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ARTICLE INFO ABSTRACT

Keywords: Ultra-high field MRI head coils present a characteristic B; " magnetic field distribution resulting in inhomoge-
Passive RF shimming neous signal and contrast over the image, affecting relevant regions of interest such as the temporal lobes of the
Fr.actals brain and the cerebellum. This is a consequence of the spatially varying flip angle distribution attributed to the
3;}]1;3;;;1”65 reduction of the electromagnetic wavelength inside the human tissues. Without radical changes in the experi-

mental setup, this problem has been effectively targeted by different passive RF shimming approaches such as
high permittivity dielectric pads or metamaterials. The latter, however, may potentially decrease the B, " field in
other relevant areas or compromise the patient’s comfort. Here, we present a novel approach based on meander
dipoles inspired from Hilbert fractals. The structures were designed and studied numerically using finite element
simulations. Prototypes of the structures were printed and tested with a 1Tx/32Rx birdcage head coilona 7 T MR
scanner. We demonstrate a new device based on compact, thin and flexible design, able to improve the B; " field
over each temporal lobe without deterioration of the RF performances in other brain areas and with minimal

Head imaging

impact on patient comfort.

1. Introduction

In ultra-high field (UHF) magnetic resonance imaging (MRI), a major
criterion to assure quality images is the uniformity of the transmit
magnetic field flux (B; ") generated by the radiofrequency (RF) coils. At
7 T MRI, the proton (!H) Larmor frequency reaches 300 MHz. Due to the
high relative permittivity of human tissues, the associated RF wave-
length reduces to around 11 cm, which is comparable to the size of some
of the human organs [1,2]. Consequently, spatially varying phase and
amplitude of the RF fields generate B;* inhomogeneities across the
image. For head coils, these inhomogeneities lead to stronger excitation
in the image center and poor excitation in the vicinity of the coil. Thus,
signal losses become strongly visible in the temporal lobe regions of the
image [3]. Different approaches have been implemented to improve B; "
field uniformity of transmit coils such as passive RF shimming [4-10]
and active RF shimming [11-20].

* Correspondence to: Institute Fresnel, Marseille, France.
E-mail address: redha.abdeddaim@fresnel.fr (R. Abdeddaim).

https://doi.org/10.1016/j.photonics.2021.100988

Active RF shimming is based on RF coils with multiple independently
controllable transmit elements or channels [21]. These additional de-
grees of freedom can be exploited for a suitable optimization strategy to
mitigate B;* inhomogeneities [22]. However, active RF shimming raises
new challenges in terms of workflow and safety such as the control of
power deposition [23]. In contrast, passive RF shimming is based on the
insertion of passive structures between the subject and the coil. Devices
such as high-permittivity dielectric pads [4-7] or metamaterials [8-10]
have been explored. These structures are inductively coupled to the
main transmit RF coil. Induced currents (displacement or conduction
currents) generate a secondary RF field that redistributes the initial B; "
field.

Dielectric pads mainly composed of high-permittivity materials such
as barium titanate (BaTiO3) and calcium titanate (CaTiO3) are based on
the principle of displacement currents [5-7]. However, several studies
have confirmed that targeting multiple regions of interest (ROI) in the
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brain remains challenging as the local B; " field increase near the pad, it
is often balanced by a reduction of By elsewhere [7,24-26].

The metamaterial approach is based on the principle of hybridization
modes using metallic wires or strips coupled to each other in a specific
geometry [8,9], which can further be combined with dielectric pads
[10]. In high field MRI, electric dipoles have demonstrated better
transmit efficiency compared to simple loops [27-30]. This property has
been used in metamaterials such as the Hybridized Meta-Atom (HMA)
[8,9]. But, similarly to the dielectric pads, using several HMA structures
to target multiple brain ROIs was shown to be difficult [31]. One way to
tackle this issue would be reducing the dipole’s length in order to
minimize mutual interaction between the passive structures and facili-
tate their integration within commercial head coils.

Reduction of the dipole’s length has been explored by adding

a) True Hilbert fractal
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reactive parts in the form of lumped elements [32] or meanders [16,
33-35]. Our approach is to accomplish this reduction by designing a
meander dipole based on a Hilbert fractal design. Fractals have indeed
been widely exploited in the telecommunication domain for the reduc-
tion of antenna dimensions [36,37]. Hilbert fractal associated with RF
surface coil was previously introduced in order to increase sensitivity
away from the coil [38]. It was shown that the Hilbert fractal curves
presented an electromagnetic response similar to a split-ring resonator.
Here, we introduce a modified structure composed of two connected
3rd-order Hilbert curves in order to produce an electric dipole like
response.

The main objective of this study was to develop passive RF shimming
elements associated with a volume coil (birdcage) in order to enhance
the B; " field in each temporal lobe without deteriorating the B; " field in
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Fig. 1. Electromagnetic characteristics of the true Hilbert fractal and the meander dipole in two orientations. On the left, schematic of the passive structures placed
on the YZ plane and the propagation of the incident EM wave. At the center a plot with the real part of the relative permittivity (e,) and the real part of the relative
permeability (). On the right, the far field scattered power of each structure in W/m? with different color maps.
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other relevant brain regions. We demonstrated numerically and exper-
imentally that passive RF shimming in a 7 T MRI head coil was possible
with electrically small dipole structures inspired by Hilbert fractals (e.g.
length < 4/10). The introduced elements were compact, thin, flexible
and free of lumped elements. Prototypes were built and characterized on
an anthropomorphic phantom in conjunction with a commercial head
coilat 7 T.

2. Material and methods
2.1. Numerical simulations of the meander dipoles

Numerical simulations were carried out using CST Microwave studio
2019 (Computer Simulation Technology GmbH, Darmstadt, Germany).
The electromagnetic (EM) behavior of the meander dipole and the true
Hilbert fractal was studied with two different setups: free space scatter
diffraction under plane wave illumination and waveguide illumination.
From the first setup, radar cross-section (RCS), defined as the ratio be-
tween the scattered power to the incident power of the plane wave, and
far field diagrams were computed to show the nature of the structures’
radiative EM mode. The studied structures were placed on the YZ plane
and excited by a plane wave. The wavevector (k) of the incident plane
wave propagated in z-axis while the electric (E) field was polarized
along y-axis and the magnetic (H) field was polarized along x-axis (Fig. 1
on the left). In the second simulation setup, S-parameters coefficients
were computed to retrieve electromagnetic properties such as the real
part of the relative permittivity (e;) and the real part of the relative
permeability () [39-42]. The structures were placed on the YZ plane
between two waveguide ports and excited by an EM wave propagating
along the z-axis. The walls perpendicular to y-axis were defined as
perfect H conductor boundaries and the walls perpendicular to the x-axis
were defined as perfect E conductor boundaries. The walls were at 1 cm
from all the edges of the structures to maintain the same periodicity
condition. RCS of 2nd, 3rd and 4th fractal orders were calculated for the
true Hilbert fractal and the meander dipole to optimize their lateral
dimensions to reach a frequency of 305 MHz without the use of lumped
elements. Based on our dimensions constrains, we chose to further
analyze the 3rd-order Hilbert fractal (7.5 cm by 7.5 cm dimension,
Fig. 1.a and b) and the meander dipole based on two 3rd-order Hilbert
fractals connected in series (12.1 cm by 5.7 cm dimension, Fig. 1.c and
d). The structures were simulated in metallic copper with a thickness of
0.05 cm and a width of 0.1 cm. The two structures were tested with two
different orientations with respect to the incoming EM field.

In a second numerical study, the passive structures were inserted in a
birdcage coil to study their shimming performances. We analyzed the
generated magnetic (H) field components Hy and Hy and the resulting
B;" maps in a coronal slice with a homogeneous anthropomorphic
phantom (relative permittivity e, = 45.3 and conductivity ¢ = 0.87 S/
m). A 16-leg birdcage head coil was used with 25 cm inner diameter and
24 cm length, using a shield of 31 cm diameter. It had 2 power input
ports placed 90° apart driven in quadrature to obtain circular polari-
zation. On each port, L-shape matching circuits were added to tune and
match the coil to the Larmor frequency (300 MHz) in presence of the
phantom. The tested configurations were the birdcage coil alone as a
reference, the two orientations of the true Hilbert fractal and the
meander dipole. Single structures were placed on the right side of the
phantom. The meander dipole and the Hilbert fractals were simulated as
copper on a 0.4 mm-thick FR-4 substrate.

A second meander dipole was later added on the left side of the
phantom with a central symmetry operation. Transmit B; " field maps
and profiles were obtained. The B;" maps were normalized at 1 W
stimulated power. We studied a central sagittal slice, a coronal slice and
three different axial slices. The coronal slice was obtained at 2 cm from
the center of the phantom towards the back of the head. The lower axial
slice was obtained at 11 cm from the top of the head. The distance be-
tween the axial slices was 2.4 cm. Simulations with dielectric pads of
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relative permittivity e, = 110 were added for comparison. Dielectric
pads with the same dimensions as the meander dipole were studied
(12.1 x 5.7 cm?) as well as previously reported dielectric pads di-
mensions (18 x 18 cm?) [51]. Profiles were extracted only from the RF
coil alone (ref) and the meander dipoles.

The meander dipoles were evaluated with the male body model
Hugo from the voxel family using the same configuration (birdcage coil
alone and birdcage coil with the meander dipoles) as that used with the
homogeneous anthropomorphic phantom. B;* maps and the respective
profiles were calculated using 1 W stimulated power. The sagittal slice
was taken in the center while the axial slice was taken at 8.4 cm from the
top of the head and the coronal slice at 1.2 cm distance from the center.
Global and local SAR were calculated.

2.2. Phantom experiments with two meander dipoles

The copper meander dipoles with dimensions of 12.1 cm by 5.7 cm
(Fig. 3.a) were printed on a 0.4 mm-thick FR-4 substrate. For the vali-
dation, the experiments were performed in a 7 T MRI scanner (Magne-
tom, Siemens Healthineers, Erlangen, Germany). The reference images
were obtained with a 1Tx/32Rx proton head coil (Nova Medical, Wil-
mington, MA, USA) using a specific anthropomorphic head phantom
(SAM, SPEAG, Zurich, Switzerland) filled with a liquid of relative
permittivity & = 45.3 and conductivity ¢ = 0.87 S/m. The meander
dipoles were placed on each side in direct contact with the phantom
(Fig. 3.b-d) and with the same orientation as in the simulation (Fig. 2.d).
Foam plastic spacers of 1 cm thickness were used as support onto the
internal walls of the head coil.

B; " field maps in coronal and axial orientation were acquired using a
turbo-flash XFL MRI sequence [43]. The following parameters were
employed: repetition time = 20 s, echo time = 1.4 ms, flip angle = 8°,
Shinnar-Le Roux minimum-phase saturation pulse = 90° of pulse length
1 ms, FOV = 256 x 256 mrnz, matrix = 128 x 128 and 27 contiguous
slices (25 slices in axial orientation) of 4 mm thickness. The reference
voltage was set to 260 V for all acquired images to ensure equal input
power. B;" field maps in sagittal orientation were reconstructed by
interpolating the axial data using MATLAB (MathWorks, Natick, MA) to
an in-plane resolution of 4 x 2 mm?/pixel. Experimental B, field pro-
files and B, field comparison maps for all orientations were computed
using MATLAB. The comparison maps were calculated as the ratio be-
tween the meander dipoles and the reference.

3. Results
3.1. Numerical simulations of the meander dipoles

Table 1 shows the optimized lateral dimensions for each structure
based on the RCS results. The chosen frequency (305 MHz) was higher
than the proton Larmor frequency to balance the resonant frequency
reduction from the FR-4 substrate and phantom loading in the experi-
mental setup. This condition guarantees that the magnetic field gener-
ated by the shimming elements will constructively interfere with the
magnetic field produced by the main coil.

The first orientation of the 3rd-order Hilbert fractal in Fig. 1.a is the
same orientation used in Motovilova et al. [38]. A negative p, was found
at the targeted resonance frequency accordingly. The far field shows that
the structure radiates as a magnetic dipole. Once the structure is rotated
by 90° (Fig. 1.b), p; becomes positive and ¢, turns negative. With this
new orientation, the true Hilbert fractal radiates as an electric dipole.
Fig. 1c shows the meander dipole in an orientation similar to the first
case of the Hilbert fractal. The incident wave is normal to the shortest
side. There is no coupling between the incident wave and the resonance
of the structure due to the reduce lateral size. In order to resonate in this
orientation, the structure should be larger. Finally, the orientation of the
meander dipole in Fig. 1.d is the one used in experiments. The incident
wave is normal to the longest side of the meander dipole. Similar to the
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Fig. 2. Simulated magnetic (H) field and B; " maps. First row, schematic of the passive structure position with respect to the phantom showing the reference (a), the
true Hilbert in orientation as split-ring resonator (b), the true Hilbert with the same orientation as the meander dipole (c¢) and the meander dipole (d). Second and
third rows, Hy and Hy maps in A/m on central coronal slices. The last row shows the corresponding B; " maps in uT/WY2,

12.1 cm

Meander dipole
open ends

Right side
meander dipole

Left side

Spacers meander dipole

Fig. 3. Experimental setup. a) meander dipole schematic showing the open
ends and b) placement of the structures inside the head coil. The meander di-
poles are place on each side, close to the phantom. In order to keep this posi-
tion, foam spacers were used as support. Position of the meander dipoles seen
from the c) right and d) left side.

Table 1
Optimized dimensions of the true Hilbert curve and meander dipole using
different fractal orders. In each case the structure resonates at 305 MHz.

Fractal order  True Hilbert dimensionsin cm  Meander dipole dimensions in cm

2 11.3 x 11.3 17.2x 7.1
3 7.5x75 12.1 x 5.7
4 5.3 x5.3 8.2 x 3.9

case for the Hilbert fractal in Fig. 1.b, the meander dipole presents a
negative &,. Its radiation pattern is similar to a straight electric dipole.

Fig. 2 presents the H field components maps and resulting B;* maps
for the meander dipole and the two orientations of the true Hilbert
fractal. The reference images (Fig. 2.a, e.g. head coil alone) show the
characteristic H field and B;" field inhomogeneities in the temporal
regions of the brain that are typically visible at UHF. The Hilbert fractal
in the first case (Fig. 2.b) produces mostly Hx component. The rotated
Hilbert fractal (Fig. 2.c) produces a combination of Hy and Hy compo-
nents. The meander dipole produces mostly Hy component (Fig. 2.d). As
expected in the B;" maps, a strong effect can be spotted from the
meander dipole, and slightly less from the rotated true Hilbert (same
orientation as the meander dipole). In contrast, we can see that the
Hilbert fractal from the first case presents less impact on the B;™
distribution.
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The simulated B; ™ maps obtained from the head coil alone (Ref), two
passive meander dipoles inductively coupled to the head coil, and with
small and large dielectric pads are shown in Fig. 4. The maps acquired
with the meander dipoles show a local enhancement of the By * field. The
effect is strongly visible close to the meander dipoles (green boxes) in the
coronal and axial slices, outrunning the effect of the small dielectric pads
at the temporal regions. However, the large pads show a significant
improvement of the targeted area, with significant field loss in other
regions such as the frontal and the occipital.

The simulated B;" field profiles in Fig. 5 show the local field
enhancement obtained in the sagittal and coronal slices, as well as in the
three axial slices. Averaging over the coronal and the first two axial
slices we found a 1.7-fold higher field at the local minimum of the
reference (e.g. positions — 6 cm and 6 cm), whereas in the third axial
slice the enhancement at these positions was 1.3-fold. In the sagittal
slice, the profile is slightly shifted towards the posterior side of the head.
The average deviation between meander dipole and reference profiles is
5% =+ 3%.

Fig. 6 shows the B;™ field distribution maps and Fig. 7 shows their
respective profiles obtained from the body voxel model Hugo. The effect
was localized on the temporal sides of the brain and comparable to that
obtained with the homogeneous phantom. At positions — 6 cm and 6 cm
(local minimum of the reference) on the coronal/axial profile in Fig. 7,
the B, gain was 1.76 and 1.32, respectively.

Table 2 shows the global and local SAR calculations from Hugo. A
slight increase in both global SAR (1.4%) and local SAR (0.7%) can be
seen. Furthermore, the location of the maximum SAR was at the same
relative position, from which it can be deduced that the meander dipoles

do not drastically change the electric field distribution.

Coronal

Sagittal

Head coil

Head coil +  Head coil +
padse =110 padse =110 meander
dipoles

(18x18 cm3) (12.1x5.7 cm?)

Head coil +

Axial 1
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Fig. 5. Numerically B; ™ profiles of the head coil alone (dashed lines) and with
the meander dipoles (in solid lines) for each of the chosen slices.

3.2. Phantom experiments with two meander dipoles

The experimental B; ™ maps in Fig. 8 show the effect of the meander
dipoles in a central sagittal slice, a coronal slice and three axial slices.
The presence of the meander dipoles leads to a significant local B;™
enhancement. In the last row, comparison maps are shown to quanti-
tatively evaluate the relative By increase. They clearly show the
enhanced locations. The temporal lobe ROIs from the axial reference
scan (e.g. first row) are represented by the dashed shapes. The mean gain
values obtained inside each ROI are shown at the bottom of the figure. In
the sagittal comparison map a 2% average loss of the field was
calculated.

The experimental B;" field profiles in Fig. 9 show the field
enhancement obtained in the sagittal slice, the coronal slice and in the

Axial 2

Axial 3

B* field in uT

Fig. 4. Simulated B maps of the head coil alone (reference, first row), with the meander dipoles (second row) and with small and large dielectric pads with a &,
= 110 (third and fourth rows respectively). The dashed lines represent the location where the profiles shown in Fig. 5 were extracted. Additionally, the dashed line on
the sagittal slice shows the location of the lower axial slice, axial 1, and the dashed lines on the axial slices show the location of the coronal slice. The sagittal slice was
taken from the center of the phantom. The green rectangles on the second raw represent the relative position of the meander dipoles in the simulation. The gray
rectangles represent the relative position of the dielectric pads. The letters A, P, R and L designate the anterior, posterior, right and left sides of the phantom.
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Fig. 6. Simulated B;" maps on Hugo from the

voxel family shown in the three main orienta-

tions with the head coil alone (reference, first

row) and in presence of the meander dipoles

(second row). The bottom row shows the com-
0.8 parison maps between the meander dipoles and
the reference in percent. The dashed lines
represent the location of the profiles shown in
Fig. 7 as well as the location of the other slices
where the profiles were extracted. The dashed
areas delimit the ROIs in which the average
gain was calculated.
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Fig. 7. Simulated B, profiles on Hugo from the voxel family with the head coil alone (reference in dashed lines) and with the meander dipoles (in solid lines). For

coronal and axial slices, the profile was obtained from the same location.

Table 2
Global and local SAR results on Hugo from the voxel family.

Hugo simulation

Reference Meander dipole
Global SAR W/Kg 0.147 0.149 (+ 1.4%)
Local SAR (10 g) W/Kg 0.568 0.572 (+ 0.7%)

three axial slices. The strongest effect can be seen in the coronal and in
the first two axial slices. At the local minimum over these slices (e.g.
positions — 6 cm and 6 cm), the average field increment while using the
meander dipoles was 1.6-fold. The profile in the highest axial slice shows
a 1.2-fold enhancement. In the sagittal slice, the reference curve and the
meander dipole curve have the same behavior (average deviation
1.5% + 1.5%).

4. Discussion

We proposed and evaluated a specifically designed meander dipole

using numerical simulations as well as phantom experiments in a 7 T
MRI system. We based our design on Hilbert fractals since they are well
known for their space-filling properties. Space-filling property, also
known as fractal dimension, is the ability of a fractal to meander in such
way that all the space is filled [36,37]. Hilbert fractal-based antennas, in
the form of monopoles, loops and dipoles, usually have an electrically
small size (e.g. length < 2/10) and improved radiation characteristics
[44-46]. While fractals are well known in telecommunication applica-
tions, only few applications have been explored in MRI. One example is
the Koch loop, based on the Koch fractal, which was used as a solution
for eliminating mutual inductance [47] as well as for a new coil for 129xe
lung imaging [48], both studied at 3 T. Another reported example is a
surface coil consisting of a non-modified 4th-order Hilbert fractal copper
structure coupled with a microstrip line [38]. A recent study reported on
a multi-loop RF coil to improve coil sensitivity. The coil consisted of a
single element formed by a group of small loops connected in series
[49]. Although this study was not based on a proper fractal design, it
considers a similar space-filling property for the design of the structure.

The tuning of the meander dipole without using lumped elements
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Fig. 8. Experimental B, * field maps obtained on a phantom. A central sagittal slice, a coronal slice, and three different axial slices show the B; " field distribution of
the head coil alone (reference, first row) and with the resonant meander dipoles added (second row). The dashed lines represent the location of the profiles shown in
Fig. 9 and the location of the other slices. The dashed shape delimits the ROIs in which the average gain was calculated. The bottom row shows the difference maps in
percentage between the meander dipoles and the reference. The letters A, P, R and L designate the anterior, posterior, right and left sides of the phantom.
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Fig. 9. Experimental B;™ profiles of the head coil alone (reference in dashed
lines) and with the meander dipoles (in solid lines) for each of the slices shown
in the field maps.

can be done by adapting its size and adjusting the gap between the
meander dipole and the phantom. The use of lumped elements would
indeed be disadvantageous since tuning the lumped elements at high
magnetic fields (high frequencies) becomes difficult due to the
increasing stray capacitance [15]. We decided to use the size adaptation
as tunning method based on the RCS results. Table 1 shows the opti-
mized dimensions of three different fractal orders of the true Hilbert
fractal and the meander dipole. Our goal was to obtain an electric dipole
like resonator that could fit within the dimensions of state-of-the-art
dielectric pads while significantly reducing the thickness. Different
permittivity and dimensions of dielectric pads targeting the brain tem-
poral lobes at 7 T have been studied. One of the first dielectric pads
proposed were made of distilled water (¢, = 78, 6 = 0.87 S/m) with a
dimension of 16 x 6 x 4 cm® [4]. Higher permittivities were required to
reduce the pad thickness, leading to the introduction of perovskite
aqueous materials. CaTiO3 pads of & =110 and 6 = 0.05 S/m with
18 x 18 x 2 cm?® dimensions were first introduce due to its availability
and relative low cost [50]. It was later shown that the efficiency of the
CaTiO3 pads was not degraded when reducing the thickness to 1 cm

[51]. CaTiO3 pads with 0.8 cm thickness were employed using &, = 110
with 6 = 0.05S/m [24] and & = 150 with 6 = 0.13 S/m [52]. Mean-
while, BaTiO3 mixtures were explored since higher permittivities (be-
tween 150 and 350) could be achieved and thus thinner pads [5,6].
Numerical studies on BaTiO3 pads showed that the optimal permittivity
for 18 x 18 x 0.5 cm® pads was g, = 150 and 6 = 0.04 S/m [26]. It has
been shown that smaller BaTiO3 pads could be designed,
10 x 10 x 0.5 cmg, with g, = 350 and 6 = 0.96 S/m [6]. We decided to
choose the lateral dimensions of our shimming elements based on the
most compact design explored in dielectric pads. Consequently, the
3rd-order Hilbert fractal-based meander dipole was the closest to the
targeted dimensions.

We numerically studied the EM behavior of the two possible orien-
tations of the true Hilbert fractal and the meander dipole (Fig. 1) as well
as their produced H field components and the resulting B, distribution
(Fig. 2). In order to obtain a negative relative permeability i, similar to
a split-ring resonator [53], the Hilbert fractal requires a specific orien-
tation with respect to the incoming field. The virtual line connecting the
open ends of the structure should be perpendicular to the incoming E
field and the H field should be normal to the plane containing the
structure, as shown in Fig. 1.a. It has been shown that this particular
orientation of the true Hilbert fractal is effective enhancing the sensi-
tivity of surface coils, such as microstrips [38]. However, we have
demonstrated that it is not optimal to couple with volume coils like the
birdcage since it produces mainly Hy component (Fig. 2.b). The refer-
ence B; " map (Fig. 2.a) suggests that the inhomogeneities captured in
the Hy component dominates the resulting B:" distribution in the tem-
poral lobe region. This observation explains why the meander dipole
structure (producing mostly Hy magnetic field) can restore B, ampli-
tude more efficiently in the targeted area. Furthermore, we corroborated
an electric dipole-like behavior of the meander dipole by extracting the
far field scattered power. We have shown that the meander dipole only
responds if the virtual line connecting the open ends is aligned with the
incoming electric field whereas the Hilbert fractal can couple with both
orientations.

The flexibility of the structure is a consequence of the small substrate
thickness. Moreover, the positioning of the structure at the level of the
ears and the relatively compact size of the structure did not require
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important bending when set in the coil as shown in Fig. 3.b and 3.c. The
excellent agreement between numerical (no bending) and experimental
results confirms that the eventual bending in our experimental setting
only marginally affects the performance of the structure.

In Fig. 4, we show that the meander dipole has a stronger enhance-
ment of B; " amplitude compared to the small dielectric pads. We believe
that the main effect can be attributed to the size of the pads. According
to literature, the optimal size for a pad with relative permittivity of 110
and a thickness ~ 1 cm should be 18 x 18 cm? [24,51]. The effect of the
large dielectric pad with such size is indeed greater than the meander
dipoles as shown in the last row of Fig. 4. However, it strongly disturbs
the B;' amplitude in other areas such as the frontal and occipital as
reported in previous studies using dielectric pads [25,26].

A qualitative correspondence can be observed in the different slices
and orientations shown in Figs. 4 and 8. They show a strong enhance-
ment of the B;" field when adding the passive meander dipoles. How-
ever, the enhancement was very localized, only being beneficial in the
temporal lobe regions. The commonly used figures of merit for the B; "
field homogeneity such as NRMSE would therefore not be able to
accurately reflect such a local effect.

The secondary field created by the meander dipoles is asymmetrical
due to the current distribution. Similarly, to a straight dipole, the current
is mainly concentrated in the center of the structure than at the ends.
Therefore, the profiles extracted from Figs. 4 and 8 are located on the
side of the meander dipoles (green box). We obtained a consistent 1.6-
fold average enhancement of the B;™ field at a position where usually
the temporal lobes would be located. This value is very close to the
predicted 1.7-fold enhancement in the numerical simulations. It is
further important to keep in mind that the experiments were carried out
with a 1Tx/32Rx coil. The receive array part of the coil was not modeled
in the simulation environment, which could explain the small discrep-
ancies observed.

The simulations done with the body voxel model Hugo (Figs. 6 and 7)
have demonstrated a good agreement of the effect of the meander di-
poles compared to the results obtained with the homogeneous phantom.
Furthermore, the body voxel family allowed a calculation of global and
local SAR. The results (Table 2) show a 1.4% increase in global SAR and
a 0.7% increase in local SAR. Such levels of increase would not affect the
safety concerns as local SAR should remain under regulation threshold.

Other than the temporal lobes, there is a great interest in maintaining
high sensitivity in other areas of the brain such as the frontal lobe and
the cerebellum for applications such as functional MRI (fMRI) [54,55]. It
has been demonstrated that dielectric pads locally enhance the transmit
efficiency up to 3-fold in the temporal regions [26]. However, this gain
was balanced with losses in the cerebellum region. In another study, the
cerebellum was directly targeted, obtaining a 50% increase in that re-
gion, but associated with a 20% loss on the frontal lobe [25]. Again, the
simulation results presented in Fig. 4 with large pads confirm these
observations. The HMA was shown to provide a 28% average gain over
the entire right hemisphere but resulted in a 34% loss in the region of the
cerebellum [31]. These losses were a consequence of the strong mutual
interaction between the shimming devices (e.g. dielectric pads or HMA)
and the RF coil. The meander dipoles proposed in this study appear to
have a lower impact on the transmit efficiency than the previous studies.
However, we showed that the loss in other regions of the brain outside
the targeted temporal lobes is minimal. First, this was directly confirmed
by the 2% losses calculated in the sagittal difference maps in Fig. 8 and
the 1.5% relative deviation obtained in the experimental sagittal profiles
of Fig. 9, which was lower than the 5% predicted by the simulations.
Second, it was indirectly confirmed by the fact that we did not need to
modify the input power from the scanner throughout the experimental
measurements. We believe that the small size of the meander dipoles
was able to reduce the interelement coupling between the two passive
elements across the phantom, usually observed with straight dipoles or
high dielectric constant pads. Additional analyses may determine
structures that can further optimize these aspects and, in particular,
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enable adding more than two shimming elements in the head coil.

5. Conclusion

We designed and built meander dipoles inspired from Hilbert fractals
for use as passive RF shimming devices in a 7 T head coil. We showed a
strong agreement between simulated and experimental results. The
meander dipoles were designed to efficiently couple with the head coil,
allowing significant enhancement of the B; " field in the two temporal
lobes while maintaining a high transmit efficiency in other ROIs. Due to
their sub-millimetric thickness, the meander dipoles were easy to handle
and to place between the phantom and the receive array of the head coil,
which is a major advantage to maintain patient comfort. Further studies
will be needed to demonstrate these benefits on healthy volunteers. Such
fractal-inspired structures open possibilities in targeting other regions
such as the cerebellum, which usually suffers from poor excitationin 7 T
head coils.
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