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In this work, we propose an application of a metamaterial inspired volumetric wireless coil (WLC) based
on coupled split-loop resonators for targeted breast MRI at 1.5 T. Due to strong electromagnetic coupling
with the body coil, the metamaterial inspired WLC locally focuses radiofrequency (RF) magnetic flux in
the target region, thus improving both transmit and receive performance of the external body coil.
This leads to substantial enhancement in local transmit efficiency and improvement of RF safety.
Phantom images showed a tenfold increase of signal-to-noise ratio (SNR) in the region-of-interest
(ROI) and, at the same time, an almost 50-fold reduction in transmit power relative to the same body coil
used alone.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Breast cancer is the most common cancer among women,
worldwide [1,2]. Increased availability of high-quality diagnosis,
preventative, and treatment methods could potentially reduce
female breast cancer mortality [1]. MRI has the highest sensitivity
to breast cancer, relative to other non-invasive imaging techniques
such as ultrasound or mammography. This is especially relevant
for young women with dense breast tissue [3,4] or with breast
implants [5], when mammography is often not capable of distin-
guishing between healthy and cancerous tissues. Thus, use of
MRI is increasingly essential in the detection of breast cancer in
daily practice [6]. However, due to associated high costs and
lengthy procedures, MR-screening is not widely applied. At the
same time, the feasibility of breast cancer screening with MRI is
being investigated (e.g., shortening of the protocols [7]). To pro-
duce proper quality breast images, i.e., with high SNR, it is neces-
sary to use a specialized breast RF receive-coil. Such a coil is not
standard equipment of an MR scanner and has to be purchased
separately. Because of the associated extra costs, a dedicated breast
coil is often not available at clinical MR scanners, and a body
receive-array is used instead, compromising the SNR of breast
images. Finally, the diagnostic quality of the acquired MR images
can be hampered due to patient discomfort caused by the necessity
to lay still for more than half an hour. As a result, despite its poten-
tial superiority as a medical imaging modality, MRI is not used for
extensive population screening and is advised only for those
women with the highest risks to develop breast cancer.

A recently proposed targeted MRI concept demonstrated novel
opportunities for high-quality, specialized studies of the breast
within clinical 3 T MRI [8]. The concept is based on passive focus-
ing of the RF magnetic field of the body coil to maximize its effi-
ciency for small areas with the aid of an artificial resonator made
of ceramic. In a prospective study, it was shown that 1.5 T breast
MRI has comparable diagnostic accuracy to a 3 T MRI despite a lar-
ger associated sensitivity of the latter [9]. Given the much higher
prevalence of 1.5 T MR scanners over 3 T, breast MRI at 1.5 T is
more suitable for screening purposes than 3 T. Thus, there is a need
for a targeted MRI concept for breast imaging at 1.5 T as well. How-
ever, the application of dielectric materials and resonators is lim-
ited for lower fields (e.g.,1.5 T) since extremely high relative
permittivity values of thousands are required [10]. Alternatively,
artificial resonators made of metamaterial inspired structures can
boost locally transmit efficiency and receive sensitivity of a body
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coil, improving RF safety [11] and SNR [12,13]. The main advan-
tages of such resonators are simplicity of the design (hence, robust-
ness and ease of maintenance), absence of RF cables, and as a
consequence, low cost. Moreover, these devices can be directly
integrated and applied within any clinical MR scanner with no
modifications to the scanner hardware.

In this study we demonstrate, via electromagnetic simulations
and phantom experiments, a metamaterial inspired volumetric
WLC, a ‘‘metasolenoid” [14], for breast imaging at 1.5 T. The struc-
ture consists of periodically arranged inductively coupled split-
loop resonators (SLRs) made of telescopic brass tubes loaded at
their ends with capacitors implemented as copper strips on two
printed circuit boards (PCBs). Focusing the RF magnetic field inside
the ROI with the proposed ‘‘metasolenoid” allows substantial
improvement of SNR and a reduction of input power compared
to a conventional body coil used alone. This WLC was first pro-
posed and as a proof of the concept applied for the wrist imaging
in [13]. Here, the metamaterial inspired WLC design is optimized
for the breast, i.e., the WLC is placed directly near the body and
asymmetrically relative to the body coil isocenter. That leads to
the different coupling of the resonance structure with the external
source-coil compared to when the WLC is located directly in the
center [13]. Thus, we performed a detailed study of the behavior
and influence of the metamaterial-inspired WLC on the main MRI
characteristics: transmit efficiency, SNR, RF safety. Moreover, via
numerical simulations with different sizes of voxel models, we
evaluated the possibility and effectiveness of using the WLC for
women with different body mass indexes.
2. Methods

2.1. WLC design

The design of the metamaterial-inspired volumetric WLC is
depicted in Fig. 1(a). To cover an average breast volume 320 ml
[15] we assume the suitable dimensions of the resonator are no
Fig. 1. (a) Schematic view of the metamaterial inspired WLC together with a breast pha
resonators (SLRs) consisting of parallel telescopic brass tubes of the length ‘ and two sta
dimensions: h = 114 mm,w = 164 mm, thickness = 1 mm. (b) Reflection coefficient (S11) o
the Larmor frequency of 63.68 MHz. (c) The resonance frequency of the fundamental eige
the numerical study: birdcage coil together with body and breast phantoms and the me
noise ratio (SNR) maps for the birdcage coil alone (e) and with theWLC (f) for the central p
indicates the contour of the breast phantom.
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less than 100� 100� 100 mm3. The WLC consists of rectangular
electromagnetically coupled SLRs. Every split loop resonator con-
tains two parallel telescopic brass tubes connected at the ends by
two PCB capacitors implemented as overlapping copper strips
printed on the opposite sides of the dielectric substrate. Each tele-
scopic tube is constructed from two coaxial tubes of a slightly dif-
ferent radii (1.0 mm and 1.5 mm) sliding over one another.

The proposed structure supports a set of volumetric eigen-
modes [16]. In this study, we use a fundamental mode, which
has a homogeneous magnetic field distribution inside the coil vol-
ume [17], while the electric field is mostly concentrated inside the
PCB capacitors. Capacitance and the length of the tubes are
adjusted to tune the fundamental mode to the proton Larmor fre-
quency of 63.68 MHz at 1.5 T [Fig. 1(b)] while keeping the res-
onator size suitable to perform breast imaging. Also worth
noting, that the resonance frequency of the structure eigenmode
may be fine-tuned by adjusting the length of the telescopic tubes
[Fig. 1(c)] that changes the inductance of SLRs.

Since the choice of dielectric substrates for production is lim-
ited, the dimensions of metal capacitors (for tuning to a working
frequency) and their quantity are subsequently restricted. We
choose the PCBs made from Arlon 255C (Rogers Corp., Chandler,
AZ, USA) with e ¼ 2:5 and tan d ¼ 0:0013 at 10 GHz and dimen-
sions 164� 114� 1 mm3. Thus, the width and length of the inter-
nal PCB capacitors are 9� 69 mm2 respectively, and the outer
strips are 9� 160 mm2. As a result, together with the gaps, we
could fit ten strips on the PCB, i.e., the WLC consists of ten split
loops, maintaining compactness and ease of manufacture.
2.2. Electromagnetic simulations

All electromagnetic simulations were performed in CST Studio
Suite 2017 (CST AG, Darmstadt, Germany) using the Finite Integral
Technique time domain solver. To evaluate the operational fre-
quency of the WLC, we added a small non-resonant loop-antenna
placed above the ‘‘metasolenoid” [see Fig. 1(a)].
ntom and a small loop-antenna. The coil is assembled from ten identical split-loop
ndard dual-layer printed-circuit boards (PCBs) with capacitive strips. The PCBs have
f the loop antenna placed above the WLC with ‘ = 176 mm. The dashed line indicates
nmode as a function of the tube length (‘). (d) Schematic view of the model used in
tamaterial inspired structure placed around one of the breast phantoms. Signal-to-
lane across the breast indicated with a black dashed line in panel (d). The white line



Fig. 2. (a) General view of the numerical setup: voxel model placed inside the birdcage coil with WLC. (b) The view of different size voxel models with respect to the WLC
volume (central XY plane): model 1 corresponds to 70% of the initial (average) model 2, model 3 corresponds to 120% of model 2.
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To evaluate the impact of the metamaterial inspired WLC on the
SNR, we first simulated a body-sized birdcage coil loaded with a
simple geometric phantom, without and with the WLC placed
around one of the breasts [Fig. 1(d)]. The phantom consisted of
two homogeneous regions to represent the breasts (hemispheres
of 100 mm diameter connected to 100 mm high cylinders,
e ¼ 78;r ¼ 0:19 S/m) attached to a homogeneous rectangular
box (600� 420� 180 mm3 with a 50 mm fillet applied to all edges,
e ¼ 78;r ¼ 0:45 S/m). The birdcage coil was a high-pass cylindrical
quadrature coil with 16 legs, tuned, and matched at 63.68 MHz. A
circularly polarized RF magnetic field (B1) was created by two feed-
ing ports with 90� phase difference. When one of the B1 compo-
nents of the birdcage coil is normal to the plane of the SLRs of
the ‘metasolenoid’, the latter inductively couples with the external
source coil and focuses the magnetic flux within its cavity. We esti-
mate the SNR as the ratio of the jB�

1 j-field in the ROI divided to the
square root of power dissipated within the phantoms.

Simulations then were repeated using realistic female body
models in place of the geometric homogeneous phantom. The body
model was based on Ella from the Virtual Family [18]. Because the
Ella model was derived from MRI scans of a woman in the supine
position, we modified it to add breast phantom No. 1 from the
UWCEM Numerical Breast Phantom Repository1 [21]. This was
done using the method described by Rispoli et al. [19] and provided
source code2, modified to import the model into CST. The breast
model includes five tissues representing a mixture of adipose and
fibroglandular tissue, in volume ratios 0/100%, 25/75%, 50/50%,
75/25%, and 100/0%, and skin. The fusion was done using a 0.5 mm
isotropic mesh followed by resampling to 2 mm. The whole body
model was then rescaled by �10% on each axis to generate three
models of different sizes [Fig. 2(b)]: (1) a small model with a total
weight of 43.4 kg; (2) the initial voxel model with a total weight
of 59.4 kg; (3) a large model with a total weight of 72.8 kg. The bird-
cage coil was matched in the presence of each model, and the WLC
was tuned to 63.68 MHz by changing the length of brass tubes. Bþ

1

fields and 10 g-averaged SAR were then calculated without and with
the WLC present.

WLC’ performance was evaluated by comparing transmit and
SAR efficiencies, defined as the root mean squared value (RMS)
jBþ

1 jRMS in the ROI per 1 W of accepted power, and jBþ
1 jRMS in the

ROI per square root of maximum local SAR (maxSARav:10g), respec-
1 http://uwcem.ece.wisc.edu/phantomRepository.html.
2 https://github.com/rispoli-lab/Bilateral-Breast-Fusion-.
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tively. Transmit, and SAR efficiency gains were then defined as the
ratio of these values with and without the WLC present.
2.3. Experimental studies

The prototype of the metamaterial inspired WLC was built by
arranging two periodic sets of ten parallel telescopic tubes sol-
dered at their ends to solder-covered copper strips on two PCBs
forming structural capacity. The structure has the same dimen-
sions as used in numerical studies. Fig. 4(a) shows the manufac-
tured WLC with the homogeneous breast phantom placed inside.
The phantom shell was 3D printed (Pro2, Raise3D, Rotterdam,
Netherlands) in polylactic acid (PLA) with a height of 100 mm
and a base radius of 50 mm. The phantom solution consisted of dis-
tilled water, NaCl (0.75 g/l), agarose (C12H18O9, 10 g/l) and a
gadolinium-based MRI contrast agent (0.5 ml/l) to reduce spin–lat-
tice relaxation time T1. The phantom permittivity and conductivity
were measured to be e ¼ 78 and r ¼ 0:19 S/m at 63.68 MHz using
a coaxial probe (DAK-12, SPEAG, Zurich, Switzerland) placed on top
of a phantom material and a vector network analyzer (ZVA 20,
Rohde & Schwarz, Munich, Germany).

MRI experiments were performed on a 1.5 T clinical MRI scan-
ner (MAGNETOM Espree, Siemens, Erlangen, Germany) at Federal
Almazov North-West Medical Research Centre (Saint Petersburg,
Russia). We also used a large distilled water with NaCl and
MnCl2 � 4H2O phantom that mimicked a body (Siemens loaded
body phantom) shown in Fig. 4(b). First, the longitudinal relaxation
time T1 = 288 ms of the created breast phantom was estimated
using inversion-recovery measurements: STIR sequence, flip
angle = 150�, TR/TE = 4000/10 ms, field of view = 107� 126
mm2, acquisition matrix = 256� 153, TI is varied 25–400 ms.

MR images of the breast phantom were acquired using a gradi-
ent echo sequence: flip angle = 40�, TR/TE = 2000/4.8 ms, field of
view = 129� 143 mm2, acquisition matrix = 128� 116, slice thick-
ness 3 mm. We used the body birdcage coil both for transmission
and reception without and with WLC present. To estimate the
impact of the WLC tuning on its efficiency (SNR gain and RF pulse
amplitude enhancement), we acquire a set of images changing the
tube length (i.e., the WLC eigenmode resonant frequency). The
transmit RF power level of the scanner was calibrated to ensure
the actual flip angle in the ROI equal to the nominal flip angle set
by an operator.

The SNR gain was calculated by analyzing images obtained
without and with theWLC using MATLAB R2016b (The Mathworks,

http://uwcem.ece.wisc.edu/phantomRepository.html
https://github.com/rispoli-lab/Bilateral-Breast-Fusion-
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Natick, MA, USA). The SNR of each image was calculated by divid-
ing a mean value of the signal from the breast phantom by the
standard deviation of noise in an image acquired with no RF
excitation.
3. Results

3.1. Electromagnetic simulations

Fig. 1(e), (f) shows simulated SNR maps in the central slice of
the breast phantom for the body-sized birdcage coil without and
with the WLC, respectively. The mean SNR across the central plane
of the breast phantom increased 6.4-fold in the presence of WLC.
The jBþ

1 j distribution inside the breast phantom is similar to the
magnetic field (jHyj) distribution for WLC fundamental eigenmode
[inset in Fig. 1(b)]. When the body coil was used alone, jBþ

1 j =
0:20� 0:01lT (mean � std), which increased to jBþ

1 j =
1:23� 0:15lT in presence of the WLC.

Fig. 3 demonstrates simulated jBþ
1 jRMS and SARav.10 g maps for

the average size voxel model (model 2) inside the body coil with-
out and with the proposed WLC placed around one of the breasts.
Strong localization of the Bþ

1 field in the breast region in the pres-
ence of the WLC leads to a 5.9-fold enhancement in transmit effi-
ciency [compare Fig. 3(a) and (b)]. At the same time, the
maximum local SARav.10 g in the body model is increased red 2.3
times when the WLC is added [Fig. 3(d,e)]. The local SARav.10 g max-
imum in the body model (depicted as a white circle in Fig. 3(d-f)] is
Fig. 3. Numerically calculated jBþ
1 jRMS maps (a–c) and SARav.10 g maps (d–f) for the average

respectively. The jBþ
1 jRMS value was calculated only for the volume of the resonator in

maximum plane. Local SARav.10 g maxima are indicated with white circles. Panel (f) was

Table 1
Numerically calculated results of transmit and SAR efficiencies without and with the WLC

WLC Model 1

jBþ
1 j=

ffiffiffiffiffiffiffiffiffi
Pacc

p
no 0.33
yes 1.61

maxSARav:10g no 0.19
yes 0.48

jBþ
1 j=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
maxSARav:10g

p
no 1.08
yes 3.28

Transmit efficiency gain n/a 4.9
SAR efficiency gain n/a 3.1

4

located in the muscles of the back with the birdcage coil only, and
in the pectoral muscles for the case with the WLC. To maintain an
RMS jBþ

1 j of 0.29 lT in the ROI, the transmit power should be
reduced from 1 W to 30 mW when the WLC is added, reducing
the maximum local SARav.10 g by a factor of 18.

Table 1 summarizes the electromagnetic simulation results for
all three female voxel models, without and with the WLC present.
When using the body coil alone, the highest transmit efficiency
was seen for the smallest body model (model 1), which is reason-
able as the quality factor of the body coil is higher in the presence
of a smaller load. The highest maximum local SARav:10g was also
seen for this model. SAR efficiency was found to vary little across
all body models (�13%). In the presence of the WLC, interaction
between the electromagnetic fields and the body is more compli-
cated. The WLC redistributes electromagnetic field, localizing the
magnetic field within its cavity, while electric field is almost
entirely confined between the capacitive copper strips, i.e close
to the body (see electric field maps in Supplementary Fig. 1). As
was mentioned above, the quality factor of the body coil is higher
in the presence of a smaller load; the same is for the WLC. How-
ever, in the case of model 1, strong coupling between two res-
onators occurs, and more power is reflected compared to model
2. Thus, transmit efficiency for model 2 is equal to 1.67 lT=

ffiffiffiffiffi
W

p

that is 4% higher than for model 1. With a further increase in body
volume, a decrease in the quality factor is more strongly affected,
and thus the RF magnetic field in the breast becomes lower: 1.06
lT=

ffiffiffiffiffi
W

p
for model 3. A decreasing of the electric field due to a

change in the quality factor affects the change in SAR, so we
sized voxel model (No. 2) placed inside the birdcage coil without and with theWLC,
the breast area (ROI). (d-f) SARav.10 g distributions are build up through the local
re-scaled to better visualize the SAR distribution.

for different voxel models.

Model 2 Model 3 Units

0.29 0.26 lT=
ffiffiffiffiffi
W

ph i
1.67 1.06
0.18 0.16 W=kg½ �
0.41 0.27
0.95 0.91 lT=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
W=kg

ph i
3.67 2.89
5.8 4.2 times
3.9 3.2 times



Fig. 4. Photographs of the (a) WLC prototype together with breast phantom, and (b) experimental setup including body-sized birdcage coil, body phantom, breast phantom,
and WLC; (c) SNR gain (blue) and reduction in required transmit voltage (red) as a function of tubes length. Insets in (c) show SNR maps without the WLC, and with the WLC
set to the optimum length ‘ = 172 mm (note the different colour scales), this case is indicated with stars on the curves. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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observed the highest SARav:10g = 0.48 W/kg for the smallest load. As
a result, transmit efficiency gains in the presence of the WLC are
4.9, 5.8, and 4.2-fold for models 1, 2, and 3, respectively, whereas
SAR efficiency gains take values 3.1, 3.9, and 3.2.
3.2. Phantom imaging

A set of gradient-echo images was acquired, changing WLC res-
onant frequency (i.e., adjusting the WLC tube length ‘ = 160–175
mm), while using the birdcage coil for transmission and reception.
The blue curve in Fig. 4(c) shows the ratio of SNR in images
acquired with and without the WLC present, as a function of ‘, cal-
culated in the breast phantom. A maximum SNR enhancement of
10.6 was achieved for ‘ = 172 mm, which corresponds to the reso-
nant frequency of the WLC tuned to the Larmor frequency (f = 63.
68 MHz). SNR maps for these cases are shown as insets in Fig. 4(c).
We observe better than 5.9-fold SNR enhancement across the
whole range of ‘ = 160–175 mm, suggesting that one can fix the
length of tubes and use the WLC for different volunteers. To make
a fair SNR comparison, the RF transmit voltage was adjusted for
each measurement to produce the same flip angle within the
ROI. At the maximum SNR gain, the transmit voltage was reduced
by 87% of that required without the WLC present. Also, MR images
captured with the WLC demonstrated the resolution improvement.
The breast phantom structure is not ideally homogeneous; it con-
tains several air bubbles formed as a result of the solidification of
agarose. As shown in Supplementary Fig. 2 more detailed MR
image was obtained using the WLC, and air bubbles (depicted by
red circles) can be detected inside the phantom structure. Simulta-
neously, in the case of the birdcage coil used alone, the image is
poor, and bubbles are impossible to distinguish.
4. Discussion and conclusion

The proposed idea of using a WLC as a transceiver for targeted
breast imaging at 1.5 T has been carefully studied in this work,
both numerically and experimentally. The proposed coil is based
on a system of inductively coupled SLRs forming a resonator. The
fundamental eigenmode of this WLC has a field distribution very
similar to a conventional solenoid. However, conventional sole-
5

noids with a large cavity and homogeneous magnetic field distri-
bution (suitable for extremities or breast) at 1.5 T are challenging
to construct because their self-resonance frequencies are below
63.68 MHz due to inter-loop parasitic capacitance. In principle, it
is possible to create a solenoid coil for clinical field strength (i.e.,
1.5–3 T) with distributed capacitors. However, in this case, only
several turns could be used that limits the coil’s field-of-view
and homogeneity of B1-field. Meanwhile, the resonance frequency
of metamaterial-inspiredWLC can be tuned higher since individual
loops are not connected electrically, and the overall number of
loops could be increased to obtain a more homogeneous magnetic
field distribution. When the resonant frequency of the fundamen-
tal eigenmode of the WLC is close to the resonant frequency of the
body coil of the MRI system, inductive coupling between the coils
causes the RF magnetic field to become focused inside the cavity of
the WLC. Also, the WLC generates a fairly uniform magnetic field
even though it is positioned off-center relative to the body coil.
Thus the proposed WLC improves efficiency during transmission,
reducing SAR, and improves sensitivity during reception increasing
the SNR of acquired images.

As demonstrated numerically and by experimental studies with
a phantom, the WLC increases SNR by factors of 6.4 and 10.6,
respectively. This difference could be explained by different opti-
mal coupling between the birdcage coil and WLC in simulation
and experiment could be related to different positioning and load
conditions of the birdcage coil and WLC, e.g., we have used slightly
different body phantoms. In the meanwhile, the input voltage
amplitude was substantially reduced improving the MR image res-
olution (see Supplementary Fig. 2).

Electromagnetic simulations using voxel models with different
sizes showed the possibility of using WLC for females with differ-
ent body mass indexes. In this case, the performance of the WLC
vary in a small range: transmit efficiency gain changes in 4.2–5.8
times and SAR efficiency gain - 3.1–3.9 times. This fact is due to
a decrease in the quality factor of the body coil and WLC associated
with an increase in the load, which leads to a reduction of the
amplitude of the RF magnetic field focused by the WLC. At the
same time, the local maximum of SARav. 10 g for the same Bþ

1 for
the average load becomes 18 times lower in the presence of WLC
than for a birdcage coil used alone. This is especially advantageous
in cases where patients with metallic implants have to be scanned
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or when high RF amplitude pulses are necessary to maintain opti-
mal image quality.

In conclusion, we propose a WLC for targeted breast imaging,
which is the first metamaterial inspired breast coil to boost the
1.5 T body coil’s reception and transmission performances for rel-
atively small regions of the body. Thus, we can potentially replace
typical breast imaging setup. Instead of using a complicated and
expensive local receive array, we can use an inductively coupled
WLC. It is possible to use the WLC in combination with local
receive array for other nuclei (e.g., sodium), or to adapt the design
to combine different eigenmodes to make a heteronuclear WLC
[23]. Since the proposed WLC supports linear polarization only (it
interacts only with the Hy-component of the magnetic field), for
a future study, it may be interesting to modify its design to operate
in the CP mode regime. In the case of interaction with both Hx and
Hy components, the WLC’s efficiency will be enhanced by a factor

of
ffiffiffi
2

p
[24]. Also, further study is needed to perform bilateral MRI

with two WLC. We assume that the main difficulties here are
mutual interaction between three resonators: two wireless coils
and a birdcage coil, and loss inWLC’s effectiveness. As was recently
shown for the pair of dielectric resonators [25,26], a system of cou-
pled resonant structures is characterized by two-hybrid eigen-
modes (symmetric-like and anti-symmetric-like). So, it may be
challenging to found the optimal tuning conditions for this system.
Moreover, the usage of coupled modes of the pair of resonators
leads to the 1=

ffiffiffi
2

p
loss in SNR compared with single resonator

imaging [26].
Nevertheless, the proposed idea of using a metamaterial

inspired WLC can be directly integrated into an existing clinical
system to make the procedure of MRI significantly safer for
patients due to the lower level of SAR. Also, since WLC significantly
boosts receive performance of the body coil, it can be considered as
promising alternative to standard dedicated coils with a cable con-
nection to the MR scanner, as was demonstrated in previous work
for the wrist imaging [13].
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