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The interest in performing vascular interventions under
magnetic resonance (MR) guidance has initiated the eval-
uation of the potential hazard of long conductive wires and
catheters. The objective of this work is to present a simple
analytical approach to address this concern and to demon-
strate the agreement with experimental results. The first
hypothesis is that a long conductive structure couples
with the electric field of the radio frequency (RF) transmit
coil. The second hypothesis is that this coupling induces
high voltages near the wire ends. These voltages can cause
tissue heating due to induced currents. The experimental
results show an increase in coupling when moving a guide
wire toward the wall of an RF transmit coil, documented
with a temperature increase of a saline solution in close
proximity to the tip of the guide wire. The coupling of
the wire not only presents a potential hazard to the
patient, but also interferes with the visualization of the
wire. A safe alternative would be the use of nonconduct-
ing guide wires. J. Magn. Reson. Imaging 2001;13:
105-114. © 2001 Wiley-Liss, Inc.

Index terms: MRI-guided intervention; vascular interven-
tions; interventional MRI; RF transmit coil; nonconducting
guide wires

ENDOVASCULAR INTERVENTION using magnetic res-
onance imaging (MRI) is an area of increasing interest
within the medical community. The high tissue con-
trast of magnetic resonance (MR), the convenient mul-
tiplanar imaging capability, the lack of ionizing radia-
tion, and the low complication rate of MR contrast
agents make this modality a promising alternative to
conventional angiography in the future. However, there
are still unresolved issues with respect to safety and
reliable visualization of devices used in intravascular
interventions. Most of the publications (1-4) dealing
with novel MR techniques for visualization of guide
wires and catheters point to the fact that a long con-
ductive structure may operate as an antenna which
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causes an increase in power deposition around the wire
or catheter. Unfortunately, this increased local specific
absorption rate (SAR) is potentially harmful to the pa-
tient. Previously published safety relevant evaluations
addressed the potential heating of intravascular coils
(5). It has been demonstrated and documented that the
heating is not related to transitions in the gradient
fields, but due exclusively to coupling with the transmit
radio frequency (RF) field. Further evaluations revealed
three important points (6). First, the primary heating
mechanism is via coupling to the long cable between
the intravascular coil and the scanner. Second, placing
the cable near the isocenter produces less heating.
Third, heating is always detected near the tip of the coil,
with no significant heating detected along the cable. In
evaluating the visibility of commercial guide wires,
catheters, and stents, it has been noted that the re-
ported effects observed for a cable connecting an intra-
vascular coil to a scanner interface are also to be ob-
served for a conductive guide wire with no connection to
the scanner (7).

In this article, an explanation is proposed for how a
linear conductive structure couples with the E-field gen-
erated by the MR transmitter coil, and how this field can
cause tissue heating primarily at the wire ends. The the-
ory is validated with experiments using a simple straight
conductive guide wire with no connection to the scanner
and no connection to an intravascular coil. The experi-
ments were designed to demonstrate the following:

1. The generated heat is confined in close proximity
to the tip of the wire.

2. The heat generated in close proximity to the tip of
a conductive guide wire is due to an interaction
with the RF field, produced during transmission.

3. The heat generation in close proximity to the tip of
a conductive guide wire is due to an interaction
with the electric component of the RF field.

4. The length of the guide wire has an influence on
the induced voltage and hence the induced cur-
rent from the tip of the wire into the tissue.

5. The induced current on the wire generates B;-field
variations around the wire that also give rise to
local signal variations.
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Figure 1. Example of the electric field distribution in an idealized RF resonator with a ring of capacitors at its ends. Shown is

the upper right quadrant of the resonator.

THEORY

It is widely recognized that rapidly changing magnetic
fields are generated either by the switching of gradient
coils in MRI, or due to the applied RF fields. These fields
can induce eddy currents in closed conducting loops
that lead to heating. However, the behavior of linear
conducting structures in MR scanners has only re-
cently been the focus of scientific investigations. High
temperature increases have been observed at the ends
of metallic catheters and guide wires during evaluation
of the safety of MR-guided vascular interventions (5-7).
Since interventional angiography may become an im-
portant new application of MR in the future, a closer
look at the physical principles of this effect is presented
and an attempt is made to analyze the dependence on
geometric parameters.

In addition to the magnetic component of the RF field
necessary to generate transverse nuclear magnetiza-
tion, an electric component of the RF field also exists in
an MR scanner. This follows from Faraday’s law, which
requires that each alternating magnetic field is sur-
rounded by an electric field according to

- J -
rotEf—a—tB (1)

Therefore, the homogeneous RF magnetic field B, nec-
essary in MR gives rise to a concentric electric field

E(f =- orXB (2)

(= -1

o: angularfrequency of the RF magnetic field B,

r: radius

However, since the B; field cannot extend to infinity, an
additional electric field component stemming from the
conductors of the RF transmit coil is created and su-
perimposed on the induced field at its borders. Its mag-
nitude depends on the construction of the coil and is, in
general, much larger than the inductive term men-
tioned above (Fig. 1).

Along conductor such as a wire in the electric field, E,
of the RF transmit coil therefore has a voltage induced
along its length

15}
Uy = f Eds (3)
1

1

that drives an electric current through the wire. This
current continues at the ends of the wire as an electric
and a dielectric displacement current, causing heating
in conductive tissue.

Next, consider the linear conductor as a transmission
line consisting of two parts with lengths [; and b, being
fed with U, at distance [; from one end (Fig. 2). The first
part of the transmission line may be immersed into
tissue characterized by permittivity €; and conductivity
o1, while the second part extends outside the magnet
into air. This model represents a guidewire being in-
serted into a patient at the opening of a closed bore
magnet.

The two parts of the transmission line are character-
ized by a distributed complex impedance

12=Ris+ iwL,l,2 (4)

R': resistance per unit length
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Figure 2. A linear conductor in an electric field E and its
equivalent electric circuit.

W 2h
L' = s—In —: inductance per unit length
2 r
h: distance to ground
r: diameter of the wire

n: susceptibility

and a distributed complex parallel conductance

12= Glo+ 0C, (5)
2me
C' = on' capacitance per unit length
In —
r
2moc o
G = Sh_ & C': conductance per unit length
In —
-
€: permittivity
o: conductivity
with
Y12 = \/(er.2 + iwL) 5) (G + i(ﬂcﬁ,z) (6)

as propagation constants and

R, + ioL]
127 4 ﬁ (7)
as wave impedances.

The electromagnetic waves travelling along the wire
superimpose themselves at the wire ends, giving rise to
asstrongrelectrie fieldsToranalyzesthe effect of tissue
heating, we will focus only on the effect of this field and

neglect other field components along the wire. It is
known from electric circuit theory that a wave guide can
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be characterized with respect to its ends by an equiva-
lent four-pole circuit either in a T or a Il arrangement
(8). Choosing a Il arrangement, we characterize the
assumed two parts of the waveguide by the longitudinal
impedances

X9 =2Z,5s8inh v, 5l , (8a)
and the transversal conductances
tanh % Yi2bio
Y= Tz, (9a)
For short lines, when yl < 1 one can assume
Xio=(Ryo+ iwL;5)l; (8b)
and
Y., z% (Giat+ iwC o)l (9b)

Considering the endings of the conductor as spheres
with radius ry 5 representing a capacitance

Cio=4me ol (10)

€, permittivitivity of the surrounding, e.g., tissue

and a conductance

o
Gio=4m0 5T 0=7 Ci (11)

€

019!
electric conductivity of the surrounding, i.e., tissue

the voltages Uj , at the wire ends gives rise to an electric
field

r
E\,=U., 1?2 (12)

If the conductor is immersed in conductive tissue, the
electric field at the wire ends drives a current density
causing a loss of power density

0-1,2("%.2721.2

o (13a)

1 2
Pvl‘g(r) = 9 012E7, =

The temperature as measured with a small sensor di-
rectly at the conductor surface is determined by

0'1,2[]%,2

Py, (1) = 72721 ) (13b)

i.e., a sharp edge at the end of the conductor gets hotter
than a smooth one.
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Figure 3. Simplified equivalent circuit of a guide wire in an
MR scanner with part of the wire being inserted into tissue.

Power density at the conductor ends depends on wire
radius, and also strongly on the voltage U 5 at the end.
These voltages can be calculated from the equivalent
circuit in Figure 2. To make things simple, the distrib-
uted capacitance is neglected. Hence

C’l.le,Z< C1,2 (14)
which is valid for a large distance between the wire and
the system ground. We also consider the serial resis-
tance of the wire to be negligible

Ri,<owLi, (15a)

This means that the wire pieces are characterized with
respect to their ends by simple lumped inductances

L= L’1,211.2 (15b)

leading to the equivalent circuit of Figure 3. From this
circuit, one obtains

U=

w
(.02 (o) ag
0] g, WEy
? [} [
+l1-—(1-i—2)|c[1-i—
w3 ®E, 0E;

Assuming an equal radius for the guide wire ends (r;, =
r3), the voltages at the wire ends are related by

0'% + wzsg
B 0% + m2£?
so a surrounding medium with low conductivity at one
wire end leads to a low voltage at the other. A guidewire
introducedsintoraspatient;cansachieve greatest temper-
ature increase at the end in free air.

The voltages at the wire ends become a maximum at
resonance frequencies

U

U, (16b)

Nitz et al.

1

= 17
2 L, 5C 5 (17)

w}

These resonant frequencies are determined by the geo-
metric properties, [, p, of the transmission line describ-
ing the feeding point of the driving voltage Uy, and the
electric properties €, 5, 012 of the medium surrounding
the line. Since U, is not fed in at a sharp position but
distributed over the total wire length, [; and [, have to be
considered as averages in order to be able to model the
wire.

Depending on the feeding point and the amount of
length immersed in tissue, resonance can occur at dif-
ferent total wire lengths. Only for a center-fed wire com-
pletely immersed in tissue (or outside of it) with [; = [
would one observe aresonance atl = A/2,i.e., the wire
representing a \/2 dipole antenna. Since the wire ca-
pacitance depends on the permittivity of the surround-
ing wire, the wavelength \ in tissue differs from the
wavelength A\ in free air by

A
)\Z%
VEr

(18)

€, = relative permittivity

With a frequency of the applied RF pulse of 63585440
Hz on a 1.5T system, and the phase velocity in air ¢, =
2.9979 - 10® m/sec, the critical \/2 wavelength in free
air is 236 cm. For a conducting wire immersed in a
dielectric poorly conducting medium like blood, the rel-
ative permittivity and relative permeability have to be
considered, since both influence the phase velocity of
the electromagnetic field

Ca

c= (19)

—
\/err

The relative permeability takes into account the mag-
netic susceptibility—the ability to become magnetized.
For water, the relative permeability is u, = 0.999991.
The relative permittivity takes into account the molec-
ular polarizability. The value for water is 81 for a static
electric field. The relative permittivity and the conduc-
tivity are frequency dependent. The increase in conduc-
tivity with frequency is associated with a decrease in
permittivity. The relative permittivity for blood at 63
MHz is about 67 (9-11). The phase velocity within blood
is therefore close to 3.66 107 m/sec and the critical \/2
wavelength for a conductive guide wire immersed in
blood becomes 28.8 cm.
From the above model one would conclude

® A linear conductor in an MR transmit coil will pick
up a voltage which increases when moving the con-
ductor towards the resonator walls.

® The induced voltage is transformed by the wave
guide properties of the conductor into different
voltages at the ends of the wire.

® Tissue at each end of the wire is heated. The
smaller the radius of the wire, the higher the tem-
perature increase.
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Figure 4. Experimental setup (experiment 1) for mapping a
temperature increase toward the tip of the guide wire. The
syringe with the temperature probe inside was slid 76 cm in
2-cm steps from the tip of the wire toward the isocenter of the
magnet (+140 cm to +64 cm). After each move, an imaging
sequence was executed and a temperature value was recorded.

® Wire resonance depends on wire length, permittiv-
ity and conductivity of the surroundings, and on
the longitudinal wire position within the electric
component of the RF field.

MATERIALS AND METHODS

Experiments were performed on a 1.5T whole-body im-
ager (MAGNETOM Symphony, Siemens AG (Med), Er-
langen, Germany). The circular polarized body resona-
tor was used for transmitting as well as for receiving. A
nonferromagnetic metallic guide wire was used to eval-
uate and demonstrate the coupling of a long linear
conductive structure with the RF transmit field. The
wire had a 0.89-mm diameter. It was constructed from
a Nickel-Titanium tapered core with a polyurethane
coating (radifocus guidewire, Terumo Corporation, To-
kyo, Japan) and is commonly used to perform conven-
tional interventional endovascular procedures under
X-ray fluoroscopic guidance. Commercial wire lengths
are 260 cm, 180 cm, and 150 cm. Temperatures were
measured with an MR-compatible optical fiber temper-
ature system (Model 750-Fluoroptic™ Thermometry
System, Luxtron Corporation, Mountain View, CA) with
as many as four probes. The temperature probes con-
sisted of manganese-activated magnesium fluoroger-
manate; its fluorescent decay time is a function of tem-
perature. The phosphor to fluoresce stimulation is
provided by a xenon flash lamp. Twenty samples were
collected simultaneously from all activated channels,
with an interval of 0.1 sec/sample. This provided a
precision of 0.22°C for all experiments. Temperature
values were recorded manually by reading the digital
display.

For the first experiment, a 180-cm-long wire was sus-
pended in free air within the magnet, as shown in Fig-
ure 4. The wire was guided through a 1-L phantom filled
with saline solution (plastic cylinder with a 8.6-cm di-
ameter and 21-cm length) in order to simulate the in-
fluencesof tissue;stomimagesthe By field distribution
around the wire, and to have a load for the transmitter
coil. A 20-mL saline-filled syringe was placed at one end
of the wire;'and at the same location a Luxtron temper-

109

ature sensor was mounted adjacent to the tip of the
guide wire with silicone rubber. The tip of the wire and
the tip of the sensor were outside of the silicone rubber
tubing in order to measure the temperature increase of
the adjacent saline solution. The wire extended in the
+ z direction outside the magnet as one would expect
for MR-guided endovascular interventional procedures.
The position within the x-y plane was fixed at x = + 2
cm and y = + 16 cm. A fast low angle shot (FLASH)
type sequence was used with the following scan param-
eters: 195 Hz/pixel, gradient motion rephasing (GMR),
14-msec repetition time (TR), 6.1-msec echo time (TE),
10-mm slice thickness, 256 * 256 matrix, 186-mm field
of view (FOV), body coil excitation, and 16 acquisitions.
This leads to a measurement time of 58 sec and a
whole-body SAR of 1.28 W/kg. This protocol is suffi-
cient to simulate worst case situations from near-real-
time imaging to Turbo Spin Echo (TSE) applications.
The 20-mL saline-filled syringe with the silicone rubber
mounted fluoro-optic thermometer inside was posi-
tioned along the length of the wire from its tip toward
the center of the magnet. It was slid along the wire in
discrete 2-cm steps. The imaging protocol and act of
recording the measured temperature changes at the
end of each measurement were repeated at each loca-
tion. The measurement was repeated using a true fast
imaging with steady precession (trueFISP) protocol with
the parameter: 260 Hz/pixel, 5.98-msec TR, 3-msec
TE, 8-mm slice thickness, 256 * 256 matrix, 240-mm
FOV, body coil, 8 acquisitions leading to a measure-
ment time of 12 seconds, and a whole-body SARof 1.11
W/kg. This sequence is also suitable for fast, real-time,
and interactive imaging.

A second experiment was designed to measure the
temperature change at the tip of the wire as a function
of the excitation angle to confirm the dependency on the
RF field. According to the theory, heat is generated by
the induced voltages at the wire ends and the associ-
ated dissipation from currents is driven through the
saline solution. A 180-cm guidewire was mounted on a
water-filled plastic container. The guidewire was placed
through 10-mL saline-filled syringes at position +130
cm (position 1), +46 cm (position 2), and —50 cm (po-
sition 3) relative to the isocenter of the magnet (Fig. 5).
The x- and y-positions of the previous experiment were
maintained. At position 1 and 2, the Luxtron tempera-

130 >
“ 46 >+ 50
0

Pos I1

Figure 5. Experimental setup (experiment 2) for mapping a
temperature as a function of the RF excitation angle. Temper-
ature values were recorded at the three illustrated locations
(Pos 1, Pos 2, and Pos 3).

Pos 2 Pos 3
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Figure 6. Experimental setup (experiment 3) for mapping a
temperature increase at the tip of the guide wire as a function
of x-y position. The guide wire always remained aligned par-
allel to the z-direction. The guide wire was moved together with
syringes, phantoms, and supporting structures in x- and y-
direction. For each location an imaging sequence was executed
and temperature values were recorded at the end of each
measurement.

ture probes were coupled with the guide wire using
tight silicone tubes filled with a compound acting as a
thermal conductor. At position 3, the temperature
probe was adjacent to the wire end with no direct con-
tact. The previously mentioned trueFISP protocol was
applied using seven acquisitions for a 10-sec measure-
ment time. The protocol was repeatedly executed,
changing only the excitation angles from 5° to 100° in
steps of 5° between measurements. Temperature val-
ues were recorded at the end of each measurement.

The third experiment was to confirm the increase in
temperature change when moving the wire from the
magnet isocenter towards the resonator wall in either
the x- or y-direction. The previously mentioned FLASH
protocol (1.28-W/kg SAR) was used. The guide wire was
kept straight and parallel to the z-direction, and moved
to all possible locations following discrete 4-cm steps in
the x-direction and in 2-cm steps in the y-direction (Fig.
6). At each position, the imaging protocol was executed
and the temperature in the vicinity of the tip of the
guide wire was recorded at the end of each measure-
ment.

A fourth experiment designed to detect any critical
guide wire lengths was also performed. A 170-cm-long
guide wire was placed in a 40-mL saline solution within
an 8-mm diameter-rigid polyvinylchloride (PVC) tube
(Fig. 7). This arrangement was to approximate the sit-
uation within a blood vessel. One temperature probe
was mounted to the wire with a silicone tube at position
z = + 30 cm (position 1), another at positionz = — 10
cm (position 2) adjacent to the end of the guide wire.
The wire was then cut at the distal end outside the
magnet to reduce the total length from 170 cm to 114
cm in 2-cm steps. The imaging protocol was identical to
the previous experiment.

A fifth experiment was designed to allow a determi-
nation of the relationship between temperature, B; al-
terations, and guide wire length. In these experiments,
theimaging plane.was;perpendiculay to the wire, at the
isocenter of the magnet, documenting signal variations
in the vicinity of the wire. A 180-cm-long guidewire was
led through“a 20-mL saline-filled syringe at position

Nitz et al.
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Figure 7. Experimental setup (experiment 4) for mapping a
temperature increase in close proximity to the guide wire at
two locations. The wire was partially immersed in a saline
solution. One end of the wire at z = — 10 cm was attached to
a temperature probe (Pos 2). Another temperature probe was
adjacent to the wire at position z = + 30 cm (Pos 1). The guide
wire was reduced in length in 2-cm steps from 170 cm to 114
cm. After each cut, an imaging sequence was executed and
temperature values were taken at the end of each measure-
ment.

z = + 130 cm (position 1); a temperature probe was
attached at this location via tight silicone tubing. The
wire was further guided through the 1-L saline-filled
phantom and terminated in a 10-mL saline-filled sy-
ringe at position z = — 20 cm (position 2). At that
position, a temperature probe was mounted to the wire
tip using a tight silicone tubing (Fig. 8). A FLASH type
sequence was used not only for generating heat in the
vicinity of the tip of the guidewire, but also for demon-
strating the interference pattern between the B; field
generated by the transmitting body resonator and the
currents induced on the conductive guidewire by gen-
erating an image of an axial slice through the 1-L phan-
tom. Sequence parameters were: 195 Hz/pixel, GMR,
14-ms TR, 6.1-ms TE, 6-mm slice thickness, 128 * 256
matrix, 186-mm FOV, 16 acquisitions leading to a mea-
surement time of 30 sec and a 0.6-W/kg whole-body
SAR). The wire was reduced in length from 180 cm to
156 cm in 2-cm steps. Cutting of the wire was done at
the location outside of the magnet bore. After each cut
the FLASH imaging sequence was executed and tem-

130 —»p— 20—

lPu:-sl 0

Figure 8. Experimental setup (experiment 5) for mapping a
temperature increase in close proximity to the guide wire at
two locations. The wire was suspended in free air with the
exception of two 20-mL saline-filled syringes and a 1-L saline-
filled phantom. The guide wire was reduced in length in 2-cm
steps from 180 cm to 156 cm. After each cut, an imaging
sequence was executed and temperature values were taken at
the end of each measurement.

1!’05 2
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Figure 9. Temperature course along the wire (experiment 1).
The 140-cm position marks the tip of the guide wire.

perature values were taken at the illustrated locations
at the end of each measurement.

In a sixth experiment, we varied the asymmetry of the
guide wire with respect to the 1-L saline-filled phantom
positioned in the isocenter of the magnet, to demon-
strate the sensitivity of the coupling with respect to an
asymmetric placement in the z-direction.

RESULTS

According to the theory, a voltage builds up toward the
wire ends, and this voltage will cause tissue heating due
to dielectric and resistive losses. Figure 9 shows the
measured temperature distribution as a function of the
distance from the isocenter toward one wire end outside
of the magnet, as determined with the temperature sen-
sor close to the wire within a saline solution (Experi-
ment 1). A 34°C temperature change was measured at
the tip of the wire, dropping to a 24°C change 5 mm
distal to the tip.

The temperature increase as a function of the excita-
tion angle was recorded with the second experiment.
The guide wire was guided through three syringes with
saline solutions. The temperature increase was only

12

4 v

Temperature increase in °C

0 20 40 60 80 100 120

| & Pos 1 —m—Pos 2 — PosS‘ Excitation angle

Figure 10. Results of experiment (experiment 2). Tempera-
ture adjacent to the guide wire in saline-filled syringes as a
function of guide wire length.
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18 cm
X - axis

¥ - axis

00

Figure 11. Temperature increase at the tip of the guide wire
as a function of position within the resonator (experiment 3). A
temperature rise of up to 6.7°C was measured at the ‘soft’ tip
of the guide wire (thinning of the wire, polyurethane coating).

noticed at the end of the wire usually outside of the
patient, whereas no significant temperature increase
was recorded in the middle of the wire, or at the other
end, usually located within the patient. The result of the
temperature increase as a function of the excitation
angle is given in Figure 10. A temperature change of
less than 1°C was observed below an excitation angle of
30°.

There is a very strong correlation between the posi-
tion of the wire in the x-y plane (with the wire aligned
parallel to the z-direction) and the recorded tempera-
ture changes as found in the third experiment. The
closer the wire is located toward the resonator wall, the
further it is dislocated from the isocenter of the magnet,
the larger the recorded temperature change at the tip of
the wire after execution of the imaging protocol. This is
in accordance with the hypothesis that it is the electric
field within the MR transmit coil that couples with the
wire. The temperature map as a function of the x and y
position is given in Figure 11.

During the fourth experiment, the length of the guide
wire was modified. The temperature changes as a func-

Temperature increase in °C
W

-1 v g T T
100 110 120 130 140 150 160 170 180

Pos L M Pos 3. Guide wire length in cm

Figure 12. Results of experiment 4. Temperature increase as
a function of guide wire length.
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Figure 13. Results of experiment 5. Temperature increase as a function of guide wire length and transverse images document-

ing the change in B;-field distribution.

tion of guide wire length are documented in Figure 12.
In this experiment, a temperature increase was ob-
served at the end of the wire usually inside the patient.
The temperature change ranged from 2°C for a 170-cm
guide wire length to a 6°C rise to for a 156-cm guide
wire length. The temperature increase drops to 1°C for
a 116-cm length. This demonstrates a very broad reso-
nance, with the length of the wire as parameter.

The fifth experiment allowed simultaneous imaging of
the B, field alterations and temperature recording.
Again, a temperature increase was observed only at the
location usually within the patient. We also observed
signal variations almost symmetrically to the guide
wire, for imaging sections perpendicular to the wire
within the 1-L phantom filled with saline solution. We
ascribe this effect to altered excitation angles due to the
superposition of the RF magnetic field of the transmit
coil and a magnetic field generated by the currents
induced in the wire. Besides the B, field changes caus-
ing ring-shaped signal variations around the wire, the
induced currents on the wire produce a sharply delin-
eated ghost image of the wire itself. That ghost image is
shifted in the x- and y-direction. The shift depends on
the geometry of the phantom used, the length of the
wire, the asymmetry with respect to the isocenter of the
magnet and whether somebody is touching the wire or
not. For the wire length with the largest recorded tem-
perature change, sparking of the wire was observed
when touching the wire during execution of an imaging
protocokincluding,assignificantzheatssensation and the
ghost within the image, as well as the signal intensities
around the location of the ghost and the original posi-
tion of the 'wire, were also at a maximum. Figure 13

shows the recorded temperature change as a function
of the guidewire length and gives four examples of the
signal pattern of images acquired perpendicular to the
wire.

It has been shown in earlier experiments (7) that the
rotating ghost of the wire seems to be a much more
sensitive indication of closeness to a resonance than a
temperature measurement. The large changes in signal
variations are always visible, whereas the heat genera-
tion at the tips of the conductive structure are some-
times missed, if the thermometer is not close enough to
the tip of the wire or if the thermometer is attached to
the wire with a poor thermal contact to the surrounding
saline solution. We want to mention that not only a
current is induced in the wire by the electric component
of the RF transmit field causing variations of the B field
around the wire (and hence local signal variations due
to varying flip angles), but also that the receiving profile
is altered via the principle of reciprocity. Since the po-
sition of the ghost is not a function of repetition time or
excitation angle, we believe that it represents a region
around the wire where the RFs receive magnetic fields
of the wire and coil cancel. Changing the resonance
frequency of the wire can cause a phase shift between
the electromagnetic (EM) fields of the wire and the re-
ceive coil, resulting in a rotation of the ghost when a
circular polarized receive coil is used. We have observed
that the temperature change at the tip of the wire
reaches a maximum at the time the ghost appears only
shifted in the x-direction. We also observed that a
change of wire position in the phantom, as shown in
Figure 14 (experiment 6), changes the RF-field distri-
bution around the wire, then causes the ghost to be
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Ghost Guide

133/47

Figure 14. Rotating ghost (weak in
intensity) of a guide wire and circular
signal variations as a function of the
wire asymmetry to the isocenter of
the magnet (experiment 6); E.g.,
133/47 is indicating an extension of
the guide wire from O to +133 cm and
from O to —47 cm in the z-direction.

147/33

shifted to a different position. A small shift in position
has also been observed when moving the wire toward
the resonator wall.

DISCUSSION

The potential hazard of a relatively long conductive
structure has been referred to in all attempts to actively
visualize catheters (1-5) in MR-guided vascular inter-
ventions, and in the evaluation of commercially avail-
able devices (12) currently used for conventional an-
giography under X-ray fluoroscopic guidance. It is not
obvious that the safety-relevant issues discussed for
EKG leads or connections to intravascular coils are also
applicable to a simple conductive guide wire. Theory
and experiments point to the same phenomenon of a
coupling with the E-field component of the transmitted
RF. The consequences are identical for both an isolated
guide wire or a long connector to an intravascular coil.
The interaction with the RF field is proven with the
dependency on excitation angle. That it is the E-field
component of the transmitted RF is concluded by the
dependency on position relative to the RF resonator
coil. The conductivity of currently used guide wire and
the correlated potential heating in close proximity of the
wire is seen as a major obstacle, preventing initial uti-
lizationsof-MR-guidedsvaseularinterventions. In all ex-
periments where we imaged perpendicular to the wire
guided through a signal emitting medium, we found the
signal variation pattern to be expected for B, field alter-

145/35

161/19

ations and a sharply delineated ghost. In repeated ex-
periments with slightly altered configurations, we
found a correlation between the position of this ghost
and a traceable temperature change in the vicinity of
the tip of the guide wire. We also observed maximal
amplitudes for the signal alterations at the same time
we documented maximal temperature changes. The ap-
pearance of the ghost and the intensity variations
around the wire are a more sensitive indication for the
coupling of the wire with the RF field than the temper-
ature measurement in the vicinity of the tip of the guide
wire. While repeating the experiment for (almost) the
same experimental setup, we often failed to trace any
temperature changes since those are confined to a very
small region around the tip of the wire; we always were
able to generate the images with the signal variation
pattern indicating coupling of the wire with the RF field.
Ghost and signal variations vanish when moving the
guide wire to the center of the resonator, as do any
traceable temperature changes.

Placement of a guide wire is basically the second step
in an endovascular procedure, following puncture of
the artery. A guide wire has to be inserted to serve as a
path for interventional devices to follow. That guide wire
has to be placed within the vessel lumen, should not
cause a dissection of the wall during that procedure,
has to pass the pathologic area, and is supposed to
guide catheters with markers, a stent, or a balloon. The
currently used state-of-the-art guide wires are made of
a Nickel-Titanium alloy (nitinol) with a polyurethane
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cover and provide unsurpassed mechanical properties.
Since this is a non-ferromagnetic material, the B, inho-
mogeneity-related artifacts are visually small and con-
fined to a submillimeter region around the material.
Unfortunately, the wire is also a conductor which cou-
ples with the E-field of the RF pulse used in MR imag-
ing. Commercially available plastic wires do not have
the desirable mechanical properties of the nitinol ma-
terial. Guide wires with a stainless steel core have an
even better conductivity than the nitinol wire and are in
addition sensitive to magnetic forces. The recent litera-
ture on active tracking also refer to the conductive
guide wire as an open safety issue (13-16). Exceeding
the measurements of Liu et al. (17) and Wildermuth et
al. (5), we noted a temperature rise of up to 44°C within
the saline solution adjacent to the guide wire tip in a
measurement time of less than 12 sec with a trueFISP
fast-imaging protocol. Konings et al. (18) reported a
possible temperature increase of up to 72°C for an in
vitro model of a stenotic vessel, attributing this effect to
energy stored in resonating transverse electromagnetic
waves. Our experimental results confirm our simple
theory describing a conductive guide wire as a
waveguide coupling with the E-field of the transmit res-
onator. The results indicate that the achieved temper-
ature changes strongly depend on the position of the
wire within the resonator and that the maximum tem-
perature rise is to be expected at the tip of the wire.
Besides the safety issue addressed in this work, it
should be kept in mind that the coupling of the wire
causes Bi-field variations that obscure the original wire
position, hampering the necessary visualization and
tracking of the guide wire. There seems to be no alter-
native than to seek out more sophisticated approaches
with conductive material (14), or to use nonconductive
guide wires.
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