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SELF-EXPANDING MULTI-CHANNEL RF
RECEIVER COIL FOR HIGH RESOLUTION
INTRA-CARDIAC MRI AND METHOD OF
USE

BACKGROUND OF INVENTION

The present invention relates generally to MR imaging and,
more particularly, to an RF coil assembly capable of self-
expansion within a subject to be imaged and capable of mini-
mizing blood flow occlusion by permitting blood flow there-
through.

When a substance such as human tissue is subjected to a
uniform magnetic field (polarizing field B0), the individual
magnetic moments of the spins in the tissue attempt to align
with this polarizing field, but precess about it in random order
at their characteristic Larmor frequency. If the substance, or
tissue, is subjected to a magnetic field (excitation field B1)
which is in the x-y plane and which is near the Larmor
frequency, the net aligned moment, or “longitudinal magne-
tization”, MZ, may be rotated, or “tipped”, into the x-y plane
to produce a net transverse magnetic moment Mt. A signal is
emitted by the excited spins after the excitation signal Bl is
terminated and this signal may be received by a radio-fre-
quency (RF) coil and processed to form an image.

When utilizing these signals to produce images, magnetic
field gradients (Gx, Gy, and Gz) are employed. Typically, the
region to be imaged is scanned by a sequence of measurement
cycles in which these gradients vary according to the particu-
lar localization method being used. The resulting set of
received NMR signals are digitized and processed to recon-
struct the image using one of many well known reconstruc-
tion techniques.

High spatial-resolution or high temporal-resolution imag-
ing ofheart anatomy and physiology is desired for a variety of
purposes. For example, high spatial-resolution imaging may
be desired to guide or monitor therapeutic processes in the
heart. One major determinant in performing such scans is the
intrinsic Signal-to-Noise ratio (SNR) of the RF receiver coil.
Current surface mounted RF coils placed on the surface of the
torso are limited in SNR due to their physical distance from
the heart itself. Also, the use of large coil elements that image
more than the heart may negatively affect SNR. As a result,
surface coils limit image resolution and may not be desirable
for cardiac imaging for use in MR-guided interventional pro-
cedures that demand fast, high-resolution imaging.

In an attempt to achieve higher resolution MR images,
intra-vascular RF receiver coils have been developed and
widely considered preferred for targeted cardiac imaging.
Intra-vascular RF coils have been shown to significantly
improve SNR by placing the receiving coil in proximity to the
target tissue. However, blood flow and associated pulsatility
during in-vivo intra-vascular imaging have been obstacles to
wide-spread implementation. That is, coil motion and tissue
motion caused as a result of blood flow can negatively affect
image quality and, thus, the diagnostic and probative value of
a resulting image. Further, known intra-vascular RF coils
inhibit blood flow when the coil is positioned in the vascula-
ture. As can be appreciated, prolonged blood flow occlusion is
undesirable when imaging coronary arteries and within the
heart itself.

It would therefore be desirable to have a system and
method capable of acquiring MR data using an intra-vascular
probe within a moving image target, while minimizing blood
flow occlusion within the image target and utilizing known
motion of the system to gate image acquisition to reduce
image artifacts and blurring.
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2
BRIEF DESCRIPTION OF INVENTION

The present invention provides a system and method of
improved MR image acquisition overcoming the aforemen-
tioned drawbacks. The invention includes RF coils attached
to an expandable housing permitting fluid flow therethrough.
The expandable housing is constructed to automatically
expand from a compressed position to an expanded position
when a sheath is retracted therefrom. A tracking coil is inte-
grated with the system to allow for actively tracking RF coil
movement. As a result of tracking RF coil movement, the
known motion of the RF coil may be used to gate data acqui-
sition for high-resolution imaging, which is advantageous
when the RF coil moves in a beating heart and/or pulsating
blood stream. The present invention is particularly useful in
conjunction with interventional cardiac therapeutic delivery
systems.

Therefore, in accordance with one aspect of the invention,
a probe is disclosed that includes a self-expanding housing
insertable into a subject to be imaged and constructed to
permit fluid flow therethrough. A plurality of RF coils are
included that are attached to the housing.

In accordance with another aspect of the invention, an MR
apparatus is disclosed that includes a magnetic resonance
imaging (MRI) system having a plurality of gradient coils
positioned about a bore of a magnet to impress a polarizing
magnetic field and an RF transceiver system and an RF switch
controlled by a pulse module to transmit RF signals to an RF
coil assembly to acquire MR images. The RF coil assembly
includes a catheter configured for insertion into a blood flow
and is constructed to automatically expand to an expanded
position from a compressed position. The RF coil assembly
also includes a plurality of RF coils connected to the catheter
and configured to acquire MR data. Further, the RF coil
assembly includes a tracking coil connected to the catheter
and configured to indicate RF coil assembly location and
movement within an imaging subject.

In accordance with yet another aspect of the invention, a
method of using an MR imaging device is disclosed that
includes inserting an intra-cardiac MR imaging device into a
sheath configured for insertion into an imaging subject to be
scanned. The imaging device includes an MR tracking coil
and a pair of RF coils attached to an auto-expandable former.
The method includes positioning the imaging device within
the imaging subject to be scanned and retracting the sheath to
allow the former to automatically expand the pair of RF coils
to an expanded position. In a further alternate aspect, the MR
tracking coil can function, even with the imaging coil folded,
and thus provides a vehicle for properly navigating the cath-
eter to the working region of the anatomy.

Various other features, objects and advantages of the
present invention will be made apparent from the following
detailed description and the drawings.

BRIEF DESCRIPTION OF DRAWINGS

The drawings illustrate one preferred embodiment pres-
ently contemplated for carrying out the invention.

In the drawings:

FIG. 1 is a schematic block diagram of an MR imaging
system for use with the present invention.

FIG. 2is anelevational view of an insertable, intra-vascular
probe in accordance with the present invention.

FIG. 3 is a cross-sectional view of FIG. 2 of a catheter shaft
taken along line 3-3 of FIG. 2.

FIG. 4 is an elevational view of FIG. 2 of a bar assembly
taken along line 4-4 of FIG. 2.
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FIG. 5 is side elevational schematic view of the probe in a
compressed position in accordance with the present inven-
tion.

FIG. 6 is a side elevational schematic view of the probe in
an expanded position in accordance with the present inven-
tion.

DETAILED DESCRIPTION

Referring to FIG. 1, the major components of a preferred
magnetic resonance imaging (MRI) system 10 incorporating
the present invention are shown. The operation of the system
is controlled from an operator console 12 which includes a
keyboard or other input device 13, a control panel 14, and a
display screen 16. The console 12 communicates through a
link 18 with a separate computer system 20 that enables an
operator to control the production and display of images on
the display screen 16. The computer system 20 includes a
number of modules which communicate with each other
through a backplane 20a. These include an image processor
module 22, a CPU module 24 and a memory module 26,
known in the art as a frame buffer for storing image data
arrays. The computer system 20 is linked to disk storage 28
and tape drive 30 for storage of image data and programs, and
communicates with a separate system control 32 through a
high speed serial link 34. The input device 13 can include a
mouse, joystick, keyboard, track ball, touch activated screen,
light wand, voice control, or any similar or equivalent input
device, and may be used for interactive geometry prescrip-
tion.

The system control 32 includes a set of modules connected
together by a backplane 32a. These include a CPU module 36
and a pulse generator module 38 which connects to the opera-
tor console 12 through a serial link 40. It is through link 40
that the system control 32 receives commands from the opera-
tor to indicate the scan sequence that is to be performed. The
pulse generator module 38 operates the system components
to carry out the desired scan sequence and produces data
which indicates the timing, strength and shape of the RF
pulses produced, and the timing and length of the data acqui-
sition window. The pulse generator module 38 connects to a
set of gradient amplifiers 42, to indicate the timing and shape
of the gradient pulses that are produced during the scan. The
pulse generator module 38 can also receive patient data from
a physiological acquisition controller 44 that receives signals
from a number of different sensors connected to the patient,
such as ECG signals from electrodes attached to the patient.
And finally, the pulse generator module 38 connects to a scan
room interface circuit 46 which receives signals from various
sensors associated with the condition of the patient and the
magnet system. It is also through the scan room interface
circuit 46 that a patient positioning system 48 receives com-
mands to move the patient to the desired position for the scan.

The gradient waveforms produced by the pulse generator
module 38 are applied to the gradient amplifier system 42
having G,, G, and G, amplifiers. Bach gradient amplifier
excites a corresponding physical gradient coil in a gradient
coil assembly generally designated 50 to produce the mag-
netic field gradients used for spatially encoding acquired
signals. The gradient coil assembly 50 forms part of a magnet
assembly 52 which includes a polarizing magnet 54 and a
whole-body RF coil 56. A transceiver module 58 in the sys-
tem control 32 produces pulses which are amplified by an RF
amplifier 60 and coupled to the RF coil 56 by a transmit/
receive switch 62. The resulting signals emitted by the excited
nuclei in the patient may be sensed by the same RF coil 56 and
coupled through the transmit/receive switch 62 to a pream-
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plifier 64. The amplified MR signals are demodulated, fil-
tered, and digitized in the receiver section of the transceiver
58. The transmit/receive switch 62 is controlled by a signal
from the pulse generator module 38 to electrically connect the
RF amplifier 60 to the coil 56 during the transmit mode and to
connect the preamplifier 64 to the coil 56 during the receive
mode. The transmit/receive switch 62 can also enable a sepa-
rate RF coil (for example, an intra-vascular coil) to be used in
either the transmit or receive mode.

The MR signals picked up by the RF coil 56 are digitized
by the transceiver module 58 and transferred to a memory
module 66 in the system control 32. A scan is complete when
an array of raw k-space data has been acquired in the memory
module 66. This raw k-space data is rear-ranged into separate
k-space data arrays for each image to be reconstructed, and
each of these is input to an array processor 68 which operates
to Fourier transform the data into an array of image data. This
image data is conveyed through the serial link 34 to the
computer system 20 where it is stored in memory, such as disk
storage 28. Inresponse to commands received from the opera-
tor console 12, this image data may be archived in long term
storage, such as on the tape drive 30, or it may be further
processed by the image processor 22 and conveyed to the
operator console 12 and presented on the display 16.

Referring to FIG. 2, an insertable, multi-channel intra-
vascular probe 70 in accordance with the present invention
and usable with the MRI system 10 of FIG. 1 is shown. The
probe 70 includes a plurality of expandable bar assemblies
72. Each bar assembly 72 includes a pair of opposing,
expandable bars 74 and an RF coil element 76 attached
thereto. The expandable bars 74 are used as an expandable
former. In a preferred embodiment, the expandable former
has a pair of bar assemblies 72, and the dimensions of the fully
expanded former is 2.5 cm. in a minor axis 75 and 6 cm. in a
major axis 77. The bar assemblies 72 are constructed so as to
reduce a volume occupied thereby to minimize blood flow
occlusion when probe 70, as will be described, is in an
expanded position within an intra-vascular system, as shown
in FIG. 2. The pair of bar assemblies 72 is also constructed to
be positioned in non-parallel planes. In a preferred embodi-
ment, the non-parallel planes are orthogonal to each other.
MR compatible capacitors 78 are interspersed between sec-
tions of the RF coils for RF phase coherency. The probe 70 is
attached to a distal end 80 of a catheter 82. Catheter 82
preferably has a 6 Fr., 135 cm. shaft. Catheter 80 eases intra-
vasculature positioning of the probe 70.

Referring to FIG. 3, a cross-sectional view of FIG. 2 taken
along line 3-3 is shown. The catheter 82 carries two thin
coaxial RF lines 84, 86 connected to the RF coils to transmit
received MR data signals to the MRI system 10. The coaxial
RF lines 84, 86 have a diameter preferably less than 0.5 mm.
Two tuning micro-capacitors 88, 90 are connected to each RF
line 84, 86 to prevent direct current from reaching the RF coils
and to approximately tune the RF coils to the resonant fre-
quency of the MRI system 10. As the final size of the probe 70
varies according to the surrounding anatomy, external circuits
may be used to tune and match each of the RF coils to improve
RF sensitivity.

Catheter 82 also carries a thin quarter-wavelength balun 92
to reduce RF noise at the carrier frequency as well as to reduce
inter-line coupling through the coaxial line grounds 93. Balun
92 is open-circuited at its distal end and preferably has a
diameter less than 0.25 mm. Catheter 82 further carries a
coaxial line 95 that transmits tracking data received by the
tracking coil 94 to the MRI system 10.

Referring now to FIG. 4, an elevational view of a bar
assembly 72 taken along line 4-4 of FIG. 2 is shown. An
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expandable bar 74 provides a support upon which a thin RF
coil element 76 is attached. The RF coil element 76 is pref-
erably constructed of a copper wire and preferably attaches to
an edge of the expandable bar 74 facing away from the oppos-
ing expandable bar 74. The expandable bar 74 is constructed
of a memory-type material that allows the material to be
deformed by a compression force and to automatically return
to a non-deformed position when the compression force is
removed. In a preferred embodiment, the expandable bar 74 is
constructed of nitinol or similar material(s).

For increased RF sensitivity outside the probe, RF coil
element 76 is positioned along expandable bar 74 such that a
pre-determined distance or gap 96 is formed therebetween.
The constant distance is maintained by using a known-thick-
ness of an insulating material with a known dielectric con-
stant. In a preferred embodiment, this is performed by using
known-thickness heat-shrink tubing, which is wrapped about
the expandable bar. In this manner, an RF field generated by
the RF coil element 76 may be increased in a direction away
from the surface of probe 70 and into the target tissue. Several
layers of heat-shrink tubing 98 are disposed around the RF
coil element 76 and the expandable bar 74 to attach the RF
coil element 76 to the expandable bar 74 and to provide a
hermetical seal from moisture. Heat-shrink tubing 98 also
substantially electrically isolates the expandable bar 74 and
the RF coil element 76 from blood or soft-tissue walls.

Referring to FIG. 5, a side elevational schematic view of
the probe 70 in a compressed position in accordance with the
present invention is shown. The bar assemblies 72 are com-
pressible such that probe 70 may be positioned within a
sheath 100 for insertion into an imaging subject. Sheath 100
is constructed to enclose the bar assemblies 72 and applies a
compression force upon the bar assemblies 72 during inset-
tion into the imaging subject and translation to a target tissue
to be imaged. Preferably, sheath 100 is a 9 Fr. sheath with a
length that exceeds a distance from an insertion point to the
target tissue to be imaged. Probe 70 is compressed within
sheath 100 as the collective assembly is translated through the
vasculature to the target tissue or blood flow.

In contrast and referring to FIG. 6, a side elevational sche-
matic view of the probe 70 in an expanded position in accor-
dance with the present invention is shown. When the target
tissue within the vascular system is reached, the sheath 100 is
retracted to expose probe 70 and to allow the bar assemblies
72 to automatically expand. The bar assemblies 72 expand
and, preferably, to substantially match an inner diameter of a
vasculature or other target tissue in which the probe is placed.
In an expanded position, the probe 70 permits fluid or blood
flow between the bar assemblies 72 along flow vectors 102 to
reduce occlusion that may occur in the vasculature. Allowing
blood flow to pass through the probe 70 increases the amount
of time in which the probe 70 may be expanded within the
vasculature. During data acquisition, movements of probe 70
are actively tracked and monitored using signals received
from the MR tracking coil 94. In this regard, probe 70 move-
ments may be used to gate the data acquisition, and imaging
artifacts caused by probe 70 movements within a pulsating
vascular volume of interest may be taken into account and,
preferably, reduced.

Advantages in using an RF probe constructed according to
the present invention include a sheath-deployable expandable
RF coil and the use of RF conductor spacing from a metal
surface to force EM field projection outside the probe. Other
advantages include multi-channel reception in an interven-
tional coil and use of an integrated imaging and tracking coil
to reduce motion artifacts or blurring in images taken within
moving structures. In addition, the tracking coil is designed to
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provide feedback to assist with navigating to the target
anatomy when the expandable RF coil is compressed in the
sheath. That is, the tracking coil provides feedback indepen-
dent of the expansion/compression of the RF coil. Further-
more, use of the RF probe constructed according to the
present invention is particularly advantageous for acquiring
MR images of the atrium or ventricles of the heart, and
imaging the pulmonary vein anatomy.

An RF coil constructed according to the present invention
is optimally used in a four-channel, or greater-number of
channels, phased-array together with a two-channel surface
coil. The RF coil provides a SNR that allows for faster data
acquisitions or higher spatial resolution imaging, which is
important in imaging the heart or heart anatomy where imag-
ing times are limited by patient breath-holding tolerance and/
or when resolution is limited by the irregularity of cardiac
motion over time. Image acquisition may be gated by using
data received from the MR tracking coil. In this manner,
image artifacts may be reduced. Furthermore, commercial
benefits may be realized with the increased utilization of MR
imaging to guide or monitor therapeutic processes in the
heart. For commercial applications, high spatial and temporal
resolution are required as well as a high contrast-to-noise, for
example, tissue temperature monitoring.

Therefore, in accordance with one embodiment of the
present invention, a probe is disclosed that includes a self-
expanding housing insertable into a subject to be imaged and
constructed to permit fluid flow therethrough. A plurality RF
coils are included that are attached to the housing.

In accordance with another embodiment of the present
invention, an MRI apparatus is disclosed that includes a mag-
netic resonance imaging (MRI) system having a plurality of
gradient coils positioned about a bore of a magnet to impress
a polarizing magnetic field and an RF transceiver system and
an RF switch controlled by a pulse module to transmit RF
signals to an RF coil assembly to acquire MR images. The RF
coil assembly includes a catheter configured for insertion into
a blood flow and constructed to automatically expand to an
expanded position from a compressed position. The RF coil
assembly also includes a plurality of RF coils connected to the
catheter and configured to acquire MR data. Further, the RF
coil assembly also includes a tracking coil connected to the
catheter and configured to indicate RF coil assembly location
and movement within an imaging subject.

In accordance with yet another embodiment of the present
invention, a method of using an MR imaging device is dis-
closed that includes inserting an intra-cardiac MR imaging
device into a sheath configured for insertion into an imaging
subject to be scanned, the imaging device comprising an MR
tracking coil and a pair of RF coils attached to an auto-
expandable former. The method includes positioning the
imaging device within the imaging subject to be scanned and
retracting the sheath to allow the former to automatically
expand the pair of RF coils to an expanded position.

The present invention has been described in terms of the
preferred embodiment, and it is recognized that equivalents,
alternatives, and modifications, aside from those expressly
stated, are possible and within the scope of the appending
claims.

What is claimed is:

1. An MRI apparatus comprising:

a magnetic resonance imaging (MRI) system having a
plurality of gradient coils positioned about a bore of a
magnet to impress a polarizing magnetic field and an RF
transceiver system and an RF switch controlled by a
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pulse module to transmit RF signals to an RF coil assem-

bly to acquire MR images, the RF coil assembly com-

prising:

an intra-cardiac catheter configured for insertion into a
blood flow and constructed to automatically expand
to an expanded position from a compressed position;

a plurality of RF coils connected to the catheter and
configured to acquire MR data; wherein a constant
thickness gap filled with an insulating material
formed between the plurality of RF coils and an
expandable portion of the catheter is configured to
increase RF sensitivity away from the catheter;
wherein the intra-cardiac catheter is configured to
automatically expand the plurality of RF coils to an
expanded position from a compressed position;

a tracking coil connected to the catheter and configured
to indicate RF coil assembly location and movement
within an imaging subject;

wherein the tracking coil is configured to transmit sig-
nals indicating the location and movement of the RF
coil assembly to the MRI system to facilitate MR data
acquisition gating; and

wherein the MRI system is configured to gate MR data
acquisition during imaging based on the location and
movement of the RF coil assembly.

2. The MRI apparatus of claim 1 wherein the catheter
expands to substantially match an inner diameter of a target
tissue in which the probe is placed.

3. The MRI apparatus of claim 1 wherein the catheter is
configured to allow fluid flow vectors pass through the cath-
eter.

4. The MRI apparatus of claim 1 wherein the plurality of
RF coils includes a first RF coil and a second RF coil.

5. The MRI apparatus of claim 4 wherein the catheter
includes a first set of bars attached to the first RF coil and a
second set of bars attached to the second RF coil.
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6. The MRI apparatus of claim 1 further comprising a
sheath configured to receive the RF coil assembly therein for
insertion into an imaging subject.

7. The MRI apparatus of claim 6 wherein the catheter is
configured to auto-expand upon sheath retraction from the RF
coil assembly.

8. The MRI apparatus of claim 7 wherein the catheter is
constructed of a memory-type material.

9. A method of using an MR imaging device, the method
comprising:

inserting an intra-cardiac MR imaging device into a sheath

configured for insertion into an imaging subject to be
scanned, the imaging device comprising an MR tracking
coil and comprising a pair of RF coils attached to an
auto-expandable former; wherein a constant thickness
gap filled with an insulating material formed between
the pair of RF coils and the auto-expandable former is
configured to increase RF sensitivity away from the
auto-expandable former;

positioning the imaging device within the imaging subject

to be scanned;
retracting the sheath to allow the former to automatically
expand the pair of RF coils to an expanded position;

acquiring tracking data from the MR tracking coil repre-
senting position and movement of the imaging device
during imaging; and

gating data acquisition during imaging based on the track-

ing data to reduce imaging artifacts.

10. The method of claim 9 wherein the former is con-
structed to allow fluid subflow passage therethrough.

11. The method of claim 9 further comprising actively
tracking movement of the imaging device during image scan-
ning to monitor movement of the imaging device.

12. The method of claim 9 further comprising the step of
receiving tracking feedback from the tracking coil while navi-
gating to a target anatomy prior to retracting the sheath there-
from.
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