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ABSTRACT

Passive inductive metamaterials have been explored as alternative radio frequency (RF) coils for
magnetic resonance imaging (MRI) with the aim to control and optimize the imaged volume and the
sensitivity independently. Nevertheless, such structures result in a low signal-to-noise ratio (SNR)
since the contribution of the loop in the global performance of the coil is reduced. Therefore, the
purpose of this work is to explore a new strategy by combining off-resonance metamaterials with a
resonant surface coil and observe the advantages that can be obtained. An elementary structure
consisting of two parallel off-resonance wires coupled with a resonant surface coil was numerically
analyzed. For experimental characterization, a prototype was built and tested in a 7 T MRI scanner
tor proton (*H) and fluorine (*F) using a phantom. In addition, other coil setups were tested for
reference and comparison in terms of B;* magnetic field homogeneity, signal and noise. The results
show that with this new strategy a conventional surface coil can be optimized in terms of sensitive
volume while maintaining its high SNR. Metamaterials permit a customized adjustment of volume
and sensitivity in addition to the simple adaptation to other nuclei, making them beneficial elements

in the design of RF coils.
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INTRODUCTION

Two common categories of radio frequency (RI") coils are predominant in magnetic resonance
imaging (MRI), volume and surface coils. Surface coils present high sensitivity, which results in a
high signal-to-noise ratio (SNR) [17]. The main disadvantage of surface coil is their small sensitive
volume since the B,* magnetic field decays as function of the loop radius and loop plane distance [27].
In contrast, volume coils, such as birdcage coils [3-47], present a large and homogeneous B;*
magnetic field, but with a reduced sensitivity [5].

Earlier works based on metamaterials aimed to bring more flexibility on this trade-off by
attempting to control the sensitive volume and the SNR independently [6-87. These configurations
were based on coupled-wire arrays and relied on the hybridization mechanism [97. The wires were
either of a resonant length [97 or miniaturized using high permittivity materials [107] or capacitive
interconnections [117. All resonant structures were inductively powered by a feed loop,
accomplishing a good compromise between SNR and volume. However, a high sensitivity like the
one presented by a small surface coil [127] was not achieved.

The aim of this work is to explore quantitatively whether advantages are reachable by using a
metamaterial in a non-resonant regime alternatively to a resonant regime. IFor this purpose, we
designed, simulated and built an elementary structure consisting of two adjustable parallel wires
[137. Such structure was able to switch from a resonant to a non-resonant regime. The hypothesis

behind this work is that coupled-wire structures can be used off-resonance and be combined with a



commercial surface coils, achieving high sensitivity and large imaging volume. To validate such
hypothesis, B;* maps of the proposed structure were numerically and experimentally obtained and

compared. Additionally, '"H SNR maps and '*F images were acquired and analyzed.

MATERIALS AND METHODS
Numerical analysis

B+ maps of four different coil configurations (Figure 1) were numerically analyzed using CST
Microwave Studio 2017 (Computer Simulation Technology GmbH, Darmstadt, Germany). The
maps were normalized to 1 W accepted power.

Case A: surface coil with two lumped elements as matching network. Case B: resonant coupled-
wire structure with two wires of length L, coupled to a non-matching feed loop. Case B with
capacitors: resonant coupled-wire structure with four wires of length L capacitive interconnected and
coupled to a non-matching feed loop. Case C: off-resonance coupled-wire structure with two wires of
length L combined with a matched loop.

The loops used for cases A, B and C had a diameter of 8 cm. For case B with capacitors, a 2 cm
diameter loop was used. In cases B and C, the wires were parallel and 3 cm apart while the loop was
placed 1 mm above the wires. In case B with capacitors, the wires had a gap of 1 ¢cm between them.
The material used for all metallic parts was copper. All simulations were carried out using a
tfrequency of 300 MHz ('H Larmor frequency at 7 T) and an input power of 1 W, in the presence of a
homogeneous phantom of 35x35x70 mm? with a relative dielectric permittivity (&) of 50 and a
conductivity (o) of 0.98 S/m. The RF shield was simulated as a copper tube of 1000 mm length and

100 mm Internal diameter.

Matching Network Case B
with
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FIGURE 1: Sketch of the four configurations numerically analyzed.

The tuning and the impedance matching of case A was achieved using the lumped elements of the
matching circuit. In case B, the matching was obtained by placing the loop close to the wires (1 mm
separation) while the tuning was reached by adjusting the wires to a length of Lo, close to a half
wavelength (=50 cm). The matching of case B with capacitors was done similarly to case B. FFor the
tuning, the capacitors were fixed to 7 pI" and fine tuning was completed by adjusting the wires to
length L (6 cm).

Case C required that both, surface coil and coupled-wire structure were off-resonance to correctly

tune the assembled coil at 300 MHz. To detune the coupled-wire structure a length L < L, was used



(89 cm). This configuration will be named “non-resonant regime” as the wires resonance is shifted to
higher frequencies compared with the Larmor frequency. In opposition, we will refer to “resonant

regime” when the resonance frequency of the wires is the same as the Larmor frequency.

Coils setups

Two coupled-wire structure prototypes were built using telescopic brass tubes [147] to allow an
adjustable length to alternate between resonant and non-resonant regimes. Each structure was
placed on a plastic board of 2 mm thickness for easy handling. The first coupled-wire structure was a
long resonator consisting of two open wires separated by 3 cm. The second coupled-wire structure
was a miniaturized resonator of four wires separated by 1 cm. Resonance of this miniaturized
structure was achieved by placing a capacitor (ATC 100 E Series, American Technical Ceramics,
Huntington Station, NY) of 6.8 pF at the ends of each wire.

The four different configurations were assembled. Case A: a 30 mm diameter commercial surface
coil (Bruker 'H-9F, model 1P T957 8V). Case B: the long resonant coupled-wire structure combined
with a printed feed loop of 8 cm diameter. Case B with capacitors: the miniaturized resonant coupled-
wire structure combined with a printed feed loop of 2 cm diameter. Case C: an open non-resonant
coupled-wire structure combined with a commercial surface coil (Bruker '"H-'9F, model 1P T957 8V).

For length optimization in cases B and B with capacitors, on-bench measurements were
conducted on a vector network analyzer (VNA MS2036C, Anritsu, Kanagawa, Japan) with and

without load.

MRI experiments

In order to validate the numerical studies, the different coils were tested in a PharmaScan 7 T
MR system (Bruker Biospin, Ettlingen Germany) running ParaVision 6.0.1 using a 2-2-
trifluoroethanol phantom of 35x35x90 mm?. The phantom was placed horizontally at the center of
each coil, parallel to the MRI bore axis.

The different coils were compared as single channel transmit-receive antennas for proton and
fluorine imaging. As an additional reference, a 70 mm diameter commercial 'H birdcage coil (Bruker
Biospin) was included in the experiments.

A fast low-angle shot (FLASH) localizer sequence was run after wobble, iterative shimming,
frequency and power adjustment. B;*+ maps in coronal and sagittal orientations were obtained using
the actual flip angle imaging (AFI) [15-17] sequence (echo time (TE) / repetition time (TR) / TR2
=4/ 20/ 100 ms, flip angle (&) = 55°, matrix of 128x128x8, field of view (FOV) = 9x9 cm?, coronal
slab of 26 mm and sagittal slab of 35 mm). The maps were calculated using MATLAB (MathWorks,
Natick, MA, USA).

The 'H images were obtained using a 2D FLASH (TE / TR = 2.54 / 500 ms, a = 60°, slice
thickness = 0.9 mm, in-plane spatial resolution = 0.7x0.7 mm?, FOV = 9x9 cm?). The obtained signal

was processed with MATLAB to calculate the SNR maps as the ratio of each pixel over the noise



standard deviation of the image. SNR profiles were calculated from these maps.

The '°F images were acquired using a To-TurboRARE-3D sequence (TE/TR = 68.22/3000 ms,
rapid imaging with refocused echoes (RARE) factor = 32, slice thickness = 40 mm, in-plane spatial
resolution = 1x1 mm?, FOV = 6x6 ¢cm?) and processed in MATLAB to overlay them on top of the

'H FLASH images using a transparency of 0.6, from a scale of 0 to 1.

RESULTS
Numerical Study

Figure 2 shows the simulated B,* maps in coronal and sagittal orientations. It can be seen that in
case A, the B,* field is concentrated at the center of the phantom. In contrast, cases B and B with
capacitors present a more homogeneous distribution of the field along the phantom. Case C presents

a combination of the field distributions from cases A and B.
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FIGURE 2: Simulated B,* maps presenting coronal (5 mm depth inside the phantom close to the coils) and sagittal

slices. White dash lines locate the edges of the phantom. Red bold dash lines locate the profile cuts. (A),(E) case A; (B),(F)
case B; (C),(G) case B with capacitors and (D),(H) case C.

Figure 38 presents the B+ profiles obtained from the maps in Figure 2 for a more quantitative
analysis. As expected, case A holds the maximum B;* magnitude (Figure 3A). Nonetheless, this high
sensitivity is only present at the position of the coil. As we move away from the coil, the magnitude
decreases, as it can be observed in Figure 3B, where the profile was taken at the right edge of the
phantom from the coronal slice. In contrast, cases B and B with capacitors present a lower B,*
magnitude at the center, case B having the lowest one (Figure 3A). However, their sensitivity
extends along the whole phantom (Figure 8B). This can be linked to the currents flowing inside the
loop and the wires in each case [187. Case C seems to maintain a high B,* magnitude (25 p'T), similar

to case A (26 uT), in addition to a horizontal extension of the field.
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FIGURE 3: Simulated B,* profiles of the phantom with the different coil configurations. (A) shows the profiles obtained

at the center of the sagittal slices. (B) shows the profiles obtained from the right side of the coronal slices.

Cols setups

With no load, the optimal length of the long resonant coupled-wire structure in case B was 49.5
cm for 'H at 300 MHz and 52.2 cm for 9F at 282.6 MHz. A reduction of 5 mm was necessary to
compensate the frequency shift produced by loading the antenna with a phantom. For the
miniaturized resonant coupled-wire structure in case B with capacitors, the optimal length with load
was 7.7 cm for proton and 8.7 cm for fluorine. In case C the coupled-wire structure was fixed to 39.0
cm for both nuclei and the tuning and impedance matching was achieved using the matching circuit

of the surface coil.

MRI experiments

Figures 4 and 5 present the B,* and SNR maps obtained from the phantom. The results of the
experimental B,* maps show similar distribution of the field as the ones obtained through simulation.
In case C, the contribution of both wires and surface coil become evident since it presents an
extension of the sensitive volume while maintaining a high B,* magnitude (29 pT), similar to the B+
magnitude presented by the surface coil alone (Figure 6A,B).

Figure 6C,D presents the SNR profiles. In SNR terms, the highest magnitudes are presented by
cases A and C. The large volume and low SNR is given by cases B and B with capacitors. The
birdcage coil, as expected, presented a very homogeneous distribution of the B;* field in all directions

and a low SNR followed by case B.
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FIGURE 4¢ Experimental B,* maps presenting coronal (5 mm depth inside the phantom close to the coils) and sagittal

slices (dash lines locate the profile cuts). (A),(F) birdcage coil; (B),(G) case A; (C),(H) case B; (D),(I) case B with capacitors
and (E),(J) case C.
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FIGURE 5: Phantom SNR maps showing coronal (5 mm depth from the edge of the phantom close to the coils) and
sagittal slices. (A),(I) birdcage coil; (B),(G) case A; (C),(H) case B; (D),(I) case B with capacitors and (E),(J) case C.
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FIGURE 6: Top: experimental B,* profiles of the phantom with the different coil configurations. Bottom: 'H SNR maps

of the different configurations. (A),(C) show the profiles obtained at the center of the sagittal slices. (B),(D) show the

profiles obtained from the right side of the coronal slices.

The SNR maps shown in Figure 5 and the fluorine images in Figure 7 demonstrate that the
distribution of signal remains similar regardless of the nuclei used. SNR calculations were not
performed for fluorine since the images present low spatial resolution due to the weak nuclei
concentration, which results in noisy images.

The SNR maps present more homogenized results compared to the B,* maps, since they benefit
from a localized partial saturation due to the FLASH sequence [197. The standard deviation of noise
can be found on top of each SNR map. It can be seen that it does not have great variations between

coils, making it possible to compare them in terms of signal and noise.
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FIGURE 7: 9F T,-turboRARE-3D sagittal images in jet color map acquired with: (A) case B; (B) case A; (C) case B with

capacitors; (D) case C. Due to the different sensitivities, the color scale is modified between map (A) and maps (B-D). The

images were overlaid on top of 'H FLASH images in gray scale.



DISCUSSION AND CONCLUSION

This study presents a comparison between different configurations of coupled-wire structures and
conventional volume and surface coils. Here, we have demonstrated that in one coll, it is possible to
benefit from the high sensitivity offered by a surface coil and the sensitive volume extension given by
a coupled-wire structure. However, a simple combination of the two resonant structures is not
possible due to the strong mutual coupling [127]. This phenomenon results in the splitting of the
resonant mode, creating two hybrid resonances that are shifted away from the desired Larmor
frequency [20-217. Therefore, we proposed an elementary structure conformed by two parallel
adjustable wires in order to easily switch between resonant and non-resonant regimes.

Our elementary structure was numerically analyzed in both resonant and non-resonant regimes
(cases B and C) along with a simple matched loop. A second structure consisting on four
miniaturized resonant coupled wires was analyzed as additional reference (case B with capacitors).

It has been shown recently that the distribution of currents within the components of the coil
plays an important role in the resulting B,* field distribution [187. A matched loop presents higher
current amplitude compared to a feed loop, therefore the B,* magnitude in case A is high but
localized, compared to cases B and B with capacitors, where the B;+ field is more homogeneous as
shown in the simulations (Figures 2 and 3).

To validate the numerical results and study the properties of the coupled-wire structures when
used in a resonant and non-resonant regime, the experimental coils were assembled and tested as
single transmit-receive antennas for proton and fluorine in a 7 T preclinical MR scanner using a
phantom.

The experimental B;+ results obtained in Figures 4 and 6A,B can be compared to the ones
obtained numerically in Figures 2 and 3. As expected, cases B and B with capacitors had a more
homogeneous B,* magnitude field (Figure 4A,F) compared to case A (Figure 4B,G). Case C (Figures
4E,J) preserves the high B;* magnitude coming from the surface coil, while presenting a wider B*
volume. This difference becomes clear in the SNR maps and profiles of Figures 5 and 6C,D, showing
how the coupled-wire structures can change the SNR and the sensitive volume depending on the
regime they are working on.

The 9F results (Figures 7) demonstrated that cases B, B with capacitors and C present enough
sensitivity to perform “F images even though the fluorine had a weak concentration. It can be seen
that the coils presented the same distribution of signal as they did for proton imaging.

In conclusion, we studied the resonant and non-resonant regimes of a coupled-wire structure and
the results demonstrate that the chosen regime affects the magnitude and spatial distribution of the
B,* magnetic field and the resulting SNR. Phantom experiments confirmed the obtained numerical
predictions, showing that by using a coupled-wire structure in the non-resonant regime, the sensitive
volume of a commercial surface coil can be improved without losing its high sensitivity, as presented
in case C. It was further demonstrated that, despite the working regime, coupled-wire structures

provide sufficient SNR to obtained 'YF images and that the Larmor frequency diftference does not



affect their performance. Structures based on coupled wires can be used as flexible and
complementary elements in the design of versatile RF coils that aim to optimize the conventional

trade-off between high SNR and imaged volume.
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