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1 | INTRODUCTION

Purpose: To theoretically describe, design, and test the new geometry of the bird-
cage coil for 7 Tesla anatomical brain imaging, which includes a large window on
top, without deliberately jeopardizing its homogeneity and efficiency. This opencage
will not only improve patient comfort but also enable the volunteer to follow func-
tional MRI stimuli. This design could also facilitate the tracking of patient compli-
ance and enable better correction of the movement.

Methods: Via the transfer matrix approach, a birdcage-like coil with a nonperi-
odic distribution of rungs is constructed with optimized currents in the coil rungs.
Subsequently, the coil is adjusted in full-wave simulations. Then, the coil is assem-
bled, fine-tuned, and matched on the bench. Finally, these results are confirmed ex-
perimentally on a phantom and in vivo.

Results: Indeed, the computed isolation of —14.9 dB between the feeding ports of
the coil and the symmetry of the circular polarized mode pattern transmit RF mag-
netic field (B]Jr ) showed that the coil was properly optimized. An experimental as-
sessment of the developed coil showed competitive transmit efficiency and coverage
compared with the conventional birdcage coil of similar size.

Conclusion: The proposed opencage coil can be designed and work without a dra-
matic drop of performance in terms of the B;" field homogeneity, transmit efficiency
(<B;r )/\/ITef), peak local specific absorption rate (SAR;,,) and SAR efficiency

(B} YA\/SAR ).
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3 T. Human head birdcages are also used to image patients
with stereotaxic frames in a presurgery phase or postsurgery

One of the most common volume RF coils in MRI is the bird- after the installation of active implants (eg, deep brain stim-

cage coil, which is typically used as a transmit coi

1.1 Large ulator).® At 7T, although they have demonstrated limitations

body birdcage coils are inserted into the bore of MRI up to in providing homogeneous excitation,® head birdcages are
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largely used for most neurological applications both for 'H
imaging and for x-nuclei imaging.5 Whereas birdcages are
efficient transmit coils, they are usually shielded. Therefore,
they hinder access to the patients, reducing their comfort and
making the MRI examination more stressful, especially if
the patient suffers from claustrophobia. Better accessibility
for the patient or volunteer would also help during cogni-
tive functional MRI experiments, especially to see the visual
stimuli shown on a screen on the back of the magnet bore.®
Moreover, a larger window in front of the patient face would
make a motion tracking device more reliable.” Finally, this
spacing would be useful for MRI-guided surgery (eg, laser
interstitial thermal therapy), which uses a laser device for se-
lective ablation of a lesion or a tissue.®

To provide a larger opening in front of patients' faces, var-
ious half-volume RF coils are available, such as half-birdcage
coils,’ U-shaped birdcage coils,'” and quadrature half-volume
transverse electromagnetic coils." However, the transmit RF
magnetic field (B1+ ) coverage for the aforementioned coils is
only half that of a conventional birdcage coil.

An alternative to resolve the stated issue is to use phased
array coils in the transmit regime. Indeed, the geometry of
phased arrays can be shaped almost at will if its elements
are well decoupled.u'14 Despite all the advantages of phased
arrays, the conventional birdcage coil still remains the most
used and most reliable for the transmit regime, even at Ultra-
High Field MRI such as 7T, because of the complexity and
costliness of the arrays. In contrast, in the receive regime, the
usage of phased arrays is preferable because of the SNR gain
provided by the arrays."® In this work, as a proof of concept
and for simplicity we use the developed open birdcage coil as
a transceiver.

Another option for creating a large window would be to
remove the shield and decrease the number of birdcage rungs
(legs), but that option leads to loss of homogeneity'® of the
Bl’r field and an increase in the specific absorption rate (SAR),
as shown below. Hence, designing an efficient RF coil that is
able to provide this window on the head without these flaws
is a utility task to be resolved. For that purpose, a birdcage
coil was proposed with few rungs at the top side to open a
window in front of the face of the patient. We named this RF
coil an opencage. The proposed coil necessitates the realiza-
tion of an aperiodic structure with a given current distribution
on the rungs. Previously, as a test of this idea we built a small
prototype working at 300 MHz. This preclinical coil was suc-
cessfully tested to image a rodent head at 7T. " In the current
contribution, we propose a much larger prototype dedicated
to Ultra-High Field human brain imaging at 7T. In contrast to
the first prototype working in linear polarization mode, this
prototype is driven in circularly polarized (CP) mode. To feed
the birdcage coil in CP mode, the 2 linear orthogonal modes
need to be driven. Because the birdcage is symmetrical, the
isolation coefficient between the 2 feeding ports exciting the

linear modes is low. However, this rule is not valid by de-
fault for the developed opencage coil because the coil is not
symmetrical along its horizontal plane. Therefore, theoretical
and numerical optimization and utilization of the prototype
should be performed with high accuracy and tolerance.

This paper starts with the methods section, where the
electrical model of the coil is introduced. From this model,
the values of the equivalent capacitors and inductances are
derived and checked with a lumped element circuit simulator.
Based on these values, the geometry of the opencage coil is
deduced and adjusted in a full wave simulator. The prototype
assembly is then described, and the method to test this is ex-
plained. The results section begins with the results obtained
from the full-wave simulation. Then, it presents experimental
results obtained with a spherical phantom and the head of a
healthy volunteer. Finally, the results are discussed.

2 | METHODS
2.1 | Equivalent model of the coil and
calculations of the currents

One solution to set the current distribution was used early
to develop elliptical,lg’19 or oval birdcage coils.”” However,
this approach is not suitable for an arbitrary distribution of
the rungs. To that end, we propose an approach wherein the
opencage coil is considered as a transmission line-based coil
in which we adjust the phase shift per unit cell and the char-
acteristic impedance between different parts of the transmis-
sion line. Indeed, similar to a birdcage coil, an opencage coil
is made of N unit cells. A unit cell is composed of an arrange-
ment of parallel rungs that are interconnected by end-rings.
The B, field results mainly from the current that flows across
the rungs. Here, because we need to generate the CP mode
as in the conventional birdcage coil, we use the same rule to
choose the complex current values; that is, the current phase
is set to be equal to the angular position of the rungs for the
k = 1 mode. In contrast to the birdcage coil, the rungs in the
opencage coil are not equidistant, and the electrical design
of the new coil cannot be based on conventional methods.
Indeed, our aim here is to design a coil composed of 8 rungs
at the bottom that are separated by 22.5°, and only 2 rungs at
the top separated by 90°, wherein an opening is provided as
shown in Figure 1A. The equivalent and general electrical
model is shown in Figure 1B. According to Ref. 21, a unit
cell (a red rectangle in Figure 1B,C) can be described by a
2 X 2 transmission matrix or an ABCD matrix. Its expression
is given by

X Z2Y;+27,;

+ZY -

T, = o 2 . 1)
-2Y, 1+ZY,

L
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FIGURE 1

(A) Simplified (transverse) sketch of an opencage composed of 10 rungs. Here, 8 rungs are at the bottom and 2 rungs are at the

top. (B) Equivalent electrical circuit of an opencage. A rung and end-ring segment (both together is the unit cell) are represented inside the red

rectangles. A detailed unit cell is shown in the insert (B). (C) High-pass unit cell corresponding to the actual unit cell of the opencage coil

where Z; and Y; are the impedance and admittance of the
i-th unit cell, respectively. Because the unit cell border
intersects the rung and the end ring into 2 equal halves
(Figure 1B), only half of the impedance or half of the
inductance is considered. From the eigenvalue and eigen-
vector 21nalysisl6’21 of T;, 2 fundamental properties of the
unit cell can be computed: the Bloch impedance (Zf’) and
the relative phase shift (6¢@;). Their expressions are given
by

sp;=cos™' (1+ZY;) )
and
27,
z=1 7 3)
2\ Ty,

1

Hence, the aim is to set Z; and Y; to obtain a phase shift that
corresponds to the geometrical angle. However, the phases
should also be chosen to generate the CP mode (other modes
are shown in section 1 of the Supporting Information). To
that end, no reflection should occur between the unit cells;
that is, the Bloch impedance must be the same along all unit
cells.

To move forward, the expressions of Z; and Y, are required.
They are given by the electrical model of the unit cell shown
in Figure 1C. The values Lﬁ and L[ are the equivalent induc-
tances of the rung and end rings, respectively. To overcome
this inductive effect, 2 lumped capacitors of value C; are in-
serted into the end rings.

From this modelling and Equations (2) and (3), the
rung inductance and ring capacitance can be deduced di-
rectly as:

. 4(2) (1-cosbe;) —2L1 7 |sindg,|
"oz, |sinde;| (1—cosé;) w—L’sin*6 ;0>

1

L7 (cosép;+1) w—2Z" |sindg,] ’

C=
(Ll?)2 (cosé(pi+1)w3+(Zf’)2 (4cosép;—4) @

where Zf’ is the Bloch impedance of the opencage. To com-
pute the equivalent inductance, one needs to define the
coil geometry. Our aim is to design an opencage coil for
Ultra-High Field head anatomical imaging at 7T operating
at a frequency of 298 MHz. Hence, we set the geometrical
parameters to an inner radius of 130 mm, a length of 240
mm, and a shield radius of 155 mm. The rungs and end
rings consist of metallic rectangular tracks. Sketches of
the coil are shown in Figure 1A.

The mutual and self-inductances were estimated in ac-
cordance with Ref. 22 and Ref. 23. In particular, the mutual
inductances of the rungs were estimated using the rule for 2
parallel wires.? With the image theorem, the effect of the
shield was also taken into account.”? The inductance of the
rings was estimated according to the rule for 2 tilted wires.**

In the following, to highlight the importance of imped-
ance matching between the unit cells, we test 3 different unit
cells. The first unit cell is tuned to have a phase shift of 22.5°
(as for 16-rung birdcage). The widths of the rung and ring are
both equal to 10 mm. The phase shift of the second and third
unit cells equals 90° (as for 4-rung birdcage). For the second
unit cell, the widths of the rung and ring are also equal to 10
mm. Thus, the Bloch impedance does not match that of the
22.5° phase shift unit cell. In contrast, for the third unit cell
the width of the rung is modified to be the same. The capaci-
tance, inductances, Bloch impedance, and rung width values
are shown in Table 1.
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TABLE 1 Values of the capacitances

22.5° Cells (as for 16 90° Cells (as for 4 Modified . .
o (C,), effective rung inductances (L;), and
Element rungs) rungs) 90° Cells .
effective ring inductances (L,)

C.(pF) 5.15 0.95 1.23

L(nH) 173.97 132.6 66.7

L,(nH) 42.09 165.4 165.4

Rung width (mm) 10 10 39.5

Bloch impedance () 62.45 124.1 62.45

(A) (B)
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FIGURE 2
segment
2.2 | Circuit simulations

Additional electrical simulations using the circuit simulator of
the CST Microwave Suite 2019 (Dassault Systemes, Vélizy-
Villacoublay, France) were performed to validate these esti-
mated theoretical values of the impedance and phases. Here,
3 different birdcages and 1 opencage were studied: a 16-rung
birdcage (22.5° unit cells), a 4-rung birdcage (90° unit cells)
without Bloch impedance matching, a 4-rung birdcage (mod-
ified 90° unit cells) with Bloch impedance matching, and an
opencage (combination 22.5° unit cells and modified 90° unit
cells). Here, the opencage was modelled as a 10-unit cell cir-
cuit. First, the Bloch impedance was assessed by plotting the
ratio between the voltage and current at the nodes of the unit
cells (Figure 2A). As expected, when the 90° phase shift cell
was matched, the Bloch impedance was the same as that of
22.5° cell. Second, Figure 2B shows that the phases along the
unit cells of the opencage coil were consistent with the ex-
pected phases. As a result, the coil can now be designed more
precisely and investigated in full-wave simulations.

2.3 | Design of the opencage coil

The opencage design is illustrated in Figure 3A. Here, we
introduce Cy, 5. and Cyq, the values of the capacitors of the

15

(A) Impedance in end-ring nodes for several birdcages composed of different unit cells. (B) Current distribution in end-ring

22.5° and 90° unit cells. To generate the CP mode, the coil is
driven in quadrature by 2 50 Ohm ports that are 90° apart at
the bottom (Figure 3A). The ports are connected between the
doubled capacitances in the end-ring segments and the shield,
as shown in Figure 3A. Additionally, 2 trim capacitors—C,,
C,, and C,,;, C,,—are inserted for frequency tuning and input
impedance matching of the coil.

The geometrical parameters of the coil were specified in
the previous section to fit an average human head. However,
to provide access, a gap of 139 mm is created in the copper
shield between the 2 separated 90° rungs.

2.4 | Full-wave numerical simulations

The design was numerically tested and optimized using com-
mercial electromagnetic software CST Studio Suite 2019
(Dassault Systemes, Vélizy-Villacoublay, France). The coils
was modeled using 35-pum copper strips. In the conducted
simulations, the coil was first loaded with a homogeneous
dielectric spherical phantom with a diameter of 165 mm
(not shown in Figure 3A). Its relative permittivity (g,) and
conductivity (o) were equal to 75 and 1 S/m, respectively.
The simulations also included the RF shield, placed on the
lossy FR4 substrate (Figure 3A) from the CST library, and
the coil holder made of lossless polylactic acid (PLA) with
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permittivity of 3.5. These simulations were performed using
the finite element method-based frequency domain solver
with approximately 1 million mesh cells.

With the capacitance and inductance deduced from
the analytical model, the resonance frequency of the sim-
ulated unloaded opencage coil was 288.6 MHz instead of
298 MHz. However, the isolation between the ports was
only —6.3 dB. Nevertheless, after adding equivalent series
Inductance and equivalent series resistance of the of the
used capacitors, phantom, gap in the shield, substrate, and
the holder, the resonant frequency shifts to 278.3 MHz. The
contribution of each addition is shown in the supplementary
materials (Section 2). Thus, to tune the coil to a frequency
of 298 MHz, the capacitors values must be decreased com-
pared to the analytical values. As a result, Cyy- becomes 1

pF instead of 1.23 pF; C,, 5. becomes 4.2 pF instead of 5.15
pF. Finally, to maximize the isolation between the 2 feed-
ing ports, we conducted an additional simulation sweep of
the top rung width using the FEM-based frequency domain
solver (Figure 4A). In this simulation, the coil was loaded
by the spherical phantom. The holder and substrate were
also included. The width of the top rungs was varied from
35 mm to 65 mm. Based on to this parameter sweep, the
final width becomes 55 mm instead of 39.5 mm. Moreover,
to reduce the number of capacitors, some pairs of capacitors
in series were replaced by a single capacitor. According to
Figure 3, twofold capacitances were retained only on the
end rings, wherein the feeding ports were connected, the 2
types of cells were connected, and the cells were on top part
(capacitance segmentation).
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FIGURE 5

(A) B;f maps obtained via numerical computation for the 4-rung birdcage coil. (B) Simulated B;" maps for the birdcage coil of 16

rungs. (C) Simulated B maps for the opencage coil. The RF shield is hidden in all the setups. The top row shows the simulated setup. The maps

obtained in the central sagittal plane are depicted in the middle. The bottom line shows the fields in the central transverse plane. For comparison

purposes, all maps were normalized to the reference power of the opencage coil obtained experimentally and mentioned below. The ROI used for

the field statistical evaluation is indicated by the white dashed rectangle in the sagittal slice. The full size of the ROI is 150 mm along the X axis,

205 mm along the Y axis, and 180 mm along the Z axis. ROI, region of interest

We compared the transmit efficiency (B WP), B/ ho-
mogeneity using a normalized SD, peak B} deviation (p B}),
local maximal peak SAR averaged over 10 grams of tissues,
and SAR efficiency ((BIJr )/\/SATMJ of the opencage to
those of the 2 birdcage coils comprising 4 and 16 rungs.
The simulated coils had the same size, except for the width
of the rungs, which was different in these coils, namely,
20 mm for the birdcage with 4 rungs and 10 mm for the
birdcage with 16 rungs. In these simulations, we used the
time domain solver of CST Microwave Suite 2019 (Dassault
Systemes) with approximately 8 to 10 million of mesh cells.

Instead of a spherical phantom, we used the multi-tissue Ella
voxel model.”*?® This model, cropped at the shoulder level,
had an isotropic voxel of 2 mm?>. In all simulation series, the
coils were tuned and matched using an electrical simulator
extension (CST Schematic by Dassault Systémes). Finally,
we evaluated the radiated power for each coil to study the
effect of the opening. For this comparison, we evaluated
the coil for 1 W of stimulated power. However, to compare
the simulated (Figure 5) and measured maps, the first maps
were normalized to the same reference power as that of the
experiment.
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2.5 | Prototype assembly
Photographs of the coil are presented in Figure 3B. The frame
of the coil was 3D-printed using polylactic acid. The elec-
trical tracks were made of 35 pum-thick copper tape AT526
(Advance Tapes International Ltd, Leicester, England). The
RF shield was chemically etched on the FR4 substrate with 5
narrow gaps made along the Z axis in the metal layer to pre-
vent eddy currents. For that purpose, 4 nonmagnetic capaci-
tors of 1 nF were soldered between these gaps as proposed
in Ref. 27.

In the prototype, we used the same values of the capacitors
as those of the simulation. For the assembly, we used 1500 V
“B-"’size capacitors of SH series (Exxelia, Paris, France). The
tuning and matching circuits were implemented as shown
in Figure 3A,C. Two trim capacitors AT 57250 of 1-13 pF
(Exxelia, Paris, France) connected in series to the feeding
lines were employed for impedance matching. To tune the
resonant frequency, the same variable capacitors were also
placed instead of 2 fixed capacitors as shown in Figure 3C.

To connect the coil to our 7T MRI scanner (Siemens
Healthineers, Erlangen, Germany), interfacing device with
the principal sketch shown in Figure 3C was used. In this in-
terface, 2 ports of the coil were connected to a 90°hybrid cou-
pler to achieve circular polarization in the transmit regime. In
the receive regime, each port of the coil was connected to its
own receive channel.

2.6 | Experimental evaluation

First, the assembled opencage coil was assessed on a bench
equipped with a vector network analyzer (Anritsu MS46122b,
Anritsu, Atsugi, Japan) via S-parameters measurements. The
coil loaded by the spherical phantom of 165-mm diameter
(agar 3%m, NaCl 0.5%m, NiCl, 0.03%m) was tuned and
matched slightly below the exact Larmor frequency of 297.3
MHz, namely, at 296.7 MHz. Because of the opening in the
RF shield, we observed a frequency shift of about +0.5 MHz
after placing the coil inside the MRI scanner bore. This shift
occurs due to an interaction with an RF shield embedded to
the MRI scanner. Therefore, we anticipate the ability of the
MRI bore to slightly shift the coil frequency. Then, the coil
loaded by the spherical phantom was installed and connected
to our MRI scanner using the interface described above. A
magnetization prepared turbo-FLASH-based sequence, also
called XFL, was employed for flip angle mapping,*® which
was later converted to the B1+ maps. Along a sagittal orien-
tation, 22 slices spaced 4 mm apart were acquired with the
following parameters: TR/TE = 20000/3.06 ms, 4 mm iso-
tropic voxels, global FOV 256 x 256 x 168 mm3, excitation
flip angle of 7°, and saturation flip angle of 60°. The same
sequence was also used with a commercial birdcage coil of

16 rungs (Invivo Corporation, Gainesville, FL).29 The com-
mercial birdcage coil used has a 3.3% smaller inner volume
(radius of 140 mm and length of 200 mm) compared to our
prototype (radius of 130 mm and length of 240 mm). For
both coils, we adjusted the input peak power via the same BIJr
mapping sequence, allowing us to obtain a 500 ps rectangular
90° pulse in the center of the phantom. This input peak power
(P,,p) was calibrated to the input of the coil, taking into ac-
count a loss of 0.845 dB in the coil interface and 1.9 dB in
the cables. Based on the whole phantom maps, we evaluated
transmit efficiency (By/4/P,,) and homogeneity of the B}
field via the SD divided by the mean B, that is, SDAB;" )
for both coils.

Finally, in vivo images and B;r maps of a healthy volun-
teer's head were acquired for the birdcage and for the open-
cage coil using the restricted SAR protocol utilized onsite to
test new coil prototypes. The experiments were performed
under both our institutional review board and national ethical
committee approvals. The rationale and sequence protocol
are presented in Ref. 30. Written consent of the volunteer was
obtained beforehand at the beginning of the MR acquisitions.
Afterward, the obtained images were filtered using the ampli-
tude of the flip angle map and smoothed with a median filter.
The B;r maps were also smoothed with a median filter. For
these obtained data, we also estimated the transmit efficiency
(B} YA/P,,) and homogeneity via SD B} ). To assess the
overall transmit efficiency and homogeneity, we used the av-
erage value over the 3 orthogonal slices.

3 | RESULTS

3.1 | Numerical optimization of the coil

First, we applied the parameters obtained analytically, and
then we optimized the width of the top rung in the opencage
coil loaded with the spherical phantom. To that end, we plot-
ted the (S},) isolation between the feeding ports depending
on the width (Figure 4A). The lowest S}, coefficient of —14.9
dB appears for a width of approximately 55 mm instead of
the initial width of 39.5 mm. Moreover, this increase in the
rung width (ie, decrease in inductance) was used to shift the
resonant mode toward the desired Larmor frequency of 297.2
MHz without additional reduction the capacitance. Figure 4B
depicts the final S-parameters of the simulated coil.

The BIJr maps of the opencage (Figure 5C) was compared
to the birdcage coils containing 4 (Figure 5A) and 16 rungs
(Figure 5B). A quantitative assessment of the efficiency of
each simulated coil is arranged in Table 2. The conducted
simulations (Figure 5) showed that the developed opencage
coil and 16-rung birdcage coils provided 7% better homo-
geneity of B, assessed via SD/(BIJr ) compared to 4-rung
birdcage (Table 2). Field homogeneity assessed with peak
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TABLE 2 Numerical comparison of different volume coils for IW of stimulated input power

Coil (B; WP (T W) Wkg)  spBr)  ps; (B Yn/s4Ru0, P, (W)

4 rung birdcage 0.358 0.599 0.263 0.522 0.463 0.176

16 rung birdcage 0370 0.458 0.245 0518 0.547 0.166

Opencage 0.365 0519 0.245 0.507 0.507 0216
(A) 4 rung birdcage (B) 16 rung birdcage () Opencage

.
.
.
.
I
x
=
=
-
-
.
¥
=
»
-
»

-
w:

FIGURE 6

Plane of the maximum

ST T
// z=-55.7 mm\\

(A) Numerically estimated local SAR for 10 g of tissues for the 4-rung birdcage coil, (B) for the 16-rung birdcage coil, and (C)

for the opencage coil. All maps were normalized for 1 W of stimulated power. Top row shows the maps in the central sagittal plane. Bottom row

presents the maps of the transverse plane of the maximum. The position of the maximum is shown by the white dashed line, with a z coordinate of

—55.7 mm. SAR, specific absorption rate

Bl+ deviation was comparable (within 3%) for all 3 coils, as
shown in Table 2. The average transmit efficiency was very
similar to all 3 coil configurations (within 3%).

The quantitative analysis of the SAR is summarized in
Table 2 and plotted in Figure 6. One observes the 2 SAR spots,
with the lowest spot in the head vertex. In this area, the SAR
insignificantly increases as the number of rungs decreases,
as can be observed in the top row of Figure 6. However, we
should pay attention to the strongest spot, which is observed
close to the nose. The values observed in this region corre-
spond to the maximal seen in the phantom. Therefore, the
values for this region are shown in Table 2. In this case, the
SAR efficiency increases with an increase of the number
of the birdcage rungs. For example, the 16-rung birdcage
shows the best SAR efficiency. Also, the 10-rung opencage

demonstrates 7.3% worse SAR efficiency compared to the
16-rung birdcage, and 8.7% higher SAR efficiency compared
to the 4-rung birdcage. Therefore, one can conclude that the
opencage provides a compromise in terms of the SAR effi-
ciency between the 4-rung and 16-rung birdcages.

3.2 | Imaging with the opencage coil

First, the coil was tuned to a frequency of 297.2 MHz and
matched in the presence of the spherical agar phantom at a
level of —26 dB, with the isolation level between the ports
being —12.5 dB (Figure 4C). Subsequently, we measured the
B]Jr field inside the spherical phantom using the opencage and
commercial birdcage coil (see Figure 7B,C). For comparison
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B," field magnitude (uT)

FIGURE 7

the opencage coil, (C) and measured using the commercial birdcage coil
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>

Birdcage coil

Gl

Opencage coil

FIGURE 8

12.3

(A) Central sagittal slice of the B;" field of the spherical phantom obtained by simulation of the opencage coil, (B) measured using

(B) B, Coronal Slice Sagittal slice Transverse Slice

(A) In vivo images (a.u.) of the brain obtained in the 3 central slices for the birdcage coil. (B) B;” maps (uT) obtained with the

birdcage coil in 3 slices. (C) In vivo images from 3 slices for the opencage coil. (D) B;" maps obtained with the opencage coil

purposes, the map of B]Jr obtained by simulation of the open-
cage coil is also shown in Figure 7A. From the experimental
maps, we estimated that the mean transmit efficiency ((B}" )
I\/P;) of the birdcage equals 0.133 uTA/W, correspond-
ing to (B;) of 3.98 uT; and 0.189 pT/\/W, corresponding to
(Bl+ > of 4.66 uT (6.07 uT obtained in the simulations) for
the opencage. Here, the input peak power was 899 W for the
commercial birdcage coil and 605.5 W for the opencage coil.
According to the acquired data, we calculated SD/<BIJr > for
both coils. The birdcage coil demonstrated a slightly better
homogeneity of B} in the entire phantom. Indeed, SDK B} )
equals 0.214 for the birdcage coil and 0.223 for the opencage
coil.

Finally, in vivo images and Bl+ were acquired for the bird-
cage coil (Figure 8A,B) and for the opencage coil (Figure
8C,D). The mean transmit efficiency of the birdcage equals
0.13 pT/\/V_V, corresponding to (B;) of 4.69 uT; and 0.194
pT/\/W , corresponding to (B;) of 5.57 uT (5.38 uT obtained
in the simulations) for the opencage coil. Here, the measured
images were acquired with 1300.5 W as the reference peak

input power for the birdcage coil and 824.2 W as that for
the opencage coil. In terms of homogeneity, the birdcage coil
demonstrated slightly better results in the entire phantom.
SD/(B}" ) equals 0.284 for the birdcage coil and 0.306 for the
opencage coil.

4 | DISCUSSION

First, the results of the full-wave simulations show the
robustness of the optimization strategy because the field
distribution of the opencage coil corresponds to the conven-
tional fundamental CP mode of the birdcage coil, with the
maximum of the field in the center and decaying toward the
periphery. The SAR efficiency is an important and critical
parameter of the transmit coils involved in in vivo applica-
tions. Consequently, assessing the SAR (Figure 6), we con-
firmed the importance of the conducted optimization and
clearly observed the benefits compared to the birdcage coil
of only 4 rungs. An opening in the coil cannot be provided
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simply by decreasing the number of rungs because of the
SAR, which in the case of our opencage coil is a trade-off
between the birdcage of 4 rungs and the birdcage of 16
rungs. However, this outcome was expected because in the
birdcage-like coil, the electrical field is confined around
the rungs. In the birdcage with 16 rungs, the electrical field
is more smoothly distributed between the rungs, whereas
it is more concentrated around the 90° rungs for both the
4-rung birdcage and opencage coils. In addition, smaller
capacitances in the birdcage of 4 rungs also increase the
electric field.

By analyzing the experimental data obtained with the
spherical phantom (Figure 7), one can conclude that the
opencage shows 4% worse homogeneity for the whole spheri-
cal phantom, assessed via SD/(B;r > than that of the birdcage
coil, and a 7.2% homogeneity drop for the in vivo acquisition
(Figure 8B,D). In contrast, the simulations show comparable
homogeneity via the SD in the voxel head phantom (Table 2).
However, these 2 considered configurations cannot be com-
pared directly because the coils have different sizes, whereas
the simulated coils have the same size. Therefore, a compar-
ison of these SD values obtained in vivo is more relevant.

The opencage is more efficient in transmit efficiency even
though it has a 3.3% larger inner spacing. This dramatic en-
hancement in mean transmit efficiency of 49.2% for the spher-
ical phantom and 42.1% for the in vivo case can be explained
by the fact that the commercial coil used was not properly
tuned after upgrading to the new gradient system. However,
before the upgrade, the peak input peak power was 687.5 W
for the same birdcage coil loaded with the same spherical
phantom. Therefore, the performance drop would be less dra-
matic compared to the opencage coil, which needs a peak
input power of 605.5 W to satisfy the FA in the phantom cen-
ter. In addition, a longer inner spacing of the developed coil
allows imaging of the upper C-spine that is not visible with
the commercial birdcage coil used (Figure 8A,C).

The proposed open birdcage coil was mainly developed
as a transmit coil. To further improve the SNR, the open
birdcage coil can be combined with a multi-channel tight fit
receive array placed inside the transmit coil. In addition, the
proposed design could be adapted for dual nuclei operation
by implementing a second nested structure, such as a second
opencage, or by creating a band-pass or band-stop unit cell
adjusted for 2 frequencies.3 ' The low-pass or hybrid birdcages
can also be constructed using the developed approach.31

5 | CONCLUSION

In this work, we proposed a new type of RF quadrature coil,
named an opencage, that facilitates access to the region under
study. This opening may be useful not only for improving pa-
tient comfort but also for facilitating cognitive functional MRI
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experiments,® in imaging patients with a stereotaxic frame,’
for making motion tracking devices more reliable,” and for
carrying out MRI-guided laser interstitial thermal therapy.8
In our investigation, this coil was optimized for head imag-
ing at 7T. However, as shown earlier, the proposed approach
is scalable and therefore could be used for constructing coils
for other preclinical and clinical applications. The proposed
RF coil is based on Bloch impedance matching and phase
adjustment. The main parameters of the opencage coil were
determined analytically, tested numerically, and confirmed
experimentally on the bench and in MRI. Both numerically
and experimentally, the opencage coil clearly demonstrated
comparable behavior to the commercial birdcage coil.
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FIGURE S1 A, S-parameters, and H-field patters for
the modes of the 16-rungs high-pass birdcage coil. B, S-
parameters, and H-field patters for the modes of the 16-rungs
high-pass opencage coil. For these simulations, the opencage
coil was simplified as much as possible, that is, ie, ESR, ESL,
phantom, holder and substrates were excluded. Thereby, spec-
trum slightly differs compared to Figure 4 of the manuscript.
These simulations were done using Frequency Domain Solver
TABLE S1 Resonant frequency and S;, depending on the
condition of the simulation
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