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INTRODUCTION

Purpose: Carbon-13 magnetic resonance spectroscopy
(13C-MRS) is challenging because of the inherent low sensitivity
of 13C detection and the need for radiofrequency transmission at
the 1H frequency while receiving the 13C signal, the latter requiring electrical decoupling of the 13C and 1H radiofrequency channels. In this study, we added traps to the 13C coil to construct a
quadrature-13C/quadrature-1H surface coil, with sufficient isolation between channels to allow simultaneous operation at both
frequencies without compromise in coil performance.
Methods: Isolation between channels was evaluated on the
bench by measuring all coupling parameters. The quadrature
mode of the quadrature-13C coil was assessed using in vitro 23Na
gradient echo images. The signal-to-noise ratio (SNR) was measured on the glycogen and glucose resonances by 13C-MRS in
vitro, compared with that obtained with a linear-13C/quadrature-1H
coil, and validated by 13C-MRS in vivo in the human calf at 7T.
Results: Isolation between channels was better than 30 dB.
The 23Na gradient echo images indicate a region where the field
is strongly circularly polarized. The quadrature coil provided an
SNR enhancement over a linear coil of 1.4, in vitro and in vivo.
Conclusion: It is feasible to construct a double-quadrature
13
C-1H surface coil for proton decoupled sensitivity enhanced
13
C-NMR spectroscopy in humans at 7T. Magn Reson Med
C 2014 Wiley Periodicals, Inc.
73:894–900, 2015. V
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Carbon-13 magnetic resonance spectroscopy (13C-MRS) is
a powerful tool for studying metabolism in vivo (1), such
as natural abundance of muscle glycogen (2), among
others. However, in vivo 13C-NMR spectroscopy is challenging due the low natural abundance and the low concentration of 13C in the human body, the unfavorable
gyromagnetic ratio of the 13C nucleus, and the singlebond 1H-13C hetero-nuclear J coupling, which needs to
be decoupled to enhance sensitivity (3).
Despite the improvements in sensitivity at high magnetic
field strengths (4), the main limitation in human studies is
the power deposition in tissue by radiofrequency (RF)
pulses, especially when using 1H-decoupling (5).
In this context, surface coils are preferred for the optimization of the signal-to-noise ratio (SNR) (6,7). Quadrature coils are advantageous relative to linear coils
because they can further enhance the SNR by a factor of
冑2, reduce the transmit power by half, and provide a
transversal B1 that is more homogeneous while covering
a larger field of view (FOV) (8,9).
A commonly used RF coil design for proton-decoupled
13
C-MRS studies is a combination of a linear-13C coil
and a quadrature-1H coil (10). A main limitation of this
design is the requirement that, in order to maintain low
coupling between the channels, the 1H and 13C coils
must be accurately positioned in a geometry that ensures
the two RF fields are orthogonal. It is difficult to add a
second 13C loop to this arrangement while maintaining
orthogonal overlapping fields.
An alternative approach to dual-frequency coil design
is to use a trap (a parallel inductor and capacitor) to resonate a single circuit at two frequencies (11,12). More
recently, traps have been applied to multinuclear coils
using separate X-nuclei and proton channels (13–15).
While these first designs consisted of a pair of concentric
loops, the principle may be extended to more complex
coil geometries, such as a quadrature-13C coil/volume-1H
coil for 13C-MRS in human brain at 3T (16), and a
double-quadrature 31P-1H surface RF coil design including LCC traps (a series inductor and capacitor in parallel
with a second capacitor) for 31P-MRS in human muscle
at 7T (17). Furthermore, a comparison between a singlechannel 13C-1H coil and a dual-channel 13C-1H design
has been reported for hyperpolarized 13C cardiac imaging
at 3T, demonstrating high SNR images over an increased
FOV using the dual-channel design (18). More recently a
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FIG. 1. Design of the (a) linear-13C/quadrature-1H and (b) quadrature-13C/quadrature-1H coils. All quadrature pairs were decoupled by
overlapping the loops. For the linear/quadrature coil, isolation between the 13C loop and the 1H loops was achieved geometrically. For
the quadrature/quadrature coil, isolation between the 13C and 1H loops was achieved by inserting an LCC trap to each 13C loop.

half birdcage 13C/1H coil was compared with a linear-13C/quadrature-1H design for 13C-MRS in humans at
3T (19), the former providing a higher sensitivity and
better penetration on the 13C channel, but requiring more
power on the 1H channel.
The aim of the present study was to design and build
a double-quadrature 1H-13C coil for use at 7T consisting
of two separate quadrature pairs, one for each nucleus,
including a 1H trap in each 13C loop, without performance reduction in either channel, and to evaluate the
performance of the resulting coil design. We demonstrate
the feasibility of the double-quadrature 1H-13C coil by
proton-decoupled 13C-MRS in vitro and in vivo while
measuring natural abundance of glycogen C1 in human
calf at 7T.
METHODS
All experiments were performed on a 7T MR human
scanner (Siemens Medical Solutions, Erlangen, Germany). Informed consent was obtained from all subjects
according to a procedure approved by the local ethics
committee.
RF Coil and Bench Measurements
Two dual-tuned 13C-1H surface coils were built for this
study, a linear-13C/quadrature-1H coil (10) and a quadrature-13C/quadrature-1H design. All bench measurements
were performed using a network analyzer (E5071C; Agilent, Santa Clara, California, USA), by connecting the 1H
loops to ports 1 and 2 and the 13C loops to ports 3 and 4.
The linear-13C/quadrature-1H coil consisted of a combination of a quadrature-1H coil (two circular loops, 9
cm diameter) and a linear-13C coil (a single circular loop,
6 cm diameter), able to operate as both transmitter and
receiver (Fig. 1a). The coil was tuned and matched to 50
V using three distributed fixed capacitors of 6.8 pF

(E-series; American Technical Ceramics, Huntington
Station, New York, USA) on the 1H loops, together with
two variable capacitors (SGNM series; Sprague Goodman
Electronics, Westbury, New York, USA) in each of the
1
H and 13C loops. Isolation between coils was achieved
geometrically while measuring mutual coupling matrices
as described previously (10).
The quadrature-13C/quadrature-1H coil consisted of a
combination of a quadrature-1H coil (two circular loops,
9 cm diameter) and a quadrature-13C coil (two circular
loops, 6 cm diameter), able to operate at both transmitter
and receiver (Fig. 1b). The coil was tuned and matched
as for the linear-13C/quadrature-1H coil.
Isolation between each quadrature pair (1H-1H and
13 13
C- C) was achieved by adjusting the overlap between
loops to minimize their mutual coupling, measured using
the network analyzer (S12 at 300 MHz and S34 at 75 MHz).
Isolation between the 1H loops and the 13C loops at the
proton frequency was achieved by adding a proton trap to
each 13C loop. No traps were added to the proton loops, as
strong coupling between 13C and 1H resonators does not
occur at the 13C frequency (20). The sensitivity of the 13C
coil is critical, so it is important to minimize losses in the
traps at the 13C frequency. An LCC trap design was used,
consisting of a series inductor (30 nH) and capacitor (47
pF) in parallel with a second capacitor (12 pF), as it offers
lower insertion loss than a classic LC trap (a parallel
inductor and capacitor) at the low frequency while maintaining strong blocking at the high frequency (15,17). Traps
were placed in each 13C loop at a position farthest from
the capacitors in the 1H loops to minimize coupling via
the electric field (Fig. 1). Inductors were oriented perpendicular to the 1H field to minimize coupling between the
trap and the 1H coil (21). Finally, the traps were shielded
to further ensure isolation from the 1H coil.
To assess the additional loss introduced by the trap,
the performance of the trapped 13C loop was evaluated
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on the bench by measuring the quality factors unloaded
and loaded, and compared with that of the 13C loop with
a fixed capacitor (82 pF) in place of the trap, with the 1H
loops absent in both cases. The performance of the traps
was further verified on the bench by measuring the coupling matrices from each 1H loop to each 13C loop (S13,
S23, S14, S24) at 300 MHz.
To reduce common modes on the cables (22), bazooka
(for 1H) and LC tank (for 13C) cable traps were built.
Bazooka baluns were made using a cylindrical tube of
Teflon (length ¼ 5 cm, diameter ¼ 1 cm) including a fixed
capacitor (14 pF), covered with copper tape (35 mm) over
the coaxial cable (K_02252_D-08; Huber & Suhner, Naenikon, Switzerland). The LC tank circuits were made
using the coaxial cable itself by making three loops (2
cm diameter) in parallel with a fix capacitor (43 pF) and
were shielded in order to reduce coupling with the coil.
To prevent coupling between the coil and the shield of
the gradient and shim coils of the scanner, an RF shield
(23,24) was attached around the coil, consisting of slotted copper sheets on both sides of a thin dielectric layer
(0.1 mm FR4). Two transmit/receive switches were
designed and built for each coil, one for the 1H channel,
and one for the 13C channel. Finally, RF filters were
used as described previously (3) to further ensure sufficient isolation between the 13C and 1H channels during
1
H RF transmission and 13C detection.
The quadrature-13C/quadrature-1H coil was evaluated
on the bench by measuring the quality factors unloaded
and loaded. The coil was loaded with a home-built, twocompartment phantom (25) containing 800 mM oyster
glycogen (Sigma-Aldrich, Buchs, Switzerland) (inner
compartment) and 8 mM [1-13C] glucose (Sigma-Aldrich)
(outer compartment) in solution of Dulbecco’s
phosphate-buffered saline (dPBS) with pH 7 mimicking
in vivo conditions of human muscle at rest. Additionally, 4% of sodium azide was added on the solution to
prevent potential degradation of Glucose and Glycogen.

deviation of the noise in an image acquired with no
transmit pulse (VTX ¼ 0V).
In Vitro Measurements:

23

Na-MRI

To evaluate the polarization of the quadrature-13C coil,
two-dimensional 23Na-gradient echo (GRE) images were
acquired in vitro. The quadrature-13C coil and transmit/
receive switch were temporally retuned to the 23Na resonance frequency (79 MHz at 7T). A home-built cylindrical phantom containing 100 mM of sodium chloride in
solution with dPBS was imaged. The 23Na-GRE measurement was performed with the coil connected normally,
and with the connections to the quadrature-13C pair
reversed, to generate sensitivity profiles of the quadrature and antiquadrature modes, respectively.
Additionally, a series of two-dimensional 23Na-GRE
images of the linear and quadrature configuration were
acquired at a range of transmit voltages from 5 V to 75 V
in 5 V steps to evaluate their sensitivity profiles along
the x- and the y-axes. The following parameters were
used: FOV ¼ 128  128 mm; slice thickness ¼ 6 mm;
matrix ¼ 64  64; repetition time (TR) ¼ 20 ms; echo
time ¼ 3.7 ms; number of excitations ¼ 200;
bandwidth ¼ 260 Hz; flip angle ¼ 25 . SNR maps were
generated by dividing the GRE images by the standard

C-MRS

To investigate the performance of the double-quadrature
13
C-1H RF coil, 13C-MRS measurements were performed
in vitro.
First, the transmit efficiency of the 1H channel of
quadrature-13C/quadrature-1H and linear-13C/quadrature-1H coils was compared. A pulse sequence was
implemented for 13C-MRS using an adiabatic half passage pulse for excitation (2050 ms), one-dimensional (1D)
ISIS (26) for localization (5120 ms), and WALTZ-16
(27,28) to achieve broadband 1H-decoupling during 13C
signal acquisition. The RF power required for WALTZ16 to decouple glucose b on-resonance in the phantom
was calibrated by increasing the 1H transmit voltage
from 10 V to 150 V in 10 V steps. The following NMR
protocol was used: TR ¼ 3 s; number of averages ¼ 64;
vector size ¼ 2048; bandwidth ¼ 20 kHz; 1D ISIS slice
(parallel to the coil plan 160  160  10 mm); acquisition time ¼ 102 ms; decoupling duration was chosen to
cover the free induction decay (87 ms). The resulting
13
C-NMR spectra were processed using MATLAB (MathWorks Inc, Natick, Massachusetts, USA). Data were zerofilled by a factor of 4 (to 8192 points) and apodized
using a Lorentzian filter with 15 Hz broadening.
Second, the SNR was measured in the phantom and
compared with that obtained with the linear-13C/quadrature-1H coil. The SNR was measured on the 13C resonances of glycogen and glucose by measuring the ratio of the
integral of the resonance peak divided by the standard
deviation of the noise in a region of the spectra with no
signal. The peak integral, rather than amplitude, was
chosen for SNR measurement to reduce sensitivity to
variations in B0.
In Vivo Measurements:

In Vitro Measurements:

13

13

C-MRS in Human Muscle

To demonstrate use of the quadrature-13C/quadrature-1H
coil in vivo, 13C-MRS was performed in the human calf
of a healthy male volunteer. A small sphere containing
99% 13C-enriched formic acid was placed at the center
of the linear and quadrature-13C coils to be used as an
external reference (3,29). The in vivo NMR protocol
included a pulse-acquire sequence with adiabatic half
passage (2050 ms) 13C excitation, together with WALTZ16 (20 ms) 1H-decoupling during acquisition (TR ¼ 1 s,
256 averages, vector size ¼ 2048, acquisition time ¼ 102
ms, bandwidth ¼ 20 kHz). Shimming was adjusted using
first- and second-order FAST(EST)MAP (30). The SNR
was measured on the glycogen C1 resonance and compared with that obtained with the linear-13C/quadrature-1H coil.
RESULTS
The ratio of unloaded to loaded Q factors of the coils
was 1.6 and 2.1 for the 13C loops, and 2.4 and 2.6 for the
1
H loops, while the coil was loaded with the twocompartment phantom described above. Isolation of the
four channels (S13, S23, S14, S24) was better than 30 dB
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Table 1
Measurement of the Mutual Coil Coupling (S-Parameters) at the

13

C Frequency (75 MHz) and at the 1H Frequency (300 MHz)
Sij(dB)

75 MHz
1
1



H0
H 90
13
C 0
13
C 90
1

H0
—
—
30
18



1



H 90
—
—
18
32

13

C0
30
18
58
14

300 MHz


13



C 90
18
32
14
43

1

H0
40
16
31
37



1



H 90
16
37
30
32

13

C 0
31
30
—
—

13

C 90
37
32
—
—

The coil was loaded with a home-built, two-compartment phantom containing 800 mM oyster glycogen (inner compartment) and 8 mM
[1-13C] glucose (outer compartment) in a solution of dPBS.

at 300 MHz (Table 1), indicating good trap performance.
The unloaded Q factor of the single trapped 13C loop
was reduced by only 12% with respect to that of a 13C
loop with a fixed capacitor in place of the trap, while Q
factors of the loaded coils were the same, within experimental error, in agreement with previous results (15).
Positioning of RF cables had no effect on the aforementioned parameters, suggesting efficient removal of common mode currents. When inserting the RF coil into the
scanner, no frequency shift was observed, suggesting an
effective RF shielding. The placement of a 13C band-pass

FIG. 2. a–c: In vitro 23Na SNR maps using
(a) a linear-23Na/quadrature-1H coil, (b) a
quadrature-23Na/quadrature-1H coil with
the 23Na pair driven in quadrature, and (c)
the same coil with the 23Na pair driven in
antiquadrature. d–g: SNR profiles along
the (d, e) x-axis and (f, g) y-axis, as indicated in the 23Na-GRE images, while
increasing the transmit voltage from 5 V to
75 V. The quadrature-23Na coil provides an
increased sensitive volume along the xaxis (b, e) relative to the linear-23Na coil (a,
d), whereas both coils require similar voltage to achieve a 90 nutation (f, g).

filter after the 13C preamplifier resulted in complete
absence of spikes or other interference from the 1Hdecoupling signal during acquisition.
The 23Na SNR maps of the retuned quadrature-13C coil
indicate a region where there is strong signal in the positive rotating component and very little signal in the
counter-rotating component (Fig. 2b, 2c), indicating that
the field is strongly circularly polarized. Furthermore, an
increased sensitive volume at the edges of the field of
view is observed in the rotating component (Fig. 2b)
compared with that of the linear-13C coil (Fig. 2a), while
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FIG. 3. a–f: In vitro proton-decoupled 13CNMR spectra with (a–c) glycogen or (d–f)
glucose b on-resonance, showing an SNR
enhancement of 冑2 when using (c, f) the
quadrature-13C/quadrature-1H coil relative
to (b, e) the linear-13C/quadrature-1H coil.
Spectra (b, c) and (e, f) are shown with the
same vertical scales. Measurements with
glucose b on-resonance were localized
using 1D ISIS to the box indicated in panel
d. g: Voltage calibration for WALTZ-16
decoupling, demonstrating that the voltage
required to decouple glucose b using the
quadrature-13C/quadrature-1H coil (solid
line) was similar to that required using the
linear-13C/quadrature-1H coil (dashed line).

the profile along the x-axis was nearly constant (Fig. 2e)
in contrast to the linear coil (Fig. 2d), resulting in an
increased sensitive volume in the x-direction. The profiles along the y-axis indicate that the highest B1 field
produced by both linear and quadrature coils (Fig. 2f,
2g) was achieved at similar voltage close to the coil
plane, while a decrease to about 50% of the maximum
sensitivity was measured at a depth of 2 cm into the
sample on a line through the center of the coil. When
the transmit voltage is greater than 30 V, a signal drop is
visible in both y-axis profiles (Fig. 2f, 2g) at depths of 2
cm and less, due to spin nutation beyond 90 . As the
transmit voltage is further increased above 60 V, spins at
a depth of <1 cm are nutated beyond 180 , causing the
signal intensity to increase again close to the coil while
still decreasing further from it (ie, at depth d < 1 cm, the
flip angle u > 180 , while for 1 cm < d < 2 cm,
90 < u < 180 ).

An SNR enhancement of 冑2 in the phantom was
obtained while measuring carbon resonances of glycogen
(100.5 ppm) (Fig. 3a–3c) and glucose b (96.6 ppm) (Fig.
3d–3f), the latter including ISIS localization. Note that the
SNR enhancement obtained with the double-quadrature
13
C-1H coil did not require increased RF power on the 1H
channel for decoupling, compared to that required for the
linear-13C/quadrature-1H coil (Fig. 3g).
The resulting in vivo nonlocalized proton-decoupled
13
C spectrum of the human calf (Fig. 4) included 13C
resonances of natural abundance of glycogen C1 (100.5
ppm), fatty lipid (130 ppm), and glycerol (63 ppm and
72 ppm). An SNR enhancement of nearly 1.4 was
obtained, relative to the linear-13C/quadrature-1H coil. As
with the phantom, the SNR enhancement obtained with
the double-quadrature 13C-1H coil did not require
increased RF power in vivo on the 1H channel while
using 1H-decoupling.
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FIG. 4. In vivo 13C-NMR spectrum showing
detection of the calf muscle glycogen resonance from a male subject at 100.5 ppm,
acquired in 4 min, 15 s, using the quadrature-13C/quadrature-1H surface coil, 2-ms
pulse acquire with adiabatic excitation, 20ms WALTZ-16 decoupling, TR ¼ 1 s,
bandwidth ¼ 20 kHz, 256 scans, vector
size ¼ 2048, zero filling ¼ 2048, and Gaussian function (exp(t2/2.(0.02)(2))) applied
to the free induction decay prior to Fourier
transform.

DISCUSSION
This study reports the design, construction, and evaluation of a quadrature-13C/quadrature-1H surface coil for
13
C-NMR spectroscopy in humans at 7T.
Six major goals were evaluated for this coil design,
namely isolation between channels, performance of the
trap, quadrature mode of the quadrature-13C coil,
improved SNR, reduced RF transmit voltage, and feasibility of the coil design by 13C-NMR spectroscopy in
vivo in the human calf at 7T.
Isolation between each quadrature-pair was achieved
by overlapping the loops (31), while isolation between
1
H and 13C channels (S13, S14, S23, S24) was achieved at
300 MHz using an LCC trap (15,17). Each 1H loop was
well-decoupled from each 13C loop at 300 MHz (Table
1). Isolation between channels was reproducible when
loading the coil either with a phantom or human leg,
and was consistently below 30 dB in all subjects. A
second resonance was observed on the network analyzer
at 327 MHz, attributed to the higher frequency resonance
of the 13C loop, known as “trap mode,” well above the
1
H resonance frequency (300 MHz) and not used.
The excellent performance of the traps was evident by
the high isolation between channels, and no coupling
was observed at 300 MHz when the quadrature-13C coil
or individual 13C coil was inserted within the quadrature-1H coil, even when the 13C loop was placed at different positions within the quadrature-1H coil.
When reversing the connections of the 13C coil (antiquadrature configuration), a residual antiquadrature signal was observed on the edges of the field of view in the
23
Na images, attributed to the predominantly linear
polarization of the 13C B1 in this region. Note that a clear
void was detected at the center, demonstrating that B1
polarization was close to quadrature.

The RF power required on the 1H channel was similar
to that required by the linear-13C/quadrature-1H coil,
while the SNR was enhanced by 1.4 in vitro and in vivo,
close that expected from theory.
The dimensions of the coil and its support are compatible for further in vivo 13C-MRS studies in other organs
(eg, the human brain), as has been the case for the linear-13C/quadrature-1H coil (10), upon which the current
design is based. Furthermore, the X-nuclei quadrature
design could be extended into an array design for studies
requiring signal enhancement in deeper areas which, in
terms of coil design, require a larger FOV.

CONCLUSION
It is feasible to construct a double-quadrature 13C-1H surface coil for proton-decoupled 13C-NMR spectroscopy in
humans at 7T. The coil design presented in this study
was based on the use of traps inserted in the quadrature-13C coil to ensure sufficient isolation between 1H
and 13C channels, which allowed the measurement of
glycogen C1 natural abundance in the human calf at 7T,
providing an SNR enhancement of nearly 冑2, without
increasing the RF power on the 1H channel while receiving 13C signal. The sensitivity enhancement obtained
with this coil design should allow further extension of
13
C-NMR spectroscopy such as in the human brain.
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