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In the presence of intrafraction organ motion, target localization uncertainty can greatly hamper the
advantage of highly conformal dose techniques such as intensity modulated radiation therapy
�IMRT�. To minimize the adverse dosimetric effect caused by tumor motion, a real-time knowledge
of the tumor position is required throughout the beam delivery process. The recent integration of
onboard kV diagnostic imaging together with MV electronic portal imaging devices on linear
accelerators can allow for real-time three-dimensional �3D� tumor position monitoring during a
treatment delivery. The aim of this study is to demonstrate a near real-time 3D internal fiducial
tracking system based on the combined use of kV and MV imaging. A commercially available
radiotherapy system equipped with both kV and MV imaging systems was used in this work. A
hardware video frame grabber was used to capture both kV and MV video streams simultaneously
through independent video channels at 30 frames per second. The fiducial locations were extracted
from the kV and MV images using a software tool. The geometric tracking capabilities of the
system were evaluated using a pelvic phantom with embedded fiducials placed on a moveable
stage. The maximum tracking speed of the kV/MV system is approximately 9 Hz, which is prima-
rily limited by the frame rate of the MV imager. The geometric accuracy of the system is found to
be on the order of less than 1 mm in all three spatial dimensions. The technique requires minimal
hardware modification and is potentially useful for image-guided radiation therapy
systems. © 2008 American Association of Physicists in Medicine. �DOI: 10.1118/1.2842072�
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I. INTRODUCTION

In radiation therapy �RT�, delivering a highly conformal dose
distribution to a static three-dimensional �3D� target is
largely solved by techniques such as intensity modulated ra-
diation therapy �IMRT�.1,2 What remains problematic is how
to take into account the dynamic nature of human anatomy,
where both inter- and intrafraction organ motion can limit
target dose conformity3,4 and therefore local tumor control.5

Tumor motion can be addressed by increasing the planning
target volume �PTV� to include the entire range of motion of
the target, however, usually at the cost of irradiating more
healthy tissue. Other techniques used to address tumor mo-
tion are direct patient intervention through breath-hold
techniques6 or the delivery of radiation only when the target
is in a known geometric location by the use of gating.7–10

These techniques transform the problem of targeting a mov-
ing tumor into a more easily manageable static treatment
case. Ideally, one would like to deliver highly conformal ra-
diation, as in a static IMRT case, to a moving target without
beam interruption or patient intervention. Promising candi-
dates in this direction include tumor tracking by moving the
radiation source itself11–13 or the beam defining multileaf
collimator.14–16

To successfully guide a gating or tracking RT delivery
system, real-time knowledge of the target geometric location
is necessary. Several methods of obtaining the real-time tu-

mor position are available and these can be categorized as
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being either indirect �surrogate-based� or direct �fiducial/
image� in nature. In general, indirect tumor location meth-
ods, such as external skin marker tracking10,17,18 or breath
monitoring techniques,19 rely on the correlation between ex-
ternal body parameters and the tumor. In reality, the relation-
ship between external parameters and internal organ motion
is complex and a large uncertainty may be present in predict-
ing the tumor location based on external signals.20,21 The
unreliable correlation represents one of the weakest links in
the quality chain of respiration-gated and four-dimensional
�4D� RT. A direct tumor position measurement is highly de-
sirable for therapeutic guidance. In the last decade, a number
of direct real-time 3D tumor tracking methods have been
implemented, primarily using fluoroscopy22,23 or magnetic
field localization.24 The feasibility of using electronic portal
imaging devices �EPID� for real-time tumor targeting has
also been explored.25 However, since only a single in-line
MV beam was employed, this approach suffers from insuffi-
cient information to completely define the 3D coordinates of
the embedded fiducials.

With the emergence of linear accelerators �LINACs�
equipped with both onboard kV imaging and EPID, the po-
tential exists to obtain the tumor position in real-time during
the radiation delivery process through the combined use of
the MV treatment beam and kV projection images. In this
work we report our implementation of such a real-time 3D

tracking system and demonstrate that a spatial accuracy of
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�1 mm is achievable in tracking fiducials using the pro-
posed technique. The method takes advantage of the kV/MV
imaging devices already mounted on commercially available
treatment machines, thus providing an easily implemented
method for monitoring intrafractional tumor motion. Since
projection data containing two-dimensional target informa-
tion is obtained using the actual treatment beam, the pro-
posed method only requires the use of one kV source in
gaining the other spatial dimension necessary for full 3D
target localization. Compared to other fluoroscopic tracking
systems, which require the use of two or more additional kV
x-ray imaging systems, the technique may offer potential ra-
diation sparing to the patient and overall system cost reduc-
tions. With the use of real-time spatial trajectory information
of fiducials in the future, it is hoped that uncertainties in
intrafraction target localization can be greatly reduced, thus
ensuring a more accurate delivery of the planned conformal
dose distribution.

II. MATERIALS AND METHOD

II.A. Hardware setup

A Varian Trilogy™ system �Varian Medical Systems, Palo
Alto, CA� operating in the 6 MV photon mode was used for
this study. Images of the MV beam were acquired using an
aSi EPID �Portal Vision MV AS-500, Varian Medical Sys-
tems, Palo Alto, CA� attached to the LINAC as shown in Fig.
1. The kV imaging was obtained by using the onboard kV
imaging system located perpendicular to the treatment beam
�Fig. 1�. The device consists of a 125 kV x-ray tube together
with an aSi flat panel imager �PaxScan 4030CB, Varian
Medical Systems, Salt Lake City, UT�. Both kV and MV
detectors have a pixel width of 0.392 mm and a maximum
resolution of 1024�768, corresponding to a 40 cm
�30 cm effective area of detection. The maximal frames
per second �fps� obtainable from the kV and MV detectors in
this work are 15 and 9 Hz, respectively. The kV and MV
source detector distances �SDD� are set to 180 and 150 cm,
respectively, though in principle this can be varied to a wide

FIG. 1. Varian Trilogy with kV and MV imagers in extended positions.
System frame of reference is denoted by dashed arrows. A pelvic phantom,
placed on a movable stage, is located on the couch. To the right is displayed
the process path used for image acquisition.
variety of distances as allowed by the robotic arms �Fig. 1�.
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II.B. kV/MV image acquisition and marker localization

A dedicated image processing PC was used to process and
analyze both kV and MV video streams simultaneously as
detailed in Fig. 1. Two channels of a four channel PCI video
grabber �ProVideo 149P, ProVideo Co., Taipei Hsien, Tai-
wan� were used to grab the kV and MV video streams at 30
fps per channel with a resolution of 640�480. A freely
available third party software program,26 designed for ma-
chine vision prototyping, was used to interface with the cap-
ture card and analyze the video. The software contains a
large database of common video processing filter modules
and allows the user to apply, or remove, various combina-
tions of filters to the video pipeline in real time. In addition,
the program allows customized script filters to be created.
The following sequence of filters were found to be adequate
in detecting the fiducial; �1� a region-of-interest �ROI� filter,
�2� pseudocolor filter to convert the grayscale captured im-
age into a color image, �3� a color filter to extract the fiducial
color value, �4� a mean filter to average pixel values to re-
duce noise, �5� a detect blob filter to segment the fiducial
from the background, �6� a center-of-mass filter to calculate
the central pixel location of the blob, and �7� an in-house
written script filter to convert the pixel location to a real-
space location from system isocenter.

The ROI filter requires the operator to manually enter
pixel locations to define a rectangle encompassing the fidu-
cial’s range of motion �Fig. 2�. Through a process of visual
inspection and identification, the operator must initially de-
fine the ROI for both kV and MV video streams. Use of the
ROI filter has the benefit of removing unnecessary back-
ground pixel information from the image-processing pipe-
line, thereby increasing computational speed. In the event of
a large change in fiducial motion �couch shift or phantom
repositioning�, the ROI may no longer encompass the entire
range of motion of the fiducial, in this case the ROI must be

FIG. 2. Displayed snap shots of a BB fiducial in a pelvic phantom for the kV
and MV video streams before ��a� and �c�� and after ��b� and �d�� applying
the fiducial detection algorithm on the selected ROI.
redefined.
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The pseudocolor filter converted the grayscale image to a
spectrum of colors ranging from red to blue, with black cor-
responding to blue and white to red. Thus, metallic fiducials
appeared reddish after application of the filter. This allowed
for easy detection using a red color filter �step 3�. It should
be noted, that an intensity based fiducial segmentation can
also be performed, however, in this study we found the
pseudocolor followed by a color filter technique to be ad-
equate.

The blob filter module was provided by the software
package and allows identification of a cluster of pixels, or
blob, based on its particular features. By providing features
as the size and shape of blobs pertaining to fiducials, the blob
filter is able to identify and segment the fiducial from the
image even in the presence of a noisy background.

Having detected the fiducial’s center-of-mass, the real-
space �x ,y ,z� marker locations from system isocenter were
calculated using the geometric relationships depicted in Fig.
3 and given by the following relations �Eqs. �1� and �4��:

xMV

dMV−s + dMV−d
=

x

dMV−s − z
, �1�

yMV

dMV−s + dMV−d
=

y

dMV−s − z
, �2�

xkV

dkV−s + dkV−d
=

z

dkV−s + x
, �3�

ykV

dkV−s + dkV−d
=

y

dkV−s + x
. �4�

Here �x ,y ,z� corresponds to the marker’s position from sys-
tem isocenter where the isocenter is defined at 100 cm source

FIG. 3. Geometric sketch detailing variables used for calculation of a mark-
er’s �x ,y ,z� position from isocenter �0,0,0�. The xz plane is shown with the
y axis pointing out of the page.
axis distance �SAD� and the center of the MV beam. The kV
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and MV photon source-to-isocenter distances are given by
dkV−s and dMV−s, respectively. The isocenter to kV and MV
detector distances are given by dkV−d and dMV−d, respec-
tively. The algorithm also takes into account gantry angle ���
by use of a rotational transform matrix equation to connect
the systems frame of reference with that of the laboratory

� cos � 0 sin �

0 1 0

− sin � 0 cos �
��x

y

z
� = �x�

y�

z�
� , �5�

where �x� ,y� ,z�� denotes the marker’s coordinates from sys-
tem isocenter in the laboratory’s frame of reference.

Although the fiducial detection and localization algorithm
lowers the processing speed to 15 fps due to processing time,
the main bottleneck is found to be the 	9 fps hardware
limitation of the EPID aSi detector. Therefore, the maximum
3D fiducial tracking speed of the system is approximately 9
fps.

II.C. kV and MV tracker calibration

Calibration of the tracking system was necessary in order
to convert the detected location of the center-of-mass of the
fiducial in the image frame to the real space coordinate of the
fiducial in the laboratory frame of reference. The calibration
technique used a single 3.0 mm diameter stainless steel ball
bearing �BB� fixed near the end of a Styrofoam block-like
phantom with a dimension of 600 mm�200 mm
�23 mm. The end, not containing the BB, was rigidly
mounted to a 3D displacement stage place on the couch,
whereas, the other end, extended 500 mm over the couch
toward the gantry. This setup allowed images of the BB con-
taining little background artifacts due to removal of the
couch from the kV and MV imagers’ field of view. In addi-
tion, the low mass density of the Styrofoam support structure
made it relatively transparent to kV and MV radiation, allow-
ing easy detection of the fiducial. Using the manually oper-
ated displacement stage, the BB was moved in 3D space with
a precision better than 0.5 mm. The calibration consisted of
two parts: �1� defining the isocenter position in the laboratory
frame of reference and �2� making known displacements of
the BB from the isocenter. The LINAC’s isocenter was used
as the origin of the laboratory frame �Fig. 1�. A mechanical
front pointer assembly �Varian Medical System, Palo Alto,
CA� was locked in the LINAC’s collimator and a mechanical
measurement rod was used to position the BB at system
isocenter with a precision better than 1.0 mm. The BB’s x, y
pixel location was then detected using the kV and MV video
streams and the pixel locations recorded. The BB was then
shifted using the 3D stage to ten known static geometric
locations and the resulting x, y pixel locations were recorded
�Fig. 4�. The theoretical BB displacements from isocenter
were calculated using Eqs. �1�–�4� for each imager and plot-
ted in Fig. 4. Linear fitting allowed extraction of the pixel
sizes, which for the kV detector are x axis=0.860�0.01
mm /pixel and y axis 0.849�0.008 mm /pixel, and for the

MV detector are x axis=0.669�0.007 mm /pixel and
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y axis 0.670�0.008 mm /pixel. After calibration, the dis-
placement vector from isocenter can be calculated for an
arbitrary movement of the BB in 3D space.

Due to the weight of the gantry and imaging devices,
gantry sag may happen during rotation, resulting in geo-
graphical inaccuracies. Therefore, at each new gantry angle
investigated, the calibration procedure was repeated to get a
calibration tuned to that specific gantry angle. It was neces-
sary to perform calibration only one time for a specific gan-
try angle. Only in the event of changes to the system setup,
as kV/MV imager realignment, was it necessary to repeat the
tracker calibration. In general, this is similar to the geometric
calibration done during the commissioning of a new ma-
chine, where the gantry angle specific calibration data is used
for accurate imaging or cone beam reconstruction.

II.D. Quality and accuracy evaluation

To quantify the accuracy and precision of the tracking
technique, an in-house built movable platform was used to
move a pelvic phantom containing a stainless steel BB of 3
mm in diameter �Fig. 1�. Both amplitude and period of the
platform can be adjusted. In this study, the amplitude of os-
cillation was fixed to 20 mm along the y axis, whereas the
period was varied to 1.8, 3.0, 3.4, and 5.0 s. The platform is
supported by four high precision wheels on each of its four
corners and is oscillated using an electronic variable speed
gear motor connected via a rigid drive shaft. Four custom
built wedges were placed underneath each of the stage’s
wheels, creating movement in the z direction with amplitude
7.5 mm. For a given sinusoidal wave driving the platform,
the sinusoidal motion generated was verified, using an elec-
tronic caliper with 0.02 mm accuracy, to have a root mean
square �RMS� deviation of no more than 0.2 mm from the
theoretical value in both the y and z directions. To generate

FIG. 4. Detected pixel location on the kV �left� and MV �right� detector surfa
fit �dotted line� allows calibration of pixel size.
motion in the x axis, the platform was rotated by 45° with
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respect to the y axis, as shown in Fig. 1. This enables the
stage to move along both the x and y axis with an amplitude
	20 / 
2 mm.

III. RESULTS

Using the system setup in Fig. 1, the pelvic phantom was
oscillated at a fixed period of 3.4 s. The tracked fiducial
motion from isocenter is plotted in Fig. 5 along all x, y, and
z spatial components as a function of time. As can be seen,
the tracked fiducial location undergoes sinusoidal motion
with a fixed amplitude and period along the three coordi-
nates. The tracked motion agrees well with the known move-
ment of the fiducial embedded in the pelvic phantom. The
measured amplitudes in the x- and y-axis directions are ap-
proximately 13.6 and 14.2 mm, respectively. These values
are very close to 20 / 
2 mm, as expected for a motion along
45°. As shown in Fig. 5, the theoretically sinusoidal function
inputted in the motion platform �denoted by the solid curves�
agrees well with the measured data points. Comparison of
the expected and measured curves reveals RMS values of
0.86 and 0.55 mm for the x- and y-axis motion, respectively.
The amplitude of fiducial movement along the z axis is mea-
sured to be 8.1 mm, which is also in close agreement with
the actual 7.5 mm amplitude of the stage. Here the RMS is
calculated to be 0.50 mm from the expected value. These
measurements were done at a gantry angle of 180° and were
repeated for different gantry angles of 90°, 135°, 270°, and
360°, in which similar results were obtained after applying
Eq. �5�.

The net magnitude of the fiducial away from system iso-
center is plotted in Fig. 6. From the figure it is seen that the
amplitude of displacement of the fiducial from isocenter is
	21.3 mm, which agrees well with the calculated ground
truth value of 21.4 mm. The mean square deviation of the

r several well known displacements of a 3 mm diameter BB. Slope of linear
ces fo
measured from the expected values is found to be 0.63 mm.
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Investigation of system tracking speed response was ac-
complished by varying the platform period of oscillation
from 5.0 s to the lowest settable value of 1.8 s. The measured
y displacement for different frequencies were compared to
each other and also to the known values shown in Fig. 7.
This comparison is possible due to the geometric setup,
where both kV and MV detectors are able to detect motion
along the y axis �Fig. 1�.

Figure 8 is a plot of the measured ykV and yMV as a func-
tion of time. The larger amplitude of the kV trace in com-

FIG. 5. Plot of real-time fiducial motion along x, y, z obtained using simul-
taneous kV/MV imaging. Motion is with respect to system isocenter. Solid
curve is predicted motion. Deviation between predicted and experimental
data points expressed as RMS.
parison with the MV trace relates to the kV detector being
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further away from the system isocenter �dkV−d=80 cm� than
the MV detector �dMV−d=50 cm�, leading to increased mag-
nification. As can be seen, it is found that the MV trace lags
behind the kV trace by approximately 	70 ms.

IV. DISCUSSION

A critical step in dealing with intrafraction tumor motion
is the real-time monitoring of the tumor position. Despite
intense research effort in attempting to utilize the inherent
image features to extract real-time information of tumor mo-
tion, at this point, implantation of metallic or electromag-
netic field based fiducials remains the most reliable way to
accomplish the stated goal. In this work we have described a
combined kV/MV fiducial tracking system using a commer-
cially available Trilogy system. It allows us to monitor fidu-
cial motion by use of the system’s pre-equipped onboard
imager and EPID.

The program used for fiducial detection has the flexibility
of allowing a large number of different types of image analy-
sis techniques to be applied with minimal programming ef-
fort. Although, by no means a fully optimized and robust
solution for the clinic, the fiducial detection algorithm, was
found to be adequate in providing a proof-of-concept that
kV/MV tracking is indeed possible. The main weakness of
the method used for fiducial segmentation and sequentially
detection was it being intensity based in nature, and thus not
robust against large intensity fluctuations. This may be prob-
lematic when the fiducial is moving in the vicinity of high
density objects such as the bone that can have similar inten-
sity values as the fiducial, resulting in loss of the tracking
signal. Use of a ROI to remove any high contrast background
objects from the analyzed area did correct this problem for
the pelvic phantom used in this study, however, in actual
patient situations, where fiducials can move below bony
structure, loss of tracking signal may occur. In addition, an

FIG. 6. Plot of magnitude of fiducial away from isocenter as a function of
time. Solid curve is predicted motion with deviation between theoretical and
experimental expressed as RMS.
inherent problem with the use of EPID imaging is that the
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contrast between different material densities is significantly
lower than with kV imaging. Even with the use of radio
opaque markers as gold fiducials, the photon mass attenua-
tion coefficient ratio �� /��Au / �� /��H2O is near 1.0 at 1 MeV,
compared to 30 at 100 keV. This poses a strong incentive in
developing EPID image enhancement techniques targeted
specifically to deal with poor material density distinction.

The 3.0 mm diameter stainless steel BB used in the study
is larger than the gold fiducial markers used clinically �typi-
cally 1.2 mm in diameter and 3−5 mm in length�. Due to
the decrease in resolution as the frames are down converted
from their native 1024�768 format to 640�480 for video
based analysis, the subsequent worsening of image quality
may make the use of the smaller clinical fiducials more prob-
lematic. For proof-of-concept demonstration that kV/MV
tracking is feasible, it was decided that a more easy to detect
3.0 mm BB should be employed. It is, however, envisioned
that detection of smaller cylindrical gold fiducials is possible
at a near real-time speed provided that one can access the
native 1024�768 images directly captured by the kV and

FIG. 7. Comparison of fiducial motion along the y axis at isocenter for the k
is expected motion.
MV detectors. This would require cooperation with the
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equipment manufacturer and will be investigated in future
work. In addition, a more advanced fiducial detection algo-
rithm will most likely be necessary for the successful imple-
mentation of the kV/MV tracking technique. Tang et al. have
recently demonstrated tracking of multiple cylindrical fidu-
cials through the use of pattern recognition and fiducial
prediction.27 Additionally, their algorithm allowed tracking
of fiducials near or under high density objects. Under current
investigation is a prior knowledge based adaptive method
capable of temporal and spatial marker prediction. The tech-
nique is particularly valuable in locating the fiducials that are
partially or completely blocked by the MLC at certain seg-
ments during the IMRT delivery. It is anticipated that this
type of fiducial detection algorithm will be useful for the
kV/MV tracking technique.

Currently, the ROI is manually defined by the operator
through a process of visual inspection and identification of
the fiducials in the kV and MV images. The ROI procedure
is straightforward and can be done in less than a minute. This
procedure can be further simplified by use of a pointer inter-

ft� and MV �right� detectors for different periods of oscillation. Solid curve
V �le
face device, such as a computer mouse, to draw a ROI di-
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rectly on the image as opposed to manual entry through the
keyboard. A more automated approach is to use an algorithm
to examine the prior planning CT image data to locate the
fiducials and to evaluate their motion on the kV and MV
imagers. A ROI, large enough to encompass the entire range
of motion for the fiducial, can then be automatically defined
around each fiducial.

To investigate velocity response of kV/MV system, the 3
mm BB is oscillated at various sinusoidal frequencies as
plotted in Fig. 7. As can be seen, for periods approximately
T�3 s, the detected pixel location of the fiducial corre-
sponds well to the theoretically predicted position of a gen-
erated sinusoidal function with the corresponding amplitude
and period set by the movable platform. For T�3 s, it is
found that the kV detector is able to maintain a high fiducial
tracking accuracy, whereas, the detected positions of the fi-
ducial from the MV detector is found to deviate from the
predicted ones. Visual observation of the kV and MV detec-
tor video streams reveals this as resulting from motion in-
duced blurring. For all periods of oscillation produced by the
motion stage it is seen that the kV detector accurately cap-
tures an image of the spherical BB without distortion. This is
in contrast to the MV detector, where it is seen that for T
=1.8 s, the spherical shape of the BB becomes elongated
along the direction of motion. The image distortion is found
to be most severe during mid, or the highest velocity, portion
of the oscillation curve. In the T=1.8 s case, this corre-
sponds to a BB velocity of 	7 cm /s at midoscillation. The
elongated BB image resulted in a larger detected pixel group,
leading to an erroneous center-of-mass pixel calculation. A
motion restoration algorithm may be useful in this situation
to deblur motion artifacts. However, in real patient scenarios,
the maximum tumor velocity is generally observed to be less
than 4 cm/s. As shown by the T=3.0 s �maximum velocity
	4.2 cm /s� case, the response speed of the imagers should

FIG. 8. Comparison of tracked real-time fiducial motion along the y axis as
detected by the kV and MV detectors.
be adequate for most clinical situations.

Medical Physics, Vol. 35, No. 4, April 2008
As shown in Fig. 5, for a particular sinusoidal wave set by
the moving stage, the kV/MV tracking system measures a
similar function that is found to differ no more than 1 mm
RMS. Considering the 0.2 mm RMS error generated by the
platform, it can be assumed that the kV/MV system is mea-
suring with an actual RMS under the reported values in Fig.
5. This is expected due to the detector pixel sizes being mea-
sured at 	0.85 and 	0.67 mm /pixel at the surface of the
detector, even with a down converted image frame �1024
�768 to −640�480�. With the amplification factor �	1.5 in
the kV/MV system� the pixel size is further reduce to 	0.57
and 	0.44 mm /pixel at the isoplane for the kV and MV
imagers, respectively. These accuracy numbers are expected
to further increase once full image frames at their native
1024�768 can be captured without down conversion.

As pointed out in a previous work,28 mechanical and elec-
tronic response times, that may be acceptable in 3D RT, can
limit the precision of dose delivery in the 4D case. This is
also seen in the presented kV/MV tracking system, which, as
detailed in Fig. 1, is comprised of two separate systems that
each suffer from their own particular processing and elec-
tronic delay times. This manifests itself in the data of Fig. 8,
where the phase of the MV signal lags behind the kV signal
by approximately 	70 ms. In calculating the fiducial coor-
dinates using Eqs. �1�–�4�, this lag will lead to positional
errors since the EPID position �xMV,yMV� is not in sync with
the kV position �xkV,ykV� for a particular CPU clock cycle.
In general, this systematic error can be corrected for by pair-
ing the current MV imager �xMV,yMV� data with kV
�xkV,ykV� data retrospectively delayed by 70 ms. Fortunately,
in this study, the 70 ms processing delay resulted in a negli-
gible positional error for all periods of oscillation investi-
gated. Consultation with the manufacture revealed a
	0.67 ms delay time for the kV imaging system. Combined
with the 70 ms MV imager lag and associated video process-
ing time a total delay time of 	150−200 ms can be esti-
mated. Since no prediction filters are used in the tracking
system, the marker is measured with a 	150−200 ms time
lag. For short periods, or fast velocities, these electronic re-
sponse times may hamper the geometric accuracy of fiducial
tracking. Adaptive motion prediction filters29–31 may be use-
ful in compensating for these electronic delay times. In gen-
eral, response time is judged to be primarily a technological
issue and will most likely be improved with the development
of future fast response detector and image processing
systems.

When using the pelvic phantom, it was found that scat-
tered radiation from the treatment beam can blur the kV im-
ages. This is especially noticeable for isocenter-to-imager
distances of dkV−d�70 cm. The scattered MV radiation su-
perimposes over the kV imaging beam at the kV aSi detec-
tor, making fiducial detection difficult. Increasing dkV−d to 80
cm reduced the contribution of scattered MV photons, allow-
ing detection of the fiducial using the aforementioned inten-
sity based algorithm. Another potential solution for reducing
the influence of the scattered MV radiation is the use of

32
multiplexing through kV beam pulsation. This technique
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separates the kV source image from any MV scattered radia-
tion, allowing dkV−d distances of less than 70 cm to be used.
Another potential method would be through controlled
kV/MV beam switching �i.e., quick beam gating or pulsing�,
such that at a given instant of time, either the kV or MV
source is on, but not both simultaneously. This would com-
pletely remove any MV radiation during the kV imaging
process. It is also likely that the optimal kV/MV switching
rate will be disease site dependent. For certain sites, such as
the prostate, it is expected that the kV beam is needed less
frequently.

V. CONCLUSION

A real-time 3D fiducial tracking system using combined
kV and MV imaging has been successfully demonstrated for
the first time. This technique is especially suitable for RT
systems already equipped with on board kV and EPID imag-
ing devices. The geometric accuracy of the system is found
to be on the order of 1 mm in all three spatial dimensions.
Given its simplicity and achievable accuracy, the proposed
approach, should find widespread clinical application in real-
time monitoring of the tumor position and in providing a
control signal to respiration-gated and even 4D radiation
therapy.
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