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MRl GUIDEWIRE

BACKGROUND

1. Field of Invention

[0001] The field of this invention relates to surgical guidewires, and more particularly to

surgical guidewires for use with Interventional Magnetic Resonance Imaging.

2. Discussion of Related Art

[0002] The contents of all references, including articles, published patent applications and

patents referred to anywhere in this specification are hereby incorporated by reference.

[0003] Interventional Magnetic Resonance Imaging ("iMRI") has increased in interest during

the last decade due to the advent pulse sequence improvements, Magnetic Resonance ("MR")

compatible instruments, the development of rapid imaging techniques and automatic instrument

tracking techniques.

[0004] For MR guidance of vascular interventions to be safe, the interventionalist must be able

to visualize the tip location and distal shaft of the MRI compatible guidewire relative to the

vascular system and surrounding anatomy. A number of instrument visualization approaches

under MRI have been developed including both passive and active techniques. Passive

visualization techniques rely on the creation of susceptibility artifacts to enhance the device

(e.g., catheter) appearance by using contrast agents or ferromagnetic materials. Active

visualization relies on supplemental hardware embedded into a catheter body such as a Radio

Frequency ("RF") antenna to receive the RF signal during MRI (Susil RC, Yeung CJ, Atalar E,

"Intravascular extended sensitivity (IVES) MR imaging antennas." Magnetic Resonance in



Medicine, 2003; 50(2): 383-390). However, none of these techniques provides satisfactory

results in terms of both instrument tip and shaft visualization at the same time. Visualization of

the shaft only is not enough to advance a guidewire through tortuous vessels due to the risk of

puncturing vessel walls and visualization of a single point is not sufficient for steering an active

guidewire in complex vessel territory (Atalar E, Kraitchman DL, Carkhuff B, Lesho J, Ocali O,

Solaiyappan M, Guttman MA, Charles HK, Jr. Catheter-tracking FOV MR Fluoroscopy.

Magnetic Resonance in Medicine 1998; 40(6):865-872).

Interventional MR Imaging

[0005] Magnetic Resonance Imaging (MRI) is one of the most important clinical imaging

modalities. A significant advantage of using MRI in clinical procedures is that imaging via MR

is conducted only using a strong homogenous magnetic field and radio frequency energy pulses,

without the use of harmful ionizing radiation such as with the use of X-ray angiography. Also,

MRI utilizes Nuclear Magnetic Resonance principles with gradient coil elements to provide

spatial encoding, resulting in the ability to perform 3-D human body imaging with high soft

tissue contrast (Lauterbur PC. NMR Imaging in Biomedicine. Cell Biophysics 1986; 9(1-2):

211-214; Lai CM, Lauterbur PC. True Three-Dimensional Image Reconstruction by Nuclear

Magnetic Resonance Zeugmatography. Physics in Medicine and Biology 1981; 26(5):85 1-856;

Kramer DM, Schneider Js, Rudin AM, Lauterbur PC. True Three-Dimensional Nuclear

Magnetic Resonance Zeugmatographic Images of a Human Brain. Neuroradiology

1981;21(5):239-244). MRI allows one to obtain information about various physical parameters

such as flow, motion, magnetic susceptibility and temperature (Axel L. Blood Flow Effects in

Magnetic Resonance Imaging. Magnetic resonance Annual 1986;237-244; Henkelman RM,

Stains/ GJ, Graham SJ. Magnetization Transfer in MRI: A review. NMR Biomedicine 2001;

14(2):57-64; Dickenson RJ, Hall AS, Hind AJ, Young IR. Measurement of Changes in Tissue



Temperature using MR Imaging. Journal of Computer Assisted Tomography 1986;10(3):468-

472). Because of this, MRI has a wide variety of both diagnostic and therapeutic imaging

applications both in the clinical and research environment. When MRI was initially introduced

in the clinical environment, it was used for only diagnostic imaging purposes with almost no

consideration for use in therapeutic procedures (Webb WR, Gamsu G, Stark DD, Moon KL, Jr.,

Moore EH. Evaluation of Magnetic Resonance Sequences in Imaging Mediastinal Tumors.

American Journal of Roentgenology 1984; 143(4):723-727; Belli P, Romani M, Magistrelli A,

Masetti R, Pastore G, Costantini M. Diagnostic Imaging of Breast Implants: Role of MRI. Rays

2002; 27(4):259-277). Reasons for this can be attributed to the lack of sequences designed for

interventional MRI such as sequences for real-time device tracking, sequences that provide

image contrast that correlate directly to therapy performance, high-speed sequences that allow

real-time imaging with sufficient contrast and resolution and the lack of dedicated and optimized

hardware for interventional applications.

[0006] In recent years, efforts have been made to develop MRI as an interventional tool for

image guided interventions by addressing the above mentioned challenges (Miles K. Diagnostic

and Therapeutic Impact of MRI. Clinical Radiology 2002; 57(3):231-232; Jolesz FA,

Blumenfeld SM. Interventional Use of Magnetic Resonance Imaging. Magnetic Resonance

Quarterly 1994; 10(2):85-96; Jolesz FA. Interventional and Intraoperative MRI: A General

Overview of the Field. Journal of Magnetic Resonance Imaging 1998; 8(l):3-7). Also,

development of 1.5 T magnets with short bores that allow access to the groin area for catheter-

based procedures, liquid crystal image displays that can be exposed to high magnetic fields,

improvements in the hardware of the magnetic field gradient systems for additional gains in

image acquisition speed, the development of catheter based MRI antennas for localized

intravascular signal reception provide wide range of interventional MR Imaging applications.



MRI Compatible and visible devices for Interventional Procedures

[0007] MR guided interventions can only be performed with devices free of ferromagnetic

components, otherwise as one would encounter severe magnetic forces (induced displacement

force and torque) on the device by the static magnetic field of the MR scanner and they would

also cause image distortion (Shunk KA, lima JA, Heldman AW Transesophageal magnetic

resonant imaging. Magn Reson. Med 1999;4 1:722-726). However, MR compatible and safe

devices are not enough to perform vascular interventions with MRI. The reliable visualization

of these devices in relation to the surrounding tissue morphology is also required. In contrast to

ultrasound, X-ray fluoroscopy, or computed tomography (CT), visualization of interventional

instruments in MR has proven to be difficult. A number of approaches have been developed for

depicting vascular instruments in an MR environment. They can be broadly grouped into two

categories: passive and active visualization.

Passive Visualization

[0008] In passive visualization techniques, achieving adequate catheter contrast is based on

enhancing the inherent signal void of an instrument as it displaces spins during insertion.

Differences in magnetic susceptibility can be used to create large local losses in signal due to

intra-voxel dephasing (Rubin DL, Ratner AV, Young SW. Magnetic susceptibility effects and

their application in the development of new ferromagnetic catheters for magnetic resonance

imaging. Invest radiol. 1990;25:1325-1332). The tip or body of passive catheters is composed

of either ferromagnetic or paramagnetic sleeves that produce susceptibility artifacts.

Incorporating multiple rings of paramagnetic dysprosium oxide (Dy2O3) along the instrument tip

allows the catheter to be consistently visualized independently of orientation (see Figure 1)

(Bakker CJ, Hoogeveen RM, Hurtak WF, van Vaals JJ, Viergever MA, Mali WP. MR-guided

endovascular interventions:susceptibility-based catheter and near real time imaging technique).



[0009] Susceptibility markers must have a high magnetic moment to induce an adequate artifact

at a variety of scan techniques and tracking speeds. In other words, they must have sufficient

contrast to noise ratio (CNR) with respect to the background in order to distinguish the device in

thick slab images. The CNR can be calculated as

CNR =- - (D

[0010] With Sn, the signal loss induced by the marker, which is negative in the subtraction

image, and σs is the noise in the background of the subtraction image. Because an MR scanner

provides a strong magnetic field with applied gradients, the passive marker material is

magnetized homogenously. So, the magnetic moment (m) can be directly related to B (Teitz J

R, Miltford F J and Christy R W 1993 Foundations of Electromagnetic Theory 4th edn (Reading,

MA: Addison- Wesley) p245). This relation can be written as

[001 1] with AM the magnetization difference between the marker and tissue and V the volume

of the marker. For diamagnetic and paramagnetic materials, m is proportional to Bo For other

types of magnetism like ferro- and ferrimagnetism, a nonlinear relation exists. For a marker of

subvoxel volume, the field distortion can be approximated by a dipole field (Bos C, Viergever M

A and Bakker c J G 2003 On the artifact of a subvoxel susceptibility deviation in spoiled

gradient-echo imaging Magn. Reson. Med. 50 400-4)



[0012] with µothe permeability in free space and x, y and z the spatial coordinates with ∆BZand

Bo in the z-direction. The magnetic moment of the marker needs to be large with regard to the

size of the marker and CNR of the artifacts. This excludes diamagnetic and weakly

paramagnetic materials, since their magnetization is too low to create a large magnetic moment

with only a small amount of material (Schenck J F 1996 the role of magnetic susceptibility in

magnetic resonance imaging: MRI magnetic compatibility of the first and second kinds Med.

Phys. 23 815-50). High tracking speeds can be achieved when short echo times are used, and

this requires an even higher magnetic moment for heavy T2* -weighting around the marker.

Then, strongly paramagnetic markers become bulky in order to realize an adequate magnetic

moment. Biocompatibility and safety can be achieved by embedding into another medium, e.g.

the coating of the device. Again, easily magnetizable materials are preferred, since a lower

concentration of marker material is needed. The optimal applicability regarding field strength

may be realized with a field-strength-independent magnetic moment of the marker. Such a

nonlinear magnetic property is partly exhibited by ferro- and ferromagnetic materials. The

advantage of using a passive marker is that circuit components and transmission lines are not

required to visualize the catheter. This property of passive visualization techniques is really

important because it also eliminates electrical safety issues. However, this technique also has

several disadvantages. First of all, it provides low spatial resolution. Secondly, it slows down

the speed of the procedure compared to active tracking methods. And finally, a susceptibility

artifact varies based on device orientation and magnetic field strength.



Active Visualization

[0013] Active visualization relies on the incorporation of a miniature solenoid coil into the

device itself (Dumoulin CL, Souza Sp, Darrow RD. Real-time position monitoring of invasive

devices using magnetic resonance. Magn reson. Med. 1993;29:41 1-415; Ladd ME, Zimmerman

GG, Mcklnnon GC, von Schulthess GK et al. Visualization of vascular guidewires using MR

tracking. J Magn Reson Imaging 1998;8:251-253; Leung DA, debatin JF, Wildermuth S,

McKinnon GC et al. Intravascular MR Tracking catheter:preliminary experimental evaluation.

Am J roentgenol 1995; 164: 1265-1270). The coil is connected to the scanner via a thin coaxial

cable passing through the catheter and provides a robust signal, identifying the instrument

location with high contrast. The tip of an active catheter can be visualized with high contrast by

the incorporated coil on the tip.

Loop Antenna: Solenoid Coil

[0014] A solenoid coil is basic form of loop antenna element in which the wire is coiled in a

helical pattern to create a cylindrical shape as shown in Figure 2. Solenoid micro coils can be

connected to the MR systems through the use of coaxial transmission lines, which may serve

both detuning and signal transduction purposes. Loop antenna signal sensitivity for small-loop

receivers falls off very rapidly (1/r3, where r is the radial distance from the loop) (Balanis CA.

Antenna theory. New York: John Wiley & Sons; 1997. 941 p. ). To improve longitudinal

coverage, long-loop intravascular antennas were subsequently investigated (Atalar E, Bottomley

PA, Ocali O, Correia LC, Kelemen MD, Lima JA, Zerhouni EA. High resolution intravascular

MRI and MRS by using a catheter receiver coil. Magn Reson Med 1996;36:596-605). For these

long, narrow loop receivers (in which the loop length is much greater than its width), sensitivity

falls off as 1/r2. Despite improved longitudinal coverage, these receivers produce limited SNR

when conductor separation is small as can be seen in Figure 3.



Loop Antenna: Opposed Solenoid coil

[0015] The opposed solenoid loop antenna is based on groups of helical loops separated by a

gap region, with current driven in opposite directions in the helical loops on either side of the

gap, as shown in the schematic of Figure 4 . The gap provides the small area of homogenous

longitudinal magnetic field that makes it a good candidate for especially using as an imaging

coil within and beyond the vessel wall. However, it has a small area of homogenous

longitudinal coverage compared with the dipole antenna.

Dipole Antenna

[0016] A dipole antenna for iMRI applications can be a simple coaxial transmission line with an

extended inner conductor. Dipole antenna sensitivity falls off as 1/r where r is the radial

distance from the antenna center (Susil RC, Yeung CJ, Atalar E, "Intravascular extended

sensitivity (IVES) MR imaging antennas." Magnetic Resonance in Medicine, 2003; 50(2): 383-

390).

[0017] Dipole antenna sensitivity can be improved by increasing the insulation layer (insulation

broadens the SNR distribution) and helical winding over the extended core inductor (winding

allows for improved SNR near the tip of the antenna). A dipole antenna appearance in a water

filled phantom under MR Imaging can be seen in Figure 5.

SUMMARY

[0018] Further objects and advantages will become apparent from a consideration of the

description, drawings and examples.

[0019] A guidewire for use with interventional magnetic resonance imaging according to an

embodiment of the current invention has a guidewire body having a distal end and a proximal



end and reserving a space therein, a dipole antenna disposed in the space reserved within the

guidewire body, the dipole antenna being adapted to be electrically connected to a signal

processing system through a first signal channel through the proximal end of the guidewire

body, and a loop antenna disposed in the space reserved within the guidewire body toward the

distal end of the guidewire body, the loop antenna being adapted to be electrically connected to

the signal processing system through a second signal channel through the proximal end of the

guidewire body. The dipole antenna and the loop antenna are each constructed to receive

magnetic resonance imaging signals independently of each other and to transmit received signals

through the first and second signal channels, respectively, to be received by the signal

processing system.

[0020] An interventional magnetic resonance imaging system according to an embodiment of

the current invention has a magnetic resonance imaging scanner, an active guidewire disposed

proximate the magnetic resonance imaging scanner, the active guidewire having a dipole

antenna and a loop antenna, and a signal processing system in communication with the active

guidewire to receive a first signal from the dipole antenna through a first signal channel and to

receive a second signal through a second signal channel from the loop antenna.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The invention is described herein, by way of example only, with reference to the

accompanying figures, in which like components are designated by like reference numerals, in

which

[0022] Figure 1 shows an induced artifact at the tip of the guidewire in b-SSFP acquisition with

flip angle α = 5° guidewire placed in a phantom that has NaCl solution (see, RaIf Mekle, Eugen

Hofmann, Klaus Scheffler, A polymer Based Mr Compatible Guidewire: A Study to explore



new Prospect for Interventional Peripheral Magnetic resonance Angiography Journal of Mag.

Reson. Imaging 23:145-155 (2006));

[0023] Figure 2 is a schematic representation of a solenoid coil overlaid on a field line plot;

[0024] Figure 3 shows a porcine imaging catheter tracking experiment in vivo using the loop

coil (Claudia M., Hillenbrand, Daniel R. Elgort, Eddy Y. Wong et al. Active Device Tracking

and High Resolution Intravascular MRI using a Novel Catheter-Based, Opposed-Solenoid

Phased Array Coil. Magn Reson. Medicine 2004;5 1:668-675);

[0025] Figure 4 shows an opposed solenoid coil configuration overlaid on a field sensitivity

plot;

[0026] Figure 5 is the image of a water filled phantom acquired using both body coil and dipole

antennas in which the signal received from dipole antenna is colored using special software;

[0027] Figure 6 is a schematic illustration of a guidewire according to an embodiment of the

current invention;

[0028] Figure 7 is a cross sectional view of the guidewire illustrated in Figure 6 taken along the

cut line as indicated;

[0029] Figure 8 is a schematic illustration of a guidewire according to an embodiment of the

current invention;

[0030] Figure 9 is a cross sectional view of the guidewire illustrated in Figure 8 taken along the

cut line as indicated;

[0031] Figure 10 is a schematic illustration of an interventional magnetic resonance imaging

system according to an embodiment of the current invention;

[0032] Figure 11 helps illustrate a concept that a characteristic impedance of a transmission line

can be derived from short-circuited series impedance and open-circuited shunt admittance of its

incremental segment;



[0033] Figure 12 is a graph that represents the reflection loss as log magnitude of a loop antenna

design in which large return loss indicates a good match;

[0034] Figure 13 is an example of a Smith Chart;

[0035] Figure 14 is a schematic representation of a matching/detuning circuit for a loop antenna

according to an embodiment of the current invention; and

[0036] Figure 15 is a schematic representation of a matching/detuning circuit for a dipole

antenna according to an embodiment of the current invention.

DETAILED DESCRPTION

[0037] In describing embodiments of the present invention illustrated in the drawings, specific

terminology is employed for the sake of clarity. However, the invention is not intended to be

limited to the specific terminology so selected. It is to be understood that each specific element

includes all technical equivalents which operate in a similar manner to accomplish a similar

purpose.

[0038] The embodiments illustrated and discussed in this specification are intended only to

teach those skilled in the art the best way known to the inventors at the time of filing to make

and use the invention. Nothing in this specification should be considered as limiting the scope

of the present invention. The above-described embodiments of the invention may be modified or

varied, and elements added or omitted, without departing from the invention, as appreciated by

those skilled in the art in light of the above teachings. It is therefore to be understood that,

within the scope of the claims and their equivalents, the invention may be practiced otherwise

than as specifically described.

[0039] The current invention relates to the iMRI guidewires in which antennas embedded into

guidewire bodies are used for signal reception. A receiving antenna is positioned within the

imaging volume that is used to detect the MR signal generated from the patient as the excited

I l



spins relax back into an equilibrium distribution. Current methods for active device tracking

involve the use of single or multiple tuned Larmour frequency microcoils (loop antenna)

integrated into the tip of a catheter or loop-less antenna to provide device position or position

and orientation.

[0040] Embodiments of the current invention are directed to a clinical grade 0.035" multi

purpose guidewire that can offer both precise tip location and distal shaft visualization. Various

structures may include the following:

[0041] (1) Using separate RF signal receiving channels connected to individual RF antennas

designed for tip localization and shaft visualization with

[0042] (a) coaxially placed two separate antennas within guidewire body;

[0043] (b) coaxially placed two antennas that share one antenna element in common.

[0044] (2) Embedding one antenna design into guidewire body to visualize wire shaft and

designing a guidewire tip that causes a susceptibility artifact at very distal tip while keeping all

the mechanical properties same. In previous studies, the susceptibility artifact used as a marker

was at least 5-9 cm away from the distal tip (J. M. Serfaty, X. Yang, P. Aksit, H. H. Quick, M.

Solaiyappan, E. Atalar, Toward MRI-guided Coronary Catheterization: Visualization of Guiding

Catheters, Guidewires, and Anatomy in Real Time. Invited. Journal of Magnetic Resonance

Imaging, (4):590-594, 2000). However, in the case of tip deflection of the guidewire during

advancement, this kind of approach fails to indicate where the exact tip location of the guidewire

is under MRI.

[0045] A guidewire 100 for use with interventional magnetic resonance imaging according to an

embodiment of this invention is illustrated schematically in Figure 6. The guidewire 100 has a

guidewire body 102 having a distal end 104 and a proximal end 106, in which the guidewire

body 102 reserves a space therein. The guidewire 100 has a dipole antenna 108 disposed in the

space reserve by the guidewire body 102. The dipole antenna 108 is adapted to be electrically



connected to a signal processing system through a first signal channel 110 through the proximal

end 106 of the guidewire body 102. A loop antenna 112 is disposed in the space reserve within

the guidewire body 102 of the guidewire 100. The loop antenna 112 is adapted to be electrically

connected to a signal processing system through a second signal channel 114 through the

proximal end 106 of the guidewire body 102. The dipole antenna 108 and the loop antenna 112

are each constructed to receive magnetic resonance imaging signals independently of each other

and to transmit the received signals through the first 110 and second 114 signal channels,

respectively.

[0046] Figure 7 is a cross-sectional view of a portion of the guidewire 100 taken along the

cross-section indicated in Figure 6. As one can see illustrated schematically in Figures 6 and 7

taken into conjunction, the guide wire 100 includes an outer hypotube 116, an inner hypotube

118 and an insulation layer 120 disposed between the inner hypotube and the outer hypotube.

The inner hypotube 118 extends beyond a distal end of the outer hypotube 116 in a direction of

the distal end 104 of the guidewire 100 to provide a whip portion 122 of the dipole antenna 108.

The inner hypotube 118 and outer hypotube 116 may be selected from materials suitable for use

with active magnetic resonance imaging. For example, Nitinol has been found to be a suitable

material for the inner hypotube 118 and outer hypotube 116. Furthermore, one may coat the

whip portion 122 of the dipole antenna 108 with a good electrical conductor. For example, a

gold coated whip portion 122 of the inner hypotube 118 has been found to work well according

to an embodiment of the current invention. The whip portion 122 of the dipole antenna 108 may

be selected to have a length suitable to receive signals at a Larmour frequency during operation

of the magnetic resonance imaging system.

[0047] The loop antenna 112 may include a microcoil 124 according to an embodiment of this

invention. The microcoil 124 of the loop antenna 112 is electrically connected to the second

signal channel 114 by a micro coaxial cable 125 that runs along a space reserved within the



center of the dipole antenna 108. The micro coaxial cable 125 has an inner conductor 126 that is

electrically connected to a distal end of the microcoil 124 and an outer conductive layer 128

connected to an opposing end of the microcoil 124. An insulation layer 130 separates the inner

conductor 126 and the outer conductor 128 of the micro coaxial cable 125. In one example, the

inner conductor 126 is five braided silver wires and the outer conductor 128 is also composed of

silver. However, the invention is not limited to only these specific materials and structures.

Polyurethane has been found to be one suitable material for the insulation layer 130 of the micro

coaxial cable. An insulation layer 132 is disposed between the micro coaxial cable 125 and an

inner surface of the dipole antenna 108. Nylon 12 was found was found to be a suitable material

for the insulation layer 132.

[0048] Figure 8 is a schematic illustration of a guidewire 200 according to another embodiment

of the current invention. The guidewire 200 has a guidewire body 202 having a distal end 204

and a proximal end 206, in which the guidewire body 202 reserves a space therein. The

guidewire 200 has a dipole antenna 208 disposed in the space reserve by the guidewire body

202. The dipole antenna 208 is adapted to be electrically connected to a signal processing

system through a first signal channel 210 through the proximal end 206 of the guidewire body

202. A loop antenna 212 is disposed in the space reserve within the guidewire body 202 of the

guidewire 200. The loop antenna 212 is adapted to be electrically connected to a signal

processing system through a second signal channel 214 through the proximal end 206 of the

guidewire body 202. The dipole antenna 208 and the loop antenna 212 are each constructed to

receive magnetic resonance imaging signals independently of each other and to transmit the

received signals through the first 210 and second 214 signal channels, respectively.

[0049] Figure 9 is a cross-sectional view of a portion of the guidewire 200 taken along the

cross-section indicated in Figure 8. As one can see illustrated schematically in Figures 8 and 9

taken into conjunction, the guide wire 200 includes an outer hypotube 216, an inner conductor



218 and an insulation layer 220 disposed between the inner hypotube and the outer hypotube.

The inner conductor 218 extends beyond a distal end of the outer hypotube 216 in a direction of

the distal end 204 of the guidewire 200 to provide a whip portion 222 of the dipole antenna 208.

The inner conductor 218 and outer hypotube 216 may be selected from materials suitable for use

with active magnetic resonance imaging. For example, Nitinol has been found to be a suitable

material for the inner conductor 218 and outer hypotube 216. Furthermore, one may coat the

whip portion 222 of the dipole antenna 208 with a good electrical conductor. For example, a

gold coated whip portion 222 of the inner conductor 218 has been found to work well according

to an embodiment of the current invention. The whip portion 222 of the dipole antenna 208 may

be selected to have a length suitable to receive signals at a Larmour frequency during operation

of the magnetic resonance imaging system.

[0050] The loop antenna 212 may include a microcoil 224 that is electrically connected to the

second signal output channel 214 by a twisted pair of electrical conductors 226 in this

embodiment of the current invention. The twisted pair of electrical conductors 226 can extend

along a central pathway or within intermediate insulation layers of the guidewire 200. As one

can see in the cross-sectional view of Figure 9, the twisted pair of wires 226 in this example are

within the insulation layer 220 disposed between the inner conductor 218 and outer hypotube

216 of the dipole antenna 208. Platinum wires were found to be suitable for the twisted pair of

wires 226. The guidewire 200 according to this embodiment of the current invention can

provide more mechanical flexibility than that of the embodiment of Figures 6 and 7.

[0051] Figure 10 illustrates an interventional magnetic resonance imaging system 300 according

to an embodiment of the current invention. The interventional magnetic resonance imaging

system 300 may include a magnetic resonance imaging scanner 302, an active guidewire 304

proximate the magnetic resonance imaging scanner 302, and a signal processing system 306

electrically connected to the active guidewire 304 through first and second signal channels. First



and second tuning circuits (not shown) are electrically connected to the active guidewire. The

first and second tuning circuit may be incorporated as part of the signal processing unit 306, or

may be electrically connected to the signal processing unit 306 and active guidewire 304. The

active guidewire 304 is constructed to provide signal information indicative of an extended

portion of a shaft portion of the active guidewire 304 through the first signal channel during

operation of the magnetic resonance imaging scanner 302 and the active guidewire 304 is

constructed to provide signal information indicative of a distal end of the active guidewire 304

through a second signal channel during operation of the magnetic resonance imaging scanner

302. In some embodiments of the current invention, the active guidewire 304 may be guidewire

100 and/or 200 as illustrated in Figures 6 through 9. In addition, the interventional magnetic

resonance imaging system 300 may include a display system 308 that is in communication with

the receiver system 306 such that the display system may display a real time image

corresponding to the active guidewire 304 during a surgical procedure. Further components

such as various data recording and storage units may also be included, as desired. Also, the

various components of the system may be hard-wired together or may be in communication

through wireless communications links.

Example: Two channel Active 0.035" Guidewire Design

[0052] The tip and shaft visualization of the 0.035" guidewire at the same time is quite

challenging due to the dimensional restrictions. A hollow shaft dipole antenna should be

designed that can be tuned to the Larmour Frequency to provide antenna designs to visualize

both tip and shaft during real time MR imaging. The dipole antenna will be designed to

visualize the shaft of the 0.035" guidewire due to its high longitudinal sensitivity. For such a

loopless antenna, all of the antenna capacitance exists between the two poles of the antenna,

with the body and antenna insulation acting as the dielectric. With added insulation, the current



profile on the antenna is broadened and thus charge density is decreased. This reduced charge

density results in lower electric fields and less power deposition in the body, and hence a

reduced contribution to noise resistance. At the same time, however, there is an increase in the

amount of tissue wherein "magnetic losses" occur (i.e., the amount of tissue containing eddy

currents) (B. Qiu, A. El-Sharkawy, V. Paliwal, P. Karmarkar, F. Gao, E. Atalar, X. Yang,

Simultaneous RF Heating and MR Thermal Mapping Using An Intravascular MR-Imaging/RF-

Heating System, iMRI 2004, Boston, MA), because of the broadening of the current distribution.

This effect will tend to raise noise resistance, offsetting the decrease due to the distributed

capacitance effect. Considering both of these effects, there is little net change in SNR with the

addition of antenna insulation. It means that the dipole antenna can keep its visibility

performance after the heat shrink insulation layer and hydrophilic coating is added over the

guidewire shaft.

[0053] A hollow shaft dipole antenna design allows enough space to embed a loop antenna into

the guidewire body to visualize the precise guidewire tip location.

The criteria for dipole antenna design in an embodiment of the invention

[0054] Nitinol material is the best material candidate for designing the dipole antenna among

other MRI compatible materials such as platinum, titanium and cobalt-chromium due to its MRI

compatible and mechanical properties. However, because nitinol is not a good conductor, there

are several factors that can be considered carefully to end up with an efficient dipole antenna.

Characteristic Impedance

[0055] For all Transverse Electric and Magnetic mode transmission lines a simplified theoretical

analysis may begin with the equivalent circuit in which each incrementally small length of line

is modeled as a series of impedance and a shunt admittance that can be seen in Figure 11. A



wave traveling along the line has voltage, VT, and current, iτ related by the characteristic

impedance of the line segment, ZTL (Sinnema, W., Electronic Transmission Technology, 2nd ed.,

Englewood Cliffs, NJ, Prentice Hall, 1988).

[0056] The inductance and capacitance value of a transmission line depends on the type of

material and the dimensions. And characteristic impedance of the Nitinol coaxial transmission

line should be at least around 20-30 Ω to make the impedance matching process feasible.

Return Loss

[0057] The reflection coefficient, , is defined to show what fraction of an applied signal is

reflected when a Z0 source drives a load of Z L. Forward and reflected traveling waves inside a

transmission line can be separated and measured by using directional couplers. The reflection

coefficient is a ratio of two normalized traveling voltage waves. Its magnitude squared

represents the reflected power. Converted to decibels, it is called the return loss,

/ β = io(iog|r| 2) 2θ(iog|r|) (5)

[0058] The return loss evaluates the difference between the reflected wave and the incident

wave in decibels, as can be seen in Figure 12. Return loss does not have phase information and

it is primarily used in production testing where the goal is to reject assembled parts that do not

meet a specified minimum limit. This limit value will be set depending on the phantom test

results of the designed antenna.



The criteria for loop antenna design in an embodiment of the invention

[0059] When constructing MRI RF coils, the network analyzer with an S-parameter test set is an

essential tool. Resonant frequency measurement, the match of the circuit to 50 Ω and the

Quality Factor (Q) of the circuit measurement will be used for coil performance evaluation.

Quality factor "Q"

[0060] The Quality Factor (Q) of an MRI coil is a measure of the "quality" of the resonant

circuit. The resonant circuit should respond to frequencies close to the natural frequency, in this

case the Larmor frequency for the targeted MRI application, more strongly than they respond to

other frequencies. The characterization of this response is called the circuit Q. Generally, the

larger the Q value, the better the antenna. In other words, larger Q value also means increased

SNR performance of the antenna (Hoult DI, Richards RE. The Signal-to-Noise Ratio of the

Nuclear Magnetic Resonance Experiment. Journal of Magnetic Resonance 1976; 24:71-85).

The Q factor can be defined in several ways mathematically. First, the Q factor can be defined

as the reactance of a circuit divided by the resistance. It can also be defined as the ratio of the

resonant frequency divided by the bandwidth. Using the network analyzer with an S -parameter

test set, the Q of a resonant circuit can be determined using either Sn (reflection type) and/or

S2 (forward transmission gain-type ) measurement methods.

Antenna Impedance Matching

[0061] Antenna Impedance Matching is a necessary procedure to provide the maximum possible

transfer of power between a source and its load. In active guidewire applications, any

unnecessary loss in a circuit that is already carrying extremely small signal levels simply cannot

be tolerated. Therefore, extreme care is taken during the initial design of such a front end to



make sure that each device in the chain is matched to its load. In dealing with ac waveforms, the

maximum transfer of power from a source to its load occurs when the load impedance (Z L) is

equal to the complex conjugate of the source impedance. The complex conjugate simply refers

to complex impedance having the same real part with an opposite reactance. Thus, if the source

impedance is Zs—R + JX, then its complex conjugate would be Zs = R - JX. The maximum

power is transferred from a source to its load if the load resistance equals the source resistance.

So, in this case maximum transfer of power does occur when the load impedance is the complex

conjugate of the source. The source (Zs) with a series reactive component of +jX (an inductor),

is driving its complex conjugate load impedance consisting a -jX reactance (capacitor) in series

with R L- The +jX component of the source and -jX component of the load in series cancel each

other, leaving only Rs and R L Since Rs and R L are equal, maximum power transfer has occurred.

So in general, any source reactance is resonated with an equal and opposite load reactance; thus,

leaving only equal resistor values for the source and the load terminations.

Smith Chart

[0062] To determine the correct circuit element types and values during impedance matching,

the Smith chart is a useful tool. The Smith Chart, shown in Figure 13, has a center value of 50

ohms for the use of impedance bridges that measure directly in impedances. The Smith chart

consists of a family of circles and a family of arcs which intersect each other at right angles.

The circles are tangent at a common point at the right of the chart. Points along any of these

circles represent the same value of resistance R. Larger circles correspond to lower values of R,

down to zero for a circle equal to the chart diameter. Smaller circles represent higher values of

resistance, approaching infinity as the circle becomes smaller. The family of arcs represents

constant values of the reactance 4 X and -jX. These arcs all pass through the point at the right

of the chart, and have their radii along a vertical line passing through that point. j X equals zero



at the left of the Smith chart and increases in both directions; inductive reactance +jX clockwise

and capacitive reactance -jX counterclockwise. As the right of the chart is approached, both

+jX and -jX increase to infinity, with the largest labeled being 2500 ohms.

[0063] There is an infinite number of possible networks which could be used to perform the

impedance matching. The separate matching and detuning circuit was designed for a loop and

dipole antenna.

Antenna Detuning during RF transmission

[0064] In all MRI applications in which embedded antennas are used for signal reception,

antenna detuning is necessary during RF transmission to prevent high voltages from being

induced in the receiving antenna and other circuit elements. The potentially high voltages,

currents, and the induced electrical fields pose a safety hazard and disrupt the desired uniform

excitation field generation required for excitation. This may lead to particular localized effects

in interventional MR imaging. Detuning is often achieved by applying a voltage to a special

portion of the electronics of the receiver coil and causes the receiver coil's resonant frequency to

change.

Matching/Detuning Design for Loop Antenna

[0065] The below circuit in Figure 14 shows the matching and detuning circuit designed for a

loop antenna design. The loop antenna is a balanced circuit, that is, it has a return path for

current if the small amount of energy radiated by the shield of the coaxial cable is ignored.

[0066] In Figure 14, electronic components are as follows:

[0067] C2, C3: DC blocking capacitors. They are as large as 600-100OpF. C2 is also a part of

the matching network.



[0068] Cl : Parallel capacitor and a part of the matching network. C l cannot be replaced by a

short circuit or an inductor.

[0069] L2, L3: Serial inductors. These inductors are part of the matching network hi case they

are not needed, they should be replaced by a short circuit. L2 cannot be replaced by a capacitor,

since otherwise it would block the DC voltage applied by the MR machine during transmit

mode. If the value of L3 is found as capacitive rather than inductive, then C2 can be replaced by

the new value of two capacitors in series and L3 with a shot circuit.

[0070] Dl : Decoupling diode. It is usually a PIN diode, because the response time of the PIN

diodes are very short.

[0071] Ll: In parallel with Cl in transmit mode after the diode is biased and acting as short

circuit for small RF voltages, forms an open circuit.

Matching/Detuning Design for Dipole Antenna

[0072] In the case of a dipole antenna, the extended inner conductor of the guidewire forms one

pole. For the best radiation efficiency the whip length (extension) should be equal to λ/4.

Because a loopless antenna is unbalanced, it should be connected to the balanced matching

circuit via a balun. To block the unwanted generated current on the outer surface of the shield, a

capacitor should be placed in parallel with the balun. The circuit designed to match and

decouple the loopless antenna is shown in Figure 15.

[0073] In Figure 15, electronic components are as follows:

[0074] L3: Balun constructed from a semi rigid coaxial cable. Six turns is ideal. The inner

conductor experiences very little inductance.

[0075] C3, C4: To block the unwanted shield current, capacitors are placed in parallel with the

balun inductor. The capacitor values are chosen such that they resonate at 63.7 MHz and behave

as an open circuit.



[0076] Dl: Decoupling diode. It is usually a PIN diode, because the response time of the PIN

diodes are very short.

[0077] L2, C5: Decoupling network. If there is no need for L3, its place can be left free. C5

serves also for a DC block during transmission mode to prevent DC current from flowing into

the antenna. Therefore, if there is no need for C5, a large capacitor (600-1000 pF) should be

used.

[0078] Cl, C2, Ll, C6: Matching network. This network is designed to match all possible

antenna impedances to 50 ohm. C6 is optional. If there is no need for C6, it can be left free.

Cl, being a trimmer capacitor, is required to match the impedance more precisely.



CLAIMS
I claim:

1. A guidewire for use with interventional magnetic resonance imaging, comprising:

a guidewire body having a distal end and a proximal end and reserving a space

therein;

a dipole antenna disposed in said space reserved within said guidewire body, said

dipole antenna being adapted to be electrically connected to a signal processing system

through a first signal channel through said proximal end of said guidewire body; and

a loop antenna disposed in said space reserved within said guidewire body toward

said distal end of said guidewire body, said loop antenna being adapted to be electrically

connected to said signal processing system through a second signal channel through said

proximal end of said guidewire body,

wherein said dipole antenna and said loop antenna are each constructed to receive

magnetic resonance imaging signals independently of each other and to transmit received

signals through said first and second signal channels, respectively, to be received by said

signal processing system.

2. A guidewire according to claim 1, wherein said dipole antenna comprises:

an outer hypotube disposed within said space reserved within said guidewire

body;

an inner hypotube disposed within a lumen defined by said outer hypotube; and

an electrical insulation layer disposed between said inner hypotube and said outer

hypotube,

wherein said inner hypotube extends beyond a distal end of said outer hypotube

in a direction of said distal end of said guidewire to provide a whip portion of said dipole

antenna, said inner and outer hypotubes providing at least a portion of said second signal

channel.

3. A guidewire according to claim 2, wherein said whip portion of said dipole

antenna has a length selected to be suitable for receiving signals at a Larmour frequency during

operation of a magnetic resonance imaging system.



4. A guidewire according to claim 2, wherein said inner hypotube comprises a gold

surface coating thereon along the whip portion of said inner hypotube.

5. A guidewire according to claim 2, wherein said inner and outer hypotubes

comprise Nitinol in a material thereof.

6. A guidewire according to claim 2, wherein said loop antenna is a micro-coil.

7. A guidewire according to claim 6, further comprising a micro-coaxial electrical

cable disposed within said space reserved within said guidewire body and being electrically

connected to said micro-coil, wherein said micro-coaxial electrical cable is constructed to

provide at least a portion of said first signal channel.

8. A guidewire according to claim 6, further comprising a twisted pair of electrical

wires disposed within said space reserved within said guidewire body and being electrically

connected to said micro-coil, wherein said twisted pair of electrical wires is constructed to

provide at least a portion of said first signal channel.

9. An interventional magnetic resonance imaging system, comprising:

a magnetic resonance imaging scanner;

an active guidewire disposed proximate said magnetic resonance imaging

scanner, said active guidewire comprising a dipole antenna and a loop antenna; and

a signal processing system in communication with said active guidewire to

receive a first signal from said dipole antenna through a first signal channel and to receive a

second signal through a second signal channel from said loop antenna.

10. An interventional magnetic resonance imaging system according to claim 9,

wherein said signal processing system is constructed to receive signal information

indicative of an extended portion of a shaft portion of said active guidewire through said first

signal channel during operation of said magnetic resonance imaging scanner, and

wherein said signal processing system is constructed to receive signal information

indicative of a distal end of said active guidewire through said second signal channel during

operation of said magnetic resonance imaging scanner.



11. An interventional magnetic resonance imaging system according to claim 10,

further comprising a display system that is in communication with said signal processing

system,

wherein said display system is adapted to display a real-time image corresponding to said

active guidewire during a surgical procedure.

12. An interventional magnetic resonance imaging system according to claim 10,

wherein said active guidewire comprises:

a guidewire body having a distal end and a proximal end and reserving a space

therein;

a dipole antenna disposed in said space reserved within said guidewire body, said

dipole antenna being adapted to be electrically connected to said signal processing

system through said first signal channel through said proximal end of said guidewire

body; and

a loop antenna disposed in said space reserved within said guidewire body toward

said distal end of said guidewire body, said loop antenna being adapted to be electrically

connected to said signal processing system through said second signal channel through

said proximal end of said guidewire body,

wherein said dipole antenna and said loop antenna are each constructed to receive

magnetic resonance imaging signals independently of each other and to transmit received signals

through said first and second signal channels, respectively, to be received by said signal

processing system.

13. An interventional magnetic resonance imaging system according to claim 12,

wherein said dipole antenna comprises:

an outer hypotube disposed within said space reserved within said guidewire

body;

an inner hypotube disposed within a lumen defined by said outer hypotube; and

an electrical insulation layer disposed between said inner hypotube and said outer

hypotube,

wherein said inner hypotube extends beyond a distal end of said outer hypotube in a

direction of said distal end of said guidewire to provide a whip portion of said dipole antenna,

said inner and outer hypotubes providing at least a portion of said second signal channel.



14. An interventional magnetic resonance imaging system according to claim 13,

wherein said whip portion of said dipole antenna has a length selected to be suitable for

receiving signals at a Larmour frequency during operation of said interventional magnetic

resonance imaging system.

15. An interventional magnetic resonance imaging system according to claim 13,

wherein said inner hypotube comprises a gold surface coating thereon along the whip portion of

said inner hypotube.

16. An interventional magnetic resonance imaging system according to claim 13,

wherein said inner and outer hypotubes comprise Nitinol in a material thereof.

17. An interventional magnetic resonance imaging system according to claim 13,

wherein said loop antenna is a micro-coil.

18. An interventional magnetic resonance imaging system according to claim 17,

wherein said active guidewire further comprises a micro-coaxial electrical cable disposed within

said space reserved within said guidewire body, said micro-coaxial electrical cable being

electrically connected to said micro-coil, wherein said micro-coaxial electrical cable is

constructed to provide at least a portion of said first signal channel.

19. An interventional magnetic resonance imaging system according to claim 17,

wherein said active guidewire further comprises a twisted pair of electrical wires disposed

within said space reserved within said guidewire body, said twisted pair of electrical wires being

electrically connected to said micro-coil, wherein said twisted pair of electrical wires is

constructed to provide at least a portion of said first signal channel.
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