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Synopsis
A conventional birdcage head coil at 7T is not well suited for certain applications such as motion control. We propose an original coil based on a
birdcage with a wide lateral aperture that provides access to the object under examination. We show that a sufficiently homogeneous magnetic field
distribution can be obtained by optimizing the current distribution of such an “Opencage”. That coil was optimized using a full wave simulation and
tested experimentally. The performance of an Opencage coil was compared to a commercial birdcage coil. Eventually, the Opencage coil is shown as
a tradeoff between field homogeneity and access.

Introduction
Birdcage coils  are one of the commonly used RF coil designs in clinical MRI and MRS today, even in ultra-high field imaging such as 7T. Recently, based on a
metamaterial analysis, we have proposed a non-periodic birdcage-based coil design, the so-called Opencage that provides a free access to the object under
examination. It can be used for placing a motion control tracking system , and it offers a more comfortable environment for patients. A first small prototype with
an inner diameter of 35mm, dedicated to preclinical imaging of rodent head, has been successfully tested in a 7T MRI system . Here, the challenge was to
develop a prototype with a much larger inner diameter of 260mm and working at 298MHz (7T) while still being able to sustain a circularly polarized (CP) mode.

Methods and Theory
The bottom half of the designed Opencage is composed of eight identical legs (unit cell) that are parallel and equidistant (Fig. 1a). The top half contains only two
identical cells. Two capacitors and a metallic ring connect the two extremities between two consecutive legs. As opposed to a conventional birdcage coil, the
angles between two consecutive legs are not constant. Consequently, the relative phase shift of the currents between two consecutive legs should be 22.5° and
90° on the bottom and the top, respectively. To that end, we have optimized  the capacities (C) and the inductances of the leg (L) and ring (L ) of the
transmission line model of the metamaterial. The optimized parameters to get the proper values of phase shift and a constant Bloch impedance  for bottom cells
are shown in Fig. 2. From these values we deduce that the width of the legs should equal 10 mm for the 8 bottom legs and 55mm for the 2 top legs. We have
performed a full wave numerical simulation with a commercial finite element modeling based software (CST Studio Suite 2019) to finely tune the coil geometry.
The coil was loaded by a homogeneous sphere phantom of 165mm diameter. Its permittivity was 75 and its conductivity 1.8S/m. The coil was driven in a
quadrature regime by two 50Ohm ports that were on 90° distant legs at the bottom. The coil was shielded by a metallic cylinder with a 90° gap at the top
(Fig.1a). Finally, the optimized Opencage coil was assembled and adjusted on bench (Fig. 1b) as well as inside the scanner (Fig. 1d). Opencage coil was tuned
and matched using 4 variable capacitors (Fig. 1c). Very low reflection coefficients are obtained (S  ≈ S  ≈ -20dB) at 297.1MHz (Fig. 3c). The Opencage coil
was tested with the aforementioned sphere phantom. Moreover, results were compared to a reference commercial CP birdcage coil working both in transmit and
receive regime (Fig. 4). Due to the inability to connect simultaneously the 2 ports of the Opencage coil to the scanner, only one port was connected while the
other one was connected to a 50Ohm load. The XFL sequence was used for flip angle (FA) mapping .

Results and Discussion
The simulations showed that without imposing a constant Bloch impedance , the Opencage cannot be well excited (Fig. 3a). However, by optimizing both phase
shift and impedance, the coil can be tuned and matched at the desired analytically predicted frequency (Fig. 3b) with good decoupling between the 2 ports (S
≈ -15dB). Two independent flip angle (FA) maps for the port 1 and 2 as well as the reconstructed CP mode of the Opencage coil and the map for the birdcage
coil are shown in Fig. 4(e-h), and the comparison with the simulated B  maps is shown in Fig. 4(a-d). Circular polarized (CP) mode of the Opencage coil was
reconstructed in post-processing and FA map was retrieved. The B  field homogeneity (relative standard deviation of B  field) is a little worse for the
Opencage coil (21.8% in numerical simulation and 18.4% in experiment) than for the birdcage coil (18.8% in numerical simulation and 13.7% in experiment).
Indeed, it is the consequence of a smaller number of legs in the case of the Opencage coil. In Fig. 5 we show preliminary images of the head phantom acquired
with the Opencage coil.

Conclusion
We have designed the Opencage coil that provides wide aperture giving access to the object under examination. The current distribution in the Opencage coil
has been optimized using a metamaterial transmission line approach. This coil has been numerically validated by full wave numerical simulations. We have
assembled and tested this coil on a phantom in a clinical 7T scanner. The B  homogeneity of the Opencage coil was demonstrated comparable to that of a
conventional birdcage coil. Such Opencage head coil also offer better comfort for patients and are especially suitable for a motion control tracking system at
ultra-high field.
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Figures

Figure 1 - (a) Geometry of the Opencage coil. The coil is shielded and loaded either by a head phantom or by a sphere phantom. The coil is driven in quadrature
mode by the two 50 Ohm ports. (b) Experimental prototype: both ports are properly impedance matched and tuned to the desired frequency. (c) The coil is
matched by two tunable nonmagnetic capacitors connected in series, while tuning of the resonant frequency can be done by adjusting the nonmagnetic
capacitors placed instead of the constant capacitors in the coil as shown in the figure. (d) The installed to the scanner prototype.

Figure 2 - The optimized capacitances and inductances of the Opencage coil.

Figure 3 - S-parameters simulated in the finite-element method-based software (CST Studio Suite 2019): (a) non-optimized Opencage coil, (b) optimized
Opencage coil. (c) S-parameters of the optimized Opencage coil measured on bench.

Figure 4 - Simulated B  field in the central axial plane: (a-c) Opencage coil; (d) commercial birdcage coil. All the patterns are normalized to 1W of accepted
power. The spherical phantom of 165mm diameter is placed in the center of the coil and colored by the white dashed circle. (e-g) FA maps normalized to the
reference voltage: Opencage coil; (h) commercial birdcage head coil. The images were acquired using the XFL sequence. The Opencage coil was used in the
linear polarization mode, while the second channel was connected to the 50Ohm load and vice versa for the first port.

Figure 5 - (a) Normalized images of the phantom: (a) acquired with port 1; acquired with port 2.
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