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Abstract—In this work, we demonstrate an approach for local
reduction of the electric field amplitude of the transmitted radio-
frequency signal in ultrahigh-field magnetic resonance imaging
(MRI). We excite a suitable combination of three coupled dipole
hybrid resonances composing a single transmit antenna array
element. Using numerical optimization, we designed a feeding
network for three coupled dipoles placed over an electromagnetic
phantom mimicking a human body. This network of discrete
elements provides the appropriate amplitudes and phases of
three dipole currents excited by a single input port. It allows
controlling the electric field distribution in the vicinity of the
antenna. Our goal was to obtain a minimum of the electric field
at the given relatively small depth inside the phantom, where
body implants are typically located while keeping a tolerable level
of the magnetic field toward the phantom’s center. We designed
and manufactured a three-dipole antenna prototype optimized
for MRI of the human body at 7 T (proton Larmor frequency of
298 MHz). The experimental validation showed a 40 dB reduction
of the electric field amplitude at a depth of 4 cm compared to
a conventional single-dipole antenna. The coupling network can
be rearranged to target different depths. Therefore, a principle
of electric field minimization at a controllable position inside the
body has been shown, which may be useful for designing transmit
MRI antennas with improved safety of implants.

Index Terms—'7 T, antenna, dipole, magnetic resonance imag-
ing (MRI), modes, specific absorption rate (SAR), ultrahigh field.

I. INTRODUCTION

AGNETIC resonance imaging (MRI) is a rapidly devel-
oping, noninvasive technology for early diagnostics of
various diseases and clinical investigation of the human body.
One of the current development trends is increasing the static
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field By of superconductive magnets providing a higher signal-
to-noise ratio and a higher resolution as well as better tissue
contrast [1]. Ultrahigh-field MRI with a static magnetic field
By of 7 T has become available for clinical diagnostics of
the human head and extremities. Ultrahigh-field MRI methods
have been successfully employed for the investigation of the
human brain [2] and early detection of cancer [3]. However,
challenges remain in the development of RF hardware, and
safety concerns slow the application of ultrahigh-field MRI to
some clinical tasks, especially for body imaging.

Increasing By leads to higher Larmor frequencies (for
instance, 298 MHz at 7 T for proton nuclei), which are fre-
quencies of excitation signals during the MRI scan. Due to the
high permittivity of most human body tissues, the correspond-
ing wavelength can be reduced to approximately 13 cm in the
abdominal cavity [4]. Moreover, the conductivity of the tissues
leads to a reduction of the penetration depth of the operational
right-hand circularly polarized component of the magnetic
field Bfr [expressed as 0.5(B,+iBiy) [5]] as well as a highly
inhomogeneous amplitude and phase distribution of the same
B field across the body. This results in the hotspots transmit-
ting electric field (as a spatial derivative of the magnetic field),
leading to tissue heating. To achieve the needed signal-to-noise
ratio for deeply located regions, higher levels of transmitted
power are required than in conventional clinical MRI with
1.5/3 T field strength. For instance, an about twofold increase
is required when going from 4 to 7 T [6]. This becomes one
of the factors, which contribute to higher levels of specific
absorption rate (SAR)—a measure of the rate at which the RF
excitation of the human tissue is converted into the heating of
the sample, calculated as (1/V) [(a (r)[E(r)|*\p(r))d V. SAR
could be calculated at a point or averaged over the whole body
volume or a small volume (typically 1 or 10 g of tissue).

Due to the wavelength reduction, B;" amplitude and phase
distributions become sample-specific, highly inhomogeneous,
and thus hard to control using a single transmit antenna [7].
In contrast to high-field clinical MRI, where a volumetric
“birdcage” resonator is used for relatively homogeneous exci-
tation of the sample [8], the method of RF shimming is
widely adopted in ultrahigh-field MRI [9], [10]. This method
uses multiple antenna elements located near the body or head
surface. These are typically driven with optimized phases to
homogenize B;" amplitude over the region of interest (ROI)
for the available amount of transmit power. While optimization
and MRI procedure have made impressive progress in recent
years, RF shimming is not available in clinical applications due
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to safety concerns. The elimination of the local SAR hotspots
when using phased array antennas for body imaging at 7 T
and above remains one of the most critical challenges in the
future development of ultrahigh-field MRI.

Different types of antennas have been proposed as on-
body (surface) array elements for ultrahigh-field body imaging
such as loop coils [9], TEM transmission-line resonators [11],
slots [12], dipoles [13]-[15], and leaky-wave antennas [16],
as well as their combinations [17]. A way of combining the
antenna array with excitation by a traveling-wave coil has
also been proposed [18]. All these types of antennas differ
by their resonant properties and amount of reactive electric
fields localized near the antenna conductors, therefore, causing
different SAR levels. A relationship between the quality factor
and maximum local SAR created in the vicinity of the antenna
was observed [16]. It is expected that less resonant antenna
configurations can achieve lower SAR. Indeed, reducing SAR
for the same B} is one of the most desirable results of transmit
antenna optimization as it allows higher input power per array
element while managing safety requirements on maximal local
SAR.

Much effort has been made to reduce SAR created by
surface antenna elements for ultrahigh-field body imaging.
Despite loop coils traditionally being used in MRI as local
antenna-array elements, their operation for body RF excitation
at 7 T was found to be not optimal in terms of the ratio
B /</SAR,..x which is called the SAR efficiency. In the
latter, B is measured in the ROI (typically in the center of
the body). At the same time, SAR,,,, is the maximum local
SAR within the entire object. It was shown [13] that dipole
antennas overcome loops in terms of SAR efficiency when
used as elements of phased arrays for RF shimming, while
loops may serve as additional receive-only elements [17].
First, introduced dipoles were mounted on bulky ceramic
spacers to keep conservative electric fields mostly outside the
object and to reduce SAR [14]. Later, several modifications
of on-body dipole antennas were introduced to reduce electric
fields and SAR. A bowtie antenna on a water-filled substrate
was proposed to control the electric field for MR-controlled
hyperthermia [15]. Ways of improving the coil’s SAR effi-
ciency by adding a shielding plate have been explored [19],
[20]. The fractionated dipole with inductive bent strips and a
thin low-permittivity spacer was shown in [21] to improve
SAR efficiency in comparison to the first dipoles by opti-
mizing the length and inductance of its bent conductors.
In [22], the fractionated dipole was upgraded in terms of
SAR by eliminating the high electric fields nearby the feed-
ing point at the center using passive feeding. The idea of
meandering for SAR reduction was further developed in the
recently introduced “snake antenna” for body imaging at
10.5 T [23].

Another approach to SAR reduction looked into the homo-
geneous distribution of currents around the body compared to
a previously proposed configuration of eight transmit dipoles.
In this approach, each transmit antenna array element con-
tained two parallel dipoles driven in-phase instead of one [24].
This dual-dipole antenna resulted in a 70% SAR reduction
in comparison to the single fractionated dipole while having
the same B in the center of a sample. Here, the dipoles
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were modified to reduce SAR, thanks to lower local current
amplitude and near electric field while maintaining high radia-
tive fields dominant in the body’s center. However, none of
the previous designs provide the opportunity to cancel the
electric field at a desirable point located relatively close to
each antenna array element.

As well as lowering SAR, the reduction of the electric field
can be used to protect the patient in cases when a conductive
object is present near the surface of the patient’s body [25]. For
example, in cardiac imaging, such an object could be an artifi-
cial pacemaker [26], a lead [27], or a catheter [28], [29]. While
for bulky implants, gradient heating can be much more signifi-
cant [30], [31], for prolonged implants like leads and catheters,
RF heating is the most considerable. For 7 T, it is mainly
related to cardiac or prostate imaging. Other methods exist
for mitigating the risk of heating of the implant and the sur-
rounding tissues, such as modifying the implant’s impedance
to reduce the induced currents, for example, by adding coax-
ial chokes [32], [33]. However, such modifications of lead
wires or cables can be detrimental to mechanical robustness
and infeasible for patients with installed pacemakers. Another
method of mitigating the electric field near the implant would
be by using strategically located high-permittivity material
pads [34]. However, this method is designed for lower static
magnetic field strengths, where birdcage coils can still be
utilized. Furthermore, since leads and catheters can take a
number of trajectories through the body, a method of electric
field reduction would need to be flexible enough to account
for this. Using adaptive RF shimming has been demonstrated
to be suitable to achieve this by minimizing the electric
field created by the entire array, but not nearby the antenna
elements [35], [36].

In this work, we propose and develop an antenna for
ultrahigh-field MRI of the human body at 7 T that would allow
us to manipulate the near-field distribution with an ability
to minimize the electrical field level at the desired point or
line near the surface while maintaining a high enough level
of B} in the scanned region near the center of the body.
Minimization of E-field is essential in the region right below
the antenna, where for conventional antennas, a peak electric
field is typically observed. Minimizing the E-field amplitude
at a given depth will allow one to create a safe region under the
surface and reduce the undesirable current in metallic implants
situated in the same region. The proposed antenna containing
three intrinsically coupled dipoles is demonstrated here on the
bench and is intended for use in a transceive array for body
imaging at 7 T.

II. METHOD FOR ELECTRIC FIELD SUPPRESSION

The excitation of a system of coupled resonators can be
interpreted in terms of hybridized modes of the system. In our
case, these modes can be likened to modes of current similar
to those described in [37] and [38]. The field outside the
system can be approximated by a linear combination of the
modal fields, with coefficients depending on the excitation
scheme and frequency. By controlling the excitation of the
resonators, we can control their field distribution. In this work,
we propose to minimize or suppress the electric field at a
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Fig. 1. Idea of the proposed method for minimizing electric field by
combining two of three modes in a system of three coupled dipoles (symmetric
case). (a) Hybridized modes of the structure. Currents are shown in red and
blue, their respective magnetic fields in orange and light blue. (b) Electric
fields of the first and third modes and a possible result of combining the two.
Here, d is the distance between dipoles, and % is the distance from the central
dipole feeding point to the minimum. (c) Normalized profiles along the y-axis
of the electric fields shown above.

given depth inside the human body just below the antenna
by combining the hybridized modes of three coupled dipoles.
To show the principle, we consider three fractionated dipoles
placed in parallel to each other as shown in Fig. 1(a). In the
structure of three electrically coupled dipole antennas, three
hybridized modes exist. First is the “dipole” mode, in which
the current along all three dipoles flows in phase, essentially
forming a single wide strip of current radiating similar to a
thick dipole antenna, creating lower reactive fields. The second
is the “loop-like” mode, where the two-side dipoles have their
currents facing opposite directions, while the middle one does
not contribute at all. The field related to this mode can be
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attributed to a vertical magnetic dipole formed by two opposite
currents with a noticeable distance between them. However,
such a system of currents also has an off-diagonal quadrupole
term that implies the difference of the modal electromagnetic
field from the field of a magnetic dipole beyond the H-plane
of the system (xy-plane). In the H-plane, and, in particular,
on the y-axis, the fields of magnetic dipole and off-diagonal
quadrupole are nondistinguishable from one another. The third
is a “figure-8-like” mode, with the currents on the side dipoles
being antiparallel to the middle one. The field effect of this
mode is similar to a magnetic quadrupole combined with an
electric dipole to account for the possible difference between
the current amplitudes of the center dipole and the side ones.
When considering the field right below the middle dipole (in
the near- and intermediate-field regions on the y-axis), the first
and third modes produce horizontal (X-directed) components
of the magnetic field, while the second mode produces a
vertical (Y-directed) magnetic field component. At the same
time, the first and third modes produce an electric field in the
parallel direction along the z-axis [see Fig. 1(a)]. By finding
the correct excitations, one can have electric fields of the
first and third modes cancel each other due to destructive
interference at a given position along the y-axis [39]. It can
be shown that when the excitation is done with a number of
dipoles aligned along Z canceling the Z-component of the
electric field is enough for a significant reduction of SAR
since even at their respective maximums near the ends of the
dipoles the contribution of X-and Y-components to SAR is
about four times less than that of the Z-component at the
center. It can be said that the Z-component is what primarily
decides the position and magnitude of the maximum of SAR
and minimizing it is equivalent to minimizing SAR,;,,..

Let us assume that the dipoles are all aligned, and two of
them are placed symmetrically at a distance d from the middle
one, which is positioned on the z-axis. Thanks to the common
direction of the electric field and the exact even symmetry
with respect to the x-axis, a proper combination of the first
and third modes minimizes the total electric field at a point
along the y-axis. The further the point, the more significant
is the required magnitude of the third mode in comparison
to the first one. When the antisymmetric second mode is
added, the point at which the electric field can be canceled
can be shifted off the yz-plane. In this work, for simplicity,
we limit ourselves by placing the target point for electric field
cancellation along the y-axis. Both the position of such a
point and the above-described mode interference are shown
in Fig. 1(b).

With the increase of the mode order, the field strength
decreases more rapidly with a distance from the antenna plane.
As illustrated in Fig. 1(c), in our case, the field of the third
mode decays more rapidly than that of the first one. Neverthe-
less, when excited with sufficient amplitude, the third mode
becomes capable of canceling the electric field of the first
mode even at a relatively large distance in the y-direction.
In the presence of a conducting object mimicking a human
pelvis (called a phantom), this combination principle is still
valid: one can combine the first and third modes (and option-
ally the second one in the asymmetric case) with particular
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Fig. 2. Block diagram of the optimization algorithm used for determination of lumped elements for the minimized electric field at a given depth in the phantom.
(a) Antenna geometry in CST MWS. (b) Representation of the method of obtaining electric fields of individual ports and their S-matrix. (c) Recalculated

reactances as they are placed on the antenna.

amplitudes and phases to minimize (or maximize) the field in
the region of the object located below the center of the antenna
while not diminishing the magnetic field at larger depths to
some extent.

A. Proposed Antenna Design

The proposed antenna consists of three identical parallel
dipoles [see Fig. 2(a)] connected by reactive circuit elements
and fed at one port in the middle of the central dipole. By load-
ing the side dipoles by shunt capacitance Cgyyne and connecting
the dipoles using series inductances Lgeies [see Fig. 2(c)], it is
possible to excite the required linear combination of the first
and third modes using just one port. It is important to use one
port per antenna since the number of transmit channels used
in the RF shimming approach in state-of-the-art MR systems
is limited. The proposed antenna comprising three dipoles
and driven with one port is considered as a single element
of a transmitting array for body imaging at 7 T. The choice
of reactive impedances of the lumped elements then sets the
phase shift and amplitude of the side dipole currents relative
to the central dipole.

The practical realization of the triple-dipole antenna
designed for 298 MHz (Larmor frequency of 7 T proton MR
imaging) consists of three parallel fractionated 30 cm long
dipoles printed on top of a 1.5 mm thick FR-4 substrate with
the dimensions of 12 x 30.8 cm? and relative permittivity
of 4.3 (each one is similar to the dipole proposed in [14]).
The substrate was placed over a 2 cm thick polycarbonate
spacer to limit SAR levels as was previously done for single
on-body dipole antennas [21]. The dipole’s axes are positioned
at a distance d = 4 cm away from each other. The dipoles

antenna

Fig. 3. Configuration used for on-bench measurements. (a) Three dipoles,
printed on a PCB substrate and connected by a coupling network. (b) Close-
up of the coupling network. (c) Photograph of the manufactured triple-dipole
antenna on a polycarbonate spacer connected to VNA and attached to a
phantom. A probe is connected to the arm of the near-field scanner placed
inside the phantom. (d) Schematic representation of the same setup.

themselves are 1 cm wide copper strips. The geometry of each
dipole is the same as in [21], the only difference being an
addition of half-centimeter-long stubs in-between the dipoles’
arms for embedding coupling circuit elements for proper exci-
tation of modes [see Fig. 3(a)]. Hand-wound inductor coils
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and nonmagnetic adjustable air trimmer capacitors with the
capacitance range of 0.8-10 pF were used for setting the
necessary reactances of the coupling network [see Fig. 3(b)].

B. Simulation and Optimization

First, electromagnetic fields in a pelvis-shaped homoge-
neous phantom were calculated using CST Microwave Studio
2018. For simplicity, only z-component of E-field was taken
into account since according to our simulation, for a single
dipole, only E, defines the local maximum of SAR. E, in
the phantom was exported to the MATLAB R2017b software
for optimization of a triple dipole antenna. The phantom
had the averaged dielectric properties of human body tissues
at 7 T [13] (¢ = 34 and 6 = 0.45 S/m). Each of the three
dipoles without circuit elements individually fed via lumped
50 Q ports [shown as red cones in Fig.2(b)]. For each port
excitation, the other two ports were loaded by 50 Q loads that
allowed to calculate and export the S-matrix as well. Then,
in the second step, obtained electromagnetic field distributions
can be combined to find excitation phases and amplitudes
that would minimize the electric field magnitude at a given
point. The optimization was done with the MATLAB R2017b
optimization toolbox. As a constraint, excitation amplitudes
of the two side dipoles were set to be equal to ensure only
the symmetrical modes were excited. The vector of opti-
mized excitations a was used in conjunction with the exported
3 x 3 matrix of S-parameters to find the b vector of the
reflected wave complex magnitudes. This allows us to calcu-
late forward or accepted power (Pyim and Py, respectively)
and use either of the two as constraints in order to com-
pare different cases quantitatively. When finding the optimal
current magnitudes and phases, we kept the accepted power
constant and ensured to minimize the level of E-field. In the
third step, these a and b were used with input impedance
Zp = 50 Q to find the vector of currents I at the input of
each dipole as I = (a — b)/+/Zy. The goal was to obtain the
minimum of the electric field at the given depth inside the
phantom normalized by the square root of accepted power.
While B could be separately maximized at the same time,
it will likely compromise the convergence of the optimization
and slow down the optimization procedure. Finally, in the
fourth step, the values of the reactive elements were found
by a 2-D sweep across series (Xseries) and shunt (Xgpune) reac-
tances, while using only one port in the middle. The target
function in choosing the reactances was the distance of the
vector of resulting complex-valued currents to the optimized
vector obtained at the first optimization step. This strategy,
graphically represented as a block diagram in Fig. 2, helps to
avoid recalculating full 3-D simulations for every reactance
value tested and requires a few minutes of computation on a
regular PC (Intel i5 7600 CPU, 32 GB RAM).

As a result, by interconnecting the dipoles with the deter-
mined lumped reactive elements, the optimized currents were
found to minimize the electric field level at a given depth using
only one fed port. In this way, one obtains an antenna element
that intrinsically creates a minimum of the electric field at a
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desirable depth, for example, in the implant’s assumed position
in a human body.

The reactive impedance values that were found in the previ-
ous step are then included in the numerical simulation of the
proposed antenna as lumped elements. The reactance values
were then swept once again in a 3-D simulation model of
CST to accommodate any inconsistencies introduced by using
lumped elements in schematic cosimulation and improving the
achieved E-field reduction. The simulation aimed to confirm
the existence of the supposed minimum of the electric field as
well as to investigate the antenna’s performance regarding B
and SAR.x.

C. Near-Field Measurements and Performance Evaluation

In order to validate the numerically calculated result, the
electric and magnetic fields in the phantom were measured
on the bench using asymmetric dipole and loop probes. The
electric probe was aligned along Z, while the loop probe was
placed in parallel to the zy-plane. The phantom was filled
with a mixture of distilled water and ethanol (with a ratio
of about 1-5) with NaCl added and had the same dielectric
properties as the phantom in the simulation. The complex
permittivity of the solution was measured using the SPEAG
DAK-12 precision dielectric measurement system and Agi-
lent E8362C vector network analyzer (VNA). The phantom
used in the measurements was made using a 30 L plastic
container with about 26 x 26 x 43 cm size. Because the
cross section of the canister had a shape of a chamfered and
slightly rounded square, only about 20 cm of the side was a
usable flat surface. The container had a 21.5 cm wide circular
neck.

The photograph of the fabricated antenna printed on the
FR4 substrate is shown in Fig. 3(c). The experimental setup
is presented in Fig. 3(d). It consists of the antenna, the
phantom, a near-field scanner, and a probe connected to the
scanner. The electric probe was then used to scan through
the phantom to obtain a 3-D pointmap of the Z-component
of the electric field, while the magnetic loop probed the
X-component of the magnetic field. Both the probe and the
investigated antenna were connected to the four-port R&S
ZVB20 VNA using paired coaxial cables driven in the dif-
ferential mode to avoid the cable effect (logical port mode).
The cable effect appears due to the improper connection of
an asymmetric-type transmission line to a symmetric antenna
causing the even mode of current flowing in the transmission
line and distorting the field pattern. Ports 1 and 3 were com-
bined as a logical port of the dipole, while ports 2 and 4 were
combined as the logical port connected to the probe. The
electric field was measured indirectly via the differential-mode
transmission coefficient Sqq1, between the antenna port and the
probe and normalization to accepted power calculated through
the differential-mode reflection coefficient at the dipole port
Saatt a8 Saar2/~/Pace = Saai2/+/(1 — |Saar1?). The resulting
4 x 4 S-parameter matrix of four physical ports was then
used to reconstruct 2 x 2 S-parameters of the balanced
two-port network as Sgg1p = (Spp — S14)/2 — (532 — S34)/2,
Saarr = (S11 — 833)/2 — (S22 — Saa) /2.
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TABLE I

RESULTS OF THE SIMULATION. DECREASE IN ELECTRIC FIELD
STRENGTH IS MEASURED RELATIVE TO A SINGLE DIPOLE
DRIVEN WITH THE SAME ACCEPTED POWER

Target depth, h 4 cm 5 cm 6 cm 7 cm 8 cm
Xeries» Ohm -17,9 9,3 55,6 150,8 208,1
Xshunt, Ohm -48.,2 -53,7 -62,1 -68,6 -68,6
Relative depth error 1.08% | 4.21% | 0.78% | 3.51% | 0.17%
E-field reduction, dB -42,2 -34,7 -41,3 -40,7 -34,4

Fig. 5. Model of a metallic lead inside the phantom. The red circle marks
the integration path used to calculate the current.

III. NUMERICAL RESULTS OF ELECTRIC
FIELD MINIMIZATION

The reactance values found after the optimization are pre-
sented in Table I. In the case of decreasing depth, the series
reactance gradually decreases before passing over zero and

becoming negative as the optimization point approaches the
surface. This negative reactance can then be recalculated into
corresponding capacitance. The shunt reactance stayed neg-
ative across the entire range of investigated depths. Overall,
when recalculated from the reactances, the values of the induc-
tances and capacitances typically stayed below 120 nH and
20 pF, respectively. Most of the values found via MATLAB
gave an immediate result, except for the ones with the absolute
values of their reactive impedances closest to zero. This can be
explained by the parasitic reactances of the geometry playing
a comparatively more significant role. As such, some values
(namely, for depths & of 4 and 5 cm) were adjusted with
another sweep after running a CST simulation in order to
have their minimums be closer to the target coordinates. The
numerically calculated field profiles for reactances optimized
for different depths are presented in Fig. 4 and compared
to the single dipole case. By setting various depths & as
targets for optimization, we have shown that the electric field
minimum can be obtained at any depth from 1 to 6 cm
[see Fig. 4(a)]. The difference between the expected mini-
mization depth and realized depth in full-wave simulation is
given in Table I. As can be seen from Fig. 4(a) and (b), for
most depths, the region of lowered field is about twice as wide
in the z-direction as it is in the x-direction. In fact, for the
z-direction, the field decrease is not confined to the aforemen-
tioned region, with about a fivefold lower field under the mid-
dle dipole in comparison to a single dipole for the entirety of
its length [see Fig. 4(e)]. This is beneficial since the implants
that offer the most cause for concern of heating due to the
E-field are prolonged and typically oriented along the z-axis.
Fig. 4(d) and (e) shows the way the area of a significantly
lower field gradually becomes less and less confined as the
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TABLE 11
DECREASE IN CURRENT AMPLITUDE ON THE LEAD

Target depth, h 4cm | Scm [ 6ecm | 7em | 8 cm
Current for 1 dipole, mA 40,4 32,9 27,1 22,2 18,2
Current for 3 dipoles, mA 2,3 1,5 1,1 0,7 0,5

Current reduction, dB -24.8 -26,9 -28,1 -29.5 -31,5

depth increases. This demonstrates the problem in creating
such a minimum at a considerable distance away from the
antenna, where the near-field contribution will be significantly
lower. Fig. 4(f) and (g) shows that this also applies to the
magnetic field with the region of the lowered field being wider
for deeper minima.

A circular metal wire with a diameter of | mm and length
[ = 10 cm modeling an implanted lead was then placed
inside the phantom at the optimized depth & to verify that the
minimization of the electric field corresponds to the lowering
of the current induced in a prolonged implant (see Fig. 5). The
current amplitude was calculated by integrating the magnetic
field along the circular contour with radius » = 3 mm around
the wire. The results are presented in Table II. A current reduc-
tion of about 20 times was observed. The stronger reduction
of current at greater depths confirms the elongated shape of
the field minimum being beneficial.

Another group of simulations was aimed at gauging the
performance of the proposed antenna when used as an element
of a six-channel array, mainly by comparing SAR efficiency,
with that given by an array of eight single dipole antennas.
For both antenna types, the procedure of phase RF shim-
ming was applied. In other words, each antenna of the array
was fed with an individually selected initial phase [shown
in Fig. 6(a) and (d)] to interfere in-phase and maximize BI’L
magnitude at one point (at the center of the body model).

The Gustav voxel model from the CST Studio voxel model
family was used to estimate the SAR efficiency in the center of
the body model, as well as SAR and E-field distributions. The
results (normalized to forward power) are compiled in Fig. 6.
The decoupling performance of the two arrays after match-
ing is demonstrated in Fig. 7. The reactances of the lumped
elements used were previously optimized on a phantom for
creating a minimum of an electric field at a depth of 2 cm.
When estimated at the center (for the B field averaged in
the region of the prostate), the proposed configuration resulted
in about 29% better performance in terms of SAR efficiency
[see Fig. 6(a) and (d)] and 6% in terms of transmit efficiency
(see Table III). Transmit efficiency here is defined as the ratio
of the averaged B;" field to the square root of the transmitted
power. As such, it could be stated that when compared to
the single dipoles, the proposed coil does not have worse
imaging capabilities in the ROI. For comparison, eight-channel
dual-mode dipole array [24] were simulated. This array could
provide higher SAR efficiency in comparison to the proposed
array. Still, it could not allow E-field manipulation in the
desired region. This depth of 2 cm corresponds to electric
field minimization in a specific location of a prolongated
metal orthopedic implant, for example, a femur or pelvis
implant. The point with the depth of 9 cm, in which B;
field and efficiency are found, corresponds to a position of
the human prostate, one of the important ROIs in ultrahigh-
field MRI. Due to the dielectric properties in the human body
not being homogeneous because of variation between tissues
and to some part due to the interference between the array
elements, the minimization of the field could not be achieved
to the same extent as in the phantom for one antenna only.
Nevertheless, the impact of the mode interaction can be seen
in the disappearance of the two SAR maximums on the right
side of the model [see Fig. 6(e) and (b)] and the lower electric
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TABLE III
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COMPARISON BETWEEN THE TRIPLE, SINGLE,
AND DUAL-MODE DIPOLE ARRAYS

Triple | Single Diff. Dual
SAR efficiency, puT/v/W/ikg 0.221 0.171 29.1% | 0.383
Transmit efficiency, uT/v/W 0.134 0.126 6% 0.331
Max local SAR, W/kg 0.29 0.47 38.1% | 0.235
Mean [E] at target points, V/m 7.6 32 76.1% | 203
[ET at bottom left point, V/m 0.8 28.5 97.2% 16

@ 1 2 3 4 5 s

(b)12345678

Fig. 7. S-matrices of antenna arrays after matching. (a) Six proposed
antennas. (b) Eight single dipoles. The antennas are numbered clockwise,
starting with the leftmost one at the top.

field beneath the antenna centers compared to the case of the
single dipoles [with the best case of the lower-left antenna
having the field more than 20 times lower at the estimated
point; Fig. 6(c) and (f)]. Generally, most of the six elements
of the proposed type clearly demonstrate the required local
minima of the electric field, as can be seen in Fig. 6(c) and (f).
Therefore, in comparison to an array of single dipoles, the
proposed elements provided significant electric field reduction
nearby each array element position while showing better SAR
efficiency for the center of the body model.

IV. ON-BENCH MEASUREMENT OF ELECTRIC AND
MAGNETIC FIELD DISTRIBUTIONS

To investigate the effect of the optimal combination of the
exciting eigenmodes on the field created by the proposed
antenna, its electric and magnetic field components inside
a phantom were numerically calculated and measured for
the optimization depth of 4 cm. The lumped elements were
manually tuned with their initial values taken from the simu-
lation. Results presented were obtained with L., & 47 nH,
Cihune ~ 8 pF as opposed to 33 nH and 6.2 pF in the simula-
tions. The 2-D field distributions that were measured are pre-
sented in Fig. 8(a) and (c). The corresponding simulated field
distributions are also presented in Fig. 8(b) and (d) for com-
parison. A single dipole with the same geometry as described
above was numerically and experimentally investigated as a
reference. The field distribution along the y-axis and a 2-D
map for the triple-dipole antenna and the reference dipole were
normalized by the field values of the single dipole taken at
the surface (y = 0). Consequently, as can be seen in Fig. 8(e),
the simulation and measurement results agree very well not
only in terms of the electric field minimum shape, but also in
terms of magnitude. In both simulations and measurements,
similar U-shaped regions with noticeably suppressed electric
fields arise. At these minimum points, electric field reduction

(a) Experimental  (b)  Numerical
0 0 .u.
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£ _20- E_
Ez E-20 £-20 .
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Fig. 8. Electric and magnetic field distributions of the proposed antenna

(Z- and X-components, respectively) in numerical simulation and experiment
normalized to the respective single-dipole field. (a)—(d) Comparison between
2-D field distributions. (e) Depth profiles of the electric field.

to about —70 dB can be observed for both cases. However,
the experimental case proves to be somewhat asymmetrical,
with only one sharp minimum present on the right side. That
said, the fact that either field has its minimums off-center can
be explained by not exact equivalence between the values of
the variable parallel capacitance connected in two sides dipole
set in the experiment.

The relative magnetic field distributions of three dipoles to a
single dipole are presented in Fig. 8(c) and (d) for simulations
and measurements, correspondingly. While the minimum of
the H-field in the experiment got shifted to the right (possibly
due to unequally tuned capacitors on the left and right dipoles),
along the center line, it still maintains a very similar profile to
the numerical result—declining steadily up until about 6 cm,
where it seemingly starts slowly climbing back up after reach-
ing about the level of about —40 dB.

As was discussed earlier, since we are working with near
fields, magnitudes of E- and H-field are not as closely tied to
each other as they would be in the far-field, which results in
the minimum of the H -field being approximately 2 cm deeper
and not as prominent as the E-field one.

V. CONCLUSION

In this work, we proposed a method to manipulate near
electric field distribution via combining the hybridized modes
in an antenna composed of three coupled dipoles. To show the
principle, we designed an on-body phased array comprising six
proposed antenna elements operating at the Larmor frequency
of protons in 7 T MRI. The three dipoles of the antenna are
connected using lumped reactive circuit elements, optimized
for a drastic reduction of the electric field at a certain point in
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the scanned object. The shown principle can help increase the
RF safety of metal and electronic implants during MRI scans.
It is also potentially applicable to other problems where sharp
field extrema can benefit, such as hyperthermic treatment.
The numerical simulations have shown the predicted local
minimum to be present at a given depth in a homogeneous
phantom and to remain in a realistic human body model.
An experimental investigation supported the existence of such
a minimum in the phantom.
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