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Abstract

We report several inductively coupled RF coil designs that are very easy to construct, produce 

high signal-to-noise ratio (SNR) and high spatial resolution while accommodating life support, 

anesthesia and monitoring in small animals. Inductively coupled surface coils were designed for 

hyperpolarized 13 C MR spectroscopic imaging (MRSI) of mouse brain, with emphases on the 

simplicity of the circuit design, ease of use, whole-brain coverage, and high SNR. The simplest 

form was a resonant loop designed to crown the mouse head for a snug fit to achieve full coverage 

of the brain with high sensitivity when inductively coupled to a broadband pick-up coil. Here, 

we demonstrated the coil’s performance in hyperpolarized 13 C MRSI of a normal mouse and a 

glioblastoma mouse model at 4.7 T. High SNR exceeding 70:1 was obtained in the brain with 

good spatial resolution (1.53 mm × 1.53 mm). Similar inductively coupled loop for other X-nuclei 

can be made very easily in a few minutes and achieve high performance, as demonstrated in 31 P 

spectroscopy. Similar design concept was expanded to splitable, inductively coupled volume coils 

for high-resolution proton MRI of marmoset at 3T and 9.4T, to easily accommodate head restraint, 

vital-sign monitoring, and anesthesia delivery.
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1. Introduction

Image resolution in MRI is limited by the signal-to-noise ratio (SNR) of the imaging 

system. Hyperpolarized 13 C (HP13C) MR spectroscopic imaging (MRSI) is a promising 

technique to image enzyme-catalyzed metabolic transformations in vivo with >10,000 

enhancement [1]. However, obtaining good spatial resolution in mouse brain, for example, 

is still a challenge due to its small size and non-replenishable HP13C signals. Lifetime of 

hyperpolarization is characterized by the T1 relaxation time of the 13 C labels. Majority 

of the HP13C substrates or contrast agents have a T1 of less than 75 seconds in solution 

and even shorter (~less than 40 seconds) in vivo. Since the hyperpolarized signal is not 

recoverable, signal averaging over a long period of time is not a viable strategy to gain 

signal to noise (SNR) ratio, unlike the conventional MR spectroscopy (MRS). One clever 

way to improve SNR for HP13C-MRSI is to optimize the efficiency of pulse sequence 

designs and acquisition strategies. Much progress has been made in this research area to 

improve spatial resolution of HP13C imaging in mouse brain [2–8]. To the best of our 

knowledge, spatial resolution as high as 1 mm × 1 mm × 3.5 mm (or 3.5 uL voxel size) 

was achieved with a single-time-point chemical shift imaging (CSI) at 9.4T [3,4]. Of course, 

sequence strategies that helped to significantly improve spatial resolution in rats and other 

organs [9–12] can be applied to improve that in mouse brain imaging as well. Having higher 

degree of polarization will also help to improve SNR and hence, the spatial resolution, 

but this is outside the scope of this work. Another way to improve SNR is to increase 

the RF coil sensitivity. The goal of this work, which was motivated by the need for a 

better spatial resolution in HP13C imaging of mouse brain, is to investigate inductively 

coupled, transmit-receive coil designs to improve SNR (and hence, the spatial resolution) 

while keeping things practical - having the coil as close to the mouse brain as possible, for 

example, without the need to surgically implant the coil.

In addition to the consideration of coil proximity to the organ of interest, there are many 

constraints in the setup for animal imaging, in general, often including a nose cone and 

the tubing to deliver anesthetics, suction to remove excessive anesthetics, vital sign sensors, 

ear bars, etc. Having a coil design that simplifies the setup and yet matches closely to the 

anatomy of interest can improve workflow and increase SNR. Furthermore, conventional 

coil designs for X-nucleus (i.e., non-proton nucleus) require separate coils each tuned to a 

specific X-nucleus resonance frequency and can be time-consuming to build and expensive. 

A single coil design that can be used for 1 H or any X-nucleus MR acquisition with only a 

minor and inexpensive adjustment will be time-saving and economical.

Coupling of a resonant structure to the NMR/MRI system can be achieved by matching 

its impedance to that of the receiver system. Capacitive coupling is commonly used but 

inductive coupling is equally useful and has some intrinsic benefits like balancing the circuit 
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electrically to minimize electric field interaction with the sample or tissue. Derby et al. [13] 

demonstrate inductive coupling in the 31 P channel of a dual-tuned 31 P and 1 H birdcage 

coil for spectroscopic imaging in the human head. This coil design was the foundation for 

the first dual-tuned 13 C and 1 H birdcage coil by GE Healthcare for HP13C imaging in 

rodents [14,15].

The use of inductively coupled coils has also been explored in the realm of implanted coils. 

MRI RF coils are placed under the skin to position them as close as possible to the tissues 

of interest to be imaged to maximize the SNR. The lack of connecting cables eliminated 

the need for transdermal penetrations, reducing the risk of infections. However, some form 

of biocompatible material is required to insulate the RF coils from the conductive fluids of 

the animal [16–18]. Here, we are using practical aspects of the inductively coupled coils to 

manage or avoid the constraints placed on our measurements and imaging of live animals 

without implanting the coils.

We have designed a series of inductively coupled, transmit-receive coils [19] for X-nucleus 

and proton MR imaging (MRI) and MR spectroscopy (MRS) in rodent and marmoset. These 

inductively coupled coils were based on the same design principle [19] but customized 

for different animal imaging applications, with common aims for the simplicity of the 

circuit design, ease of use, conforming closely to the anatomy of interest, and achieving 

a high signal-to-noise ratio (SNR). Each coil set consists of a wireless resonant loop or a 

volume resonator (saddle or Helmholtz pairs) tuned specifically to the nuclear resonance 

of interest and inductively coupled to a broadband pick-up loop that is connected to the 

scanner hardware. In this work, we report the coil designs and demonstrate their utility in 

hyperpolarized 13 C MR spectroscopic imaging (HP13C-MRSI) of pyruvate metabolism in 

mice, 31 P MRS of energy metabolism in rats, and high-resolution 1 H anatomical MRI in 

marmosets.

2. Material and methods

2.1. Hyperpolarized 13 C MRSI of pyruvate metabolism in mice

2.1.1. Coil design—For HP13C-MRSI of mouse brain, a wireless resonant loop of 

18mm in diameter (Fig. 1A) was made of 16 gauge copper wire with a capacitor tuned 

to the 13 C frequency of 50.38MHz at 4.7T. A variable capacitor (trimmer) was placed 

in parallel with the fixed capacitor, to allow a small tuning range to compensate for the 

load. The wireless resonant loop is inductively coupled to a shielded pick-up loop (Fig. 1B) 

which is connected to the in-system T/R switch, preamplifier, and RF power amplifier. This 

electrically balanced, untuned, pick-up loop was constructed from semi-rigid coaxial cable 

(UT-85C-FORM) on a 3D printed mechanical shuttle that was adjusted in position by a 

screw mechanism to change the overlap between the wireless resonant loop and pick-up coil. 

An optimal overlap was achieved when matching to the system’s 50 ohm impedance. The 

Bruker system’s built in low noise preamplifiers are optimized for a low noise figure for a 

50 ohm load. The shield of the semi-rigid coax cable used to eliminate electric field coupling 

from the coil and/or sample into the pickup loop. The shield is cut at a position opposite the 

coaxial connection to prevent the shield from electrically shorting out the pickup loop. The 
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use of a shielded loop is to make the coupling from the resonant loop to the pickup loop, 

exclusively inductive.

The wireless resonant loop was placed like a crown on the head of a mouse in a prone 

position (Fig. 1A). Motion of the head was constrained by ear bars and a bite bar. The 

ear bars also helped to slightly lift the head so that the floating coil was not affected by 

respiratory motion of the body. This 13 C coil was used in conjunction with a Bruker 1 H 

quadrature volume coil of 86mm inner diameter.

2.1.2. Animal experiment—Performance of this coil was first evaluated in SCID mice 

bearing MGG123 glioblastoma (GBM) tumor [20] in the right hemisphere and we further 

improved the spatial resolution in normal mice. All animal procedures were performed in 

accordance with guidelines, regulations, and animal protocols approved by the Institutional 

Animal Care and Use Committee (IACUC) at Massachusetts General Hospital (MGH). 

Animals were anesthetized with 2–3% isoflurane mixed with 30% enriched air at 1.5 L/min 

flow rate. Body temperature was maintained by blowing warm air into the scanner bore. 

Respiration rate and body temperature were monitored during the imaging session.

A sample of 18 uL [1 −13 C]pyruvate or [2 −13 C]pyruvate with 30 mM AH111501 was 

hyperpolarized by dynamic nuclear polarization (DNP) technique in a high-performance 

polarizer (SpinAligner, Polarize, Frederiksberg, Denmark). Dissolution was performed by 

using 3.2 mL of dissolution medium (40 mM Trizma PreSet Crystals pH 7.6, 50 mM NaCl, 

0.27 mM EDTA, and 50 mM NaOH), yielding 80mM hyperpolarized 13 C-pyruvate solution 

of ~ 7.2 pH for intravenous injection through the tail. Liquid-state polarization was 60% ± 

9% for [1 −13 C] pyruvate and ~5% less for [2-13 C]pyruvate at the time of dissolution. The 

dissolved HP13C pyruvate solution was transferred from the polarizer to the 4.7T scanner 

in a hand-held 1.4T magnetic transporter to maintain polarization during the 30s transfer. 

Polarization at the time of injection was estimated 45% for [1-13 C]pyruvate and 35% for 

[2-13 C]pyruvate.

Chemical shift imaging (CSI) started ~10s after the start of HP13C pyruvate injection. Axial 

CSI was acquired on the GBM model, following a bolus injection of ~200uL of HP [2-13 

C]pyruvate, with 30 mm × 24 mm field of view, 12 × 10 matrix size, 2.5 mm × 2.4 mm 

resolution, a single 8 mm slice, 1.08 ms/142.5ms TE/TR, 10° constant flip-angle, centric 

phase encodings, 100 ppm spectral bandwidth, and 2048 spectral points. Coronal CSI was 

collected on a normal mouse with a similar CSI protocol but better in-plane resolution of 

1.53 mm × 1.53 mm and a thinner slice of 4 mm. The 15s CSI was repeated 6 times 

following a bolus injection of ~120 uL of HP [1-13 C]pyruvate in the normal mouse. 

Anatomical images were acquired using T2 RARE. CSI data were analyzed using a custom 

software in Matlab with 30Hz line-broadening and zero fill once on each of the spectral and 

two spatial dimensions.

2.2. 31 P MRS of energy metabolism in rats

2.2.1. Coil design—To do 31 P MRS at 9.4T, we used the same broadband pick-up loop 

and only had to build another loop resonant at the 31 P frequency of 162.26 MHz. This was 

very simple and economical – a big advantage of the inductively coupled coils. For 31 P 
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MRS of rat brain, a wireless resonant loop of 20 mm in diameter (Fig. 4A) was made of 

16 gauge copper wire with a fixed capacitor and a trimmer in parallel for tuning. This ring 

was taped on the rat head and the pick-up coil was placed on the top, approximately 3 mm 

above the wireless resonant loop. Matching was performed by adjusting the overlap between 

the pick-up coil and wireless resonant loop with a built-in screw (Fig. 4A). The Q of the 

resonant loop was measured with a pair of overlapping but decoupled loops with a vector 

network analyzer. The decoupling between the loops was below −70dB. When the unloaded 

resonant loop was placed in proximity to the test loops, the Q was measured to be 296. With 

a loaded resonant loop, the same double loop method was used and measured a Q of 201.

2.2.2. Animal experiment—31 P MRS was acquired in a Sprague Dawley rat to study 

energy metabolism. All animal procedures were performed in accordance with guidelines, 

regulations, and an animal protocol approved by the IACUC of MGH. Animal was 

anesthetized with 2–3% isoflurane mixed with 30% enriched air at 1.5 L/min flow rate. 

Body temperature was maintained by blowing warm air into the scanner bore. Respiration 

rate was monitored during the imaging session.

The inductively coupled coils were tuned and matched on the rat inside a Bruker 1 H 

quadrature volume coil of 86mm inner diameter on a Bruker 9.4T animal scanner (BioSpin, 

Bruker Corporation, Billerica, USA). High-order shim (map shim) of the rat brain was 

estimated from B0 maps acquired over a volume slightly larger than the rat brain. 31 P MRS 

data was collected by a pulse-and-acquire sequence with two sagittal adiabatic saturation 

bands (hyperbolic secant function), one on each side of the brain, to saturate 31 P signal from 

the muscle surrounding the brain. The free induction decay (FID) data were acquired with 

a 3s TR, an adiabatic 90° RF pulse (hyperbolic secant), 80.244 ppm spectral bandwidth, 

2048 spectral points, 80 averages, and scan time of 4 min. Data were analyzed using a 

custom software in Matlab with 150 Hz line-broadening. The first 20 points in the FID were 

removed from processing to reduce 31 P signal contribution from the skull, which has a 31P 

T2 relaxation time much shorter than that of brain.

2.3. High-resolution 1 H MRI of marmoset brain

2.3.1. Coil design—A pair of saddle coils for 1 H imaging at 9.4T was built using a 

combination of 16 gauge copper wire held in a 3D printed former and a pair of curved 

semicircular copper clad FR4 circuit boards holding the fixed capacitors and a trimmer 

on each loop (Fig. 5A). One loop was placed below a marmoset’s head and the second 

loop placed over the head yielding a clear space for ear bars. The saddle is inscribed on a 

cylindrical former with a diameter of 62.5 mm and a length of 50 mm. The semi circular 

portions of the PCB forming the end of the saddle subtend an angle of 120 degrees. There 

are two 60 degree gaps between the saddles. The Bruker volume coil was not used in 

this configuration because the animal, cradle and support structures needed the full 12 cm 

diameter of the gradient coil. Also, the SNR of the Bruker volume coil is limited because of 

its much larger diameter.

A pickup loop was held in place by another 3D printed former within the lower loop (Fig. 

5B). As this pickup loop is fixed in geometry, variability in the matching was achieved with 
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a single trimmer capacitor in series with the pickup loop and located 180 degrees away from 

the coaxial feed point.

Each resonant loop was isolated and tuned to a frequency slightly above the Larmor 

frequency and when the two elements were moved into the correct positions circumscribing 

a cylinder, the resonances split into two resonances. The lower frequency is the 

homogeneous mode where the currents in the two loops circulate in the same direction 

resulting in a homogeneous RF field and homogeneous sensitivity of the compound coil. 

The higher frequency resonance is from the differential mode where the two currents 

circulate in opposite directions yielding a null RF field at the central plane between the 

two halves of the saddle coil. By tuning the coil in this way, the currents in the lower 

frequency resonance become equal and the homogeneity of the coils is improved.

As the animal is placed in the coil, the frequency decreases slightly and a trimmer capacitor 

on one of the saddle elements is adjusted to correct the resonance frequency. Also, at high 

field, the presence and proximity of an RF shield in the bore raises the frequency slightly. 

It should be noted our gradient bore diameter is 12 cm and the volume proton coil was not 

used because of space limitations. The saddle coil was held in place in the animal cradle to 

minimize variation of the distance to the RF shield of the gradient coil. Impedance matching 

was achieved by adjusting the small trimmer capacitor in the pickup loop. Some iteration 

was required as the matching and tuning interact slightly. Two such coils were constructed, 

one for 9.4T and the other for 3T. In the 3T human scanner, the RF shield lining the gradient 

coil is sufficiently distant and did not change the resonance frequency of the coil. On the 

3T Siemens system, a transmit-receive switch is required to interface with the system and 

an Advanced Receiver Research (Burlington CT, USA) preamplifier with an optimal noise 

figure at 50 ohms was used to amplify the signal from the receive side of the T/R switch.

2.3.2. Animal experiment—High resolution proton images were acquired in marmosets 

at 9.4T and 3T. All animal procedures were performed in accordance with guidelines, 

regulations, and an animal protocol approved by the IACUC at Massachusetts Institute of 

Technology. The marmosets were kept under 1 to 2% isoflurane anesthesia under veterinary 

supervision and placed in ear bars with a palate bar and eye bars to position the head in 

a standard and reproducible position. A face mask delivers the isoflurane and has been 

successfully keeping the level of anesthesia constant as measured by heart rate and SPO2. A 

heated water blanket and thermal insulation was used to maintain body temperature.

At 9.4T, scans were performed using a 3D, isotropic 200 μm resolution, gradient recalled 

echo (GRE) with TR=20 ms, TE=5.018ms, flip=15°, with RF spoiling. A rapid acquisition 

with refocused echoes (RARE) sequence was also used to acquire coronal and axial images 

with an in-plane resolution of 80μm × 80μm with a 1 mm slice thickness.

Very similarly at 3T, a magnetization prepared rapid gradient echo (MPRAGE) sequence 

was used with TR1=8.4ms, TE=2.58ms, TI=700ms, TR2=2200ms, flip=8°, NEX=3, 

FOV=70mm, with an isotropic resolution of 360μm. A 3D fast spin echo, T2 sampling 

perfection with application optimized contrasts using different flip angle evolution (T2-

SPACE), was also acquired with matching geometry and TR 3000ms, TE 558 ms, an echo 
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train length of 160, and a variable refocusing angle schedule with the same spatial resolution 

and FOV.

3. Results

3.1. Hyperpolarized 13 C MRSI of pyruvate metabolism in mice

Good matching at 50.38MHz was obtained on mouse head as shown in the reflected power 

curve (Fig. 1C) acquired on the scanner (aka “wobble”), approximately 8% reflected power 

on resonance. Axial CSI of the GBM model showed large SNR, good image quality and 

elevated [2-13 C]lactate signal on the tumor (Fig. 2), reflecting aerobic glycolysis (the 

Warburg effect [21]) in GBM. Given the high degree of polarization, we were able to 

improve the spatial resolution to 9.4μL (or 9.4 mm3) voxel size in the coronal CSI of normal 

mouse brain (Fig. 3). Large [1-13 C]lactate signals lasted in the brain for about a minute. 

SNR of [1-13 C] lactate averaging over 6 frames was 71:1 in the brain and 83:1 in the 

vessels. SNR of [1-13 C]pyruvate was 163:1 in the brain and 283:1 in the vessels.

3.2. 31 P MRS of energy metabolism in rats

Good Q and good matching at 162.26 MHz were obtained on rat head as shown in wobble 

(Fig. 4B), approximately 10% reflected power on resonance. 31 P peaks of phosphocreatine 

(PCr), γ-ATP, α-ATP, and β-ATP were clearly depicted from the 31 P spectrum.

3.3. High-resolution 1 H MRI of marmoset brain

SNR maps of the inductively coupled saddle coil at 3T show a homogeneous SNR in both 

the coronal and sagittal planes (Fig. 5C and 5D, respectively). High quality anatomical 

images of a marmoset were obtained on a Bruker BioSpec 9.4T scanner using the 

inductively coupled saddle coils. Fig. 6A shows a sagittal slice of the 3D-GRE image from 

a 30-min scan. Fig. 6B shows a coronal image of the multi-slice 2D RARE scan acquired 

with two averages in 17 minutes. Fig. 6C shows a coronal slice of 3D MPRAGE image and 

Fig. 6D a slice of the 3D T2-SPACE image acquired on a Siemens Prisma-Fit scanner with a 

saddle coil of an identical form factor tuned for 3T.

4. Discussion

We have shown very simple inductively coupled, transmit-receive coils that can be made 

easily on the bench with a small budget to achieve good SNR and high image quality 

in small animals for X-nucleus and proton MR acquisitions. Inductive coupling was used 

in the dual-tuned 1 H/13 C quadrature volume coil by GE Healthcare for HP13C-MRSI 

studies in rodents [13–15]. However, crowning the mouse head with a wireless resonant 

loop as reported here produced much higher SNR than volume coils because of the close 

coil proximity to mouse brain and yet was very budget friendly and simple to make. As 

demonstrated, for MR acquisitions of other X-nuclei, only new resonant loops need to be 

made and the same pick-up coil can be applied for all. As such, we have multiple resonant 

loops in our lab, for MR acquisitions of 13 C, 31 P, 2 H, etc.
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The HP13C acquisition efficiency can be further improved with more efficient acquisition 

techniques, such as spectral-spatial selective echo planar imaging (EPI) [10], Spiral-CSI 

[9], or balanced steady-state free precession (bSSFP) [11,12] type of fast sequences. Better 

temporal resolution of a few seconds per frame is conceivable with these sequences. The 

high polarization we were able to obtain from SpinAligner, which was approximately twice 

of the polarization reported from other d-DNP polarizers, attributed significantly to the high 

SNR reported here. However, the SNRs from the inductively coupled 13 C coil are still 

remarkable even after scaling the SNRs by a factor of 2 to account for the high polarization 

we obtained.

We have also demonstrated that inductive coupling also works well for saddle coils, 

resulting in highly homogeneous RF field, high resolutions, and good SNR. Ultimately, 

the coil design, the duration of scans and the field strength set upper limits on the SNR 

of the images. The veterinary staff limited the duration of scan sessions to two hours for 

these individual marmosets. The vets also determined that the marmosets placed in a sphinx 

position were the easiest to maintain under isoflurane anesthesia. Therefore, the saddle coil 

geometry reported here was custom-made for these marmoset studies and to meet addition 

constraints as follows.

For anatomical imaging, relatively homogeneous B1 field and coil sensitivity profile are 

desired. A local transmit coil is also desirable to avoid interference with the electrically 

wired, SPO2 and pulse Ox monitoring equipment. Helmholtz, birdcage, and saddle 

configurations fulfil these requirements. Receive-only surface coils were also considered 

but the small size of the elements meant the sensitivity profiles of the coils would be rather 

small and drop off with distance from the coils. Placing ear bars, the anesthesia mask, and 

palate bar gave constraints that the birdcage configuration made impractical. For example, 

the neck of the animal requires extra space in the coil below the head. In earlier experiments, 

a very short bird cage coil (63mm diameter an 50mm length) was employed leading to a 

decrease in signal at both the prefrontal and occipital regions of the brain.

The inductively coupled volume coils could be made as a Helmholtz coil but it would be less 

optimal compared to saddle coils. The spacing between a Helmholtz pair of coils is equal to 

the radius of the circular elements. A vertically oriented Helmholtz configuration interfered 

with the shoulders of the animal and a horizontally oriented one with the neck. Larger coils 

could be built at the cost of SNR.

A saddle coil has a considerable amount of clearance between the two saddle shaped 

elements yielding room for both the neck and the shoulders of the animals. The saddle coil 

we designed can be split in half making placement of the animal in the ear bars and face 

mask, much simpler (Fig. 5B). After placing the animal in the cradle, the top half of the 

coil can be clipped in place with a 3D printed support to constrain the position and the final 

resonance frequency. The inductively coupled, splitable saddle coil fulfils the requirements 

of simplified animal handling and optimal image quality.

One limitation of inductively coupled coils discussed here is that PIN diodes needed to 

detune the coils are not directly connected to the scanner and would need the addition 
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of DC path conductors. In a manner similar to the coil matching, mutual inductance 

can be employed to couple a PIN diode switched detuning loop into the coil structure. 

A DC bias signal can switch the additional loop on and off to detune the coil during 

transmission. Alternately, crossed diodes can also be used to passively decouple the coil 

during transmission. For reasons of simplicity and functionality, we chose to use the 

described coils as unswitched, transmit-receive coils.

5. Conclusions

Inductively coupled coil design is versatile and practical for X-nucleus and proton 

MRI/MRS in small animals. High quality images of 13 C-pyruvate and its metabolite 13 

C-lactate were obtained from mouse brain with good spatial resolution and good sensitivity 

using an inductively coupled coil tailored for HP-13 C MRSI of mouse brain. A similar 

design concept was applied to 31 P with a simple construction of a new resonant loop and its 

utility was demonstrated in 31 P MRS of energy metabolism in rat. High resolution proton 

anatomical images were obtained in marmosets by using a splitable, inductively coupled 

saddle coil. Ease of use and the ability to make several versions of this coil design to fit 

different cradle sizes and configurations make the inductively coupled, splitable saddle coil 

a good choice yielding high SNR and coil homogeneity. Overall, inductive coupling opens 

up many opportunities for overcoming constraints in the setup of animals while delivering 

outstanding data quality.
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Abbreviations:

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy

MRSI magnetic resonance spectroscopic imaging

SNR signal to noise ratio

HP13C hyperpolarized 13 C

DNP dynamic nuclear polarization

IACUC institutional animal care and use committee

MGH Massachusetts general hospital
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CSI chemical shift imaging

FID free induction decay

GRE gradient recalled echo

RARE rapid acquisition with refocused echoes

MPRAGE magnetization prepared rapid gradient echo

T2-SPACE T2 sampling perfection with application optimized contrasts using 

different flip angle evolution

EPI echo planar imaging

bSSFP balanced steady-state free precession

PCr phosphocreatine
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Fig. 1. 
Inductively coupled 13 C coil for hyperpolarized 13 C metabolic imaging of mouse brain. 

(A) Wireless resonant loop, with a fixed capacitor and a variable capacitor for tuning, placed 

like a crown over a mouse head. (B) Matching achieved by adjusting the overlap between 

the shielded pick-up coil and the wireless resonant loop. (C) Excellent matching and tuning 

demonstrated by reflected power impedance measurement (i.e. wobble) on Bruker 4.7T MRI 

scanner.
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Fig. 2. 
[2-13 C]lactate image (in colors) of a GBM mouse model (tumor indicated by the arrow) 

following an injection of hyperpolarized [2-13 C]pyruvate. Elevated lactate production in the 

GBM tumor, as compared to the contralateral side, was observed. Acquired voxel size was 

48 μL (48 mm3).
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Fig. 3. 
Hyperpolarized imaging of pyruvate metabolism in a normal mouse. (A) Stack plots show 

[1-13 C]lactate production from voxels within the brain, following hyperpolarized [1-13 

C]pyruvate injection and both signals lasted over a minute (15s per time frame). (B) and (C) 

[1-13 C]lactate and [1-13 C] pyruvate images (in colors) overlaid on a T2-weighted proton 

image. Colors are scaled to the maximum signal in each image. Acquired voxel size was 9.4 

μL (9.4 mm3).
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Fig. 4. 
31 P MRS of energy metabolism in a healthy rat. (A) A wireless resonant loop tuned to 31 P 

frequency of 162.26 MHz at 9.4T was taped on the top of rat head and a broadband pick-up 

coil was placed above the resonant loop. (B) Excellent matching and tuning demonstrated by 

reflected power impedance measurement (i.e. wobble) on Bruker 9.4T MRI scanner. (C) 31 

P spectrum collected in 4 min using a pulse-and-acquire sequence and two sagittal saturation 

bands, one on each side of the brain, to saturate 31 P signal from the muscle.
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Fig. 5. 
Inductively coupled proton saddle coils and SNR maps at 3T. (A) Assembled saddle coils 

with a pick-up coil embedded in the bottom half of the saddle loop. (B) Splitable design 

making placement of the animal in the ear bars and face mask much simpler. (C) and 

(D) SNR maps in coronal and sagittal planes, respectively, of the saddle coil using a 38 

mm-diameter sphere containing 1.24 g/L NiSO4 and 2.62 g/L NaCl. The red spots in the 

coronal SNR map (C) are areas close to the rungs of the bottom saddle loop. The blue signal 

void at the bottom of the phantom is sediment.

Takahashi et al. Page 16

J Magn Reson Open. Author manuscript; available in PMC 2023 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
High-resolution proton images of marmosets acquired by using inductively coupled saddle 

coils. (A) and (B) 3D-GRE and RARE images, respectively, of a marmoset at 9.4 T. The 

spatial resolution of the 3D-GRE image was isotropic 200 μm. The RARE image was 

acquired with 80 μm × 80 μm × 1 mm resolution. (C) and (D) MPRAGE and T2-SPACE 

images, respectively, of a marmoset at 3 T with an isotropic resolution of 360 μm.
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