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Abstract. Accurate and artifact-free reconstruction of tomographic images requires precise knowledge of the
imaging system geometry. A projection matrix-based calibration method to enable C-arm inverse geometry CT
(IGCT) is proposed. The method is evaluated for scanning-beam digital x-ray (SBDX), a C-arm mounted inverse
geometry fluoroscopic technology. A helical configuration of fiducials is imaged at each gantry angle in a rota-
tional acquisition. For each gantry angle, digital tomosynthesis is performed at multiple planes and a composite
image analogous to a cone-beam projection is generated from the plane stack. The geometry of the C-arm,
source array, and detector array is determined at each angle by constructing a parameterized three-dimen-
sional-to-two-dimensional projection matrix that minimizes the sum-of-squared deviations between measured
and projected fiducial coordinates. Simulations were used to evaluate calibration performance with translations
and rotations of the source and detector. The relative root-mean-square error in a reconstruction of a numerical
thorax phantom was 0.4% using the calibration method versus 7.7% without calibration. In phantom studies,
reconstruction of SBDX projections using the proposed method eliminated artifacts present in noncalibrated
reconstructions. The proposed IGCT calibration method reduces image artifacts when uncertainties exist in sys-
tem geometry. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this

work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JMI.4.1.013506]
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1 Introduction
Scanning-beam digital x-ray (SBDX) is a low-dose inverse
geometry fluoroscopic technology designed for cardiac inter-
ventions [Fig. 1(a)].1,2 The SBDX x-ray source consists of a ras-
ter scanned electron beam, large-area transmission style target,
and multihole collimator. In each fluoroscopic frame, the elec-
tron beam visits a two-dimensional (2-D) array of discrete focal
spot positions (Fig. 1). X-rays arising from each focal spot are
collimated to a small-area detector that captures images as the
scan proceeds. The detector images are then reconstructed into
full field-of-view images in real time. The SBDX geometry is
designed to achieve dose reduction in fluoroscopic applications
through a reduction in detected scatter and an increase in
entrance field area.3 Additionally, since each point in space is
imaged from multiple view angles in a frame period, SBDX pro-
vides a real-time tomosynthesis capability.2 SBDX tomosynthe-
sis has been exploited for a number of applications including
frame-by-frame three-dimensional (3-D) tracking of high-con-
trast objects, such as cardiac catheters,4 calibration-free vessel
measurements for device sizing,5 and stereoscopic fluoroscopy.6

Recently, the feasibility of CT-based 3-D cardiac chamber
mapping with SBDX was demonstrated through numerical
simulations.7,8 An SBDX-derived cardiac chamber surface map
could potentially be displayed along with the real-time SBDX
3-D catheter tracking results to facilitate device navigation
during an interventional procedure, such as radiofrequency
catheter ablation for atrial fibrillation. In practical C-arm-based

inverse geometry CT (IGCT), uncertainties in the imaging
geometry may exist due to manufacturing tolerances, nonideal
source and detector alignment, or C-arm deflection during rota-
tion. An incorrect mapping between the assumed 3-D object
coordinate system and the projection acquisition system has
been shown to degrade spatial resolution and can introduce
image artifacts.9

A proposed IGCT calibration method by Schmidt et al.10 esti-
mated four parameters describing the location and orientation of
a common axis-of-rotation for the source and detector arrays of a
table-top IGCT system with a rotating stage. A second approach
proposed by Baek et al.11 improved on the four parameter
method by estimating individual source coordinates for an 8
spot x-ray source array mounted on a rotating gantry. Baek’s
approach also determined four parameters describing the
axis-of-rotation. For C-arm CT, it is desirable that geometric
calibration be performed independently at each view angle.
Uncertainties in the C-arm geometry may be larger due to
the use of a nonrigid C-arm compared to more stable gantry-
based systems. This work proposes a gantry calibration method
for IGCT that is motivated by the projection matrix (P-matrix)
technique often used in cone-beam CT.12 The proposed method
performs a calibration for each gantry position independent of
the other acquired view angles.

The ability of the proposed method to recover parameters
describing SBDX system geometry is examined using numeri-
cal simulations. Finally, experimental SBDX data acquired with
a rotating phantom stage are used to demonstrate that the pro-
posed method reduces image artifacts caused by geometric
uncertainty.*Address all correspondence to: Michael A. Speidel, E-mail: speidel@wisc.edu
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2 Methods

2.1 Scanning-Beam Digital X-ray Scanning
Principles

The SBDX system geometry studied in this paper is summarized
in Table 1. SBDX uses an electromagnetically scanned electron
beam incident upon a large-area transmission style tungsten
target. For the cardiac imaging mode considered in this work,
the electron beam is raster scanned over a 71 × 71 subset of
the available 100 × 100 source focal spot positions every 1∕15 s.
A multihole collimator positioned beyond the target defines
a series of narrow overlapping x-ray beams convergent upon
a 10.6 cm × 5.3 cm photon-counting detector array with 2-mm-
thick CdTe. The nominal source–detector distance (SDD) is
1500 mm and the nominal source-to-isocenter distance is
450 mm. The geometric relationship among the narrow beam
projections is constrained by the precise and rigid geometry
of the SBDX collimator and the fixed detector position.

In the 71 × 71, 15 frame∕s scanning mode, each focal spot
position is visited by the electron beam 8 times per frame. The
raster scanning proceeds blockwise, with all eight passes per-
formed on a block of three rows before proceeding on to the
next block. The electron beam dwell time at a focal spot position

is 1.04 μs and the travel time between positions is 0.24 μs.2 The
detector captures an image every 1.28 μs. The time difference
between the first and last x-ray beam illuminations of a fixed
point in the field-of-view is referred to as the effective pulse
width. For a point at isocenter, the effective pulse width is
8.9 ms.2

2.2 Scanning-Beam Digital X-ray Image
Reconstruction

SBDX has a tomosynthesis imaging capability due to the use of
inverse geometry beam scanning. A live display analogous to
conventional 15 fps fluoroscopy is generated using a graphics
processing unit-based real-time image reconstructor.2 Each
displayed 2-D image frame is generated through a two stage
reconstruction procedure. First, shift-and-add (SAA) digital
tomosynthesis is performed to generate a stack of 32 single
plane images with 5-mm plane spacing [Fig. 1(a)]. Each detector
image acquired in a frame period is backprojected and summed
at the stack of reconstruction planes.1 The pixel width in each
reconstructed plane is defined by dividing the shift distance
between adjacent backprojected detector images into 10 pixels.
Each detector element value is divided among the pixels it over-
laps according to the area of overlap. By this convention for
defining pixels, each single-plane image has a fixed number
of pixels (710 × 710) and the physical pixel dimension increases
as the distance from detector to reconstruction plane increases.
The isocenter-plane pixel width is 0.161 mm. As shown in
Fig. 1(b), the pixel centers for the stack of tomosynthesis images
are defined such that a fixed pixel position (e.g., row 100 and
column 100) in the stack corresponds to a ray originating at the
detector center.

After digital tomosynthesis, a gradient filtering procedure is
applied to each of the single-plane images to identify local
regions of high sharpness and contrast. The final 2-D “composite”
image is then formed by selecting, for each pixel position, the
pixel value from the single-plane image with highest contrast
and sharpness. Due to the geometry of the tomosynthesis
pixel centers and the compositing procedure, the final composite
image can be viewed as an inverted “virtual” cone-beam projection

Fig. 1 (a) SBDX performs digital tomosynthesis, (b) detector images are backprojected along the ray
connecting each source position to the center of the detector, and (c) the composite image is analogous
to a 2-D virtual projection image.

Table 1 SBDX system geometry.

SDD 1500 mm

SAD 450 mm

Focal spot positions 71 × 71

Focal spot pitch 2.3 × 2.3 mm

Native detector array 320 × 160

Native detector element pitch 0.33 mm

Detector bin mode 2 × 2
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of the in-focus objects in the patient volume [see Fig. 1(c)].
A virtual SBDX projection originates at the center of the detec-
tor and falls on the source plane. Noting that the lateral distance
between rays drawn from the detector center to adjacent focal
spot positions is always divided into 10 pixels during tomosyn-
thesis reconstruction, the pitch of the virtual detector elements at
the source plane is equal to the focal spot pitch (2.3 mm) divided
by 10 pixels or 0.23 mm.

2.3 Geometric Calibration

Since the SBDX composite image can be viewed as a virtual
cone-beam projection, a projection matrix approach can be
used to estimate the geometric parameters of the SBDX system
for calibration. The 3 × 4 projection matrix P maps a point
(x, y, z) in the 3-D object frame-of-reference to homogeneous
coordinates (λu, λv, λ)

EQ-TARGET;temp:intralink-;e001;63;568½λu; λv; λ�T ¼ P½x; y; z; 1�T: (1)

The parameter λ is a scaling factor. The detector indices ðu; vÞ
corresponding to the projection of point ðx; y; zÞ onto the virtual
detector plane may be obtained by dividing the homogenous
coordinates by λ.

The unknown projection matrix P is written as a product of
three matrices P ¼ KRT. Here, K describes the virtual projec-
tion geometry’s intrinsic parameters, R is a rotation matrix, and
T is a translation matrix. K depends on SDD, pitch between
virtual detector elements (sp), and the coordinates ðuo; voÞ,
which define the piercing point on the virtual detector. R
depends on three angles ðθx; θy; θzÞ describing the rotations
about the three principal axes. T depends on the location of
the virtual source point ðxs; ys; zsÞ in the 3-D object coordinate
system. Denoting cj ¼ cosðθjÞ and sj ¼ sinðθjÞ, the projection
matrix P is given by

EQ-TARGET;temp:intralink-;e002;63;372

P ¼

2
64
−uo SDD∕sp 0

−vo 0 SDD∕sp
−1 0 0

3
75
2
64
1 0 0

0 cx sx
0 −sx cx

3
75

×

2
64
cy 0 −sy
0 1 0

sy 0 cy

3
75
2
64

cz sz 0

−sz cz 0

0 0 1

3
75
2
64
1 0 0 −xs
0 1 0 −ys
0 0 1 −zs

3
75:

(2)

The P matrix is parameterized by a vector, ξ, consisting of
nine elements, ξ ¼ ½SDD; uo; vo; θx; θy; θz; xs; ys; zs�. The pitch
between virtual detector elements, sp, equals 0.23 mm. A cal-
ibration phantom containing a known helical configuration of
N high-contrast point-like markers is then imaged [Fig. 2(a)].
The virtual detector coordinates ðui; viÞ of the projections
of the markers are then determined using a center-of-mass
technique. The geometric parameters describing the IGCT
system are estimated by minimizing the sum-of-squared
differences between the measured positions of the markers
ðui; viÞ and the P-matrix-projected marker detector coordinates
[uiðξÞ; viðξÞ]

EQ-TARGET;temp:intralink-;e003;326;620ξ̂ ¼ arg minξ
1

N

XN
i¼1

f½uiðξÞ − ui�2 þ ½viðξÞ − vi�2g. (3)

The optimization was performed using a quasi-Newton
method, with initial parameters set to the nominal system
geometry described in Table 1.

2.4 Simulations

The performance of the proposed geometric calibration method
was evaluated through numerical simulations of SBDX CT
data acquisition with simulated deviations from the nominal
SBDX geometry. A noise-free SBDX CT data acquisition con-
sisting of 210 view angles uniformly distributed over 210 deg
was simulated for a known helical configuration of 30 spheri-
cal steel fiducials. The helix phantom was centered at isocenter
with its long axis aligned with the axis-of-rotation [z-axis; see
Fig. 2(a)]. The SBDX source and detector were translated
1 mm in the þy–direction, and the source and detector arrays
were rotated 1 deg about the x-axis to mimic a hypothetical
system misalignment. For each gantry orientation, a composite
image [Fig. 2(c)] was reconstructed and a 3 × 4 projection
matrix P was derived.

The CT data acquisition scheme was then repeated for
a numerical thorax phantom. Reconstruction was performed
using a gridded filtered back-projection (gFBP) algorithm13

with and without geometric calibration to assess the proposed
method’s ability to reduce image artifacts. To quantify the accu-
racy of the reconstruction with and without calibration, the rel-
ative root-mean-squared-error (rRMSE) was calculated versus
the known ground truth. To isolate and quantify errors related
only to geometric calibration, the rRMSE was also computed
versus a gFBP reconstruction of the thorax phantom accounting

Fig. 2 (a) SBDX CT acquisition consisting of source scanning and gantry rotation about the z-axis,
(b) matching virtual cone-beam projection geometry, and (c) example composite image (virtual projec-
tion) of the helix phantom.
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for the known deviations in system geometry. The rRMSE is
defined as

EQ-TARGET;temp:intralink-;e004;63;730rRMSEðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
i

�
xi − xrefi

maxðxrefÞ −minðxrefÞ
�
2

vuut : (4)

2.5 Sensitivity Analysis

The sensitivity of the method to uncertainties in SDD, transla-
tions, and rotations was investigated through numerical simula-
tions. The nominal SBDX system geometry parameters defined
in Table 1 were perturbed by varying amounts for two scenarios.
In the first scenario, the SDD and source–axis-distance (SAD)
were varied by 1 mm. The SBDX source and detector were
translated 1 mm in the y-direction, 1 mm in the z-direction, and
rotated 1 deg about the x-axis, 1 deg about the y-axis, and 1 deg
about the z-axis. For the second scenario, the SDD and SAD
were varied by 5 mm; the source and detector were translated
5 mm in the y-direction, 5 mm in the z-direction, and rotated
5 deg about each of the x-, y-, and z-axes. For each scenario,
the proposed calibration method was used to estimate the system
geometry and was compared versus the known perturbations.
The mean error and standard deviation in the estimated geomet-
ric parameters were determined for 210 gantry view angles
evenly distributed over 210 deg.

2.6 Experimental Validation

The proposed calibration method was tested in three phantom
studies using projection data acquired with the SBDX system.
For each study, a geometric calibration procedure was followed.
The SBDX gantry was rotated 90 deg to a lateral angulation and
a helix phantom was placed on a rotating stage at isocenter
[Fig. 3(a)]. The calibration phantom was constructed out of
poly(methyl methacrylate) (PMMA) and consists of a known
helical configuration of 41 spherical steel fiducials.6 The diam-
eter of the fiducials was 1∕16 in. The angular pitch and incre-
ment between fiducials along the z-axis were 22.5 deg and
0.15 in., respectively. The phantom contains a 3∕32-in.-diameter
reference fiducial, which is larger than the other fiducials. The
larger fiducial can be used to relate the known 3-D fiducial
coordinates to the 2-D projection coordinates using connected
component analysis. Only fiducials appearing in the CT

field-of-view are used for calibration. The outer diameter of
the phantom measured 4 in. and the wall thickness was 3∕8 in.

The helix phantom was imaged using a continuous stage
rotation with an angular velocity of 2 deg per second over a
220-deg short-scan range. A step-and-shoot technique was
used by selecting every 7th frame of the complete projection
dataset resulting in 236 view angles with an angular increment
of 0.93 deg. Imaging was performed at 100 kV tube potential,
40 mA peak tube current (19% full power), with a 71 × 71,
15 frames∕s scanning technique. Acrylic with a thickness
of 7 cm was placed in the beam before the helix phantom.
For each view angle, a composite image was reconstructed
and a 3 × 4 projection matrix P was derived.

2.6.1 Atrium phantom

In the first phantom study, a custom-made phantom designed to
resemble a left atrium was imaged. This phantom was chosen
because the SBDX system is being investigated for the task of
3-D imaging of a cardiac chamber during an interventional pro-
cedure. The hollow atrium was filled with 3 ml iohexol contrast
agent (Omnipaque 350, GE Healthcare, Waukesha, Wisconsin)
diluted with 88 ml of water and placed in an 85-mm-diameter
cylinder of deionized water that fits entirely within the SBDX
field-of-view [Fig. 3(b)]. Six 1∕16-in.-diameter aluminum fidu-
cials were attached to the outside of the water cylinder to dem-
onstrate the proposed method’s ability to mitigate artifacts and
resolve small high-contrast point-like objects. SBDX projection
data were then acquired using the same imaging technique used

Fig. 3 (a) SBDX CT data acquisition was simulated by rotating the C-arm to a horizontal position and
rotating the imaging object. The helix calibration object is shown. (b) A custom-made anatomic chamber
model placed in an 85-mm-diameter water cylinder.

Table 2 Gridded FBP reconstruction parameters.

Number of view angles over 180 deg 480

Rays per 2-D view (columns × rows) 1120 × 290

2-D view sampling pitch 0.125 mm × 0.5 mm

Radial kernel 1.4 mm × 2.0 mm

Angular kernel 2.0 deg × 2.0 deg

Reconstruction grid (number of
voxels)

512 × 512 × 330

Voxel dimensions 0.27 mm × 0.27 mm × 0.27 mm
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for the calibration phantom. The atrium phantom was recon-
structed using gFBP with and without geometric calibration.
Table 2 presents the rebinning algorithm parameters that
were used for reconstruction unless otherwise stated.

2.6.2 Spatial fidelity metric

In the second study, IGCT reconstruction of the helix calibration
phantom was performed with and without geometric calibration.
The spatial fidelity of a reconstruction was validated by comput-
ing the Euclidean distance between each combination of the
steel fiducials. The 30 steel fiducials within the CT image
volume were segmented and a center-of-mass calculation was
performed to determine the 3-D Cartesian coordinates of each
fiducial. The separation distance was calculated for each of the
435 pair combinations. As a reference, the separation distances
were also calculated from the known helix geometry. The
reference fiducial separation distances ranged from 17.0 to
126.8 mm.

2.6.3 Modulation transfer function

The third study measured the modulation transfer function
(MTF) from an image of wire phantom reconstructed with geo-
metric calibration. A hollow cylindrical PMMA phantom con-
taining a 0.154-mm-diameter stainless-steel wire at the center
was used to measure the line spread function (LSF). The wire
phantom was positioned on the rotating stage with the wire near
isocenter and parallel to the rotation axis of the stage. SBDX
projection data were then acquired using the same imaging tech-
nique used for the helix and atrium phantoms. The projection
data were reconstructed using the rebinning parameters listed
in Table 2 with a targeted reconstruction FOV. A 512 × 512 ×
512 pixel reconstruction grid was used with isotropic pixel res-
olution set to half the diameter of the steel wire, 0.077 mm ×
0.077 mm × 0.077 mm. The MTF was calculated following
the method of Kayugawa et al.14 The LSF was determined

by integrating row by row across the image columns within a
41 × 41 pixel region of interest centered on the wire. An offset
correction was applied to the LSF by subtracting the mean value
of the three data points at each edge of the LSF. The LSF was
normalized to unit area. The normalized LSF was zero padded
and the MTF was computed as the magnitude of the fast Fourier
transform of the LSF.

3 Results

3.1 Simulations

The geometric parameters corresponding to the simulated
SBDX CT data acquisition were determined at each view angle.
The difference between the extracted value and the true value
was computed for each parameter of ξ. Table 3 summarizes
the mean error and standard deviation in error versus gantry
angle, for each parameter. Over all angles, the maximum
error in a rotation parameter (θx, θy, θz) was less than 0.02 deg.
The maximum error in the virtual source point (xs, ys, zs) was
0.4 mm, and the maximum error in SDD was −0.13 mm. Errors
in the (uo, vo) coordinates were less than the dimension of
a virtual detector element.

A miniature thorax phantom fully enclosed within the SBDX
140 mm field-of-view was used to investigate geometry-calibra-
tion-related reconstruction artifacts without the presence of con-
founding truncation artifacts. The numerical thorax phantom
was reconstructed without [Fig. 4(a)] and with [Fig. 4(b)] geo-
metric calibration using gFBP. Figure 4(a) shows significant
artifacts and distortion of structures caused by the failure to
account for the translation and rotation of the system geometry.
These artifacts were removed in the image reconstructed with
the proposed calibration technique. The rRMSE was calculated
versus the known ground truth to quantify reconstruction accu-
racy. The rRMSE was 1.3% using the proposed geometric cal-
ibration method and 8.0% without geometric calibration. The
rRMSE was also calculated versus an image reconstructed using
gFBP with exactly known geometry to isolate errors due only to

Table 3 Mean, standard deviation, and maximum errors in estimated geometric parameters for simulated 1 mm translation in ys and a 1-deg
rotation in θx .

xs ys (mm) zs θx θy (deg) θz SDD uo (mm) vo

Mean error 0.0 0.0 0.1 2.4 × 10−4 −6.0 × 10−3 −2.0 × 10−3 0.0 0.0 0.0

Standard deviation 0.1 0.1 0.1 4.0 × 10−3 6.0 × 10−3 6.0 × 10−3 4.1 × 10−2 2.0 × 10−4 2.3 × 10−4

Max error 0.3 −0.3 0.4 −1.2 × 10−2 −2.0 × 10−2 −1.6 × 10−2 −1.3 × 10−1 −6.4 × 10−4 −6.8 × 10−4

Fig. 4 A thorax phantom was simulated with 1 mm translation in ys and a 1-deg rotation in θx . (a) Is a
reconstruction without geometric calibration and (b) is a reconstruction with geometric calibration. Display
window is ½−800;1000� HU.
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geometric uncertainties. The rRMSE was 0.4% with geometric
calibration, versus 7.7% without geometric calibration.

3.2 Sensitivity Analysis

Tables 4 and 5 summarize geometry parameter recovery for
additional deviations from the nominal geometry. A total of
210 gantry view angles were evaluated for each case. Table 4
presents results where the SDD and SAD were varied by
1 mm, the source and detector arrays were translated þ1 mm
and þ1 mm along the y- and z-axes, and rotated þ1 deg
about each of the x-, y-, and z-axes. Table 5 presents results
where the SDD and SAD were varied by 5 mm, the source
and detector arrays were translated þ5 mm along the y-axis,
þ5 mm along the z-axis, and rotated þ5 deg about each of
the x-, y-, and z-axes.

For both scenarios, the average errors in parameters describ-
ing the virtual source point were less than or equal to 0.7 mm.
The average errors observed in parameters describing rotations
of the source and detector arrays were less than 0.01 deg. The
piercing point coordinates (uo, vo) were estimated with average
errors less than or equal to 0.1 mm for both cases considered.
Errors in the (uo, vo) coordinates were less than the dimension
of a virtual detector element. The maximum error observed in
the SDD parameter estimation was −2.0 mm. Potential tech-
niques to improve estimates of the SDD parameter are discussed
in Sec. 4 of this paper.

3.3 Experimental Validation

The estimated geometric parameters for the bench-top SBDX
setup describing SDD, piercing point ðuo; voÞ, and rotation

ðθx; θyÞ are presented in Table 6, averaged across the view
angle. The mean estimated SDD was 1500.0 mm, compared
to a nominal value of 1500.0 mm. The proposed calibration
method estimated the source and detector rotation about the
x-axis to be 0.2 deg and rotation about the y-axis to be 0.5 deg.

The estimated view angle θz is plotted versus the view index
in Fig. 5. A linear regression was performed to determine the
relationship between view index and view angle. The slope of
the linear regression line was 0.93 deg per view index and the
intercept was 0.0 deg. The angular increment between view
indices determined from the slope of the regression line was in
good agreement with the motion controller programming of
0.93� 0.05 deg per view index.

3.3.1 Atrium phantom results

The exact geometric parameters of the system (e.g., the exact
distance between the tungsten target and the surface of the
CdTe detector) were not measured directly due to the invasive
and destructive nature of such measurements. However, the per-
formance of the proposed method can be assessed qualitatively
by comparing reconstructed CT images without [Figs. 6(a) and
6(c)] and with geometric calibration [Figs. 6(b) and 6(d)].
Double contour artifacts are observed near the high-contrast
fiducials and object blurring is present for the image recon-
structed without geometric calibration. The artifacts are reduced
in the image reconstructed with geometric calibration.

Table 4 Mean and standard deviation of errors in estimated geometric parameters with simulated deviations from the nominal system geometry.
The SDD and SAD were varied 1 mm from nominal values. The detector and source arrays were translated 1 mm along the y -axis and 1 mm along
the z-axis. The source and detector arrays were rotated 1 deg about the y -axis, 1 deg about the x -axis, and 1 deg about the z-axis.

xs ys (mm) zs θx θy (deg) θz SDD uo (mm) vo

0.1� 0.3 −0.2� 0.2 0.1� 0.1 0.0� 4.2 × 10−3 0.0� 5.7 × 10−3 0.0� 6.1 × 10−3 −0.6� 4.1 × 10−2 0.0� 2.8 × 10−3 0.0� 1.2 × 10−2

Table 5 Mean and standard deviation of errors in estimated geometric parameters with simulated deviations from the nominal system geometry.
The SDD and SAD were varied 5 mm from nominal values. The detector and source arrays were translated 5 mm along the y -axis and 5 mm along
the z-axis. The source and detector arrays were rotated 5 deg about the y -axis, 5 deg about the x -axis, and 5 deg about the z-axis.

xs ys (mm) zs θx θy (deg) θz SDD uo (mm) vo

0.2� 1.0 −0.7� 0.6 0.2� 0.1 0.0� 4.9 × 10−3 0.0� 6.2 × 10−3 0.0� 1.0 × 10−2 −2.0� 9.8 × 10−2 0.0� 2.5 × 10−2 −0.1� 3.6 × 10−2

Table 6 Estimated geometric parameters (SDD, θx , θy , uo , vo) for the
bench-top SBDX setup.

Parameter Value

SDD (mm) 1500.0� 0.1

θx (deg) 0.16� 0.03

θy (deg) 0.46� 0.03

uo 355.5� 0.0

vo 355.5� 0.0 Fig. 5 The estimated view angle (θz ) is plotted versus the view angle
index.
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3.3.2 Spatial fidelity results

The reconstructed helix phantom is shown in Fig. 7(a) without
geometric calibration and in Fig. 7(b) with geometric calibra-
tion. The PMMA cylinder supporting the helix is blurred in
the image without calibration and artifacts are present near
the steel fiducial. A maximum intensity projection (MIP) image
shows contour artifacts for each of the steel fiducials in the
image reconstructed without calibration [Fig. 8(a)]. Geometric
calibration reduced the artifacts [Fig. 8(b)].

Spatial fidelity was determined by comparing IGCT-derived
fiducial separation distances to the reference distances computed
from the known helix geometry. In the image reconstructed
without geometric calibration, the mean error in fiducial
separation distance was 0.58 mm and the standard deviation
was 5.90 mm. Application of geometric calibration during
reconstruction reduced the mean error to −0.04 mm and the
standard deviation to 0.18 mm, indicating improved spatial
fidelity.

3.3.3 Modulation transfer function

Figure 9 shows the LSF derived from an SBDX CT image of a
wire phantom using the proposed geometric calibration method.
The full width at half maximum (FWHM) of the LSF measured
0.81 mm. For context, we note that SBDX CT is being inves-
tigated for its potential to provide 3-D anatomic maps during
catheter-based interventions. The measured FWHM value
(0.81 mm) of the LSF is less than the diameter (2 to 3 mm)

Fig. 6 SBDX projection data reconstructed without geometric calibra-
tion: (a) shows double contour artifacts and blurring of object struc-
tures. (b) The artifacts are eliminated when geometric calibration is
used during image reconstruction. Sagittal slices without (c) and
with (d) geometric calibration are presented. Display window is
½−300;700� HU.

Fig. 7 IGCT reconstruction without geometric calibration: (a) shows
artifacts. (b) Contour artifacts around a steel fiducial are reduced in an
image reconstructed with calibration. Display window is ½−600;1000�
HU.

Fig. 8 (a) MIP image demonstrates contour artifacts around high-con-
trast steel fiducials for an image reconstructed without geometric cal-
ibration. (b) Application of the proposed calibration technique reduced
the artifacts.

Fig. 9 LSF derived from imaging of a 0.154-mm-diameter steel wire.
The FWHM value measures 0.81 mm.

Fig. 10 The MTF using IGCT geometric calibration is shown. The
10% MTF value corresponds to a spatial frequency of 10.3 cm−1.
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of a typical ablation catheter tip that would be displayed with
the 3-D anatomic map.15 Figure 10 presents the MTF curve.
The MTF value was 50% at a spatial frequency of 5.8 cm−1

and 10% at 10.3 cm−1. The LSF and MTF are presented
as example resolution metrics in the presence of geometric
calibration. No attempt was made to optimize reconstruction
parameters to maximize spatial resolution.

4 Discussion
This paper presents a single-view geometric calibration method
for IGCT. Single-view calibration is an important step toward
enabling IGCTon flexion-prone C-arm systems. The calibration
method presented in this paper was inspired by the P-matrix
approach used in conventional CT.12 The SBDX composite
image is analogous to a virtual cone-beam projection originating
at the center of the detector array. This was exploited to estimate
geometric parameters by parameterizing the SBDX system
properties used to construct the projection matrix. A limitation
of this approach is that the 2-D detector array is reduced to a
single point referred to as the virtual source point. As a result,
the proposed calibration technique assumes that rotations or
translations of detector and source arrays occur in unison.
Nonetheless, experimental data demonstrated the proposed
method’s ability to reduce artifacts caused by geometric uncer-
tainties. Future work will investigate extending the P-matrix
approach presented here to use a stereoscopic imaging method
to estimate rotations and translations of the source and detector
arrays independent of one another.6

The calibration method was evaluated through numerical
simulations and experimentally acquired projection data. For
both scenarios, the proposed method reduced the image artifacts
that were observed in reconstructions performed without cali-
bration. The rRMSE was reduced from 7.7% to 0.4% for the
reconstruction of a numerical thorax phantom. The sensitivity
of the method to uncertainties in SDD, translations, and
rotations was examined through numerical simulations. The
sensitivity analysis showed that uncertainties in parameters
describing translation or rotation could be estimated with
average errors on the order of 0.7 mm and 0.01 deg. The most
challenging parameter to estimate accurately was the SDD. The
proposed method considered only information contained in the
single multiplane composite image during calibration. Future
work could investigate using the 3-D information contained in
the tomosynthetic plane stack4 to reduce errors observed in
the SDD parameter estimation.

A potential alternative to the technique examined here is to
determine a P-matrix for each individual source and detector
pair using raw IGCT projection data. Although this would
provide a more complete characterization of the imaging
geometry, accurate localization of fiducials in the many indi-
vidual low-flux detector images is an expected challenge.
An advantage of the approach pursued here is that fiducials
can be easily detected and localized in the “virtual projection”
composite image that is formed following SAA tomosynthesis
reconstruction.

The initial experimental work performed here used a rotating
phantom stage to mimic C-arm rotation with precisely known
rotation increments. However, the SBDX source and detector
are mounted to a C-arm with rotational capability. Future
work will include applying the new calibration procedure to pro-
jection data acquired with a C-arm rotation of the SBDX source
and detector arrays.

5 Conclusions
A method for single-view geometric calibration of a C-arm
IGCT system was demonstrated. The proposed calibration
method was shown to suppress or remove image artifacts due
to uncertainties in the imaging system geometry through simu-
lations and a bench-top setup with a rotating stage. Future work
will apply and evaluate the proposed method using phantom
data acquired in SBDX C-arm rotational scans. The develop-
ment of geometric calibration techniques is an important step
toward developing C-arm inverse geometry computed tomogra-
phy for SBDX.

Disclosures
The authors were supported by a grant from the NIH/NHLBI
(R01 HL084022) during the conduct of the study. In addition,
Dr. Speidel and Mr. Slagowski have a patent 15/055,272 pending.

Acknowledgments
Research reported in this work was supported by the National
Heart, Lung, and Blood Institute of the National Institutes of
Health under Award No. R01 HL084022. The content is solely
the responsibility of the authors and does not necessarily re-
present the official views of the National Institutes of Health.
Technical support for the SBDX system was provided by
Triple Ring Technologies, Inc.

References
1. M. A. Speidel et al., “Scanning-beam digital x-ray (SBDX) technology

for interventional and diagnostic cardiac angiography,” Med. Phys.
33(8), 2714–2727 (2006).

2. M. A. Speidel et al., “Detector, collimator and real-time reconstructor
for a new scanning-beam digital x-ray (SBDX) prototype,” Proc. SPIE
9412, 94121W (2015).

3. M. A. Speidel et al., “Comparison of entrance exposure and signal-to-
noise ratio between an SBDX prototype and a wide-beam cardiac
angiographic system,” Med. Phys. 33(8), 2728–2743 (2006).

4. M. A. Speidel et al., “Three-dimensional tracking of cardiac catheters
using an inverse geometry x-ray fluoroscopy system,” Med. Phys.
37(12), 6377–6389 (2010).

5. M. T. Tomkowiak et al., “Calibration-free coronary artery measure-
ments for interventional device sizing using inverse geometry x-ray
fluoroscopy: in vivo validation,” J. Med. Imaging 1(3), 033504 (2014).

6. M. T. Tomkowiak, M. S. Van Lysel, and M. A. Speidel, “Monoplane
stereoscopic imaging method for inverse geometry x-ray fluoroscopy,”
Proc. SPIE 8669, 86692W (2013).

7. J. M. Slagowski et al., “Feasibility of CT-based 3D anatomic mapping
with a scanning-beam digital x-ray (SBDX) system,” Proc. SPIE 9412,
941209 (2015).

8. J. M. Slagowski, D. A. P. Dunkerley, and M. A. Speidel, “MO-DE-
207A-6: ECG-gated CT reconstruction for a C-arm inverse geometry
x-ray system,” Med. Phys. 43(6), 3701 (2016).

9. S. M. Johnston, G. A. Johnson, and C. T. Badea, “Geometric calibration
for a duel tube/detector micro-CT system,” Med. Phys. 35(5), 1820–
1829 (2008).

10. T. G. Schmidt et al., “A prototype table-top inverse-geometry volumetric
CT system,” Med. Phys. 33(6), 1867–1878 (2006).

11. J. Baek et al., “A multi-source inverse-geometry CT system: initial
results with an 8 spot x-ray source array,” Phys. Med. Biol. 59(5),
1189–1202 (2014).

12. A. Rougee et al., “Geometrical calibration for 3D X-ray imaging,” Proc.
SPIE 1897, 161 (1993).

13. T. G. Schmidt, R. Fahrig, and N. J. Pelc, “A three-dimensional
reconstruction algorithm for an inverse-geometry volumetric CT sys-
tem,” Med. Phys. 32(11), 3234–3245 (2005).

Journal of Medical Imaging 013506-8 Jan–Mar 2017 • Vol. 4(1)

Slagowski et al.: Single-view geometric calibration for C-arm. . .

http://dx.doi.org/10.1118/1.2208736
http://dx.doi.org/10.1117/12.2081716
http://dx.doi.org/10.1118/1.2198198
http://dx.doi.org/10.1118/1.3515463
http://dx.doi.org/10.1117/1.JMI.1.3.033504
http://dx.doi.org/10.1117/12.2006238
http://dx.doi.org/10.1117/12.2082052
http://dx.doi.org/10.1118/1.4957234
http://dx.doi.org/10.1118/1.2900000
http://dx.doi.org/10.1118/1.2192887
http://dx.doi.org/10.1088/0031-9155/59/5/1189
http://dx.doi.org/10.1117/12.146963
http://dx.doi.org/10.1117/12.146963
http://dx.doi.org/10.1118/1.2064827


14. A. Kayugawa, M. Ohkubo, and S. Wada, “Accurate determination of CT
point-spread-function with high precision,” J. Appl. Clin. Med. Phys.
14(4), 216–226 (2013).

15. P. Andrew et al., “Approaching a decade of cryo catheter ablation for
type 1 atrial flutter—a meta-analysis and systematic review,” J. Int.
Card. Electrophysiol. 32(1), 17–27 (2011).

Jordan M. Slagowski received his BS degree in nuclear engineering
and his MS degree in medical physics from the University of
Wisconsin–Madison. He is currently a PhD dissertator and research
assistant in the Department of Medical Physics at the University of
Wisconsin–Madison. His research interests include inverse geometry
x-ray systems, image guidance for cardiovascular and neurovascular
interventions, and CT image reconstruction.

David A. P. Dunkerley received his BS degree in physics fromClarion
University of Pennsylvania in 2011 and his MS degree in medical
physics from the University of Wisconsin–Madison in 2014. He is
currently a PhD dissertator and research assistant in the Department
of Medical Physics at the University of Wisconsin–Madison. His

research interests include three-dimensional (3-D) device tracking
for interventional cardiology, graphics processing unit-accelerated
image processing, and inverse geometry fluoroscopy.

Charles R. Hatt received his PhD in biomedical engineering from the
University of Wisconsin–Madison in 2015. He is currently employed
as a development scientist by Imbio LLC, an imaging biomarker com-
pany. His research interests include image-guided cardiac interven-
tions, quantitative CT for chronic obstructive pulmonary disease
assessment, and machine learning and computer vision for medical
image processing and analysis.

Michael A. Speidel received his PhD in medical physics from the
University of Wisconsin–Madison in 2003. He is currently an assistant
professor in the Departments of Medical Physics and Medicine at
the University of Wisconsin–Madison and technical director of the
University of Wisconsin Hospital and Clinics Cardiac Catheteriza-
tion Laboratory. His research interests include dose reduction and
3-D image guidance in interventional cardiology, vascular imaging,
and inverse geometry x-ray systems.

Journal of Medical Imaging 013506-9 Jan–Mar 2017 • Vol. 4(1)

Slagowski et al.: Single-view geometric calibration for C-arm. . .

http://dx.doi.org/10.1120/jacmp.v14i4.3905
http://dx.doi.org/10.1007/s10840-011-9582-0
http://dx.doi.org/10.1007/s10840-011-9582-0

