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Abstract

Purpose: Investigating the designs and effects of high dielectric constant (HDC) materials in the
shape of a conformal helmet on the enhancement of RF field and reduction of specific absorption
rate at 10.5 T for human brain studies.

Methods: A continuous and a segmented four-piece HDC helmet fit to a human head inside an
eight-channel fractionated-dipole array were constructed and studied with a phantom and a human
head model using computer electromagnetic simulations. The simulated transmit efficiency and
receive sensitivity were experimentally validated using a phantom with identical electric properties
and helmet-coil configurations of the computer model. The temporal and spatial distributions of
displacement currents on the HDC helmets were analyzed.

Results: Using the continuous HDC helmet, simulation results in the human head model
demonstrated an average transmit efficiency enhancement of 66%. A propagating displacement
current was induced on the continuous helmet, leading to an inhomogeneous RF field
enhancement in the brain. Using the segmented four-piece helmet design to reduce this effect,

an average 55% and 57% enhancement in the transmit efficiency and SNR was achieved in human
head, respectively, along with 8% and 28% reductions in average and maximum local specific
absorption rate
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Conclusion: The HDC helmets enhanced the transmit efficiency and SNR of the dipole array
coil in the human head at 10.5 T. The segmentation of the helmet to disrupt the continuity of
circumscribing displacement currents in the helmet produced a more uniform distribution of the
transmit field and lower specific absorption rate in the human head compared with the continuous
helmet design.

Keywords
high dielectric constant material; SAR reduction; SNR enhancement; ultrahigh-field MRI

1| INTRODUCTION

The development of ultrahigh magnetic field MRI system is primarily motivated by gaining
a higher image SNR such that a greater spatial-temporal resolution for in vivo imaging of
human body can be achieved.! With the advent of a 10.5T human system, new challenges in
RF engineering were encountered, in which overall SAR is expected to increase significantly
and the local SAR distribution can become more complicated to manage as a result of

the stronger wave effects.2~6 As anticipated from the previous experiences during the
development of the 7T human system in the early years of 2000,’-11 it is critically important
to further develop novel RF technologies for the corresponding frequency regime for 10.5T
human imaging. Although higher magnetic fields lead to substantial increases in ultimate
intrinsic SNR,12-15 capturing this ultimate intrinsic SNR is not easy and requires optimal
RF coils. It is of great interest to explore the potential improvements in ultimate intrinsic
SNR possible at a given field strength with HDC materials, considering the relative cost of
further increasing field strength. Therefore, efforts to increase the magnetic fields need to be
complimented with synergistic engineering efforts to improve the sensitivity and efficiency
of signal detection. Here we report on the initial step toward the use of high dielectric
constant (HDC) materials at 10.5 T, the highest magnetic field available currently for human
experiments, to increase image SNR and enhance the RF field transmission efficiency.

HDC materials have previously been used to enhance performances of standard commercial
RF coils for lower magnetic fields'6-20 and 7 T with various geometrical shapes (flexible
pads and rigid blocks) with different HDC materials (pure water, slurries, and ceramics).21:22
In recent efforts toward whole-cortex enhancement, HDC helmets have been developed

and demonstrated an overall increase in BT field and SNR in the human brain at 3 T and

7 T.23-25 The translation of this technology to 10.5 T is not straightforward because, at

such a high magnetic field, the wavelength of the RF field used at the proton resonance
frequency becomes much shorter in the human head (with an average dielectric constant

of e, = 47 considering the brain white-matter and gray-matter dielectric constant values at
447 MHz are 41.5 and 56.6, respectively) and even shorter in HDC materials. Under such

a condition, it is uncertain how the induced displacement currents in a HDC conformal
helmet would form in response to the RF fields generated by the transmission coils, and how
HDC materials, acting as a secondary field source, would impact the resultant electric and
magnetic field distributions in the human head, and related safety issues.

Magn Reson Med. Author manuscript; available in PMC 2022 August 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gandji et al.

2|
2.1

Page 3

To begin addressing these new engineering questions introduced by the combined use of
10.5 T and HDC materials, in this work we investigated displacement current distributions
in two HDC conformal helmets positioned inside a dipole antenna array, and their effects on
the RF field behaviors in the human head using numerical electromagnetic (EM) simulations
and phantom experiments. The simulated transmit efficiency and receive sensitivity at 447
MHz with and without the HDC helmets were experimentally evaluated using a phantom
approximating a human head at 10.5 T. Subsequently, the transmit efficiency, receive
sensitivity, and specific absorption rate (SAR) in a virtual human head model under the same
coil-helmet configurations were evaluated with EM simulations. The results demonstrate
that significant gains can be obtained with incorporation of HDC materials into RF coils at
105T.

METHODS

Experimental design

2.1.1| Radiofrequency coil—An eight-channel dipole antenna array attached to a
cylindrical polyethylene terephthalate glycol-modified former with a diameter of 277 mm
was used (Figure 1A). Each transmit element consisted of a dipole antenna printed on an
FR4 circuit board (Figure 1B). Each element of the eight-channel dipole antenna array was
tuned to 447 MHz. The length of dipole antenna was 18 cm (Figure 1B) with a fractionated
structure to reduce local SAR and the physical length of the dipole antenna.2® Two inductors
at the feed point were used for fine-tuning of individual elements of the eight-channel dipole
antenna array. A lattice balun matching network consisting of two 10-pF series capacitors
(100B series; American Technical Ceramics, Huntington Station, NY) and two 12.8-nH
inductors were used in all elements.

2.1.2| Phantom—A lightbulb-shaped phantom approximating an average human head
geometry and electric property was constructed for both EM modeling and performing
experimental validations. This phantom study is a mandatory step for the safety assurance of
performing in vivo human head experiments at 10.5 T (at the time these experiments were
performed). The phantom had a circular cross section with a maximum diameter of 176 mm
at the center and a height of 234 mm. The phantom material consisted of a homogenous PVP
agar gel mixture. Measured values of the permittivity and the conductivity of the phantom
were e, = 47.3 and o = 0.65 S/m, obtained using a DAKS-12 coaxial dielectric probe
(SPEAG AG, Zurich, Switzerland) at 447 MHz. These values mimic the average electrical
properties of the human brain at this frequency. The T relaxation time of the phantom at
10.5 T was measured at 260 ms.

2.1.3| High-dielectric constant helmet—A helmet shaped shell (Figure 1C) was
printed and filled with HDC material. The shell consisted of an oval-shaped cylinder with

a dome on top. The height of the cylinder was 100 mm, and the height of the dome was

100 mm (overall height was 200 mm). The HDC material for the purpose of simulation and
experiment was distilled water (e, = 78 and o = 576 S/m). The thickness of the distilled
water as the HDC material is 8 mm, contained in a polylactic acid 3D-printed former with a
2-mm thick wall. Two different HDC helmet designs were investigated: a continuous HDC
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helmet (helmet 1) and a segmented four-piece HDC helmet (helmet 2), as illustrated in
Figure 1C,D, respectively. Because the presence of HDC helmets has an effect on the tuning
and matching of the RF coil, each coil antenna element was tuned and matched individually
without and with the presence of either helmet 1 or helmet 2.

2.2| B7 and SNR map acquisition

2.3

All experiments were carried out on a Siemens 10.5T scanner (Siemens Healthineers,
Erlangen, Germany). The eight-channel fractionated dipole array was used for both
transmission and reception. Transmission used a circular polarization (CP), achieved by
setting a sequential 45° phase difference between transmit channels. The power delivered
to each transmit channel was measured by the Siemens power monitor integrated into the
system.

The BT transmit efficiency maps were collected with an implementation of the actual flip-

angle imaging method,2” based on a 3D spoiled gradient-echo sequence with the following
parameters: TR1/2 = 22/122 ms, TE = 2.03 ms, flip angle = 60°, voxel size =1.5x 3 x 3
mm, and FOV = 354 x 354 x 264 mm. Additionally, a geometrically matched 2D spoiled
gradient-echo sequence was acquired for calculation of SNR maps, with the following
parameters: TR = 4000 ms, TE = 3.00 ms, flip angle = 50°-70°, voxel size = 1.5 x 3 mm,
FOV = 354 x 354 mm, slice thickness = 3 mm, and number of slices = 88. A separate
noise scan with bandwidth matched parameters was acquired for calculation of the noise
covariance matrix. The SNR Units method?® was subsequently applied to calculate the SNR
maps. These maps were divided by the sine of the acquired flip-angle map to remove the
influence of the flip angle on the SNR value. Data processing in this step used custom-built
programs in /DL 8.7.1 (Harris Corporation, Melbourne, FL).

Electromagnetic simulations

All simulations were performed using Microwave Studio (Computer Simulation Technology,
CST, Darmstadt, Germany), a numerical full wave EM field solver based on the finite
integration technique method. The simulations were performed first with a phantom with
specific electric properties that matched those of an average human head (see previously)
for experimental validations at 10.5 T. Subsequently, simulations in a human head model
(Ella)2® were performed to predict the RF coil performance and enhancement in the

human head with different HDC helmet designs. Each of the eight elements was simulated
separately, followed by combination of the fields from each element to obtain the total field.

The transmit efficiency was calculated by dividing the total BY field in CP mode over the

total accepted power by the RF coil antenna array3° as follows:

28 B e~ itn=Dal4

n=1

8
\/Zn =1Pacen

@

+ —
Blefficiency =

where nis the channel number, and P, , is the accepted power by each channel of
the coil array. SNR was calculated with a noise covariance-weighted root sum of squares
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reconstruction, using the simulated BT and noise covariance matrix.28:31 The SAR was
defined as the rate of energy dissipation due to induced electric field, E, in the sample32 as
follows:

8 F 2
SAR = An=1""1 Z"=1 "L @
2p;
where o;and p;are the conductivity and mass density, and £, is the electric field from each
channel at voxel /. Local SAR was calculated on a per-voxel basis, and 10g SAR is defined
as the averaged SAR over a 10-g mass of the tissue.33
RESULTS
Phantom simulation and experiment

Figure 2 shows the comparison of the simulated and experimental results for B efficiency
(uT /W, where Wis the accepted power) and SNR in the phantom in three orthogonal
planes. The BT efficiency map was acquired when the coil array was driven in CP mode with
45° phase difference between adjacent coil elements.

As shown in Figure 2, with CP mode excitation, the B efficiency distribution exhibited a

characteristic pattern in this phantom: a bright center surrounded by a dark ring in the axial
image due to the constructive and destructive interferences of the propagating attenuated

RF waves emanating from each of the eight dipole elements.34 With HDC helmet 1, the
overall BY efficiency was significantly enhanced with an intense signal in the central regions

where the transmission RF field by each element was coherently superimposed. The most
prominent enhancement is seen on the top of the phantom (top, as defined in the coronal and
sagittal images, corresponding to the top of the head in the case of human head imaging).
The higher BT field induced by the HDC helmet 1 at the top and, to a lesser extent, in

the peripheral regions of the phantom seen in the coronal and sagittal planes, leads to a
“U-shaped” low B region surrounding the central high B spot in these slice orientations.
Apart from some identifiable artifacts, the computer modeling reproduced these features in
the experimental BT distributions remarkably well for both cases,

Also shown in Figure 2, the SNR or receive sensitivity was significantly improved by

the HDC helmet 1, particularly in the superior portion of the phantom, leading to a more
uniform distribution. Accordingly, the quantitative comparisons between the experimental
results obtained with helmet 1 and the baseline in the transmit efficiency and SNR in the
same region of interest in the phantom are given in Table 1. The overall SNR enhancements
by the HDC helmet 1 in this phantom was approximately 45% in the region of interest.

The experimentally measured SNR maps also show a similar pattern of enhancement apart
from some discernable artifacts (dark ring in the axial and dark bands in the coronal and
sagittal images). These artifacts were caused because SNR was calculated to be independent
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of B magnitude (ie, normalized to BT) and regions where the B was too weak (typically
caused by the strong signal modulation due to transmission field inhomogeneity as seen in
the previous BT maps) were excluded from the SNR calculations.

Figure 3 displays the corresponding SAR maps, calculated from simulated results. Overall
SAR was visibly reduced by the HDC helmet 1, and the SAR distribution was also changed
considerably. It is notable that a relatively higher SAR region seen as a concentric ring in
the axial plane in the baseline case was transformed into a high plateau near the top of the
phantom with the HDC helmet 1.

Displacement current simulations

As described previously, the enhancement by the HDC material was a result of induced
displacement current within the material 2% The region with intense SAR in the presence of

the helmet in Figure 3 corresponds to the stronger BT on top of the phantom in Figure 2,
both of which are caused by the induced displacement current in helmet 1. To understand the
characteristics of Bf enhancement by the continuous structure of HDC material, Figure 4A

shows the displacement current distribution in helmet 1 at four phases in a cycle under the
CP mode of the transmit dipole array.

A displacement current swirl was formed over the helmet, which rotates and propagates
in time following the coil’s CP field. The “center of the swirl (blue spot)” corresponds to

where the BT is the strongest. As a result of the continuity of current flow, a persistently

strong displacement current was formed on the top portion of the helmet for all phases of CP
field, which leads to the prominent By as well as SNR enhancement on top of the phantom.
Conversely, this focal enhancement in RF field also leads to a local SAR increase, as shown
in Figure 3.

To reduce the undesirable elevation of local SAR, helmet 1 was divided into four equal
segments to disrupt the current flow and restrict it within each segment. In this segmented
helmet design, denoted as helmet 2, the impedance change in the gaps between the segments
effectively confined the propagation of displacement current within each segment (Figure
4B), so that the large displacement current on the top of helmet 1 was eliminated.

In Figure 4A, however, the traveling wave behavior of displacement current is intermingled
with the rotational field of CP transmission field. To show the propagating wave more
explicitly, the instantaneous distribution of the displacement current intensity amplitude, |J|,
in helmet 1 and 2, induced by only one of the elements of the dipole array, are shown

in Figure 4C,D, respectively. In addition, the z component of the displacement current in
the helmets, J4, which produces the transverse B; predominantly in the sample, is also
shown in Figure 4E,F. In this case, J4; can be seen propagating around the helmet from the
coil element. Clearly, the secondary RF field formed by the induced displacement current
is no longer local and with a phase delay or retardation over helmet 1. This effect is
significantly attenuated by the discontinuity across the gaps in the segmented helmet 2.

For a better visualization of the wave behavior, Supporting Information Figure S1 presents
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videos of the corresponding temporal variations of displacement currents in helmet 1 and
helmet 2, induced by the CP field of the coil array as well as by one of its elements.

The displacement current distributions induced on the helmets were all obtained with a
numerically tuned-and-matched condition of the coil array with loading of either the human
head or the phantom. The displacement current distribution in the helmets in Figure 4 was
obtained with the loaded human head model.

Human head model simulations

Having validated phantom simulation results with experiments, numerical modeling was
performed on a human head model2® with the identical setup. Figure 5 illustrates the

calculated B efficiency and SNR maps in the human head for baseline, with HDC helmet 1

and Helmet 2.

Compared with the phantom results in Figure 2, the B efficiency and SNR distributions

in the human head were represented remarkably well by those obtained with the phantom,
particularly in the coronal plane. Because the human head generally does not possess

cylindrical symmetry as the phantom, the ring of low B} seen in the axial plane in the
phantom with helmet 1 (Figure 2) manifested as a parenthesis-shaped pattern in the head
(Figure 5, middle row). Like the phantom case, a U-shaped lower-intensity B pattern

surrounding a central high-field region was evident in the coronal plane in the human head
simulations with both helmets. Similar to the phantom results, HDC helmet 1 produced a

strong B enhancement on top of the head (Figure 4, middle row). This enhancement was
significantly reduced in the case of HDC helmet 2, and the resulting BT efficiency map was
more uniform, as predicted by the displacement current simulations (Figure 4).

Figure 6 shows the SAR maps corresponding to the three cases. The focal enhancement of
BT efficiency by HDC helmet 1 on the top of the head led to a local SAR increase near

this region, as observed in the phantom; both average and maximum SAR were significantly
reduced from 0.26 W/kg and 0.78 W/kg for the baseline to 0.24 W/kg and 0.56 W/kg by the
segmented HDC helmet 2.

The quantitative comparisons of 10g-SAR and B efficiency within the brain for the
baseline, HDC helmet 1 and helmet 2 in the region of interest are provided in Table 2.

DISCUSSION

This work is an initial attempt in incorporating a HDC helmet to improve RF coil
performance for human brain imaging at 10.5 T. The work is motivated by the desire

to achieve a greater image resolution, as current MRI resolutions fall far short of the
spatiotemporal scale over which brain circuits are organized and operate (eg, Insel et

al®). To date, this challenge has been addressed primarily by increasing the magnetic field
strength to exploit the field dependent increases in the SNR expected with higher magnetic
fields. Such efforts have ultimately led to the development of 7 T36 as a commercially
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gandji et al.

Page 8

available instrument used both as a clinical scanner and an advanced platform for human
research. Despite significant gains and consequent accomplishments, however, SNR remains
relatively low even at 7 T compared with the challenges posed by the complexity of the
brain’s functional architecture. For example, at 7 T, imaging of neuronal activity in the brain
(ie, functional MRI) reached the scale of submillimeter resolution functional mapping of
cortical columns and layers, and other fine-scale organizations (Refs [36—38]). However,
resolutions attained are marginally adequate for studying such mesoscopic organizations,
and the SNR available at these resolutions remains suboptimal. This has led to efforts to
pursue even higher fields,3° despite the difficulties and rapidly increasing cost of building
such ultrahigh-field (UHF; defined as = 7 T) magnets capable of accommodating humans,
culminating in the recent deployment of 10.5 T40-42 for whole-body human imaging,

and ongoing efforts to reach 11.7 T3943 and even higher magnetic fields.3%44 A crucial
experience learned from the development of 7 T, the efforts to gain SNR by increasing

the static magnetic field need to be supported by synergistic RF engineering to improve

the sensitivity and efficiency of signal detection while maintaining the safety of the human
subjects at corresponding operating frequency.

For this endeavor, one foremost issue for using this system is the safety of the human
subjects under the RF frequency regime. At present, 10.5 T is operated under a Food and
Drug Administration Investigational Device Exemption, which requires the approval of each
RF coil by the Food and Drug Administration; this process involves the submission of
extensive EM simulations and experimental data on phantoms, and simulations with human
head models, similar to what is presented in this paper. As such, one limitation of this study
was the inability to perform human studies with the RF coil and HDC helmet setups reported
here. Therefore, the experimental validation of simulation results could only be conducted
with a phantom with appropriate electrical properties mimicking the human head. In this
case, the experimental coil-sample configuration was modeled precisely, such that the results
can be compared quantitatively with experimental data on the same construct.

As shown in Figure 2, the specific patterns of the B maps in the three orthogonal planes
were well reproduced between the simulations and the experimental data on the phantom.
Because of the strong wave behavior of the RF field at 10.5 T, the interference patterns
of the BT field in the sample by the CP configuration of the volume coil is uniquely

determined by the geometry and electric properties of the sample. This offers quantitative
metrics for comparing simulated field pattern with experiments. For example, the diameter
of the dark ring seen in the axial plane is approximately equal to the RF field wavelength

in the phantom (A ppantom = 97 mm), which was reproduced well in the experimental map.
Thus, the experimental validation of Bf (Figure 2 and Table 1) in the phantom provides a
high confidence level for subsequent studies of the human brain with computer modeling.
These EM calculations reveal that in the human brain, HDC materials in the form of helmet
1 and helmet 2 lead to 66% and 55% higher average B] efficiency, compared with baseline,
respectively (Table 2), which provided a significant multiplier compared with other available
engineering approaches for improving RF coil performance. Compared with the baseline,
SNR increased by 20% and 57% for helmet 1 and helmet 2, respectively, although the
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SNR gains are spatially less uniform in the latter case. Taking into account also the SAR
performance (Table 2), helmet 2 clearly emerges as the preferred design with the dipole
array coil.

The CP RF field created by the transmit coil induces a displacement current swirl
distribution when the HDC material presents a continuous surface that can support such
currents, as is the case with helmet 1 (Figure 4 and Supporting Information Figure S1).
The circumference of HDC helmet 1 is about 641 mm at the middle of the helmet, which
is more than 9-fold larger compared with the wavelength of a plane wave in a uniform
medium of the same permittivity as the helmet (75.94 mm). The strong displacement current
in the HDC material propagates as a wave over the continuous structure of the helmet
while following the azimuthally rotating source field of the coil array. Thus, the induced
displacement current is no longer locally distributed near the coil element that induces

it. The displacement currents distributed over the helmet also have different phases that
depend on the distance from the source coil element. The resultant RF field in the sample
produced by this highly distributed displacement current in the helmet and the coil array
appeared to spread out in time and become smoother in space. In a recent study, improved
transmit efficiency using a helmet of HDC ceramic has been demonstrated at 7 T with
computer modeling and in vivo human experiment. Interestingly, this study demonstrated
improvements not only in transmit efficiency using an eight-channel dipole transmit array
but also in SNR with a 28-channel receive array throughout the head, including at the
center of the brain.23.25 The observed SNR improvement in the center of the brain, where
it is difficult to improve SNR by other means, could likely relate to such a propagating
wave behavior over an HDC helmet structure. Thus, for optimization of the design of
HDC material for high-field applications, it is necessary to further investigate propagating
wave behavior of displacement current in a large continuous structure, such as the helmets
presented here, and its influences on the RF field distribution in the human body.

Because the displacement current must obey the continuity principle, as does the conductive
current, the induced displacement current must have a “return path” to form a completely
closed loop. As a result of topology of the helmet, a persistently strong displacement
current was formed on the top of HDC helmet 1, which led to the prominent Bf and SNR

enhancements on top of the phantom (Figure 2) and the human head (Figure 5). This focal
enhancement in RF field also led to a corresponding increase in local SAR, as shown in
Figure 6.

To minimize the detrimental elevation of local SAR by the concentrated displacement
current distribution, the helmet was divided into four equal segments, such that the
propagation of displacement current loop was disrupted and consequently confined within
each segment of the HDC helmet 2.

As a result, the maximum SAR in the brain was reduced by 28%, whereas the transmit
efficiency relative to baseline was enhanced by 55%, which is only marginally less than the
66% enhancement (relative to baseline) attained by HDC helmet 1 (Table 2). These data
also illustrate the effect of the HDC material’s geometry following the performance of a
RF coil incorporating such materials at 10.5 T. As shown previously, HDC materials can
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be an effective passive shimming device for shaping the RF field distribution.*> However,
the physical mechanism of the current case is complicated by the propagation of the
displacement current over the helmet structure. It is, therefore, necessary to optimize a
RF coil design with consideration of the permittivity as well as the geometry of the HDC
materials, along with coil designs for a given field strength.

The increase in the static magnetic field strength sought for SNR gains are normally
accompanied by elevated losses in tissues at the correspondingly high RF frequency that
must be used in the MR experiment. Thus, management of SAR is a critical challenge for
realizing the potential of UHF MRI for human imaging applications. Parallel transmission

has emerged as a solution for minimizing SAR while simultaneously improving B}

inhomogeneity (eg, Refs [46-48]) needed for spatial uniformity of SNR and image contrast
at UHF. Our results with HDC materials presented here indicate that incorporating such
materials into RF coil design provides an alternative and complementary solution for
reducing SAR, while increasing SNR at the same time. Such a path, however, must take into
account the geometry of the HDC material incorporated into the RF coil, as demonstrated

here. In this case, HDC helmet 2 is the preferred design in terms of BT efficiency, Bf
homogeneity, and SAR.

A caveat in the conclusions reached in this study is that the two RF coil-helmet
configurations presented here are by no means optimized. This study is the first attempt

in incorporating a HDC helmet with a simple dipole array at 10.5 T. The computer modeling
revealed a new issue of propagating wave behavior of displacement current, and hinted a
simple solution based on experiences and intuition. We expect that a greater improvement

in both transmission efficiency and receive sensitivity could be achieved in the future with a
systematic optimization. In addition, the eight-channel dipole array used for this study is not
the optimal receiver with respect to receive sensitivity. Higher channel loop coil arrays have
been shown to produce excellent SNR gains and image quality at UHF.49:50 Evaluations of
incorporating HDC materials into such dense receive arrays with a separate transmitter are
currently under way and will be reported in the future.

CONCLUSIONS

We explored the use of HDC materials in a conformal helmet configuration with a
dipole array coil using computer modeling and experiment at 10.5 T. The simulated B

efficiency and receive sensitivity were experimentally validated carefully using a phantom
with precisely measured and confirmed geometry and electric properties. The simulation
on a human head model demonstrated that enhancements in both B efficiency and SNR,
and a significant reduction of SAR, could be achieved simultaneously by incorporating an
HDC helmet into a transmit-receive dipole array at 10.5 T. Computer modeling revealed
that a propagating displacement current wave formed on the HDC helmet when it was a
continuous structure. As a secondary current source of RF field, the amplitude and phase
distribution of the displacement current wave on the helmet could alter the RF field far
from the primary current source. Such wave characteristics in the HDC material could not
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only influence the optimal design of the coil-HDC helmet, but may also lead to a broader

ap

plication for shaping or shimming the RF field for UHF human imaging.
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FIGURE 1.
A, The simulation setup includes a eight-channel fractionaled-dipole antenna array, a

high dielectric constant (HDC) helmet and a human head model (Ella). B, Schematic of
fractionated-dipole antenna. C, The HDC helmet 1 is a continuous structure with 8-mm
thickness and permittivity of 78. D, Helmet 2 consists of four identical pieces of HDC
material with the same geometry and permittivity of helmet 1. The 4-mm gaps between the
four pieces have the permittivity of free space
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FIGURE 2.
Simulated (A,C) and experimental (B,D) transmit BT efficiency and SNR maps in a phantom

without and with HDC helmet 1. The region of interest (ROI) used for quantification is

the top portion of the phantom, 13 cm from apex, as indicated by the white dashed-line
semicircle on the sagittal plane for baseline. This ROI approximates the space that would be
occupied by the human brain with a human head in the coil. The red lines in the baseline
BT efficiency maps in the axial plane indicate the outer diameter of the dark ring. Note: In

the experimental maps, there is a rectangular dark region that can be seen near the bottom of
phantom in the experimental coronal and sagittal maps, which is absent in the corresponding
simulated maps. The rectangular dark region in the experimental maps is optical fiber leads
in the phantom used for temperature mapping measurement, which was not included in our
computer model
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FIGURE 3.
Specific absorption rate (SAR) maps in the phantom for baseline and HDC helmet in the

three orthogonal planes as in indicated (dotted lines in the upper row indicate the relative
locations of the planes)
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FIGURE 4.
The displacement current distributions induced by the dipole array (not shown) on the

helmet 1 (A) and helmet 2 (B) at four phases (0, 90, 180 and 270). The magnitude |Jq4| and
direction of the instantaneous displacement current at the given phases are indicated by the
color scale and the vector plot (black dashed line with arrows), respectively. The persistent
displacement current on the apex of helmet 1 was eliminated by dividing the continuous
HDC helmet into four segments. To illustrate the propagating wave behavior explicitly, the
corresponding instantaneous |Jg4| distributions by a single element of the dipole array are
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shown in (C) and (D). In addition, the corresponding z component, Jq;, is also shown in (E)
and (F) in each helmet. In this case, J4;, the major component that produces the transverse
B, can be seen propagating around the helmet, which is significantly attenuated by the
discontinuity across the gaps in the segmented helmet. See Supporting Information Figure
S1 for a more detailed temporal evolution of the displacement current in the two helmet
designs
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FIGURE 5.
BT efficiency and SNR maps for baseline, and with HDC helmet 1 and helmet 2. With

helmet 1 (middle row), overall B} and SNR are enhanced in the head model as in the

phantom. The dashed white semicircle (top row, B efficiency map) indicates the ROI used

for quantitative analysis. With HDC helmet 2 (bottom row), the intense enhancement seen
with helmet 1 on the top of the brain is clearly reduced

Magn Reson Med. Author manuscript; available in PMC 2022 August 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gandji et al.

Helmet 1 Baseline

Helmet 2

Page 20

Coronal Sagittal

SAR i
Geg?

FIGURE 6.
The SAR maps in the human head model for the baseline (first row) and with HDC helmet 1

(second row) and helmet 2 (third row) at three orthogonal planes
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TABLE 2

Average and SDs of simulated BT efficiency, SNR, and SAR in the human brain for baseline, HDC helmet 1,
and helmet 2

Baseline Helmet 1 Helmet 2

B-ll- efficiency (,MT/\/W) 0.09+0.03 0.15+0.08 0.14+0.06

SNR (a.u.) 525+120 628+ 77 824 + 152
Average 10g-SAR (W/kg)  0.26 0.28 0.24
Max 10g-SAR (W/kg) 0.78 0.79 0.56
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