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A receive-only surface coil array for 3 Tesla integrating a high-permittivity material (HPM) with a relative
permittivity of 660 was designed and constructed and subsequently its performance was evaluated and
compared in terms of transmit field efficiency and specific absorption ratio (SAR) during transmission,
and signal-to-noise ratio during reception, with a conventional identically-sized surface coil array.
Finite-difference time-domain simulations, bench measurements and in-vivo neck imaging on three
healthy volunteers were performed using a three-element surface coil array with integrated HPMs placed
around the larynx. Simulation results show an increase in local transmit efficiency of the body coil of
~10-15% arising from the presence of the HPM. The receiver efficiency also increased by approximately
15% close to the surface. Phantom experiments confirmed these results. In-vivo scans using identical trans-
mit power resulted in SNR gains throughout the laryngeal area when comparedwith the conventional sur-
face coil array. In particular specifically around the carotid arteries an average SNR gain of 52% was
measured averaged over the three subjects, while in the spine an average of 20% SNR gain was obtained.
� 2019 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High-permittivity materials (HPMs) have been used in many
studies as a method to tailor transmit (B1

+) and/or receive (B1
�) field

efficiencies and spatial distributions. For very high field (7T) a vari-
ety of dielectric materials, ranging from plain water [1] to calcium
and barium titanate powders mixed with (deuterated) water [2,3]
and solid ceramics [4] with relative permittivities ranging from 78
to 300 have been used either to homogenize the B1

+ field or to pro-
duce local focusing of the B1

+ field for improved imaging of specific
anatomies, such as the temperalmandibular joint and the inner ear
[5,6]. The receive sensitivity is also affected by these HPMs, which
can manifest as an increased SNR [7,8].

HPMs have also been used at clinical field strengths as 1.5 and
3T, with results showing increased SNR [9] and locally increased B1

+

fields and reduced SAR [9,10]. By considering both Ampère’s law
with Maxwell’s addition and Faraday’s law:

r� B ¼ l0 Jc þ Jdð Þ ¼ l0 Jc þ jxeEð Þ ð1Þ

r � E ¼ �jxB ð2Þ
where |Jc| is the conduction current and |Jd| the displacement cur-
rent equal to |jxeE| with j the imaginary unit, x the angular fre-
quency and e the permittivity, higher permittivities are required
at these lower fields [11]. Relative permittivity values of 1000 have
been used for imaging the spine at 3T [12], values of 1200 and 3300
at 1.5 and 3T for head imaging [13], and 4500 at 1.5T for wrist imag-
ing [14]. In the last two studies, SNR gains of about 50% were
demonstrated in-vivo. Vaidya et al. [15] have shown in a simulation
study on ideal current patterns that although ultimate intrinsic SNR
[16] is not improved using HPMs, these materials can shift the bal-
ance between signal-only optimal current patterns and noise-
minimizing dark mode current patterns [17], leading to the demon-
strated SNR gains for specific coil arrays.

In all of these previous studies, HPMs have been placed inside
commercial coil arrays, which can potentially lead to detuning
and alterations in the coupling matrices between the various ele-
ments of the array. Additionally, in experimental studies these
materials never fully cover the entire coil array, or they are used
in combination with volume coils, where the coil is far away from
the imaged object and therefore from the HPM.

In this study, therefore, we specifically design surface coil arrays
with the HPMs integrated into the structure, covering the entirety
of the coil array. Electromagnetic simulations, phantom experi-
ments and in-vivo imaging were performed to evaluate the effect
on transmit and receive field efficiencies of a receive-only coil with
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integrated HPM compared to an identically sized conventional coil
without HPM.
2. Methods

2.1. Coil manufacturing and characterization

For coil characterization and comparison purposes, a conven-
tional receive-only surface coil with inner dimensions of
73� 60 mm2, conductor width of 3 mm etched on an FR4 PC board,
with four tuning capacitors of 27 pF and a balanced capacitive
matching network was constructed, with a second one of identical
dimensions incorporating a rectangular dielectric block (lead zir-
conate titanate, PZT, 70 � 57 � 10 mm3, er = 660, r = 0.01 S/m,
mass = 210 gr, TRS Technologies, State College, PA, USA) placed
in the center of the surface coil (Fig. 1a). The dielectric
block had no resonances at the imaging frequency (lowest mode
fTE01d = 267 MHz). For a rectangular waveguide with perfectly
reflecting boundaries, resonant frequencies can be determined
using the following equation

f 0 ¼ 1
2

ffiffiffiffiffiffiffiffiffiffi
lrer

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a2 þ n2

b2 þ
p2

d2

s
¼ c

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

a2 þ n2

b2 þ
p2

d2

s
ð3Þ

with m, n and p the mode numbers, and a, b, and d the length, width
and thickness of the dielectric; mr and er are the relative permeabil-
ity and permittivity, respectively. For very high permittivity materi-
als this would be a good approximation, but to estimate both
permittivity and conductivity of the material, electromagnetic
finite-difference time-domain simulations were performed. In these
simulations a dielectric block was simulated with a weakly-coupled
pick-up coil on top. Electric permittivity and conductivity were iter-
atively changed until agreement with bench measurements was
found on both the Q-value and eigenfrequencies. Both coils were
tuned and matched to 50 Ohms at 127.8 MHz when placed on a
tissue-mimicking phantom (er = 45 and r = 0.4 S/m). Both coils
used could be tuned using a 0–10 pF variable capacitor. For match-
ing, the conventional loop used two 28 pF capacitors and the inte-
grated HPM coil two 20 pF capacitors. For detuning during
transmission, passive circuits were implemented using crossed
diodes (UMX9989AP, Microsemi, Lowell, MA, USA) and an active
circuit was implemented using an LC-trap with PIN-diode
(MA4P7441F-1091T, MACOM, Lowell, MA, USA) [18].

For in-vivo imaging, three-element receive-only coil arrays
were constructed, one array with HPM and a conventional array
without. The design was chosen such that the two outer elements
are positioned above the carotid arteries and the middle element
above the larynx. Individual elements in the arrays were fitted
Fig. 1. (a) a photograph of a conventional rectangular surface coil on the left, and on
conventional and integrated HPM coil (before and after retuning). (c) coupling betwe
corresponding plot for two coils with integrated HPMs.
on a 3D-printed curved holder with a radius of 60 mm and were
subsequently decoupled using induced current elimination (ICE)
circuits [19]. These circuits consist out of three overlapping loops,
two of the neighboring elements, and one of the additional res-
onator in between these loops. The decoupling was tuned using
the middle loop with a 10–20 pF variable capacitor. Tuning and
matching of the array was performed while loaded with a phantom
(er = 79, r = 0.5 S/m) such that S11-parameters were less than
�18 dB and the ICE decoupling between neighboring elements
was lower than �22 dB. Coupling between the two non-
neighboring elements was �12 dB for both arrays. Floating
common-mode chokes of a bazooka type [20] were placed on every
channel of the coils with a measured common mode suppression
ratio of 20 dB. For MR measurements, a receive interface box was
used with low-impedance (~2 Ohm) pre-amplifiers.
2.2. Electromagnetic simulations

All simulations were performed using CST Microwave Studio
2019 (CST MWS, Darmstadt, Germany).

In order to investigate the receive performances of single coil
elements, finite difference time-domain (FDTD) simulations were
performed using four discrete ports. Capacitors were simulated
at these ports as well as a single port on the short side of the coil
containing a capacitive matching circuit combined with a driving
port. The coil was placed 15 mm away from a rectangular phantom
measuring 300 � 300 � 200 mm3 with a relative permittivity of 60
and a conductivity of 0.4 S/m. B1

� fields were subsequently
obtained using 1 Watt accepted power. The effects of the HPM
on the B1

+ fields were investigated by simulating the three-
element in-vivo array on a cylindrical phantom using the birdcage
body coil. Finally the in-vivo array was simulated on a body voxel
model (Gustav, CST Voxel Family) to estimate changes in the local
SAR and the location and value of the maximum SAR10g.
2.3. Imaging sequences

The 3T quadrature body coil was used for transmission in all
experiments and the integrated posterior receive coil in the patient
bed was disabled. SNR scans on a phantom were performed using
proton-density weighted gradient echo sequences with acquisition
voxel size = 1 � 1 � 5 mm3, acquisition matrix = 400 � 400, TE/T
R = 2.2/2000 ms, flip angle = 20�, duration 606 s. Post processing
was performed using raw data to obtain absolute SNR units [21].
Transmit efficiency (B1

+) maps were acquired on a phantom using
the Dual Refocusing Echo Acquisition Mode (DREAM) method
[22] with a TR extension of 30 ms and a stimulated echo acquisi-
tion mode angle of 60�.
the right a coil with added high permittivity material. (b) S11-parameters of the
en two conventional coils placed side by side with 45 mm separation, and the
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For all in-vivo scans on healthy volunteers IRB approval for this
study was obtained and written informed consent was acquired
from every volunteer prior to their participation.

In-vivo, carotid artery imaging was performed using turbo spin
echo (TSE) black blood sequences, triggered on the cardiac cycle.
T1-weigthed imaging was performed with parameters: acquisition
voxel size = 0.55 � 0.75 � 3 mm3, acquisition matrix = 272 � 198,
TE/TR = 9/1333 ms, slices = 9, duration = 288 s and T2-weigthed
imaging using acquisition voxel size = 0.55 � 0.75 � 3 mm3, acqui-
sitionmatrix = 272� 195, TE/TR = 80/3750ms, slices = 9, duration =
210 s. For the SNR measurements, a single-slice T1-weighted black
blood sequence was runwith the following parameters: acquisition
voxel size = 0.55 � 0.75 � 3 mm3, acquisition matrix = 272 � 198,
TE/TR = 9/882 ms, duration = 21 s. The in-vivo coils were used in
combinationwith a radiotherapy head cushion (BlackMaxSupports
wideshaped, MacroMedics, Waddinxveen, The Netherlands) to
reduce head motion during scanning, for subject comfort, and for
slightly lifting up the chin for increased accessibility to the neck
enabling easier positioning of the coil.
Fig. 2. Simulated B1
� fields in a phantom. (a) and (c) surface coil with no HPM, (b) and (d

relative to that without HPM, showing a maximum of 15% increase, (f) Plot of the ratio a
permittivities (constant conductivity of 0.01 S/m). (g) varying thickness of the HPM (er = 6
kept constant. All B1

� simulations were performed using 1 W accepted power.
In the experimental comparison of elements and arrays with
and without HPM, the following method was adhered to for com-
parisons when the data was acquired in series. First the coil with
HPM was positioned and a full system calibration was initiated
including but not limited by an f0 determination, B0- and
B1-shimming and a power optimization after which scanning was
performed. The coils were interchanged to the coil without HPM
and scanning was performed without recalibrating the system.
Not recalibrating ensures that no unknown parameters were chan-
ged by the system.

3. Results

Fig. 1(a) shows a photograph of the conventional surface coil
and one with an integrated HPM block. Fig. 1(b) plots the
respective S11 parameters when the block is simply placed inside
the conventional surface coil. As expected the resonance fre-
quency decreases (by approximately 5 MHz) due to the presence
of the material. Notice that the Q-value is essentially unchanged,
) surface coil with HPM er = 660, r = 0.01 S/m), (e) Ratio of the B1
� field with HPM

long the central axis of the coil as a function of depth in the phantom for different
60, r = 0.01 S/m), while the distance from the bottom of the HPM to the phantom is
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indicating that the loss tangent of the material is low. The
unloaded/loaded Q-values were measured to be 6.5 and 3.3 for
elements with and without HPM, respectively. The coil with
integrated HPM is simply retuned by adjusting the variable
Fig. 3. SNR comparison of a single-element conventional and integrated HPM coil place
weighted gradient echo image. (b) SNR plot along the central axis of each coil. Some Gi

Fig. 4. The three-channel array used for in-vivo measurements with integrated HPM.
overview, (b) front view. (c) and (d) show measured S-parameter matrices on a cylindri

Fig. 5. Simulations and comparative measurements of the B1
+ fields using the in vivo arr

field simulations on a phantom, one with HPM and one without. (c) measured B1
+ ratio

noHPM with PO. 41% less power was used, resulting in about 20% less B1
+. (e) measured SN

of the HPM.
capacitor opposite the matching network. Fig. 1(c) shows the
coupling behavior between two loaded coils placed close to
one another: the characteristics with and without the HPM are
essentially identical.
d on a tissue-mimicking phantom. Setup and axes as in Fig. 1a. (a) Proton-density
bbs ringing is noticeable in the profiles.

An identical array was constructed without HPM for comparison (not shown). (a)
cal phantom.

ay. (a) simulation setup, showing the transmit birdcage. (b) the ratio map of two B1
+

of HPM/noHPM without power optimization (PO). (d) measured B1
+ ratio of HPM/

R ratio of HPM/noHPM (after PO). A 60% increase in SNR is measured in the vicinity
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Fig. 2(a) shows a graphical representation of the simulation
setup for the surface coil without HPM, and Fig. 2(b) the one with
the HPM. Corresponding B1

� maps are shown in Fig. 2(c) and (d)
respectively. The ratio of these two maps shows local differences
close to the dielectric, as illustrated in Fig. 2(e). Up to a 15%
increase in the B1

� is observed at the surface, with the ratio reduc-
ing to unity at a depth of ~80 mm. The B1

� gains were also studied
for different simulated permittivities as shown in Fig. 2(f). Higher
permittivities show higher gains at the surface, although these
are accompanied by some loss at increasing depths compared to
no HPM: for example for the case of er = 1500 the ratio is less than
unity for depths greater than ~70 mm. Fig. 2(g) finally shows the
effect of using HPM of a different thickness, while keeping the dis-
Fig. 6. SAR10g simulations using the body coil on a voxel model (a) simulation setup (bird
HPM, showing the location of the maximum SAR on the posterior side of the neck. (d) an
integrated HPM coil with equal accepted power. (f) and (g) Simulated B1

+ fields in a tran
tance between the bottom of the HPM and the phantom constant.
Thicker HPM shows higher surface gains, but at depth B1

� fields are
slightly lower.

Fig. 3 shows experimental results comparing the SNR of images
acquired with a conventional surface coil and one with the inte-
grated HPM placed on the same phantom. There was a 200 mm
distance between the center of the elements to ensure that there
was no coupling between them. SNR images are shown in Fig. 3
(a) and a plot of the SNR along the central axis is shown in Fig. 3
(b) for both elements. A 49% increase in SNR at the surface is mea-
sured. As these measurements were performed with a low tip
angle gradient echo sequence, the measured SNR increase is pro-
portional to the product of the B1

+ and B1
� fields. Electromagnetic
cage shield not shown for visibility). (b) and (c) side view for no HPM and integrated
d (e) posterior view. An increase of 2% maximum SAR10g is observed when using the
sversal slice in the neck.



6 T. Ruytenberg et al. / Journal of Magnetic Resonance 311 (2020) 106681
simulations show that the B1
+ field from the transmit coil is

enhanced by ~15% at the surface by the HPM (see also results in
Fig. 5(a). Thus the measured enhancement in the images is some-
what greater than the simulated value of ~32%.

Fig. 4(a) and (b) show photographs of the three coil array with
integrated HPMs (an identical setup without HPMs was also con-
structed). The measured S-parameter matrices are shown in
Fig. 7. In-vivo SNR for three subjects using T1-weighted TSE sequences. (a), (c), (e) conve
power was used between scans with the two arrays. (g) SNR for the conventional and
subjects. For all subjects SNR gains are observed all four points.
Fig. 4(c) and (d), showing very similar characteristics in terms of
inter-element decoupling.

Since it is well-known that HPMs alter the B1
+ distribution, a

simulation was performed using the setup shown in Fig. 5(a).
The results are shown in Fig. 5(b) which indicates an increase in
the B1

+ with HPM present of approximately 15% directly below
the HPM. Fig. 5(c) shows the experimental results obtained using
ntional array. (b), (d), (f) integrated HPM array. For every subject the same transmit
integrated HPM array at the points depicted in Figure (a), measured in the three
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the DREAM sequence, which show a slightly higher maximum
value of 40% with good co-location of the areas of increased trans-
mit efficiency when compared with the simulation results. Power
was not adjusted in the comparison of Fig. 5(c), while for (5d) this
optimization was performed. Fig. 5(e) finally shows the SNR ratio
of the setup with and without HPM where a power optimization
was performed for both setups individually as in Fig. 5(d). A 60%
increase in SNR is observed close to the HPM.

Fig. 6 shows SAR and B1
+ simulations on a voxel body model

using the transmit body coil. The neck of the body model was cen-
tered in the coil and simulations were run without and with three
HPM blocks (er = 660) on the anterior side of the neck correspond-
ing to the three-element coil array. Simulations were run with 1
Watt accepted power and SAR10g was calculated. The figure shows
the location of maximum SAR to be on the posterior side of the
neck for both simulation without and with HPM present. A 2%
increase in the maximum SAR10g from 1.85 W/kg to 1.89 W/kg is
observed when applying the HPM. The B1

+ simulations show a 5–
20% B1

+ increase in the anterior side of the neck.
Fig. 7 shows results from in to vivo scanning of three volunteers

using both conventional and integrated HPM coil arrays. The coil
covers the anterior part of the neck, and so can be used for either
laryngeal imaging [23] or also carotid artery imaging. The SNR
was compared at four points: 1. the anterior side of the carotid
artery, 2. the posterior side of the carotid artery, 3. the posterior
side of the larynx, and additionally a deeper anatomy at point 4,
the spinal cord. The same transmit power was applied for both sets
of scans. An increase in SNR is observed in all regions for all volun-
teers when the coil with integrated HPM is used and around the
carotid artery specifically, an increase of 52% is measured. The pos-
terior side of the larynx shows an average increase of 45% and for
the spinal cord an average increase of 20% is observed. The depth of
the center of the spinal cord (point 4 in Fig. 7(a) from the skin sur-
face at the position of the outer coil elements was measured to be
61, 52, and 55 mm for the three subjects. That SNR gains are
achieved at these depths can possibly be explained by both the
semiannular geometry causing all elements to contribute to the
signal at this point, and by the air cavity of the throat, possibly
leading to a slightly higher penetration depth than simulated on
the uniform phantoms. Supplementary Fig. S1 shows an animation
of a 3D time-of-flight sequence where the full carotid arteries were
imaged using the integrated HPM coil.
4. Conclusion and discussion

The results presented here show that by specifically design-
ing receive-only surface coil arrays with integrated HPMs both
the local transmit and receive efficiencies can be increased by
15 to 20% close to the surface with only a very small (~2%)
increase in SAR. SNR gains of up to 52% averaged over three
subjects were measured in vivo. The implemented ICE decou-
pling circuits allowed for additional freedom in array design
compared to overlapping elements, as in the case of overlap-
ping, the amount of overlap will be slightly different when
integrating HPM and therefore result in a slightly different
coverage.

For the in vivo scans the choice was made to compare coils with
and without integrated HPM using the same transmit power to
study the SNR differences. In general, literature shows that using
HPM introduces B1

+ gains which can be compensated by using less
transmit power [9,12,24]. Not using equal power in this study
would therefore lead to lower transmit power for the coil with
integrated HPM and subsequently a lower SAR than simulated.
The influence of recalibrating the utilized power was assessed dur-
ing phantom scans in Fig. 5, showing that 41% less power for the
HPM coil can be used compared to the conventional coil when
requesting a 90� flip angle in the isocenter transversal plane. We
anticipate that this difference in power can also be achieved during
the in vivo scans and that due to not applying this optimization
when switching to the conventional coil, the achieved flip angles
for the no HPM case in Fig. 7 might have been slightly lower than
requested.

While central axis gains are evident from Fig. 2, a lower field-of-
view is also observed in the figure, as the ratio in Fig. 2e is slightly
below unity at about 50 mm from the central axis in the X-
direction. This is also the case Z-direction (not shown). The
reduced field-of-view in the X-direction is compensated for in
the in-vivo array due to its semi-annual design.

Simulations also indicate that higher increases in SNR should be
possible if the material permittivity is increased. However, this
assumes that the loss tangent remains low relative to the body.
For example, conductivities of 0.1, 0.5 and 1.0 S/m result in coil
losses of 2.5, 11 and 19% respectively. These simulations show
the importance of low-loss HPMs as the gains obtained in Fig. 2
(f) are of the same order of magnitude with losses from 0.5 S/m
onward, nullifying the HPM’s effect.

One of the potential disadvantages of using integrated HPMs is
the increase in weight of the array. The three-element integrated
HPM coil in this paper has a mass of 760 g, but this was not per-
ceived as uncomfortable by any of the subjects in this study. This
is in line with previous studies, where even larger amounts of
HPM up to 4 kg on the chest have been used [25]. The use of inte-
grated HPM coils would be much easier to realize in, for example,
posterior body arrays integrated into the scanner bed. Weight can
possibly be reduced by using water-based ceramics. Although their
effectiveness has been shown in literature, their use in fully inte-
grated HPM coils might be limited, as high relative permittivities
(>300) are difficult to obtain and conductivities are often higher
than 0.1 S/m [2,3,9].
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