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1
MAGNETIC RESONANCE IMAGING PROBE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 09/536,090, filed Mar. 24, 2000, which
issued as U.S. Pat. No. 6,675,033 on Jan. 6, 2004, which
claims the benefit of priority to U.S. Provisional Patent Appli-
cation Ser. No. 60/129,364, filed Apr. 15, 1999. This applica-
tion also claims benefit of priority to U.S. Provisional Patent
Application Ser. No. 60/282,993, filed Apr. 11, 2001. The
aforementioned applications are incorporated herein in their
entireties by this reference.

BACKGROUND

The disclosed systems, devices, assemblies, probes, and
methods relate to the field of radio frequency antennas, more
particularly to the use of radio frequency antennas as imaging
coils used in vivo in conjunction with magnetic resonance
imaging techniques.

Magnetic resonance imaging (MRI) is a well known,
highly useful technique for imaging matter. It has particular
use with imaging the human body or other biological tissue
without invasive procedures or exposure to the harmful radia-
tion or chemicals present with x-rays or CT scans. MRI uses
changes in the angular momentum or “spin” of atomic nuclei
of certain elements to show locations of those elements within
matter. In an MRI procedure, a subject is usually inserted into
an imaging machine that contains a large static magnetic field
generally on the order of 0.2 to 4 Tesla although machines
with higher strength fields are being developed and used. This
static magnetic field tends to cause the vector of the magne-
tization of the atomic nuclei placed therein to align with the
magnetic field. The subject is then exposed to pulses of radio
frequency (RF) energy in the form ofa second, oscillating, RF
magnetic field having a particular frequency referred to in the
art as aresonant or Larmor frequency. This frequency is equal
to the rate that the spins rotate or precess.

This second field is generally oriented so that its magnetic
field is oriented in the transverse plane to that of the static
magnetic field and is generally significantly smaller. The
second field pulls the net magnetism of the atomic nuclei off
the axis of the original magnetic field. As the second magnetic
field pulses, it pulls the spins off axis. When it is turned off,
the spins “relax” back to their position relative to the initial
magnetic field. The rate at which the spins relax is dependent
on the molecular level environment. During the relaxation
step, the precessing magnetization at the Larmor frequency
induces a signal voltage that can be detected by antennas
tuned to that frequency. The magnetic resonance signal per-
sists for the time it takes for the spin to relax. Since different
tissues have different molecular level environments, the dif-
ferences in relaxation times provides a mechanism for tissue
contrast in MRI.

In order to image the magnetic resonance signal it is nec-
essary to encode the locations of the resonant spins. This is
performed by applying pulse of gradient magnetic fields to
the main magnetic field in each of the three dimensions. By
creating this field, the location of resonant nuclei can be
determined because the nuclei will resonate at a different
Larmor frequency since the magnetic field they experience
differs from their neighbors. The magnetic resonance (MR)
image is a representation of the magnetic resonance signal on
a display in two or three dimensions. This display usually has
slices taken on an axis of interest in the subject, or slices in any
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dimension or combination of dimensions, three-dimensional
renderings including computer generated three-dimensional
“blow-ups” of two-dimensional slices, or any combination of
the previous, but can include any display known to the art.

MR signals are very weak and therefore the antenna’s
ability to detect them depends on both its size and its prox-
imity to the source of those frequencies. In order to improve
the signal of an MRI, the antenna may be placed near or inside
the subject to be imaged. Such improvements can enable
valuable increases in resolution sensitivity and scan time. It
may be desirable to have evidence of the MRI antenna itself
on the MRI to allow the individual inserting the MRI antenna
to direct where it is going and to maneuver it with aid from the
MR image. Such a benefit could be useful in medical proce-
dures where MR1 is used simultaneously to track the position
of an intraluminal device and to evaluate the structures sur-
rounding the lumen. For example, an intravascular catheter
could be directed through a vessel using MRI to reach a
targeted area of the vessel, and the MRI apparatus could
further be used to delineate the intravascular anatomy or
nearby tissue to determine whether a particular therapeutic
intervention would be required. Using MRI to guide the cath-
eter and using MRI further to map out the relevant anatomy
could complement conventional angiographic imaging tech-
nology within an interventional radiology or cardiology or
minimally invasive imaging suite. Once the catheter is
directed to the desired anatomic target under MR guidance,
and once the topography or other relevant anatomy of the
target lesion is depicted using MRI, the clinician can make
decisions about what type of intervention would be indicated,
if any, and where the intervention should be delivered.

Many conventional vascular interventional procedures use
X-ray imaging technology in which guidewires and catheters
are inserted into a vein or artery and navigated to specific
locations in the heart for diagnostic and therapeutic proce-
dures. Conventional X-ray guided vascular interventions,
however, suffer from a number of limitations, including: (1)
limited anatomical visualization of the body and blood ves-
sels during the examination, (2) limited ability to obtain a
cross-sectional view of the target vessel, (3) inability to char-
acterize important pathologic features of atherosclerotic
plaques, (4) limited ability to obtain functional information
on the state of the related organ, and (5) exposure of the
subject to potentially damaging x-ray radiation. MRI tech-
niques offer the potential to overcome these deficiencies.

However, even those antennae which have been fabricated
for use inside a human body are not useful for many types of
interventional procedures. Many of these devices are simply
too large to be sufficiently miniaturized to allow the place-
ment of an interventional device simultaneously with the
antenna in a small vessel without causing injury to the sub-
ject. Furthermore, many of these devices are not useful as
guidewires because the antenna cannot accept the range of
interventional tools that are widely used in many types of
procedures without removal of the guidewire from the subject
during tool transition. This includes, but is not limited to, such
tools as balloon catheters for dilatation angioplasties, for stent
placements, for drug infusions, and for local vessel therapies
such as gene therapies; atherotomes and other devices for
plaque resection and debulking; stent placement catheters;
intraluminal resecting tools; electrophysiologic mapping
instruments; lasers and radio frequency and other ablative
instruments.

It is desirable, therefore, to provide an imaging probe suit-
able for use as a guidewire for intravascular diagnostic and
therapeutic maneuvers using MRI techniques. It is further
desirable to provide an imaging probe adapted for imaging a
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vascular structure such as an artery or vein using MRI tech-
niques, such imaging being performed in conjunction with or
independent of the introduction of other interventional tools.
Providing MRI images of the vascular structure can offer
guidance for further diagnostic or therapeutic procedures to
be performed.

During the guiding of an imaging probe through tortuous
vessels or tortuous peripheral guiding catheters, it is desirable
that the distal most portion of the imaging probe steer and
track easily. At the same time, interventional angiographers
and cardiologists find it advantageous that the probe being
manipulated remains intact despite aggressive maneuvering
and transmits torque well. An imaging probe with these char-
acteristics may be especially useful in dealing with stenotic or
other abnormal vessels, such as may be encountered during
various diagnostic and therapeutic interventions. There
remains a need in the art for an apparatus that combines the
aforesaid handling characteristics with the visualization pro-
vided by an endovascular MRI imaging system.

SUMMARY

It is therefore desired in the art to produce a probe that has
an antenna suitable to receive and enhance MR images, that
antenna providing signal that renders it visible on an MR
image and suitable for use as an imaging probe or guidewire.

It is further desired by the art to provide an MRI probe
which is constructed of flexible material that has sufficient
mechanical properties to be suitable as a directable probe and
suitable electrical properties to be an antenna for MRI images
rendering it visible on an MR image.

It is further desired by the art to provide an MRI probe
which uses multiple different shaped whip antenna designs to
allow specific uses under certain circumstances, and which
can be used in a clinical environment.

It is further desired by the art to provide an MRI probe that
can act as a guidewire to multiple different interventional
tools without having to remove the probe from the body to
change between tools.

As disclosed herein, one embodiment has a system,
method, and means for providing a flexible MRI probe
assembly which is capable of receiving magnetic resonance
signals from a subject and for functioning as a imaging probe.
In one embodiment the MRI probe is small enough to insert
into the guidewire lumen of an interventional device as is
known to the art.

In a further embodiment, the MRI probe is constructed
using materials and designs that optimize mechanical prop-
erties for steerability, torque transmission and avoidance of
antenna whip failure while maintaining desirable electromag-
netic properties in magnetic susceptibly and electrical con-
ductivity.

In yet another embodiment, the MRI probe’s antenna whip
is constructed to be flexible and therefore reduce the risk of
chamber or vessel perforation.

Another embodiment provides a system, method, or
means, whereby a guidewire probe suitable for use inan MRI
machine can have multiple interventional tools switched
between and guided by the guidewire probe without having to
remove the probe from the subject. This is accomplished in
one embodiment by the design and construction of a probe
with a practical connection interface between the probe, the
tuning/matching circuitry for tuning the antenna whip, and
the MRI machine.

In a further embodiment, the disclosed systems, devices,
assemblies, probes, and methods provide a magnetic reso-
nance antenna assembly for receiving magnetic resonance
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signals from a sample and for functioning as an imaging coil,
having a probe shaft including a core of non-magnetic mate-
rial, a first insulator/dielectric layer for providing insulation,
a shielding layer, a second insulator/dielectric layer, and an
antenna whip. The core of non-magnetic material may be
made of a super-elastic material or shape memory alloy, such
as Nitinol. The non-magnetic core may include a coating of
conductive material which could have gold, silver, alternating
layers of gold and silver or copper, for example. A clip-on
connector may be further provided for making an electrical
connection to a magnetic resonance scannet, the clip-on con-
nector enabling loading and unloading of interventional
devices during a procedure without removal of the probe from
the subject. The antenna whip may additionally have a linear
whip, a helical whip, a tapered or a combination whip depend-
ing on the desired mechanical and electric properties of the
antenna whip.

In an embodiment, a magnetic resonance imaging probe
can have a probe shaft having a distal end a magnetic reso-
nance antenna having a distal end and attached to the distal
end of the probe shaft; and a flexible tip attached to the distal
end of the antenna.

In an embodiment, a magnetic resonance imaging probe
can include a probe shaft having a magnetic resonance
antenna, and a spring tip attached to a distal end of the
antenna.

In an embodiment, a magnetic resonance imaging probe
can have a probe shaft having a distal end and a proximal end,
the probe shaft further having a core of non-magnetic material
a first insulator/dielectric, a shield layer having a distal end,
and a proximal spring assembly coupled to the distal end of
the shield layer, and an imaging coil attached to the distal end
of'the probe shaft, wherein at least one of the imaging coil and
the spring tip may be visible on a magnetic resonance image.

In an embodiment, a magnetic resonance imaging probe
can have a probe shaft having a distal end and a proximal end,
the probe shaft further having a core of non-magnetic mate-
rial, a first insulator/dielectric covering the core, and a shield
layer covering the core; a magnetic resonance imaging coil
attached to the distal end of the probe shaft and having a distal
end, and a spring tip attached to the distal end of the imaging
coil, wherein at least one of the imaging coil and the spring tip
may be visible on a magnetic resonance image.

In an embodiment, a magnetic resonance imaging probe
system can have a magnetic resonance imaging probe, having
a probe shaft including a distal end and a proximal end, the
probe shaft further including a core of non-magnetic material,
afirst insulator/dielectric covering the core, and a shield layer
covering the core; a magnetic resonance imaging coil
attached to the distal end of the probe shaft and including a
distal end, a spring tip attached to the distal end of the imaging
coil, and a connector attached to the proximal end of the probe
shaft; and an interface, having a balun circuit, a decoupling
circuit in electrical communication with at least one of the
balun circuit and a tuning/matching circuit, the tuning/match-
ing circuit in electrical communication with at least one of the
balun circuit and the decoupling circuit, a proximal connec-
tor, in electrical communication with at least one of the balun
circuit, the decoupling circuit, and the tuning/matching cir-
cuit, the proximal connector being adapted for removable
electrical connection to a magnetic resonance scanner, and a
distal connector, in electrical communication with at least one
of the balun circuit, the decoupling circuit, and the tuning/
matching circuit, the connector of the interface being adapted
for removable electrical connection to the connector of the
imaging probe.
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In an embodiment, a device suitable for insertion into a
subject can have a helical coil suitable for use as a magnetic
resonance antenna, and a flexible tip coupled to a distal end of
the device. In an embodiment, a method for guiding a mag-
netic resonance imaging probe can have providing the mag-
netic resonance imaging probe having a flexible tip, flexing
the tip into a position suitable for advancing the probe through
a structure, and advancing the probe through the structure. In
an embodiment, the probe shaft can have a core of non-
magnetic material, a first insulator/dielectric covering the
core, and a shield layer covering the core.

In an embodiment, a magnetic resonance imaging probe
may include a core of non-magnetic material, a shield layer
having a distal end and surrounding at least a part of the core,
a proximal spring assembly having a distal end and being
coupled to the distal end of the shield layer, a joining segment
attached to the distal end of the proximal spring assembly, and
a magnetic resonance imaging coil attached to the segment.

In an embodiment, a magnetic resonance imaging probe
may include a core of non-magnetic material, a first insulator/
dielectric surrounding at least a part of the core, a shield layer
surrounding at least a part of the first insulator/dielectric and
having a distal end, a modified shield layer attached to the
distal end of the shield layer and having a distal end, a proxi-
mal spring assembly attached to the distal end of the modified
shield layer and having a distal end, a joining segment
attached to the distal end of the proximal spring assembly, a
magnetic resonance imaging coil attached to the joining seg-
ment and having a distal end, and a spring tip attached to the
distal end of the imaging coil.

In an embodiment, a magnetic resonance imaging probe
may include a core of non-magnetic material, a first insulator/
dielectric surrounding at least a part of the core, a shield layer
surrounding at least a part of the first insulator/dielectric and
having a distal end, a modified shield layer attached to the
distal end of the shield layer and having a distal end, a joining
segment attached to the distal end of the modified shield layer,
a magnetic resonance imaging coil attached to the joining
segment and having a distal end, and a spring tip attached to
the distal end of the imaging coil.

In an embodiment, a magnetic resonance imaging probe
system may include a magnetic resonance imaging probe,
having a probe shaft including a distal end and a proximal
end, the probe shaft further including a core of non-magnetic
material, a first insulator/dielectric covering the core, a shield
layer covering the first insulator/dielectric and having a distal
end, a proximal spring assembly attached to the distal end of
the shield layer and having a distal end, and a magnetic
resonance imaging coil attached to the distal end of the proxi-
mal spring assembly and having a distal end; a spring tip
attached to the distal end of the imaging coil, and a connector
attached to the proximal end of the probe shaft; and an inter-
face, having a balun circuit, a decoupling circuit in electrical
communication with at least one of the balun circuit and a
tuning/matching circuit, the tuning/matching circuit in elec-
trical communication with at least one of the balun circuitand
the decoupling circuit, a proximal connector, in electrical
communication with at least one of the balun circuit, the
decoupling circuit, and the tuning/matching circuit, the proxi-
mal connector being adapted for removable electrical con-
nection to a magnetic resonance scanner, and a distal connec-
tor, in electrical communication with at least one of the balun
circuit, the decoupling circuit, and the tuning/matching cir-
cuit, the connector of the interface being adapted for remov-
able electrical connection to the connector of the imaging
probe.
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In an embodiment, a device suitable for insertion into a
subject may include a magnetic resonance antenna having a
helical coil, and a flexible tip affixed to a distal end of the
device.

In an embodiment, a method for guiding a magnetic reso-
nance imaging probe may include providing the probe, the
probe having a magnetic resonance imaging antenna and a
flexible tip, inserting the probe into a structure, advancing the
probe through the structure until the flexible tip encounters a
first obstruction, and manipulating the probe until the flexible
tip bypasses the first obstruction.

In an embodiment, the antenna may include a core of
non-magnetic material, a first insulator/dielectric covering
the core, and a shield layer covering the first insulator/dielec-
tric. The core may include a Nitinol wire and alternating
layers of gold, silver, and gold, surrounding at least a portion
of'the Nitinol wire. In an embodiment, the core may be plated
with alternating layers of gold and silver.

An embodiment can further have a bare area of the core,
wherein the first insulator/dielectric does not cover the bare
area of the core. The antenna may attach to the probe shaft at
the bare area. In an embodiment, at least part of the imaging
coil surrounds at least part of the core. In an embodiment, the
core can have a Nitinol wire, alternating layers of gold, silver,
and gold, surrounding at least a portion of the Nitinol wire,
and an insulating layer having at least one of fluoroethylene
polymer, polyethylene terephthalate, or silicone, the insulat-
ing layer disposed over the alternating layers. In an embodi-
ment, the probe shaft may be covered by alternating layers of
insulator/dielectric and shielding.

In an embodiment, the core of non-magnetic material may
be plated with alternating layers of gold and silver. In an
embodiment, the core has a diameter in the range of about
0.004 inches to about 0.014 inches. In an embodiment, the
first insulator/dielectric includes a plastic. In an embodiment,
the plastic may be fluoroethylene polymer. In an embodi-
ment, the shield layer includes Nitinol. In an embodiment, the
core of non-magnetic material may be coated with a layer of
fluoroethylene polymer. In an embodiment, the core of non-
magnetic material may be fabricated from conductive metal
having at least one of gold, silver, copper, MR-compatible
stainless steel, and aluminum. In an embodiment, the core of
non-magnetic material includes a super-elastic material. In an
embodiment, the super-elastic material includes Nitinol.

In an embodiment, the core includes at least one of carbon,
glass fiber, and a polymer, and the core may be plated with a
radio frequency conductive material. In an embodiment, the
core of non-magnetic material may be electrically connected
to the imaging coil at least at one point. In an embodiment, the
shield layer includes at least one of a braid, a paint, a deposit,
a hypotube, a plating, and a sputtering. An embodiment can
further have a proximal spring assembly coupled to a distal
end of the shield layer.

In an embodiment, the flexible tip includes a spring. In an
embodiment, the spring includes MP35N. In an embodiment,
the spring may be attached to the distal end of the probe shaft
by an adhesive joint. In an embodiment, the adhesive joint
includes an electrically insulating material. In an embodi-
ment, the adhesive joint electrically insulates the spring tip
from the core.

In an embodiment, at least part of the imaging coil sur-
rounds at least part of the core.

In an embodiment, the antenna includes a magnetic reso-
nance imaging coil. In an embodiment, the imaging coil
includes a helical whip with a proximate end and a distal end,
the helical whip having coils with a diameter and a spacing. In
an embodiment, the helical whip includes at least one of
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copper, gold, silver, platinum, iridium, or aluminum wire. In
an embodiment, the helical whip may be covered by a bio-
compatible material or covering. In an embodiment, an elec-
trical length of the helical coil may be chosen so as to com-
pensate for the biocompatible material or covering. In an
embodiment, the imaging coil has a length of up to about 12
centimeters. In an embodiment, at least one ofthe antenna and
the flexible tip may be visible on a magnetic resonance image.

In an embodiment, the probe shaft has an outer diameter of
about 0.032 inches. In an embodiment, the probe shaft has an
outer diameter of about 0.014 inches. In an embodiment, the
probe may be sized and shaped to be a guidewire. In an
embodiment, the probe may be sized and shaped for intravas-
cular use. An embodiment can further have a connector
coupled to a proximal end of the probe shaft. The proximal
end of the probe shaft can be adapted to receive a removable
connector. In an embodiment, the connector is removably
attached to the proximal end of the probe shaft. In an embodi-
ment, the connector couples to an interface. In an embodi-
ment, the interface includes at least one of a tuning-matching
circuit, a balun circuit, a decoupling circuit, and a variable
capacitor.

In an embodiment, at least one of the core, the shield layer,
the modified shield layer, the coil, the spring tip, the proximal
spring assembly, and the ribbon can include at least one of a
magnetic resonance compatible material, a superelastic mate-
rial, copper, gold, silver, platinum, iridium, MP35N; tanta-
lum, Nitinol, 1605, gold-platinum-iridium, gold-copper-iri-
dium, and gold-platinum.

In an embodiment, the core can include a central core
having at least one of carbon, glass fiber, and a polymer, and
the core can further include a radio frequency conductive
covering surrounding the central core. In an embodiment, the
covering can include alternating layers of gold, silver, and
gold, surrounding the central core.

Inan embodiment, the antenna includes a loopless antenna.
In an embodiment, the antenna includes a gold-platinum-
iridium wire. In an embodiment, the wire may be shaped as a
spring. In an embodiment, the probe receives a magnetic
resonance signal from a sample, and the composite wire has a
length substantially equal to 0.25 times the wavelength of the
magnetic resonance signal when the probe is in the sample.

In an embodiment, the flexible tip includes a ribbon. In an
embodiment, the ribbon includes MP35N. In an embodiment,
the ribbon may be flat. An embodiment can further have a
distal joint attaching the ribbon and the flexible tip. In an
embodiment, the antenna may be attached to the core by at
least one of an epoxy, an adhesive seal, a laserweld, an ultra-
sonic weld, and a solder joint. In an embodiment, the flexible
tip includes round winding wire. In an embodiment, the flex-
ible tip includes at least one of Nitinol, tantalum, MP35N,
L605, gold-platinum-iridium, gold-copper-iridium, and
gold-platinum. In an embodiment, the spring tip may include
aribbon. In an embodiment, a proximal portion of the ribbon
may be round, and a distal portion of the ribbon may be flat.
In an embodiment, the distal end of the ribbon may be flat-
dropped. In an embodiment, the spring tip may include at
least one of round winding wire and flat winding wire.

In an embodiment, an outer surface of the probe shaft may
be insulated with a biocompatible material or coating. An
embodiment can further have a cover layer covering at least a
portion of the probe shaft. In an embodiment, the cover layer
includes at least one of polyethylene terephthalate and sili-
cone. An embodiment can further have a lubricious coating
covering at least a portion of the cover layer.

In an embodiment, the proximal spring assembly may be
attached to the distal end of the shield layer by at least one of
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a conductive epoxy, an adhesive seal, a laserweld, an ultra-
sonic weld, and a solder joint. In an embodiment, the proxi-
mal spring assembly includes a magnetic resonance compat-
ible material. In an embodiment, the proximal spring
assembly includes at least one of Nitinol and tantalum. In an
embodiment, the proximal spring assembly includes a round
winding wire. In an embodiment, the round winding wire
may be stacked. An embodiment can further have a spring tip
attached to a distal end ofthe imaging coil. In an embodiment,
the probe shaft has an outer diameter in the range of about
0.010 inches to 0.5 inches. In an embodiment, at least one of
the probe shaft, the imaging coil, and the spring tip may be
visible under fluoroscopy.

In an embodiment, the tuning-matching circuit includes a
capacitor and an inductor in parallel with the capacitor. In an
embodiment, the tuning-matching circuit matches the inter-
face to an input impedance in the range of about 20 to 80
ohms, preferably 50 ohms. In an embodiment, the capacitor
has a value of 22 picoFarads, and the inductor has a value of
198 nanoHenrys. In an embodiment, the interface includes a
balun circuit. In an embodiment, the balun circuit includes an
inductor coil and a capacitor, the capacitor connecting a case
of' the interface to ground. The inductor and capacitor can be
tuned to the magnetic resonance imaging frequency. In an
embodiment, the inductor coil includes a semirigid coax, and
the capacitor has a value of 39 picoFarads.

In an embodiment, the interface includes a decoupling
circuit. In an embodiment, the decoupling circuit includes a
capacitor and a diode in parallel with the capacitor. In an
embodiment, the capacitor has a value in the range from about
50 picoFarads (pF) to about 500 pF, preferably about 100
picoFarads, and the diode may be a PIN diode.

In an embodiment, the antenna includes a composite wire.
In an embodiment, the spring has a pitch in the range of about
0.004 inches to about 0.015 inches. An embodiment can
further have a second insulator/dielectric. In an embodiment,
the core of non-magnetic material may be plated with a plu-
rality of metal layers. In an embodiment, at least one of the
plurality of metal layers includes a precious metal. In an
embodiment, the diameter may be about 0.0085 inches. In an
embodiment, the core includes a distal tip, and a diameter of
the core tapers toward the distal tip. In an embodiment, the
shield layer includes a Nitinol hypotube. In an embodiment,
the Nitinol hypotube has a diameter of in the range of about
0.014 inches to about 0.035 inches. In an embodiment, the
Nitinol hypotube may be heat treated. In an embodiment, the
shield layer includes a proximal end, and about 2 centimeters
of the proximal end of the shield layer may be gold-plated.

In an embodiment, the distal joint seals a distal end of the
spring tip. In an embodiment, the winding wire may be round.
In an embodiment, the winding wire may be stacked. In an
embodiment, the winding wire has a diameter in the range
from about 0.001 inches to about 0.005 inches. In an embodi-
ment, the diameter may be about 0.0003 inches. In an
embodiment, the spring tip includes a magnetic resonance-
compatible material.

In an embodiment, the core of non-magnetic material may
be plated with a plurality of layers of conductive metal, the
layers of conductive metal having at least one of gold, silver,
platinum, copper and aluminum. In an embodiment, the core
of non-magnetic material may be plated with alternating lay-
ers of gold and silver. In an embodiment, the core of non-
magnetic material may be plated with a plurality of layers of
conductive metal, the layers of conductive metal having at
least one of gold, silver, copper and aluminum. In an embodi-
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ment, the core of non-magnetic material includes a non-
metallic material plated with a radio frequency conductive
material.

In an embodiment, the helical whip may be electrically
connected to the core at least at one point. In an embodiment,
the portion extends from the proximal end of the probe shaft
to the distal end of the imaging coil. In an embodiment, an
epoxy adhesive seals the imaging coil, the core, and the cover
layer. In an embodiment, at least one of the imaging coil and
the spring tip may be visible on a magnetic resonance image.
Inan embodiment, the proximal end of the probe shaft may be
adapted for quick removal of the connector, and the connector
may be adapted for removability.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects, features, and advantages of the disclosed
systems, devices, assemblies, probes, and methods will be
apparent from the following detailed description of the pre-
ferred embodiments as illustrated in the accompanying draw-
ings, in which reference characters refer to the same parts
throughout the various views. The drawings are not necessar-
ily to scale, emphasis being placed upon illustrating prin-
ciples of the disclosed systems, devices, assemblies, probes,
and methods.

FIG. 1 shows a cross-sectional side and end view illustrat-
ing the structure of a guidewire probe with a linear whip
antenna according to the disclosed systems, devices, assem-
blies, probes, and methods.

FIG. 2 shows a cross-sectional side view illustrating the
structure of one potential shielded linear whip antenna
according to the disclosed systems, devices, assemblies,
probes, and methods.

FIG. 3 shows three potential alternate shapes for a linear
whip antenna.

FIG. 4 shows a potential embodiment of the disclosed
systems, devices, assemblies, probes, and methods wherein
the shielding includes a series of balun circuits.

FIG. 5 shows a cross-sectional side and end view illustrat-
ing a guidewire probe according to an embodiment of the
disclosed systems, devices, assemblies, probes, and methods
wherein the antenna whip includes a combination whip where
a helical coil may be connected to a linear whip antenna at
multiple points.

FIG. 6 shows an embodiment in which a helical coil elec-
tronically connected to a linear whip antenna at a single point.

FIG. 7 shows an embodiment in which a helical coil alone
includes a helical whip antenna.

FIG. 8 shows an embodiment in which a helical coil may be
placed over a linear whip antenna without making an electri-
cal connection between the two.

FIG. 9 shows an embodiment in which a core may be
present inside a helical whip antenna.

FIG. 10 shows a representation of the receiving properties
of a helical coil antenna.

FIG. 11 shows a potential embodiment of a helical whip
antenna where the diameter of the coils decreases from the
proximate to the distal end of the helical whip antenna.

FIG. 12 shows a potential embodiment of a helical whip
antenna where the diameter of the coils increases from the
proximate to the distal end of the helical whip antenna.

FIG. 13 shows a potential embodiment of a helical whip
antenna where the diameter of the coils varies along the
length of the helical coil antenna.

FIG. 14 shows an embodiment in which the probe shaft
decreases in diameter at its distal end.
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FIG. 15 shows an embodiment in which a second helical
coil may be placed around the probe shaft and connected to
the shielding.

FIG. 16 shows an embodiment in which a second helical
coils may be used as shielding around various whip antennas
of the disclosed systems, devices, assemblies, probes, and
methods.

FIG. 17 shows a potential snap-on connector of the instant
disclosed systems, devices, assemblies, probes, and methods.
17A shows the male connector portion and 17B shows the
female connector portion.

FIG. 18 shows a clip connector of the instant disclosed
systems, devices, assemblies, probes, and methods. 18A is in
unlocked form and 18B is in locked form.

FIG. 19 shows a screw-lock connector of the instant dis-
closed systems, devices, assemblies, probes, and methods.

FIG. 20 shows a screw style connector of the instant dis-
closed systems, devices, assemblies, probes, and methods.
20A shows the female portion and 20B shows the male por-
tion.

FIGS. 21-23 show alternate connectors whereby there is no
direct electric contact between the male and female members
of the connector.

FIGS. 24 and 25 show different views of an embodiment
including a vice-like connector between the connector por-
tion and the mated connector portion and allow the guidewire
to rotate within the connector.

FIG. 26 shows a potential design of an interface box of the
instant disclosed systems, devices, assemblies, probes, and
methods.

FIG. 27 shows a layout of a system of the instant disclosed
systems, devices, assemblies, probes, and methods wherein
the guidewire probe might be used.

FIG. 28 shows a potential embodiment of a helical whip
antenna where the spacing between the coils varies along the
length of the helical coil antenna.

FIG. 29 shows a schematic diagram of an imaging probe
system.

FIG. 30 shows a schematic diagram of the circuitry within
the interface box.

FIG. 30A shows a schematic diagram of the circuitry
within the interface box.

FIG. 31 shows the layers of the coaxial cable assembly.

FIG. 32 shows in more detail an embodiment of an imaging
probe.

FIG. 32A shows detail of an embodiment of the shield
layer.

FIG. 33 shows in more detail an imaging coil and flexible
tip assembly.

FIGS. 34 A-C show cross-sections of an interface box.

FIGS. 34 D-E show external views of an interface box.

DETAILED DESCRIPTION

Herein is disclosed a loopless whip antenna for use as or
with an imaging probe that is suitable for vascular procedures
on human subjects in a conventional MRI machine designed
for medical use. This description does not, however, limit the
scope of the disclosed systems, devices, assemblies, probes,
and methods. In particular, the disclosed systems, devices,
assemblies, probes, and methods can have a wide variety of
probes and MRI antennas whether a whip antenna or not and
whether of looped, loopless or of other design which is suit-
able for use as an imaging probe as is understood in the art.
The subject of the disclosed systems, devices, assemblies,
probes, and methods is also not limited to human beings but
can be used on a variety of subjects where the use of an
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imaging probe is desired. These include but are not limited to,
applications of the probe in the body or portion of the body of
any human, non-human animal, or other biological organism,
living, deceased or otherwise; applications involving place-
ment of the probe in any fluid, gel, solid, gas, plasma or other
state of matter where the use of an imaging probe is desired in
that matter, placing the probe in the vicinity of a portion of a
subject for the purpose of viewing that portion of that subject
through the probe’s proximity, or guiding a device to within
that portion’s proximity; the use of a probe to simultaneously
guide an interventional device and image the area on which
the interventional device is to be used; or any of the previous
in any combination.

As used herein, the term imaging probe is understood to
include any device insertable into the subject of an interven-
tion that provides MR images of an anatomic area internal to
that subject. For example, an imaging probe may be config-
ured to be insertable into a vascular structure, as described
below in more detail. An imaging probe for intravascular use
may produce images of the vascular structure within which it
is situated, and may further provide images of tissues sur-
rounding the vascular structure. These images may be used
for further diagnostic or therapeutic purposes. In one embodi-
ment, an imaging probe may be dimensionally adapted to
permit the direction of other interventional tools along it or
over it. When used as a guide for other interventional tools,
whether diagnostic or therapeutic, the imaging probe may be
termed an imaging guidewire. As described below at greater
length, in one embodiment an imaging guidewire may be
combined with a variety of interventional tools in the perfor-
mance of diagnostic or therapeutic procedures, as will be
appreciated by those of ordinary skill in the art.

The disclosed systems, devices, assemblies, probes, and
methods are also not limited to a conventional MRI machine
used medically but can be used in any type of scanning device
that can measure magnetic resonance. Therefore, we use the
term MRI machine to apply to any type of machine, device,
system, means, or process which allows the detection of
magnetic resonance in any type or state of matter, such device
being currently known or later developed, whether for use on
humans, non-human animals, other biological organisms,
biological tissues or samples, or inorganic matter. Such an
MRI machine may be of any shape and for scanning any size
subject or portion of a subject.

The application of guidewires is also not limited to vascu-
lar interventions. Guidewires are commonly used in many
non-vascular applications for the placement of various probes
and catheters into the gastrointestinal (GI) tract, the biliary
duct, the urethra, bladder, ureter and other orifices or surgical
openings. The disclosed systems may be adapted to a plural-
ity of minimally invasive applications. Guidewires according
to the present disclosed systems, devices, assemblies, probes,
and methods may, in certain embodiments, be used for pas-
sage into and through the upper airway, trachea and bronchial
tree. Examination of these structures using the disclosed sys-
tems, devices, assemblies, probes, and methods may be per-
formed to detect abnormalities of the lungs or tracheobron-
chial tree, ideally at an early stage for early treatment. As an
example, the early detection of a pre-malignant lesion in the
tracheobronchial tree could permit early extirpation before an
invasive cancer develops; even if an invasive cancer is
detected, it may be possible to detect and treat these lesions at
their earliest stages, before lymph node invasion or distant
metastasis. Similarly, the disclosed systems, devices, assem-
blies, probes, and methods are applicable to any body lumen
or body cavity wherein early detection of pre-malignant and
malignant disease is desirable. As examples, these systems
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and methods could be used for the evaluation of the esopha-
gus, stomach and biliary tree to identify neoplasms and to
distinguish benign from malignant tissue proliferation. As
examples, these systems and methods could be used for the
evaluation of the colon and rectum to identify abnormalities
and malignancies. These systems and methods could also be
used for the evaluation of the male and female urogenital
systems, including bladder, urethra, prostate, uterus, cervix
and ovary, to identify therein abnormalities and malignancies.

Further, the diagnostic function of the MRI would be useful
in the evaluation of any mucosal malignancy to identify how
far through the wall of the affected organ the malignancy has
invaded. It is understood in the art that extent of invasiveness
into and through the wall, diagnosable by MRI, is an impor-
tant characteristic of an intraluminal cancer.

The diagnostic function of the MRI, as the probe is guided
to the target tissue, may be combined with therapeutic inter-
ventions. For example, a small lesion found within a body
lumen using the disclosed systems, devices, assemblies,
probes, and methods may be suitable for localized ablation,
wherein the lesion’s response to the delivery of radio fre-
quency energy or other ablative energy can be monitored in
near real time by the high resolution MRI as disclosed herein.

The scale of the devices described herein may be dimen-
sionally adaptable to a number of body cavities and lumens
traditionally inaccessible to interventive methods known in
the art. For example, the eustachian tube, the nasal airways
and the craniofacial sinuses may all be accessible to a probe
designed in accordance with the present disclosure. Using
one of these orifices as an entryway into the craniofacial
skeleton may permit the diagnosis or evaluation of a variety of
otolaryngological and neurological conditions with greater
precision than is currently available using whole-patient CT
or MRI. As an example, transsphenoid evaluation of intrac-
ranial or sellar lesions may be possible. The imaging of these
lesions provided by the disclosed systems, devices, assem-
blies, probes, and methods may be combined with therapeutic
techniques for extirpating or otherwise treating the lesion
using minimally invasive technologies. For example, an
aneurysm of the Circle of Willis that is identified using high-
resolution MRI may be suitable for clipping under MRI con-
trol using minimally invasive techniques. As another
example, a pituitary tumor can be evaluated for its extensive-
ness using these systems and methods, and its resection can
be precisely monitored. Use of these systems and methods
may also permit diagnosis of abnormalities in organs consid-
ered inaccessible to traditional monitoring methods. For
example, the pancreas may be examined, using an embodi-
ment of the disclosed systems, devices, assemblies, probes,
and methods, permitting the early diagnosis of pancreatic
lesions. As another example, embodiments of the disclosed
systems, devices, assemblies, probes, and methods may be
adapted for intracranial use, for the diagnosis of lesions of the
central nervous system or for precise anatomic delineation
thereof. Ablative techniques may be combined with these
diagnostic modalities to permit treatment of abnormalities
using embodiments of the disclosed systems, devices, assem-
blies, probes, and methods to help determine the extent of the
pathology and to monitor the effectiveness of the ablation in
removing the abnormality. Trigeminal neuralgia is an
example of a condition where delineation of the relevant
intracranial anatomy is vital for the identification of the neu-
roanatomical structures to be ablated or treated. MRI using
the disclosed systems, devices, assemblies, probes, and meth-
ods may usefully help direct the surgeon to the precise tissues
requiring treatment.
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Conventional minimally invasive techniques such as lap-
aroscopy, thoracoscopy, mediastinoscopy, and arthroscopy
may all be combined with these systems and methods to
permit more accurate identification of target lesions and to
monitor therapies directed at the target lesions. MRI guidance
according to these systems and methods may be particularly
valuable in determining the extensiveness of a lesion that is to
be resected or biopsied. For example, in mediastinoscopy, it
may be difficult to distinguish between large blood-filled
vessels and pathological lymph nodes, the latter being the
target for the biopsy being performed. The operator perform-
ing the procedure must sample the pathological lymph nodes
without damaging the large vessels in the area, an inadvert-
ancy that can result in profound, even exsanguinating hem-
orrhage. MRI guidance according to these systems and meth-
ods can not only distinguish among the various types of
anatomic structures, but also can map out the extent of lymph
node involvement and direct the operator towards those
lymph nodes most likely to bear the abnormal tissue being
sought. A number of applications will be readily apparent to
practitioners of ordinary skill in the art, whereby a conven-
tional endoscopy procedure combined with these systems and
methods will permit the diagnostic evaluation of a tissue or
organ within a body lumen or a body cavity. The intraperito-
neal space, for example, may be usefully evaluated using
these systems and methods, with access to this space being
provided by laparoscopic instrumentation, and with MRI
being used to approach and identify target tissues. Intraperi-
toneal diagnosis using these systems and methods may be
helpful in diagnosis of various retroperitoneal lymphadeno-
pathies, such as those indicative of lymphoma, or such as
those indicative of spread from a malignant melanoma of the
lower extremity. Other examples may be evident to ordinarily
skilled practitioners in the medical arts.

Combining these systems and methods with other diagnos-
tic modalities may permit better or earlier diagnosis of malig-
nancies. For example, use of contrast agents in addition to the
systems and methods described herein may permit identifi-
cation of tumors on the basis of their abnormal blood flow or
metabolism. Contrast agents or other markers carried by body
fluids may permit these systems and methods to be used for
diagnosis of abnormal bleeding sites, such as occult gas-
trointestinal bleeding points or bleeding varices, situations
where direct visual inspection of the lesion may have limited
diagnostic or therapeutic value.

It is understood that advances in fabrication of static MRI
machines will permit more localized anatomic evaluation of
specialized body parts, and further will permit easier access to
the patient for interventional techniques. These developments
may permit the disclosed systems, devices, assemblies,
probes, and methods to be used as a replacement for various
ultrasound-guided techniques such as fertility procedures. In
certain embodiments, the disclosed systems, devices, assem-
blies, probes, and methods may be adapted for screening
procedures using probes dimensionally adapted for appropri-
ate bodily orifices. For example, these systems and methods
may be useful in identifying and determining extensiveness
of gynecological cancers, including cervical cancer, uterine
cancer and ovarian cancer. Other applications should become
available to practitioners of ordinary skill in the art with no
more than routine experimentation.

The probe of the disclosed systems, devices, assemblies,
probes, and methods can be described and understood as
having multiple different forms of antenna whip and design.
The first of which is depicted in FIG. 1 wherein the probe has
a linear whip antenna 106.
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The whip refers to the antenna at the end of the probe which
is a whip antenna. In this case the whip has a primarily unbent
protrusion and is therefore called a linear whip antenna 106.
The probe preferably has a probe shaft 105 with a distal end
109 and a proximate end 111. The probe shaft can have
multiple layers of different materials including a core 101
having at least one first electrically conducting component, a
first insulator/dielectric 102 for providing insulation, a shield-
ing 103 having at least one second conducting component,
and an optional second insulator/dielectric 104 as shown in
FIG. 2. The linear whip antenna 106 extends from the distal
end 109 of the probe shaft 105. It would be understood that a
linear whip antenna 106 does not have to be straight but may
have a curve or slight hook at the end as is understood in the
artto facilitate engagement of the device into complex vessels
as shown in FIG. 3. In one embodiment of the disclosed
systems, devices, assemblies, probes, and methods, it would
be understood that the linear whip antenna 106 could be
flexible or could be bent to form non-linear shapes as the
probe was twisted through complicated pathways within the
subject. In an alternative embodiment the linear whip antenna
can have a ribbon or paddle shape such as those shown in FIG.
16.

The core 101 can have a super-elastic material such as the
Tinol® range of materials (also known as Nitinol or NiTi).
Super-elastics generally have a titanium-nickel alloy and
have many positive attributes for use as a base for the probes
of the disclosed systems, devices, assemblies, probes, and
methods. The MR properties of Nitinol are favorable due to
the visibility with limited artifact. Super-elastics may be sig-
nificantly deformed and still return to their original shape.
Such deformation and “shape memory” can take place
through actions based on changes in temperature. Super-
elastic materials are also known for high biocompatability
and show good properties for use within biological organisms
or matter. Super-elastics in the antenna designs of the dis-
closed systems, devices, assemblies, probes, and methods
could be of a variety of shapes including wire, ribbon, micro-
tubing, sheets or any other form as is known to the art and can
have Nitinol wire that can be plated with layers of gold-silver-
gold, or layers of gold, silver or copper applied either singly
or in combination. The core 101 can alternatively have dif-
ferent materials, including, but not limited to, MR-compat-
ible stainless steel, other metallic materials that are non-
magnetic, non-metallic substances such as carbon, glass fiber,
or polymer, that can be plated with a layer of a good RF
conductor such as copper, silver, or gold either singly or in
multiple layers, or any of the previous in any combination. In
the case of an aluminum core 101, the surface can be readily
oxidized as is known to the art to provide the first insulator/
dielectric 102.

The first insulator/dielectric 102 and the second insulator/
dielectric 104, may have any insulator/dielectric as is known
to the art including any polymer, such as, but not limited to, an
elastomeric grade PEBAX, Nylon, Teflon®, polyurethane,
fluoroethylene polymer (FEP), or polyvinylidene fluoride
(PVDF), or any combination of polymers with appropriate
electrical properties. The insulator/dielectric could also have
aluminum oxide or any other nonpolymeric element or com-
pound as would be understood by one of skill in the art.

The thickness of the first insulator/dielectric 102 and the
second optional insulator/dielectric 104 can be determined so
as to control the impedance of the cable formed. The imped-
ance can be in the range of 150 ohms to 10 ohms. The wire can
have a uniform impedance throughout the length or the
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impedance can vary with length, for instance, by having low
impedance closer to the proximate end 111 as compared to the
distal end 109.

The shielding layer 103 may have any MR-compatible
conductive material including, but not limited to, copper
plated with silver, copper plated with gold, Nitinol plated
with gold, conductive inks, conductive coatings or any of the
previous inany combination. The shielding can be in the form
of a braid, a mesh, or a continuous tubing such as, but not
limited to, a gold-silver-gold plated Nitinol hypotube. The
shielding can be continuous or coiled toward the distal end
109 and can extend beyond the distal end 109 of the probe
shaft 105 or may be discontinued at the distal end 109 of the
probe shaft 105. Discontinuing the shielding can create a
stronger signal from the antenna, but may create detrimental
effects when the probe is used in a human body.

To increase the safety and the signal-to-noise ratio of the
antenna, the shielding 103 can be added to the probe shaft in
the form of a balun circuit as is understood in the art. This
reduces the effect of induced currents due to external RF and
magnetic fields. The tertiary shielding 451 can be continuous
or discontinuous. It can have capacitors connecting the dis-
continuous sections or it can be connected directly to the
primary shielding 461 or connected to the primary shielding
461 with capacitors 471 or by any other method understood in
the art, or by a series of balun circuits 139 as shown in FIG. 4.

In another embodiment of the disclosed systems, devices,
assemblies, probes, and methods, a balun circuit is placed on
the probe in a tuned form (also known as a bazooka circuit) as
is known to the art. This tuned balun circuit could help to
increase the SNR performance and reduce the induced cur-
rents on the wire during an RF pulse transmission by any
external RF coil (such as the transverse magnetic field in an
MRI machine). This circuit may also decrease the risk of
possible excessive Ohmic heating from the presence of the
probe inside the body.

The second optional insulator/dielectric 104 is desirable
over the antenna whip as depicted in FIG. 2 so as not to insert
a straight cylindrical segment of bare wire into the patient
with direct blood and tissue contact. The problem with this
solution, however, is that the optimal length of the whip
portion of the device is determined based upon the operating
electromagnetic wavelength in vivo which in turn depend
upon the effective dielectric constant as experienced by the
antenna. For the case of a bare wire loaded in water, this
length is approximately 4-12 cm, which represents a reason-
able length for in vivo use. The addition of a second insulator/
dielectric 104 to the outer surface of the antenna however,
decreases the effective dielectric constant, which in turn
increases the operating wavelength and thus the optimal whip
length from 4-12 cm to 30-100 cm for a dielectric with a
dielectric constant of about 2 to 4. As it is clear that a 30-100
cm antenna whip may be prohibitively long for some in vivo
use, an alternative insulated whip design could be desired
when the antenna is insulated as is discussed below. In addi-
tion, covering the antenna with a second insulator/dielectric
104 increases the diameter of the antenna making it increas-
ingly difficult to insert in small vessels. In one embodiment,
the linear whip antenna 106 has the narrowest possible diam-
eter to allow such insertion.

A typical assembly procedure for an MRI probe according
to one of the disclosed systems, devices, assemblies, probes,
and methods can involve the following steps. First, the first
insulator/dielectric 102 is attached to a gold-silver-gold
plated Nitinol core 101. This can be done by means of extru-
sion, drawing, a heat shrink tubing, or any other method
known to the art. Next, the shielding 103 is loaded on the
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assembly leaving a portion of the assembly exposed to act as
the linear whip antenna 106. This can be done by means of
braiding, plating, painting, a hypotube, sputtering, or any
other means known to the art. Alternatively, a metallic hypo-
tube can be used instead of braiding to add mechanical stiff-
ness to the probe shaft. Lastly, the second insulator/dielectric
104 is loaded on the probe shaft 105. A connector can then be
attached to the proximate end 111 of the probe shaft 105 to
facilitate connecting to the interface circuitry to be connected
to the MRI scanner. The connector can be any type as is
known to the art, or could alternatively be any of the connec-
tors described below. In a further embodiment according to a
disclosed system, device, assembly, probe, or method, the
connector can be replaced by mechanical forming of the
proximal tip to enable attachment of a snap-fit connector or by
any other means of connections or termination of the probe as
would be known to one of skill in the art. An optional coating
of lubricant may further be added to the probe shaft 105
and/or antenna whip to reduce drag.

The disclosed systems, devices, assemblies, probes, and
methods contemplate the manufacture of the linear whip
antenna 106 and probe shaft 105 as a single piece as is
described above. Alternatively, the probe shaft 105 and linear
whip antenna 106 could be constructed as two separate pieces
and attached together by any means known to the art either
permanently (including, but not limited to, use of welding,
soldering and/or electrically conducting glue or epoxy) or
removeably (including, but not limited to, a snap-on or lock-
ing connection).

FIGS. 5, 6 and 7 show alternative embodiments of the
disclosed systems, devices, assemblies, probes, and methods
using a helical coil antenna that obtains through its shape the
ability to be the same physical length as a linear whip antenna,
while still maintaining the electrical length of a much longer
linear whip and therefore having desirable properties even
when shielded by a second insulator/dielectric 104. FIGS. 5§
and 6 show a combination whip antenna 206 where a helical
coil is placed over and electrically joined to a linear whip
antenna 101. FIG. 7 shows a guidewire probe with a helical
whip antenna 206 where the helical coil 208 has the antenna
alone.

Helically coiling the antenna shortens the physical antenna
length while still producing optimum performance. Covering
the antenna with an insulator, increases the optimum antenna
length because the insulator effects the ability of the antenna
to detect signal. In this case, coiling the antenna can be used
to compensate for this increase in optimum antenna length.
That is, a coil of wire can have a longer piece of wire in a
shorter physical form.

A helical coil antenna has further mechanical advantages
over a linear antenna. In particular, a coil is flexible and
“springy” allowing it to navigate through complicated bio-
logical pathways without bending, kinking, or breaking, as
opposed to a linear antenna which can have many of these
problems since it is narrow and may have poor mechanical
properties. Therefore, in one embodiment of the disclosed
systems, devices, assemblies, probes, and methods, the heli-
cal coil is placed over a linear antenna, not necessarily to
change signal, but to “superimpose” preferred mechanical
properties on the linear antenna as exemplified in FIG. 8.

The helical coil also provides for detection of magnetic
resonance in multiple directions. The signal received by a
linear antenna is dependent upon the orientation of the
antenna with respect to the main magnetic field as is known to
the art. When a linear antenna design becomes bent or



US 7,848,788 B2

17

changes geometric planes, the sensitivity of the antenna and
thus image quality can be degraded, with zero signal detected
in some cases.

As diagnostic and therapeutic catheter interventions inher-
ently involve movement of the catheter in planes transverse to
the main longitudinal axis of the body, and therefore trans-
verse to the magnetic fields in the MRI machine, an antenna
design capable of removing this orientation dependency
could be desirable in many cases. The unique physical geom-
etry of the helical coil antenna allows detection of radio
frequencies from two orthogonal components of the process-
ing transverse magnetization, which is known as quadrature
detection. Quadrature designs are able to create a circularly
polarized electric field that results in a 50% reduction in RF
power deposition and up to a 40% increase in signal to noise
ratio. The total polarization field (E) of a N turn normal mode
helical antenna is:

Nowl, e " 9]

E=agkg+agky= T
o

[ag jD + agA]sin(6)

where: Bg and E,, are the electric fields produced by a small
loop and short dipole respectively, N=number of turns,
I,=initial current, c=speed of propagation, €,=permittivity
constant, f=wave number, D=coil diameter. Note that the Eq
and E,, components are in both space and time quadrature,
resulting in an elliptical polarization field. In addition to these
very important advantages, such a design allows the imaging
capabilities of the device to be independent of spatial orien-
tation and therefore it can be used in any vessel or other area
in the body.

Helical coil antennas have two distinct and very different
operating modes depending upon, as shown in FIG. 10, the
physical dimensions of the windings and speed of wave
propagation through the medium. When the diameter(D) and
spacing(S) between the windings is comparable to the wave-
length 1 of the RF MRI signal to be detected with the coil
inserted in the subject, (DA=SA=1, where Di=helix diameter,
Sh=coil spacing), the helical coil antenna operates in an end
fire or axial mode, where polarization occurs primarily along
the axis of the helix as depicted in FIG. 10(5). This is similar
to the operation of the linear antenna. When DA and Sh are
much smaller than A, the helical antenna is said to operate in
normal mode where polarization occurs orthogonal or broad-
side to the helical axis as shown in FIG. 10(¢) and described
in equation (1). Since the RF frequencies used in MRI tend to
be very long, normal mode operation is the standard for a
probe of the disclosed systems, devices, assemblies, probes,
and methods.

FIGS. 5 and 6 show a probe with a helical coil 208 on top
of'alinear whip antenna 106. This creates a combination whip
antenna 206. In one embodiment of the disclosed systems,
devices, assemblies, probes, and methods, there can be an
electrical connection between the linear whip and the helical
coil in one point 213 as shown in FIG. 5 or multiple points as
shown in FIG. 6. Alternatively, the connection point could be
at the distal end 215 of the linear whip antenna 106 instead of
at the proximate end 223 as shown in FIG. 6. This allows for
both portions to act as antennas and can produce an antenna
with higher SNR without increasing physical size signifi-
cantly. A thin insulator 210 may be placed between the linear
whip antenna 106 and the helical coil 208 in any combination
antenna 206. In another embodiment of the disclosed sys-
tems, devices, assemblies, probes, and methods (FIG. 8), the
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helical coil 208 and the linear whip antenna 106 are not
electrically connected to one other. In this embodiment, the
helical coil 208 provides beneficial mechanical properties to
the linear whip antenna 106. In particular, it can make the
linear whip antenna 106 more rugged and more flexible
allowing for better mechanical properties within the subject.
In FIGS. 5, 6 and 8, the probe shaft 105 can be built similarly
to the probe shaft of FIG. 1 and all listed materials for the
probe of FIG. 1 are also available for the probe of FIGS. 5, 6,
and 8. This type of construction is not limited to these figures.
Any probe shift 105 in any embodiment herein described may
be constructed in a similar manner. In assembly, the helical
coil 208 can be added to a preconstructed probe with a linear
whip antenna 106. The addition can either complete the elec-
trical connection to the helical coil 208 or not depending on
the desired final probe. Alternatively the probe can be manu-
factured with the helical coil 208 already attached to the probe
in any configuration.

In FIG. 7, the helical coil 208 has the entire helical coil
whip antenna 306. In this depiction the helical coil 208 is
electrically connected to the core 101 of the probe shaft 105.
In this case, there is no linear whip antenna 106. Therefore, in
another embodiment of the disclosed systems, devices,
assemblies, probes, and methods, the whip is entirely heli-
cally coiled. This configuration can provide advantages in
mechanical properties. In particular, the helical coil whip
antenna 306 can be physically shorter or narrower than the
combination whip antennas 206 depicted in FIGS. 5, 6, and 8
without significant loss of electrical length. In addition, since
the helical coil whip antenna 306 has no linear portions and is
only coiled, it is more flexible than any of the other antennas
allowing it to turn sharper corners in the subject. Finally, the
helical coil whip antenna 306 is more deformable than any of
the previous antenna designs which makes the antenna less
likely to puncture vessel walls. If desired, the flexibility of this
antenna can be adjusted by including a core component 217
attached to the distal end 109 of the probe shaft 105 if non-
conducting or unattached if conducting, as shown in FIG. 9.
Core 217 need not extend to the distal end 415 of the helical
coil whip antenna 306.

FIGS. 11, 12 and 13 depict alternative embodiments of the
helical coil whip antenna 306 that can be used in place of the
whip designs shown in FIGS. 7 and 9. In FIG. 11, the helical
coil whip antenna 306 has been tapered with decreasing
diameter towards the distal end 415 to vary the flexibility of
the whip such that it is more flexible at the tip to negotiate
blood vessels and the like. In FIG. 12, the helical coil whip
antenna 306 is tapered on the proximal end 515 to stiffen the
flexibility at the distal end 415. In FIG. 13, the helical whip
antenna 306 is tapered at both ends. The taper can be adjusted
to provide the desired flexibility gradient. The taper can also
repeat at regular intervals (either smoothly or at a sudden
transition) or coils of different diameters can be placed any-
where within the length of the helical coil whip antenna 306.
Alternatively, the distal end 109 of the probe shaft 105 can be
tapered to improve the transition between the probe shaft 105
and any type of whip antenna (a helical coil whip antenna 306
is shown) as shown in FIG. 14.

Inaddition to altering the diameter of the coils in the helical
coil whip antenna 306, the spacing between the coils can also
be modified. As shown in FI1G. 28 the spacing of the coils can
be closer together at the proximate end 515 and further apart
at the distal end 415. This arrangement may allow the con-
struction of a helical coil whip antenna that has greater elec-
trical length but preserves the desired mechanical properties
present in a looser packed coil. Alternatively to FIG. 28, the
coil spacing could be altered so that the spacing is tighter at
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the distal end 415 than the proximate end 515, the coil spacing
could follow any type of regular change from tighter to looser
coils along its length, or the coil spacing could have coils of
random spacing.

The modifications to the diameter and spacing of the coils
described above are not limited to helical coil whip antennas
306, but could be used with any of the helical coils 208
described above in order to gain mechanical benefits from
such a coil design.

In at least some of the variations of the designs, the opti-
mum coil length may be preferably calculated or measured as
the length that minimizes the real component of the imped-
ance of the antenna as the impedance of the antenna is mea-
sured at the point where the shield ends. This length is usually
around 0.25 or less times the electromagnetic wavelength of
the RF MRI signal in the medium, but other lengths could be
used as would be understood by one of skill in the art.

FIG. 15 shows yet another embodiment of the disclosed
systems, devices, assemblies, probes, and methods, a second
helical coil 408 is connected to the shielding 103 at point 513
of the probe shaft 105 to concentrate the MRI signal sensi-
tivity to a narrow range. The second helical coil 408 can also
be connected to multiple points for multiple different electri-
cal properties as would be understood by one of skill in the art.
In further alternative embodiments, the shield 103 is com-
pletely replaced by the second helical coil 408 which extends
for the length of the shaft, insulated from the core 101 by
dielectric 102. These arrangements can be used with any type
of whip antenna including, but not limited to, those shown in
FIG. 16. In particular, a linear whip antenna 106 as shown in
FIG. 16A and 16E, a helical coil whip antenna 306 with a
separation between the outer shield and whip as shown in
FIG. 16B, a helical coil whip antenna 306 without a separa-
tion between the outer shield and whip as shown in FIG. 16C
oran alternate combination whip with a linear extension 1601
attached to a helical coil whip antenna 306 as shown in FIG.
16D, as well as with any of the other antenna whip designs
and herein disclosed or otherwise known to one of'skill in the
art.

In further embodiments of the disclosed systems, devices,
assemblies, probes, and methods the second insulator/dielec-
tric 104 is extended over the second helical coil 408 so as to
provide protection to the subject from the antenna’s interac-
tion with exposed body fluids, tissues, or other portions of the
subjectas is depicted in FIG. 16E. The second helical coil 408
can also have any alterations of the coil’s diameter or spacing
along the second helical coil’s 408 length as have been pre-
viously discussed with regards to the helical coil whip
antenna 306.

The connection between this electronic circuit and the
probe is a further portion of the disclosed systems, devices,
assemblies, probes, and methods because a standard RF BNC
connector as is known to the art is not well suited for frequent
connection and disconnection. In many current procedures
where an MRI guidewire might be desired, the tools used as
part of those procedures must be changeable without having
to remove the guidewire from the subject. In one of the
embodiments of the present disclosed systems, devices,
assemblies, probes, and methods, a connector is used to make
an electrical connection between the probe and a tuning/
matching and decoupling circuit or interface box of the
present disclosed systems, devices, assemblies, probes, and
methods. This connector connects the interface to the antenna
and can be removed and reinstalled as required during an
interventional procedure to load and unload other interven-
tional devices. FIGS. 17 through 25 show some examples of
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connectors of the disclosed systems, devices, assemblies,
probes, and methods which are discussed in detail below.

FIG. 26 shows one embodiment of an interface box for use
between the MRI machine and the probe or guidewire of the
disclosed systems, devices, assemblies, probes, and methods.
One embodiment of the interface box has a shielded box 601
with two compartments 607 and 617, separated by a partition
605. In one embodiment, all components are non-magnetic.
The probe attaches to coaxial connector 611 or another mat-
ing connector portion designed to attach to the connector
portion of the probe. Coaxial connector 611 can be insulated
from the interface box 601. The balancing of the dipole 611 is
accomplished by capacitor 613 and coil 615. Coil 615 in one
embodiment is a short length (5-10 cm) of 1 mm diameter
solid-shield, 50 ohm coaxial cable, which is wound into a
coil, increasing the inductance of both the center conductor as
well as the shield. For the balancing function, it can be impor-
tant to present a high impedance to current flow in the shield-
ing 103 of the probe near the interface box 601. This high
impedance is accomplished by tuning the LC circuit formed
by capacitor 613 and the inductance of the shield of coil 615.
In practice, capacitor 613 is selected such that the impedance
of'the network having capacitor 613 and coil 615 matches the
impedance of the shielding 103 of the probe. The shield
portion of the coaxial cable that forms coil 615 can be elec-
trically connected to the partition 605 of the interface box 601
as shown in FIG. 26.

The center conductor of the coaxial cable that forms the
coil 615 feeds through the partition 605 in the interface box
601. The inductance of the center conductor of the coil 615,
and capacitor 613, form a tuned circuit that can decouple the
probe from the imaging pulses of the MRI machine connected
at -axial connector 619 (these imaging pulses usually occur at
63.9 MHz). Capacitor 621 can be tuned to maximize probe
impedance when PIN diode 623 is turned on during imaging
pulses. PIN diode 623 is turned on by a DC level being
applied to co-axial connector 619 by the MRI scanner during
MRI pulse transmission.

The probe can be tuned to match the generally 50 Ohm
impedance of the MRI scanner amplifier by the network of
inductor 625 and capacitor 627. This tuning can be accom-
plished by connecting a network analyzer to coaxial connec-
tor 617 and varying the value of the capacitor 627 until the
measured impedance is the commonly desired 50 Ohms at
63.9 MHz. These numerical values are given as examples and
in no way limit the choice of values that could be chosen in
use of the disclosed systems, devices, assemblies, probes, and
methods.

The end of the antenna can have a connector portion that
allows radio frequency signals to propagate from the scanner
to the antenna and vice versa by connecting the connector
portion to a mated connector portion. This connector can be a
standard BNC connector or one of the special miniaturized
connectors shown in FIGS. 17 through 25. The connectors
allow for direct insertion of the probe into interventional
devices such as balloon angioplasty catheter, stent placement
devices. For this to be possible, the connector diameter should
be no larger than the probe diameter. Standard connector
sizes, however, are often larger than the probe diameter and
therefore do not allow for rapid exchanging of interventional
devices over the probe. To overcome this difficulty, we show
eight different connector configurations. Although many
other designs are possible, the most important feature of these
designs are that the diameter of the connector portion on the
probeis not significantly larger than the diameter of the probe.

The connectors shown in FIGS. 17 through 20, 24, and 25
enable direct electrical contact between the conductors
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(shield and inner conductor of core) whereas the connectors
shown in FIGS. 19-23 have no direct electrical contact.

FIG. 17 shows a snap-on connector. The connector at FIG.
17A is the male connector portion. Its diameter is smaller or
the same size as the diameter of the guidewire probe. FIG.
17B is the female mated connector portion. They are con-
nected to one other with a small amount of pressure in the
direction along the length of the connector and removed
easily by pulling the connectors apart.

FIG. 18 shows a clip connector. The male connector por-
tion’s 1002 diameter is not larger than the diameter of the
probe. With a clip lock mechanism, 1006, the female mated
connector portion 1003 is connected to the male connector
portion 1002. The mechanism shown by FIG. 18 enables free
rotation of the connector. This enables the user to freely rotate
the probe while it is connected. 1004 shows a coaxial cable
connecting the interface box 1005 to the mated connector
portion. FIGS. 24 and 25 show an alternative design of this
type of connector wherein a vice-like connection is employed
instead of the clip. Again this design allows for the probe to
rotate freely while it is connected.

FIG. 19 has the screw 1007 on the female mated connector
portion that is an alternative to the clip lock mechanism, 1006
shown in FIG. 18.

FIG. 20 shows another type of screw connector. FIG. 20A
is the female connector portion that is a part of the guidewire
probe. The male mated connector portion shown in FIG. 20B
can be connected to a coaxial cable that leads to the interface
box.

One problem with the connectors shown in FIGS. 17
through 20 is difficulty in using in a wet environment. When
the connectors are wet or have blood or other body fluids on
them, their performance may degrade. Therefore, a connector
was designed that can be used in wet environment. The con-
nectors shown in FIGS. 21-23 do not require direct electrical
contact between the two connector portions.

FIG. 21 shows a solenoidal coil 2005 inside both female
and male connectors portions. The male connector portion
snaps in the female mated connector portion 2003 but the
electrical wires are not touching one other. The signal is
transmitted from one to the other by electromagnetic waves.

FIG. 22 shows a coaxial cable with extended inner conduc-
tor 2105 as the mated connector portion 2103 and an opposed
solenoidal coil 2107 as the connector portion 2101 on the
guidewire probe.

FIG. 23 shows a loop coil 2305 in both ends of the connec-
tor. As in the other, the male connector portion 2301 snaps on
the female mated connector portion 2303. The electromag-
netic waves are transmitted from one coil to the other enabling
connection.

One further advantage of using these connectors (FIGS.
21-23) arethe isolation of the circuits. Any direct current from
one connector should typically not appear on the other.

FIG. 27 shows one potential layout of a system whereby a
probe could be used. In this figure, the subject 901 is shown
within the MRI machine 903. The probe 3005 has been
inserted into the subject 901. The monitor 905 shows an MRI
907 including the probe 3005 and the surrounding biological
tissue 909. The probe 105 is connected to the interface box
1005 through a connector 1111 that allows an operator to load
or unload tools without removing the probe 3005 from the
subject 901. The interface box 1005 is connected to the MRI
machine 903 allowing the MRI machine 903 to use the probe
3005 as an active antenna in the subject 901.

FIG. 29 shows an embodiment of an imaging probe system
1500 that may be configured for use in the vascular system.
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The imaging probe system 1500 can be dimensionally
adapted for intravascular use, with an outer diameter in one
embodiment in the range of 0.025-0.035", for example.
0.032", and with an outer diameter in another embodiment of
in the range 01 0.014-0.018", for example, 0.014". The probe
may also be dimensionally adapted for insertion into other
anatomical features. For example, a probe for esophageal
insertion could have an outer diameter in the range of about 3
to about 30 French, preferably about 9 French. A probe for
transrectal insertion can have an outer diameter in the range of
about 0.5 French to about 60 French, preferably about 15
French. A probe for prostate imaging can have an outer diam-
eter in the range of about 0.5 to about 10 French, preferably
about 10 French. A probe for transvaginal insertion can have
an outer diameter in the range from about 0.5 to about 60
French, preferably about 9 to 14 French. A probe for gas-
trointestinal insertion can have an outer diameter in the range
from about 1 French to about 20 French, preferably about 15
to 17 French. A probe for transurethral insertion can have an
outer diameter of about 6 to 17 French, preferably about 13
French. A probe for fallopian tube insertion can have an outer
diameter in the range from about 1 French to about 6 French,
preferably about 1 to 3 French.

In certain embodiments, the imaging probe system 1500
may be introduced into the body of a subject directly into the
vascular system, through, for example, the femoral artery or
vein using a standard introducer. The imaging probe system
1500 may then be advanced through thevascular system to the
region of interest either under fluoroscopic or MR guidance.
The imaging probe 1500 has a proximal end 1501 attachable
to aninterface box 1508, which in turn is attachable to an MRI
machine (not shown). The imaging probe 1500 further has a
distal end 1503 suitable for advancing through the vascular
system of a subject.

As depicted in FIG. 29, an imaging probe 1500 for intra-
vascular use may include an imaging coil 1502 in electrical
communication proximally with a modified coaxial cable
1504. The modified coaxial cable 1504 in electrical commu-
nication with the imaging coil 1502 has a loopless antenna. In
the depicted embodiment, the imaging coil 1502 and the
insulating shielding of the coaxial cable 1504 form a closed
RF circuit, and RF signals generated by the hydrogen protons
in the water molecule during MR scanning are collected by
the imaging coil 1502 and then transmitted to the MR scanner
through the coaxial cable 1504 and interface box 1508, as will
be described in more detail below.

As depicted in this and subsequent figures, the coaxial
cable 1504 may include a conductor core sandwiched con-
centrically in layers of insulation/dielectric, conductive
shielding and dielectric/insulation respectively. The con-
struction of the imaging probe 1500 may include a simple
coaxial cable 1504 with its top layers of insulation and shield-
ing removed in certain sections, as will be described in more
detail below. In those sections where the top layers of insu-
lation and shielding have been removed, the central conductor
of'the coaxial cable 1504 can be exposed. The exposed central
conductor may then be attached to the imaging coil 1502 to
maintain electrical communication therewith. In certain
embodiments, the imaging coil 1502 may be made from a
wire wound on a mandrel, for example a gold-platinum-
iridium winding wire.

As shownin FIG. 29, and as described in more detail below,
the imaging coil 1502 is disposed distally on the imaging
probe 1500. The imaging coil 1502 serves to gather the RF
signal. In one embodiment, the imaging coil 1502 includes a
specific length of gold-platinum-iridium wire wound into a
spring with a prescribed pitch. In an embodiment, the wire
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can be a wound wire. The wound wire can have a diameter of
about 0.003 inches. In an embodiment, the pitch of the wind-
ing can be in the range of about 0.004 inches to about 0.015
inches. In an embodiment, the pitch can be about 0.012
inches. As will be described below, the imaging coil 1502 can
be positioned over, covering, or surrounding the insulated
conductor core of the coaxial cable 1504. More specifically,
the conductor core may be made from a Nitinol wire plated
with gold-silver-gold and then covered with a thin insulating
layer of polymeric FEP. The polymeric layer insures com-
plete electrical insulation between the core and the imaging
coil 1502 except at the proximal end of the imaging coil 1502
where it has been attached to the core in electrical communi-
cation therewith.

In one embodiment, the imaging coil 1502 length is about
0.25 times the wavelength in the medium, which is a complex
function of various parameters such as the dielectric constant
of the insulator, the thickness of the primary insulator, the
frequency, and the electrical properties of the environment
around the antenna. The length of the imaging coil 1502
which acts as an RF antenna can be straight but is coiled in this
case. The coil shape may help intensify the signal near the
imaging coil 1502. The coil shape can be straight, ground,
wound, braided, multiple pitches, combinations of these, and
other shapes known in the art. The imaging coil can include a
solid object, such as a core or a hypotube. There need not be
insulation between the imaging coil and the corewire. A plas-
tic could be extruded over the imaging coil. A lubricious
coating could be applied to the plastic.

The coaxial cable 1504, described below in more detail,
connects the proximal end 1501 of the imaging probe 1500 to
an interface box 1508. At the proximal end of the coaxial
cable 1504 is a connector such as a Suhner MMCX connector.
The interface box 1508 in turn connects the probe 1500 to the
MRI scanner (not shown). An extension cable 1510 with a
connector such as a BNC connector 1512 may provide the
connection between the interface box 1508 and its contained
circuits and the MRI scanner (not shown). The circuitry
housed in the interface box 1508 is described below in more
detail.

As shown in FIG. 29, a flexible tip 1514 is attached at the
distal end of the imaging probe system 1500 distal to the
imaging coil 1502. The flexible tip 1514 may have a spring.
The flexible tip 1514 may be attached to the distal end of the
coaxial cable 1504. The flexible tip 1514 will be described in
more detail below.

FIG. 30 provides a diagram of the circuitry within the
interface box 1508. Providing attachment between the inter-
face box 1508 and the proximal end of the coaxial cable (not
shown) may be a BNC connector 1518. In electrical commu-
nication with the imaging probe (not shown) are three cir-
cuits, a tuning-matching circuit 1520, a decoupling circuit
1522 and a balun circuit 1524. The imaging probe (not
shown) may be connected to the interface box 1508, and the
interface box 1508 may further be connected to the appropri-
ate coil port of the MRI scanner using a 50-200 cm long
RGOS58 coaxial cable with BNC connectors. A ground iso-
lated Micro BNC (MMCX) connector 1531 or any other
suitable connector provides electrical communication
between the circuits in the interface box 1508 and the coaxial
cable (not shown) attaching the interface box circuits to the
MRI machine (not shown). With such a long cable (e.g.,
50-200 cm) it is desirable to maintain constant impedance and
to avoid loops within the MRI. A cable accessory to perform
these functions may be added to the system described herein,
as will be familiar to practitioners of ordinary skill in the art.
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Circuits in the interface box 1508 perform three functions.
First, the tuning-matching circuit 1520 matches the imped-
ance of the antenna/cable to the input of the scanner to opti-
mize performance. Second, the decoupling circuit 1522
detunes the imaging probe during scanner coil transmit, using
DC current supplied through the scanner connection to pre-
vent heating. Third, the balun circuit 1524 prevents excess
currents from being induced in the scanner. The arrangement
of the circuits within the interface box 1508 represent an
exemplary embodiment thereof. It will be understood by
those of ordinary skill that some modifications in interface
circuitry may be required for different commercially avail-
able MR scanner models.

The underlying principle of operation for the decoupling
circuit 1522 may be explained as follows: the MRI signals are
excited in the patient’s tissue by the MRI scanner’s transmit-
ter coil; this transmission may induce a current in the imaging
probe during excitation, which could result in the production
of heat. The decoupling circuit 1522 allows this induced
current to be shorted out. The decoupling circuit 1522
includes a capacitor 1523 and a diode 1525. The diode 1525
in the decoupling circuit 1522 is activated by a standard low
voltage signal provided by the scanner during MR transmis-
sion. The DC current generated by the scanner activates the
diode 1525 which in turn grounds the DC current, preventing
the imaging probe from being exposed to the full current and
thus reduces heating. However, for normal AC signal currents
in the receiving phase, the diode 1525 is not active and the
circuit functions normally.

The tuning-matching circuit 1520 includes a capacitor
1519 and an inductor 1521 in parallel to match the impedance
of'the entire circuit to 50 ohms, the input impedance required
by the preamplifier of the scanner. The balun circuit 1524 has
a rigid coaxial cable inductor coil 1526 and a capacitor 1527
connecting the ground to the case of the interface box 1508.
The values of the capacitors described above and the inductor
1521 may be determined on a network analyzer for the com-
pleted imaging probe system at the time of manufacture.

FIG. 30A shows a another schematic diagram of an exem-
plary embodiment of an interface 1508'. It may include a
balun circuit 1524 having a capacitor 1527 and an inductor
1526, a decoupling circuit 1522, having a capacitor 1523 and
a diode 1525, and a tuning/matching circuit 1520, having a
capacitor 1519 and an inductor 1521. Capacitor 1527 may be
aporcelain capacitor and may have a capacitance of about 39
picoFarads (pF). Inductor 1521 may be a tunable inductor and
may have an inductance of about 198 nanoHenrys (nH).
Capacitor 1523 may be a porcelain capacitor and may have a
capacitance of about 100 pF. Diode 1525 may be a PIN diode.
Capacitor 1519 may have a capacitance of about 22 pF. The
interface 1508' may further include a proximal connector
1531 and a distal connector 1518, as described above. The
interface may further include a variable capacitor 1528. The
variable capacitor 1528 facilitates fine adjustment of the tun-
ing/matching circuit 1520. The variable capacitor 1528 may
be a ceramic capacitor and may be variable in the range of
about 5.5 pF to about 30 pF.

FIGS. 34A-E depicts various views of an exemplary
embodiment of an interface box 3400. FIG. 34A shows a
perspective view of the interface box 3400. FIG. 34B shows a
side view. In this exemplary embodiment, the proximal con-
nector 1531 emerges from one side of the interface box 3400,
and the distal connector 1518 emerges from an opposing side.

FIG. 34C depicts a top cross sectional side view of the
interface box 3400. The inner surface 3402 of the box 3400
may have a shield coating. The shield coating can effect a =50
dB shielding at a predetermined frequency, such as 63.86
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MHz. The box 3400 may have a proximal aperture 3406 for
the proximal connector (not shown) and a distal aperture 3404
for the distal connector (not shown). The shield coating may
be applied up to the edge of one or both apertures 3404, 3406,
or can be masked in areas surrounding one or both apertures
3404, 3406.

FIG. 34D depicts a side cross sectional view through cut
line B of FIG. 34C. Aperture 3404 is positioned on a side of
box 3400. The box 3400 may have a lid section 3410 and a
base section 3408.

FIG. 34E depicts a side cross-sectional view through cut
line A of FI1G. 34C. Aperture 3406 is positioned on a side of
box 3400.

FIG. 31 shows in more detail a coaxial cable assembly
1504 included in the previously-described imaging probe
system. The coaxial cable 1504 and its relation to the imaging
probe system will also be described in more detail below. In
one embodiment, the coaxial cable 1504 has a core 1550
made of a non-ferromagnetic conductive material, for
example, Nitinol plated with precious metal. The plating may
provide multiple layers of different metals, for example gold-
silver-gold. Other materials for the core 1550 with appropri-
ate properties may readily be envisioned by practitioners of
ordinary skill. In one embodiment, the core 1550 may have a
diameter in the range of up to about 0.014 inches, preferably
0.0085 inches and may be taper ground at its distal tip 1552.
Alternate configurations of the distal tip 1552 may also be
provided, for example, barrel grinding or plunge grinding.

A primary insulation layer 1554 covers the core 1550
except where the primary insulation layer 1554 has been
removed to expose the underlying core 1550. The primary
insulation layer 1554 may use a plastic material such as FEP
or another suitable insulator. As shown in this figure, a first
and a second bare area, 1558 and 1560 respectively, are
shown where the primary insulation layer 1554 is absent. The
primary insulation layer 1554 can be removed to create either
or both bare areas. Removal may be accomplished by using a
razor blade or a similar or similarly functioning tool. The bare
areas may also be created by not applying insulation in the
regions of the bare areas or by applying insulation discon-
tinuously along the core. Between the first bare area 1558 and
the second bare area 1560 is disposed a distal coaxial cable
segment 1566 where the primary insulation 1554 covers the
core 1550. Surrounding this distal coaxial cable segment
1566 is the imaging coil (not shown) in the complete imaging
probe system. The first bare area 1558 is also termed the
joining segment.

Covering the primary insulation layer 1554 over the proxi-
mal shaft 1562 of the coaxial cable 1504 is a coaxial shield
layer 1564. This coaxial shield layer 1564 may be made of
Nitinol or another suitable material. In one embodiment, a
Nitinol hypotube is used with a diameter of 0.010-0.035" for
an imaging probe with a substantially similar diameter. Addi-
tional layers may cover the coaxial shield layer 1564. For
example, gold or other precious metal plating may cover the
coaxial shield layer 1564 along some or all of the proximal
shaft 1562. In an embodiment, approximately 2 cm of the
proximal end 1568 of the coaxial shield layer 1564 may be
goldplated, or gold plating may be extended more distally
along the coaxial shield layer 1564, as will be appreciated by
practitioners of ordinary skill in the art, for the purpose, for
example, of increasing conductivity of the loopless antenna.
Goldplating can facilitate attachment of a connector.

FIG. 32 depicts in more detail an embodiment of an imag-
ing probe 1500 that can be adapted for intravascular and other
uses. The proximal shaft 1562 includes a coaxial cable 1504,
for example a coaxial cable described with reference to FIG.
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31. As depicted in FIG. 32, the proximal shaft may also
include an extended flexible shield or proximal spring assem-
bly 1580. In one embodiment, to optimize the mechanical
characteristics along the distal end of the coaxial shield layer
1564, the Nitinol hypotubing of the coaxial shield layer 1564
may be heat treated to increase its flexibility and a MP35N
spring may be soldered to the distal end of the coaxial shield
layer 1564 to form the proximal spring assembly 1580. The
proximal spring assembly 1580 may be joined to the coaxial
shield layer 1564 by a conductive epoxy, laserweld or solder
joint, as will be understood by those of ordinary skill in the
art. The proximal spring assembly 1580 may combine with
the coaxial shield layer 1564 to act as a contiguous coaxial
shield while providing optimal mechanical characteristics in
that region. The combination of the heat treated hypotube and
the MP35N spring acts as a strain relief to improve the tran-
sition from the hypotube to the inner core. In this arrange-
ment, there is no significant loss to the electrical properties
with this improved transition. The proximal spring assembly
1580 may be fabricated from a variety of materials, in one
embodiment using Tantalum or MP35N, for example using a
0.003 in. round winding wire that may be stacked. While the
aforesaid materials have been chosen primarily for their MR
compatibility and conductance while providing desirable
mechanical properties such as column strength and kink
resistance, other materials and arrangements thereof may be
selected to serve the same function. As shown in this figure,
the proximal spring assembly 1580 may replace distally the
coaxial shield layer 1564 that is fabricated from, for example,
a Nitinol hypotube. Alternatively, the proximal spring assem-
bly 1580 may be omitted, so that the coaxial shield layer 1564
continues uninterrupted along the entire length of the proxi-
mal shaft 1562.

Inthe fabrication of this embodiment, the primary insulator
1554 may be attached to the core 1550, for example, a gold-
silver-gold plated Nitinol wire. This can be done by means of
extrusion, drawing, a heat shrink tubing, or another method
known to the art. Next, the conductive shielding 1564 may be
loaded on the core-insulator assembly in the proximal sec-
tions. This can be done by means of braiding, plating, paint-
ing, depositing, sputtering, etc. Alternatively, a metallic
hypotube fabricated from a material like Nitinol can be used
instead of braiding to add mechanical stiffness. The Nitinol
hypotube may be heat-treated over an area at its distal end or
modified in other ways familiar to artisans for increasing
flexibility of the hypotube as it approaches the transition area
with the spring. An outer insulating layer 1584 may be used to
cover the entire assembly.

FIG. 32 further shows the imaging coil 1502 coiled around
the distal coaxial cable segment 1566 (shown in FIG. 31). The
imaging coil 1502 is an electrical communication with the
core 1550 at the first bare area 1558 by virtue of a solder
junction 1582. Dimensions of the imaging coil 1502 may also
be modified, so that the length may range up to 12 centimeters
and the pitch may be increased up to about twice the current
one. In an embodiment, the imaging coil can have a length of
about 6 inches. Pitch may be selected in association with
selection of length dimension so as to obtain a total length for
the imaging coil of about %4}, alength desirable for minimiz-
ing noise resistance and heating, where A is the wavelength of
the magnetic resonance signal when the imaging probe is in
vivo or in a sample. Various materials suitable for the imaging
coil 1502 may also be substituted, for example copper instead
of platinum. An insulating coating layer 1584 extends along
the proximal shaft 1562 of the imaging probe 1500 and may
extend distally to cover the imaging coil 1502 until it encoun-
ters an adhesive seal (not shown in this figure), depicted in
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FIG. 33. Distal to the adhesive seal (not shown), an adhesive
joint 1588 may attach the spring tip 1514 to the core 1550 and
to the primary insulation layer 1554. The spring tip 1514 is
affixed distal to the imaging coil 1502 as described in more
detail below at an adhesive joint made, for example, from
epoxy. Proximal to the coaxial cable 1504, a BNC connector
1512 or another suitable coaxial connector provides electrical
connection between the imaging probe system 1500 and the
interface box (not shown) and further provides electrical con-
nection between the core 1550 and the coaxial shield layer
1564 at the proximal end 1501.

External to the coaxial shield layer 1564 may be a coating
of cover layer 1584, made, for example, from silicone or
polyethylene terephthalate (PET), to protect the underlying
materials from contact with body fluids. Additionally, a lubri-
cious coating may be provided overlying the coating layer
1584. The coating layer 1584 may extend along a preselected
length of the imaging probe 1500, for example, from the
adhesive junction 1588 to a proximal portion of the proximal
shaft 1564 at a specified distance from the connector 1512.

FIG. 32A depicts an embodiment of a probe having a shield
layer 1564 with a distal end 1564a, a modified shield layer
1565 with a distal end 15654 and attached to the distal end
1564a of the shield layer 1564, and a joint 1598 connecting
the distal end 15654 of the modified shield layer 1565 to the
proximal spring assembly 1580. The joint 1598 may be a
conductive joint. The distal end 1580a of the proximal spring
assembly 1580 may be joined to an imaging coil (not shown)
by an adhesion point (not shown). The adhesion point may
electrically insulate the proximal spring assembly 1580 from
the imaging coil.

The modified shield layer 1565 may be, e.g., a heat-treated
Nitinol hypotube. The modified shield layer 1565 may pro-
vide a region of stiffness transition, so that the change in
stiffness between the region of the shield layer 1564 and the
region of the coil or the spring tip is gradual. Other compo-
sitions of the modified shield layer are discussed above.

In the regions where the shield layer 1564 transitions to the
modified shield layer 1565 and where the modified shield
layer 1565 transitions to the proximal spring assembly 1580,
the thickness of the core (1550 in FI1G. 32) may be stepped up
to help lessen potentially abrupt changes in stiffness. In an
embodiment, the shield layer 1564 may include a series of
telescoped layers (not shown), progressively decreasing in
diameter distally. Such an arrangement can lessen abrupt
changes in stiffness.

FIG. 33 depicts in more detail a spring tip assembly 1600
affixed to the imaging probe 1500 at the latter’s distal end
1503. The spring tip assembly 1600 may provide flexibility at
the distalmost end ofthe imaging probe 1500 so that the probe
may advance more readily through tortuous regions of the
vascular anatomy. Not to be bound by theory, the spring tip
assembly 1600 may also have an effect on breaking up stand-
ing waves to decrease heating. As depicted herein, the spring
tip assembly 1600 includes a spring tip 1514 that is affixed to
the distal end 1503 of'the imaging probe 1500. In one embodi-
ment, the spring tip 1514 may be affixed proximally by means
of'an adhesive joint 1588 made from an electrically isolating
material such as epoxy that prevents electrical conduction
between the spring tip 1514 and the imaging coil 1502 or the
core 1550 while attaching the spring tip 1514 to the core
1550, the imaging coil 1502, the shield layer 1564, or the
insulating layer 1584. The adhesive joint 1588 may further
attach a ribbon 1602 to both the core 1550 and to the spring tip
1514.

The ribbon 1602 may extend distally through the coils of
the spring tip 1514. In one embodiment, the ribbon 1602 is flat
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and is made of MP35N. A distal joint 1604, for example a
solder-braze joint, affixes the spring tip 1514 to the ribbon
1602-distally and further seals the end of the spring tip 1514.
In one embodiment, the spring tip 1514 may be made from a
gold-platinum-iridium winding wire 0.003 inches in diameter
wound stacked except at joints 1558 and 1602. A layer of
outer coating 1584 may cover the spring tip assembly 1600.
An epoxy adhesive 1608 seals the imaging coil 1502, the core
1550 and the coating layer 1584. As previously described, a
solder junction 1582 attaches the imaging coil 1502 to the
core 1550 and provides electrical communication between
the two. As previously described, the primary insulation 1564
covers the core 1550 and isolates it from the imaging coil
1502.

In certain embodiments, the spring tip 1514 may be made
from approximately 0.003 inch round winding wire stacked.
Materials such as tantalum may be used or alloys such as a
gold-platinum, MP35N or L.605. Stiffness of the spring may
be varied by changing materials and altering the arrangement
of materials with treatments such as heat treatment, with
changing the geometric shapes, with setting up telescoping
tubes, and with other similar arrangements. The distal spring
assembly 1600 may be attached with conductive epoxy or
adhesives, ultrasonic welding, mechanical attachment, sol-
dering or laser welding. In other embodiments, gadolinium
may be used in the coating of the guidewire, either with
silicone or with a hydrophilic substance, permitting better
magnetic resonance tracking of the wire. Other features may
be added to improve the operational characteristics of the
spring and imaging coil assembly. The imaging probe may
include other features such as an extended flexible spring
shielding, a longer overall length, a detachable connector
with an extendable back end for balloon or guide exchanges,
or a connector permitting distal spring change, as will be
apparent to those of ordinary skill in the art. The distal spring
area could have a flatdropped isolated core or ribbon to pro-
vide a stiffness transition top the tip.

While the disclosed systems, devices, assemblies, probes,
and methods have been described in connection with the
preferred embodiments shown and described in detail, vari-
ous modifications and improvements thereon will become
readily apparent to those skilled in the art. Accordingly, the
spirit and scope of the present disclosure is limited only by the
following claims.

We claim:
1. A magnetic resonance imaging probe, comprising:
a probe shaft having a magnetic resonance antenna, the
probe shaft comprising
a core of non-magnetic material;
a first insulator/dielectric covering the core;
a shield layer covering the first insulator/dielectric;
aproximal spring assembly coupled to a distal end of the
shield layer and configured and arranged to act with
the shield layer as a coaxial shield; and
a magnetic resonance imaging coil conductively
attached to the core and forming a part of the magnetic
resonance antenna,
a spring tip having increased flexibility relative to the probe
shaft proximate the antenna; and
an electrically insulating material affixing the spring tip to
a distal end of the probe shaft and preventing electrical
conduction between the spring tip and the imaging coil.
2. The probe of claim 1, wherein the core comprises a
Nitinol wire and alternating layers of gold, silver, and gold,
surrounding at least a portion of the Nitinol wire.
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3. The probe of claim 1, wherein the probe shaft further
comprises a second insulator/dielectric disposed over the
shield layer.

4. The probe of claim 1, wherein the core of non-magnetic
material is plated with alternating layers of gold and silver.

5. The probe of claim 1, wherein the core comprises a
central core having at least one of carbon, glass fiber, and a
polymer, and the core further comprises a radio frequency
conductive covering surrounding the central core.

6. The probe of claim 5, wherein the covering comprises
alternating layers of gold, silver, and gold, surrounding the
central core.

7. The probe of claim 1, wherein the spring tip is attached
to the imaging coil by an adhesive joint.

8. The probe of claim 1, wherein the imaging coil com-
prises a helical whip with a proximate end and a distal end, the
helical whip having coils with a diameter and a spacing, and
wherein the distal end of the helical whip is connected to the
spring tip.

9. The probe of claim 8, wherein the helical whip is covered
by a biocompatible material or covering.

10. The probe of claim 9, wherein an electrical length of the
imaging coil is chosen so as to compensate for the biocom-
patible material or covering.

11. The probe of claim 1, wherein the probe is sized and
shaped to be a guidewire.

12. The probe of claim 1, further comprising a connector
coupled to a proximal end of the probe shaft.

13. The probe of claim 12, wherein the connector is remov-
ably coupled to the proximal end of the probe shaft.

14. The probe of claim 12, wherein the connector couples
to an interface.

15. The probe of claim 14, wherein the interface comprises
at least one of a tuning-matching circuit, a balun circuit, a
decoupling circuit, or a variable capacitor.

16. The probe of claim 1, wherein the antenna comprises a
loopless antenna.

17. The probe of claim 1, wherein the spring tip further
comprises a ribbon extending from the spring tip to the core.

18. The probe of claim 1, wherein an outer surface of the
probe shaft is insulated with a biocompatible material or
coating.

19. The probe of claim 1, further comprising a cover layer
covering at least a portion of the probe shaft.

20. The probe of claim 1, wherein the probe is sized and
shaped for intravascular use.

21. A magnetic resonance imaging probe, comprising:

a core of non-magnetic material;

a shield layer having a distal end and surrounding at least a

part of the core;

a proximal spring assembly having a distal end and being
conductively coupled to the distal end of the shield layer
and configured and arranged to act with the shield layer
as a coaxial shield;

ajoining segment attached to the distal end of the proximal
spring assembly;

a magnetic resonance imaging coil attached to the joining
segment; and

a spring tip attached to a distal end of the imaging coil.

22. The imaging probe of claim 21, wherein the proximal
spring assembly comprises a round winding wire.

23. The imaging probe of claim 22, wherein the round
winding wire is stacked.

24. A magnetic resonance imaging probe, comprising:

a core of non-magnetic material;

a first insulator/dielectric surrounding at least a part of the

core;
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a shield layer surrounding at least a part of the first insula-
tor/dielectric and having a distal end;

a modified shield layer attached to the distal end of the
shield layer and having a distal end;

a proximal spring assembly conductively coupled to the
distal end of the modified shield layer and configured
and arranged to act with the shield layer and modified
shield layer as a coaxial shield, the proximal spring
assembly having a distal end, wherein the modified
shield layer provides a region of stiffness transition from
the shield layer to the proximal spring assembly;

a joining segment attached to the distal end of the proximal
spring assembly;

a magnetic resonance imaging coil attached to the joining
segment and conductively coupled to the core, the imag-
ing coil having a distal end; and

a spring tip attached to the distal end of the imaging coil.

25. A magnetic resonance imaging probe, comprising:

a core of non-magnetic material;

a first insulator/dielectric surrounding at least a part of the
core;

a shield layer surrounding at least a part of the first insula-
tor/dielectric and having a distal end;

a modified shield layer attached to the distal end of the
shield layer and having a distal end;

a joining segment attached to the distal end of the modified
shield layer;

a magnetic resonance imaging coil attached to the joining
segment, conductively coupled to the core, and having a
distal end; and

a spring tip attached to the distal end of the imaging coil,
wherein the modified shield layer provides a region of
stiffness transition from the shield layer to the spring tip.

26. A magnetic resonance imaging probe system, compris-

ing:

a magnetic resonance imaging probe, having:

a probe shaft including a distal end and a proximal end,
the probe shaft further including:

a core of non-magnetic material;

a first insulator/dielectric covering the core;

a shield layer covering the first insulator/dielectric
and having a distal end;

a proximal spring assembly conductively coupled to
the distal end of the shield layer and having a distal
end and configured and arranged to act with the
shield layer as a coaxial shield; and

a magnetic resonance imaging coil non-conductively
coupled to the distal end of the proximal spring
assembly and conductively coupled to the core, the
imaging coil having a distal end;

a spring tip;

an electrically insulating material affixing the spring tip
to the distal end of the probe shaft and preventing
electrical conduction between the spring tip and the
imaging coil; and

a connector attached to the proximal end of the probe
shaft; and

an interface, having:

a balun circuit;

a decoupling circuit in electrical communication with at
least one of the balun circuit or a tuning/matching
circuit;

the tuning/matching circuit in electrical communication
with at least one of the balun circuit or the decoupling
circuit;

a proximal connector, in electrical communication with
atleast one of the balun circuit, the decoupling circuit,
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or the tuning/matching circuit, the proximal connec- or the tuning/matching circuit, the connector of the
tor being adapted for removable electrical connection interface being adapted for removable electrical con-
to a magnetic resonance scanner; and nection to the connector of the imaging probe.

a distal connector, in electrical communication with at
least one of the balun circuit, the decoupling circuit, ¥ % % % %



