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fluorouracil (5FU) in chemotherapy can be traced inside
the body to observe drug delivery1; also, their conversion
to anabolism that dictates efficacy2 and catabolism that
coincides with toxicity3 can be observed. Moreover, when
using carbon-13 (13C)…labeled tracers like13C glucose,
metabolic conversion to glutamate and glutamine can be
observed dynamically with 13C MRS directly reflecting
neurotransmission metabolism.4 Even without the use of
any exogenous agents, sodium (23Na) MRI has a poten-
tial of measuring intracellular sodium concentration,5,6

which gives information about metabolite clearance in
the brain, as well as extracellular volume fraction, which
helps assess the degree of cell hypometabolism or injury.7

Likewise, phosphorus (31P) MRSI can be used to observe
energy metabolism via detection of adenosine triphos-
phate, phosphocreatine and inorganic phosphate,8 as well
as cell proliferation metabolism by observing phosphor
monoesters and di-esters.9

Detection of metabolites through chemical elements
other than 1H (i.e., X-nuclei) has the advantage that sig-
nals will no longer be overshadowed by signals from
water. Moreover, with X-nuclei MRS, the chemical shift
dispersion between metabolites can be orders of mag-
nitude larger than with 1H MRS, thereby substantially
improving distinction between metabolites. For instance,
in choline metabolism (involved in cell proliferation, and
a biomarker for chemotherapy response), the chemical
shift dispersion between the anabolites (i.e., phospho-
choline) and catabolites (i.e., glycerol phosphocholine)
is only 0.004 ppm through1H detection compared with
4 ppm through 31P detection.

However, the low sensitivity obtained from nuclear
species other than1H poses substantial challenges to
acquiring the MR signals. First, the hardware needs to be
optimized for the highest sensitivity, requiring a strong
magnetic field (i.e., 7 T instead of the clinically available
1.5 T and 3 T) and dedicatedly tuned RF coils. Even if these
two hardware conditions are achieved, the signal inten-
sity of most X-nuclear species is too low for localized B0
shimming. Moreover, the inherent large pixel size of most
X-nuclear MRI, constrained by the low signal-to-noise effi-
ciency,10 cannot efficiently provide the anatomical land-
mark to recognize the region of interest.

Therefore, for convenient and robust B0 shimming
and for the anatomical localization, regular 1H-based
MRI functionality (i.e., a 1H-RF coil) is also desirable for
metabolic X-nuclear MRSI investigations. As a result, most
X-nuclei investigations are in fact multinuclei investiga-
tions (1H +one or more other nuclei).

However, when facilitating RF coil setups for multinu-
clear experiments, the performance will be compromised
when compared with optimized single-tuned RF coils.
This is caused by, for instance, the requirement of RF traps
in multiple single-tuned coils, the use of tank circuits

that can provide a double resonance in the coil, the use
of actively switched capacitors that can alter the tuning
of the coil, or the coupling between the differently tuned
coils, and so forth. Choi et al. made an overview that cov-
ers most double-tuning strategies and the corresponding
prices.11 It is commonly accepted that double tuning is a
game of trade-off. To maximize the SNR for one frequency
(normally that is for X-nuclear), compromise has to be
made on the other frequency (normally that is for1H).
The challenge increases when targeting more than two
nuclear species.

To avoid compromising one frequency for another,
some researchers use single-tuned coils and switch the
coil between scans.12 However, the challenge is thus trans-
ferred to image registration between the sessions. In addi-
tion, there would be no ability to merge1H with X-nuclei
scans, for observing dynamic alterations on both nuclei,
or for reducing overall scan time. Moreover, subject repo-
sitioning is very likely to happen when switching coil,
especially for patient study if no dedicated switching
mechanism is implemented, resulting in extra care of B0
shimming. Consequently, the multinuclear scan sessions
become lengthy and complicated.

The SNR loss from decoupling or multituning circuits
are considered the main setbacks when facilitating mult-
inuclei metabolic imaging, let alone in conjunction with
clinically graded MRI. The complexity and the concern
of stacking up performance losses make it challenging
to design an RF device covering multiple (3 or more)
X-nuclear species.

In our study, we managed to design an RF setup that
can cover five nuclear species (i.e., transmit [Tx] and
receive [Rx]: 1H, 19F, 31P; Rx: 23Na, 13C, at 7 T) in one
scan session, whereas the performance at each individual
frequency is comparable to a dual-tuned coil.

We combined two different types of antennas in this
RF setup: fractionated dipole array and loop array. The
RF waves at the Larmor frequencies of1H and 19F at
7 T approximate far-field13 behavior inside the human
body. Consequently, the most effective antenna setups
are designed to have the Poynting vector of the electro-
magnetic (EM) field directed toward the body.14 By using
an array of dipole antennas, constructive and destructive
waves can be generated and can provide uniform excita-
tion. This is currently the most frequently used setup in
body 1H MRI at ultrahigh fields.

For 13C, 31P, and 23Na, the B1 field is still in the
near-field13 regime; thus, loop coils are preferred
over dipoles for their high SNR.15…17 By placing a
high-frequency dipole at the center of a symmetric
low-frequency loop, RF coupling between them can
be negligible due to the intrinsic orthogonality in RF
fields between the loop coil and the dipole antenna.18

That avoids performance loss from RF coupling between
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F I G U R E 1 31P
(120.68 MHz) B1 fields
generated by a birdcage coil
with 29.5-cm radius (top left)
and one local surface loop from
a receive array (top right).1H
(298.2 MHz) B1 field generated
by a phase-shimmed
eight-channel dipole array
(bottom left) and a single dipole
(bottom right). The B1

+ fields
have been normalized (0 dB) to
the maximum B1

+ field of each
configuration. The white frame
represents a 300×300×
300 mm3 volume for spatial
reference. The virtual human
head load is identical for all
four simulations and is set to be
invisible

two types of antennas and from implementing extra
decoupling circuits.

Figure 1 demonstrates the near-field (121 MHz,31P)
and the far-field (298 MHz,1H) behavior from a numerical
simulation of EM fields from a birdcage body coil, a loop
coil, a dipole antenna array, and a single dipole antenna
in a human head model.19 The direction of wave propaga-
tion (i.e., Poynting vector) of the1H-EM field directs to the
center of the brain, exactly in line with the magnetic field
vector of the loop coil.

Moreover, a high-field strength as 7 T mitigates the
multiple tuning costing more. At the relatively high MR
frequencies that coincide with high fields, the RF losses in
the body can dominate the electronic losses in the coil,20

particularly when a coil is positioned close to the tissue. In
fact, these tissue losses dampen the resonance of the coil
substantially, which reduces the RF coupling between coil
elements. Eventually, as the dominant coupling between
the antenna and the closely positioned loop coil is resolved
by field orthogonality, the coupling between the neigh-
boring loop elements is negligible as standard decoupling
methods (i.e., overlapping and if needed circuitry can
be added to enable additional preamp decoupling, which
was not applied in our version) are already implemented.
An additional benefit of significant tissue load domi-
nance is that losses caused by LC-trap circuits or active
tuning switches can become substantially low to justify

the use of multiple-tuned RF coils with minimal losses
in sensitivity.

This paper shows the design of an RF coil setup for
human brain quintuple-nuclear MRI at 7 T to demonstrate
high sensitivity for 13C, 23Na, 31P and 19F, while facilitat-
ing high-quality conventional 1H MRI. We implemented a
hybrid multiple tuning strategy: An array of eight broad-
band antennas tuned for1H and 19F21 is merged to a
close-fitting array of 15 loops, which are all double-tuned
to the Larmor frequency of 31P and 13C/23Na, and are
switchable between13C and 23Na. Bench-top measure-
ments are compared with single-tuned setups to assess
SNR loss. In vivo metabolic MRSI, and1H MRI compara-
ble to clinical level, were acquired in a single scan session
to demonstrate use of this technology, which we will refer
to as METAscan.

2 METHODS

2.1 RF transmitters and receivers

The introduced RF coil consists of an eight-channel dipole
array, a 15-channel surface loop array, and an interface
platform toward the MR scanner.

The dipole array transmits and receives B1 fields for 1H
and 19F nuclei. Because the Larmor frequencies of1H and
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(A) (B) (D)

(E)

(C)

F I G U R E 2 META brain coil. A, Coil on the 7T MR system including31P birdcage body coil (embedded in system) and23Na and13C
clamp. B, Eight-channel dipole array as RF transceivers for1H and 19F, along with the antenna PCB layout at the bottom. C, Fifteen-channel
receiver array for31P,23Na, and13C. D, Overview of the coil. E, Integrated digital interface platform for the 15-channel receiver array

19F nuclei at 7 T are close to each other (i.e., 298 MHz and
280 MHz respectively), we tune the dipole to a frequency
in between (i.e., 289 MHz; FigureS4), taking advantage of
the broad bandwidth of the fractionated dipole design.14

Figure 2B shows the dipole array with the elements dis-
tributed equally on its cylindrical housing. More pictures
are included in the Supporting Information (Figures S2
and S3).

The surface-loop receiver array is made dual-tuned
and matched for reception of31P and 23Na signals (i.e.,
at 120.6 MHz and 78.8 MHz). A third frequency (13C at
74.9 MHz) is achieved by an active tuning shift. Figure3A
shows a simplified model of the circuitry that facilitates
a single loop coil to be resonant at three frequencies.
Figure 3B shows the general layout of the used loop
coil, where the decoupling segments are omitted for clear
demonstration. The value of Rloaded represents the resis-
tance of the loaded loop; Lloop represents the inductance
of the loop trace. Normal dual-tuning is achieved by the
concatenation of Ctuning,1 and the blue-framed LC trap,
which is a commonly used method for dual tuning.23 The
trade-off between two resonant frequencies can be manip-
ulated by moving the LC trap frequency between the two
target frequencies. The closer the target frequency is to
the LC trap frequency, the lower the SNR is at the target
frequency. As at the exact LC trap frequency, the total resis-
tance of the loop is infinitely high. In our design, we have
the trap frequency at about 100 MHz, which is close to the
middle of the two target frequencies. The red-framed cir-
cuit on top of Ctuning,1 is the key part to shift from 31P-23Na

to 13C. During the default mode, the shifting signal is set
to be+12 V to reversely bias the PIN diode, so that only
Ctuning,1 is effectively connected to the rest of the receiver
loop, leading to resonance at 78.8 MHz and 120.6 MHz.
To shift to the 13C mode, a−5 V DC voltage is applied on
the PIN diode to provide a forward bias current of about
20 mA, so that a second capacitor is effectively added to
the rest of the receiver loop, shifting the lower resonance
from 78.8 MHz to 74.9 MHz. A double-tuned matching cir-
cuit, as yellow-framed in Figure3A, facilitates impedance
matching for 31P and23Na. Because the required matching
capacitance of the loaded loop at the frequency of13C is
close to that of23Na, we did not implement fine-tuning of
impedance matching dedicated for the13C frequency. Tra-
ditional active detuning is implemented for each loop at
two frequencies, 120.6 MHz and 76 MHz (i.e., between the
two lower frequencies of 74.9 MHz and 78.8 MHz), so that
the loops will not interfere with the RF transmitter during
RF excitations. By placing an inductor and a PIN diode par-
allel to a tuning capacitor (i.e., Ctuning,1 in Figure 3), a high
impedance can be formed at the target frequency while
the PIN diode is triggered by the detuning signal from the
MR system. The detuning performance is verified by mea-
suring S21 between the transmitter (i.e.,31P bore coil and
23Na-13C Helmholtz coil) and a pickup probe around the
center of the FOV, with and without the detuned META
brain coil.

In case of detuning failure, malfunction detection as in
normal Philips clinical MR systems is applied. The Philips
digital receivers do constant malfunction detection before
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(A) (B)

F I G U R E 3 A, Model of the circuitry that facilitates a single loop coil to be resonant at three frequencies (Rloaded represents the
resistance of the loaded loop; Lloop represents the inductance of the loop trace). Default mode: a+12 V DC voltage is applied to reversely bias
the PIN diode. Now Ctuning,1 concatenating the blue-framed dual-tuning trap leads to resonance at 78.8 MHz and 120.6 MHz. Shifted mode:
A −5 V DC voltage is applied to forward-bias the PIN diode; Ctuning,3 is added parallel to Ctuning,1, shifting the lower resonance to 74.9 MHz.
B, Brief version of the loop coil•s circuit layout

every RF pulse in the MR sequence by detecting the cur-
rents flowing through the PIN diodes at both forward-bias
and reverse-bias states. The malfunction check is per-
formed separately and simultaneously to every detuning
line. Each loop (with two PIN diodes in series) corresponds
to one detuning line. In case of any positive detection of
malfunction (i.e., any PIN diode failure), no RF pulse can
be generated.

The 15 receiver loops are aligned tightly on a
helmet-shape housing, which fits the head closely. The
alignment of the receiver loops contributes to full cov-
erage of the high-coil-sensitivity region in the brain of
the subject. Figure2C shows the surface-loop array on
the helmet housing. The neighboring dipole antenna
and receiver loops are naturally decoupled by a sym-
metric alignment, which cancels out induced mag-
netic flux. Neighboring surface loops are decoupled by
implementing local overlapping (i.e., the flexible yellow
wires in Figure 2C). At the RF port of each loop, a
double-tuned wire-wound cable trap is implemented to
suppress interference from the common-mode currents
on the outer surface of the receiving cables. Each sur-
face loop is directed to a low-loss diplexer to split sig-
nals of different frequencies. The split signals are fed to
narrow-band low-noise preamplifiers (WanTcom, Chan-
hassen, MN, USA) and digital receivers (Philips, Best, the

Netherlands), for31P on the one hand,13C and23Na on the
other hand.

2.2 Numerical simulations

Numerical simulations of the magnetic fields and the
SAR distribution are done using the simulation plat-
form Sim4Life (Zurich Med Tech, Switzerland) with
finite-difference time-domain technique. The loading con-
ditions of all simulations are identical, which is DUKE
from the virtual human model family, 19 with consistent
positioning relative to the iso-center.

2.3 Bench measurements

The performance of all the aforementioned coil elements
are evaluated for power reflection, coupling, and power
loss (in dB), derived from scattering parameters measured
on the bench through a calibrated vector network analyzer
(TR1300/1 2-Port 1.3 GHz Analyzer; Copper Mountain
Technologies, Indianapolis, IN, USA). Q-factors of receiver
loops are achieved from the same measurements by mea-
suring S21 between two weakly coupled pickup probes
around the resonant coil. As reference, single-tuned coils
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were built with identical dimensions to assess intrinsic
SNR loss caused by multituning.

The bench measurement…based SNR estimation was
calculated according to Hayes and Axel22 as follows:

SNRmulti−tuned

SNRsingle−tuned
=

√
1− Qmulti−tuned,loaded

Qmulti−tuned,unloaded√
1− Qsingle−tuned,loaded

Qsingle−tuned,unloaded

.

2.4 Phantoms

A head-shape model filled with 0.34% saline water is used
for the benchtop and MR measurements on phantoms. In
the center of this phantom, a ping-pong ball is positioned
either filled with highly concentrated phosphate solution
or filled with a 13C-enriched acetate solution.

2.5 MR experiments

All participants provided written informed consent, and
the study was approved by the medical ethics committee
of the University Medical Center Utrecht. The MR exper-
iments were all performed on a 7T MRI system (Philips
Healthcare, Best, the Netherlands) modified to act as a
prototype for the METAscan, located at UMC Utrecht. To
model the METAscan environment, a crafted temporary
bed and a mobile MR-safe trolley are combined to function
as the MR bed, as shown in Figure2A. The coil and the
patient can slide into the bore with this structure. The MR
system is equipped with a31P birdcage coil18,24 (295 mm
radius, 24 rungs) integrated in the bore of the MR scan-
ner. We use this bore coil as a31P RF transmitter in our
study. A Helmholtz clamp25 is used as the23Na-13C head
transmitter for the prototype system.

1H MRI was acquired with 3D turbo field echo
sequence, TE= 2 ms, TR= 7 ms, flip angle (FA)= 8◦, voxel
size= 1×1×1 mm3, FOV=256× 256×200 (right…left)
mm3, and duration= 6:52 min. 31P MRS on phan-
tom was done with a single-voxel FID. 31P MRSI in
vivo was acquired with FID (the voxel size=20× 20×
20 mm3, number of voxels=9×9× 9, TR=71.1 ms,
readout bandwidth= 8000 Hz), number of aver-
ages=70, and duration= 10 min. 23Na MRI was
acquired with ultrashort TE, TE=0.19 ms, TR=80 ms,
FA= 32◦, voxel size=4×4 mm2 in the transver-
sal plane, 10-mm slice thickness, FOV=256× 256
× 160 (feet…head) mm3, radial percentage=230%, band-
width per pixel = 316.5 Hz, and duration=7:53 min. 13C
MRSI was acquired with FID, FOV= 280 (right…left)×280
(anterior…posterior)×240 (feet…head) mm3, voxel

size=20× 20×30 (feet…head) mm3, TE=0.62 ms,
TR=300 ms, FA=25◦, and readout bandwidth=2850 Hz.

2.6 Data processing

The 31P-FID signals from 15 channels are combined
through a whitened singular value decomposition
algorithm26 in MATLAB (MathWorks, Natick, MA, USA).
When calculating the SNR, the signal is integrated over
the FWHM, whereas the noise is taken from the SD of the
no-signal region of the spectrum. The SNR comparison
with the dual-tuned (1H/ 31P) birdcage20 is assessed by
scaling the data to obtain the same SD in the spectral noise,
then taking the integral of the signal in spectral domain.

3 RESULTS

This quintuple-tuned whole-brain setup (i.e., META brain
coil) was successfully constructed (Figure2). It was inter-
faced to a prototype version of the METAscan: a modified
7T MRI system (Philips Healthcare) that has an embed-
ded volume transmitter for 31P and a dual-band23Na-13C
transmit Helmholtz clamp. Intermediate results during
the hardware design and construction show the intrinsic
sensitivity and coupling consequences by bringing all dif-
ferent coils and antennas operating in near and far field,
respectively, at the five frequencies all together. Bench
measurements of the complete setup including numer-
ical simulations confirmed the safe operating condition
of the META brain coil when being applied on a human
head. Finally, successful MR images and spectra expressed
as metabolic maps were obtained from all the1H, 31P,
23Na, and 13C nuclear spins in phantoms and/or healthy
volunteers at 7 T.

3.1 Bench measurements
and simulation results

For the dipoles,−6 dB reflection is achieved at both fre-
quencies of1H and 19F by using a conventional LC match-
ing network. The coupling between any two dipoles is
below −10 dB. The coaxial cables from the antennas had
to be extended to facilitate using the embedded trans-
mit receive switches of the modified MRI system, which
adds 19% extra power loss (i.e., a transmitting efficiency
of −0.9 dB). We performed finite-difference time-domain
simulations (Sim4Life) on the virtual model DUKE19 for
19F and 1H frequencies to predict the SAR and B1+.
Figure 4B…Eshows that B1

+ fields and the SAR maps are
highly similar at the 1H and 19F Larmor frequency, when
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(A) (B)

(C)

(D)

(E)

F I G U R E 4 Finite-difference time-domain (FDTD) simulations of1H and 19F fields (Sim4Life; ZMT, Zurich, Switzerland). A,
Simulation model with Duke from the virtual family, 19 with 8 ×1 W accepted power in quadrature mode. B,1H B1

+ field. C, 19F B1
+ field,

with maximum intensity projection (MIP) of the local specific absorption rate (SAR) for1H (D) and for 19F (E)

applying the same accepted power. Combining with the
B1

+ efficiency measured on the MR scanner, these sim-
ulation results were translated into a maximum average
RF power of 5.4 W of absorbed power per channel with
phase settings optimized for a maximum B1 in the cen-
ter of the brain, including a 30% conservative correction
to deal with potential SAR mismatch between the subject
and DUKE.19 With this constraint, all relevant safety lim-
its are abided (i.e., head SAR limit as 3.2 W/Kg global and
local SAR limit as 10 W/Kg when averaged to tissue masses
of 10 g).27

For the surface loops, when compared with a
single-tuned coil with identical dimensions, the intrinsic
SNR of the META brain coil loops is 70%, 73%, and 85%
for 13C, 23Na and 31P, respectively. Verification shows that
additional losses from adding an active fine-tuning circuit
for 13C are negligible.

The reflection of all receiver loops is better than−17 dB
at the frequencies of31P and 23Na, and−10 dB at the
frequency of 13C. Even in the absence of pre-amplifiers,
the coupling between any transmitting or receiving ele-
ments is under−10 dB. The S-parameter measurements
between neighboring channels are included in the Sup-
porting Information (Tables S1 and S2) as well as
the noise correlation matrices for 13C, 23Na, and 13C
(Figure S1).

The S21 between the31P bore coil and a pickup probe
at the center of the FOV is 0.5 dB lower when the META
brain coil is installed and detuned, compared with when
the META brain coil is not installed in the bore. No local
increment in S21 was detected when moving and rotat-
ing the probe within the FOV. The 23Na-13C transmitter
was tuned and matched with the presence of the detuned
META brain coil; thus, it cannot be measured without the
presence of the local Rx array. With the Rx array detuned,
the S21 between the Helmholtz coil and a pickup probe
within the FOV does not show local enhancement at both
23Na and13C frequencies.

3.2 MR experiments

The 1H channels of the META brain coil are used
for system calibrations (B0 and B1 shimming) and for
anatomic imaging to localize the metabolic MRSI scans.
Figure 5A…Cshows three slices of the1H MRI of a healthy
volunteer, using 3D turbo field echo sequence. Figure5D
shows the B1

+ profile comparison between the META
brain coil and a commercially available (NOVA 8Tx/32Rx;
NOVA Medical) head coil, where the longitudinal axis of
the profile graph represents the transmit field efficiency
(B1

+ normalized to the input power) of the coil. Results
show that the META brain coil is 23% less efficient than the
NOVA coil, while enabling the depiction of five different
nuclei.

We performed 31P MRS on a phantom and MRSI on
a healthy volunteer by transmitting with a 31P birdcage
body coil18,24 embedded in the system and receiving with
META brain coil. The phantom is a head-shape container
filled with 0.33% NaCl solution, with a center-located
ping-pong ball filled with high-concentration phosphate
solution (1 M). When comparing the MRS result with a
dual-tuned (1H/ 31P) birdcage, which was proven by Hen-
driks et al. to be highly efficient for 31P20, the SNR of
the META brain coil is 11% higher in the center of the
setup (Figure6). The MRSI obtained in vivo shows31P-MR
spectra mapped over the entire brain obtained with the
META brain coil. Figure 7 shows a coronal slice of the in
vivo 3D MRSI from the center of the brain obtained with
the META brain coil, where metabolite peaks are clearly
recognizable.

We performed 23Na MRI on a healthy volunteer by
transmitting with a 23Na Helmholtz coil and receiving
with META brain coil. We scanned with an ultrashort TE
sequence, with 0.19 ms TE. Figure8 shows 10 transversal
slices of the image.

We acquired13C MRSI from a healthy volunteer with-
out using 13C-labeled compounds. Considering the low
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(A) (B) (C) (D)

F I G U R E 5 A…C, Three slices from the1H-3D anatomical images of three different orientations, turbo field echo (TFE), TE=2 ms,
TR=7 ms, flip angle (FA)= 8◦, voxel size=1×1×1 mm3, FOV=256×256×200 (right…left [RL]) mm3, and duration=6:52 min. D, B1

+

amplitude profile along the yellow line in (A), by META brain coil (red) and NOVA8 (blue)

F I G U R E 6 31P-MRS signals based on phantom scans with a
dual-tuned head birdcage (blue) and with META brain coil (red),
normalized to the noise

percentage of natural-abundance13C, which is about 1.1%
of Carbon atoms, we look at the frequency of relatively
abundant fatty acid chains. Figure9 shows a transversal
slice from the center of the brain of a volunteer. High sig-
nals appear around the skull, where lipids concentrations
are highly abundant.

4 DISCUSSION

In this study, we used the field orthogonality of far-field
and near-field antenna and coil designs to merge RF arrays
tuned to multiple frequencies and could confirm negligible
RF coupling between elements at all relevant frequen-
cies. Indeed, for the two highest Larmor frequencies of1H
and 19F at 7 T (298 and 280 MHz), we can clearly observe

far-field behavior as expressed in simulated and measured
B1

+ maps that show shorter wavelengths than the size of
the human head, while for the Larmor frequencies of23Na,
13C and31P at 7 T (74.9, 79, and 120 MHz), the wavelength
is much larger than the head.

Consequently, dipole antennas that are placed at a cer-
tain distance to the tissue to build up the wave can be
optimally merged with loop coils that are best positioned
close to the tissue. Moreover, as these loops are positioned
close to tissue, they remain in tissue load dominance,
providing an acceptable low loss while facilitating both
double tuning and actively switched tuning in the same
loop. Altogether, a high-performance RF setup is shown
that can detect23Na, 13C, 31P, 19F, and 1H in a single scan
session.

The 1H part of the quintuple tuned setup showed high
transmit efficiency, which is about 77% (i.e., 1.1 dB loss) of
a commercial single-tuned 7T head coil (NOVA8; NOVA
Medical) in terms of B1

+/
√

Paccepted. The loss in efficiency
is partially (i.e., 11% or 0.5 dB loss) due to the long cables
(∼3 m) of the prototype METAscan system, and will be
resolved when the Tx/Rx switches are embedded in the
table (as is the case for driving the commercial head coil).
The rest of the loss (i.e., 13% or 0.6 dB loss) is well explained
by the impedance mismatch (i.e., about−6 dB) of the
antennas due to deliberately tuning the antennas between
the Larmor frequencies of1H and 19F, to cover both fre-
quencies. Compared with the commercial reference coil, it
is expected that the tissue load (human head) is identical
in both setups, and eight channels were available for both
setups to provide the constructive RF phase shimming.
The 19F channel performance is highly similar to that of
1H, according to the S-parameter measurements and the
EM simulations.

The 31P, 23Na, and 13C channels show intrinsic losses
of at max 15%, 27% and 30%, respectively, compared with
single-tuned coils of the same dimension. The intrinsic
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(A) (B)

F I G U R E 7 Scan result from a brain31P-MRSI FID, TR= 71.1 ms, FA=13◦, voxel size=20×20×20 mm3, number of voxels= 9×9×9,
readout bandwidth= 8000 Hz, Hamming-weighted number of averages (NSA)=70, and duration= 10 min. A, Slice from the 3D data set
showing the spectral map at full brain coverage; the background image is overlaid manually for illustration. B, Spectrum of the marked voxel
of (A). Abbreviations: ATP, adenosine triphosphate; PCr, phosphocreatine; PDE, phosphor di-esters; Pi, inorganic phosphate; PME, phosphor
monoesters

F I G U R E 8 Sodium image made with ultrashort TE (UTE), TE= 0.19 ms, TR=80 ms, FA=32◦, 4×4 mm2 in plane, 10-mm slice
thickness, FOV=256 (RL)×256 (AP)×160 (FH) mm3, radial percentage=230%, bandwidth per pixel=316.5 Hz, and duration=7:53 min.
Abbreviations: AP, anterior…posterior; FH, feed…head; RL, right…left

SNR losses are based on the assumption that total noise is
the summation of sample noise and coil noise.

In terms of MR experiments, the31P channel showed
a gain of 10% in SNR when compared with a high-SNR
1H-31P dual-tuned head birdcage,20 from a small volume in
the center of the coil. We attribute this improvement to the
tight-aligned and well-decoupled loops. The good coverage
over the surface of the head benefits the sensitivity to sig-
nals, which is also reflected in the in vivo MRSI, in which
a good sensitivity coverage over the entire brain is shown.
Simultaneously, sufficient decoupling prevents the spread-
ing of noise between different receiving channels. Further
SNR gain is observed toward the periphery of the brain.

23Na MRI was acquired with a small flip angle of 32◦,
because the imaging was done with a very conservative
SAR limit, which is the total accepted average power by
the transmit coil subjected to the global SAR limit, assum-
ing no power loss outside the subject. However, the image
quality is similar as reported.28 With a proper 23Na trans-
mitter and a normal SAR limit, the SNR efficiency should
be higher.

According to the bench-measured Q-factors, no signif-
icant SNR loss has been caused by the23Na-13C shifting
circuit, attributing to the low noise and low forward resis-
tance of the used PIN diode and the small frequency shift
(4 MHz of 79 MHz).
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(A) (B)

F I G U R E 9 13C in vivo 3D MRSI. A, Transversal slice: FOV= 280 (RL)×280 (AP)×240 (FH) mm3, acquisition voxel size= 20×20×
30 (FH) mm3, TE=0.62 ms, TR= 300 ms, FA=25◦, readout bandwidth=2850 Hz, and scan duration=17:06 min. The proton image projected
is acquired from a survey scan of the same scan session. The brightness (yellow) of each voxel indicates the signal intensity. B, Spectrum from
the red-framed voxel in (A). The spectrum is processed with jMRUI using manual zero and first-order phasing and 20-Hz line broadening

With this quintuple-tuned RF setup, signals from mul-
tiple nuclei can be acquired in one scan session, allow-
ing us to trace a large number of bio-markers.19F MRS
is useful for tracing a variety of fluorinated drugs (e.g.,
5FU, Fluvoxamine), providing unique information about
patients• responses. More straightforwardly,19F MRI by
applying fluorinated tracers, which is one of the earliest
MRI contrast agents,29 opens up a new approach to molec-
ular and cellular imaging. 31P MRI has been well-known
for energy metabolism study.23Na MRI has opened a wide
window in neurological study by providing new informa-
tion for assessing ion homeostasis and cell integrity.7 Not
to mention 13C MRI or MRS: As the wide existence of Car-
bon compounds in human body,13C MRI and MRS have
a huge potential if proper labeling is applied. Moreover,
when studying these versatile bio-markers, the1H chan-
nels provide anatomy images that are expected to meet
clinical requirements.

In conclusion, we demonstrated a successful integra-
tion of an RF coil configuration for multinuclear MRI and
MRSI that could detect23Na, 13C, 31P,19F, and1H in a sin-
gle scan session. Because tracers are generally required for
13C and19F, we show natural abundance 3D images of only
31P, 23Na, 13C, and 1H in a healthy human brain. Since
the frequency of19F is close to1H, we do not expect the
sensitivity to be different for these nuclei. Excluding the
preparation time, the acquisition time for the1H, 31P, and
23Na scans can be less than 25 min in total or when adding
13C to 42 min, paving the way to incorporate metabolic
MRI of all five nuclei into one scan session of acceptable
scan time.
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Table S1.S-parameters between receiver loops
Table S2.S-parameters between dipoles and the surround-
ing receiver loops; only two dipoles are sampled
Figure S1. Noise correlation matrices of the 15-channel
loop array at all three resonances, measured with a
head-shape phantom filled with 0.34% saline water
Figure S2. 1H-19F dipole array during bench measure-
ments
Figure S3. PCB layout of the1H-19F dipole array
Figure S4. Impedance matching of a1H-19F dipole
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