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Abstract

Purpose: Incorporating high dielectric constant (HDC) materials into radiofrequency (RF) coils 

has been shown to effectively improve RF coil performance at 7 and 3 T because of the induced 

displacement current in the high dielectric constant materials. The displacement current is 

proportional to the RF field frequency and permittivity of the material. The aim of this paper is to 

investigate the effect of high dielectric constant materials with even greater permittivity on the RF 

field at 1.5 T and 3 T.

Methods: Several monolithic ceramic materials with an ultra-high dielectric constant ranging 

from 1200 to 3300 were investigated at 1.5 T and 3 T with phantom and human brain imaging 

along with computer modeling.

Results: Experimental measurements in phantom studies showed a significant enhancement of 

signal-to-noise ratio (50–100%) and strong transmission power reduction (3–27-fold). Under 

suboptimal experimental conditions in this study, the signal-to-noise ratio in the human brain 

cortex was nearly doubled, which produced high-resolution image without the associated stronger 

magnetic susceptibility artifacts and elevated specific absorption rate concerns at higher field 

strengths.

Conclusions: Use of ultrahigh dielectric constant ceramic materials is a simple and low-cost 

approach that could further improve the RF technology to maximize image signal-to-noise ratio 

and reduce RF energy deposition for human studies.
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INTRODUCTION

It has been demonstrated that incorporating high dielectric constant (HDC) materials with 

permittivity values between 70 and approximately 500 could effectively alter radiofrequency 

(RF) field distribution and significantly improve the performance of RF coils. Specifically, 

HDC materials have been shown to improve transmit efficiency (B+
1) (1–3) and receive 

sensitivity (B−
1) (4), leading to a significant increase in image signal-to-noise ratio (SNR) 

(5,6) and reduction of specific absorption rate (7–9). This effect was introduced using water 

with a permittivity of approximately 70 at 3 T to redistribute the field in a spiral birdcage 

coil (10), and body imaging (11). At 7T, this approach was initially proposed as a means for 

RF field shimming and focusing (12), and subsequently extended to various specific 

applications (1,13,14). Multiple approaches with higher relative permittivity materials have 

since been developed for use in passive B1 shimming.

The effect of the HDC material on the RF coil field distribution is based on the theory that 

the induced displacement current in the HDC materials can act as a secondary RF field 

source that subsequently enhances the B1 field in the nearby region. The displacement 

current is proportional to the RF field frequency and permit-tivity of the material. Therefore, 

a higher permittivity is needed to achieve the same effect in lower static magnetic field 

applications. Several approaches have been attempted to achieve a higher permittivity with 

aqueous mixtures of powders (15,16) or beads of dielectric materials (17,18). To achieve an 

even higher permittivity in composite dielectrics, a transition to high-density monolithic 

ceramics is necessary. As the maximal density of the ceramic increases in theoretical density 

from 55% (powder slurry) or 74% (beads) to 96% (19–21), the permittivity values can 

increase exponentially by factors of 2 to 10 with increasing density. As such, we refer to 

these monolithic ceramics as ultrahigh dielectric constant (uHDC) materials. Such materials 

not only have a significantly higher relative permittivity, but also have one to three orders of 

magnitude lower loss as compared with water-based mixtures. With these novel electric 

properties, we have demonstrated that uHDC ceramics can produce a greater enhancement 

of RF field than the water-based materials used previously, particularly for lower static 

magnetic field applications (22,23). Most recently, applications of the uHDC ceramics to 

spine imaging at 3T (24) and 31P chemical shift imaging at 7T were also demonstrated (25).

In this research, we further investigated uHDC ceramic materials at 1.5T and 3T with 

phantom and human brain imaging, along with computer modeling. We demonstrated that 

uHDC ceramics can alter the RF field distribution and significantly improve the performance 

of RF coils for 1.5T and 3T proton imaging.

THEORY

The theoretical background of the HDC effect has been discussed in several previous 

publications (1,2,26). However, it is deemed necessary to consider its physical interpretation 
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in greater detail and describe certain general characteristics that can be used to guide future 

applications of the HDC effect in RF engineering. The RF magnetic field distribution is 

generally described primarily by the Maxwell’s equations as follows:

∮
I

B1 ⋅ d𝓁 = μ ∫ ∫
S

σ E ⋅ dS + μ ∂
∂t∫ ∫

S

εr ε0 E ⋅ dS Ampere’s Law [1]

where B1 and E are the magnetic flux density and electric field strength of the RF field, 

respectively; σ is the electrical conductivity; ɛr is the relative electric permittivity or 

dielectric constant; and ɛ0 is permittivity of free space. The first term on the right side of 

Equation [1] (σE) is conductive current density, Jc; and the second term

∮
L

E ⋅ d𝓁 = − ∂
∂t∫ ∫

A

B1 ⋅ dS Faraday’s Law [2]

is the displacement current density, Jd. As illustrated in the example in Figure 1, the line 

integral path, L and 1, on the left sides of the two equations encircle the corresponding area, 

A and S, of the surface integrals, respectively. These two coupled equations must be solved 

simultaneously. Equation [1] has been given conventionally in differential form in the 

previous publications to make a theoretical statement that the displacement current can 

enhance the RF field locally as a field source in the near-field condition. These two 

equations are expressed in integral form here for convenience in the following discussions 

on the near-field behavior of the electromagnetic field. In this case, the electric properties of 

the sample influence the source field distribution and radiation is ignorable. We assume that 

the electric properties are regionally uniform within the coil elements, uHDC pads, or tissue 

sample. In practice, these equations can only be solved numerically because of the 

complicated geometry of the RF coil-sample configuration.

To illustrate the uHDC effect on the B1 field of the RF coil, it is instructive to use a 

simplified example such that an analytical solution can be derived approximately under the 

following assumptions. A disk of uHDC material with radius R is placed into the B1 field of 

a pair of Helmholtz coils as shown in Figure 1a. The B1 of the coil is uniformly distributed, 

passing through perpendicularly to the uHDC disk, and given by

B1, coil = b1 sin ωt , [3]

where b1 is the magnitude of the B1 field. As indicated in Figure 1a, performing 

differentiation with respect to t and the line integration on the left side of Equation [2] along 

the circular path L, where E is a constant and surface integration on the right side of 

equation over the enclosed area, A, where B1,coil is a constant, yield the induced electric 

field perpendicular to B1,coil in the uHDC disk, as follows:
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E = − ω b1r cos ωt /2 [0 ≤ r ≤ R] . [4]

The solution in Equation [4] is obtained approximately by considering only the contribution 

of B1,coil. As such, the E field in the uHDC disk induced by the B1 field of the coil using 

Faraday’s Law is linearly dependent on ω and radius r of the integral path. Additionally, in 

this case, E is not conservative, as no electric charge accumulation is formed as a result of 

the azimuthal symmetry of the uHDC disk with respect to B1,coil.

Subsequently, the line integration along the path 1 and surface integral over the 

corresponding enclosed area S on each side of Equation [1], as indicated in Figure 1b, can 

be performed. Assuming that the B1 field inside the uHDC disk is perpendicular to the linear 

integral path along the radius direction, the B1 field in the uHDC can be expressed as

B1 0 − B1 r = μb1 − σ ω r2cos ωt + ε0 εr ω2 r2sin ωt /4 [0 ≤ r ≤ R] [5]

Because no appreciable current density could be formed at the surface, r = R, where B1(R) ~ 

B1,coil, then

B1 0 − B1, coil / μ b1 = − σ ω R2cos ωt + ε0 εr ω2 R2sin ωt /4. [6]

Equation [6] can be considered as the percent change of B1 induced by the uHDC disk at its 

center (r = 0).

Several conclusions can be drawn from these results. The first term of Equation [6] 

represents the contribution of the induced dielectric current (a part of σE) by the uHDC 

material, which is equivalent to the Eddy current that is linearly dependent on ɷ and 

90°delayed in phase with the field produced by the RF coil, canceling the B1,coil. The second 

term is from the contribution of displacement current, which is quadratically dependent of ɷ 
and in-phase with respect to B1 of the coil, enhancing B1,coil. As such, with consideration of 

the continuity property of the B1 across the boundary of uHDC material and sample, the 

magnetic field flux generated by the displacement current coherently enhances the B1 field 

of the RF coil in the sample. In contrast, the conductive current in the uHDC would reduce 

the B1 field and produce dielectric loss and increased thermal noise in the images. 

Therefore, the conductivity or dielectric loss of uHDC material should be made as low as 

possible to reduce these detrimental effects of introducing uHDC materials into the RF coils.

To illustrate the focusing effect of the uHDC disk on the B1 distribution using this example, 

Figure 2a shows vector plots of the numerically calculated B1 field distributions without and 

with uHDC disks of two different radii. As indicated, B1,coil flux is “pulled” or “focused” by 

the uHDC disks; with a larger radius, this effect is stronger as it includes more B1 flux lines 

generated by the coil. The corresponding contour lines in Figure 2b illustrates this focusing 

effect more quantitatively. A high B1 field plateau is created in and near the uHDC disks. 
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With a larger radius, this effect becomes larger. The high-field contour lines (magenta, red, 

and yellow colors) that can be seen only around the areas very close to the current sources 

also occur in and around the uHDC disks, indicating strong B1 enhancement in these 

regions.

Because the contribution of Jd to the B1 of the RF coil is proportional to ɷ2, for applications 

at lower static field strength such as 1.5 T, the permittivity of the uHDC material must be 

proportionally higher to those at 3 and 7T to achieve the same or greater effect. In contrast, 

for a given static field strength, this effect increases linearly with the permittivity of the 

uHDC blocks.

Several caveats must be considered for the proper use of uHDC materials for RF field 

engineering. First, the solution of Equation [6] can only be considered as a first-order 

approximation, because Equations [1] and [2] are coupled, and exact solutions for E and B1 

must be solved simultaneously for a given coil-sample configuration. If the RF coil is 

retuned and matched after the uHDC material is placed into the coil, this assumption should 

produce a reasonable approximation. Second, the wave behavior is ignored in this 

discussion. The retardation effect of the RF field, particularly in the uHDC material and 

sample, could significantly change the B1 field behavior as seen at 7T. For 3T applications, 

the permittivity of uHDC materials is on the order of thousands, such that the wave behavior 

and associated self-resonance may occur in the uHDC disk or any other geometric shape of 

given dimensions. Such materials with given geometry could have certain intrinsic 

resonance modes (27–29) at the frequency of interest. In this case, the field distribution in 

the uHDC disk should be theoretically treated and experimentally implemented differently.

METHODS

The phantom and brain imaging studies were modeled to demonstrate the effect of the 

uHDC blocks on the quadrature transmit body coil and the receive array coil as shown in 

Figure 3. Two experimental phantoms containing water with T1 (1800 ms) and conductivity 

(σ = 0.6 S/m) matched to average brain tissue properties of the male Virtual Family model 

Duke (30) at either 1.5 T or 3T were used. To investigate the orientation dependence of the 

uHDC block with respective to the RF field, B1, Phantom 1 (Figs. 3a–3c) consisted of a 

container (150 × 150 × 130 mm) with a rectangular uHDC block (100 × 90 × 16 mm) 

completely submerged in with its largest face either perpendicular (Fig. 3b) or parallel (Fig. 

3c) to the direction of the B1 field of the RF coil.

The composition of the uHDC blocks is Lead Zirconate Titanate, Pb(ZrxTi1-x)O3 (PZT) 

(HyQ Research Solutions, State College, PA), which is at the morphotropic phase boundary 

(x = 0.5) (31). The ceramic powder was mixed with a binding agent, pressed, and sintered 

(17,32). Two types of high-permittivity PZT ceramics were tested: a soft PZT that is 

synthesized with a donor dopant, and a hard PZT that is synthesized with an acceptor 

dopant. Their respective conductivity and relative permittivity were characterized using the 

Hakki-Coleman resonator and coaxial reflection methods (33,34). The permittivity of the 

hard PZT block was 1200 with a loss tangent of 0.04, and the soft PZT block was 3300 with 

a loss tangent of 0.05. The intrinsic resonance modes for each uHDC block were determined 
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with a network analyzer. No intrinsic resonance modes were found at either 64 or 125 MHz 

in the two types of uHDC blocks. The lowest resonance mode for permittivities 1200 and 

3300 are approximately 120 and 70 MHz, respectively. The corresponding numerical model 

for Phantom 1 was recreated following its exact geometry, permittivity, and conductivity.

Phantom 2 (Figs. 3d–3e) consisted of a rectangular bottle (100 × 100 × 240 mm) surrounded 

by one uHDC block on each of the sides on the bottom half of the bottle. Figures 3f and 3g 

illustrate the male Virtual Family model Duke (30) used in the numerical simulations of in 

vivo human brain imaging. The RF coils were modeled using geometry and dimensions 

close to the coil used in the experiment. All of the RF field calculations were performed with 

xFDTD software (Remcom Inc, State College, PA), and postprocessing of the simulation 

results was performed with in-house scripts in MATLAB (The MathWorks Inc, Natick, 

MA).

The transmit field maps (B+
1) were generated from a quadrature-driven birdcage volume 

coil. The receive sensitivity map (B−
1) was generated by the sum of squares of B−

1 of each 

individual coil in an eight-channel receive array. The displacement current Jd distribution 

inside the uHDC materials was also calculated.

All data at 3T were acquired on a Siemens Magnetom TIM Trio system (Siemens Medical, 

Erlangen, Germany) using an eight-channel head receive array coil (Invivo, Gainesville, FL). 

All 1.5T images were acquired on a Siemens Magnetom TIM Avanto system (Siemens 

Medical) using a 12-channel head receive array coil of similar dimensions. Each experiment 

was carried out under the same conditions on either field strength. The RF power was 

adjusted using manual calibration in conjunction with B+
1 maps to confirm the desired flip-

angle distribution.

Transmit Field Mapping

All B+
1 maps were acquired with the Bloch-Siegert method (35). The base pulse sequence 

used for the B+
1 mapping was a spoiled gradient-echo sequence with a repetition time = 100 

ms, echo time 7.5 ms, excitation flip angle = 25, in-plane resolution =1.40 mm2, and slice 

thickness = 5 mm. A 2-ms off-resonance rectangular pulse with a numerically optimized 

phase waveform (36) encoded the phase of the Bloch-Siegert shift into the image phase.

Signal-to-Noise Ratio and Receive-Weighted Images

Small-tip-angle gradient-echo images were acquired to calculate either a B−
1 weighted 

image or a SNR scaled image. The phantom protocol used the following parameters: 

repetition time = 200 ms, echo time = 4 ms, flip angle = 2°, in-plane resolution = 1.0 mm2, 

slice thick ness = 5 mm, and 9 averages. The in vivo studies used nearly identical settings, 

with a repetition time 250 in-plane resolution =1.2mm2, and 12 averages. B−
1 weighted 

images were calculated with an unweighted root sum-of-squares reconstruction. The SNR 

scaled images were calculated with the SNR units method (37). A bandwidth-matched noise 

prescan was acquired, and the reconstruction used noise covariance–weighted root sum of 

squares in conjunction with scaling of the image-domain noise to unit variance. In the small-

tip-angle regime, the MR signal has a linear dependence on the flip angle. Both B−
1 
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weighted images and SNR scaled images were divided by the B+
1 map to remove the 

influence of the transmit field on the images.

Human brain imaging studies were performed with six healthy subjects with and without the 

placement of five uHDC blocks, as shown in Figure 3g. For statistical analysis of the in vivo 

data, a paired t-test (6 subjects, two-tailed) on the SNR in several representative regions of 

interest (ROIs) and transmission power used with and without uHDC materials are presented 

in Table 1. All subjects provided informed written consent to the study protocol approved by 

the institutional review board of Penn State College of Medicine.

RESULTS

Figure 4a shows the experimental and simulated B+
1 field at 3T without (left) and with a 

block (ɛr =1200) placed either parallel (middle) or perpendicularly=(right) to the B1 field of 

the RF coil, as illustrated in Figures 3b and 3c of Phantom 1, respectively. By embedding the 

uHDC blocks into the phantom, the orientation dependence of its effect on the B1 field of 

the RF coils can be directly visualized. Coronal images show the B1 field enhancements 

with respect to the block orientation. Comparing the images of the baseline, a large increase 

in B+
1 is seen near the block when the uHDC blocks are placed perpendicularly to B1. In 

contrast, little effect can be seen when the same block is placed parallel to the B1 field. The 

computer simulations reproduced the experimental results for all of the cases. To understand 

this orientation dependence, Figure 4b shows the 3D-rendered B+
1 along with the vector 

plots of displacement current density inside the block. When the uHDC block is 

perpendicular to B1 of the RF coil, per Equation [2], a large, nonconservative electric field E 
is generated by the flux of the time derivative of the B1 field of the RF coil passing through 

the block’s largest face. Specifically, the magnitude of the induced E is proportional to total 

flux enclosed by the circular path (Fig. 1a). The time derivative of the induced E field leads 

to a displacement current distribution in the uHDC block that is thousands of times greater 

than that of free space. In turn, per Ampere’s Law in Equation [1], the displacement current 

as a passive field source produces a B1 field that is in-phase with the B1 field of the RF coil 

and alters the total B1 field distribution. When the uHDC block is placed parallel to the 

direction of B1 of the RF coil, however, such effect becomes very small because the cross-

sectional area of the uHDC block cutting across the B1 flux lines and the resultant 

displacement currents are much smaller.

To assess static field strength (RF frequency) dependence of B1 enhancement with respect to 

the permittivity of uHDC blocks, Figure 5 shows the experimentally measured and 

numerically simulated Bþ
1 and B 1maps of Phantom 1 using blocks with a permittivity of 

3300 at 1.5 T and 1200 at 3T, respectively. In each case, the RF power for a given flip angle 

was experimentally adjusted to maximize the signal from a reference slice and compared 

with the case with no uHDC block present. As seen in the B+
1 and B−

1maps of Figure 5, 

similar B1 enhancement patterns can be achieved at 1.5 T but with a greater permittivity 

value. The simulated results in the bottom rows reproduced the experimental results. 

Conversely, if the uHDC blocks were switched at their respective field strengths in Figure 5, 

such a consistent B1 enhancement is no longer evident. As shown in the experimentally 

measured B1 maps in Supporting Figure S1 at 1.5 T with uHDC block of ɛr =1200, the 
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enhancement of B1 is greatly reduced compared with the uHDC block with ɛr = 3300 at the 

same field strength. In contrast, at 3T, the uHDC block with ɛr =3300 produced a strong but 

extremely inhomogeneous=B1 field. In these two cases, the effect of the uHDC blocks on B1 

field distribution is undesirable.

To demonstrate how B1 field enhancement translates to image SNR, Figure 6 shows 

experimentally measured B+
1, B−

1, and SNR maps of Phantom 2 at 1.5 T, without and with 

blocks, having a permittivity of 3300 in trans-verse and coronal views. In this case, the 

uHDC blocks enclosed only the lower half of the bottle. The SNR is increased by 

approximately 100% in the peripheral regions near the blocks, and 40 to 50% in the center in 

the enclosed region. Interestingly, only a 5 to 10% reduction of transmit efficiency was 

observed in the region that is not enclosed by the blocks. The transmit power used to acquire 

the images with uHDC blocks is strongly reduced: a 27-fold reduction when compared with 

the baseline case.

Figure 7 shows a set of representative experimental B+
1 and SNR maps of a human brain at 

3T (top row) and 1.5 T (bottom row), using five uHDC blocks ɛr =1200 and 3300, 

respectively, forming a polygon-shaped=arc covering the posterior portion of the human 

head as illustrated in Figures 3f and 3g. The transmit RF power was reduced by 43.7 ± 7.2% 

at 3T of the value without the blocks, and by 52 ± 4.4% at 1.5 T, respectively. Because the 

enhancements vary spatially, especially in SNR by the receive array coil, three representative 

ROIs were selected to assess the transmit efficiency and SNR enhancements quantitatively. 

As shown in Figure 7, ROI-1 is a large crescent drawn in the general enhanced region with 

uHDC blocks. Two additional ROIs are 2-cm diameter circles, each positioned in the 

peripheral region where enhancement is the strongest and central region where enhancement 

is the lowest. The average values of the transmit efficiency and SNR in each ROI are given 

in Table 1. At 3T with an eight-channel receive head coil, the transmit efficiency and SNR in 

ROI-1 were significantly improved by 50.9 ± 9.4% and 42.8 ± 8%, respectively. A greater 

SNR improvement is seen in the cortical areas near the blocks (50–80%) than in the center 

of the brain where the SNR improvement is statistically insignificant. Similarly, at 1.5 T 

using five uHDC blocks with a permittivity of 3300 with a 12-channel receive coil, the 

enhancement in transmit efficiency is approximately 30 to 50% (+62.6 ± 6.5% in ROI-1) and 

SNR is between 40 and over 116% (+56.2 ± 25% in ROI-1) in the covered regions of the 

subject’s brain.

The uHDC blocks used here are lossy, which induced additional noise into the acquired 

images. To assess this effect, the changes of the noise level obtained in the prescan in each 

channel of the receive coil with and without uHDC block for Phantom 2 and human head 

imaging experiments are given in Table 2 (each for a single exemplary case). As indicated, 

significant noise level increases (10–30%) were detected from each receive channel, which 

evidently offset the signal increase as a result of the B1 field enhancement. These results 

highlight the importance of the reduction of the dielectric loss of uHDC materials in the 

future, for further improvement.

With the enhancement of SNR in the cortical area, a 0.3 × 0.3 × 0.75 mm T*2-weighted 

high-resolution brain image was acquired with and without the five uHDC blocks (ɛr = 
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1200) at 3T, as shown in Figure 8. As demonstrated in the zoomed-in images in the cortex, 

detailed layered structures that were previously observed at 7T (38) can now be clearly 

visualized.

DISCUSSION

As demonstrated with experimental and computer modeling data at both 3 and 1.5 T, uHDC 

materials can enhance the B1 field within its vicinity by focusing the flux of the RF coils. 

Surrounding the sample with uHDC produced a several-fold improvement of total transmit 

efficiency of the body coil, and a significant SNR improvement of the standard receive array 

coils. This effect is of great clinical interest, as it could speed up many body imaging 

protocols in which the total specific absorption rate is often a limiting factor for faster 

acquisitions. For example, as seen in Figure 6, a several-fold enhancement of the 

transmission field, B+
1, can be achieved, which could eliminate the total specific absorption 

rate constraint for most sequences.

Using uHDC material with permittivity up to 1200 for 125 MHz at 3T, we demonstrated a 

significantly greater RF field enhancement than previous studies using water or other water-

based mixtures of high dielectric materials at 3 or 7T. Therefore, a greater enhancement of 

the RF field could be achieved with even higher permittivity materials. However, an identical 

experiment with Phantom 1 using an uHDC block with a permittivity of 3300 at 3T 

produced an extremely inhomogeneous B1 field distribution, as shown in Supporting Figure 

S1. This phenomenon is likely to be caused by the destructive interferences as a result of the 

phase delay of B1 field by the uHDC blocks. Clearly, a systematic investigation into this 

phenomenon is needed in future studies. Thus, there should be an optimal permittivity and 

geometry for B1 field enhancement for a given field strength and receive coils. The 

significant B1 field enhancement in this study was obtained only with uHDC material 

available commercially with standard receive coils. Thus, the results presented here can only 

serve as a proof of concept, and the experimental conditions for data acquisition are far from 

optimal. Future development of customized uHDC materials with optimal permittivity and 

geometry will, no doubt, further improve the B1 enhancement achieved here.

As seen in our theoretical analysis in Equation [6], the contribution of displacement current 

to the RF field is quadratically dependent on the operating frequency of the MRI system and 

linearly dependent on the permittivity of the uHDC material. This predicts that higher 

permittivity materials are needed to generate a similar B1 enhancement for relatively lower 

field applications. Our experimental and computer modeling results suggested the same 

trend. For example, both computer modeling and experimental measurements in Figure 5 

showed that a uHDC block with a relative permittivity of 3300 at 1.5 T produced a similar 

pattern of B1 enhancement to those with a permittivity 1200 at 3T. Currently, it is possible to 

engineer materials with permittivity as high as 20,000 (39). Thus, uHDC materials could 

provide benefits for lower field MRI, as SNR is the major limitation for these systems.

In principle, the contribution to the RF field in the sample induced by the displacement 

current in the uHDC material is proportional to the total flux of the temporal derivative of B1 

passing through the uHDC block. Thus, the enhancement of uHDC material should be 
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dependent on its orientation with respect to the direction of the B1 produced by the RF coil. 

As demonstrated by the vector plots in Figure 4, when the uHDC block is parallel to B1, the 

displacement current and resultant B1 enhancement are much smaller than the case when the 

block is perpendicular to B1. Specifically, in our example, the magnitude of the induced E is 

proportional to total flux enclosed by the circular path (Fig. 1a). The time derivative of the 

induced E field leads to a displacement current distribution inside the uHDC block that is 

thousands of times greater than that of free space, because of its ultrahigh permittivity. In 

turn, per Ampere’s Law in Equation [1], the displacement current as a passive field source 

produces a B1 field that is in-phase with the B1 field of the RF coil and alters the total B1 

field distribution. When the same uHDC block is placed parallel to the direction of B1 of the 

RF coil, however, such effect becomes very small, because the cross-sectional area of the 

uHDC block that cuts across the B1 flux lines and the resultant displacement currents are 

much smaller.

It should be noted that Equation [1] is expressed in the integral form to emphasize the near-

field condition in which the electromagnetic quantities (conductive current, E and B1 field) 

are spatially distributed in separated regions, such as coil conductors, uHDC blocks, and the 

sample. Notice also that the wave behavior observed in the frequency regime at 7T in human 

head is only marginally observable at 1.5 and 3T. Thus, it is appropriate to conduct our 

theoretical analysis based on quasi-static approximation. Under such conditions, the 

displacement current contribution to B1 field in the sample has been minimal, as its 

magnitude is much smaller in free space than that of the conductive current in the coils. 

Once we introduce uHDC materials into RF coils, such that the displacement current in the 

material can be magnified several thousand-fold, its influence on the RF field inside the 

sample significantly increases as demonstrated here. The basic principle for RF field 

enhancement by the uHDC material is its focusing effect through the displacement current. 

As shown in Equation [6], the displacement current–induced field is in-phase with the RF 

field of the coil. Therefore, with the proper coil-uHDC material configuration, the RF field 

can be focused into the sample.

This work provides experimental data for a proof of concept of RF field enhancement using 

uHDC materials. To translate this technology into routine clinical and scientific 

investigations, however, there are several engineering challenges that must be addressed. We 

showed a significantly reduced transmit RF power when using the uHDC material as a result 

of the highly increased B+
1. Although the B−

1 fields were also enhanced to a similar level, 

the average SNR in the phantoms and in the in vivo study was also increased, but lower than 

anticipated. In these cases, as indicated in Table 2, additional dielectric loss was also 

introduced in the uHDC material that significantly offset some of the SNR gains. Because 

the uHDC materials used in this study are formulated for other applications at operating 

frequencies far from the MRI frequency regime, they are not optimal for MRI applications. 

With further development of customized uHDC materials for applications at specific field 

strength (operating frequency) with reduced dielectric loss, the SNR can be further improved 

to levels close to theoretical predication, as indicated by the computer simulations. 

Comparing the B1 enhancement in Phantom 2, in which the sample was closely surrounded 

by uHDC blocks, the SNR improvement in human brain is significantly lower. This 
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discrepancy, in addition to significant contribution of physiological noise, may also be 

partially because the geometry of the uHDC blocks used in this study did not conform to the 

human head. In particular, the human brain data were acquired with five separated uHDC 

blocks placed under and around the head in a standard clinical coil, which is clearly far from 

a realistic implementation of uHDC materials for human studies. Evidently, a large amount 

of work must be carried out to optimize the uHDC material electric properties and 

geometries along with RF coil configurations for applications of specific body anatomy. 

Another related issue is the space occupied by and the weight added to the RF coil could 

introduce some practical use issues. Thus, to maximize the benefits and minimized these 

impeding issues, several lines of future investigations should focus on finding an optimal 

combination of formulations and geometries of uHDC materials with customized RF coil 

design.

CONCLUSIONS

We demonstrated with experimental results and theoretical analysis that by using uHDC 

materials, we achieved remarkable improvements in RF transmission efficiency and image 

SNR, which can significantly benefit MRI research and clinical applications. Under 

suboptimal conditions, we experimentally demonstrated that the SNR in the human brain 

cortex could nearly be doubled without issues of stronger magnetic susceptibility artifacts 

and elevated specific absorption rate concerns. Thus, incorporation of high dielectric 

materials is a simple and low-cost approach that could further improve current RF 

technology.
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FIG. 1. 
Diagram of the analytical solution and computer modeling of a Helmholtz coil pair with an 

uHDC disk in between. The magnetic field, B1, is generated by a current, i=1 Am in each 

loop, with radius 50 mm. a: An uHDC material disk with ɛr =1000 and radius R = 20 mm 

(small disk) and 40 mm (large disk), respectively, is placed in the center of the coil. For the 

integration of Equation [2], the line integral along the circular path, L, with radius, r, and the 

surface integral of enclosed area, A, are performed in the uHDC disk. b: For integration of 

Equation [1], the line integral along the rectangular path l and enclosed surface integral over 

S are performed over the uHDC disk cross section. Using the same configuration, computer 

modeling was also performed.
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FIG. 2. 
(a) Magnetic flux density plots and (b) contour plots of the calculated B1 field of the 

Helmholtz coil without (left) and with a small (middle) and a large (right) uHDC disk (as 

shown in Fig. 1) are presented, respectively. Additionally, a vector plot is overlaid in the flux 

density map to show the magnitude and directional changes by the uHDC disks. The uHDC 

disks produce stronger B1 field plateaus near disks by focusing the flux lines of the coil.
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FIG. 3. 
Experimental and computer modeling configurations for (a–c) Phantom 1, (d, e) Phantom 2, 

and (f, g) human studies.
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FIG. 4. 
a: Experimental and calculated B1 field maps without (left) and with an uHDC block placed 

parallel (middle) and perpendicular (right) to B1 of the transmission coil. b: Three-

dimensional vector plots of calculated B1 (black arrows with red flux lines) in a coronal 

plane and displacement current, Jd, (red purple arrows) distributions in the uHDC block of 

corresponding conditions. The B1 enhancement is produced by the large displacement 

current in the uHDC block when it is perpendicular to B1..
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FIG. 5. 
Measured and calculated B1 maps with and without uHDC with different permit-tivity at 1.5 

and 3T using Phantom 1. The uHDC block with relative permittivity 3300 produced similar 

enhancement of B1 field at 1.5 T than those at 3T with uHDC block with relative 

permittivity = 1200.
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FIG. 6. 
Experimentally measured transmit efficiency, receive sensitivity, and SNR maps at 1.5 T 

using Phantom 2 with and without uHDC (ɛr = 3300).
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FIG. 7. 
Experimental transmission efficiency and SNR maps from a human brain (skull and CSF 

stripped) at 3 and 1.5 T without (left of each pair) and with (right of each pair) uHDC 

configuration consisting of five blocks drawn as gray rectangles. Three ROIs (1, crescent; 2, 

cortex; and 3, center of brain) were selected carefully to avoid anatomical biases for regional 

quantitative comparisons in transmit efficiency and SNR given in Table 1.
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FIG. 8. 
High-resolution (0.31 × 0.31 × 0.75 mm3) T2*gradient-echo images of the brain acquired at 

3T without (left) and with uHDC blocks (ɛr = 1200) (right). With improved SNR, the layer 

structures in the cortex can be seen more clearly (arrows) while RF transmission power was 

reduced by 45%.
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Table 2

Percent Noise Level Change From Each Channel of the Receive Coil by Introducing Four uHDC Blocks to the 

Phantom (as Shown in Figs. 3d and 3e) and Five uHDC Blocks to a Human Head Imaging (as Shown in Figs. 

3f and 3g) at 3T

Coil element Phantom (%) In vivo (%)

1 7.54 4.01

2 10.97 26.48

3 20.00 17.70

4 21.59 25.48

5 26.13 25.84

6 16.27 27.21

7 17.11 23.80

8 13.38 7.29

Average ± SD 16.62 ± 5.61 19.73 ± 8.62

Note: The noise level from each channel is the standard deviation (SD) of noise acquired from prescans, during which time the excitation pulse was 
absent.
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