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Abstract

Purpose: Sodium MRI has shown promise for monitoring neoadjuvant chemotherapy (NACT) 

response in breast cancer. The purpose of this work was to build a dual tuned bilateral 1H/23Na 

breast coil for 7T MRI that provides sufficient SNR to enable sodium breast imaging in less than 

10 min.

Methods: The 1H/23Na coil consists of two shielded unilateral units, one for each breast. Each 

unit is composed by three nested layers: (1) a three-loop solenoid for sodium excitation, (2) a 

three-loop solenoid for proton excitation and reception and (3) a four-channel receive array for 

sodium signal reception. Benchmark measurements were performed in phantoms with and without 

the sodium receive array insert. In vivo images were acquired on a healthy volunteer.

Results: The sodium receive array boosted 1.5–3× the SNR compared to the solenoid. Proton 

SNR loss due to residual interaction with the sodium array was <10%. The coil enabled sodium 

imaging in vivo with 2.8 mm isotropic nominal resolution (~5 mm real resolution) in 9:36 min.

Conclusion: The coil design that we propose addresses challenges associated with sodium’s low 

SNR from a hardware perspective and offers the opportunity to investigate non-invasively breast 

tumor metabolism as function of sodium concentration in patients undergoing NACT.
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Introduction

Despite advances in diagnostic and therapeutic techniques, breast cancer remains the second 

leading cause of cancer death among women worldwide (1). Most women with breast cancer 

undergo a lumpectomy in order to remove the tumor mass or a mastectomy in more 

extensive diseases (2). Neoadjuvant therapy is defined as the first step of therapy and is 
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given before the main treatment, i.e. surgery, to shrink inoperable tumors, promote breast-

conserving surgery or to treat aggressive subtypes of tumors. For breast cancer, it may 

include chemotherapy, radiation therapy, and hormone therapy. (3,4). While dynamic 

contrast enhanced MRI (DCE-MRI) is the most sensitive imaging tool to detect residual 

tumors following neoadjuvant chemotherapy (NACT) (5–10), its moderate specificity 

(~83%) impedes an accurate prediction on pathologic complete response (pCR) (11–13). 

One explanation is that the structural information such as tumor size, cellularity and 

vascularity (14,15) provided by DCE-MRI do not sufficiently reflect the metabolic 

underpinnings of the tumor. Further, breast tissue enhancement may be seen secondary to 

inflammatory changes from neoadjuvant chemotherapy, making the distinction between 

post-treatment changes and residual tumor clinically challenging.

Sodium MRI (23Na MRI) directly probes changes in ion homeostasis, i.e. the maintenance 

of the concentration gradient of ions across the cell membrane, which is strongly related to 

cellular metabolism, and has shown promise to detect malignancy and monitor NACT 

response. Prior studies showed that the total sodium concentration (TSC) was significantly 

greater in malignant breast lesions (+ 50–60%) compared to healthy tissues (16–18), while 

distinct trends were observed in chemotherapy responders (− 20–30%) compared to non-

responders (+ 5–10%) (19,20).

Due to low sodium content in the body (approximately 15 mM inside the cells and 140 mM 

outside), its low MR sensitivity (9.27% of that of hydrogen) and short transversal relaxation 

times in biological tissues (T2,short = 1–5 ms, T2,long = 10–60 ms), 23Na MRI suffers from 

intrinsically low signal-to-noise ratio (SNR), which can be roughly 20,000 times lower than 

that of proton (21). Such low SNR translates into low spatial resolution to increase the signal 

detected in each voxel, and long acquisition times due to data averaging. Efforts to alleviate 

these challenges generally utilize high field systems (≥ 3 T), ultra-short echo time (UTE) 

acquisition methods, and tailored radiofrequency coils to boost the baseline SNR (22–24). 

This work will focus on the coil design aspect. Specifically, we designed a dual-tuned 

multichannel 1H/23Na bilateral breast coil consisting of volume transmit/receive (Tx/Rx) 1H 

coils, volume 23Na transmit coils and an 8-channel 23Na receive array for 7 T MRI.

Sodium MRI examinations typically include complementary proton acquisitions for 

anatomical localization and other desired contrasts. Radiofrequency coils that are sensitive 

to both sodium and proton signals in the breast have been developed in the past (25). 

However, most were limited to either unilateral coverage and/or clinical field strength 

(16,20,26,27). We implemented a 7 T dual-tuned coil with twin shielded unilateral units to 

provide bilateral coverage, which is the gold standard in the clinic due to the desire for a 

paired control measurement in the contralateral breast. In addition, the sodium receive array 

is tightly fitted to the breast and contains four detectors per breast, which provides a SNR 

advantage over a volume coil.

A key consideration in dual-tuned coil design is the mitigation of the interaction between the 

sodium and proton coils. The 1H coil, whose resonance frequency is higher than that of 

sodium, produces counter-rotating current in the 23Na coil that can disrupt the 1H coil 

performance. To mitigate this interference the sodium detectors are outfitted with proton 
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“trap” circuits to diminish induced currents (28,29). In this work, we describe the coil design 

and provide benchmark performance measurements in phantoms and in vivo images.

Methods

Coil overview

The 1H/23Na bilateral breast coil consists of two unilateral units, one for each breast. The 

two units and the associated circuitry are integrated into a tailored plastic housing that 

includes two dome cavities (posterior diameter = 14.5 cm, depth = 10 cm and volume ~2 L) 

to accommodate the breasts (Figure 1a).

Because of proximity, coupling between the two unilateral units caused peak resonance 

splitting. We addressed this problem by surrounding each unit by a passive conductive 

radiofrequency (RF) shield (diameter = 20.5 cm, height = 11.5 and 13 cm in the medial and 

in the lateral regions, respectively) to enable bilateral operation (Figure 1b). The conductive 

paths were broken up into sections that were bridged by high value capacitors in order to 

reduce gradient-induced eddy currents while maintaining RF transparency. Scattering (S) 

parameters were measured with the network analyzer to assess decoupling between left and 

right solenoids (both proton and sodium).

Each unit is composed by three nested layers (Figure 1c): (1) the outermost layer is a three-

loop solenoid for sodium excitation, (2) the intermediate layer is a three-loop solenoid for 

proton excitation and reception and (3) innermost layer, the closest to the breast, is a four-

channel receive array for sodium signal reception.

Detailed circuit schematics of the left unit of the 1H transmit/receive coil and 23Na transmit 

coil and receive array are presented respectively in Figures 2 and 3. The 23Na transmit 

solenoid and the 1H transmit/receive solenoid have similar interfaces. In both cases, a two-

way power divider equally splits the waveform from the RF power amplifiers in order to 

feed left and right units.

The 23Na transmit solenoid interface included a transmit/receive switch to enable signal 

reception. SNR and B1
+ measurements were performed before implementing the 23Na 

receive array. This data was used as a baseline to assess the SNR advantage of the sodium 

array over the volume coils and the interaction between the array and the volume coils. All 

imaging experiments were performed on Siemens 7 T whole-body scanner (MAGNETOM, 

Siemens Healthineers, Erlangen, Germany).

23Na bilateral receive array

We built the eight-channel 23Na receive array on a domed substrate in order to encircle the 

breast and maximize SNR. The channel count and geometry were selected to provide 

suitable coverage, access to convenient decoupling methods, and sufficient ratio between 

sample and conductor noise at 78.6 MHz (30). For each unilateral unit, we built four 

triangular loop coils with 45 cm perimeter that were mounted on a 3D-printed dome shaped 

support (polycarbonate material, Fortus 360mc, Stratasys, Eden Prairie, MN). The coils 

were symmetrically distributed on the dome to provide encircling coverage, with all 
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neighbors decoupled by partial overlap (-19.0 dB). The coils were tapered toward a common 

point at the dome apex, which provided a convenient location to decouple non-adjacent 

neighbors using local shared capacitors (-21.5dB). The quality factor (Q) was measured by 

loosely coupling a double magnetic field probe to the coils while they were unloaded and 

loaded with a tailored breast phantom whose dielectric properties represented a mixture of 

adipose and fibro-glandular breast tissue (σ = 0.30 S/m, εr = 40) (Table 1) (31).

During sodium excitation, the receive array was detuned with one active high impedance 

circuit at each port. A fuse provided redundant protection in the event of an active detuning 

circuit failure. In order to reduce interaction between the 23Na receive coils and the 1H coils, 

blocking “trap” circuits with high impedance at proton frequency were added to the 23Na 

loops (28,29). The optimal number of blocking circuits was determined by building 14 cm 

diameter test loops with different 1H trap counts (1 to 3). For each loop the coil noise as well 

as the 1H current mitigation (in terms of frequency shift of a 1H loop coil in the presence of 

the 23Na coils) were measured. We found that three proton traps per loop were sufficient to 

block 1H currents while containing the Q ratio penalty on the 23Na coils.

The 23Na receive-only coils were connected to the interface through tri-axial cables that 

were outfitted with “bazooka” cable traps (32) to suppress common mode currents at the 

proton frequency and subsequent cable traps tuned to both sodium and proton frequencies. 

Preamplifier decoupling was achieved by adjusting the effective electrical length between 

the coils and preamplifiers using coaxial cable and lumped elements phase shifters.

Sodium SNR maps in phantom were calculated from images acquired with a 2D gradient 

echo pulse sequence (sequence parameters: TR/TE = 200/2.46 ms, FA = 90°, 8 averages, in-

plane resolution 7×7 mm2, slice thickness = 25 mm, TA = 1:44 min) and noise data acquired 

with the same sequence but with the RF pulse amplitude set to zero. The data were 

reconstructed using the optimal combination method (33). SNR maps were acquired with 

and without the receive array inserts to estimate the gain provided by the receive array over 

the 23Na solenoids (described in the following section).

23Na transmit array

Sodium excitation was achieved with two three-turns solenoids (conductor width = 3 cm, 

diameter =19 cm, height = 10 cm), whose turns were each connected in series. We 

implemented solenoids because their geometry is suitable to generate a uniform and linearly 

polarized B1 field in the breast.

The two solenoids were driven through a two-way power divider and subsequent transmit/

receive switches that allowed signal reception for coil debugging and comparison with the 

receive array. During 23Na reception with the 8-channel array, the solenoids were detuned by 

applying reverse DC bias to a set of PIN diodes in series with the solenoids.

To perform bilateral imaging, we surrounded each solenoid with a RF shield to mitigate 

interaction between the two units. Nonetheless, the residual coupling (-12 dB) was sufficient 

to cause B1
+ interference patterns that depended on the relative phase difference between left 
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and right units. We found that a zero phase difference maximized B1
+ per unit volt and B1

+ 

symmetry between the two units.

In order to assess transmit efficiency and uniformity, sodium B1
+ maps were calculated from 

a series of gradient echo images acquired with a range of pulse amplitudes by voxel-wise 

fitting a sine curve to the signal intensities. Six gradient echo acquisitions with a range of 

pulse voltages were performed with the following sequence parameters: TR/TE = 200/6.51 

ms, 3 averages, in-plane resolution 7×7 mm2, slice thickness = 25 mm, TA = 0:40 min. B1
+ 

maps were acquired with and without the 23Na receive array in place to evaluate their 

interaction. The B1
+ field uniformity in a central transverse slice was reported as 1 minus the 

standard deviation of B1
+ in a 2D region of interest (ROI) that included the whole phantom, 

divided by its mean in the same ROI: u = 1 − σ B1
+ /B1

+− .

1H transmit/receive array

Two three-turns solenoids (conductor width = 2 cm, diameter =17.6 cm, and height = 9 cm) 

tuned to 297.2 MHz were implemented to enable seamless high-resolution 1H imaging and 

to determine B0 shim settings. The 1H solenoids served for both excitation and reception.

As radiation loss scales with the 4th power of the frequency and the square of the coil area 

(34,35), its contribution was significant in comparison to sample loss for the 1H solenoids 

due to their size and operating frequency (36). We found that nesting the 1H Tx/Rx solenoids 

within the 23Na solenoids and RF shields reduced radiation loss and provided −36 dB 

isolation between the left and right units.

Proton B1
+ maps were acquired using the same approach described earlier for 23Na 

(sequence parameters: TR/TE = 1000/2.56 ms, in-plane resolution 2.8×2.8 mm2, slice 

thickness = 5 mm, TA = 1:38 min per scan). Proton SNR maps were calculated from signal 

maps acquired with a gradient echo pulse sequence (sequence parameters: TR/TE = 

1000/3.54 ms, FA = 20°, in-plane resolution 2.8×2.8 mm2, slice thickness = 5 mm, TA = 

1:38 min) and noise data acquired with the same sequence but with zero RF pulse amplitude. 

The 1H SNR maps were then scaled in order to account for B1
+ variation throughout the 

volume by the formula: SNR = SNRraw/sin(α), where α is the flip angle and SNRraw is the 

SNR calculated as described earlier. Proton B1
+ and SNR maps were acquired with and 

without the 23Na receive array to assess the interaction between the two devices. The coil 

geometry factor (g) was derived from SNR data to assess parallel imaging performance (37).

Imaging experiments

Due to the short bi-exponential T2 relaxation of sodium in vivo, we acquired sodium data 

with the Fermat looped orthogonally encoded trajectories (FLORET) (38) UTE pulse 

sequence to minimize the loss of signal between RF excitation and data acquisition.

We built a resolution phantom to test 23Na protocol feasibility and to estimate the 

experimental point spread function of the sequence. The phantom was filled with a 120 mM 

of phosphate buffered saline (PBS) solution and embedded with five rows of glass rods with 

diameters ranging from 1 to 5 mm with 1 mm step size and spacing equal to their diameters. 
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Sodium images were acquired using FLORET sequence with the following parameters: 

TR/TE = 50/0.2 ms, flip angle = 80°, 3 hubs of 400 interleaves, 5 averages, acquisition 

duration (ADC) = 16 ms, isotropic (theoretical) base resolution = 2.9 mm, FOV = 370 mm 

(isotropic), TA = 5:00 min. The TE is here defined as the time between the end of the RF 

pulse and the beginning of the data acquisition with the ADC. High resolution 1H images 

were also acquired with a 3D gradient echo sequence with the following parameters: TR/TE 

= 7/2.04 ms, FA = 5°, voxel size 1.0×1.0×1.0 mm3, TA = 3:40 min.

Our Institutional Review Board approved the study and the coil was employed to acquire in 

vivo images on a 24-years-old healthy woman after obtaining her informed written consent. 

Standard fat-suppressed T1-weighted proton images were acquired with a 3D gradient echo 

sequence that was optimized for 7 T with the following parameters: TR/TE = 7/2.14 ms, FA 

= 4°, voxel size 1.2×0.9×1 mm3, acceleration factor (iPAT) = 2, TA = 3:50 min (36,39). 

Sodium images were acquired with a FLORET sequence with TR/TE = 60/0.2 ms, FA = 

80 °, 3 hubs, 400 interleaves, isotropic nominal resolution 2.8 mm, 8 averages, TA = 9:36 

min.

Results

The shielded bilateral solenoids had unloaded to loaded Q ratios of 3.2 for 23Na and 21.7 for 
1H (Table 1). Compared to the isolated environment, the nested configuration resulted in 

increased efficiency that was primarily due to reduced radiation loss for the 1H solenoid (Q 

ratio = 5.6) and somewhat reduced efficiency for the 23Na solenoid (Q ratio = 6.0). It has to 

be pointed out that the 23Na coils shielding effect also caused the 1H solenoid resonance 

frequency to shift from 200.0 MHz to 297.2 MHz which contributed to the increased Q ratio. 

The unloaded to loaded Q ratio of the 23Na receive loops in isolation was 2.2, with 

negligible effect from the surrounding solenoids and shield. The corresponding coil noise 

expressed as percentage of the total noise was: 1 − 1 − Qloaded /Qunloaded = 26.1% (40). We 

found that three high-impedance proton traps in the 23Na receive array sufficiently reduced 

the interaction with the 1H solenoid (<0.5 MHz shift in the 1H resonance frequency), which 

resulted in a minimal coil noise penalty (8.6% decrease in Q ratio).

The 23Na receive array provided a ~40% SNR gain in the center of the phantom and a ~3-

fold gain in the periphery compared to the solenoid, illustrating the benefit of the tight-

fitting multi-channel array (Figure 4). The excitation field generated by the 23Na solenoid 

was 212.6 +/− 19.6 nT/V without the receive array and 188.9 +/− 21.8 nT/V with the array, 

indicating some interaction between the solenoid, array and associated cabling. Nonetheless, 

the excitation field was adequately uniform and efficient for imaging.

The drop in 1H SNR when the 23Na Rx array was inserted was <10%. Although the 

insertion of the 23Na receive array caused a drop in B1
+ intensity for both nuclei, it did not 

alter considerably the overall field distribution: the field uniformity calculated in a central 

transverse slice within the phantoms was u = 0.80 for the 23Na solenoids and u = 0.65 for the 
1H solenoids in both configurations. Such modest B1

+ uniformity for the 1H solenoids is not 

surprising at 7 T and can be primarily attributed to the short wavelength in the dielectric 
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sample that leads to interference patterns (41–44). The maximum geometry factor (g) for 1H 

acquisition with two-fold acceleration in the left-right direction was 1.14.

Figure 5 shows the images acquired with the resolution phantom with the 1H 3D GRE 

sequence (left) and 23Na FLORET sequence (right). The signal profiles across each column 

of rods (dotted lines) are plotted below their respective 1H and 23Na images. All rods from 1 

to 5-mm diameter are well resolved on 1H image. In the sodium image, the 4- and 5-mm 

diameter rods are well resolved while those with diameter smaller than 3 mm cannot be 

clearly distinguished. This is in accordance with the 23Na FLORET sequence whose point 

spread function (PSF) of ~1.8 voxels full width at half maximum (FWHM) and nominal 

sequence resolution of 2.9 mm isotropic results in a real resolution of ~5.2 mm.

For both nuclei in vivo images show good B1
+ symmetry between left and right sides and 

adequate coverage within the breasts, which gradually decays towards the axillary regions 

and in the area between the breasts (Figure 6). Proton B1
+ distribution was sufficiently 

uniform to provide good fat suppression. The 23Na images allow discrimination between the 

breast parenchyma and fat tissue, which has low sodium content. Figure 7 shows enlarged 

details in the co-registered 1H and 23Na images. Sodium low resolution inevitably causes 

partial volume effect artifacts, especially at the boundaries between parenchyma and fat 

tissue, however anatomical details such as fat pockets within the glandular tissue, which are 

very well captured in the high resolution 1H images, can be identified in the 23Na images. 

Local regions of high intensity (white arrowheads in Figure 7) are observed in 

correspondence to the costal cartilage, which is known to have substantial sodium content 

(21,45).

Discussion

In this work we proposed a dual-tuned 1H/23Na coil for bilateral breast MRI at 7 T. The 

dedicated 8-channel sodium receive array was key to obtain a 1.5–3× improvement in SNR 

compared to a volume receive coil, which enabled bilateral, whole-volume in vivo imaging 

with 2.8 mm isotropic resolution in less than 10 minutes. This performance is on par with 

low field clinical standards and is anticipated to allow 23Na metabolic characterization in 

lesions larger than ~ 5 mm. The dual-tuned coil additionally provided ~ 1 mm isotropic 1H 

images for complementary anatomical and DCE kinetic analysis.

Our 23Na imaging efficiency (22 μL voxels in 9.5 mins) is comparable to that reported by 

Zaric, et al. (11 μL voxels in 16.5 mins) (27), which is to the best of our knowledge the only 

other demonstration of 23Na bilateral breast MRI at 7 T. While Zaric, et al. provided 

promising 23Na and diffusion measurements in tumors, we focused on the coil design. Our 

coil utilized a close-fitting 23Na receive array to achieve high SNR, but also created a 

challenging environment for the 1H solenoids due to the opportunity to induce current in the 
23Na array and therefore perturb the 1H B1 field. To mitigate this interaction, we inserted 

trap circuits that resonated at the 1H frequency (28,46,47). The resulting 23Na coil noise 

penalty was reduced by the minimizing the number of traps, which depends on the size of 

the 23Na coil as well as the blocking frequency; we found that for a 14 cm diameter loop 

three 1H traps equidistantly spaced around the coil were necessary to reduce the 1H 
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frequency shift below 0.5 MHz and reduce 1H B1
+ distortions. With this configuration, the 

coils in our eight-channel array were on the edge of sample noise dominance, therefore 

limiting the appeal of an array with smaller coils and additional channels. We also found that 

the 1H B1
+ and SNR distributions were sensitive to the trap orientation and 23Na array cable 

routing. To minimize the disturbance, we orientated the inductors in the high-impedance 

traps orthogonal to local magnetic field of the 1H solenoid and routed cables radially 

outward from the array through the shield.

Whereas most 23Na breast MRI has been limited to unilateral coverage, another essential 

feature of the presented coil is its expanded FOV to both breasts. Bilateral imaging is 

important for accurate staging of the extent of local breast cancer and because asymmetric 

response of the breasts is often seen in pre-menopausal women and women who have 

undergone radiation therapy. We enabled bilateral coverage by enclosing the left and right 

unilateral coils into RF shields that eliminated resonance frequency splitting. Note that we 

did not observe image distortions that could result from gradient-induced eddy currents in 

the RF shields, which might be anticipated in the 23Na FLORET acquisition that necessitates 

fast switching gradients to generate spiral trajectories. The use of dual shielded transmit 

solenoids was a straightforward way to achieve locally high B1
+ across the bilateral FOV. 

The chosen design is not subject to the bimodal B1
+ asymmetry that is typical of breast MRI 

at 3 T, which affects fat suppression uniformity and most importantly causes significant 

variation in contrast enhancement, making differential diagnosis difficult (36,48–51).

While the 23Na solenoids provided good coverage, 1H coverage was confined primarily to 

the breast and degraded toward the axillary and chest wall regions. This is a common 

weakness in 7 T 1H breast MRI (36,39,52,53) that has been addressed with dedicated 

hardware (54,55). In the case of our design, space constraints for the multiple bilateral coil 

layers may have accentuated its compressed local field pattern.

The metabolic information accessible with 23Na MRI could be valuable in assessing breast 

cancer response to therapy. Several studies have shown significant decrease of malignant 

tumor total sodium content in NACT responders, which makes sodium concentration a good 

candidate to monitor therapy response. Moreover, high 23Na SNR acquisitions could enable 

access to even more specific biomarkers of cellular metabolism such as intracellular sodium 

concentration, and cellular density such as extracellular volume fraction (56), that are still 

largely unexplored due to the challenges associated with sodium’s low abundance in the 

body and low MR receptivity. The coil design that we proposed in this work attempts to 

address these challenges from a hardware perspective and offers the opportunity to 

investigate non-invasively breast tumor metabolism as function of sodium concentration 

(and/or volume fraction) in patients undergoing NACT. This valuable information could 

inform the tumor response to NACT and provide guidance to patient-specific therapy plans.
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Figure 1: 
(a) The 1H/23Na bilateral breast coil in its tailored housing. (b) Left and right units were 

separated by two RF shields (in blue) which reduced coupling enabling bilateral operation. 

(c) Each unit of the coil is constituted by three layers. From the outermost to the innermost: 

a three-turns series solenoid for 23Na transmission, a three-turns series solenoid for 1H 

excitation and reception and a four-channel 23Na receive array. For sake of simplicity the 

series connection among the loops as well as the lumped elements are not reported.
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Figure 2: 
Circuit schematic of the 1H transmit/receive coil and interface. For simplicity, only the 

schematic of the left unit is illustrated. The left and right units were fed through a two ways 

power divider. The status of the DC bias is forward in transmit mode and reverse in receive 

mode. Cable traps tuned to 297.2 MHz and 78.6 MHz were implemented to reject common 

mode currents. The three loops of the 1H solenoid were connected in series. RFC: 

radiofrequency choke; RFS: radiofrequency short.
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Figure 3: 
Circuit schematic of the 23Na transmit coil and 23Na receive array with interface. (a) The 
23Na transmit solenoid. The interface of the 23Na transmit solenoid has a similar setup as the 

one implemented for the 1H transmit/receive solenoid. T/R switches were implemented in 

order to enable reception with the 23Na solenoids to facilitate debugging; the array is used 

for signal reception during normal operation. The three loops of the 23Na solenoid were 

connected in series. Series diodes D in two locations were used to detune the solenoids when 

receiving with the array. (b) 23Na receive array. Cable traps tuned to the two frequencies of 

interest were implemented on the interface along with bazooka baluns on coaxial cables 

longer than a quarter-wavelength between the coil and the interface. Each 23Na coil included 

three proton traps to suppress 1H currents, an active detuning circuit and a fuse F. RFC: 

radiofrequency choke; RFS: radiofrequency short.

Ianniello et al. Page 15

Magn Reson Med. Author manuscript; available in PMC 2020 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: 
Top: 23Na B1

+ map (left) and SNR map (right) with and without the 23Na receive array. 

Bottom: 1H B1
+ map (left) and SNR map (right) with and without the 23Na receive array.
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Figure 5: 
1H 3D GRE (top left) and 23Na FLORET (top right) images acquired on a resolution 

phantom with glass rod inserts with diameters ranging from 1 to 5 mm. The signal profiles 

across each column of rods shows 1 mm diameter rods are resolved in 1H images (bottom 

left) while 4 and 5 mm rods are well resolved in 23Na images (bottom right) This is in 

accordance with the 23Na FLORET sequence point spread function (PSF) of ~1.8 voxel full 

width at half maximum (FWHM), and nominal sequence resolution of 2.9 mm isotropic, 

which results in a real resolution of ~ 5.2 mm.
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Figure 6: 
Three-plane view of 1H T1w fat-suppressed 3D gradient echo (top row) and co-localized 
23Na FLORET (bottom row) images. The sodium images (2.8 mm isotropic resolution, TA 

9:36 min) distinguish fibroglandular tissue (hyperintense) from fat tissue (hypointense).
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Figure 7: 
Enlarged details in the co-registered 1H T1w GRE (top) and 23Na FLORET (bottom). 

Despite the low 23Na resolution some fine anatomical details can be identified, such as 

regional “fat pockets” and rib cartilage in the chest wall (white arrowheads).
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Table 1:

Unloaded and loaded Q and resonance frequency for the coils in isolation and in the final setup (nested). A 

breast-mimicking phantom (conductivity σ = 0.30 S/m, relative permittivity εr = 40 at 297.2 MHz) was used in 

the loaded measurements. The frequencies reported below each Q ratio refer to the loaded case. Tx: Transmit; 

Rx: Receive.

1H
isolated

23Na
isolated

1H/23Na
nested

1H Tx/Rx solenoid
79:14

(200.0 MHz) - 325:15
(297.2 MHz)

23Na Tx solenoid - 607:101
(50.0 MHz)

419:130
(78.6 MHz)

23Na Rx 14 cm loop - 330:150
(77.3 MHz)

290:140
(78.6 MHz)
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