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1H-13C Independently Tuned RF Surface Coil Applied for In vivo
Hyperpolarized MRI

Peng Caol, Xiaoliang Zhang?, llwoo Parkl, Chloe Najacl, Sarah J. Nelson!, Sabrina
Ronen?, and Peder E. Z. Larsonl"*

1Department of Radiology and Biomedical Imaging, University of California at San Francisco, San
Francisco, CA, USA

Abstract

Purpose—To develop a lump-element double-tuned common-mode-differential-mode (CMDM)
radiofrequency (RF) surface coil with independent frequency tuning capacity for MRS and MRI
applications.

Methods—The presented design has two modes that can operate with different current paths,
allowing independent frequency adjustment. The coil prototype was tested on the bench and then
examined in phantom and in vivo experiments.

Results—Standard deviations of frequency and impedance fluctuations measured in one
resonator, while changing the tuning capacitor of another resonator, were less than 13 kHz and
0.55Q. The unloaded S21 was —36 dB and —41 dB, while the unloaded Q factor was 260 and 287,
for 13C and 1H, respectively. In vivo hyperpolarized 13C MR spectroscopy data demonstrated the
feasibility of using the CMDM coil to measure the dynamics of lactate, alanine, pyruvate and
bicarbonate signal in a normal rat head along with acquiring 1H anatomical reference images.

Conclusion—Independent frequency tuning capacity was demonstrated in the presented lump-
element double-tuned CMDM coil. This CMDM coil maintained intrinsically decoupled magnetic
fields, which provided sufficient isolation between the two resonators. The results from in vivo
experiments demonstrated high sensitivity of both the 1H and 13C resonators.

Keywords

RF coil; tuning; double-tuned; common-mode-differential-mode; CMDM; carbon-13; 13C;
hyperpolarization

Introduction

The recent advances of heteronuclear molecular magnetic resonance imaging (MRI) such as
hyperpolarized carbon-13 (13C) (1-5), hyperpolarized xenon-129 (129Xe) (6-8) and other
hyperpolarized and non-hyperpolarized heteronuclei (9—-12) have drawn increasing interest
to the technical development of efficient double-tuned RF coils. Hyperpolarized 13C
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imaging provides unique real-time metabolic information and, therefore, is of particular
interest in cancer applications such as tumor staging and monitoring treatment response
(3,13-15). Hyperpolarized 129Xe is another heteronuclear MRI method with high sensitivity
and has been successfully used in clinical trials (6). In addition, sodium-23 (23Na) and
phosphorous-31 (31P) MRI and magnetic resonance spectroscopy (MRS) in thermal
equilibrium have also been used in the investigation of brain pathology (11,12,16). All these
heteronuclear molecular MRI studies require heteronuclear RF coils to produce data with
high sensitivity and H RF coils to acquire 1H images for reference as well as to facilitate By
shimming.

In the small-scale double-tuned surface coil design, the lump-element is widely used, even at
the relatively high magnetic field strength of 7T. Meanwhile, double-tuned coils have to
address the problem of magnetic field coupling of two resonators. Solutions for the lump-
element double-tuned surface coil generally fall into two types of coil design. The first are
coil designs that employ coupled magnetic fields, such as a multiple pole coil (17,18), a
transformer-coupled coil (19) and a recently-developed decoupled concentric rings coil
(20,21) (as illustrated in Figure 1a), where an additional RF choke is used to decouple the
two resonators. The second type of coil design uses a combination of two surface coils with
intrinsically decoupled magnetic fields, i.e., the directions of magnetic flux are orthogonal
(22). The example in Figure 1b is a combination of a butterfly surface coil and a single-turn
surface coil, which falls into the second category. The first type of design usually consists of
two resonators in a single surface coil, while the second type of design is equivalent to two
independently working surface coils.

It is possible to build a single surface coil with two decoupled magnetic fields. Examples are
the common-mode-differential-mode (CMDM) surface coil and other multi-mode surface
coils. For lump-element surface coil design at high fields, distributing the capacitor and
splitting the loop allows high-frequency resonators to be implemented using practically
available capacitor values (i.e., > 1 pF). Interestingly, a butterfly surface coil becomes a
CMDM surface coil with these modifications, as illustrated in Figure 1c¢ and d. The multi-
mode surface or half volume coils have long been used in building quadrature *H coils (23-
26), utilizing the fact that they support two intrinsically decoupled magnetic fields. The
double-tuned CMDM surface coil design has also been recently demonstrated using
microstrip transmission lines as resonators (27-29). Despite the advantages, one practical
concern of the CMDM surface coil is the inability of two resonators to be tuned
independently in conventional structure. This can make the coil design very challenging and
cumbersome, especially when designing multi-channel surface coil arrays. Independent
tuning capacity can greatly ease design, construction, production and operation of double-
tuned RF coils.

In this study, we aimed to develop a lump-element double-tuned CMDM surface coil with
independent frequency tuning capacity for H and 13C resonators. The developed CMDM
surface coil maintained the intrinsically decoupled magnetic fields, which provided
sufficient isolation between the two resonant modes. The coil prototype was tested on the
bench, and then examined by 1H and 13C MR phantom experiments. Finally, the
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performance of this coil was further validated by an in vivo hyperpolarized 13C study with
normal rat head and corresponding *H anatomical reference images.

Figures 1d and 2a—c show the circuit diagram of the presented coil design. The presented
design had two independent modes that can operate at two different frequencies with
different current paths (/1 and 4 in Figure 1d). For the common mode (Figure 1d, left), two
inner loops together formed a butterfly coil. For the differential mode (Figure 1d, right), the
big outer loop was configured as a single-turn surface coil. Furthermore, the splitting
capacitors Cg and the tuning capacitors Ct1 and Ct» (Fig. 2a) were arranged in a way that
one tuning capacitor can only affect one resonant mode. The driving circuits for the common
mode and differential mode are shown in Figure 2b. A virtual ‘ground’ for driving the
differential mode was essentially needed for eliminating an adverse electric potential
between the outer conductors of two coaxial cables.

As shown in Figure 2c, a saddle coil shape with semicircular transverse profile was chosen
to match the curved surface of a rat head. The dimensions of the coil prototype were 13 mm
(height) x28 mm (width) x 44 mm (length). The common mode was configured as the 1H
resonator (i.e., tuned to 298.06 MHz, the IH Larmor frequency at 7T), and the differential
mode was configured as the 13C resonator (i.e., tuned to 74.96 MHz, the 13C Larmor
frequency at 7T). It should be noted that such sole coil was equivalent to a butterfly coil for
the 1H resonator and a saddle coil for the 13C resonator. In this coil prototype, all trimmers
for tuning and matching were JOHANSON 80H85 non-magnetic trimming capacitors. The
Ct1 and Cpy2 had the tuning range of 1.5 to 19 pF, while the tuning range of Cp;1 and Co
was 0.6 to 0.95 pF (i.e., a 1.5 -19 pF trimmer and a 1 pF capacitor in series) and 21.5 to 39
pF (i.e., a 1.5 -19 pF trimmer and a 20 pF capacitor in parallel), respectively. All fixed
capacitors were from JOHANSON high Q non-magnetic ceramic capacitors designer kit (E-
Series, EIA 1111). Two Cg were 20.2 pF each, and two Cp were 40 pF each.

Circuit analysis

According to Kirchhoff’s voltage law for two inner coil loops and one auxiliary capacitor
loop (in Figure 2a), the presented coil circuit can be described as

—ijlll—Fﬁ(Il—Ig)ﬁ-ngl (Il+12)—]WL2([1+12):0
_j‘*’LII2+wJTS(I2+I3)+wch1 (I1+1z)—jwla(I1+12)=0
m%fzﬁ—ggg(13+12)+;(%([3—I1):0

Eqg. 1

where Cg is the splitting capacitors, Ct1 is the tuning capacitor for differential mode and L,
and L are the equivalent inductors on the outer loops and the central conductor, as defined
in Figure 2a. Assuming the distribution of common mode (CM) current follows the
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illustration of /; in Figure 1d (left), i.e., let /; = /»in Eq. 1, the resonant frequency is given
by

For each inner loop in common mode, Eq.2 indicates that the total capacitor is Cg and C% in
series, while the total inductor is L and 2L in series. There is no current flow through the
tuning capacitor Cry, i.e., Cy, cannot affect the resonant frequency of common mode.
Utilizing Kirchhoff’s voltage law and assuming the distribution of differential mode (DM)
current follow the illustration of 4 in Figure 1d (right), i.e., let /; = =/»in Eq. 1, resonant
frequency is given by

_ 1
Wpm = o
S .c
( 2 +Cro

>'2Ll Eq. 3

where Ct» is the tuning capacitor for differential mode. For the outer loop in differential

mode, Eq.3 indicates that the total capacitor is equivalent to S and Cr in parallel, while the
total inductance is 2L. There is no current flow through the central conductor nor Ctq, i.e.,
C1 cannot affect the resonant frequency of differential mode. Egs.2 and 3 clearly show that
resonant frequencies of common mode and differential mode can be adjusted independently
via Cn1 and Cro.

For the tuning dependency measurement, a network analyzer with full two ports (Agilent,
E5071C) was used. The frequency span was set as 100 kHz and the number of points for
frequency sweeping was 20000, allowing a nominal resolution of 5 Hz/point. The resonant
frequency was detected automatically by searching the minimum value of the magnitude
S11 (which identifies the resonant mode) within the span (i.e., 100 kHz), while the
impedance at the resonant frequency was measured on the smith chart.

S11, S21 (which measures the isolation between *H and 13C channels) and Q (i.e., the
quality factor that measures the loss of coil) were measured under unloaded, lightly loaded
and heavily loaded conditions, using a tube containing ethylene glycol (relative permittivity
= 37.0 at 20 °C) and a soft water bag as loadings. The frequency span was set as 20 MHz.
The center frequency was set as 298.06 MHz and 74.96 MHz for measurements on 1H

and 13C resonators, respectively. The Q factor was calculated as Q=2mdths 1= 34,

center frequency

MRI protocol

All MR experiments were performed on a 7T whole-body MRI scanner (GE Healthcare,
Waukesha, WI). The 1H-13C phantom was made using a 21.7-mm-diameter cylinder syringe
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that was filled with ethylene glycol (HOCH,CH,OH, anhydrous, 99.8%, Sigma-Aldrich, St.
Louis, Missouri). For phantom experiment, a gradient-echo (GRE) 1H imaging was first
acquired with TE/TR = 2.5/100 ms, nominal flip angle = 30°, FOV = 80 x 80 mm?2, matrix
size = 256 x 128 and zero filled to 256 x 256, slice thickness =3 mm, number of excitation
(NEX) = 1 and readout bandwidth = 31.25 Hz. Thirty axial, sagittal and coronal slices were
acquired within 32 s. In addition, two GRE 1H scans with nominal flip angle = 10° and 20°,
respectively, were acquired to evaluate the B1+ field of the 1H resonator using the following
parameters: TE/TR = 2.6/150 ms, FOV = 60 x 60 mm?2, matrix size = 256 x 256, slice
thickness = 2 mm, 23 contiguous slices, NEX = 4 and readout bandwidth = 62.5 Hz. To
probe the B+ field of the 13C resonator, two 3D chemical shift images were acquired with
nominal flip angle = 20° and 40°, respectively with the following parameters: TE/TR =
2.3/1000 ms, voxel size = 3 x 3 x 3 mm3, matrix size = 8 x 8 x 14, slice thickness = 42 mm,
NEX =1 and readout bandwidth = 5000 Hz.

An additional phantom experiment was performed with the use of a double-tuned quadrature
volume coil. The double-tuned quadrature volume coil consisted of 8 by 8 alternately placed
AJ2 and A/4 microstrip resonators as *H and 13C elements (30). The inner diameter and
length of this volume coil was 52 mm and 101 mm, respectively (30). *H and 13C imaging
parameters were made identical to those used for the experiments with the proposed double-
tuned surface coil for comparison.

For the in vivo experiment, the above mentioned three-plane and multi-slice GRE 1H
imaging was preformed, lasting 32 s. Non-selective dynamic spectroscopy data (readout
bandwidth = 5000 Hz and sampling points = 2048) were acquired following a bolus
injection of approximately 3 mL hyperpolarized [1-13C]-pyruvate solution (80 mM),
produced using SpinLab (GE Healthcare, Niskayuna, New York). The detailed descriptions
for preparing hyperpolarized [1-13C]-pyruvate and polarization process can be found
elsewhere (31,32).

Data analysis

In order to measure the B+ (i.e., the B1 field in transmission) maps indirectly, the double
angle method (33-35) was used to estimate the flip-angle maps for both resonators. The
voxel-wise flip angle was calculated as

B{iip angle =arccos ( % ) Eq .4

where Sy, and S, are the magnitude signal of the images or the area under the spectral
peaks that were acquired with nominal flip angle of 2a and a., respectively. Before the 1H
flip-angle calculation, 3D 1H S,, and S, datasets were filtered by a 2D median filter in x-y
plane with a window size of 10 x 10 followed by a 1D median filter along z dimension with
a window length of 5. While 13C S,, and S, datasets were not filtered. The flip-angle maps
were masked by thresholding S, with threshold level = 10% and 50% of the maximum
intensities for H and 13C datasets, respectively.
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No filter was used for the IH MR images presented. The image brightness and contrast were
adjusted automatically in ImageJ software (http://imagej.nih.gov/ij/). For the spectroscopic
phantom imaging, no spatial or spectral filter was used. The phantom spectra were displayed
in magnitudes. For in vivo spectroscopy, the post-processing included a truncation of the
first 8 points of free induction decay and an apodization using a 30 Hz line broadening filter.
The real part of in vivo spectra was presented.

Figure 2d shows the tuning dependency measurement. First, the 13C resonator as the
differential mode was tuned over a range of resonance frequencies from 74 to 86 MHz by
adjusting Ct» from 25 to 35 pF (Figure 2d). Over this tuning range, the *H common mode
resonator remained relatively stable, with standard deviations of 1.8, 1.4, 0.3, 0.7 and 0.8
kHz in resonance frequency and 0.08, 0.06, 0.16, 0.10 and 0.3Q in impedance, as tested at
332, 316, 298 and 295 MHz, respectively. Similarly, the 1H resonator as the common mode
was tuned over a range of resonance frequencies from 280 to 380 MHz by adjusting Cy1
from 2 to 19 pF (Figure 2e). Over this tuning range, the 13C differential mode resonator
remained relatively stable, with standard deviations of 6.4, 1.7, 13.0 and 6.0 kHz in
resonance frequency and 0.53, 0.11, 0.55 and 0.43Q in impedance, as tested at 79, 78, 77, 76
and 74 MHz. In summary, adjusting the tuning capacitor of one resonator, standard
deviations of frequency and impedance fluctuations measured in the other resonator were
less than 13 kHz and 0.55Q. Therefore, tuning on each resonator was independent of another
resonator with our circuit design.

Supporting Figure S1 shows the typical S11 and Q results for both 1H and 13C resonators.
The unloaded S11 was —35 dB and —40 dB, the unloaded S21 -32 dB and —30 dB, and the
unloaded Q factor 260 and 278 for 13C and 1H, respectively. The lightly loaded S11 was —43
dB and -43 dB, the lightly loaded S21 —32 dB and -27 dB, and the lightly loaded Q factor
260 and 218 for 13C and 1H, respectively. The heavily loaded S11 was —37 dB and —31 dB,
the heavily loaded S21 -21 dB and -17 dB, and the heavily loaded Q factor 198 and 118

for 13C and 1H, respectively. The relatively low S21 and high Q factors supported the
intrinsic decoupling of two magnetic fields. Furthermore, as shown in Supporting Figure S2,
probing with a sniffer coil identified the two resonant modes, and the intrinsic decoupling of
two magnetic fields was confirmed by showing the orthogonal magnetic flux.

Figure 3a shows gradient-echo 1H images and 13C spectra from a cylindrical ethylene glycol
phantom. The intensity variations in 1H images and 13C spectra represented the typical
behavior of the surface coil that was working at both transition and reception. It should be
noted that the 13C resonator (in Figure 3b) produced a relatively homogeneous flip-angle
map, which reflected the B+ field, within the region of interest, due to the saddle shape of
the coil (in Figure 2c). Figure 3c shows an additional phantom experiment that was
performed with the use of a double-tuned quadrature volume coil. The presented double-
tuned surface coil provided much higher local sensitivity (i.e., Figure 3a vs. Figure 3c) than
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the double-tuned quadrature volume coil but exhibited inhomogeneous B; fields as expected
(in Figure 3b). The three-plane and multi-slice 1H images of the phantom can be found in
Figure 4.

Preliminary in vivo data from a rat head

Figure 5 shows gradient-echo *H images and hyperpolarized 13C spectra from a normal rat
head. The gradient-echo images allowed the visualization of various regions of the rat brain,
including the cortex and the thalamus in midbrain. The in vivo hyperpolarized 13C MR
spectroscopy demonstrated the capability of measuring the dynamics of lactate, alanine,
pyruvate and bicarbonate signal. Alanine signal most likely came from muscles around the
head (36). The high sensitivity of these signals suggested that the 13C resonator had good
sensitivity. The axial and sagittal multi-slice 1H images can be found in Figure 6.

Discussion

Independent frequency tuning

In the current study, we have demonstrated the independent frequency tuning capacity of the
newly developed lump-element double-tuned CMDM coil. Using a circuit analysis, we
demonstrated that one tuning capacitor could be used to adjust the resonant frequency of one
mode without having current flowing in another tuning capacitor for the other mode. The
bench test result clearly showed that the two resonant frequencies could be tuned
independent of each other, verifying the circuit analysis. In principle, such independent
frequency tuning or adjustment should be broadband; hence the presented double-tuned coil
design can be potentially applied to other heteronuclei, such as 23Na (gyromagnetic ratio y
=70.8 x 106 rad-s™1.T71), 31p (y = 108.4 x 10° rad-s~1.T~1), nitrogen-15 (15N, y = -27.1 x
108 rad-s™1.7-1) and 129e (y = -74.5 x 108 rad-s™1.T~1) and other heteronuclear MR
applications that require high local sensitivity. For example, in addition to the
hyperpolarized 13C (y =-67.3 x 10° rad-s~2.T~1) and 129Xe applications, it may be feasible
to use the present coil for hyperpolarized 1°N MRI applications because 1°N generally has a
long lasting hyperpolarized state. pH imaging with hyperpolarized 15N has been recently
demonstrated with the use of dynamic nuclear polarization (DNP) (9) and signal
amplification by reversible exchange (SABRE) polarization techniques (10). For the field
strength of 7T, as demonstrated by the presented study, the lump-element design of the 1H
resonator should still be valid for small-scale coils (i.e., <5 cm) and small animal
applications. For higher field MRI (i.e., > 7T), the presented lump-element design of 1H
resonators should be modified, e.g., using the microstrip transmission lines as resonators
(27-29), due to the difficulty of implementing lump-element resonators at high frequencies.
In summary, the presented double-tuned RF surface coil design can be extended to a broad
range of heteronuclear MRI applications; though each implementation shall be subject to the
coil size and the resonant frequencies with regard to field strength and gyromagnetic ratios.

Compared with double-tuned quadrature volume coils, the presented double-tuned surface
coil provided relatively high local sensitivity for heteronuclear MRI, but involved
inhomogeneous B fields. The ideal configuration of RF coils would be a double-tuned
quadrature volume coil for transmission with homogeneous B; fields and a double-tuned
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surface coil with optimal local sensitivities for reception. It should be noted that the
differential mode in the presented design, i.e., the H resonator which performed as a
butterfly coil, may possess a smaller orthogonal field component but a higher noise level due
to an exposed area at the open side of the coil. A slightly larger coil may be needed if the H
image of the deep brain is desired, and/or an additional 1H resonator (and decoupling circuit)
could be used to compensate the sensitivity loss in the exposed area.

Intrinsically decoupled two magnetic fields

The relatively low S21 and high Q factor of the presented coil showed the sufficient isolation
between two resonators, most likely due to the intrinsic decoupling of two magnetic fields.
This observation was also consistent with the S21 measurements of other CMDM coils,
including the double-tuned microstrip CMDM coil (29) and the quadrature *H CMDM caoil
(23). The bench test of the present coil prototype showed that two inner loops were well
balanced, and as a result, no fine adjustment was performed. In practice, two splitting
capacitors (i.e., two Cg) can be adjusted individually in order to keep the resonant
frequencies of the two inner loops same.

In the presented coil, balance-driving capacitors (i.e., two Cp) were used for the common
mode. It should be noted that most RF chokes or baluns (balun: balance-to-unbalance) in RF
coil design are narrowband. In the presented double-tuned coil, a balun had to work for two
frequencies of both modes. The balance-driving capacitors (i.e., two Cp) allowed a virtual
‘ground’ for driving the differential mode in a simple structure. Alternatively, the common
mode can be driven by an inductive coupling loop (23,29), which may involve more
components. To eliminate the residual electric potential from unbalances between two Cp or
two Cs, an RF choke was empirically added to the coaxial cable of the port for driving the
common mode, and two coaxial cables of two ports were twitched together. These
treatments helped maintain a low unloaded S21 (i.e., < =30 dB) on the bench.

Possible extensions

The independent frequency tuning and electronic driving circuit presented in this study using
the lump-element double-tuned CMDM coil could be applied to other CMDM coils. There
is an implicit similarity between the presented lump-element CMDM coil and the previously
proposed microstrip CMDM coils (23,29). In microstrip CMDM coil, the shared outer
conductor of two microstrip resonators was comparable to the central conductor of the
presented lump-element CMDM coil. The equivalent circuit for mircrostrip CMDM coil
would be similar to that for the presented coil. The independent frequency tuning and
electronic driving circuit, i.e., the arrangement of capacitors Ct1, Ct2, Cs and Cp, may be
used in the microstrip CMDM caoil.

With advantages of independent frequency tuning and intrinsically decoupled magnetic
fields, the presented double-tuned CMDM coil could serve as a building block for double-
tuned phase array coils. When building a phase array coil, channel decoupling is essential. It
has been demonstrated that the magnetic wall decoupling technique can effectively decouple
the tightly coupled elements of the phase array coil (37). Additionally, the magnetic wall
decoupling has a broadband frequency decoupling capability, which is particularly useful for
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the double-tuned coil array design where two separated frequencies are involved. In practice,
intersecting double-tuned CMDM resonators with magnetic walls may be particularly
effective for achieving sufficient decoupling in building a double-tuned phased array coil
using double-tuned CMDM caoils.

Conclusion

We developed a lump-element double-tuned CMDM coil with independent frequency tuning
capacity for 1H and 13C resonators. This CMDM coil maintained the intrinsically decoupled
magnetic fields, which provided sufficient isolation between the two resonators. The
independent tuning capacity greatly eased the design, construction, production and operation
of our double-tuned coil. The in vivo hyperpolarized 13C MR spectroscopy data acquired
with the CMDM coil demonstrated the feasibility of assessing the dynamics of lactate,
alanine, pyruvate and bicarbonate signal in a normal rat head with high sensitivity. With the
use of appropriate decoupling mechanism, extensions of this double-tuned CMDM coil to
double-tuned multichannel RF coil arrays is also possible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Conventional concentric rings double-tuned surface coil with a RF choke for the inner

resonator. (b) Conventional intrinsically decoupled double-tuned surface coil, containing a
butterfly coil (black) and a single-turn surface coil (gray). (c) Evolution from butterfly coil
to the common-mode-differential-mode (CMDM) coil. By splitting the single loop of
butterfly coil (left) and adding additional capacitors (right), butterfly coil becomes the
CMDM coil. (d top) In this CMDM coil (left is common mode, right is differential mode),
the currents of the two modes can operate at two different frequencies (77 and 7,) with
different current paths, which provide a possibility of independent frequency control. The
two currents (77 and /7, generate two independent and intrinsically decoupled magnetic
fields. (d bottom) Cross-sectional views of the two modes show two intrinsically decoupled
magnetic fields.

Magn Reson Med. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Caoetal.

a
Tuning Cy,
T 335 «
S 330 o
I}
2T s
; = 320
315 R e ey
8
g c 310
[}
c 3 305
g g 300
£+ 295 Fa——i
Q290 + T T T )
L2 70 75 8 8 90
Differential mode resonant
frequency (MHz)
Figure2.

Common mode resonant

frequency (MHz)

Page 13

Drive port for common mode

Drive prt for
differential

Drive port
for common
Drive port for differential mode mode
CM2
P4
C

o= Wy,
P> —T Virtual ‘ground’

400 -
380
360
340 - |
320 1
300 - J
280
260
240 13 mm
73 75 77 79 81
Differential mode resonant
frequency (MHz)

Tuning Cry

(a) The arrangement of capacitors (Ctq, Ctp, and Cs). This arrangement allows independent
frequency adjustments (via variable capacitors Cy1 and C») for the two resonant modes (in
Fig. 1 cand d). /4, /oand /5are currents that are used in the circuit analysis based on
Kirchhoff’s voltage law. (b) The driving circuits for the common mode and differential
mode resonators. Two matching capacitors Cysq and Cyo allow impedances of two
resonators to be matched to 50Q. The balance-driving capacitors (i.e., two Cp) allow a
virtual ‘ground’ for driving the differential mode in a simple structure. The virtual ‘ground’
is essentially needed for eliminating an adverse electric potential between the outer
conductors of two coaxial cables. () The coil prototype for rat brain imaging at 7T. (d and
€) Tuning-dependency measurement for the present double-tuned surface coil without
loading. The graphes show frequencies of two modes measured by adjusting differential
mode tuning capacitor (Ct», in Fig. 2) only (d) and common mode tuning capacitor (Cyq, in
Fig. 2) only (e). These results illustrate the independent frequency tuning for common mode

and differential mode.
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Figure 3.
MRI phantom experimental results for the presented double-tuned surface coil. (a) Axial and

sagittal low-flip-angle gradient-echo 1H images (nominal flip angle = 30°, NEX = 1)

and 13C spectra (nominal flip angle = 40°, NEX = 1) from a cylindrical phantom filled
with 13C ethylene glycol. White bold lines indicate the position of RF coil. Note that
ethylene glycol has two peaks in proton spectrum, causing slight chemical shift
displacements in MRI images. (b) B1+ maps for 1H (left) and 13C (right), derived from a
double-flip-angle method (15° and 30° for 1H images and 20° and 40° for 13C spectra). (c)
For comparison, another phantom experiment was performed with a 52-mm-diameter
double-tuned quadrature volume coil, and the imaging parameters were identical to those
used in (a). The presented double-tuned surface coil provided high local sensitivity but
involved inhomogeneous B; fields.
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Figure 4.
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(a\;J Low-flip-angle gradient-echo MRI images (nominal flip angle = 30°, NEX = 1) from a
normal rat brain in an axial (top) and a sagittal (bottom) plane. White bold lines indicate the
position of RF coil. The round, bright signal at the top right hand corner in the axial image is
from an urea 13C reference. (b) Hyperpolarized 13C spectra (non-selective excitation,
nominal flip angle = 5°, and temporal resolution = 3 s/spectrum) demonstrated the capability
of measuring the dynamics of lactate, alanine, pyruvate and bicarbonate signal with high
sensitivity.
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Figure 6.
Axial and sagittal multi-slice low-flip-angle gradient-echo images of normal rat brain in

Figure 5.
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