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Abstract: This study presents the feasibility of a dual-mode high-pass birdcage RF coil to acquire
MR images at both 1H and 23Na frequencies at ultra-high-field MR scanner, 7 T. A dual-mode circuit
(DMC) in the dual-mode birdcage (DMBC) RF coil operates at two frequencies, addressing the
limitations of sensitivity reduction and isolation between two frequencies as in traditional dual-
tuned RF coil. Finite-difference time-domain (FDTD) based electromagnetic (EM) simulations were
performed to verify the RF coil at each frequency on the three-dimensional human head model. The
DMBC RF coil resonated at proton (1H) and sodium (23Na) frequencies, and also single-tuned high-
pass birdcage RF coils were constructed for both 1H and 23Na frequencies. The bench test performance
of the RF coils was evaluated using network analysis parameters, including the measurement of
scattering parameters (S-parameters) and quality factors (Q-factors). Q-factor of the DMBC coil at 1H
port was 10.2% lower than that of 1H single-tuned birdcage (STBC) coil, with a modest SNR reduction
of 6.5%. Similarly, the Q-factor for the DMBC coil at 23Na port was 12.3% less than that of 23Na STBC
coil, and the SNR showed a minimal reduction of 5.4%. Utilizing the DMBC coil, promising 1H and
23Na MR images were acquired compared to those by using STBC coils. In conclusion, deploying a
DMBC 1H/23Na coil has been demonstrated to overcome traditional constraints associated with dual-
tuned RF coils, achieving this with only nominal signal attenuation across both nuclei operational
frequencies.

Keywords: magnetic resonance imaging; sodium MRI; dual-mode RF coil; dual-tuned RF coil;
ultra-high-field MRI; EM simulation

1. Introduction

Sodium (23Na) magnetic resonance imaging (MRI) offers valuable physiological and
pathological information beyond conventional proton (1H) MRI with insights into intra-
cellular and extracellular 23Na concentrations, which serve as an indicator of cellular
metabolism and function. Mainly, 23Na MRI is beneficial for assessing tissue viability and
cellular integrity in various diseases such as tumors, ischemia, brain disorders includ-
ing stroke and epilepsy, and neurodegenerative diseases such as multiple sclerosis and
Alzheimer’s disease, etc. [1–9].

However, 23Na has a lower gyromagnetic ratio (γ23Na = 11.25 MHz/T, whereas
γ1H = 42.58 MHz/T) by a factor of approximately 3.8, and it exists in lower natural abun-
dance in the human body compared to the 1H, resulting in inherently weaker signal
intensity [10–13]. This results in a lower signal-to-noise ratio (SNR) in MRI, requiring the
application of stronger magnetic fields such as ultra-high-field (UHF) scanners, 7 T and
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dedicated RF coils to achieve adequate image quality [14]. Additionally, the intracellular
sodium ions have short relaxation times of about 0.5–5 ms, which demands the implemen-
tation of rapid acquisition techniques to capture sufficient signals, which is technically
challenging. In addition, high-resolution 1H anatomy imaging is required for the appro-
priate interpretation of measured sodium concentration from 23Na MRI. Despite these
challenges, ongoing research has focused on enhancing the feasibility and reliability of
1H/23Na MRI by developing more sensitive coils, optimizing the pulse sequences, and
employing quantitative analysis techniques [15–21].

Enhancing the quality of 23Na MRI necessitates the optimization of RF coils specifically
designed for 23Na imaging. Several designs and schemes exist for 23Na RF coil construction
such as single-tuned RF coils, single-tuned RF coils with 1H frequency blocking circuit,
and dual-tuned 1H/23Na RF coils [13,22–31]. When using the single-tuned RF coil for 1H
and 23Na separately, co-registration of two images is essential; however, this approach
often results in errors in 23Na images due to poor B0 shimming. So, 23Na coil would be
better designed to operate within 1H coil to facilitate the automatic co-registration of both
nuclei images. At the same time, positioning the coil loops close to the imaging object is
advantageous in the increase in coil sensitivity. However, for the brain imaging with a
size of 150–200 mm diameter, the spatial constraints limit the feasibility of incorporating
23Na coil loops into outer volume 1H coil, if two separate nuclei coils are designed. As
an alternative design approach, dual-tuned RF coil becomes advantageous in addressing
spatial limitation and also facilitating the integration of multi-channel reception capabilities
for advanced imaging techniques. Various techniques have been developed to enable the
dual-tuning of RF coils for acquiring proton and x-nuclei MRI at the same experimental
setting. These include active switching mechanisms employing pin-diodes to modulate
circuit resonance [26,27], the implementation of trap circuits along the leg of the birdcage
RF coil to shift or block specific frequencies [28–30], and the incorporation of a four end-ring
architecture designed to resonate simultaneously at two distinct frequencies [31,32]. The
pin-diode switching technique is widely utilized due to the availability of pin-diode DC
bias drivers in MR scanner, while the pin-diode activation results in a sensitivity reduction.
Specifically, when the pin-diode is forward-biased, there is a significant decrease in the SNR
of approximately 35% compared to a single-tuned RF coil configuration [26,33]. Meanwhile,
frequency-specific blocking traps can be integrated into each leg of a single birdcage RF
coil structure to achieve dual-tuning. This approach halves the number of active legs at
each frequency, necessitating a doubling of the leg count to preserve the homogeneity of
the B1 field. The trap can be utilized as a frequency-shifting (FS) circuit with an additional
capacitor to resonate the single birdcage RF coil at two frequencies. Employing the FS trap
circuits to tune at a lower frequency results in a performance degradation of the RF coil at
high frequencies. In other words, the resonance of the RF coil at a lower frequency comes
at the expense of its efficiency at a higher frequency [34]. Additionally, the FS trap is not
designed for any two resonant frequencies, and adjusting the trap and capacitor values for
dual-tuning is complicated. Moreover, the operation of the FS traps presents a challenge
when the target frequencies are in close proximity. Alternatively, a four end-ring design,
usually comprising a low-pass and high-pass birdcage RF coil without lossy components,
offers superior SNR compared with the alternating legs of a birdcage coil with traps [35].
However, it requires an optimized inner to outer rung length ratio, leading to an increase
in the overall coil length. This increase in the RF coil length consequently restricts the
accessible space for patients, presenting a challenge for applications in brain imaging.
The advantages and challenges of existing dual-tuned RF coil designs are summarized
in Table 1.
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Table 1. Advantages and challenges of several dual-tuned RF coil design.

Design Type Advantages Challenges

Active switching with pin-diode
[26,27,33]

Widely utilized due to available pin-diode
drivers in MR systems

Sensitivity reduction when the pin-diode is
forward-biased

FS trap circuit
[28,29]

Achieves dual-tuning at two frequencies
using a single birdcage RF coil

Performance degradation at proton frequency
Complex adjustment of trap and
capacitor values

Frequency blocking
trap circuit

[30]

Allows dual-tuning by integrating traps
into each leg of a single birdcage RF coil

Requiring a doubling of leg count for B1
field homogeneity

Four end-ring
[31,32]

Superior SNR compared to alternating leg
designs. No additional lossy components

Increasing overall coil length and restricting
patient space, especially in brain imaging

In response to the limitations presented by existing dual-tuning methods in RF coil
design, the study introduces a self-isolated dual-tuned high-pass birdcage RF coil, termed
the dual-mode birdcage (DMBC) RF coil. The DMBC RF coil is physically a single birdcage
RF coil of precisely the combination of two single-tuned high-pass birdcage RF coil oper-
ating at each 1H and 23Na frequency without additional end-rings and active switching
components. The DMBC RF coil is simultaneously tuned to two distinctive homogeneous
modes at two different frequencies. The design features a dual-mode circuit (DMC) that
utilizes a trap circuit specifically for tuning at the 23Na resonant frequency. This configu-
ration enables tuning at the 1H frequency exclusively through the end-ring capacitors, as
the same approach used in single-tuned birdcage (STBC) RF coils. Thus, the DMC allows
the separate control of the DMBC RF coil to be tuned effectively at two frequencies. The
utility of the DMBC RF coil with DMC was verified through 1H and 23Na MRI experiments
at 7 T human scanner to maximize 23Na signal sensitivity, and the images were compared
with those 1H and 23Na image acquired by STBC RF coils.

2. Materials and Methods
2.1. FDTD EM Simulation

Electromagnetic (EM) simulation based on finite difference time domain (FDTD) [36]
was utilized to predict the RF coil’s performance at both the 1H and 23Na frequency using
Sim4Life (ZMT, Zurich MedTech AG, Zurich, Switzerland) [37]. A 12-leg high-pass tapered
birdcage RF coil, as shown in Figure 1, was designed for both 1H and 23Na transmission
and reception based on the following specifications: upper diameter = 153 mm; bottom
diameter = 250 mm; length of legs = 210 mm; width of legs and end-rings = 20 mm; resonant
frequency of 1H = 298 MHz; resonant frequency of 23Na = 78.9 MHz at 7 T. The optimized
capacitor values were calculated through the RF circuit co-simulation method [38], which
provides more reliable capacitor values compared to the previous birdcage calculator
based on inductance measurement [39]. For the 1H coil simulation, the end-ring capacitors
were 3.7 pF and 2.6 pF for the upper and bottom end-ring, respectively. For the 23Na coil
simulation, capacitors of 85.5 pF and 45.35 pF were used at the upper and bottom end-ring.
These simulations were performed on a three-dimensional (3D) human model, “Duke” [40],
to assess B+

1 -field uniformity and specific absorption rate (SAR). The B+
1 -field uniformity

was calculated in the human model at the center of the RF coil.
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Figure 1. Simulation design for tapered birdcage RF coil for 1H and 23Na in (a) front view and (b) 
top view; Simulation set-up with the 3D human head model in (c) front view and (d) side view. 

2.2. Single-Tuned Birdcage (STBC) RF Coil 
A 12-leg high-pass tapered birdcage RF coil, as shown in Figure 2, was designed to 

enhance signal intensity at the apex of the brain for both 1H and 23Na resonant frequencies 
at 7 T. The legs and end-rings were constructed using copper sheets with a thickness of 
0.15 mm and widths of 20 mm. An acrylic plastic frame was used to fabricate a support 
coil frame, consisting of a large cylindrical tube (250 mm outer diameter and 180 mm 
length), a partial hemisphere (250 mm diameter and 110 mm length), and a small cylin-
drical tube (115 mm outer diameter and 120 mm length) with a thickness of 5 mm. The 
diameters of the RF coil at the bottom and the apex of the RF coil were 250 mm and 153 
mm, respectively. The length of each leg was 210 mm, and the legs were attached along 
the outer surface of the acrylic frame. 

Figure 2. (a) Constructed 1H STBC RF coil; (b) constructed 23Na STBC RF coil; (c) schematic of the 
STBC RF coil, shown in an unfolded view; x-axis is the perimeter. Trimmer capacitors are utilized 
to fine-tune both 1H and 23Na STBC RF coils. The depicted section of the circuit includes key com-
ponents; the remaining four legs are omitted. 

Each 1H and 23Na STBC RF coil port was tuned to the homogeneous mode at 298 MHz 
and 78.9 MHz. High-quality factor (Q-factor) and high RF power capacitors (DLC70E, 
Dalicap Tech. Corporation, Dalian, China) were attached at the end-ring to tune the RF 
coil to the desired resonance mode and trimmer capacitors with high Q-factors (Q-factor 
> 3000, capacitance range = 1.0–14.0 pF, working voltage = 1250 V, non-magnetic, Voltron-
ics, Denville, NJ, USA) were attached at the end-ring of each feeding points to fine-tune
the RF coil. For the 1H STBC RF coil, capacitors of 4.3 pF and 3.2 pF were connected to the
upper and bottom end-ring, excluding the ports. In the case of the 23Na STBC RF coil,
capacitors of 102 pF and 55.2 pF were similarly attached to the upper end-ring and bottom
end-ring, excluding the ports. Shielded coaxial cable traps were connected after the match-
ing circuit to mitigate the propagation of common-mode currents along the coaxial cable
shield [41]. For the bench test of both the 1H and 23Na STBC RF coils, the scattering (S)
parameters and Q-factors (at 3 dB bandwidth) were measured and analyzed using a vec-
tor network analyzer (N9913A, Agilent Technologies, Santa Clara, CA, USA).

Figure 1. Simulation design for tapered birdcage RF coil for 1H and 23Na in (a) front view and (b) top
view; Simulation set-up with the 3D human head model in (c) front view and (d) side view.

2.2. Single-Tuned Birdcage (STBC) RF Coil

A 12-leg high-pass tapered birdcage RF coil, as shown in Figure 2, was designed to
enhance signal intensity at the apex of the brain for both 1H and 23Na resonant frequencies
at 7 T. The legs and end-rings were constructed using copper sheets with a thickness of
0.15 mm and widths of 20 mm. An acrylic plastic frame was used to fabricate a support coil
frame, consisting of a large cylindrical tube (250 mm outer diameter and 180 mm length), a
partial hemisphere (250 mm diameter and 110 mm length), and a small cylindrical tube
(115 mm outer diameter and 120 mm length) with a thickness of 5 mm. The diameters of
the RF coil at the bottom and the apex of the RF coil were 250 mm and 153 mm, respectively.
The length of each leg was 210 mm, and the legs were attached along the outer surface of
the acrylic frame.
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Figure 2. (a) Constructed 1H STBC RF coil; (b) constructed 23Na STBC RF coil; (c) schematic of the
STBC RF coil, shown in an unfolded view; x-axis is the perimeter. Trimmer capacitors are utilized
to fine-tune both 1H and 23Na STBC RF coils. The depicted section of the circuit includes key
components; the remaining four legs are omitted.

Each 1H and 23Na STBC RF coil port was tuned to the homogeneous mode at 298 MHz
and 78.9 MHz. High-quality factor (Q-factor) and high RF power capacitors (DLC70E,
Dalicap Tech. Corporation, Dalian, China) were attached at the end-ring to tune the RF coil
to the desired resonance mode and trimmer capacitors with high Q-factors (Q-factor > 3000,
capacitance range = 1.0–14.0 pF, working voltage = 1250 V, non-magnetic, Voltronics,
Denville, NJ, USA) were attached at the end-ring of each feeding points to fine-tune the RF
coil. For the 1H STBC RF coil, capacitors of 4.3 pF and 3.2 pF were connected to the upper
and bottom end-ring, excluding the ports. In the case of the 23Na STBC RF coil, capacitors
of 102 pF and 55.2 pF were similarly attached to the upper end-ring and bottom end-ring,
excluding the ports. Shielded coaxial cable traps were connected after the matching circuit
to mitigate the propagation of common-mode currents along the coaxial cable shield [41].
For the bench test of both the 1H and 23Na STBC RF coils, the scattering (S) parameters
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and Q-factors (at 3 dB bandwidth) were measured and analyzed using a vector network
analyzer (N9913A, Agilent Technologies, Santa Clara, CA, USA).

2.3. 1H/23Na Dual-Mode Birdcage (DMBC) RF Coil [42]

The DMBC RF coil was designed with same size and structure as the STBC RF coil
described in Section 2.2, including the coil frame. Meanwhile, the DMC was employed
at each end-ring to tune the RF coil at 23Na resonant frequency. The DMC comprises
two capacitors (C1 and C2) and one inductor (L), as shown in Figure 3. In this configuration,
the parallel LC1 circuit operates as an open circuit, specially designed to resonate at 1H
resonant frequency, and its impedance goes infinity. On the other hand, the LC1 circuit acts
as an inductive circuit (Leq) at the 23Na resonant frequency. The series Leq and C2 work
as a capacitive circuit (Ceq), so the addition of the equivalent capacitance facilitates the
tuning of the RF coil at 23Na frequency. Thus, the DMC functions as additional capacitance
for tuning at 23Na resonant frequency without affecting the end-ring capacitor (CH) for
tuning the 1H resonant frequency [42]. In other words, the combined capacitance of the
Ceq and CH functions equivalently to the end-ring capacitor in the 23Na STBC RF coil. The
impedance of the DMC at 1H and 23Na resonant frequency (ZH and ZNa) and the Ceq of
the DMC at 23Na resonant frequency can be described as follows:

ZH(ω) =
1

1
jωHL + jωHC1

+
1

jωHC2
(1)

ZNa(ω) = jωNaLeq +
1

jωNaC2

= 1
jωNaCeq

(2)

ωH =
1√
LC1

(3)

Ceq =
C2

1−ω2
NaC2Leq

(4)

where ωH and ωNa are the resonant frequency of 1H and 23Na at 7 T, respectively. The
impedance and capacitance of the DMC along 1 to 400 MHz were calculated with the
following values of each component: L = 95 nH; C1 = 3 pF; C2 = 28.24 pF; CH = 4.3 pF. The
capacitance of the CH is chosen for the same value with the upper end-ring capacitor of the
1H STBC RF coil, and L and C1 are chosen to the practical values of the DMC in the DMBC
RF coil. The capacitance of the C2 was selected to operate the combination of DMC and CH
as the capacitance of 102 pF at ωNa which was used for upper end-ring capacitor of the
23Na STBC RF coil. Calculated impedances of the DMC at ωNa and ωH were −j20.62 Ω
and −j5.8 MΩ, respectively. Capacitances computed from the impedance of the DMC
at ωNa and ωH were 97.7 pF and 0.00009 pF, respectively. At the ωH , the impedance of
the DMC is extremely high, and the capacitance is small enough to reject the current, so
the DMC operates as close to open state. To compare with the FS trap based dual-tuning
method [28,29], the impedance of the FS trap was calculated along the frequency range of 1
to 400 MHz. The circuit with FS trap comprises the same components as DMC (LT: inductor
of FS trap, CT1 : capacitor of FS trap, CT2 : additional capacitor for dual-tuning), but not
resonate at the 1H frequency. In this case, there are infinite combinations of component
values available. Therefore, to ensure that the FS trap does not resonate at 298 MHz, we
selected the same inductance value for the LT as used in the DMC and an arbitrary CT1 of
8.2 pF. The CT2 of 25.8 pF was chosen to operate the circuit as the capacitance of 102 pF
and 4.3 pF at ωNa and ωH, respectively. Impedances of the combination of DMC with
end-ring capacitor CH and FS trap with CT2 atωNa andωH were −j19.75 Ω and −j124.2 Ω,
respectively. The FS trap-based circuit allows for the creation of two different capacitances.
However, adjusting the component values during the practical construction of the RF coil
proves complex. This complexity arises because the FS trap is designed not to resonate at
any frequencies other than those designated for ωNa and ωH, as previously mentioned.
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All circuit analyses were conducted under the ideal condition, with the assumption of
negligible resistance of the inductance or capacitance.
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Each port of the 1H/23Na DMBC RF coil was individually tuned to the homogeneous
mode atωNa andωH. At the end-ring, capacitors of 4.3 pF and 3.2 pF were connected to the
upper end-ring and bottom end-ring, respectively, the same as the 1H STBC RF coil to tune
at 298 MHz. The equivalent capacitance of the DMC was added to each end-ring for tuning
at 78.9 MHz. The DMC was constructed with the following components’ values: L = 95 nH;
C1 = 3 pF; C2 for upper DMC = 30.6 pF; C2 for bottom DMC = 24.2 pF. Capacitances of
the upper and bottom DMC at ωNa were 97.8 pF and 51.8 pF, respectively. At ωH, the
DMC functioned as an open circuit, with the capacitance of less than 0.001 pF, which was
sufficiently small to be considered immeasurable. Trimmer capacitors were attached at the
end-ring of 1H ports and C2 of DMC of 23Na ports to fine-tune the RF coil. Bench tests at
the 1H and 23Na frequency were performed as described in Section 2.2.

2.4. MR Imaging Experiment

The imaging performances of STBC RF coils and DMBC RF coil were tested in a
human 7 T scanner (Achieva 7.0 T, Philips, Amsterdam, The Netherlands) at the Korea
Basic Science Institute in Cheongju, Republic of Korea. To ensure the stable positioning of
the RF coils on the patient table, we utilized an additional cylindrical frame assembly (with
an outer diameter of 370 mm and an inner diameter of 300 mm). Additionally, the RF coil
frame supporters were employed to secure the RF coil frame, preventing any movement
during the experiments. After the RF coil frame was securely positioned, a head support
was placed between the participant’s head and the RF coil frame, and additional foam
pads were employed to stabilize the head, preventing movement during the MR imaging.
For both the 1H and 23Na MR experiment, we employed the scanner vendor’s 1H-23Na
Transmit/Receive (T/R) interface box. This approach ensured that all experiments were
conducted under consistent conditions, particularly regarding the RF power limitations
specific to each nuclei’s STBC and DMBC RF coils. The STBC RF coils were tested for
both 1H and 23Na MRI. For the 1H MR experiments, B+

1 -field mapping was performed
on a cylindrical phantom (inner diameter of 160 mm; length of 200 mm) using an actual
flip-angle imaging (AFI) method [43], and T1-weighted magnetization-prepared rapid
gradient-echo (MPRAGE) imaging was performed on the human brain [44], to investigate
B1 inhomogeneity at large flip-angle (FA). For the 23Na experiments, the B+

1 -field mapping
was performed on the cylindrical phantom using the double-flip angle method (DAM) [45],
and 23Na images were obtained using an ultra-short echo-time (UTE) sequence on the
human brain [17,20]. Because of the low signal intensity of 23Na in the brain, the B+

1 -field
mapping was conducted on a high sodium concentration phantom, consisting of a 1 g/L of
copper sulfate and 154 mM of sodium chloride solution. A two-dimensional (2D) stacked
radial projection sequence was employed for all 23Na imaging to reduce the echo-time
(TE), and the number of projections was 3000 for phantom imaging and 6000 for in vivo
head imaging. All experiments were performed in strict compliance with established safety
guidelines for experimental RF hardware in MRI [46,47], ensuring that the SAR remained
within the prescribed limits of the MRI system. The human study was approved by the
institutional review board of Korea University, and written informed consent was obtained
from the volunteers before the experiment commenced. The detailed sequence parameters
are shown in Table 2.

Table 2. MR sequence parameters for 1H and 23Na MRI.

1H MRI 23Na MRI

Sequence Dual-TR (AFI) T1-weighted MPRAGE UTE (DAM) UTE

Nominal FA (◦) 60 7 45 and 90 32

TE/TR (ms) 3.9/20 and 120 2.6/5.5 0.19/120 0.19/100
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Table 2. Cont.

1H MRI 23Na MRI

FOV (mm3) 240 × 240 × 240 240 × 240 × 240 240 × 240 × 240 240 × 240 × 240

Acquisition matrix 120 × 120 240 × 240 - -

Reconstruction matrix 120 × 120 240 × 240 68 × 68 68 × 68

Image resolution (mm2) 2 × 2 1 × 1 3.5 × 3.5 3.5 × 3.5

Slice thickness (mm) 8 1 8 8

Average 1 1 1 3

Scan time (min) 2 min 47 s 6 min 6 s 6 min 1 s 30 min

SNR maps were calculated in in vivo MR images, as follows:

SNR =
Signal Intensity

Average standard deviation of ROIs
(5)

where the average standard deviation of the region-of-interest (ROI) represents the average
standard deviation of the noise in four ROIs of noise-only background region outside the
brain. The uniformity of FA was calculated in 2D ROI within the MR images as follows [48]:

Uniformity(%) =

[
1− Imax − Imin

Imax + Imin

]
× 100 (6)

where Imax and Imin represent the maximum and minimum values in FA maps, respectively.
FA and SNR maps were calculated and reconstructed using MATLAB (R2022b, MathWorks
Inc., Natick, MA, USA).

3. Results
3.1. EM Simulation

Figure 5 shows the B+
1 -field and SAR maps normalized to 1 µT of the total input power

for the tapered high-pass birdcage RF coil at its resonant frequency for 1H and 23Na. The
B+

1 -field uniformity measured at the central axial plane of the RF coil was quantified to be
64.5% at the 1H frequency. In contrast, at the 23Na resonant frequency, the field uniformity
was 90.2%.

3.2. Bench Test Measurements

The bench test results for the 1H and 23Na STBC, and DMBC RF coils at both 1H
and 23Na ports are listed in Table 3. During the measurement of the S-parameter and
Q-factor for each port of the DMBC RF coil, ports corresponding to the alternate frequency
were terminated with a 50-ohm impedance to ensure isolation and accurate parameter
assessment. An in vivo human brain was loaded inside STBC RF coils and DMBC RF coils
for all measurements.

Table 3. S-parameters and Q-factor measurement for 1H, 23Na STBC RF coil, and 1H/23Na DMBC
RF coil in loaded conditions. All the parameters were measured with loading of the human head.

1H RF Coil 23Na RF Coil

STBC Coil DMBC Coil STBC Coil DMBC Coil

Reflection Coef. (S11) −37.98 dB −33.62 dB −41.85 dB −37.95 dB

Reflection Coef. (S11) −38.23 dB −33.97 dB −40.11 dB −37.24 dB
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Table 3. Cont.

1H RF Coil 23Na RF Coil

STBC Coil DMBC Coil STBC Coil DMBC Coil

Isolation Coef. (S12) −19.10 dB −19.23 dB −20.71 dB −20.31 dB

Impedance (Z11) 50 − j 2.33 50 − j 2.52 50 − j 1.81 50 + j 1.14

Impedance (Z22) 50 − j 1.25 50 − j 3.34 50 − j 0.79 50 − j 1.27

Q-factor 820.01 736.37 981.52 860.34
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3.3. MR Imaging Experiments

Figure 6 illustrates an FA map of the phantom acquired using 1H STBC RF coil, 23Na
STBC RF coil, and 1H/23Na DMBC RF coil. For the 1H images, the FA map uniformity
of 63.4% with 1H STBC RF coil and 59.8% with 1H/23Na DMBC RF coil were achieved.
Similarly, for 23Na FA mapping, the uniformity was high at 87.8% for 23Na STBC RF coil,
with 1H/23Na DMBC RF coil achieving a nearly equivalent uniformity of 84.4%.
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In the assessment of the RF coil performance for 1H MRI, SNR maps using 1H STBC
and 1H/23Na DMBC RF coils are presented in Figure 7. The mean SNR value in ROI was
83.3 for 1H STBC RF coil and 77.9 for 1H/23Na DMBC RF coil, indicating a 6.5% SNR
reduction with the DMBC RF coil.
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Figure 7. SNR maps of in vivo human head 1H MR images acquired with (a) 1H STBC RF coil and
(b) 1H/23Na DMBC RF coil. Red circles indicate the ROI for the SNR measurement.

Similarly, for the 23Na MRI test, the SNR maps of a human head are presented in
Figure 8. The maps compare MR images acquired using 23Na STBC and 1H/23Na DMBC
RF coil. The mean SNR values within the cerebrospinal fluid (CSF) ROI were 41.9 vs.
39.8 for STBC 23Na and 1H/23Na DMBC RF coil, respectively. This minor difference
represents a nominal 5.4% reduction in SNR with the 1H/23Na DMBC RF coil, which is
nearly comparable to the performance of the 23Na STBC RF coil.
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4. Discussion

This study aimed to develop a novel dual-tuned birdcage RF coil capable of operation
at both 1H and 23Na frequency at 7 T scanner. To achieve the goal, we proposed DMBC
RF coil employing DMC, which functions as an open or capacitive circuit at two distinct
frequencies. The conventional FS trap based dual-tuning method [28,29] can resonate the
RF coil at two frequencies, but it is complicated to adjust the values of the components
to make the desired equivalent capacitance, resulting in the signal loss at 1H resonant
frequency due to the existing FS trap in practical scenarios. In contrast to the FS trap
based dual-tuned birdcage RF coil, the proposed DMC is designed to have minimal impact
at the 1H frequency, allowing the use of only end-ring capacitors, while it operates as
an additional capacitance for tuning at a 23Na frequency. While the proposed method
necessitates one additional capacitor compared to FS trap-based method, it represents an
optimal and intuitive strategy for achieving independent and isolated operation of the RF
coil at two distinct frequencies. This design minimizes the performance degradation of
DMBC RF coils compared to STBC RF coils. Thus, DMC empowers completely self-isolated
and separate control for tuning at two distinct frequencies of DMBC RF coil. Either dual-
mode tuning at any two frequencies, even with relatively small differences, is possible by
employing DMC. In this study, we innovated a single birdcage coil design using four ports
to enable quadrature driving at two different frequencies, thus realizing the dual-mode RF
coil with enhanced functionality.

EM simulations were specifically conducted for the single-tuned RF coil configuration.
This approach was adopted due to the operational characteristics of the DMC. At the
frequency corresponding to 1H resonance, the DMC effectively acts as an open circuit,
rendering its influence negligible. Conversely, at 23Na resonance frequency, the DMC
functions as a capacitive circuit, essentially contributing additional capacitance to the
end-ring capacitors. Consequently, the simulation did not encompass the practical effects
of the DMC in real-world scenarios, as its impact is considered minimal. Therefore, to
empirically validate the performance of the DMBC RF coil, STBC RF coils specific to 1H
and 23Na frequencies were constructed and tested.

Bench test measurements revealed that Q-factor of DMBC RF of 1H port was only
10.2% lower than that of 1H STBC RF coil, with a relatively modest SNR reduction of 6.5%.
Similarly, the Q-factor for DMBC RF coil for 23Na port was 12.3% less than that of 23Na
STBC RF coil, yet the SNR showed a minimal reduction of 5.4%. The modest SNR reduction
associated with DMBC RF coil can be attributed to the intrinsic trade-off characteristic of
the dual-mode operation implemented by the DMC. This design element may influence
the sensitivity and uniformity of the magnetic field distribution. A slight drawback of
the DMBC RF coil is that when all the ports for 1H and 23Na are connected to the MRI
system’s interface box during the experiment, there is a potential for interference due to
the influence of the alternate frequency. To address this, an additional LC filter circuit,
functioning as an open circuit at the alternate frequency, could be employed to potentially
enhance overall coil performance and mitigate performance degradation. Despite these
considerations, the DMBC RF coil demonstrates robust performance, particularly notable
for its capacity to efficiently accommodate dual-nuclei imaging applications, emphasizing
its versatility and potential utility in advancing MRI technology. Moreover, the specific
absorption rate (SAR) from the RF coil adheres to the safety thresholds as defined by the
International Electrotechnical Commission (IEC) standards [49], ensuring the coil’s safe
application in clinical settings.

The acquisition time for 23Na imaging of the human brain was considerably extended.
In the study, the SAR constraint and RF power limitation inherent to the scanner prevented
the application of short RF pulse duration. Consequently, the acquisition was performed
with three times to enhance SNR for the measurement. Optimizing system parameters to
enable short RF pulse durations, for example, <1 ms could increase 23Na SNR, reducing
the total acquisition time for human application.
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Although 1H and 23Na images were compared, along with various coil parameter
measurements for performance evaluation, between the proposed DMBC RF coil and
the STBC RF coils, the study was limited to a few cases to demonstrate the feasibility of
the human brain MRI. The results showed comparable imaging performance, but more
population data will be needed to obtain statistical significance in future study. Particularly
for 23Na imaging, which inherently suffers from low signal sensitivity, achieving high
resolution images presents a challenge. To address this issue, we reconstructed 23Na
images at a lower resolution compared to the 1H images, thereby maintaining the accuracy
of the results while enhancing the SNR. Moreover, further optimization of 23Na imaging is
required. This includes not only achieving a higher pixel resolution (below 3 mm isotropic,
currently 3.5 × 3.5 × 8 mm3), but also aspects like reproducibility, and quantification of
sodium concentration [20]. Additionally, the application of multi-channel reception RF coils
for 23Na imaging could potentially reduce acquisition time and simultaneously increase
SNR, which would significantly improve both the efficiency and quality of 23Na MRI.

In the study, the new coil was designed primarily for the brain study considering the
potential future application to brain tumors, ischemia, brain disorders including stroke
and epilepsy, and neurodegenerative diseases such as multiple sclerosis and Alzheimer’s
disease, etc. For achieving high quality proton and sodium imaging, such as high resolution
and high signal intensity, a compact and highly sensitive coil design tailored to the human
head is essential. Consequently, we proposed a single coil system capable of operating in a
dual-mode, accommodating both frequencies effectively. This DMBC RF coil’s benefits are
not limited to brain imaging; they extend to other body parts, such as extremity imaging.
With its high sensitivity, the proposed DMBC RF coil enables true simultaneous proton and
sodium MR imaging, provided the scanner’s receiver supports simultaneous broadband
acquisition. Current state-of-the-art commercial scanners facilitate interleaved acquisition
of signals at two different frequencies, allowing for alternative acquisition of signals from
two nuclei [50]. Particularly, (semi-) simultaneous MRI of proton and sodium nuclei is
useful in auto-coregistered abdominal imaging (in space and physiology) where the target
organs exhibit non-rigid body motion. Thus, using the proposed dual-mode RF coil design
for high sensitivity and simultaneous two-nuclei acquisition, whole-body MRI, including
body imaging at clinical field strength like 3 T, becomes a viable option [51].

Although direct comparison of DMBC RF coil performance to dual-tuned RF coil
was not performed in the study, it is speculated that DMBC RF coil, notably devoid
of switching components such as pin-diodes, could eliminate performance degradation
commonly associated with DC biasing in these elements. This exclusion contributes
to consistent performance as it eliminates the diode-related signal losses and potential
reliability issues over time, critical considerations in high-use clinical settings. Furthermore,
the coil’s construction with only two end-rings simplifies the overall birdcage configuration,
eliminating the common patient positioning challenges encountered with more complex
four end-ring dual-tuned RF coils. This streamlined design inherently allows for easier
and more accurate patient positioning at the coil’s center, an essential factor for achieving
optimal imaging results.

5. Conclusions

In conclusion, the study has detailed the development and construction of the self-
isolated DMBC RF coil designed for 1H and 23Na MR imaging at UHF, 7 T. Through
comparative performance evaluations against STBC RF coils, we have established the
utility and practicality of the DMBC RF coil, demonstrating its capacity to enhance 1H and
23Na MR imaging with minimal impact on image quality. Furthermore, the DMBC RF coil
is not subject to the performance degradation typically caused by active switching schemes
or limiting patient access, thereby offering a more efficient workflow for multi-nuclei MR
imaging. The design of the DMBC RF coil is inherently flexible and can be adapted to
resonate at various frequencies, accommodating a broad spectrum of x-nuclei, including
13C, 31P, and 19F.
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