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METHOD FOR MULTIPLEXED MR
TRACKING

BACKGROUND

The invention relates generally to nuclear magnetic reso-
nance imaging (“MRI”), and more particularly to a technique
for using MRI to determine the location of a device being
used in a surgical or medical procedure.

MRI systems have become ubiquitous in the field of medi-
cal diagnostics. In general, MRI systems are based on the
interactions among a primary magnetic field, a radiofte-
quency (rf) field and time varying magnetic gradient fields
with nuclear spins within the subject of interest. Specific
nuclear components, such as hydrogen nuclei in water mol-
ecules, have characteristic behaviors in response to external
magnetic fields. The precession of spins of such nuclear com-
ponents can be influenced by manipulation of the fields to
obtain rf signals that can be detected, processed, and used to
reconstruct a useful image.

The magnetic fields used to produce images in MRI sys-
tems include a highly uniform, static magnetic field that is
produced by a primary magnet. A series of gradient fields are
produced by a set of three gradient coils disposed around the
subject. The gradient fields encode positions of individual
volume elements or voxels in three dimensions. A radiofre-
quency coil is employed to produce an rf field, typically
pulsed to create the required resonance signals. This rf mag-
netic field perturbs the spin system from its equilibrium direc-
tion, causing the spins to process at desired phases and fre-
quencies. During this precession, tf fields are emitted by the
affected molecules and detected by either the same transmit-
ting rf coil, or by a separate receive-only coil. These signals
are amplified, filtered, and digitized. The digitized signals are
then processed using one of several possible reconstruction
algorithms to reconstruct a useful image.

Heretofore, MRI systems have also been employed to
determine the location of a device (such as a catheter) during
medical or surgical procedures. Such MR tracking systems
employ small tracking coils attached to the device to be
tracked. During these MR tracking procedures, signals are
generated throughout the patient using the large transmitting
rf coil, but are detected with the small tracking coils attached
to the device. Locating the tracking coils is typically accom-
plished by acquiring the MR signal in the presence of the
applied magpetic field gradient, Fourier transforming the sig-
nal, and identifying the position of the most intense fre-
quency-domain signal.

Frequently, these tracking coils are almost fully immersed
in MR signal generating fluids. This is particularly true for
MR tracking catheters. Because the tracking coils detect sig-
nals from their entire surroundings, localization of the MR
signal can be difficult when the data pixel size is smaller than
that of the coil. Localization becomes even more difficult
when the signal-to-noise ratio (SNR) is relatively low. Under
these conditions the measured location of the tracking coil
appears to hop around the true location of the coil since the
local signal maximum varies both spatially and temporally.

One way to improve the precision of the location measure-
ment is to increase the SNR of the acquisition. This can be
done by 1) increasing the static magnetic field strength, 2)
signal averaging, 3) using larger tracking coils and/or 4)
changing the T1 ofthe MR signal source. Unfortunately, all of
these remedies have implications for system cost, resolution
(temporal and spatial), and clinical use.

Accordingly, there is a need for an improved technique for
employing device tracking with an MRI system. Particularly,
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2

there is a need for a technique that determines device location
while addressing the undesirable effects of poor signal qual-

1ty.
BRIEF DESCRIPTION

The invention provides a novel technique that addresses the
undesirable effects of poor signal on magnetic resonance
device tracking, as well as other needs. In accordance with
one aspect of the technique, a method is provided for deter-
mining the location of a device. The method includes acquir-
ing a plurality of magnetic resonance tracking signals in
response to a corresponding plurality of pulse sequences,
wherein the plurality of magnetic resonance tracking signals
are acquired from a tracking coil mounted in the device. The
method further includes determining a location value for each
pulse sequence to produce a plurality of location values,
determining a candidate location value of the plurality of
location values for replacement, determining an off-reso-
nance error value for the plurality of magnetic resonance
tracking signals, and determining a replacement location
value based on the off-resonance error value. The method also
includes determining the location of the device, based on the
plurality of location values, wherein the candidate location
value was replaced in the plurality of location values with the
replacement location value.

In accordance of another aspect of the technique a method
for magnetic resonance imaging and device tracking is pro-
vided. The method includes acquiring image data, and dis-
playing an image of a patient anatomy based on the acquired
image data. The method further includes acquiring a plurality
of magnetic resonance tracking signals in response to a cor-
responding plurality of pulse sequences, wherein the plurality
of magnetic resonance tracking signals are acquired from a
tracking coil mounted in a device, determining a location
value for each pulse sequence to produce a plurality of loca-
tion values, determining a candidate location value of the
plurality of location values for replacement, determining an
off-resonance error value for the plurality of magnetic reso-
nance tracking signals, and determining a replacement loca-
tion value based on the off-resonance error value. The method
also includes determining the location of the device based on
the plurality of location values, wherein the candidate loca-
tion value was replaced in the plurality of location values with
the replacement location value, and indicating the location of
the device on the displayed image of the patient’s anatomy.

In accordance with another aspect of the present technique
a magnetic resonance tracking system is provided. The mag-
netic resonance tracking system includes a scanner compris-
ing a primary magnet coil for generating a magnetic field, a
plurality of gradient coils for producing gradient fields, and a
radiofrequency coil for generating radiofrequency pulses
within the magnetic field. The magnetic resonance tracking
system further includes a device comprising an operative end
for positioning within the magnetic field, and a tracking coil
mounted in the device for sensing magnetic resonance sig-
nals, wherein the magnetic resonance signals are generated in
response to the radiofrequency pulses generated by the
radiofrequency coil. Moreover, the magnetic resonance
tracking system also includes a control circuit configured to
determine a plurality of location values for a plurality of the
magnetic resonance signals, determine a candidate location
value of the plurality of location values for replacement,
determine an off-resonance error value for the plurality of
magnetic resonance tracking signals, determine a replace-
ment location value based on the off-resonance error value,
and determine the location of the device based on the plurality
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of location values, wherein the candidate location value was
replaced in the plurality of location values with the replace-
ment location value.

In accordance with yet another aspect of the technique, a
computer program, stored on acomputer readable medium, is
provided for determining the location of a device. The com-
puter program is constructed and arranged to determine a
plurality of location values for a corresponding plurality of
magnetic resonance tracking signals, the magnetic resonance
tracking signals being acquired from a tracking coil mounted
in the device. The computer program is further constructed
and arranged to determine a candidate location value of the
plurality of location values for replacement; determine an
off-resonance error value for the plurality of magnetic reso-
nance tracking signals, determine a replacement location
value based on the off-resonance error value, and determine
the location of the device based on the plurality of location
values, wherein the candidate location value is replaced in the
plurality of location values with the replacement location
value.

DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
following detailed description is read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 is a diagrammatical representation of an MRI sys-
tem for use in medical diagnostic imaging and implementing
certain aspects of the present MR tracking technique;

FIG. 2 is a schematic representation of an exemplary track-
ing coil;

FIG. 3 is a schematic representation of an exemplary track-
ing coil and associated sensitivity profile;

FIG. 4 is a graphical representation of an exemplary pulse
sequence for an MRI tracking procedure which may be
implemented in the system of FIG. 1,

FIG. 5 is a schematic representation illustrating the relative
orientation of the spatial-encoding magnetic field gradients in
a Hadamard multiplexed MR tracking procedure;

FIG. 6 is a line graph of MR signals acquired during a
typical Hadamard MR tracking sequence;

FIG. 7 is a block diagram of an example technique for
determining the location of a device; and

FIG. 8 is a block diagram of an example technique for using
an MRI system for imaging and tracking.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Turning now to the drawings, and referring first to FIG. 1,
an MRI system 10 suitable for MR tracking is illustrated
diagrammatically as including a scanner 12, scanner control
circuitry 14, and operator interface station 16. While MRI
system 10 may include any suitable MRI scanner or detector,
in the illustrated embodiment the system includes a full body
scanner comprising a patient bore 18 into which a table 20
may be positioned to place a patient 22 in a desired position
for scanning. As illustrated in FIG. 1, adevice 24 to be tracked
may be inserted into patient 22 by an operator 25.

Device 24 may be may be any suitable device for use in a
medical or surgical procedure. For example, device 24 may be
a guide wire, a catheter, an endoscope, a laparoscope, a
biopsy needle, an ablation device or other similar devices.
Non-invasive devices, such as external coils used in tracking,
are also within the scope of the present embodiments. As
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illustrated, device 24 includes an rf tracking coil 26 for receiv-
ing emissions from gyromagnetic material. Tracking coil 26
is mounted, for example, in the operative end of the device 24.
Tracking coil 26 also may serve as a transmitting coil for
generating radio frequency pulses for exciting the gyromag-
netic material. Thus, tracking coil 26 may be coupled with
driving and receiving circuitry in passive and active modes for
receiving emissions from the gyromagnetic material and for
applying rf excitation pulses, respectively.

Referring again to MRI system 10, scanner 12 includes a
series of associated coils for producing controlled magnetic
fields, for generating rf excitation pulses, and for detecting
emissions from gyromagnetic material within the patient in
response to such pulses. In the diagrammatical view of FIG. 1,
aprimary magnet coil 28 is provided for generating a primary
magnetic field generally aligned with patient bore 18. A series
of gradient coils 30, 32 and 34 are grouped in a coil assembly
for generating controlled magnetic gradient fields during
examination sequences as described more fully below. A
radiofrequency coil 36 is provided for generating rf pulses for
exciting the gyromagnetic material. In the embodiment illus-
trated in FIG. 1, rfcoil 36 also serves as a receiving coil. Thus,
rf coil 36 may be coupled with driving and receiving circuitry
in passive and active modes for receiving emissions from the
gyromagnetic material and for applying radiofrequency exci-
tation pulses, respectively. Alternatively, various configura-
tions of receiving coils may be provided separate from rf coil
36. Such coils may include structures specifically adapted for
target anatomies, such as head coil assemblies, and so forth.
Moreover, receiving coils may be provided in any suitable
physical configuration, including phased array coils, and so
forth.

In a present configuration, the gradient coils 30, 32 and 34
have different physical configurations adapted to their func-
tion in the imaging system 10. As will be appreciated by those
skilled in the art, the coils are comprised of conductive wires,
bars or plates which are wound or cut to form a coil structure
which generates a gradient field upon application of con-
trolled pulses as described below. The placement of the coils
within the gradient coil assembly may be done in several
different orders, but in the present embodiment, a Z-axis coil
is positioned at an innermost location, and is formed gener-
ally as a solenoid-like structure which has relatively little
impact on the rf magnetic field. Thus, in the illustrated
embodiment, gradient coil 34 is the Z-axis solenoid coil,
while coils 30 and 32 are Y-axis and X -axis coils respectively.

The coils of scanner 12 are controlled by external circuitry
to generate desired fields and pulses, and to read signals from
the gyromagnetic material in a controlled manner. As will be
appreciated by those skilled in the art, when the material,
typically bound in tissues of the patient, is subjected to the
primary field, individual magnetic moments of the magnetic
resonance-active nuclei in the tissue partially align with the
field. While a net magnetic moment is produced in the direc-
tion of the polarizing field, the randomly oriented compo-
nents of the moment in a perpendicular plane generally cancel
one another. During an examination sequence, an rf fre-
quency pulse is generated at or near the Larmor frequency of
the material of interest, resulting in rotation of the net aligned
moment to produce a net transverse magnetic moment. This
transverse magnetic moment processes around the main mag-
netic field direction, emitting rf (magnetic resonance) signals.
For reconstruction of the desired images, these rf signals are
detected by scanner 20 and processed. For location of device
24, these rfsignals are detected by rf tracking coil 26 mounted
in device 24 and processed.
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Gradient coils 30, 32 and 34 serve to generate precisely
controlled magnetic fields, the strength of which vary over a
predefined field of view, typically with positive and negative
polarity. When each coil is energized with known electric
current, the resulting magnetic field gradient is superimposed
over the primary field and produces a desirably linear varia-
tion in the Z-axis component of the magnetic field strength
across the field of view. The field varies linearly in one direc-
tion, but is homogenous in the other two. The three coils have
mutually orthogonal axes for the direction of their variation,
enabling a linear field gradient to be imposed in an arbitrary
direction with an appropriate combination of the three gradi-
ent coils.

The pulsed gradient fields perform various functions inte-
gral to the imaging and tracking process. For imaging, some
of these functions are slice selection, frequency encoding and
phase encoding. These functions can be applied along the X-,
Y- and Z-axis of the original physical coordinate system or in
various physical directions determined by combinations of
pulsed currents applied to the individual field coils.

The coils of scanner 12 are controlled by scanner control
circuitry 14 to generate the desired magnetic field and rf
pulses. In the diagrammatical view of FIG. 1, control circuitry
14 thus includes a control circuit 40 for commanding the
pulse sequences employed during the examinations, and for
processing received signals. For example, control circuit 40
applies analytical routines to the signals collected in response
to the rf excitation pulses to reconstruct the desired images
and to determine device location. Control circuit 40 may
include any suitable programmable logic device, such as a
CPU or digital signal processor of a general purpose or appli-
cation-specific determiner. Control circuitry 14 further
includes memory circuitry 42, such as volatile and non-vola-
tile memory devices for storing physical and logical axis
configuration parameters, examination pulse sequence
descriptions, acquired image data, acquired tracking data,
programming routines, and so forth, used during the exami-
nation sequences implemented by scanner 12.

Interface between the control circuit 40 and the coils of
scanner 12 and device 24 is managed by amplification and
control circuitry 44 and by transmission and receive interface
circuitry 46. Circuitry 44 includes amplifiers for each gradi-
ent field coil to supply drive current to the field coils in
response to control signals from control circuit 40. Interface
circuitry 46 includes additional amplification circuitry for
driving rf coil 36. Moreover, where the rf coil 36 serves both
to emit the radiofrequency excitation pulses and to receive
MR signals, circuitry 46 will typically include a switching
device for toggling the rf coil 36 between active or transmit-
ting mode, and passive or receiving mode. Interface circuitry
46 further includes pre-amplification circuitry to amplify the
signals received by rf tracking coil 26 mounted in device 24.
Furthermore, where rf tracking coil 26 serves as both a trans-
mitting coil and a receiving coil, circuitry 46 will typically
include a switching device for toggling rf tracking coil 26
between active or transmitting mode, and passive or receiving
mode. A power supply, denoted generally by reference
numeral 38 in FIG. 1, is provided for energizing the primary
magnet 28. Finally, circuitry 14 includes interface compo-
nents 48 for exchanging configuration and image and track-
ing data with operator interface station 16.

It should be noted that, while in the present description
reference is made to a horizontal cylindrical bore imaging
system employing a superconducting primary field magnet
assembly, the present technique may be applied to various
other configurations, such as scanners employing vertical
fields generated by superconducting magnets, permanent
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magnets, electromagnets or combinations of these means.
Additionally, while FIG. 1 illustrates a closed MRI system,
the embodiments of the present invention are applicable in an
open MRI system which is designed to allow access by a
physician.

Operator interface station 16 may include a wide range of
devices for facilitating interface between an operator or radi-
ologist and scanner 12 via scanner control circuitry 14. In the
illustrated embodiment, for example, an operator controller
50 is provided in the form of a determiner work station
employing a general purpose or application-specific deter-
miner. The station also typically includes memory circuitry
for storing examination pulse sequence descriptions, exami-
nation protocols, user and patient data, image data, both raw
and processed, and so forth. The station may further include
various interface and peripheral drivers for receiving and
exchanging data with local and remote devices. In the illus-
trated embodiment, such devices include a conventional
determiner keyboard 52 and an alternative input device such
as a mouse 54. A printer 56 is provided for generating hard
copy output of documents and images reconstructed from the
acquired data. A determiner monitor 58 is provided for facili-
tating operator interface. In addition, system 10 may include
various local and remote image access and examination con-
troldevices, represented generally by reference numeral 60 in
FIG. 1. Such devices may include picture archiving and com-
munication systems, teleradiology systems, and the like.

Referring now to FIG. 2, the device 24 designed for inser-
tion into a subject 22 includes a small rf tracking coil 26. As
illustrated, the rf tracking coil 26 may be mounted in the
operative end of the device 24. The device 24 may be any
suitable device for use in a medical or surgical procedure.
Since the tracking coil 26 is typically small in comparison to
rf coil 36, its region of sensitivity is likewise small, and it
generally only picks up MR signals from excited spins in its
immediate vicinity. These MR signals are coupled to the
scanned control circuitry 14 in the MR1 system by a pair of
coaxial conductors 62, 64. These conductors are typically
encased along with the tracking coil 26 in an outer shell (not
shown) of the medical device 24.

Furthermore, it should also be noted that, in certain
embodiments, the tracking coil 26 located within device 24
performs a receive function. Alternatively, tracking coil 26
may be used to transmit rf energy and the rf coil 36 may be
used to receive the MR response signal. In yet another
embodiment, tracking coil 26 may be used to alternatively
transmit and receive rf energy.

As illustrated by FIG. 2, rf tracking coil 26 has a solenoid
geometry and a relatively well characterized sensitivity pro-
file. When the tracking coil 26 is used, however, the distribu-
tion of the signal detected by the coil 26 is highly dependent
upon the orientation of the coil 26 with respect to each of the
applied magnetic field gradients. The radial and axial sensi-
tivity profiles of a typical tracking coil, such as tracking coil
26, are shown in FIG. 3 at 66 and 68, respectively. Note that
when the spatial-encoding gradient is applied along the
length of the tracking coil. a complicated sensitivity profile 66
is obtained. Conventional tracking algorithms will then gen-
erally select the location of maximum pixel intensity as the
location of the coil.

It is to be appreciated that no a priori assumption can be
made about the orientation of the tracking coil, such as rf
tracking coil 26. For example, during a medical or surgical
procedure, the orientation of the coil typically varies. Thus, it
is desirable for the tracking system to be capable of tracking
the coil in any orientation. Furthermore, as discussed above,
MR tracking is performed by acquiring data in response to
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multiple magnetic field gradient pulses. In the most widely
used method, four excitations, each with a different spatial
encoding gradient direction are employed and the resulting
data is decoded using a system of linear equations (Hadamard
de-multiplexing) to extract out the X, Y and Z coordinates of
the coil. The relative geometry of these magnetic field gradi-
ents is shown in FIG. 5. Consequently, for every orientation of
the tracking coil 24, there will be at least one excitation in
which the MR signal profile is sub-optimal and has a profile
similar to that shown in the sensitivity profile 66 of FIG. 3.

The position of tracking coil 26 relative to the gradient
iso-center may be determined using a Hadamard MR tracking
pulse sequence. By way of example, FIG. 4 illustrates a
Hadamard MR tracking pulse sequence, indicated generally
by reference number 70. While many different tracking pulse
sequences may be used, in example of FIG. 4, the tracking
pulse sequence 70 is generally defined by a series of rf exci-
tation pulses and magnetic field gradient pulses on the logical
axis of the MRI system 10 appropriately timed with respect to
one another. As illustrated, the tracking pulse sequence 70 is
thus defined by an rf excitation pulse 72, and three readout
gradient pulses 74, 76 and 78 applied on the respective G,, G,
and G, gradient axes. This tracking pulse sequence 70 yields
a signal that is essentially a Fourier transform of a projection
of the coil location. To acquire a complete data set, the pulse
sequence description 70 may be repeated a desired number of
times to include a series of excitation pulses and correspond-
ing magnetic field gradient pulse. For example, the device
location may be determined after a set of N tracking pulse
sequences have been performed, where N is an integer equal
to or greater than 3 because a minimum of three independent
data acquisitions are required to determine the unknown coor-
dinates of tracking coil 26 in three dimensions.

In general, the tracking pulse sequence 70 begins with a
non-selective rf excitation pulse 72. This rf excitation pulse
72 is applied to the rf coil 36 of MRI system 10. It has a
selected flip angle, for example, between 10 and 60 degrees,
and it produces transverse magnetization in spins located
throughout the magnet bore. Alternatively, the excitation
pulse 72 could be weakly selective, for example, applied in
the presence of a gradient pulse to excite a relatively large
volume of patent 22. Three readout gradient pulses 74,76 and
78 are then applied to produce a gradient recalled MR echo
signal. Each of the readout gradient pulses 74-78 is preceded
by a respective de-phase lobe 80, 82 and 84. As indicated by
the cross-hatching, the area of each de-phasing lobe 80-84 is
equal to one-half the area of the respective readout lobes 74,
76 and 78. Control Circuitry 40 controls the switching device
during the data acquisition window 92 to receive an MR
tracking signal 94 from the tracking coil 26.

In a typical Hadamard MR tracking pulse sequence, the
tracking pulse sequence description 70 may be repeated N
times with different polarity gradient pulses 74-78 for each
corresponding rf excitation pulse 72. Those of ordinary skill
in the art will appreciate that the polarity of the gradient
pulses 74-78 is modulated to modulate the phase oftransverse
magnetization created by rf excitation pulse 72. For example,
tracking pulse sequence 70 may be performed a total of four
times with the polarity of the G, G, and G, gradient pulses
selectively reversed as set forth in Table 1. The relative geom-
etry of these magnetic field gradients is shown in FIG. 5.
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TABLE 1
G, G, G,
Pulse Sequence 1 - - -
Pulse Sequence 2 + + _
Pulse Sequence 3 + - +
Pulse Sequence 4 - + +

As will be appreciated by those skilled in the art, a great
number of variations may be devised for Hadamard MR
tracking pulse sequences employing the exemplary gradient
pulse functions described above, as well as other gradient
pulse functions not explicitly described here.

FIG. 6 illustrates the MR tracking signals obtained for each
of the four pulse sequences discussed above. The MR track-
ing signals are represented as 94a, 945, 94¢, and 944 for each
pulse sequence, respectively. The illustrated embodiment is a
worst case profile of the tracking coil 26 in which the coil 26
is relatively large with respect to the field-of-view (FOV), and
the projection is made along the axis of the tracking coil 26.
With the conventional MR tracking algorithm, the maximum
pixel intensity is identified and used to determine location of
the coil.

However, as is evident from FIG. 6, the quality of the MR
signal 94a for the first pulse sequence is poor, resulting in
multiple peaks of high intensity. It should be noted that for a
coil fully immersed in MR signal generating fluids, the loca-
tion of maximum signal intensity occurs at one end of the coil.
If the coil is constructed to give a higher signal at one end and
not the other (e.g., by over-winding one end), then the loca-
tion of the coil will be robustly determined. If the coil has a
symmetric sensitivity profile, however, then small fluctua-
tions in the signal due to noise may cause the detected coil
location to hop between the two maxima.

As previously mentioned, conventional algorithms gener-
ally utilize the maximum pixel technique to select the maxi-
mum pixel intensity to determine the location of the tracking
coil 26, or other tracking device. With sensitivity profiles such
as sensitivity profile 66 in FIG. 3 and MR signal 944 in FIG.
6, there is a problem with a sub-optimal MR signal profile
since there are two peaks of high intensity which can lead to
undesirable jitter artifacts about the indication of the location
of the device, such as device 24. To overcome the problem of
asub-optimal profile, a more sophisticated algorithm than the
“maximum pixel” algorithm could be employed. For
example, the acquired data could be fit to a parametric model
of the sensitivity profile of a solenoid coil, but such an
approach would be computationally intensive and probably
marginal due to the number of parameters needed to define
the fit.

An embodiment of the present invention provides a method
for MR tracking to address the problem of a sub-optimal
profile. The present technique is generally not computation-
ally intensive and can be applied to all projections regardless
of the orientation of the coil with respect to the applied mag-
netic field gradient.

Referring now to FIG. 7, a flow chart depicting a method
associated with aspects of the present technique is presented.
A tracking pulse sequence, such as sequence 70 illustrated on
FIG. 4, is first performed, as depicted in block 96. As dis-
cussed above, this tracking pulse sequence typically includes
rf excitation pulses and magnetic field gradient pulses appro-
priately timed with respect to one another. To obtain sufficient
data to determine the device location, a set of N tracking pulse
sequences may be performed. In certain embodiments, a
series of 4 pulse sequences may be performed.
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In response to the pulse sequences, a plurality of MR
tracking signals are acquired as depicted in block 98. The MR
tracking signals may be detected by MR tracking coil 26. FIG.
6 illustrates MR signals 94a-944 acquired in response to a
series of four pulse sequences.

Next, a location value of coil 26 for each of the pulse
sequences is determined, as depicted in block 100. Determin-
ing the location value of coil 26 for each pulse sequence may
be determined by various means, but typically will be accom-
plished by Fourier transforming the MR signals to produce
four corresponding projections, denoted on FIG. 6 as 94a-944
and here denoted as P, P,, P, and P, The location values L,
L,,L; and L, of coil 26 for each pulse sequence are derived
from the location of the maximum signal intensity for each of
the four projections P,-P,. Alternatively, determining the
location value of coil 26 for each pulse sequence may include
determining a centroid of signal intensity in a region centered
about a location of maximum signal intensity for the MR
signal for each pulse sequence, as described in U.S. Pat. No.
6,687,530, the disclosure of which is incorporated herein by
reference. Other suitable techniques for determining the loca-
tion value also may be utilized.

As those of ordinary skill in the art will appreciate, in
conventional algorithms, the four location values L,-I, are
then combined using the following equations:

S, =-Li+L+Ly-L, (1)

S,==Li+Ly-La+Ly

S,==L=Loy+L3+L, (3)

whereinS,, S andS, are the X,y and z coordinates of tracking
coil 26. A fourth equation provides the off-resonance error
value. This error value represents all of the off-resonance

components of the data (e.g., due to local field inhomogene-
ity).
Error Value=(L +L,+L3+L,)/4 (4)
Due to the problems associated with a sub-optimal profile as
discussed above, among other things. determining the coor-
dinates of the tracking coil 26 using the four location values
L,-L, and equations (1)-(3) may generally result in undesit-
able jitter artifacts about the indication of device location. As
such, rather than combining L ,-L, using equations (1)-(3),
the present technique utilizes assumptions regarding the error
value to replace the location value for the pulse sequence with
the worst quality data. Determining a candidate location
value for replacement and determining the off-resonance
error value are depicted, respectively, in blocks 102 and 104.
In particular, a candidate location value for replacement is
determined, as depicted in block 102 of FIG. 7. While the
candidate location value for replacement may be determined
by various means, the location value for the pulse sequence
having the lowest quality data will typically be selected. Thus,
the pulse sequence with the lowest quality data is generally
ignored. Any suitable method for determining the pulse
sequence having the lowest quality data may be used. For
example, the pulse sequence with a tracking signal having the
lowest maximum intensity may be selected as the pulse
sequence with the lowest quality data. Since the integrated
signal intensity should be the same for each of the pulse
sequences, the signal with the lowest maximum intensity
should be also have the greatest dispersion, and thus the most
likely to result in poor localization. In an alternative embodi-
ment of the present technique, the process for determining the
candidate location value for replacement includes identifying

20

25

30

40

45

60

65

10

the peak in the tracking signals for each pulse sequence and
determining the width of the peak. The peak with the greatest
width should result in poor localization, and thus the pulse
sequence for the peak with the greatest width may be selected
as the pulse sequence with the lowest quality data. Those of
ordinary skillin the art will recognize that, in addition to those
above, a variety of different algorithms may be used to deter-
mine the pulse sequence having the lowest quality data.

In addition, block 104 depicts the process of determining
the off-resonance error value of the four MR signals 944-944.
Because the present technique ignores the pulse sequence
with the lowest quality data, equation (4) contains two
unknowns, the error value itself and the location value for the
ignored pulse sequence. Thus, equation (4) cannot be used to
determine the error value. Rather, the off-resonance error
value for each pulse sequence may be determined by various
means. For example, in one embodiment, the error value may
be assigned an assumed value of 0. Alternatively, a second
MR tracking acquisition may be employed based upon a
non-Hadamard multiplexing scheme to measure the error
value. In this non-Hadamard multiplexing scheme, an addi-
tional MR tracking signal may be acquired in the absence of
any gradient pulse. This MR signal may then be Fourier
transformed, and the signal peak identified to determine a
location value. Thereafter, this location value may be used in
equation (4), together with the remaining three location val-
ues, to determine the error value. In a present implementation,
this results in a 5-step (e.g., 4 Hadamard and one reference)
acquisition. In yet another alternative, since the error value
should be generally constant over time and with respect to
tracking position (or at the worst vary slowly), equation (4)
may be used to determine the error value over a plurality of
sets of N tracking pulse sequences and using the average error
value over these n sets as the error value for the present
plurality of pulse sequences.

Thereafter, a replacement location value is determined
based on the off-resonance error value, as depicted in block
106. The replacement location value is determined by solving
equation (4) for the location value to be replaced. Accord-
ingly, assuming that location value for the first pulse sequence
is to be replaced, the replacement location value is deter-
mined using the following equation:

L, =(4xError Value)-L,-L3-L, (5)
wherein L, is the replacement location value for the first
pulse sequence, and L,, L, and L, are the location values for
the second, third, and fourth pulse sequences, respectively.

As depicted at block 108, the location of the device is then
determined based on the plurality of location values L, L,,
L, and L,, wherein the candidate location value was replaced
in the plurality of location values L, L,, L5, and L, with the
replacement location value L,,. The process of determining
the location of the device typically includes combining the
four location values L, L,, L5, and L, using equations (1)-
(3) listed above to obtain the X, Y and Z coordinates of
tracking coil 26.

It should be noted that MR imaging and tracking can be
performed using much of the same hardware, such as MR
system 10 described above. Those of ordinary skill in the art
will understand that the tracking can be interleaved with
image acquisition. Alternatively. simultaneous tracking and
imagining can be performed without interleaving by analyz-
ing the gradient wave forms of an imaging procedure and the
MR signal detected by rf tracking coil 26 to determine the
location of device 24.
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Referring now to FIG. 8, a flow chart depicting a method
for MR tracking and imaging is presented. As depicted in
block 110, MRI system 10 acquires image data. Those of
ordinary skill in the art will appreciate that this image data is
acquired in response to a plurality of MR imaging pulse
sequences. From this image data, as depicted by block 112, an
image of patient anatomy can be reconstructed and displayed,
for example, on determiner monitor 58. MR tracking data is
acquired in response to a plurality of MR tracking pulse
sequences, as depicted in block 114. An exemplary pulse
sequence for acquiring tracking data is tracking pulse
sequence 70 described above. From this MR tracking data,
the position of device 24 is determined as depicted in block
116. The technique described above should be used to deter-
mine the location of tracking coil 26. Next, as indicated in
block 118, an icon or image of device 24 is overlaid onto the
image of the patient anatomy that was reconstructed and
displayed. The icon is located on the image using the previ-
ously determined device location. The operator 25 then uses
this image with the device icon overlaid thereon to guide
device 24 to a desired location. In addition, the location of
device 24 should continually be updated on monitor 58 as
additional tracking data is acquired. As those of ordinary skill
in the art will appreciate, the location of the device 24 may be
updated based on additional tracking data acquired in
response to one or more additional pulse sequences. Addi-
tionally, the image also may be updated as additional image
data is acquired.

While only certain features of the invention have been
illustrated and described herein, many modifications and
changes will occur to those skilled in the art. It is, therefore, to
be understood that the appended claims are intended to cover
all such modifications and changes as fall within the true spirit
of the invention.

The invention claimed is:

1. A method for determining a location of a device already
located within a patient during a surgical procedure, compris-
ing:

acquiring a plurality of magnetic resonance tracking sig-

nals in response to a corresponding plurality of pulse
sequences, wherein the plurality of magnetic resonance
tracking signals are acquired from a tracking coil
mounted in the device located within the patient during
the surgical procedure;

determining a location value of the tracking coil from the

corresponding magnetic resonance tracking signal for
each pulse sequence to produce a plurality of location
values for the tracking coil;
determining a candidate location value from the plurality
of location values of the tracking coil for replacement;

determining an off-resonance error value for each of the
plurality of magnetic resonance tracking signals except
the candidate location value;

determining a replacement location value for the candidate

location value based on the off-resonance error value of
the plurality of magnetic resonance tracking signals as a
whole; and

determining the location of the device based on the plural-

ity of location values for the tracking coil, wherein the
candidate location value was replaced in the plurality of
location values with the replacement location value, and
wherein the device is located within the patient during
the surgical procedure.

2. The method of claim 1, further comprising preforming
the plurality of pulse sequences, wherein each pulse sequence
comprises a radiofrequency excitation pulse and a plurality of
gradient pulses.
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3. The method of claim 1, wherein determining the location
value for each pulse sequence comprises Fourier transform-
ing the plurality of magnetic resonance tracking signals to
produce a corresponding plurality of projections, wherein the
signal peak of each projection is the location value for each
pulse sequence.

4. The method of claim 1, wherein determining the location
value for each pulse sequence comprises determining a cen-
troid of signal intensity centered about a region of maximum
signal intensity for each of the plurality of magnetic reso-
nance tracking signals, wherein the centroid of signal inten-
sity is the location value for each pulse sequence.

5. The method of claim 1, wherein candidate location value
for replacement is the location value from the pulse sequence
having the lowest quality data.

6. The method of claim 5, wherein the pulse sequence
having the lowest quality data is the pulse sequence having a
corresponding magnetic resonance tracking signal with the
lowest maximum intensity when compared to the other of the
plurality of magnetic resonance tracking signals.

7. The method of claim 5, wherein the pulse sequence
having the lowest quality data is the pulse sequence having a
corresponding magnetic resonance tracking signal with the
widest signal peak when compared to the other of the plurality
of the magnetic resonance tracking signals.

8. The method of claim 1, wherein determining the off-
resonance error value comprises assigning the off-resonance
error value a value of 0.

9. The method of claim 1, wherein determining the off-
resonance error value comprises acquiring an additional mag-
netic resonance tracking signal in response to an additional
pulse sequence that does not include a gradient pulse.

10. The method of claim 9, wherein determining the off-
resonance error value comprises determining a location value
for the additional magnetic resonance tracking signal.

11. The method of claim 10, wherein the off-resonance
error value is calculated based on the location value from the
additional magnetic resonance tracking signal and the loca-
tion value for each pulse sequence, wherein the candidate
location value for replacement is ignored.

12. The method of claim 10, wherein the plurality of pulse
sequences comprises four pulse sequences, and wherein the
off-resonance error value is calculated using the following
equation:

Error Value=(L +L,+L3+L,)/4

wherein L, L,, [; and L, are location values for the first,
second, third and fourth pulse sequences, with L, being
selected as representing the candidate location value, and
wherein candidate location value, L, is replaced in this equa-
tion with the location value for the additional magnetic reso-
nance tracking signal.

13. The method of claim 1, wherein determining the off-
resonance error value comprises determining the average off-
resonance error value over a set of pulse sequences, where the
set of pulse sequences includes the plurality of pulse
sequences.

14. The method of claim 1, wherein a replacement location
value, L, is determined for the candidate location value for
replacement using the following equation:

Ly =(4xError Value)-L,-Ly-L,

whereinL,, L5 and L, are the location values for three of four
pulse sequences, and wherein the three location values and
the off-resonance error value are input into the equation to
determine the replacement location value, Ly,.
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15. The method of claim 1, wherein the plurality of pulse
sequences comprises four pulse sequences, and wherein the
location ofthe device is determined using the following equa-
tions:

Se==L+L,+L3-L,
Sy==L+Ly-Ly+L,

S,==L=Lo+L3+L,

wherein S,, S, and S, are the x, y and z coordinates of tracking
coil, and wherein L, L,, L, and L,, are the location values for
the first, second, third and fourth pulse sequences.

16. The method of claim 1, further comprising displaying
an image of the patient’s anatomy, and further comprising
indicating the location of the device on the image.

17. The method of claim 1, further comprising updating the
location of the device based on one or more magnetic reso-
nance imaging signals acquired in response to a correspond-
ing one or more additional pulse sequences.

18. A method for magnetic resonance imaging and device
tracking of a device already located within the patient during
a surgical procedure, comprising:

acquiring image data;

displaying an image of a patient’s anatomy based on the

acquired image data;

acquiring a plurality of magnetic resonance tracking sig-

nals in response to a corresponding plurality of pulse
sequences, wherein the plurality of magnetic resonance
tracking signals are acquired from a tracking coil
mounted in the device located within the patient during
the surgical procedure;

determining a location value of the tracking coil from the

corresponding magnetic resonance tracking signal for
each pulse sequence to produce a plurality of location
values for the tracking coil,
determining a candidate location value from the plurality
of location values of the tracking coil for replacement;

determining an off-resonance error value for each of the
plurality of magnetic resonance tracking signals except
the candidate location value;

determining a replacement location value for the candidate

location value based on the off-resonance error value of
the plurality of magnetic resonance tracking signals as a
whole;

determining the location of the device based on the plural-

ity of location values for the tracking coil, wherein the
candidate location value was replaced in the plurality of
location values with the replacement location value, and
wherein the device is located within the patient during
the surgical procedure; and

indicating the location of the device within the patient on

the displayed image of the patient’s anatomy.

19. The method of claim 18, wherein the candidate location
value for replacement is the location value from the pulse
sequence having the lowest quality data.

20. The method of claim 18, wherein the plurality of pulse
sequences comprises four pulse sequences, and wherein the
replacement location value, L, , is determined for the candi-
date location value for replacement using the following equa-
tion:

Lz =(4xError Value)-L,-L3-L,
wherein L,, I; and L, are the location values for three of four
pulse sequences, and wherein the three location values and

the off-resonance error value are input into the equation to
determine the replacement location value, Ly, .
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21. The method of claim 18, wherein the plurality of pulse
sequences comprises four pulse sequences, and wherein the
location of the device is determined using the following equa-
tions:

S, ==L +L,+L3-L,
S,==Li+Lo-LatLy

S,=—L-Ly+L3+L,

wherein S, S and S, are thex, y and zcoordinates of tracking
coil, and wherein L. |, L,, L; and L, are the location values for
the first, second, third and fourth pulse sequences.

22. A magnetic resonance tracking system, comprising:

a scanner comprising a primary magnet coil for generating
amagnetic field, a plurality of gradient coils for produc-
ing gradient fields, and a radiofrequency coil for gener-
ating radiofrequency pulses within the magnetic field;

a device comprising an operative end for positioning
within the magpetic field, wherein the device is already
located within a patient during a surgical procedure;

a tracking coil mounted in the device located within the
patient during the surgical procedure for sensing mag-
netic resonance signals, wherein the magnetic resonance
signals are generated in response to the radiofrequency
pulses generated by the radiofrequency coil; and

a control circuit configured to determine a plurality of
location values for the tracking coil for a corresponding
plurality of the magnetic resonance signals, determine a
candidate location value from the plurality of location
values of the tracking coil for replacement, determine an
off-resonance error value for each of the plurality of
magnetic resonance signals except the candidate loca-
tion value, determine a replacement location value based
on the off-resonance error value of the plurality of mag-
netic resonance signals as a whole, and determine the
location of the device based on the plurality of location
values for the tracking coil, wherein the candidate loca-
tion value was replaced in the plurality of location values
with the replacement location value.

23. The magnetic resonance tracking system of claim 22,
wherein the device is a guide wire, a catheter, an endoscope,
a laparoscope, a biopsy needle, or an ablation device.

24. The magnetic resonance tracking system of claim 22,
wherein the plurality of magnetic resonance signals com-
prises four magnetic resonance signals and wherein the con-
trol circuit is configured to determine the replacement loca-
tion value, Ly, that is then determined as the candidate
location value for replacement using the following equation:

Lp=(4xErrer Value)-L,—L3-Ly

whereinL,, L, and L, are the location values for three of four
magnetic resonance signals, and wherein the three location
values and the off-resonance error value are input into the
equation to determine the replacement location value, L, .

25. The magnetic resonance tracking system of claim 22,
wherein the plurality of magnetic resonance signals com-
prises four magnetic resonance signals, and wherein the con-
trol circuit is configured to determine the location of the
device using the following equations:

Se==L+L,+L3-L,
Sy==L+Ly=LytLy

S,=—L—Ly+L3+L,

wherein S, S and S, are the X, y and zcoordinates of tracking
coil, and wherein L., L,, L; and L,, are the location values for
the first, second, third and fourth magnetic resonance signals.
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26. The magnetic resonance tracking system of claim 22,
further comprising a display coupled to the control circuit for
displaying the location of the device.

27. A computer program, stored on a computer readable
medium, for determining the location of a device already
located within a patient during a surgical procedure, the pro-
gram constructed and arranged to:

determine a plurality of location values of a tracking coil

for a corresponding plurality of magnetic resonance
tracking signals, the magnetic resonance tracking sig-
nals being acquired from the tracking coil mounted in
the device located within the patient during the surgical
procedure;

10
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determine a candidate location value from the plurality of
location values of the tracking coil for replacement;

determine an off-resonance error value for each of the
plurality of magnetic resonance tracking signals except
the candidate location value;

determine a replacement location value for the candidate
location value based on the off-resonance error value of
the plurality of magnetic resonance tracking signals as a
whole; and

determine the location of the device based on the plurality
of location values for the tracking coil, wherein the
candidate location value is replaced in the plurality of
location values with the replacement location value.

* #* * #* #®
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