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Abstract
Objective  High-permittivity pads have shown promising results in enhancing SNR and transmit efficiency when used for 
MRI of the brain, but fewer studies have been conducted to examine the performance of high-permittivity pads in other parts 
of the patient. In this work, we evaluate the impact on SNR and transmit efficiency distributions when high-permittivity 
pads with different thickness are positioned near the chest of the patient in combination with a transmit/receive array coil.
Methods  The performance of the pads is evaluated through numerical simulations, and both the SNR distribution and the 
transmit efficiency maps are compared with those obtained when the pads are not present and the distance between the coils 
and the patient is minimal. The average improvement of SNR and transmit efficiency in the heart is also evaluated for dif-
ferent values of the permittivity of the pads.
Results  In the scenario examined, high-permittivity pads can increase SNR and transmit efficiency in the heart volume by 
as much as 16% and 65%, respectively.
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Introduction

Use of High-Permittivity Materials (HPM) in MRI scans is 
increasingly common, especially in imaging of the brain at 
7T and above. HPM have provided very promising results 
to shape the radiofrequency magnetic ( B1 ) field in order to 
improve homogeneity of the fields, to enhance Signal to 
Noise Ratio (SNR), and improve transmit efficiency (TxEff) 
[1–5].

The presence of HPM pads enhances the displacement 
current of electric fields between the coil and the subject, 
becoming a significant source of B1 field. If the ratio of B1 
field in the imaging region to electrical field throughout the 
subject can be improved, SNR and/or transmit efficiency can 
be improved. While in many cases, the largest advantages are 
seen in regions of the subject very near the pads [2], depend-
ing on the design criteria, it has also been shown that HPM 
surrounding the region of interest can also improve SNR 
and TxEff deep within the subject [2, 4, 6]. Mechanisms 

proposed to explain effects deeper in tissue include the pos-
sibility of displacement currents in the pad acting as larger, 
distributed coils with deeper effective penetration than the 
conductive coils [4], an improved matching layer for greater 
efficiency in producing fields throughout the sample [7], and 
the HPM facilitating propagation of fields from one coil fur-
ther around the subject [8].

Such improvements have been observed in simulations 
and experiments for MRI scanners of different static mag-
netic ( B0 ) field strength [1–5]. For example, for a 7T scanner, 
an HPM helmet with a thickness of 8 mm and a permittivity 
value ϵr = 115 was recently designed to improve SNR and 
transmit efficiency [4] when operating with a transmit and 
receive coil array, and in experiments, it was observed an 
SNR improvement in the cerebrum of approximately 21%, 
and the transmit efficiency enhanced of approximately 56% 
at the center of the brain, where it is difficult to improve SNR 
by other means, such as by increasing the number of receive 
coils [9]. In addition, it was shown both in simulations and 
experiments that at 3T transmit efficiency can be increased 
by more than 30% and B+

1
  homogeneity improved when 

HPM pads are used in the torso [1, 10].
Based on the results of helmets simulations with differ-

ent values of permittivity, it was possible to determine a 
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mathematical relationship between field strength and the 
optimum permittivity value of a HPM helmet with a given 
shape and thickness [11]. Since the HPM pads impact how 
the radiofrequency electromagnetic fields propagate, the 
optimum value of permittivity is affected not only by the 
operating frequency of the scanner but also by many other 
factors such as the distance between the coil and the HPM 
pads, the distance between the pads and the subject, the 
shape and the dielectric properties of the subject’s tissues. 
Therefore, similar to coil design, every application of HPM 
may require a specific design and optimization process to 
provide the best signal in the region of interest.

Most applications of HPM have been focused on the 
brain, while a significantly smaller number of studies have 
been done for HPM used for other parts of the human body, 
such as the torso. In this work, we use numerical simula-
tions to investigate how HPM pads can impact the SNR and 
transmit efficiency generated by a transmit and receive array 
coil in the chest, considering both permittivity and thick-
ness of the pads and, therefore, also the distance between 
the coil and the subject. This work is an extended version of 
a previously presented conference abstract [12], with con-
siderations on how the presence of the HPM pads affect the 
SAR distribution.

Methods

The performance of SNR and transmit efficiency when HPM 
pads are used near the chest is evaluated with numerical 
simulations and compared to the case when no HPM pad is 
used and the coils are positioned adjacent to the chest.

A human body model representing an average adult male, 
“Duke” of the Virtual Family v1.0 [13] at 5 mm isotropic 
resolution, was imported to commercial FDTD simulation 
software (xFDTD v6.5; Remcom, inc.). The excitation fields 
were generated with an 8-channel array of 16 cm-long strip-
line elements, and in reception, from 24 additional receive-
only rectangular loops (each 6 cm wide and 12 cm long) all 
operating at 300 MHz [14]. The coils were split equally into 
a “clamshell” configuration with half on either side of the 
torso (Fig. 1). HPM pads were designed to have a shape con-
formal to the coil and were positioned between the coils and 
the body (Fig. 1). HPM pads with different thickness, 1.5 cm 
and 3 cm, respectively, were tested for several permittivity 
values, and two optimum permittivity values that provide 
the highest SNR and transmit efficiency were identified for 
each pad thickness. For the optimum permittivity value of 
these two configurations, we have also evaluated the SNR 
and the transmit efficiency of a transmit array composed of 

Fig. 1   Geometry of problem. 
Human body, HPM pads 
(dark blue), and all coils were 
simulated in a long magnet bore 
(a). 12 receive coils (red, green, 
light blue) were simulated on 
both front (b) and back (c) of 
torso. Receive coils were 6 cm 
high and 12 cm wide (b, inset). 
For transmission, 8 stripline 
elements (d) or 8 dipole anten-
nas (e) were used. Cases with 
no pad and the coils close to 
the torso (f), 1.5 cm-thick pads 
(g), and 3 cm-thick pads (h) 
were simulated. Dimensions 
for receive coils are given in 
the inset for b, for stripline 
elements and ground plane are 
in d, for dipoles are in e, and for 
HPM pad thicknesses are in g 
and h with other dimensions of 
the HPM pad matching those of 
the ground plane in d 
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8 dipoles positioned at the same locations of the striplines 
(Fig. 1). Both SNR and transmit efficiency were evaluated 
with in-house Matlab scripts. In addition, the Matlab opti-
mization toolbox has been used to perform an optimization 
of the homogeneity of the field in the heart for the opti-
mum permittivity values, using as initial values the driving 
currents that provide the maximum transmit efficiency in 
the heart. The fields generated by each coil were computed 
separately. The schematics and the dimensions of the coils 
are shown in Fig. 2.

The SNR in the location r was computed as

where Ψ is the vector representing the sensitivity of coils 
in the receive array at the location r [15]. Indicating with 
NR  the number of receive coils, Ψ has length NR and each 
element corresponds to the complex field B−

1
 generated at 

location r by the mth coil,

and R is the noise resistance matrix [16], which has size 
NR × NR . The matrix R was computed by summing the sam-
ple matrix RS (corresponding to the thermal noise from the 
sample) and the matrix RC , or coil self-resistance, (which 
corresponds to the noise in each coil). RC is a diagonal 
matrix with each element of the diagonal being the power 
computed in the corresponding coil. The current is assumed 
to flow in the cross-section of the coil along the surface in a 
strip having thickness equal to the skin depth δ [17]. Indicat-
ing the width and thickness of the conductor cross-section 

(1)SNR(r) =
√
Ψ(r)∗R−1Ψ(r),

(2)Ψm(r) = B−
1,m

(r),

with w and t, with l the length along its perimeter, each ele-
ment of the diagonal of RC is given by,

where � is the resistivity of the conductor.
For each couple of coils m and n, the sample matrix RS is 

computed by integrating the conjugate product

over all the cells r of the body model. Here, �(r) is the elec-
trical conductivity in the three directions of the cell at the 
location r, and Em(r) and En(r) denote the electric fields gen-
erated at the location r. Being a discretized numerical model, 
the integral in (4) is computed by summing the conjugate 
product of the electric fields and local conductivity over all 
voxels in the body, and the volume d3r indicates the volume 
of a single voxel.

Regarding the transmit field, for each location on two 
orthogonal planes, one axial plane and a coronal plane near the 
center of the chest, a maximum achievable local transmit effi-
ciency is calculated using an analytical approach [18]. Assum-
ing weak coupling between the elements of the transmit array, 
the optimum driving currents for each location is given by

(3)RC,m,m =
�l(m)

2w(m) + 2t(m)�
,

(4)RS,m,n = ∫ r

�(r)Em(r)E
∗
n
(r)d3r,

(5)Ii(r) =

|||
B+

1,i
(r)

|||
e
−j∠B+

1,r

Re
{
Zii
} ,

Fig. 2   Geometry of receive 
coils (a), dipole antennas 
(b) and stripline array (c, d). 
Receive coils and stripline 
shield/ground plate are curved 
as if on an arc with a 53 cm 
radius. The arc length for 
the overall receive coil array 
matches that of the stripline 
shield/ground plate (46.2 cm). 
Centers of dipole antennas and 
stripline elements are spaced 
as indicated in c. The location 
of the driving components is 
reported. Inductor values for 
proper tuning were different for 
each dipole and configuration, 
and vary from 84 to 117 nH
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where B+

1,i
(r) is the component of the ith element of the trans-

mit array in the specific location of interest r, and Re{Zii} is 
the real component of the self-impedance of the ith element 
of the transmit array. With the driving currents calculated 
with Eq. (5), the transmit efficiency is computed by evaluat-
ing the combined transmit field B+

1,i
(r) normalized by the 

same amount of absorbed power.
For each optimum permittivity value, the safety of the 

transmit array is evaluated by comparing the maximum local 
SAR averaged on any 10 g volume when the array elements 
are driven to maximize the transmit efficiency in the heart. 
The SAR is averaged with a previously presented method 
[19, 20] when combined fields are normalized to produce 1 
�T  B+

1
  in the heart.

Results

For each case, the ratios of SNR and transmit efficiency to an 
“original” case with no HPM pads and with the coil arrays 
adjacent the chest were calculated at each location through a 
given plane of the body model. Figure 3 shows distribution 
of both SNR and transmit efficiency, while Fig. 4 shows the 
ratios for several values of permittivity of the HPM pad for 
the two pads with different thickness and for different values 
of permittivity. The transmit efficiency maps are reported 
for both the case when striplines and dipoles are used as a 
transmit array. For a pad thickness of 3 cm we computed 
SNR up to a permittivity of 125, above which we observed 
a significant degradation of the SNR in deeper tissues. For 
a pad thickness of 1.5 cm, we similarly observed an SNR 
reduction for permittivity values higher than 150. Figure 4 
also shows the ratio of SNR when an HPM pad is used to 
the case when no pad is present and the distance between 
the coils and the tissues is minimal. In the heart, a maximum 

Fig. 3   For axial (first three columns) and coronal (last three columns) 
views, plots of the SNR (first row) and transmit efficiency for stripline 
(second row) and dipole array (third row), for the case with no pad 
on the left, the case with a 1.5 cm HPM pad in the middle, and the 
case with a 3 cm pad on the right. The SNR figures are normalized 
to the maximum value of the respective case in the corresponding 

plane with no pad, such that the axial and coronal views have differ-
ent normalization factors: the normalization factor for the axial view 
is 5.4 times larger than the factor for the coronal view For transmit 
efficiency the scale of the colorbar ranges from 0 to 1 �T∕

√
W for the 

axial view, and 0 to 0.5 �T∕
√
W for the coronal view

Fig. 4   For axial (first two 
columns) and coronal (last two 
columns) views, plots of the 
voxel-by-voxel ratio of SNR 
(first row) and transmit effi-
ciency for stripline (second row) 
and dipole array (third row) to 
the cases with no pad. The black 
line corresponds to a ratio of 1
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SNR improvement of 16% is observed for a permittivity 
value of 150 for the 1.5 cm pad.

For the same values of permittivity of the pads, the trans-
mit efficiency distributions were computed, and the ratios 
of the efficiencies are reported in Fig. 4. The maximum 
improvement in transmit efficiency in the heart is significant, 
exceeding 60% for a permittivity value of 60.

The ratios of both the SNR and the transmit efficiencies 
in the heart with respect to the case with no pad when dif-
ferent permittivity values of the HPM pad are plotted in 
Fig. 5, while average SNR values in the heart, and transmit 
efficiency and maximum average 10 g SAR (SAR10g) are 
reported in Tables 1 and 2. For the thicker pad, the optimal 
permittivity has a lower value.

A comparison of the power dissipated in the coils, in the 
HPM pad when the electrical conductivity is set equal to 
that of distilled water (0.025 S/m), in the tissues, and of the 
radiated power is reported in Table 3.

The transmit efficiency in the whole heart volume provided 
by the dipoles is about 10% higher than that provided by the 
striplines. This is consistent with the values of absorbed power 
in the tissues reported in Table 3. When pads are present and 

fields are shimmed for maximum Tx Eff, the dipole array also 
produces lower maximum local SAR than the stripline array, 
though it produces greater local SAR when no pad is present. 
When shimming for maximum homogeneity in the heart, the 
dipole array consistently produced greater local SAR than the 
stripline array.

When algorithms to optimize the homogeneity of the field 
in the heart are used, the dipoles can provide a better homo-
geneity, with about half the variance. A higher homogeneity 
(about 60% reduction in variance) is observed when HPM are 
used for both the striplines and the dipoles.

Fig. 5   Ratio of SNR (left) and transmit efficiency (right) to values for baseline case averaged over the heart as functions of permittivity in the 
3 cm-thick pad (solid line) and 1.5 cm-thick pad (dashed line)

Table 1   For the receive arrays, increase of the average SNR values in 
the heart with respect to the case with no HPM pad

Receive array position, permittivity SNR improvement

d = 0 0.00%
d = 1.5 cm, εr = 100 8.53%
d = 3 cm, εr = 60 11.85%

Table 2   For both the two transmit arrays (striplines and dipoles), 
average transmit efficiency and maximum 10gSAR when the coils are 
driven to provide the maximum transmit efficiency in the heart

Transmit effi-
ciency [ �T∕

√
W]

Maximum 
SAR10g 
[ W∕kg]

Stripline (d = 0) 0.115 35.82
Stripline (d = 1.5 cm, εr = 100) 0.123 32.14
Stripline (d = 3 cm, εr = 60) 0.129 48.19
Dipole (d = 0) 0.130 40.54
Dipole (d = 1.5 cm, εr = 100) 0.132 27.67
Dipole (d = 3 cm, εr = 60) 0.139 45.52
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Discussion

We have compared HPM pad designs to work with a trans-
mit and receive array coil for a 7T MRI system to provide 
signal for the chest. The analysis of the impact of the HPM 
pads has been performed through numerical simulations. 
Our simulations show that HPM pads can improve the SNR 
and the transmit efficiency in the subject’s chest. In par-
ticular, we found that the best performance is obtained for 
a relative permittivity of 60 for the 3 cm pads and a relative 
permittivity of 100 for the 1.5 cm pads. This demonstrates 
that the design of HPM pads, including the selection of the 
permittivity, is strictly linked to the geometry of the pads for 
a specific frequency.

Change in permittivity of the HPM pads affects the 
SNR distribution, while lower permittivity values provide 
a more uniform improvement, above a certain point, further 
increases in permittivity tend to provide stronger improve-
ments only near the surface of the body. According to our 
simulations, optimal values of permittivity can provide 
improvements in both the SNR and the transmit efficiency in 
deep tissues such as in the heart. However, the improvements 
are not homogeneously distributed in the volume.

The results do not seem to be significantly affected by the 
distance between the coils and the tissues. In fact, a com-
parison of the results for the cases without the pad in the 
two extreme distances (maximum and minimum distance) 
shows relatively minor differences. The closer coils pro-
vide stronger SNR at the surface, while higher SNR can 
be observed in deeper tissues when the coils are not placed 
next to the body.

We could observe weak coupling between the elements 
of the transmit arrays (both the stripline and the dipole 
arrays), with a maximum value of − 20 dB among the ele-
ments and minimal effects of the HPM pads. In contrast, 
very strong coupling was observed between some loops 
of the receive array, with a maximum value of − 4.4 dB. 
However, no decoupling techniques were used to reduce 
the coupling among the receive coils, and receive coil 
fields were computed independently with the expectation 
that in experiment preamplifier decoupling and careful coil 

overlap would be effective. In addition, we could observe 
a small increase in the average coupling of the receive 
array elements when the HPM pads are present, but the 
maximum coupling values were reached when no pads 
were present.

While HPM pads can improve coil performance, 
another consideration is the added weight to the coils, 
which can affect both ease of use for the MRI technologist, 
and patient comfort. Water-based HPM pads with the vol-
umes simulated here would weigh approximately 1.12 kg 
for each 1.5 cm pad and 2.25 kg for each 3 cm pad. Con-
sidering the relative weight of coil construction materials, 
this might easily double the weight of a lightweight coil 
designed to rest on the chest of the subject.

Use of these pads did not show significant effects on 
the maximum local SAR when the currents of the transmit 
array are driven to maximize the transmit efficiency in the 
heart. When the elements are driven to provide an average 
total value of B+

1
 in the heart equal to 1 �T  , we found max-

imum 10gSAR values for the case with no pad (35.8 W/Kg 
and 40.5 W/kg for the stripline and dipole arrays, respec-
tively), slightly lower SAR values for the 1.5 cm thick 
pad (32.1 W/Kg and 27.7 W/kg), and slightly higher SAR 
values for the 3 cm pad (48.2 W/Kg and 45.5 W/kg).

In conclusion, we found that HPM pads can be used to 
enhance SNR and transmit efficiency in the chest without 
increased risks related to RF safety. SNR increase can be 
mainly found in deeper tissues, while the vicinity of the 
coil without the pad provides better performance towards 
the surface of the body.

Funding  This research work was supported by National Institutes of 
Health, grant numbers: R01 EB0021277, P41 EB017183.

Declarations 

Conflict of interest  The authors declare that they have no conflict of 
interest.

Ethical standard  This article does not contain any studies involving 
human subjects.

Table 3   For both the two 
transmit arrays (striplines and 
dipoles), comparisons of the 
dissipated power in the coils, in 
the pads, in the body model, and 
the radiated power

Power in the 
coil [W]

Power in the 
HPM [W]

Power in the tis-
sues [W]

Radiated 
power [W]

Stripline (d = 0) 0.01% 0.00% 95.38% 4.61%
Stripline (d = 1.5 cm, εr = 100) 0.00% 6.24% 93.08% 0.68%
Stripline (d = 3 cm, εr = 60) 0.02% 10.08% 76.62% 13.28%
Dipole (d = 0) 0.00% 0.00% 98.78% 1.22%
Dipole (d = 1.5 cm, εr = 100) 0.00% 6.12% 93.62% 0.25%
Dipole (d = 3 cm, εr = 60) 0.00% 12.61% 87.05% 0.34%
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