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Abstract

In this work we demonstrate for the first time directly detected manganese-55 (55Mn) MRI using a 

clinical 3T MRI scanner designed for human hyperpolarized 13C clinical studies with no 

additional hardware modifications. Due to the similar frequency of the 55Mn and 13C resonances, 

the use of aqueous permanganate for large, signal-dense, and cost-effective “13C” MRI phantoms 

was investigated, addressing the clear need for new phantoms for these studies. Due to 100% 

natural abundance, higher intrinsic sensitivity, and favorable relaxation properties, 55Mn MRI of 

aqueous permanganate demonstrates dramatically increased sensitivity over typical 13C phantom 

MRI, at greatly reduced cost as compared with large 13C-enriched phantoms. A large sensitivity 

advantage (22-fold) was demonstrated. A cylindrical phantom (d= 8 cm) containing concentrated 

aqueous sodium permanganate (2.7M) was scanned rapidly by 55Mn MRI in a human head coil 

tuned for 13C, using a balanced SSFP acquisition. The requisite penetration of RF magnetic fields 

into concentrated permanganate was investigated by experiments and high frequency 

electromagnetic simulations, and found to be sufficient for 55Mn MRI with reasonably sized 

phantoms. A sub-second slice-selective acquisition yielded mean image SNR of ~60 at 0.5cm3 

spatial resolution, distributed with minimum central signal ~40% of the maximum edge signal. We 

anticipate that permanganate phantoms will be very useful for testing HP 13C coils and methods 

designed for human studies.

Introduction

Manganese-55 (55Mn) is a spin-5/2 nucleus with 100% natural abundance, high intrinsic 

NMR sensitivity, and gyromagnetic ratio very close to 13C (γ55Mn= 10.56 MHz / T , γ13C= 
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10.70 MHz / T) [1, 2]. Paramagnetic forms of 55Mn are well known modifiers of 1H 

relaxivity, including the FDA-approved hepatobiliary MRI contrast agent mangafodipir 

trisodium (MnDPDP) [3, 4], but to our knowledge there has been no prior study of directly 

detected 55Mn MRI. In contrast to its other common oxidation states, the +7 state is only 

very weakly paramagnetic and yields a sensitive NMR signal for aqueous solutions of the 

permanganate ion [5]. In this study we report the first ever directly detected 55Mn MRI 

images, acquired rapidly using a customized clinical 3T MRI scanner designed for human 

hyperpolarized (HP) 13C studies, with no additional hardware modifications required 

for 55Mn MRI. At 3T, the frequency offset of ~450 kHz for 55Mn relative to 13C is well 

within the operable bandwidth of a clinical MRI scanner equipped with multinuclear 13C 

capability.

Due to the high proximity of the 55Mn resonance to 13C, a logical application of 55Mn MRI 

is for large, signal-dense, and cost-effective “13C” phantoms, which are needed to help 

investigate new methods designed for HP 13C imaging of humans based on dissolution DNP 

[6], and to perform tests of new clinical 13C coils and related hardware. The clinical 

translational potential of HP 13C MRI [7, 8] is motivating the development of specially 

designed novel MRI techniques, which will be critical to the realization of the full potential 

of this exciting new technology. Areas of research include the development of efficient, 

highly accelerated MRI pulse sequences and their associated reconstruction methods [9-13], 

methods for flip angle mapping to enable precisely controlled expenditure of the non-

renewable magnetization [14, 15], and the design and construction of optimized 13C RF 

coils and coil arrays for maximum coverage and speed [16-19]. However, the low natural 

abundance of 13C (1%) limits the concentration of non-enriched phantom solutions to ~400 

mM NMR active nuclei, resulting in poor sensitivity. The large-scale enrichment needed to 

produce large 13C imaging phantoms with sensitivity at least remotely comparable to HP 

imaging conditions is cost-prohibitive. For example, the cost of enriching a single 4L human 

head phantom to 4M 13C (e.g. requiring 1kg [13C]urea, one of the least expensive, highly 

soluble, 13C-enriched substances available) is tens of thousands of dollars, even assuming a 

sizable discount over currently advertised prices for smaller quantities. Producing HP 

material simply for phantom experiments is tedious and also costly, especially for large 

volumes, and testing procedures are limited by T1 relaxation. The limitations of practical 

carbon phantoms thus are restricting the ability to develop and test new methods for HP 13C 

imaging, particularly as research moves from the preclinical scale to the larger human scale.

Due to 100% natural abundance of 55Mn, a relatively inexpensive solution of aqueous 

permanganate can provide NMR-active nuclear concentrations in the molar range at a 

Larmor frequency very close to 13C, with an added sensitivity boost of about one order of 

magnitude over 13C due to higher intrinsic NMR sensitivity of the spin-5/2 55Mn nucleus. 

Favorable relaxation properties of permanganate solutions further contribute to high 

sensitivity of 55Mn MRI (T1≈T2), by facilitating continuously large transverse 

magnetizations. Potassium permanganate (KMnO4), the most common salt, is a widely used 

oxidant, applied in water treatment procedures and various organic syntheses. The less 

common sodium salt (NaMnO4) has similar chemical properties but is much more water-

soluble. The estimated sensitivity advantage of using concentrated aqueous NaMnO4 (e.g. 

3.0M) as a source of “13C” phantom signal is at least two orders of magnitude over the best 
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natural abundance carbon solutions (e.g. ethylene glycol, 360mM 13C), bringing the 

sensitivity of thermal phantom experiments much closer to the HP regime. At 3T, 3.0M 

NaMnO4 has theoretically roughly equivalent sensitivity to 3.0mM HP 13C with 10,000-fold 

enhancement over the thermal level (i.e. 2.7% polarization), which is comparable to typical 

experimental HP conditions after dilution in vivo.

In this study we investigated rapid 55Mn MRI of a concentrated aqueous permanganate 

phantom within a clinical 3T MRI system designed for 13C imaging, with a focus on 

simulating the high sensitivity of HP 13C studies. We tested the phantom’s utility for 

replicating the high sensitivity of in vivo HP 13C conditions, as compared to a standard 

natural abundance ethylene glycol phantom. We also applied high frequency 

electromagnetic analysis to evaluate the requisite penetration of resonant RF magnetic fields 

for 55Mn and 1H into aqueous NaMnO4 solution at 3T, which is potentially hindered by the 

relatively high electrical conductivity of ionic solutions at high concentrations such as in this 

phantom, producing potentially significant “skin effects" even at low frequencies.

Methods

Phantoms

MRI phantoms consisted of two cylindrical glass bottles of identical size and shape, with 

inner diameter 8 cm (Wheaton, Millville, NJ). Each bottle had a uniform cylindrical cross-

section of 12 cm in length, which then tapered over 3 cm to a screw-capped opening of 

diameter 2 cm. Ethylene glycol and aqueous NaMnO4 (40% wt/wt or 3.9M) were obtained 

commercially (Sigma, St. Louis, MO). The aqueous NaMnO4 was diluted to 2.7M with 

distilled water. Phantoms were filled to the brim with 650 mL natural abundance ethylene 

glycol or aqueous NaMnO4 (2.7M). Bottles were clear in the case of ethylene glycol and 

opaque for aqueous NaMnO4 in order to minimize photodecomposition.

MRI hardware

The MRI scanner was a 3T clinical imaging system equipped with multinuclear 13C 

capability (GE Healthcare, Waukesha, WI). The RF coil used to image 55Mn was a custom 

26-cm cylindrical birdcage transceiver coil tuned for 13C and designed for imaging a human 

head. The bench-derived RF coil match at the 55Mn frequency (31.7 MHz) with loading was 

|S11|≈ −5 dB on both quadrature channels, as compared with −20 dB at the 13C frequency 

(32.1 MHz). The coil was connected to the standard system-embedded amplifiers for 13C 

MRI. The body RF coil was used to obtain 1H images. Since this 13C coil lacked 1H trap 

circuits to block 1H RF transmit power, it was slid out of its holder for 1H imaging, without 

moving the phantoms.

MRI experiments

The T1 and T2 relaxation times of aqueous NaMnO4 were measured at 3T. T1 was measured 

by least squares fitting of non-localized FID data from a saturation recovery scheme using a 

1ms hard pulse followed immediately by readout, with varying repetition times (TR= 50ms, 

75ms, 100ms, 125ms, 150ms). T2 was measured by fitting non-localized FID data from a 

Carr Purcell Meiboom Gill (CPMG) pulse train (32 echoes, TE1= 10.3ms, echo spacing= 
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20.6ms). For comparison, a 90° “pulse and acquire” FID with identical pulse length and 

readout was acquired for both the NaMnO4 phantom and the identical ethylene glycol 

phantom, with recalibration of the transmit gain for each nucleus. For this experiment, the 

ethylene glycol was substituted for the NaMnO4 phantom in the same spatial position, close 

to the center of the RF coil. Axial RF spoiled gradient echo (SPGR) 1H 2D multi-slice 

images were acquired (matrix= 128×128, FOV= 16 cm, slice thickness= 10 mm, number of 

slices= 8, TE / TR = 10 ms / 2 s, BWfrequency= ±10 kHz). Rapid axial slice selective 55Mn 

MRI of the NaMnO4 phantom was performed using a custom balanced steady state free 

precession (bSSFP) multi-slice pulse sequence acquired at both a lower spatial resolution 

(5×5mm2 in-plane, matrix= 32×24, FOV= 16cm×12cm, slice thickness= 20 mm, slice gap= 

20 mm, Nslices=4, α= 60°, TE / TR= 6ms / 12ms, BWfrequency= ±10 kHz, RF excitation= 3.2 

ms sinc pulse, scan time= 300 ms per image or 1.2 s total) and a higher spatial resolution 

(2.5×2.5mm2 in-plane, matrix= 64×48, Naverages= 12, scan time= 6.9 s per image or 27.6 s 

total, all other parameters identical to low resolution acquisition). Based on Bloch 

simulations, the bSSFP scheme facilitated rapid formation of a signal steady state based on 

transverse magnetization of magnitude equal to roughly half the longitudinal magnetization 

at thermal equilibrium.

Electromagnetic simulations

We analyzed the penetration of RF magnetic fields into simulated cylindrical aqueous 

NaMnO4 phantoms for both 55Mn and 1H MRI. The complex magnetic vector potential field 

 for a lossy dielectric cylinder of diameter d and infinite length along ẑ, with RF 

conductivity σ and permittivity εε0, excited by a uniform external RF magnetic field with 

linear polarization along x̂, has analytic solution [20, 21]

where r and φ are standard polar coordinates with origin defined at the center of the 

cylinder, B1,0 is the magnetic field amplitude prior to its introduction, J0 and J1 are Bessel 

functions of order 0 and 1 respectively, and k is the complex wavenumber given by k2 = 

jωμ0σ + ωεε0μ0. The vector potential for the case of external circular polarization was 

obtained by superposition of an additional identical term oriented in spatiotemporal 

quadrature with the first. The corresponding complex transverse magnetic field , which is 

in general elliptically polarized, was obtained by numerically computing .

MRI images are modulated by “antenna patterns” for transmission and reception that can be 

derived from the transmit RF “field pattern” as defined above [22]. MRI image intensity S at 

a given spatial position is proportional to the product of these two patterns

where * denotes the operation of complex conjugation. The product of these two antenna 

patterns was computed over space for each simulated phantom.
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The simulation parameters were: ε = 78, d= 8 cm, ω55Mn = 2π 3.17MHz, ω1H = 2π 

127.7MHz and σ = 23.5 S/m. This estimated conductivity is much higher than typical 

physiologic values relevant to MRI (~0.5 S/m). The RF conductivity of aqueous NaMnO4 

was assumed to be linear with concentration (2.7M), with coefficient 8.7 S/m per molar 

NaMnO4 derived from prior work on DC electrical resistivity imaging of concentrated 

aqueous NaMnO4 groundwater injections, conducted for the purpose of monitoring 

groundwater remediation procedures [23].

Results

The monoexponential 55Mn NMR T1 and T2 relaxation times of aqueous NaMnO4 at 3T 

were measured to be 82 ms (goodness of fit parameter R2 = 0.95) and 67 ms (R2 = 0.99), 

respectively. For the two phantoms of identical size and shape, the transmit gain required to 

achieve a 90° pulse for 55Mn NMR of the NaMnO4 phantom was 9.0 dB higher than for 13C 

NMR of the ethylene glycol phantom. The 90° “pulse and acquire” spectral SNR was 22x 

higher for 55Mn NMR of NaMnO4 as compared with 13C NMR of natural abundance 

ethylene glycol. Comparative spectra are shown in Figure 1.

Rapid 55Mn bSSFP MRI images of the aqueous NaMnO4 phantom were formed, with 

approximate mean SNR of 60:1 for the 5×5mm2 (32×24) resolution acquisition (300 ms per 

image), and 37:1 for the 2.5×2.5mm2 (64×48) resolution acquisition (6.9s per image). 

Phantom images acquired at both resolutions are given in Figure 2.

Despite the application of birdcage resonators for both 1H MRI (body coil) and 55Mn MRI 

(insert head coil), which ideally produce highly uniform antenna patterns for transmit and 

receive at low frequency, both the 1H and 55Mn images exhibited significant image intensity 

artifacts, evidencing departure from the quasi-static regime. Artifacts were moderate in the 

case of 55Mn MRI and severe in the case of 1H MRI. In particular, classic electromagnetic 

“skin effects” were observed, where a conductive sample tends to exclude high frequency 

magnetic fields from its interior. The approximate appearance of these artifacts at both 

frequencies was replicated in the electromagnetic simulations (Figure 3). The 55Mn images 

exhibited an additional shading artifact associated with quadrature imbalance of the birdcage 

coil, whose general appearance was also replicated in simulations by scaling one of the two 

linear modes of the external transmit field (Figure 4).

Discussion

The results demonstrate the feasibility of high sensitivity 55Mn MRI using hardware 

designed for human HP 13C studies for testing new sequence and coil methodologies 

addressing the prohibitively high-cost of producing large 13C-enriched phantoms. The 

experimental results demonstrated a 22-fold sensitivity advantage over natural abundance 

ethylene glycol and showed that RF penetration into concentrated aqueous NaMnO4 samples 

is sufficient for 55Mn MRI of phantoms of at least 8 cm in diameter. They also demonstrated 

the feasibility of 13C SSFP imaging at the human scale, which will be required to exploit the 

recently recognized long T2’s of 13C nuclei of interest for human applications such as 

[1-13C]pyruvate and [13C,15N2]urea [24, 25].
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The magnitude of associated artifacts was somewhat less than predicted by simulations, 

especially for 55Mn MRI. This may result from overestimation of the true RF conductivity 

of the phantom, which may be frequency dependent and non-linear at high concentration, 

and/or lowering of the RF permittivity of water by the addition of NaMnO4. Both of these 

parameters are difficult to measure. Potential methods for reducing the remaining RF 

penetration artifacts include refrigeration of the NaMnO4 phantom, or dilution, which would 

result in a trade-off of sensitivity vs. artifact level. The chosen concentration of 2.7M may 

not necessarily be optimal. The optimal concentration could depend on the coil, phantom 

diameter, field strength, etc. In this case, a modest dilution to the range of 1-2M would be 

reasonable. It is important to point out that the same RF penetration considerations would 

also apply to large, concentrated 13C-enriched phantoms containing ionic solutions, which 

represent some of the most reasonable options for producing large phantoms (e.g. sodium 

acetate). Since spectrally selective metabolic imaging is a major focus of HP 13C studies, a 

useful further development of this work would be the design of permanganate phantoms 

with multiple distinct spectral lines. A possible implementation would be the construction of 

a phantom with separate compartments containing permanganate in different solvents (e.g. 

H2O and D2O).

Permanganates like many phantom solutions require some special handling due to potential 

reactivity and toxicities but this did not limit its use or applicability for these studies. 

Although stable in appropriate enclosed containers such as glass bottles, permanganates are 

potent oxidants and are therefore incompatible with some materials. For example, mixture 

with ethylene glycol can result in combustion and is therefore excluded. Although small 

levels of manganese are critical for biologic function, human exposure to supra-physiologic 

levels of manganese is potentially dangerous. Phantoms and their handling procedures need 

be designed to prevent skin or mucosal contact with the solution, and gloves should be worn 

when handling the material as small quantities may stain the skin. These precautions were 

easily accomplished in this project.

Considering the high sensitivity observed, we speculate that 55Mn MRI could have ex vivo 

industrial value. Also, if chemically stabilized versions of permanganate could be 

formulated, which could shield tissue from its high redox potential and potential 

toxicities, 55Mn MRI could itself be an interesting in vivo modality for direct, background-

free molecular imaging. One could envision a chemically bound formulation of 

permanganate that renders sufficient quantities safe for use in vivo, similar to Gd chelates. 

Analogous chemical stabilization procedures have previously been applied to permanganate 

to meet other objectives including slow-release characteristics or modified specificity for 

oxidation targets, for example by encapsulation into a polymer matrix or adsorption onto 

silica gels, respectively [26, 27].
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Figure 1. 
Comparative 90° “pulse and acquire” NMR spectra (real component, phased) for two 

phantoms described in text, acquired in human head coil tuned for 13C at 3T. Natural 

abundance ethylene glycol 13C spectrum (A) and 3.0M aqueous NaMnO4 55Mn spectrum 

(B), centered on their respective Larmor frequencies. Each spectrum was obtained in a 

single acquisition (no signal averaging).
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Figure 2. 
Axial multi-slice bSSFP 55Mn MRI images of 2.7M aqueous NaMnO4 phantom at 3T, 

acquired in human 13C head coil at two spatial resolutions, 5×5mm2 (A) and 2.5×2.5mm2 

(B). Scale bars show the approximate image SNR.
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Figure 3. 
Experimental and simulated multi-nuclear MRI images of 2.7M aqueous NaMnO4 phantom 

at 3T. Experimental MRI images of 55Mn (A) and 1H (D), and corresponding simulated 

images of 55Mn (B) and 1H (E). Actual (red) and simulated (black) image signal profiles 

for 55Mn (C) and 1H (F).
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Figure 4. 
Simulated 55Mn MRI image including simulated artifact resulting from partial quadrature 

imbalance of the RF coil. The appearance of this image corresponds slightly more closely to 

the experimental image in Fig. 3A than the conventional simulation shown in Fig. 3B, 

potentially indicating a contribution from this effect to the appearance of the 

experimental 55Mn MRI images.
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