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Abstract
The critical design aim for a dual-tuned sodium/proton coil is to maximize sodium sensitivity and
transmit field (B1

+) homogeneity while simultaneously providing adequate proton sensitivity and
homogeneity. While most dual-frequency coils utilize lossy high-impedance trap circuits or PIN
diodes to allow dual-resonance, we explored a nested-coil design for sodium/proton knee imaging
at 7T. A stand-alone eight-channel sodium receive array was implemented without standard dual-
resonance circuitry to provide improved sodium signal-to-noise ratio (SNR) over a volume coil. A
detunable sodium birdcage was added for homogeneous sodium excitation and a four-channel
proton transmit-receive array was added to provide anatomical reference imaging and B0
shimming capability. Both modules were implemented with minimal disturbance to the eight-
channel sodium array by managing their respective resonances and geometrical arrangement. In
vivo sodium SNR was 1.2 to 1.7 times greater in the developed eight-channel array than in a
mono-nuclear sodium birdcage coil, while the developed four-channel proton array provided SNR
similar to that of a commercial mono-nuclear proton birdcage coil.
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INTRODUCTION
Quantitative sodium MRI has been shown to be highly specific to the glycosaminoglycan
(GAG) content in cartilage and could therefore be used as a means of detection and
assessment of the degree of biochemical degradation of cartilage in the early stages of
osteoarthritis (1–7). Although sodium MRI has shown promise in GAG assessment, it is
fundamentally limited at clinical field strengths (1.5T and 3.0T) by low signal-to-noise ratio
(SNR). The sodium sensitivity in cartilage is approximately 3500 times lower than that of
proton due to approximately 320 times lower sodium content in cartilage and 10.8 times
lower sodium receptivity. Because SNR is roughly proportional to the main magnetic field
strength, recent investigations have utilized ultra high field MRI (≥ 7T) to alleviate these
limitations, reporting SNR advantages for imaging of low gamma nuclei, and highlighting
the potential of high field sodium MRI to investigate various musculoskeletal diseases (3,8–
9). These studies were performed using single-channel sodium coils (birdcage, solenoid, or
surface coil) (1–9). A multi-channel receive array for sodium can be expected to boost SNR
compared to single-channel coils, particularly in the periphery. Further, a multi-channel
dual-nuclei RF coil sensitive to both proton and sodium signals would provide a substantial
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benefit because of its ability to facilitate proton B0 shimming and provide co-registered
proton anatomical reference images in addition to sodium images with improved SNR.

The critical design aim for a sodium/proton coil is to maximize sodium detection sensitivity
and transmit field (B1

+) homogeneity while maintaining adequate proton sensitivity and
homogeneity. A commonly implemented structure is a dual-tuned birdcage coil, where a
single birdcage structure is made resonant at two frequencies by incorporating high-
impedance “trap” circuits into the rungs or endrings (10–13). The drawback to this approach
is that energy stored and lost in trap circuits results in a loss in transmit efficiency, and a
corresponding loss in SNR efficiency when the coil is used for signal detection. The value of
the trap inductor is typically chosen to sacrifice efficiency of the high frequency channel so
as to achieve high efficiency in the low frequency channel (10). Compared to a mono-
nuclear birdcage, a dual-tuned trap birdcage of the same dimension generally provides 80–
90% efficiency on the low frequency channel and 40–50% efficiency on the high frequency,
typically proton, channel (10–11). While the dual-tuned trap birdcage has the benefit of
packaging both coils on a single structure, it suffers from loss of efficiency at both
frequencies. Further, it requires numerous identical traps that can make tuning an arduous
task, especially at high fields where trap capacitor value may be small, increasing the effect
of stray capacitance and variability with patient loading. Another method is a stripline or
transverse electric mode array where alternating elements or rungs are tuned to alternating
frequencies (14–15). However, these designs may not be optimal for low frequency nuclei
due to a high degree of shielding by their ground plane which results in low coupling to the
sample. An alternative design implemented PIN diodes to control the active resonant
channel (16). A drawback to this approach is that diode losses in the low-frequency channel
necessarily reduce its sensitivity. Other dual-nuclei designs have included a birdcage with
four endrings (17), an inductively coupled set of coaxial birdcages (18), and a birdcage that
utilizes the uniform imaging mode for low-frequency operation and a higher-order non-
uniform imaging mode for high-frequency operation (19). Although these designs offer
near-optimal volume coil performance on the low-frequency channel, performance of the
high-frequency channel is limited (19) or the coils may be difficult to realize at 7T due to the
considerable effects of stray capacitance.

In this work, we explored a dual-nuclei array using a nested configuration for sodium/proton
imaging at 7T. Stand-alone proton and sodium coils were implemented with multiple receive
channels to achieve greater SNR than single-tuned sodium volume coils while
simultaneously providing proton imaging capability. An eight-channel array was
implemented for sodium reception, necessitating a detunable sodium birdcage for sodium
excitation. A highpass sodium birdcage coil was chosen because its non-uniform higher
order modes are lower in frequency than the uniform imaging mode and therefore cannot
approach the proton resonant frequency (20). While birdcage detuning circuitry degraded its
transmit efficiency, the primary goal of achieving high sodium SNR was achieved because
similar lossy circuitry was not required in the eight-channel receive array. For proton
imaging capability, a four-channel array for proton excitation and reception was added, with
care taken to avoid disturbance to the sodium array. We provide details of the coil design
and demonstrate that judicious management of the resonant spectra of each coil prevented
interaction between the sodium and proton channels. We further show that the proposed
eight-channel sodium array achieved improved SNR over a commercially available mono-
nuclear sodium birdcage coil and that the four-channel proton array did not affect the SNR
of the sodium array, while providing SNR similar to that of a commercially available mono-
nuclear proton birdcage coil. For clarity, “dual-nuclei” refers to the developed nested
sodium/proton coil, while “mono-nuclear” designates commercially available reference coils
used for benchmarking in this work, and “dual-tuned” refers generally to trap birdcages and
other designs in the literature (10–19).
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METHODS
Eight Channel Sodium Array

The main objective for this coil was to provide high sodium SNR in the human knee
articular cartilage. To accomplish this, an array of eight receive-only rectangular coils was
constructed on 0.8 mm thick FR4 copper-clad (1 oz/ft2) circuit board with 0.8 cm conductor
width, and was arranged on a close-fitting acrylic former with 20.3 cm diameter. The arc
length of the elements was 8.8 cm (50°) such that they were symmetrically arranged and
partially overlapped (21) in the azimuthal direction to reduce inductive coupling (Figure 1a
and 2a). The coils were 15 cm in length (along the direction of the main magnetic field) to
cover knee cartilage over the typical desired range of 10 to 12 cm.

Each coil was tuned to the sodium resonance frequency at 7T (78.6 MHz) using four
distributed capacitors (three fixed capacitors [series 11, Voltronics Corp., Denville, NJ] and
one variable capacitor), and matched to 50 Ω while loaded with a cylindrical phantom with
11.5 cm diameter (1890 mL water doped with 7.1g NiSO4·6H2O and 9.5g NaCl). A two-
stage matching network (C1, C2, and L2 in Figure 2a) (22) was implemented to reduce the
value of the detuning capacitor compared to a single-stage match, thereby increasing the
value of the corresponding inductor and the quality factor (Q) of the detuning circuit. A PIN
diode (MA4P4002B, M/A-COM Technology Solutions Inc., Lowell, Ma) controlled tank
circuit was used to actively detune the coils during sodium transmit, and during proton
transmit and receive. The output of each coil was connected to a low-impedance
preamplifier (Stark Contrast, Erlangen, Germany) using coaxial cable of appropriate length
for preamplifier decoupling (21). The benefit of the two-stage match was evidenced by
improved detuning and preamplifier decoupling compared to a single-stage match. A final
advantage of the two-stage match was the opportunity to symmetrically distribute
capacitance such that C2 and C3 were equal (see Figure 2a) which should improve current
distribution uniformity around the coil. A fuse rated to 700 mA was added to each coil to
provide supplementary protection in the event of an active detuning failure. To reduce
common mode currents on the coaxial cables, shielded cable traps tuned to the sodium and
proton frequencies were inserted at the output of each coil. Note that cable traps at both
frequencies were required on all cables as common mode currents may be induced in
neighboring coaxial cables regardless of a given coil’s resonance. The Q was measured on a
network analyzer (ENA series, Agilent Technologies, Santa Clara, CA) using a shielded
double probe coupled lightly to a coil while it was unloaded and loaded with the cylindrical
phantom. Q measurements were made in four environments: 1) in isolation, 2) in the
presence of the eight-channel array and interface electronics, 3) in the presence of the
transmit sodium birdcage (described in the following section) in addition to the array and
interface electronics, and 4) in the presence of all of this plus the proton array. For
environments 2–4, neighboring sodium coils and the sodium birdcage were actively detuned.

Coil noise as a percentage of total noise was calculated according to ,
where coil noise includes conductor and radiative losses and the total noise accounts for coil
and sample losses (23). Active detuning of an unloaded coil was measured as the change in
the transmission coefficient (S21) of the double shielded probe coupled lightly to the coil
when the diode controlled tank circuit was forward and reverse biased. Preamplifier
decoupling of an unloaded coil was similarly characterized as the change in S21 when the
preamplifier was powered and the coil detuning diode was reverse biased versus when the
preamplifier was removed from its socket. Coupling between array elements was examined
in the presence of a loading phantom with an S21 measurement with two coil elements
connected to the ports of the network analyzer while all other coils were detuned.
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Detunable Sodium Birdcage Coil
A detunable birdcage was constructed to provide sodium excitation. The birdcage
dimensions were based on trade-offs between high B1

+ uniformity which necessitates a
larger length to diameter ratio, and high peak B1

+ which calls for small diameter and smaller
length to diameter ratio. Another requirement was that the birdcage fit coaxially around the
sodium receive array former with minimal disturbance to the contralateral leg. Full-wave
simulations using a current mode expansion with Dyadic Green’s functions (DGF) (24–25)
were utilized to guide the choice of birdcage dimensions by calculating the B1

+ field every
0.25 cm along a 28 cm line on the principal axis of candidate birdcages with a range of
lengths and diameters. The calculations assumed a uniform cylindrical sample with 13 cm
diameter and dielectric properties of muscle at 78.6 MHz (relative permittivity = 69 and
conductivity = 0.69 S/m) (26). Metrics for comparison were: 1) peak B1

+, 2) ratio of B1
+ at

x = 0, y = 0, z = 6 cm to peak B1
+, where the birdcage is centered at the origin, the main axis

of the birdcage and the static magnetic field are oriented along z, and +/− 6 cm was chosen
as the typical knee articular cartilage imaging range, and 3) the full width at half maximum
(FWHM) of B1

+, defined as the range over which B1
+ is greater than one-half of the peak

B1
+. DGF calculations indicated that a birdcage with 25.4 cm diameter and 20 cm length

provided sufficient peak B1
+ and uniformity over the targeted cartilage region, while also

being convenient to construct given the anatomical and mechanical restrictions mentioned
above (Table 1).

A high-pass birdcage design was chosen because its high-order modes occur below 78.6
MHz and do not interact with the proton channel at 297.2 MHz. The eight rung birdcage was
azimuthally positioned such that its rungs (1.3 cm conductor width) were aligned with the
centers of the sodium receive coils (Figure 1b and 2b), as it was found that positioning the
rungs above the overlap regions of the receive coils had a detrimental effect on the receive
coil inductive decoupling. The uniform imaging mode of the birdcage was tuned to 78.6
MHz and two quadrature drivepoints were matched to 50 Ω through series capacitors (25
series, Voltronics Corp., Denville, NJ). To activate (deactivate) the birdcage during sodium
transmit (sodium array receive or proton transmit/receive), PIN diodes were inserted at the
center of each rung and at the drivepoints in the endrings. To reduce the effective size of the
DC current loop required to power the diodes, a ring of RF chokes (consisting of series 1 μH
and 10 μH chokes, displayed as L3 = 11 μH in Figure 2b) was formed around the birdcage
center. The value of the RF chokes was selected to suppress current at both 78.6 MHz and
297.2 MHz. The 10 detuning diodes were fed by combining four DC bias lines from the
scanner that each supplied 100 mA during forward bias and − 30V during reverse bias.
Resistors were inserted as necessary in the DC path such that the bias current through each
diode was approximately equal (for simplicity, resistors are not shown in Figure 2b). To
evaluate diode detuning, S21 was measured through a small shielded double loop probe
lightly coupled to the unloaded birdcage when the diodes were forward biased and reverse
biased. For this measurement, coaxial cables were disconnected from the drivepoints.

The birdcage was driven in quadrature through a lumped element quadrature hybrid whose
isolated port was terminated with a 50 Ω load. The sodium birdcage can also be utilized for
reception when the sodium array coils are detuned. For this purpose, each birdcage port was
connected to a preamplifier via a transmit-receive switch.

Four Channel Proton Transmit/Receive Array
The purpose of the proton array was to provide adequate SNR of the knee articular cartilage
for anatomical reference and B0 shimming with minimal disturbance to the sodium channel.
This was accomplished with an array of four proton coils. To reduce shielding of the proton
coils by the sodium receive array and sodium birdcage, the proton coils were placed on the
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inner former (20.3 cm diameter) rather than the outer former (25.4 cm diameter). The proton
coils were 3 cm (arc length) x 7 cm (head-foot length) with 0.2 cm conductor width, and
positioned concentric to four sodium receive coils with azimuthal positions of 0°, 90°, 180°,
and 270°, where 0° represents the anterior direction and 180° the posterior direction (Figure
1a and 2c). The geometry of proton elements was chosen empirically given tradeoffs
between the high B1

+ uniformity and coverage provided by large coils and the low coupling
between neighboring coils afforded by small coils. Seven capacitors (25 series, Voltronics
Corp., Denville, NJ) were distributed along each proton coil to insure that current was well-
distributed. RF was transmitted to each proton coil through a two-stage cascade of three
Wilkinson power splitters that divided the transmit power into four equal parts. To generate
a birdcage-like excitation, a phase shift equal to each coil’s azimuthal position was built-in
using appropriate lengths of coaxial cable. For RF receive, each coil was connected to a
preamplifier via a PIN diode controlled transmit/receive switch with the appropriate length
of coaxial cable for preamplifier decoupling. Preamplifier decoupling was measured as
previously described. Detuning circuits were not necessary for this transmit/receive array.

Sodium MRI
All imaging was performed on a whole-body 7 T scanner (MAGNETOM, Siemens Medical
Solutions, Erlangen, Germany). RF heating induced by the developed coil was measured in
a 6.3 kg pork slab using fluoroptic temperature probes (LumaSense Technologies, Inc.,
Santa Clara, CA) which were inserted approximately 5 mm into the meat at locations that
were expected to have high electric fields (for example, adjacent to drivepoints and
capacitors). Power limits were set such that the maximum temperature increase during
proton or sodium imaging was limited to 1° C/10 mins. The study was approved by our local
institutional review board and volunteers were scanned after informed written consent was
obtained. The dual-nuclei array was compared to a commercially available four-rung mono-
nuclear transmit-receive sodium birdcage coil with 20 cm diameter and 17 cm length (Rapid
Biomedical, Germany). Coil performance was initially evaluated on the water phantom.
Because our standard transmit calibration pulse sequences were not available for sodium
imaging, the transmit power required to generate a 90° flip angle was determined by fitting
the signal intensity of gradient echo images in the central transverse slice over a range of
excitation pulse amplitudes to a sine curve (2 ms sinc pulse with time-bandwidth product =
2.7, TE = 3.5 ms, TR = 100 ms, voxel size = 4.7 mm × 4.7 mm × 25 mm, acquisition matrix
= 64 × 64, receiver bandwidth = 260 Hz/pixel, signal averages = 1, and acquisition time = 8
s). Receive signal for SNR analysis was acquired in gradient echo images in the central
transverse and coronal planes with the transmit power required for a 90° flip angle and the
above imaging parameters. An analogous noise image was acquired without RF excitation to
determine the noise correlation matrix and allow construction of SNR maps using the
optimal array combination method (27). These measurements were repeated with both coils
on the right knee of a subject. Because in vivo SNR was much lower that than phantom
SNR, mean in vivo SNR maps in the transverse, coronal, and sagittal planes were generated
by averaging 16 SNR maps with the above imaging parameters. The utility of the coil was
further demonstrated through in vivo images acquired with a 3D radial pulse sequence with
the following parameters: 8000 projections, TE = 0.4 ms, TR = 100 ms, flip angle = 90°,
excitation pulse duration = 500 μs, field of view = 20 cm, voxel size = 2 mm isotropic, and
acquisition time = 13:25 min. A Gaussian filter was applied to k-space data before 3D radial
images were reconstructed using a non-uniform FFT algorithm (4).

Proton MRI
Proton imaging with the dual-nuclei array was compared to a commercially available 16-
rung mono-nuclear transmit-receive proton birdcage extremity coil (four-port drive, two-
channel receive, 21 cm diameter, and 14 cm length) (Invivo Corp, Gainesville, Fl.). Images
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of the right knee were acquired with both coils. The transmit power required to generate a
90° flip angle with a 1 ms hard pulse in the center of the knee was determined using a series
of turbo fast low-angle shot (FLASH) images over a range of preconditioning pulse
amplitudes (28). This sequence inherently nulls signal in regions with 90° flip angle for a
given pulse amplitude. After transmit calibration, signal maps were acquired with a gradient
echo pulse sequence with the following imaging parameters: TE = 4.07 ms, TR = 200 ms,
voxel size = 0.86 × 0.86 × 3 mm3, acquisition matrix = 256 × 256, flip angle = 20°, receiver
bandwidth = 300 Hz/pixel, signal averages = 1, and acquisition time = 51 s. The noise
correlation matrix was then acquired to allow construction of a SNR map using the optimal
array combination method. B0 shimming facilitated by the developed proton coil was
measured in three planes by acquiring B0 maps with the default system shim values and after
the vendor-provided shim algorithm was iterated five times on a cubic volume with 12 cm
length centered on the patella. To calculate B0, complex data from gradient echo images (TR
= 30 ms, voxel size = 1 × 1 × 6 mm3, receiver bandwidth = 1000 Hz/pixel, and two signal
averages) with multiple echo times (TE = 2.0, 2.2, 2.4, and 2.6 ms) were processed using the
three-point Dixon method (29).

RESULTS
Sodium MRI

The birdcage spectra in Figure 3 show that the high-order imaging modes occurred below
the uniform imaging mode at 78.6 MHz (the Maxwell and Helmholtz endring modes are
also evident). Diode detuning on the dual-nuclei sodium birdcage provided approximately
30 dB of isolation at 78.6 MHz. Notably, the resonances of the detuned birdcage were
shifted higher in frequency but did not approach the proton resonance at 297.2 MHz. This
was as an important design consideration, in which interaction with the proton channel was
avoided when the birdcage was tuned and detuned. The transmit power required for 90°
excitation with a 2 ms sinc pulse was 235 W (phantom and in vivo) for the dual-nuclei
sodium birdcage, and 142 W (phantom) and 104 W (in vivo) for the mono-nuclear sodium
birdcage (equivalently, 90° excitation was achieved with a 1 kW hard pulse with a pulse
width of 0.68 ms, 0.57 ms, and 0.45 ms, respectively). The dual-nuclei sodium birdcage was
less efficient due to its larger diameter and losses associated with detuning diodes and RF
chokes (Table 2), all required to accommodate the receive array.

Sodium coil Q measurements (Table 2) show that the percentage of coil noise associated
with a single coil in isolation was 17% and increased to 22% in situ with the complete
sodium receive array, detunable sodium birdcage, proton array, and associated electronics.
This increase in noise and corresponding reduction in sodium coil Q could likely be
attributed to copper losses caused by shielding and the associated induced currents in the
surrounding detuned birdcage and, to a lesser extent, neighboring proton coils. S21
measurements with a double decoupled probe showed that sodium receive coil sensitivity
was reduced by more than 40 dB by active diode detuning. Active detuning resulted in split
resonances at 60.5 MHz and 105.0 MHz which were well out of range of the frequencies of
interest at 78.6 MHz and 297.2 MHz. Neighboring coils were coupled by less than −14 dB
and next-nearest neighbors were coupled by less than −8 dB when loaded by the phantom.
Preamplifier decoupling provided more than 25 dB of isolation.

SNR maps in Figure 4 show that the developed dual-nuclei sodium array provided
approximately 10% SNR gain in the center of the phantom over the commercial mono-
nuclear sodium birdcage and approximately 2.3-fold gain in the phantom periphery using
optimal SNR reconstruction. Conventional sum-of-squares SNR reconstruction resulted in
similar gains at the center and approximately 1.8-fold gain in the phantom periphery.
Notably, the proton array had a negligible effect on sodium SNR. The SNR of the nine
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central voxels in transverse images was 11.3 ± 1.0 (mean ± standard deviation) for the dual-
nuclei sodium array before the proton array was added, 11.5 ± 0.6 for the dual-nuclei
sodium array in the presence of the proton array, 10.2 ± 1.0 for the mono-nuclear sodium
birdcage, and 7.6 ± 0.7 for the detunable sodium birdcage. As a secondary note, the mono-
nuclear birdcage SNR was 34% greater than the detunable sodium birdcage in transmit-
receive mode, again due to efficiency-degrading factors mentioned above. Although the
eight-channel sodium array is the primary means for reception, receive capability is also
available on the detunable sodium birdcage to provide a uniform image useful for sodium
quantification. SNR profiles through the transverse and sagittal SNR maps also demonstrate
the improved performance of the sodium array, particularly in the phantom periphery
(Figure 5a). The SNR profiles in the head-foot direction indicate that the sodium array and
mono-nuclear sodium birdcage provide similar coverage (Figure 5b). In vivo sodium SNR
maps similarly show that the developed array provided gains of 1.2 to 1.7-fold in the
articular cartilage over the mono-nuclear birdcage (Figure 6) (this advantage was 1.1 to 1.4-
fold with sum-of-squares reconstruction). Increased background levels in the dual-nuclei
array SNR maps is a reconstruction artifact which increases with channel count due to the
absence of accurate coil sensitivity calibration in these regions. A comparison of 3D radial
acquisitions using the dual-nuclei and mono-nuclear coils on the same subject are shown in
Figure 7. Although it is not straightforward to calculate the SNR of a radial acquisition, the
sensitivity of the developed dual-nuclei coil is clearly superior to that of the mono-nuclear
volume coil, particularly in the patellar and femoro-tibial cartilage.

Proton MRI
Neighboring proton coils were coupled by −9.4 to −11.9 dB and next nearest neighbors were
coupled by −11.8 to −13.0 dB while the array was loaded with the phantom. Preamplifier
decoupling provided greater than 14 dB isolation. The transmit power required for 90°
excitation in the center of the knee with a 1 ms hard pulse for the dual-nuclei array and
mono-nuclear birdcage was 365 W and 180 W, respectively (equivalently, a 90° excitation
was achieved with a 1 kW hard pulse applied for 0.60 ms and 0.42 ms, respectively). The
relatively low transmit efficiency of the proton array in the dual-nuclei coil can be attributed
to the very sparse arrangement of small transmitter loops that was selected to achieve
adequate decoupling. The weak coupling of these small loops to the body is reflected in the
relatively low unloaded to loaded Q ratio (Table 2).

In vivo proton SNR maps (Figure 8) and profiles (Figure 9) show that the dual-nuclei proton
coil achieved lower SNR in the center compared to the mono-nuclear proton birdcage, but
higher SNR in the periphery. (Optimal reconstruction was utilized for the dual-nuclei proton
data in Figures 8 and 9; sum-of-squares reconstruction resulted in less than 6% SNR loss.
Sum-of-squares and optimal SNR reconstructed values were within 1% for the mono-
nuclear proton birdcage.) It should be noted that proton transmit calibration was performed
in the center of the knee. Other locations are biased by underlying B1+ variation. The
coverage of the developed coil in the head-foot direction was less than that of mono-nuclear
birdcage but was adequate for the purposes of B0 shimming and obtaining anatomical
reference images. The FWHM coverage was approximately 8.9 cm and 11.9 cm for the
dual-nuclei proton array and mono-nuclear birdcage, respectively. The dual-nuclei proton
array provided good coverage in the transverse plane despite its sparse geometry. The off-
resonance of all voxels in the three-plane B0 maps inside the shim volume (voxels outside
the shim volume or in the background air were removed) was 64.0 ± 131.7 Hz with the
default system shim settings and 32.6 ± 82.2 Hz after B0 shimming.
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DISCUSSION
This study demonstrates that a dual-nuclei multiple-channel array can provide substantial
sodium channel SNR gain over a conventional mono-nuclear sodium birdcage. By
judiciously managing the resonances of each component of the array, the sodium receive
channels were maintained in the most favorable form, without SNR-lowering circuitry that
is commonly used in dual-tuned coils such as trap circuits or in-line PIN diodes. The
proposed approach resulted in sodium SNR gains of 1.2 to 1.7 fold in vivo and additionally
provided proton B0 shimming and co-registered anatomical reference imaging capabilities.
The performance of the sodium receive coils in the presence of the sodium birdcage and
proton coils was of particular interest given the low baseline SNR of sodium MRI. Q
measurements showed that the sodium receive coils were not substantially affected by the
detuned sodium birdcage or proton coils. The proton coils are not conducive to coupling at
the sodium frequency due to their relatively high-impedance (the total series capacitance and
inductance of the proton coils was approximately 2.3 pF and 123 nH, respectively, which
translates into a series impedance of −j808.3 Ω at 78.6MHz) and short perimeter (20 cm, or
19 times shorter than one wavelength at 78.6 MHz).

Initial experiences with a double birdcage system where a proton birdcage was placed
coaxially within a sodium birdcage similar to that described in (18) indicated that the
sodium birdcage caused a high degree of shielding and disturbance to the proton birdcage.
This led to difficulty in achieving the desired sinusoidal current distribution and quadrature
port isolation. This problem was avoided in the coil presented here through the use of small
coils for the proton channel whose interaction with the sodium receive coils and sodium
birdcage was inconsequential. Further, because the proton and sodium receive coils shared
the same former, shielding of the proton coils was reduced, allowing both coils to tightly
encircle the knee. The proton coils would be undesirably shielded from the sample if they
were placed outside the sodium coils, while lower sodium SNR would result if the proton
coils were placed inside the sodium coils (given the space limitation set by the selected inner
former diameter). One potential disadvantage of the proton array approach is the non-
uniform B1

+ field associated with a sparse array of surface coil transmitters, where
peripheral excitation can be stronger than that at depth. However, birdcage coils of similar
diameter also suffer from inhomogeneous B1

+ at 7 T, where RF interference typically results
in central brightening and weak peripheral excitation.

In summary, a novel dual-frequency sodium/proton coil was developed for knee imaging at
7 T. The wide sodium/proton spectral separation allowed the implementation of distinct
coils for each nuclei, resulting in improved SNR and a departure from traditional dual-tuned
coils. The developed coil represents an advance in sodium MRI as operation at 7 T provides
a fundamental SNR advantage over lower field strengths, while the eight-channel sodium
receive array further improves SNR over a conventional birdcage. The sodium receive array
also facilitates parallel imaging (30–31) and allows the complementary application of
compressed sensing (32–33) which may be a powerful combination for sodium radial
acquisitions (34).
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Figure 1.
Photograph of the eight-channel sodium receive array and four-channel transmit-receive
proton array on the inner former (a) and the detunable sodium birdcage on the outer former
(b).
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Figure 2.
Partial electrical schematic of the dual-nuclei array. (a) eight-channel sodium receive array.
(b) detunable transmit-receive sodium birdcage. (c) transmit-receive proton array. The
azimuthal angle is indicated at the bottom of each panel, where 0° is the anterior direction
and 180° is the posterior direction. Capacitor and inductor values are +/− 10%.
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Figure 3.
Spectra of the tuned (forward biased PIN diodes, black line) and detuned (reverse biased
PIN diodes, red line) sodium birdcage along with a proton coil. Diode detuning provided
greater than 30 dB of isolation at 78.6 MHz (gray arrow). The proton coil showed
insignificant interaction with the tuned and detuned sodium birdcage at the proton resonance
frequency 297.2 MHz.
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Figure 4.
Sodium phantom SNR maps with optimal SNR combination. The dual-nuclei sodium array
provided 2.3-fold SNR improvement in the phantom periphery and 10% SNR improvement
in the phantom center over the mono-nuclear sodium birdcage.
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Figure 5.
SNR profiles across the center of the SNR maps in Figure 4. Profiles in (a) were taken from
transverse maps and those in (b) were taken from coronal maps.
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Figure 6.
In vivo sodium SNR maps in the same subject with optimal SNR combination. Values
superimposed on maps indicate mean ± standard deviation SNR in selected regions-of-
interest (circles) in the articular cartilage.
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Figure 7.
In vivo sodium images using 3D radial acquisitions, co-registered between the dual-nuclei
array (left) and the mono-nuclear sodium birdcage (right).
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Figure 8.
In vivo proton SNR maps using optimal SNR combination obtained with the dual-nuclei
array (left) and the mono-nuclear proton birdcage (right) in the same subject. Black lines in
the sagittal SNR maps indicate locations of the SNR profiles in Figure 9.
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Figure 9.
In vivo proton SNR profiles through sagittal SNR maps along the lines indicated in Figure 8.
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Table 2

Q measurements for elements of the developed dual-nuclei array.

Coil Environment Qunloaded Qloaded Coil Noise (%)

Sodium receive coil 1 330 105 17

Sodium receive coil 2 260 85 18

Sodium receive coil 3 190 70 21

Sodium receive coil 4 180 70 22

Sodium birdcage 1* 220 40 10

Sodium birdcage 1 130 50 22

Sodium birdcage 4 110 55 29

Proton coil 1 210 140 42

Proton coil 4 205 155 51

All Q measurements were made after minor capacitive adjustments (less than 10% for the sodium birdcage, and less than 5% for the sodium array
and proton array) to compensate for shielding during integration of the three modules such that all sodium coils were tuned to 78.6 MHz and proton
coils were tuned to 297.2 MHz.

*
indicates that measurements were made before detuning diodes and RF chokes were added to the birdcage.
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