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Abstract

Previous works have shown that placement of a high-dielectric pad can improve image intensity in
a region adjacent to the pad, or that placement of dielectric pads around a large surface of the head
can improve image homogeneity on an entire plane through the head in high-field MRI. Here,
experimental results show that use of high-dielectric pads around the human head can reduce the
required input radiofrequency power by 50% while enhancing image signal-to-noise ratio by 20—
40% throughout the cerebrum at 3 T. Thus, dielectric pads may be used to provide a relatively
simple and low-cost method for improving quality and safety of MRI in a variety of applications
at3T.
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Recent experiments have shown that the high dielectric constant of human tissues plays an
important role in radiofrequency (RF) field behavior in the human body, with significant
implications for high-field MRI (1-5). The electrical properties, geometry, and relative
position of the sample in the coil become important factors in determining the B field
distribution inside the sample (3,6,7). Consequently, adjustment of B, field distribution
inside the sample and the coupling between the sample and coil can be facilitated with high
permittivity materials (4,7-11). In this context, dielectric focusing and shimming of RF field
were proposed at 7 T by placement of high dielectric pads to either (1) locally enhance fields
to increase image intensity in a relatively small region of interest (ROI) near the pad (1,11)
or (2) shim the fields to compensate for the center-bright artifact (11). In this study, we
present experimental results of human head imaging at 3 T, which demonstrated that the RF
power for a 180° excitation pulse can be reduced by ~50% while enhancing signal-to-noise
ratio (SNR) of image of cerebrum by 20-40% by placing high dielectric (water) pad around
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the human head. Our in vivo data demonstrated that the efficiency of a given RF coil can be
enhanced by incorporating dielectric materials into the RF coil at 3 T.

For conductive dielectric materials such as human brain tissues, the RF field inside the
sample is perturbed by conductive current (J;) and displacement current (Jq4), according to
Ampere's law with Maxwell's correction,

V x B=pJ+pg=poEtiue, 0wk, (1

where B is magnetic flux density, E is electric field, w is angular frequency, ¢, is relative
electric permittivity (dielectric constant), gq is electric permittivity in vacuum, o is electrical

conductivity, p is magnetic permeability, and i= V-1isthe complex unit that introduces a
90° phase difference between conductive current and displacement current (12). For plane
waves travelling in a homogeneous medium, the conductive current leads to decay of the RF
field in the direction of propagation, whereas the displacement current with a 90° phase shift
acts as a secondary field source facilitating RF wave propagation. In this case, the
contributions of the two opposing sources to B; can be considered using ratio J; and Jgq
given by

J/Ja=0/weoe;. [2]

In principle, materials with low ¢ and high g, can enhance the local B, field strength for an
RF field frequency range high enough to induce the displacement current much stronger
than conducting current. Thus, placement of dielectric pads near the ROl in MRI should
result in enhanced local B4 field strength with concomitant improvement of signal to noise
ratio (SNR) and reduction of overall specific absorption rate (SAR).

Materials and Methods

Human brain images were acquired on a 3-T whole body system (Bruker, Biospin,
Ettlingen, Germany) using a quadrature 12-element high-pass birdcage coil with 26 cm inner
diameter and 29 cm length. Axial brain images were acquired with identical imaging
parameters with and without a dielectric pad placed around the head and after the coil was
tuned and matched, and RF power was calibrated for each condition. The subject remained
in the magnet during the process of placing and/or removing the dielectric pad, retuning the
coil, and adjusting the RF power for 90°/180° flip angle (FA). Power for the FA was
adjusted manually with and without the pad while maximizing the total signal on five axial
slices covering a 2.5-cm slab through the center of the brain. The pad, containing ~6 L of
distilled water, was conformed around the superior portion of the head extending to just
above the level of the eyes in front, just above the ears on the sides, and just below the end
of the skull in the back of the head. Fast spin-echo (RARE) images with slice thickness = 5
mm, matrix = 128 x 128, FA = 180°, and field of view = 30 cm were acquired on five axial,
sagittal, and coronal planes spaced 5 mm apart through the cerebrum. The experiment was
repeated four times with two human subjects. All the subjects provided written informed
consent before participation, in accord with the requirements of the Institutional Review
Board of the Pennsylvania State University College of Medicine.
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SNR was measured using the magnitude images acquired under the above two conditions.
The average signal intensity was calculated in an elliptical ROl covering most of the
cerebrum in each of the 15 images acquired with and without the dielectric pad. Examples of
the elliptical region in each orientation are shown in Fig. 1. The noise was measured by
calculating the standard deviation in an ROI covering 29 cm? in a region of no visible signal
or artifact across the top of each image.

To further understand the effect of the dielectric pad, a numerical model with finite
difference time domain method was used to calculate the RF field distribution in the sample
and coil model shown in Fig. 2a at 128 MHz (3 T). All the finite difference time domain
calculations were performed with commercially-available software (XFDTD; Remcom,
State College, PA), and postprocessing of the simulation results was performed with home-
built programs in MATLAB (The Mathworks, Natick, MA). A three-dimensional mesh with
isometric 2 mm resolution was created within a region of 57 x 50 x 42 cm3. The calculation
was performed with —35 dB convergence to ensure that the steady state was reached. A Liao
boundary condition was used for the outer boundary truncation of the grid. The coil was
modeled after that used in experiment: a copper 12-rung high-pass birdcage coil (32.8 cm
i.d. and 25.4 cm length, shield diameter of 40.0 cm). The coil model was driven by 12
current sources at the locations of the capacitors in the actual coil on each of the two end-
rings with each having a 30 degree phase shift. The human head model used for the finite
difference time domain calculation included 16 types of tissues, and the corresponding
electric properties of dielectric pad at 128 MHz were modeled with a 3-cm thick uniform
layer of water. The human head model used for the finite-difference-time-domain
calculation included 16 types of tissues, and the water pad was modeled with a 3-cm thick
uniform layer of dielectric material over the head excluding the face as shown in Fig. 2b
with electric properties of water at 128 MHz (o = 0.0047 S/m?, ¢, = 78).

Figure 3 shows an axial image through the center of the brain after addition of the dielectric
pad and retuning of the coil, but before reoptimization of the RF power levels (using power
values optimized without the pad) on the left, and after reoptimization of the RF power
levels with the pad on the right. After addition of the pad, the RF power levels that
previously generated 90°/180° excitation/refocusing pulses in the brain created much larger
FAs due to enhancement of the B4 field. A 3-dB reduction of power for both the excitation
and refocusing pulses was required to maximize the signal.

Figure 4 shows images acquired with and without the dielectric pad on axial, sagittal, and
coronal planes. The SNR in the brain measured in the elliptical regions indicated in Fig. 1 is
listed below each corresponding image. For all 15 planes acquired, the SNR increased by
20-40% (in average, 27%) with addition of the dielectric pad; whereas, the overall
uniformity of image intensities appear to be similar in both cases. The SNR of repeated
experiments are within the same range.

Figure 5 shows the calculated B} distributions with and without the dielectric pad in three
orthogonal planes arranged as in the experimental results. All the fields correspond to 1 W

of power delivered to the coil. The calculated B; distributions under the two conditions
presented similar characteristics as the in vivo images in Fig. 4. The RF field appears to be
greater inside the brain regions surrounded by the dielectric pad but lower in the regions in

the face and neck outside of the padded region. B| outside the upper portion of the head and
pad is lower, when the dielectric pad is present, and the same input power is maintained.

This can be seen in the line plots at the bottom of the figure, which present B} along the
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dotted lines in the maps above in Fig. 5. The red and blue lines indicate B; for cases with
and without the dielectric pad, respectively. The RF field around the coil elements and in
between the coil element and shield (seen most clearly in the middle line plot) was reduced
to >70%, indicating less current is required in the coil to maintain the same RF power level

when the pad is present. In ROlIs, similar to those used in the in vivo results, the average B}
in the simulation is seen to increase by 12—-20% with dielectric pad, whereas the source
current in the coil is reduced. These computer modeling results demonstrated that the
dielectric pad improves the efficiency of generation of B4 field by a given RF coil, resulting
in an increase in image SNR and decrease of RF power required for a given FA.

Discussion

Addition of a high-dielectric pad surrounding the head resulted in a reduction of required RF
power by ~50% and an increase in image SNR by ~27% with a transmit/receive volume coil
at 3 T. No obvious local bias field induced by dielectric pad in the entire cerebrum was
observed in the images in Fig. 4. In addition, image uniformity within the cerebrum was
appeared to be somewhat improved. The standard deviation of the signal intensity
distribution in the elliptical regions on all 15 images acquired from approximately the same
brain volume has decreased by an average of 12% with addition of the dielectric pad.
However, caution should be exercised here in interpreting this as an increase in overall
image uniformity, solely because the image contrast changes among the multiple tissues
included in the human head, which could also contribute to overall image intensity
distribution. The uniformity in this brain area is normally interference by the so-called bright
center spot due to the RF wave effect.

Comparing images in Fig. 4 acquired with and without the pad showed that the image
intensity in the cerebrum relative to the neck and face is much greater with the pad than
without it. It is likely that this is due to the enhancement of the B4 field for a given input
power in the regions that were surrounded by the pad. B field distribution of the coil is
altered by the strong displacement currents in the region of the pad, resulting in stronger B;
fields in the vicinity of the pad. Our data suggested that the regional enhancement of the B
fields in the ROI as demonstrated previously at 4 T and 7 T can be extended to the entire
cerebrum with proper coverage by the high dielectric pad, although the B, field outside the
sample is decreased. As a direct result, average SAR levels for the brain imaging will be
lowered with the pad, and because SNR is proportional to the ratio of the B4 field strength to
the square root of the corresponding RF power, SNR is increased with addition of the pad.
The numerical modeling results summarized in Fig. 5 are consistent with our experimental
data and clearly demonstrate the enhancement of the B field in the cerebrum by the high-
dielectric pad. The B; field is increased in the entire cerebrum region, while outside the

brain appears to be reduced by the placement of the dielectric pad, when the B maps are

normalized to unit input power. Under this condition, Bj is increased in the cerebrum with
reduced input current in the coil. This is apparent in the middle line plot, where the two ends
of the line pass through coil current elements. As the magnetic field in the upper portion of
the head is relatively high compared with elsewhere, a greater percentage of the input power
is also dissipated in that region. To maintain the same total input power as is the case in Fig.

5, the coil requires less current and produces lower B; in regions outside the pad compared
with the case when the pad is not present. Thus, overall, the presence of the pad improves
efficiency of delivery of both B, field and RF energy to the portion of the head surrounded
by the dielectric pad.

Additional mechanisms by which adding high dielectric materials into RF coil improve the
image quality might include impedance matching at the boundaries of the sample (7) or
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shielding of the sample from the conservative electric fields generated by the charge
distribution on the coil (14,15). Given the strong disparity in permittivity of skin, fat, bone,
brain, and cerebrospinal fluid, however, presents many layers that are not well impedance
matched with or without the presence of the dielectric pad. In particular, cortical bone is
electrically much more similar to air at RFs than to brain, so addition of the dielectric
padding might be seen to add an additional poorly-matched boundary rather than improving
matching at an outer boundary. In samples with diameters of a few millimeters, it has been
possible to shield the sample from the conservative electrical fields of the coil with
conductive (14) or dielectric materials (14), resulting in lower SAR and increased SNR. This
conservative component of the electric fields, however, is expected to become small in
comparison with the magnetically-induced component, as sample size increases (16). Also,
the reduction of a conservative component should in principle not affect the B4 distribution,
and thus would not explain the increase in B4 strength in the sample.

Although more work is required to fully understand and explore the possibilities and
limitations of dielectric padding for reducing SAR and improving regional SNR in MRI, the
in vivo data presented here at 3 T suggested that dielectric padding around the head or other
parts of the anatomy could be used to enhance performance of an RF coil in a variety of
cases. A dielectric pad with adjustable volume could be used to enhance RF coil
performance, while simultaneously providing comfort and reduction of patient motion. This
could be particularly beneficial for pediatric patients, as most RF coils are designed to
accommodate larger adult anatomies. In some cases, there may also be advantages to
incorporating dielectric material directly into RF coils. Further study is in progress to
determine the locations, dimensions, geometries, and permittivity distributions of the
material for optimal B; enhancement.

Water was used in this experiment as a dielectric medium to demonstrate the desired effect.
Water has relatively high dielectric constant and low conductivity, is readily available,
inexpensive, and nontoxic. However, from a technical point of view, water is unlikely to be
the most suitable dielectric material for many applications because it produces strong signal
that saturates the receiver and decreases the dynamic range of the digitizer and its
movements and geometry are difficult to control. Heavy water (D,0) has been used
previously (14), but its high expense is prohibitive. Most recently, a new high dielectric
constant material based on metal titanates slurry suspension has been shown more effective
in tailoring RF field than water (16). Some work with ceramic materials has also been
explored for creating dielectric resonators (17), but challenges in achieving specific shapes
in this material are significant.

In conclusion, we have demonstrated that strategic placement of dielectric pads around the
head within a given RF coil at 3 T can result in reduced RF transmission power and
improved image SNR throughout the cerebrum. With further exploration and development,
use of dielectric pads may provide a relatively simple and low-cost method for improving
quality and safety of MRI in a variety of applications.
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FIG. 1.

Examples of elliptical ROI used to evaluate To-weighted image intensity for SNR
measurement and uniformity assessment on mid-axial (left), sagittal (center), and coronal
(right) planes.
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FIG. 2.
Computer models of the bird-cage coil (a) and human head with the dielectric pad (b).
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FIG. 3.
Overtipping resulting in dark region in brain after addition of dielectric pad (left) and
improvement after reduction of RF power (right).
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SNR=93.1 SNR=111.5

SNR=81.5 SNR=81.0

FIG. 4.
Axial, sagittal, and coronal images through brain with (top) and without (bottom) dielectric
pad. Measured SNR values in regions indicated on Fig. 1 are given under each image.
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With pad

Without pad

I Withpad —
| Without pad —

FIG. 5.

Calculated B maps at 128 MHz in three orthogonal planes with (top row) and without the
dielectric pad (middle). The B; distributions along the dotted lines in the corresponding
maps are plotted on the bottom. All the B maps are scaled to 1 W input power.

Magn Reson Med. Author manuscript; available in PMC 2012 February 1.



