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CONE BEAM COMPUTED TOMOGRAPHY
WITH A FLAT PANEL IMAGER

Applicants claim, under 35 U.S.C. § 119(e), the benefit
of priority of the filing date of Feb. 18, 2000, of U.S.
Provisional Patent Application Ser. No. 60/183,590, filed on
the aforementioned date, the entire contents of which are
incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates generally to a cone-beam
computed tomography system and, more particularly, to a
cone-beam computed tomography system that employs an
amorphous silicon flat-panel imager for use in radiotherapy
applications where the images of the patient are acquired
with the patient in the treatment position on the treatment
table.

2. Discussion of the Related Art

Radiotherapy involves delivering a prescribed tumorcidal
radiation dose to a specific geometrically defined target or
target volume. Typically, this treatment is delivered to a
patient in one or more therapy sessions (termed fractions). It
is not uncommon for a treatment schedule to involve twenty
to forty fractions, with five fractions delivered per week.
While radiotherapy has proven successful in managing
various types and stages of cancer, the potential exists for
increased tumor control through increased dose.
Unfortunately, delivery of increased dose is limited by the
presence of adjacent normal structures and the precision of
beam delivery. In some sites, the diseased target is directly
adjacent to radiosensitive normal structures. For example, in
the treatment of prostate cancer, the prostate and rectum are
directly adjacent. In this situation, the prostate is the targeted
volume and the maximum deliverable dose is limited by the
wall of the rectum.

In order to reduce the dosage encountered by radiosensi-
tive normal structures, the location of the target volume
relative to the radiation therapy source must be known
precisely in each treatment session in order to accurately
deliver a tumorcidal dose while minimizing complications in
normal tissues. Traditionally, a radiation therapy treatment
plan is formed based on the location and orientation of the
lesion and surrounding structures in an initial computerized
tomography or magnetic resonance image. However, the
location and orientation of the lesion may vary during the
course of treatment from that used to form the radiation
therapy treatment plan. For example, in each treatment
session, systematic and/or random variations in patient setup
(termed interfraction setup errors) and in the location of the
lesion relative to surrounding anatomy (termed interfraction
organ motion errors) can each change the location and
orientation of the lesion at the time of treatment compared
to that assumed in the radiation therapy treatment plan.
Furthermore, the location and orientation of the lesion can
vary during a single treatment session (resulting in intrafrac-
tion errors) due to normal biological processes, such as
breathing, peristalsis, etc. In the case of radiation treatment
of a patient’s prostate, it is necessary to irradiate a volume
that is enlarged by a margin to guarantee that the prostate
always receives a prescribed dose due to uncertainties in
patient positioning and daily movement of the prostate
within the patient. Significant dose escalation may be pos-
sible if these uncertainties could be reduced from current
levels (~10 mm) to 2-3 mm.

Applying large margins necessarily increases the volume
of normal tissue that is irradiated, thereby limiting the
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maximum dose that can be delivered to the lesion without
resulting in complication in normal structures. There is
strong reason to believe that increasing the dose delivered to
the lesion can result in more efficacious treatment. However,
it is often the case that the maximum dose that can be safely
delivered to the target volume is limited by the associated
dose to surrounding normal structures incurred through the
use of margins. Therefore, if one’s knowledge of the loca-
tion and orientation of the lesion at the time of treatment can
be increased, then margins can be reduced, and the dose to
the target volume can be increased without increasing the
risk of complication in normal tissues.

A number of techniques have been developed to reduce
uncertainty associated with systematic and/or random varia-
tions in lesion location resulting from interfraction and
intrafraction errors. These include patient immobilization
techniques (e.g., masks, body casts, bite blocks, etc.), off-
line review processes (e.g., weekly port films, population-
based or individual-based statistical approaches, repeat com-
puterized tomography scans, etc.), and on-line correction
strategies (e.g., pre-ports, MV or kV radiographic or fluo-
roscopic monitoring, video monitoring, etc.).

It is believed that the optimum methodology for reducing
uncertainties associated with systematic and/or random
variations in lesion location can only be achieved through
using an on-line correction strategy that involves employing
both on-line imaging and guidance system capable of detect-
ing the target volume, such as the prostate, and surrounding
structures with high spatial accuracy.

An on-line imaging system providing suitable guidance
has several requirements if it is to be applied in radiotherapy
of this type. These requirements include contrast sensitivity
sufficient to discern soft-tissue; high spatial resolution and
low geometric distortion for precise localization of soft-
tissue boundaries; operation within the environment of a
radiation treatment machine; large field-of-view (FOV)
capable of imaging patients up to 40 cm in diameter; rapid
image acquisition (within a few minutes); negligible harm to
the patient from the imaging procedure (e.g., dose much less
than the treatment dose); and compatibility with integration
into an external beam radiotherapy treatment machine.

Several examples of known on-line imaging systems are
described below. For example, strategies employing x-ray
projections of the patient (e.g., film, electronic portal imag-
ing devices, kV radiography/fluoroscopy, etc.) typically
show only the location of bony anatomy and not soft-tissue
structures. Hence, the location of a soft-tissue target volume
must be inferred from the location of bony landmarks. This
obvious shortcoming can be alleviated by implanting radio-
opaque markers on the lesion; however, this technique is
invasive and is not applicable to all treatment sites. Tomo-
graphic imaging modalities (e.g., computerized tomography,
magnetic resonance, and ultrasound), on the other hand, can
provide information regarding the location of soft-tissue
target volumes. Acquiring computerized tomography images
at the time of treatment is possible, for example, by incor-
porating a computerized tomography scanner into the radia-
tion therapy environment (e.g., with the treatment table
translated between the computerized tomography scanner
gantry and the radiation therapy gantry along rails) or by
modifying the treatment machine to allow computerized
tomography scanning. The former approach is a fairly
expensive solution, requiring the installation of a dedicated
computerized tomography scanner in the treatment room.
The latter approach is possible, for example, by modifying
a computer tomography scanner gantry to include mecha-
nisms for radiation treatment delivery, as in systems for
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tomotherapy. Finally, soft-tissue visualization of the target
volume can in some instances be accomplished by means of
an ultrasound imaging system attached in a well-defined
geometry to the radiation therapy machine. Although this
approach is not applicable to all treatment sites, it is fairly
cost-effective and has been used to illustrate the benefit of
on-line therapy guidance.

As illustrated in FIGS. 1(a)~(c), a typical radiation
therapy system 100 incorporates a 4-25 MV medical linear
accelerator 102, a collimator 104 for collimating and shap-
ing the radiation field 106 that is directed onto a patient 108
who is supported on a treatment table 110 in a given
treatment position. Treatment involves irradiation of a lesion
112 located within a target volume with a radiation beam 114
directed at the lesion from one or more angles about the
patient 108. An imaging device 116 may be employed to
image the radiation field 118 transmitted through the patient
108 during treatment. The imaging device 116 for imaging
the radiation field 118 can be used to verify patient setup
prior to treatment and/or to record images of the actual
radiation fields delivered during treatment. Typically, such
images suffer from poor contrast resolution and provide, at
most, visualization of bony landmarks relative to the field
edges.

Another example of a known on-line imaging system used
for reducing uncertainties associated with systematic and/or
random variations in lesion location is an X-ray cone-beam
computerized tomography system. Mechanical operation of
a cone beam computerized tomography system is similar to
that of a conventional computerized tomography system,
with the exception that an entire volumetric image is
acquired through a single rotation of the source and detector.
This is made possible by the use of a two-dimensional (2-D)
detector, as opposed to the 1-D detectors used in conven-
tional computerized tomography. There are constraints asso-
ciated with image reconstruction under a cone-beam geom-
etry. However, these constraints can typically be addressed
through innovative source and detector trajectories that are
well known to one of ordinary skill in the art.

As mentioned above, a cone beam computerized tomog-
raphy system reconstructs three-dimensional (3-D) images
from a plurality of two-dimensional (2-D) projection images
acquired at various angles about the subject. The method by
which the 3-D image is reconstructed from the 2-D projec-
tions is distinct from the method employed in conventional
computerized tomography systems. In conventional com-
puterized tomography systems, one or more 2-D slices are
reconstructed from one-dimensional (1-D ) projections of
the patient, and these slices may be “stacked” to form a 3-D
image of the patient. In cone beam computerized
tomography, a fully 3-D image is reconstructed from a
plurality of 2-D projections. Cone beam computerized
tomography offers a number of advantageous
characteristics, including: formation of a 3-D image of the
patient from a single rotation about the patient (whereas
conventional computerized tomography typically requires a
rotation for each slice); spatial resolution that is largely
isotropic (whereas in conventional computerized tomogra-
phy the spatial resolution in the longitudinal direction is
typically limited by slice thickness); and considerable flex-
ibility in the imaging geometry. Such technology has been
employed in applications such as micro-computerized
tomography, for example, using a kV x-ray tube and an x-ray
image intensifier tube to acquire 2-D projections as the
object to be imaged is rotated, e.g., through 180° or 360°.
Furthermore, cone beam computerized tomography has been
used successfully in medical applications such as comput-
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erized tomography angiography, using a kV x-ray tube and
an x-ray image intensifier tube mounted on a rotating C-arm.

The development of a kV cone-beam computerized
tomography imaging system for on-line tomographic guid-
ance has been reported. The system consists of a kV x-ray
tube and a radiographic detector mounted on the gantry of a
medical linear accelerator. The imaging detector is based on
a low-noise charge-coupled device (CCD) optically coupled
to a phosphor screen. The poor optical coupling efficiency
(-10~*) between the phosphor and the CCD significantly
reduces the detective quantum efficiency (DQE) of the
system. While this system is capable of producing cone
beam computerized tomography images of sufficient quality
to visualize soft tissues relevant to radiotherapy of the
prostate, the low DQE requires imaging doses that are a
factor of 3—4 times larger than would be required for a
system with an efficient coupling (e.g. -50% or better)
between the screen and detector.

Another example of a known auxiliary cone beam com-
puterized tomography imaging system is shown in FIG. 2.
The auxiliary cone beam computerized tomography imaging
system 200 replaces the CCD-based imager of FIGS. 1(a)
—(c) with a flat-panel imager. In particular, the imaging
system 200 consists of a kilovoltage x-ray tube 202 and a flat
panel imager 204 having an array of amorphous silicon
detectors that are incorporated into the geometry of a
radiation therapy delivery system 206 that includes an MV
x-ray source 208. A second flat panel imager 210 may
optionally be used in the radiation therapy delivery system
206. Such an imaging system 200 could provide projection
radiographs and/or continuous fluoroscopy of the lesion 212
within the target volume as the patient 214 lies on the
treatment table 216 in the treatment position. If the geometry
of the imaging system 200 relative to the system 206 is
known, then the resulting kV projection images could be
used to modify patient setup and improve somewhat the
precision of radiation treatment. However, such a system
200 still would not likely provide adequate visualization of
soft-tissue structures and hence be limited in the degree to
which it could reduce errors resulting from organ motion.

Accordingly, it is an object of the present invention to
generate KV projection images in a cone beam computer-
ized tomography system that provide adequate visualization
of soft-tissue structures so as to reduce errors in radiation
treatment resulting from organ motion.

BRIEF SUMMARY OF THE INVENTION

One aspect of the present invention regards a radiation
therapy system that includes a radiation source that moves
about a path and directs a beam of radiation towards an
object and a cone-beam computer tomography system. The
cone-beam computer tomography system includes an x-ray
source that emits an X-ray beam in a cone-beam form
towards an object to be imaged and an amorphous silicon
flat-panel imager receiving x-rays after they pass through the
object, the imager providing an image of the object. A
computer is connected to the radiation source and the cone
beam computerized tomography system, wherein the com-
puter receives the image of the object and based on the
image sends a signal to the radiation source that controls the
path of the radiation source.

Asecond aspect of the present invention regards a method
of treating an object with radiation that includes moving a
radiation source about a path, directing a beam of radiation
from the radiation source towards an object and emitting an
x-ray beam in a cone beam form towards the object. The
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method further includes detecting x-rays that pass through
the object due to the emitting an X-ray beam with an
amorphous silicon flat-panel imager, generating an image of
the object from the detected x-rays and controlling the path
of the radiation source based on the image.

Each aspect of the present invention provides the advan-
tage of generating KV projection images in a cone beam
computerized tomography system that provide adequate
visualization of soft-tissue structures so as to reduce errors
in radiation treatment resulting from organ motion.

Each aspect of the present invention provides an appara-
tus and method for improving the precision of radiation
therapy by incorporating a cone beam computerized tomog-
raphy imaging system in the treatment room, the 3-D images
from which are used to modify current and subsequent
treatment plans.

Each aspect of the present invention represents a signifi-
cant shift in the practice of radiation therapy. Not only does
the high-precision, image-guided system for radiation
therapy address the immediate need to improve the prob-
ability of cure through dose escalation, but it also provides
opportunity for broad innovation in clinical practice.

Each aspect of the present invention may permit alterna-
tive fractionation schemes, permitting shorter courses of
therapy and allowing improved integration in adjuvant
therapy models.

Each aspect of the present invention provides valuable
imaging information for directing radiation therapy also
provides an explicit 3-D record of intervention against
which the success or failure of treatment can be evaluated,
offering new insight into the means by which disease is
managed.

Additional objects, advantages and features of the present
invention will become apparent from the following descrip-
tion and the appended claims when taken in conjunction
with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1(a)«(c) schematically show the geometry and
operation of a conventional radiation therapy apparatus;

FIG. 2 schematically shows a perspective view of a
known radiation therapy apparatus including an auxiliary
apparatus for cone beam computerized tomography imag-
ing;

FIG. 3 is a diagrammatic view of a bench-top cone beam
computerized tomography system employing a flat-panel
imager, according to a first embodiment of the present
invention;

FIG. 4 is a schematic illustration of the geometry and
procedures of the cone beam computerized tomography
system shown in FIG. 3;

FIGS. 5(a)-5(d) are graphs depicting the fundamental
performance characteristics of the flat-panel imager used in
the cone beam computerized tomography system of FIG. 3;

FIGS. 6(a)-6(d) show various objects used in tests to
investigate the performance of the cone beam computerized
tomography system of the present invention, including a
uniform water cylinder, six low-contrast inserts in a water
bath, a steel wire under tension with a water bath, and an
euthanized rat, respectively;

FIGS. 7(a)-7(d) depict uniformity of response of the cone
beam computerized tomography system of the present
invention, including axial and sagittal slices through volume
images of a uniform water bath, radial profiles, and a vertical
signal profile, respectively;
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FIGS. 8(a)-8(d) illustrate the noise characteristics of the
cone beam computerized tomography system of the present
invention, including axial and sagittal noise images from
volume reconstructions of a uniform water bath, radial noise
profiles, and vertical nose profiles, respectively;

FIGS. 9(a)-9(b) depict response linearity and voxel noise,
respectively, for the cone beam computerized tomography
system of the present invention and a conventional comput-
erized tomography scanner;

FIGS. 10(2)-10(c) depict the noise-power spectrum from
the cone beam computerized tomography system of the
present invention, including a gray scale plot of the axial
noise-power spectrum, the noise-power spectrum measured
at various exposures, and the noise-power spectrum for the
cone beam computerized tomography system compared to a
conventional computerized tomography scanner, respec-
tively;

FIGS. 11(a)-11(b) depict the spatial resolution of the cone
beam computerized tomography system of the present
invention, including the surface plot of an axial slice image
of the thin steel wire shown in FIG. 6(c) and the modulation
transfer function measured for the cone beam computerized
tomography system and for a conventional computerized
tomography scanner, respectively;

FIGS. 12(a)-12(b) show images of a low-contrast phan-
tom obtained from the cone beam computerized tomography
system of the present invention and a conventional comput-
erized tomography scanner, respectively;

FIGS. 13(a)-13(i) show cone beam computerized tomog-
raphy images of the euthanized rat shown in FIG. 6(d),
including regions of the lungs (FIGS. 13(a)-13(c)), the
kidneys (FIGS. 13(d)-13(f)), and the lower spine (FIGS.
13(g) ~13();

FIGS. 14(a)-14(d) show volume renderings of cone beam
computerized tomography images of the euthanized rat
shown in FIG. 6(d) illustrating the degree of spatial resolu-
tion achieved in delineating structures of the vertebra,
including volume renderings with axial and sagittal cut
planes showing the skeletal anatomy along with soft-tissue
structures of the abdomen, volume renderings with axial and
sagittal cut planes, window to show skeletal features only, a
magnified view of a region of the spine and ribs of the rat,
and a magnified view of a part of two vertebra, respectively;

FIGS. 15(a)-15(b) depict the axial images of euthanized
rat shown in FIG. 6(d) obtained from the cone beam
computerized tomography system of the present invention
and a conventional computerized tomography scanner,
respectively;

FIG. 16 is a graph showing detected quantum efficiency
calculated as a function of exposure for an existing and
hypothetical flat-panel imager configuration;

FIGS. 17(a)—(e) are diagrammatic views of several angu-
lar orientations of a wall-mounted cone beam computerized
tomography system employing a flat-panel imager, accord-
ing to a second embodiment of the present invention;

FIG. 18 shows a side view of the cone beam computerized
tomography system of FIG. 17 when employing a first
embodiment of a support for a flat-panel imager according
to the present invention;

FIG. 19(a) shows a perspective exploded view of a
mounting to be used with the support for a flat-panel imager
of FIG. 18;

FIG. 19(b) shows a perspective exploded view of a

rotational coupling to be used with the mounting of FIG.
19(a);
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FIGS. 20(a)—(b) schematically shows a front view of the
wall-mounted cone beam computerized tomography system
of FIG. 17 when employing a second embodiment of a
support for a flat-panel imager according to the present
invention;

FIGS. 21(a)—(b) schematically shows a front view of the
wall-mounted cone beam computerized tomography system
of FIG. 17 when employing a third embodiment of a support
for a flat-panel imager according to the present invention;

FIG. 22 is a diagrammatic view of a portable cone beam
computerized tomography system employing a flat-panel
imager according to fifth embodiment of the present inven-
tion;

FIGS. 23(a)(d) are diagrammatic sketches illustrating
the geometry and operation of the cone beam computerized
tomography imaging systems of FIGS. 17-22;

FIG. 24 is a flow-chart showing an embodiment of the
processes involved in acquiring a cone beam computerized
image for the cone beam computerized tomography imaging
systems of FIGS. 17-22;

FIG. 25 is a perspective drawing illustrating an embodi-
ment of a method for geometric calibration of the imaging
and treatment delivery systems of FIGS. 17-22; and

FIG. 26 is a flow-chart showing an embodiment of the
processes involved in the image-guided radiation therapy
systems of FIGS. 17-22, based on cone beam computerized
tomography imaging of a patient, on-line correction of setup
errors and organ motion, and off-line modification of sub-
sequent treatment plans.

PREFERRED EMBODIMENTS OF THE
INVENTION

A bench-top cone beam computerized tomography
(CBCT) system 300 is shown in FIG. 3, according to an
embodiment of the present invention. The CBCT system 300
was constructed to mimic the geometry of the CBCT scanner
currently installed on a linear accelerator, with a source-to-
axis distance of 1000 mm and a source-detector distance of
1600 mm. The primary components of the system 300
include an x-ray tube 302, a rotation stage 304 and flat-panel
imager (FPI) 306. These components are rigidly mounted to
an optical bench 308. The relative position of these com-
ponents is controlled by three translation stages, including
an object stage 310, a yobject stage 312 and a yimage stage
314, which are used during initial setup to accurately deter-
mine and control the imaging geometry. The cone beam
computerized tomography system 300 generates images of
an object 316, identified throughout as a phantom, mounted
on the rotation stage 304. Each stage 310, 312 and 314
contains a home or limit switch, and the imaging geometry
is referenced to the location of these switches with a
reproducibility of £0.01 mm. The specific geometries used
in the discussion herein are shown in FIG. 4, and are set to
simulate the imaging geometry that would be implemented
for a cone beam computerized tomography system incorpo-
rated on a radiotherapy treatment machine. Table 1 below
shows the parameters of the system 300.

A set of alignment lasers 318 allow visualization of the
axis of rotation 320 and the source plane perpendicular to the
axis of rotation 320 and intersects focal spot 322 of the x-ray
source or tube 302. The axis of rotation 320 is positioned
such that it intersects the central ray 324 between the focal
spot 322 and the detector plane 326 (+0.01 mm). The flat
plane imager 326 is positioned such that the piercing point
(i.e., the intersection of the central ray and the image plane)
is centered on the imaging array (i.e., between columns #256
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and #257, +0.01 mm), with a quarter-pixel offset applied to
give improved view sampling for cone beam computerized
tomography acquisitions in which the object 316 is rotated
through 360°. The stage 310 is controlled manually by
means of a positioning micrometer. The source-to-object
(SOD) and source-to-image (SID) distances were measured
to within +0.5 mm and give an objection magnification of
1.60, equal to that of the imaging system on the linear
accelerator. The cone angle for this geometry is -7.1.

Radiographic exposures used in the acquisition procedure
are produced under computer control with a 300 kKHU x-ray
tube 302, such as General Electric Maxi-ray 75 and a 100
kW generator, such as the General Electric MSI-800. The
tube 302 has a total minimum filtration of 2.5 mm Al, with
an additional filtration of 0.127 mm Cu to further harden the
beam, and a nominal focal spot size of 0.6 mm. The 100 kV
beam is characterized by first and second HVLs of 5.9 and
13.4 mm Al, respectively. The accelerating potential of the
generator was monitored over a one-week period and was
found to be stable to within +1%. All exposures were
measured using an x-ray multimeter, such as the RTI
Electronics, Model PMX-III with silicon diode detector.

The exposures for the cone beam computerized tomog-
raphy acquisitions are reported in terms of exposure to air at
the axis of rotation 320 in the absence of the object 316. The
same method of reporting exposure can be used for the
images acquired on the conventional scanner. For the con-
ventional scanner, the exposure per unit charge is measured
with the gantry rotation disabled and the collimators set for
a 10 mm slice thickness, thereby guaranteeing complete
coverage of the silicon diode. The exposure per unit charge
at 100 kVp was 9.9 mR/mAs and 14.9 mR/mAs for the
bench-top and conventional scanners, respectively.

The flat panel imager 306 can be the EG&G Heimann
Optoelectronics (RID 512-400 AO) that incorporates a 512x
512 array of a-Si:H photodiodes and thin-film transistors.
The electromechanical characteristics of the imager are
shown in Table 1. The flat plane imager 306 is read-out at
one of eight present frame rates (up to 5 frames per second)
and operates asynchronously of the host computer 328
schematically shown in FIG. 4. The analog signal from each
pixel is integrated by ASIC amplifiers featuring correlated
double-sampling noise reduction circuitry. Digitization is
performed at 16 bit resolution. The values are transferred via
an RS-422 bus to a hardware buffer in the host computer
328. The processor in the host computer 328 is interrupted
when a complete frame is ready for transfer to host memory.

TABLE 1
CBCT Characteristic Value
Acquisition Geometry
Source-axis-distance (S,p) 103.3 em
Source-imager-distance (Sip) 165.0 em
Cone angle 7.1°
Maximum angular rotation rate 0.5° /sec
Field of view (FOV) 12.8 em
X-ray Beam/Exposure Characteristics
Beam energy 100 kVp

Added filtration
Beam quality

1.5 mm Al + 0.129 mm Cu
HVL, = 5.9 MM A1
HVL, = 13.4 MM A1l

Scatter-to-primary ratio 0.18, 1:5 (11 cm object)

Frame time 6.4 sec
Tube output at (SAD) 9.34 mR/mAs
Exposure rate (at SID) 3.65 mR/mAs
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TABLE 1-continued

CBCT Characteristic Value

Flat-Panel Imager

Designation RID 512400 AO
Array format 512 x 512 pixels
Pixel pitch 400 pum

Area ~20.5 20.5 cm?

Pixel fill factor 0.80

Photodiode charge capacity ~62 Pc

ASIC amplifier charge capacity ~23 pC

ASIC amplifier noise ~12,700 e

ADC bit-depth 16 bit

TFT thermal noise (on) ~1800 e
Photodiode Shot Noise (1 fps) ~1200 e
Digitazation noise ~630 e

Nominal frame rate 0.16 fps
Maximum frame rate 5 fps

X-ray converter
Acquisition Procedure

133 mg/em,Gd,0,S:Tb

Number of projections 300
Angular increment 1.2°
Total rotation angle 360°
Maximum angular rotation rate 05 Pfs

Reconstruction Parameters

Reconstruction matrix 561 x 561 x (1-512),

281 x 281 x (1-500)

Voxel size 0.25 x 0.25 x 0.25 mm2,
0.5%x0.5%x0.25

W. parameter 1.60

v, cutoff frequency modification 1.0

a, modified Hamming filter parameter 0.50

Range of convolution £ 25 mm

The cone-beam scanning procedure includes a repeated
sequence of radiographic exposure, array readout, and object
rotation. The timing of this procedure is driven by the
asynchronous frame clock of the flat plane imager readout
electronics. A conservative frame time of 6.4 s was used.
Between the periodic frame transfers from the flat plane
imager 306, the host computer advances the motorized
rotation stage 304 and triggers the x-ray generator or tube
302. The rotor of the x-ray tube 302 remains spinning
throughout the scanning procedure. The control software
allows the operator to specify the number of frames between
exposures. This was designed as a mechanism to investigate
methods of reducing the amount of lag in sequential pro-
jections. The detector signal from a group of nine pixels in
the bare-beam region of the flat plane imager 306 is moni-
tored to measure and verify the stability of each radiographic
exposure. Exposures outside tolerance are trapped and
repeated at the same projection angle. Each projection image
is written to hard disk between frame transfer and motor
rotation. After the projections are acquired, a set of flood and
dark field images (20 each) are collected to construct gain
and offset images for flat-field processing of the projection
images.

In addition to gain and offset corrections, median filtration
(3x3) is performed using a pre-constructed map of unstable
pixels. Finally, the signal in each projection is normalized to
account for small variations in X-ray exposure, this is
performed using a cluster of nine pixels in the periphery of
the detector well outside the objects shadow.

A volumetric computerized tomography data set is recon-
structed from the projections using a filtered back-projection
technique. The filter used in the reconstruction is constructed
using Webb’s three-parameter formula. The parameters and
their corresponding values are shown in Table 1. In the
current configuration, the reconstruction field of vision is
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limited to a 12.4 cm diameter cylinder, approximately 12.1
cm in length; the lateral extent of objects to be reconstructed
must lie well-within this cylinder. The voxel values in the
resulting volumetric data sets are scaled linearly to produce
amean CT number of zero in air and 1000 in water. The time
required to filter (100 element kernel) and back-project a
single projection (512x512) on to a 281x281x500 voxel data
set was 1 minute and 21 seconds.

The basic signal and noise characteristics of the flat plane
imager 306 were measured. The detector gain and linearity
are presented in FIG. 5(a). For an x-ray beam energy of 120
kVp, the detector gain was measured to be 18.2x10° ¢/mR/
pixel (17.8x10° e/mR at 100 kVp). The detector exhibits
excellent linearity with exposure up to 50% of its sensitive
range (5 mR). The various additive electronic noise sources
and their magnitudes are listed in Table 1. The total additive
electronic noise is found to depend upon frame time, ranging
from 13,300 ¢ at a frame time of 200 ms to 22,500 ¢ at a
frame time of 25.6 s. The amplifier noise (12,700 ¢) is the
dominant component at high frame rates. The significance of
amplifier noise on the zero-frequency detective quantum
efficiency (DQE) was studied using a cascaded system
model that analyzes signal and noise propagation in the FPI
306.

FIG. 5(b) shows the dependence of detective quantum
efficiency on exposure for the RID 512-400A0, as well as
for two hypothetical imagers with reduced amplifier noise.
The primary quantum efficiency for the detector is approxi-
mately 0.57; losses due to energy absorption noise and
additive sources reduce the detective quantum efficiency to
~0:41 for exposures above 1 mR. For exposures below 0.1
mR, the detective quantum efficiency falls rapidly for ampli-
fier noise values comparable to that found in the EG&G
detector. Thus for thicker/denser objects [e.g., a pelvis (~30
cm water)] resulting in significantly reduced dose to the
detector (e.g., ~0.001 mR) improvements in amplifier noise
(and/or x-ray converter, e.g. CsL;TI) will significantly
improve detective quantum efficiency.

The temporal stability of the detector dark signal is
presented in FIG. 5(c). This plot corresponds to a selected
group of ‘typical’ pixels. The dark signal drifts significantly
during the first 2 h of operation, which correlates with the
change in temperature within the flat panel imager enclo-
sure. After the temperature has stabilized, the dark signal
also stabilizes. Based on these results, all cone beam com-
puterized tomography scans were performed after the array
had been powered-on for at least 2 hours. In some regions
of the array, the dark signal does not stabilize, even after
thermal equilibrium. It is assumed that these regions are the
result of variations in the array manufacturing process.

The continuously changing scene in computerized tomog-
raphy necessitates a detector with rapid read out and mini-
mal temporal blurring, or ‘lag.” Such characteristics have
been measured using a short, intra-frame, x-ray exposure.
FIG. 5(d) shows the pixel signal following a single radio-
graphic exposure applied within the acquisition period of
frame number 0. Subsequent frames exhibit lag signal
ranging from ~4% to ~0.04% for frame members 1 through
9. It is interesting and important to note that the lag
demonstrates a dependence not upon frame time, but also
exclusively upon the number of frames.

Prior to reconstruction, the projections are corrected for
stationary pixel-to-pixel variations in offset and gain. Defec-
tive pixels with significant variations in dark field signal or
with aberrant signal response are median filtered. The result-
ing projections are padded by an additional 128 columns
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prior to reconstruction. The value of the padded pixels is set
row-by-row to the average of the 7 pixels at the periphery of
the array. Finally, to account for small variations in x-ray
tube output, the signal in each projection is normalized using
signal measured from the bare-beam monitors pixels men-
tioned above (nine pixels). The pre-construction processing
can be performed on a 250 MHz UltraSparc processor, such
as the Enterprise 450, Sun Microsystems, Sunnyvale, Calif.

Feldkamp’s filtered back-projection algorithm can be
used to reconstruct the data set. Images are reconstructed on
a Cartesian matrix of voxels 561x561xN, where the number
of slices, N, depends on the object of interest. The voxel size
used in these reconstructions was typically 0.25x0.25x0.25
mm. The filtering used in the reconstruction follows the
formalism of Webb. Table 1 contains the three parameters
that specify the filter used in these investigations. Upon
completion of the reconstruction, an offset and scale param-
eters are constant for a 9 mm set of reconstruction and
acquisition parameters. The reconstruction of the volumetric
cone beam computerized tomography data sets is also per-
formed on the UltraSparc system.

The uniformity of response of the imaging system 300
over the three-dimensional (3-D) field-of-view (FOV) was
studied by imaging a cylindrical water bath [110 mm
diameter]. Scans of the same phantom were also acquired on
the conventional scanner. The response was examined along
both radial and vertical profiles through the reconstructed
volume.

The noise in reconstructed images of the water bath was
studied as a function of x-ray exposure. Images were
acquired at exposures of 131, 261, 653, 1310, 3260, and
6530 mR. The images were reconstructed on a 561x561x11
matrix with voxel dimensions of 0.25 mm on a side. For all
reconstructions, the reconstruction filter was fixed at the
parameters specified in Table 1. Varying these parameters
can have a significant effect on the noise characteristics of
the reconstructed images. The noise characteristics of these
image sets were analyzed by analysis of the standard devia-
tion in CT number in 5x5x1 regions throughout the data set,
and by calculation of the noise power spectrum (NPS) from
the 3D data sets. Both methods of analysis were performed
as a function of exposure. The relative stability of the noise
was assessed by examining the uniformity of the noise over
the entire 3-D data set. These results indicated that the noise
characteristics of the data set vary only slightly with loca-
tion. These initial results lend support to the application of
noise power analysis, since stability is a necessary condition
for proper interpretation of noise power results.

The noise-power spectrum (NPS) was analyzed from the
volumetric data by extension of methods employed for
analysis of known 2-D projection images. The volume data
was normalized such that the mean CT number within the
water cylinder was 1000. A tetragonal region (256x256x20
voxels) within the water cylinder was cropped from the
volume, and a small number of voxel defects (always<1%)
were 3x3 median filtered. In order to obtain a convergent
2-D central slice of the 3-D Fourier transform, the twenty
slices were averaged along the z-direction, and it was found
that averaging more slices did not affect the noise-power
spectrum, i.e, the data was convergent. A background slice
formed from the average of 81 slices in a separate scan was
subtracted in order to reduce background trends. Low-
frequency trends were further reduced by subtraction of a
planar fit to the data, yielding a 2-D zero-mean realization.
The two-dimensional Fast Fourier Transform (FFT) was
computed from ensembles of sixteen 64x64 non-
overlapping regions within the realization, and the results
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were averaged. The results were normalized to account for
voxel size and for average in z, and the volume under the
noise-power spectrum was compared to the square of the
standard deviation. The resulting noise-power spectrum rep-
resents a central slice in the (u,u ) domain, i.e., the Fourier
counterpart to the (x, y) domain. Strips along the u, axis were
extracted in order to show 1-D power spectra, NPS(u,), e.g.,
are various exposure levels.

The noise characteristics of the cone beam computerized
tomography system 300 were compared to those of the
conventional computerized tomography scanner. To allow
meaningful comparison, the two systems must demonstrate
identical response over the range of signal variation. The
response was tested by scanning an electron density phan-
tom (shown in FIG. 6(b)) with the two systems. Seven
inserts with coefficients near that of water were inserted into
a 110 mm diameter water bath. The inserts are taken from
the RMI electron density phantom having nominal CT
numbers. In FIG. 6(b), clockwise from the top: CT Solid
Water (CT#1001), BR-SRI Breast (CT#945), BRN-SR2
Brain (CT#1005), C133 Resin Mix (CT#1002), LV1 Liver
(CT#1082), and, Polyethylene (CT#897). This phantom was
imaged at equivalent exposure and kVp with both the cone
beam computerized tomography system 300 and the con-
ventional scanner.

The attenuation coefficients (relative to water) reported by
the cone beam computerized tomography system 300 were
compared to those reported by the conventional scanner. A
first-order fit to the measured data was calculated to deter-
mine the relative linearity of the two systems. The noise
characteristics of the conventional scanner were also mea-
sured using the water cylinder test phantom described above
images were acquired at 100 kVp with a slice thickness of
1 mm at four different exposure levels (743, 1490, 2970, and
5940 mR). Three images were acquired at each exposure
level. Reconstructions were performed on the conventional
scanner using the ‘High Res Head (#1 H)’, ‘Standard Head
(#2)’, and ‘Smooth Abdomen (#3)’ filters. The noise analysis
was identical to that applied to the cone beam computerized
tomography data sets. In order to compare noise results
measured on each system, analysis of the cone beam com-
puterized tomography data sets was repeated wherein the
cone beam computerized tomography data was first average
over 2x2x4 voxels to yield an equivalent (0.5x0.5x1 mm)
voxel size to that given by the conventional scanner.

The spatial frequency transfer characteristics of the cone
beam computerized tomography system 300 were measured
using a wire test object, shown in FIG. 6(c). The test object
consists of a 0.254 mm diameter steel wire suspended in a
50 mm diameter water bath. The phantom was imaged on the
cone beam computerized tomography system 300 (at 100
kVp) with the wire centered on the axis of rotation 320 and
with the wire located —30 mm off-axis. The resulting images
were reconstructed on a high resolution reconstruction grid
of 0.1x0.1x0.25 mm?> using the filter described in Table 1.
Six adjacent slices (each 0.25 mm thick) were averaged to
generate a low noise point spread function (PSF). Orthogo-
nal slices through the 2-D modulation transfer function
(MTF) were calculated by first computing the Radon trans-
form of the point spread function (i.e., integrating along
either the x or y axis), and then calculating the 1-D Fourier
transform. Each 1-D profile was normalized to unity area. A
correction was applied to compensate for the finite diameter
of the steel wire. For purposes of comparison, the same tests
were performed on the conventional scanner at 100 kVp for
a slice thickness of 1.5 mm. Images were reconstructed
using three different reconstruction filters [“High Res Head
(#1 H),” “Standard Head (#2),” and “Smooth Abdomen

#3)].
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The relative imaging performance of the cone beam
computerized tomography system 300 and the conventional
scanner were compared using phantoms and small animals.
A simple comparison in soft-tissue detectability was per-
formed with the phantom shown in FIG. 6(b). The proximity
in CT number between each of the six cylinders makes this
phantom a useful test object for examining contrast sensi-
tivity and soft-tissue detectability, images were acquired of
the phantom with both the cone beam computerized tomog-
raphy system 300 and conventional scanners. Multiple high-
resolution

cone beam computerized tomography slices were aver-
aged to produce an equivalent slice thickness to that used on
the conventional scanner (1.5 mm). Equivalent exposure
(2980 mR) and kVp were used in the two different scans.

A second test of soft-tissue sensitivity was performed by
imaging a laboratory rat that had been euthanized for other
purposes, FIG. 6(d). A scanning procedure identical to that
described above was used, delivering an in-air, on-axis
exposure of 2980 mR at 100 kVp for both systems. The
resulting 3-D data was reconstructed at voxel sizes of
0.25%x0.25x0.25 mm>. The subject was also scanned on the
conventional computerized tomography scanner at a slice
thickness of 1.5 mm. This scan delivered the same imaging
dose as was delivered by the cone beam computerized
tomography system 300. For purposes of intercomparison,
six slices from the cone beam computerized tomography
data set were averaged to produce a slice thickness equiva-
lent to that of the conventional scan. The imagers were
displayed at comparable window and level to allow com-
parison.

The uniformity of response of the cone beam computer-
ized tomography scanner shown in shown in FIGS. 7(a)-7
(d). Axial and sagittal slices through the cone beam com-
puterized tomography 3-D data set are shown. The images
demonstrate a relatively uniform response over the entire
field of view of the system. A slight non-uniformity of
approximately 20 CT numbers (2%) is visible in the histo-
gram equalized regions of the images. This non-uniformity
appears as a combined cupping and capping artifact. The
radial profile (FIG. 7(c)) illustrates this point further by
comparing to the results obtained from the conventional
scanner (dotted line). An internal check of the reconstruction
process using simulated projection data demonstrates that
the non-uniformity is an artifact of the reconstruction pro-
cess and is dependent upon the choice of filtering param-
eters. Apart from the non-uniformity inherent to the
reconstruction, the response of the cone beam computerized
tomography system 300 is highly uniform, particularly
along the z-dimension.

In addition to demonstrating uniformity of system
response, the images in FIG. 7 also demonstrate uniform
noise characteristics with few artifacts. This is the case for
the full range of exposures studied. The magnitude and
uniformity of the noise is demonstrated in FIGS. 8(a)-8(d).
The noise varies to a slight degree along the radial axis and
to a negligible degree along the vertical axis. A slight
dependence on radial position is expected due to the differ-
ences in transmission across the cylindrical water bath. FIG.
8(c) also presents the measured dependence of noise on
exposure [also shown below, in relation to FIG. 9(b)].
Overall, the cone beam computerized tomography system
300 is capable of achieving a noise level of approximately
20 CT numbers for an in-air exposure of 6560 MR at
isocenter.

The noise measured for the cone beam computerized
tomography system 300 as a function of exposure is shown
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in the top curve of FIG. 9(b). The noise is seen to decrease
from -80 units at the lowest exposure examined down to
-20 units at the highest. Superimposed is a least squares fit
of the form o=0.+b/vX, where o is the noise in voxel values,
X is the exposure in air at the isocenter, and a and b are
constants obtained from the numerical fit. This inverse-
square root dependence upon exposure is consistent with
basic noise transfer theory for x-ray tomographic reconstruc-
tions.

In order to examine the linearity and accuracy of system
response, the CT numbers reported by the cone beam
computerized tomography system 300 for a variety of mate-
rials (FIG. 6) were compared to those reported by the
conventional scanner. As shown in FIG. 9(b), the CT num-
bers of the cone beam computerized tomography system 300
agree well with those of the conventional scanner. The
largest discrepancy over the range of CT numbers was 8
units, with an average discrepancy of 5.7. The high coeffi-
cient of correlation indicates that, over the range examined,
the values reported by the cone beam computerized tomog-
raphy system 300 are proportional to attenuation coefficient.

The voxel noise of the cone beam computerized tomog-
raphy system 300 and the conventional scanner was com-
pared as a function of exposure, shown in FIG. 9(b). Shown
by the open circles and dashed lines are the results for the
conventional scanner using the “High-Res Head (#!H)” and
“Standard Head (#2)” reconstruction filters. In each case, the
noise decreases with exposure. An exact comparison
between the two systems requires that both data sets be
reconstructed at equivalent voxel size and with the same
reconstruction filter. The requirement for equivalent voxel
size was achieved by repeating the noise analysis for the
cone beam computerized tomography system 300, with the
volume data averaged to give a voxel size equivalent to that
of the scanner.

In order to illustrate the effect of the reconstruction filter
upon the voxel noise, reconstructions were performed with
both the “High-Res Head” and “Standard Head” reconstruc-
tion filters. The noise for the cone beam computerized
tomography system 300 at equivalent voxel size is shown by
the lower solid curve with a least-squares fit superimposed.
At equivalent voxel size, it is clear that the cone beam
computerized tomography system 300 has higher noise at
lower exposures than the “Standard Head” computerized
tomography scanner results. Compared to the “High-Res
Head” results for the conventional scanner, however, the
cone beam computerized tomography system 300 actually
provides lower noise at all but the very highest exposures.
Clearly, careful matching of reconstruction filters and recon-
struction matrix is required to permit exact intercomparison
of the two systems. Nonetheless, the results obtained using
the cone beam computerized tomography system 300 are
encouraging, since the early prototype flat-panel detector
used in this system is known to exhibit a fairly high level of
additive electronics noise, a factor of —5—10 higher than that
achieved, by more recent electronics designs.

Results of the noise-power spectrum measurements are
summarized in FIGS. 10(a)-10(c). The 2-D noise-power
spectrum in the axial plane (FIG. 10(a)) exhibits a spectral
shape typical of systems employing filtered back-projection
reconstruction. The spectral density is reduced (but non-
zero) near zero-frequency, increases at mid-frequencies due
to the ramp filter (e.g., peaking around -0.5 mm™'), and
declines at higher frequencies by virtue of the low-pass
noise characteristics of the system (e.g., 2-D image blur and
choice of apodisation window). Slices of the noise-power
spectrum along the u,, dimension are shown in FIG. 10(b) for
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various exposure levels. Since the mean signal level is fixed
for each case (i.e., CT#=1000 within the water phantom), the
noise-power spectrum decreases with increasing exposure.
Specifically, the noise-power spectrum appears inversely
proportional to exposure in a fashion consistent with the
form of the numerical fits in FIG. 9(b). As shown in FIG.
10(c), the noise-power spectrum measured at —=1.3 R (in air
at isocenter) is =30 mm> near zero-frequency, increases by
a factor of —4 at mid-frequencies, and then descends to about
the initial level of spectral density at the Nyquist frequency.

Superimposed in FIG. 10(c) are the results measured for
the conventional scanner using three reconstruction filters,
and to facilitate intercomparison, noise-power spectrum
results for the cone beam computerized tomography system
300 are shown for an equivalent voxel size. For the #2 and
#3 filters, the conventional scanner exhibits a noise-power
spectrum with the characteristic shape described above;
however, the high-resolution #1 H filter is seen to signifi-
cantly amplify high-frequency noise. The cone beam com-
puterized tomography system 300 appears to exhibit low-
frequency noise-power spectrum comparable to the
conventional scanner using the #2 and #1 H filters. Given
that the choice of reconstruction filter can significantly affect
noise and spatial resolution, and considering the two cases
that seem most closely matched the cone beam computer-
ized tomography system 300—even in its initial,
un-optimized configuration—appears to provide noise per-
formance comparable to the conventional scanner. As evi-
dent in FIG. 9(b), the cone beam computerized tomography
system 300 exhibits lower voxel noise than the conventional
scanner (#1 H) at low exposures. Similarly, the cone beam
computerized tomography system 300 exhibits reduced
high-frequency noise-power spectrum. These initial results
are especially promising considering the on-going improve-
ments in FPI design and readout electronics.

The response of the cone beam computerized tomography
system 300 to the wire test object is presented in FIG. 11(a).
Overall, the PSF is symmetric (aside from a small streak
artifact believed associated with the image lag characteris-
tics of the system) and has a full-width at half-maximum
(FWHM) of 0.6 mm. The system MTF is shown in FIG.
11(b) for both the on- and off-axis wire results. These results
suggest that the frequency pass of the system in the z=0
plane does not change significantly over the relatively s mall
(-30 mm) range examined. The strong influence of the
reconstruction filter is demonstrated in the MTF results for
the conventional scanner, also shown in FIG. 11(b).

The “Standard Head (#2)” filter significantly reduces the
signal pass of the system compared to the High-Res Head
(#1 H)” filter. The results demonstrate that the MTF of the
conventional scanner is comparable to that of the cone beam
computerized tomography system 300 when the “High-Res
Head (#1 H)” filter is used. This observation is consistent
with the noise results presented in FIG. 9(b). The resolution
of the cone beam computerized tomography system 300 and
conventional scanner have not been compared in the
z-dimension. It is expected, however, that the spatial reso-
lution of the cone beam computerized tomography system
300 in the z-dimension will be comparable to that measured
in the axial plane. Of course, the spatial resolution of the
conventional scanner will be limited by the selected slice
thickness, which is typically 1 mm or greater. The nearly
isotropic resolution of the cone beam computerized tomog-
raphy system 300 is expected to be a significant advantage
for detection and localization.

FIGS. 12(a) and 12(b) show axial image slices of the
low-contract phantom obtained on the cone beam comput-
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erized tomography system 300 and the conventional com-
puterized scanner at equivalent kVp and exposure. The
grayscale window in each case is quite narrow in order to
maximize the displayed contrast, and despite the slight
signal non-uniformity evident for the cone beam computer-
ized tomography image (cupping/capping artifact discussed
above) the visibility of each insert is comparable to the
conventional scanner. The mean signal values for each
material are as shown in FIG. 9(a). Slight differences in
system response (e.g., due to detector response, X-ray
spectrum, etc.) can result in contract reversal for materials
with CT# very close to that of water. For example in the case
of the brain insert (lower right), even the slight (-5 CT#)
difference between the mean value reported by the cone
beam computerized tomography system 300 and the con-
ventional scanner is sufficient to give an apparent inversion
in the density of the material relative to water. The minimum
detectable contrast is arguably superior for the cone beam
computerized tomography system 300 (e.g., visibility of the
brain and CB-3 inserts), but this remains to be verified by a
more controlled, quantitative observer study.

The overall performance of the cone beam computerized
tomography system 300 is demonstrated in the images of the
volumetric data set illustrated in FIGS. 13(a)-13(i). These
images of an euthanized rat demonstrate the soft tissue
sensitivity and high spatial resolution of the system.
Example images are shown from various regions throughout
the volumetric set [e.g., in regions of the lungs (a, b, ¢), the
kidney (d, e, f), and lower spine (g, h, 1)] to illustrate the
quantity and uniform quality of the data produced with the
cone beam computerized tomography system 300. The clear
visualization of soft-tissue structures demonstrates the soft-
tissue contrast sensitivity of the scanner.

In FIGS. 13(a)-13(c), the window and level have been set
to emphasize features in the lung of the rat. In addition to the
lung detail, there are some streak artifacts evident, the origin
of which is unknown, but is believed to be associated with
detector lag effects or beam hardening.

The soft tissue contrast sensitivity of the cone beam
computerized tomography system 300 is illustrated in FIGS.
13(d)-13(f), in which the window and level have been set to
delineate fat and muscle. The cross-hair in each image
indicates the location of the rat’s left kidney. These images
illustrate the advantage of a nearly isotropic spatial resolu-
tion for delineation of a 3-D structure such as the kidney.
Other structures, such as the stomach, bowel and liver are
also clearly visible.

The spatial resolution performance of the system 300 is
demonstrated in FIGS. 13(g—i), in which the same rat data
set is displayed with window and level selected to display
bony features. The clear visibility of the intervertebral
spaces and the non-cortical bone in the pelvis is stunning. It
should be kept in mind that this level of detail was produced
on a cone beam computerized tomography system 300 that
operates on a scale that mimics the geometry of the linear
accelerator. Therefore, this level of detail would be expected
in the clinical implementation of the device, given accurate
correction of mechanical flex. The volumetric data set is
illustrated further in FIG. 14, in which volume renderings
demonstrate the fully 3-D nature of the data set and show the
level of detail contained within the cone beam computerized
tomography data. It is interesting to note that all the data
presented in FIGS. 13 and 14 were obtained from a single
acquisition performed in a single rotation.

Finally, the quality of images produced by the cone beam
computerized tomography system 300 was assessed by
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comparison to images produced by the conventional scan-
ner. FIGS. 15(a)-15(b) show an axial slice of the rat
acquired on the two systems. At equivalent exposure, the
images produced by the two systems are of comparable
quality both in terms of spatial resolution and contrast
sensitivity. The flat panel imager-based cone beam comput-
erized tomography image exhibits exquisite spatial resolu-
tion and provides clear delineation of soft-tissue boundaries
and detail in the gut. The spatial resolution of the cone beam
computerized tomography system 300 appears to exceed
that of the conventional scanner; however, it must be noted
that restrictions in available reconstruction matrices for the
conventional computerized tomography scanner limited the
voxel size to twice that of the cone beam computerized
tomography image. Lack of obvious pixelation in the flat
panel imager-based cone beam computerized tomography
image indicates that this level of detail represents the
physical limits in spatial resolution of the current system.

The objective of these investigations is to evaluate the
applicability of flat-panel technology as a detector in a cone
beam computerized tomography system, specifically, a
tomographic imaging system for use in the guidance of
radiation therapy on a medical linear accelerator.

The quantitative and qualitative results of our studies
suggest that a cone beam computerized tomography scanner
based on flat panel detector technology is a viable means for
high performance computed tomography. Initial studies of
signal response uniformity demonstrated that the response of
the system is uniform over the field of view to within 2%,
with the slight degree of non-uniformity apparent as a
combined cupping and capping artifact in the x-y plane
attributable to a reconstruction artifact. The linearity of
response was demonstrated using a range of soft-tissue test
materials and was found to be linear to within +-0.6%.
Measurements of image noise versus exposure demonstrate
that the prototype cone beam computerized tomography
system 300 performs comparably to the conventional
scanner, demonstrating the inverse square root exposure
dependence predicted by theory. Investigations of noise
power spectrum and spatial frequency response for the two
systems reinforce these conclusions and illustrate the advan-
tages of developing more extensive (empirical and
theoretical) frequency-dependent characterization methods
for volumetric computed tomography systems.

In addition to the quantitative measures of performance,
the images of low-contract phantoms and small animal
anatomy confirm the conclusions drawn from these
measures, showing excellent detail and soft-tissue contract,
more than sufficient for tissue localization in radiation
oncology.

The results presented here demonstrate the potential of
this approach for volumetric imaging. However, this study
has been performed under conditions of small object size
and small cone angle. These conditions are imposed by the
size of the detector used in this investigation. Imaging with
larger detectors allows increased cone angle and, for com-
puterized tomography, increased object thickness. The
extrapolation of performance based on the results presented
here to that for larger detectors must be done with some
caution. Imaging larger objects with an increased field of
view will result in increased scatter and reduced transmis-
sion. The increase in scatter can be expected to have a
negative impact on computerized tomography imaging per-
formance by introducing non-uniformities in the recon-
structed image (e.g., cupping and/or streaks), and by adding
additional x-ray quantum noise to the image signal. The
magnitude of scatter reaching the detector will depend
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greatly on the cone-angle and air gap employed, and studies
suggest that scatter at these distances may be reduced
compared to conventional radiographic applications. Quan-
tifying the magnitude of the x-ray scatter problem and
developing methods to reduce it are areas of ongoing
investigation.

In addition to concerns of x-ray scatter at large cone-
angles, the scanning of larger objects will significantly
reduce the fluence arriving at the detector. This reduced
transmission will negatively impact the performance of the
flat-panel detector. Currently available flat panel imagers
demonstrate performance inferior to conventional image
intensifiers at fluoroscopic exposure rates, due to the pres-
ence of additive noise in the flat-panel readout electronics.
Additive noise causes the detected quantum efficiency of the
imager to depend on the number of x-rays forming an image.
This dependence is illustrated in FIG. 16 for the flat-panel
imager 306 used in these investigations and for hypothetical
detectors that embody the most recent advances in imager
306 design, including higher x-ray quantum detection effi-
ciency through the use of Csl:TI and a reduction in additive
noise through improvements in readout electronics.

The zero-frequency detected quantum efficiency was
computed using a model for signal and noise transfer that
has demonstrated excellent agreement with measurements.
It is clear from FIG. 16 that improvements in the X-ray
converter and electronics noise significantly reduce the
exposure dependency of the detected quantum efficiency
over the broad range of exposures required for computerized
tomography. The magnitude of the reduction depends
greatly on the amplifier noise in the system. For the proto-
type imager used in these studies, the amplifier noise is very
high at 12,700 e. For the low transmitted exposure levels in
computerized tomography of pelvic anatomy, for example,
this detector would achieve a zero-frequency detected quan-
tum efficiency of less than 10%. In comparison, an imager
than incorporates the recent advances in design listed above
(e.g., a high-quality Csl:TI converter and amplifier noise of
3000 3 or better) would achieve a higher detected quantum
efficiency (-65%) at full transmission and maintain a
detected quantum efficiency of>40% even at the low expo-
sure levels. Such enhancements in imager design are within
the current capabilities of flat panel imager manufacturers
and will greatly facilitate the application of flat panel
imagers in cone-beam computerized tomography of human
beings. Furthermore, these improvements are largely driven
by other forces in digital imaging that anticipates use of flat
panel imagers in place of conventional image-intensifier
systems for interventional fluoroscopy. For this reason, it
can be expected that imagers with such characteristics will
be available within the next five years.

Overall, the operating characteristics of the flat-panel are
highly compatible with acquisition in a cone beam comput-
erized tomography scanning geometry. Unlike image-
intensifier or lens based systems, flat panel detectors are
geometrically robust under a rotating geometry, eliminating
concerns of image distortion. The proximity of the analog-
to-digital converter to the pixel element and the relatively
large charge signals make the panels robust in high radio-
frequency power environments; this is of particular interest
for radiotherapy applications. The high readout rate of these
detectors allows for imaging sequences of 300 projection
images to be acquired within 10 seconds (operating at 30
fps). This is more than sufficient to satisfy the allowable
rotation rates for the gantry of a medical linear accelerator.
In fact, while the International Electromechanical Commis-
sion (IEC) recommends less than 1 revolution per minute for
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linear accelerators, it would be reasonable to reconsider such
constraints in light of the advantages of cone beam com-
puterized tomography guidance in the treatment room.
Currently, the detector size and aspect ratio are driven by the
needs of digital radiography, producing detectors compa-
rable in size to radiographic film. These sizes limit the
field-of-view of the reconstruction if sufficient clearance is
to be maintained between ft detector and patient during
gantry rotation. This problem can be addressed using offset
detector schemes that use 360° of gantry rotation.
Ultimately, a specialized detector could be designed with a
size and aspect ratio that match the requirements for cone
beam computerized tomography (e.g., a =25x50 cm” area
panel).

Given the potential that this technology is demonstrating,
the opportunities for new areas of application for computed
tomography are significant. Imaging systems based on this
technology can be constructed to address specific imaging
problems, including non-destructive testing (at kilovoltage
or megavoltage energies), early detection and monitoring of
specific medical conditions, and, of course, navigational
imaging for therapies. The compact nature of the panels
allow flat panel imager-based cone beam computerized
tomography imagers to be applied in situations that would
never be considered feasible for a conventional computer-
ized tomography scanner. The cone beam computerized
tomography approach offers two important features that
dramatically reduce its cost in comparison to a conventional
scanner. First, the cone-beam nature of the acquisition does
not require an additional mechanism to move the patient (or
object) during image acquisition. Second, the use of a
cone-beam, as opposed to a fan-beam, significantly
increases the x-ray utilization, lowering the x-ray tube heat
capacity required for volumetric scanning. For the same
source and detector geometry, the efficiency roughly scales
with the slice thickness. For example, the x-ray utilization
increased by a factor of 30 in going from a 3 mm slice in a
conventional scanner to a cone-angle corresponding to a 100
mm slice with a cone-beam system, This would decrease
heat-load capacities dramatically. From our experience, a
5200 kHU x-ray tube costs approximately $70,000, whereas
a 600 kKHU x-ray tube (a factor of =10 lower in capacity)
costs roughly $6,000.

Cone-beam computed tomography has been a topic of
active research and development for over a decade in areas
such as nuclear medicine and industrial testing; however,
only recently has it begun to appear in the diagnostic
computerized tomography arena. The developments in this
area have been for the most part limited to multi-slice
detectors. In this investigation, the use of an alternative
detector for high-quality computerized tomography has been
studied. The results of the investigation suggest that there is
a significant potential for the use of these detectors in cone
beam computerized tomography systems for radiotherapy
and quite possibly for diagnostic and interventional com-
puterized tomography imaging tasks that will take advantage
of the fully 3-D nature of cone beam computerized tomog-
raphy.

Based upon the positive results presented previously with
respect to the cone beam computerized tomography system
300, several embodiments of a flat panel imager-based
kilovoltage cone beam computerized tomography scanner
for guiding radiation therapy on a medical linear accelerator
are envisioned. For example, FIGS. 17(a)—(e) and 18 are
diagrammatic and schematic views of an embodiment of a
wall-mounted cone beam computerized tomography system
400. The cone beam computerized tomography system 400
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includes an x-ray source, such as x-ray tube 402, and a
flat-panel imager 404 mounted on a gantry 406. The x-ray
tube 402 generates a beam of x-rays 407 in the form of a
cone or pyramid that have an energy ranging from approxi-
mately 30 KeV to 150 KeV, preferably approximately 100
KeV. The flat-panel imager 404 employs amorphous silicon
detectors.

The system 400 may be retrofitted onto an existing or new
radiation therapy system 700 that includes a separate radia-
tion therapy x-ray source, such as a linear source 409, that
operates at a power level higher than that of x-ray tube 402
so as to allow for treatment of a target volume in a patient.
The linear source 409 generates a beam of x-rays or particles
411, such as photons or electrons, that have an energy
ranging from 4 MeV to 25 MeV. The system 400 may also
include an imager (not shown) that is aligned with the linear
source 409 with the patient interposed therebetween. The
imager forms projection images of the patient based on the
remnants of the beam 411 that passes through the patient.
Note that the x-ray sources 402 and 409 may be separate and
contained with the same structure or be combined into a
single source that can generate x-rays of different energies.

As shown in FIGS. 17(a)—(e) and 18-19, the flat-panel
imager 404 can be mounted to the face of a flat, circular,
rotatable drum 408 of the gantry 406 of a medical linear
accelerator 409, where the x-ray beam 407 produced by the
x-ray tube 402 is approximately orthogonal to the treatment
beam 411 produced by the radiation therapy source 409.
Attachment of the flat plane imager 404 is accomplished by
an imager support system 413 that includes three 1 m long
arms 410, 412 and 415 that form a tripod. Side arms 410 and
415 are identical to one another in shape and have ends
attached to a Ax95 Guy pivot 417 which in turn is attached
to a mounting 414 by screws that are threaded through
aligned threaded holes of the pivot 417 and threaded holes
425 and 431 of plates 433 and 435, respectively, as shown
in FIGS. 18 and 19(a)—(b). As shown in FIGS. 17(b) and 18,
the mountings 414 for the arms 410 and 415 are aligned with
one another along a line segment 419 that is contained
within a plane 421 that is parallel to and offset by approxi-
mately 30 cm from the plane containing the flat-plane
imager 404. The mountings 414 are separated from one
another by approximately 70 cm and are symmetrically
positioned with respect to a plane bisecting an imager mount
423 that is attached to the drum 408 270° from the radiation
therapy source 409.

As shown in FIGS. 18 and 19(a)—(b), each mounting 414
is attached to an end portion 416 of the drum 408 by
inserting a threaded male member 418 through an opening
437 formed through the drum 408. Once inserted, the male
member 418 is attached to the drum 408 by tightening a nut
420 onto the threaded male member 418. The other ends of
the arms 410 and 415 are attached to Ax95 Guy pivots 422
attached to the back of an % inch thick Aluminum square
plate 424 is attached to the rear of the flat-panel imager 404
via bolts (not shown).

As shown in FIGS. 17(d)—(e), there are two preset posi-
tions of the flat panel imager 404 relative to the plate 424.
As shown in FIG. 17(d), the flat panel imager 404 is centered
about the ends of the arm 412. In order to provide a larger
field of view, an offset flat panel imager 404 can be used as
shown in FIG. 17(¢) where the imager 404 is attached to a
side of the plate 424 via bolts. Note that it is possible to use
a motorized system to move the flat panel imager 404
relative to the plate 424 to provide an easy way to vary the
field of view of a cone beam computerized tomography
system.



US 6,842,502 B2

21

A center arm 412 is also attached to the drum 408 and the
flat-panel imager 404. The center arm 412 has one end
attached to Ax95 Guy pivot 427 that is in turn attached to a
tapped, triangular-shaped, reinforcing plate 426 formed on
the drum 408 as shown in FIGS. 17(b) and 18. The plate 426
is approximately 433.8 mm from the rotational axis 428 that
intersects the iso-center 430 of the imaging system 400. A
second end of the center arm 412 is attached to the plate 424
via a Cx95A right angle joint 425.

As shown in FIGS. 17(b) and 18, the end of the arm 412
lies along a line that is the perpendicular bisector of the line
segment 419 and is radially separated from the midpoint
between mountings 414 as measured along line segment 419
by a distance D of approximately 30 cm.

As shown in FIGS. 17(b) and 18, the other ends of the
arms 410, 412 and 415 are attached to the plate 424 so as to
be positioned approximately 20 cm from the rear edge 429
of the plate 434 and approximately midway between the left
and right edges of the plate 424.

Once the arms 410, 412 and 415 are attached to the drum
408 and the plate 424, the arms can be pivoted so that the flat
panel imager 404 moves to a position where its rear side is
separated from the iso-center 430 by a distance L of approxi-
mately 600 mm. One advantage of the imager support
system 413 is that it can be used to retrofit existing stand-
alone radiation treatment devices so they have the capability
to have a flat panel imager attached thereto. The imager
support system 413 is very rigid, i.e., constant tension and
compression, which reduces movement of the imager 404
and so leads to cleaner imaging data.

Note that the x-ray tube 402 can also be retrofitted onto an
existing stand-alone treatment device so as to be positioned
opposite to the flat panel imager 404. As shown in FIGS.
17(a)—(e), the x-ray tube 402 is attached to tube support 440
that is composed of a pair of front and rear faces 442 and 444
and a pair of side faces 446. A multi-leaf collimator 448 is
supported within the interior of the tube support 440. The
front and rear faces 442 and 444 cach include three openings
450, 452 that are aligned with one another and receive three
cylindrical support arms 454 that are attached to a bearing
housing 456 that is bolted to the drum 408. The tube support
440 and the x-ray tube 402 are able to slide along the support
arms 454. Note that a cable support 458 spans between the
tube support 440 and the bearing housing 456 and contains
the wiring necessary to operate the x-ray tube 402.

An alternative imager support system for the flat panel
imager 404 of FIGS. 17 is shown in FIGS. 20(a)—(). In
particular, the imager support system 507 shown in FIGS.
20(a)—(b) includes a single pivoting arm 510 that has one
end 511 pivotably attached to a lower corner of the radiation
therapy source 409. The other end 512 of the arm 510 is
pivotably attached to an end of the flat-panel imager 404.
The arm 510 and flat-panel imager 404 are movable from a
retracted position of FIG. 20(a) to an extended position of
FIG. 20()) and vice versa. Movement of the arm 510 and the
flat-panel imager 404 may be moved either manually or via
a motor.

Note that when the imager support system 507 is used, the
x-ray tube 402 is attached to a second lower corner of the
radiation therapy source 409 in order to simplify the support
structure and reduce the mechanical complexity of the
overall system. The position of the x-ray tube 402 also
reduces interference with staff access to the patient. Note
that in this embodiment, the distance from the x-ray tube 402
to the axis of rotation 428 is not necessarily equal to the
distance from the radiation therapy source 409 to the axis of
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rotation 428. Also, the amount of extension of the arm 510
shown in FIG. 20(b) will vary depending on the desired field
of view for cone beam computerized tomography imaging.
Note that if the mechanics are engineered to be sufficiently
precise, the arm 510 can move in and out during image
acquisition during gantry rotation so as to allow the imager
404 to dynamically avoid potential rotation-induced colli-
sions with the patient or the table. The head of the radiation
therapy source 409 can be altered to provide additional lead
shielding on the imager side to limit radiation induced
damage to the imager 404 while in the retracted position of
FIG. 20(a). This will increase the life span of the imager
404.

A second alternative imager support system for the flat
panel imager 404 of FIG. 17 is shown in FIGS. 21 (a)~(b).
In particular, the imager support system 607 shown in FIGS.
21 (a)—~(b) includes a single C-arm 610 that is attached to an
arm support 611 that is attached to the front or rear of the
radiation therapy source 409. At one end of the C-arm 610
the x-ray tube 402 is attached and at the other end the
flat-panel imager 404 is attached. The C-arm 610 is moved
either manually or by a motor within the arm support 611,
so that the x-ray tube 402 and the flat-panel imager 404 can
move along an arc.

Note that in this embodiment, the distance from the x-ray
tube 402 to the axis of rotation 428 is not necessarily equal
to the distance from the radiation therapy source 409 to the
axis of rotation 428. The arm 610 does not necessarily be in
the shape of an arc of a circle. Also, the axis of rotation of
the arm 610 is not necessarily coincident with the axis of
rotation 428 of the radiation therapy source 409, which
allows the same device to be fitted on machines with
different face-to-isocenter distances without altering the
radius of the C-arm 610.

Use of the C-arm 610 of FIGS. 21(a)—()) allows for a
great amount of flexibility in obtaining cone beam comput-
erized tomography images. For instance, image data can be
obtained by only having the drum 408 of the gantry 406
rotate. Image data can be obtained in a second manner by
having the C-arm 610 move independently of the gantry 406
in a circular path. Image data can be obtained by having the
C-arm 610 and the drum 408 work cooperatively to generate
images along a circular path so that the angular range of
acquisition is increased and so instabilities in the angular
velocity of the gantry are addressed. A fourth manner of
imaging involves rotating the drum 408 and pivoting the
C-arm 610 about the mounting point on the gantry 406 with
a sinusoidal pattern to effect non-circular orbits that involve
a sinusoidal trajectory on a spherical surface. Such a non-
circular orbit allows more complete image reconstructions
by satisfying Tuy’s condition.

FIG. 22 shows a portable cone beam computerized
tomography system 700. In this embodiment, the system 700
is on a mobile platform 702 so that it can be moved relative
to a patient 441 positioned on a table 443 relative to a
rotating radiation therapy source 409 (not shown). The cone
beam computerized tomography system 700 includes an
x-ray source, such as x-ray tube 402 positioned on one side
of a C-arm 704, and a flat-panel imager 404 positioned on
an opposite side of the C-arm 704. The C-arm 704 can rotate
about two axes of rotation when in operation. The system
700 can be moved to a radiation therapy system (not shown)
and can be used to generate images that aid in the alignment
of the radiation therapy system.

With the above descriptions of the cone beam computer-
ized tomography system 400 and the various embodiments
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of the imager support systems shown in FIGS. 18-22 in
mind, operation of the system 400 is described below. In the
description to follow, the term “shape” of the radiation
therapy beam 411 is understood to refer to the spatial
distribution of the beam in a plane perpendicular to the
direction of the beam or to the frequency modulation of the
beam after being transmitted through some beam-limiting
device. The term “planning image” refers to an image of the
patient acquired by the cone beam computerized tomogra-
phy system 400 prior to treatment delivery used for radiation
therapy treatment planning. The term “constrained plan set”
refers to a plurality of radiation therapy treatment plans for
a given patient, where each radiation therapy treatment plan
is calculated assuming some perturbation of lesion location
and/or orientation compared to that in the planning image.
For example, a constrained plan set could be calculated
where each plan corresponds to a different magnitude of
lesion rotation about the y and/or z axes.

The cone beam computerized tomography imaging sys-
tem 400 preferably includes an x-ray tube 402 and a flat
panel imager 404 in any one of the geometries illustrated in
FIGS. 23(a)—(d), capable of forming 3-D images of the
patient on the treatment table in the treatment position. The
x-ray tube 402 may be operated so as to produce a pulsed or
continuous beam of x-rays 407. The flat panel imager 404
includes an active matrix of imaging pixels incorporating
mechanisms for: 1.) converting incident x-rays to electronic
charge (e.g., a scintillator in combination with optically
sensitive elements at each pixel, or a photoconductor); 2.)
integrating and storing the electronic charge at each pixel
(e.g., the capacitance of photodiode(s), capacitors, etc.
located at each pixel); and 3.) reading the electronic charge
out of the device (e.g., a thin-film transistor switch or the like
at each pixel, with associated switching control lines and
readout lines). The x-ray tube 402 and the flat panel imager
404 preferably move in a circular orbit (or variation thereof)
about the longitudinal axis of the patient. Depending on
which ones of the imager support systems used in FIGS.
1822, the imager support system should accommodate
offsets in the x and/or z directions as illustrated in FIG.
23(b). Note that the combined motion of the x-ray tube 402
and/or the flat panel imager 404 in x, y, and/or z is termed
the orbit, and may be circular about the patient, or non-
circular, e.g., comprising of some combination of linear,
sinusoidal, circular, and/or random paths. For example, in
the case where the source 402 and imager 404 move
independently with respect to one another, the source 402
can move on a sinusoidal or sawtooth path constrained to the
surface of a cylinder while the imager 404 moves in a
circular path on the surface of acylinder. In this scenario, the
collimator adjusts in real time the shape of the radiation field
so it is confined to the imager 404 despite the allowed
independent motion of the source 402 and imager 404.

Cone beam computerized tomography image acquisition
involves acquisition of a plurality of 2-D images, where each
image preferably corresponds to a different orientation of the
x-ray beam 407 and the flat panel imager 404 with respect
to the patient 441, e.g., where the x-ray tube 402 and the flat
panel imager 404 traverse a circular or non-circular path
about the patient 441 as illustrated in FIG. 23(d). Note that
the cone beam computerized tomography image is prefer-
ably acquired with the patient on the treatment table, in the
treatment position, and immediately prior to treatment deliv-
ery. The processes involved in the preferred method for cone
beam computerized tomography image acquisition are illus-
trated in FIG. 24, divided conceptually into a variety of
off-line and on-line processes, and mechanisms for 2-D
image acquisition and 3-D image reconstruction.
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The off-line processes schematically shown in FIG. 24
include acquisition of a plurality of 2-D images acquired in
the absence of x-ray irradiation (termed dark fields) and with
uniform x-ray irradiation (termed flood fields). Such dark
and flood fields are used to correct stationary nonuniformi-
ties in the imaging system arising from nonuniformity in
pixel operational and response characteristics. Also included
is a mechanism for identifying and correcting defective
pixels in the 2-D images (e.g., a pixel defect map that
identifies aberrant pixel coordinates, and application of a
filter to the corresponding pixel values). Thirdly, a measure
and process for correction of orbit non-idealities, described
below, is preferably employed.

The on-line processes schematically shown in FIG. 24
include: 1.) control and monitoring of the x-ray tube; 2.)
control and monitoring of the orbit traversed by the x-ray
tube 402 and the flat panel imager 404 (c.g., by rotating the
gantry 406); and 3.) control and readout of the flat panel
imager 404. The x-ray source 402 produces x-rays in either
a pulsed or continuous manner, and variations in the mag-
nitude of x-ray tube output are monitored by an output
monitor, which preferably includes a radiation sensitive
electronic device such as a diode placed inside the x-ray tube
collimator assembly. Alternatively, the output monitor could
be placed outside the x-ray tube 402 in a position that allows
it to measure variations in X-ray tube output, or the output
could be measured using pixels on the flat panel imager 404,
such that these pixels are not occluded by the patient in the
plurality of 2-D projection images. The orbit of the x-ray
tube 402 and the flat panel imager 404 about the patient is
preferably controlled via computer-controlled rotation of the
gantry 406, combined with a precise measurement of the
gantry angle at which each 2-D image is acquired. For
embodiments in which the x-ray source 402 and the flat
panel imager 404 are not both mounted on the treatment
gantry 406, such as the portable embodiment of FIG. 22, a
similar mechanism for measuring and recording the location
of these two components for each 2-D image is employed.
Thirdly, a plurality of 2-D images are read from the flat panel
imager 404 by a control/acquisition computer. The readout
of the flat panel imager 404 is preferably synchronized with
the operation of the x-ray tube 402 as well as with the
rotation of the x-ray tube 402 and the flat panel imager 404
support structure(s), such as those described previously with
respect to FIGS. 18-22. The timing of x-ray exposures,
gantry rotation, and flat panel imager readout is preferably
synchronized by: 1.) the control/acquisition computer; or 2.)
an external trigger mechanism (gating source), such as a
device for active breathing control, electrocardiac gating,
etc. For the former case, the preferred embodiment includes
computer-control of: 1.) x-ray pulses generated by the x-ray
source 402; 2.) gantry rotation (e.g., in increments of ~1°
through ~360°); and flat panel imager readout (e.g., at a
readout rate consistent with the limitations in x-ray tube
output and gantry rotation). For the latter case, the preferred
embodiment is such that the gating source triggers x-ray
production, gantry rotation, and flat panel imager readout in
a manner synchronized with the motion of anatomical
structures in the patient 441 in order to reduce the delete-
rious effects of organ motion in image reconstructions.

The preferred embodiment includes a mechanism
(reconstruction engine) for high-speed cone beam comput-
erized tomography image reconstruction. The plurality of
2-D projections is first processed by dark and flood field
correction, and the measurements of orbit non-ideality
(below), tube output variations, and gantry rotation are used
together with the processed 2-D projections to form 3-D
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cone beam computerized tomography image reconstructions
of the patient 441. A variety of cone-beam reconstruction
techniques are known within the art, including cone-beam
filtered back-projection. The cone beam computerized
tomography image is then made available to a system for
on-line treatment planning.

In the interim between the 2-D image acquisition and
correction of lesion localization errors, the patient 441 is
preferably monitored by periodic radiographs obtained with
the flat panel imager at one or more gantry angles. In the
preferred embodiment, these monitor radiographs are ana-
lyzed (e.g., by calculation of difference images) in order to
provide a check against intrafraction motion of the patient
441.

The preferred embodiment includes a computer-
controlled treatment table 443 for correction of lesion local-
ization errors. The table 443 preferably allows translation of
the patient 441 in the X, y, and z directions as well as rotation
about the x axis. Rotation about the y axis (tilt) and z axis
(roll) is possible for an embodiment in which lesion local-
ization errors are corrected by such motions (as opposed to
correction of such errors through selection of an appropriate
RTTP from a constrained plan set), provided that such
motions do not cause uncertainty in the location/orientation
of the lesion 444 and/or surrounding structures, ¢.g., due to
the effects of gravity. Furthermore, the treatment table 443
is preferably constructed of radio-translucent material so as
not to interfere significantly with the acquisition of cone
beam computerized tomography images.

The preferred embodiment includes a method for calibra-
tion of the radiation therapy delivery system accomplished
using a radiation therapy system including the radiation
therapy source 409, a collimating structure such as a multi-
leaf collimator, and an imager 446. The imager 446 is
located opposite the radiation therapy source 409 on a
support arm attached to the radiotherapy gantry 406 and in
the preferred embodiment is a flat panel imager 404
designed for imaging of the high energy beam 411. The
calibration method preferably employs a reference BB 448
embedded in a lucite cube 450 and located at a known
location with respect to the isocenter 430 of gantry rotation,
as illustrated in FIG. 25. The cube 450 is precisely leveled,
and marks on the cube surface project the location of the
isocenter within the cube. The reference BB 448 is imaged
at angular increments using the radiation therapy source 409
and imager 446 as the gantry 406 rotates through 360°,
preferably clockwise and counter-clockwise. In each image,
the reference BB 448 is located preferably by an automated
centroid calculation, and the edge of each leaf of the
multi-leaf collimator and the edge of the collimators are
localized by calculation of maximum signal gradient. After
subtracting a sinusoid of specified amplitude from the mea-
sured deflections, the residuals represent imperfections in
leaf placement. These residuals can then be incorporated
into the controller of the multi-leaf collimator and calibrated
out. An alternative approach is to modify the planning
system to generate “corrected” leaf positions. After
calibration, the patient positioning lasers in the treatment
room are adjusted to the set of laser alignment marks located
on the lucite cube.

The preferred embodiment furthermore includes a cali-
brator that calibrates the cone beam computerized tomog-
raphy imaging geometry relative to that of the radiation
therapy source 409. Calibration of the cone beam calibration
tomography geometry is preferably performed immediately
following multi-leaf collimator leaf calibration, without
moving the reference BB 448. The same procedure is
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performed using the x-ray source 402 and the flat panel
imager 404; however, in this case, the residuals are used to
adjust the back-projection trajectories in the reconstruction
process. The image of the localized BB 448 is preferably
analyzed using a 3-D centroid algorithm, and the location of
isocenter 430 is calculated as a simple offset from the
centroid. The isocenter 430 can thus be explicitly identified
within the 3-D matrix of cone beam computerized tomog-
raphy images.

In the preferred embodiment, the cross-calibration of the
cone beam computerized tomography imaging system 400
and the radiation therapy delivery system can be tested with
a mechanism (phantom) for combined geometry and dosim-
etry measurement. The phantom preferably includes a water-
filled or water-equivalent volume in which a dosimetry
insert is rigidly placed at various locations. The dosimetry
insert preferably contains either: 1.) a detector matrix of
electronic dosimeters, or 2.) a volume of radiosensitive gel
dosimeter. In the former case, the dosimeters are embedded
in a water-equivalent insert and placed asymmetrically to
allow unambiguous identification in a computerized tomog-
raphy image; furthermore, each dosimeter is sufficiently
small as to have legible influence on the dosimetry of other
detectors. The electronic signals from the dosimeter matrix
are preferably used in either of two ways: 1.) the dosimetry
of a complete delivery can be tested by recording the signal
from all detectors and comparing to calculations, thereby
providing a point dose verification of the delivery as well as
routine pretreatment quality assurance; and/or 2.) the preci-
sion and accuracy of the combined imaging and delivery
system can be measured by recording the dose to the
detectors as the geometric edge of a leaf can be inferred and
compared to the planning system dose calculation. This test
is preferably performed for all the leaves in the system by
moving the location of the dosimetry insert within the
volume. In the case of a radiosensitive gel dosimeter,
measurement of 3-D dose distributions delivered by a given
treatment scheme can be quantitatively evaluated.

The preferred embodiment furthermore includes delineat-
ing the target volume immediately following acquisition of
the cone beam computerized tomography image of the
patient 441 on the treatment table 443 in the treatment
position. Localization of the target volume/lesion 444 and/or
surrounding structures can be performed manually, e.g., by
contouring of structures in some combination of transaxial,
sagittal, coronal, and/or oblique slices. Alternatively, the
target volume/lesion 444 and/or surrounding structures can
be delineated by an automated localization algorithm, as
recognized in the art. In this approach, the target volume/
lesion 444 defined in the planning image is overlaid on a
given on-line cone beam computerized tomography image,
and the images are matched, e.g., by translating and rotating
the reference target contour in such a way as to minimize the
standard deviation of pixel values compared to the planning
image. In the planning image, bony structures are defined,
and matching of the planning image with the on-line cone
beam computerized tomography image (both with calibrated
isocenter positions) on bony structures determines the setup
error (rotation and translation) of the bony anatomy. The
motion of the soft-tissue target relative to the bony anatomy
is quantified by translating and rotating the target volume
contours until they cover a homogeneous area (i.e., standard
deviation in pixel value differences is minimized).

The treatment plan for the current session can be modified
based on the cone beam computerized tomography image
data by a number of methods or combinations therein,
including recalculation of the RTTP, selection of a modified
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RTTP from a previously calculated set of plans, and/or
translation, rotation, and/or angulation of the patient. The
method chosen should provide a modified plan for the
current treatment session in a manner that does not cause
uncertainty in the location/orientation of the lesion;
therefore, the method should be completed within a short
time frame in order to minimize intrafraction organ motion
effects, and should not significantly distort patient anatomy.
Recalculation of the RTTP based on the cone beam com-
puterized tomography image data should be consistent with
such time constraints. Similarly translation, rotation, and/or
angulation of the patient should not perturb patient anatomy
compared to that measured in the cone beam computerized
tomography image, e.g., due to the effects of gravity.

The preferred embodiment entails a streamlined process
for rapid lesion localization, selection of an appropriate
RTTP, dosimetry review, and transfer of the prescription to
the radiation therapy delivery system. The process for
on-line cone beam computerized tomography guidance of
radiation therapy procedures is illustrated in FIG. 26, which
conceptually separates the system into: 1.) the off-line
treatment process; 2.) priors for on-line selection and cor-
rection; and 3.) the on-line imaging and treatment process.

The off-line treatment process in the preferred embodi-
ment begins with a planning image on which contours of the
target volume and surrounding structures are defined, and
margins for target deformation, delivery precision, and
delineation precision are applied. Inverse planning is per-
formed according to a given protocol for radiation therapy of
the given treatment site, €.g., a number of radiation therapy
beams 411 directed at the patient 441 from various angles,
with target dose uniformity and normal tissue volume con-
straints to match the prescription. In addition to this refer-
ence plan, a plurality of additional plans (the constrained
plan set) are generated as a function of various translations
and/or rotations of the target volume. Plans are preferably
generated at small increments of each possible translation
and/or rotation (e.g., rotation of the target volume about the
y axis).

In the preferred embodiment for on-line plan selection
and correction of lesion localization errors, the target
volume/lesion 444 and its relationship to bony structure in
the planning image are prepared for use as priors, and the
constrained plan set is transferred to the radiation therapy
system to verify deliverability prior to the on-line procedure.
In the on-line treatment process, the patient 441 is set up on
the treatment table 443 in the treatment position, and cone
beam computerized tomography images are acquired as
described above. The target volume/lesion 444 and sur-
rounding structures are delineated in the cone beam com-
puterized tomography data, thereby identifying the transla-
tions and/or rotations of the target volume/lesion 444
relative to the position and orientation in the planning image.
As described above, translations may be corrected by trans-
lation of the computer-controlled treatment table 443, and
rotations may be corrected by selection of an appropriate
plan from the constrained plan set. The translation of the
lesion 444 observed in the cone beam computerized tomog-
raphy image relative to the planning image is corrected by
translation of the patient 441 on the treatment table 443 in
the y and/or z directions, and/or by rotation about the x axis.
The orientation of the lesion 444 (i.c., rotations about the y
and/or z axes) are corrected by selecting from the previously
calculated constrained plan set a modified RTTP that most
closely corresponds to the measured rotation of the lesion
444. Meanwhile, radiographic monitoring of the patient 441
can be used to check against intrafraction motion of the

10

15

20

25

30

35

40

45

50

55

60

65

28

patient 441. Furthermore, a cone beam computerized tomog-
raphy image acquired immediately prior to, during, or
following the treatment procedure can be obtained in order
to provide accurate representation of the location of patient
anatomy during treatment delivery, which can be stored for
off-line review, evaluation, and modification of subsequent
treatment sessions. Following transferal of the prescription
to the delivery system, the treatment plan is executed
according to the patient setup and treatment plan determined
from the cone beam computerized tomography image.

The foregoing discussion discloses and describes merely
exemplary embodiments of the present invention. One
skilled in the art will readily recognize from such discussion,
and from the accompanying drawings and claims, that
various changes, modifications and variations can be made
therein without departing from the spirit and scope of the
invention as defined in the following claims. For example,
the cone beam computerized tomography system can be
adapted to perform animal testing identification, and non-
invasive and non-destructive component structural testing.

We claim:

1. A radiation therapy system comprising:

a radiation source that moves about a path and directs a

beam of radiation towards an object;

a cone-beam computed tomography system comprising:

an x-ray source that emits an x-ray beam in a cone-
beam form towards said object;

a flat-panel imager receiving x-rays after they pass
through the object, said imager providing an image
of said object, wherein said image contains at least
three dimensional information of said object based
on one rotation of said x-ray source around said
object; and

a computer connected to said radiation source and said

cone beam computed tomography system, wherein said

computer receives said image of said object and based
on said image sends a signal to said radiation source
that controls said path of said radiation source.

2. The radiation therapy system of claim 1, wherein said
X-ray source comprises a KV x-ray source.

3. The radiation therapy system of claim 2, further com-
prising a stage that moves said object relative to said x-ray
source and said flat-panel imager.

4. The radiation therapy system of claim 3, wherein said
stage rotates about an axis of rotation relative to said x-ray
source and said flat-panel imager.

5. The radiation therapy system of claim 1, wherein said
X-ray source emits x-rays with energies of approximately
100 kV.

6. The radiation therapy system of claim 1, wherein said
radiation source comprises a linear accelerator.

7. The radiation therapy system of claim 6, further com-
prising a stage that moves said object relative, to said x-ray
source and said flat-panel imager.

8. The radiation therapy system of claim 7, wherein said
stage rotates about an axis of rotation relative to said x-ray
source and said flat-panel imager.

9. The radiation therapy system of claim 8, further com-
prising an alignment laser that allows visualization of said
axis of rotation.

10. The radiation therapy system of claim 1, further
comprising a stage that moves said object relative to said
x-ray source and said flat-panel imager.

11. The radiation therapy system of claim 10, wherein said
stage rotates about an axis of rotation relative to said x-ray
source and said flat-panel imager.

12. The radiation therapy system of claim 11, wherein said
x-rays from said x-ray source are emitted along a source
plane that is perpendicular to said axis of rotation.
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13. The radiation therapy system of claim 11, wherein said
stage translates along said axis of rotation.

14. The radiation therapy system of claim 13, wherein
said stage rotates about a second axis of rotation that is
perpendicular to said axis of rotation.

15. The radiation therapy system of claim 13, wherein
said stage rotates about a third axis of rotation that is
perpendicular to said axis of rotation and said second axis of
rotation.

16. The radiation therapy system of claim 1, wherein said
x-rays from said x-ray source are emitted along a source
plane.

17. The radiation therapy system of claim 1, wherein said
flat-panel imager comprises an array of individual detector
elements.

18. The radiation therapy system of claim 17, wherein
said array is a two-dimensional array.

19. The radiation therapy system of claim 17, wherein
each of said individual detector elements comprises a-Si:H
photodiode.

20. The radiation therapy system of claim 19, wherein
each of said individual detector elements further comprises
a transistor coupled to said Si:H photodiode.

21. The radiation therapy system of claim 1, wherein said
computer receives said image from said flat-panel imager
and generates a computed tomography image of said object
based on said received image.

22. The radiation therapy system of claim 1, wherein said
image is a two dimensional projection image.

23. The radiation therapy system of claim 22, wherein
said computer receives said two dimensional projection
image from said flat-panel imager and generates a computed
tomography image of said object based on said two dimen-
sional projection image.

24. The radiation therapy system of claim 1, further
comprising a gantry with a first arm and a second arm,
wherein said x-ray source is attached to said first arm and
said flat-panel imager is attached to said second arm.

25. The radiation therapy system of claim 24, wherein
said gantry rotates about an axis of rotation.

26. The radiation therapy system of claim 24, wherein
said radiation source operates at a power level higher than
that of said x-ray source, wherein said radiation is of an
intensity and energy that is effective for radiation treatment
of an area of said object.

27. The radiation therapy system of claim 1, wherein said
radiation source operates at a power level higher than that of
said x-ray source, wherein said radiation is of an intensity
and energy that is effective for radiation treatment of an area
of said object.

28. The radiation therapy system of claim 1, wherein said
X-ray source rotates about an axis that is coincident with an
axis of rotation of said radiation source.

29. The radiation therapy system of claim 1, wherein said
x-ray source is displaced relative to said radiation source.

30. The radiation therapy system of claim 1, wherein
operation of said cone beam computed tomography system
with an external trigger that controls a biological process of
a patient in which said object is located.

31. The radiation therapy system of claim 30, wherein
said external trigger comprises an active breathing control
mechanism.

32. The radiation therapy system of claim 30, wherein
said external trigger comprises a cardiac gating mechanism.

33. The radiation therapy system of claim 1, further
comprising an imaging device positioned opposite said
radiation source and generating an image of said object
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based on radiation from said radiation source that passes
through said object.

34. The radiation therapy system of claim 1, wherein
based on said image and without human intervention, said
computer sends said signal to said radiation source that
controls said path of said radiation source in an automatic
manner without human intervention.

35. The radiation therapy system of claim 1, wherein no
enclosed opening is formed from a structure that supports
said radiation source and said cone-beam computed tomog-
raphy system into which said object is inserted for the
purpose of being treated by said radiation source or imaged
by said cone-beam computed tomography system within
such an enclosed opening.

36. The radiation therapy system of claim 1, wherein no
enclosed opening is formed from a structure that supports
said radiation source into which said object is inserted for
the purpose of being treated by said radiation source within
such an enclosed opening.

37. The radiation therapy system of claim 1, wherein no
enclosed opening is formed from a structure that supports
said cone-beam computed tomography system into which
said object is inserted for the purpose of being imaged by
said cone-beam computed tomography system within such
an enclosed opening.

38. The radiation therapy system of claim 1, wherein said
flat-panel imager is an amorphous silicon flat-panel imager.

39. A radiation therapy system comprising:

a radiation source that moves about a path and directs a
beam of radiation towards an object;

a cone-beam computed tomography system comprising:
an x-ray source that emits an x-ray beam in a cone-

beam form towards said object;

a flat-panel imager receiving x-rays after they pass
through the object, said imager providing an image
of said object;

a computer connected to said radiation source and said
cone beam computed tomography system, wherein said
computer receives said image of said object and based
on said image sends a signal to said radiation source
that controls said path of said radiation source; and

a gantry with a first arm portion and a second arm portion,
wherein said x-ray source is attached to said first arm
portion and said flat-panel imager is attached to said
second arm portion, wherein said gantry rotates about
a first axis of rotation and said gantry is attached to a
mobile platform that can translationally move on a floor
of a room.

40. The radiation therapy system of claim 39, wherein
said flat-panel imager is an amorphous silicon flat-panel
imager.

41. A radiation therapy system comprising:

a radiation source that moves about a path and directs a

beam of radiation towards an object;

a cone-beam computed tomography system comprising:
an x-ray source that emits an x-ray beam in a cone-

beam form towards said object;

a flat-panel imager receiving x-rays after they pass
through the object, said imager providing an image
of said object;

a computer connected to said radiation source and said
cone beam computed tomography system, wherein said
computer receives said image of said object and based
on said image sends a signal to said radiation source
that controls said path of said radiation source; and

a stage that moves said object relative to said x-ray source
and said flat-panel imager, wherein combined motion
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of said cone-beam computed tomography system and
said object moved by said stage achieves motion of said
X-ray source upon a sphere.

42. The radiation therapy system of claim 41, wherein
said flat-panel imager is an amorphous silicon flat-panel
imager.

43. A method of treating an object with radiation, com-
prising:

move a radiation source about a path;

direct a beam of radiation from said radiation source

towards an object;

emitting an X-ray beam in a cone beam form towards an
object;

detecting x-rays that pass through said object due to said
emitting an x-ray beam with a flat-panel imager;

generating an image of said object from said detected
x-rays, wherein said generating comprises forming a
computed tomography image of said object based on
said detected x-rays, wherein said image contains at
least three dimensional information of said object based
on one rotation of said x-ray source around said object;
and

controlling said path of said radiation source based on

said image.

44. The method of claim 43, wherein x-rays within said
x-ray beam have an energy of approximately 100 kV.

45. The method of claim 43, comprising rotating about an
axis of rotation said object relative to said x-ray source and
said flat-panel imager.

46. The method of claim 45, wherein said image is formed
after one rotation of said body relative to said x-ray source
and said flat-panel imager.

47. The method of claim 45, wherein combined motion of
said cone-beam and said object achieves motion of said cone
beam upon a sphere.

48. The method of claim 43, wherein said flat-panel
imager comprises an array of individual detector elements.

49. The method of claim 48, wherein said array is a
two-dimensional array.

50. The method of claim 48, wherein each of said indi-
vidual detector elements comprises a-Si:H photodiode.

51. The method of claim 43, further comprising correcting
for offset and gain prior to said generating.

52. The method of claim 43, wherein said object com-
prises an animal.

53. The method of claim 52, wherein said image delin-
eates soft tissue within said animal.

54. The method of claim 53, wherein said soft tissue is
selected from the group consisting of fat, a muscle, a kidney,
a stomach, a bowel and a liver.

55. The method of claim 43, wherein said generated
image is based solely on said detected x-rays, wherein said
object is not moved by external devices during said detect-
ing X-rays.

56. The method of claim 43, wherein said directing a
beam of radiation and emitting an X-ray beam are performed
simultaneously.

57. The method of claim 43, wherein said object is located
at a single position during said emitting and said detecting
and remains at said position during said controlling.

58. The method of claim 43, wherein said controlling said
path is performed automatically and without human inter-
vention.

59. The method of claim 43, wherein said flat-panel
imager is an amorphous silicon fiat-panel imager.

60. A method of treating an object with radiation, com-
prising:

move a radiation source about a path;
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direct a beam of radiation from said radiation source

towards an object;

emitting an x-ray beam in a cone beam form towards an

object;
detecting x-rays that pass through said object due to said
emitting an x-ray beam with a flat-panel imager;

generating an image of said object from said detected
x-rays, wherein said generating comprises forming a
computed tomography image of said object based on
said detected x-rays, wherein said image contains at
least three dimensional information of said object based
on one rotation of said x-ray source around said object;
and

controlling a radiation therapy treatment plan involving

said radiation source based on said image.

61. The method of claim 60, further comprising correcting
for offset and gain prior to said generating.

62. The method of claim 60, wherein said object com-
prises an animal.

63. The method of claim 62, wherein said image delin-
eates soft tissue within said animal.

64. The method of claim 63, wherein said soft tissue is
selected from the group consisting of fat, a muscle, a kidney,
a stomach, a bowel and a liver.

65. The method of claim 60, wherein said flat-panel
imager is an amorphous silicon flat-panel imager.

66. The method of claim 60, wherein said generated
image is based solely on said detected x-rays, wherein said
object is not moved by external devices during said detect-
ing X-rays.

67. The method of claim 60, wherein said directing a
beam of radiation and emitting an x-ray beam are performed
simultaneously.

68. The method of claim 60, wherein said object is located
at a single position during said emitting and said detecting
and remains at said position during said controlling.

69. The method of claim 60, wherein said controlling said
path is performed automatically and without human inter-
vention.

70. A method of treating an object with radiation, com-
prising:

move a radiation source about a path;

direct a beam of radiation from said radiation source

towards an object;

emitting an X-ray beam in a cone beam form towards an

object;

detecting x-rays that pass through said object due to said

emitting an x-ray beam with a flat-panel imager;
rotating about a first axis of rotation said object relative to
said x-ray source and said fiat-panel imager;
rotating about a second axis of rotation said object relative
to said x-ray source and said flat-panel imager;

generating an image of said object from said detected
x-rays, wherein said generating comprises forming a
computed tomography image of said object based on
said detected x-rays; and

controlling said path of radiation source based on said

image.

71. The method of claim 70, wherein said flat-panel
imager is an amorphous silicon flat-panel imager.

72. A method of treating an object with radiation, com-
prising:

move a radiation source about a path;

direct a beam of radiation from said radiation source

towards an object;

emitting an X-ray beam in a cone beam form towards an

object;
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detecting x-rays that pass through said object due to said
emitting an x-ray beam with a flat-panel imager;

generating an image of said object from said detected
x-rays; and
controlling said path of said radiation source based on 5
said image, wherein said x-ray beam is generated by an
x-ray source that moves independently of said flat-
panel imager, said x-ray source moves on a sinusoidal
or sawtooth path constrained to a surface of a cylinder
while said panel imager moves in a circular path on a
surface of a cylinder.
73. The method of claim 72, further comprising adjusting
a collimator in real time to adjust a shape of said x-ray beam
so it is confined to an active area of said flat panel imager.
74. The method of claim 72, wherein said flat-panel 15
imager is an amorphous silicon flat-panel imager.
75. A method of treating an object with radiation, com-
prising:
move a radiation source about a path;
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direct a beam of radiation from said radiation source
towards an object;

emitting an X-ray beam in a cone beam form towards an
object;

detecting x-rays that pass through said object due to said
emitting an x-ray beam with a flat-panel imager;

generating an image of said object from said detected
x-rays; and

controlling said path of said radiation source based on
said image, wherein said x-ray beam is generated by an
x-ray source that moves dependently of said flat-panel
imager, said x-ray source and said flat-panel imager
each moves on a sinusoidal trajectory on a spherical
surface.

76. The method of claim 75, wherein said flat-panel

imager is an amorphous silicon flat-panel imager.

#* #* #* #* #*



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 6,842,502 B2 Page 1 of 1
APPLICATION NO. : 09/788335

DATED : January 11, 2005

INVENTOR(S) : David A. Jaffray et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

On the Title Page

Item (75), replace “Siewerdesen” with --Siewerdsen--.
Item (73), replace “Dilliam” with --William--.

In the Specification

In column 1, after line 8, before “BACKGROUND OF THE INVENTION”,
insert the following paragraph.

--The invention described in one or more claims were made with Government
support under Grant No. DAMD17-98-1-8497 awarded by U.S. Army Medical
Research Acquisition Activity; and Grant No. 1R21-AG1931 awarded by the

National Institutes of Health. The Government has certain rights in the invention of
such one or more claims.--

Signed and Sealed this

Twenty-third Day of February, 2010

David J. Kappos
Director of the United States Patent and Trademark Office



