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Abstract: Radiofrequency (RF) surface coils are extensively used as receivers in magnetic resonance
imaging (MRI) and magnetic resonance spectroscopy (MRS) systems thanks to their high signal-to-
noise ratio (SNR). For specific magnetic resonance applications, the design of dedicated RF surface
coils with a transverse (to the coil’s plane) RF magnetic field pattern can be necessary. Such transverse-
field RF coils are constituted by several central linear (parallel or crossing) conductor elements
connected by return current paths. Typically, the outer shape of such RF coils is circular or squared,
although other geometries can be used. This paper describes the implementation and validation
of a transverse-field RF surface coil simulator based on magnetostatic analysis, which permits the
design and optimization of square butterfly and figure-of-eight RF coils with adjustable size and
mutual distance between the central linear current elements. The simulation results, compared with
the ones provided by a standard square loop RF coil, were validated with 100 MHz workbench
measurements performed on three home-built prototypes. Finally, two novel quadrature RF coil
structures designed by overlapping two orthogonal square butterfly and figure-of-eight RF coils were
simulated and theoretically characterized. The RF coils described here should be suitable for a wide
range of MRI/MRS preclinical/clinical applications, mainly at fields below 3 T.

Keywords: magnetic resonance; imaging; spectroscopy; simulation; RF coils; workbench

1. Introduction

Radiofrequency (RF) coils for magnetic resonance imaging (MRI) and magnetic res-
onance spectroscopy (MRS) applications serve two purposes: to generate RF pulses for
exciting the nuclei in the sample (transmitting coil) and to pick up the RF signals emitted
by the nuclei (receiver coil). To maximize the magnetic resonance (MR) data quality, the
transmitting RF coil should provide a uniform and intense RF magnetic field amplitude
B, while the receiver RF coil’s aim is a high signal-to-noise ratio (SNR). Volume RF coils
are usually employed both for transmission and/or reception, while surface RF coils are
mainly used as receivers due to their higher SNR, although with limited RF field spatial
homogeneity [1].

The simplest surface RF coil design is a circular or square copper loop, which, in the
region of interest (ROI) located around the coil’s axis, produces a B, field perpendicular to
the coil plane whose amplitude decreases along its axis. Differently shaped surface RF coils
have been proposed over the years, aiming to improve performance with respect to the
coil’s geometric parameters and the ROI position [2].

Several attempts have been made to exploit the By field parallel to the coil plane with
surface coils of different designs (Table 1). Idiyatullin et al. [3] proposed dental imaging
with an intraoral approach by exploiting the transverse components of the B, field of an
oriented surface RF coil with loop topology. More recently, it was reported that the RF coil
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axis has to be located at a certain angle relative to By due to different orientation of the
target organ or position of the patient on the bed, as in the case of MR-PET multimodal
imaging performed for prostate cancer investigations [4].

Table 1. List of MRI applications with transverse surface coils with operating frequencies and
imaged nuclei.

Frequency (MHz)

RF Coil Design and Nuclei Application/Data
Circular loop [3] 170.3 (*H) Dental imaging
FC [4] 123.2 (‘H) Prostate imaging
BC, FC [5] 25.85/63.9 ((1P/1H) Phantom SNR measurement
FC [6] 63.9 ('H) Phantom SNR measurement
FC meander coil [7] ~20 ('H) Historical books analysis
FC.BC [8] 22 ('H) Rubber process analysis
BC [9] 12.4 (*H) Phantom SNR measurement
BC[10] 20 (*H) Biological/chemical assays
BC [11] 42.6 ("H) Human MR-guided interventions
BC [12,13] 300 (*H) Phantom SNR measurement
BC [14] 15 (1 H) Phantom SNR measurement
BC [15] 15 (*H) Phantom SNR measurement
Array of FC [16] 10.6 (*H) Magnetic field estimation
Array of BC [17] 63.9 (*H) Phantom SNR measurement
BC [18] 128 (*H) Human brain imaging
BC [19] 63.9 ('H) Head ar:l:i) erﬁfgsicrggging and
BC [20] 298 ('H) Human brain imaging
FC [21] 25.85 31P) Phantom SNR measurement
BC [22] 150 (13Q) Small animal metabolic imaging
BC [23] 49.9 (31p) Phantom SNR measurement
BC [24] 105.7 (3Na) Phantom SNR measurement
BC [25] 74.96/298.06 (13C/1H) Rat brain imaging
CRC loop-gap resonator [26] 63.9 ("H) Temporomandibular joint imaging
BC [27] - -
BC [28] 298 ('H) Human heart imaging
BC [29] 63.9 (‘H) Carotid artery imaging
BC, FC [30] 128 (‘H) Phantom SNR measurement

Moving on to different surface coil topologies, the so-called RF butterfly coil (BC) and
figure-of-eight coil (FC) have a geometry such that the currents flowing in the two central
elements produce a B field that, in the ROI located around the coil’s axis, has a direction
orthogonal to the axis and parallel to the RF coil plane [5]. Considering the sample as a
cylinder with a horizontal axis, transverse-field RF coils, instead of standard loop coils,
can lie below, above, or on the sample’s side for both vertical and horizontal B, field MR
systems. In [6], the authors investigated the suitability of circular-shaped current return
path FCs to solve the problem of signal loss due to the orientation of the RF coil within the
scanner. In particular, the paper by Alfonsetti et al. showed that an optimal position of the
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circular FC with respect to By, which preserves the signal in the central ROI near the RF coil
surface, can be found for any angular phantom orientation. A 20 MHz-tuned planar FC,
constituted by two counter-wound meanders and etched from a standard printed circuit
board (PCB), was designed to be employed for NMR-MOUSE, an open and portable sensor
able to detect NMR signals from a volume external to the one-sided magnet, permitting
access to a variety of applications not compatible with closed magnet geometries [7]. A
structure constituted by two FCs placed antiparallel side by side forming a BC, which
provided bigger sensitive volume for thin samples, was designed for the same portable
scanner [8]. Bray et al. [9] described the use of a 12.4 MHz-tuned multi-turn BC in a
unilateral magnetic resonance imaging system, where both magnet and RF coil are on
one side of the sample. Their approach utilized the stray field from a disk magnet and
RF excitation from the BC for exciting and detecting a signal from spins located within a
volume centred on a curved line through the sample. A space-limited portable magnet
(0.46 T, 1.25 kg) employed a PCB-based transmitter /receiver BC for chemical /biological
assay experiments. This BC was constituted by two square spiral loops connected in series
with different windings (i.e., clockwise and anticlockwise) [10]. Jonczyk et al. [11] proposed
a new coil constituted by a quadrupole BC for spinal injection interventions witha 1.0 T
open scanner. The use of such a coil, able to provide high signal intensities, also permitted
access to patients in the prone position. Recently, Puchnin et al. [12,13] proposed a two-
coil transmitter /receiver setup for small animal MR imaging at 7 T constituted by a 'H
rectangular BC, implemented on a PCB substrate, and a non-resonant loop antenna with a
metamaterial-inspired resonator that can be tuned over a wide frequency range for 'H, 3P,
23Na, and 13C nuclei. A 15 MHz-tuned 7 cm diameter BC was used in a standalone surface
MRI system for skin imaging, specifically designed for dermatologic investigation to depths
of 1 cm. Phantom tomographic images were obtained by using the so-called “rastered
backprojection” technique [14]. The same system was employed for MRI of materials used
in organic light-emitting diodes (OLEDs) and liquid crystal displays (LCDs), in order to
investigate their performance loss due to moisture egress [15].

Within parallel MRI, a phased-array sensor constituted by a couple of rectangular FC
coils was designed for application in a 0.25 T vertical field MR scanner, characterized by
good RF field homogeneity and low mutual inductance between the coil elements [16]. A
concentric coil array design, adopting a BC configuration, was proposed for spatial encod-
ing in parallel MRI as an alternative to conventional linear arrays, aiming for an imaging
time reduction [17]. Chacon-Caldera et al. [18] proposed a novel partially orthogonal coil
pair for improving parallel imaging performance with respect to a classical configuration
constituted by a BC and a single loop coil, reporting a 20% SNR increase at a target depth
of 10 cm.

For non-proton MRI/MRS applications, 'H MRI is necessary for localization and
field shimming within the ROI, which cannot be performed with the X-nuclei due to their
intrinsic lower SNR. A structure made by two intrinsically decoupled RF coplanar coils (a
single-loop RF coil for 3P MRS and a BC for 'H) was proposed [19,20], with the ability to
generate two B fields orthogonal each other, one directed along the RF coil axis and the
other directed along the RF coil plane. This dual-tuned coil configuration, by presenting
intrinsic geometrical isolation, is of great interest in MRS applications since it does not
require additional trap circuits or active/passive decoupling circuits [31]. The utility of a
dual-tuned RF coil configuration constituted by a 'H circular loop and a 3!P FC coil for
MRI/MRS applications at 1.5 T was also reported in [21]. This configuration was able to
provide a high SNR in 'H images and 3!P spectra thanks to the excellent isolation between
the RF coils, guaranteed by the optimal geometric decoupling, as confirmed in very recent
literature [32]. Moreover, this RF coil configuration provides overlapping sensitive volume
for the two nuclei and the ability to control both frequencies independently, with the further
advantage of not requiring additional lossy elements [33]. A *C BC tuned at 150 MHz,
built with 1 mm diameter copper wire, was designed for experiments with a triple-nuclear
surface coil setup for 'H, *C, and 3!P for small animal metabolic imaging at 14.1 T [22]. A
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dual-tuned 'H/31P transmitter/receiver coil setup was designed and built for 3IP MRS of a
lamb’s heart with surgically created congenital heart defects. The 3P coils were constituted
by a rectangular loop and a geometrically decoupled BC made by etching a copper-clad
laminate containing copper foil on one side [23]. Ha et al. [24] proposed a quadrature
dual-tuned 'H/?3Na coil structure containing PIN-diode switches for shifting the reso-
nance frequency between the two nuclei. This switching process permitted the use of a
'H/23Na loop coil and a 2*Na BC, driving the sodium coil in quadrature and proton one in
a linear manner. Cao et al. [25] developed a dual-tuned common/mode-differential-mode
(CMDM) coil characterized by independent frequency tuning capability for MRS and MRI
applications. This coil, based on BC design, had two modes operating with different current
paths, which permitted the measurement of the dynamics of lactate, alanine, pyruvate,
and bicarbonate signals in a rat head along with acquiring ' H anatomical reference images
during in vivo hyperpolarized 13C MR spectroscopy experiments. Regarding proton imag-
ing applications, a preliminary quadrature detection surface coil was proposed by Hyde
et al. [26]. This structure, constituted by a planar pair and counter-rotating current (CRC)
loop-gap resonators, provide an SNR gain of 2.5 and a scanning time reduction by a factor
of two respective to the single coils for temporomandibular joint imaging. Doty et al. [27]
theoretically described a quadrature surface coil configuration constituted by a loop and
a pair of back-to-back D coils (namely BC) generating a magnetic field orthogonal to that
of the loop and orthogonal to By. A quadrature surface coil configuration, constituted by
a circular loop and a BC employed as transmitter/receiver, was used for human heart
imaging at 7 T, where the coil geometry was optimized for achieving coverage across the
entire heart [28]. A similar loop/BC setup was compared with a two-element square phased
array, demonstrating the ability of such a quadrature coil configuration to achieve better
SNR in carotid artery imaging than a standard array [29]. Kumar et al. [30] investigated the
power and specific absorption rate (SAR) of quadrature configurations constituted by a
circular loop and an FC or BC, and proposed optimum geometry design for maximizing
SNR at a defined depth in the sample when using a single FC and BC.

Despite these studies demonstrating several applications of transverse RF coils, to
our knowledge a detailed comparison between BC and FC RF configurations has not been
previously reported. In more detail, the RF magnetic field pattern’s dependence on the
geometrical parameters of the two transverse RF coils has not been considered for the
optimization of specific clinical and experimental applications. In this work, we developed
a simulator based on the Biot-Savart law for RF magnetic field pattern estimation of
square butterfly coils (SBCs) and square figure-of-eight coils (SFCs). We also compared
such field patterns with the ones provided by a standard RF square loop coil (SLC) of
equal external size, the latter being the workhorse in many clinical MRI/MRS applications.
Moreover, we performed SBC and SFC simulations varying the linear central element
distance to highlight its effect in the application optimization. Workbench tests performed
at 100 MHz on prototypes of the three different configurations were used to validate the
simulations and characterize coils” performances. We selected this frequency to check
whether the Biot-Savart approach can still be reasonably reliable even in a regime where
the generally adopted condition I < Ag/10 (I is the total length of the coil’s current path,
Ap the electromagnetic wavelength in air) is not fulfilled. Finally, two novel structures
constituted by two overlapped orthogonal SBCs and SFCs were also simulated, and the
theoretical results presented.

The manuscript is organized as follows: after a brief description of the Biot-Savart
law, simulation of isolated SLCs, SBCs, and SFCs are presented, both for fixed and variable
spacing of the central current elements, then quadrature SBC and SFC are introduced and
simulated. Successively, workbench tests performed on three SLC, SBC, and SFC prototypes
are described. Finally, discussion and conclusions follow.
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2. Materials and Methods
2.1. The Biot-Savart Law

Biot-Savart’s law, resulting from the solution of both Gauss’s and Ampere’s laws,
provides an efficient formulation for calculating the static magnetic field from a steady
electric current. It has great application in MRI because it permits estimation of the magnetic
field pattern produced by a current flowing in a conductor, providing a fast and practical
method for RF coil design.

The RF coil magnetic field simulation was performed using the magnetostatic numeri-
cal integration of the Biot-Savart law, which permits calculating the B field distribution in
free space (unloaded coil) produced by an electric current I flowing in an arbitrary closed

contour C, as in [1]:
_ Hol dl AR

B =4r Jo R

)

where 9 = 47 - 1077 Henry per meter (H/m) is the free space permeability, dl is the
infinitesimal vector tangential to C, and R is the distance between the observation point
and the conductor path.

This equation, implemented in IDL 6.0 (Interactive Data Language, Visual Information
Solutions, Boulder, CO, USA), implies the assumption of a nearly static field, a good
approximation for RF coils” dimensions much lower than the vacuum wavelength. For
the determination of the B field profile, the conductor size can be neglected when it is
much smaller than the coil’s size, and the magnetic field generated by the current elements
can be evaluated considering one-dimensional current lines [34,35]. Finally, the magnetic
field calculation was performed by subdividing the current lines in small segments and
summing their total magnetic field contribution. A description of the code scripts and a
link to download them are available in the Supplementary Materials.

2.2. The Isolated RF Coils

Figure 1 shows the schematic models employed for simulating the magnetic field of
three square RF coils: an SLC with side L; an SBC (side L, spacing S) with two linear current
elements that cross at the RF coil centre, in which the current flows in the same direction;
and an SFC (side L, spacing S) with two linear and parallel current elements along which
the current flows in the same direction.

O AN e

L L
(@) () ©

Figure 1. Sketch of the square surface RF coils: (a) axial field SLC; (b) transverse-field SBC;
(c) transverse-field SFC. The overall size is L and the separation between elements is S.

The SLC is an axial field surface RF coil, with By directed along the z-direction along the
coil’s axis. The maximum RF coil sensitivity occurs close to its surface (z = 0) and decreases
as the distance from the RF coil plane increases; the optimization of this configuration
is rather limited, with L the only available parameter. Moreover, the maximum SNR is
obtained when the coil is parallel to By and a reduction or even disappearance of the signal
along the coil’s axis can arise when we move out from the optimal geometrical condition [6].

Conversely, the SBC and SFC are transverse-field RF coils whose B, field, in the
central area, is directed along the x-direction and the maximum SNR can be obtained
for any By orientation within the y-z plane. For such configurations, in addition to the
external size L, the separation S between the current elements provides an additional
optimization parameter.



Electronics 2023, 12, 2578

60of 17

2.3. The Quadrature RF Coils

Two novel RF coil configurations, comprised either by two orthogonal SBC (Figure 2a)
or SFC (Figure 2b) geometries, permit generating mutually orthogonal B; fields in a re-
stricted central RO, thus allowing quadrature operation. The use of two orthogonal RF
coils halves the RF drive power over the linear excitation in transmit mode and increases
the SNR by a maximum factor of V2 in receiving mode [31,36]. Although we consider here
quadrature configurations with transverse coils of the same external size L, we are aware
that these are not optimal from the point of view of the coils’ decoupling, and better results
are obtained using different L values. We are here mainly focused on the field profiles,
which are roughly independent of L in the z < L region along the axis, so we preferred not
to introduce extra geometrical parameters which would hinder the physical results and
adopted the same L for the RF coils in the twin sets. The simulations of the RF magnetic
field pattern were performed using a small distance h between the RF coil planes (Figure 2).

o ey,

Y

L L

“~

(@) ()

Figure 2. Sketch of quadrature RF coil configurations constituted by (a) two SBCs; (b) two SFCs. The
overall size is L, the separation between elements is S, and the distance between the RF coil planes
is h.

2.4. RF Coil Building and Workbench Test

Three prototypes of square RF coils matching the analytical models depicted in Figure 1
were built with L = 10 cm and S = 1 cm, shown in Figure 3. In this case the total electrical
length I of the coils (considering also 10 cm for the loop input and output paths) are:
Ispc =50 cm, Ispc = Ispc = 70 cm, while Ag = 300 cm. Measurements were performed on
the workbench by means of a Vector Network Analyser (VNA, Rhode & Swartz, Munich,
Germany). The RF coils were manufactured on a Plexiglass substrate (thickness 2 mm)
using adhesive copper strips (RS Components, Sesto San Giovanni, Italy) of 4 mm width
and 100 um thickness.

The SBC and SFC were built by connecting the two sections in series, thus ensuring the
equality of the currents flowing through the central linear elements. The three RF coils were
tuned at 100 MHz, corresponding to the 'H frequency at 2.35 T, while a balanced capacitive
matching circuit was employed for adjusting the RF coils” impedance to 50 Ohm [31,37].

Workbench tests were performed with the VNA for reflection coefficient S1; and Q
measurements, both for unloaded and loaded RF coils. The load was a 12 cm diameter
cylindrical phantom filled with 2.5 L of 0.9 M saline simulating human tissues at 100 MHz
and placed in proximity (6 mm) of the RF coil planes. The pickup loop method was used
for mapping the RF magnetic field distribution of the three prototypes. This method
measures the RF magnetic field in a given spatial position by detecting the signal induced
in a small (diameter 5 mm, 2 loops) pickup coil orthogonal to the local B; field [31,38]. To
this purpose, the VNA was used to measure both the reflection (S11) and transmission
(S12) coefficients between the fed RF coil and the pickup loop along the RF coil z-axis. The
B; was defined, up to a fixed unknown constant, as 10512(2)/20 _ 10512(0)/20 \yhere S12(z)
is the transmitted power at depth z and Sq5(o0) is the same at very large distances from
the coil and represents the signal baseline. Since S1; was always smaller than —16 dB
the correction for the reflected power is small and was discarded. Figure 3d shows the
experimental setup.
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@

Figure 3. The 100 MHz RF coil prototypes: (a) SLC; (b) SBC; (c) SFC. Panel (d) shows the By
measurement setup with the coaxial cable on the left connected to VNA port 1 and the pickup loop
on the coil’s axis connected to port 2.

3. Results
3.1. The Isolated RF Coils

A comparison between the SLC, SBC, and SFC geometries was performed. The
modulus of the magnetic field pattern of the simulated RF coils, normalized to unit current
and estimated in the xy planes at z = 0.6 cm and z = 3 cm, are shown in Figure 4.

From Figure 4a,c,e it can be observed that at z = 0.6 cm the B profiles are quite
different, especially in the central area. While the SLC By is relatively flat in the central area
and increases close to the conductors (Figure 4a), the SBC has a maximum field intensity
on the RF coil axis, where the two current lines cross (Figure 4c). Finally, the SFC B; shows
two maxima along the x-axis, corresponding to the two linear current elements (Figure 4e).

Conversely, at z = 3 cm (Figure 4b,d,f) the RF field distributions become very similar,
with a broad maximum on the RF coil axis. As shown in Figure 5, the SLC field pattern
along the z-axis has a maximum value at z = 0 and slowly decreases moving away from the
RF coil plane, reaching its half amplitude at z = 4 cm. The SBC field distribution decreases
rapidly with z, but at z = 1.5 cm the RF field amplitude is about three times with respect
to the SLC. The SFC profile is zero at z = 0, reaches its maximum at about z = 0.5 cm, and
then decreases more rapidly than the SLC. The estimated RF field amplitude of the SFC at
z = 1.5 cm is about two times the one given by the SLC.
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Figure 4. Simulated magnetic field modulus (Gauss/A) distributions for a unit current in the RF
coils (L =10 cm, S =1 cm): (a) SLC at z= 0.6 cm; (b) SLC at z= 3 cm; (¢) SBC at z = 0.6 cm; (d) SBC at
z =3 cm; (e) SFC at z = 0.6 cm; (f) SFC at z = 3 cm.
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Figure 5. Simulated magnetic field (Gauss/A) for unit current, along the perpendicular axis, for the
three RF coils of Figure 4.
3.2. Isolated RF Coils for Variable Spacing

SBC and SFC magnetic field pattern simulations were also performed for S = 0.6 cm
and S = 3 cm. As expected, the SBC simulation shows that, in proximity to the RF coil plane
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(z = 0.6 cm), the extent of the peak along the y-axis is broader for a small separation of the
linear elements (S = 0.6 cm, Figure 6a) than for a larger one (S = 1 cm, Figure 4c; S =3 cm,
Figure 6¢). For z = 3 cm we can appreciate how, when z > S, the field distributions for the
different spacings are similar (S = 0.6 cm, Figure 6b; S = 1 cm, Figure 4d; S = 3 cm Figure 6d).
The SFC simulation shows that, in proximity to the RF coil plane (z = 0.6 cm), the two peaks
along the x-axis become closer for a small separation of the linear elements (S = 0.6 cm,
Figure 7a) than for a larger one (S = 1 cm, Figure 4e; S = 3 cm, Figure 7c). For z = 3 cm the
minimum among the peaks is visible only for the larger separation of the linear elements
(S =3 cm, Figure 7d), not for the smaller values (S = 1 cm, Figure 4f; S = 0.6 cm, Figure 7b).
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Figure 6. Simulated SBC magnetic field modulus distributions with S = 0.6 cm and z = 0.6 cm (a) or
z=3cm (b);S=3cmand z =0.6 cm (c) or z =3 cm (d).
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Figure 7. Simulated SFC magnetic field modulus distributions with S = 0.6 cm and z = 0.6 cm (a) or
z=3cm (b);S=3cmand z=0.6 cm (c) or z =3 cm (d).
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Figure 8 shows the simulated RF coil magnetic field patterns along the coils’ axis for S
comprised between 0.6 and 3 cm. As expected, for the SBC coil only small variations are
present (Figure 8a). For the SFC coil (Figure 8b), the position of maximum moves away
from the RF coil plane (from about 0.5 cm to 1.5 cm), while the maximum RF field value
diminishes considerably (by about a factor of 7).
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Figure 8. Simulated magnetic field (Gauss/A) along the z-axis for S values ranging from 0.6 to 3 cm:

(a) SBC; (b) SEC.
3.3. The Quadrature RF Coils

Figure 9 shows the modulus of the magnetic field patterns of the two quadrature
configurations (L = 10 cm, S =1 cm, and h = 0.8 mm), able to produce perpendicular and
almost equal in modulus transverse B; fields in a restricted region along the coils” axis. In
Figure 9 are shown the RF field calculated at z = 0.6 cm and z = 3 cm for two orthogonal
SBCs (Figure 9a,b) and SFCs (Figure 9¢,d).
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Figure 9. Simulated magnetic field modulus (Gauss/A) distributions for the quadrature RF coils
(L=10cm, S=1cm, and h = 0.8 mm): (a) SBC at z = 0.6 cm; (b) SBC at z = 3 cm; (c¢) SFC at z = 0.6 cm;
(d) SFC at z = 3 cm.

For ease of comparison, Figure 10 depicts the RF magnetic field pattern of the quadra-
ture SBC and SFC configurations evaluated in the xy plane at z = 0.6 cm.

I 0.3
(b)

Figure 10. Simulated magnetic field (Gauss/A) distributions in the xy plane at z = 0.6 cm for the
quadrature RF coils (same geometry as for Figure 9): (a) SBC; (b) SFC.

(a)

Figure 11 shows the RF coil magnetic field patterns along the coils” axis for the two
quadrature configurations compared to the ones provided by the single RF coil. Both plots
show the v/2 RF magnetic field gain expected by the quadrature configuration.
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Figure 11. Simulated magnetic field (Gauss/A) along the z-axis for the single and quadrature square
coils (same geometry as for Figure 9): (a) SBC; (b) SFC.

3.4. Workbench Measurements at 100 MHz

Table 2 summarizes the 100 MHz workbench measurements performed on the three
isolated prototypes. We observed that for all the experimental conditions the reflection
coefficient is better than —16 dB. The ratio between the unloaded to loaded Q is about 16,
11, and 5 for the SLC, SBC, and SFC, respectively.

Table 2. Workbench test results at 100 MHz for the three isolated RF coil prototypes.

Coil S1tunloaded (dB) Qunloaded S11loaded (dB) Qloaded
SLC —16 176 -31 11
SBC —-23 218 —-23 20
SFC —-16 177 —40 38

Figure 12 shows the measured magnetic field patterns along the z-axis for the three
prototypes as well as the Biot-Savart simulation. We observed an excellent agreement
between simulated and experimental values, with the maximum deviation within 10%. We
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believe that the more pronounced discrepancy visible for the SBC geometry may be due
to the sampling spatial resolution along the z-axis limited by the pick-up loop diameter,
which affects the measurements with non-linear spatial gradient of the B field along the

z-axis more.
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Figure 12. Simulated (lines) and measured (symbols) RF magnetic field amplitude along the isolated
coils” axis: (a) SLC; (b) SBC; (c) SEC. For ease of comparison, the simulated fields were normalized
with respect to the following values: 0.11 G/A (SLC field at z = 0 cm), 0.99 G/A (SBC field at
z =0.4 cm), and 0.39 G/ A (SFC field at z = 0.5 cm).
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4. Discussion

We have presented a simplified simulation approach to transverse coil design based
on an unloaded configuration and Biot-Savart (i.e., magnetostatic) approach. Although
a complete RF coil design should include the estimation of the loaded RF magnetic field
pattern, we believe that the first design step can be performed with a priori estimation
of the unloaded RF coil, useful to avoid time-consuming and expensive approaches in
the RF coil design process. Moreover, as reported in the literature [39], the magnetostatic
assumption is often verified at frequencies routinely used in clinical MRI applications.

The magnetostatic approach provided, in air, good results for the transverse coils even
if Ag/I ~ 4.3. This can be explained with the observation that for SBC and SFC coils the
main contribution to the transverse field along the coil’s axis is generated by the central
current elements. Their electrical distance (related to the phase shift of the currents) is
d = 1/2 and, in our case, Ay/d is very close to 10. In this work we demonstrated, via
workbench measurements, that numerical computations based on the Biot-Savart law
provide, at 100 MHz, reasonably accurate RF field values in a very short computation time
(seconds) as compared to the full wave methods (hours) [40-43]. This gives confidence that
this approach could be useful at lower frequencies as well or, appropriately reducing the
coil size L (hence the current path [), even at higher frequencies (3T or above).

As showed by the simulations, in planes parallel to the RF coil surface, or along the
axis perpendicular to it, the RF magnetic field spatial distribution is quite different for the
SBC and SFC designs. As seen in Figure 4c, close to the RF coil surface (z = 0.6 cm) we can
take advantage of different geometries according to the specific application. For example,
the SFC is the ideal geometry in the clinical investigation of elongated anatomical areas
(RF strip), such as muscles, limbs, or spines, while the SBC is more useful when a highly
sensitive central area is required (RF hot spot).

The SFC has a magnetic field pattern with a high spatial inhomogeneity and a maxi-
mum at some distance from the RF coil plane (Figure 5). This can be exploited for specific
clinical applications when spatial selectivity is useful to obtain the maximum SNR at a
certain depth in the sample, while attenuating the signal from both the superficial layers
(skin, fat) and the deep tissues (muscle). Conversely, the SBC exhibits a higher magnetic
field amplitude near the RF coil plane with respect to the SLC and SFC. This can be useful
when a high MR signal is required in proximity to the sample surface, for example, in the
detection of local recurrence after mastectomy in breast cancer patients [44]. Another use of
the SBC design could be in high-resolution MRI to visualise the anatomy of different skin
layers with the aim of providing a wide range of in vivo bio-physical clinical parameters,
such as skin hydration [45] and psoriasis [46].

Furthermore, with respect to the SLC, the SBC and SFC geometries are inherently
more complex, allowing for a greater versatility in the shaping of the RF field spatial
distribution within the selected central VOI. Such versatile magnetic field patterns suggest
the possibility of using the SBC and SFC for MRS studies, with special emphasis for highly
localized tumours.

Regarding novel potential applications of SBC/SFC configurations, the literature has
previously reported combined MRI and magnetic particle hyperthermia for cancerous
tumour treatment. In these applications, the same MRI transverse RF coil could be used for
the RF hyperthermia field source, especially when the target tissue is at a shallow depth,
either by parallel connection to the hyperthermia RF coil or by a practice of timesharing [47].
If the same RF coil is used for imaging /hyperthermia, the SBC could provide a small region
of strong magnetic field adjacent to the RF coil, which rapidly decreases with both distance
from the coil plane and distance from the coil’s axis. This ability to concentrate the magnetic
field in a “hot spot” could be employed for treating superficial tumours. Conversely, the
SFC could be used for focalising the magnetic field at a certain depth in the sample tumour
without damaging the healthy superficial tissues overlaying it.

Finally, our simulations show that the SNR of transverse RF coils can be improved by
a factor of up to v/2 by combining two SBCs or two SFCs in a quadrature configuration,
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which is able to produce orthogonal B; fields in a restricted central ROI. Moreover, the use
of receive-only multi-element double-tuned transverse RF coils seems feasible for improved
sensitivity and spatial selectivity when coupled with transmit-only double-tuned volume
birdcage RF coils [48].

5. Conclusions

This paper describes the implementation of a transverse coil simulator able to predict,
in real time, the RF magnetic field pattern within the magnetostatic approximation. The
simulator was validated for three widely used surface coil geometries (SLC, SBC, and
SFC) home-built for this purpose, and the 100 MHz workbench test results provided an
accuracy evaluation. Agreement with Biot-Savart and experimental results show how the
electrical distance among the central current elements is the relevant physical parameter
to be considered for assessing the validity of the magnetostatic approach, thus extending
the applicability of the latter. Moreover, the simulator was employed for the design of
two novel quadrature RF coil structures constituted by two overlapped orthogonal SBCs
or SFCs. We believe this work contains information useful for graduate students and
researchers involved in the design of MRI/MRS RF coils.
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