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A B S T R A C T

Sodium (23Na) magnetic resonance imaging (MRI), especially brain applications are increasingly interesting
since sodium MRI can provide additional information about tissue viability and vitality. In order to include
sodium MRI in the clinical routine, a single RF setup is preferable which provides high sodium sensitivity and full
proton performance in terms of signal-to-noise ratio (SNR) and parallel imaging performance. The aim of this
work was to evaluate the feasibility of a double resonant receive (Rx) coil array for proton and sodium head MRI.
The coil was designed to provide high sodium SNR and full proton performance comparable to commercial coils
which are optimized for sodium MRI or for proton MRI, respectively. A measurement setup was built which
comprised an 8-channel Rx degenerate Birdcage for sodium imaging and an 8-channel Rx array for proton
imaging. The performance of the coil was evaluated against commercial sodium and proton coils using phantom
and in-vivo measurements of two healthy volunteers.

1. Introduction

Sodium (23Na) magnetic resonance imaging could be used by clin-
icians as an additional diagnostic tool next to conventional proton MRI.
Besides different applications in the body [1–4], brain applications [5]
are especially increasingly interesting since sodium MRI can give ad-
ditional information about tissue viability and vitality [6–9]. Previous
studies dealt for example with stroke [10,11], brain tumor [12,13],
Alzheimer [14] or multiple sclerosis [15–17].

Nevertheless, sodium MRI is challenging due to its fast relaxation
times and low MR sensitivity (approximately 10,000 times lower
compared to proton (1H) in-vivo). In order to overcome these chal-
lenges, the use of special sequences [18–20], post-processing techni-
ques [3,21,22] and dedicated radio frequency (RF) setups [23] is cru-
cial. A commonly used technique for homogeneous excitation and high
receiver sensitivity is the transmit-only receive-only (ToRo) approach
[24] which has been shown to be feasible for different sodium RF setups
in previous works [25–28].

In general sodium MRI can be included in the clinical routine using
a single resonant 23Na coil. This coil can be realized as a transmit-re-
ceive (TxRx) coil or a ToRo setup composed of a separate transmit (Tx)
and a separate receive (Rx) coil. The sodium coil can be used in com-
bination with the systems 1H body coil for registration to proton MRI. In

the same way also a double resonant 1H/23Na coil can be used. Anyway,
in order to perform different relevant clinical 1H protocols (e.g. T1

weighted, T2 weighted, diffusion tensor imaging, time-of-flight etc.)
proton coils with high SNR and good parallel imaging performance are
needed in order to reduce scan time. In case of a single resonant sodium
setup or a double resonant setup which cannot provide full 1H perfor-
mance, a coil exchange is needed which increases total measurement
time and decreases patient comfort.

Many different approaches for a double resonant coil setup have
been presented before [25,26,28–33]. These setups focused on the
technical innovations and the SNR performance of the non-proton coils.
The proton coils in these setups were only used to perform basic mor-
phological imaging for localization but a comparison to commercial
coils in terms of parallel imaging performance was not yet presented.

The aim of this work was to build a double resonant 8-channel 1H
(fres 1H= 123.2MHz)/ 8-channel 23Na (fres 23Na= 32.6MHz) receive-
only head array for MRI at 3 T with high sodium sensitivity and full
proton imaging performance in terms of SNR and parallel imaging
performance. In order to evaluate the feasibility of such a setup, sodium
SNR performance was compared to a commercially available sodium
head coil. Additionally, SNR, as well as parallel imaging performance
for proton imaging was evaluated against a commercially available
proton Rx head array. Both comparisons were performed using
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phantom measurements and in-vivo measurements of two healthy vo-
lunteers.

2. Material and methods

2.1. Sodium array

An image of our coil is depicted in Fig. 1A. A general circuit diagram
and a detailed circuit diagram are given in Fig. 1B and C. The sodium
coil was built as a degenerate Birdcage (DGB) coil [34]. This structure is
a conventional band-pass Birdcage [35] but the capacitors in the legs
are adjusted in a way that the different modes of the Birdcage collapse.
The DGB resulted in 8 independent Rx channels (8Rx 23Na coil). The
coil structure was made of flat copper conductor (width=6mm,
thickness= 0.1mm) and mounted on a PVC tube with an outer

diameter of 250mm. The dimensions of the 8Rx 23Na coil elements
were 98mm in x-direction and 240mm in z-direction (the dimensions
were measured on a plane). The coil elements were split by capacitors
(501 CHB JCL, Exxelia Temex, Paris, France) at four positions, two in
the ring segments and two in the legs. The capacitors in the legs were
used to decouple nearest neighboring coils. The capacitors in the ring
segments were used to tune the individual coil elements. One of the
tuning capacitors was split to generate a virtual ground. At this position
the preamplifier (Stark Contrast GmbH, Erlangen, Germany) was con-
nected via a capacitive matching network. A sodium cable trap (Fig. 1D)
was positioned between the coil element and the preamplifier (distance
to the coil 7 mm and distance to the preamplifier 15mm). The trap was
made of wound coaxial cable (RG 316C, Habia Cable GmbH, Ulm,
Germany) bridged by a capacitor and shielded with copper tape. The
shielding stabilized the tuning of the proton trap since it presented a

Fig. 1. A Image of the 8Rx 1H/ 8Rx 23Na
coil. The 8Rx 23Na coil is highlighted with
the solid black lines and the 8Rx 1H coil
with the dotted blue lines. The proton traps
are marked with the yellow circles. B Part of
a simplified circuit diagram of the 8Rx 1H/
8Rx 23Na coil with two 8Rx 23Na coil ele-
ments (in black) and three 8Rx 1H coil ele-
ments (in blue). C Magnified circuit dia-
gram of a single 8Rx 23Na (black) and a
single 8Rx 1H (blue) coil element. Sodium:
CtNa and CtvarNa are for tuning the coil to the
resonance frequency. CmNa is for matching
the coil and CdecNa is for decoupling nearest
neighboring coils. LdetNa is for active de-
tuning and LDCNa for separating the RF and
DC lines. Proton: Ct1H, Ct2H and CtvarH are
for tuning the coil to the resonance fre-
quency. CmH is for matching the coil. LdetH
is for active detuning and LDCH for separ-
ating the RF and DC lines. D Magnified
images of an exemplary cable trap in a top
and a front view. E Image of the commercial
12Rx 1H coil. F Image of the commercial
1TxRx 1H/23Na coil. (For interpretation of
the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)
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steady grounding. A proton trap (Fig. 1A; Fig. 2B and C) was added to
each leg and every second ring segment of the 8Rx 23Na coil. This was
done to avoid interactions between the sodium and the proton Rx array
as well as protect the sodium Rx coil elements during the proton
transmission. The two-stage trap design was chosen [36]. It comprised
an inductor bridged by a capacitor and an additional capacitor in series.
The inductor was made of wound enameled copper wire. The inductor
value was set to 300 nH. The value of the capacitor in parallel to the
inductor (Cpar) and the capacitor in series (Cser) was calculated using
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with ωNa being the sodium Larmor frequency and ωH the proton Larmor
frequency. This design was chosen since it presents a high impedance at
the blocking (proton) frequency and a low impedance at the resonance
(sodium) frequency. This avoids the need of retuning the 8Rx 23Na coil
element in a large scale after insertion of the trap circuit. Nevertheless,
a slight frequency shift can still appear when the trap circuit is inserted.

The structure of the 8Rx 23Na coil was first modeled for electro-
magnetic simulations (CST Computer Simulation Technology GmbH,
Darmstadt, Germany) to obtain the values of the capacitors roughly.
The 8Rx 23Na coil was then constructed iteratively. Each coil element
was first tuned to the sodium resonance frequency. Then the proton

traps were added consecutively. After the insertion of a trap circuit, the
resonance frequency of the coil element was readjusted to the initial
resonance frequency if a frequency shift occurred. This was done by
changing the value of the series capacitor of the trap circuit.

After the insertion of the traps, the coil element was decoupled from
its neighbors by adjusting the capacitor in the common leg. This was
done using transmission S-parameter measurements. Afterwards, each
coil element was tuned and matched and preamplifier decoupling [37]
was adjusted by varying the series and parallel capacitor of the
matching circuit. Tuning and matching, as well as preamplifier de-
coupling, were optimized iteratively until both, preamplifier decou-
pling and tuning and matching, were adjusted. This process was re-
peated for each channel. Finally, all individual channels were re-
adjusted while the other coil elements were resonant and equipped with
a preamplifier.

In order to reduce SNR losses due to coil coupling, the Rx coil ele-
ments were matched in a broadband fashion [38]. The highest coupling
was found between the next nearest neighboring coil elements. The two
frequencies of the coupled coil elements were measured using a double
pick-up loop while both coil elements are resonant (without pre-
amplifier) and while the other coil elements are detuned [39]. The
coupling coefficient k was calculated using

=
∣ − ∣
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with f1 the frequency of the upper mode and f2 the frequency of the
lower mode. The optimum broadband matching impedance was then
calculated using

= +z jkQ| | |1 | (4)

with Q the loaded Q-factor of a sodium coil element. The sodium coil
elements were matched to this reflection factor at the resonance fre-
quency with the impedance circle of the reflection S-parameter en-
circling the center of the smith chart [25,40].

In order to protect the Rx coil elements during transmission, an
active detuning circuit was added to each coil element. This detuning
circuit consisted of an inductor made of wound enameled copper wire
which was placed in parallel to one of the split tuning. The inductor was
adjusted in a way that it presents, together with the parallel capacitor,
an open (high impedance) at the resonance frequency of the coil ele-
ment which makes the coil element off-resonant. A PIN diode
(MA4P7470F-1072T, MACOM GmbH, Stuttgart, Germany) was used to
control this detuning circuit which was controlled by a DC signal pro-
vided by the MR system. The DC line is connected to the PIN diode
using a 15 μH inductor (71.30 - M, Richard Jahre GmbH,
Wilhelmshaven, Germany) to separate the AC and DC lines.

2.2. Proton array

The proton Rx array (8Rx 1H coil) consisted of 8 Rx coil elements.
The dimensions of the coil elements were 131mm in x-direction and
216mm in z-direction. The individual coil elements were decoupled
using overlap decoupling. The coil elements were built in an octagonal
shape to decrease capacitive coupling at the overlap positions. The coil
element's size in z-direction was shorter compared to the 8Rx 23Na coil
to avoid large overlapping areas of the conductors. This was done to
decrease capacitive coupling between the 8Rx 23Na coil and the 8Rx 1H
coil. The geometry of the 8Rx 1H coil elements in terms of overlap was
found iteratively using electromagnetic simulations. In order to find the
optimal overlap, two 8Rx 1H coil elements were simulated with their
center shifted 45° towards each other on top of the detuned sodium
DGB. Both were tuned to the Larmor frequency of proton. Then the
width of both coil elements was changed gradually until a decoupling of
at least −15 dB was reached.

For the measurement setup the coils were made of flat copper tape

Fig. 2. A Measured S-parameters of the proton trap. The solid blue line in-
dicates the reflection parameter and the dashed red line the transmission
parameter. The sodium frequency (fNa) is 32.6MHz and the proton frequency
(fH) is 123.2MHz. A −62.4 dB proton suppression could be found. B Image of
an exemplary proton trap. C Circuit diagram of the proton trap with the re-
spective component values. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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(width=3mm, thickness= 0.1 mm). Each coil element was split four
times by a capacitor. One of the capacitors which were placed at the
end of the coil element in z-direction was split to generate a virtual
ground. At this point, each coil element was connected to the pre-
amplifier (Siemens Healthcare GmbH, Erlangen, Germany) via a capa-
citive matching network. A proton cable trap was placed between the
coil element and the preamplifier. The cable trap was built as described
for the sodium coil elements (distance to the coil element 30mm and
distance to the preamplifier 15mm). Each coil element was built on a
flexible FR4 board (thickness= 0.2 mm) and tuned to the resonance
frequency. The coil elements were placed on top of the legs of the 8Rx
23Na coil (Fig. 1). The overlap distance was checked for optimum de-
coupling using transmission S-parameter measurements. During the
mounting process the 8Rx 23Na coil was detuned (as it is during the
proton measurement). The optimum matching impedance for the
broadband match was found as described for the 8Rx 23Na coil.

Additionally, each coil element was equipped with a PIN diode
driven detuning network. Finally, the elements of the 8Rx 23Na coil
were readjusted when needed with the proton array detuned.

2.3. Measurements

2.3.1. Phantom
All measurements were performed on a clinical 3T Tim Trio MR

system (Siemens Healthcare GmbH, Erlangen, Germany). Phantom
measurements were performed using a bottle shaped phantom (dia-
meter= 115mm, length=205mm) filled with 3.75
NiSO4x6H2O+5 g NaCl. For each SNR scan a noise measurement was
performed with the same sequence parameter but without transmit
power. The single channel SNR maps were combined using the matched
filter approach [41]:

∑= ∙ ∙− ∗SNR siSNR R siSNR
ik

i ik k
1

(5)

with siSNR the single channel SNR maps and R the noise correlation
matrix.

23Na imaging: Sodium imaging was performed using a 3D density
adapted radial sequence [19] with the following parameters: TE/TR/
TA=1ms/100ms/4min, flip angle= 48°, FoV= (250mm)3, iso-
tropic resolution=6×6×6mm3, projections= 2500.

Flip angle adjustment was performed before each scan by increasing
the pulse length of a rectangular non-selective pulse using a fixed
transmit power. The pulse length was increased until the maximum
signal amplitude was measured globally.

For 23Na transmission, a 1H compatible linear polarized Helmholtz
coil (1 Tx 23Na) (Rapid Biomedical GmbH, Würzburg-Rimpar,
Germany) was used (distance of the Helmholtz pair= 380mm, polar-
ization in anterior - posterior direction). For reference, images acquired
with a circular polarized double resonant 1H/23Na transceiver head
Birdcage coil (commercial 1TxRx 1H/23Na coil, Fig. 1 F) (Rapid Bio-
medical GmbH, Würzburg-Rimpar, Germany) was used.

Sodium B1
+ maps were acquired with and without our array using

the double angle method [42].
1H imaging: Proton images were acquired using a gradient echo

sequence with the following parameters: TE/TR/TA=10ms/100ms/
20 s, flip angle= 90°, FoV=143×143mm2 (transversal);
220×176mm2 (sagittal and coronal), resolu-
tion=0.56×0.56×5mm3 (transversal); 0.86× 0.86× 5mm3 (sa-
gittal and coronal).

For 1H transmission, the systems large-volume birdcage bodycoil
was used. A reference measurement was performed using a 12-channel
head Rx coil (commercial 12Rx 1H coil, Fig. 1F) (Siemens Healthcare
GmbH, Erlangen, Germany) and also the systems transmit coil for 1H
transmission.

In order to evaluate parallel imaging performance, g-factors were

calculated using the SENSE [43] formalism on the images acquired with
the commercial 12Rx 1H coil and with the 8Rx 1H/ 8Rx 23Na coil.

Proton B1
+ maps were acquired with and without the 8Rx 1H/ 8Rx

23Na coil using the double angle method.

2.3.2. In-vivo
All methods were performed according to the relevant guidelines

and regulations. The in-vivo head scans were approved by the local
Institutional Review Board and acquired with prior written informed
consent. In-vivo images were acquired of two healthy male volunteers
(25 and 29 years old).

23Na imaging: The 3D density adapted radial sequence was used
with the following parameters: TE/TR/TA=0.74ms/32ms/6:24min,
flip angle= 48°, FoV=250mm, isotropic resolution=4×4×4mm,
projections= 12,000. The noise scan for channel combination was
performed with the same parameters but with only 1200 projections
and no transmit power applied.

1H imaging: Proton images were acquired using a gradient echo
sequence with the following parameters: TE/TR/TA=10ms/100ms/
20 s, flip angle= 25°, FoV=220×220mm2 (transversal);
240× 192mm2 (sagittal and coronal), resolu-
tion= 0.86×0.86×5mm3 (transversal); 0.94×0.94×5mm3 (sa-
gittal and coronal).

In order to evaluate the g-factors the same formalism as for the
phantom measurements were used. The images were acquired with the
commercial 12Rx 1H coil and with the 8Rx 1H/ 8Rx 23Na coil.

3. Results

3.1. Measurement results

3.1.1. Proton trap
The measured reflection and transmission S-parameter of one ex-

emplary proton trap are depicted in Fig. 2A. For the transmission
parameter, −0.8 dB at the sodium and −62.4 dB at the proton fre-
quency were achieved. Reflection parameters of −42.6 dB at the so-
dium frequency and −1.7 dB at the proton frequency were measured.

3.1.2. S-parameter and broadband matching
Coupling between the proton and sodium coil elements was in the

worst case −60 dB at the proton frequency (123.2 MHz) and −50 dB at
the sodium frequency (32.6 MHz).

23Na array: The decoupling between nearest coil elements was
−16.4 ± 2.4 dB (average ± standard deviation, calculated from the
dB values), worst case decoupling was −13 dB. Active detuning of the
different coil elements was −26.8 ± 1.9 dB (worst case −23 dB).
Preamplifier decoupling for the different coil elements was
−26.4 ± 3.1 dB (worst case −21 dB).

Highest coupling occurred between the next nearest neighboring
coil elements (−14 dB). The loaded Q-factor of the sodium coil ele-
ments was 140 (Q-loaded to Q-unloaded ratio= 0.93) which resulted
in a reflection factor for the broadband matching of in r=0.24.

1H array: The decoupling between nearest coil elements was
−16 ± 3.4 dB (worst case −12.5 dB). Active detuning of the different
coil elements was −30.6 ± 3.2 dB (worst case −25 dB). Preamplifier
decoupling for the different coil elements was −25.1 ± 4.6 dB (worst
case −18 dB).

The coupling between next nearest and nearest coil elements was
almost similar (−16 dB). The reflection factor for broadband matching
was calculated to be r=0.56 with a loaded Q-factor of 120 (Q-loaded
to Q-unloaded ratio= 0.92).

3.1.3. Phantom
The SNR results of the phantom measurements are depicted in

Fig. 3. The top row shows the ratios of the SNR maps in the central
sagittal, coronal and transversal slice for the 8Rx 1H/ 8Rx 23Na coil
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relative to the reference coils (for sodium: commercial 1TxRx 1H/23Na
coil, for proton: commercial 12Rx 1H coil).

The mean SNR ratios were evaluated in an inner and an outer region
of the phantom as well as in the total image. For the proton measure-
ments the inner SNR mean was between 0.82 and 0.92, the outer mean
between 0.91 and 1.12 and the total mean between 0.86 and 1.01. In
the sagittal and coronal slices the SNR of the commercial 12Rx 1H coil
was higher in the right part of the shown images, which is related to the
upper brain region in in-vivo applications. This is the case due to the
bent structure of the commercial 12Rx 1H coil (Fig. 1 E).

For the sodium measurements the inner SNR mean was between
0.98 and 0.99, the outer mean between 1.15 and 1.17 and the total

mean between 1.06 and 1.11.
The profiles of the individual SNR maps in x- and y-direction are

given in the last two rows.
The calculated g-factors for the proton measurements are given in

Fig. 4. G-factors were computed for reduction factors (R) of 2 and 3 in
both phase encoding directions (anterior - posterior (AP) and left - right
(LR)). The novel 8Rx 1H coil outperforms the commercial 12Rx 1H coil
for each comparison except for the maximum g-factors in anterior-
posterior direction with a reduction factor 3.

No g-factors were calculated for the sodium array since due to the
low SNR commonly no acceleration is used.

The ratios of the B1
+ maps for the proton and sodium measurements

Fig. 3. Top row: SNR ratios in the central sagittal, coronal and transversal slice were calculated for the 8Rx 1H/ 8Rx 23Na coil relative to the reference coils. The gray
dotted lines indicate the inner and outer regions of mean SNR calculations. For proton the SNR ratios were, except for the coronal cut, below one. For sodium all
ratios were bigger than one. The black lines indicate the positions of the SNR profiles in x- and y-direction. The profiles are plot in the last two rows with the dotted
blue line for the 8Rx 1H/ 8Rx 23Na coil and solid red for the reference coils. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 4. G-factor maps for proton imaging in the
central transversal plane of the phantom mea-
surements for a reduction factor of 2 and 3. The
measurements were performed with the 8Rx 1H/
8Rx 23Na coil and with the commercial 12Rx 1H
coil. The g-factor maps were computed in the
anterior-posterior and in the left-right direction.
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(ratio with our coil/without our coil) are depicted in Fig. 5. The B1
+

map ratios of the sodium measurements show minor differences. For
the proton measurements higher changes can be detected especially in
the coronal direction. Therefore, we lowered the proton specific ab-
sorption rate (SAR) limit accordingly.

3.1.4. In-vivo
The in-vivo SNR measurements in the central sagittal, coronal and

transversal slice of the two healthy volunteers (subject 1 and 2) are
provided in Fig. 6. The reference SNR maps were acquired for the
proton images using the commercial 12Rx 1H coil and for the sodium
images the commercial 1TxRx 1H/23Na coil. In case of the proton SNR
maps the mean SNR value inside and outside of the marked region are
lower for the 8Rx 1H coil. An SNR drop can be seen especially inside the
marked region in the sagittal and coronal slices. This is due to the cy-
lindrical shape of the 8Rx 1H coil. The bent shape of the commercial

12Rx 1H coil covers this region of the brain much better. In case of the
sodium SNR maps the SNR of the 8Rx 23Na coil are higher compared to
the commercial 1TxRx 1H/23Na coil especially in the periphery of the
head. This is due to the higher sensitivity of the 8Rx 23Na coil near to
the coil elements. The 8Rx 23Na coil also reveals a larger sensitivity
region compared to the commercial 1TxRx 1H/23Na coil which can be
seen in the neck region in the sagittal and coronal SNR maps.

The in-vivo g-factor maps of the two volunteers (subject 1 and 2) in
the central transversal slice are given in Fig. 7. G-factors were calcu-
lated in anterior-posterior and left-right direction for a reduction factor
of 2 and 3. The mean g-factors in case of R=2 are comparable for the
8Rx 1H coil and the commercial 12Rx 1H coil. In case of R=3 the mean
as well as the maximum g-factors are higher for the 8Rx 1H coil com-
pared to the commercial 12Rx 1H coil.

The proton performance of the 8Rx 1H/ 8Rx 23Na coil is slightly
disadvantageous compared to the commercial 12Rx 1H coil in terms of
SNR as well as parallel imaging. In case of sodium the 8Rx 1H/ 8Rx 23Na
coil outperforms the commercial 1TxRx 1H/23Na coil. In summary, we
achieved complete 1H performance with comparable SNR and parallel
imaging performance and enhanced 23Na sensitivity using a single
double resonant coil compared to the commercial single resonant coils.

4. Discussion and conclusion

We developed an 8-channel sodium and 8-channel proton double
resonant Rx head coil (8Rx 1H/ 8Rx 23Na coil) for MRI at 3T. The
combined design of the DGB for the 8Rx 23Na coil and the conventional
overlap design for the 8Rx 1H coil was chosen to facilitate the manu-
facturing process. The 8Rx 23Na coil could be mounted on the coil
support without readjusting the dimensions of the array. Decoupling
could be simply done using the decoupling capacitors in the 8Rx 23Na
coil legs. This was of special benefit to re-adjust decoupling properties
after the proton array was mounted on top of the sodium array. Any
geometric changes of the 8Rx 23Na coil would have been hard to realize
since it was covered by the 8Rx 1H coil. In any case, a realization of the
8Rx 1H coil as a DGB could be also considered.

A possible impact on SNR due to coupling between nearest and next

Fig. 5. Ratios of B1
+ maps in the central sagittal, coronal and transversal plane.

The ratios were computed using the B1
+ maps acquired with the 8Rx 1H/ 8Rx

23Na coil relative to the B1
+ maps acquired without the 8Rx 1H/ 8Rx 23Na coil.

Fig. 6. (Left) In-vivo proton and (right) sodium SNR maps in the central sagittal, coronal and transversal plane of the two healthy volunteers (subject 1 and 2). The
SNR maps were acquired using the 8Rx 1H/ 8Rx 23Na coil and the reference coils (commercial 12Rx 1H coil for proton imaging and commercial 1TxRx 1H/23Na coil
for sodium imaging).

M. Malzacher, et al. Magnetic Resonance Imaging 59 (2019) 97–104

102



nearest neighboring coil elements was tried to be avoided by using the
broadband matching approach [25,40]. This approach was chosen to
avoid additional decoupling circuitry.

Many different designs have been proposed lately for double re-
sonant coil setups. Most often, a nested design has been shown in which
the higher frequency coil elements have been placed within the lower
frequency coil elements [25,31,32]. These designs have been often
realized as transceiver coils for both or at least one nucleus. We did not
choose such a design since usually additional transformer decoupling is
needed for the inner nested coil elements. This is more complicated to
realize and may introduce additional losses. Another point is that the
preamplifier cannot be placed directly at the coil element input due to
the TxRx switch circuitry which can cause SNR loss. A benefit of the
transceiver design is that additional protection fuses are not needed
which are necessary for commercial Rx only coils. A fuse is an addi-
tional protection during transmission. In case the active detuning cir-
cuit fails, the Rx coil becomes off-resonant when the fuse breaks since
this opens the coil at the place of the fuse. Such a fuse will add re-
sistance to the coil and decrease SNR. It was found for the nested
transceiver setups that no additional trap circuits are needed depending
on the distance of the two frequencies under investigation [32]. Such
trap circuits are needed to mitigate coupling between coils of difference
resonance frequencies. Therefore, the two-staged trap design was se-
lected which presents minimum insertion losses at the resonance

frequency with the highest possible impedance at the trap frequency.
Due to these traps, no additional proton cable traps were needed for the
sodium Rx elements. Nevertheless, three proton traps had to be added
to each sodium coil element due to the electrically large DGB structure
of the sodium coil. This added up to 2.4 dB losses to each coil element
which will also decrease SNR.

In order to compare the performance of the 8Rx 1H/ 8Rx 23Na coil to
the commercial solutions we performed phantom and in-vivo measure-
ments. In terms of SNR the 8Rx 1H/ 8Rx 23Na coil produced comparable
results to the commercial solutions in the phantom measurements. The
proton SNR of the 8Rx 1H coil was lower especially in the regions were
the design of the commercial 12Rx 1H coil is beneficial due to its bent
structure but in the g-factor measurements the coil performances are
almost equal. The sodium SNR of the 8Rx 23Na coil was higher, espe-
cially in the periphery of the phantom compared to the commercial
1TxRx 1H/23Na coil. In the in-vivo measurements again the SNR per-
formance of the 8Rx 1H coil is lower compared to the commercial 12Rx
1H coil especially in the top head region which is due to the bent design
of the commercial 12Rx 1H coil. For the g-factor calculations the mean
and maximum g-factors of the 8Rx 1H coil were higher compared to the
commercial 12Rx 1H coil especially for a reduction factor of 3 which
can be explained by the higher coil number of the 12Rx 1H coil which is
beneficial for parallel imaging. The sodium in-vivo measurements re-
vealed a higher SNR of the 8Rx 23Na coil compared to the commercial

Fig. 7. In-vivo proton g-factor maps of the two healthy volunteers (subject 1 and 2) in the central transversal plane for a reduction factor of 2 and 3. The g-factor maps
were calculated for the anterior-posterior and left-right direction. The maps were acquired using the 8Rx 1H/ c8Rx 23Na coil and the commercial 12Rx 1H coil.
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1TxRx 1H/23Na coil.
The 1Tx 23Na coil we used for sodium transmission is not optimized

for head imaging. We used this coil since we wanted to focus on the Rx
only arrays. A dedicated quadrature sodium BC coil for example would
be a better choice in terms of homogeneity and transmission efficiency.
This suboptimal transmission coil may also be the reason for the SNR
drops in some regions of the in-vivo measurements. For quantitative
sodium MRI the images would have to be corrected for the Rx coil
profiles using for example the low-pass [44] or the uniform phantom
[45] method.

Finally the B1
+
field measurements showed a not negligible effect of

the 8Rx 1H/ 8Rx 23Na coil on the B1
+
field especially in the proton case.

This might also reduce the SNR performance of the 8Rx 1H/ 8Rx 23Na
coil. The SAR limits must be lowered which may increase measurement
time for sequences which have a high SAR. In future, field measure-
ments might be a more precise technique to evaluate possible effects on
the SAR.

In conclusion, we designed and implemented a double resonant Rx
head coil comprised of 8 sodium and 8 proton channels for MRI at 3T.
The sodium SNR performance was slightly better than the SNR per-
formance of the commercial 1TxRx 1H/23Na coil despite some SNR
decrease in the neck region. The proton performance in terms of SNR
and parallel imaging performance was comparable to the commercial
12Rx 1H coil. This combination of high sodium sensitivity and full
proton imaging capability is believed to make an important contribu-
tion towards clinically used sodium MRI due to a more optimized and
faster workflow.
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