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ABSTRACT

A system and method for displaying surgical instruments
accurately, in both time and space, within both slice and
volumetric medical images of organs that may deform in a
predictable manner over time due to an ongoing body activity.
The system and method comprising using a gating signal
associated with an ongoing body activity to determine which
image in a sequence of acquired images best represents the
state of the imaged anatomy at a given point in time and
accurately displaying navigated surgical instruments within
that image at that point in time.
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SYSTEM AND METHOD FOR DISPLAYING
REAL-TIME STATE OF IMAGED ANATOMY
DURING A SURGICAL PROCEDURE

FIELD OF THE INVENTION

[0001] This disclosure relates generally to image-guided
surgery systems (or surgical navigation systems), and in par-
ticular to systems and methods for displaying the real-time
state of imaged anatomy, and accurately tracking and display-
ing surgical instruments during a surgical procedure.

BACKGROUND OF THE INVENTION

[0002] Image-guided surgery systems track the precise
location of surgical instruments in relation to multidimen-
sional images of a patient’s anatomy. Additionally, image-
guided surgery systems use visualization tools to provide the
surgeon with co-registered views of these surgical instru-
ments with the patient’s anatomy. The multidimensional
images of a patient’s anatomy may include computed tomog-
raphy (CT) imaging data, magnetic resonance (MR) imaging
data, positron emission tomography (PET) imaging data,
ultrasound imaging data, X-ray imaging data, or any other
suitable imaging data, as well as any combinations thereof.
[0003] Several surgical procedures require very precise
planning for placement of surgical instruments that are inter-
nal to the body and difficult to view during the procedure. This
is especially true when dealing with internal organs or
anatomy that may deform in a predictable manner over time
due to ongoing body activity, such as breathing and the beat-
ing of the heart.

[0004] Registration of 3D image datasets (CT, MR, PET,
ultrasound, etc.) to a known reference frame can be a difficult
problem in the operating room. The initial registration is
typically defined by identifying common fiducial points
within a region of interest between a 3D image dataset and a
setof 2D or 3D fluoroscopic images. The previously acquired
3D image dataset defines a 3D rectilinear coordinate system,
by virtue of their precision scan formation or the spatial
mathematics of their reconstruction algorithms. However, it
may be necessary to correlate 2D or 3D fluoroscopic images
and anatomical features with features in a previously acquired
3D image dataset and with external coordinates of surgical
instruments being used. As mentioned above, this is often
accomplished by providing fiducials, or externally visible
trackable markers that may be imaged, identifying the fidu-
cials or markers on various images, and thus identifying a
common set of coordinate registration points on the various
images that may be tracked using a tracking system. Instead
of using fiducials, tracking systems may employ an initializa-
tion process wherein the surgeon touches a number of points
on a patient’s anatomy in order to define an external coordi-
nate system in relation to the patient’s anatomy and to initiate
tracking. In addition, image based registration algorithms can
simplify the surgical workflow by using images that are avail-
able during the procedure without requiring direct contact
with rigid patient landmarks.

[0005] The imaging and tracking accuracy of surgical
instruments is impaired by a difference in the representation
of a patient’s anatomy in static images under dynamic cit-
cumstances, such as when the patient’s anatomy deforms due
to an ongoing body activity.

[0006] Therefore, it would be desirable to provide a system
and method for tracking and displaying surgical instruments
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accurately in real-time, in both time and space, within both
slice and volumetric medical images of organs that may
deform in a predictable manner over time due to ongoing
body activity.

SUMMARY OF THE INVENTION

[0007] The above-mentioned shortcomings, disadvantages
and problems are addressed herein which will be understood
by reading and understanding the following specification.
[0008] Inanembodiment,a method of displaying real-time
state of imaged anatomy during a surgical procedure com-
prising the steps of attaching a measurement device to a
patient to measure and ongoing body activity and generating
a gating signal corresponding to the ongoing body activity;
establishing a navigation reference frame around the patient
in a surgical field of interest; acquiring a time series of images
of a patient’s anatomy in the surgical field of interest in sync
with the gating signal; determining an image position for each
image in the time series in relation to the navigation reference
frame; determining a position for at least one navigated sur-
gical instrument used during the surgical procedure in rela-
tion to the navigation reference frame; and displaying the
time series of images along with the at least one navigated
surgical instrument used during the surgical procedure super-
imposed on the time series of images showing the real-time
state of the imaged anatomy and the accurate positions of the
atleast one navigated surgical instrument within the real-time
state of imaged anatomy.

[0009] Inanembodiment,a method of displaying real-time
state of imaged anatomy during a surgical procedure com-
prising the steps of attaching a measurement device to a
patient to measure and ongoing body activity and generating
a gating signal corresponding to the ongoing body activity;
acquiring a time series of pre-operative 3D images of a
patient’s anatomy in a surgical field of interest in sync with
the gating signal; establishing a navigation reference frame
around the patient in the surgical field of interest; acquiring a
time series of intraoperative 2D images of the patient’s
anatomy in the surgical field of interest in sync with the gating
signal; reconstructing a time series of intraoperative 3D
images from the time series of intraoperative 2D images;
registering the time series of pre-operative 3D images with
the time series of intraoperative 3D images; and displaying
the time series of pre-operative 3D images along with at least
one navigated surgical instrument used during the surgical
procedure superimposed on the time series of pre-operative
3D images showing the real-time state of the imaged anatomy
and the accurate positions of the at least one navigated surgi-
cal instrument within the real-time state of imaged anatomy.
[0010] Inanembodiment,a method of displaying real-time
state of imaged anatomy during a surgical procedure com-
prising the steps of attaching an EKG measurement device to
a patient to measure the EKG of a patient and generating a
gating signal corresponding to the measured EKG; acquiring
atime sequence of pre-operative 3D CT volumetric images of
a patient’s anatomy in a surgical field of interest in sync with
the gating signal; establishing a navigation reference frame
around the patient in the surgical field of interest; acquiring a
series of intraoperative 2D fluoroscopic images of the
patient’s anatomy in the surgical field of interest taken at
various intervals while an imaging apparatus rotates around
the patient; recording the EKG measurement and an image
position within the navigation reference frame for each image
in the series of intraoperative 2D fluoroscopic images; recon-
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structing a series of intraoperative 3D fluoroscopic volumet-
ric images from the series of intraoperative 2D fluoroscopic
images that have approximately the same EK G measurement;
registering each intraoperative 3D fluoroscopic volumetric
image in the time series with the navigation reference frame;
registering each intraoperative 3D fluoroscopic volumetric
image in the series with the corresponding pre-operative 3D
CT volumetric image in the time sequence; and displaying the
time sequence of pre-operative 3D CT volumetric images
along with at least one navigated surgical instrument used
during the surgical procedure superimposed on the time
sequence of pre-operative 3D CT volumetric images showing
the real-time state of the patient’s imaged anatomy and the
accurate positions ofthe at least one navigated surgical instru-
ment within the real-time state of the patient’s imaged
anatomy.

[0011] Inanembodiment,a method of displaying real-time
state of imaged anatomy during a surgical procedure com-
prising the steps of attaching a respiratory cycle measurement
device to a patient to measure the respiratory cycle of the
patient and generating a gating signal corresponding to the
measured respiratory cycle; establishing a navigation refer-
ence frame around the patient in a surgical field of interest;
acquiring a time series of 2D fluoroscopic images of a
patient’s anatomy in the surgical field of interest in sync with
the gating signal; recording the respiratory cycle measure-
ment and an image position within the navigation reference
frame for each image in the time series of 2D fluoroscopic
images; and displaying the time series of 2D fluoroscopic
images along with navigated surgical instruments superim-
posed on the time series of 2D fluoroscopic images showing
the real-time state of the patient’s imaged anatomy and the
accurate positions of the navigated surgical instruments
within the real-time state of the patient’s imaged anatomy.
[0012] Inanembodiment,animage-guided surgery system
comprising a measurement device coupled to a patient for
measuring an ongoing body activity of the patient and gener-
ating a gating signal corresponding to the ongoing body activ-
ity measurement; a plurality of tracking elements coupled to
a navigation apparatus, wherein the navigation apparatus
includes at least one processor; at least one imaging apparatus
coupled to the navigation apparatus configured for imaging a
patient’s anatomy that deforms and changes position in rela-
tion to the ongoing body activity; and at least one display
coupled to the a navigation apparatus and at least one imaging
apparatus configured for displaying 2D slice and 3D volu-
metric images of the patient’s anatomy that deforms and
changes position in relation to the ongoing body activity and
displaying an accurate position of at least one navigated sur-
gical instrument within the 2D slice and 3D volumetric
images in real-time.

[0013] Various other features, objects, and advantages of
the invention will be made apparent to those skilled in the art
from the accompanying drawings and detailed description
thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a schematic diagram of an exemplary
embodiment of an image-guided surgery system;

[0015] FIG. 2 is a block diagram of an exemplary embodi-
ment of an image-guided surgery system;

[0016] FIG. 3 is a flow diagram of an exemplary embodi-
ment of a method for displaying the real-time state of imaged
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anatomy, and accurately tracking and displaying surgical
instruments within the imaged anatomy during a surgical
procedure;

[0017] FIG. 4 is a flow diagram of an exemplary embodi-
ment of amethod for displaying the real-time state of imaged
anatomy, and accurately tracking and displaying surgical
instruments within the imaged anatomy during a surgical
procedure;

[0018] FIG. 5isamore detailed flow diagram of the method
of FIG. 4;

[0019] FIG. 6 is a flow diagram of an exemplary embodi-
ment of a method for displaying the real-time state of imaged
anatomy, and accurately tracking and displaying surgical
instruments within the imaged anatomy during a surgical
procedure using an FKG signal as a gating signal; and
[0020] FIG. 7 is a flow diagram of an exemplary embodi-
ment of amethod for displaying the real-time state of imaged
anatomy, and accurately tracking and displaying surgical
instruments within the imaged anatomy during a surgical
procedure using a respiratory signal as a gating signal.

DETAILED DESCRIPTION OF THE INVENTION

[0021] In the following detailed description, reference is
made to the accompanying drawings that form a part hereof,
and in which is shown by way of illustration specific embodi-
ments that may be practiced. These embodiments are
described in sufficient detail to enable those skilled in the art
to practice the embodiments, and it is to be understood that
other embodiments may be utilized and that logical, mechani-
cal, electrical and other changes may be made without depart-
ing from the scope of the embodiments. The following
detailed description is, therefore, not to be taken as limiting
the scope of the appended claims.

[0022] In various embodiments, a system and method for
displaying the real-time state of imaged anatomy, and accu-
rately tracking and displaying surgical instruments during a
surgical procedure is disclosed. The disclosure provides a
system and method that combines image-guided surgery
(e.g., a surgical navigation) with time sequenced 2D images
and/or 3D images by using one or more measures of an
ongoing body activity, such as an EKG measurement or a
respiratory cycle measurement, as a gating signal to deter-
mine which image in a sequence best represents the state of
the imaged anatomy at a given point in time, and then dis-
playing a navigated instrument or implant within that image
at the given point in time.

[0023] The disclosure is explained with reference to
selected surgical procedures using selected gating signals.
However, it should be appreciated that the disclosure need not
be limited to any surgical procedures or any gating signals.
The systems and methods described may be used in any
surgical procedure, where a patient’s anatomy deforms due to
ongoing body activity. The gating signal may be associated
with a body activity, and correlated with the behavior of the
patient’s anatomy. For example, a surgical procedure related
to the heart may be linked with an EKG signal as the gating
signal, and a surgical procedure related to the liver may be
linked with a respiratory cycle signal as the gating signal.
[0024] In surgical procedures, access to the body is
obtained through one or more small percutaneous incisions or
one larger incision in the body. Surgical instruments are
inserted through these openings and directed to a region of
interest within the body. Direction of the surgical instruments
or implants through the body is facilitated by navigation
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technology wherein the real-time location of a surgical instru-
ment or implant is measured and virtually superimposed on
an image of the region of interest. The image may be a
pre-acquired image, or an image obtained in near real-time or
real-time using known imaging technologies such as com-
puted tomography (CT), magnetic resonance (MR), positron
emission tomography (PET), ultrasound, X-ray, or any other
suitable imaging technology, as well as any combinations
thereof.

[0025] Referring now to FIG. 1, an image-guided surgery
system (e.g., a surgical navigation system), designated gen-
erally by reference numeral 10 is illustrated. The system 10
includes a plurality of tracking elements 12, 14, 16 positioned
proximate to a surgical field of interest 34, a navigation appa-
ratus 30 coupled to and receiving data from the plurality of
tracking elements 12, 14, 16, at least one imaging apparatus
20 coupled to navigation apparatus 30 for performing imag-
ing on a patient 22 in the surgical field of interest 34, and at
least one display 26 coupled to at least one imaging apparatus
20 and navigation apparatus 30 for displaying imaging and
tracking data from the image-guided surgery system. The
patient 22 is shown positioned on a table 24 as an example of
the setup during a surgical procedure. The navigation appa-
ratus 30 and at least one display 26 are shown mounted on a
portable cart 32 in the embodiment illustrated in FIG. 1.
[0026] Theimage-guided surgery system 10 also includes a
measurement device 28 coupled to the patient 22, navigation
apparatus 30 and at least one imaging apparatus 20 for mea-
suring an ongoing body activity of patient 22. For example,
the ongoing body activity may be breathing (respiration) or
the beating of the heart, wherein patient anatomy deforms in
a predictable manner over time due to the ongoing body
activity. The measurement device 28 may be mounted on the
portable cart 32 that includes components of the navigation
apparatus 30 or may be positioned separately from the navi-
gation apparatus 30. The measurement device 28 is config-
ured for generating a gating signal associated with the ongo-
ing body activity. For example, the measurement device 28
may be arespiratory cycle measurement device for measuring
respiratory cycles of patient 22 or an electrocardiogram
(EKG) measurement device for measuring cardiac cycles of
patient 22. The respiratory cycle measurement device pro-
vides a gating signal associated with the changes in respira-
tion detected by a change in position of a first tracking ele-
ment 12 attached to the patient’s chest relative to a second
tracking element 14 that is fixed to the table 24, at least one
imaging apparatus 20 or other fixed location. The EKG mea-
surement device provides a gating signal associated with
variations in electrical potential caused by the excitation of
the heart muscle and detected at the body surface by sensors.
[0027] The gating signal generated by measurement device
28 may be coupled to at least one imaging apparatus 20 and
navigation apparatus 30, and used to trigger image and data
acquisition. The measurement device 28 measures an ongo-
ing body activity of patient 22 and produces a gating signal off
of the ongoing body activity to be used for triggering image
and data acquisition of imaging apparatus 26 and navigation
apparatus 30. The at least one imaging apparatus 20 automati-
cally acquires data for a time series of images or for images at
different anatomical levels.

[0028] The plurality of tracking elements 12, 14, 16 are
operative to determine the positions of a patient’s anatomy
and surgical instruments. A first tracking element 12 may be
attached to patient 22 on the patient’s anatomy that changes
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position due to an ongoing body activity, a second tracking
element 14 may be attached to at least one imaging apparatus
20 or attached to table 24 near the patient’s anatomy that
changes position due to an ongoing body activity, and a third
tracking element 16 attached to a surgical instrument 18 to
which an implant may be attached. For example, the first
tracking element 12 may be attached to the chest of patient 22
and the second tracking element 14 may be attached to table
24 near the chest of patient 22. The location of the first
tracking element 12 attached to patient 22 may change based
onthe ongoing body activity being measured. The plurality of
tracking elements 12, 14, 16 may be coupled to the navigation
apparatus 30 through either a wired or wireless connection.
[0029] In an exemplary embodiment, at least one tracking
element 12 or 14 may act as a navigation reference that may
be attached to patient 22 or table 24 near patient 22 in the
surgical field of interest 34. The navigation reference creates
a navigation reference frame for the image-guided surgery
system 10 around the patient’s anatomy in the surgical field of
interest 34. Typically, the navigation reference used by an
imaged-guided surgery system 10 is registered to the patient’s
anatomy prior to performing image-guided surgery or surgi-
cal navigation. Registration of the navigation reference frame
impacts the accuracy of a navigated surgical instrument 18 or
implant in relation to a displayed image.

[0030] In an exemplary embodiment, at least one tracking
element 14 may act as a positional reference that may be
attached to at least one imaging apparatus 20. The positional
reference assists navigation apparatus 30 in determining
imaging position in relation to at least one imaging apparatus
20.

[0031] In an exemplary embodiment, at least two tracking
elements 12, 14 may be used for measuring an ongoing body
activity. For example, for measuring the respiration cycle of a
patient, a first tracking element 12 may be attached to the
chest of patient 22 and a second tracking element 14 may be
attached to table 24 or attached to at least one imaging appa-
ratus 20. The navigation apparatus 30 would then be used to
measure the difference in position between the first tracking
element 12 attached to the chest of patient 22 and the second
tracking element 14 attached to table 24 or attached to at least
one imaging apparatus 20 during patient respiration.

[0032] In an exemplary embodiment, the navigation appa-
ratus 30 may be configured for providing positional informa-
tion of images relative to surgical instruments 18 and instru-
ment navigation coordinates representing the tracking
position of surgical instruments 18 in a patient’s anatomy
with reference to a gating signal in real-time during a surgical
procedure.

[0033] Inanexemplary embodiment, the at least one imag-
ing apparatus 20 may be a fluoroscopic imaging apparatus for
use during a surgical procedure. The at least one imaging
apparatus 20 may be coupled to navigation apparatus 30
through either a wired or wireless connection. A second imag-
ing apparatus (not shown) may be used to acquire a plurality
of high quality images prior to performing the surgical pro-
cedure. This second imaging apparatus may comprise CT,
MR, PET, ultrasound, X-ray, or any other suitable imaging
technology, as well as any combinations thereof.

[0034] In an exemplary embodiment, the at least one dis-
play 26 is configured to show the real-time position and
orientation of surgical instruments and/or implants on regis-
tered images of a patient’s anatomy. Graphical representa-
tions of the surgical instruments and/or implants are shown on
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the display. These representations may appear as line render-
ings, shaded geometric primitives, or realistic 3D models
from computer-aided design (CAD) files. The images and
instrument representations are continuously being updated in
real-time by the gating signal. The at least one display 26 may
be coupled to at least one imaging apparatus 20 and naviga-
tion apparatus 30 through either a wired or wireless connec-
tion.

[0035] In an exemplary embodiment, the image-guided
surgery system 10 may be an electromagnetic surgical navi-
gation system utilizing electromagnetic navigation technol-
ogy. However, other tracking or navigation technologies may
be utilized as well.

[0036] In an electromagnetic surgical navigation system,
the plurality of tracking elements 12, 14, 16 may include
electromagnetic field generators and electromagnetic sensors
that allow a surgeon to continually track the position and
orientation of atleast one surgical instrument 18 or an implant
during a surgical procedure.

[0037] Theelectromagnetic field generators may include at
least one coil, at least one coil pair, at least one coil trio, or a
coil array for generating an electromagnetic field. A currentis
applied from the navigation apparatus 30 to the at least one
coil, at least one coil pair, at least one coil trio, or a coil array
of the electromagnetic field generators to generate a magnetic
field around the electromagnetic field generators. The elec-
tromagnetic sensors may include at least one coil, at least one
coil pair, at least one coil trio, or a coil array for detecting the
magnetic field. The electromagnetic sensors are brought into
proximity with the electromagnetic field generators in the
surgical field of interest 14. The magnetic field induces a
voltage in the at least one coil, at least one coil pair, at least
one coil trio, or a coil array of the electromagnetic sensors,
detecting the magnetic field generated by the electromagnetic
field generators for calculating the position and orientation of
the at least one surgical instrument 18 or implant. The elec-
tromagnetic sensors may include electronics for digitizing
magnetic field measurements detected by the electromagnetic
sensors. It should, however, be appreciated that according to
alternate embodiments the electromagnetic field generators
may be electromagnetic sensors, and the electromagnetic
sensors may be electromagnetic field generators.

[0038] The magnetic field measurements can be used to
calculate the position and orientation of at least one surgical
instrument 18 or implant according to any suitable method or
system. After the magnetic field measurements are digitized
using electronics, the digitized signals are transmitted from
the electromagnetic sensors to a computer or processor within
the navigation apparatus 30 through a navigation interface.
The digitized signals may be transmitted from the electro-
magnetic sensors to the navigation apparatus 30 using wired
or wireless communication protocols and interfaces. The
digitized signals received by the navigation apparatus 30
represent magnetic field information detected by the electro-
magnetic sensors. The digitized signals are used to calculate
position and orientation information of the at least one surgi-
cal instrument 18 or implant. The position and orientation
information is used to register the location of the surgical
instrument 18 or implant to acquired imaging data from at
least one imaging apparatus 20. The position and orientation
data is visualized on at least one display 26, showing in
real-time the location of at least one surgical instrument 18 or
implant on pre-acquired or real-time images from at least one
imaging apparatus 20. The acquired imaging data from at
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least one imaging apparatus 20 may include CT imaging data,
MR imaging data, PET imaging data, ultrasound imaging
data, X-ray imaging data, or any other suitable imaging data,
as well as any combinations thereof. In addition to the
acquired imaging data from various modalities, real-time
imaging data from various real-time imaging modalities may
also be available.

[0039] In an exemplary embodiment, the image-guided
surgery system 10 may be integrated into a single integrated
imaging and navigation system with integrated instrumenta-
tion and software.

[0040] FIG. 2 is a block diagram of an exemplary embodi-
ment of an image-guided surgery system 210 utilizing elec-
tromagnetic navigation technology. The image-guided sur-
gery system 210 is illustrated conceptually as a collection of
modules and other components that are included in a naviga-
tion apparatus 230, but may be implemented using any com-
bination of dedicated hardware boards, digital signal proces-
sors, field programmable gate arrays, and processors.
Alternatively, the modules may be implemented using an
off-the-shelf computer with a single processor or multiple
processors, with the functional operations distributed
between the processors. As an example, it may be desirable to
have a dedicated processor for position and orientation cal-
culations as well as dedicated processors for imaging opera-
tions and visualization operations. As a further option, the
modules may be implemented using a hybrid configuration in
which certain modular functions are performed using dedi-
cated hardware, while the remaining modular functions are
performed using an off-the-shelf computer. In the embodi-
ment shown in FIG. 2, the image-guided surgery system 210
includes a computer 232 having a processor 234, a system
controller 236 and memory 238. The processor 234 is pro-
grammed with integrated software for planning and perform-
ing a surgical procedure. The operations of the modules and
other components of the navigation apparatus 230 may be
controlled by the system controller 236.

[0041] The image-guided surgery system 210 includes a
plurality of tracking elements that may be in the form of
electromagnetic field generators 212 and electromagnetic
sensors 216 that are coupled to a navigation interface 240.
The electromagnetic field generators 212 each generate an
electromagnetic field that is detected by electromagnetic field
sensors 216. The navigation interface 240 receives digitized
signals from electromagnetic sensors 216. The navigation
interface 240 includes at least one Ethernet port. The at least
one Ethernet port may be provided, for example, with an
Ethernet network interface card or adapter. However, accord-
ing to various alternate embodiments, the digitized signals
may be transmitted from electromagnetic sensors 216 to navi-
gation interface 240 using alternative wired or wireless com-
munication protocols and interfaces.

[0042] The digitized signals received by navigation inter-
face 240 represent magnetic field information from electro-
magnetic field generators 212 detected by electromagnetic
sensors 216. In the embodiment illustrated in FIG. 2, naviga-
tion interface 240 transmits the digitized signals to a tracker
module 250 over a local interface 242. The tracker module
250 calculates position and orientation information based on
the received digitized signals. This position and orientation
information provides a location of a surgical instrument or
implant.
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[0043] In an exemplary embodiment, the electromagnetic
field generators 212 and electromagnetic sensors 216 may be
coupled to navigation interface 240 through either a wired or
wireless connection.

[0044] The tracker module 250 communicates the position
and orientation information to a navigation module 260 over
local interface 242. As an example, this local interface 242 is
a Peripheral Component Interconnect (PCI) bus. However,
according to various alternate embodiments, equivalent bus
technologies may be substituted.

[0045] Upon receiving the position and orientation infor-
mation, the navigation module 260 is used to register the
location of the surgical instrument or implant to acquired
patient imaging data. In the embodiment illustrated in FIG. 2,
the acquired patient imaging data is stored on a data storage
device 244. The acquired patient imaging data may include
CT imaging data, MR imaging data, PET imaging data, ultra-
sound imaging data, X-ray imaging data, or any other suitable
imaging data, as well as any combinations thereof. By way of
example only, the data storage device 244 is ahard disk drive,
but other suitable storage devices may be used.

[0046] Patient imaging data acquired prior to a surgical
procedure may be transferred to system 210 and stored on
data storage device 244. The acquired patient imaging data is
loaded into memory 238 from data storage device 244. The
acquired patient imaging data is retrieved from data storage
device 244 by a data storage device controller 246. The navi-
gation module 260 reads from memory 238 the acquired
patient imaging data. The navigation module 260 registers the
location of the surgical instrument or implant to acquired
patient imaging data, and generates image data suitable to
visualize the patient imaging data and a representation of the
surgical instrument or implant. The imaging data is transmit-
ted to a display controller 248 over local interface 242. The
display controller 248 is used to output the imaging data to
display 226.

[0047] The image-guided surgery system 210 may further
include an imaging apparatus 220 coupled to an imaging
interface 270 for receiving real-time imaging data. The imag-
ing data is processed in an imaging module 280. The imaging
apparatus 220 provides the ability to acquire images of a
patient and display real-time imaging data in combination
with position and orientation information of a surgical instru-
ment or implant on display 226.

[0048] The image-guided surgery system 210 may further
include a measurement device 228 for measuring an ongoing
body activity of a patient. For example, the ongoing body
activity may be breathing (respiration) or the beating of the
heart, wherein patient anatomy deforms in a predictable man-
ner over time due to the ongoing body activity. The measure-
ment device 228 is attached to a patient with sensors to
measure the ongoing body activity and coupled to a measure-
ment device interface 290 for transmitting and receiving data.
The measurement device interface is in turn coupled to the
local interface 242. The measurement device 228 is config-
ured for generating a gating signal associated with the ongo-
ing body activity. For example, the measurement device 228
may be arespiratory cycle measurement device for measuring
respiratory cycles ofa patient or an EKG measurement device
for measuring cardiac cycles of a patient.

[0049] While one display 226 is illustrated in the embodi-
ment in FIG. 2, alternate embodiments may include various
display configurations. Various display configurations may
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be used to improve operating room ergonomics, display dif-
ferent views, or display information to personnel at various
locations.

[0050] FIG. 3 is a flow diagram of an exemplary embodi-
ment of a method 300 for displaying the real-time state of
imaged anatomy, and accurately tracking and displaying sur-
gical instruments within the imaged anatomy during a surgi-
cal procedure. The method 300 is explained with reference to
a surgical procedure relating to patient anatomy that may
deforms in a predictable manner over time due to an ongoing
body activity, such as breathing (respiration) or the beating of
the heart. At step 302, a measurement device is attached to a
patient to measure an ongoing body activity and generate a
gating signal corresponding to the ongoing body activity. For
example, the measurement device may be an electromagnetic
field generator or electromagnetic sensor to measure the res-
piratory cycle of a patient for liver related procedures, or a
plurality of EKG sensors attached to a patient and coupled to
an EKG measurement device to measure the EKG ofa patient
for cardiac related procedures. The measurement device gen-
erates a periodic gating signal associated with the ongoing
body activity. At step 304, a navigation reference frame is
established around the patient in the surgical field of interest
by attaching a navigation dynamic reference device to the
patient. At step 306, a time series of 2D or 3D images of the
patient are obtained in the surgical field of interest. The mea-
surement device generates a periodic gating signal associated
with the ongoing body activity that is used to trigger an
imaging apparatus to acquire images of the patient’s anatomy
in the surgical field of interest. The image acquisition is in
sync with the gating signal. The gating signal is measured
during the entire image scan to build each image in sequence.
The images may be acquired prior to the surgical procedure
(pre-operatively) and/or during the surgical procedure (intra-
operatively). The images may be obtained using a CT, MR,
PET, ultrasound, X-ray, or fluoroscopic imaging apparatus.
The acquired images along with the corresponding gating
signal are recorded and stored in a data storage device or
memory of the imaging apparatus or a surgical navigation
system. At step 308, an image position for each image
acquired in the time series of 2D or 3D images is determined
in relation to the navigation reference frame. The navigation
reference frame is a transformation matrix that represents the
difference between an image coordinate space and a naviga-
tion coordinate space. At step 310, a position of each surgical
instrument being used on an ongoing basis is determined in
relation to the navigation reference frame. At step 312, a
plurality of images showing the real-time state of imaged
anatomy and the accurate position of surgical instruments
within the real-time state of imaged anatomy are displayed on
a display of the imaging apparatus or a surgical navigation
system. The display shows the real-time position and orien-
tation of navigated surgical instruments on registered images
of a patient’s anatomy. Graphical representations of the navi-
gated surgical instruments are shown on the display. The
graphical representations may appear as line renderings,
shaded geometric primitives, realistic 3D models from com-
puter-aided design (CAD) files, or geometrical representa-
tions based on the instrument design drawings from manu-
facturers, for example. At step 314, the display of images and
navigated surgical instruments is continuously updated in
sync with the gating signal. The images and instrument rep-
resentations are continuously being updated in real-time by
the gating signal. The resulting image sequence gives the user
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displayed feedback, showing the anatomy deforming in real-
time along with the navigated surgical instruments, thus pro-
viding a surgical benefit.

[0051] FIG. 4 is a flow diagram of an exemplary embodi-
ment of a method 400 for displaying the real-time state of
imaged anatomy, and accurately tracking and displaying sut-
gical instruments within the imaged anatomy during a surgi-
cal procedure. The method 400 is explained with reference to
a surgical procedure relating to patient anatomy that may
deforms in a predictable manner over time due to an ongoing
body activity, such as breathing (respiration) or the beating of
the heart. At step 402, a measurement device is attached to a
patient to measure an ongoing body activity and generate a
gating signal corresponding to the ongoing body activity. For
example, the measurement device may be an electromagnetic
field generator or electromagnetic sensor to measure the res-
piratory cycle of a patient for liver related procedures, or a
plurality of EKG sensors attached to a patient and coupled to
an EKG measurement device to measure the EKG of a patient
for cardiac related procedures. The measurement device gen-
erates a periodic gating signal associated with the ongoing
body activity. At step 404, a time series of pre-operative 3D
images of the patient are obtained in the surgical field of
interest. These images are acquired pre-operatively, or prior
to the surgical procedure. The measurement device generates
a periodic gating signal associated with the ongoing body
activity that is used to trigger an imaging apparatus to acquire
images of the patient’s anatomy in the surgical field of inter-
est. The image acquisition is in sync with the gating signal.
The gating signal is measured during the entire image scan to
build each image in sequence. The images may be obtained
using a CT, MR, PET, ultrasound, X-ray, or fluoroscopic
imaging apparatus. The acquired images along with the cor-
responding gating signal are recorded and stored in a data
storage device or memory of the imaging apparatus or a
surgical navigation system. At step 406, the surgical proce-
dure begins. At step 408, a navigation reference frame is
established around the patient in the surgical field of interest
by attaching a navigation dynamic reference device to the
patient. At step 410, a time series of intraoperative 2D images
of the patient are obtained in the surgical field of interest.
These images are obtained intraoperatively, or during the
surgical procedure. The measurement device generates a peri-
odic gating signal associated with the ongoing body activity
that is used to trigger an imaging apparatus to acquire images
of the patient’s anatomy in the surgical field of interest. The
image acquisition is in sync with the gating signal. The gating
signal is measured during the entire image scan to build each
image in sequence. The images may be obtained using a CT,
MR, PET, ultrasound, X-ray, or fluoroscopic imaging appa-
ratus. The acquired images along with the corresponding
gating signal are recorded and stored in a data storage device
or memory of the imaging apparatus or a surgical navigation
system. At step 412, a time series of intraoperative 3D images
are reconstructed from the time series of intraoperative 2D
images. An image position for each image acquired in the
time series of intraoperative 3D images is determined in rela-
tion to the navigation reference frame. The navigation refer-
ence frame is a transformation matrix that represents the
difference between an image coordinate space and a naviga-
tion coordinate space. At step 414, the time series of pre-
operative 3D images are registered with the time series of
intraoperative 3D images. An image position for each image
acquired in the time series of pre-operative 3D images is
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determined in relation to the navigation reference frame. The
method further comprises the step of determining a position
for each navigated surgical instrument used during the surgi-
cal procedure in relation to the navigation reference frame. At
step 416, the time series of registered pre-operative 3D
images showing the real-time state of imaged anatomy and
the accurate position of navigated surgical instruments used
during the surgical procedure within the real-time state of
imaged anatomy are displayed on a display of an intraopera-
tive imaging apparatus or a surgical navigation system. The
display shows the real-time position and orientation of navi-
gated surgical instruments on registered images of a patient’s
anatomy. Graphical representations of the navigated surgical
instruments are shown on the display. The graphical repre-
sentations may appear as line renderings, shaded geometric
primitives, realistic 3D models from computer-aided design
(CAD) files, or geometrical representations based on the
instrument design drawings from manufacturers, for
example. At step 418, the display of images and navigated
surgical instruments is continuously updated in sync with the
gating signal. The images and instrument representations are
continuously being updated in real-time by the gating signal.
The resulting image sequence gives the user displayed feed-
back, showing the anatomy deforming in real-time along with
the navigated surgical instruments, thus providing a surgical
benefit.

[0052] FIG. 5 is a flow diagram illustrating, in greater
detail, an exemplary embodiment of a method 500 for dis-
playing the real-time state of imaged anatomy, and accurately
tracking and displaying surgical instruments within the
imaged anatomy during a surgical procedure. The method
500 is explained with reference to a surgical procedure relat-
ing to patient anatomy that may deforms in a predictable
manner over time due to an ongoing body activity, such as
breathing (respiration) or the beating of the heart. At step 502,
a measurement device is attached to a patient to measure an
ongoing body activity and generate a gating signal corre-
sponding to the ongoing body activity. For example, the mea-
surement device may be an electromagnetic field generator or
electromagnetic sensor to measure the respiratory cycle of a
patient for liver related procedures, or a plurality of EKG
sensors attached to a patient and coupled to an EK G measure-
ment device to measure the EKG of a patient for cardiac
related procedures. The measurement device generates a peri-
odic gating signal associated with the ongoing body activity.
At step 504, a time series of pre-operative 3D volumetric
images of the patient are obtained in the surgical field of
interest. The measurement device generates a periodic gating
signal associated with the ongoing body activity that is used
to trigger an imaging apparatus to acquire images of the
patient’s anatomy in the surgical field of interest. The image
acquisition is in sync with the gating signal. The gating signal
is measured during the entire image scan to build each image
in sequence. The images may be obtained using a CT, MR,
PET, ultrasound, X-ray, or fluoroscopic imaging apparatus.
At step 506, the time series of pre-operative 3D volumetric
images are recorded and stored along with the corresponding
ongoing body activity gating signal. A representative ongoing
body activity measurement for each pre-operative 3D volu-
metric image in the time series is recorded and stored in a data
storage device or memory of the volumetric imaging appara-
tus or a surgical navigation system. At step 508, the surgical
procedure begins. At step 510, a navigation reference frame is
established around the patient in the surgical field of interest
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by attaching a navigation dynamic reference device to the
patient. The navigation reference frame is a transformation
matrix that represents the difference between an image coor-
dinate space and a navigation coordinate space. At step 512, a
time series of intraoperative 2D fluoroscopic images of the
patient in the surgical field of interest are acquired using a
fluoroscopic imaging apparatus. The measurement device
generates a periodic gating signal associated with the ongoing
body activity that is used to trigger an imaging apparatus to
acquire images of the patient’s anatomy in the surgical field of
interest. The intraoperative 2D fluoroscopic images are
acquired in sync with the gating signal. The gating signal is
measured during the entire image scan to build each image in
the time series. At step 514, the acquired time series of intra-
operative 2D fluoroscopic images along with the correspond-
ing gating signal are recorded and stored in a data storage
device or memory of an intraoperative imaging apparatus ora
surgical navigation system. At step 516, an image position for
each intraoperative 2D fluoroscopic image acquired in the
time series of intraoperative 2D fluoroscopic images is deter-
mined in relation to the navigation reference frame associated
with the patient anatomy and a positional reference frame
associated with the fluoroscopic imaging apparatus. At step
518, a time series of intraoperative 3D volumetric images are
reconstructed from the time series of intraoperative 2D fluo-
roscopic images that have approximately the same ongoing
body activity measurement. Atstep 520, animage position for
each intraoperative 3D volumetric image in the time series is
determined in relation to the navigation reference frame asso-
ciated with the patient anatomy using the image positions
determined for the intraoperative 2D fluoroscopic images. At
step 522, each intraoperative 3D volumetric image in the time
series is registered with the corresponding pre-operative 3D
volumetric image in the time series. This registration maybe
accomplished using an image content registration technique
such as mutual information based image registration. At step
524, an image position for each pre-operative 3D volumetric
image acquired in the time series is determined in relation to
the navigation reference frame. At step 526, a position for
each navigated surgical instrument being used in the surgical
procedure is determined in relation to the navigation refer-
ence frame. At step 528, the registered pre-operative 3D
images showing the real-time state of imaged anatomy and
the accurate position of surgical instruments within the real-
time state of imaged anatomy are displayed, in volumetric or
sliced format, on a display of the imaging apparatus or a
surgical navigation system. The display shows the real-time
position and orientation of navigated surgical instruments on
registered images of a patient’s anatomy. Graphical represen-
tations of the navigated surgical instruments are shown on the
display. The graphical representations may appear as line
renderings, shaded geometric primitives, realistic 3D models
from CAD files, or geometrical representations based on the
instrument design drawings from manufacturers, for
example. At step 530, the display of images and navigated
surgical instrument representations is continuously updated
in sync with the gating signal. The images are continuously
updated in synchronization with the gating signal, and the
resulting image sequence provides feedback showing the
anatomy deforming in real time along with the navigated
surgical instruments, thus providing a surgical benefit. The
gating signal is associated with the ongoing body activity and
the patient anatomy deforms in a predictable manner with
reference to the gating signal.
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[0053] FIG. 6 is a flow diagram of an exemplary embodi-
ment of a method 600 for displaying the real-time state of
imaged anatomy, and accurately tracking and displaying sur-
gical instruments within the imaged anatomy during a surgi-
cal procedure using an EKG signal as a gating signal. The
method 600 is explained with reference to a surgical proce-
dure relating to patient anatomy that may deform in a predict-
able manner over time due to the beating of the heart. At step
602, an EKG measurement device is attached to a patient to
measure the EKG signal of the patient and generate a gating
signal corresponding to the measured EKG signal. For
example, the EKG signal measurement device may be a plu-
rality of EKG sensors attached to a patient and coupled to an
EKG measurement device to measure the EKG signal of a
patient for cardiac related procedures. The EKG measure-
ment device generates a periodic gating signal associated
with the measured EKG signal of the patient. At step 604, a
time sequence of pre-operative 3D volumetric images (4D
volumetric scan) is acquired of the patient in the surgical field
of interest. This time sequence of 3D volumetric images are
acquired pre-operatively and in sync with the gating signal.
For cardiac procedures, a 4D volumetric CT scan of the heart
is preformed. A volumetric imaging apparatus takes multiple
shots of the heart that are time sequenced to show different
stages ofheartbeat, for example. The images may be obtained
using a CT, MR, PET, ultrasound, X-ray, or fluoroscopic
imaging apparatus. At step 606, the time sequence of pre-
operative 3D volumetric images are recorded and stored
along with the corresponding EKG gating signal. A represen-
tative EKG measurement for each pre-operative 3D volumet-
ric image in the time sequence is recorded and stored in a data
storage device or memory of the volumetric imaging appara-
tus or a surgical navigation system. This involves determining
arepresentative EK G measurement for each pre-operative 3D
volumetric image in the time sequence and storing the repre-
sentative EKG measurement for each pre-operative 3D volu-
metric image with the time sequence. The EKG time
sequence data is recorded in synch with a 4D volumetric CT
scan of the heart, where a representative EKG level is deter-
mined for each pre-operative 3D volumetric image in the time
sequence and stored with the time sequence. At step 608, the
surgical procedure begins. At step 610, anavigation reference
frame is established around the patient in the surgical field of
interest by attaching a navigation dynamic reference device to
the patient. At step 612, a time series of intraoperative 2D
fluoroscopic images of the patient in the surgical field of
interest are acquired by performing a C-arm sweep of the
patient. A series of images are taken at various intervals while
the C-arm is rotating around the patient. This fluoroscopic CT
scan is performed intraoperatively using a fluoroscopic imag-
ing apparatus such as a C-arm. The EKG gating signal is used
to trigger the fluouroscopic imaging apparatus so that the
image acquisition is in synch with the gating signal. At step
614, the EKG measurement and image position within the
navigation reference frame for each image in the series of
intraoperative 2D fluoroscopic images is recorded and stored
in a data storage device or memory of the fluoroscopic imag-
ing apparatus or a surgical navigation system. At step 616, a
series of intraoperative 3D fluoroscopic volumetric images
are reconstructed from the series of intraoperative 2D fluoro-
scopic images that have approximately the same EKG mea-
surement. At step 618, each intraoperative 3D fluoroscopic
volumetric image in the time series is registered with the
navigation reference frame. At step 620, since the intraopera-
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tive 3D fluoroscopic volumetric image quality is of signifi-
cantly less quality than a traditional CT image, an image
fusion technique is used to register each intraoperative 3D
fluoroscopic volumetric image in the time series with the
corresponding pre-operative 3D CT volumetric image in the
time sequence. This registration maybe accomplished using
an image content registration technique such as mutual infor-
mation based image registration. This registration is used to
along with the intraoperative 3D fluoroscopic volumetric
image to navigation reference frame registration to display
the navigated surgical instruments within the registered pre-
operative 3D CT volumetric images at step 622. The time
sequence of pre-operative 3D CT volumetric images, with its
superior image quality, with navigated surgical instruments
added to each pre-operative 3D CT volumetric image in the
time sequence are displayed using the EKG measurement as
the gating signal that drives the display sequence in real-time.
The display shows the real-time position and orientation of
navigated surgical instruments on registered images of a
patient’s anatomy. Graphical representations of the navigated
surgical instruments are shown on the display. The graphical
representations may appear as line renderings, shaded geo-
metric primitives, realistic 3D models from CAD files, or
geometrical representations based on the instrument design
drawings from manufacturers, for example. The display of
images and navigated surgical instruments is continuously
updated in sync with the EKG gating signal.

[0054] FIG. 7 is a flow diagram of an exemplary embodi-
ment of a method 700 for displaying the real-time state of
imaged anatomy, and accurately tracking and displaying sur-
gical instruments within the imaged anatomy during a surgi-
cal procedure using a respiratory signal as a gating signal. The
method 700 is explained with reference to a surgical proce-
dure relating to patient anatomy that may deform in a predict-
able manner over time due to breathing (respiration). At step
702, a respiratory cycle measurement device is attached to a
patient to measure the respiratory cycle of the patient and
generate a gating signal corresponding to the measured res-
piratory cycle signal. For example, the respiratory cycle mea-
surement device may be an electromagnetic field generator or
electromagnetic sensor to measure the respiratory cycle of a
patient for liver related procedures. The respiratory cycle
measurement device generates a periodic gating signal asso-
ciated with the measured respiratory cycle of the patient. At
step 704, a navigation reference frame is established around
the patient in the surgical field of interest by attaching a
navigation dynamic reference device to the patient in the
surgical field of interest. At step 706, a time series of 2D
fluoroscopic images of the patient’s anatomy in the surgical
field of interest are acquired with a fluoroscopic imaging
apparatus. The gating signal is used to trigger the fluouro-
scopic imaging apparatus. The image acquisition is in synch
with the gating signal. The gating signal is measured during
the entire image scan to build each image in sequence. The
images are acquired during the surgical procedure. For
example, this may be achieved by performing a fluoroscopic
cine run (i.e., a time series of 2D fluoroscopic images are
acquired with a non-moving fluoroscopic imaging apparatus)
of the patient’s liver or other anatomy that may deform in
synchronization with patient breathing. At step 708, the res-
piratory cycle measurement and image position within the
navigation reference frame are recorded and stored with each
2D fluoroscopic image in the time series. The respiratory
cycle measurement and image position within the navigation
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reference frame may be recorded and stored in a data storage
device or memory of the fluoroscopic imaging apparatus or a
surgical navigation system. At step 710, the time series of 2D
fluoroscopic images with navigated surgical instruments
added to each 2D fluoroscopic image in the time series are
displayed using the ongoing respiratory cycle measurement
as the gating signal that drives the display sequence in real-
time. The fluoroscopic imaging apparatus is removed from
surgical field, and the cine run is replayed with navigated
surgical instruments accurately added to each image in the
time series. The re-use of the fluoroscopic cine run provides
significant surgical benefit by reducing radiation dose to both
the patient and surgical staff.

[0055] The benefits of this disclosure include both reduced
radiation dose to the patient and surgical staff, and an
improved understanding of the real-time state of the anatomy
of interest, along with accurate surgical instrumentation posi-
tioning, during a surgical procedure. These benefits will con-
tribute to improved surgical procedure outcomes.

[0056] Several embodiments are described above with ref-
erence to drawings. These drawings illustrate certain details
of specific embodiments that implement the systems, meth-
ods and programs of the invention. However, the drawings
should not be construed as imposing on the invention any
limitations associated with features shown in the drawings.
This disclosure contemplates methods, systems and program
products on any machine-readable media for accomplishing
its operations. As noted above, the embodiments of the may
be implemented using an existing computer processor, or by
a special purpose computer processor incorporated for this or
another purpose or by a hardwired system.

[0057] As noted above, embodiments within the scope of
the included program products comprising machine-readable
media for carrying or having machine-executable instruc-
tions or data structures stored thereon. Such machine-read-
able media can be any available media that can be accessed by
a general purpose or special purpose computer or other
machine with a processor. By way of example, such machine-
readable media may comprise RAM, ROM, PROM, EPROM,
EEPROM, Flash, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices, or
any other medium which can be used to carry or store desired
program code in the form of machine-executable instructions
or data structures and which can be accessed by a general
purpose or special purpose computer or other machine with a
processor. When information is transferred or provided over a
network or another communications connection (either hard-
wired, wireless, or a combination of hardwired or wireless) to
a machine, the machine properly views the connection as a
machine-readable medium. Thus, any such a connection is
properly termed a machine-readable medium. Combinations
of the above are also included within the scope of machine-
readable media. Machine-executable instructions comprise,
for example, instructions and data which cause a general
purpose computer, special purpose computer, or special pur-
pose processing machines to perform a certain function or
group of functions.

[0058] Embodiments are described in the general context
of method steps which may be implemented in one embodi-
ment by a program product including machine-executable
instructions, such as program code, for example in the form of
program modules executed by machines in networked envi-
ronments. Generally, program modules include routines, pro-
grams, objects, components, data structures, etc. that perform
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particular tasks or implement particular abstract data types.
Machine-executable instructions, associated data structures,
and program modules represent examples of program code
for executing steps of the methods disclosed herein. The
particular sequence of such executable instructions or asso-
ciated data structures represent examples of corresponding
acts for implementing the functions described in such steps.
[0059] Embodiments may be practiced in a networked
environment using logical connections to one or more remote
computers having processors. Logical connections may
include a local area network (LAN) and a wide area network
(WAN) that are presented here by way of example and not
limitation. Such networking environments are commonplace
in office-wide or enterprise-wide computer networks, intra-
nets and the Internet and may use a wide variety of different
communication protocols. Those skilled in the art will appre-
ciate that such network computing environments will typi-
cally encompass many types of computer system configura-
tions, including personal computers, hand-held devices,
multi-processor systems, microprocessor-based or program-
mable consumer electronics, network PCs, minicomputers,
mainframe computers, and the like. Embodiments of the
invention may also be practiced in distributed computing
environments where tasks are performed by local and remote
processing devices that are linked (either by hardwired links,
wireless links, or by a combination of hardwired or wireless
links) through a communications network. In a distributed
computing environment, program modules may be located in
both local and remote memory storage devices.

[0060] An exemplary system for implementing the overall
system or portions of the system might include a general
purpose computing device in the form of a computer, includ-
ing a processing unit, a system memory, and a system bus that
couples various system components including the system
memory to the processing unit. The system memory may
include read only memory (ROM) and random access
memory (RAM). The computer may also include a magnetic
hard disk drive for reading from and writing to a magnetic
hard disk, a magnetic disk drive for reading from or writing to
a removable magnetic disk, and an optical disk drive for
reading from or writing to a removable optical disk such as a
CD ROM or other optical media. The drives and their asso-
ciated machine-readable media provide nonvolatile storage
of machine-executable instructions, data structures, program
modules and other data for the computer.

[0061] The above-description of various exemplary
embodiments of image-guided surgery systems and the meth-
ods have the technical effect of displaying surgical instru-
ments accurately, in both time and space, within both slice
and volumetric medical images of organs that may deform in
a predictable manner over time due to an ongoing body activ-
ity.

[0062] While the invention has been described with refer-
ence to various embodiments, those skilled in the art will
appreciate that certain substitutions, alterations and omis-
sions may be made to the embodiments without departing
from the spirit of the invention. Accordingly, the foregoing
description is meant to be exemplary only, and should not
limit the scope of the invention as set forth in the following
claims.

What is claimed is:
1. A method of displaying real-time state of imaged
anatomy during a surgical procedure comprising the steps of:

Dec. 4, 2008

(a) attaching a measurement device to a patient to measure
and ongoing body activity and generating a gating signal
corresponding to the ongoing body activity;

(b) establishing a navigation reference frame around the
patient in a surgical field of interest;

(c) acquiring a time series of images of a patient’s anatomy
in the surgical field of interest in sync with the gating
signal,

(d) determining an image position for each image in the
time series in relation to the navigation reference frame;

(e) determining a position for at least one navigated surgi-
cal instrument used during the surgical procedure in
relation to the navigation reference frame; and

(f) displaying the time series of images along with the at
least one navigated surgical instrument used during the
surgical procedure superimposed on the time series of
images showing the real-time state of the imaged
anatomy and the accurate positions of the at least one
navigated surgical instrument within the real-time state
of imaged anatomy.

2. The method of claim 1, wherein the patient’s anatomy
deforms in a predictable manner over time due to the ongoing
body activity.

3. The method of claim 1, wherein the gating signal is a
respiration cycle measurement signal of the patient.

4. The method of claim 1, wherein the gating signal is an
EKG measurement signal of the patient.

5. The method of claim 1, wherein the step of acquiring a
time series of images includes acquiring pre-operative or
intraoperative images.

6. The method of claim 1, further comprising the step of
continuously updating the display of the time series of images
along with the navigated surgical instruments superimposed
on the time series of images in sync with the gating signal.

7. A method of displaying real-time state of imaged
anatomy during a surgical procedure comprising the steps of:

(a) attaching a measurement device to a patient to measure
and ongoing body activity and generating a gating signal
corresponding to the ongoing body activity;

(b) acquiring a time series of pre-operative 3D images of a
patient’s anatomy in a surgical field of interest in sync
with the gating signal;

(c) establishing a navigation reference frame around the
patient in the surgical field of interest;

(d) acquiring a time series of intraoperative 2D images of
the patient’s anatomy in the surgical field of interest in
sync with the gating signal;

(e) reconstructing a time series of intraoperative 3D images
from the time series of intraoperative 2D images;

() registering the time series of pre-operative 3D images
with the time series of intraoperative 3D images; and

(g) displaying the time series of pre-operative 3D images
along with at least one navigated surgical instrument
used during the surgical procedure superimposed on the
time series of pre-operative 3D images showing the real-
time state of the imaged anatomy and the accurate posi-
tions of the at least one navigated surgical instrument
within the real-time state of imaged anatomy.

8. The method of claim 7, wherein the patient’s anatomy
deforms in a predictable manner over time due to the ongoing
body activity.

9. The method of claim 7, wherein the gating signal is a
respiration cycle measurement signal of the patient.
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10. The method of claim 7, wherein the gating signal is an
EKG measurement signal of the patient.

11. The method of claim 7, wherein the step of reconstruct-
ing a time series of intraoperative 3D images from the time
series of intraoperative 2D images includes determining an
image position for each intraoperative 3D image in the time
series in relation to the navigation reference frame.

12. The method of claim 7, wherein the step of registering
the time series of pre-operative 3D images with the time
series of intraoperative 3D images includes determining an
image position for each pre-operative 3D image in the time
series in relation to the navigation reference frame.

13. The method of claim 7, further comprising the step of
determining a position for the at least one navigated surgical
instrument used during the surgical procedure in relation to
the navigation reference frame.

14. The method of claim 7, further comprising the step of
continuously updating the display of the time series of images
along with the navigated surgical instruments superimposed
on the time series of images in sync with the gating signal.

15. A method of displaying real-time state of imaged
anatomy during a surgical procedure comprising the steps of:

(a) attaching an EKG measurement device to a patient to
measure the EKG of a patient and generating a gating
signal corresponding to the measured EKG;

(b) acquiring a time sequence of pre-operative 3D CT
volumetric images of a patient’s anatomy in a surgical
field of interest in sync with the gating signal;

(c) establishing a navigation reference frame around the
patient in the surgical field of interest;

(d) acquiring a series of intraoperative 2D fluoroscopic
images of the patient’s anatomy in the surgical field of
interest taken at various intervals while an imaging
apparatus rotates around the patient;

(e) recording the EKG measurement and an image position
within the navigation reference frame for each image in
the series of intraoperative 2D fluoroscopic images;

(D) reconstructing a series of intraoperative 3D fluoroscopic
volumetric images from the series of intraoperative 2D
fluoroscopic images that have approximately the same
EKG measurement;

(g) registering each intraoperative 3D fluoroscopic volu-
metric image in the time series with the navigation ref-
erence frame;

(h) registering each intraoperative 3D fluoroscopic volu-
metric image in the series with the corresponding pre-
operative 3D CT volumetric image in the time sequence;
and

(1) displaying the time sequence of pre-operative 3D CT
volumetric images along with at least one navigated
surgical instrument used during the surgical procedure
superimposed on the time sequence of pre-operative 3D
CT volumetric images showing the real-time state of the
patient’s imaged anatomy and the accurate positions of
the at least one navigated surgical instrument within the
real-time state of the patient’s imaged anatomy.

16. The method of claim 15, wherein the patient’s anatomy

is a heart.

17. The method of claim 15, wherein the time sequence of
pre-operative 3D CT volumetric images are acquired by a
pre-operative 4D volumeitric scan of the heart.

18. The method of claim 15, wherein the step of acquiring
a time sequence of pre-operative 3D CT volumetric images
includes recording and storing EKG time sequence measure-
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ments in sync with the time sequence of pre-operative 3D CT
volumetric images, wherein a representative EKG measure-
ment is determined for each pre-operative 3D CT volumetric
imageinthe time sequence and stored with the time sequence.
19. The method of claim 15, wherein the series of intraop-
erative 2D fluoroscopic images are acquired by a fluoroscopic
CT scan using a C-arm sweep where both the EKG measure-
ment and the image position within the navigation reference
frame are recorded and stored with each image in the sweep.

20. A method of displaying real-time state of imaged

anatomy during a surgical procedure comprising the steps of:

(a) attaching a respiratory cycle measurement device to a
patient to measure the respiratory cycle of the patient
and generating a gating signal corresponding to the mea-
sured respiratory cycle;

(b) establishing a navigation reference frame around the
patient in a surgical field of interest;

(c) acquiring a time series of 2D fluoroscopic images of a
patient’s anatomy in the surgical field of interest in sync
with the gating signal;

(d) recording the respiratory cycle measurement and an
image position within the navigation reference frame for
each image in the time series of 2D fluoroscopic images;
and

(e) displaying the time series of 2D fluoroscopic images
along with navigated surgical instruments superimposed
on the time series of 2D fluoroscopic images showing
the real-time state of the patient’s imaged anatomy and
the accurate positions of the navigated surgical instru-
ments within the real-time state of the patient’s imaged
anatomy.

21. The method of claim 20, wherein the time series of 2D

fluoroscopic images are acquired by a fluoroscopic cine run
from a non-moving fluoroscopic imaging apparatus.

22.The method of claim 20, wherein the patient’s anatomy
is a liver or other internal anatomy that deforms and changes
position in sync with patient breathing.

23. The method of claim 20, wherein the fluoroscopic cine
run is replayed with navigated surgical instruments accu-
rately added to each 2D fluoroscopic image in the time series
using the gating signal to drive the display sequence in real-
time.

24. An image-guided surgery system comprising;

a measurement device coupled to a patient for measuring
an ongoing body activity of the patient and generating a
gating signal corresponding to the ongoing body activity
measurement;

a plurality of tracking elements coupled to a navigation
apparatus, wherein the navigation apparatus includes at
least one processor;

at least one imaging apparatus coupled to the navigation
apparatus configured for imaging a patient’s anatomy
that deforms and changes position in relation to the
ongoing body activity; and

at least one display coupled to the a navigation apparatus
and at least one imaging apparatus configured for dis-
playing 2D slice and 3D volumetric images of the
patient’s anatomy that deforms and changes position in
relation to the ongoing body activity and displaying an
accurate position of at least one navigated surgical
instrument within the 2D slice and 3D volumetric
images in real-time.



US 2008/0300478 A1l Dec. 4, 2008
11

25. The image-guided surgery system of claim 24, wherein 26. The image-guided surgery system of claim 24, wherein
the plurality of tracking elements includes at least one track- ~ the system synchronizes operation of the measurement

ing elements attached to the at least one imaging apparatus, at device with the at least one imaging apparatus. .

. . 27. The image-guided surgery system of claim 24, wherein
least one attached to the at least one navigated surgical INSIU- he at least one imaging apparatus includes a pre-operative
ment, and at least one attached to or placed near the patient’s imaging apparatus and an intraoperative imaging apparatus.
anatomy that deforms and changes position in relation to the

ongoing body activity, R
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