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In many studies concerning wire heating during MR imaging, a
“resonant wire length” that maximizes RF heating is deter-
mined. This may lead to the nonintuitive conclusion that adding
more wire, so as to avoid this resonant length, will actually
improve heating safety. Through a theoretical analysis using the
method of moments, we show that this behavior depends on
the phase distribution of the RF transmit field. If the RF transmit
field has linear phase, with slope equal to the real part of the
wavenumber in the tissue, long wires always heat more than
short wires. In order to characterize the intrinsic safety of a
device without reference to a specific body coil design, this
maximum-tip heating phase distribution must be considered.
Finally, adjusting the phase distribution of the electric field
generated by an RF transmit coil may lead to an “implant-
friendly” coil design. Magn Reson Med 48:1096–1098, 2002.
© 2002 Wiley-Liss, Inc.
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In the rapidly developing field of interventional MRI, lo-
calized RF heating near the tips of long metal devices used
during MR scanning has become a major safety concern
(1–3). Common to all studies of RF heating of wire-shaped
devices is the presence of resonant device lengths at which
RF heating is the most intense. This resonance had been
empirically observed but not quantitatively modeled nor
accurately predicted until our recent study of RF heating at
the tips of totally inserted wires (4). The effects of varying
wire properties (diameter, insulation thickness) and the
properties of the tissue it was placed in (electrical conduc-
tivity, thermal conductivity, perfusion) were explored.
This theoretical understanding and experimental valida-
tion established safety thresholds on the SAR (specific
absorption rate) of pulse sequences used with totally in-
serted wires.

The existence of a resonant length, at which a wire has
the greatest heating potential, suggests that to improve
safety wire lengths should be either longer or shorter than
this resonant length. This leads to the nonintuitive notion
that putting more metal in the body may actually be safer,
in some cases, to avoid this resonance.

We will show that the resonance phenomenon depends
on the characteristics of the RF transmitter, particularly

the phase distribution of the incident electric field. There
exists an electric field distribution in which a wire will
show no resonant length but will cause more and more
heating as the wire gets longer. Present designs for volume
transmit coils will likely have near uniform phase distri-
butions since this maximizes the coil’s quality factor.
However, older designs may have nonuniform phase dis-
tributions. Therefore, the RF heating characteristics of a
conductive wire cannot be stated without reference to a
specific transmit coil design. However, it is possible to
formulate the transmit phase distribution that will gener-
ate the maximum tip-heating for a given wire so that its
safety characteristics can be stated independently of the
specific MR transmit coil used. In addition, the results of
this study suggest a design criterion for “implant-friendly”
RF transmit coils.

MATERIALS AND METHODS

The RF pulses of an MRI scan induce currents on conduc-
tive objects in the sample, causing localized amplification
of the surrounding electric field and consequent SAR dis-
tribution. Calculating the electric field distribution sur-
rounding a good conductor in a known incident electric
field requires solving the Helmholtz equation, subject to
the boundary condition that the total tangential electric
field on the surface of the conductor is zero (5). We have
previously shown that the method of moments can be used
to solve this problem numerically (4).

Here, we applied the Galerkin method of moments, de-
scribed in detail elsewhere (6), with a modified driving
function. The method of moments formulation leads to the
following matrix equation:

Z I � V [1]

where I the unknown current distribution discretized into
N elements (N � 1 vector), V is the discretized driving
function due to the incident electric field (N � 1 vector),
and Z is a discretized impedance matrix that is calculated
for the specific geometry of the problem (N � N matrix).
This is a matrix representation of Ohm’s law. The un-
known current distribution is found by inverting the im-
pedance matrix:

I � Z�1 V � Y V. [2]

where Y is the admittance matrix.
Once the discretized current distribution is known, the

total electric field in the whole space can be calculated by
superposition. A detailed description of the method of
moments can be found in Ref. 7.

Departments of Biomedical Engineering and Radiology, Johns Hopkins Uni-
versity School of Medicine, Baltimore, Maryland.
Grant sponsors: Whitaker Foundation (to C.J.Y.); NIH training grants (to C.J.Y.
and R.C.S.); National Institutes of Health; Grant number: R01 HL61672.
Ergin Atalar is a co-founder and shareholder of Surgi-Vision Inc.
*Correspondence to: Ergin Atalar, Ph.D., Johns Hopkins University, Traylor
Building, Rm. 330, 720 Rutland Ave., Baltimore, MD 21205. E-mail:
eatalar@mri.jhu.edu
Received 14 June 2002; revised 25 July 2002; accepted 4 August 2002.
DOI 10.1002/mrm.10310
Published online in Wiley InterScience (www.interscience.wiley.com).

Magnetic Resonance in Medicine 48:1096–1098 (2002)

© 2002 Wiley-Liss, Inc. 1096



Rather than the center-driven dipole antenna examined
in Ref. 6, the wires examined here have a driving function
that exists along the entire wire. Two driving functions
were examined. The first was the case of a uniform (in
magnitude and phase) electric field oriented parallel to the
straight wire, the same driving function described in Ref.
4. Parallel orientation of the electric field maximizes cou-
pling of the wire to the field.

The second driving function was designed to maximize
the RF heating at the wire tip. It was a uniform (in magni-
tude only) electric field, again oriented parallel to the
straight wire, whose phase at each location along the wire
was such that the phase-shifted current that each element
induced at the wire tip had identical phase. With identical
phase, contributions from each location would add con-
structively, thereby maximizing the tip charge.

Mathematically, this was accomplished by choosing the
phase of the incident electric field at each point, i, to be the
negative of its complex admittance with the tip element
(m � 1):

�vi � � �y1i [3]

where V � [vm], Y � [ymn].
Once the induced currents were determined, the total

electric field was calculated and converted to SAR. This
resultant SAR distribution was normalized by the uniform
SAR distribution from the incident electric field to gener-
ate an SAR gain distribution.

To report meaningful numbers, the SAR gain distribu-
tion was combined with a semianalytic solution (8) of the
bioheat transfer equation to generate a safety index (4), the
maximum steady-state temperature that can be expected in
vivo, normalized to the input power of the MRI pulse
sequence used. The safety index incorporates the SAR
amplification due to the device and physiological heat
transfer characteristics. The safety index was calculated

using thermal properties of resting muscle (thermal con-
ductivity � 0.4 W/m°C, perfusion � 2.7 ml/100g/min) (9).

Calculations were performed at 64 MHz, the Larmor
frequency for 1.5 T. In all calculations, the bare wires were
assumed to be totally immersed in an infinite homoge-
neous medium (electrical conductivity � � 0.5 S/m, per-
mittivity �r � 77 are representative values for human tissue
at 64 MHz (10)).

RESULTS

Figure 1 shows the RF heating characteristics of the two
examined situations. For each wire length, the maximum
tip-heating case always has equal or greater heating poten-
tial than the uniform phase case. Significant divergence
begins to occur for wire lengths approaching and beyond a
half wavelength. In addition, the maximum tip-heating
case shows no resonance, but rather, increases monotoni-
cally.

Figure 2 shows the actual phase distribution that created
the maximum wire tip heating for a 30 cm wire. The linear
portion of the phase distribution has a slope (14.6 rad/m)
that is equal to the real part of the wavenumber in the
medium. This completely linear phase is plotted on the
same axes for comparison. The maximum tip-heating
phase distribution is asymmetric, indicating that heating is
optimized on only one of the tips. In this case, it is the tip
at location 0 cm.

Since the maximum tip-heating phase distribution of
Fig. 2 is mostly linear, the effect of a truly linear excitation
phase distribution was also examined and the results are
shown in Fig. 3. The dotted line represents the result of
applying an incident electric field with a linear phase
ramp of 14.6 rad/m. It is virtually indistinguishable from
the maximum tip-heating case.

DISCUSSION
Are Wires Longer Than a Half Wavelength Inherently
Safer?

This study demonstrates that the phase distribution of the
RF transmitter affects the resonance characteristics of con-

FIG. 1. RF heating curve for a bare wire of varying length situated in
a uniform amplitude incident electric field of uniform phase (solid
line) or maximum tip-heating phase (dashed line). The maximum
tip-heating case shows no resonance peak but increases monoton-
ically. Safety index has units of °C/(W/kg) and is directly proportional
to the in vivo heating potential of a wire.

FIG. 2. Actual phase distribution (solid line) of maximum tip-heating
excitation field for a 30 cm bare wire in conductive medium (� � 0.5
S/m, �r � 77). Heating is maximized for the tip located at 0 cm.
Linear phase (14.6 rad/m) is shown for comparison (dashed line).
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ductive wires in MRI. For wire lengths longer than a half
wave, linear phase distributions of the transmit EM field
could cause increased RF heating at the wire tips. It is also
very conceivable that MRI situations could arise where the
phase of the incident electric field was indeed linear, with
its slope equal to the real part of the wavenumber – plane
wave excitation, for example. As a rule of thumb, there-
fore, shorter wires are intrinsically safer than longer ones.
Attempting to avoid resonance by lengthening a wire be-
yond a half wave is not recommended.

Is Safety Index Independent of the MRI System?

The electric field phase distribution that body coils gener-
ate is presently not reported because it does not affect
imaging performance. However, since the results of a pre-
vious study (4) matched the theoretical prediction using a
uniform phase transmit field, it is likely that the phase is
close to uniform for the body coil of the specific scanner
used in that study. However, other coil designs, particu-
larly older ones, may not necessarily have a similar phase
distribution.

The results of this study indicate that for the safety
index to truly be independent of the scanner used, the
maximum tip-heating transmit phase distribution (or its
linear approximation) must be used to generate the safety
index.

Is an “Implant-Friendly” Body Coil Design Possible?

It has been possible to formulate the conditions of maxi-
mum tip-heating transmit phase distributions that elimi-
nate any possibility of destructive wire-tip field interfer-
ence between current elements. It should also be possible
to formulate a condition whereby severe phase cancella-

tion would make localized field amplification minimal.
Generally speaking, a transmit phase distribution that was
rapidly varying would reduce the ability of constructive
interference between fields to accumulate at the wire tip. It
could be possible to design volume transmit coils that
would produce a minimum of SAR amplification with
metallic devices during MRI, resulting in an “implant-
friendly” MRI system.

It should be noted, however, that introducing electro-
magnetic phase variation would increase the whole-body
SAR for the same flip angle. In addition, B1 field homoge-
neity would be reduced as phase variation increased.
Thus, these “implant-friendly” RF coils, while reducing
the coupling potential to an implant, would also reduce
the usable volume of homogenous flip angle and have a
higher whole-body-average SAR compared to a conven-
tional coil.

CONCLUSIONS

The phase distribution of the electric fields generated by
the RF transmitter affects the RF heating properties of a
conductive wire during MRI. Shorter wires are intrinsi-
cally safer than longer ones. The safety index, in order to
be a truly scanner-independent measure of a device’s
safety, must be calculated with the maximum tip-heating
transmit phase distribution. Finally, the results of this
work suggest a criterion for designing “implant-friendly”
transmit coils.
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FIG. 3. Comparison of maximum tip-heating phase (solid line) and
14.6 rad/m linear phase (dashed line). The linear phase is always
less than the maximum tip-heating case but is virtually indistinguish-
able from it.

1098 Yeung et al.


