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Hyperpolarized singlet lifetimes of pyruvate in
human blood and in the mouse
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Hyperpolarized NMR is a promising technique for non-invasive imaging of tissue metabolism in vivo. However, the path-
ways that can be studied are limited by the fast T; decay of the nuclear spin order. In metabolites containing pairs of
coupled nuclear spins-1/2, the spin order may be maintained by exploiting the non-magnetic singlet (spin-0) state of
the pair. This may allow preservation of the hyperpolarization in vivo during transport to tissues of interest, such as
tumors, or to detect slower metabolic reactions. We show here that in human blood and in a mouse in vivo at millitesla
fields the '3C singlet lifetime of [1,2-'3C,]pyruvate was significantly longer than the '3C T;, although it was shorter than
the T, at field strengths of several tesla. We also examine the singlet-derived NMR spectrum observed for hyperpolarized
[1,2-"*C,llactate, originating from the metabolism of [1,2-'3C,]pyruvate. © 2013 The Authors. NVIR in Biomedicine
published by John Wiley & Sons, Ltd.
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INTRODUCTION

There is growing interest in tumor cell metabolism and an appre-
ciation of its importance in cancer cell biology (1-3). Non-inva-
sive imaging techniques of cancer cell metabolism, which
include positron emission tomography (PET) and MRS, have pro-
vided novel approaches for detecting disease and response to
treatment, as well as increasing our knowledge of cancer biology
(2-9). High temporal and spatial resolution measurements of
enzyme-catalyzed reactions in vivo are possible using dissolution
dynamic nuclear polarization (dissolution DNP) enhanced MRS.
This technique allows the full nuclear spin magnetization to be
exploited, which provides signals up to 10* times stronger than
from thermal equilibrium magnetization (10). Several '*C-labeled
molecules have been successfully hyperpolarized and their me-
tabolism imaged in vivo (2,7).

The most widely used substrate to date is [1-'>Clpyruvate, due
to the high polarization that can be obtained and the long T; of
the carboxyl carbon relative to its rates of cellular uptake and
subsequent metabolism (T;~30s in vivo in magnetic fields
above 1T) (2). Pyruvate is the end product of the glycolytic path-
way and may be reversibly converted to lactate and alanine in
the reactions catalyzed by lactate dehydrogenase and alanine
aminotransferase, respectively. Measurements of the intercon-
version of pyruvate and lactate, which is fast relative to the T,
of the hyperpolarized C label, have been used for tumor grad-
ing and detection of treatment response (5,8,9,11).

Pyruvate is well tolerated when injected intravenously, and a
clinical trial of hyperpolarized [1-">C]pyruvate in prostate cancer
has been completed recently (12). However, the relatively short
lifetime of the hyperpolarized signal remains a significant limita-
tion, and compounds in which the hyperpolarized '3C label has a
longer lifetime would be of great value in the clinical setting. For

instance, this would provide more time for handling the substrate
prior to injection into a patient, and reduce relaxation-induced sig-
nal losses during circulation in the blood stream.

The upper limit of the spin polarization lifetime of an isolated
spin-1/2 nucleus (such as the carboxyl carbon in [1-">C;]pyru-
vate) is the longitudinal relaxation time T;. In spin-1/2 pairs, how-
ever, longer relaxation times are possible for the singlet

configuration |So) = (|a1,) — |B1¢2))/+v/2. The population of |
Soy decays with a time constant denoted Ts, which may exceed
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T, by an order of magnitude. In general Ts > T, arises only in the
regime of near magnetic equivalence between the spin pair,
namely in the strong-coupling limit |Aw°| «|zJ|, where (i) the sin-
glet and triplet spin states of the pair are stationary with respect
to coherent evolution, and (ii) symmetric relaxation mechanisms
are symmetry forbidden. We have reported previously on the
long-lived "3C singlet state in [1,2-"3C,]pyruvate in solution at a
laboratory magnetic field, B°*", that satisfied the condition
|A@®| = |ycB®™ Adc| < |zJcc| (13). Studies of the relaxation of sin-
glet order in ">N,0 in blood have also been reported (14). We ex-
amine here what, if any, benefits there would be in creating
singlet order in [1,2-*C,]pyruvate for studies in vivo by investi-
gating the singlet state of [1,2-">Clpyruvate in whole human

THEORY

There are several well established methods available for prepar-
ing hyperpolarized singlet order starting from longitudinal spin
order, at both low and high magnetic fields (15-18). In this work,
however, we employ an alternative approach that exploits sin-
glet order available in the hyperpolarized state immediately after
dissolution DNP. This approach is illustrated in Figure 1, where
frozen hyperpolarized material is dissolved and transported
adiabatically into a region of low magnetic field. Singlet order
proportional to the square of the longitudinal polarization is gen-
erated from the excess population of the Zeeman states |aa;)
and |31, relative to |a1f,) and |Ba,). For a weakly coupled spin

blood and in the mouse. The results obtained are, to our knowl-
edge, the first showing singlet-order derived signal in vivo.

pair with positive gyromagnetic ratio y, positive chemical shift
difference (d, — d;) and positive intra-pair scalar coupling J, the
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Figure 1. (a) Experimental sequence for hyperpolarized singlet NMR of [1,2—13C2]pyruvate. (1, 2) Dissolution DNP of the sample is followed by manip-
ulations in low magnetic field. (3a) Option of shaking the sample inside a magnetically shielded chamber, which rapidly dephases non-singlet spin or-
der. (3b) Injection into the biological system at low field. (4, 5) After waiting in the low field, the sample is then shuttled into a high-field spectrometer
for NMR signal readout. (b) lllustration of the excess in |a;a,) population of the hyperpolarized substrate, which generates singlet depletion order upon
dissolution and transfer to low magnetic field. Pure singlet order remains after the triplet states equilibrate via rapid T; relaxation in the low field, or are
dephased using a mu-metal chamber. Following a small-tip-angle excitation pulse, the resulting spectrum contains a pair of peaks in anti-phase. (c) Fate
of the singlet order in [1,2-13C2]pyruvate after metabolism to [1,2-13C2]Iactate. Different outcomes are predicted depending on whether metabolism
takes place at high or low magnetic field, since the chemical shift difference has opposite sign in the two molecules. (d) The resulting spectral patterns.
For reference, the peak pattern of a sample in thermal equilibrium is shown in iii).
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high-field and low-field eigenstates correlate as follows:

|on02) =T 41)
1) To) = 1/2(|oapy) + |Br02))
B1B2)=T—1)
Broz)=So) = 1/2(|oapy) — |Br02))

For a reversed sign in any of the parameters J, (5, — ;) and y
the states |o1f2) and |B1a,) correlate the opposite way around:

(1

|ar02) =T 1)
Bro2)=To) = 1/2(joapy) + | Bra2))
BrB2) [ T-1)

la1Ba)[S0) = 1/2(|lanfa) — Br02))

(2]

High-field polarization followed by adiabatic transport to
low field leads to a depletion in the population of |Sy), the
amplitude of which is proportional to p? for longitudinal po-
larization p, as demonstrated in (13). We stress that, while the
singlet order obtained by this approach is much lower than
that accessible by converting the longitudinal polarization
using a pulse sequence at low field, such as the one described
by Pileio et al. (16) (about 2.4/p lower), the simpler prepara-
tion route used here was sufficient for the demonstrations
presented in this work. However, conversion of all available
spin order into singlet order, with the attendant increase in
measured signal, would be an advantage in a clinical setting.

The population difference between the triplet states tends to
thermal equilibrium with the longitudinal relaxation time con-
stant T of the low field. Meanwhile, the depleted singlet popu-
lation equalizes with the time constant Ts, which in favorable
circumstances may be longer. Figure 1(b) (middle panel) shows
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the system configuration assuming Ts>Ti" after the triplet
populations have reached equilibrium. A simple yet effective
procedure that allows one to selectively observe NMR signals
resulting from singlet spin order is to shake the sample in a mag-
netically shielded chamber, which rapidly dephases all other spin
order (Fig. 1(a)). The mu-metal cylinder distorts magnetic flux
lines to its surface, resulting in an extremely inhomogeneous
and weak fluctuating magnetic field in the neighboring space
(13). Shaking the sample modulates this field, the result of
which is to rapidly dephase spin order with non-zero spherical
rank. Conventional magnetization, which is spin order of
spherical rank 1 and higher, is averaged, leaving only singlet
order (spherical rank 0).

The characteristic spectrum of a spin system with singlet order in
which the triplet populations are equilibrated at low field, or are fil-
tered out by using the magnetically shielded chamber, contains
two outer transitions when acquired with a small-flip-angle rf.
pulse, as shown in Figure 2(b)(ii). The two peaks have equal areas
but are opposite in sign. This contrasts with all four transitions
occurring in phase (same sign) following a small-flip-angle pulse
applied to pure longitudinal order (Fig. 2(b)(i)). If the sample is
inserted into the spectrometer before the triplet populations have
equilibrated and a small-flip-angle spectrum is acquired, two asym-
metric doublets will be obtained (Fig. 2(b)(iii)). The two contribu-
tions to the spectrum can be separated from one another: the
total area under the spectrum is proportional to the longitudinal
magnetization present, while the difference between the areas
under each doublet is characteristic of the singlet order.

Following injection of hyperpolarized [1,2-"3C,]pyruvate into a
mouse, the pair of >C nuclei of the product of any metabolic re-
action will also be expected to be in singlet order configuration,
provided that the chemical bond between the two '>C nuclei is
preserved and that the field is sufficiently low to satisfy the

Longitudinal
magnetization
11=I2

Singlet order
|1=—|2

Longitudinal
magnetization
+ Singlet order

11>l

Integral from
longitudinal magnetization:

lo=11+l2

Integral from singlet order: Ig=I4-l>

Figure 2. (a) Relaxation of a spin-1/2 pair at high and low magnetic fields. (i) At low field (triplet-singlet configuration, or near-magnetic-equivalence
regime), the triplet populations relax with a single exponential time constant T;", while the singlet population relaxes with a potentially slower time
constant Ts. (i) At high magnetic field (Zeeman configuration, or weak-coupling regime), each nucleus of the pair relaxes with its own distinct T;.
(b) lllustration of the spectral signatures obtained after placing the system in high field, arising from (i) longitudinal spin order, (ii) singlet order or
(iii) both. By adding or subtracting the peak integrals /; and I,, one may distinguish the contribution of each of (i) and (ii) to the spectrum (see text).
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near-equivalence condition (JAw°|«|zJcc|). Hyperpolarized
[1,2-"3C,]pyruvate can be converted into [1,2-">C,]lactate. There
are different spectral outcomes for [1,2-'3C]lactate depending
on whether the enzymatic reaction occurs at low or high mag-
netic field, since the chemical shift difference (5, —d;) for
[1,2-"3C,llactate has opposite sign to that for [1,2-'3C,]pyruvate:

(1) Metabolic conversion at low field (Fig. 1(c)(i)) generates
singlet-depleted '*C,-lactate. According to Equation [2] the
state after transfer into high magnetic field corresponds to
a depleted population of |a14,), since for lactate (6, — J;) < 0).
The small-flip-angle spectrum contains one positive peak
from the |ayay) to |af,) transition and one negative peak
from the | 31,) to |a8,) transition. This should be contrasted
with the singlet-derived NMR signal from [1,2—13C2]pyruvate,
which gives a positive peak for the |aqay) to |1ay) transition
and a negative peak for the | $15,) to | f1ay) transition, under
the same circumstances.

During transport from low to high magnetic field, the singlet
order of [1,2-"*C,]pyruvate is transferred into a population
depletion of |;ay) (Fig. 1(b)). Subsequent metabolic conver-
sion then results in [1,2-*C,]lactate depleted in |Bi02), in
contrast to the low-field metabolic postcursor (Fig. 1(c)(ii)).
The small-flip-angle spectrum contains one positive peak
for the |aj0,) to |By0,) transition and a negative peak for
the |8152) to | B1az) transition (Fig. 1(d)(ii)). Similar reasoning
explains the expected peak pattern from [1,2-">C5]pyruvate
hydrate, which has also a chemical shift difference (6, — ;)
with opposite sign to that for [1,2-'>C,]pyruvate. However,
if the bond is broken, for example as occurs during the de-
carboxylation of pyruvate to form carbon dioxide in the reac-
tion catalyzed by pyruvate dehydrogenase, the product
metabolite will display zero NMR signal, since the correlation
of its angular momentum is lost entirely.

(2

—

METHODS

Sample preparation and hyperpolarization

[1,2-"3C,lpyruvic acid (99% purum) and [1-"*Clpyruvic acid (95%
purum) were purchased from Sigma (Dorset, Gillingham, UK).
Samples were prepared using 43.5mg of pyruvic acid, 0.7 mg
of trityl radical OX063 (GE Healthcare, Little Chalfont, UK) and
1.2mg of a 1:10 gadolinium chelate (gadoteric acid, Dotarem®;
Guerbet, Roissy, France) solution, and were placed in a GE
Healthcare DNP prototype hyperpolarizer working at 3.35T and
~1.2 K. The frozen sample was irradiated for 1 h with 100 mW mi-
crowaves at 93.972 GHz. The material was then dissolved in a su-
perheated buffer solution (~180 °C, ~1 MPa) containing 100 mg/L
ethylenediaminetetraacetic acid (EDTA), 30mM NaCl, 94 mM
NaOH and 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) dissolved in D,0.

For in vivo experiments, the hyperpolarization step was carried
out using a Hypersense instrument (Oxford BioTools, Oxford, UK),
otherwise following the same procedure as described above.

MRS of hyperpolarized pyruvate in whole blood

Immediately after dissolution DNP, 2 mL of the hyperpolarized
pyruvate solution were injected into 10 mL of whole human
blood contained in a 50 mL Falcon tube, giving a final pyruvate
concentration of 13.5mM. An optional step of oxygenating
the blood was performed prior to this mixing by passing O,

gas through the void space of the Falcon tube while gently
swirling to encourage the gas to dissolve. Oxygen was flushed
until no further change in the color of the blood was observed
(approximately 2.5 min).

For measurement of T; and Ts at low field, 3 mL aliquots of the
blood-pyruvate solution were transferred into three 10 mm o.d.
NMR tubes. These were placed in a water bath at 37 °C in the lab-
oratory field (~1 mT). At intervals of approximately 20 s the tubes
were inserted sequentially into a 9.4 T vertical wide-bore magnet
(100 MHz "3C, Oxford Instruments, Oxford, UK) interfaced with a
Varian ""%Inova spectrometer console (Varian Inc., Palo Alto,
CA). For each tube, six '*C 6°flip-angle spectra were acquired
at intervals of 1s, with the probe maintained at 37°C. Ts and
T\ were determined by fitting to the sum and difference of
the spectrum integrals, as outlined above.

To measure T{', a 0.5 mL aliquot of the dissolved pyruvate
sample was injected by a transfer line into a tube containing
2.5mL blood inside the 9.4 T magnet (resulting in a 3 mL sample
volume with the same final pyruvate concentration, 13.5 mM, as
the low-field experiments). Polarization decay was determined
by measuring sixty 6°-flip-angle spectra at intervals of 1s and
fitting an exponential to the spectrum integrals.

The "3C nuclear polarization was determined by comparing
the hyperpolarized NMR signals with a spectrum of one of the
tubes after complete decay of the hyperpolarization. This ther-
mal equilibrium spectrum was acquired using a 6°flip-angle
pulse, and 128 transients with a repetition time of 60s. The po-
larization was estimated to be approximately ~20 % at the time
of injection, approximately 10s after dissolution.

MRS of hyperpolarized pyruvate in solutions of bovine
serum albumin

Hyperpolarized [1,2-'3C,]pyruvate was added to phosphate-buff-
ered saline (PBS) solutions containing 0%, 1%, 2%, 3% or 5% (w/v)
bovine serum albumin (BSA) to give a final pyruvate concentration
of 13.5mM. The pH of each BSA solution was 7.0+ 0.1 after addi-
tion of the hyperpolarized pyruvate. Aliquots (2.5mL) of each
BSA solution were added to five 10mm o.d. NMR tubes and
maintained at 37 °C. The tubes were then inserted sequentially into
the 9.4 T magnet at 30 s intervals to measure T+  and T&F. For each
tube, fourteen 6°flip-angle '3C spectra were acquired at intervals
of 1, with the tubes maintained at 37 °C, to measure T, .

Measurements of the stray field of the 9.4T and the 7.0 T
magnets

The magnetic field at the locations where the hyperpolarized
samples were stored was measured using a transverse Hall probe
in combination with a hand-held gaussmeter (HIRST GM04, Mag-
netic Instruments, Falmouth, Cormwall, UK).

Cell culture

EL-4 murine lymphoma cells were grown to a density of circa
5x10 cells/mL in RPMI 1640 medium supplemented with 10%
(v/v) fetal calf serum and 2 mM glutamine.

Tumor implantation

C57/Blk6 female mice (6-8 weeks old) were injected subcutane-
ously with 100 uL of a suspension of 5x 10° EL4 cells in the left
flank and tumors were allowed to grow for 11 days, by which
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time they were ~2cm? in volume. Tumor development and
mouse well-being were assessed by regular measurements of
tumor size and by visual inspection, respectively. All experiments
were performed under the Animals (Scientific Procedures) Act of
1986 and were approved by local ethical review committees.

Nuclear magnetic resonance spectroscopy in vivo

Animals were anesthetized prior to NMR experiments by adminis-
tration of a mixture containing O, in medical air (25%/75% v/v at
2 L/min) plus 3% isoflurane (Isoflo, Abbotts Laboratories, Maiden-
head, Berkshire, UK) and subsequently 1-2% isoflurane in O,/
medical air. They were then placed in a temperature-regulated,
dual-tuned *C/"H volume coil for *C transmit and for 'H transmit
and receive, and a 20 mm diameter surface coil for '3C receive
only (Rapid Biomedical, Rimpar, Germany). The core body temper-
ature of the animal was maintained at ~37 °C. The surface coil was
placed immediately over the tumor so that it detected signal that
was principally from the tumor. Respiratory rate and body temper-
ature were monitored using a Biotrig physiological monitor (Small
Animal Instruments, Stony Brook, NY, USA). A cannula was inserted
into a tail vein and its patency maintained through the use of
heparin diluted in sterile saline (100 U/mL).

The hyperpolarized [1,2-"*C,]pyruvate solution (0.2mL, ap-
proximately 80 mM) was injected intravenously over a period of
3-5sin a low magnetic field of approximately 40 mT. After injec-
tion, the mouse and probe assembly were rapidly shuttled into a
7T horizontal bore magnet (Varian, Palo Alto, CA, USA) for signal
acquisition. Spectra were acquired using a non-slice-selective
excitation pulse (600 us sinc-pulse with a nominal bandwidth
of 10kHz) with a flip angle of 10°. A maximum of two injections
were given to each mouse.

As a diagnostic of singlet order, in one experiment an animal
was injected with singlet-filtered hyperpolarized [1,2-'3C5]pyru-
vate. After dissolution, the pyruvate solution was shaken inside
a mu-metal cylinder for approximately 5s, in order to destroy
the longitudinal magnetization. The solution was then injected
(~ 25s after dissolution) and spectra acquired as described
above.

Data analysis

Data were processed using Mathematica (Wolfram, Champaign,
IL, USA). NMR signals were zero filled from 6k to 16 k (blood)
or from 1k to 8k data points (in vivo), Fourier transformed and
the baselines corrected.

The relaxation time constants were estimated by fitting mono-
exponential decay curves to the peak integrals. For [1-">Clpyru-
vate, the value of T refers to the longitudinal decay constant
at 94T, while T{F corresponds to the decay constant at 1 mT.
For measurements at low field, multiple samples were
maintained at low field for varying periods of time before being
inserted into the 9.4 T magnet for measurement. For [1,2-'3C,]py-
ruvate, the C1 and the C2 doublets in the first spectrum from
each tube were integrated separately and the areas processed
according to the sum and difference method (Fig. 2(b)). The
sum gives the longitudinal magnetization while the difference
gives the singlet order. These values for longitudinal magnetiza-
tion and singlet order from successive tubes were fitted to
obtain T\ and T, respectively. Additional estimates of T and
Ts were obtained from the integrals from the second and subse-
quent spectra from each tube, until the magnetization had

decayed, and these values were then averaged. However, the
values quoted are the averages from the specified number of in-
dependent experiments. For experiments at high field the inte-
grals of the C1 and C2 doublets were fitted to an exponential
decay function to obtain T{"" for each site. Quoted errors are
the standard errors on the mean.

RESULTS

Ts and T, of pyruvate in whole blood at 1 mT and 94T

Figure 3(a) shows an NMR spectrum acquired immediately after
addition of hyperpolarized [1,2-'*C,]pyruvate to an NMR tube
containing oxygenated human blood that was already in the
94T spectrometer magnet, the sample being injected via a
transfer line. This spectrum comprises two asymmetric doublets,
indicating the presence of both hyperpolarized longitudinal
magnetization and singlet order in a ratio of 16:1.

The spectrum shown in Figure 3(b) resulted from addition of
hyperpolarized pyruvate to blood with the sample being kept
in a low field (1 mT) for 165 prior to signal acquisition. In this
case, the multiplet pattern consists of only the anti-phase outer
peaks, and indicates that only singlet-derived spin order was
present at the time of signal acquisition. This was evidence that
the singlet order decayed slowly relative to the longitudinal
magnetization, i.e the singlet was “long lived”, at low field. The
data obtained in all the experiments with oxygenated and non-
oxygenated blood suggested that, at ~1 mT, T{-" was less than
5s (after ~20s only singlet order was detected in the spectra).
However, the time interval at which the tubes could be inserted
into the acquisition magnet was 15-20's, so accurate quantifica-
tion was not possible. The longer lifetime of the singlet order, Ts,
was estimated to be ~19s, and no differences in the fitted relax-
ation times between oxygenated and non-oxygenated blood
were observed.

The fitted time constants T, and Ts for [1-">C5]pyruvate and
[1,2-"3*C,]pyruvate in whole human blood are summarized in

BO(LF)

c2 ct || =ImT

(a) x1
A .\j:OS

®) 1 x10

:Lf=1 6s

g —

(c) x75

Thermal

207 173 ppm

Figure 3. 3C NMR spectra of 13.5mM hyperpolarized [1,2—13C2]pyru-
vate in oxygenated, whole human blood (a) immediately after injection
(1 scan) and (b) 165 after injection and maintenance at T mT (1 scan);
(c) the same sample at thermal equilibrium (128 scans, Tr=15s). Spectra
were acquired at 9.4 T and 37 °C using a 6° flip angle pulse.
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Table 1. '>C relaxation time constants of hyperpolarized [1,2-'>C,]pyruvate and [1-'>C]pyruvate in whole human blood at 37 °C

T (s)at 1 mT

To(s)at 1 mT TP (s) at 94T

[1,2-"*C,]pyruvate (non-oxygenated, n = 3) <5
[1,2-"*C,]pyruvate (oxygenated, n=4) <5
[1-'*Clpyruvate (non-oxygenated, n=2) 8+1
[1-"*Clpyruvate (oxygenated, n=2) 942

17+2 38.5+04 (C1),30.0£0.2 (C2)
19+2 38.3+0.5 (C1),30.6+0.3 (C2)
N.A. 45.0+0.5

N.A. 40+2

Table 1. At 9.4T the '3C T values for [1,2-'3C,]pyruvate were
shorter than that measured for [1-'*Clpyruvate. For both
isotopologues the '*C T;F values at 1T mT were almost an order
of magnitude shorter than the respective values of T{*. The Ts
for [1,2-"3C,lpyruvate at 1 mT was approximately four times
longer than T, of the same system. However, Ts at low field
was half T/ measured at 9.4 T. Oxygenating the blood had no
apparent effect on the measured relaxation times.

Experiments in BSA solutions at 1 mT and 94T

The relaxation behavior of [1,2-*C,]pyruvate in whole blood
may be explained by interaction of pyruvate with serum pro-
teins. To investigate this, relaxation time constants for [1,2-3C,]
pyruvate in aqueous PBS solutions containing 0, 1, 2, 3 and 5%
(w/v) BSA were measured (Table 2) (human blood contains
between 3.5 and 5% serum albumin). The decay of the signal
in BSA solutions was slower than in blood, and TF could be
measured in the same experiment as T by acquiring 14 spectra
at 94T from the same tube with a flip angle of 6° and a repeti-
tion time of 15s. The data show significant shortening of T, at
1% BSA (~50% of T, without BSA), with further decreases at 2,
3 and 5% BSA (at 5% BSA TiF was ~30% of that at 0% BSA),
whereas at high field 7{"F was largely independent of BSA
concentration between 0 and 5%. Albeit less dramatic, Ts also
decreased as the protein concentration increased. At 5% BSA,
Ts was ~2 times ;" and almost as long as T/ of the C2 carbon,
although still only ~60% of T of the C1 carbon. The changes in
the inverse relaxation time constants, or relaxation rates, with
BSA concentration are shown in Figure 4. An approximately
linear increase of the longitudinal relaxation rates (z; = 1/T;) with
BSA concentration was observed. Importantly, 1/T; increased
faster than the singlet relaxation rate 1/Ts, demonstrating that
the singlet order is less sensitive to relaxation induced by BSA
than the longitudinal magnetization.

Observation of the singlet state in vivo

Figure 5 shows a set of spectra obtained in vivo from a murine
tumor model following tail vein injection of hyperpolarized
[1,2—13C2]pyruvate, where the mice were maintained at ~40 mT
for different periods of time. The spectra were similar to those
observed in blood (Fig. 3), although an additional feature was

the appearance of peaks corresponding to [1,2-'C,]lactate due
to metabolism of [1,2-"3C,]pyruvate. In the spectrum acquired
from the mouse immediately after the injection of [1,2-'>C,]pyru-
vate (~18s after dissolution; t ‘¥~ 0's in the figure), singlet order
was evident in the asymmetry of the doublets from the pyruvate
C1 and C2 carbons. The pyruvate was injected while the animal
was outside the magnet, and it was then shuttled rapidly into
the magnet. The asymmetry in the pyruvate C1 and C2 carbons
was also observed in the C1 carbon of lactate at 183 ppm and
the C1 carbon of pyruvate hydrate at 181 ppm (Fig. 5(a)). The
experiment was repeated in the same mouse 1h later, except
that the animal was maintained at low field for ~7 s after injec-
tion (Fig. 5(b), t'F ~7s). The resulting pyruvate spectrum from
the tumor showed pure singlet order (Fig. 5(b)). Likewise, the
characteristic anti-phase peak pattern was also evident when
the mouse was maintained at low field for ~3s after injection
(data not shown). This indicated that the longitudinal magnetiza-
tion relaxed much faster at low field than the singlet order,
and was consistent with the data obtained in whole blood
and in BSA solutions at low field. A spectrum acquired after
injection of hyperpolarized [1,2—13C2]pyruvate, in which longitu-
dinal magnetization had been destroyed by shaking the sample
inside a mu-metal chamber, again only showed signal from the
negative singlet order in pyruvate (Fig. 5(c)). In this case the pyru-
vate was injected at~ 30 s after dissolution.
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Figure 4. Dependence of relaxation rates R1LF: 1/T1LF (o) and Rs=1/Ts
(m) on the concentration of BSA in aqueous solution (data from Table 2).

and 37°C (n=2)

Table 2. Relaxation time constants '>C in hyperpolarized [1,2-">C,]pyruvate at different concentrations of BSA in PBS at pH=7

0% BSA 1% BSA 2% BSA 3% BSA 5% BSA
T (s)at 1 mT 433+06 204+0.2 17.3+0.3 149+04 13+1
Ts(s)at 1 mT 50+3 34+1 28.8+0.5 27 +1 255+1
TMF (s) at 94T (C1, C2) 46.0+0.5,32+1 44+4,335+03 42+2,369+04 40+1,34+2 40+1,28+3
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Figure 5. 3CNMR spectra from a mouse tumor in vivo at 7.0 T following i.v. injection of hyperpolarized [1,2—13C2]pyruvate, acquired (a) immediately follow-
ing injection (~18 s after dissolution), (b) after maintaining the animal for ~7 s at ~40 mT after injection and (c) following injection of hyperpolarized pyruvate
prepared with negative singlet order (~30s after dissolution; the longitudinal magnetization of the sample was destroyed by shaking the hyperpolarized
substrate in a mu-metal chamber immediately after dissolution). In all three experiments the spectra were acquired with a single scan.

DISCUSSION

By boosting the polarization of a pair of coupled spin-1/2 nuclei
using DNP, the hyperpolarized signal displays negative singlet order
without further manipulation of the spin system. The sensitivity of
the experiment could be improved by the use of pulse sequences
at low field that increase the singlet state population (16,19).

The peak asymmetry arising from the spectrum of a coupled
spin-pair has been used previously as a method of estimating longi-
tudinal nuclear polarization (20-22). However, estimation of the
polarization using the peak asymmetry is problematic, considering
the variation of T; and Ts with magnetic field strength observed here.

The change in T; between high and low fields may result from
binding of pyruvate to blood proteins, resulting in a reduction of
the molecule’s mobility and, therefore, a change in correlation
time. To investigate this, the effect of different BSA concentra-
tions on T, and T of [1,2-'*C,]pyruvate was determined. BSA
has almost identical effects to oxyhemoglobin on the proton T,
of water (23), and for the range of BSA concentrations studied
here the changes in T; cannot be attributed to a viscosity effect
(24). Similar to the results presented by Pullinger et al. (25) on the
T, relaxation time of hyperpolarized [1-'*Clpyruvate in BSA, we
found that at low field (~1 mT) T;-F, and also T, decreased mark-
edly in a 1% BSA solution; increasing the BSA concentration
further had only modest effects (Table 2). A 1% BSA solution
corresponds to a protein concentration of ~0.2 mM. The smaller
decrease in 7" and T at higher BSA concentrations may reflect
saturation of the binding sites for pyruvate. At high field (9.4T)
the T, for [1,2-"3C,]pyruvate was largely independent of BSA
concentration (Table 2). Moreno et al. reported that, at 14.1T,

the T{" of [1-"*Clpyruvate decreased with increasing BSA
concentration, finding T; values much shorter than those we
measured at 9.4 T (26). The discrepancy with what we observed
here for [1,2-'*C,]pyruvate might be explained by a greater
contribution of chemical shift anisotropy to T{'" at 14.1T.

T for [1,2-*C,lpyruvate in 5% BSA was ~2.5 times longer
than 71 in whole blood (which contains human serum albumin),
whereas Ts was only ~1.3 times longer. The faster T;-" relaxation
in blood may reflect the presence of paramagnetic species (27).
However, it appears from our experiments that such an effect
cannot be attributed to the presence of deoxyhemoglobin, since
the use of partially deoxygenated blood had no apparent effect
on the measured values of T{F, Ts or T{. The oxygenation level
of blood and hence the ratio of oxy- to deoxyhemoglobin, the
latter being moderately paramagnetic, has been shown to cause
larger changes in T, as compared with T; (23,28). Consistent with
our observations, it has been reported previously that water
proton T; is not affected by hemoglobin oxygenation but that
it does change with magnetic field strength (29).

The higher T¢/T{F ratio measured in blood, as compared with
that measured in BSA solutions, may reflect the contribution of
other paramagnetic species in blood to T relaxation, since
these have been shown to have a weaker effect on the relaxation
of singlet order (30).

Consistent with the longer values measured for Ts as com-
pared with T{F in whole blood and solutions of BSA at ~1 mT,
our results also show that Ts of [1,2-"*C,]pyruvate was longer
than T{F at ~40 mT in a live mouse. If hyperpolarized singlet or-
der [1,2-*C,]pyruvate is injected into a subject and this subject
is maintained at low magnetic field, the '*C nuclei of the product
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of any metabolic reaction will also be expected to be in singlet
order configuration, provided that the chemical bond between
the two carbons is preserved and that the field is sufficiently
low to satisfy the near-equivalence condition (Fig. 1(c)). Our ob-
servations show that singlet order was not preserved in the
product [1,2-"3C,]lactate produced at 40 mT from the injected
[1,2-"3C,]pyruvate. Comparing with the spectral outcomes pre-
dicted in Figure 1(d)(ii), we concluded that the lactate signal
arises from metabolism at high magnetic field, not low field.

The absence of NMR signals from singlet [1,2-">C,]lactate may
be explained by the relatively large chemical shift difference
between the carbon sites (|J; - d5| ~ 114 ppm), which at 40 mT
corresponds to a frequency difference of 50 Hz. This contrasts
with pyruvate, where |J; - J,| is only ~15Hz at 40 mT. The
50Hz frequency difference is not negligible when compared
with the 60 Hz coupling constant Jc; ¢, in lactate, and means that
the singlet and triplet states of lactate are no longer eigenstates
of the coherent Hamiltonian. The resulting evolution is an effi-
cient mechanism for singlet leakage, such that one should ex-
pect the lifetime Ts of singlet-polarized lactate to be similar to
T, and shorter than it might potentially be if the singlet were
an eigenstate. In addition, the presence of a C2 proton in lactate
introduces a strong heteronuclear coupling, as well as an asym-
metric relaxation mechanism due to the large difference in the
H2-C1 and H2-C2 dipole-dipole couplings, further accelerating
the decay of singlet order.

Consequently, if [1,2-"3Cy]pyruvate is injected at~40 mT and
the mouse is maintained at this field while conversion of pyru-
vate to lactate occurs, then singlet polarization in pyruvate will
leak through into non-singlet polarization in lactate. Therefore,
at the moment of detection an apparent reduction in the
amount of lactate will be observed in the spectra (Fig. 5(b)). Even
if one could reduce the field at which the mouse is maintained
during injection to 10 mT, the singlet-triplet states would still
not be pure eigenstates of the Hamiltonian and singlet polariza-
tion decay would still be accelerated in the lactate product.

Similar reasoning can explain the observed spectral patterns
for [1,2-"3C,lpyruvate hydrate (|d; - d,| ~ 85 ppm). The spectrum
shown in Figure 5(b) is characteristic of [1,2-">C,]pyruvate hy-
drate formed at high field, which is consistent with the relatively
rapid injection of [1,2-13C2]pyruvate into the mouse at 40 mT
field and spectrum acquisition at 7 T. The spectrum in Figure 5
(c), on the other hand, shows signals from pyruvate hydrate
formed in both low (negative peak of the doublet) and high
fields (positive peak of the doublet). In this experiment the solu-
tion was shaken in the mu-metal chamber prior to injection into
the animal and transport into the 7T magnet. During this singlet
preparation time pyruvate and pyruvate hydrate may undergo
chemical exchange at a low field, where the eigenstates of both
molecules are in the singlet and triplet states. Thus the singlet or-
der of pyruvate hydrate created at low field is observed when
the spectrum is acquired at high field. Note that the signal from
the pyruvate hydrate formed at high field in Figure 5(c) is weaker
than that observed in Figure 5(b). This may be due to the longer
delay between dissolution and acquisition when the sample was
shaken in the mu-metal chamber.

CONCLUSIONS

We have shown here that singlet order in hyperpolarized [1,2-"3C]
pyruvate was longer lived than the longitudinal magnetization at

low field, both in whole human blood in vitro and in a mouse
in vivo. However, the benefit of creating singlet order in
[1,2-"3C5]pyruvate is limited by the relatively long T; for both
carbons at high field, which in blood was between 1.5 and 2
times longer than Ts at low field. Furthermore, we have shown
previously that, while the T for [1,2-'3C,]pyruvate in D,O buffer
was approximately twice T;F of the same molecule (13), it was
not significantly longer than the T, of [1-">C]pyruvate. To sum-
marize: (i) the spin order of [1,2-"3C,]pyruvate can be preserved
effectively in blood at low field by using a long-lived singlet
state; (ii) the long lifetime cannot, however, provide additional
information on the metabolic conversion of pyruvate to lactate,
since the singlet state is not preserved in the conversion of
pyruvate to lactate. The advantage of generating the singlet
state will only be realized for those doubly labeled molecules
that possess lifetimes Ts that significantly exceed T; of the singly
labeled isotopologues at both low and high magnetic fields.
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