A monopole/loop dual-tuned RF coil for ultrahigh field MRI
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Abstract: Proton and heteronuclear MRI/MRS using dual-tuned (DT) coils could provide both anatomical
and metabolic images without repositioning the subject. However, it is technologically challenging to
attain sufficiently electromagnetic (EM) decoupling between the heteronuclear channel and proton
channel, and keep the imaging areas and profiles of two nuclear channels highly matched. In this study,
a hybrid monopole/loop technique was proposed for DT coil design and this technique was validated by
implementing and testing a DT 'H/*Na coil for MR imaging at 7T. The RF fields of the monopole (‘H
channel) and regular L/C loop (*Na channel) were orthogonal and intrinsically EM decoupled. Bench
measurement results demonstrated the isolation between the two nuclear channels was better than -28 dB at
both nuclear frequencies. Compared with the conventional DT coil using trap circuits, the monopole/loop
DT coil had higher MR sensitivity for sodium imaging. The experimental results indicated that the
monopole/loop technique might be a simple and efficient design for multinuclear imaging at ultrahigh fields.
Additionally, the proposed DT coils based on the monopole/loop technique can be used as building blocks in

designing multichannel DT coil arrays.
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Introduction dual-tuned (DT) coil (12-21), including the proton

o channel as well as heteronuclear channel, has the capability
MR imaging and spectroscopy of heteronuclear or non-proton

(X-) nuclear, e.g., sodium (*’Na) (1-4), phosphorus (''P) (5-8)
and carbon ("C) (9-11), can provide physiological and

of performing static magnetic field (B;) shimming and
providing both anatomic (by 'H) and physiological or
metabolic (by X-nuclear) images without repositioning the

metabolic information beyond the anatomic structure, subject. With these advantages, DT coils are preferred in

which might be valuable for evaluation and characterization
of human diseases. However, it is technically challenging to
obtain heteronuclear MR spectroscopy or imaging because
of the low natural abundance and concentration in living
systems, rapid signal decay and low gyromagnetic ratio.
Ultrahigh field MRI largely benefits the heteronuclear
MR imaging due to its intrinsically high sensitivity. The
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heteronuclear MR spectroscopy and MR imaging.

One of the main challenges in the design of a DT coil is
to suppress the crosstalk between the heteronuclear channel
and the proton channel. The commonly used approach is to
insert a parallel inductor and capacitor into the heteronuclear
channel, which form a trap circuit and block the induced
current at the proton frequency (22-24). However, the
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Figure 1 Photographs and equivalent circuits of a monopole/loop 'H/*Na dual-tuned (DT) coil (A and B), a trapped 'H/**Na DT coil

(C and E) and a mononuclear *Na coil (D and F). The dimensions of all sodium loops are exactly the same (8 cm x 8 cm) for a fair comparison.

extra electronic components bring in additional losses,
ultimately reducing the MR sensitivity and thus the imaging
resolution for the heteronuclear images. An alternative
method of designing DT coils is to use different coil types
or resonant modes for proton and heteronuclear channels.
In previous work, the microstrip/birdcage, microstrip/loop
and common-mode (CM)/different-mode (DM) techniques
have been employed in designing DT coils at ultrahigh
fields (25-27).

In this study, we aim to use a monopole/loop technique
for the DT coil design at ultrahigh fields. This design
concept was realized by designing and constructing a
'"H/*Na DT coil for MR imaging at 7T. The design
technique was validated by standard RF testing and MR
imaging experiments. Regular L/C loop was chosen for
sodium imaging given that loop is more suitable for MR
imaging at low frequencies and could provide higher
sensitivity at the peripheral areas. Monopole coil (28,29)
was selected for proton imaging due to its simple structure
and advantages for ultrahigh field RF coil designs. The
monopole was carefully placed across the center of the loop,
making the RF fields of two nuclear channels orthogonal
to each other and thus intrinsically electromagnetic (EM)
decoupled. The resonant frequencies of the loop and
monopole can be tuned independently to desired values.
The proposed design does not need extra lossy components
and should improve the MR sensitivity compared with the
conventional trapped DT coil. To evaluate the benefits of
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the proposed monopole/loop DT coil, its performance was
investigated and compared with a mononuclear sodium (MS)
coil and a conventional trapped DT coil.

Materials and methods
Design and construction of the monopole/loop DT coil

A monopole/loop DT coil, a trapped DT coil (22), and a MS
coil were constructed to investigate their coil performance
at 77T, as shown in Figure 1. For the three coils, the sodium
loops have identical dimensions (8 cm x 8 cm) for a fair
comparison. Two trimmer capacitors (C,,and C,) in the
sodium loops were used to match the impendence to 50 Q
and tuned the resonant frequency to 78.6 MHz, which
is the sodium Larmor frequency of our 7T system. For
the trapped DT coil, a parallel capacitor and inductor
(referred to as the trap capacitor C,,, and trap inductor L,,,,
respectively) were inserted into the sodium loop to block the
current at proton frequency. The value of C,,, was 4.7 pF
and L,,, was wound in five turns with a diameter of 5 mm.
The gap between the turns of L,,, was finely changed to
tune the trap circuit to the proton frequency.

For the monopole/loop DT coil, the proton channel
is consisting of a monopole (length 25 cm, Figure 14,B)
which is perpendicular to the ground (dimension 40 cm x 40 cm).
The monopole coil crossed the center of the loop coil,
making RF fields of the two nuclear channels are orthogonal,
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Figure 2 Tllustration of the magnetic field distributions of a sodium L/C loop (left) and a proton monopole (right). The illustration clearly

demonstrated that the magnetic fields of the two nuclear channels are orthogonal when the monopole was put across the center of the loop.

as shown in Figure 2. For the trapped DT coil, the proton
loop measured in the size of 11 cm x 11 cm and had three
fixed capacitors (3.3 pF) and a trimmer capacitor equally
distributed along the conductors, as shown in Figure 1C
and IE. The proton channels were matched to 50 Q and
tuned to 297.2 MHz, which is the proton Larmor frequency
of our 7T system. All conductors were made from 10-mm-
wide copper tape (3M, St. Paul, MN, USA). All fix
capacitors are from AT'C Company (Huntington Station,
NY, USA) and all trimmer capacitors are from Voltronics
Company (Denville, NJ, USA) with a range of 1-30 pE.

Bencb tests and MR imaging experiments

Scattering (S-) parameters including reflection coefficients
S,; and transmission coefficient S,; of the two DT coils and
the MS coil were measured with an Agilent 5071C network
analyzer. The S-parameter results were recorded when the
coils were loaded with a cylindrical water phantom (diameter
16 cm, volume 5 L) containing 100 mM NaCl. To assess the
additional loss of the monopole/loop and trapped DT coils,
the unloaded and loaded quality (Q) values of the two coils
were measured and compared with those of a MS coil.

The proton and sodium images on the water phantom
of the three coils were obtained using gradient echo (GRE)
sequences. Before the scan of sodium MR experiments, B,
shimming was carried on by using the proton channels.
For the MS coil, another single-tuned proton loop coil
was employed for B, shimming. The slice chosen for MR
imaging was in the transverse plane and crossed the center
of the sodium loop. The sodium imaging acquisition
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parameters were as follow: TR =100 ms, TE =4.5 ms,
field of view (FOV) =200x200 mm’, matrix =64x64, slice
thickness =5.5 mm, bandwidth =260 Hz/pixel, in-plane
resolution =3.15x3.15 mm’, number of averages =10. The
proton imaging parameters were: flip angle (FA) =25 deg,
TR =100 ms, TE =10 ms, FOV =200x200 mm’, matrix =
256x256, slice thickness =2 mm, bandwidth =320 Hz/pixel,
number of averages =1. During the MR experiments, the
cylindrical water phantom was placed 2 cm below the coils.
All imaging data were acquired on a 7T whole-body MRI
scanner (MAGNETOM, Siemens Healthcare, Erlangen,
Germany).

Results
Measured S parameters and Q values

Figure 34 shows the S;; and S,; plots of the sodium and
proton channels of the trapped DT coil. With the trap
circuit, the isolation of the two nuclear channels could
achieve —37.9 dB at proton frequency, indicating good
trap performance. The previous work has shown that the
high frequency coil has a relatively small impact on the
low frequency coil (22). This phenomenon has also been
validated in this study that the coupling at sodium frequency
was still acceptable (=15 dB) even that no trap circuit at
this frequency was used. Figure 3B show the S-parameter
plots of the two nuclear channels of the monopole/loop DT
coil. The isolation of two nuclear channels at sodium and
proton frequencies was —28.7 and —37 dB, respectively. It
is clear from Figure 2B that the interaction of two channels
was sufficiently small in a very broad frequency range from
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Figure 3 S;; and S,; plots of the two nuclear channels of the trapped DT coil (A) monopole/loop DT coil (B). DT, dual-tuned.

Table 1 Unladed and loaded Q values of the MS coil, trapped DT coil and monopole/loop DT coil

*Na (78.6 MHz)

'H (297.2 MHz)

MS caill Trapped DT M/L DT Trapped DT M/L DT
Qun 425 225 414 110 9.1
Qroad 74 70 73 30 2.8
Qun/Qioaa 5.74 3.21 5.67 3.67 3.25

MS, mononuclear sodium; DT, dual-tuned; Q, quality.

50 to 350 MHz. These results indicate that the two
channels of the monopole/loop DT coil were intrinsically
decoupled and no extra decoupling methods are needed.
S,; results from Figure 24,B demonstrated that both proton
and sodium channels were well matched to 50 Q at desired
frequencies.

The unloaded and loaded Q values of the two nuclear
channels of the three coils are given in 7able 1. The ratio of
unloaded Q and loaded Q for a MS coil is 5.74, but it decreases
to only 3.21 when the trap circuit is inserted. It is worth noting
that the Q ratio decrease is mainly due to low unloaded Q,
which is probably because of the resistance of the trap circuit.
For the monopole/loop DT coil, however, the ratio still
achieve 5.67 and the decrease of Q ratio is less than 5%. For
the monopole/loop DT coil, both unloaded and loaded Q
values of the sodium loop are almost the same as the MS colil,
indicating good MR sensitivity performance. Compared with
the proton loop of the trapped DT coil, the monopole has a
relatively lower Q values in both unloaded and loaded cases,
which is consistent with the previous work (28,29).

MR Imaging results

Figure 44-C show the sodium images on water phantom

© AME Publishing Company. All rights reserved.

www.amepc.org/qims

of the three coils. Figure 44 is the axial images acquired
with the MS coil. When the trap circuit was inserted in the
sodium loop, strong sensitivity decrease (~50%) is observed,
as shown in Figure 4B. The monopole/loop DT coil,
however, has similar sensitivity with the MS coil (Figure 4C).
The MR images are also in agreement with the Q value
results as described above. Figure 4D,E show the proton
images of the trapped and monopole/loop DT coils. It
is well know that the transmit field (B,") and receive field
(B)) of a loop coil have an asymmetrical pattern at the high
frequency of 300 MHz (30,31). This asymmetrical pattern
resulted in dark lines in the MR sensitivity images, as shown
in Figure 4D. The monopole coil, however, has a relatively
symmetrical B, field distribution (28) and thus no dark lines
were observed in the images (Figure 4E).

Discussion and conclusions

In this study, a monopole/loop technique was proposed for
multinuclear coil designs, and this technique was validated
by implementing a DT "H/*Na coil for MR imaging at 7T.
The monopole and L/C loop coils were chosen for 'H and
*Na MR imaging, respectively. The monopole ('H) was
centrally crossed the loop (*Na channel) to ensure that the
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Figure 4 Sodium and proton images of the mononuclear sodium coil (A), trapped dual-tuned (DT) "H/**Na coil (B and D) and monopole/

loop dual-tuned 'H/**Na coil (C and E). Compared with trapped DT coil, the monopole/loop DT coil has higher MR sensitivity for sodium

imaging. The cylindrical phantom (diameter 16 cm, volume 5 L) containing 100 mM NaCl was placed 2 cm below the coils.

RF fields of the two nuclear channels are orthogonal (as
indicated in Figure 2) and gain intrinsic decoupling between
the two nuclear channels. The bench measurement results
demonstrated that the interaction between 'H channel and
**Na channels was sufficiently small (<-28 dB) in a very
broad frequency range from 50 to 350 MHz even that no
extra decoupling methods were employed (Figure 3B).

The commonly used L/C trap circuit could also suppress
the cross-talk of the two nuclear channels at 'H frequency.
However, the additional loss of trap resulted in pronounced
decrease of Q ratio and MR sensitivity for *’Na imaging
(Figure 4A4,B). In the proposed monopole/loop design,
however, nearly no decrease in the *’Na sensitivity was
observed (Figure 44,C). This is likely because no extra
lossy components were added in the sodium loop and the
interaction of the monopole and loop is neglectable. It is
also worth noting that, compared with the conventional
loop coil, the sensitivity profile of the monopole coil is
more advantageous for B, shimming (Figure 4D,E) since the
imaging areas and profiles of the two nuclear channels of the
monopole/loop design are highly matched. This monopole/
loop technique for DT coil could also be extended to multi-
channel array design when the inner-coupling of proton
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and sodium arrays is reduced by using existing decoupling

methods (21,32-38).
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