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Objective: The purpose of this work is to investigate the use of ceramic materials (based on BaTiO3 with
ZrO2 and CeO2-additives) with very high relative permittivity (er � 4500) to increase the local transmit
field and signal-to-noise ratio (SNR) for commercial extremity coils on a clinical 1.5 T MRI system.
Methods: Electromagnetic simulations of transmit efficiency and specific absorption rate (SAR) were per-
formed using four ferroelectric ceramic blocks placed around a cylindrical phantom, as well as placing
these ceramics around the wrist of a human body model. Results were compared with experimental
scans using the transmit body coil of the 1.5 T MRI system and an eight-element extremity receive array
designed for the wrist. SNR measurements were also performed for both phantom and in vivo scans.
Results: Electromagnetic simulations and phantom/in vivo experiments showed an increased in the local
transmit efficiency from the body coil of �20–30%, resulting in an �50% lower transmit power level and a
significant reduction in local and global SAR throughout the body. For in vivo wrist experiments, the SNR
of a commercial eight-channel receive array, integrated over the entire volume, was improved by �45%
with the ceramic.
Conclusion: The local transmit efficiency as well as the SNR can be increased for 1.5 T extremity MRI with
commercial array coils by using materials with very high permittivity.
� 2018 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), which can be somewhat
loosely defined as being engineered to have a relative permittivity
(er) higher than naturally-occurring substances such as water, have
been developed to improve image and spectroscopic quality in a
number of application areas of magnetic resonance. Aqueous sus-
pensions of calcium titanate (er � 110 at 298 MHz) were initially
developed to increase the homogeneity of the transmit field for
neuroimaging at 7 T [1], and have been used in a number of differ-
ent applications at 7 T [2–8] and 3 T [6]. Increasing the relative per-
mittivity using suspensions of barium titanate (er � 300 at
298 MHz) [9,10] allows one to concentrate the transmit field more
locally for specific applications such as inner ear imaging [11] at
7 T, or to extend applications to lower field strengths. Realizable
values of er for water-based suspensions of metal titanates can
be extended to �500 either by compression [12] or the use of cera-
mic beads [13]. In order to reach higher values (and also lower
losses) the density of the material must be increased [14]. Materi-
als with relative permittivity values close to 1000 have been used
in 7 T phosphorus spectroscopy [15] (Larmor fre-
quency � 120 MHz) and 3 T spine imaging [16]. To date the highest
permittivity materials used in MRI have been reported by Rup-
precht et al. [17] who used specialized ceramics based on lead zir-
conate titanate, Pb(ZrxTi1-x)O3(PZT) at the morphotropic phase
boundary. In their work a ‘‘soft” PZT was synthesized with a donor
dopant to give a relative permittivity of 3300 (at 64 MHz). The
authors showed significant increases in the local transmit effi-
ciency and SNR at both 3 T and 1.5 T.

The main mechanism for increasing the transmit efficiency in
the presence of dielectric material is related to the existence of
dielectric displacement currents in material which produce sec-
ondary magnetic fields (Ampere’s law):

r� B ¼ l Jc þ Jdð Þ ¼ lðrEþ jxe0erEÞ

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmr.2018.12.013&domain=pdf
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https://doi.org/10.1016/j.jmr.2018.12.013
http://creativecommons.org/licenses/by-nc-nd/4.0/
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The total current consists of two components – conductive cur-
rent Jc and dielectric displacement current Jd. The field produced by
dielectric displacement currents increases with frequency and the
relative permittivity of the material. There is an optimal value of er
for a given frequency which produces the maximum effect when
the secondary field is superimposed on the primary one. The opti-
mal er depends on the geometry of the dielectric pad and on the
Larmor frequency. If the permittivity is increased beyond this value
then wave effects occur inside the dielectric material which can
increase the inhomogeneity and decrease the efficiency of the
overall transmit field [9].

In this paper, we propose and evaluate both theoretically and
experimentally a ferroelectric material based on BaTiO3 (with
ZrO2 and CeO2-additives) with an er � 4500 for scanning extremi-
ties at 1.5 T. This very high value of the relative permittivity allows
a further reduction in size of the HPMs compared to those shown
by Rupprecht et al. [17]. These types of materials were originally
designed for the design of ceramic capacitances and microwave
devices operated by an electric field, e.g. modulators, filters, and
phase-shifters [18,19]. High values of relative permittivity and
low dielectric losses in barium titanate based ceramics can be
achieved by using additives of cerium and zirconium oxides that
shift the Curie temperature and blur the phase transition. This
material exists in a paraelectric phase, i.e. it is a ferroelectric with
a Curie point below room/body (operating) temperature with a
spontaneous dielectric polarization below its Curie temperature
Tc. Electromagnetic simulations were performed and experimental
data acquired on both phantoms and human volunteers.
2. Methods

2.1. Material preparation

High permittivity blocks (71 � 57 � 13 mm) were prepared as
follows. Pre-synthesized BaTiO3 (HPBT-1) (Fuji Titanium Industry
Co., Japan) with a Ba/Ti molar ratio of 0.996 and high purity ZrO2

and CeO2-additives were mixed in a vibration mill for 3 h. Samples
of the required geometrical shape and size were prepared by
hydraulic pressing; a 10% solution of polyvinyl alcohol was used
as a binder. The samples were sintered for three hours in an air
atmosphere at a temperature of 1340 �C in an electric chamber fur-
nace until there was zero water absorbance and a porosity less
than 4% was obtained. In order to measure the electrical properties
disc-shaped samples were covered with a silver-containing dope
burnt-in at a temperature of 840 ± 20 �C.
2.2. Material characterization

Scattering parameter (S11) measurements were performed with
an unmatched pick up loop on a Vector Network Analyzer (VNA).
The lowest resonant frequency, corresponding to the TE01d mode,
of each block was recorded in order to measure the high frequency
relative permittivity of the material by comparison with the value
obtained from electromagnetic simulations (see below). The mag-
netic susceptibility of the ceramic was measured with a supercon-
ducting quantum interference device (SQUID) magnetometer
(Quantum Design, MPMS XL).
2.3. Electromagnetic simulations

EM simulations were performed in CST Microwave Studio 2016
(CST Studio Suite, Computer Simulation Technology, Darmstadt,
Germany). The CST eigenmode solver was used to confirm the rel-
ative permittivity by calculating the frequency of the TE01d mode.
In all other simulations the frequency domain solver was used
to calculate the transmit (B1

+) field and SAR for the phantom and
in vivo scans. The transmit coil was modelled as a 598 mm diam-
eter and 536 mm long 32-leg high-pass birdcage (matching the
physical construction of the 1.5 T body coil) driven by ideal voltage
sources to produce a circularly-polarized transmission field. For
phantom simulations, each of the two phantoms was modeled as
a 60 mm diameter cylinder, length 180 mm, with relative permit-
tivity e = 61 and conductivity r = 0.86 S/m. For in vivo simulations
the Gustav voxel body model (ITIS Foundation, Switzerland) [20]
was used. For these latter simulations the smallest cell size was
0.8 mm and total number of cells was 8.2 million.
2.4. MRI data acquisition

All MRI measurements were performed on a Philips Ingenia
1.5 T system. The body coil (see simulation parameters) was used
for transmission in all scans. Experiments were performed on
healthy volunteers: written consent was obtained from all volun-
teers and all experiments followed protocols approved by the local
medical ethics committee. For the phantom experiments two
phantoms (water doped with copper sulphate to reduce the T1
value) were placed close to the centre of the magnet, at the same
position in the z-direction. One phantom had four ceramic blocks
placed symmetrically around its diameter. The relative B1

+ transmit
and B1

� receive fields with and without the ceramic blocks were
estimated using a low tip angle gradient echo sequence with
TR = 3.8 ms, TE = 1.82 ms, FA = 1�, slice thickness = 7 mm, data
matrix = 64 � 64 and number of slices = 39 using the body coil
for both transmit and receive. Since the B1

+ transmit and B1
� receive

fields are essentially identical at 1.5 T, the relative B1
+ of the trans-

mit coil with and without the ceramic blocks was simply calcu-
lated as the square root of the image intensities. The B1

+ maps
were also calculated by using a dual TR method. The sequence used
was 3D GRE sequence with the following parameters TR1/
TR2 = 5.7/35.7 ms, TE = 1.68 ms, FA = 15�, number of slices = 39,
slice thickness = 5 mm and the body coil was used for both trans-
mit and receive.

For estimation of the SNR under realistic scanning conditions a
commercial eight-channel wrist receive array (Philips) was used.
The eight-channel array consists of three axially-oriented columns
of coils with two, three and two rectangular elements, respectively,
and one element which is present in the top flap which folds over
the top of the wrist and is secured with a velcrose strap: each ele-
ment has linear dimensions of approximately 6 cm. In one experi-
ment the ceramic blocks were placed around the phantom inside
the array coil, in the other four equivalently-sized foam spacers
were used. The SNR was calculated by repeating a multi-slice gra-
dient echo sequence with TR 40 ms, TE 4 ms, flip angle 45�, and
slice thickness 10 mm: twenty experiments were performed and
the SNR calculated on a pixel-by-pixel basis as the ratio of the
mean value to the standard deviation of the signal intensity over
all of the images [21]. Separate power optimizations were per-
formed for the experiments with and without blocks.

For in vivo comparisons, in one experiment four high permittiv-
ity blocks were assembled around the wrist of a healthy volunteer
positioned inside the commercial eight-channel wrist receive coil,
and for the other the same foam spacers were used as for the phan-
tom experiments. Wrist images with and without the blocks were
obtained using a clinical protocol including a T1-weighted turbo
spin echo (TSE) sequence with TR = 776 ms, TE = 18 ms, FA = 90�,
slice thickness = 2.5 mm, data matrix = 512 � 512 and number of
slices = 20.
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3. Results

The lowest measured resonant frequency of the block (using an
unmatched pickup loop), corresponding to the TE01 mode, was
92 MHz. Adjusting the permittivity in the eigenmode solver of
the CST simulation software to match this frequency confirmed
that er = 4500, i.e. the relative permittivity at 63.8 MHz is almost
identical to that at 1 MHz. The conductivity of the material was
estimated as r = 1.79 S/m by measuring the quality factor of the
ceramic block at this lowest resonant frequency. This corresponds
to tan d � 0.1 (at 63.8 MHz), which is in line with other very high
permittivity materials [16,17].

The value of the volume magnetic susceptibility measured with
the SQUID magnetometer was +8.8 � 10�7 cgs. For comparison the
value of air is +3.6 � 10�7 cgs, and so we do not expect to see any
significant effects on even relatively long echo time gradient echo
images (this was confirmed at both 1.5 T and 3 T). To place in con-
Fig. 1. Simulated Bþ
1 efficiency map at 63.8 MHz of two cylindrical phantoms placed (a) ve

coil was used for RF transmission. The B1
+ map is scaled to 1 W input power. The phantom

(d) Measured low tip angle images of two phantoms with blocks placed around the phan
receive. Regions of interest (ROIs) used to calculate the SNR are indicated by the black re
horizontally (same as in (b)) in the center of the magnet.
text, materials such as nickel, often used in plating electronic com-
ponents, which are known to produce image artefacts have
magnetic susceptibilities more than eight orders of magnitude lar-
ger than the ceramic.

The measured reflection coefficient of the coil loaded with a
human arm with and without blocks did not show significant
changes, i.e. the noise is dominated by the combined loss of the
arm and coil, with no additional losses introduced by the blocks.
The measured S11 of all channels at 64 MHz was between �10.9
and �11.6 dB.

Fig. 1 (a) and (b) show the simulated B1
+ map for the two cylin-

drical phantoms placed vertically and horizontally, respectively, on
the patient table with four ceramic blocks placed around the phan-
tom on the left. The B1

+ maps were normalized to 1 W of input
power. The results show that the presence of the high permittivity
ceramic blocks increased the B1

+ field in the region surrounded by
the blocks by �18% when the phantoms were placed vertically
and by �33% for phantoms placed horizontally. The factor-of-two
rtically and (b) horizontally at the centre of the magnet: a 32 channel birdcage body
on the left had four high permittivity blocks placed symmetrically around it. (c) and
tom, (c) vertically and (d) horizontally with the body coil used for both transmit and
ctangles. (e) Measured B1

+ map (in mT) of two bottles with and without blocks placed
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difference nicely illustrates the effect arising from the direction of
the induced displacement currents as discussed by Rupprecht et al.
[17]. Fig. 1(c) and (d) show corresponding low tip angle gradient
echo images of the two phantoms scanned simultaneously, in both
vertical and horizontal orientations. The regions of interest (ROIs)
used to compare the signal intensities are marked with black rect-
angles. The signal intensity averaged over ROI 1 (Fig. 1 (c)) of the
left phantom is enhanced by�30% compared to the signal intensity
averaged over ROI 2, which corresponds to an increase in B1

+ (and
also B1

�) of �15%. The signal intensity averaged over ROI 3 (Fig. 1
(d)) of the left phantom is enhanced by �80% compared to the sig-
nal intensity averaged over ROI 4, which corresponds to an
increase in B1

+ (and also B1
�) of �34%. The measured B1

+ map of
the setup that corresponds to the horizontally placed bottles with
and without blocks (Fig. 1 (e)) shows an average increase in B1

+ field
in a phantom with blocks of �34% compared to the phantom with-
Fig. 2. Measured SNR on the bottle phantom without blocks (a) and with blocks (b)
in arbitrary units (AU). The regions inside white squares were compared. The body
coil was used for transmit and an eight channel array in reception.

Fig. 3. (a) Simulated setup – four high permittivity ceramic blocks were placed around wr
power without and with blocks. (c) Simulated SAR10g average without and with blocks.
out blocks, which coincides with the estimation concluded from
the Fig. 1 (d).

Fig. 2 shows one gradient echo image used for the SNR mea-
surements on the phantom with and without blocks (measured
separately) placed inside the commercial eight channel extremity
receive array. Separate power calibration was performed for the
two experiments to ensure that the same excitation tip angle
was used in both cases. The transmitted power level with the
blocks was �50% lower than the power level of the scan of phan-
tom without blocks. Using the repeated measurement method
described previously the SNR increase in the ROI (white rectangle)
was �45% compared to the phantom without blocks.

Fig. 3 shows the results of EM simulations using the voxel body
model of the B1

+ field normalized per square root of input power,
and the 10 g averaged SAR with and without blocks placed around
the wrist. Fig. 3(b) shows that the B1

+ efficiency increased by �30%
averaged over the volume of the wrist surrounded by the ceramic
blocks. This is a similar number to the phantom simulations shown
in Fig. 2, and corresponds to being able to use �50% less power.
Fig. 3(c) shows the corresponding 10 g averaged SAR calculations,
which show a decrease in the 10 g averaged SAR over the entire
body. Interestingly, the highest 10 g averaged SAR is found in the
wrist since it is located very close to the high electric field area
of the transmit body coil. A large reduction in the 10 g averaged
SAR in the wrist is also evident.

Fig. 4(a) shows a photograph of the experimental setup used for
scanning the wrist in vivo. Four blocks of ceramic were placed
around the radiocarpal joint of the wrist. Fig. 4 (b) and (c) show
T1-weighted TSE images from our standard clinical imaging proto-
col without and with ceramic blocks. Using the automatic power
calibration protocol for the clinical system the image with ceramic
blocks required 40% lower power than the image without blocks.
This lower power corresponds to an �25% increase in B1

+ field effi-
ciency which corresponds well with the simulation results shown
in Fig. 3. Using the power calibration values, as would be the case
ist of the voxel model Gustav. (b) Simulated B1
+ efficiency per square root of accepted



Fig. 4. (a) Photographs of the in vivo experimental setups with a volunteer, ceramic blocks placed around the wrist and the commercial eight-channel receive array coil. (b)
T1-weighted wrist images without blocks, and (c) with blocks. The power level from the transmitter coil was 40% lower in the case of scanning the wrist with blocks compared
to without blocks. The SNR is approximately 50% higher with the blocks over an ROI comprising the entire imaged volume. (d) Noise correlation matrices of the receive coil
without and with blocks.
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for clinical scanning, the image with ceramic blocks in Fig. 4(c)
shows �50% higher signal intensity compared to the image with-
out blocks. This increase in SNR results primarily from the
increased local B1

�, as has been reported by previous authors [17].
The measured noise correlation matrices of the receive coil with-
out and with blocks are shown in Fig. 4(d). No significant changes
in coupling coefficients were observed in measurements without
and with blocks.

4. Discussion and conclusion

This work has shown that materials with very high er (�4500)
can be used to increase both the transmit and receive sensitivities
at 1.5 T. These results are similar to those shown by previous
authors [17], with the higher er in this paper allowing smaller cera-
mic blocks to be used for extremity imaging in which signal
enhancements were seen throughout the entire imaging region-
of-interest. Experimental results showed good agreement with
electromagnetic simulations, indicating that significant reductions
in power transmission from the body coil can be achieved.

The results presented here, and elsewhere, can be considered in
the framework of ultimate intrinsic signal to noise (UISNR), intro-
duced by the group of Atalar [22,23]. Previous authors have shown
that at 1.5 Tesla loop coils produce only divergence-free current
patterns and so large arrays of such loop coils can approach the
UISNR [24]. These latter results show that 95% of the UISNR can
be attained at the centre of a spherical sample using only 8 loops
at 1.5 Tesla: however, the SNR at the periphery of the imaging
field-of-view is only 50% of the UISNR. In order to achieve 95% of
the UISNR over the entire volume, a very large number of
appropriately-sized, close-fitting loops need to be used: commer-
cially these types of coils are simply not produced or even exceed
the channel count of most systems. Our results show that we
recover a significant percentage of the UISNR at the surface of
the imaging field-of-view by using high permittivity materials for
the situation of eight loops. Mechanistically, the basic principles
of how dielectric materials can increase the SNR has been
described recently [25]. The authors described the manipulation
of the RF transmit and receive field by combining a surface loop
coil with high permittivity dielectric material. One of the major
conclusions of that study is that the effect of the high permittivity
material is to increase the effective number of coils, which would
of course more closely approach the UISNR. We have also per-
formed essentially an identical set of simulations at 1.5 Tesla, with
an identical conclusion.

Further increases in er would enable even thinner elements to
be used, and so it is interesting to monitor the literature for mate-
rials with extremely high permittivities. Newmaterials such as cal-
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cium copper titanate (CCTO) have what is termed a ‘‘giant permit-
tivity.” CaCu3Ti4O12 has been reported to have a dielectric constant
at 1 kHz of about 12,000 that is nearly constant from room temper-
ature to 300 �C [26]. The cubic structure of the general class of
materials ACu3Ti4O12 (where A represents a metal) is related to
that of perovskites such as calcium titanate, except the fact that
the TiO6 octahedra are tilted [26,27]. However, these classes of
material have relatively high loss tangents reported, up to 0.3. Even
higher permittivity values have been reported for lanthanum
strontium nickelates [28,29], although there is relatively little
information on losses at frequencies relevant for MRI. As discussed
previously, there is an optimal value of er which produces the max-
imum effect when superimposed on the original field [9].

While such increases in SNR are very useful clinically, another
important future application may be in cases where the imaging
ROI is different from the location of a medical implant. Common
examples include patients with cardiac stents who require imaging
of local areas of the spinal column or the extremities. In this case
the power delivered to the entire body during the scan can be
reduced due to the increase of the transmit efficiency, and this
leads to a reduced 10-g averaged SAR, allowing a scan to be per-
formed under normal scanning conditions rather than having to
use a reduced SAR mode. Oue results at 1.5 T are in line with elec-
tromagnetic simulations performed by Yu et al. [30] at 3 T, in
which HPMs could be placed around the imaging region-of-
interest in order to concentrate the local transmit field produced
by the body coil, resulting in a reduction in the required power
transmitted by the body coil for a given image contrast, and an
associated reduction in the SAR averaged over 1 g of tissue next
to a pacemaker lead by almost 75% [30]. This approach could also
potentially be combined with other promising approaches such as
parallel RF transmission [31,32], or using coil geometries which are
specifically designed to reduce the electric fields in pre-determined
areas [33,34].
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