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ABSTRACT
The appearance of severe signal drop-outs in abdominal imaging at 3 T arises primarily 
from areas of very low B1

+ transmit field in the body, and is problematic in both obese as 
well as very thin subjects. In this study, we show how thin patient-friendly pads containing 
new high permittivity materials can be designed and optimized, and when placed around 
the subject increase substantially the B1

+ uniformity and the image quality. Results from 
nine healthy volunteers show that inclusion of these dielectric pads results in statistically 
significant decreases in the coefficient of variance of the B1

+ field, with stronger and more 
uniform fields being produced. In addition there are statistically significant decreases in 
timeaveraged power required for scanning. These differences are present in both 
quadrature-mode operation (coefficient of variance decrease, P  0.0001, mean 25.4 ± 
10%: power decrease, P = 0.005, mean 14 ± 14%) and also for the RF shimmed case 
(coefficient of variance decrease, P = 0.01, mean 16 ± 13%: power decrease, P = 0.005, 
mean 22 ± 11%) of a dual-transmit system.

INCREASING SIGNAL HOMOGENEITY AND IMAGE QUALITY IN 
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MATERIALS
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INTRODUCTION
The appearance of signal voids in abdominal MRI in both volunteers and patients at 3 T 
has been noted by many researchers.1–6 Some report that severely obese patients present 
the worst situation,2 others that this effect also occurs for very thin patients.1,3 As noted by 
Bernstein 1 ‘‘Image shading and uneven contrast resulting from spatial variation in the 
transmit B1

+ field remains one of the biggest unsolved problems for routine clinical 3 T 
imaging today.’’ The phenomenon of signal loss is often referred to as ‘‘dielectric reso-
nance.’’ Pregnant women and patients with ascites are universally problematic, and 
subsequently are almost always studied at 1.5 T.5,6 The clinical, and implicitly financial, 
importance of this situation is emphasized by the recent commercial introduction of 
dual-transmit RF systems at 3 T, in which the quadrature body coil is effectively split into 
two linear coils, each of which can be driven with an independently controlled magnitude 
and phase. The two degrees of freedom (relative amplitudes and relative phases of the 
two channels) compared to only one (absolute amplitude) for a conventional single 
transmit system can produce considerable increases in RF transmit homogeneity,7,8 as 
has long been known theoretically and investigated extensively for imaging at 7 T.9–11 
However, experience at our institution and elsewhere indicates that, despite improved 
performance, dual-channel 3 T systems do not consistently solve the problem of image 
inhomogeneities. Experimental and simulation work has suggested that there are still 
further improvements using an eight channel transmit body coil,12,13 but such a setup is 
not currently commercially available.
A second approach to address the issues of RF inhomogeneity in 3 T abdominal imaging is 
the use of ‘‘dielectric pads’’.14–17 Previous very simple pads typically are made from 
ultrasound gel with dissolved paramagnetics such as manganese chloride to give a short 
T2 and hence low background MR signal. Some institutions report that these are used 
locally for most abdominal scans,15 whereas others report that they are not commonly 
used in the wider community.1 There are several problems with this approach as currently 
implemented. From a practical point-of-view the pad is 3 cm thick and therefore some-
what patient-unfriendly. In the usual implementation, a single pad is placed centrally on 
top of the patient irrespective of the patient size: the large thickness makes it impractical 
to place a second one underneath the patient to improve the transmit field in the posterior 
regions. Perhaps most importantly, no optimization of the properties (size, shape, 
thickness, placement, or relative permittivity) of the dielectric pad or material has been 
shown.
In this article, we present both electromagnetic (EM) simulations and experimental data 
using thin pads with high permittivity materials based upon aqueous suspensions of 
metal titanates which have a relative permittivity of 300.18,19 Placement of two of these thin 
(1 cm) pads anterior and posterior to the subject is shown to improve significantly both the 
transmit field homogeneity and the overall image quality. The imaging performance both 
with and without dielectric pads is compared experimentally to that of a dual-channel RF 
system in quadrature mode, as well as the combined approach using both the dielectric 
pads and RF shimming. Significant improvements in homogeneity due to the pads are 
found when the scanner is used in the conventional quadrature mode, and the best 
performance is found using RF shimming combined with the high permittivity pads.
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METHODS
EM Simulations
A commercial package based on a finite difference time domain method (xFDTD, Rem-
com, PA) was used for all simulations. The RF coil was modeled as a 16 rung high pass 
birdcage coil with a diameter of 61 cm, length 56 cm, driven in quadrature mode by 32 
ideal current sources with an impedance of 50 V. This corresponds to a dual transmit 
system being operated in the conventional quadrature or fixed phase mode, in which the 
phase relationship between the two channels is fixed at 90°. One male (Duke, body mass 
index 23) or one female (Ella, body mass index 22) model from the virtual family was 
placed in the center of the coil.20 An isotropic grid cell size of 2.5 mm was used with a 
seven-layer perfectly matched absorbing boundary. A sinusoidal current was applied at 
128 MHz, with a timestep of 4.8 ps. A criterion of -50 dB was set for convergence of the 
steady-state fields, and typical simulation times were 30 min using a graphics processing 
unit. The transmit magnetic field (B1

+ ), electric (E) field, and specific absorption rate (SAR) 
were simulated for each configuration: normalization was to 1 W dissipated power.
To determine the optimal pad permittivity, a grid search was used in which the relative 
permittivity values of two pads (one anterior, one posterior), each of thickness 1 cm, were 
varied from 1 to 650 in steps of 50. For comparison, a 3 cm thick commercially available 
water pad was included in the simulations.14,15 The coefficient of variation (Cv) of the B1

+ 
field, i.e., 100 multiplied by the standard deviation of the B1

+ divided by its mean value, 
across the simulated B1

+ map (transverse orientation) was evaluated in MATLAB (Math-
works, Natick, MA). In the transverse slices, the value of Cv is calculated throughout the 
entire cross-section (not considering the arms). For coronal slices, a rectangular region 
of interest is assigned through the thorax and abdominal region of the body.

Production of High Permittivity Pads
High permittivity pads were produced based on the approach described previously.19 
Briefly, barium titanate (BaTiO3) powder (Alfa Aesar GmbH) was mixed with water until a 
saturated suspension was reached since the aim was to produce as high a permittivity as 
possible. Approximately, a 4:1 weight/weight ratio of barium titanate powder to water was 
used. The dielectric constant was measured using a dielectric probe kit (85070E, Agilent 
Technologies, Santa Clara, CA) and a network analyzer, and had a value of 300. This is 
substantially higher than reported in a previous publication,19 and emphasizes the fact 
that the permittivity that can be reached is critically dependent upon the surface proper-
ties and size of the barium titanate powder used. Two pads, each 1 cm thick, of the 
suspension were heat-sealed within polypropylene pads, with dimensions 28 x 22 cm2 
(left/right and head/foot dimensions, respectively). The weight of these pads was approxi-
mately 2 kg, significantly less both in thickness and weight compared to a commercial 
water-based pad (3 cm thick and 3.2 kg weight).

MRI Protocols
All experiments were approved by the Leiden University Medical Center Committee for 
Medical Ethics, and performed on a dual-transmit 3 T Philips Achieva. Nine volunteers 
(seven male, two female), with ages between 25 and 50, and body mass indices (BMIs) 
between 18 and 38, were imaged. The transmit coil was the inbuilt body resonator, and a 
six-element ‘‘cardiac array’’ was used for signal reception: this consisted of three 
elements anterior and three elements posterior to the patient. All experiments were 

performed first with the pads in place, the pads were then removed with as little subject 
motion as possible, and rescanning without the pads was performed. Figure 1 shows a 
schematic of the EM simulation setup accompanied by a photograph of the positioning of 
the thin pad on the anterior side of the volunteer. The transmit field of the body coil was 
mapped using the method of Yarnykh at 2.5 mm isotropic resolution with a target angle of 
45° to avoid ambiguity for any actual tip angle close to or greater than 90°.21 Imaging 
parameters: three-dimensional gradient echo sequence: echo time = 20 ms, TR1 = 100 
ms, TR2 = 250 ms, nominal flip angle 50°, 64 x 64 data matrix, transverse slice thickness 
10 mm, 1 mm slice gap, field-of-view ~ 250 x 450 x 120 mm3 with slight variations depen-
dent upon subject size. Tip angle maps were generated from the ratio of the signal 
intensities obtained with the two different pulse repetition time values. Tip angle maps 
were then converted to transmit sensitivity (B1

+ per square root of power) for direct 
comparison with EM simulations. Coefficient of variation values were calculated as 
described in the previous section. For assessment of image quality, T1-weighted turbo 
gradient echo sequences were run with the following parameters: echo time = 2.3 ms, 
pulse repetition time = 10 ms, tip angle = 15°, 252 x 149 data matrix, slice thickness = 7 
mm, 1 mm slice gap, field-of-view = 297 x 375 x 77 mm3, acquisition time = 13.5 s for six 
slices, linear phase encoding, scan percentage 75%, turbo echo factor 149, no flow 
compensation. Images were acquired during breathhold (exhalation).
Four different settings were used to investigate the separate effects of RF shimming and 
the dielectric pads. First, RF shimming was turned off forcing the conventional quadra-
ture relationship between the two separate transmit channels. Second, RF shimming was 
enabled, in which a rapid grid search is performed by the Philips system with a free range 
of relative amplitudes and phase difference between the two channels. RF shimming was 
performed separately for the cases with and without the dielectric pads in place.
Measurements of the time-averaged power during the imaging sequence are recorded in 
the log file of the scanner. These measurements are performed directly at the amplifier, 
and measure both the forward and reflected powers, the difference between the two 
being the power delivered to the system (losses in cables and connectors between the RF 
amplifiers and the RF coil may be up to 15%, but this percentage does not vary signifi-
cantly with absolute power).

FIGURE 1. (left) Schematic of the setup for the EM simula-
tions with a dielectric pad (red) with thickness 1 cm placed 
on the abdomen. An identically shaped pad (green) is 
placed on the back, in the same position. (right) photo-

graph of a volunteer with the pads in place. [Color figure 
can be viewed in the online issue, which is available at 
wileyonlinelibrary.com.]
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Statistical Analysis
Statistical analysis was performed using Graphpad Prism (La Jolla, CA). Paired two-sided 
Student’s t-tests were performed for conditions of with/without dielectric pads for data 
acquired with and without the dielectric pads.

RESULTS
EM Simulations
Figure 2 shows simulation results of the B1

+ field in the male Duke model. The grid search 
gave an optimum configuration with relative permittivities of 400 for the anterior pad and 
500 for the posterior pad for a pad thickness of 1 cm. In practice, the highest permittivity 
that could be achieved was 300 using essentially a saturated suspension of barium 
titanate powder in water. 

In Figure 2, the values of Cv are given for the situations of no pads, the commercial pad (3 
cm thick, water-based, εr = 80), the optimum configuration of the two pads placed anterior 
and posterior, and the practical configuration of two pads with relative permittivities of 
300. As outlined in the methods section, in the transverse slice, the value of Cv is calcu-
lated throughout the entire cross-section (not considering the arms), and for the coronal 
slice through the thorax and abdominal region of the body. There are considerable 
improvements in the B1

+ homogeneity for the anterior/posterior high permittivity pads 
compared to both the situation with no pads, and also the asymmetric placement of the 
commercial pad on only the anterior side of the subject. It should be noted that, since 
optimization was performed on the transverse slice due to the much more defined 
region-of-interest (essentially the entire slice without the arms), the value of Cv in the 
coronal plane can actually be slightly lower for the εr = 300 case than the ‘‘optimum’’ 
permittivity value.

Figure 3 shows corresponding plots for the female Ella model. In this case, the optimum 
configuration was found to correspond to relative permittivities of 300 for the front and 
back. The dependence of the value of Cv on the permittivities of the two pads for both the 
Duke and Ella model is shown in Figure 4. As can be seen, there is a relatively smooth 
minimum for values around 300 – 500, but the increase is quite severe for values below 
about 300 or above 500. These results confirm the simulation results in Figure 2 which 
demonstrate that there is a very small increase in Cv when operating with pads with 
permittivity of 300 compared to the optimum values of 400/500.

FIGURE 2. EM simulations of the B1
+ field in the ‘‘Duke’’ 

model. (a)–(d) transverse slice through the centre of the 
liver, (e)–(h) corresponding coronal slices. (a) and (e) no 
dielectric pads, (b) and (f) a 3 cm thick ‘‘commercial’’ 
water-based pad, (c) and (g) the optimum solution for two 1 

cm thick pads with εr = 400 for the anterior pad and εr = 500 
for the posterior pad, (d) and (h) the practically realizable 
situation with two 1 cm pads each with εr = 300. The coeffi-
cient of variation is shown for each configuration.

FIGURE 3. EM simulations of the B1
+ field in the ‘‘Ella’’ 

model. (a)–(c) transverse slice through the centre of the 
liver, (d)–(f) corresponding coronal slices. (a) and (d) no 
dielectric pads, (b) and (e) a 3 cm thick ‘‘commercial’’ 

water-based pad, (c) and (f) the optimum solution for two 1 
cm thick pads each with εr = 300. The coefficient of varia-
tion is shown for each configuration.

FIGURE 4. Plots of the coefficient of variation (vertical axis) 
versus the permittivities of both the anterior and posterior 
pads. (left) Duke and (right) Ella models. 

[Color figure can be viewed in the online issue, which is 
available at wileyonlinelibrary.com.]



CHAPTER
32

332
To determine whether the high permittivity pads increase either the local or global SAR 
values, Figure 5 shows transverse and coronal plots of the local (1 g tissue average) SAR 
values for the Duke model generated by the quadrature-driven body coil. The highest 
values are generally found in the arms (since they are in the region of the highest electric 
field of the RF coil), and all values in the body are at least a factor-of-two lower. There are 
negligible differences introduced by either the commercial or new high permittivity pads. 
Very similar results were found for Ella (data not shown). These results correspond to the 
conventional quadrature-driven body coil, but it is anticipated that similar effects occur in 
the RF-shimmed case.

Experimental Results
Figure 6 shows transverse slices acquired for five of the nine volunteers (for clarity) for 
all four configurations of with/without RF shimming and with/without high permittivity 
pads. Clear improvements in image homogeneity are evident with the addition of the pads.

Figure 7 demonstrated the B1
+ maps acquired without and with the dielectric pads in place 

for the same volunteers and the same conditions as shown in Figure 6. There is good 
agreement with the simulated results presented in Figure 2.

FIGURE 5. EM simulations of the 1-g averaged SAR in the 
‘‘Duke’’ model. a–d: transverse slice through the centre of 
the liver, (e)–(h) corresponding coronal slices. (a) and (e) 
no dielectric pads, (b) and (f) a 3 cm thick ‘‘commercial’’ 
water-based pad, (c) and (g) the optimum solution for two 1 

cm thick pads with εr = 400 for the anterior pad and εr = 500 
for the posterior pad, (d) and (h) the practically realizable 
situation with two 1 cm pads each with εr = 300. [Color 
figure can be viewed in the online issue, which is available 
at wileyonlinelibrary.com.]

FIGURE 6. Comparison of T1-weighted turbo-spin echo 
images acquired from five volunteers with BMI values 
between 18 and 24 for four different configurations of 

quadrature/RF-shimmed drive and without/with dielectric 
pads.
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Figure 8 shows a plot of the Cv for all nine volunteers for the four different imaging 
conditions. For the quadrature drive, the Cv decreased in all cases, and often by a sub-
stantial amount (mean 25.4 ± 10%), with the addition of the dielectric pads. In the RF 
shimmed case, a decrease (mean 16 ± 13%) in Cv for all but one case was achieved using 
the pads. Statistical analysis showed a significant decrease (P  0.0001) in Cv between 
quadrature mode without and with the dielectric pads, and also in the RF shimmed case 
without and with the pads (P = 0.005).

FIGURE 7. Measured B1+ maps from the same volunteers as 
in Fig. 6 for the same four configurations. [Color figure can 

be viewed in the online issue, which is available at wileyon-
linelibrary.com.]

FIGURE 8. Plot of coefficient of variation for 
all nine volunteers. Statistically significant 
decreases are shown for both quadrature 
driven and RF-shimmed cases when 
introducing the dielectric pads.

In terms of the RF power required for image acquisition, there were also statistically 
significant reductions in both the peak power and time-averaged power using the dielec-
tric pads. As with most power optimization algorithms on commercial systems, the 
average flip angle across the central transverse slice is calibrated. In the case of an 
inhomogeneous B1

+ distribution, this causes overtipping in areas of high transmit effi-
ciency, and undertipping in areas of low efficiency.
Figure 9 shows the time-averaged power needed for the T1-weighted turbo gradient echo 
sequence used to produce the images in Figure 6: these powers were read from the log 
file that was stored on the scanner, with the powers being measured at the output of the 
RF amplifier as described in the methods section. The power demands were in all but one 
case lower with pads than without pads. Statistical analysis showed a significant decrease 
in average power when the high permittivity pads were in place for both the quadrature-
driven mode (P = 0.01) and RF shimmed mode (P = 0.0004).

FIGURE 9. Plot of time averaged power 
measured for the images acquired in Fig. 6 
for all nine volunteers. Statistically signifi-
cant decreases are shown for both quadra-
ture-driven and RF-shimmed cases when 
introducing the dielectric pads.
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DISCUSSION AND CONCLUSION
The intrinsic inhomogeneity introduced by imaging an elliptical object with a quadrature 
RF coil is well known,22 and different patient geometries may mitigate or exacerbate this 
effect. The recent commercial introduction of dual-transmit systems has shown substan-
tial improvement in image quality, but does not yet represent a complete solution to the 
problem. The ‘‘ability’’ of high permittivity materials 23 to increase the homogeneity of the 
transmit magnetic field has been shown primarily for neuroimaging at high field either 
with water bags 24 or materials formed from metal titanates.18,19,25 Recently, improvements 
for neuroimaging at 3 T have also been reported using large water pads.26 The lower the 
magnetic field, the higher the permittivity must be to compensate for B1 inhomogeneities 
since displacement currents are proportional to the operating frequency. In neuroimaging 
at 7 T, the optimum value of the permittivity was found to be 100.20 In this current work, we 
have demonstrated that statistically significant improvements in transmit efficiency for 
abdominal imaging at 3 T can be achieved using thin, high permittivity pads placed 
anterior and posterior to the subject. There are large measured improvements when 
operating the system in quadrature mode, which corresponds to the vast majority of 
single channel 3 T systems currently available in the world. Even when operating in dual 
transmit mode with RF shimming on a state-of-the-art multichannel system, the dielec-
tric pads provided a statistically significant increases in image homogeneity, as well as a 
reduction in the total power absorbed by the body.
The geometry which we studied is relatively simple, consisting only of two pads of 1 cm 
thickness, and certainly it can be anticipated that further improvements may result from 
optimized geometries including more pads in a more complex geometry. Another refine-
ment would be to optimize the coefficient of variance over the entire three-dimensional 
imaging volume, rather than just a central slice as in this work. Higher permittivity 
materials should bring further increases in image quality, as well as reduction in the 
thickness of the required pads, particularly in the case of patients with higher body mass 
index values than in healthy volunteers studied here. The current study does not have 
enough volunteers, or volunteers with sufficient range of BMI values, to be able to relate 
directly the improvements afforded by the dielectric pads to the BMI, or probably even 
more relevant to the geometry of the body. Future clinical studies including patients with 
much higher BMI will be required to establish such a relationship. In this work no 
increases in global SAR (assuming body loss dominance) were evident, and indeed a 
reduction in local SAR was simulated for the quadrature-driven body coil. This was 
experimentally demonstrated by measuring substantial reductions in average power 
levels on the MR system both for the quadrature-driven mode, and also the RF shimmed 
mode.
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