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Abstract

Purpose: To compare the performance of an 8-channel surface coil/clamshell transmitter and 32-

channel head array coil/birdcage transmitter for hyperpolarized 13C brain metabolic imaging.

Methods: In order to determine the field homogeneity of the RF transmitters, B1+ mapping was 

performed on an ethylene glycol head phantom and evaluated via the double angle method. Using 

a 3-D echo-planar imaging (EPI) sequence, coil sensitivity and noise-only phantom data were 

acquired with the 8- and 32-channel receiver arrays, and compared against data from the birdcage 

in transceiver mode. Multislice frequency-specific 13C dynamic EPI was performed on a patient 

with a brain tumor for each hardware configuration following injection of hyperpolarized 

[1-13C]pyruvate. SNR was evaluated from pre-whitened phantom and temporally summed patient 

data after coil combination based on optimal weights.

Results: The birdcage transmitter produced more uniform B1+ compared to the clamshell: 0.07 

versus 0.12 (fractional error). Phantom experiments conducted with matched lateral housing 

separation demonstrated 8- versus 32-channel mean transceiver-normalized SNR performance: 

0.91 versus 0.97 at the head center; 6.67 versus 2.08 on the sides; 0.66 versus 2.73 at the anterior; 
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and 0.67 versus 3.17 on the posterior aspect. While the 8-channel receiver array showed SNR 

benefits along lateral aspects, the 32-channel array exhibited greater coverage and a more uniform 

coil-combined profile. Temporally-summed, parameter-normalized patient data showed 

SNRmean, slice ratios (8-channel/32-channel) ranging 0.5–2.00 from apical to central brain. White 

matter lactate-to-pyruvate ratios were conserved across hardware: 0.45±0.12 (8-channel) versus 

0.43±0.14 (32-channel).

Conclusion: The 8- and 32-channel hardware configurations each have advantages in particular 

brain anatomy.
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Introduction

Following the discovery of dissolution dynamic nuclear polarization (d-DNP) techniques 

(1), the field of hyperpolarized 13C imaging has enabled diverse applications for non-

invasively probing real-time metabolism in vivo (2–4). In the context of clinical translation, 

validating the utility of these applications is key to understanding their potential diagnostic 

impact. While d-DNP affords appreciable signal enhancement via spin polarization, 

metabolites downstream of the substrate can fall within a low SNR regime, given their 

enzyme-mediated conversion, signal decay from T1 and RF utilization, and label/molecule-

dependent T1-shortening effects. Such time-sensitive and unrecoverable magnetization in 

hyperpolarized experiments underscores the importance of RF hardware design that 

improves SNR by conforming to organ-specific demands.

Hyperpolarized 13C imaging of the human brain presents unique challenges. Initial clinical 

trials on patients with brain tumors (5,6) determined that hyperpolarized [1-13C]pyruvate 

crosses the blood-brain barrier and undergoes considerable metabolic conversion over the 

timescale of the experiment. Despite demonstrating feasibility using an 8-channel 13C 

bilateral surface coil array and clamshell transmit coil, Park et al. recognized the importance 

of adequate SNR for achieving clinically relevant spatial resolution, which is limited by the 

size and geometric shape of the brain (5,7). As the number of elements increases in a multi-

channel phased-array receiver, the SNR is expected to improve to a limit at the center, 

however the ultimate SNR on the periphery requires additional elements with smaller 

diameter and greater sensitivity (8, 9). This is how a head array can yield comparable SNR 

to the 8-channel receiver at the center of the brain, while providing more homogeneous coil-

combined profiles and increased potential for accelerating data acquisition via parallel 

imaging (10,11). Because actual hardware implementations can deviate from theoretical 

considerations, this study was designed to compare the performance of the 8-channel/

clamshell coil configuration with a 32-channel 13C head array and birdcage transmit coil in 

phantom and patient experiments using variants of a frequency-specific echo-planar imaging 

(EPI) sequence (12).
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Methods

Coil Configuration

All experiments were performed on a clinical 3T whole body scanner (MR 750; GE 

Healthcare, Waukesha, WI) equipped with 32-channel multi-nuclear imaging capability. 

Investigation centered around two custom-designed RF hardware configurations: 1) bilateral 

paddle coils that had a total of 8 elements with a clamshell transmit coil (Figure 1A,B) 

(7,13); and 2) a 32-channel head array coil with integrated birdcage transmit coil (Figure 

1C,D)(14). Design of the paddle assemblies comprised 4 overlapping copper loops of 

dimension 5 × 10 cm2, which had been tuned and matched at 32.12 MHz for carbon. The 

clamshell transmitter consisted of a capacitively-coupled Helmholtz pair with resonant loops 

of approximately 30.5×30.5 cm2, housed in a hinged architecture that provided easy access 

for patients (13,15). This transmitter was actively detuned during reception using a reverse/

forward bias of −2.5/590 VDC for an active pin trap on each loop. For the 32-channel array 

(Qunloaded/Qloaded = 250/90), elements of approximately 8–10 cm diameter were arranged on 

the housing according to hexagonal/pentagonal soccer ball geometry, with more elongated 

loops around the region encompassing the neck. Integrated into the head array assembly was 

a 16-rung low-pass birdcage transmit coil having a 30.5 cm diameter and 32 cm rung length. 

This transmitter was actively detuned during reception using a reverse/forward bias of 

−2.0/300 VDC for a pin diode trap constructed on every other rung. In both 13C receiver 

arrays, a return loss (S11) < −17dB and transmission loss (S21) < −17 dB were measured. In 

each case, dynamic disabling of carbon receive channels during RF transmission was 

accomplished via a pin diode trap, and proton frequencies for anatomical imaging were 

passively blocked with a second trap circuit. Table 1 summarizes these specifications and 

circuit schematics are shown in Supporting Information Figure S1.

Phantom Imaging

A head-shaped phantom containing unenriched ethylene glycol (HOCH2CH2OH, 

anhydrous, 99.8%, Sigma Aldrich, St. Louis, MO) doped with 17g/L (0.29 M) NaCl for 

loading was used to maintain in vivo hardware configurations and evaluate their 

performance over representative spatial regions (Figure 1E). Positioning of the transmitter 

and receiver assemblies was designed to maximize the quality of each acquisition, while 

preserving the ability for cross-platform comparison. In the case of the 8-channel/clamshell 

assembly, the phantom was placed on the integrated headrest with the paddle coils centered 

about the transmitter R-L isocenter and separated by 19cm (8ch19cm) to mimic the 32-

channel housing and 16.3cm (8ch16.3cm) to match some in vivo experiments (Figure 1C). 

The 16.3cm separation was at the center of the curved 8-channel housing and equivalent to 

placing the paddles directly against the phantom with 15cm width. The phantom was 

landmarked at the transmitter R-L/S-I isocenter, which corresponded with anatomical 

features that could readily be referenced from proton images. The 32-channel receiver array 

was fixed relative to the birdcage transmitter, allowing the phantom to be inserted into the 

housing on a thin pad and landmarked in a similar manner. As a reference benchmark for 

normalizing SNR, the phantom was also scanned using only the birdcage coil in transceiver 

mode.
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Proton T2-weighted fast spin echo (FSE) images (TR/TE=4000/60ms, 26-cm FOV, 192×256 

matrix, 5mm slice thickness and 2 NEX) of the phantom were acquired using the scanner 

body coil. A 13C FID sequence (GE Healthcare) provided the ability to determine the 

appropriate center frequency and calibrate power (TG) with a non-slice selective 90° or 180° 

RF pulse, respectively.

Characterizing the B1+ field generated by the transmit coils entailed 2-D echo-planar 

imaging (16,17) of the head phantom (TR/TE = 3000/24.1ms, echo-spacing = 1.33ms, 

1.25×1.25cm2 in-plane resolution, 20×20cm2 FOV, 16×16 matrix, ±7.58kHz readout 

bandwidth, and 5cm slice thickness) using a single-band spectral-spatial (SPSP) RF pulse 

(130 Hz FWHM, 868 Hz stopband) to selectively excite the central 13C resonance of 

ethylene glycol. To correct for EPI Nyquist ghost artifacts arising from phase errors, a 

reference scan was first acquired with phase-encoding gradients disabled. Axial and mid-

sagittal slices of the head phantom were then imaged along the magnet iso-center. By 

acquiring the data with flip angles α=60° and 2α=120° (100 averages each), flip angle maps 

could be calculated according to the double angle method, with the T1 of ethylene glycol 

measured as 700ms (18). Relative B1+ maps were obtained by normalizing each map by the 

mean flip angle.

Receiver sensitivity maps were obtained using a 3-D stack-of-EPI (9) variant (α=20°, TR/

TE=47/21.7ms, echo-spacing=0.528ms, 1cm isotropic resolution, 32×32cm2 FOV, 32×32 

matrix, ±167kHz readout bandwidth, 2800 NEX, 70min.). Noise data were also acquired 

separately without transmit RF power and the noise covariance matrix calculated as:

Ψi j = 1
N ∑

k = 1

N
ni(k)n j*(k)

, where N is the number of complex data samples for all coils; ni(k) is kth sample from 

element i; and nj*(k) is the complex conjugate of the kth sample from element j (19). To 

assess coil coupling, the noise correlation matrix (Ψ i j
corr) was also computed as a normalized 

version of Ψij (20):

Ψi j
corr =

Ψi j
ΨiiΨ j j

Data were prewhitened via Cholesky decomposition (21) of the noise covariance matrix (Ψ) 

and combined using complex weights derived from the fully-sampled data (22). Coil-

combined data were summed through time and the SNR computed by dividing by the 

standard deviation of the noise after correcting for Rician bias (23). SNR line profiles were 

computed along principal imaging planes, with each point representing the mean of three 

adjacent voxels.
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In vivo Imaging

Patient studies were approved by the IRB at UCSF and conducted with informed consent. 

Dynamic hyperpolarized 13C data were acquired from a patient with a brain tumor for each 

coil configuration using 2-D multislice EPI (TR/TE=62.5/21.7ms, 3 frequencies, αpyruvate/

αlactate/αbicarbonate=20°/30°/30°, 1.5×1.5cm2 in-plane spatial resolution, eight 2cm slices, 20 

timepoints, 3s temporal resolution)(9). The 8-channel exam was performed 2 months prior to 

the 32-channel exam, with the surface coils placed directly against the head (~15cm width). 

There was no change in the clinical or radiographic status of the patient between 

acquisitions. Transmit gains were calibrated on the ethylene glycol head phantom and an 

embedded 1 mL 8M 13C-urea sample provided in vivo frequency referencing: fpyruvate = 

furea + 270Hz. A 1.47g sample of [1-13C]pyruvate was polarized using a GE SpinLab system 

(5) and injected intravenously at 5mL/s, with a 5s post-injection delay prior to imaging. 

Noise-only EPI data were obtained as part of the protocol and utilized in post-processing. 

After completing the 13C EPI acquisition, the patient was repositioned and a standard 1H 

MR examination was performed with a 32-channel 1H coil (Nova Medical Inc., Wilmington, 

MA).

After processing the EPI metabolite data as above using the pyruvate signal for coil 

combination, the reconstructed dynamic data was summed over time. A separate noise-only 

acquisition was performed following the hyperpolarized study to ensure a sufficient number 

of voxels to estimate the noise. SNR values were corrected for concentration, polarization, 

and time-to-injection, assuming a [1-13C]pyruvate solution state T1 of 71s. A set of 3-D T1-

weighted images (TR/TE/TI =6652/2448/450ms, resolution=1.5×1×1mm3, 25.6-cm FOV, 

256×256 matrix) from the subsequent 1H examination were aligned by FLIRT (24) to body 

coil FSE images from the 13C examination to enable anatomic referencing. White matter 

(WM) segmentation was performed on aligned T1-weighted images using the FSL FAST 

algorithm (25). The 13C data voxels that contained > 60% of WM were used to compare 

lactate-to-pyruvate ratios from both exams.

Results

Relative B1+ maps for each hardware configuration are shown in Figure 2, along with 

associated histograms. Based on the distribution of values over the mid-sagittal section of 

the phantom, the birdcage displayed more uniform B1+ compared to the clamshell, with a 

fractional error of 0.06 versus 0.10 (Figure 2A,B; top). The field homogeneity of the 

birdcage (0.07, fractional error) also exceeded that of the clamshell (0.12) in the axial B1+ 

map, corresponding to the central brain (Figure 2A,B; bottom). Coupling characteristics for 

individual receive elements are presented in Supporting Information Figure S2 via noise 

correlation matrices (Ψcorr), which showed an average off-diagonal of 0.30 and 0.24 for 8- 

and 32-channel receiver arrays, respectively.

Multi-plane SNR maps from the phantom are shown in Figure 3A. These display the relative 

sensitivities of the birdcage transceiver; 8- and 32-channel receiver arrays with matched 

lateral separation (19cm); and the 8-channel paddles placed directly on the phantom 

(16.3cm). The birdcage transceiver exhibited the most uniform profile, with extensive 

coverage that was comparable to the 32-channel array over relevant imaging regions. 
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Whereas the 32-channel array demonstrated the greatest sensitivity at the anterior/posterior 

of the phantom, and the region corresponding to mid-sagittal cortex, the sensitivity of the 8-

channel coil was more pronounced along the lateral aspect of the brain, and decreased 

markedly toward the midline. Mean SNR line profiles along principle imaging planes 

recapitulate these sensitivity characteristics (Figure 3B–D). From right-left (R-L) profiles, 

the transceiver-normalized SNR at the center of the phantom was 0.97, 0.91, and 1.45 (32ch/

transceiver, 8ch19cm/transceiver, 8ch16.3cm/transceiver), with an average of 2.08, 3.01, and 

6.67 on the periphery (Fig 3B). Anterior-posterior (A-P) profiles show transceiver-

normalized SNR of 2.73, 0.66, and 1.38 (32ch/transceiver, 8ch19cm/transceiver, 8ch16.3cm/

transceiver) at the anterior aspect and 3.17, 0.67, and 0.93 at the posterior aspect of the 

phantom midline (Fig 3C). Inferior-superior (S-I) profiles display similar SNR advantages 

and extended coverage for the 32-channel array at the top of the head (Fig 3D). The 

percentage of total SNR relative to the transceiver for each hardware configuration within a 

11-cm thick axial ROI encompassing the brain region was: 136% (8ch19cm/transceiver), 

175% (32ch/transceiver), and 254% (8ch16.3cm/transceiver). Within this ROI, the 

percentage of voxels exceeding the mean SNR of the central 27 voxels from the birdcage 

transceiver data was: 47% (8ch19cm), 69% (32ch), and 69% (8ch16.3cm).

For serial scans that were performed on the same patient, the comparison was based on 

metabolite SNR maps that were overlaid on T1-weighted images to show anatomical 

correspondence (Figure 4). Patient head width (~15cm) allowed for closer placement of 8-

channel paddles. The 8-/32-channel exam parameters were: 23/22mL injected pyruvate 

volume, 247/254mM concentration, 41.7/33.1% polarization, and 54/53s time-to-injection. 

Parameter-normalized, temporally-summed pyruvate and lactate SNR data (SNR >5) are 

displayed for each hardware configuration in Figure 4A,B; SNR comparisons are presented 

in Supporting Information Figure S3. The ratios of mean slice SNR, [SNRmean,8-channel/

SNRmean,32-channel]pyruvate and [SNRmean,8-channel/SNRmean,32-channel]lactate, showed an 

advantage for the 32-channel and 8-channel arrays at the top and center of the brain, 

respectively: 0.51,0.58; 0.99,1.02; 1.59,1.66; and 1.83,2.00 (superior-to-inferior slices). The 

improved SNR of the 8-channel hardware at the center of the brain was also seen in the 

bicarbonate SNR map (Figure 4C). Lactate-to-pyruvate ratios in white matter voxels 

(Supporting Information Figure S3) were comparable across hardware platforms: 0.45±0.12 

(8-channel) versus 0.43±0.14 (32-channel).

Discussion

This study compared the SNR performance of 8- versus 32-channel hardware configurations 

for 13C hyperpolarized imaging of the brain using phantom and patient experiments. By 

characterizing the utility of these particular implementations in practice, it was possible to 

elucidate inherent trade-offs that influence their application, and thusly inform efforts 

towards future coil design.

Quantitative assessment of the B1+ field produced by each transmit coil ensured that the 

receiver arrays were evaluated on a fair basis. As expected, the quadrature birdcage coil 

demonstrated the most uniform B1+ field within the brain, aided by its 16-rung design. 

Although performing adequately, the clamshell transmit coil showed increased B1+ 
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inhomogeneity, consistent with a Helmholtz pair (26), which is problematic for 

hyperpolarized studies with non-renewable magnetization. Additionally, the increased B1+ 

requirements for carbon applications may impose limitations on short duration and adiabatic 

pulses, highlighting the power inefficiency associated with linearly polarized fields (27). 

With regard to receiver performance, both the 8- and 32-channel arrays showed similar 

coupling from noise-only data, but some of the elements in the 32-channel array may have 

had worse noise characteristics on account of their larger size (~79cm2 versus 50cm2).

Based on the distinct reception profiles exhibited by the 8- and 32-channel arrays in 

phantom experiments relative to the birdcage in transceiver mode, each may be viewed as 

providing advantages for imaging specific brain anatomy. Whereas the 8-channel array 

displayed the most sensitivity along the lateral aspects (temporal/parietal lobes), the 32-

channel array was found to be more sensitive in the region corresponding to the frontal and 

occipital lobes along the apical cortex. Under the condition of matched lateral separation, the 

total SNR of the 32-channel array was 29% greater than that of the 8-channel array and 75% 

greater than that of the birdcage transceiver in the region encompassing the brain. Although 

the 32-channel array demonstrated slightly lower SNR compared to the birdcage transceiver 

near the center of the brain region, this was compensated by higher SNR in 69% of the 

covered volume, including significant gains in the abovementioned anatomy.

In vivo experiments corroborated results obtained from the phantom and provided 

comparative examples of multi-metabolite EPI data on each hardware platform. In addition 

to confirming the superior uniformity of the 32-channel coil-combined reception profile, 

these data showed the same relative coil sensitivities observed in the phantom. In this case, 

the small head size of the patient (~15 cm across) allowed the paddle coils to be placed 

closer together and the 8-channel array outperformed the head array coil at the center of the 

brain, to a greater extent than expected based on phantom experiments having similar 

hardware positioning. Given the nature of hyperpolarized experiments, the large number of 

factors that influence the magnitude of the observed signal complicate direct comparisons 

with phantom data. The fact that the white matter lactate-to-pyruvate ratios were conserved 

across patient exams is encouraging and indicates that these two distinct coil configurations 

provide comparable results.

Because of the range of trade-offs demonstrated, the appropriate choice of hardware for in 
vivo 13C hyperpolarized imaging of brain would depend upon the specific anatomy under 

investigation and type of study. In the case of the 32-channel head array coil, there is a 

strong argument for it being clinically translatable, based on the ease of positioning patients 

and uniformity of the coil-combined profile. Moreover, the greater receiver count enhances 

the capacity for acceleration via parallel imaging. Undesirable aspects of this coil relate to 

the larger coil size and rigid housing that is suboptimal for smaller heads. Despite its 

nonuniform profile, the 8-channel coil confers modularity, which allows for tailored 

placement on the region of interest, and has demonstrable SNR advantages that may benefit 

pediatric and brainstem applications. Since hyperpolarized 13C brain imaging falls within an 

SNR/resolution-limited regime, the optimal future design is most likely a multi-channel head 

array that conforms more closely to the average head size.
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Conclusion

With matched separation between lateral receiver elements, the 8- and 32-channel hardware 

configurations demonstrated similar SNR performance at the center of the brain, however 

the 32-channel array/birdcage transmitter provided greater total SNR and extent of coverage, 

along with a more uniform coil-combined profile. The 8-channel coil/clamshell transmitter 

may offer SNR benefits for smaller heads and brainstem applications because of their 

modularity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hardware setup showing images of the 8-channel bilateral surface coils and clamshell 

transmitter (A), along with a schematic of individual receiver elements (5 cm × 10 cm each) 

in the phased array (B). The schematic depicts the two experimental phantom setups 

explored, where the surface coils are either separated by 19 cm (8ch19cm) to match the 32-

channel housing or by 16.3 cm (8ch16.3cm) when placed directly against the phantom. 

Images of the 32-channel head array coil and birdcage transmitter (C) are also shown with a 

schematic of the 32-channel housing that details relative receiver element arrangements (D). 

The ethylene glycol head phantom has dimensions of 15 cm right-left, 18 cm anterior-

posterior and 22 cm superior-inferior (E).
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Figure 2. B1+ characterization.
Relative B1+ maps for the birdcage and clamshell transmitters obtained from 5 cm mid-

sagittal and axial slices through an ethylene glycol head phantom (A). Red dashed lines 

delimit the location of axial slices in the region corresponding to the center of the brain. 

Associated histograms show the relative transmitter B1+ distributions for each imaging plane 

(B).
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Figure 3. Phantom SNR.
SNR data with 1 cm3 spatial resolution derived from 3-D echo-planar imaging of an 

ethylene glycol head phantom using: the birdcage transceiver; the 8-channel paddle coils 

separated by 19 cm (8ch19cm) to match the 32-channel housing; the 32-channel array; and 

the 8-channel paddle coils placed directly on the phantom, separated by 16.3 cm (8ch16.3cm)

(A). Axial (white dashed line), mid-coronal, and mid-sagittal planes are shown, along with 

corresponding right-left (B), anterior-posterior (C), and superior-inferior (D) SNR line 

profiles, referenced by red dashed lines on (A); each profile point represents the mean of 3 

adjacent voxels.

Autry et al. Page 12

Magn Reson Med. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. In vivo hyperpolarized data.
Hyperpolarized 2-D multi-slice EPI data having 4.5 cm3 spatial resolution acquired from a 

patient with a brain tumor using the 8- and 32-channel hardware configurations (8-channel 

paddles placed directly against the 15 cm head). Temporally-summed, parameter-normalized 

SNR>5 data for [1-13C]pyruvate (A) and [1-13C]lactate (B) are shown overlaid on 1H T1 

post-contrast images. Ratios of mean slice SNR, [SNRmean,8-channel/SNRmean,

32-channel]pyruvate and [SNRmean,8-channel/SNRmean,32-channel]lactate, were: 0.51,0.58; 

0.99,1.02; 1.59,1.66; and 1.83,2.00 (superior-to-inferior slices). SNR>5 bicarbonate data 

depicts contrasting hardware sensitivity in the center of the brain (C).
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Table 1.

Hardware specifications.

8-channel configuration 32-channel configuration

RF Transmitter Clamshell
Capacitively-coupled Helmholtz pair (square loops 
~30.5×30.5 cm2)

16-rung low-pass birdcage (30.5 cm diameter, 32 cm rung 
length)

Receiver elements 2 paddle coils, 4 elements each (5 cm × 10 cm) Hexagonal/pentagonal soccer ball geometry: 16 elements on 
top; 16 on bottom (8–10 cm diameter)
QUL /QL = 250/90

Return loss (S11) < −17dB

Receiver decoupling Overlapped to minimize mutual inductance
Pre-amp decoupling for next-to-nearest neighbor

Transmission loss (S21) < −17dB for nearest neighbor

Detuning & blocks Active detuning for carbon >30dB with passive blocking for proton

Preamps 28 dB gain
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