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The medical linear accelerator �linac� integrated with a kilovoltage �kV� flat-panel imager has been
emerging as an important piece of equipment for image-guided radiation therapy. Due to the
sagging of the linac head and the flexing of the robotic arms that mount the x-ray tube and flat-panel
detector, geometric nonidealities generally exist in the imaging geometry no matter whether it is for
the two-dimensional projection image or three-dimensional cone-beam computed tomography. Nor-
mally, the geometric parameters are established during the commissioning and incorporated in
correction software in respective image formation or reconstruction. A prudent use of an on-board
imaging system necessitates a routine surveillance of the geometric accuracy of the system like the
position of the x-ray source, imager position and orientation, isocenter, rotation trajectory, and
source-to-imager distance. Here we describe a purposely built phantom and a data analysis software
for monitoring these important parameters of the system in an efficient and automated way. The
developed tool works equally well for the megavoltage �MV� electronic portal imaging device and
hence allows us to measure the coincidence of the isocenters of the MV and kV beams of the linac.
This QA tool can detect an angular uncertainty of 0.1° of the x-ray source. For spatial uncertainties,
such as the source position, the imager position, or the kV/MV isocenter misalignment, the dem-
onstrated accuracy of this tool was better than 1.6 mm. The developed tool provides us with a
simple, robust, and objective way to probe and monitor the geometric status of an imaging system
in a fully automatic process and facilitate routine QA workflow in a clinic. © 2008 American

Association of Physicists in Medicine. �DOI: 10.1118/1.2885719�
I. INTRODUCTION

The integration of on-board kilovoltage �kV� flat-panel im-
ager to a medical linear accelerator has recently been real-
ized by linac vendors1–4 for image-guided radiation therapy
�IGRT�. These on-board imagers are mounted on robotic
arms with an axis orthogonal to the megavoltage beam.5 An
on-board imager offers three modes of acquisitions namely:
�1� Two-dimensional �2D� planar projection image �radio-
graphic acquisition�; �2� 2D planar fluoroscopic image �fluo-
roscopic acquisition�; and �3� three-dimensional �3D� cone-
beam computed tomography �CBCT�. The radiographic
acquisition is used for 2D-2D matching with the digital re-
constructed radiograph �DRR� for setup verification based on
the bony landmarks or implanted fiducials.1,6 The fluoro-
scopic acquisition is employed for verifying the gating
threshold or target position prior to a respiratory-gated
treatment.7 The CBCT is used for 3D-3D matching with the
planning CT for setup verification.8–11 The geometric infor-
mation of a patient derived from any of these modes relies on
the configuration of the imager geometry, such as the posi-
tion of the x-ray source, imager position and orientation,
isocenter, and focus-to-imager distance. The functionality of
the system depends heavily on the mechanical integrity and
stability of the imaging device �the x-ray tube, imager and
robotic arms� and the linac �on which the imaging system is
mounted� at various gantry angles. This is particularly cru-
cial for the flat-panel based CBCT that is mounted on an

already laden gantry of a linac. The gantry sagging, together
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with the flexing of the imaging system, results in geometric
nonidealities during the gantry rotation in CBCT
acquisition.10,12 The accurate reconstruction of transaxial
slices of a 3D object from a set of 2D projections requires the
x-ray source position and the detector orientation to be
known precisely in 3D space in the rotation trajectory during
the CBCT reconstruction.10,13–15 These geometric parameters
are generally established through a geometrical calibration
process done during the commissioning of the new machine
and incorporated in image formation or reconstruction for
correction.10,16 A prudent use of an on-board imaging system
necessitates a routine surveillance of geometric accuracy of
the system. This echoes to what Yoo et al.17 have pointed out
that the most crucial part of a comprehensive QA program on
an on-board imager would be those tests monitoring the geo-
metric accuracy and stability of the imaging system. The
recommendation by Yoo et al.17 on these tests is based on
imaging a small cube phantom embedded with a central fi-
ducial at orthogonal gantry angles and manually measuring
the discrepancy between the recorded position of the fiducial
and the digital graticule. This method is straightforward yet
subjective due to the manual measurement. Furthermore, it is
unable to give a full picture of the geometric status of the
imaging system.

In research involving micro-CBCT, several geometric
phantoms and associated analysis software have been devel-
oped for the geometric calibration and QA.14,18 A modifica-
tion and an extension of its methodology might be warranted

for the geometric QA of the on-board imaging system. Stud-
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ies have also reported on the use of projection images of
simple phantoms embedded with multiple fiducials to esti-
mate the geometric parameters of the on-board imaging
system,12,19 however the geometric parameters that can be
estimated implicitly from the projection images have not
been fully extracted due to the limitations in the design of the
phantoms or associated data analysis software.

The purpose of the present work is to design a geometric
QA phantom and develop an automated data analysis soft-
ware to assess the geometric accuracy of an on-board imager,
including the x-ray source position, the detector position and
orientation, the isocenter, the rotation trajectory, and the
source-to-imager distance �SID�, from the projection images
of the phantom. The developed phantom and analysis soft-
ware apply equally well to the geometric QA of the MV
electronic portal imaging device �EPID�, and allow us to
measure the coincidence of the isocenters of the MV and kV
beams, which is an important parameter in ensuring that the
treatment beam is targeting to where the imaging is guiding.
The geometric QA procedure using this phantom, together
with the automation of the data analysis, greatly facilitates
the QA workflow and eliminates the subjectivity incurred in
the manual measurement and result interpretation.

II. METHODS AND MATERIALS

II.A. Phantom design

An in-house software developed with the MatLab �Math-
Works, Inc., Natick, MA� was used to simulate the projection
image of an object with designated imaging geometry de-
fined by the position of the source, position and orientation
of the imager, and source-to-imager distance at any gantry
angle. Virtual cubic phantoms �instead of physical phantoms�
of various dimensions from 10 to 25 cm with 9, 13, 17 fidu-
cials arranged in a helical trajectory at the surfaces were
designed. These virtual phantoms served as inputs into the
simulation program to simulate the projection images ob-
tained at different gantry angles. The helical arrangement of
the fiducials was chosen because it gave a good distribution
of the fiducials in 3D space and offered the least superposi-
tion of the fiducials in the projection images obtained from
different gantry angles for easy detection and identification.
Nonuniform helical increments �pitches� along the helical
axis were used to further spare the fiducial projections.

Simulated projection images were created for each virtual
phantom at every 30° of gantry angles. The phantom design,
including the size and fiducial locations, was determined by
maximizing the detection efficiency and sensitivity of fidu-
cials to a change in imaging geometry. Based on the findings
from the simulation, a cubic phantom measuring 18�18
�18 cm3 with 13 steel ball bearings �BBs� of diameter
4.76 mm was fabricated. The BBs were embedded in the
surface of the phantom in a skewed helical trajectory as
shown in Fig. 1. The outside surface of every BB was tan-
gential to the surface of the phantom ensuring that all BBs
were protected from possible displacement or wearing during

setup or handling. Orthogonal lines were scribed on the sur-
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faces of the phantom to indicate the center of the cube at the
intersection of these lines. This phantom was termed as gQA
phantom hereafter for easy reference.

II.B. Reference coordinate system

To describe the geometry of the imaging system, a Carte-
sian phantom coordinate system was introduced. This coor-
dinate system is attached to the phantom and aligned in
space to an ideal linac with a rotating gantry. The z axis is
along the rotation axis of the gantry, the x axis is horizontal,
and y axis is vertical �Fig. 2�a��. The origin is referred to the
intersection of the laser alignments.

For a gantry angle � �which also indicates the x-ray
source angle�, the position of the x-ray source �R ,� ,z� is
conveniently defined in a phantom fixed cylindrical coordi-
nate which has the same origin and z axis of the phantom
coordinate system, where R is the radius of the source rota-
tion circle or the source-to-axis distance �SAD�. A fiducial at
�r ,� ,zB� is projected on the imager �u ,v� �Fig. 2�b�� with

u =
− Fr cos�� − ��
R + r sin�� − ��

, �1�

FIG. 1. The gQA phantom with 13 steel ball bearings �BBs� mounted on the
surfaces in a skewed helical trajectory.

FIG. 2. Schematic representation of the phantom coordinate system �a�, and
the position of the x-ray source and a fiducial in the cylindrical coordinate

system �b�.
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v =
F�zB − z�

R + r sin�� − ��
+ z , �2�

where �u ,v� defines an imager fixed coordinate system
which rotates with the gantry. The imager center is the origin
of the uv plane. The focal distance �F� is the SID. Details on
how to derive Eqs. �1� and �2� are summarized in Appendix
A. Considering the variations ���, �R, �F, �u, and �v� of
the geometric parameters ��, R, F, u, and v�, the projections
become

u + �u =
− �F + �F�r cos�� − �� + ����
�R + �R� + r sin�� − �� + ����

, �3�

v + �v =
�F + �F��zB − z�

�R + �R� + r sin�� − �� + ����
+ z . �4�

Assuming that the imager might be tilted along an imagi-
nary axis p, which is at an angle � with u axis, the imaginary
axes are defined as p and q, respectively, on the uv plane as
shown in Fig. 3�a�. The transformation between coordinates
�p ,q� and �u ,v� is

�p

q
� = � cos��� sin���

− sin��� cos���
��u

v
� . �5�

Further taking the tilted angle � into consideration �Fig.
3�b��, a new axis q� is defined accordingly with

q� = �1 +
q

F
� +

1

2
�2�q . �6�

In obtaining the above equation, it was assumed that the
tilting angle is small ��15° �. Please refer to Appendix B for
the derivation of Eq. �6�.

It follows that the new projected coordinates �uI ,vI� of the
fiducial on a tilted imager are

�uI

vI
� = �cos��� − sin���

sin��� cos���
�� p

q�
�

= �u � + � q
+

��q��− sin��� � . �7�

FIG. 3. Schematic diagram showing the tilting of the imager. The imager
�uv plane� tilts along an imaginary axis p �a� and the tilting angle is defined
as � �b�.
v F 2 cos���
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II.C. Automated analysis software

From a projected image of the fiducials at a given gantry
angle, eight geometric parameters could be quantitatively
evaluated. These are: �1� Three parameters for the x-ray
source position, namely the deviation of the gantry angle
����, the deviation of rotation radius ��R�, and the deviation
from the rotation plane ��z�; �2� three parameters for the
position of the imager center, namely the deviation of the
focal distance ��F�, and the two translational offsets ��u and
�v� in the uv plane; �3� two angular parameters �� and ��
for the imager orientation.

An analysis software in C language was developed to es-
timate the eight parameters at any given gantry angle by
comparing the measured and simulated BB locations in an
iterative manner. The newly adjusted geometric parameters
for the simulated BB location served as the inputs for the
iteration �Fig. 4�. The analysis software first identified and
measured the BB locations �ū , v̄� from the projection image
in the presence of random background noise by intensity
weighted averaging using

�ū =
�iuiIi

�iIi

v̄ =
�iviIi

�iIi

	 , �8�

where Ii was the signal intensity of the pixel number i.20 The
software then determined the geometric parameters by mini-
mizing the difference between the BBs measured and simu-
lated locations from the simulation results based on Eqs.
�3�–�7�. For this purpose, the distance between the positions
of the measured BB and its corresponding simulated BB was
computed. The summation of these distances for all the BBs
was used as the converging criterion for the optimization
process. A hybrid optimization algorithm was adopted for
this eight-parameter nonlinear optimization problem. Ex-
haustive search was applied first and possible solutions were
compared in order to find the best 1000 seeds of parameter
combinations for the simulated annealing algorithm to start
with. Each step of the simulated annealing algorithm re-

FIG. 4. Flow chart showing the algorithm of the analysis software.
placed the current solution by a random “nearby” solution
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chosen with a probability that depends on the difference be-
tween the corresponding function value and a global param-
eter �called the annealing temperature�.21–24 The annealing
temperature gradually decreased during the process. Finally
the progress converged to the best estimate of the geometric
parameters. Figure 5 illustrates several converging curves
during the simulated annealing processes in analyzing a typi-
cal projection. This tool took about half a minute to analyze
one projection image on a personal computer �DELL Preci-
sion 470 Workstation, 3.4 GHz CPU and 4 GB RAM�. Typi-
cally, the sum of square distance differences converged to
about 2.5 mm2. The average discrepancy for one fiducial was
about 0.44 mm �=
2.5 /13�, which was around the size of an
imager pixel.

II.D. Experimental evaluation

The developed gQA phantom and the automated analysis
software �collectively called the gQA tool� were tested on a
Varian Trilogy linac �Varian Medical Systems, Palo Alto,
CA�. The Trilogy is equipped with two image acquisition
systems �IAS3�: �1� MV EPID and �2� kV on-board imaging
system �OBI�. Both systems have a flat-panel detector with a
matrix dimension of 1024�768. The physical pixel sizes of
the MV and kV imagers are 0.392 and 0.388 mm, respec-
tively. The Trilogy is routinely maintained, and all the oper-
ating parameters are monitored and assured through a com-
prehensive QA program as suggested by TG 40.25 The center
of the gQA phantom was positioned at the nominal treatment
isocenter as indicated by the room lasers. The relationship
between the intersection of the room lasers and the mechanic
isocenter of the linac was assumed to be maintained and
calibrated in accordance with the routine QA practice.25

II.D.1. Reproducibility of the analysis
results

Projection images were acquired for MV EPID at a gantry
angle of 0° �Varian convention� and at a SID of 1500 mm,

FIG. 5. Typical optimization converging curves.
the values were nominal. To ensure the gQA tool functions
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properly in the worst-case scenario, the MV EPID was cho-
sen here because the image quality of the MV acquisition
was relatively inferior compared to that of the kV OBI. A
6 MV beam and 25 monitor units were used. The field size
was 26�20 cm2. Twenty-one projections, 1 min apart, were
made with the same imaging geometry and fed into the
analysis software tool to estimate the geometric parameters
of the imaging system. Although the 21 projection images
were acquired under the same condition, they were associ-
ated with different random background noise. The purpose of
this evaluation was to assess the reproducibility of the analy-
sis results under different noisy environments.

II.D.2. Minimum detectable change in gantry angle

With the same setup, four projection images at nominal
gantry angles of 0°, 0.1°, 0.2°, and 0.5° were taken. The
projection images at nominal gantry angles of 0.1°, 0.2°, and
0.5° were subtracted from the one of 0° gantry angle to show
the difference between the projection images made at slightly
different angles. The purpose of this evaluation was to dem-
onstrate the minimum change in gantry angle that could be
detected from the projection image of the BBs.

II.D.3. Gantry angle offset

Further projection images were taken at nominal gantry
angles of 0°, �0.1°, �0.2°, �0.3°, �0.5°, and �1.0°. This
narrow range of gantry angle was chosen because an offset
would affect a small gantry angle more than a large one.
These images were then analyzed. The discrepancies be-
tween the nominal and estimated gantry angles were then
compared in order to determine the gantry angle offset.

II.D.4. SID offset

Projection images were further acquired for MV EPID at
a gantry angle of 180° but at different nominal SID of 1300,
1400, 1500, 1550, and 1600 mm. The best estimate of the
SID was found by the analysis software. The discrepancies
between the nominal and estimated SID were then compared
in order to determine the SID offset.

II.D.5. Imager center offset

With the SID reset to 1500 mm, projection images were
acquired with the imager center at �0, 0� and offset to �20,
20�, �20,−20�, �−20,−20�, and �−20,20� mm in the uv
plane. The best estimate of the detector shift was found by
the analysis software. The discrepancies between the actual
and estimated offsets with and without systematic drift cor-
rection were then compared in order to determine the imager
center offset.

II.D.6. Phantom positional shift

With the imager center reset to the origin, the gQA phan-
tom was displaced −5.0 mm in each of the x, y, and z direc-
tions simultaneously. This was to mimic a condition where
there were spatial drifts in the imaging geometry

��R ,�z ,�F ,�u ,�v� in 3D space. When the phantom posi-



1501 Mao, Lee, and Xing: Geometric QA tool 1501
tion was shifted, the whole imaging system, including the
source and imager position, was shifted in the opposite di-
rection from the phantom’s point of view. Projection images
were then acquired at a SID of 1500 mm with gantry angles
at 0°, 90°, 180°, and 270°. The same set of projection images
was repeated with the phantom displaced 5.0 mm in the
x ,y ,z direction and 10.0 mm in the same direction as well.
The geometric parameters corresponding to these changes
were estimated by the analysis software. The purpose of this
evaluation was to demonstrate the accuracy of the gQA tool
in detecting the variations in the imaging geometry.

II.D.7. Coincidence of the isocenters for the MV and
kV beams

The center of the gQA phantom was repositioned at the
nominal treatment isocenter as indicated by the room lasers.
Projection images were acquired for MV EPID at every 10°
of gantry angle for 360° and at a SID of 1500 mm resulting
in 36 projection images in total. Projection images were also
acquired for the OBI at every 0.56° of gantry angle for 360°
and at a SID of 1500 mm resulting in 640 projection images
in total �i.e. CBCT acquisition mode�. The exposure factors
were 125 kVp, 2 mAs, and the field size was 26�20 cm2 for
the OBI projection image. The eight geometric parameters
for each series of projected images were estimated and the

FIG. 6. Schematic diagram showing a best fitted rotation circle that has the
shortest distances �the least sum distance square� from all the estimated
x-ray sources in 3D space. The center of this circle is taken as the isocenter
of the gantry rotation.

TABLE I. The variations of each of the eight geometric parameters of the im
�R, and �z are the deviations of the gantry angle, rotation radius and devia
the source-to-detector distance, and the two translational offsets of the detec

��
�°�

�R
�mm�

�z
�mm� �

Min. −0.39 −0.69 0.03 −
Max. −0.35 −0.52 0.10 −
Mean −0.37 −0.59 0.06 −
SD 0.01 0.04 0.02
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variation of each parameter for the full gantry rotation was
examined. For each series of data, a best-fitted rotation circle
was found such that it had the shortest distances �the least
sum distance square� from all estimated x-ray sources in 3D
space. The direction of the rotation circle was denoted by the

unit vectors �î , ĵ , k̂�, and its radius �SAD� was calculated. The
rotation circle was taken as the rotation trajectory of the im-
aging system and its center as the isocenter �Fig. 6�. The
isocenters for the MV and kV beams were then found and
compared.

II.D.8. Relationship among various geometric
parameters

A change in one geometric parameter, for instance, the
gantry angle, might affect other parameters of the imaging
system as the whole imaging assembly is mounted on a laden
gantry and robotic arms. There might be a subtle relationship
between these parameters depending on the actual configu-
ration and position of the imaging system. We studied this
issue by scrutinizing the data obtained in Sec. II D 7 in
which the projection images were acquired at different gan-
try angles. The aim was to see the changes in other param-
eters brought by the change in the gantry angle. We limited
the studied range to be in �45° because, beyond this range,
the sagging of the gantry might overwhelm the subtle rela-
tionship amongst the different parameters. Furthermore, we
studied the changes in parameters brought about by the spe-
cific parameter we varied in other evaluations such as in SID
offset and imager off center �Secs. II D 4 and II D 5�. All the
results were compiled in a table to show the changes.

III. RESULTS

III.A. Reproducibility of the analysis results

Table I shows the variations of each of the eight geomet-
ric parameters of the MV imaging system for the 21 projec-
tion images with different background noise. The small stan-
dard deviation of each estimated geometric parameter
indicated a good agreement of the data and the analysis re-
sults were highly reproducible. The imager center offset
��u ,�v� was up to �−0.63 mm,1.67 mm�, which was due to
a systematic drift of the MV imager.

system for the 21 projection images with different background noise. ��,
from the rotation plane, respectively. �F, �u, and �v are the deviations of

the uv plane, respectively; a and � describe the orientation of the imager.

�u
�mm�

�v
�mm�

�
�°�

�
�°�

−0.65 1.63 −0.28 −1.00
−0.61 1.71 −0.11 −0.92
−0.63 1.67 −0.22 −0.98

0.01 0.02 0.05 0.02
aging
tion
tor in

�F
mm�

0.48
0.24
0.37
0.06
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III.B. Minimum detectable change in gantry angle

Figure 7�a� shows the projection image at gantry angle 0°.
Figures 7�b�–7�d� show the image subtractions of the projec-
tion images at the gantry angles 0.1°, 0.2°, and 0.5° from that
at 0°, respectively. From the subtraction images, 9 out of 13
BBs’ locations showed residual values indicating that 4 BBs
were not differentiated by the projections made with small
gantry angle changes and were totally subtracted out. In
other words, there still remained 9 BBs that were “sensitive”
enough to show the gantry change down to 0.1°.

III.C. Gantry angle offset

Figure 8 depicts the correlation of the nominal and esti-
mated gantry angles in the range of �1°. The coefficient of
determination �R2� of 1.00 shows a very good correlation

FIG. 7. �a� The projection image of the gQA phantom at gantry angle 0°.
�b�–�d� show the image subtractions of the projection images at gantry
angles 0.1°, 0.2°, and 0.5° from that at gantry angle 0°, respectively.

FIG. 8. The correlation of the nominal and estimated gantry angles in the

range of �1°.
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between the two angles. From the regression line, a residual
angle offset of 0.37° is evident for the nominal value of the
gantry angle in the range studied.

III.D. SID offset

Figure 9 shows the correlation of the nominal and esti-
mated SID in the range of 1300–1600 mm. The R2 of 1.00
shows an almost perfect linearity between nominal and esti-
mated SID. The regression line indicates that there is a con-
sistent offset of 1.48 mm to the nominal SID in the range
studied.

III.E. Imager center offset

Figure 10 shows the actual and estimated offset positions
of the MV imager center on the �u ,v� imager coordinate
plane. A systematic drift of the detector was noted as ob-
served in the previous evaluation II.D.1. If this systematic
drift was corrected, the net estimated offset positions of the
imager were close to the actual offsets within �1 mm.

III.F. Phantom positional shift

Table II lists the estimated relative shifts of the imaging
geometry for the displaced phantoms with different magni-
tudes of displacement at the four principal orthogonal gantry
angles. Depending on the gantry angle, �R, �z, �F, �u, and
�v reflected the displacement of the phantom in each of the
x ,y ,z directions. The signs of the variations depend on the
relative position between the phantom and the imaging sys-
tem governed by the gantry angle. The maximum discrep-
ancy between the actual and estimated shift was less than
1.6 mm �1.6= �10−8.4��, which came from the differences

FIG. 9. The correlation of the nominal and estimated source-to-imager dis-
tance �SID� at a gantry angle of 180°.
between phantom shift of 10 mm and the estimated �R.
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III.G. Coincidence of the isocenters for the MV and kV
beams

Table III lists the variation of each of the eight geometric
parameters estimated for the MV EPID and kV OBI for a
complete gantry rotation. The standard deviation of each es-
timated geometric parameter for the MV EPID and kV OBI
were small indicating a good agreement of the same geomet-
ric parameter at different gantry angles. The orientations of
the MV and kV rotation plane were found to be �0.00010,
0.00006, 1.00000� and �0.00030, 0.00001, 1.00000�, respec-
tively. The estimated isocenters for the MV and kV beams
were at �−0.95,−0.84,−0.25� mm and �−0.97,−1.21,
−0.13� mm in the reference coordinate. The coincidence of
the two isocenters was well within 0.5 mm.

FIG. 10. The estimated shift ��� and estimated shift after the correction of
the systematic drift ��� compared to the actual offset of imager center ���
on the �u ,v� imager coordinate plane.

TABLE II. The estimated relative drifts of the imaging geometry for the d
orthogonal gantry angles. �R, �z, and �F are the deviation of the rotation
distance, respectively. �u and �v are the two translational offsets of the de

Phantom shift
�mm�

Gantry angle
�°�

�R
�mm�

�x=−5.0
�y=−5.0
�z=−5.0

0 3.7
90 4.5

180 −4.2
270 −4.6

�x=5.0
�y=5.0
�z=5.0

0 −5.6
90 −4.5

180 5.4
270 4.9

�x=10.0
�y=10.0
�z=10.0

0 −8.4
90 −9.2

180 8.4
270 9.9
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III.H. Relationship among various geometric
parameters

Table IV lists the changes of geometric parameters of the
imaging system brought about by the specific parameters
varied in different evaluations. A change in one specific pa-
rameter could, to a certain extent, cause changes in other
parameters depending on the actual configuration or the po-
sition of the imaging system, however, these changes were
small and assumed not to affect the results of the experimen-
tal evaluations.

IV. DISCUSSION

We have designed a geometric QA phantom tailoring to
an automated analysis to successfully estimate the geometric
parameters of an on-board imaging system with a reasonable
accuracy. The size of the phantom and the helical arrange-
ment of the fiducials on the surface ensure the projected po-
sitions of the fiducials are well spaced on a detector area at
any gantry angle for easy detection and identification. In
principle, the more the number of the fiducials is, the more
information that can be extracted for estimating the geomet-
ric parameters, but there will be higher chances of superpo-
sition among the fiducial projections. There is a trade-off
between the number of fiducials and the minimum distance
between the fiducial projections. Based on the result from the
evaluation II.D.2, we concluded that 13 BBs were adequate
for the present application and this gQA tool can detect an
angular uncertainty of 0.1°.

Concerning the analysis software, the direct relationship
between the 2D projected position of a fiducial and the ide-
alized geometric parameters of an imaging system was used
in an optimal manner for determining the geometric param-
eters. Theoretically, eight equations �from four fiducials’ 2D
projections� might be enough to solve this type of eight-
parameter problem in a perfect mathematical model. In real-
ity, the system is not perfect and several imperfect factors
might occur: �1� The x-ray source is not a real geometry

ed phantoms with different magnitudes of displacement at four principal
, deviation from the rotation plane and deviations of the source-to-detector
in the uv plane, respectively.

�z
�mm�

�F
�mm�

�u
�mm�

�v
�mm�

−5.4 −0.2 4.6 5.3
−5.1 0.0 −3.9 5.4
−5.4 −0.2 −4.5 5.3
−5.6 0.1 4.0 5.2

4.6 0.0 −4.6 −4.8
4.8 0.0 5.6 −4.8
4.8 −0.2 4.7 −4.8
4.7 0.2 −5.5 −4.8
9.7 0.0 −9.7 −9.9

10.2 0.2 8.6 −9.8
10.4 −0.3 9.5 −9.6

8.9 −0.4 −8.4 −10.4
isplac
radius
tector
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point and has a finite size, which leads to geometric penum-
bra; �2� the accuracy of the spatial location of the fiducial is
limited by measurement; and �3� the imager pixel has a finite
size and is associated with noise. These imperfections render
us to summon more equations in solving the problem. This
proposed analysis tool takes all fiducial projections into ac-
count in the optimization. In addition, Eqs. �3�–�7� indicate
that this is a nonlinear problem and multiple local minima
might possibly coexist with the global minimum. While it is
not clear whether the estimation results from some image-
based optimization approaches19 would be trapped in the lo-
cal minimum, we adopted to use a global optimization algo-
rithm of simulated annealing for our software to ensure a
global minimum is always achievable. Moreover, the exhaus-
tive search at the beginning of the process warrants well-
distributed seeds for the simulated annealing and, in turn,
saves optimization time significantly.

We have evaluated the gQA tool by estimating the geo-
metric parameters of the imaging system under various im-
aging geometries. The results were highly reproducible and
showed that the developed tool was responsive to all the
changes introduced in the evaluation such as SID, detector
offset, and phantom shift. The best estimates of these spatial
parameters in different situations were well within 1.6 mm.

The estimation of the rotation plane and the isocenter by a
series of projection images of the gQA phantom through a
full gantry rotation is extremely useful in monitoring the
geometric parameters pertinent to the flat-panel based CBCT
and the coincidence of the MV and kV beams. We found that
the coincidence of the MV/kV beam isocenters were 0.5 mm

TABLE III. The variations of each of the eight geometric parameters of the
rotation. ��, �R, and �z are the deviations of the gantry angle, rotation ra
deviations of the focal distance, and the two translational offsets of the dete

��
�°�

�R
�mm�

�z
�mm�

MV Min. −0.4 −1.2 −0.8
Max. 0.0 2.7 0.1
Mean −0.2 0.5 −0.3
SD 0.1 1.4 0.3

kV Min. −0.3 0.2 −0.8
Max. 0.1 4.9 0.2
Mean −0.1 2.2 −0.2
SD 0.1 1.5 0.3

TABLE IV. The changes of geometric parameters of the imaging system brou
�z are the changes in the gantry angle, rotation radius and distance from the
and the two translational offsets of the imager in the uv plane, respectively

Evaluation
Parameter

varied
Range
varied

��
�°�

�

�m

II.D.4 SID 1300–1600 mm 0.01 1.
II.D.5 Imager

off center
�20 mm 0.00 0.

II.D.7 Gantry
angle

�45° ¯ 0.
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comparable to the value of 0.8 mm which was obtained by
the routine OBI QA exercise on the Trilogy. Comparing to
the existing OBI QA exercise, our tool is more comprehen-
sive giving a full picture of the geometric status and details
on the rotation trajectories of both the x-ray sources �MV/
kV� and their orientation of the rotation planes. Yoo et al.17

pointed out that their recommendation did not include a
separate geometric QA measurement for the OBI CBCT, the
developed tool would be a good choice to fill it this gap
because of its simplicity, easy implementation and full auto-
mation of the analysis.

Just like any other phantom-based QA studies,13–15,19 one
limitation of the present work lies on the mechanical impre-
cision in the positions of the BBs since the simulation of the
BBs position assumes a perfect alignment of the BBs in the
designated skewed helical trajectory. The BBs in the present
gQA phantom are accurate to within 0.5 mm in their desig-
nated position and is considered adequate for the current ap-
plication.

A simple guideline is recommended here on how to use
this gQA tool in a clinic. First, set up the phantom to the
room lasers, which is used to provide a reference to the room
coordinates. A level can be used or even embedded in the
phantom to assure its geometric setup. Second, kV and/or
MV projection images are acquired at a designated angle.
Each �kV or MV� imaging system is described by the eight
geometric parameters. To obtain the eight parameters of the
imaging system �kV or MV� at a designated angle, in prin-
ciple, a single projection measurement at that angle is suffi-
cient. Last, the projection image is fed to the analysis soft-

kV imaging systems from projections acquired through a complete gantry
nd deviation from the rotation plane, respectively. �F, �u, and �v are the
in the uv plane, respectively.

�F
�mm�

�u
�mm�

�v
�mm�

�
�°�

�
�°�

−2.3 −1.0 1.3 −0.3 −1.4
2.5 −0.5 2.2 0.3 −0.6
0.2 −0.8 1.7 0.0 −1.0
1.8 0.2 0.3 0.2 0.2

−2.2 −1.2 1.3 −0.3 −2.4
2.3 0.9 2.5 0.4 −0.7

−0.1 −0.1 1.9 0.0 −1.3
1.6 0.7 0.4 0.2 0.5

bout by the specific parameters varied in different evaluations. ��, �R, and
on plane, respectively. �F, �u, and �v are the changes of the focal distance,
d � describe the changes in the tilting of the imager.

�z
�mm�

�F
�mm�

�u
�mm�

�v
�mm�

�
�°�

�
�°�

0.08 ¯ 0.23 0.75 0.34 0.13
0.08 0.12 ¯ ¯ 0.61 0.25

0.05 0.50 0.02 0.06 0.13 0.05
MV/
dius a
ctor
ght a
rotati
; � an

R
m�

06
27

28
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ware to calculate the geometric parameters. A more
comprehensive approach would be acquiring the projections
during a continuous gantry rotation �kV CBCT/MV arc mode
delivery�. In that case, the geometric parameters at different
gantry angles could be evaluated. Furthermore, the isocenters
of the imaging system could also be calculated by the soft-
ware if three or more projections are available.

V. CONCLUSIONS

A new geometric QA phantom and an automated analysis
software have been developed to estimate the geometric sta-
tus of a MV or kV on-board imager. This provides us a
simple, robust and objective way to probe and monitor the
geometric status of an imaging system in a fully automatic
process, and facilitate routine QA workflow in a clinic.
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APPENDIX A: DERIVATION OF THE FIDUCIAL
LOCATION „U ,V…

When the x-ray source S �R ,� ,z� is at a gantry angle of
�, an arbitrary object A�r ,� ,zB� is projected to C on imager
u axis centering at D. Figure 11�a� provides a 2D view on an
xy plane where the source S locates �z�. A��r ,� ,z� is the
projection of A on this plane. Using the similar triangle re-
lationship between the triangles SA�B and SCD, we have

FIG. 11. Geometric relationship between a fiducial’s 3D position and its
projection on the imager.
Eq. �A1�
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�CD�
�A�B�

=
�SD�
�SB�

, �A1�

while �A�B�=r cos 	 is the distance from A� to the projection
central line �SO�� and SD is the source-to-imager distance
�F�. SB is the distance from source to the projection on the
central line. It is calculated by Eq. �A2�

�SB� = R + r sin 	 , �A2�

given

	 = �BA�O� = �A�O�S − �A�BO�

= ��� +



2
� − �
 −




2
= � − � . �A3�

So we have

�CD� = F
�A�B�

R + r sin 	
=

Fr cos�� − ��
R + r sin�� − ��

or

u =
− Fr cos�� − ��
R + r sin�� − ��

.

The negative sign was added due to the definition of u axis.
A side view perpendicular to the beam axis is shown in

Fig. 11�b�. Now A� and B are overlapped on this view. Based
on the similarity between triangles SAB and SGD, the mag-
nification factor is

�DG�
�AB�

=
�SD�
�SB�

while �AB�= �AB��− �SS��=zB−z, �SD�=F, �SB�=R+r sin 	.
So the projection on the v axis is

v = �GH� = �DG� + z =
F�zB − z�

R + r sin�� − ��
+ z .

APPENDIX B: DERIVATION OF THE TILTED AXIS
q�

After a tilting of �, the projection at Q moved to Q�, and
the coordinate on q axis becomes a coordinate on q� axis. As

FIG. 12. Schematic diagram showing the tilting of the imager upon the p
axis.
shown in Fig. 12, from the triangle KQQ�, we have
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�KQ�
sin��Q�QK�

=
�KQ��

sin��QQ�K�
.

Because

�Q�QK = 
 − �� +



2
� − � =




2
− �� + ��

and

�QQ�K =



2
+ � ,

so

q�

q
=

�KQ��
�KQ�

=

sin�


2
+ ��

sin�


2
− �� + ��� =

cos���
cos�� + ��

.

Use small angle approximation, cos����1−1 /2�2 and
cos��+���1−1 /2��+��2,

q�

q
�

1 −
1

2
�2

1 −
1

2
�� + ��2

� �1 −
1

2
�2
�1 +

1

2
�� + ��2


� 1 + �� +
1

2
�2.

Approximately, ��q /F.
So

q� � �1 + �� + 1
2�2�q .
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