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Purpose: To provide a rapid method to reduce the radiofrequency (RF) E-field coupling and conse-
quent heating in long conductors in an interventional MRI (iMRI) setup.
Methods: A driving function for device heating (W ) was defined as the integration of the E-field along
the direction of the wire and calculated through a quasistatic approximation. Based on this function,
the phases of four independently controlled transmit channels were dynamically changed in a 1.5 T
MRI scanner. During the different excitation configurations, the RF induced heating in a nitinol
wire immersed in a saline phantom was measured by fiber-optic temperature sensing. Additionally,
a minimization of W as a function of phase and amplitude values of the different channels and
constrained by the homogeneity of the RF excitation field (B1) over a region of interest was proposed
and its results tested on the benchtop. To analyze the validity of the proposed method, using a model
of the array and phantom setup tested in the scanner, RF fields and SAR maps were calculated through
finite-difference time-domain (FDTD) simulations. In addition to phantom experiments, RF induced
heating of an active guidewire inserted in a swine was also evaluated.
Results: In the phantom experiment, heating at the tip of the device was reduced by 92% when
replacing the body coil by an optimized parallel transmit excitation with same nominal flip angle.
In the benchtop, up to 90% heating reduction was measured when implementing the constrained
minimization algorithm with the additional degree of freedom given by independent amplitude
control. The computation of the optimum phase and amplitude values was executed in just 12 s using
a standard CPU. The results of the FDTD simulations showed similar trend of the local SAR at the tip
of the wire and measured temperature as well as to a quadratic function of W, confirming the validity
of the quasistatic approach for the presented problem at 64 MHz. Imaging and heating reduction of
the guidewire were successfully performed in vivo with the proposed hardware and phase control.
Conclusions: Phantom and in vivo data demonstrated that additional degrees of freedom in a
parallel transmission system can be used to control RF induced heating in long conductors. A novel
constrained optimization approach to reduce device heating was also presented that can be run in just
few seconds and therefore could be added to an iMRI protocol to improve RF safety. C 2015 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4903894]
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1. INTRODUCTION
Interventional MRI (iMRI) is a promising field for minimally
invasive medical procedures.1 Unfortunately, the interaction
of the radiofrequency (RF) field with conductive devices can
lead to dangerous local heating.2–8 Temperature increments
(∆T) above 20 ◦C have been measured on the tip of a wire
or guidewire immersed in a like-tissue conductivity gel phan-
tom when transmitting RF power with the body coil of the
scanner.2,6 Even though these measurements were performed
under extreme conditions, by placing the guidewire in the
maximum E-field region and limiting heat convection, they
need to be considered for the device safety approval.9 Reason-
able heating predictions of wire structures were possible in
phantoms by modeling the wire and its surrounding through a
transfer function that weighted the integration of the tangential
E-field along the wire.10 On the other hand, very little infor-
mation is available on the actual heating within the body
that could be considerably different than homogeneous model
phantoms.11

One possible solution to the RF heating problem would
be to eliminate or minimize metallic parts in interventional
devices; however, there are restrictions in the type of mate-
rials that can be used based on mechanical properties and
the ease of maneuvering the device through the vasculature.
Different approaches have been studied related to the engi-
neering of the device itself, such as combining synthetic fibers
with metallic material to reduce the induced heating while
keeping the mechanical specifications.12,13 In addition, co-
axial chokes have been proposed to eliminate the antenna
or resonance effect of a long wire in the RF environment.14

However, so far none of these techniques has been completely
successful in presenting a safe and mechanical stable de-
vice and active research continues to be performed in this
direction.

Another approach to reduce RF heating on wires is to
optimize the RF transmitter to reduce the source of heating.
Induced currents in long conductors and consequent local
heating were minimized by amplitude and phase weights to
the excitation of the many channels of a parallel transmit
(pTX) system.15 Additionally, reduced heating of a curved
wire was possible by generation of a zero-electrical-field plane
through an optimal B1 excitation using a body coil transmitter
in linear polarization mode.16 Recently, a simulation study has
proposed device-friendly modes through optimization of the
RF pulse of a pTX array to reduce the local SAR around deep
brain stimulation implants.17

In this work, we present an optimized parallel excitation
scheme based on the minimization of a driving function for
device heating closely related to those defined in previous
works.5,10 We tested simple phase configurations that mini-
mize the E-field coupling in a long conductor aligned along
the z-axis of the MRI scanner. RF transmission was performed
with a four-channel planar array driven by near-to-coil current-
source amplifiers.18,19 In addition to simple phase configura-
tions, we present a set of amplitude and phase configurations
that resulted from the minimization of the driving function
for device heating but constrained by B1 homogeneity in a
predefined ROI.

2. THEORY
A thin long wire immersed in the electromagnetic field of

the MRI scanner can be thought as a receiver antenna where
the incident electrical field is the tangential component of the
total electrical field. In a receiver antenna, the voltage (or
potential) across the antenna’s gap can be calculated from
the integral of the incident tangential field along the length
of the antenna.3,20 For the case of a conductive wire without
central gap, this potential drop is concentrated at the point of
impedance transition located at the tip of the device.21 Based
on this analogy, a reasonable prediction of the heating at the
tip of a bare wire, as well as at the tip of an insulated wire
with tip exposed, was possible by weighting the integration of
the tangential E-field with a transfer function calculated from a
model of the device and the surrounding medium.10 If we only
aim for reducing the excitation of the wire without attempting
to predict temperature or SAR values we can dispense of
this model. Therefore, our goal here is to optimize the RF
excitation based only on the minimization of the excitation
potential across the wire, which we consider as the driving
function for device heating.22 Using complex notation for the
fields, the excitation potential is formulated as follows:

W (t) = Re



l
0

e jωt E⃗1(r) ·dl⃗



= Re


− jω

1
0

e jωt A⃗1(r) ·dl⃗


. (1)

Equation (1) was expressed as a function of the magnetic
potential A1, assuming we can neglect the contribution to the
field due to static charges. This is a valid approximation for
surface loops properly designed which have minimum dielec-
tric losses when coupled to the sample at 64 MHz.

The total magnetic potential for a pTX system results from
the sum of the individual magnetic potentials and it is given
by

A⃗1(r)=
N
n=1

mne jθna⃗n(r), (2)

where a⃗n is the normalized spatial distribution of the magnetic
potential, mn and e jθn are the amplitude and phase weighting
factors given by the current applied to channel n, respectively.
By replacing Eq. (2) in Eq. (1), the wire potential can be
obtained as

W (t) = Re


−

l
0

jω
N
n=1

mne jθne jωt a⃗n(r) ·dl⃗



= Re



N
n=1
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, (3)

where the complex wire potential due to each coil is given by

wn =− jω

l
0

a⃗n(r) ·dl⃗ . (4)
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On the other hand, the total complex magnetic field B1 is given
by

B⃗1(r,t)=
N
n=1

mne jθne jωt b⃗1n(r), (5)

where b⃗1n(r) is the normalized magnetic field spatial distri-
bution corresponding to coil n. A set of gain mn and phase
θn parameters that minimize the sum in Eq. (3) will also
have a cancelation effect on Eq. (5), therefore affecting B1
homogeneity. A trade-off solution could be found based on the
following formulation:

min(mn,θn)(W ) ≤Wmin∀(mn,θn) such h(B1(r)) ≥ Hr ∈ROI,
(6)

where h(B1(r)) is a function defined to weight B1 homogeneity
in a specified ROI, and Wmin and H are constants that represent
specified threshold values. Based on Eq. (6), we aim to find a
set of amplitudes and phases for the array that would mini-
mize the coupling of the E-field along the wire at a particular
location while preserving B1 homogeneity in a predefined
ROI.

3. METHODS
3.A. Transmit array

All experiments were performed with a four-channel planar
coil array driven by near-coil current-mode class-D (CMCD)
with envelope feedback amplifiers.18,19 Current-source ampli-
fication allows direct control of the B1 field based on a one-
time calibration.18 The loops of size 13×19 cm (inner dimen-
sions) were constructed on a 0.8 mm thickness FR-4 board
using a 6 mm copper tape. In a loaded condition, each loop
was resonated at 63.66 MHz by six capacitors splitting with
values around 80 pF. Nearest neighbor elements were over-
lapped to add isolation to the amplifier decoupling method,
while next neighbor decoupling was exclusively achieved by
the amplifier decoupling method.23 All elements were aligned
along their shorter dimensions on same plane resulting in
an array of 46 cm total length. Since a typical iMRI proce-
dure uses a guidewire oriented largely along the scanner’s
z-axis, the array’s long axis was also aligned in this direc-
tion to have independent phase control along the wire. To
reach the distal element and to keep amplifiers far enough
to avoid susceptibility artifacts from the slightly magnetic
amplifier prototypes, each element was connected to each
amplifier through a λ/4 (85 cm) trapped coaxial cable. To
keep same impedance condition seen by the coil into the
amplifier (ideally infinite) and amplifier into coil (<10 Ω),
the cable was combined with a λ/4 discrete phase shifter
to behave as a λ/2 connection. Nearest and next neighbor
decoupling values were better than −20 dB for most drain
voltage conditions as it was similarly presented in previous
work.18

3.B. Wire and phantom setup

A saline phantom made of 20 l of H2O and 10 g of NaCl was
built in a 50×40×17 cm (length × width × height) container
to simulate similar loading that the average human torso previ-
ously calculated from measurements performed on ten volun-
teers of varying size. In addition, 30 ml of gadolinium (469.01
mg/ml gadopentate dimeglumine, Magnevist) was added to
the solution to shorten T1 relaxation (to approximately 300
ms) to increase the SNR in the MRI experiment. Several holes
were drilled on one of the phantom’s side to insert the wire at
different off center positions and an acrylic grid was placed
at the bottom to set the wire in a stable position through
acrylic holders. From previous experiments under the same
setup, we proved that an insulated nitinol wire with tip exposed
heats up more than its bare counterpart, in agreement with
previously presented work.6,10 In addition, under the same
setup, higher temperature increments were measured with the
insulated wire versus an active guidewire used for subsequent
animal experiments. Therefore, in all phantom experiments
presented here, we chose the insulated wire to have higher
temperature fluctuations per applied power. The device was
128 cm in length, 0.6 mm total diameter, and had a lumen to
insert a fiber-optic sensor (0 ◦C–85 ◦C OTG-M170-10-80F2.5-
1.55, Opsens, Canada) to measure the temperature of the
wire when exposed to the RF environment of the transmit
setup at 1.5 T Espree scanner (Siemens, Erlangen, Germany).
Figure 1(a) shows the planar array loaded with the phantom
(left) and the insulated version of the nitinol wire with the
lumen attached for the location of the fiber-optic sensor (right).

3.C. Imaging and temperature measurements

Initially, using the body coil transmitter, critical insertion
length was determined with the device located at a 13 cm
off-center position and 9 cm from the bottom of the phan-
tom. Once critical IL was determined, the center of the pTX
array was located at a 4.5 cm off-center position such that
the device was located 1 cm apart from the nearest parallel
coil’s trace [Fig. 1(b)]. With the insulated wire immersed in
the phantom, real-time temperature measurements, using the
optical temperature sensor connected to a signal conditioner
(Multisens, Opsens, Canada), were performed at the tip of
the device while running a gradient-echo (GRE) sequence for
imaging with 2 ms RF pulse, 10 ms TE, 20 ms TR, 450×
450 mm FOV, and 5 mm slice thickness (STH). Before heating
evaluation in all setups, continuous scanning and temperature
reading were performed while slowly moving the sensor tip
to confirm the hotspot was positioned at the tip of the wire
(expected to be the hot spot). This procedure was repeated
for each wire configuration at their critical insertion length
which was confirmed to be similar under both body coil and
local transmission setups. In all temperature measurements,
temperature increment (∆T) was calculated by subtracting the
average baseline temperature from the steady state tempera-
ture after a 1 min scan.

In addition, temperature along the wire was measured by
pulling the sensor in 1 cm steps from the tip toward the distal
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F. 1. Four-channel planar array driven by near-coil CMCD amplifiers and
nitinol wire with attached lumen for position of the fiber-optic temperature
sensor (a). Coronal and sagittal views of phantom and animal experiment
setup showing the wire/guidewire location (b).

end of the wire up to its exit from the phantom. For each
of these temperature readings, we let the phantom reach a
steady temperature value after 1 min scan and cool down to
the original baseline temperature before next excitation cycle.
These measurements were first performed while transmitting
with the body coil, and later with the transmit array in a phase
configuration for maximum B1 homogeneity and a configura-
tion for reduced heating while keeping same target flip angle
at the plane of the wire than that was set previously for the
body coil transmitter.

Once body coil transmission was disabled, single and
simultaneous channel transmissions were performed with the
array loaded with the saline phantom with and without the
wire immersed in it. Images were acquired using same GRE
sequence with 100 ms TR and signal was received by the body
coil of the scanner. The same sequence, with 10% excitation
duty cycle (20 ms TR), was used for additional imaging
and heating measurements during phantom experiments. Flip
angle and B1 maps of each channel were obtained through the
double angle method24 using the same GRE but with 3 s TR to
reduce relaxation effects. B1 and flip angle maps were obtained
in the plane of the wire while images of the phantom were
obtained at a coronal plane 2 cm below and away from the
strong field distortion artifacts originated in the surrounding
of the wire.

3.D. Quasistatic numerical simulations
and constrained minimization of E-field
coupling to the wire

Using a customized  (Mathworks, Natick, MA)
routine based on quasistatic numerical simulations, B1 pro-
files and W [in arbitrary units (a.u.)] were obtained for the
presented coil configuration and wire location relative to the
array [Fig. 1(b) left]. In a  script file, the parameters
that set the coil array configuration (number of elements, loop
dimensions, and overlapping distance) and the wire configura-
tion (length, orientation, and position relative to the coil) were
specified. Based on this configuration, a function was called
that numerically calculated the different components of the B1
field for each loop of the array in a coronal plane (B1xn and
B1zn) when the currents driving the loops had same amplitude
(mn = 1) and phases (θn = 0). The total B1 field for the four-
channel array was then calculated as

∥B1(r)∥ =

Re




4
n=1

mne jθnB1xn(r)



i⃗

+ Re



4
n=1

mne jθnB1zn(r)



k⃗

. (7)

The excitation potential along the wire that resulted from each
loop of the array was obtained by calling another function that
performed a numerical integration (using the “quad” function)
of the corresponding magnetic potential (A) along the length
of the wire (A was recalculated at each step of the integration).
The amplitude and phase of each current were set to one and
zero, respectively, and a simplified version of w (=w0n) was
calculated along the length of the wire

w0n =

��������

z2
z1

A0zn(xw,yw,z)dz

��������
,

l = |z2− z1| , (8)

where xw, yw, and l were the off-center position, coronal
plane, and length of the wire, respectively. It is important to
highlight that in the simulations, we used simplified versions
of the physical variables [for example, the ω term is missing
in Eq. (8)] and therefore, we used a.u. From this initial calcu-
lation, the total wire potential that resulted from any set of
amplitude and phase values was

w =

������
Re




N
n=1

mne jθnw0n




������
. (9)

Based on this equation and as proof-of-concept experiments,
w was calculated for predetermined phase configurations that
were tested in subsequent scanner experiments and correlated
to temperature measurements.

Additionally, an optimization problem was created in the
same script using the global optimization toolbox from
. First, a ROI was specified in the coronal (x,z)y plane

(xmin,zmin)y ≤ (x,z)y ≤ (xmax,zmax)y
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Defining as input variables mn and θn, a minimization of
Eq. (9) was performed through a gradient-based nonlinear
solver (fmincon,  optimization toolbox) constrained to
a function of B1 [given by Eq. (7)] and defined as

h(∥B1(r)∥)= 1−abs
( ∥B1T ∥−avg∥B1(r)∥ROI

∥B1T ∥
)
, (10)

where

h(∥B1(r)∥)> 1−ε =H, r ∈ROI. (11)

In Eq. (11), ε is the maximum normalized error allowed be-
tween the field value and a target value in the specified ROI.
This function will have a maximum value of one when the
B1 field at a point r in the selected ROI is identical to the
target field and will approach to zero as the normalized field
error increases. For the experiments performed here, B1T was
set equal to 8 µT that corresponded to approximately 90◦ flip
angle excitation at the plane of the wire located approxi-
mately at 1 cm of distance from the surface of the array.
To confirm that the result of this constrained minimization

problem led to a heating reduction, the resulting optimum
phase and amplitude configurations for a predefined ROI were
tested on the benchtop with the same wire, phantom, and
temperature measurement setup than that used in the MRI
scanner. To confirm that the right ROI was excited each time,
B1 was monitored through a pickup loop connected to the
oscilloscope and shifted manually along the z-axis.

3.E. Finite-difference time-domain (FDTD) simulations

The four-channel pTx array, phantom, and a modified
version of the insulated wire were modeled in 3D electromag-
netic software (XFdtd 7.3, Remcom, Inc.). The model of the
insulated wire had 1.5 mm total diameter (perfect conductor
with 0.6 mm diameter and insulation material with 10−14 S/m
conductivity and 0.45 mm thickness), 2 mm long exposed
tip, and 31 cm insertion length. The total length of the wire
(128 cm) was shortened to allow for reasonable simulation
times. With the aim of analyzing the effect of this modification,
B1 and SAR simulations were run for two different wire

F. 2. Coronal images of the saline phantom obtained with single (left) and simultaneous (right) channel transmission with all channels in phase (top right) and
channels 1 and 4 180◦ out-of-phase (bottom right).
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lengths (40 and 50 cm) while keeping insertion length the
same. Decoupling of nearest neighbors was achieved only
by geometric overlapping while no decoupling method was
performed for next neighbors. Decoupling values were −10.1
and −13.1 dB between neighbor and next neighbor elements,
respectively. Current through each loop was controlled by a 64
MHz sinusoidal current source whose phase was set according
to the desired pTx excitation (same amplitude was set for all
channels). Current feed adjustments were performed so the
current in each loop was approximately 1 A. Target cell and
minimum cell sizes were 1.5 and 0.5 mm, respectively (XACT
Meshing, XFdtd 7.3 was used), resulting in 10 h simulation
time for each phase configuration. B1 excitation profiles were

evaluated in the same plane where images of the phantom were
acquired in the MRI scanner (2 cm below the plane of the
wire). SAR maps were obtained in the plane of the wire and
local maximum and global values were reported for each of the
phase configurations previously tested in the MRI scanner.

3.F. MRI animal experiment

Animal experiments were approved by the Institutional
Animal Care and Use Committee according to contemporary
NIH guidelines. The transmit array was set over the abdomen
of a 32 kg Yorkshire pig under anesthesia in the MRI scanner
with channel 4 being the closest to the animal’s head. An

F. 3. Coronal flip angle maps obtained during single channel transmission with the wire immersed in the saline phantom and corresponding temperature
increments measured on the tip of the wire (hot spot).
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F. 4. Images of the wire and phantom obtained in a coronal plane 2 cm below the plane of the wire. All channels were transmitting simultaneously and with
different phase configurations. The resulting temperature increment at the tip of the wire and the simulated W values (in arbitrary unit) are shown in the images.
Based on the sensor resolution, the temperature increments were within ±0.1 ◦C.

active guidewire11 was inserted from femoral vein through an
8 Fr × 23 cm introducer sheath (Fast-Cath, St. Jude, MN).
The guidewire insertion length was 15 cm and the guidewire
trajectory is shown in Fig. 1(b). This insertion length was
identified as critical during body coil transmission as similarly
performed by Sonmez et al.11 An inner temperature probe was
positioned at the tip of the guidewire. Images were obtained by
transmitting simultaneously with all channels and the temper-
ature at the tip of the guidewire was measured for different
phase configurations previously tested on the saline phantom.
Temperature was measured while running the GRE sequence.
The target flip angle was 60◦ and TR was set for 5% duty cycle
excitation. In vivo flip angle maps were obtained using similar
method than that for the phantom experiment (DAM) but with
a single-shot EPI readout. This sequence had the same RF
pulse than the GRE sequence used for imaging (2 ms hanning
windowed sinc pulse) and the imaging protocol was set with
13 ms TE, 3 s TR, 5 NA, 12.06 s TA, 2717 BW/pixel, 5 mm
STH, and 170×340 mm FOV. Using this method, B1 map per
channel was obtained in approximately 24 s.

4. RESULTS

Images obtained through single and simultaneous transmis-
sion using the planar array loaded with the saline phantom and
without the wire are shown in Fig. 2.

These images show successful decoupling between el-
ements and phase control as indicated by the two signal
suppression bands that resulted from the 180◦ out-of-phase

excitation of channels 1 and 4. Figure 3 shows single channel
flip angle maps and corresponding ∆T on the tip of the wire
(a baseline temperature is shown in the first 40 s). We can
see how channel 1 (top element in the phantom setup) has
almost no contribution to the induced E-field on the wire which
was expected since the wire was largely not covered by the
excitation FOV of this element.

F. 5. Temperature increment measured along the wire from the tip (0 cm) to
the phantom exit (30 cm) at points located 1 cm apart. The sensor was pulled
out while transmitting with the body coil of the scanner (solid diamond),
transmitting with the planar array in a phase configuration that maximizes B1
homogeneity (open diamond), and with a phase configuration that minimizes
the total electrical field induced on the wire (triangle). For all experiments,
the target flip angle at the plane of the wire was approximately 90◦.

Medical Physics, Vol. 42, No. 1, January 2015
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F. 6. Simulated B1 profiles of the four-channel transmitter at different ROIs and induced potential (W ) along z-direction for a wire located at the same position
relative to the array and phantom than that set in the MRI experiments. An amplitude of 1 corresponded to a RF excitation where flip angle value was twice
(double current value) than that set in the MRI experiments shown in Figs. 4 and 5. Target ROI was simply achieved by exciting the corresponding channels
(a) and by simultaneous transmission with the set of amplitude and phase values that resulted from the optimization algorithm at a given ROI (b). Temperature
increment on the wire’s tip was estimated from real-time temperature curve measured on the benchtop for each configuration.

Maximum heating of the tip was observed when trans-
mitting with channel 3. From the maps, we confirmed that
flip angle was approximately 90◦ close to the surface of the
coil as expected from previous calibration of the system on
the benchtop. Interestingly, from these maps, we can also see
how higher field distortions caused by the interaction of the
wire with the RF environment were correlated with higher ∆T
measured at the tip of the device. Figure 4 shows the result
of simultaneous phased excitation at a plane 2 cm below the
plane of the wire. We chose this plane to show image of the
in-phase excitation with reduced field distortion caused by the
“hot wire.”

Simulated W and corresponding ∆T at the tip of the wire
are shown at the bottom of each image for a 90◦ flip angle
excitation. The temperature data fit reasonable a quadratic
dependence on W (graphic not shown). Additionally, heat-
ing reduction was effective all along the critical immersed
length of the wire for the 180◦ out-of-phase configuration as
confirmed by Fig. 5.

For this experiment, the maximum temperature at the
tip was reduced by 92% compared to that obtained during
body coil transmission, and 73% compared to that obtained
during parallel transmission with the phase configuration for
maximum B1 homogeneity at the same flip angle (approxi-
mately 90◦). Note that in the case of heating, there is a steep
temperature evolution along the wire, which is expected for
the insulated wire where the E-field is highly concentrated at
the exposed tip as previously shown by Park et al.10

The execution time of the constrained minimization algo-
rithm was approximately 12 s in a standard CPU (Intel Xeon
CPU E5-2620 @ 2.0 GHz) and it could be further acceler-
ated by a GPU implementation. Figure 6(a) shows simulated
B1 profiles and W values at the specified ROI that resulted
from transmitting with reduced number of elements while Fig.
[6(b)] shows the results from transmitting simultaneously with
all channels by setting the phases and amplitudes obtained
through the optimization algorithm.

The temperature at the tip measured on the benchtop for
each phase and amplitude configuration is also shown in this
figure. We can see the advantage of the method in obtaining

F. 7. Temperature increment vs simulated W 2 corresponding to the RF
phased excitations shown in Figs. 4 and 6 at the two different current levels.
Linear curve fits are shown in dashed lines.
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F. 8. B1 excitation profiles (a) and corresponding SAR maps (b) for the different phase setups simulated by FDTD method for a wire of 40 cm in length. For
all phase configurations, local SAR maxima at the tip of the device and global SAR were obtained for a current loop of 1 A (indicated at the bottom of each
map).
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similar FOV but at a reduced ∆T on the tip of the wire by
exploiting the additional degree of freedom offered by the pTX
system [Fig. 6(b)]. Maximum heating reduction was around
90% for ROI#4 and minimum reduction was around 50%
for ROI#1. Note that for ROI#1, ∆T was only 0.79 ◦C when
transmitting with reduced number of elements. This was in
agreement with the fact that the induced field on the wire
by channels 1 and 2 was minimal at the set relative position.
Figure 7 shows measured temperature values vs simulated W 2

values for both heating tests performed in the scanner (Fig. 4)
and on the benchtop (Fig. 6). A linear curve fit is shown in
dashed line for both cases.

Despite the poorer decoupling values among modeled
loops, RF excitation profiles obtained by FDTD simulations
[Fig. 8(a)] were in agreement with those obtained in the MRI
scanner for same phase combinations (Fig. 4). In the SAR
maps [Fig. 8(b)], the location of the hot spot (local SAR
maximum) was confirmed to be at the tip of the device, and its
evolution with the different phase combinations was in close
agreement to the experiment shown in Fig. 4. Additionally, the
reduction of local maximum SAR at the tip of the device was
possible without an important increase in global SAR value.

This can be clearly seen in the plot shown in Fig. 9, where
the temperature increments measured in the MRI experiments
were compared with SAR obtained by FDTD simulations (for
two different total lengths of the wire) and with W 2 obtained
through the quasistatic numerical simulation, all these vari-
ables referred to its maximum value obtained with all channels
in phase.

Because of the relative load insensitivity of the CMCD
amplifiers, no additional adjustments from the phantom exper-
iment were necessary for successful imaging of the animal.
Figure 10(a) shows an axial slice of the animal’s anatomy ob-
tained with a standard localizer sequence. The signal received
with the active guidewire for the same slice is shown in
Fig. 10(b). Flip angle maps and average flip angle in the
surrounding of the guidewire (ROI with 6 pixel-radius) are

F. 9. Temperature measurements versus RF heating simulations (both
FDTD and quasistatic method) of the wire in the phantom setup for different
phase combinations of the pTX system. All variables were normalized to
their corresponding maximum value obtained with all channels in phase
(configuration 1) and a current amplitude of 1 A.

F. 10. Axial images and B1 maps at the isocenter obtained with EPI
sequence. Axial image of animal’s abdomen obtained through body coil
TX/RX using a localizer sequence (a). Device visualization through body
coil TX and local RX by active guidewire (b). Axial flip angle map and
average flip angle in the highlighted ROI obtained through EPI sequences
when transmitting with body coil (c) and with the pTX array with all channels
in phase (d).

shown in the case of transmitting with body coil [Fig. 10(c)]
and transmitting with the pTX system with all channels in
phase [Fig. 10(d)].

In this setup, average flip angle in the highlighted ROI
(surrounding of the guidewire) was 50◦ when transmitting
with body coil and 43◦ when transmitting with the pTX array.
At same power settings, Fig. 11 shows from top to bottom
sagittal images and corresponding ∆T on the tip of the wire
when transmitting with the transmit array with all channels in
phase, with channel 1 and channel 4 180◦ out-of-phase and
with channel 1 and channel 3 180◦ out-of-phase (elements with
phase inversion are indicated by dark solid lines). Note that
channel 1 was outside the image FOV (in the foot direction)
and only coupled to the part of the guidewire outside the
animal’s body. Temperature was reduced by 54% when the
phases of channels 1 and 4 were inverted and by 86% when
the phases of channels 1 and 3 were inverted instead. For this
last phase configuration, the temperature increment was close
to the minimum detectable value of the measurement system;
however, B1 homogeneity was further compromised by the
presence of two signal suppression bands.

5. DISCUSSION

We have shown that a device-friendly excitation is possible
through the minimization of a variable defined as the total
excitation potential along the wire. The excitation potential
on the wire W was formulated here as the driving force of
the induced RF heating for a given coil geometry and wire
location. We confirmed that as this variable was minimized
by a particular phased excitation, the ∆T at the tip of the wire
was also reduced. Since we did not aim to predict absolute
temperature or SAR values, we were able to formulate the
problem independent of the structure of the device and its
surrounding. Note that Eq. (1) can be seen as a simplified
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F. 11. Sagittal images of the animal’s abdomen and corresponding temperature increment at the tip of the guidewire at the same power setting than that set
for flip angle maps (Fig. 10). All channels were transmitting simultaneously in phase (top), channel 1 and channel 4 180◦ out-of-phase (middle), and channel 1
and channel 3 180◦ out-of-phase (bottom). Dark solid lines indicate the elements with phase inversion.

model, with unity transfer function (assuming the transfer
function is positive and real), from that presented in the work
by Park et al.10

We showed around a fourfold reduction of heating in the
MRI phantom experiments when replacing the body coil TX
by the pTX excitation where the elements at the edge of the
array were 180◦ out-of-phase. For this case, signal suppression
bands were close to the edge of the FOV but homogeneous
excitation was possible toward the center of the phantom.
Therefore, we obtained reasonable B1 homogeneity in a large
part of the FOV with significantly reduced heating. Similar
improvement was shown on the benchtop when testing the
amplitude and phase weighted excitations that resulted from
the constrained minimization algorithm, clearly showing how
the degrees of freedom of the four-channel transmitter can be
exploited to further control the E-field along the wire while
sacrificing some B1 homogeneity outside a predefined ROI.
Note that high B1 homogeneity was not possible for the entire

ROI#3 which was proved to be a region of strong E-field
coupling to the wire. This situation could be improved by
a more stringent threshold of the constraint function at the
expense of increasing W . In practice, this approach would be
acceptable if the resulting ∆T is still below a predefined safety
threshold. Even though the effective excitation FOV will be
reduced to that of a system with reduced number of elements
(shown two or three channels), the significant reduction of
heating (up to tenfold reduction) justifies transmitting simul-
taneously with the additional channels.

Importantly, the trend of W 2 and SAR with phase combina-
tions, obtained by quasistatic numerical simulation and FDTD
method, respectively, was both in close agreement with the
trend in temperature measured in the MRI experiments, rein-
forcing the validity of a quasistatic approach for the presented
problem at 64 MHz. The aim of this study was to present a
simple and fast method to calculate a device-friendly excita-
tion for the elements of the array without prediction of absolute
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temperature or SAR values. In a real iMRI procedure, we
would tailor the RF excitation based on the minimization of W
and adopt a real-time device safety monitoring method during
excitation.11,25–28

FDTD methods offer more accurate predictions of the fields
for a given wire and phantom configuration but require more
calculation power (that could take many hours to days of
simulations) which currently is not practical for near-real-time
monitoring during an intervention. Conversely, the 
routine runs in just few seconds, and the relative position
of the wire to the array (obtained through imaging) could
be updated in the algorithm to get a new set of optimum
phase and amplitude values that minimize heating. Interven-
tional devices as the active guidewire used in the in vivo
experiments are more complex structures than plain wires and
modeling is expected to be more difficult and time consum-
ing. Even though different wires and phantom solution will
present different heating behaviors, we think that the gen-
eral solutions described here should apply to a wide range of
configurations.

We have shown successful operation of the system in the
in vivo experiments. Previously reported in vivo procedures
with this guidewire under body coil transmission11 showed
negligible heating under normal parameter scanning. As ex-
pected, in this work we also measured relatively low in vivo
heating, presumably due to effects such as convection in
the blood stream and location of the guidewire relative to
the body coil transmitter (low E-field area). Even at these
low temperature increase values (∼1 ◦C), we were able to
detect close to zero ∆T when the phase of successive chan-
nels was set 180◦ out-of-phase. Importantly, this “zero” ∆T
was achieved at approximately 43◦ average flip angle in the
surrounding of the guidewire as indicated by the flip an-
gle maps, confirming an effective cancelation of the E-field
coupled to the guidewire at this no optimal condition for B1
homogeneity.

In the phantom experiments, we did not aim to set a worst-
case scenario for heating like it is usually performed in safety
tests.9 As mentioned in Sec. 3.B, we matched the average
Q-value for the human torso; this resulted in a solution of
conductivity around 0.1 s/m which is more than four times
lower than the conductivity of standard phantoms which simu-
late average or maximum tissue conductivity. Importantly, the
on-coil current-source amplifier, as opposed to a conventional
50 Ω voltage-source amplifier, was designed for a load of
just few ohms (1–10 Ω)18 and the selected conductivity value
represented a reasonable loading for the specified loop dimen-
sion and phantom spacer distance. Using an array with higher
number of smaller loops, as it will be necessary for real appli-
cations, will allow the use of higher conductivity phantoms
while keeping the loading to the amplifier small, such as the
FET drain voltage is minimized for a given output current. Ad-
ditionally, heat convection was not reduced through a gelled
solution, this also contributed to have less heating than in other
related works.2,6,29

Finally, parallel transmit excitation has been broadly pro-
posed for B1-shimming and SAR reduction applications at
high field. We have shown here further data that support the

use of a pTX system at clinical field strengths. We exploited
our current-source transmitter to have a direct control on
the amplitude and phase of the current/B1 in each element
and minimized the effect of E-field coupling to a straight
wire located in the scanner z-direction. By using a higher
order TX array, we could also control E-field coupling to
devices that have more complex trajectories in space as a
curved guidewire setup, pacemaker, or deep brain stimulators
leads.
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