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Medical accelerators have been widely used in tumor radiation therapy.
Accurate isocenter coincidence between treatment beams and imaging
systems is critical for image-guided radiation therapy (IGRT). We propose a
method utilizing a phantom with marker spheres to detect the Nine Degrees
of Freedom (9-DOF) in the system’s geometric model to assess isocenter
coincidence between the treatment beams and the kV cone-beam computed
tomography (CBCT). The phantom was initially aligned with the accelerator.
Subsequently, the projections of the treatment and CBCT beams’ were
acquired separately with full gantry rotation. By analyzing the marker
spheres’ position in both the treatment beam and CBCT beam projections,
the 9-DOF parameters were calculated. A comparison with a Winston-Lutz-
based system was performed. Then, the analysis revealed imprecise circular
trajectories with noticeable random deviations in the rotations of both the
treatment beams and CBCT. The isocenter deviations for the treatment beams
and CBCT were 0.18 mm (X), —0.49 mm (Y), and —0.35 mm (Z) after trajectories
fitting, respectively. The rotational planes of the two systems exhibited a pinch
angle of 0.0235°. This proposed method offers a quantitative assessment of
the geometric pose of the source and the detector panel, and the isocenter
coincidence of the treatment beams and imaging systems of an accelerator at
each gantry angle.

KEYWORDS

radiation therapy (radiotherapy), medical accelerator, isocenter coincidence, quality
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1 Introduction

Cone-beam computed tomography (CBCT) is a 3D imaging
technique that is widely used in medical accelerator-based image-
guided radiation therapy (IGRT) to improve patient positioning
accuracy [1-3]. For example, in a medical linear accelerator,
compared to the electronic portal imaging devices (EPID)
installed on the opposite side of the treatment beam, CBCT
images based on kV X-rays provide clearer visualization of the
treatment area and surrounding tissues, thereby enhancing the
localization accuracy [4-6]. With the increasing reliance on IGRT
in clinical practice, there is a growing need for improved accuracy
in IGRT [7].

The AAPM TG142 report [8] recommends that the isocenter
coincidence of the CBCT imaging system and the treatment beam
system should be checked daily. For stereotactic body radiotherapy
(SBRT), the deviation between the CBCT image center and the
rotation center of the treatment beam should not exceed 1 mm.

In the field of radiation therapy, the Winston-Lutz test is a
widely used method to verify the isocenter coincidence. In this
method, a small metallic ball phantom is positioned at the linac
isocenter defined by the lasers of the treatment room, and the ball is
then irradiated with several beams at different gantry angles. The
measured distances for all shots between the center of the ball
shadow and the radiation field center reveal isocenter movements.

Yoo et al. developed a more easier method for detecting the
isocenter coincidence between CBCT imaging and treatment beam
[9]. This method involves placing a cubic model at the isocenter
using indoor lasers and light field crosshairs, and then calculating
the deviation of the two centers using the CBCT imaging [10, 11].
Some major suppliers (e.g., Varian) use a similar method to ensure
the coincidence between the CBCT imaging centers and the rotation
of the treatment beam based on EPID imaging [12]. In practice, this
kind of method is prone to errors due to various factors, including
the error in the measurement of the rotation center, the error in the
laser light marking of the rotation center, and the error in the actual
placement of the marker. Without a more convenient and reliable
method, manufacturers emphasize the importance of this prior
detection in their system manuals.

The aforementioned methodologies are characterized by their
operational simplicity; however, these methods can only detect
deviations of the system’s central point in the X, Y, and Z
directions, but cannot detect variations in the position of the
system’s central point as the gantry angle rotates.

Linear accelerators with onboard CBCT have both an MV
treatment beam system and a kV imaging system that can be
considered cone beam systems. Therefore, the cone beam
geometric calibration method has become a new approach to
detecting the rotation center of the CBCT imaging system and
the treatment beam system of the linear accelerator. This method
has been used in commercial systems such as Varian’s IsoCal
[13-15]. To correct the geometric uncertainty in rotation, Cho
proposed using an
combined with CBCT images [16]. Yang et al. designed a simpler

et al independent coordinate system
model that is easier to obtain [17]. Some studies have attempted to
apply this theory to measurements of accelerators or accessories,
such as treatment couches [18-20]. However, these experiments
made a series of assumptions in advance to simplify the range of data
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collection and computation. These assumptions (such as the
rotation of the accelerator beam axis being a fixed ‘point)
simplified the evaluation model and introduced new errors.

In this study, we proposed a cone beam system calibration
method based on phantom markers detection, which further
improved the proposal of Yang et al. by eliminating the
dependence on several assumptions in previous methods. We
quantitatively evaluated the 9-DOF parameters in the geometric
models of the onboard CBCT imaging system and the treatment
beam system of a linear accelerator with the gantry rotation. and
calculated the deviation between the CBCT image center and the
rotation center of the treatment beam under the non-ideal
circularity of the rotation trajectory, the non-ideal stiffness of the
rotating structure, and the non-ideal repeatability of the rotation.
We compared the detection results of the proposed method in this
study with those Winston-Lutz-based
detection method.

obtained from the

2 Materials and methods

2.1 Detection principle and formula
derivation

For linear accelerators equipped with onboard CBCT, both the
MYV treatment beam system and the kV imaging beam system can be
considered as cone beam systems [21] (Figure 1).

The center consistency of the MV treatment beam and the kV
imaging can be considered as the geometric center consistency of
two cone beam systems. In the IEC 61217 standard, the angle and
direction of the ray source for a cone beam system are not defined
as it is usually assumed to be a point source. The position of the
source is defined by three parameters: SourceOffsetX,
SourceOffsetY, and SourceOffsetZ. On the other hand, the
detector’s position and orientation require six parameters,
three  axial  directions

including  translations  in

FIGURE 1

Schematic diagram of the MV treatment beam system and the kV
imaging beam system of a linear accelerator. (1) MV treatment beam
source; (2) MV treatment beam detector; (3) kV imaging beam source;
(4) kV imaging beam detector.
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FIGURE 2

A schematic diagram of the system with 9-DOF: (A) translation of the source and detector in three axial directions, (B) rotation of the detector
around X axis, (C) rotation of the detector around the Y axis, and (D) rotation of the detector around the Z axis.

TABLE 1 Notation of the 9-DOF parameters.

Symbol Comments

Sx, Sy,Sz the coordinates of the source
Dx, Dy,Dz the coordinates of the detector center
0 the rotation angle of the detector around X axis
o) GantryAngle, the rotation angle of the detector around Y axis
n the rotation angle of the detector around Z axis
Flat-Panel Rotation Axis
Detector Y

FIGURE 3
Diagram of an ideal cone beam system.

(DetectorOffsetX, DetectorOffsetY, DetectorOffsetZ) and
rotation around the three axes (the rotation angle of the
detector around X axis, the rotation angle of the detector

Frontiers in Physics

FIGURE 4
Diagram of the projection of an arbitrary point in space onto a flat
panel detector.

around Y axis (GantryAngle), the rotation angle of the
detector around Z axis) (Figure 2; Table 1). Consequently, the
9-DOF parametric methodology, when applied to the coordinate
systems of linear accelerators, provides an accurate
characterization of the spatial orientation and positioning for
both the MV treatment beam system and the kV imaging system.

In some CBCT algorithms, such as the FDK algorithm, there are
explicit requirements for the geometry of the system. For an

standard cone beam system with circular source-detector
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TABLE 2 Symbol definition. trajectories, the following conditions must always be met

5ymool .

s Ray source a. The line connecting the source and the center of the flat panel

g Arbitrary point in space

detector (Magnification Axis) must intersect and be

perpendicular to the rotation axis and the plane of the flat

r the projection of g on the flat detector panel detector;
n normal vector to the detector plane b. The rotation axis projection on the detector plane must be
parallel to the column pixel direction;
d the origin of the detector plane coordinates N . . . .
c. The rotation axis must remain stable during rotation.
k Dimension, k € {3}

In practice, to simplify the calculation, several assumptions are

usually made on the conditions mentioned above. For instance, the

Varian IsoCal program assumes that the rotation center is an ideal

« »

for any arbitrary point

Eq. 1:
r=s+A(g-s)
where A e R,{r—d) =0
FIGURE 5 Therefore, it can be derived as in Eq. 2:
The markers in the phantom projection images were identified
and tracked. (s =d,n)
r=s- ST o)
(g—sn)
A B
532 590
530 588
528 586 |
£ £
E £
N 526 N 584
524 582
522 | 580
“18:5 . 43
: 6 26
= 58 28
- 56 . -3
-19.5 - 54 -44 ~ -3.2
< 5.2 . 3.4
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FIGURE 6
Trajectory of the Phantom Center to the detectors: (A) kV Detector; (B) MV Detector.

mathematical principles and relevant formulas
implementation method are briefly derived as follows.
By the data presented in Figure 4; Table 2, it can be deduced that

point, the line passing through the source point, the rotation center and
the flat panel detector are perpendicular to the flat panel detector.
Moreover, Inaccuracies in source and detector movements are all
corrected by the physical detector position (kV and MV) [23].

To accurately describe and evaluate the non-ideal trajectory
movement of a cone beam system, this study employs a 9-DOF
approach to define the geometry of the radiation source and
detector. This study adopts a prerequisite assumption that the
posture of the detector and its relative position to the radiation
source does not change during the entire gantry rotation. The
the

¢” existing within the spatial domain, the
corresponding projected point “r” can be accurately determined in

(1)
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FIGURE 7

The rotation of the kV/MV detectors: (A) the rotation angle of the detector around Z axis; (B) the rotation angle of the detector around X axis.
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The displacement of the kV/MV detector centers in the detector plane: (A) in the X direction; (B) in the Y direction.

Define the space of all possible geometries as G in Eqs 3, 4 :

G: {(R,,d,s) € SO(k) x R* x R 0<(s—g,n) <(s,n)}, (3)

where
. 0 -n, n,
R,(O)=e"ni=|n 0 -n (4)
-n, n, 0

and 0 is the rotation angle of the detector around X axis.
The projection r of point g in a geometric space G; € G can be
calculated from g, where g is known.
7 is the coordinates of the point g detected in the flat panel.
This problem can be deformed as an optimization problem in
Eq. 5:
argmin ) |r - 7|, (5)

Ry,d,S

Frontiers in Physics

The optimization problem can be solved via the Levenberg-
Marquardt method for Rn,d, S, i.e., to obtain the coefficients of 9-
DOF of the geometric system.

2.2 Phantom and data collection

In this study, the linear accelerator used was the Versa HD
(Elekta AB, Stockholm, Sweden). This accelerator is equipped with
an onboard MV X-ray flat panel detector EPID, along with the
corresponding imaging software (iViewGT), as well as an onboard
kV imaging system (XVI). All movements and directions in this
study follow the IEC 61217 standard.

The calibration phantom used in the study was the Varian
IsoCal phantom, which is a hollow cylinder with a diameter and
length of 23 cm and has 16 spherical tungsten markers, each with a
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(A) Trajectory of the kV&EMV source; (B) Trajectory of the KV&MV source in the Y direction; (C) Trajectory of the kV/MV source in the X direction; (D)

Trajectory of the kV&MV source in the Z direction.

TABLE 3 The difference in the MV/kV beam source trajectory after fitting.

Center_X (mm) Center_Y (mm) Center_Z (mm) Total (mm) Radius (mm) Angle (degree)
kv -3.16 1.81 0.72 — 1,002.5 —
MV -2.98 1.32 0.37 — 1,002.5 —
Delta 0.18 -0.49 -0.35 0.63 0 0.0235

diameter of 4 mm. The coordinates of the markers are precisely
known, and the average position of all markers is defined as the
center of the phantom. This center is also known as the origin of the
phantom coordinate system.

The IsoCal phantom was fixed on the VersaHD treatment couch
and adjusted according to the laser light indication to align its center
with the accelerator’s isocenter.

Frontiers in Physics 06

The XVI volumetric scanning imaging software bundled with
the VersaHD was used to set the scanning parameters for this
study. The FlexMap scanning protocol included in the XVI
software was chosen. The Full Fan scanning mode was utilized
with a gantry rotation angle range from 180° to 180° (clockwise).
Following the kV CBCT scanning, a self-developed program was
used to read the projection files in “.his” format and identify and

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1395997

Zhou et al.
A
Cc

FIGURE 10
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B
D

MV treatment beam images of the Winston-Lutz phantom at four basic gantry angles: (A) 0°, (B) 90°, (C) 180°, (D) 270".

TABLE 4 Shift between the MV treatment beam center and the BB spheres’
center at four basic gantry angles.

T

Delta_X (mm) +0.24 +0.03 +0.15 +0.11
Delta_Y (mm) -0.13 —-0.58 +0.00 +0.63
Total Delta (mm) 0.28 0.58 0.15 0.64

track the markers in the phantom projection images (Figure 5).
The coordinates of each marker in the projection image were
then extracted.

After the kV CBCT scanning, the IsoCal phantom remained in
the same position on the treatment couch. Due to the field number
limitation in each plan of Monaco (Elekta AB, Stockholm, Sweden,
version 5.1), four plans were created in Monaco, each containing
90 fields. One field was created for each gantry angle, with a field
size of 25 x 25 cm and each field set as 2MU. The four plans were
exported to iviewGT, and the corresponding fields were created in
the iviewGT software. The value for the number of IMRT segments
was set to 90, and the corresponding plans were executed in single
exposure mode to acquire EPID images at the corresponding
angles. After irradiation, the DICOM image files of the IsoCal
phantom at each angle were exported from the MV treatment
beam imaging software iViewGT, which is built into the

Frontiers in Physics

accelerator. The same method as in the kV CBCT detection was
used to identify and track the markers of the IsoCal phantom in the
MYV treatment beam images. The coordinates of each marker in the
MYV treatment beam projection image were extracted. The 9-DOF
parameters between the kV imaging system and the MV treatment
beam system at each gantry angle, as well as the change in the
position of the center of the phantom relative to the flat panel
detector, were optimized and solved according to the formulas
in Section 2.1.

2.3 Winston-Lutz-based detection

The control experiment adopted the Winston-Lutz detection
workflow, using a Ball-bearing (BB) phantom (Elekta Synergy Basic
Calibration Kit, MRT 15991) and DoseLab image analysis software
(Varian, version 6.80). The difference in the rotation center was
demonstrated by comparing the position of the fixed-in-space
phantom center on different images.

The experiment first set the gantry angle of the accelerator to 0°
and the field size to 5cm x 5cm. A 3 cm diameter cone was
mounted on the treatment head. EPID images of the cone were
collected at 0° and 180° of the treatment head, and the cone position
was adjusted to make the cone field coincide at 0° and 180° of the
treatment head.
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Calculation of the deviation of the ball from the reference position in in XVI

Then, the BB phantom was placed at the rotation center of the
treatment beam indicated by the laser light in the treatment room
of the accelerator. MV treatment beam EPID images were
collected at gantry angles of 0°, 90°, 180°, and 270°. Doselab
software was used to analyze the four-angle images to
calculate the 3D spatial displacement of the BB spheres. Based
on the calculation results, the BB spheres’ position was adjusted
until the 3D spatial displacement of the BB spheres was
minimized (usually less than 1 mm). This center of the BB
spheres was considered to be the rotation center of the MV
treatment beam.

With the BB spheres’ position fixed, a CBCT scan was
performed under the same conditions. The reconstructed
image was registered to the system’s preset reference image,
which had already been calibrated for the kV imaging system’s
center in advance. The registration deviation detected represents
the discrepancy between the kV image center and the rotation
center of the MV treatment beam.

Frontiers in Physics

08

3 Results

3.1 The detection results of this proposed 9-
DOF methodology

In this study, the VersaHD accelerator’s gantry rotation range is
0°-360°. The 9-DOF parameters of the kV and MV beam system
geometric model were measured within this range in the IEC
61217 coordinate system. Figure 6 demonstrates the trajectories
of the IsoCal phantom’s center point relative to the centers of both
the kV and MV detectors during gantry rotation, with the paths
forming irregular circular areas.

The study measured the angle changes of the MV/kV detector as
it rotated around the X-axis and Z-axis during gantry rotation. The
findings indicated that the two sets of angle changes agreed, and a
90° interval separated the angles (Figure 7).

During the gantry rotation, the center point of the kV/MV
detectors showed similar displacements in the X and Y directions
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within the detector plane. However, at 90° and 270°, the center point
of the MV detector showed more noticeable fluctuations in the Y
direction (Figure 8).

The detection results showed that the kV/MV beam source
trajectory was not an ideal circle, but rather showed a certain
amount of random jitter deviation (Figures 9A, B). As stated in
Section 2.1, this study assumed a stationary relationship between the
source and the flat-panel detector in the CBCT system, with no
relative motion between them. Therefore, the curves in Figures 9C,
D are smooth and ideal. The difference in the kV/MV beam source
trajectory after fitting was shown in Table 3.

3.2 The detection results based on the
Winston-Lutz method

In this study, we obtained MV treatment beam images of the BB
spheres at four basic gantry angles (Figure 10). The shift between the
BB spheres and the beam center at each gantry angle was calculated
in Doselab (Table 4). The shifts of the BB spheres’ position in the X,
Y, and Z directions were +0.05 mm, —0.02 mm, and +0.04 mm,
respectively.

The CBCT images of the BB spheres were obtained during the
detection process and then registered with the reference image in
XVI (Figure 11). The BB spheres shifted by —0.2 mm, —0.1 mm, and
+0.2 mm in the X, Y, and Z directions, respectively. There was an
overall shift of 0.30 mm between the kV/MV centers.

4 Discussion

In this study, we found that the beam source trajectory (Figure 9)
is not entirely in the X-Z plane, but has a certain tilt. The possible
reason is that the IsoCal phantom placement is not precise enough,
that is, the axis of the calibration phantom does not coincide with the
Y axis perfectly, but has a certain tilt angle, resulting in a certain
angle of the beam source trajectory.

We also found that the beam source rotation trajectory is not
aregular circle, and there is no ideal rotation center. In this study,
we fitted a circle to the beam source trajectory. The center of the
circle is used as the center of the beam system to calculate the
consistency between kV/MV centers. However, it is worth noting
that there is no universally accepted method for measuring the
rotation center of the treatment beam for a non-ideal gantry
system of an accelerator. The above method of calculating the
rotation center of the beam system by fitting the circular
trajectory of the beam source is only one of the methods used
in this study. In future studies, other methods can also be tried,
such as using the center point of the trajectory of the change in
the position of the phantom center relative to the flat panel
detector as the center point to calculate the center of the
beam system.

During the rotation of the gantry, the KV/MV beam source does
not remain in the same plane. This means that for the MV treatment
beam system, there is a deviation in the treatment beam at each
angle. In other words, the treatment beam angle and center will be
offset. This issue needs to be taken into consideration in certain
clinical scenarios [24].
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During gantry rotation, this study found that the MV
detector center point showed more noticeable fluctuations in
the Y direction at 90° and 270°. The Winston-Lutz
measurements also revealed that the MV beam center and BB
spheres’ center had larger deviations at 90" and 270°. The results
of the two detection methods were in good agreement. However,
for the kV/MV
measurement results can only provide an overall numerical

center consistency, the Winston-Lutz
value of the deviation, and cannot reflect the difference with
the change of gantry angle. This method can be used to
quantitatively measure the difference between kV/MV at
different gantry angles based on the 9-DOF parameters of the
beam system geometry model.

This method uses the calibration principle of a cone beam
system with 9-DOFparameters to evaluate the system’s geometry
model quantitatively. Compared with the Varian IsoCal
calibration algorithm, this method does not require several
assumptions, such as the rotation center being an ideal point.
These assumptions simplify the geometric system model and
assume that the gantry rotation of the cone beam system is ideal.
However, in practice, considering the purpose of QA work, the
error caused by this simplification is worth considering,
especially for equipment that has been in use for a long time.
This method abandons these assumptions and analyzes the
irregular biases of the system, such as the non-coplanar
rotation of kV/MV and the non-standard circular trajectory of
rotation. By detecting the actual trajectory of kV/MV rotation
and fitting the motion trajectory, this method calculates the
deviation of kV/MV beam rotation, taking into account the
actual situation of the equipment. It is worth noting that this
study still adopts an assumption, where the source and the flat-
panel detector in the cone-beam X-ray system remain relatively
stationary, with no relative motion between them. This
assumption necessitates a high level of rigidity in the
accelerator gantry. When the gantry lacks sufficient rigidity,
this assumption will also introduce new errors.

The existing detection methods based on the Winston-Lutz
phantom also have similar assumptions, such as the ideal
circular trajectory of kV/MV rotation, and the accurate
coordinates of the MV treatment beam rotation center can be
ideally obtained by repeatedly adjusting the BB ball position.
However, in actual operation, these assumptions cannot be
guaranteed and realized. For instance, in Section 3.2, there is
a certain deviation between the MV treatment beam center and
the BB sphere center for each gantry angle, which cannot be
precisely determined. In contrast, this method does not require
the phantom center to be precisely located at the treatment beam
center. Additionally, the technique has the advantage of allowing
the image center to be directly correlated with the radiation
center, etc., without passing through an indoor laser or the
crosshair of light fields, which makes the clinical operation
more convenient.

In this study, the CBCT system and the MV treatment beam
system were fixed on the same gantry. However, in clinical
practice, many particle accelerators are installed independently
of the CBCT system, which is different from electron linacs. For
this application scenario, since the coordinates of the markers in
the IsoCal phantom are precisely known, the average position of
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all markers is defined as the center of the phantom, which is also
the origin of the phantom coordinate system. All 9DOF
parameters detected in this study can be converted into this
phantom coordinate system. Therefore, this method can also be
applied to other particle accelerators equipped with independent
CBCT systems.

5 Conclusion

In this study, We proposed a method utilizing a phantom
with marker spheres to detect the 9-DOF in the system’s
geometric model to quantitatively assess isocenter
coincidence between the MV treatment beams and the kV
CBCT at various gantry angles. The research revealed that the
trajectory of the source rotation exhibits a certain degree of
random deviation. Furthermore, the motion of the kV/MV
radiation sources does not remain in the same plane
throughout the gantry rotation. The results obtained using
the 9-DOF optimization method in this study were consistent
with those of the Winston-Lutz measurements. This method
abandons these assumptions of idealized system motion but
retained one assumption that the source and the detector within
the cone-beam system remain relatively stationary. This avenue
of investigation may be pursued in future studies to achieve a
higher degree of precision in the measurement of the

equipment’s actual performance.
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