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Abstract In cone-beam computed tomography (CBCT), the cone-
beam (CB) artefact causes object-dependent image distortions away
from the central plane. Non-circular trajectories such as saddles or
helices can mitigate the CB artefact, but are challenging to execute
with scanners not specifically designed for non-circular scanning. In
this work, we made use of a recently available mobile robotic CBCT
scanner (mobile ImagingRing, medPhoton, Salzburg, Austria) which
allows sinusoidal motion perturbation of several degrees of freedoms
during a source and detector rotation, coupled with infrared (IR) mo-
tion tracking to measure the geometry of each trajectory. We scanned
a disk phantom designed to highlight CB artefacts with circular, sad-
dle and helical trajectories executed by driving motion with wheels.
We computed an incompleteness metric, tan(ψ), and correlated it
with the region free from CB artefacts in the images. Using a sepa-
rate cylindrical phantom, we additionally computed the modulation
transfer function at 10 percent (MTF10) to assess the accuracy of
the calibration correction. We found regions free of CB artefacts of
up to 190 mm in the superior-inferior direction for the saddle trajec-
tory, and of 120 mm to 140 mm for the helical trajectory. MTF10 was
1.39 lp/mm, 0.98 lp/mm and 1.03 lp/mm for the circular, saddle and
helical trajectories with IR tracking, while without IR tracking the
saddle and helical trajectories had MTF10 less than 0.4 lp/mm.

1 Introduction

In cone-beam computed tomography (CBCT), non-circular
scanning trajectories can eliminate the well known cone-
beam (CB) artefact, which stems from data incompleteness
when moving away from the plane containing the source tra-
jectory. For points away from that plane, Tuy’s condition is
not satisfied since there will always be planes through these
points which do not intersect the trajectory [1]. This issue
can reduce image quality in a wide range of medical imag-
ing applications, including dentistry, image-guided surgery
and image-guided radiotherapy. The degree of incomplete-
ness can be quantified with the tan(ψ) metric introduced by
Clackdoyle et al. [2], which provides a continuous value
which was shown to correlate with the severity of the CB
artifact [3]. It is well known that using non-circular tra-
jectories in CBCT scanning can mitigate the CB artifact,
with publications demonstrating sinusoidal trajectories [4–6],
circle-and-line or circle-and-arc trajectories [7, 8], or even
freely optimized trajectories [9–11]. While several works
have demonstrated improvements from such trajectories, of-
ten they have been performed at devices not specifically

designed for such a purpose, entailing complex trajectory
programming or long scanning times. Recently, a mobile
robotic CBCT scanner (mobile ImagingRing, medPhoton
GmbH, Salzburg, Austria) has become available with the op-
tion to execute sinusoidal perturbations along various axes of
motion. This allows implementing time-efficient non-circular
trajectories which can be executed with one rotation of the
source and detector, such as saddle [12] and helical [13, 14]
trajectories. The device is further equipped with infrared (IR)
tracking technology which allows mitigating geometric inac-
curacies in recorded trajectories, which can degrade spatial
resolution. In this work we compared CB artefact reduction
achievable with saddle and helical trajectories using scans of
a disk phantom and tan(ψ) evaluation, in addition to modu-
lation transfer function at 10 percent (MTF10) analysis with
a separate phantom.

2 Materials and Methods

2.1 Mobile robotic CBCT scanner and trajectories

All CBCT scans were acquired at the mobile robotic CBCT
scanner described in Figure 1 and equipped with IR tracking
based on a pair of cameras which monitor the position of a
tracking object placed on the phantoms (Rigid Body Marker
Base, MCP1145; NaturalPoint, Inc., Corvallis, USA). The
scanner’s motorized wheels allowed the execution of saddle
and helical trajectories. For the saddle trajectory, a rotation
with angle β around a vertical yaw rotation axis, which is
displayed in Figure 1, was performed during source and
detector rotation, expressed with rotation angle θ , according
to

β (θ) = Asaddle sin(ωsaddleθ +φsaddle) (1)

where Asaddle, ωsaddle and φsaddle are the amplitude, the an-
gular frequency and the phase shift of the yaw perturbation.
For the helical trajectory a similar sinusoidal perturbation D
displacing the scanner longitudinally in the superior-inferior
(SI) direction followed
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Figure 1: Setup and geometrical information of the CBCT scanner.
(a) The whole setup for the experiments (note that the plastic
support was replaced by a carbon fiber table). IR tracking markers
are put on the phantom to be visible by both tracking cameras.
(b) Basic geometrical information of the CBCT scanner and the
rotation axis and source projection offset relative to the detector
center. The geometry used to calculate tan(ψ) is shown in red and
orange (see Ref [2] for details).

Table 1: Parameters of the saddle and helical trajectories defined
by equations 1 and 2 with θ expressed in rad. Asaddle is expressed
in degrees for clarity.

Asaddle ωsaddle φsaddle Ahelical ωhelical φhelical

[◦] [rad−1] [rad] [cm] [rad−1] [rad]

10 1 π 7.7 0.5 π
2

D(θ) = Ahelical sin(ωhelicalθ +φhelical) (2)

where Ahelical, ωhelical and φhelical are the amplitude, the an-
gular frequency and the phase shift of the longitudinal per-
turbation. The values used in this work are listed in Table
1.
The IR tracking system provided the position and direction of
the rigid object for each projection, which were transformed
into a rotation matrix R and translation t. The recorded
source position s, detector position d and orthogonal detector
direction vectors u and v (in the gantry’s coordinate system)
were transformed as follows to account for the perturbations
executed following equations 1 and 2.

s′ = R0R−1(s− t)+ t0,

d′ = R0R−1(d− t)+ t0,

u′ = R0R−1u,

v′ = R0R−1v,

(3)

where R0 and t0 are for the first frame and R and t for the
current frame.

2.2 Phantoms, experiments and simulations

Two phantoms were used in this work. The first was a disk
phantom consisting of eleven 1 mm thick acrylic disks of

100 mm diameter separated by 20 mm foam spacers, which
was used to assess CB artefacts. The second was an acrylic
cylinder of 152 mm diameter used to evaluate MTF10. Both
phantoms were scanned using circular, saddle and helical
trajectories acquiring 720 projections with θ ranging from 0
to 2π , exposure of 20 ms and 5 mA and with IR tracking en-
abled. The detector was 432 mm× 432 mm with 1440 pixels
× 1440 pixels. The geometrical information from equation
3 was additionally used to simulate a digitally reconstructed
radiograph (DRR) for each projection of the disk phantom,
using a digital voxelized version of the phantom with a voxel
size of 0.5 mm3. This was done using functions from the Re-
construction Toolkit (RTK) software package (version 2.3.0)
[15].

2.3 Image reconstruction

All images were reconstructed using RTK. We used penalized
least-squares minimization with the conjugate gradient algo-
rithm with a regularization weight of γ = 10, a voxel size of
0.5 mm3 and 50 iterations. We reconstructed all experimental
and simulated acquisitions defined above.

2.4 Image analysis

For each experimental acquisition, the incompleteness metric
tan(ψ) was calculated according to Clackdoyle et al. [2] for
all positions in the reconstructed image. The value of tan(ψ)
is 0 for complete data and has been shown to allow adequate
reconstruction up to 0.02 [16], above which conspicuous
CB artefacts can be expected. In more detail, for all the
projection lines passing through a voxel, we calculated and
kept those projection lines that fell on the detector, following
the approach of Sun et al. [16]. Then, for one specific
direction n⃗, we took the lowest tan(ψ) from all the source
positions. Finally, we took the largest tan(ψ) value from all
directions as the incompleteness value for this voxel. Here,
ψ was the angle between the plane and the projection line.
The red and orange parts of Figure 1(b) show the geometry
of this calculation. For the saddle and helical trajectories,
we quantified the extent of the region free from CB artefacts
based on visual inspection and overlaid tan(ψ) isolines.
The MTF10 was calculated using an over-sampled edge ob-
tained from the cylindrical phantom’s outer diameter and
was used to determine the performance of IR tracking. This
was done slice-by-slice for an SI region of 100 mm and we
calculated the mean and standard deviation of MTF10. Com-
parison of simulations and experiments was used to deter-
mine whether potential image distortions stemmed from the
trajectories themselves or from issues with IR tracking.

3 Results

Figure 2 shows the source trajectories performed in experi-
ments. All the trajectories started at 0 mm in SI, the saddle
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trajectory extended to −135 mm, and the helical trajectory
extended to −154 mm in SI. The source executed a single
rotation around the gantry for all the trajectories. Table 2
reports the MTF10 for the circular, saddle, and helical trajec-
tories. The spatial resolution was the same for the circular
trajectory with and without IR tracking. The spatial resolu-
tion of the saddle and helical trajectory both had important
improvements when using IR tracking correction. The spa-
tial resolution was improved from 0.37 mm to 0.98 mm for
the saddle trajectory and from 0.34 mm to 1.03 mm for the
helical trajectory.

Figure 2: The three trajectories used in this work. The black line
represents the circular trajectory, the green line is the yaw-based
saddle trajectory, and the red line is the helical trajectory. Axes not
to scale.

Table 2: MTF10 for different trajectories w/ and w/o IR tracking
(mean ± standard deviation).

with IR tracking w/o IR tracking
[lp/mm]

circle 1.39 ± 0.06 1.39 ± 0.04
saddle 0.98 ± 0.07 0.37 ± 0.04
helical 1.03 ± 0.09 0.34 ± 0.01

The reconstructed images from the simulations of the three
trajectories are shown in Figure 3. The disks inside the
low incompleteness region (tan(ψ) < 0.02) are all well re-
constructed without CB artifacts and distorted into spindle
shapes when lying outside of the low incompleteness region.
For the saddle trajectory, the shape of the low incompleteness
region was an irregular cylinder with 190 mm height in SI
and a cross-section which had a short axis of 255 mm and
a long axis of 270 mm. For the helical trajectory, the low
incompleteness region had a round cross-section with diam-
eter 255 mm, while the height in SI ranged from 120 mm to
140 mm as shown in Figure 3 (c).
Figure 4 shows the coronal plane of the reconstructed images
from the experimental acquisitions with the three trajectories,

Figure 3: Reconstructed images of the digital disk phantom from
the three simulated trajectories in a superior-inferior (IR) and left-
right (LR) view. Orange lines indicate the edges of the low incom-
pleteness region where tan(ψ)< 0.02.

with convex hull and incompleteness overlays. The sizes and
shapes of the low incompleteness regions are the same as the
simulation, and whithin all disks are well reconstructed. We
could confirm the observation from the simulation that the
saddle trajectory provided a larger region where disks are
well reconstructed. We can observe that the low incomplete-
ness region is larger than the convex hull for all trajectories.

4 Discussion

Table 2 and Figure 4 show that the IR tracking correction
is reliable and can provide accurate geometrical corrections
online. The MTF10 of the saddle and the helical trajecto-
ries with IR tracking, although lower than for the circular
scan, were comparable to that achievable at a linac-mounted
CBCT scanner (XVI, Elekta, UK), for which we measured a
MTF10 of 1.00±0.01 lp/mm with a circular scan. Both the
simulation (Figure 3) and the experiment (Figure 4) show
that the helical trajectory provides a longer reconstructed
region where more disks than for the saddle scan could be
reconstructed, albeit in a distorted fashion. However, the low
incompleteness region of the helical trajectory was smaller in
SI than that of the saddle trajectory, despite the source having
moved a larger distance along the SI direction for the helical
trajectory. This was attributed to the non-closed nature of the
trajectory, and helical trajectory simulations demonstrated
that using ωhelical = 2rad−1 could provide a convex hull with
an SI extent corresponding to 2Ahelical. We can also see in
Figure 3 that at least one disk outside of the low incomplete-
ness region is well reconstructed. These observations suggest
that the SI length of the low incompleteness region is limited
by a direction n⃗ other than that normal to the disks. One
advantage of the helical trajectory over the saddle was that it
was less likely to collide with the patient couch, which might
occur when performing saddle trajectories with larger Asaddle.
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Figure 4: Reconstructed images of the disk phantom from experimental trajectories in a superior-inferior (IR) and left-right (LR) view,
with convex hull and tan(ψ) isolines overlay. Red dashed lines are edges of the convex hull and the solid lines are tan(ψ) isolines.

5 Conclusion

In conclusion, both the yaw-based saddle and helical tra-
jectories were feasible with online IR tracking geometrical
corrections at the mobile robotic CBCT scanner used in this
work. This allowed an important increase of the low incom-
pleteness region (tan(ψ) < 0.2) and elimination of the CB
artifact.
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