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Abstract

PURPOSE: We constructed a 13C/31P surface coil at 3 T for studying cancer metabolism and
bioenergetics. In a single scan session, hyperpolarized 13C-pyruvate MRS and 3P MRS was
carried out for a healthy rat brain.

METHODS: All experiments were carried out at 3 Tesla. The multinuclear surface coil was
designed as two coplanar loops each tuned to either the 13C or 31P operating frequency with an
LCC trap on the 13C loop. A commercial volume proton coil was used for anatomical localization
and Bg shimming. Single tuned coils operating at either the 13C or 31P frequency were built to
evaluate the relative performance of the multinuclear coil. Coil performance metrics consisted of
measuring Q factor ratio, calculating system input power using a single-pulse acquisition, and
acquiring SNR and flip angle maps using 2D CSI sequences. To observe /in vivo spectra, a bolus
of hyperpolarized [1-13C] pyruvate was administered via tail vein. /77 vivo 13C and endogenous 31P
spectra were obtained in a single scan session using 1D slice selective acquisitions.

RESULTS: When compared with single tuned surface coils, the multinuclear coil performance
showed a decrease in Q factor ratio, SNR, and transmit efficiency. Flip angle maps showed
adequate flip angles within the phantom when the transmit voltage was set using an external
phantom. Results show good detection of 13C labeled lactate, alanine, and bicarbonate in addition
to ATP from 31p MRS.

CONCLUSIONS: The coil enables obtaining complementary information within a scan session,
thus reducing the number of trials and minimizing biological variability for studies of metabolism
and bioenergetics.

CORRESPONDING AUTHOR: Manushka Vaidya (manushka@gmail.com).
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INTRODUCTION:

Advances in cancer drug treatments include the development of drugs that target the altered
metabolic pathways of tumors [1,2]. 13-Carbon (13C) Hyperpolarized Magnetic Resonance
Spectroscopic Imaging (MRSI) has become a valuable tool in cancer imaging, because it
allows for visualizing real-time changes in metabolic pathways in response to treatment [3].
As opposed to other imaging modalities such as FDG-PET, which can only measure the
uptake of glucose, hyperpolarized 13C MRSI has particularly gained momentum, because

it allows for imaging downstream metabolites of the original injected 13C labeled substrate
[4,5]. The dynamic imaging technique also allows for quantifying the change in downstream
metabolites over time, allowing for the calculation of kinetic exchange rates between
metabolites like pyruvate and lactate as potential indicators of the aggressiveness of the
tumor [6]. Real time visualization of tumor metabolic changes can therefore be used

to assess the efficacy of the treatment in patients [7—9], and mechanistically understand
changes in tumor metabolism in animal models [10-13].

A combined 13C and phosphorus (31P) study would be useful, especially for cancer studies,
since phosphorus spectroscopy allows for quantifying metabolites such as ATP to investigate
the bioenergetics of the tumor[14]. Such a study could allow for visualizing changes in or
preference of oxidative versus non-oxidative metabolic pathways using 13C spectroscopy
and tumor cell viability using 31P spectroscopy. The complementary information from 13C
and 3P spectroscopy has been utilized in a wide variety of other metabolic studies. For
example, in a cardiac metabolism study, it was demonstrated that 13C MR spectroscopy
was more sensitive to flow induced changes than 31P measurements of energy containing
phosphates and pH [15]. A hepatic metabolism study utilized 13C and 31P NMR to study
diabetic and healthy rats [16]. Phosphocreatine from 31P NMR studies and the downstream
metabolic products of 13C-glucose was compared in a differentiated and dedifferentiated rat
hepatoma cell line [17]. Such studies often require separate radiofrequency (RF) coils for
either 13C or 31, requiring separate scanning sessions that potentially introduce biological
variability.

Magnetic Resonance Imaging or Spectroscopy of different nuclei in the same scan session

is possible using multinuclear RF coils. To achieve a dual resonating RF coil structure,
several coil design strategies exist. The earliest method incorporated a trap circuit, consisting
of an inductor and capacitor, in series with the tuning capacitor of the coil [18]. Such
structures can suffer from poor coil sensitivity, since there is no way to block currents on

the coil that are induced at the higher operating frequency [19]. Alternatively, separate coils
each tuned to a single frequency can be used in combination, with a trap circuit on the

lower frequency element to block currents induced at the higher frequency [19,20]. Other
strategies to achieve multinuclear resonating elements include a transformer coupled circuit
approach for either surface or birdcage coils, constructing a birdcage coil with four end rings
instead of two, or adjusting the values of alternate capacitors on the end rings of a birdcage
coil [20]. Design considerations are often a balance between the application of interest,
spatial B4 profile, and adequate SNR.
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A majority of the 13C hyperpolarized work on animal models has been carried out

using multinuclear volume coils [21]. 13C surface coils for localized excitation and

reception in animal models have been used either in conjunction with a volume proton

coil [22,23], or designed as multinuclear surface elements with both 1H/13C frequencies
[24]. For hyperpolarized 13C studies on human subjects, single tuned 13C coil-arrays with
transmission and reception capability have been used in conjunction with the H body coil
of the scanner [25], and more recently, a dual-tuned 13C/1H head array at high field was
built [26]. For phosphorus spectroscopic studies, coil-arrays targeting specific applications
have been built [27-29]. For example, for investigating liver malignancies in humans, a
dual-tuned 31P/1H coil was designed and constructed with one H and one 3P transmit

coil and four 3P receive elements [30]. To study neurodegenerative diseases in the human
brain, an eight-channel degenerate birdcage phosphorus module with a nested proton module
was constructed at 7 T [31]. Dedicated multinuclear coils for other X-nuclei studies such as
sodium [20,32-36] and fluorine imaging [37-39] have also been designed. Often these coils
have been built with a proton and X-nucleus channel, where the proton channel was used for
anatomical localization and Bg shimming.

The ability to acquire from more than two nuclei with dedicated multinuclear RF coils has
been explored for various applications. Early work demonstrated the use of a quadruple
tuned surface coil for 19F, 23Na, 1H, and 31P MR spectroscopy for cerebral blood flow
measurements in a cat brain [40], and a triple nuclear study (1H/31P/23Na) used a

triple tuned two-turn surface coil and a double tuned coil (31P/23Na) for studying brain
metabolism during seizures in cats [41]. In humans, a commercial triple tuned surface coil
(*H/A3C/31p) was used [42], and more recently, a quintuple-tuned coil (H/19F/31p/23Na/13C)
at 7 T was designed for whole brain spectroscopic imaging [43].

To study energetics and metabolism in a single setting, we constructed a multinuclear
13¢C/31p transmit/receive surface coil. A commercial IH volume coil was used in conjunction
with the multinuclear coil for anatomical localization and By shimming. We studied the
feasibility of this design by characterizing the coil performance and imaging a healthy rat
brain.

METHODS:

Experiments were carried out on a 3 T animal MRI scanner (Biospec, Bruker, Billerica
MA), and animal experiments were done in accordance with the IACUC protocol. The
transmit/receive 13C/31P coil (Fig. 1A) was constructed such that an inner loop with 3 cm
diameter was tuned to 51.65 MHz (3!P frequency) and a concentric outer loop with 5 cm
diameter was tuned to 32.09 MHz (13C frequency). Both were tuned and matched to 50
Ohms on the bench using a 30 % saline phantom (50 mL). An “LCC” trap circuit consisting
of a capacitor in parallel with a capacitor and inductor [19] on the 13C coil decoupled the
two channels of the multinuclear coil. The LCC component values were selected to block
currents at the 31P frequency and form a 446 pF capacitor at the 13C frequency: Cparatiel = 94
PF, Cseries = 82 PF, Lseries = 206 nH. As the coil detuned inside the scanner and 1H resonator,
the tune and match capacitors were then adjusted so that the coil elements resonated at the
respective center frequency when positioned inside the scanner and 1H resonator. Either the
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13C or 31p channel was connected to the X-nucleus channel on the scanner, while the other
channel was terminated with a 50 Ohm load. The scanner’s inbuilt broadband preamplifiers
and transmit/receive switches were used.

To evaluate the relative performance of the dual tuned coil, separate single tuned coils were
constructed, which matched the size of the 13C and 3P loops on the multinuclear coil

(Fig. 1B). The tuning and matching of the single tuned coils (Fig. 1B) were adjusted using
variable capacitors to closely match the Sy; characteristics of the multinuclear coil when
positioned inside the scanner (S11<= 22.1 %) for all phantom evaluations. Anatomical or
phantom localization and By shimming were carried out using a volume proton (*H) coil (72
mm diameter, Bruker, MA). A coil configuration for changing between the 1H, 13C, and 31p
channels was set up in ParaVision 6.0.1.

Phantom evaluations:

For adjusting center frequency and system reference power for both channels, a spherical
phantom (6.65 M urea-13C (99 atom % 13C), 3.03 M diethyl(2-oxopropyl) phosphonate,
doped with 12uLMagnevist in a total volume of 1.2mL) was positioned at the center of
the coil (Fig. 1A). Diethyl(2-oxopropyl) phosphonate was specifically chosen so that its
phosphorus spectrum does not overlap with /7 vivo phosphorus metabolites. The optimal
system reference power for a 90 degree flip angle was calculated using the small spherical
phantom positioned at the center of the coil. The multinuclear coil was loaded with the
saline phantom for all measurements. The reference power required to obtain a 90 degree
flip angle was calculated by varying the power for a series of single pulse acquisitions,
finding the power corresponding to no signal, i.e. for a 180 degree flip angle, and dividing
by four to obtain the power required to obtain a 90 degree flip angle.

To characterize the performance of the coils spatially, SNR and flip angle maps were
measured. The coils were loaded with a phantom consisting of 13C-urea and sodium
phosphate (55mL: 0.92 M Sodium phosphate, 1.39 M 1Urea-13C (99 atom % 13C), 60

uL Magnevist). A small spherical phantom filled with H,O was placed at the center of the
coil for positioning the coil at the isocenter of the scanner. A 2D CSI sequence (flip angle

= 90 degrees, slice thickness = 10 mm, matrix size = 16x16, FOV = 64 x 64 mm?2, TE
=5ms, TR = 1s, averages = 2) was used to obtain spectroscopic images and a FLASH
sequence (flip angle = 30 degrees, slice thickness = 10 mm, matrix size = 128 x 128, FOV
=64 x 64 mm?2, TE = 4 ms, TR = 100 ms, averages = 3) was used to acquire background
reference proton images. Note that the spherical phantom containing water was used for
localization purposes only, whereas the spherical phantom consisting of urea and diethyl
phosphonate used in conjunction with the saline phantom was used for power calibration. As
the system reference power was calculated using the urea and diethyl phosphonate phantom
positioned at the center of the coil, the flip angle used in the 2D CSI sequence would be

for a location at the center of the coil’s plane. The SNR was calculated voxel-by-voxel by
dividing the peak absolute signal by the standard deviation of the real part of the first voxel,
corresponding to a region outside of the imaging object. The same 2D CSI sequence was
used for calculating flip angle maps using a double angle method [44] acquired with 90 and
45 degree flip angles. For the flip angle maps, thresholds were applied to avoid calculating
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flip angle values in regions of low SNR. Thresholds were kept constant for each nucleus.
Based on the background proton images, masks were applied to both the SNR and flip angle
maps. Data analysis was done in MATLAB (Mathworks, 2019).

Bench tests:

The Quality factor (Q) ratio (Qunioaded/Qloaded) Was measured for all coils, and for
the case with the LCC trap circuit replaced by a capacitor with effective capacitance
for the 13C channel. For each case, three sets of measurements were taken and then
averaged to find Qunioaded, Qloaded, @nd the Q ratio. The predicted SNR efficiency

Qloaded

SNRefficiency= I—W

) was calculated from the Q ratio [45].

Rat imaging:
For in vivo experiments (Fig. 1C), anatomical images (RARE sequence: flip angle = 90
degrees, TE = 12 ms, RARE factor = 8, TR = 2512.04 ms, averages = 4, matrix size = 192
x 192, FOV = 60 x 60 mm?, slices = 20, slice thickness = 1 mm) were acquired followed
by local By shimming within the whole head using the proton volume coil. System power
calibration was carried out on the carbon channel and the phosphorus channel using the
spherical phantom consisting of urea and diethyl phosphonate positioned at the center of the
coil.

To visualize the conversion of pyruvate to its downstream metabolic products /in vivo,

a bolus of hyperpolarized [1-13C] pyruvate (Testbed polarizer, Oxford Instruments,
Oxfordshire UK) was administered to a healthy rat via tail vein. Slice selective spectroscopic
sequences were used to obtain 13C (flip angle = 30 degrees, slice thickness = 10 mm, TR

= 3s, repetitions = 64, spectral points = 2048, spectral bandwidth = 6421.23 Hz) and 3P
(flip angle = 60 degrees, slice thickness = 15 mm, TR = 4s, averages = 256, spectral points

= 2048, spectral bandwidth = 6421.23 Hz) spectra through the brain during a single scan
session. Data were reconstructed in Mnova (MestReNova, 14.1.0).

RESULTS:

The Q ratio measurements predicted the SNR efficiency of the 13C channel of the
multinuclear coil to be 27.3 % lower than the single tuned coil (Table). On the other hand,
the 31P SNR efficiency was predicted to be 6.53 % lower for the multinuclear coil compared
to the single tuned coil (Table).

The carbon channel of the multinuclear coil required 81 % higher transmit power, compared
to the single tuned coil (Multinuclear coil 13C channel: 0.95 W, Single tuned 13C coil: 0.525
W), to achieve a 90 degree flip angle at the center of the coil, demonstrating a reduction

in transmit efficiency. No significant difference in power was observed for the phosphorus
channel when compared to the respective single tuned coil (Multinuclear coil 31P channel:
0.07 W, Single tuned 3P coil: 0.07 W). SNR maps (Fig. 2) showed an expected field
distribution within the phantom for all coils, with decaying SNR away from the position of
the coil. The multinuclear coil showed a reduced mean SNR, with a region of interest over
the entire imaged slices, for both channels as compared to their corresponding individually
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tuned coils (Carbon: - 36.27 % axial, - 38.03 % sagittal; Phosphorus: - 31.44 % axial,

- 17.83 % sagittal). Flip angle maps (Fig. 3) for the multinuclear coil showed that the
expected nominal flip angle of 45 degrees was achievable at a location within the phantom
for all coils when the system power was calibrated using the small urea/diethyl(2-oxopropyl)
phosphonate phantom positioned at the center of the coil. Proton images of the phantom
showed a signal drop, likely caused due to destructive interference between the 1H resonator
and the surface coils (Fig. 4).

In vivo experiments using the multinuclear coil for a rat brain showed clear phosphorus

and carbon containing metabolites (Fig. 5). In particular, the phosphorus spectrum in the

rat brain showed phosphocreatine and ATP peaks. Inorganic phosphate, phosphomonoesters,
and phosphodiesters were also observed (Fig. 5B). The hyperpolarized carbon spectrum
summed over 18 s to 1 minute after injection showed the downstream metabolic products

of 13C-pyruvate, namely lactate, alanine, and bicarbonate (Fig 5C). Lactate appeared in the
initial frames of the dynamic carbon spectra (Fig. 6), while alanine was observed in later
frames.

DISCUSSION:

This work demonstrates the implementation and feasibility of a 13C/31P surface coil in
combination with an existing volume 1H coil to visualize metabolism, energetics, and
anatomy in a single scan session.

A nested loop design for the 13C/31P coil (Fig. 1) was chosen over a single loop design

with two resonances to include an LCC trap on the lower frequency coil, which has been
shown to improve coil sensitivity [19]. Coil losses, introduced by the additional lumped
elements on the LCC trap circuit, likely contributed to the lower transmit efficiency, SNR
(Fig. 2), and Q ratio (Table) of the carbon channel. Previous work on a 6 cm loop at 74.7
MHz showed approximately 5 % decrease in SNR for a multinuclear coil with a LCC trap
circuit compared to a single tuned coil [19]. For the coil used in this work (5 cm loop at 32.1
MH?z), the low operating frequency and small sample loading [46] likely resulted in a larger
decrease in SNR (Fig 2, Table) of the carbon channel with the LCC trap circuit compared

to the single tuned reference coil. One strategy to improve SNR could be a smaller loop

size for the 13C channel comparable to the 31P channel (3 cm loop) for the target volume

of the rat brain, since the optimum loop diameter for maximum SNR is approximately

equal to the sample depth [47]. Our results also demonstrated that replacing the LCC trap
circuit by a capacitor with effective capacitance improved the Q ratio and SNR efficiency

of the 13C channel (Table). The result suggests that the LCC trap circuit contributed to coil
losses that resulted in a lower SNR. Previous work showed higher SNR losses for increasing
values of trap inductance [19]. Therefore, a lower trap inductance on the 13C channel may
improve SNR performance, but with a possible tradeoff of a lower blocking amplitude. A
smaller sized loop for the 13C channel would be further advantageous, since the loop would
require larger capacitor values, which would translate to a smaller minimum trap inductance,
as given by Eq. 3 in ref [19], and consequently translate to lower coil losses and higher
SNR. Additional strategies to improve the SNR could include designs without the LCC trap
circuit. For example, using an in-line switch on the 13C coil. Other designs to consider

J Magn Reson. Author manuscript; available in PMC 2023 October 01.
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would be orthogonal coil elements that are naturally decoupled and do not require a LCC
trap circuit [48], cryo-coils with inherent low coil losses [49], or alternative coplanar designs
with an outer loop tuned to the proton frequency and interchangeable inner loops tuned to
either the carbon or phosphorus resonance frequency [17].

The flip angle maps (Fig. 3) for all coils show that setting the input transmit voltage using an
external small phantom allowed for the expected flip angle within the phantom, suggesting
that the set-up can be used for power calibration when imaging /n vivo. Both SNR (Fig. 2)
and flip angle maps (Fig. 3) demonstrated a decay in signal intensity and flip angle away
from the coil, as expected for a surface coil [50,51]. Although the surface coil design of the
multinuclear 13C/31P coil was chosen to allow for future imaging of subcutaneous tumors,
studies requiring homogeneous flip angles such as metabolic kinetic rate studies [6] could
benefit from a multinuclear quadrature birdcage design [21].

Our results showed a small signal drop in 1H phantom images (Fig. 4), and no visible signal
drop for the /n vivo anatomical image (Fig. 5) near the position of the coil. Therefore,

a trap circuit, which would have further contributed to loss in SNR, was not used to

reduce coupling between the multinuclear surface coil and the proton volume coil used in
conjunction. Cable traps, used to minimize cable currents, were not included, although the
board was originally designed to accommodate them, since the proximity of the traps might
have introduced additional coupling between neighboring traps and the coil.

Despite the lower transmit efficiency and SNR of the multinuclear coil as compared to the
single tuned coils, /n vivo carbon and phosphorus metabolites were clearly observed with
adequate signal and resolution (Figs. 5 and 6). Downstream metabolites of hyperpolarized
[1-13C] pyruvate with inherent low concentration /n vivo such as alanine and bicarbonate
were also observed (Fig. 5C). Because of the 1D slice selective acquisition that included

the brain and the adjoining tissue, it is unclear whether downstream metabolic products of
[1-13C] pyruvate such as lactate and bicarbonate originated in the brain (Fig. 5A). Therefore,
future studies would benefit from fast 2-D sequences like Echo planar spectroscopic imaging
[52]. In the same scanning session, the observation of phosphorus metabolites, in particular,
ATP (Fig. 5B), demonstrated the feasibility of probing the bioenergetics of the tissue

along with metabolism. As other phosphorus metabolites such as inorganic phosphate and
phosphocreatine were also observed (Fig. 5B), the pH of the tumor microenvironment

[14] in addition to the bioenergetics and metabolism could be studied in future work.
Quantification of the observed /n vivo phosphorus metabolites could be carried out in future
studies using the external phantom, which was used primarily for power calibration in our
study.

Our current experimental set-up at 3T required a 17-minute-long acquisition of 256 averages
for acquiring the phosphorus spectrum. Higher field strength would allow for greater

SNR [53,54], reducing acquisition time for a more real-time assessment of cell viability,

and allow for visualizing metabolites with inherent low concentration. However, 3T is
advantageous for hyperpolarized 13C agents because they have longer T4 relaxation times

at this field strength and do not benefit from the higher thermal polarization at higher

field strengths. Other modifications to consider would be the implementation of a switch

J Magn Reson. Author manuscript; available in PMC 2023 October 01.
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to change between the 31P and 13C channels towards a more streamlined simultaneous
acquisition.

CONCLUSIONS:

The 13C/31P multinuclear coil designed and tested in this study, was used in combination
with a commercial *H volume coil to visualize metabolism, energetics, and anatomy. A
nested loop design for the 13C/31P coil was chosen over a single loop design to include an
LCC trap on the lower frequency coil, which improves coil sensitivity. Despite lower coil
performance as compared to single tuned coils, downstream metabolic products of 1-13C
pyruvate with low concentration such as bicarbonate, as well as endogenous 31P metabolites
were observed for a healthy rat brain, demonstrating potential for this type of multinuclear
design.
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A. Multinuclear *C/*'P coil B. Single tuned coils

LCCtrap 13C coil
(32.09 MH2)
Phantom 2P coil
(51.65 MHz)
*P channel 3C channel
Figure 1:

Surface coils and in vivo set up. Multinuclear coil designed for metabolic and bioenergetics
imaging for a rat brain at 3T is shown in A. The inner loop (3 cm diameter) was tuned to the
31p frequency, and the outer loop (5 cm diameter) was tuned to the 13C operating frequency.
An LCC trap was included on the 13C loop, and a phantom was positioned at the center of
the coil for center frequency adjustment and power calibration. Single tuned coils (B) were
constructed to match the diameter of either the 13C loop or 31P loop in the multinuclear coil
(A) for evaluating coil performance. The multinuclear coil was positioned on the top of a rat
head (C).
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Figure 2:
Signal-to-noise ratio maps for surface coils. The Carbon channel of the multinuclear coil

showed a 36.27 % and 38.03 % mean decrease in SNR in the axial and sagittal plane
measurements respectively. In the SNR maps, the phosphorus channel of the multinuclear
coil showed a 31.44 % and 17.83 % mean decrease in SNR in the axial and sagittal

plane respectively. Mean values were calculated over the entire slice. Masks based on the
background FLASH images were applied.
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Multinuclear coil Single tuned coil Multinuclear coil Single tuned coil

Carbon

Phosphorus

Figure 3:
Flip angle maps for surface coils. Maps calculated using the double angle method with

an expected flip angle of 45-degrees. A constant threshold was applied for either carbon
or phosphorus coil flip angle maps. Masks based on the background FLASH image were
applied to all maps.
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Multinuclear coil Single tuned carbon coil  Single tuned phosphorus coil

Figure 4:
Proton images in the presence of surface coils. A signal drop in the phantom is visible near

the coil elements, which indicates an interaction between the 1H volume coil and the surface
coils.
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A. Anatomical Reference Image

Figure5:

B. Phosphorus Spectrum
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C. Carbon Spectrum
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In vivo carbon and phosphorus spectra. Slice positioning for both carbon (orange) and
phosphorus (yellow) acquisitions on a sagittal slice of the head, obtained using a RARE
sequence, is shown in A. Phosphorus spectrum (B) shows Phosphomonoesters (PME),
inorganic phosphate (Pi), Phosphodiesters (PDE), Phosphocreatine (PCr) and ATP peaks.
Carbon spectrum (C) obtained by summing spectra from 18 s to 1 min demonstrate
downstream metabolic products of pyruvate namely lactate, alanine, and bicarbonate. A
line broadening of 3 Hz was applied for both carbon and phosphorus spectra.
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Figure6:
Dynamic 13C spectra for first 20 time frames (TR = 3s). Lactate and pyruvate hydrate peaks

are observed in the initial time frames while alanine appears in later frames.
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Q ratio measurements and SNR efficiency

Table:

Multinuclear coil

13C channel without LCC trap

Single tuned coils

13C channel | 3P channel | 13C Bc sip
Qunloaded 173.93 237.43 278.86 31251 | 282.72
Qloaded 130.80 129.61 159.59 166.65 | 133.92
Qunloaded’Qloaded 1.33 1.85 1.75 1.87 2.11
SNR efficiency 0.50 0.68 0.65 0.68 0.73
SNR efficiency w.r.t. single tuned coils | -27.30% -6.53% -4.18% - -
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