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Reduction of the Radiofrequency Heating of Metallic
Devices Using a Dual-Drive Birdcage Coil

Yigitcan Eryaman,’ Esra Abaci Turk,' Cagdas Oto,? Oktay Algin,® and Ergin Atalar'™

In this work, it is demonstrated that a dual-drive birdcage coil
can be used to reduce the radiofrequency heating of metallic
devices during magnetic resonance imaging. By controlling the
excitation currents of the two channels of a birdcage coil, the ra-
diofrequency current that is induced near the lead tip could be
set to zero. To monitor the current, the image artifacts near the
lead tips were measured. The electric field distribution was con-
trolled using a dual-drive birdcage coil. With this method, the
lead currents and the lead tip temperatures were reduced sub-
stantially [<0.3°C for an applied 4.4 W/kg SAR compared to
>4.9°C using quadrature excitation], as demonstrated by phan-
tom and animal experiments. The homogeneity of the flip angle
distribution was preserved, as shown by volunteer experiments.
The normalized root-mean-square error of the flip angle distribu-
tion was less than 10% for all excitations. The average specific
absorption rate increased as a trade-off for using different exci-
tation patterns. Magn Reson Med 69:845-852, 2013. © 2012
Wiley Periodicals, Inc.
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INTRODUCTION

In general, for both diagnostic and interventional MRI
procedures involving long, wire-shaped conductor devi-
ces, such as catheters, biopsy needles, and active implant-
able medical devices, amplification of the specific absorp-
tion rate (SAR) at the device tip poses a potential risk for
patient safety. SAR amplification can cause tissue burns
if it is not managed with appropriate methods (1,2). Dif-
ferent methods have been reported for modifying the de-
vice geometry or adding lump circuit elements to the de-
vice to reduce the tip SAR amplification (3). However,
such modifications of the device geometry or circuitry
could reduce the mechanical robustness. In addition, for
certain applications, such as biopsy procedures, it is not
feasible to modify the metallic needles with the above
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methods. Furthermore, for patients who carry MR-incom-
patible devices, replacing the unsafe devices with the
safer ones may not always be practical. Finally, when the
economic costs of these modifications are considered,
determining a solution related to MRI aspect of the prob-
lem may be more reasonable.

In our previous study, we proposed a method based
on the use of linearly polarized birdcage coils (4) to
minimize radiofrequency (RF) heating at the wire tips.
Because the electric field of the linear birdcage coil is
equal to zero on an entire plane, the location of the me-
tallic device was coincided with this plane, and the RF
heating was reduced. Using this approach, the homoge-
nous transmit sensitivity characteristics were preserved.
At 3.0 Tesla, this technique worked well in uniform
phantoms. However, tissue inhomogeneities can alter
the electric field distribution in the body. In this case,
knowing the coil geometry and the conductor currents
in the coil may not be sufficient to estimate the location
of the zero-electric-field plane. The shape of the zero-
electric-field plane can be distorted, or its position can
be shifted in a manner that is difficult to estimate. In
general, when scanning patients with metallic devices
using linear polarized excitation, monitoring the local
electric field experienced by the metallic device is cru-
cial. Therefore, the device can be coincided with the
zero-electric-field zone of the linear coil, and the
patient can be scanned safely. However, if a portion of
the medical device lies outside of the zero electric field,
a risk remains for RF current to be induced in the leads
of the device.

In the literature, different methods based on measuring
RF-induced currents directly by attaching optoelectronic
circuits to the conductor leads are described (5).
Although accurate measurements can be performed using
these methods, when the modification of the metallic de-
vice is not possible, these approaches cannot be used
noninvasively. There also exist other methods, in which
the magnitudes of the RF currents on the metallic wires
are calculated from their artifacts in MR images (6).
These artifacts can also be used to monitor the level of
RF-induced currents on the leads.

In another study (7), transmit arrays were used to con-
trol the induced currents on a guide-wire conductor; the
relationship between the excitation voltages and the
induced currents on the lead was modeled as a linear
system, and the null space of the excitation matrix was
computed. This approach enabled the induced current to
be set to zero on the lead. However, in that study, the
homogeneity of the flip angle distribution in the body
due to transmit array excitation was not considered. The
excitation that minimizes the induced current on a lead
should also be convenient for performing imaging with a
homogenous flip angle distribution.
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In this study, we used a dual-drive birdcage coil to
determine a generic solution to reduce the induced cur-
rent near the tip of a metallic implant lead. By changing
the magnitude of the excitation currents on two separate
channels of the coil, the electric field pattern was modi-
fied to determine a safe excitation pattern that minimizes
RF current artifacts near the lead tip. To monitor the cur-
rent, the image artifacts near the lead tips were meas-
ured. Phantom experiments were performed with copper
wires and Deep Brain Stimulator (DBS) leads. To demon-
strate the feasibility of the proposed method in the pres-
ence of tissue inhomogeneity, an animal experiment was
performed. The device tip temperatures were reduced
substantially with respect to standard quadrature excita-
tion. The performance of the method was tested for dif-
ferent lead geometries. For some lead geometries, linear
polarized excitation could be used to reduce the maxi-
mum increase in the tip temperature to less than 0.3°C
for an applied 4.4 W/kg SAR. With linear excitation, the
homogeneity of the flip angle distribution was preserved
compared with quadrature excitation. Finally, for several
other lead geometries, elliptical polarization was
required to reduce the temperature at the tip.

THEORY

The electric field distribution due to a linear and uni-
form excitation, in a cylindrical homogenous object that
is infinitely long in the z direction can be expressed as
follows (4):

E, = —Hpjoppsind, By = 0,Ey = 0 [1]

In the equation above, Hy is the transmit sensitivity of
the coil. Note that B1+ is used commonly in the litera-
ture to refer to transmit sensitivity. In this work, we use
Hy, which is defined in the phasor domain and propor-
tional to B1+.E,,E,, and E, are the longitudinal, angular,
and radial components of the electric field, respectively;
o is the Larmor frequency; p, is the permeability; ¢ and
p are the angular and radial coordinates in the cylindri-
cal coordinate system, respectively; and j is the imagi-
nary number defined by v/—1.

For this field distribution, the electric field is equal to
zero on the entire ¢ = 0 plane. This field can be gener-
ated by a linear birdcage coil that has a feed point at the
& = /2 plane. Similarly, a linear birdcage coil with a
feed point at ¢ = 0 and a zero-electric-field plane at
¢é=m/2 has a field distribution as in the following
expression:

EZZ = —Hf]"ﬂlkopcos ¢'7E¢2 = OyEpZ =0 [2]

To obtain a zero-electric-field plane at ¢ = ¢y, the
electric field distribution should be equal to the follow-
ing expression:

E, = —Hgjopepsin(¢ — &), Ey = 0,E, =0 (3]

Using simple trigonometric identities, the above distribu-
tion can be expressed as the weighted sum of the two distri-
butions in Egs. 1 and 2, where E, = cos ¢yE,1 + sin ¢pyE,z.
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FIG. 1. A metallic lead geometry that is confined inside the ¢ = ¢g
plane experiences zero electric field. Therefore, no current flows on
the lead conductor (Panel a). Similarly, for leads that extend slightly
out of the zero-electric-field plane, the induced current on the lead
can be made very small (Panel b). A Metallic lead may have a shape
that is confined in a large cylindrical volume. In that case, linearly
polarized excitation may be insufficient to completely reduce the tip
current (Panel c). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

To approximately realize this field, a dual-drive bird-
cage coil can be used. Let the fields generated by chan-
nel 1 and channel 2 be expressed by Egs. 1 and 2,
respectively. Consequently, the field distribution shown
in Eq. 3 can be realized by weighting the excitation cur-
rents of channel 1 and channel 2 with cosdy and sind,.
In this case, a metallic lead with a shape that is confined
inside the ¢ = ¢, plane will experience zero electric
field (Fig. 1). Therefore, no current will flow on the lead
conductor. Similarly, for leads that extend slightly out of
the zero-electric-field plane, the induced current on the
lead can be made small.

This result can also be viewed from a different per-
spective by exploiting the linearity between the induced
current and the excitation voltages. Let the currents
induced on the lead tip due to the excitations of channel
1 and channel 2 be Land I, respectively. Let 6 be a pa-
rameter that determines the dual drive channel weight-
ings. Consequently, the total current due to a linear exci-
tation using angle 0 is equal to I = cos0-I,+ sin0-L,. In
this case, by choosing 6 = tan~!(—1I;/I,), the current near
the lead tip can be set to zero. Note that this solution
requires that I; and I, have the same phase.

The phase difference between I, and I, depends on
numerous factors, including electromagnetic parameters
of the medium and the orientation and the position of
the lead with respect to the coil. The electric field due to
a perfectly linear excitation has a constant phase in any
angular plane as implied in Eq. 3. Therefore, when a
lead that is confined in a cylindrical plane is excited
with linear excitation, I; and I, have the same phase.
Note that the cylindrical plane is defined by the set of
points satisfying & = ¢, for an arbitrary ¢, in the cylin-
drical coordinate system. Alternatively, when the leads
are not confined in cylindrical planes but in large cylin-
drical volumes, I; and I, may have different phases.
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Therefore, linearly polarized excitation may be insuffi-
cient to completely reduce the tip current. In that case,
the value of 6 would be complex, and a different polar-
ization would be required to cancel the tip current. Con-
sequently, to cancel the lead current, it is necessary to
adjust the relative phase and magnitudes of the excita-
tion currents.

From an electromagnetic field distribution perspective,
if a lead is not confined to the zero-electric-field plane,
it could experience electric fields that are high enough
to induce currents in the lead tip. In that case, a linear
excitation may not be sufficient to completely cancel the
lead tip current.

Under all lead placement conditions, the induced cur-
rent near the tip of a metallic lead can be made to be
zero by using a two-channel excitation.

Monitoring Radiofrequency Current-Induced Artifacts

To monitor artifact intensity, a relation between the mag-
nitude of RF-induced current near metallic implants and
the resulting artifact signal was devised.

For a gradient echo (GRE) sequence, the signal inten-
sity depending on the flip angle « can be written as fol-
lows (6):

_c-sin(a) - (1 — e ™)

S
1 — e T™R/Ti cos(a)

(4]

In this equation, T; and TR are the longitudinal relaxa-
tion parameter of the tissue and the repetition time of
the GRE, respectively. c¢ is a factor that represents the
local spin density, the sensitivity of the receiver coil, T,
and T, effects.

To obtain linear excitation, the currents on the two
channels of the birdcage coil should be weighted with
cos 0 and sin 0, where 0 is an arbitrary angle in the inter-
val [0,m]. Let I[0,po] denote the relationship between 6
and the tip current of the metallic lead located in the ¢
= ¢ plane. If the off-set flip angle due to the RF coil ex-
citation is small, then the flip angle near the lead tip
will be linearly dependent on the induced current;
hence, a = A-I[0,$ol. A is a constant that depends on dif-
ferent parameters including the orientation of the lead
and the distance of the point where the flip angle is
measured.

If the flip angle o due to the RF-induced current is
also small by substituting sin a &~ « and cosa ~ 1 in Eq.
4, the signal intensity can be approximated with the fol-
lowing expression:

S=c-A-I0,¢] (5]

Equation 5 shows that, to minimize the RF current at the
tip of a lead located in the ¢ = ¢, half plane, artifact of
the current should be minimized by choosing the appro-
priate dual-drive excitation anglef. By monitoring the
magnitude of the RF current artifact near the lead tip,
the excitation pattern that satisfies the above condition
can be determined. Signal measurement should be per-
formed close to the lead tip, and at the same time, over-
flipping should always be avoided to ensure linearity
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between artifact signal magnitude and the induced cur-
rent on the lead.

Determining a Safe Excitation Pattern

The magnitude of the artifact signal intensity due to a
linear excitation can be written as follows:

S = |51 cos0+ S, sineeiﬁ‘ [6]

In this equation, S, and S, are the magnitudes of the
induced current artifact signals due to the excitations of
channel 1 and channel 2, respectively. B is the phase dif-
ference between induced currents I; and I,. To deter-
mine a safe excitation pattern, the total signal intensity S
should be minimized. For this purpose, S;, S, and B
should be estimated by measuring S for different 0 val-
ues. The S;, S,, and B values that minimize the mean
square error between the estimated and measured signal
intensities were calculated. The mean square error was
calculated by calculating the mean square difference
between the estimated and measured signal intensities
for different 6 values. Once S;, S,, and B are known, the
channel 1 and channel 2 excitation currents can be
weighted with cos6, and sinfy-e P to achieve safe excita-
tion, where 0y = tan~1(—S;/S,).

EXPERIMENTS
Phantom Experiments

To demonstrate the proposed theory, phantom experi-
ments with copper wires and a commercial DBS lead
(Medtronic 33877 DBS electrode, Medtronic Inc., Minne-
apolis, MN) were performed. A phantom of 20 cm in di-
ameter and 30 cm in length was prepared with commer-
cially available gel (Dr. Oetker Jello, Izmir, Turkey). To
measure the conductivity and relative permittivity, a
method based on cylindrical transmission line setup
measurements was used. A conductivity of 0.5 S/m and
a relative permittivity of 70 were obtained with 2.5 g/L
of salt in the gel solution at 123 MHz (8).

Copper wires and the DBS lead were placed in the
phantoms, as shown in Fig. 2. As demonstrated in the
figures, the copper wire and the DBS lead had a shape
that slightly extended out of the cylindrical angular
plane. As shown in Fig. 2c, a copper wire with a helical
geometry was used, which was confined in a larger cy-
lindrical volume.

The body coil of the Siemens 3.0 T Trio system was
used in all experiments as a dual-drive birdcage coil.
First, the body coil (high-pass birdcage) was calibrated
by correcting the amplitudes and phases to realize a for-
ward-circular polarized (4) birdcage mode during the
experiments. As soon as the amplitudes and phases were
calibrated, different polarizations could be obtained.
Accordingly, the dual-drive birdcage coil was used in
the linear mode. The phantoms with copper wire and a
DBS lead were scanned using a GRE sequence with a TR
of 200 ms. The excitation voltages were adjusted to
obtain a mean flip angle of 2° in the transverse imaging
plane of the phantom. To monitor the magnitude of the
artifact due to the RF current near the lead tip, a
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Fiber optic temperature measurement
a

c Fiber optic temperature measurement
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Fiber optic temperature measurement

b

FIG. 2. Lead geometries were not confined in the cylindrical angular planes. Copper wire and a DBS lead in Panel a and Panel b have
a geometry that slightly extends out of the cylindrical angular plane. The copper wire in Panel C is confined in a larger cylindrical vol-
ume. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

transverse image was obtained. For all cases, a small flip
angle and a large TR were chosen so that the SAR value
of the sequence was kept at a low level, and no signifi-
cant heating was expected near the lead tips.

The sequences were run manually using different lin-
ear excitation patterns with the dual-drive coil. The
amplitudes of the currents in channel 1 and channel 2
were weighted with cosf and sinf to control the electric
field distribution inside the phantom. The value of 6 was
varied manually within the interval [0,m] with a step
size of . A total of 37 images were obtained for each
experiment. In every image, a region of interest of 2 cm
in diameter was selected around the lead tip to measure
the maximum magnitude of the RF current artifact (see
Fig. 3, Panel a). Measurements were repeated for the cop-
per wire and the DBS leads as explained above.

For all experiments, the safest two-channel excitation
pattern was found. This pattern was used to scan the
phantom with a high SAR sequence. A GRE sequence
with a 4 ms TR was used for this purpose. For tempera-
ture measurements, a signal conditioner (Neoptix
ReFlex) with fiber optic temperature sensors (Neoptix

Inc., Quebec City, Canada) was used. The temperature
variations at the wire/lead tips were recorded.

After the scan, the gel phantom was kept in the refrig-
erator for 10 min to ensure that the temperature reached
a steady state of 5.5°C. From our experience, over certain
temperatures (25-30°C), gel can lose its solid form and
turn into a liquid. To eliminate the effects of this condi-
tion on temperature measurements, all phantom experi-
ments started at a low initial temperature. Afterward, the
phantom was placed in the scanner, and the channel
currents were adjusted to obtain standard quadrature ex-
citation. For this purpose, the magnitude of the currents
on channel 1 and channel 2 were weighted with unity,
and the phases were set to 0 and w/2, respectively. Sub-
sequently, the phantom was scanned once more with the
quadrature excitation pattern. The temperature variations
near the lead/wire tips were recorded similarly. The
experiments were repeated with the copper wire and
DBS leads with the configurations shown in Fig. 2.

To calculate the maximum local SAR that quadrature
excitation causes in a gel phantom (no metallic leads),
temperature measurements were performed near the



Reduction of RF Heating with a Dual-Drive Birdcage Coil
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FIG. 3. Panel a shows the induced current artifact near the lead in a phantom. The region of interest that is used to measure the maxi-
mum level of the image artifact (bright region) is also presented. The image in Panel a is obtained with a flip angle of 25° to clearly
show the position of the artifact in the phantom Estimated and measured signal intensity curves of copper wire and the DBS lead,
which are shown in Fig. 2, Panel a, Panel b, and Panel c, can be seen in Panel b and Panel c. The signal intensity curve for animal
experiment can be seen in Panel d. All quantitative artifact signal intensity measurements were made with a 2 flip angle excitation.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

surface of the phantom. In cylindrical phantoms, peak
SAR (maximum SAR in space) occurs close to the sur-
face. For this reason, our SAR measurements were per-
formed near the surface. To calculate the peak SAR
caused by a quadrature excitation, the initial slope of the
temperature rise at a depth of a 1 cm from the phantom
surface was measured and then multiplied by the spe-
cific heat capacity of the gel. The heat capacity of the gel
was determined to be 4100 J/kg/° using the KD2 Pro
Thermal Properties Analyzer (Decagon Devices Inc.,
WA). The peak SAR was calculated as 4.4 W/kg.

Animal Experiments

To demonstrate the effectiveness of the method, an ex
vivo swine experiment was performed. A copper wire was
placed under the skin and muscle tissue immediately after
the animal was euthanized by injection of xylazine (2 mg/
kg) and ketamine (10 mg/kg). The dimensions of the wire
were the same as those of the wire used in the phantom
experiment. First, a rectangular region ~1 cm deep was
cut in the abdominal wall of the animal. Subsequently,
the copper wire and temperature probe were placed under
the cut section, as shown in Fig. 4. Finally, the muscle
and skin layer were sewn back in place to cover all parts
of the copper wire with living tissue.

The MRI experiments were started immediately after
the placement of the wire and temperature probes. The

same procedures used for the copper wire-phantom
experiments were repeated for the animal experiment.

Volunteer Experiments

To prove that the method can be used to obtain homoge-
nous flip angle distribution, the safe excitation patterns
found in phantom and animal experiments in Sections
Animal Experiments and Volunteer Experiments were

Fiber optic

probe attached

to the copper
wire

8/

FIG. 4. A rectangular region ~ 1 cm deep was cut below the chest
of the animal (ex vivo). Subsequently, the copper wire and the tem-
perature probe were placed under the cut section. Finally, the mus-
cle and the skin layer were sewn back in place to cover all parts of
the copper wire with animal tissue. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Table 1
The Maximum Tip Temperature Is Shown for Each Experiment
Dual drive
birdcage Quadrature
excitation (°C) excitation (°C)
Copper wire (Phantom) 0.2 13.8
DBS lead 0.2 12.7
Helical copper wire 0.3 4.9
Copper wire 0.2 5.5

(animal experiment)

Notably, using the safest excitation pattern reduced the tip tem-
perature substantially with respect to that of the quadrature exci-
tation. The error for the temperature data is =0.1°C.

used to scan volunteers. For this purpose, the channel 1
and channel 2 excitation currents were weighted with
cosf, and siny-e ® by using the 0, and B values
obtained from the phantom experiments.

For a given imaging plane, the flip angle maps are pro-
duced by using the method of actual flip angle imaging
(9). The image intensities obtained by using the same
flip angle, but different repetition times TR1 and TR2 are
used for calculating the flip angle distribution within the
single imaging plane. The ratio of TR2 and TR1 were
taken as 4. The resulting maps are compared with the
map obtained with a standard quadrature pattern. The
normalized root mean square error is calculated for
quadrature and safe excitation patterns as a measure of
flip angle homogeneity. To calculate the normalized
error, the ratio of the standard variation and the mean of
the flip angle distribution were calculated. The calcula-
tions were made by using single slice, masked magni-
tude head images.

RESULTS
Phantom Experiments

Figure 3 shows the estimated and measured signal inten-
sity curves with respect to 0 for copper wire and DBS
leads. The calculated B values for the DBS lead, copper
wire, and helical DBS lead were found to be —10, 16,
and 85°, respectively. Notably, the B values for the cop-
per wire and DBS lead were close to zero, which indi-
cates that, practically, the safest two-channel excitation
is the linear excitation for these lead geometries. Further-
more, the minimum point for the artifact intensity curves
for these experiments was close to zero. However, for the
helical lead experiment, the B value was much different
than 0, indicating that the safest two-channel excitation
is elliptically polarized for this lead geometry. The 0,
values for copper wire, DBS leads, and helical copper
wire experiments were obtained as 5, 20, and 60°,
respectively.

The maximum tip temperature for each phantom
experiment obtained using safe and quadrature excita-
tion patterns is shown in Table 1.

Animal Experiments

Animal experiments were performed on a pig, as
described in Section Animal Experiments. Similarly, the

Eryaman et al.

maximum magnitude of the RF current artifact inside the
region of interest was plotted with respect to 0 in Fig. 3.
The B value was calculated to be —10° for this experi-
ment. Because B is almost zero, linear excitation can be
used as the safest excitation pattern in this condition.
The minimum current artifact was obtained with the
value of 6 = 15°. The pig was scanned using the safest
excitation pattern and with the quadrature excitation
pattern using the same high SAR sequences that were
used in the phantom experiments. Table 1 shows the
maximum temperature increase in the lead tip for the
quadrature and safe excitation patterns for both the ani-
mal experiments. The tip temperature was reduced sub-
stantially with the safest excitation patterns compared
with quadrature excitation.

Volunteer Experiments

Flip angle maps obtained with the quadrature and the
safe excitation patterns are shown in Fig. 5. Panel a
shows the image obtained by a quadrature excitation.
Using the safe excitation patterns did not disturb the ho-
mogeneity of the flip angle distribution significantly.
The normalized root mean square error values were
found to be 7.9, 7.5, 8.2, and 9.5% for the quadrature
pattern and the safe excitation patterns using 6 = 5, g =
—10° (Panel b), 6 = 20, B = 16° (Panel c), and 6 = 60,
= 85° (Panel d), respectively.

DISCUSSION AND CONCLUSIONS

A method is herein proposed to reduce the RF heating of
the metallic devices using a dual-drive birdcage coil.

c d

FIG. 5. The flip angle distributions obtained with the quadrature
and the safe excitation patterns are shown. The mean of the flip
angle distribution were calculated for these excitations as 48.5,
50.1, 47.3, and 47.9° respectively. The normalized root mean
square error values were calculated as 7.9, 7.5, 8.2, and 9.5%,
respectively. The calculations were made by using single slice,
masked magnitude head images (region of interest covers the
entire head image).



Reduction of RF Heating with a Dual-Drive Birdcage Coil

The proposed method was tested with phantom and ani-
mal experiments. In all cases, the increase in the tip tem-
perature at the end of the metallic devices was reduced
to 0.3°C.

A GRE sequence was used to measure the RF current
artifacts near the lead tips. By changing 6 at intervals of
/36 within the range of [0,7], a safe excitation pattern
was found. Each sequence lasted for 12.8 s, and the total
of 37 sequences lasted for 8 min. The entire procedure
lasted 12—15 min in total, because the procedure was not
automated and the excitation patterns were entered into
the system manually. A constant step size for 6 was used
to determine the safe excitation parameters  and 6,. To
achieve a substantial reduction in measurement time, 0
can be covered in a smaller range or with a variant angu-
lar step size.

After the safest two-channel transmit excitation pattern
is found, the same pattern can be used in other sequences
if the position of the metallic device is not changed. This
condition would be valid for patients with implants, given
that the location of the implant does not change with
respect to the coil during the scan. For interventional pro-
cedures, in which the device is bound in a thin cylindrical
slice and for which the location is known prior to the
scan, a single excitation pattern could be adequate.

A flip angle of 2° is used for the GRE sequence for
measuring the RF current artifacts. Over-flipping the
spins near the lead should always be avoided to accu-
rately identify the safe excitation pattern. If required, flip
angles lower than 2° can be used for the low SAR pre-
scans. A close match between estimated and measured
signal intensity data should be obtained to accurately
calculate the safe excitation pattern.

The method was tested in an ex vivo animal experi-
ment, and the results showed that the tip temperature
can be reduced in the presence of tissue inhomogene-
ities. However, the effect of motion artifacts should be
considered for clinical studies. Respiratory-gated sequen-
ces can be used for this purpose.

In some cases, the magnetic field due to the current
may be in the longitudinal direction. To measure the ar-
tifact signal, an imaging plane should be chosen such
that the induced magnetic field has a nonzero transverse
component in that plane. In this study, the imaging
plane was always chosen as the transverse plane. For
different lead orientations, the transverse plane may not
always be the most appropriate imaging plane.

By determining the safest dual-drive excitation pattern,
the current near the tip of the lead is minimized. At
another location on the lead, the RF current may be non-
zero. The tip point is the most critical point where the
temperature should be minimized. The other end of the
lead is either terminated with the implant case or simply
extends outside the body, as in interventional proce-
dures. The local SAR at the shaft of the device/lead is
also significantly less than the tip SAR, as reported in a
previous study (10). Therefore, in this study, the effect of
minimizing the current and temperature near the lead
tip was investigated.

The comparison of the tip temperature due to safe
dual-drive excitation and the quadrature excitation may
depend on the position of the implant. Implants near the
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surface experience the largest electric field. For this rea-
son, temperature measurements were made with leads
that were located near the surface. For different lead geo-
metries, it was demonstrated that a modified dual-drive
excitation pattern can reduce the RF heating at the tip of
the lead. In a previous study (4), heating problems of
lead geometries that are perfectly confined in cylindrical
planes (Fig. 1) were investigated. In this work, it is dem-
onstrated that lead geometries that are not necessarily
confined in cylindrical planes can be handled with a
modified dual-drive excitation pattern (Fig. 2).

The tip heating can also be reduced when the trans-
verse electric field components are present in the body
as a result of finite body/coil dimensions and tissue
inhomogeneities. However, the type of the excitation pat-
tern that reduces the heating may depend on various fac-
tors, such as the lead geometry and the relative position
of the patient with respect to the RF coil (landmark
position).

The use of linear excitation enabled the preservation
of the flip angle distribution with respect to quadrature
excitation in the center of the head. However, two-
channel excitations aside from quadrature or linear ex-
citation may cause reductions in flip angle and RF field
homogeneity. This effect can be more significant in
higher field strengths. Furthermore, an excitation aside
from a quadrature excitation may cause greater average
and local SAR in the body. The proposed method can
be extended to parallel transmission to take advantage
of the increased freedom provided by a greater number
of transmission elements (11). Different parallel trans-
mission techniques may be used to allow local and av-
erage SAR reduction while preserving flip angle homo-
geneity (12).

We demonstrated a method to reduce the RF heating
of metallic devices with a dual-drive birdcage coil. The
artifacts that result from RF-induced currents on the me-
tallic leads were monitored to determine the safest exci-
tation pattern with a dual-drive birdcage coil. As a
result, heating at the tip of the metallic devices was
reduced significantly, as shown by both phantom and
animal experiments.
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