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(57) ABSTRACT

A radiation therapy delivery system (10) includes an ultra-
sound imaging unit (26), a radiation therapy delivery mecha-
nism (12, 56, 70, 88), a plurality of fiducials (22, 90) located
internal to the subject, an image fusion unit (40), and a
delivery evaluation unit (38). The ultrasound imaging unit
(26) includes a transducer (30) that emits ultrasonic sound
waves to image in real-time an anatomic portion of a subject
(16) in a first coordinate system. The radiation therapy
delivery mechanism (12, 56, 70, 88) delivers amounts of
therapeutic radiation in the anatomic portion of the subject
in a second coordinate system. The fiducials (22, 90) include
implants or a trans-rectal ultrasound probe (80). The image
fusion unit (40) registers locations of the plurality of fidu-
cials to at least one of the first and the second coordinate
system and tracks the locations of the fiducials in real-time.
The delivery evaluation unit (38) identifies locations and the
amounts of delivered therapeutic radiation relative to the
imaged real-time anatomic portion of the subject.
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REAL-TIME FUSION OF ANATOMICAL
ULTRASOUND INFORMATION AND
RADIATION DELIVERY INFORMATION
FOR RADIATION THERAPIES

[0001] The following relates generally to medical imaging
and radiation therapy. It finds particular application in con-
junction with real-time imaging of anatomical information
using ultrasound and delivery of radiation therapy, and will
be described with particular reference thereto. However, it
will be understood that it also finds application in other
usage scenarios and is not necessarily limited to the afore-
mentioned application.

[0002] Radiation therapy is a procedure which uses radia-
tion to treat a patient, often to kill or destroy harmful tissues,
e.g. tumors. Radiation therapy is applied to the tissues of a
subject to minimize radiation to healthy tissues. Healthy
tissues can include organs at risk (OARs) such as a heart,
liver, kidneys, urethra, rectum, bladder, etc. which may be in
close proximity to or include unhealthy tissue. Precise
placement of radiation during delivery is important to pre-
serve functioning organs while destroying the unhealthy or
diseased tissue. Two conventional radiation therapy tech-
niques include brachytherapy and external beam radiation
therapy (EBRT). Anatomical images for planning of radia-
tion therapy typically use X-ray computed tomography (CT)
which provides detailed anatomical information, but uses
x-ray radiation to obtain the anatomical images.

[0003] Brachytherapy typically uses low dose radiation
point sources or seeds which are implanted in unhealthy
tissues of the subject. The seeds are distributed or dropped
through a needle inserted into the unhealthy tissue to provide
radiation to surrounding unhealthy tissue. The seeds provide
a localized source of radiation. Typically, 50-100 seeds can
be implanted into the prostate. Brachytherapy is commonly
used for treatment of breast, cervical, prostate, and skin
cancers. Precise placement or delivery of the seeds relative
to the unhealthy and OARs determines the dose of radiation
delivered to the tumor and the OARs. Multiple seeds are
distributed in the unhealthy tissue to provide coverage. The
coverage is based on the location of each dropped seed and
the amount of radiation emitted by each point source.
[0004] EBRT delivers external linear beams of radiation
through the body to the target tissues, using a EBRT device
such as a linear accelerator (LINAC). Typically, the beams
can be shaped and aimed from different directions to help
avoid striking OARs. Knowing the precise position of the
target and OARs relative to the radiation beam when the
external radiation beam is active determines the dose deliv-
ery to both the tumor and any healthy tissues in the path of
the radiation beam.

[0005] In the delivery of radiation therapy, the precise
placement of the radiation relative to the anatomical loca-
tions of unhealthy and healthy tissue affects the outcome,
particularly the sufficiency of the dose to kill the unhealthy
tissue and the side effects of the dose to the healthy tissue.
During the delivery of radiation, the location of the healthy
and unhealthy tissue is subject to movement of the patient.
The movement can include rigid movement, non-rigid
movement, deformation of organs, and repetitive movement
due to respiration and/or cardiac cycles. One challenge is
matching the location of the therapeutic radiation during
delivery to the anatomical location of the target and OARs.
In other words, one challenge is to register the dosimetric
information and anatomical information in a common coor-
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dinate system during delivery. A second challenge is mea-
suring the motion accurately in substantially real time such
that adjustments can be made during the delivery to correct
for position and/or motion.

[0006] For example, in brachytherapy, anatomical infor-
mation can be obtained from ultrasound, but matching the
location of the dropped seeds with the target and OARs can
be problematic. Ultrasound (US) can provide continuous
real-time anatomical images during delivery of therapeutic
radiation without using x-ray radiation. However, visibility
of seeds can be obscured or confused with shadowing or
other artifacts, which leads to poor sensitivity and specific-
ity. Poor placement of seeds can lead to cold spots or areas
where the target is not receiving the proper radiation dose or
has spots where OARs receive more than prescribed.
[0007] One approach has been to take intermediate CT
images which contrast the seeds with less visibility to organ
boundaries in high contrast, but which involves moving the
patient from a brachytherapy operative configuration to aCT
imaging configuration and returning the patient back to the
operative environment to make adjustments for seed place-
ment. The two patient movements are apt to create regis-
tration errors between the CT and brachytherapy coordinate
systems. The use of CT also adds additional x-ray dose to the
patient.

[0008] Another approach is the use of intermittent fluo-
roscopic images which images the seeds with good contrast
and reduces the x-ray imaging dose to the patient compared
to CT. However, fluoroscopic images provide less anatomic
contrast and are taken intermittently, which makes matching
of seed locations to the anatomic locations difficult.

[0009] In EBRT, beams of radiation are directed through
the subject. Typically external markers placed on the
patient’s skin are used to register the patient to the coordi-
nate system of the EBRT delivery device and the coordinate
system of high resolution planning images. However, the
external marks provide poor internal anatomic information.
Due to tissue pliability, registration errors between the
external markers and the target and OARs can occur. With-
out precise anatomic information in a common coordinate
system with the external beam coordinate system during
delivery of radiation, incomplete dose coverage of the tumor
and significant damage to OARs can result. One approach to
protecting OARs is to exclude radiation delivery from a
margin around OARs large enough to include the entire
range of motion. One approach to assuring delivery of the
prescribed dose is to irradiate a margin around the target
such that the target is in the beam over the range of motion.
Due to proximity of the target and OARs, assuring full dose
to the target and minimal dose to OARs are often conflicting
goals.

[0010] Another approach to identifying the precise loca-
tion of the organ boundaries and/or motion is the use of
electromagnetic (EM) tracking technology. However, EM
tracking is sensitive to external distortions such as metallic
equipment, prostheses in patients, pacemakers, etc., and
depends on positioning of the EM field generator.

[0011] The following discloses a new and improved real-
time fusion of anatomical ultrasound information and radia-
tion delivery information for radiation therapies which
addresses the above referenced issues, and others.

[0012] In accordance with one aspect, a radiation therapy
system includes a plurality of fiducials located internal to a
subject, an ultrasound imaging unit, a radiation planning
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unit, and an image fusion unit. The ultrasound imaging unit
includes a transducer that emits ultrasonic sound waves to
image in real-time an anatomic portion of a subject in a
real-time coordinate system. The radiation planning unit
includes at least one radiation treatment planning image
identifying the planned locations and amounts of therapeutic
radiation in the anatomic portion of the subject according to
a planning coordinate system. The image fusion unit regis-
ters the real-time coordinate system to the planning coordi-
nate system based on the locations of the internal fiducials
and tracks the locations of the fiducials in real-time.

[0013] In accordance with another aspect, a radiation
therapy delivery system includes an ultrasound imaging
unit, a radiation therapy delivery mechanism, a plurality of
fiducials located internal to the subject, an image fusion unit,
and a delivery evaluation unit. The ultrasound imaging unit
includes a transducer that emits ultrasonic sound waves to
image in real-time an anatomic portion of a subject in a first
coordinate system. The radiation therapy delivery mecha-
nism delivers amounts of therapeutic radiation in the ana-
tomic portion of the subject in a second coordinate system.
The fiducials include implants or a trans-rectal ultrasound
probe. The image fusion unit registers locations of the
plurality of fiducials to at least one of the first and the second
coordinate system and tracks the locations of the fiducials in
real-time. The delivery evaluation unit identifies locations
and the amounts of delivered therapeutic radiation relative to
the imaged real-time anatomic portion of the subject.

[0014] In accordance with another aspect, a method of
radiation therapy includes generating real-time ultrasound
images with a transducer which emits ultrasonic sound
waves in an anatomic portion of a subject in a first coordi-
nate system which includes a plurality of internal fiducial
locations. Therapeutic radiation is delivered in locations and
amounts of the portion of the subject in a second coordinate
system. Locations of the plurality of fiducials are identified.
The locations of the plurality of fiducials are registered to at
least one of the first and the second coordinate system and
the locations of the fiducials are tracked in real-time. Loca-
tions and amounts of therapeutic radiation delivered to the
anatomic portion of the subject are determined.

[0015] In accordance with another aspect, an implanted
fiducial includes a wireless transmitter, a sensor connected
to the transmitter, and a capsule constructed of biocompat-
ible material which encapsulates the wireless transmitter and
the sensor and configured to be implanted in a subject
through a needle inserted into the subject. The wireless
transmitter transmits at least a self-identity. The sensor
includes a piezoelectric element activated in response to
receiving emitted ultrasonic sound waves and powers the
transmitter.

[0016] In accordance with another aspect, an ultrasound
system includes a trans-rectal probe, a processor, and a
display device. The probe includes a shaft with a rounded
end configured for insertion into a rectum of the subject, at
least one imaging array located on the shaft and includes an
emitter which emits ultrasonic sound waves and receive
reflected sound waves, and a plurality of radio-opaque
fiducials positioned relative to the shaft and positioned in
different orientations to provide a three dimensional coor-
dinate reference calibrated to the ultrasound imaging unit
coordinate system. The processor is connected to the at least
one imaging array and programmed to reconstruct the
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received reflected sound waves into anatomic images. The
display device is configured to display the reconstructed
anatomic images.

[0017] One advantage is the union of continuous real-time
anatomic information with the radiation therapy delivery
information in a common coordinate system.

[0018] Another advantage resides in ability to adjust deliv-
ery of therapeutic radiation during delivery based on posi-
tions of the radiation source, the unhealthy tissue and/or the
healthy tissue.

[0019] Another advantage resides in use of a non-x-ray
imaging source for continuous real-time anatomic imaging
information.

[0020] Another advantage resides in precise internal
patient motion tracking during radiation delivery.

[0021] Another advantage resides in registering the coor-
dinate system of the radiation source, the coordinate system
of a diagnostic image, and a coordinate system of patient
anatomy in real time.

[0022] Another advantage resides in providing the clini-
cian the ability to confirm if his/her interpretation of one
imaging modality (e.g., US) is correct, by fusing information
with another imaging modaility (e.g., fluoroscopy) when-
ever deemed necessary.

[0023] Still further advantages will be appreciated to those
of ordinary skill in the art upon reading and understanding
the following detailed description.

[0024] The invention may take form in various compo-
nents and arrangements of components, and in various steps
and arrangement of steps. The drawings are only for pur-
poses of illustrating the preferred embodiments and are not
to be construed as limiting the invention.

[0025] FIG. 1 schematically illustrates an embodiment of
a real-time fusion or registration of anatomical ultrasound
information and radiation delivery system configured for
EBRT.

[0026] FIGS. 2A-2B schematically illustrates embodi-
ments of internal fiducials.

[0027] FIG. 3 diagrammatically illustrates an embodiment
of the internal fiducial with a 3-dimensional (3D) ultrasound
transducer.

[0028] FIG. 4 schematically illustrates an embodiment of
the real-time fusion of anatomical ultrasound information
and radiation delivery system configured for brachytherapy.
[0029] FIG. 5 schematically illustrates an embodiment of
the real-time fusion of anatomical ultrasound information
and radiation delivery information system configured for
brachytherapy with a trans-rectal ultrasound (TRUS) probe.
[0030] FIGS. 6A-6D schematically illustrates embodi-
ments of the trans-rectal ultrasound (TRUS) probe with
radio-opaque fiducials.

[0031] FIG. 7 diagrammatically illustrates an embodiment
of the internal fiducial with a 2-dimensional (2D) ultrasound
transducer.

[0032] FIG. 8 illustrates an exemplary ultrasound image
for brachytherapy with therapeutic radiation indicator.
[0033] FIG. 9 flowcharts one method of real-time fusion
of anatomical ultrasound information and radiation delivery
information for interventional radiation therapy.

[0034] FIG. 10 flowcharts one method of using an
embodiment of the real-time fusion of anatomical ultrasound
information and radiation delivery information for brachy-
therapy with a TRUS probe.
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[0035] With reference to FIG. 1, an embodiment of a
real-time fusion of anatomical ultrasound information and
radiation delivery information system 10 configured for
EBRT is schematically illustrated. The system is shown
using a radiation therapy configuration for EBRT with an
EBRT device 12 directed toward a prostate 14 of a subject
16. A radiation therapy planning unit 18 images the subject
and stores a planning image of the subject as part of the
radiation therapy plan 20. The planning image can be
obtained from a CT image, MR image, and the like. The
planning image is used to construct the radiation therapy
plan 20 which includes the instructions for placement of
radiation delivery to anatomic portions of the subject. The
planning image can include internal or implanted fiducials
22 present in the planning image and aid in registering the
planning image to the radiation delivery and real time
anatomic information.

[0036] The radiation therapy planning unit 18 maintains
the radiation therapy plan 20. The radiation therapy plan 20
identifies the planned delivery locations or targets of thera-
peutic radiation. For fractionated treatments, intermediate
CT or other planning images can be co-registered with the
fiducials 22.

[0037] A segmentation unit 24 segments target tissues
such as a tumor. The segmentation unit 24 can segment one
or more healthy tissues such as OARs in the anatomic
imaging region such as the prostate. Other healthy tissues in
close proximity to the therapeutic radiation such at the
urethra, bladder, etc. can be segmented.

[0038] The system includes an ultrasound imaging unit 26
which images an anatomic portion of the subject in continu-
ous real-time. The ultrasound imaging unit can be config-
ured with a 2-dimensional imaging (2D) or a 3-dimensional
imaging (3D) imaging probe 28. Robotic control and rota-
tion can be used for a 2D imaging probe. The ultrasound
imaging unit operates in a first coordinate system. The first
coordinate system can be registered to a room coordinate
system through means known in the art, such as video, laser,
acoustic, and the like. For example, the probe 28 can be
marked with markers visible to a plurality of cameras
calibrated to the room which provide the position of the
probe relative to room coordinates.

[0039] The ultrasound imaging probe 28 includes at least
one transducer 30, which emits sound waves at an ultrasonic
frequency into the tissues of the subject. The sound waves
can be emitted according to a sound frequency, direction,
duration, timing, and angle. The sound waves are reflected
and received at the transducer. The transducer 30 connects to
one or more processors 32 of the ultrasound imaging unit 26
which converts signals transmitted by the transducer to the
processor 32 indicative of the received reflected sound
waves to images. The images are displayed on a display
device 34. Segmented tissues can be color coded or other-
wise indicated in the displayed ultrasound images based on
co-registration with the planning image. The probe 28 can be
applied externally, such transperineally or transabdominally
as shown, or applied internally such as inserted into a rectum
or an esophagus.

[0040] The EBRT delivery device 12 can include a LINear
ACcelerator (LINAC), x-ray, particle beam devices, and the
like. The EBRT delivery device 12 delivers radiation therapy
in linear beams projected through the tissues of the subject
16 according to a second coordinate system. The beams can
be shaped through the use of multi-leaf collimators (MLCs).
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The beams can be gated on and off. The beams can be
projected from different angles about the subject based on
the radiation therapy plan 20. The instructions for the EBRT
device 12 are executed by the radiation therapy delivery unit
32, which control the precise location, intensity, duration,
and shape of the external radiation therapy beam. The
coordinate system of the EBRT device can be calibrated to
the coordinate system of the room.

[0041] The fiducials 22 are internally located and can be
implanted. The fiducials 22 as shown are implanted in an
abdominal region, but can be implanted in any anatomic
region. The fiducials 22 can be configured with a radiation
point source, such as in combined EBRT and brachytherapy,
or without the radiation point source as illustrated. The
implanted fiducials 22 provide for motion tracking and
coordinate reference. For example, fiducials can be
implanted in the prostate and along surfaces of surrounding
OARs such as the rectal wall, urethra, bladder, etc. As the
subject respires the prostate and/or OARs can move and/or
deform. The fiducials provide boundary information which
reduces or eliminates the margin typically used to accom-
modate motion.

[0042] The fiducials 22 are encapsulated in a biocompat-
ible capsule to form seeds. The fiducials 22 wirelessly
transmit a self-identity when activated in response to receiv-
ing the ultrasound sound waves. For example, each fiducial
can be configured with an alphanumeric designator. A first
fiducial transmits a unique identity of A00001, and a second
fiducial transmits a unique identity of A00002, etc. Alter-
natively, the fiducials can be transmit the self-identity based
on a predetermined radio frequency. The fiducials 22 can be
configured with additional circuitry to transmit additional
information. For example, the transmitted additional infor-
mation can include a particular ultrasound frequency acti-
vation emitted at certain angles or intensity measure by the
transducer and received by the fiducial. In another example,
the transmitted additional information can include a check-
sum or other information which verifies the self-identity or
a cycle count which establishes a time currency for the
transmission.

[0043] An antenna 36 located external to the subject
receives the transmitted information from the fiducials 22.
The antenna communicates the received signals to an image
fusion unit 38 which locates the corresponding fiducial in
the first coordinate system of the ultrasound imaging unit 26.
The image fusion unit fuses the location of the fiducials to
the first coordinate system by analyzing the emitted ultra-
sound signals received by the fiducial as the emitted signals
sweep the field of view. Time-of-flight measurements pro-
vide the axial or radial distance of the fiducial 22 from the
emitter 30. Amplitude measurements and order in a beam
firing sequence provide lateral or angular position of the
fiducial. When used with 3-D transducers or 2-D matrix
arrays, the elevation of the fiducial is obtained. Based on the
timing of the received fiducial self-identity and the firing
sequence of the ultrasound probe, the location of the fiducial
22 can be determined relative to the transducer 30 or in the
coordinate system of the continuous real-time ultrasound
imaging unit 26.

[0044] The image fusion unit 40 fuses the first coordinate
system of the continuous real-time imaging unit 26 which
contains the anatomic information, e.g. prostate region with
the second coordinate system of the therapeutic radiation
delivery device 12 which delivers therapeutic radiation, e.g.
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EBRT device linear beams of therapeutic radiation, based on
the fiducials 22. The fusion unit can additionally register the
planning image of the radiation plan 20 to the fused coor-
dinate system. The fiducials provide accurate location within
the anatomic region and provide precise motion information
not possible with external fiducials. Through the fused
coordinate system, the precise location of the anatomic
information of the ultrasound images and planning images is
known to the radiation therapy delivery device.

[0045] A delivery evaluation unit 42 receives the amount
and location of the therapeutic radiation delivered based on
the beam shape, duration, and direction from the EBRT
device according to the EBRT coordinate system. The
delivery evaluation unit 42 determines the amount and
location of the therapeutic radiation delivered to each of the
target and OARs based on the fused coordinate system. The
delivery evaluation unit 42 tracks the position of the fidu-
cials relative to the radiation beam. The tracking can include
segmentation information from the planning information
and/or entered information concerning tissue boundaries,
OARs, targets, etc. relative to the implanted fiducials.
[0046] The radiation planning unit 18 can modify the set
of instructions during delivery based on positions of the
targets or the OARs relative to the delivered beams of
therapeutic radiation according to the fused coordinate sys-
tem. For example, the radiation delivery unit can be con-
trolled to gate the radiation beam when the target tissue
moves out of the radiation beam and/or OARs move into the
radiation beam. In another example, the MLC can adaptively
move to shape the beam to conform to the movement of the
target and/or OARs based on the movement of the fiducials.
Another example combines the gating on and off with the
adaptive MLC movement based on the distance of repetitive
motion. The MLC can be used to adapt to repetitive motion
within specific parameters which if exceeded gate the beam
off.

[0047] The delivery evaluation unit 38 accumulates thera-
peutic radiation doses received by the OARs and target
tissues using the fiducials as reference. For example, the
accumulated radiation is accumulated continuously in real-
time. Adjustments can be made in the delivery based on the
accumulated dose. The dose can be accumulated across
multiple treatment fractions and/or combined with brachy-
therapy dose information, e.g. internal therapeutic radiation.
The accumulated doses can be further used to modify the
delivery. For example, the MLC can shape the beam further
for healthy tissues, based on movement of the tissues into
and out of the beam, and receive a threshold amount during
the current treatment delivery.

[0048] The processor 32 and the display device 34 can be
configured as part of a workstation 44. The healthcare
practitioner can interact with controls, enter commands, etc.
using at least one input device 46 such as a keyboard, mouse,
microphone, and the like. The processor 20 includes one or
more electronic processors or electronic processing device.
The display 24 displays the continuous real-time ultrasound
images, superimposed images or image overlays, menus,
panels, and user controls. The workstation 44 can be a
desktop computer, a laptop, a tablet, a mobile computing
device, a smartphone, and the like.

[0049] The various units 18, 24, 26, 38, 40, and 42 are
suitably embodied by a programmed or configured elec-
tronic data processing device, such as the electronic proces-
sor or electronic processing device 32 of the workstation 44,
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or by a network-based server computer operatively con-
nected with the workstation 44 by a network, or so forth. The
disclosed fusion, location, segmentation, evaluation and
delivery techniques are suitably implemented using a non-
transitory storage medium storing instructions (e.g., soft-
ware) readable by an electronic data processing device and
executable by the electronic data processing device to pet-
form the disclosed techniques.

[0050] With reference to FIGS. 2A and 2B embodiments
of internal fiducials 22 are schematically illustrated. In FIG.
2A, the fiducial 26 includes a hydrophone or sensor 50
connected to a wireless transmitter 52, and a capsule 54
constructed of biocompatible material which encapsulates
the sensor 50, the transmitter 52, and a radiation point source
56 for use in brachytherapy. The sensor 50 includes a
piezoelectric element activated in response to receiving the
emitted ultrasonic sound waves and powers the transmitter
52. The piezoelectric element of the sensor can be incorpo-
rated into a portion or all of the surface of the capsule. The
sensor can include lead zirconium titanate (PZT), polyvi-
nylidenefluoride (PVDF), a copolymer, or other piezoelec-
tric material. The sensor is about 0.2 mm in size. The capsule
54 is configured cylindrically to be implanted in the subject
through a needle inserted into the subject. The capsule is
sized and shaped to feed through the interior of the needle
and drop into a location internal to the body of the subject
at the tip of the needle. The radiation point source 56
functions as a brachytherapy seed.

[0051] The fiducial 26 illustrated in FIG. 2B includes the
sensor 50, wireless transmitter 52, and the capsule 54. In the
configuration of FIG. 2B, the sensor can cover substantially
the entire surface of the capsule. The circuitry of the
transmitter can include limited processing. For example, in
addition to transmitting the self-identity or other informa-
tion, the circuitry can process the received ultrasound sound
waves to partially or fully estimate the position in a coor-
dinate system relative to the ultrasound transducer, compress
data, and the like. The therapeutic radiation delivery mecha-
nism is separated and delivered through a different delivery
mechanism.

[0052] With reference to FIG. 3 an embodiment of the
internal fiducial 22 with a 3-dimensional (3D) ultrasound
(US) transducer 60 is diagrammatically illustrated in per-
spective. The US transducer emits US sound waves of a
predetermined frequency, direction, and time. The emitted
waves based on direction can be received by the sensor 50
of the fiducial 22. Based on the time between emission and
receipt, a range 62 can be computed. An azimuth 64 or
lateral angle is computed based on the direction of one or
more emitted US sound waves and the amplitude of the
received sound wave. In the 3-D US, an elevation 66 is
computed based on the direction of one or more emitted US
sound waves and the intensity or amplitude of the received
US sound wave. The individual emitted US sound waves are
differentiated by timing in a firing sequence, frequency, or
frequency encoding to provide time and/or directional
encoding. As described in reference to FIGS. 2A and 2B,
local processing can be performed by the circuitry located in
the fiducial 22, and/or in the processor 32 located in the
workstation 44 after receipt by the antenna 36 described in
reference to FIG. 1.

[0053] With reference to FIG. 4, an embodiment of the
real-time fusion of anatomical ultrasound information and
radiation delivery system 10 configured for brachytherapy is
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schematically illustrated. The fiducials 22 are configured as
described in reference to FIG. 2A which include radiation
point sources 56. The ultrasound probe 28 is a trans-rectal
ultrasound (TRUS) probe applied internally or inserted into
a rectum of the subject in close proximity to the prostate for
imaging the prostate region. The radiation plan 20 includes
the planned placement of each radiation point source 56
relative to the target tissues. The radiation delivery mecha-
nism includes a needle 70 which delivers the fiducials 22
with the radiation point sources 56 into the target locations.
The needle 70 can be configured with a miniature transducer
in the needle tip visible in the continuous real-time ultra-
sound images.

[0054] The continuous real-time ultrasound imaging unit
26 can project the target locations or planned placement of
each point source onto the anatomic image displayed in the
displayed ultrasound images. The planned placement can
guide the healthcare practitioner in the placement of each
seed. The ultrasound imaging unit 26 overlays the locations
of the fiducials in the anatomic images based on the fused
coordinate system. The locations can be color contrasted,
identified with icons such as ellipses, crosses or other
shapes, or otherwise identified in the images displayed on
the display device 34.

[0055] The delivery evaluation unit 38 identifies the loca-
tions and the amounts of delivery therapeutic radiation
assigned to each point source. The delivery evaluation unit
can construct a dose cloud which accumulates the dose of all
the point sources in a 3-D format.

[0056] The image fusion unit 40 fuses the locations of the
fiducials in the first coordinate system of the ultrasound
anatomic images with the second coordinate system of the
therapeutic radiation delivery. The image fusion unit 32
fuses the second coordinate system of the delivered thera-
peutic radiation based on the close proximity of the thera-
peutic radiation point sources to the corresponding fiducial
26. The location of the fiducials are tracked by the image
fusion unit 40 which tracks the movement of the fiducials
through all types of motion including rigid, non-rigid, pros-
tate deformation, and repetitive movement due to respiration
and/or cardiac cycles.

[0057] The radiation therapy delivery unit 42 compares
the actual placement of the therapeutic radiation with the
radiation therapy plan. The comparison can include differ-
ences in radiation point sources which indicate the variance
from a planned position to an actual position. The variance
can include a change in therapeutic radiation amount or
intensity. The radiation therapy delivery unit tracks which
point sources are delivered and which are outstanding. The
radiation delivery unit can compare the delivered therapeutic
radiation to the planned therapeutic radiation delivery. For
example, differences between the 3D actual dose cloud and
the 3D planned dose cloud can be superimposed on the
continuous real-time ultrasound images. Alternatively, the
3D dose cloud can be computed for effect on each seg-
mented tumor or unhealthy tissue, and/or each segmented
healthy tissue such as OARs. Another alternative includes
superimposing both the 3D planned dose cloud and the 3D
actual dose cloud on the continuous real-time ultrasound
images.

[0058] The radiation therapy planning unit 18 can provide
“what-if” simulations of changes in positions of planned
radiation point sources and delivered radiation point
sources. A visual display of the resulting dose cloud can
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superimposed on the segmented unhealthy tissue and/or
segmented healthy tissues. During implantation of the seeds,
the resulting dose cloud can be displayed as an overlay on
the continuous real-time ultrasound images.

[0059] With reference to FIG. 5, an embodiment of the
real-time fusion of anatomical ultrasound information and
radiation delivery information system 10 configured for
brachytherapy with a TRUS probe 80 is schematically
illustrated. A fluoroscopic imaging unit 82 includes the
processor 32 programmed to generate fluoroscopic images
of objects in a field-of-view (FOV) 84 of a fluoroscopic
imaging device 86. The fluoroscopic imaging device 86
operates on demand or intermittent basis to reduce the
imaging radiation exposure to the subject 16. The fluoro-
scopic imaging device is positioned with the FOV to include
dropped seeds or radiation point sources 88 in the anatomic
region such as the prostate, and fiducials 90 that are sepa-
rated from the therapeutic radiation and included in the
TRUS probe 80.

[0060] The fiducials 90, which include radio-opaque mate-
rial can be embedded into the shaft, or affixed in a cover of
the shaft such as a disposable sleeve configuration. The
fluoroscopic imaging unit images the dropped seeds and the
fiducials in the coordinate system of the fluoroscopic imag-
ing device. The dropped seeds and the radio-opaque fidu-
cials have high contrast in the fluoroscopic images. The
real-time ultrasound imaging unit 26 is registered with the
fiducials positioned in the probe and images the anatomic
region, which includes the radiation point sources 88.
[0061] The radiation therapy delivery mechanism for the
brachytherapy radiation point sources 88 includes the needle
70 inserted into the anatomic portion of the subject and
drops seeds containing therapeutic radiation point sources.
The target locations for the dropped seeds include predeter-
mined locations based on the radiation therapy plan 20.
[0062] The image fusion unit 40 fuses the coordinate
system of the fluoroscopic device and the coordinate system
of the real-time ultrasound imaging unit and, in some
embodiments, the coordinate system of the planning image.
The image fusion unit can register the planning image to the
ultrasound images. The fused coordinate system registers
the locations of the radiation point sources 88 to the real-
time ultrasound anatomic images.

[0063] The delivery evaluation unit 38 receives actual
seed locations according to the coordinate system of the
fluoroscopy unit and assigned dose values for each point
source of therapeutic radiation. The delivery evaluation unit
determines the actual anatomic locations of the actual deliv-
ered therapeutic radiation based on the fused coordinate
system. The delivery evaluation unit can determine the
amount and location of therapeutic radiation delivered to
each of the target and OARs based on the fused coordinate
system of the fluoroscopy unit and ultrasound.

[0064] With reference to FIG. 6A, an embodiment of the
TRUS probe 80 is schematically illustrated in a side view
and with reference to FIG. 6B, the TRUS probe 80 is
schematically illustrated in a top view. The TRUS probe
includes a cylindrical shaft with a rounded end configured
for insertion into the rectum of the subject. The shaft is
constructed of a radio-transparent or radio-translucent mate-
rial and the material is biocompatible.

[0065] The TRUS probe 80 includes in a 3D imaging
configuration such as two imaging arrays 30 located on the
cylindrical shaft 92 and oriented orthogonally to each other.
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Other configurations of imaging arrays are contemplated.
The imaging arrays 30 include transducers which emit the
ultrasonic sound waves.

[0066] The fiducials 90 can be embedded in the shaft 92 or
included in a thin coat fitted over the TRUS probe 80. The
fiducials 90 are radio-opaque in contrast to the shaft mate-
rial. The fiducials can include one or more geometric objects
positioned in different orientations to provide a three dimen-
sional coordinate reference. The fiducials are calibrated to
the imaging arrays on the probe of the ultrasound imaging
unit.

[0067] With reference to FIG. 6C, an intermediate stage of
manufacturing the shaft 92 is schematically illustrated in
perspective which shows the fiducials 90 embedded in the
shaft. The shaft is shown in pieces angled oblique to a
central axis. Fiducial rings are embedded in the shaft as rings
on a joining surface between pieces. Lines and/or points are
added to an inside or outside surface which run parallel to
the central axis. The pieces with the radio-opaque material
are joined to form the shaft and then the shaft is rounded.
[0068] With reference to FIG. 6D, the fiducials corre-
sponding to FIG. 6C are shown as imaged in the fluoro-
scopic image. The fiducials include radio-opaque geometric
shapes in different orientations. The shapes can include
points, lines, ellipses, helicies, rings and/or curved shapes.
Calibration of the probe 80 can be derived from the manu-
facturing specifications and/or computer-aid-design (CAD)
sketches of the fiducial attachment. Additional fiducial
shapes provide most robust calibration.

[0069] With reference to FIG. 7 an embodiment of the
internal fiducial 22 with a 2-dimensional (2D) ultrasound
transducer 100 in a probe 28 and tracked movement of the
transducer to provide three dimensional coordinates. The
diagram illustrates how the 3D position of multiple fiducials
22 can be estimated with a 2D US probe 28. The probe
includes a transducer 100. For example, as a 2D US imaging
plane 102 moves in the z direction, the imaging plane
encounters a first fiducial 104 and a second fiducial 106. As
the ultrasonic waves in the plane encounter the fiducial, the
fiducial transmits. The axial position indicates the z-direc-
tion for the first fiducial 104 in a graph 108 at axial position
10 mm and the second fiducial 106 in a second graph 110 at
axial position 50 mm. The axial position is based on tracked
movement of the TRUS probe. The 2D position of the
fiducial is estimated in the 2D US image and the 3™
coordinate of the fiducial is provided by the translational
position of the TRUS probe. The tracked movement of the
probe is included in the probe device or ultrasound imaging
unit. The probe is moved by axial movement or movement
into or out of the rectum. Thus, the coordinate system of the
US imaging unit can operate with a 2D or 3D ultrasound
probe and provide the location of the fiducials in a 3D
coordinate system. Locations of fiducials not in the current
2D view can be tracked and the positions noted with
different representations on images. For example, fiducials
in a higher elevation can be represented differently such as
a different color and/or shape from fiducials in the current
imaging plane. Fiducials in a lower elevation can be repre-
sented as yet another color and/or shape.

[0070] FIG. 8 illustrates an exemplary ultrasound image
120 for brachytherapy with therapeutic radiation indicators
122 as ellipses. The example is of the portion of the prostate
with brachytherapy radiation point sources. The delivery
evaluation unit 38 identifies the locations of the radiation
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point sources 56, 88 based on the fused location of the
fiducials 22, 90 by the image fusion unit 40. The example
illustrates the problem of correctly identifying the radiation
point sources with artifacts 124 confusingly similar to a
radiation point source.

[0071] The locations of the fiducials 22 with correspond-
ing point sources are updated in continuous real-time. The
representative identification of the point sources can be a
system and/or user preference. The preference can indicate
a shape and/or color. Preferences can include a directional
indicator such as color coding, dotted lines, shading, or other
directional indicator that indicates whether the location is
elevated above or below the current imaging plane.

[0072] In the embodiment of the system 10 describe in
reference to FIG. 5, the locations of the radiation point
sources are based on the most recent fluoroscopic image.
The image can be presented without the identifiers, e.g.
ellipses. In another embodiment, the healthcare practitioner
can select a location on the image with the input device 46
to express clinical doubt. The system 10 responds with a
response indicating the presence or absence of a radiation
point source, e.g. “seed present” or “no seed”. Alternatively,
the response can include a distance and/or probability mea-
sure. The response is based on the location of the point
source according to the fused coordinate system updated
with the most recent fluoroscopic image. The update can
include position based on tracking of the point sources
among the intermittent fluoroscopic images and measures of
periodic motion such as the respiration and/or cardiac
cycles. Seed locations can be added to the fiducials of the
TRUS probe to improve the registration between images.
[0073] With reference to FIG. 9, one method of real-time
fusion of anatomical ultrasound information and radiation
delivery information for interventional radiation therapy is
flowcharted. In a step 130, continuous real-time ultrasound
images are obtained in a first coordinate system of an
anatomic region of a subject with fiducials internal to the
subject. The images are generated with an US probe which
includes at least one transducer which emits ultrasonic
sound waves. The US probe can be applied to the subject
internally or externally. The location of the internal fiducials,
in some embodiments, are implanted in and/or around target
tissues, and locations determined by a self-identity trans-
mitted in response to received ultrasonic sound waves which
activate and power the wireless transmitter. The internal
fiducials that are implanted, can include fiducials implanted
in and/or around OARs. The implanted fiducials provide
motion tracking of the tissues nearby. The activation of the
implanted fiducial is based on a piezoelectric material of the
fiducial, which converts the received ultrasonic sound waves
into electrical current. The location relative to the probe can
be determined based on the firing sequence of the ultrasonic
sound waves and/or frequency of the sound waves as
described in reference to FIGS. 3 and 7. In other embodi-
ments, the internal fiducials are included as part of the
internal probe. The fiducials affixed to or embedded in the
probe are calibrated to the probe and the ultrasound coor-
dinate system. In some embodiments, the internal fiducials
are both implanted and included as part of the internal probe.
[0074] The step can include identifying by segmentation
target tissues in the anatomic region, e.g. tumors, diseased
tissue, and the like, according to the segmented planning
image. The step can include tissue deformation and move-
ment analysis using the fiducials as a reference. The move-
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ment analysis can include repetitive movement such as
respiratory and/or cardiac motion, rigid motion such as
patient body movement, non-rigid motion such as muscle
flexing/relaxing, movement of the probe, movement of a
subject support, etc.

[0075] Therapeutic radiation is delivered in amounts and
locations according to the radiation therapy plan 20 in a step
132 in a second coordinate system. For example, EBRT
beams of a shape, duration, intensity, and direction are
projected in a coordinate system of the EBRT device and/or
brachytherapy point sources of measured amounts of thera-
peutic radiation are inserted into tissues in a coordinate
system of a healthcare practitioner instrument for dropping
seeds. In a step 134, the fiducials in the second coordinate
system are identified. The location of the fiducials can be
identified either based the fiducials wirelessly transmitting at
least a self-identity and/or based on radio-opaque material in
an intermittent fluoroscopic image. The internal fiducials
can be combined with the therapeutic radiation delivery, e.g.
incorporated into capsules with the radiation point sources.
The fiducials can be separated from the therapeutic radiation
delivery, e.g. separate implantation and/or included on inter-
nal probe.

[0076] The coordinate system of the real-time ultrasound
imaging system, which includes the anatomic information, is
fused with the coordinate system of the therapeutic radiation
delivery based on the fiducials in a step 136. The fused
coordinate system brings the anatomic information of the
real-time ultrasound system into a common coordinate sys-
tem with the therapeutic radiation delivery information. The
fused coordinate system tracks the location of the fiducials
relative to the anatomic information and the delivery of
therapeutic radiation.

[0077] 1In a step 138, the locations and amounts of radia-
tion delivered real-time to the anatomic region are evaluated
based on the fused coordinate system. The evaluation can
include segmenting the target tissues, e.g. tumors, and the
OARs based on the planning image. Therapeutic radiation
can be accumulated by voxel location in each segmented
structure with the internal fiducials as reference. The thera-
peutic radiation dose can be accumulated for multiple modes
of therapeutic radiation delivery, e.g. point sources of
brachytherapy, beams of EBRT, and the like. The therapeutic
radiation dose can be accumulated across treatment frac-
tions. The evaluation can include a comparison of actual
delivery with the radiation therapy plan 20.

[0078] The delivered radiation therapy can be adjusted in
a step 140 during the treatment session. The adjustment can
include the addition and/or placement of additional radiation
point sources. The adjustment can include the modification
of the external beam of therapeutic radiation in shape,
duration, timing, direction, or intensity. For example, the
beam can be gated on/off or the leaves of the MLC moved
timed with the movement of the fiducials and the corre-
sponding target or OARs.

[0079] In astep 142, a decision step continues the method
repetitively in real-time during a treatment session or ter-
minates at the end of the session based on the healthcare
practitioner command entry with the input device.

[0080] With reference to FIG. 10, one method of using an
embodiment of the real-time fusion of anatomical ultrasound
information and radiation delivery information system 10
for brachytherapy with the TRUS probe is flowcharted. In a
step 150, continuous real-time ultrasound images of an
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anatomic portion of a subject are obtained in a first coordi-
nate system calibrated to fiducials located internally to the
subject. The TRUS probe includes the calibrated fiducials.
The continuous real-time ultrasound system can include the
2D or 3D probes described in reference to FIGS. 3 and 7.
The step can include segmenting target tissues and/or OARs
based on the planning image. The target and OAR structures
can be identified in the images displayed on the display
device.

[0081] Ina step 142, the fluoroscopic image is obtained of
the anatomic portion of the subject with radiation point
sources or seeds and the fiducials in the field of view
according to a coordinate system of the fluoroscopic imag-
ing unit. The fluoroscopic image can be triggered by com-
mand entry from the healthcare practitioner using the input
device. The imaging unit can alternatively substitute the
most recent image or any previous image based on the
tracked position of the fiducials corresponding to the posi-
tion in the previous image. The fluoroscopic imaging can be
triggered anytime such as after seeds from each needle are
implanted, or after seeds from all needles implanted.
[0082] The coordinate system of the real-time ultrasound
imaging of the anatomic portion of the subject is fused to the
fluoroscopic coordinate system of the therapeutic radiation
delivery or radiation point sources based on the fiducials in
a step 154. For example, the planning image and delivery
images can be registered based on organ contours. The
registration of the continuous real-time ultrasound images to
the fluoroscopic images can be improved based on the
location of any delivered seeds and/or the location of the
needle if equipped with a miniature transducer at the tip
which makes the needle visible in the ulirasound. The needle
and the seeds contrast in the fluoroscopic images.

[0083] In steps 156 through 164 the delivery of the thera-
peutic radiation is evaluated. The evaluation can include any
one of a seed drop confirmation or seed location confirma-
tion in step 156, dose evaluation in step 158, 3D seed
reconstruction in step 160, needle tip location in step 162, or
image visvalization in step 164. In step 156, the presence of
aseed or seed location is confirmed. The process can include
automatic identification by segmenting the fluoroscopic
image, or based on a request command entry by the health-
care practitioner. The request command entry can include
selecting with the input device, e.g. mouse, an area on the
displayed continuous real-time ultrasound image and receiv-
ing a response from the system regarding the presence or
absence of the seed. The response can include a distance
measurement based on the selected point in the image and/or
a confidence measure such as a confidence interval, standard
deviation, etc. The distance measurement can include
motion measurement based on the previous imaged repeti-
tive motion of the subject.

[0084] Dose evaluation includes actual delivered radiation
based on the seeds present and assigned radiation values.
Dose evaluation can include a comparison with the radiation
therapy plan 20 such as difference between planned dose and
actual dose, differences by segmented tissue, and/or super-
imposing actual and planned dose amounts. The displayed
evaluation can be selectable by the healthcare practitioner
for a selected location and/or structure, or displayed super-
imposed on the ultrasound and/or fluoroscopic images.
[0085] 3D seed reconstruction includes locating existing
seeds. 3D seed reconstruction can include identifying
planned seed locations relative to the existing seed locations.
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3D seed reconstruction can include location of seeds relative
to segmented structures. Needle tip location includes locat-
ing the needle tip of the radiation point source delivery
mechanism or other instrument in the fused coordinate
system.

[0086] Image visualization includes combining for display
information from the continuous real-time ultrasound with
information from the fluoroscopic imaging. For example,
segment structures can be outlined or colored coded in the
image display, seed locations can be indicated with identi-
fiers, dose levels and/or comparisons indicated, etc. Image
visualization can include orienting the images in the coor-
dinate reference of the fluoroscope, orienting the images in
the coordinate reference of the continuous real-time ultra-
sound images, or another selected perspective such as the
position of the needle or healthcare practitioner visual
orientation to the subject.

[0087] In a step 166, the radiation therapy plan can be
adjusted based on the evaluation steps. For example, the
target location for implantation of remaining radiation point
sources can be relocated and/or additional target locations
identified. The adjustments form a revised radiation therapy
plan which can then be re-evaluated in another iteration.
[0088] The radiation therapy treatment delivery continues,
in a step 168, with the dropping or placement of additional
seeds in target areas according to the radiation therapy plan
with any revisions. The method continues with a decision
step 170 which iterates the steps until the therapeutic radia-
tion delivery is completed or until terminated by the health-
care practitioner. The iterations occur in real-time during
delivery of the therapeutic radiation.

[0089] It is to be appreciated that in connection with the
particular illustrative embodiments presented herein certain
structural and/or function features are described as being
incorporated in defined elements and/or components. How-
ever, it is contemplated that these features may, to the same
or similar benefit, also likewise be incorporated in other
elements and/or components where appropriate. It is also to
be appreciated that different aspects of the exemplary
embodiments may be selectively employed as appropriate to
achieve other alternate embodiments suited for desired
applications, the other alternate embodiments thereby real-
izing the respective advantages of the aspects incorporated
therein.

[0090] It is also to be appreciated that particular elements
or components described herein may have their functionality
suitably implemented via hardware, software, firmware or a
combination thereof. Additionally, it is to be appreciated that
certain elements described herein as incorporated together
may under suitable circumstances be stand-alone elements
or otherwise divided. Similarly, a plurality of particular
functions described as being carried out by one particular
element may be carried out by a plurality of distinct ele-
ments acting independently to carry out individual func-
tions, or certain individual functions may be split-up and
carried out by a plurality of distinct elements acting in
concert. Alternately, some elements or components other-
wise described and/or shown herein as distinct from one
another may be physically or functionally combined where
appropriate. In short, the present specification has been set
forth with reference to preferred embodiments. Obviously,
modifications and alterations will occur to others upon
reading and understanding the present specification. It is
intended that the invention be construed as including all
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such modifications and alterations insofar as they come
within the scope of the appended claims or the equivalents
thereof. That is to say, it will be appreciated that various of
the above-disclosed and other features and functions, or
alternatives thereof, may be desirably combined into many
other different systems or applications, and also that various
presently unforeseen or unanticipated alternatives, modifi-
cations, variations or improvements therein may be subse-
quently made by those skilled in the art which are similarly
intended to be encompassed by the following claims.

1. A radiation therapy system, comprising:

a plurality of fiducials locatable internal to a subject;

an ultrasound imaging unit which includes a transducer
configured to emit ultrasonic sound waves to image in
real-time an anatomic portion of a subject in a real-time
coordinate system,;

a radiation planning unit configured to use at least one
radiation treatment planning image to identify planned
treatment locations and planned amounts of therapeutic
radiation to be delivered to anatomic portions of the
subject in a planning coordinate system;

an image fusion unit configured to registers the real-time
coordinate system to the planning coordinate system
based on the locations of the internal fiducials and to
track the locations of the fiducials in real-time, and

a delivery evaluation unit configured to identify the
locations of the fiducials and the amounts of delivered
therapeutic radiation relative to the imaged real-time
anatomic portion of the subject,

wherein each of the plurality of fiducials includes;

a wireless transmitter configured to transmit at least a
self-identity;

a sensor connected to the transmitter which includes a
piezoelectric element activated in response to receiving
the emitted ultrasonic sound waves and which powers
the transmitter; and

a capsule constructed of biocompatible material which
encapsulates the wireless transmitter and the sensor;

at least one antenna located external to the subject and
configured to receive the transmitted self-identities;
and

wherein the deliver evaluation unit is configured to iden-
tify the locations of the fiducials based on the trans-
mitted self-identities and the amount of radiation based
on the radiation delivery mechanism; and

wherein the image fusion unit is configured to determine
the locations of the fiducials relative to the ultrasound
transducer based on a time between emission and
receipt of the ultrasonic sound waves, and a direction of
one or more emitted ultrasonic sound waves and the
amplitude of the received one or more emitted ultra-
sonic sound waves.

2. (canceled)

3. The system according to claim 2, wherein the radiation
planning unit is configured to modify the planned amounts
and/or planned locations of therapeutic radiation to be
delivered to the anatomic portions of the subject based on
the delivered therapeutic radiation.

4. The system according to claim 1, wherein the radiation
planning unit is configured to adjust the planned timing of
therapeutic radiation delivery based on the location of the
fiducials.

5. The radiation therapy delivery system, according to
claim 1, further including:
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a radiation therapy delivery system configured to deliver
the amounts of therapeutic radiation to the anatomic
portion of the subject in the planning coordinate sys-
tem.

6. (canceled)

7. The system according to claim 1, further including:

a display device configured to display the fiducial loca-
tions superimposed on the real-time imaged anatomic
portion of the subject.

8. (canceled)

9. The system according to claim 5, further wherein:
the radiation therapy delivery system further includes an
external beam radiation therapy device; and wherein
the delivery evaluation unit is further configured to
receive the amount and location of therapeutic radiation
delivered based on the beam shape, duration, and
direction from the external beam radiation therapy
device according to the second coordinate system, and
determine the amount and location of therapeutic radia-
tion delivered to each target tissue and one or more

organs-at-risk.

10. The system according to claim 19, further including:

a radiation therapy delivery unit configured to controls-
the external beam radiation therapy device to deliver
beams of therapeutic radiation of a shape, direction,
intensity, and duration based on a treatment plan; and

wherein the radiation planning unit is configured to at
least one of: modify the treatment plan during delivery,
gate the external beam, or adjust collimation of the
external beam based on the location of the fiducials.

11. The system according to claim 5, wherein the radiation

delivery system includes radioactive point sources mounted
in the fiducials.

12. (canceled)

13. (canceled)

14. (canceled)

15. A method of radiation therapy, comprising:

generating real-time ultrasound images with a transducer
which emits ultrasonic sound waves in an anatomic
portion of a subject in a real time coordinate system
which includes a plurality of internal fiducial locations;

identifying planned treatment locations and planned
amounts of therapeutic radiation to be delivered to
anatomical portions of the subject using a planning
image in a planning coordinate system;

identifying locations of the plurality of fiducials;

registering the locations of the plurality of fiducials to at
least one of the real-time and planning coordinate
systems and tracking the locations of the fiducials in
real-time.

16. The method according to claim 15, further including:

delivering therapeutic radiation in locations and amounts
of the anatomical portions of the subject based on the
planned locations and amounts; and

determining locations and amounts of therapeutic radia-
tion actually delivered to the anatomic portions of the
subject.

17. The method according to claim 16, wherein determin-

ing further includes:

receiving the amount and location of therapeutic radiation
delivery based on an external radiation beam shape,
direction, intensity, and duration according to the sec-
ond coordinate system; and
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determining the amount and location of therapeutic radia-
tion delivered to each of the target tissues and one or
more organs-at-risk based on the fused coordinate
system.

18. The method according to claim 17, further including:

modifying at least one of the therapeutic radiation beam

shape, direction, intensity, or duration based on loca-
tions of the fiducials relative to the delivered beams of
therapeutic radiation according to the fused coordinate
system.

19. The method according to claim 15, wherein identify-
ing further includes:

identifying the plurality of fiducial internal locations

based on receiving each internal fiducial transmitting at
least a self-identity on a predetermined radio frequency
in response to emitted ultrasonic sound waves, a time
between emission and receipt of the ultrasonic sound
waves, and a direction of one or more emitted ultra-
sonic sound waves and the amplitude of the received
one or more emitted ultrasonic sound waves.

20. The method according to claim 15, wherein the
transducer includes at least one imaging array located on a
shaft, and the plurality of fiducials are mounted on the shaft,
radio-opaque, and in different orientations and further
including:

receiving at least one fluoroscopic image of the portion of

the subject with the plurality of radio-opaque fiducials
and dropped seeds;

determining at least one of the following based on the

fused coordinate system:

identifying a location of a brachytherapy seed drop
within the real-time ultrasound images;

locating in 3-dimensions each brachytherapy seed
implanted within the real-time ultrasound images; or

locating a tip of a needle which drops brachytherapy
seeds within the real-time ultrasound images.

21. The method according to claim 20, wherein determin-
ing further includes:

determining the amount and location of therapeutic radia-

tion dose delivered to each of the target tissues based on
the dropped seed locations and assigned dose values
and the location of the fiducials.

22. An implantable fiducial, comprising:

a wireless transmitter,

a sensor and

a capsule,

wherein the wireless transmitter is configured to transmit

self-identity and at least one of the following informa-
tion: i) a frequency of ultrasound activation emitted at
a predetermined angle as detected by the sensor ii) an
intensity of ultrasound activation as detected by the
sensor iii) a checksum for verifying the self-identity iv)
an ultrasound cycle count for establishing a time cur-
rency for the transmission;

wherein the sensor is connected to the transmitter and

includes a piezoelectric element which is activated in
response to received emitted ultrasonic sound waves
and which is configured to powers the transmitter; and
wherein the capsule is constructed of biocompatible mate-
rial which encapsulates the wireless transmitter and the
sensor and is configured to be implanted in a subject
through a needle inserted when inserted into a subject.
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