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ABSTRACT

In this work, we present a method to increase the lateral field-
of-view of a C-arm CT system by rotating the detector such
that the diagonal of the detector lies on the u-axis of the detec-
tor’s coordinate system. We investigated three different 3-D
scan trajectories for liver imaging of an obese patient (waist
circumference 130 cm) — a Short Scan, a Large Volume Scan
and a Helical Large Volume Scan. We reconstructed a data
set of the Visible Human Project with the SART and the eTV
algorithm. Tests revealed that the coverage was increased
with the presented method by 25.3 % for the Short Scan and
28.5 % for the Large Volume Scan. Performing helical scans
compensated the axial data loss. The two implemented itera-
tive approaches both provide acceptable results, with the eTV
algorithm reducing the RMSE compared to SART by about
29 %. Given a liver imaging task, the rotated detector is able
to image the entire liver section of the abdomen with a single
Large Volume Scan.

Index Terms— €TV, iTV, SART, Diamond Scan, Field-
of-View Enlargement, Iterative Reconstruction

Disclaimer: The concepts and information presented in this
paper are based on research and are not commercially avail-
able.

1. INTRODUCTION

Current Robotic C-arm X-ray systems allow to calibrate a
wide range of trajectories [1]. The two most common 3-D
scan modes with those systems use circular scan trajectories.
The Short Scan [2] performs a turn of 180 ° plus fan angle
while the Large Volume Scan (LVS) [3] performs a 360 ° rota-
tion with a detector shift of a half detector width in lateral de-
tector direction nearly doubling the field-of-view. Situations
occur in the clinical workflow where the volume-of-interest is
still too large to cover it properly with those scans, for exam-
ple if the liver of a large patient or the whole abdomen have to
be shown. Therefore, a method is presented, where the detec-
tor is rotated properly to extend the field-of-view. However,
this comes at an axial loss perpendicular to the central slice.

978-1-4799-2349-6/16/$31.00 ©2016 IEEE

A helical trajectory with a small pitch can be applied for the
LVS with the aim to compensate this loss.

To reconstruct the volumes, we selected two iterative re-
construction approaches. The Simultaneous Algebraic Re-
construction Technique (SART) reconstructs a volume by vol-
ume forward projections and corrective back projections. The
Enhanced Total Variation Constraint Reconstruction (eTV) is
a total variation based method with the aim to keep the raw
data fidelity high and getting a piecewise constant output [4].
It extends the SART algorithm by an additional constraint
based on the theory of Compressed Sensing.

2. MATERIALS AND METHODS

For all tests, the CONRAD [5] framework for cone beam
imaging in radiology was used. The test system consists of a
400 mm x 300 mm detector with a spacing of 1 mm x 1 mm.
The source-to-object distance (SOD) was set to 785 mm and
the source-to-intensifier distance (SID) to 1200 mm. The the-
oretically obtainable coverage c is calculated by ¢ = SOD -
SID™' - Ugpread With Uspreqq denoting the current lateral
field-of-view spread.

2.1. Diamond Scan

Fig. 1. Detector rotated by angle a.

The enlargement of the field-of-view is achieved by ro-
tating the system’s detector such that the diagonal lies on the
u-axis. The rotation angle « results from vy,q - ;L where
Umaz 18 the maximal width and v,,,4, the maximal height of



the detector. For the given measurements, the lateral spread
is increased by 25 % from 400 mm to 500 mm. However, the
shape of the coverage will be diamond shaped with a maximal
lateral spread along the u-axis of the detector.

2.2. Scan modes

The first investigated scan mode is a Short Scan performing
a circular rotation of 200 ° (180 ° plus fan angle) for getting
a minimal complete dataset. For the tests, 266 projections
resulting in an average angular increment of 0.75° were se-
lected. The standard coverage diameter is 261.7 mm. Apply-
ing the Diamond Scan should increase this by about 65 mm
to 327 mm.

The second scan is the Large Volume Scan (LVS) which
performs a 360 ° rotation with a detector shift of half the de-
tector width being able to double up the coverage. The cover-
age for this scan reaches 523 mm and with the Diamond Scan
it can be increased up to 654 mm. In practice, an overlap of
20 % is configured to ensurc data completeness around the
rotation center. This adaption results in an achievable stan-
dard LVS coverage of 471 mm. With an overlap of 15 % the
Diamond LVS extends the coverage to 605 mm.

However, applying the detector rotation results in an ax-
ial coverage loss which could potentially pose problems for
the liver imaging task. To alleviate the problem, a Helical
LVS trajectory with a small pitch of 20 mm and three rota-
tions is investigated. Note that such a scan path cannot be im-
plemented on a real angiography system since they typically
allow at most 400 © of rotation.

2.3. 3-D Reconstruction

In this work, two different iterative reconstruction methods
were implemented fully GPU-based and tested with all scan
modes. Those approaches solve the inverse Radon trans-
form problem by minimizing an objective function which can
also incorporate prior knowledge. The implemented meth-
ods use a SSD measure as objective function minimizing the
difference between the projection raw data p and the pro-
jected current image, resulting from the Radon transform
R of the reconstructed image f(r) with the specific voxel
r=(r1,72,73):

min||R f(r)

—pll3 4))

2.3.1. Simultaneous Algebraic Reconstruction Technique

SART performs forward projections and corrective back pro-
jections until the reconstructed volume data have converged.
The voxel volume is updated simultaneously after all projec-
tion rays are processed [6]. An initial volume is estimated
and the orthogonal projections to the hyperplanes are calcu-
lated by back projection. Their centroid is saved and used for
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the next iteration. The update rule is given by
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with v € [0, Ngyp[- @ denotes the index of volume voxel
r whereas j is the index of one projection element. k de-
notes the index of a subset’s projection such that R;-“’i is the
Radon transform of projection k& mapping f on p*. N Proj
denotes the number of projections while Ng,,; is the number
of subsets and v the index of the subset. s(v) represents the
number of projections inside a subset while [ is the relaxation
parameter used to control the convergence speed of the min-
imization. In this work, Ng,;, was set to Np,,; leading to
a subset size s(v) of 1. This means, that every projection is
handled separately. f5F" denotes a complete SART itera-
tion where n equals the number of completed iterations of the
update step.

2.3.2. Enhanced Total Variation Constraint Reconstruction

eTV is a method incorporating an a priori knowledge con-
straint into the Iterative Reconstruction [4] based on the Im-
proved Total Variation Constraint Reconstruction (iTV) [7].
The constraint is based on the theory of Compressed Sensing
stating that f(r) can be reconstructed with a high probability
with less samples than required by the Nyquist-Shannon theo-
rem if most entries of its sparsifying transformation ¥ (r) are
zero. This can be approximated by the /1-norm leading to the
convex optimization function

min||¥ f(r)||1 subjectto || R f(r) 3)

minimizing the raw data cost function incorporating the spar-
sity constraint. iTV minimizes the raw data cost function via
SART. The sparsity is handled separately with the image gra-
dient as sparsifying transformation ¥ and a Gradient Descent
approach, consisting of M steps in each outer iteration to re-
duce the Total Variation cost function ||V f(7)]]1:

—pll3 <e
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A complete iTV iteration is formed by the linear combination
of the two subsequent images by

frrr = (L= NS () + ML () (©6)

with a weighting factor A €]0; 1] where A is derived by mini-
mizing

ent1 = [|RI(L = L () + A ()] = pll3 (D



meanwhile

(1= w) - [|IRAT () = pl[3 +wen = enpa (®)
is calculated previously with the user parameter w € [0;1].
High values of w decrease the convergence speed of the re-
construction, giving more weight to the TV minimization in
the process. As those calculations do not allow to perform
more than one TV minimization iteration or a value A > 1,
eTV improves this method by defining a value \,,qp > 1
enabling to repeat the TV minimization and the linear combi-
nation until A\ < \,,4.. For the simulations, A4, Was set to
1.2 and 10 €TV iterations were configured.

3. RESULTS

[Method | B [ w | reg | M | oipie | Tterations |
SART 0.3 50
eTV 0.2 100

n.a.
0.8

n.a.
10~4

n.a.
25

n.a.
0.3

Table 1. Reconstruction settings

Tab. 1 shows the selected settings for all reconstructions.
The volume is a 320 x 320 x 30 voxel volume with a spacing
of 1 mm taken from the Visible Human Project’s normal CT
male dataset in the abdominal area. The volume was scaled to
have a waist circumference of 130 cm which is less or equal to
5% of the US American population’s measures [8]. Because
the patients are usually not that large, a transversal misalign-
ment of 10 % (32 mm) was assumed. As error measurement,
the RMSE was chosen. Tab. 2 shows the results of the im-
plemented algorithms for all investigated scan modes. eTV
reduces the RMSE of SART by 29.1 %, however, this comes
with an increased computation time by a factor of 4.8.

Scan Mode RMSEsapr RMSE. .1y
Short 0.2134 0.1370
Diamond Short 0.2026 0.1242
LVS 0.0608 0.0549
Diamond LVS 0.0322 0.0217
Helix LVS 0.0641 0.0488
Helix Diamond 0.0229 0.0151
Average €TV Improvement: 29.1%

Table 2. Reconstruction results of the real patient data show-
ing an RMSE improvement of 29.1 %.

Fig. 2 shows the central slices of the eTV reconstructions,
where one can see the increased coverage of the Diamond
Scans. With the misaligned object, the standard LVS is not
able to cover the whole abdominal area properly, while the
Diamond LVS can. The measured coverages match exactly
with the theoretically achievable coverages. Fig. 3 shows that
in the outmost slice (z 30), the Diamond LVS does not
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cover the complete volume around the origin but the heli-
cal scan compensates this axial data loss. When looking at
the zz-layer of the scans (Fig. 4), one can see the obtained
diamond-shaped coverage for Diamond Short Scan. Also the
axial compensation by the Helical Diamond LVS around the
origin can be seen. Fig. 5 shows the achieved coverage exten-
sion for all scans in total matching exactly with the theoreti-
cally achievable coverages. The coverage for the Short Scan
is increased by 25.3 %, the LVS’s coverage by 28.5 %.

(a) Short

(c) LVS (d) Diamond LVS

Fig. 2. Central slices of the eTV reconstructions.

(a) Diamond LVS

(b) Helix Diamond LVS

Fig. 3. Outmost slices of the eTV reconstructions for the Cir-
cular and the Helix Diamonds LVSs showing the axial cover-
age compensation around the origin.

4. DISCUSSION AND CONCLUSION

In this work, we presented a method to enlarge the lateral
field-of-view of a C-arm CT system by applying a detector



rotation such that the diagonal of the detector lies on the u-
axis of its coordinate system. We achieved a coverage diam-
eter plus of 66 mm for the Short Scan and 134 mm for the
LVS. Axial loss around the center for the LVSs are compen-
sated by utilizing helical instead of circular trajectories. One
could also think about trade-off configurations for the detector
shift, which also compensates the axial loss while still gain-
ing increased lateral coverage. The eTV algorithm reduced
the RMSE compared to SART by about 29 %, however, both
algorithms provide acceptable results. Performing a parame-
ter optimization for the ¢TV method could reduce the errors
even more, but the images may get too smooth if one does
not pay attention to the regularization. In practice, the LVS
is able to cover the whole abdomen for patients with a waist
circumference up to 130 cm. The presented method enables
the acquisition of patients with a waist circumference up to
180 cm, enabling acquiring medical images for the treatment
of an additional 5 % of the US American population. The vol-
ume will even be covered when misalignments in transversal
direction occur. For the liver application, the additional data
gathered using a helix trajectory did not yield a lot of addi-
tional improvement. Thus, the method can be implemented
on a real angiographic C-arm system.

(a) Short

(b) Diamond

() LVS

(d) Diamond LVS

(e) Helix Diamond LVS

Fig. 4. zz-layer of the volume’s eTV reconstructions.
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Fig. 5. Comparison of the scan modes lateral coverages. The
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