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Abstract
In this work we describe a large volume 340 mL 1H-X magnetic resonance (MR) probe for studies
of hyperpolarized compounds at 0.0475 T. 1H/13C and 1H/15N probe configurations are
demonstrated with the potential for extension to 1H/129Xe. The primary applications of this probe
are preparation and quality assurance of 13C and 15N hyperpolarized contrast agents using
PASADENA (parahydrogen and synthesis allow dramatically enhanced nuclear alignment) and
other parahydrogen-based methods of hyperpolarization. The probe is efficient and permits 62
μs 13C excitation pulses at 5.3 Watts, making it suitable for portable operation. The sensitivity and
detection limits of this probe, tuned to 13C, are compared with a commercial radio frequency (RF)
coil operating at 4.7 T. We demonstrate that low field MR of hyperpolarized contrast agents could
be as sensitive as conventional high field detection and outline potential improvements and
optimization of the probe design for preclinical in vivo MRI. PASADENA application of this low-
power probe is exemplified with 13C hyperpolarized 2-hydroxyethyl propionate-1-13C,2,3,3-d3.

Keywords
hyperpolarization; multi-nuclear; magnetic resonance probe; parahydrogen; 13C; 15N; low field

1. Introduction
We have recently demonstrated in situ detection of parahydrogen induced polarization
(PHIP) using Parahydrogen And Synthesis Allow Dramatically Enhanced Nuclear
Alignment (PASADENA) [1; 2] in a 0.0475 T permanent magnet equipped with a 60 mL
reactor inside a dual resonance NMR circuit [3; 4]. In situ detection facilitates quality
assurance (QA) of PHIP experiments in general [4] and is useful for identifying optimal
preparation parameters in studies of new hyperpolarized contrast agents [3]. In this work we
present a significant improvement of the RF circuit performance by dividing it into two
separate channels 1H and X with individual transmit-receive coils. This separation allows for
improved MR sensitivity on the X channel, which is essential for in situ detection of small
quantities of hyperpolarized contrast agents.

Low resonance frequencies offer some unique opportunities for RF coil design, because the
long conductors can be used to make multi-turn inductors. These conductor lengths are
possible due to the long wavelengths at low frequencies [5]. For example, λ/10 = 60 meters
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at 0.5 MHz corresponding to the 13C resonant frequency at 0.0475 T. Moreover, the signal
voltage detected by NMR [6; 7], or electromotive force (Emf) arising from Faraday’s law of
induction, is linearly proportional to the number of turns (N) and the change of magnetic
flux φB through a single loop, or ∣Emf∣ = N·∣ΔφB/Δt∣ = N · S · ∣ΔB/Δt∣, where S is surface
area through which the magnetic field B passes. Moreover, it can also be expressed as ∣Emf∣
∝ N · ω0·P·μ, where ω0 is the resonant frequency, P is the nuclear spin polarization, and μ is
the magnetic moment of nuclear spin. Using multi-turn inductors in high field MR faces the
primary limitations of (i) conductor length limitations according to λ/10 wavelength, (ii)
parasitic effects related to eddy currents, (iii) self resonance frequency and (iv) dielectric
losses associated with the conservative electric field EC which is linearly proportional to the
number of turns and the magnetic field, EC ∝ N · B0 [8]. The latter was discussed in detail
by Gor’kov, P. L. and Brey W. W. in work on low-E resonators [8; 9]. In view of these
constraints it proves advantageous to use single turn inductors for high field in vivo and
ultra-high field in vitro work. On the other hand, all of the above limitations except for
inductor self-resonance strongly correlate with field strength, scaling either linearly or with
significant reduction with respect to the resonant frequency ω0. It follows that the reduction
in Emf due to ω0, can be offset by increasing the number of turns in the detection MR coil.
As a result of this compensation, low frequency RF coils can potentially approach the
sensitivity of high field ones to the extent that the product N · ω0 can be maintained nearly
constant.

Low magnetic field MR and Earth field MR is an active and promising area of research [10]
[11; 12; 13; 14; 15]. While the above basic principle to attain high sensitivity at low field is
promising, there are a few challenges related to low field MR. First, the low chemical shift
dispersion in units of Hz limits the majority of applications that are otherwise available in
the high field regime. Second, the above argument does not take into account the noise and
as a result signal-to-noise (SNR). Most important, however, the dominant penalty relates to
intrinsic nuclear spin polarization P, which also scales linearly with applied magnetic field.
As a result of this diminished magnetic flux, conventional low field MR is doomed to have
significantly lower sensitivity based on the Emf argument described here.

However, emerging hyperpolarized technologies allow for preparation of nuclear spin states,
when polarization levels become extrinsic to the static B0 field. Specifically, if
hyperpolarized spin states are detected, their nuclear spin polarization is independent of the
applied magnetic field and their resonance frequency ω0. Therefore, the magnetic field B is
approximately field independent and the induced Emf with multi-turn resonators using low
B0 field should provide a sensitive means for MR detection of hyperpolarized compounds.
This approach is demonstrated here for 13C and 15N at 0.0475 T and compared to high
field 13C detection at 4.7 T. Limitations and potential improvements are discussed and low
field MR of hyperpolarized contrast agents compared to conventional detection at high field.

Although the noise consideration is necessary for a complete understanding of SNR, this is
outside the scope of this work. We only point out that dielectric losses dominate MR noise
for high field in vivo MRI of conductive Boltzmann polarized samples and that SNR∝ω,
while the scaling rule applicable to non-conductive Boltzmann polarized samples in low
field MR is SNR∞ω7/4 [16]. In view of this there could be additional RF benefits for low
field detection of hyperpolarized compounds. Moreover, there could be a SNR maximum at
a particular resonant frequency for a specific coil geometry, subject size and properties [17].

13C and 15N hyperpolarized compounds can be prepared by various processes such as
Dynamic Nuclear Polarization (DNP) [18] and PHIP. One of their most promising
applications is their use as contrast agents to interrogate metabolism on second and minute
time scales in living organisms. There are several key advantages of these contrast agents -
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they are non-radioactive, allow for sub-second imaging speed [19], exhibit fast uptake which
translates to a short wait time, and their rapid clearance potentially enables same-day follow-
up scan(s) [20]. Other benefits of hyperpolarized MRI contrast agents include relatively low
toxicity and many are already approved for use in their non-hyperpolarized form.

Despite clear advantages to hyperpolarized MRI, clinical implementation of this advanced
technology hinges on two critical developments in the field: the ability to produce short-
lived contrast agents on site and the capacity to perform efficient MRI of these agents [21].
Low field heteronuclear MRI using the antennas presented here may provide significant
advantages for detection of hyperpolarized contrast agents in animals and humans due to
MRI scanner cost reduction and increased patient safety due to low specific absorption rate
(SAR). Moreover, negligible magnetic field susceptibility using fields below 0.05 T may
eliminate time-consuming magnetic field shimming for MRI exams providing a unique
possibility to accomplish the entire imaging examination in less than a second. In addition, it
could be possible to devise highly portable low field imaging devices or/and MRI scanners
compatible with other imaging modalities such as Computed Tomography (CT).

2. Methods
2.1 RF Circuit

Because low magnetic field is generated by a permanent magnet configured in a Halbach
array with B0 = 0.0475 T (Magritek, Wellington, New Zealand) used herein, it is possible to
align B0 perpendicular to the magnet bore thereby allowing for using large volume, multi-
turn solenoid RF coils to maximize NMR sensitivity (Fig. 1). The second channel’s RF coil
is implemented using a multi-turn dual saddle shaped coil for the 1H channel. The B1
alternating fields of the two RF coils are orthogonal to B0 and additionally to each other for
RF isolation (Fig. 1).

A dual channel NMR probe has two separate RF coils with two independent tuning and
matching circuits. The maximum length of wire was adjusted so as to enable the inductor
self-resonance frequency to be higher than the Larmor frequency for each RF coil. The RF
circuit shown in Fig. 2A consists of two single channel circuits sharing a ground with
capacitors for achieving suitable tuning range and impedance matching for 1H and X
channels (X = 13C or 15N). The NMR probe frequencies of interest are 2.02 MHz (1H),
0.508 MHz (13C), and 0.205 MHz (15N) at B0 = 0.0475 T. The 1H circuit consists of an
outer 70 mm × 130 mm (I.D. × length) Helmholtz saddle coil. The second X channel coil is
a 50 mm × 170 mm (I.D. × length) single layer solenoid closely fitted to the high-pressure
reactor used for molecular addition of parahydrogen to unsaturated molecular precursors.
The RF circuit tuning and matching networks were constructed from fixed C22CF series
capacitors (Dielectric Laboratories, Cazenovia, NY) used in parallel with variable capacitors
(model NMTM120C, Voltronics, Denville, NJ). The capacitor component values are given
in Table 1. Switching from 13C frequency to 15N operation is achieved by adding fixed
capacitors to the tune and match. Air core inductors were wound from 20 AWG magnet wire
to form both RF coils. Inductances were measured with an Agilent E5071C network
analyzer. The 16 turn (8 on each side) Helmholtz saddle coil and 206 turn solenoid produced
LH = 40 μH and LX = 550 μH, respectively (see Fig. 2C). The solenoid wire length was 34
meters, which is below λ/10 at 13C and 15N Larmor frequencies.

2.2 RF Pulse Calibration
RF pulse width was calibrated using two different methods: complete nutation curve by
incrementing pulse width or in the case when Boltzmann polarization was too low to yield
sufficient SNR, the sample was pre-polarized using a high field magnet [11] and single scan
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spectra were used to determine τ90° and τ180°. Pre-polarization of phantoms at high field
(4.7 T and 7 T) enhances nuclear spin polarization by 100 fold or more compared to that at
0.0475 T. As a result, the detected signal at 0.0475 T from such pre-polarized phantoms can
be increased by 100+ fold [11] to allow for single scan sensitivity. Because NMR SNR
scales with the square root of the number of signal averages, it would therefore take 10,000
averages to achieve the same sensitivity. This is impractical with repletion times in excess of
two minutes for 13C and 15N. For example, the Boltzmann thermal equilibrium 13C
polarization is P = 6.04×10−6 at 7 T and 298 K and it decays to P ~ 4×10−6 during 7-second
long sample transfer from 7 T magnet into a 0.0475 T magnet according to spin lattice
relaxation time 13C T1 of in sodium 1-13C-acetate, see below. This is in quantitative
agreement with our experimental observations that externally induced 4.06×10−6

polarization is ~100 fold greater than Boltzmann 13C polarization P = 4.06×10−8 at 0.0475
T. The high SNR allows accurate determination of τ90° to within 1 μs corresponding to <
2% angular error. When a 90° excitation pulse is used the first scan results in maximum
signal intensity, while the successive scan acquired within a few seconds after the first one
(T1 >> TR), yields nearly zero signal intensity. When 180° excitation pulse is used, almost
no signal is detected. Because B0 susceptibility and B1 homogeneity are essentially
independent of the sample load at such low field, once RF pulses are calibrated, the
calibrated τ90° values were used for all other samples and MR experiments. An automated
routine supplied by the Kea2 spectrometer manufacturer (Magritek, Wellington, New
Zealand) was used for RF pulse length calibration, which increments pulse duration at
constant power. A 1H nutation curve was recorded using a 24 mL spherical phantom of
deionized H2O with 5 mM CuSO4 (T1 < 0.1 s). A 60 mL spherical phantom containing 14 g
of sodium 1-13C-acetate in 56 g 99.8% D2O was used for 13C pulse calibrations and as a
reference 13C signal for estimating % polarization (see Results). INEPT (Insensitive Nuclei
are Enhanced by Polarization Transfer) [22] was therefore used to transfer the magnetization
from more polarized methyl protons to 13C in the 1-13C-acetate phantom, increasing 13C
polarization by ~3.5 fold and significantly decreasing repetition time (TR) from 200 s to 10
s. Generating automated nutation curves with INEPT allowed for overnight 13C pulse
calibrations. A 48 mL spherical phantom with 12 g of 15NH4Cl in 99.8% D2O was used
for 15N RF pulse calibrations.

2.3 NMR Spectroscopy
All NMR spectra were recorded with a 10 kHz spectral width. For experiments at 0.0475 T,
the spectra were recorded with 102.4 ms acquisition time and 1,024 sample points. For 13C
experiments at 4.7 T, a triple resonance 1H/13C/15N RF coil (Doty Scientific, SC) was used
with a 0.5 second acquisition time and 10 kHz spectra width.

2.413C longitudinal relaxation time T1 of sodium 1-13C-acetate phantom
1-13C T1 of the sodium 1-13C-acetate in 99.8% D2O phantom at Earth’s field (~ 50 μT) and
0.0475 T were measured by pre-polarizing the phantom at B0 = 3 T for 5 minutes before
acquisition at B0 = 0.0475 T with τ90°. Once the 13C sample is removed from 3 T magnetic
field, it is exposed to Earth field during its transfer to 0.0475 T for MR signal detection. The
transfer time was incremented for Earth field 13C T1 measurements and maintained constant
(20 ± 1 s) for 0.0475 T 13C T1 measurements. 13C T1 was measured by fitting an
exponential signal decay as a function of incremented 13C sample exposure to Earth (T1 =
18.5 ± 0.8 s) and 0.0475 T (T1 = 50.0 ± 2.6 s) fields respectively, (Fig. 4). These values
were used for TR settings for 13C direct detection of this 13C reference phantom and for
estimating polarization losses during sample transfer between high field (4.7 T) and low
field (0.0475 T).
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2.5 B0 homogeneity
There are many low field magnet options currently available from several manufacturers
including Bruker (Aspect Desktop MRI), MRTechnology (0.3 T MRI), Time-Medical (0.2 T
and 0.35 T MRI) offering improved magnetic field homogeneity versus our 0.0475 T
Halbach magnet. The 0.0475 T permanent magnet was manually shimmed with small 1/4”
diameter × 1/16” thick neodymium magnets (D41-N52, KJMagnetics, Jamison, PA) to
improve magnetic field homogeneity. Proper placement was determined by decreasing line
full width at half maximum (FWHM). The 1H FWHM of the 24 mL water phantom was
approximately 20 Hz, or about 10 ppm after shimming (Fig. 3A). The Halbach array magnet
was temperature stabilized at 35 °C to prevent any time-dependent B0 field drift.

3. Results
3.1 B1

The probe RF circuit frequency responses for 1H, 13C, and 15N are shown in Fig. 2B. The
quality factors of the RF circuits measured via Agilent E5071C network analyzer were Q =
38 for 1H, Q = 80 for 13C, and Q = 67 for 15N. RF square pulse calibration yielded 1H τ90° =
86 μs (5.3 W) at 2.02 MHz, 13C τ90° = 62 μs (5.3 W) at 0.508 MHz, and 15N τ90° = 73 μs
(10.5 W) at 0.205 MHz. Precise values of B0 and 13C and 15N resonant frequencies were
calculated from the experimentally measured proton frequency, scaled in accord to
gyromagnetic ratios. The summary of τ90° and corresponding B1 is provided in Table 1. Fig.
3A shows a representative 1H spectrum acquired with 90° excitation pulse. The spectra
shown in Figs. 3B and 3C were acquired with a τ90° excitation pulse using pre-polarization
at 4.7 T and 7 T for 13C and 15N respectively and ~7 s sample transfer time from high to low
field.

3.2 Parahydrogen Induced Polarization (PHIP) using PASADENA effect
HEP (2-hydroxyethyl propionate-1-13C,2,3,3-d3) was hyperpolarized with PASADENA [1;
2] by catalytic hydrogenation of HEA (2-hydroxyethyl acrylate-1-13C,2,3,3-d3, 676071,
Sigma-Aldrich-Isotec, Miamisburg, OH) using up to 97 % enriched parahydrogen produced
by an in-house semi-automated parahydrogen generator [23]. Experimental polarization
procedures were similar to those previously described [4] except that deionized water was
used instead of 99.8% D2O as a solvent. Figs. 5B and 5C respectively demonstrate direct
detection of the 13C Boltzmann signal of a reference sample and in situ detection of 13C
hyperpolarized HEP. The signal with a 13C SNR ~ 2,300 and FWHM = 26 Hz is recorded
from 15 micromoles (< 2 mg) of HEP with 20% polarization corresponding to signal and
polarization enhancement ε ~ 5, 000, 000 (Fig. 5C).

The level of 13C hyperpolarization was also measured as function of 1H continuous wave
decoupling power level in the Goldman PHIP polarization transfer sequence [24] to
investigate the lower limit of RF power necessary to perform efficient PHIP and produce
hyperpolarized agents. A significant reduction of 1H decoupling power leads to a modest
decrease in 13C hyperpolarization (Fig. 6A). This is possible due to relatively good magnet
B0 and B1 homogeneity that allows efficient RF excitation even at relatively very low power
level. For example, the polarization level at 0.33 W is 86% of the maximum observed level
at 10.5 W in these experiments. However, the polarization level at 0.08 W is only 66% of
maximum value, which represent a significant hyperpolarization loss.

In a separate experimental series, the power level of decoupling and all 13C and 1H RF
pulses of PHIP polarization transfer sequence was varied at the same time (Fig. 6B).
Hyperpolarization levels at 0.66 W and 0.33 W decreased to 92% and 90.5% respectively
compared to hyperpolarization obtained with 10.5 W RF power.
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3.3 MR sensitivity at high and low field under conditions of constant nuclear spin
polarization

The 13C RF probe sensitivity was compared to that of a commercial 4.7 T small-animal RF
coil with smaller volume. The 4.7 T equipment consisted of a Varian 4.7 T scanner and a 38
mm I.D. triple resonance RF volume coil from Doty Scientific, SC. The RF coils have
similar diameter, but the 0.0475 T solenoid coil is ~ 2 times longer. The spherical phantom
used for both instruments consisted of 1.0 g of sodium 1-13C-acetate dissolved in 2.8 mL
99.8% D2O. Equilibrium Boltzmann 13C polarization at 298 K of P = 4.06×10−6 at 4.7 T
and 13C P = 6.04×10−6 at 7 T was achieved by phantom polarization for at least 5*T1 .
Equilibrium polarization P = 4.06×10−6 1 was used for 13C signal detection with τ90° on the
4.7 T Varian MRI scanner. The 13C phantom with 13C P = 6.04×10−6 achieved at 7 T was
transferred to the 0.0475 T low field system and 13C signal was detected with τ90°. The
sample transfer time of approximately 7 s delay resulted in 13C polarization decay (13C T1 =
18.5 s at Earth field) from 6.04×10−6 1 to ~4.0×10−6. The latter value is within a few percent
of the 4.7 T Boltzmann equilibrium level of 4.06×10−6. Therefore, the 13C phantom had
nearly identical 13C nuclear spin polarization when detected on 4.7 T and 0.0475 T MR
systems simulating the conditions of the magnetic field independent hyperpolarized state.
The 4.7 T RF volume coil yielded a SNR of 120 with a FWHM of 6 Hz (Fig. 7). The 13C
solenoid coil of the 0.0475 T H-X probe achieved an SNR of 28 with a FWHM of 25 Hz
(Fig. 7). Therefore, the sensitivity of the two coils measured as a product of FWHM and
SNR is approximately the same. We note that FWHM of the 13C resonance in Fig. 7B is
considerably narrower than that in Fig. 3B due to significantly smaller sample volume and
significantly reduced effects of magnetic field inhomogeneity.

4. Discussion
A dual channel 0.0475 T PHIP H-X RF probe provides sufficient sensitivity to enable
direct 13C detection and excitation using Boltzmann polarized and hyperpolarized samples
at 508 kHz. Direct 15N detection at 205 kHz is somewhat less sensitive and sample pre-
polarization at high field is required. The ability for direct low field NMR detection allows
for an external calibration standard with known concentration, MR signal, and polarization.
Direct calculation of polarization provides greater accuracy for quality assurance of
hyperpolarization with such a reference standard. This convenient detection of 13C
polarization levels in situ does not require the use of external high field NMR systems for
polarizer calibrations or quality assurance of hyperpolarization compared to early polarizer
designs [25; 26]. The estimated limit of detection of 13C hyperpolarization for this RF probe
is 1 micromole with 1% polarization in the 340 mL solenoid coil yielding a SNR > 8.
Improving B0 homogeneity and improving the RF circuit efficiency, which was outside the
scope of this work, could further decrease this detection limit by as much as an order of
magnitude.

13C spectroscopy with the sodium 1-13C-acetate phantom at 0.0475 T also enabled
measurements of 13C T1 of the 1-13C site in sodium acetate in low magnetic fields. It was
found that T1 =18.5 ± 0.8 s at ~50 μT (Earth field) and T1 = 50.0 ± 2.6 s at 0.0475 T. Both
values are significantly lower than the high field value for this phantom, 13C T1 = 70 s at 4.7
T (data not shown). This is in contrast with hyperpolarized HEP in H2O, which has a
significantly greater 1-13C T1 of 101 s at 0.0475 T [4] compared to 50 s at 4.7 T [26]. The
magnetic field dependence of 1-13C T1 for acetate is different from the one for HEP.
Hyperpolarized 1-13C-pyruvate is a more advanced hyperpolarized contrast agent. It is also
a carboxylic acid and therefore could exhibit a similar 1-13C T1 field trend. Therefore, the
studies involving hyperpolarized material of carboxylic acids should avoid exposure to low
fields in order to extend polarization lifetimes and preserve in vitro hyperpolarization as
long as possible.
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Achieving efficient hyperpolarization at sub-Watt RF power is very promising. The nominal
cost is 10% reduction from the maximum observed polarization level at 10.5 W. The
polarization losses at lower RF power are likely to be attributed to poorer excitation across
the entire sample as B1 becomes comparable to frequency distribution across the sample due
to B0 inhomogeneity or B1 ~ Δω0. The observed loss of polarization transfer efficiency is
dominated more by losses associated with proton channel power level than with the 13C
channel losses. This is not surprising as Δω0(1H) ~ 4×Δω0(13C). This problem in the low
power regime can be mitigated through additional improvement of RF coil B1 efficiency
and/or through the use of more homogeneous magnets. Nevertheless, using < 0.5 W power
for ~10% hyperpolarization loss is a trade-off demonstrating the extent of possible device
simplification due to reduced power requirements. Sub-watt RF amplifier used for
PASADENA can be small and inexpensive, while increasing overall polarizer portability.
Additionally, the entire polarizer setup can potentially be battery powered with use of a
permanent B0 magnet.

A relatively high sensitivity of low field detection of 13C hyperpolarization is promising
similarly to that of hyperpolarized noble gas for in vivo applications [17; 27]. While the low
field SNR (Fig. 7B) is ~ 4 times lower than the 4.7 T signal (Fig. 7A), the effective line
width due to worse B0 homogeneity is also ~ 4 times greater and therefore the two spectra
have similar integrated intensities. Solenoids are inherently more sensitive than the Litz
design (Doty Scientific, SC), but our goal was to compare ultimate sensitivity of this low
field device with a typical commercially available high field system. The renaissance of
hyperpolarized MR makes this question worthy of reconsideration as low field MR may
have favorable in vivo sensitivity. Although the induced Emf using field independent
hyperpolarized magnetization is directly proportional to the resonant frequency ω0, which is
~ 100 fold greater at 4.7 T compared to 0.0475 T, the low field 13C coil has ~ 100 times
greater turn density, largely compensating for the term N·ω0 according to Faraday’s law of
induction (see Introduction). Thus, the similar 13C intensity detected from a simulated
hyperpolarized state indicates that low field detection of hyperpolarized contrast agents can
be of comparable sensitivity to that of high field. It should also be pointed out that low field
MR sensitivity can be significantly improved by better magnet shimming and optimization/
improving of RF coil sensitivity (work in progress in our laboratory), which is outside the
scope of this work, but would be critical for in vivo applications. Additional sensitivity
could also be gained from indirect proton detection of hyperpolarized contrast agents [28;
29; 30] for spectroscopic and imaging applications [31].

The solenoid coil is a preliminary proof-of-principle design for primary use as a large
volume RF coil for PHIP. Aiming for preclinical in vivo work with tumor bearing mice, the
potential significant RF sensitivity improvements include: (i) decreasing RF coil volume by
up to a factor of four leading to ~2 fold SNR gain, (ii) optimization of RF coil quality factor
Q by increasing the turn density, wire thickness, and coil balancing with SNR expected gain
~2-5 fold, and (iii) cryogenic cooling (77 K) of the RF coil and preamplifier (SNR gain
expected ~2-4 fold) [16]. The latter is technologically challenging for small animal imaging
preclinical work, but perhaps would be more suitable for human imaging where additional
SNR gain may be desired.

One of the main challenges for low field metabolic imaging of hyperpolarized contrast
agents is diminishing chemical shift dispersion. This is especially challenging in relatively
inhomogeneous B0 field as the one used here. As a result, chemical shift phenomenon would
be very difficult to exploit as a source of contrast in Chemical Shift Imaging (CSI) between
parent and daughter molecules such as injected hyperpolarized 1-13C-pyruvate and produced
in vivo 1-13C-lactate [32]. However, other mechanisms such as J-couplings can be
potentially used to resolve multiple metabolites.
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5. Conclusions
The presented 0.0475 T H-X probe for production of hyperpolarized contrast agents by
PHIP has high MR sensitivity similar to that of conventional high field detection. It would
potentially enable several low field NMR capabilities including sub-second imaging of 13C
and 15N hyperpolarized contrast agents in vivo (work in progress in our laboratory). Direct
in situ detection of low gamma nuclei permits precise, entirely self-contained pulse
calibration of polarizing equipment producing 13C and 15N hyperpolarized contrast agents.
The ability to quantify an external calibration standard with known concentration, MR
signal, and polarization leads to better quality assurance of PHIP polarized contrast agents.
Increased PHIP probe sensitivity and efficiency also enable PASADENA with sub-Watt RF
power with ~10% loss of maximum producible hyperpolarization. Further optimization of
RF coils should enable the use of low cost, small size and ultra-portable RF amplifiers for
PHIP using low field magnets. However, we note that improvement of B0 field homogeneity
of low field magnets is at least as important as improving the RF coil performance [5].

The performance of the 0.0475 T H-X probe demonstrates sensitivity comparable to that of a
38 mm Doty volume coil of a 4.7 T small animal MRI scanner with respect to
hyperpolarized contrast agents. Therefore, low field RF coils can have detection sensitivity
similar to that of high field ones for hyperpolarized MR applications. Using multi-turn
detection low field MR coils compensates signal losses arising from proportionality to
detection frequency. These low field RF coils have vanishing restriction on the susceptibility
concerns, specific absorption rate, and other limitations imposed by conventional high field
MRI. However, the low limit of magnetic field and resonant detection frequency remains to
be tested in the context of clinically sized RF coils.
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Fig. 1.
Alignment of RF coils, magnetic field and magnet bore.
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Fig. 2.
NMR Probe RF Circuit. (A) The RF design consists of two single channel circuits with
common ground tuned for 1H at the high frequency and 13C/15N at the low frequency. (B)
Frequency sweep response showing 1H circuit resonating at 2.02 MHz, 13C at 0.508 MHz,
and 15N at 0.205 MHz. (C) The NMR probe design.
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Fig. 3.
NMR spectroscopy at 0.0475 T. (A) Single scan 1H spectrum of aqueous 5 mM CuSO4 24
mL. (B) Single scan 13C NMR spectrum of 42 mL of 3M solution (0.13 moles or 11 g)
sodium 1-13C-acetate solution in 99.8% D2O acquired after sample pre-polarization at 4.7 T
and ~ 7 s long transfer at Earth field. (C) Single scan 15N NMR spectrum of 48 mL of 4.6 M
(0.22 moles or 12 g) of 15NH4Cl in 99.8% D2O after sample pre-polarization at 7 T and ~ 7
s long transfer at Earth field. All spectra are acquired with 90° excitation RF pulse.
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Fig. 4.
13C T1 measurements for sodium 1-13C-acetate in 99.8% D2O (A) at Earth field of ~50 μT
yielding 13C T1 = 18.5 ± 0.8 s, and (B) at B0 = 0.0475 T yielding 13C T1 = 50.0 ± 2.6 s.
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Fig. 5.
PHIP hyperpolarization of HEP. (A) Conversion of HEA to HEP via molecular addition of
parahydrogen in the PHIP process leading to hyperpolarization of the 1-13C carbon (red).
(B) 13C spectroscopy of a 60 mL of 2.8 M 13C reference sample containing 0.17 moles or 14
g of sodium 1-13C-acetate using Boltzmann polarization and 64 averages. (C) Single
acquisition spectrum of 15 micromoles (< 2 mg) of hyperpolarized HEP contrast agent with
20% polarization or enhancement ε ~ 5,000,000 at 0.0475 T.
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Fig. 6.
Dependence of 13C hyperpolarized signal on RF excitation pulse power. (A) Effect of 1H
decoupling power on 13C hyperpolarized signal (arbitrary units) of HEP using 10.5 W power
for RF transfer pulses. (B) 13C hyperpolarized signal (arbitrary units) of HEP dependence on
power level of PHIP RF pulses where power of all RF pulses is incremented.
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Fig. 7.
B>. Sensitivity comparison at high and low field. 13C spectroscopy of 2.8 mL of 4.3 M
(0.012 moles or 1.0 g) of sodium 1-13C-acetate solution in 99.8% D2O at (A) 4.7 T with
SNR = 120 using multinuclear RF coil (Doty Scientific, SC) and at (B) 0.0475 T with SNR
= 30 using the H-X RF coil for acquisition ~7 s after pre-polarization at 7 T to render 13C
polarization equivalent to Boltzmann polarization at 4.7 T. Both spectra used spectral width
= 10 kHz, no line broadening and other similar acquisition parameters.
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