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Abstract
Objective—The purpose of this study was to develop a phantom-based experimental calibration
method to minimize the reconstruction artifacts for the geometric misalignments of the digital
tomosynthesis prototype.

Methods—A calibration phantom with ten fiducial markers was designed. Using this calibration
phantom, the projection matrices of an experimental digital tomosynthesis prototype were
acquired from each projection view under a series of misalignment conditions. The American
College of Radiology mammography phantom was imaged and reconstructed with and without
using the correction of the corresponding calibration projection matrices. The effectiveness of the
calibration technique was then quantitatively analyzed through comparison of the calibrated and
uncalibrated images.

Results—As the isocenter horizontal-shift increases, the reconstruction artifacts become clearly
distinguishable. Using the calibration technique, the reconstruction artifacts resulting from the
isocenter horizontal-shift were effectively minimized for the prototype.

Conclusions—For the specific experimental conditions utilized in this study, the phantom-based
calibration method effectively reduced reconstruction artifacts for the prototype investigated in
this study. The calibration method holds potential to benefit other tomosynthesis applications.

Keywords
Digital tomosynthesis; calibration; projection matrix; calibration phantom

1. Introduction
Digital x-ray tomosynthesis (DTS) has been thoroughly investigated for clinical applications
and it holds a significant clinical role in medical diagnosis field [1–5]. In digital
tomosynthesis imaging, the object projection images from multiple projection views are
acquired over a limited angular range. The image quality of digital tomosynthesis crucially
depends on the precise geometry of the imaging system. Experimental studies demonstrate
that reconstruction artifacts may arise from the geometric misalignments of the digital
tomosynthesis system such as the isocenter off-center, the tilt of the rotation axis and so on.
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Therefore, the calibration methods are needed to handle these potential misalignments of the
tomosynthesis imaging system [6–8].

Many methods have been proposed to eliminate the geometric misalignment impacts on the
tomosynthesis and tomography imaging. One of them introduced a calibration method based
on the low spatial-frequency Fourier analysis of the projection data without requiring any
knowledge of marker location [9]. In another method, the system geometric parameters were
explicitly extracted using the specific calibration phantom and then applied in the
tomosynthesis reconstruction [10]. Recently, several methods employed calibration
phantoms to estimate a series of system geometric errors to reduce the geometric
misalignment effect [11,12]. However, these methods were aimed at the whole system
geometric configuration.

In this paper, a phantom-based calibration method was developed to calibrate the geometric
misalignment of each projection view, respectively. Using the calibration phantom, a set of
the projection matrices from all projection views were separately extracted, and then
employed in subsequent tomosynthesis reconstruction to minimize reconstruction artifacts
resulting from the geometric misalignments. Besides, the calibration reproducibility of the
projection matrices ensures effective for the same system configuration. To validate the
calibration effectiveness, tomosynthesis experiments were conducted with an ACR
(American College of Radiology) phantom and the reconstructed images with and without
calibration were compared.

2. Methods and materials
2.1. Phantom-based calibration experimental method

2.1.1. Projection matrix extraction—In the geometric coordinate system of
tomosynthesis imaging, the coordinate (x, y, z) in the object space is projected onto the
coordinate (u, v) in the detector plane. The schematic diagram of the system geometric
relationship is shown in Fig. 1.

Given an arbitrary object coordinate (x, y, z), its vector form in homogeneous coordinates is
described as (x, y, z, 1)T , and its corresponding image coordinate (u, v) is expressed as (u, v,
1)T in homogeneous coordinates. Based on the space geometry theory, the mapping between
the object coordinate and the corresponding projection can be expressed in the matrix form
as follows [13,14]:

(1)

where w is a distance weighting factor and M3×4 represents the 3 × 4 projection matrix.
Therefore, once the projection matrix M3×4 is extracted, it can be directly employed to
calibrate the mis-mappings between the object coordinates and the corresponding
projections. %2

(2)

Each pair of the object coordinate (xi,yi,zi) and its projection (ui,vi) must satisfy Eq. (1) and
provides a set of two mapping equations in Eq. (2) [14]. Therefore, an exact solution of the
projection matrix M requires at least twelve equations from more than six reference
calibration points. Using the singular value decomposition (SVD) algorithm, the projection
matrix M can be determined precisely. The source code of a program calculating the
projection matrix is provided in the paper of Li et al. [14].
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2.1.2. Reconstruction calibration based on projection matrix—For the digital
tomosynthesis prototype, any geometric misalignment can lead to the mis-mappings from
the object coordinates to the image coordinates. In the filtered backprojection (FBP)
algorithm, the mis-mappings will inevitably involve the backprojection accuracy and cause
the reconstruction artifacts. To perform the geometric calibration, a set of projection
matrices from all projection views need to be collected before acquiring the object
projection images. Subsequently the extracted projection matrices can be stored and applied
in the tomosynthesis reconstruction as the whole procedure is repeatable. The detailed
calibration process is explained as follows.

For an object coordinate (x, y, z) with the homogeneous coordinate vector A =(x, y, z, 1)T ,
the corresponding image homogeneous coordinate A’ =(u, v, 1)T can be calculated using the
projection matrix M and expressed as [13,14,16]:

(3)

where ∞ represents that (u, v, 1)T is in the direct proportion to w · (u, v, 1)T . To acquire the
normalized homogeneous vector A’, the distance weighting factor w in the vector w (u, v,
1)T is eliminated by the homogeneous coordinate normalization [13,14]. Hence the
coordinate (u, · v) of the vector A’ represents the calibrated coordinate in the detector plane
relevant to the object coordinate (x, y, z) [18].

Additionally, the insufficient projection dataset acquired from the tomosynthesis circular arc
scanning trajectory can cause the intensity fall-off along the rotation axis in the
tomosynthesis images. A reciprocal-cosine weighted compensation method was proposed to
effectively correct the axial intensity fall-off in cone-beam tomography reconstruction [19].
Therefore, in this paper the weighted compensation method was introduced to correct the
axial intensity fall-off in tomosynthesis reconstructed images as well.

With the calibration of the backprojection coordinates and the compensation of the axial
intensity fall-off, the tomosynthesis image f (x, y0,z) at given thickness y0 can be
reconstructed using the modified FDK algorithm below [15,18,19]:

(4)

where f (x, y0,z) represents the reconstructed image at the given thickness y0, β refers to the
projection acquisition view angle, D is the source-to-isocenter distance, s = −x sin β + y cos
β and t = x cos β + y sin β are the projection coordinates, P (u, v, β) represents the projection
value of the calibrated projection coordinate (u, v) from projection view β [17,18], and C(x,
y0,z) is the compensation weighted factor. Experimentally, C(x, y0,z) is assigned an optimal

value of  [17]. The simulation experiment proved the
performance of the compensation method in digital tomosynthesis reconstruction.

In summary, the calibration method is divided into several steps: the calibration phantom
imaging and the projection matrix extraction from each projection view, the backprojection
coordinate calibration with the projection matrices for every projection view, the
compensation of the axial intensity fall-off, and digital tomosynthesis reconstruction. The
flow chart of the phantom-based calibration method is illustrated in Fig. 2.

2.1.3. Design of the calibration phantom—For the design of the calibration phantom,
several factors must be considered. In terms of the calibration theory, the extraction of the
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projection matrices needs at least six calibration fiducial markers. Furthermore the
distribution of the markers must cover the imaging field as much as possible, and any six of
them are ensured to be non-coplanar. Therefore, a calibration phantom was designed and
fabricated with the synthetic glass for this study. The schematic diagram of the calibration
phantom is given in Fig. 3.

The calibration phantom consists of two parallel panels, with one facing detector (top panel)
and the other facing the x-ray exposure (bottom panel). Each panel measures 150 mm × 100
mm. The top panel has five circular apertures serving as fiducial markers with one in the
panel center and the other four on the vertices of an 80 mm × 80 mm square. Similarly, the
bottom panel also has five circular apertures with one in the panel center and the other four
on the vertices of a 40 mm × 40 mm square. The diameter of the circular apertures is 1.5
mm. The overall dimensions of the phantom are 150 mm × 100 mm 50 mm.

2.2. Digital x-ray tomosynthesis prototype
In this study, a digital x-ray tomosynthesis prototype was assembled with a high energy
micro-focus x-ray source (Model: L8121-01, Hamamatsu Photonics, Japan), a high
resolution computed radiography (CR) system (Model: REGIUS-190, Konica Minolta
Medical Imaging, New Jersey), and a precision rotation stage (Model: UTR-80, Newport
Corporation, USA) [20]. The CR system provides a pixel pitch of 43.75 μm, and the imaging
size of plate was 240 mm by 300 mm. The rotation stage can provide angular position with
0.0167 degree accuracy, which can fully meet the requirements of the angular repeatability
for the system rotating scan. All these components are mounted on an optical rail to
facilitate the precise geometrical adjustments for various experiment conditions [20]. The
schematic diagram of the digital tomosynthesis prototype system from the top view is shown
in Fig. 4.

In the experimental studies, phantoms were mounted on top of the rotation stage. Using the
laser geometric alignment method, the x-ray focal spot, the system isocenter, and the center
of the flat-panel detector are precisely aligned and kept collinear [20]. For the configurations
of the digital tomosynthesis prototype, the source-to-detector distance R1 + R2 is 838.2 mm
and the source-to-isocenter distance R1 is 685.8 mm. During the projection acquisition
process, both the x-ray focal spot and the flat-panel detector remain stationary, and the
rotation stage rotates phantoms through an angular range of 40° from 21 projection views
[4,5].

ACR Phantom (Mammographic Accreditation Phantom, CIRS, USA) was designed to test
the performance of an imaging system by the evaluation of the system’s ability to image
small structures. Thus, the experiment selected ACR phantom to quantify the calibration
effectiveness in minimizing reconstruction artifacts caused by geometric misalignments. The
ACR phantom contains nylon fibers, Al2O3 specks, and round masses of different sizes and
spatial locations and has its own 34 mm thick base and 3 mm thick cover simulating the
compressed breast tissues.

2.3. Experimental method of digital x-ray tomosynthesis prototype
2.3.1. Experiment of isocenter shift impact on digital tomosynthesis imaging
—For the experiment of isocenter shift impact, the ACR phantom was mounted on top of
the rotation stage and scanned at 40 kVp and 168 mAs for the entire scan process. The
precision of the rotation stageensures the angular position of each projection view. During
image acquisitions, the ACR phantom was positioned with its base facing the tube.
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To analyze the isocenter horizontal-shift impact, a translation stage was installed through
which the system isocenter horizontally deviated from the central x-ray. In the experimental
study, the isocenter offsets from the central x-ray were set at the positions of no shift, 0.35
mm shift, 0.7 mm shift, 1.05 mm shift, 1.4 mm shift and 1.75 mm shift along the negative X
axis, respectively. The direction of negative X axis is shown in Fig. 1. For each of the
isocenter horizontal-shifts, the projection images of the ACR phantom were collected from
all 21 projection views. Finally the tomosynthesis images of each isocenter offset were
reconstructed with the corresponding projection images, respectively.

2.3.2. Experiment of phantom-based calibration—In this experiment, the calibration
phantom images were collected from all 21 projection views, respectively. For each
projection view, all marker coordinates in detector plane were measured, and the projection
matrix was calculated through the 3D-2D mappings of the markers using the SVD algorithm
[14]. To acquire each set of projection matrices for different isocenter shifts, the isocenter
offsets were also set at the same positions of no shift, 0.35 mm shift, 0.7 mm shift, 1.05 mm
shift, 1.4 mm shift, and 1.75 mm shift, respectively. Next the corresponding set of the
projection matrices for each isocenter shift were extracted and stored for the following
calibration procedure.

The projection images of the ACR phantom were collected from all projection views under
six different isocenter horizontal-shifts from 0 to 1.75 mm. For every isocenter horizontal-
shift, the matching set of the projection matrices extracted above were employed to calibrate
the mis-mapping projection coordinatesfor the tomosynthesis reconstruction. For the
evaluation of the calibration method, the tomosynthesis images were separately
reconstructed with and without calibration.

3. Results
3.1. Results of isocenter shift impact on digital tomosynthesis imaging

To improve the signal-to-noise ratio (SNR), the detector pixels were merged into 4 × 4 pixel
binning mode with the binning pixel size of 0.175 mm. The digital tomosynthesis images of
the ACR phantom were reconstructed with FDK algorithm.

To analyze the impact of the isocenter shift, the tomosynthesis images of the ACR phantom
were reconstructed for every isocenter horizontal-shift. For ease of comparison, the 0.54 mm
speck group was cropped from the reconstructed in-plane images. The image comparisons of
the 0.54 mm speck group with the isocenter no shift, 2 pixel (0.35 mm) shift, 4 pixel (0.7
mm) shift, 6 pixel (1.05 mm) shift, 8 pixel (1.4 mm) shift, and 10 pixel (1.75 mm) shift are
shown in Fig. 5. All images of the 0.54 mm speck group were cropped with the mid speck as
the center.

Likewise, the 0.40 mm speck group was also cropped from the reconstructed in-plane
images for the point-by-point comparisons. Figure 6 shows the images of the 0.40 mm speck
group with the isocenter no shift, 2 pixel shift, 4 pixel shift, 6 pixel shift, 8 pixel shift, and
10 pixel shift.

The image comparison between no shift and 10 pixel shift indicated that the isocenter off-
center introduced by 10 pixel shift can cause the conspicuous tailing distortions and blurs of
the specks. Upon observation of the reconstructed images, the tailing distortions and blurs
becomes more apparent with the isocenter shift increase. The reconstruction artifacts of the
0.40 mm specks can’t be distinguished through unaided eye observation unless the isocenter
horizontal-shift exceeds 1.05 mm. As a result, the evaluation of the isocenter shift impact on
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tomosynthesis reconstruction can provide a guideline to optimize system development of all
digital x-ray tomosynthesis prototypes.

3.2. Results of phantom-based calibration
For each of the isocenter horizontal-shifts, the corresponding set of projection matrices were
extracted using the 3D-2D mappings of the markers, and then employed to reconstruct the
tomosynthesis images.

Like the previous experiment, the image pixels are also merged into 4 × 4 binning mode for
the signal-to-noise ratio improvement. To assess the calibration effectiveness, the
reconstructed in-plane images of 0.54 mm speck group were reconstructed with and without
using the projection matrix calibration, respectively. For the comparisons of different
isocenter horizontal-shifts, the uncalibrated and calibrated images of 0.54 mm speck group
with the isocenter no shift, 2 pixel (0.35 mm) shift, 4 pixel (0.7 mm) shift, 6 pixel (1.05 mm)
shift, 8 pixel (1.4 mm) shift, and 10 pixel (1.75 mm) shift are shown in Fig. 7.

Generally the speck distortions and blurs can be respectively reflected from the speck
reconstructed width and the voxel intensity value. In this study, the width of the speck
intensity profile and the maximal voxel intensity are defined as the reconstructed width and
voxel intensity of the speck. Therefore, the top speck of the 0.54 mm speck group was
investigated to quantify the effect of the calibration method. Two horizontal dotted lines
across the top speck in Fig. 7 (k) and (l) were marked for tracing the voxel intensities,
respectively. The voxel intensities along the two lines were both plotted in Fig. 8.

For all six isocenter horizontal-shifts, the speck width and the voxel intensity of the 0.54 mm
top speck were respectively presented in Table 1.

Upon observation of Table 1, with the calibration method the speck distortions were
minimized by one pixel and the reconstructed intensity was calibrated from 0.42 to 0.49 for
the 0.54 mm speck group under 10 pixel isocenter shift.

Similarly, Fig. 9 gave the uncalibrated and calibrated image comparisons of 0.40 mm speck
group with the isocenter no shift, 2 pixel (0.35 mm) shift, 4 pixel (0.7 mm) shift, 6 pixel
(1.05 mm) shift, 8 pixel (1.4 mm) shift, and 10 pixel (1.75 mm) shift.

Likewise, the voxel intensities of the horizontal scanlines across the top 0.40 mm speck in
Fig. 9 (k) and (l) were both plotted in Fig. 10.

Table 2 showed the speck reconstructed width and voxel intensity of the 0.40 mm top speck
under different isocenter horizontal-shifts, respectively.

Evidently the calibration method minimized the speck distortion by 2 pixels and calibrated
the reconstructed intensity from 0.27 to 0.41 for the 0.40 mm speck group under 10 pixel
isocenter shift.

The quantitative analysis demonstrated that the calibration method can effectively minimize
the reconstructed distortions and blurs of the specks even under big isocenter horizontal-
shifts. Thus the calibration method can produce favorable results for the reconstruction
artifact reduction caused by the system geometric misalignments.

4. Discussion and conclusion
In recent literature, some calibration methods were investigated to reduce the geometric
misalignments for the tomosynthesis or tomography systems. However, these methods can
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hardly reduce the geometric deviations of each single projection view such as single
acquisition view angle error.

Compared with the current methods, the phantom-based calibration method proposed in this
paper was directed at the geometric deviations of each single projection view. With the
calibration phantom, the projection matrix of each projection view is respectively extracted.
Then this set of the projection matrices can be stored for the subsequent calibration of the
tomosynthesis reconstruction. The calibration reproducibility of the projection matrices
ensures the whole calibration process repeatable for the same prototype system.

To quantify the calibration result, the comparative experiment was implemented and
tomosynthesis images with and without calibration were compared point by point. For the
limitation of our prototype detection system, the calibration method performed better under
big isocenter horizontal-shifts. Based on the quantitative analysis, the phantom-based
calibration technique can effectively minimize the reconstruction artifacts caused by the
geometric misalignment.

In summary, the phantom-based calibration technique can be applied to other tomography
imaging systems for eliminating the geometric misalignment. Besides, it also holds potential
to benefitother medical 3D imaging applications.
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Fig. 1.
Schematic diagram illustrates the geometric relationship between the object space and the
detector plane. The x-ray focal spot S, its projection S’ in the detector plane, and the system
isocenter O are given, respectively.
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Fig. 2.
Flow chart of the phantom-based calibration method.
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Fig. 3.
Schematic diagram of the calibration phantom (a) Calibration phantom with size of 150 mm
× 100 mm × 50 mm contains two parallel panels with ten circular fiducial markers placed on
it. (b) Top panel has five circular markers with one in the center and the other four on the
vertices of an 80 mm × 80 mm square. (c) Bottom panel also has five circular markers with
one in the center and the other four on the vertices of a 40 mm × 40 mm square.
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Fig. 4.
Schematic diagram of digital tomosynthesis prototype system.
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Fig. 5.
Reconstructed images of the 0.54 mm speck group with the isocenter (a) no shift, (b) 2 pixel
shift, (c) 4 pixel shift, (d) 6 pixel shift, (e) 8 pixel shift, and (f) 10 pixel shift are given. The
ACR phantom was imaged at 40 kVp and 168 mAs under 21 views ranging from −20°to
20°.
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Fig. 6.
Reconstructed images of the 0.40 mm speck group with the isocenter (a) no shift, (b) 2 pixel
shift, (c) 4 pixel shift, (d) 6 pixel shift, (e) 8 pixel shift, and (f) 10 pixel shift are given. The
ACR phantom was imaged at 40 kVp and 168 mAs under 21 views ranging from −20° to
20°.
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Fig. 7.
Uncalibrated and calibrated image comparisons of 0.54 mm speck group with the isocenter
no shift, 2 pixel shift, 4 pixel shift, 6 pixel shift, 8 pixel shift, and 10 pixel shift. The ACR
phantom was scanned at 40 kVp and 168 mAs under 21 views ranging from −20° to 20°.
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Fig. 8.
The profiles of the horizontal scanlines across the top speck in Fig. 7 (k) and (l).
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Fig. 9.
Uncalibrated and calibrated image comparisons of 0.40 mm speck group with the isocenter
no shift, 2 pixel shift, 4 pixel shift, 6 pixel shift, 8 pixel shift, and 10 pixel shift. The ACR
phantom was scanned at 40 kVp and 168 mAs under 21 views ranging from −20° to 20°.
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Fig. 10.
The profiles of the horizontal scanlines across the top speck in Fig. 9 (k) and (l).
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