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Abstract

Background: Cone beam computed tomography (CBCT) is widely used in
many medical fields. However, conventional CBCT circular scans suffer from
cone beam (CB) artifacts that limit the quality and reliability of the reconstructed
images due to incomplete data.

Purpose: Saddle trajectories in theory might be able to improve the CBCT
image quality by providing a larger region with complete data. Therefore, we
investigated the feasibility and performance of saddle trajectory CBCT scans
and compared them to circular trajectory scans.

Methods: We performed circular and saddle trajectory scans using a novel
robotic CBCT scanner (Mobile ImagingRing (IRm); medPhoton, Salzburg, Aus-
tria). For the saddle trajectory, the gantry executed yaw motion up to +10°
using motorized wheels driving on the floor. An infrared (IR) tracking device
with reflective markers was used for online geometric calibration correction
(mainly floor unevenness). Allimages were reconstructed using penalized least-
squares minimization with the conjugate gradient algorithm from RTK with
0.5 x 0.5 x 0.5 mm3 voxel size. A disk phantom and an Alderson phantom were
scanned to assess the image quality. Results were correlated with the local
incompleteness value represented by tan(y), which was calculated at each
voxel as a function of the source trajectory and the voxel's 3D coordinates.
We assessed the magnitude of CB artifacts using the full width half maximum
(FWHM) of each disk profile in the axial center of the reconstructed images.
Spatial resolution was also quantified by the modulation transfer function at 10%
(MTF10).

Results: When using the saddle trajectory, the region without CB artifacts was
increased from 43 to 190 mm in the Sl direction compared to the circular trajec-
tory. This region coincided with low values for tan(). When tan(y) was larger
than 0.02, we found there was a linear relationship between the FWHM and
tan(y). For the saddle, IR tracking allowed the increase of MTF10 from 0.37 to
0.98 Ip/mm.

Conclusions: We achieved saddle trajectory CBCT scans with a novel
CBCT system combined with IR tracking. The results show that the saddle
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trajectory provides a larger region with reliable reconstruction compared to
the circular trajectory. The proposed method can be used to evaluate other
non-circular trajectories.
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CBCT, cone beam artifact, data insufficiency, infrared tracking, robotic, saddle trajectories

1 | INTRODUCTION

Cone beam computed tomography (CBCT) is play-
ing an important role in many medical fields, such
as dentistry,'? image-guided radiotherapy° image-
guided surgery®’ and brachytherapy® due to its low cost
and flexibility. However, CBCT s still largely limited by
its poor image quality with low contrast to noise ratio,
and various artifacts. Among these, cone beam (CB)
artifacts come from insufficient projection sampling. CB
artifacts can lead to streaks, shading, and distortion of
edges. The severity of CB artifacts will increase as a
point gets further from the central axial plane contain-
ing the circular source trajectory. Tuy’s condition states
that each point P of the object can be reconstructed
if every plane passing through P intersects at least
once with the trajectory? Finch showed that this condi-
tionis necessary.10 Therefore, for a conventional circular
trajectory CBCT scan, only the central plane can be
reliably reconstructed.

Recently, many studies using unconventional trajec-
tories to improve CBCT image quality were reported.
Tilted circular trajectories were used to improve the
image quality near the skull base,'" reduce the dose
to eye lenses'? and improve localization in CT-guided
biopsies.'® Tersol et al. investigated reducing CB arti-
facts using tilted circular trajectories.”* Task-based
noncircular trajectories were also explored to elimi-
nate the influence of CB artifacts,'>'" with param-
eterized trajectories based on information on patient
and metal implants to reduce metal and CB artifacts.
Many other non-circular trajectories were also pro-
posed, for example, sinusoidal trajectory,'®2 helical
trajectory?'?3 circle-and-line trajectory®* and circle-
and-arc trajectory?°

A practical type of non-circular trajectory is the saddle
trajectory. It has been proven that exact reconstruction
is possible for a saddle trajectory scan even if there is
axial truncation 2% Geometrically, Tuy’s condition is satis-
fied inside the convex hull of the saddle trajectory, which
means that it should provide a much larger reliable
reconstruction region than the circular trajectory.

Even if the source trajectory was perfectly known, arti-
facts might arise due to incomplete projection data. To
quantitatively assess the extent to which a voxel violates
Tuy’s condition, we used the incompleteness metric sug-
gested by Clackdoyle et al2’ Instead of using a binary
criterion to judge whether a voxel satisfies the Tuy con-

dition, the incompleteness metric provides a continuous
value to assess the performance of the trajectory. The
incompleteness value is a geometric quantity represent-
ing the data sufficiency according to Tuy’s condition of
one voxel P in a given direction. A smaller incomplete-
ness value means Tuy’s condition is less violated for P.
Sun et al. showed there were no obvious CB artifacts
when the local incompleteness value is smaller than
0.02.28 Moreover, the incompleteness metric is indepen-
dent of the reconstruction algorithm, therefore can be
used as a general method to assess the performance
of arbitrary trajectories.'*28

A practical problem related to non-circular trajectory
scans is that we must specify the exact positions and
directions of the source and detector in a fixed coordi-
nate system for every projection to achieve high spatial
resolution reconstruction. Although we can roughly infer
the position from the CBCT system geometry, errors
can come from many aspects including calibration
uncertainties and reproducibility in the execution of the
trajectory, for example from driving over an uneven floor
in our case. Therefore, online calibration adjustments are
needed for an irregular trajectory scan.

In this paper, we investigated the feasibility of saddle
trajectory CBCT scans which used infrared (IR) track-
ing for online geometric calibration for the first time.
It is also the first evaluation of a clinical system that
has built-in saddle trajectory programs. Images were
reconstructed using iterative and analytical reconstruc-
tion combined with IR tracking geometric corrections.
We quantitatively assessed the CB artifacts and related
them to the incompleteness metric.

2 | METHODS AND MATERIALS

21 | Mobile CBCT scanner

The robotic mobile CBCT scanner used in this work
(Mobile ImagingRing (IRm); medPhoton, Salzburg, Aus-
tria) was a novel mobile CBCT scanner that can perform
robotic movements during a scan, including tilt and yaw
of the gantry as well as combined linear translations on
the floor (see Figure 1a). The motorized wheels under-
neath enabled the whole CBCT scanner to move in four
directions and rotate around a certain vertical axis to
perform a yaw saddle trajectory. Figure 1b shows the
system, while a sketch of the geometrical parameters is
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Scan setup and geometry illustration. (a) Yaw-based saddle trajectory and circular trajectory. (b) Disk phantom upon two

polyvinyl chloride pipes along Sl direction. Also visible are the tracking cameras mounted on top of the gantry, and the tracking object with
markers on the phantom. (c) The geometry of the used CBCT system is shown in blue. lllustrations of tan(y) are in red and orange. SAD stands
for source axis distance and DAD for detector axis distance. CBCT, Cone Beam Computed Tomography; S, superior-inferior.

shown in Figure 1c. The scan parameters are given in
Table 1.

2.2 | Geometry and IR tracking

The scanning geometry information could be obtained
from the projection files of every scan, which included
the yaw angle in fixed coordinates and positions and
directions of the detector in the ring gantry coordi-
nate system (independent of the yaw angle). With
this, the scan trajectory could be obtained by apply-
ing the transformation to source and detector positions

and directions according to the geometric informa-
tion reported by the motor encoders (yaw angle and
location of yaw rotation axis as reported by the man-
ufacturer). This was called nominal geometry. For cir-
cular scans, the vendor's geometric calibration based
on Keuschnigg et al., Zechner et al.?®3 and focal
spot position calibration based on Messner et al?'
were applied, and the same was also applied to yaw
scans. However, for yaw scans these data might not
be accurate due to practical limitations, such as an
uneven floor and vibrations. Therefore, a motion cap-
ture device was used in this study to correct geometrical
errors.
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TABLE 1 Settings used for circular and the saddle trajectory on the scanner.

Acquisition

Sequence name

Circular trajectory

full-scan (360 deg circular)

Saddle trajectory
full-scan (360 deg saddle)

Acquisition time
Radiation

Energy

Exposure per projection
Active detector settings
Filtration

Collimation jaws

Source to axis distance
Source to detector distance
Detector size

Projection number
Reconstruction: iterative
Voxel size

Iteration number
Reconstruction method

Regularization weight (y)

60 s

Constant pulsed?®
120 kV

20 ms, 5 mA

1440 x 1440 px2, 12 fps (166 ms), gain 5 (114 e/ADU)

0.5 mm Cu
Fully open
742.5 mm
1259.65 mm
432 x 432 mm?
720

0.5x0.5x 0.5 mm3
50
Conjugate gradient
10

Reconstruction time 18 min8s 18 min15s
Reconstruction: FDK

Voxel size 0.5x0.5x 0.5 mm?3

Filter Hann Filter w/ (Hann=HannY=1), w/o (Hann=HannY=0)

Reconstruction time 32s 32s
Hardware

GPU Nvidia RTX A6000

CPU Intel Xeon Gold 6354

CPU RAM 384 Gb

aRadiation in pulsed mode with a constant pulse length and frequency.

We used two IR cameras and a tracking object (Rigid
Body Marker Base, MCP1145; NaturalPoint, Inc., Corval-
lis, USA) to acquire the motion data. These IR cameras
were provided by the vendor as optional assemblies
mounted to their scanner's gantry and attached to
the scanner gantry, thus moving together with it and
independent from the source and detector during yaw
motion. The motion data was acquired by tracking the
position and direction of a rigid object with six reflec-
tive markers which was statically positioned during the
scan. During every scan, the object was put on top of the
phantom so that both cameras could see all the mark-
ers. For every projection, the position and direction of
the marker object were recorded and saved as a trans-
lation vector t = (x, y, z) and the corresponding pose as
a quaternion object in the geometry files. A quaternion
object was defined with four real numbers (qg, 1, 92, 93)
and three imaginary orthogonal unit vectors 77, k. To
get the transformation matrix from the quaternion, the

following matrix was used for calculation:

1-20,° —295° 29192 —29093  2G1G5 +2GoG2
R=|2¢192+2q0gs 1-2G:*-2q5*> 29295 — 2qoq1
24193 —2GoG> 29203 +2q0qq 1 —204% —2g,?
(1)
For the geometrical corrections, the source posi-
tions s, detector positions d, and the vectors u and v
which spanned the edges of the detector were first
acquired from the geometry file. Then these values were
corrected by the following equations:

s = RoR_1(S — )+ ty,
d =RyR(d—1t)+ 1y,
2)

v = RyR 'y,

v = RyR 1y,
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where Ry and fy were the quaternion transformation
matrix and tracking object position calculated from the
first frame. R and t were the quaternion transforma-
tion matrix and tracking object position from the current
frame. This yielded the corrected source and detector
positions and directions (s’, d’, U, v'). All the source and
detector positions were calculated with respect to the
first frame. This was labeled the measured geometry.
The geometry calibration could be done both online
and offline.

2.3 | Reconstruction algorithm

We used the penalized least-squares minimization with
the conjugate gradient algorithm and the FDK algorithm
from the Reconstruction Toolkit (RTK) software package
(version 2.3.0)%? to reconstruct all the images. RTK’s
implementation of FDK accounts for the source and
detector positions and is therefore applicable to sad-
dle trajectories for approximate filtered backprojection
reconstruction. The regularization term for the iterative
reconstruction was the squared norm of the gradi-
ent. The number of iterations is shown in Table 1. For
the FDK reconstruction, we reconstructed the image
both with a Hann filter and without a Hann window
on the ramp filter. The voxel size of the reconstructed
image was 0.5 x 0.5 x 0.5 mm?3. In general, reconstruc-
tions were performed using either the encoder-reported
positions from the projection files’ nominal geometry
metadata (nominal geometry), or with the positions
obtained from the IR tracking device (measured geom-
etry). When using the measured geometry, it was
necessary to apply a rigid transformation to account
for the arbitrary position and orientation of the first
frame (which was acquired with a yaw angle of 10°).
This registration was determined empirically by reg-
istering initial reconstructions using the nominal and
measured geometries.

24 | Phantoms to assess CB artifact

Two phantoms were used in our study. The first phantom
was a disk phantom made of a series of 1 mm thick
and 100 mm diameter acrylic disks separated by 20 mm
foam spacers. This phantom enabled us to see obvious
CB artifacts along the normal to the disks. The second
phantom we used was the head section of the Alderson
Phantom, which allowed visualization of the CB artifact
at the interface of the slabs composing the phantom.

2.5 | Simulation of saddle trajectories

In addition to the experimental scans defined below,
circular and saddle trajectory simulations were done.

A voxelized digital disk phantom was generated with
the same parameters as the real phantom. The scan-
ning geometry was also obtained from experimental
geometry files, including their IR tracking information,
source and detector position. The voxelized phantom
had an image size of 360 x 360 x 371 voxels and a voxel
size of 1x1x 1 mm3. The phantom was first forward-
projected to digitally reconstructed radiographs using
the nominal scan geometry, then reconstructed follow-
ing the same workflow and parameters as shown in
Table 1. We virtually positioned the phantom at sev-
eral positions in the scan region to scan the relation
between the artifact and the incompleteness metric. We
did not align it exactly with the experimental phantom
since we were interested in the general trends of the
CB artifact.

2.6 | Acquisition

The disk phantom was put upon two polyvinyl chlo-
ride pipes, which were supported by two metal stands
that were outside the x-ray beam. This setup ensured
that the phantom stayed static during the scan. To
show the CB artifacts, the disk phantom symmetry
axis was put along the superior-inferior (SI) direction.
The tracking object was placed on the phantom and
was visible by the two tracking cameras throughout
the scan.

For the circular and saddle trajectory scans, the image
center and the phantom center were aligned manually
using the IRm laser crossing. Then the field of view
(FOV) was set manually to contain the whole phan-
tom and keep the collimator jaws fully open. During the
scan, the yaw angle D was a function of amplitude A =
10°, source rotation angle x, and phase ¢ = 180°. As
shown in Figure 1a, the maximum offset for the source
was when the source with respect to the circular scan
was positioned laterally (x = 90°, which was the starting
position for the scan).

D=A-sin(x + ¢) 3)

2.7 | Quantification of results

2.7.1 | Dataincompleteness

According to Tuy’s sufficiency condition for untruncated
projections, if for every plane intersecting the object
there exists at least one source position in the plane,
then accurate reconstruction is possible. This condi-
tion provides a binary criterion to assess whether the
image can be exactly reconstructed or not. In practice,
not all images failing this condition show obvious arti-
facts and the severity of the artifacts is not always the
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same. Therefore, the incompleteness metric suggested
by Clackdoyle et al. was used to quantify the extent to
which a voxel deviated from Tuy’s condition.?’

The incompleteness of a voxel at point P was cal-
culated by the following procedures: First, the source
position was acquired and transformed according to the
motion information acquired by the IR tracking cam-
eras. Then for all the projection lines passing through
the voxel, we calculated and kept those projection lines
that fell on the detector, following the approach of Sun
et al28 Third, for one specific direction 6, we took the low-
est tan(yp) from all the source positions. Finally, we took
the largest tan(y) value from all directions as the incom-
pleteness value for this voxel. Here 3 was the angle
between the plane and the projection line. The red and
orange parts of Figure 1c show the geometry of this cal-
culation. For the calculation, we assumed that the whole
object was within the FOV and that there was no trun-
cation. We only calculated the incompleteness for the
center of every voxel. Due to the discretization of the
source trajectory, we actually calculated 720 projection
lines for one voxel and took 576 points uniformly dis-
tributed on the unit hemisphere to represent the unit
vectors 6.

2.7.2 | Convex hull

For the saddle trajectory, a convex hull is defined as the
union of all chords. In our study, the convex hull was
generated as a binary map depending on whether the
point was inside the convex hull or not. Our convex hull
was computed by connections of all source points. The
binary map had dimensions 600 x 600 x 600 voxels,and
size 1600 x 1600 x 1600 mm?3. This map had the same
origin and scale as the reconstructed image, therefore
could be overlayed to evaluate the image quality inside
the convex hull.

2.7.3 | Artifact quantification using FWHM
To find the relationship between the tan(y)) metric and
artifacts, we used the reconstructed disk thickness at the
disk center as a measure of the severity of artifacts. Due
to the CB artifacts, the disks were distorted to a spindle
shape. At the center of the disk, the artifacts were most
pronounced. Therefore, we plotted the center profile of
the phantom and measured the full width at half max-
imum (FWHM) for every disk. This metric was only to
represent the artifact severity at the disk center, which
meant we only used the FWHM of the disk to compare
with the incompleteness value in the center point of the
disk. This was done for both experimental acquisitions
and simulations.

MEDICAL PHYSICS——2

2.7.4 | Quantification of calibration
correction

Since the IR tracking corrections were done according
to the first frame of the scan, an arbitrary trans-
formation, corresponding to the position of the first
frame, was introduced in the measured geometry. For
the yaw trajectory, this corresponded to a rotation of
approximately 10° around the yaw axis. To be able
to evaluate the magnitude of the IR correction, we
used a registration algorithm to first register the mea-
sured geometry to the nominal geometry. Then we
computed the difference between the nominal and mea-
sured geometries for the components of s, d, u, and
v. For each pair of points, we calculated the difference
by:

As=Ts —s,
Ad=Td —d,
Au=Tu —u, @
Av =TV —vy,

where T is the rigid registration matrix. The direction
vector differences were expressed as three Euler angle
components (Aug, Auy, Aug) and (Avy, Avy, Avg), which
were calculated in the 321 (ZYX) sequence. We did
this for 10 consecutive scans and calculated the mean
correction and the standard deviation.

2.7.5 | Modulation transfer function

To quantify the spatial resolution in the axial plane with
and without IR tracking, we scanned a cylinder phan-
tom along the Sl direction and calculated the modulation
transfer function (MTF) from the radial edge-spread
function (ESF) for each slice in the Sl direction.>® The
cylinder phantom was 152 mm in diameter and was
scanned with a detector pixel size of 0.3 mm. For com-
parison, we also used a previous scan of a cylinder
phantom with 140 mm diameter using Elekta’s XVI
CBCT system with a detector pixel size of 0.8 mm. All
the images were reconstructed with 0.5 x 0.5 x 0.5 mm?
voxel size. As the MTF might vary along the Sl direction,
we calculated the MTF for every slice and took the mean
value. We calculated the MTF for the FDK reconstruc-
tion to avoid issues with iterative reconstruction such
as noise and contrast dependence®* We did this with
and without the Hann filter to determine the maximum
resolution as well as a more practical resolution with
reduced noise.
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FIGURE 2 Disk phantom with and without IR tracking correction
for the (a,b) circular and the (c,d) saddle scans. The red box indicates
the major difference between (b,d) using IR tracking correction and
(a,c) not using IR tracking correction. (window level: 0.0051, window
width: 0.0097). IR, infrared.

3 | RESULTS

3.1 | IR tracking

Four coronal planes of the reconstructed images of the
disk phantom with and without IR tracking are shown
in Figure 2. For circular trajectory scans, no obvious
difference could be found when using IR tracking or
not (Figure 2a and 2b). In the saddle trajectory scans
(Figure 2c), reconstructed disks on the upper part of the
image show clear double structures when IR tracking
was not used. No double structures were observed in
Figure 2d when using IR tracking to correct the nom-
inal geometry. IR tracking correction was used when
reconstructing the rest of the scans shown in this paper.
Figure S1 and Figure S2 additionally show the impact
of IR tracking for the Alderson phantom where similar
improvements were observed. The calibration correc-

tions for the source and detector are shown in Figure 3.
The position correction amplitudes for the source and
detector are about 2 mm at most and the direction cor-
rection amplitudes are around 0.15°. From the figure, we
can also see that the variation between the 10 scans
can be relatively large, for example, the detector direction
correction Auy varies from 0.1° to —0.2°.

3.2 | Disk phantom

Four coronal and sagittal reconstruction planes are
shown in Figure 4. The solid lines are isolines of tan(y)
representing data incompleteness. Due to the CB arti-
facts, some reconstructed disks were distorted into
spindle shapes. Both the circular trajectory and saddle
trajectory scans showed that a larger incompleteness
value corresponded to a more severe CB artifact. The
reconstructed disks in the low incompleteness region
(tan(y) < 0.02) were all artifact-free.

Figure 4 also shows that the saddle trajectory scan
had a much larger region with low incompleteness than
the circular trajectory scan. For the circular trajectory, the
shape of the low incompleteness region was approxi-
mately a cylinder in Sl direction with a length of 43 mm
and a diameter of 255 mm. For the saddle trajectory
scan, the low incompleteness region was an irregular
cylinder of 190 mm in S, and its cross-section normal
to Sl had a short axis of 255 mm and a long axis of
270 mm. We could observe that the convex hull covered
a smaller region in Sl than the area where tan(y) < 0.02.

3.3 | Relation between FWHM and
incompleteness

Figure 5 reveals a strong relationship between the
incompleteness tan(y) and the severity of the CB arti-
facts. For the circular trajectory, both the simulation and
the experiment showed a linear relationship between
incompleteness and FWHM. Most of the reconstructed
disks had an FWHM larger than 1 mm, indicating that
most reconstructed disks in the image show artifacts.
As shown in Figure 4a, for the circular trajectory, only
the disk on the trajectory plane was artifact-free.

For the saddle trajectory scan, most points were
located at the low tan(y) region, as shown in the zoomed
panel of Figure 5b. These points all had FWHMs around
1 mm, which was the thickness of the disks. For the disks
outside of this region, their FWHM also showed a linear
relationship with tan(y) similar to the circular trajectory.

3.4 | Alderson phantom

Figure 6 shows the coronal and axial view of the Alder-
son phantom scan. We could use the gaps between
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(top) Three translational corrections for source and detector positions using IR tracking. (bottom) Detector direction corrections

using IR tracking in Euler angles. The corrections were obtained from 10 different yaw-based saddle trajectory scans. The solid lines are the

average and the shaded area represents one standard deviation.

slabs to assess the magnitude of the CB artifact. We
saw that for the circular trajectory, areas outside the
tan(y) < 0.02 region showed distortion of the gaps,
which were almost invisible. For the saddle trajectory,
the tan(y) < 0.02 region was larger and the gaps in that
region were well reconstructed. Outside of the region,
the gaps were also distorted in the saddle scan. Similar
effects were observed at the flat part at the top of the
phantom head. Figure S3 also shows the coronal and
axial images reconstructed using FDK reconstruction
with Hann filtering.

3.5 | Spatial resolution

Table 2 reports the MTF10 values for the circular and
saddle scans with and without IR tracking. The spatial
resolutions are almost the same for circular trajectories
with and without IR tracking. For the saddle trajectory, IR

tracking correction greatly improved the spatial resolu-
tion from 0.37 to 0.98 Ip/mm, which was at the same
level as XVI CBCT. When applying the Hann filter (cor-
responding to the reconstruction settings of Figure S3),
the spatial resolution of the circular and saddle trajec-
tories decreased by 84% and 91%, respectively. The
XVI resolution was further reduced due to the larger
detector pixel size’s impact on the adaptive Hann filter’'s
maximum frequency.

4 | DISCUSSION

In this work, we investigated the feasibility and per-
formance of a saddle CBCT scan trajectory. With the
help of the incompleteness value, we found that when
the incompleteness value was smaller than 0.02, there
were no obvious artifacts in the reconstructed images.
The same threshold was also reported by Sun et al?8
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FIGURE 4 Disk phantom with tan(y) plot. (a,b) Coronal and sagittal planes of circular trajectory scan. (c,d) Coronal and sagittal planes of
saddle trajectory scan. Solid lines are isolines of tan(y). Red dashed lines are the edges of the convex hull region. (window level: 0.0082,
window width: 0.0136).

TABLE 2 MTF10 for different trajectories and settings.

circle with IR tracking  circle w/o IR tracking  saddle with IR tracking  saddle w/o IR tracking  XVI CBCT

Ip/mm
FDK w/o Hann 1.39 +0.06 1.39+0.04 0.98 + 0.07 0.37 + 0.04 1.00 +£ 0.012
FDK with Hann?  1.18 + 0.02 1.18 +0.02 0.9 +0.05 0.30 + 0.02 0.66 + 0.003

aHann filter will have a larger effect on XVI due to the larger detector pixel size of 0.8 mm.

In comparison with the conventional circular trajectory, Figure 2 demonstrates that for saddle trajectory
the saddle trajectory provided a much larger region scans, new artifacts might be introduced in the image
with low incompleteness. In correspondence, CB arti-  without IR tracking corrections. These artifacts might
facts in the saddle trajectory scan images were largely =~ come from practical limitations such as vibrations and
reduced. uneven floors. During the circular scan, the gantry stayed
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The scatter plot of FWHM and tan(y). (a) Measured FWHM and tan(y) from simulations and three circular trajectory scans. (b)

Measured FWHM and tan(y) from simulations and three saddle trajectory scans. The zoom-in shows the points located around the y-axis. Blue
points are data from the real experiment. Orange points are data from simulations. FWHM, full width half maximum.

immobile in a fixed coordinate system, therefore the
nine-degrees-of-freedom flexmap calibration compen-
sates for all known gravity effects within the gantry?°
For the yaw motion presented in this study, the floor
flatness was the main reason for the artifacts. Since
we cannot ensure that the yaw motion is executed by
driving through the same path on the floor as shown
in Figure 3, a scan-specific correction is needed. The
reconstructed images after correction showed the disk
thickness was around 1 mm, and the actual disk thick-
ness was 1.00 mm according to our measurement using
a caliper with a precision of 0.05 mm, showing that
IR tracking achieved a satisfactory correction precision.
Otherwise, the spatial resolution on the axial plane was
greatly improved from 0.37 to 0.98 Ip/mm when per-
forming saddle trajectory with IR tracking, which was

at the same level as the linac mounted CBCT scanner.
IR tracking is thus feasible and provides accurate cor-
rections for irregular trajectory scans with yaw motion
executed by the robotic CBCT scanner used in this study.

We evaluated the saddle trajectory scan with the
incompleteness map. This metric provided a continuous
value to evaluate to which extent a point P dissat-
isfied Tuy’s condition with the heuristic adaptation to
account for the finite detector size suggested by Sun
et al?® According to Figure 5, we can see that there
was a strong relationship between the artifacts and
the incompleteness value. However, this did not mean
a large incompleteness value would surely introduce
CB artifacts. The incompleteness value only repre-
sented the data insufficiency at point P, whether there
will be obvious artifacts also depended on the shape,
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FIGURE 6 Alderson phantom with tan(y) isoline plot. (a) Coronal plane from the circular trajectory scan. (b) Axial plane taken at —21 mm in
Sl direction. (c) Coronal plane from the saddle trajectory scan. (d) Axial plane taken at —21 mm in Sl direction. Solid lines indicate the value of
tan(y). (window level: 0.0207, window width: 0.0286). Sl, superior-inferior.

direction, and material of the object at that point. As
shown in Figure 6a, although the incompleteness value
was very large at the top of the head, there were
no obvious artifacts for the bone. In general, a large
incompleteness value represents a high possibility of
showing CB artifacts, which undermines the reliabil-
ity of a high incompleteness value region. Therefore
the incompleteness value is a useful metric to evaluate
the performance of an irregular trajectory in terms of
data sufficiency.

We also reconstructed the images using FDK recon-
struction. The needed time for the reconstruction was
32 s, which was greatly reduced compared to more than
10 min of the iterative reconstruction approach without

losing many details as shown in Figure S3. The short
reconstruction time enabled us to check the corrected
image shortly after the scan.

The novel CBCT system can also achieve tilt-based
saddle trajectories with tilt angles (around the LR axis
in Figure 1c) from —30° to 30°. In addition, the wheels
under the gantry allow the system to move in four direc-
tions and achieve many other non-circular trajectories
such as helical and circle-and-line CBCT scans. Our
methods offer a feasible workflow to evaluate the many
other possible non-circular CBCT trajectories.

In our work, we tried to avoid truncations during the
scan. According to Pack et al.,?® saddle trajectory scan
images can be reliably reconstructed even when there
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is axial truncation. The combination of axial and lateral
truncations is more complex, see, for example, Gindrier
et al®® If the images can be reliably reconstructed,
iterative reconstruction should be accurate as long as
the reconstructed image encompasses the part of the
object seen by at least one x-ray beam.

In this study, we used a limited axial FOV. The CBCT
system can achieve an axial FOV of 254.6 mm when
the detector is centered (by shifting the detector laterally
up to 490 mm FQV is achievable). This may lead to lat-
eral truncation when scanning the chest and pelvis sites.
One can achieve a large field-of-view by joining two
small field-of-view images, as demonstrated by Belotti
et al.3® and Karius et al3’ for circular trajectories.

5 | CONCLUSION

In conclusion, we successfully acquired saddle trajec-
tory CBCT scans with a novel CBCT system combined
with IR tracking. A geometrical quantity incompleteness
was used to evaluate the performance of this irregular
trajectory and found a strong relationship with CB arti-
facts above the threshold of 0.02. Our results showed
that saddle trajectories provide a much larger reliably
reconstructed region than conventional circular CBCT
scans. The same workflow can be used to explore other
non-circular trajectories in the future.
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