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Abstract Recently, hyperpolarized substrates generated through dynamic nuclear
polarization have been introduced to study in vivo metabolism. Injection of
hyperpolarized [1-'>C] pyruvate, the most widely used substrate, allows detection of
time courses of [1-'>C] pyruvate and its metabolic products, such as [1-'>C] lactate
and '*C-bicarbonate, in various organs. However, quantitative metabolic modeling
of in vivo data to measure specific metabolic rates remains challenging without
measuring the input function. In this study, we demonstrate that the input function
of [1-'3C] pyruvate can be measured in vivo in the rat carotid artery using an
implantable coil.

1 Introduction

Recently, hyperpolarized substrates generated through dynamic nuclear polarization
(DNP) have been introduced to study in vivo metabolism [1]. [1—13C] pyruvate has
been the most widely used substrate for metabolic studies. [1-'>C] pyruvate
metabolism to [1-'>C] lactate (via lactate dehydrogenase (LDH)), [1-'3C] alanine
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(via alanine aminotransferase), and '*C bicarbonate (via pyruvate dehydrogenase
complex (PDH) and carbonic anhydrase) has been observed in vivo using magnetic
resonance techniques [2].

Altered metabolism in cancer has been detected using the lactate-to-pyruvate
ratio at a single point in time [3-5]. This approach is very sensitive to the timing of
the data acquisition, the injection of pyruvate, and the arrival of pyruvate to the
tissue of interest. An alternative approach is to measure the lactate and pyruvate
signals over time and fit these to a kinetic model [5-9]. However, these kinetic
models are generally not measuring metabolic rates through specific enzymes or
pathways. Rather, they measure apparent rates of label incorporation from a
substrate to its metabolic product. Few attempts have been made to develop
metabolic models to fit '*C hyperpolarized data in vivo in order to determine actual
metabolic rates [10, 11].

One limiting factor in such metabolic modeling of in vivo data is the difficulty to
measure the input function, i.e., the time course of the injected 13C.labeled substrate
in the blood. Obtaining the input function directly from the measured '*C metabolic
images is impossible for hyperpolarized substrates due to low signal-to-noise ratio
(SNR), absence of clearly visible artery, and the size of voxel used with magnetic
resonance spectroscopic imaging.

In this study, we demonstrate the feasibility of measuring the arterial input
function of [1-'*C] pyruvate in vivo in rat using an implantable coil around the
carotid artery.

2 Materials and Methods
2.1 Implantable Coil

Implantable coils were designed in AUTOCAD (Autodesk, Inc., San Rafael, CA)
(Fig. 1a) and fabricated on a flexible printed circuit board (PCB) using a proprietary
low loss tangent substrate (CuFlon from Polyflon Co, Norwalk, CT). A CuFlon
sheet was made of a double-sided layer of plated copper separated by a thin layer of

A . 0.56” ., unplated B
T suture holes
saddle coil trace (front)

plated through holes

0.4”

O __t— supporting strap (front)

O 71— connector pad (back)

Fig. 1 Implantable radiofrequency coil. a Schematic of the coil. The rop layer is outlined in black and
the bottom layer is outlined in gray. b Picture of fully assembled coil with twisted pair of leads epoxied
for support. Leads were then connected to a resonant circuit
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polytetrafluoroethylene (PTFE). Each individual coil spanned the front and back
layers of the sheet (Fig. 1a). Layers were electrically connected by plated through
holes. Fabrication began with a %2 oz. (0.7 mils) sheet of CuFlon onto which the
patterns were printed and through holes were drilled. The final sheet consisted of
1.5 oz. copper (2.1 mils) with 1 oz. in the through holes. All copper traces were
finished with an immersion tin to help in soldering and to reduce board oxidation.

The entire body of the coil, including shielding, was 0.4 in. long and 0.58 in.
wide. The actual printed coil (saddle coil with a supporting horizontal strap across
the leads) on the top layer was 0.2 in. in length and 0.23 in. in width. Unplated
through holes around the periphery of each individual coil were used to thread
sutures during implantation to hold the coil in place around the blood vessel and
maintain a cylindrical configuration during experiments. Plated through holes
allowed for electrical contact between the layers, and led to the back side of the coil
that contained the printed leads with contact pads that soldered to a twisted pair of
braided lead wires (Fig. 1b). The twisted pair of lead wires connected the coil to a
resonant circuit which allowed tuning the coil to 100 MHz. In addition to the leads
and connector pads, a passive shield of copper covered the entire back side of the
coil outside of the printed leads. The shield is contained outside of the rectangular
segment surrounding the contact pads in Fig. la.

2.2 Hyperpolarized Samples

Aliquots (~ 10 pL) of the mixture of pure [1-'*C] pyruvic acid (Isotec, Miamisburg,
OH) and 15 mM Tris{8-carboxyl-2,2,6,6-tetra(2-(1-hydroxyethyl))-benzol[1,2-
d:4,5-d’]bis(dithiole-2-yl)methyl} sodium salt (OX63 trityl radical) were placed
into liquid helium and hyperpolarized by DNP (HyperSense, Oxford Instruments,
UK) in a field strength of 3.35 T at approximately 1.4 K for 90 min (time
constant ~700 s). [1-"°C] pyruvate samples were then dissolved in 40 mM TRIS
buffer, 40 mM NaOH and 0.32 mM Na,EDTA solution to produce 4 mL of
hyperpolarized solutions at a concentration of ~35 mM and a pH of 7.

2.3 Animal Experiments

Three male Sprague-Dawley rats were used for the experiments: one animal was
used for blood collection for in vitro measurements of 7 of pyruvate and pyruvate
hydrate in blood, one animal was used for collection of blood samples to measure
concentration and enrichment of pyruvate, one animal was used for in vivo
experiments with implantable neck coil. Three time courses were obtained in vivo
after three injections of hyperpolarized mixture of pyruvate and pyruvate hydrate.

2.3.1 Collection of Blood Samples for In Vitro Experiments
A cannula was surgically placed in the femoral veins and arteries of a male
Sprague-Dawley rat under isoflurane anesthesia. Blood was collected in 1 mL

syringes and transferred to heparinized blood collection tubes. Approximately
11 mL of blood was collected. The samples were kept at room temperature and used
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within 2 h of collection. Blood samples were discarded with biohazard disposal
after use. Anesthesia depth was checked throughout the procedure. The animal was
kept stable and warm throughout and euthanized after the procedure.

2.3.2 Concentration and Enrichment of '>C-pyruvate in Blood

Cannulas were surgically placed in the femoral veins and arteries of a male
Sprague-Dawley rat. Before injection of pyruvate, two blood samples (0.1 mL)
were collected for baseline measurement. The time point of O reflects the average of
these 2 collections before injection. After the injection of 2.3 mL of *C-pyruvate,
0.1 mL aliquots of blood were withdrawn every 10 s up to 90 s after the injection.
Samples were centrifuged and plasma glucose concentration was measured
immediately using a glucose analyzer (Analox Instruments, London, UK). Plasma
samples were collected, freeze-dried and re-dissolved in D,O. The concentration
and enrichment (["*C-pyrl/[pyr]) of '*C-pyruvate were measured using high-
resolution NMR spectroscopy (600 MHz) using glucose as an internal standard.

2.3.3 Animal Preparation for In Vivo Experiments

All animal experiments were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of the University of Minnesota. One
male Sprague—Dawley rats (285 g, Charles River Laboratories, Inc.) was used for this
study. Anesthesia was induced with 5 % isoflurane, and rat was orally intubated and
mechanically ventilated by 2 % isoflurane with 2:1 N,O:0, mixture. The rat was
placed in the supine position and the common carotid artery (CCA) was exposed
through a midline neck incision. After CCA was carefully dissected free from
surrounding nerves and fascia, the radiofrequency coil was placed around it and secured
by suture to a natural position. In addition, femoral artery and vein were catheterized for
physiological monitoring, blood sampling, and chemical administration. Upon
completion of the surgical preparation, the incision was closed and the rat was placed
in a home-built holder. The implanted neck coil was connected to the tuning and
matching circuit mounted on the animal holder. During the experiment, anesthesia was
maintained using a 70:30 % N,0:0, mixture and 1.8 % isoflurane. Body temperature
was maintained at 37 °C using a heating pad with warm water circulation. Blood gases
were measured every 20 min to ensure stable physiological conditions. Cardiac
pulsation and blood pressure were monitored constantly throughout the experiment.

Hyperpolarized [1-'*C] pyruvate solution (2.3 mL, 34.5 mM) was injected
intravenously using the separator/infusion pump described in Comment et al. [12].
Injection started about 11 s after dissolution and lasted for 6 s. Three injections
were performed.

2.4 MR Acquisition

All '°C data were acquired on a 9.4-T, 31-cm horizontal bore magnet (Magnex
Scientific, Oxford, UK) interfaced with a Varian Digital Drive console (Varian, Palo

@ Springer



Measurement of Arterial Input Function 293

Alto, CA, USA). The magnet was equipped with a gradient insert capable of
reaching 450 mT/m in 200 ps (Resonance Research, Inc., Billerica, MA). All
spectra were acquired with 32,000 complex points and spectral width of 50 kHz.

2.4.1 T; Measurement in In Vitro Blood Samples

The data used to obtain T values for [1-'>C] pyruvate in blood samples at 9.4 T
were acquired using an 18-mm outer diameter spherical glass bulb (Wilmad-
Labglass, Buena, NJ) into which 1.5 mL of blood mixed with 0.3 mL of
hyperpolarized solution was injected. Data were acquired using the radiofrequency
coil assembly consisting of an inner '*C linearly polarized surface coil (12 mm
diameter) and a 'H quadrature surface coil (two loops of 14 mm diameter) built
according to a previously described design [13] and a small flip-angle pulse-acquire
(4.5° at the coil center, Tg = 1.5 s, 160 scans) with '"HWALTZ-16 decoupling [14].

2.4.2 In Vivo Measurement

The animal positioning in the magnet was checked using the above-described
radiofrequency coil assembly and gradient echo images (Tr = 60 ms, Tg = 3.9 ms,
matrix = 256 x 128, slice thickness = 2 mm). Spectra were acquired using the
implanted neck coil and pulse-acquire sequence (90°, Tg = 0.6 s, 160 scans). The
use of 90° pulse-angle and the fast repetition time do not lead to signal saturation
because the excited blood is replaced by fresh blood during the repetition time (the
coil excites ~0.0176 mL of blood which flows out of the coil in ~3.5 ms
assuming the flow of 5 mL/s in arteries).

2.5 T, Analysis

The signal of [1-3C] pyruvate at 172 ppm or [1-13C) pyruvate hydrate at 180 ppm
was integrated using Varian software. The T relaxation times were determined by
fitting the time courses of signal intensity starting at the maximum value using a
two-parameter, mono-exponential decay function in Origin 8.6 (OriginLab Corpo-
ration, Northampton, MA). The decrease in total concentration and isotopic
enrichment over time, measured in bench experiment under identical conditions,
were used to correct the 7T relaxation times. The pyruvate signal intensity was
corrected using the slope of the linear fit of pyruvate concentration in blood versus
time from 10 to 30 s (inset Fig. 3a), and using the slope of the linear fit of pyruvate
enrichment in blood versus time from 10 to 20 s.

3 Results

Good quality spectra with high SNR were obtained with the radiofrequency coil
implanted around the CCA in the rat after injection of hyperpolarized [1-'>C]
pyruvate and [1-'°C] pyruvate hydrate mixture (Fig. 2). The SNR of the [1-'°C]
pyruvate signal at 7.8 s without line broadening was 19 (Fig. 2). A typical, rapid,
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Fig. 2 Representative spectra obtained with the radiofrequency coil implanted around the CCA.
a Spectrum obtained 7.8 s after the beginning of injection with the maximum pyruvate and pyruvate
hydrate signals observed. b Spectrum obtained 22.8 s after the beginning of injection with the maximum
lactate signal observed. Repetition time (7g) = 0.6 s, pulse width (pw) = 120 ps, line broadening = 10 Hz

nearly linear increase of pyruvate and pyruvate hydrate signals was observed with
the maximum signal at 6.0 £ 1.6 s after the beginning of injection (Fig. 3).
Pyruvate and pyruvate hydrate signals then decayed as a result of T relaxation,
transport and metabolism. The apparent T;s of 7.5 & 1.3 s for pyruvate and
5.1 £ 1.1 s for pyruvate hydrate were obtained when the decay part of the time
courses was fitted with the mono-exponential decay function (Table 1).

[1-13C] lactate signal was also detected (Fig. 2), but the signal was too low to be
fitted accurately. The highest lactate signal was about 20 times lower than the
highest pyruvate signal.

In in vitro blood samples, the apparent T; of [1-'*C] pyruvate and [1-'3C]
pyruvate hydrate was measured to be 31 + 1 s and 23 + 1 s, respectively. [1-'*C]
lactate signal was observed, but the signal was about 170 times lower than
pyruvate signal. The low lactate signal in in vitro blood was observed previously
[15].

The concentration of pyruvate increased in blood from 0.2 mM to 1.1 mM during
the first 10 s after the injection and linearly decreased to 0.2 mM in the next 20 s
(bench experiments). The 13C enrichment increased to 72 % at 10 s, decreased to
55 % at 20 s, and stayed constant from 20 to 50 s after the injection.

4 Discussion and Conclusions

In this work, we demonstrate that the input function of hyperpolarized [1-'*C]
pyruvate in the rat carotid artery can be measured in vivo using an implantable neck
coil. The apparent T} of [1-'>C] pyruvate was much shorter in vivo than what was
observed in in vitro blood samples, 7.5 + 1.3 s versus 31 + 1 s, suggesting that the
decrease in [1-'°C] pyruvate signal over time reflects not only 7} relaxation but also
a decrease in concentration and enrichment, due to transport and metabolism of
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Fig. 3 Three (black, gray, and open squares) time courses of a pyruvate and b pyruvate hydrate signals
obtained with the radiofrequency coil implanted around CCA after three injections of hyperpolarized
[1-13C] pyruvate and [1-'*C] pyruvate hydrate mixtures. The pyruvate time courses are shown scaled to
the highest integral value in each time course. The pyruvate hydrate time courses are shown scaled to the
average of the ratio of pyruvate hydrate to pyruvate of all time courses. The inset shows the change in
concentration of pyruvate in the blood measured in bench experiment under identical conditions as in in
vivo experiments with implantable neck coil. Tg = 0.6 s, pw = 120 ps

pyruvate in vivo. The apparent T increased to 13.2 & 4.3 s after the correction for
the concentration decrease in total concentration and isotopic enrichment over time,
measured separately in bench experiments under identical conditions.
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Table 1 Apparent 7' values for hyperpolarized substances measured in phantom, in vitro blood samples,
and in vivo at 9.4 T

Experiment type Dissolution  pH n T, [1-*C] T, [1-'*C] pyr
solvent pyr (s) hyd (s)

Phantom? H,O 3 4 26£9 26+ 8

Phantom? H,Obuffer 7 6 46+6 374+£5

Phantom® D,O buffer 7 3 5748 43 £2

In vitro blood H,O buffer 7 4 31+£1 23+ 1

In vivo arterial blood (uncorrected) H,0 buffer 7 3 75+£13 51+£1.1

In vivo arterial blood (corrected for H,O buffer 7 3 13.2+£43

concentration and enrichment)

R? for exponential fits in in vitro blood > 0.9992

R? for exponential fits in in vivo arterial blood for pyr > 0.977 and pyr hyd > 0.791
n number of experiments

% Taken from [10]

The lactate signal observed in in vitro blood samples was very small, suggesting
that the LDH activity in blood is smaller in blood in vitro than in vivo. The
difference between in vitro and in vivo results might be due to higher concentration
of pyruvate used in in vitro studies, different temperature (in vitro data were
obtained at room temperature), denaturation of the proteins in in vitro blood, or in
vivo influx of labeled lactate back into the blood after conversion from pyruvate in
other organs. In vivo in blood, much higher lactate signal was observed, but the
signal was still too small to use for metabolic modeling of LDH activity in the
blood.

Even after correcting for the decrease in concentration and enrichment, the
apparent 77 was still significantly shorter in vivo than in vitro suggesting that
additional mechanisms contribute to relaxation in vivo compared to in vitro blood
experiments. Potentially, the relaxation of pyruvate could be much faster in lungs,
liver, or kidneys which have high blood volume [16].

The use of the implantable coil opens up a possibility of measuring not only the
input function but also the venous output function.
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