved by compressing the image object along the
x-ray beam direction during the tomosynthesis data acquisi-
tion, which is similar to the approach used in x-ray mam-
mography. Compared to CBCT, the major drawbacks of
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tomosynthesis include the lack of quantitative imaging capa-
bility and the limited slice sensitivity.4

The tomosynthesis imaging methods currently used in
medical diagnosis share a common feature with radiogra-
phy and CBCT imaging methods: they all use the absorption
of x rays (by the image object) to generate the image con-
trast. However, the absorption contrast is not the sole con-
trast mechanism enabled by x-ray-matter interactions: when
a beam of x rays interact with an image object, both x-ray
absorption (a particle physics phenomenon) and x-ray phase
shift (a wave optics phenomenon) occur, and both effects
carry information about the image object. By using coher-
ent x rays, the phase shift of x rays can be physically mea-
sured to generate phase contrast images. Since the phase shift
of x rays is only sensitive to the spatial distributions of elec-
tron density, phase contrast imaging could be of added value
in medical diagnosis.6 In particular, phase contrast imaging
could potentially benefit the discrimination of body parts that
are primarily comprised of soft tissues (e.g., the breast) with
low atomic numbers, which generate very limited absorption
contrast due to the lack of photoelectric events. Due to this
reason, it is of great interest for pioneering academic medi-
cal imaging researchers to study the feasibility of combining
the phase contrast mechanism with the tomosynthetic imag-
ing method.

Several implementation methods have been proposed for
x-ray phase contrast tomosynthesis imaging, but there are still
some challenges in adapting these methods to a practical clin-
ical setting. Having good spatial and temporal x-ray coher-
ence is a typical requirement for phase contrast imaging, and
it was met in most of these implementations by using syn-
chrotrons. For example, both Maksimenko et al.7 and Kang
et al.8 have used synchrotron radiation and the diffraction en-
hanced imaging (DEI) method to successfully generate phase
contrast tomosynthesis images. The medical utility of these
implementation methods is hindered by the large size and
high cost of synchrotron facilities. Another means of imple-
menting the phase contrast tomosynthesis imaging is to use
the inline holography method as reported by Zhang et al.9

and Hammonds et al.10 In these implementations, partially
coherent x rays generated by microfocus x-ray tubes freely
propagate through the image object to form projection images
for tomosynthesis reconstruction. These projections contain a
mixture of the second-order spatial derivative of x-ray phase
shift signal and the conventional x-ray absorption signal. The
medical utility of these implementations, however, is limited
by the low beam flux of the microfocus x-ray tubes. Addition-
ally, the inline holography tomosynthesis method can only
generate mixture images that contain both phase contrast and
absorption contrast information unless some analytical or iter-
ative phase retrieval method is used to separate the two signal
types.11–13

In this paper, we report a proof-of-concept experimental
study for the grating interferometer-based x-ray differential
phase contrast (DPC) tomosynthesis imaging. In this method,
a Talbot-Lau interferometer14, 15 was used to achieve concur-
rent yet separable absorption and phase contrast tomosyn-
thesis imaging. A source grating was used to collimate the

x-ray beam generated from a medical-grade x-ray tube into
many beamlets with adequate spatial coherence.16 A bench-
top DPC data acquisition system developed at the authors’
institution,17, 18 and inhouse physical phantoms with known
phase contrast properties were used to implement the DPC
tomosynthesis imaging method.

As an initial step in assessing the imaging capability and
the potentials in medical imaging of the proposed grating-
based DPC tomosynthesis imaging method, comprehensive
and objective characterizations of the method’s signal and
noise properties were performed. To help understand the po-
tential advantages and disadvantages of the proposed imag-
ing method, the characterizations were performed on both
phase contrast tomosynthesis images and absorption contrast
tomosynthesis images acquired concurrently at the same x-ray
exposure level.

2. METHODS AND MATERIALS

2.A. Basic principle

In grating-based phase contrast imaging, the phase shift
of an x-ray beam propagating through an image object is
determined by the decrement, δ, of the complex refractive
index n = 1 − δ + iβ. More explicitly, under the parax-
ial approximation commonly used in optics,19 the accumu-
lated phase shift of a diffraction fringe pattern generated by
the Talbot-Lau interferometer has been shown to related to
the line integral of δ along the x-ray propagation path.15

The grating-based phase contrast imaging method indirectly
measures the spatial gradient of the x-ray phase shift by
directly measuring the phase shift of the periodic diffrac-
tion fringe pattern generated by the grating interferometer,
namely,

φ(u, v, θ ) = −2πzT

p2

∂

∂u

∫
Lθ

δ(x, y, z) dl,

= −2πzT

p2

∂

∂u
Rδ(u, v, θ ), (2.1)

where φ denotes the phase shift of the diffraction fringe pat-
tern, Lθ denotes the line path of the x-ray beam at angle po-
sition θ , zT denotes the fractional Talbot distance, which was
used to set the distance between the phase grating G1 and
the analyzer grating G2 of the Talbot-Lau interferometer. p2

denotes the pitch of the G2 grating, R denotes the Radon
transform (i.e., line integral) of δ. The Cartesian coordinates
(x, y, z) and (u, v) are defined on the image object and the
detector, respectively (Fig. 1).

One advantage of the grating-based phase contrast imag-
ing method is that it can simultaneously generate separa-
ble x-ray absorption images: the DC level of the diffraction
fringe pattern is exactly the conventional absorption signal,
the logarithmic transform of which is equal to the Radon
transform of the x-ray linear attenuation coefficient (μ),
namely,

Rμ(u, v, θ ) =
∫

Lθ

μ(x, y, z) dl, (2.2)
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FIG. 1. Schematic illustration of two geometries for the grating-based phase
contrast tomosynthesis data acquisition systems. (a) The Grossman geometry
with both tube and detector moving along a circular path; (b) The DBT ge-
ometry with only the tube moving along an arc. θ1 and θ2 denote the starting
and stopping angular positions of the tube. G0, G1, G2 denote three one-
dimensional gratings. Details about the grating interferometer setup can be
found in Ref. 17.

where μ is linearly related to the imaginary part, β, of the
complex refractive index n = 1 − δ + iβ by Ref. 6

μ = 4π

λ
β, (2.3)

where λ is the x-ray wavelength.
From the hardware instrumentation standpoint, a grating-

based phase contrast imaging acquisition system requires a
similar hardware setup to that of a conventional x-ray ab-
sorption contrast imaging except for the following two differ-
ences: (i) the grating interferometer needs to be incorporated
into the x-ray beam; (ii) a sequential movement of the G2 grat-
ing known as the phase stepping method14, 15 is usually em-
ployed during each projection data acquisition to help extract
the phase signal. The phase stepping procedure will prolong

the data acquisition time and thus is considered as a draw-
back. In several recent studies, the phase stepping method has
been replaced by other methods such as the moiré analysis
method, which do not require multiple grating movement and
exposures.20, 21 Therefore, the grating interferometer setup is
not necessarily a limiting factor for the data acquisition time
of the imaging system.

We proposed two geometries for the potential hardware se-
tups of the grating-based phase contrast tomosynthesis sys-
tems: the first one shown in Fig. 1(a) is known as the Gross-
man geometry,5 in which both the x-ray tube and detector
move along a circular path around the image object. The sec-
ond geometry shown in Fig. 1(b) is the one that is currently
used by commercial digital breast tomosynthesis (DBT) sys-
tems. This DBT geometry features a static detector and a ro-
tary x-ray source that rocks along a circular trajectory in the x-
z plane. The experimental benchtop system used in this study
uses the Grossman geometry. The feasibility of implement-
ing the grating-based phase contrast tomosynthesis imaging
method with the DBT geometry will be discussed in a sepa-
rate paper.

2.B. Tomosynthetic reconstruction algorithm

To reconstruct the conventional absorption tomosynthesis
images, a variety of algorithms have been developed, includ-
ing the shift-and-add (SAA) algorithm,1, 5 the filtered back-
projection (FBP) algorithm,22 the statistical image reconstruc-
tion algorithm,23 and some other novel algorithms reviewed
in Refs. 4 and 24. Among these methods, SAA and FBP
are linear algorithms, allowing the tomosynthesis image qual-
ity to be physically modeled and characterized by objec-
tive image quality metrics such as signal difference to noise
ratio (SDNR), artifact spread function (ASF), modulation
transfer function (MTF), and noise power spectrum (NPS).
Although other image reconstruction algorithms may add po-
tential advantages, for simplicity, this paper focuses on ex-
tending the two linear algorithms to grating-based phase con-
trast tomosynthesis.

First let us briefly review the FBP absorption contrast to-
mosynthesis reconstruction algorithm: First, the measured ab-
sorption projection data, Rμ, needs to be filtered by a ramp
filtering kernel as

R̃′
μ(fu, v, θ ) = R̃μ(fu, v, θ ) · |fu|. (2.4)

Here, the filtering process is expressed in the spatial frequency
domain, and R̃μ denotes the 1D Fourier transform of Rμ with
respect to u

R̃μ(fu, v, θ ) =
∫

Rμ(u, v, θ )e−i2πufu dl. (2.5)

Next, the filtered projection data are backprojected to the
tomosynthesis image domain. Under the parallel beam ap-
proximation, the backprojection operation in a tomosynthe-
sis system with the Grossman geometry can be analytically
formulated as follows:

Iμ(x, y, z) = 	θ
∑

θ

R′
μ(x cos θ + z sin θ, y, θ ), (2.6)
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where 	θ denotes angular intervals between two sequential
projections. The pixel value, Iμ, of the reconstructed absorp-
tion contrast tomosynthesis images is linearly related but not
equal to μ because of the incomplete angular sampling. For
systems with divergent x-ray beams and more complex ge-
ometries, the backprojection can be achieved by using projec-
tion matrices.25

To reconstruct phase contrast tomosynthesis images, the
FBP algorithm described above needs to be modified to ac-
count for the differentiation operator in image formation pro-
cess in Eq. (2.1). In fact, a Fourier transform will recast this
imaging equation into the following form:26

φ̃(fu, v, θ ) = −2πzT

p2

∫
∂

∂u
Rδ(u, v, θ )e−i2πufu dl

= −2πzT

p2
[(i2πfu)R̃δ(fu, v, θ )]. (2.7)

Based on this expression, a modified Hilbert kernel needs to
be used to compensate for the differentiation operator and
achieve a similar filtering effect as in Eq. (2.4), namely,

φ̃(fu, v, θ ) ·
(

p2

2πzT

sgn(fu)

−i2π

)
= R̃δ(fu, v, θ )·[sgn(fu)fu]

= R̃δ(fu, v, θ )·|fu|. (2.8)

Therefore, phase contrast projections filtered by a Hilbert-
function-based kernel [ p2

2πzT
· sgn(fu)

−i2π
] kernel have the same

format as the absorption projections filtered by the ramp
kernel, and the remaining backprojection process is identical
between phase contrast tomosynthesis and absorption contrast
tomosynthesis. The reconstructed phase contrast tomosynthe-
sis images will be denoted Iδ(x, y, z), and their pixel values
are expected to be linearly related to δ.

Meanwhile, the more straightforward SAA method can
also be used to reconstruct phase contrast tomosynthesis im-
ages. Because of the absence of the data filtering process in
SAA, the differentiation operator in Eq. (2.1) will not be re-
moved and the differential nature of the projection data will
be inherited by the reconstructed tomosynthesis images. To
avoid confusion, phase contrast tomosynthesis images recon-

structed by the FBP algorithm will be referred as PC-tomo,
while phase contrast images reconstructed by the SAA algo-
rithm will be referred as DPC-tomo. The reconstructed ab-
sorption contrast tomosynthesis images will be referred as
AC-tomo in the remainder of the paper.

2.C. Data acquisition system and phantoms

A benchtop grating-based phase contrast tomosynthesis
imaging system with the Grossman geometry was used to
demonstrate the feasibility of DPC tomosynthesis imaging.
This system features the following components: a rotating-
anode medical grade x-ray tube with 0.3 and 1.0 mm nominal
focal spot sizes (Varian G1582, Palo Alto, CA); a flat panel
CMOS x-ray detector (Rad-icon Shad-o-Box 2048, Sunny-
vale, CA), with Gd2O2S scintillator and a 2048 × 1024 array
of photodiode pixels with a 48 μm native pixel pitch (a 2×2
binning scheme was used in our study); a Talbot-Lau interfer-
ometer that is comprised of three gratings (G0, G1, G2) and
was designed for an operating energy of 28 keV. The source-
to-isocenter distance is 156.1 cm and the source-to-detector
distance is 188.2 cm. The distance between the G1 and G2
gratings (zT) is 18.5 cm, and the pitch of the G2 grating (p2)
is 4.5 μm. During the tomosynthesis data acquisition, the tube
was operated at 40 kVp and 10 mA, and the object stage ro-
tated over a range of ±30◦, which is equivalent to moving
the tube-gratings-detector assembly over an arc of the same
angular range. A total of 21 projections at different angular
positions were acquired with 3◦ increments and 40 s of x-ray
exposure per angular position. The phase stepping technique
with eight steps per angular position was used to retrieve both
differential phase and absorption information.

Three home-made physical phantoms constructed from
materials with known μ and δ were used in this study
(Fig. 2). Phantom A is a cylindrical water phantom with
its enclosure made of polymethyl methacrylate (PMMA). Its
outer diameter is 28.5 mm and its length is 70.0 mm. The
phantom contains four uniform cylindrical inserts [PMMA,
polytetrafluoroethylene (PTFE), polyoxymethylene (POM),

A B C

FIG. 2. Physical phantoms A, B, and C.
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and an air filled tube] aligned along the y direction. Phan-
tom B is a cuboid water phantom (PMMA enclosure) with a
dimension of 50 (x) × 76.2 (y) × 39.2 mm (z). It incorporates
three flat inserts made of PMMA, polymethylpentene (PMP),
and polycarbonate (PC), each with a thickness of 2 mm. The
three inserts were separated by 8 mm along the z direction.
This phantom was repeatedly scanned ten times and the re-
sults were averaged to reduce noise. In order to characterize
the effective slice thickness of the reconstructed tomosynthe-
sis images, a third phantom (Phantom C) was used. It is sim-
ilar to phantom A in shape, but the four rods in the phantom
A have been replaced by a polystyrene (PS) sphere with a di-
ameter of 6.34 mm. The sphere was fixed on top of a PMMA
rod using epoxy and the phantom was filled with vegetable
oil. This phantom was scanned twice with identical experi-
mental conditions to generate two sets of images, which were
subtracted from each other to generate noise-only images for
measurement and analysis of noise properties. To account for
the doubling of noise variance due the subtraction operation,
a factor of

√
2 was divided from the noise-only data.

The absorption and DPC tomosynthesis reconstruction
methods described in Sec. 2.B were implemented using C++.
Each tomosynthesis volumetric image reconstruction gener-
ated 30 tomosynthesis image slices stacked along the z direc-
tion with a offset increment of 1 mm. The inplane pixel size
of the tomosynthesis images is 80 × 80 μm2.

2.D. Evaluation metrics

In addition to the qualitative comparison between DPC-
tomo and PC-tomo with AC-tomo, their image quality was
quantitatively assessed using metrics described in this section.
Note that some of these well-documented quantitative metrics
are not directly applicable to DPC-tomo due to the differential
nature of its image signal. For example, the SDNR described
below requires the use of large uniform (DC) areas of signal,
which cannot be met by differential images.

2.D.1. Signal difference to noise ratio

The SDNR is often used in tomosynthesis imaging for
zero-frequency estimation of low contrast detectability. It is
defined as23

SDNR = |xFeature − xBG|
(σFeature + σBG)/2

, (2.9)

in which x̄Feature − x̄BG denotes the difference in average pixel
value between the feature of interest and the background sur-
rounding the feature, σ Feature and σ BG denote noise standard
deviations measured on the feature and the background, re-
spectively. In this work, the SDNR was determined in the
infocus tomosynthesis slice of each insert of the three phys-
ical phantoms. For Phantom A, the feature was defined on
each of the four inserts using a 36 (x) × 300 pixels (y) re-
gion of interest (ROI). The background was determined by
two 18 × 300 ROIs to the left/right of each insert. For Phan-
tom B, the feature was defined on each flat insert using a
140 × 100 ROI and the background was determined by two

140 × 50 ROIs next to each insert. For Phantom C, the feature
was measured using a 48 × 48 ROI inside the sphere and the
background was determined by four 12 × 48 ROIs surround-
ing the sphere.

2.D.2. Phase/absorption signal ratio

Unlike its CT counterpart, DPC tomosynthesis does not
quantitatively measure δ due to artifacts associated with the
limited angular span and limited angular sampling of the pro-
jection data acquisition. Nevertheless, its signal intensity is
still expected to be linearly proportional to δ because of the
linear nature of the data acquisition system and the FBP re-
construction algorithm. Similarly, the signal intensity of AC-
tomo is expected to be proportional to the linear attenuation
coefficient, μ. In other words, the ratio between the PC-tomo
signal and AC-tomo signal should be the same as δ/μ of the
same material measured at the same x-ray energy. This means
that the magnitude of PC-tomo signal can be accurately pre-
dicted from conventional AC-tomo, as long as δ/μ is given.
We performed an experimental validation of this hypothesis
using the measured tomosynthesis signals of the phantom in-
serts as well as the published values of δ and μ measured from
differential phase contrast CT.17, 27

2.D.3. Artifact spread function

The slice thickness of tomosynthesis images is primarily
restricted by out-of-focus blurring artifacts induced by the
limited angular range of the tomosynthesis acquisition.3, 28 A
metric referred to as the ASF has been commonly used in to-
mosynthesis imaging to characterize the degree and extent of
these artifacts. The span or spreading of the profile has been
used as a metric to characterize the tomosynthesis slice thick-
ness. The ASF is defined as23

ASF(z) = xArtifact(z) − xBG(z)

xFeature(z0) − xBG(z0)
, (2.10)

in which z0 is the location of the infocus plane of the feature
of interest. Note that ASF is only a relative measure of slice
thickness since its span depends on the feature size. In our
case, the diameter of the PS sphere (6.34 mm) is much larger
than the reconstruction slice thickness. In this study, ASF was
used to compared the slice thickness characteristics between
AC-tomo and PC-tomo.

2.D.4. Three-dimensional noise power spectrum

Medical x-ray images are fundamentally noise limited due
to the radiation dose constraint, and x-ray phase contrast to-
mosynthesis is no exception. Therefore, it is critical to study
the noise performance of each new x-ray imaging system. In
this study, the noise properties of both PC-tomo and DPC-
tomo were characterized by experimental 3D NPS measure-
ments, which quantify both the magnitude and spatial corre-
lation of noise generated from 3D imaging systems. It was
calculated from the noise-only tomosynthesis image volume
(generated by scanning Phantom C twice) using the following
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formula:

NPS3D = 	x

Nx

	y

Ny

	z

Nz

∑M
i=1 |DFT3D(VOIi − VOI)|2

M
,

(2.11)

in which 	x = 	y = 80 μm denote the inplane pixel size, 	z
= 1 mm denotes the slice thickness, DFT3D denotes the 3D
discrete Fourier transform (DFT), and VOIi denotes each of
the M volumes of interest (VOI) used to measure the 3D NPS.
The mean VOI, VOI, is given by

VOI =
∑M

i=1 VOIi
M

. (2.12)

A total of 121 VOIs were obtained by sliding a Nx = Ny

= Nz = 180 × 180 × 30 volumetric window within the recon-
structed tomosynthesis image volume. The frequency sam-
pling rates are 0.070, 0.070, and 0.035 mm−1 along the fx, fy,
and fz directions, respectively. The 3D NPS was measured for
AC-tomo, DPC-tomo, and PC-tomo acquired with the same
x-ray exposure and system setup.

3. RESULTS

3.A. Reconstructed tomosynthetic images

Figure 4 shows reconstructed tomosynthesis images of
phantom A that contains the four cylindrical inserts. As a
comparison, planar projection images acquired at the central
projection angular position were shown in Fig. 3. A notice-
able difference in the appearance and visibility of each in-
sert across different contrast mechanism can be immediately
appreciated. The edges of the inserts are highlighted in the
DPC-tomo images, which is similar in appearance to the pla-
nar DPC projection image in Fig. 3(b). However, majority of
the structural overlap in the planar projection has been re-
moved in the DPC-tomo images, demonstrating a clear ad-
vantage of the DPC tomosynthesis imaging method over the
DPC projection imaging method. Similar to all other lim-
ited angle tomography methods, interslice blurring and signal
cross-talk are present in both DPC-Tomo and PC-Tomo im-
ages, as in conventional absorption-based tomosynthesis. One
can clearly observe this phenomenon from the high contrast
air tube observed in planes at z = 0 mm.

The appearance of PC-tomo images is quite different from
that of the DPC-tomo image, as they no longer have the “dif-
ferential” look. This can be attributed to use of the Hilbert
filter during the FBP PC-tomo reconstruction, which effec-
tively removes the differentiation operator in Eq. (2.1). The
results show that, while each of the four inserts can be easily
identified in PC-tomo, only three can be visualized in AC-
tomo; the PMMA insert cannot be visualized in the infocus
AC-tomo slice in Fig. 4(h). This finding provides an example
of the potential benefit of the phase contrast tomosynthesis
method.

Figure 5 shows tomosynthesis images of phantom B. All
three flat inserts in this phantom, including their edges along
both x and y directions, can be easily identified in DPC-
tomo and PC-tomo images. The overlap of the inserts along

FIG. 3. Planar absorption (a) and DPC (b) projection images of Phantom A
acquired at the central projection angle.

the beam direction was also removed in these tomosynthe-
sis images. As a comparison, visibilities of the POM and
PMMA inserts in AC-tomo are relatively poor, although
the visibility of the polycarbonate insert is better in the
AC-tomo.

Figure 6 shows tomosynthesis images of phantom C. The
PS sphere stands out from the oil bath in the infocus slices of
all three sets of tomosynthesis images (DPC-tomo, PC-tomo,
and AC-tomo), but its visibility appears to be better in DPC-
tomo and PC-tomo than in AC-tomo. At an off-focus position
z = 6.0 mm that is much greater than the radius of the sphere
(3.2 mm), the sphere is still partially visible in all three con-
trasts, indicating the limited slice sensitivity of the tomosyn-
thesis method.

3.B. Signal magnitude and linearity

Table I presents tomosynthesis signal values of different
inserts measured in PC-tomo and AC-tomo. The magnitude
of the phase contrast tomosynthesis signal (denoted Iδ) and
the absorption contrast tomosynthesis signal (denoted Iμ) de-
pends on the tomosynthesis data acquisition and reconstruc-
tion method, and is not quantitatively the same as δ and μ.
Therefore, we were more interested in the linearity of these
signal values. The ratio between ( Iδ

Iμ
) and reference17, 27 ( δ

μ
)ref.
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FIG. 4. Tomosynthesis images of Phantom A from DPC-tomo (a)–(c), PC-tomo (d)–(f), and AC-tomo (g)–(i) at three different planes along the z axis. All
images were generated from a single tomosynthesis data acquisition. The scale bar in (i) denotes 5 mm. The display range of the images were determined by the
minimum and maximum pixel values of the images at z = 0 and their values are [− 3.8, 3.7] × 10−2 (DPC-tomo), [− 3.1, 3.0] × 10−7 (PC-tomo), and [− 2.7,
3.3] × 10−2 (AC-tomo), respectively.

is listed in the last row of Table I. The data show that this ratio
is about one for the materials tested in our study. Therefore,
the image values of the FBP-reconstructed PC-tomo images
is linearly related to δ, and one can quantitatively predict this
value if an AC-tomo reconstruction of the same material is
provided, namely,

Iδ =
(

δ

μ

)
ref.

Iμ. (3.1)

3.C. Signal difference to noise ratio

Table II presents the measured SDNR values, which can be
interpreted as a zero-frequency estimation of the detectabil-
ities of different phantom inserts. PC-tomo leads to higher
SDNR values for PMMA (in water), POM (in water), POM

(in water), and PS (in oil), whereas AC-tomo leads to higher
SDNR values for PTFE (in water), air (in water), and poly-
carbonate (in water). These quantitative measurements are
consistent with the visual inspection of the reconstructed im-
ages described in Sec. 3.A, and they demonstrate the ca-
pability of phase contrast tomosynthesis imaging in provid-
ing complementary information to absorption tomosynthesis
imaging.

3.D. Artifact spread function

As shown in Fig. 7, the artifact spread functions of
AC-tomo and PC-tomo are almost identical, indicating that
the two types of tomosynthesis images have similar slice
thickness.
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FIG. 5. Tomosynthesis images of Phantom B with differential phase contrast (a)–(c), phase contrast (d)–(f), and absorption contrast (g)–(i) at three different
planes along the z axis. All images were obtained from a single tomosynthesis data acquisition. The scale bar in (i) denotes 5 mm. The display range of the
images were determined by the minimum and maximum pixel values of the images at z = 0 and their values are [−4.5× 10−3, 4.5× 10−3] (DPC-tomo), [0,
1.3× 10−7] (PC-tomo), and [0.1× 10−2, 2.1× 10−2] (AC-tomo), respectively.

3.E. Three-dimensional NPS

The 3D NPS results are shown in Fig. 8. It can be immedi-
ately observed that the frequency distributions of the NPS in
DPC-tomo and PC-tomo are almost identical. This is due to
the unique frequency dependence of the Hilbert kernel used
during the PC-tomo reconstruction [Eq. (2.8)], which is simi-
lar to the Dirac delta function except for its sign and numerical
magnitude. During the NPS calculation, each PC-tomo data
set is multiplied by its complex conjugate, which effectively
removes the Hilbert kernel in the filtered-backprojection and
makes the final NPS look similar to data processed by the di-
rect backprojection reconstruction. This kind of NPS features
greater low-frequency noise and less high-frequency noise.

Despite this similarity, the magnitudes of the NPS of DPC-
tomo and PC-tomo differ by about 10 orders of magnitude,
which is approximately the same as the square of the dif-
ference in their signal magnitudes (≈105). This difference in
the noise magnitudes is induced by the (2πzT)/p2 factor in
the fundamental DPC imaging equation (2.1), which is es-
sentially the amplification factor of the x-ray refraction angle
introduced by the grating interferometer. The FBP reconstruc-
tion of PC-tomo needs to compensate for this factor in order
to restore the refraction angle information, whereas the SAA
reconstruction of DPC-tomo does not need such a compensa-
tion. This is the fundamental reason why the magnitude of the
NPS of PC-tomo is much smaller than that of DPC-tomo.

In comparison, the NPS of AC-tomo demonstrates a differ-
ent noise distribution, which peaks at certain intermediate fre-
quency because of the use of the ramp kernel along the u axis
of the detector. The magnitudes of the NPS of DPC-tomo and
AC-tomo are the same, since both were reconstructed without
being scaled by p2/(2πzT).

4. DISCUSSION

This study demonstrates that, by using different recon-
struction algorithms (FBP vs SAA), PC-tomo images that are
linearly related to the δ value in the complex refractive index
and DPC-tomo images that are still differential in appearance
can be obtained. Their noise textures are surprisingly similar
due to the unique filtering kernel used in the FBP reconstruc-
tion of PC-tomo. In practice, which of the two reconstruction
schemes is more advantageous would be highly dependent
on specific imaging tasks. For example, it would be easier
to detect edge information in differential images, whereas the
phase images are of value in detecting large-area low contrast
signals. However, neither PC-tomo or DPC-tomo should be
used to replace AC-tomo. Our results suggest that the absorp-
tion and phase contrast mechanisms provide complementary
information, and would be most valuable if used in tandem.

A benchtop system equipped with a rotary object stage
was used in this study. In principle, this is equivalent to the
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FIG. 6. Tomosynthesis images of Phantom C from DPC-tomo (a)–(c), PC-tomo (d)–(f), and AC-tomo (g)–(i). All images were obtained from a single tomosyn-
thesis data acquisition. The scale bar in (i) denotes 2 mm. The display range of the images were determined by the minimum and maximum pixel values of the
images at z = 0 and their values are [−4.2× 10−2, 3.7× 10−3] (DPC-tomo), [0.5× 10−7, 1.4× 10−7] (PC-tomo), and [−0.2× 10−2, 2.0× 10−2] (AC-tomo),
respectively.

tomosynthesis data acquisition geometry drawn in Fig. 1(a),
in which the object is fixed in position while the tube-grating-
detector assembly rotates around the object (the Grossman ge-
ometry). This geometry guarantees that the gratings are kept
perpendicular to the x-ray beams, which allows the x rays
to pass through the object-grating-detector assembly with-
out being blocked by the side walls of grooves in the grat-
ings. In clinical practice, this Grossman geometry can be real-

ized by using a C-arm x-ray imaging system. However, many
existing clinical tomosynthesis imaging systems are DBT
imaging systems and these systems use the static detector
geometry shown in Fig. 1(b). In order to combine the DPC
tomosynthesis imaging method with clinical DBT systems,
the gratings need to be rotated by 90◦ about the axis that is
parallel to the x-ray beam, which will result in x-ray incidence
(onto the G1 and G2 gratings) at some glancing angle (except

TABLE I. Experimentally measured phase contrast tomosynthesis signal values (denoted Iδ) and absorption contrast tomosynthesis signal values (denoted Iμ)
for different materials. The experimental values are reported in the format of mean ± one standard deviation (σ ). The reference δ (dimensionless) and μ values
were taken from Refs. 17 and 27 .

PMMA POM PTFE Air H2O PC POM PS Oil

Iδ (10−7) 1.5 ± 0.2 1.7 ± 0.2 1.8 ± 0.2 0.1 ± 0.2 1.1 ± 0.2 0.8 ± 0.1 1.7 ± 0.1 1.2 ± 0.1 1.0 ± 0.1
Iμ (10−2) 1.3 ± 0.2 1.7 ± 0.2 2.6 ± 0.2 0.1 ± 0.2 1.4 ± 0.2 0.9 ± 0.1 1.6 ± 0.1 1.0 ± 0.1 0.9 ± 0.1
( Iδ
Iμ

)/( δ
μ

)ref. 1.2 ± 0.2 1.1 ± 0.2 1.0 ± 0.1 2 ± 5 1 ± 0.3 1.0 ± 0.2 N/A 1.2 ± 0.2 N/A

Medical Physics, Vol. 41, No. 1, January 2014



011903-10 Li et al.: Phase contrast tomosynthesis imaging 011903-10

TABLE II. SDNR for each phantom insert.

SDNR PMMA POM PTFE Air PC POM PS

Phase 2.0 3.0 3.5 5.0 2.0 4.0 2.0
Absorption 0.5 1.5 6 6.5 3.3 1.3 1.0

for the central projection view). This setup is expected to fur-
ther improve the performance of the Talbot-Lau interferome-
ters, as the effective thickness of the x-ray absorber in the G2
grating increases.29, 30 Details about this setup and the adap-
tation method of DPC tomosynthesis to clinical DBT systems
will be presented in a separate paper.

Over the course of this study, the performance of DPC to-
mosynthesis system was always compared with the associated
absorption tomosynthesis system with the radiation dose to
the object being matched. However, the absorption tomosyn-
thesis images were acquired with the interferometer gratings
present, one of which (G2) absorbs approximately 50% of the
post-object x-ray photons. In contrast, the current standalone
absorption tomosynthesis does not require any grating for

FIG. 7. ASF for AC-tomo and PC-tomo.

image formation. Therefore, a fair comparison of the diagnos-
tic performances of the two tomosynthesis imaging methods
needs to be performed with the dose penalty added by the G2
grating taken into account.31

FIG. 8. (a) NPS of DPC-tomo. (b) NPS of PC-tomo. (c) NPS of AC-tomo. The first three rows are generated by projecting the 3D NPS along the y, x, and
z axes, respectively. Numbers in the square brackets are the display ranges for each image. Line profiles through the third row (indicated by the arrows) are
presented in the last row.
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Another limitation of this study is the lack of quantitative
inplane spatial resolution measurement, which plays an im-
portant role in determining the visibility of edges/boundaries
and fine objects such as microcalcifications in breast imag-
ing. The quantification of inplane spatial resolution is often
achieved using a highly x-ray attenuating object with straight
and sharp edge, the signal of which in the reconstructed im-
age can be translated into edge response functions (ERF) and
MTF. This method, however, cannot be directly extended to
DPC tomosynthesis. This is because of the limited dynamic
range of phase (φ) measurement, which is limited to (−π , π )
as emphasized in Ref. 32. The actual DPC signal of an edge
of high contrast is out of this range and is subject to error
caused by phase wrapping. Therefore, an edge phantom made
of low density material have to be used to measure the spatial
resolution of DPC images. On the other hand, such a phan-
tom is likely to introduce an additional challenge to the MTF
measurement because of its low contrast-to-noise level.

5. CONCLUSIONS

In conclusion, the feasibility and basic imaging physics
characteristics of the proposed x-ray DPC tomosynthesis
imaging have been investigated using an experimental bench-
top system and physical phantoms. It was demonstrated that
the shift-and-add algorithm can be used to reconstruct differ-
ential tomosynthesis images based on the DPC mechanism,
while a modified FBP algorithm can generate non-differential
phase tomosynthesis images directly from the differential
phase contrast projection data. The reconstructed tomosyn-
thesis images provide information that is complementary to
that derived from the conventional absorption-based tomosyn-
thesis images, and their slice thickness is the same as the as-
sociated absorption tomosynthesis images. The noise power
spectrum of both the differential phase images and the phase
images were fundamentally different from that of the absorp-
tion tomosynthesis images. These results provide the neces-
sary imaging physics foundation for the further investigations
of the DPC tomosynthesis imaging method for potential use
in medical imaging.
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