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A birdcage coil integrated with a 16-channel, inductively coupled, radio-frequency (RF) array was designed to
improve the magnetic-flux distribution for human brain magnetic resonance imaging at 7-T. A numerical cal-
culation was performed using the finite-difference time-domain method for the birdcage coil with an induc-
tively coupled array. The electromagnetic calculation results for the birdcage coil with the inductively coupled
array were compared to those for the birdcage coil without an inductively coupled array in terms of their mag-
netic-flux, electric-field, and specific-absorption-rate distributions in a cylindrical phantom and human model.
The proposed birdcage coil with an inductively coupled array offers a superior magnetic-flux sensitivity with-
out sacrificing the RF power deposition at 7-T. The modifications of the coil geometry accompanying the induc-
tively coupled RF array could be applied to the generally used transmit/receive volume coils and extended to
parallel RF transmission array in ultra-high-field magnetic resonance imaging.
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1. Introduction

The magnetic resonance imaging (MRI) quality charac-
teristics such as the signal-to-noise ratio and contrast-to-
noise ratio are strongly affected by the performance of the
radio-frequency (RF) coil [1, 2]. In particular, in ultra-
high field (UHF, > 7-T) MRI, the homogeneous magnetic-
flux (|B,]) distribution and its sensitivity present chall-
enges because of the limitations imposed by the shortened
RF wavelength in biological tissues characterized by high
dielectric constants, namely, permittivity and conductivity
[3]. In response to these needs, the design and engineer-
ing of RF coils have increasingly integrated sustainability
into new approaches such as the attachment of a high
permittivity material to the coil, modified coil geometries,
and a hybrid configuration that includes a supplementary
coil in addition to the existing coil.

For volumetric MRI such as brain, body, or knee imag-
ing, the birdcage (BC) geometry is being increasingly
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incorporated in MRI instruments due to the high sensi-
tivity of the |By|-field and its uniform distribution [4, 5];
thus, for research or clinical purposes, geometries or
modified geometries of BC coils such as a spiral shape
and an additional end-cap configuration have been sug-
gested. In clinical approaches, the BC coil is utilized in
the local transmit (Tx)-only or transmit/receive (Tx/Rx)
modes. By contrast, various BC coil geometries have
been used for specific-target imaging. Generally, the BC
coil comprises two circular conductive loops correspond-
ing to the end ring (ER) and a straight conductor that is
referred to as a leg or rung [6]. The large number of
straight conductors is the direct cause of and is propor-
tional to the high |B,|-field sensitivity and homogeneity
[7]. However, the use of a large number of straight
conductors is restricted in practical MR applications
owing to the mutual interference between the legs.
Herein, a BC coil with an inductively coupled (IC)
array (w-IC BC) is proposed to improve its |B|-field
sensitivity for 7-T brain imaging, and its performance is
compared to a BC coil without the IC coil array (wo-IC
BC) in terms of their [By|-field, electric (|E|)-field, and
specific-absorption-rate (SAR) distributions in a cylin-
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drical phantom and computational biological human-head
model.

2. Materials and Methods

To evaluate the performance of the w-IC BC configu-
ration, electromagnetic (EM)-field calculations were
performed using the XFDTD software (Remcom, Inc.,
State College, PA, USA), and the results were compared
to the results obtained for the standard coil configuration
of the wo-IC BC. The voxel size for the field calculation
was set to 372 x 372 x 190 Yee cells for the oil-based
homogeneous phantom and to 522 x 372 x 340 Yee cells
for the computational biological human-head model, each
with the 1-mm resolution in the X, y, and z directions.

The 48 sinusoidal RF sources for RF excitation in the
band-pass filter (BPF) BC coil were assigned as 16 sources
at the intermediate locations of the straight conductors
and 32 sources at the ERs. The two coil configurations
were compared using the results obtained for a cylindrical
phantom (Figs. 1(a) and (b)) and human-head model
(Figs. 1(c) and (d)). The coil geometry can be classified
into two types, namely, the wo-IC BC (Figs. 1(a) and (c))
and w-IC BC (Figs. 1(b) and (d)). The diameter and
length of the model BC coil were 330 and 150 mm,
respectively. The 16-channel IC coil array was modeled
with the diameter of 280 mm and the length of 150 mm,
and the width and length of a single element were 40 and

Fig. 1. (Color online) Geometric models of the wo-IC BC and
w-IC BC for the finite-different time-domain calculation: (a)
wo-IC BC (only BC) using the oil-based phantom, (b) w-IC
BC (BC + IC array) using the oil-based phantom, (c) wo-IC
BC (only BC) using the human phantom, and (d) w-IC BC
(BC + IC array) using the human phantom.
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150 mm, respectively. The IC coil array was positioned at
the isocenter of the external BC coil.

Two coil geometries were modeled using AutoCAD
2015 (Autodesk Inc., San Rafael, CA) given by the SAT
file. Each leg of the BC and IC coil array was divided
into four sectors with the clearance of 37.5 mm. In the
BC coil, a current source was utilized for RF excitation
and reception. However, a 6.26-pF tuning capacitor (Cr)
was used in the IC coil array. In the phantom model, an
oil-based homogeneous phantom was designed with the
diameter and length of 224 and 150 mm, respectively.
The conductivity and relative permittivity were 0 S-m™!
and 4, respectively [8]. The computational human-head
model (Visible Human Data; contains 17 materials) was
taken from XFDTD. In the computational analysis, the
RF excitation (|B;"|) field was calculated according to the
reciprocity principle [9]. The central pixel in the acquired
[B,*|-field of the BC coil was calculated when the flip
angle during MR acquisition was assumed to be 90° and
normalized at 1.95 uT. To evaluate the [B,"|-field unifor-
mity, homogeneity factor (HF) values were compared w-
IC BC and wo-IC BC, with HF defined as follows [10]:

(MAXSignal — MINSignal):|
(MAXSignal + MINSigna[) ’

HF[%] = 100 x [1—

where MAXgig, and MINgg,, are the maximum and
minimum [B,"| signals, respectively.

3. Results and Discussion

The |B,|-, |B,"|-, and |B,|-field distributions in the wo-
IC BC (Figs. 2(a) and (c¢)) and w-IC BC (Figs. 2(b) and
(d)) obtained computationally using the oil-based cylin-
drical phantom were compared. The intensities of the |B|
-fields at the central region were measured to be 3.40
x 107® and 4.01 x 10 uT for the wo-IC BC and w-IC
BC, respectively (Figs. 2(a) and (b)). These results indicate
that the sensitivity of the |B;|-field map of the w-IC BC is
15% higher than that of the wo-IC BC. The |B|-field can
be categorized into two field components, the |B,"|- and
|B, |-fields, representing the RF excitation and RF recep-
tion sensitivity, respectively [11]. The HF values given by
the [B,"|-field maps were measured to be 96.83 and 97.11
for the wo-1C BC and w-IC BC, respectively. In the |B; |-
field maps, the [B; |-field sensitivities were calculated to
be 4.94 x 107" and 5.74 x 1077 pT for the wo-IC BC and
w-IC BC, respectively.

For the biological human-head model, the |B,|-, [B;"|-,
and |B;|-field distributions were compared for the wo-I1C
BC (Figs. 3(a) and (c)) and w-IC BC (Figs. 3(b) and (d)).
The intensities of the |B;|-fields at the central region were
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Fig. 2. (Color online) |By|-, |B,"|-, and |B,|-field distributions
using the oil-based phantom: (a) wo-IC BC and (b) w-IC BC.

measured to be 8.11 x 107> and 8.78 x 107> uT for the wo-
IC BC and w-IC BC, respectively. The use of the pro-
posed w-IC BC shows an 8% enhancement in the |B|-
field sensitivity to that for the wo-IC BC. The HF values
of the |B,"|-fields were measured to be 18.40 and 19.70
for the wo-IC BC and w-IC BC, respectively. The inten-
sities of the |B; |-fields at the central region were measur-
ed to be 2.71 x 107 and 2.91 x 107® uT for wo-IC BC and
w-IC BC, respectively.

For the cylindrical phantom and human-head models,
although the |B,*|-fields for the w-IC BC and wo-IC BC
show similar distributions, the |B, |-fields do not. These
results indicate that the combined geometry of the IC coil
array and the BC coil provide an improved sensitivity for
the |B,|-field instead of the |B,’|-field. Therefore, the
increased sensitivity of the |B, |-field indicates an increased
B, |-field.

Simulation results for the |E|-field (Figs. 4(a) and (b))
and SAR (Figs. 4(c) and (d)) distributions for the wo-IC
BC and w-IC BC using a human-head model were com-
pared. Similar |E|-field distributions are observed, but
with slightly higher |E|-field values for the w-IC BC. In
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Fig. 3. (Color online) |By|-, |B;]-, and |B,|-field distributions
using the human-head model: (a) wo-IC BC and (b) w-IC BC.
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Fig. 4. (Color online) |E|-field and SAR distributions using the
human-head model: (a) wo-IC BC and (b) w-IC BC.

addition, the mean SARs were measured to be 0.2087 and
0.2157 W/kg for the wo-IC BC and w-IC BC, respective-
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ly, whereas the maximum SAR values were measured to
be 8.2034 (wo-IC BC) and 8.3755 (w-IC BC) W/kg.

4. Conclusion

Herein, we have proposed a new combined geometry of
the w-IC BC and compared it to the geometry of the wo-
IC BC. Our calculations show that the w-IC BC coil
displays enhanced |B,|-field sensitivity. In addition, the
SAR value of the w-IC BC configuration indicates its
suitability and safety for practical use. The proposed w-IC
BC coil configuration can be effectively adopted in a
parallel RF transmission (pTx) system to increase the coil
performance in terms of the |B,|-field sensitivity at 7-T
and can thus be extended to specific applications in UHF
MRI.
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