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ABSTRACT

We present a volume radio frequency coil for Magnetic Resonance Imaging that provides access to the region of interest. While
the conventional birdcage coil is composed of a periodic array of similar unit cells making a cylindrical structure, the proposed
coil, called “opencage,” is made of an aperiodic array of metamaterial based unit cells presenting different geometries and
characteristics. We develop here a dedicated approach based on Bloch impedance matching and phase balance for the design of
the opencage coil. We perform full-wave numerical simulations to validate this concept. An experimental demonstration of the
opencage coil for small animal imaging at 7 Tesla is presented. The results of the in-vitro, in-vivo imaging and B; map recon-
struction achieved with a preclinical MRI scanner are presented. We show that B field homogeneity and amplitude generated by
the opencage coil are comparable to those of a conventional birdcage coil of the same size.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5082245

MRI is a key apparatus for in-vivo imaging based on the
spin precession of some nuclei under a strong static magnetic
field at Larmor frequency. Recently, metamaterials have been
used in the design of radio frequency (RF) coils for MRI to
improve their performances or to provide new interesting fea-
tures. For instance, metamaterials have been used to control
nearfield distribution by exciting the eigenmodes of a wire
structure.” They have also been used for dual-nuclei imaging
using a single transmit-receive channel of the MRI scanner.”
The total scan time can be reduced by increasing the sensitivity
of various RF coils in the presence of the metasurface.””

One of the main RF coil geometry in MRI is the so called
“birdcage” coil.”® Introduced in 1985, it is made of intercon-
nected parallel metallic rods (legs) periodically arranged and
forming a cylinder. It creates a homogeneous magnetic field and
provides a suitable signal-to-noise ratio (SNR) in the region of
interest (ROI). However, for some applications, the birdcage
cannot be used due to a dense covering of the sample by the
legs of this coil. An open access to the ROI can be desirable in
many situations. For instance, for brain imaging, it would reduce
the discomfort of having the head confined into a narrow cylin-
der. It could also ease the optical pathway to send visual stimuli
to the patients during scans. For multimodal and interventional

imaging, it could allow to access the imaged organ with another
modality such as a laser, an ultrasound probe, a RF or cryoabla-
tion device, a biopsy needle. Being able of opening access to the
ROI without significant image degradation compared to the
conventional birdcage coil would be really helpful.

This access problem can be resolved by a surface loop coil
which is efficient in terms of SNR but in a narrow field of view
(FOV) close to the loop. To overcome this limitation, surface coils
with complex geometries such as the half of the birdcage coil’
or the U-shaped birdcage coil® can be used. Although the FOV of
these coils are broader, they are still narrower than the FOV of
true volume coils like the birdcage coil. Another option would be
to decrease the number of legs of a regular birdcage coil to get
wider access between legs but unfortunately, this results in a
dramatic loss of homogeneity in the ROI.

A birdcage-like coil with a wide aperture for an easy access
to ROI necessitates the realization of an aperiodic structure. The
design of such a coil requires the adjustment of the current dis-
tribution on each leg of the birdcage-like coil. An approach to
optimize the current distribution in an elliptical birdcage has
been proposed.’

In this work, we mix Bloch impedance matching and phase
balance of the unit cells to design of a RF coil with a wide
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opening. This so-called “opencage” coil is composed of an array
of metamaterial based unit cells. We show numerically and
experimentally that the proposed configuration preserves high
imaging performance.

Subwavelength periodicity and hybridization of eigenmo-
des in a birdcage coil allows to consider it as a metamaterial or
more exactly as a transmission line (TL) composed of units cells
made of inductances and capacitances. Depending on the topol-
ogy of such a TL, it can be a closed left-handed transmission line
(LHTL) or a closed right-handed transmission line (RHTL).

In the present work, we focus on LHTL which is well
adapted for an ultra-high field MRI. We propose to design an
opencage coil for small animal imaging at 7 Tesla. The operating
frequency of the RF coil is the Larmor frequency of 'H at 7T
(300.1MHz). This frequency is the highest resonance mode of
the close LHTL. The total phase shift of this mode along the
LHTL reaches 360° leading to an ideal cosine current distribu-
tion and a homogeneous magnetic field."” For a conventional
birdcage with N unit cells (legs), the phase shift per a unit cell is
2n/N. In the opencage coil, the cells are not identical
Therefore, the structure should be designed by carefully impos-
ing a total phase shift of all unit cells equal to 2= at the desired
resonant frequency.

The schematic view of the opencage coil is presented in
Fig. 1(a). When considering the fundamental (asymmetric) mode,
the electrical models presented in Fig. 1(b) can be used for the
unit cell of the two structures (see supplementary material for
more details). In the bottom electrical model, C, L,, and L are,
respectively, the capacitance, the ring effective inductance, and
the leg effective inductance. To generate the fundamental mode
with a total phase shift of 360° equivalent to the birdcage one
there are 2 conditions. First each of the four (respect. two) cells
of the bottom part (respect. top part) should induce a 45°
(respect. 90°) phase shift. Second, the Bloch impedance of all the
cells should be identical to avoid reflections.

The values of the Bloch impedance Z! and the phase shift
A¢; of a unit cell (see supplementary material) can be deter-
mined by using T-matrix formalism." It comes

Zizl Ziz"r%

. A, = cos{1+ZiYs), )
Yi

where Z; is the serial impedance and Y; is the parallel admit-
tance. In the case of a left-handed (LH) unit cell these lasts are
given by

1

1 .
Zi = —+jlrio, Y :jw_Ll-’

where C;, L;, and L; - are the capacitance, the leg effective induc-
tance, and the ring effective inductance, respectively, of the ith.
The effective inductances include the mutual coupling between
the legs and the shield, also the mutual coupling between the
segments of the rings.”

According to the dispersion diagram (phase shift) and
the Bloch impedance of the LH cell [Figs. 1(c) and 1(d)], the
values of the L; and C; has to be changed to achieve the
desired phase shift and the constant impedance at 300 MHz.
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FIG. 1. Schematic view of the opencage coil (a) and its electrically equivalent unit
cell (b). Calculated curves for the 45°, 90°, and modified 90° LHTL cells: (c) the
Bloch impedance; and (d) the dispersion diagram.

By using the following values of the capacitance and induc-
tances: C* =16.94pF, L**=22.96 nH, and L% =9.88nH,
the phase shift and the Bloch impedance for the 45° cells are
equal to 45.03° and 15.31Q, respectively. For the conventional
90° cells with the same self-inductances (sizes) as 45° cells,
the effective inductances, and the capacitance are the
following: C°°=7.63pF, L°°=19.0 nH, L =17.9nH. That
gives a 89.96° phase shift and a 17.91Q Bloch impedance. The
size of the metal strips (legs) to obtain these effective induc-
tances is the same for both 45° and 90° cells and equal to:
w=w; =2.5mm width and 40 mm length. However, the Bloch
impedance of these 90° cells does not match the 45° ones.

So the capacitance and inductances values of 90° cells have
been modified to: C*° = 8.3 pF, L°° =16 nH [the width of the leg
(wy) has to be increased up to 4 mm], LY = 17.9 nH. With these
values, the phase shift is 90.03° [Fig. 1(c)] and the Bloch imped-
ance is lowered to 15.08 Q [Fig. 1(d)].

The proposed design [Fig. 2(2)] has been validated by full-
wave simulations (CST Microwave studio 2018 Frequency
Domain Solver). The geometrical parameters of the opencage
coil are presented in the caption of Fig. 2. The opencage coil is
placed inside a copper cylinder corresponding to the MRI bore
with 90-mm diameter and 1000-mm length. The opencage coil
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FIG. 2. Design of the opencage coil inside the MRI bore (a). The geometrical
parameters of the opencage coil are the following: Rs = 22.5mm, R, = 17.5mm,
Ls = 50mm, L, = 40mm, w=2.5mm, and w; = 5mm. Here, the width of the
modified leg w4 is slightly corrected compared to the calculations. Simulated result
of the opencage coil driven in a quadrature: (b) B; field in xT inside the shield of
the opencage coil; and (c) By field in uT.

is loaded by a homogeneous cylindrical phantom with relative
permittivity and conductivity equal to 45.3 and 0.87S/m,
respectively. The length of the phantom is 105 mm and its radius
is 13 mm. The values of the capacitors are slightly corrected in
comparison with the analytic values in order to obtain the maxi-
mum resonance at 300.1MHz. The values are 17.23 pF for the 45°
cells and 8.4 pF for the 90° cells. Here, the ohmic losses of the
capacitors are taken into account with the quality factor
Q=1000.

As for birdcage, the structure can generate two counter-
rotating circularly polarized magnetic modes that are perpen-
dicular to the coil axis. By definition, mode B (respect. By) is
rotating in the same (respect. opposite) direction as the spin
precession."” To selectively generate the B, mode, the opencage
coil is driven in quadrature by two 50-Q ports to excite a circu-
larly polarized mode. The —20 dB isolation between the ports
due to 90° phase shift between them confirms that the proper
values of the Bloch impedance and phase shift of the unit cells
have been reached at the desired frequency of 300 MHz (see
supplementary material).

The two circularly polarized magnetic fields B; are
observed at the desired frequency in the central (Z=0)
transverse plane [Figs. 2(b) and 2(c)]. The field is polarized in

scitation.org/journal/apl

this plane. In this case, B is the maximum, but B is the min-
imum which confirming that the opencage behaves as a con-
ventional birdcage coil.

For practical reasons, the opencage coil in the experiment
is driven only by a single 50-Q port. Consequently, an additional
full-wave simulation has been performed. Here, the shield of the
coil is partially removed to fit the gap between 90° cells.

For the experimental evaluation, an opencage coil plastic
holder has been 3D printed and coppered by tape with 0.035-mm
thickness as illustrated in Fig. 3. The opencage coil has been
assembled with the following capacitors: 21.3pF for the 45°
cells and 10.5 pF for the 90° cells.

The opencage coil is connected through a cable trap to the
MRI scanner. A matching circuit with two tunable non-magnetic
capacitors is used to achieve the exact desired frequency and
the suitable matching level of |Sy| < —10 dB (see supplementary
material). The opencage coil has been tuned to 300.1MHz by
adjusting a tunable capacitor C mounted instead of one top and
front capacitor C% [Fig. 2(a)]. The tunable nonmagnetic capaci-
tor C,, for the matching is connected in series to the feeding
coaxial cable (Fig. 3). The opencage coil is first loaded by a cylin-
drical phantom (13 mm radius) which is made of a commercial
homogeneous liquid (relative permittivity of 45.3 and conductiv-
ity of 6=0.87 S/m). Then a living mouse is imaged for in-vivo
proof of concept.

The simulated B magnetic field at 300.1MHz inside the
phantom is presented in Fig. 4(a). Also, the B/ field pattern has
been experimentally acquired in the phantom using the Actual
Flip Angle (AFI) MRI sequence that was implemented on our
Bruker PharmaScan 7T preclinical MRI scanner.'® The measured
patterns presented on Fig. 4(b) were obtained with the following
MRI acquisition parameters: echo time (TE)/repetition time
(TR)1/TR2=4,/20/100 ms; flip angles o; =0, =50°; an RF pulse
duration of 1ms; an excitation bandwidth of 14 kHz; an FOV of
32mm x 32mm; an in plane resolution of 0.5 mm; spoiling gra-
dients with a diffusion coefficient of 2.2 x 10°° m? s}, and a
damping factor of 0.7. Both simulated and experimental patterns
are normalized to fit the maximum and minimum of the field in
the ROI (phantom). Here, the mismatches between the simu-
lated and measured fields can probably be explained by disor-
ders in the geometry of the opencage coil.

FIG. 3. The assembled prototype of the opencage coil placed in the MRI bed. The
setup includes the cable trap and the matching circuit adapted for remote tuning/
matching by rotation of long polyamide rods.
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FIG. 4. The simulated and measured opencage coil tuned at 300.1 MHz: (a) nor-
malized B; magnetic field obtained in the simulation; (b) normalized B1+ magnetic
field acquired with MRI; and (c) simulated profiles of the normalized By magnetic
field for the 8-leg birdcage coil and for the opencage coil.

The proposed opencage coil has been compared with the
conventional 8-legs birdcage of the same sizes. The profiles of
normalized B{" field are presented in Fig. 4(c). Relative standard
deviation (SD) of the B/ is estimated in the region where the
brain of a mouse is likely to be placed. This region corresponds
to the bottom half of the cage in the vicinity of four 45° cells
(legs). The value of relative SD estimated for the opencage coil is
equal to 8.8%, while for the birdcage coil this value is 8.3%.
These values indicate that the homogeneity of the B field for
the both coils is comparable in half of the cage volume. When
the whole ROI is extended to all the phantom sections, the value
of relative SD increases to 20.4% for the opencage coil while
staying almost constant (8.5%) for the birdcage coil. This
increase in SD for the opencage coil is due to the lower density
of leg on the top. This is the counterpart of the opening.

The in-vitro images [Figs. 5(a) and 5(b)] have been acquired
using the gradient echo sequence (GRE) (TR/TE =200/3 ms, an
isotropic voxel of 0.5 mm, an FOV of 32 mm by 32 mm by 64 mm,
and a flip angle of 30°). Moreover, the birdcage coil with 8 legs
has been assembled in order to make the comparison with the
designed opencage coil. The in-vitro images [Figs. 5(c) and 5(d)]
have been also acquired using the same sequence. The injected
power has been adjusted in both cases by the Bruker ParaVision
software. The SNR of the images has been estimated as a mean
signal in the phantom divided by the standard deviation of noise
in the ROI which is equal to a matrix of 10 x 10 voxels outside the
phantom. For the axial image at the center of the coil along the
longitudinal axis of the magnet [Fig. 5(a)], the average SNR is
equal to 1865, meanwhile for the same plane with the birdcage
coil [Fig. 5(c)], the average SNR is equal to 1752. The average SNR

scitation.org/journal/apl
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FIG. 5. The normalized images acquired with the opencage coil: (a) the in-vitro
image in the central transverse plane; (b) in the central sagittal plane; the normal-
ized images acquired with the birdcage coil: (c) the in-vitro image in the central
transverse plane; (d) in the central sagittal plane; (e)—(g) in-vivo images of the
mouse brain in several axial slices showing good SNR and good spatial homogene-
ity. The in-vivo images have been acquired with the opencage coil; and (h) and (i)
in-vivo images acquired with the 8-leg birdcage coil.

of both images are comparable, moreover both coils are demon-
strating sufficient homogeneity of the signal in the broad FOV.

The proposed opencage coil has then been tested in-vivo
on an anesthetized mouse. The acquired images at several trans-
verse slices are presented in Figs. 5(e)-5(g) for the opencage coil
and Figs. 5(h)-5(i) for the conventional 8-legs birdcage coil. For
the in-vivo imaging, the spin echo sequence is used (TR/TE
=6200/30ms, an anisotropic voxel of 0.125 mm? x 0.5mm, an
FOV of 20 mm by 20 mm by 32 mm, the number of averages of 14,
and the flip angle of 90°). Eventually, the signal level in the ROI is
suitable, meantime the opencage coil provides sufficient FOV to
scan a brain or a half body of small animals.

We have presented a RF coil for MR, called the opencage
coil-that provides easy access to the imaged sample. We have
developed an approach based on the Bloch impedance matching
and the phase adjusting to design the proposed RF coil. The
parameters of the opencage coil have been determined
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analytically, tested numerically, and confirmed experimentally
on the bench and in the MRI. In-vitro and in-vivo images have
been acquired. The opencage coil demonstrates sufficient signal
homogeneity and suitable FOV for MR imaging of small animals
at 7T. Compared to an 8-leg birdcage coil, the homogeneity of
signal is sufficient. At the same time, the SNR of images acquired
by both coils are comparable, while the opencage coil provides a
wide access that can be useful in an interventional MRI studies
in small animals.

See supplementary material for a detailed description of
the lumped element network model and for the simulated and
measured S-parameters spectra of the opencage coil.
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