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A calibration-based approach to real-time
in vivo monitoring of pyruvate C; and C,
polarization using the Jcc spectral asymmetry

Justin Y. C. Lau®®, Albert P. Chen®, Yi-Ping Gu® and Charles H. Cunningham®"*

A calibration-based technique for real-time measurement of pyruvate polarization by partial integral analysis of the
doublet from the neighbouring J-coupled carbon is presented. In vitro calibration data relating the C, and C,
asymmetries to the instantaneous C, and C, polarizations, respectively, were acquired in blood. The feasibility of
using the in vitro calibration data to determine the instantaneous in vivo C; and C, polarizations was demonstrated
in the analysis of rat kidney and pig heart spectral data. An approach for incorporating this technique into in vivo
protocols is proposed. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Dynamic nuclear polarization (DNP) is a non-equilibrium spin
population technique that can provide a temporary, liquid-
state '>C NMR signal enhancement of more than four orders of
magnitude (1). This signal enhancement facilitates rapid MR
observation of '*C in vivo (2). One application of particular
interest is the in vivo monitoring of pyruvate metabolism, which
has been shown to change with the onset of numerous disease
conditions, including cancer (3) and cardiovascular diseases (4).
Quantitative analysis of metabolism requires knowledge of the
DNP signal enhancement at all time points such that the spectral
intensity can be normalized to concentration, allowing for
comparison within a series of measurements. Signal enhance-
ment, or equivalently spin polarization, is conventionally
determined by comparison with the corresponding thermal
equilibrium signal intensity. Acquisition of a thermal equilibrium
carbon spectrum in vivo is difficult due to the prohibitively long
scan times required to obtain an adequate signal-to-noise ratio
(SNR). An alternative approach to polarization measurement is
needed for in vivo applications.

In measuring the polarization of ['C] urea, Ardenkjaer-Larsen
et al. examined the normalized difference of partial integrals
for the two spectral lines in the "N doublet, which arise from
J-coupling with the adjacent *C nucleus (1). This approach
was extended to pyruvate using an analogous partial integrals
analysis of the homonuclear J-coupled C, doublet to estimate
the C; polarization of [1,2-"3C,] pyruvate and [1-'*C] pyruvate
(from 1% natural abundance of [1,2-"3C,] pyruvate) in solution
(5). Hurd et al. reported that, in solution at 3T, the T; of the C,
carbon in [1,2-"3C,] pyruvate (56 s) was only slightly shorter than
that in [1-'3C] pyruvate (60 s). The feasibility of measuring the C,
polarization of [1-'3C] pyruvate using the relative spectral
intensities of the C, doublet (1% natural abundance) has been
demonstrated in vitro and in vivo (6). Although accurate for
initial polarization measurement, the C, doublet was found to
evolve beyond the second-order spectral pattern of a strongly

J-coupled AB spin system at thermal equilibrium soon after
injection of the pre-polarized solution into an animal. The
physical mechanisms responsible for the evolution of C,
doublet asymmetry in the [1,2-'3C,] pyruvate system have not
been fully understood.

The objective of this research is to extend the work of Hurd et
al. and Chen et al. to enable the measurement of instantaneous
C, polarization regardless of the time elapsed post-injection.
After a brief examination of the theoretical framework underly-
ing polarization measurements based on doublet partial
integrals, we pursue an empirical approach. We use calibration
data in blood that are consistent with our animal protocols to
determine the instantaneous in vivo polarization in rat kidney
and pig heart metabolic experiments.
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THEORY

The Hamiltonian operator representing a system of two J-coupled
3Cnuclei is given in Equation [1]. In the case of negligible J-
coupling, Jcc~0 Hz, there are four stationary states: |oo),
leB), |Ber), and |Bf), where the notation [\, ) represents an
ordered tensor product of the two nuclear spin wavefunctions
[¥1)¢, ®|W,)c, For non-zero Jec, |o ) and | B ) remain eigenstates,
but two new eigenstates arise from mixtures of |«f) and |fo ), as
summarized in Figure 1.

Ho = 6011Az1 + wzizz + 2ndecly 1, [1]

The C, polarization is the fractional occupation of levels where
|1//1)G =|oc> less the fractional occupation of levels where
|¢1)Q |ﬁ>. From Figure 1, the desired C; polarization as a func-
tion of time P, (t) can be written as

[M:(0) + 2l PNa(®) + 1 PRa(0)] = [ler PNa(6) + [eaPNa(e) + Na(t)

N (0) 5 Na(t) T No () Na(D) [2]

Pc,(t) =

For a single nucleus, the transition probability W; between
two spin states |y;) and |i};) is given by Fermi’s golden rule,
Equation [3], where 7{; is the perturbative Hamiltonian operator,
p is the density of final states, and the integration is performed
over the solid angle Q. The probability of transition in either di-
rection is the same, W;_ ;= W, _ ;= Wj.

Wy =23 J [(wif# )| o 3]

After stimulation of an ensemble of nuclei with an appropriate
H: by applying a resonant magnetic field B; in the form of a
radiofrequency (RF) pulse, the measurable signal is the sum of all
signals originating from every nucleus in the ensemble. The
intensity of the measured signal S, corresponding to a transition
between energy levels i and j, is proportional to the combined
number of spins Nj; in states i and j, the polarization P;=(N;— N/
Nj just before the excitation, and the single-nucleus transition

e—— |4) =|58)
[en
13) =—ci[af)+ e |Ba)
Was
Wiy |2) = |aB) +a |Ba)
Wia
—— 1) = aa)

Figure 1. An energy level diagram of a non-weakly J-coupled spin- pair.
The coefficients ¢; and ¢, represent the degree of superposition of the
two mixed uncoupled eigenstates |2f) and |fx) in the coupled
eigenstates |2) and |3). The modulus square of these coefficients repre-
sents the probability of measuring a particular eigenvalue in the
uncoupled eigenstate basis. The uncoupled eigenstates |xa) and |Sf)
remain unchanged as the coupled eigenstates |1) and |4).

probability Wj; from Fermi’s golden rule, as shown in Equation [4].
The single-nucleus transition probability is proportional to the
modulus squared of the matrix element of the perturbative
Hamiltonian, Wj; o [ Hq |lpj>|2. The signal dependence on the flip
angle (FA) arises from this matrix element.

Sj oc NyPyWy oc (Nj — N/')‘<l//f‘7:[1 Wf>‘2 [4]

The transition probability formalism suggests that the instanta-
neous polarization can be obtained directly from measured
spectral line intensities. Accurate determination of the proportion-
ality constant can be experimentally difficult, but not necessary if
only relative intensities are considered.

Ardenkjaer-Larsen et al., Hurd et al., and Chen et al. calculated
a spectral parameter known as the C, asymmetry, ac,, defined as
the difference of integrals between the lower frequency (upfield,
inner) peak and the higher frequency (downfield, outer) peak of
the C, doublet, all divided by the total C, doublet integral, as
in Equation [5].

(inner) (outer)

a, = o6 __ [5]
2 (inner) (outer)
SCTner + SCc;u er

At thermal equilibrium, a.,=0.056 at 3T. In literature, the C,
polarization has been interpreted as Pc, = dc, — deq. In terms
of spin populations, the C, asymmetry ac, can be written as
Equation [6] using Equation [4]. It can be seen that the
asymmetry dc, (t) does not correspond directly to the C; polari-
zation Pc, (t).

) , A ,
ac(t) = (N1 () = Na ()] [{Wra [ Ha 1) — [N3(8) — Na(t)][(Yra| H1 [15) | .

[N () = Na (O ([ [ )|+ N3 (6) — Na(e)] [ (a1 03]

The theoretical framework supports the correlation between
C, polarization and C, asymmetry, but the relationship is not as
simple as Pc, = dc, — deq. However, we will demonstrate that
the C; asymmetry, ac,, correlates strongly with C; polarization.

Analogously, the C; asymmetry, dc,, can be defined. In this
work, we shall also explore the empirical correlation between
C, polarization and C; asymmetry, a relationship that has not
been investigated previously.

METHODS

All experiments were performed using a GE MR750 3T scanner
equipped with 50 mT/m gradients (200 mT/m/ms slew rate)
and an 8 kW broadband RF amplifier (GE Healthcare, Waukesha,
WI, USA). Animal experiments were approved by the institutional
research ethics board and performed in accordance with institu-
tional animal care protocols.

Polarization procedure

Approximately 25 ulL of [1,2-"3C,] pyruvic acid (99%, Isotec,
Miamisburg, OH, USA) doped with 15mM OX63 trityl radicals
(Oxford Instruments, Abingdon, UK) and 1 mM ProHance (Gd-HP-
DO3A, Bracco Diagnostics Inc., Princeton, NJ, USA) was polarized
to steady state using a HyperSense DNP polarizer (Oxford Instru-
ments). A heated 80 mM NaOH solution with 40 mM NacCl, 40 mM
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Tris buffer, and 100 mg/L EDTA was injected in sufficient volume to
rapidly dissolve and neutralize the frozen acid. The collection
flask was swirled throughout the dissolution process to ensure
thorough mixing.

Experiments in blood

Whole blood was extracted from either the femoral or carotid
artery of 20kg pigs into sodium heparin vacuum tubes (BD,
Franklin Lakes, NJ, USA) and stored at 4 °C until use. Before the
scan, 18 mL of blood was warmed to 37°C and placed into a
60 mL syringe.

In one experiment, approximately 7 mL of whole blood was
extracted from the ear vein of each of three male New Zealand
white rabbits and stored in sodium heparin vacuum tubes. Blood
type compatibility was verified by mixing 200 pL of blood from
each rabbit. The mixture was left for 15min at room tempera-
ture. No clumping was observed after 15min under x 200
magnification in an optical microscope. To maintain an experi-
mental volume of 18 mL, 6 mL of blood from each rabbit were
combined immediately before the experiment. The blood was
warmed to 37 °C and placed in a 60 mL syringe.

[1,2-"3C5] pyruvic acid was polarized as described above. The
hyperpolarized pyruvate solution was transported to the 3T
scanner within 10s and 2mL injected through a 92cm
microbore Luer lock-extension set (Codan US Corporation, Santa
Ana, CA, USA) into the blood syringe within 20s. Care was taken
to maintain consistent transfer times between repetitions
because the evolution of C, asymmetry has been observed to
depend on the time spent at low field (Keshari K, Wilson D,
VanCriekinge M, private communication 2011). A pulse-acquire
sequence with 10° FA 200pus pulses (TR=3s, 4096 points/
10kHz readout, 96 transients) was started immediately after
injection. A spoiler gradient was played at the end of each TR.
Data were acquired with a linear dual-tuned microstrip "H/'3C
volume rat coil (Magvale, San Francisco, CA, USA).

At thermal equilibrium polarization, 384 transients at 20°C
were acquired with 90° FA 200 ps pulses (4096 points/10 kHz
readout) after adding 100 umol Gd-DTPA (200 uL Magnevist,
0.5mol/L Gd-DTPA, Bayer HealthCare Pharmaceuticals Inc.,
Wayne, NJ, USA) to shorten the T, allowing full magnetization
recovery within TR=10s. Data from all 384 transients were
combined and a 10 Hz Gaussian apodization filter was applied
in the time domain. The blood syringe was weighed before
and after injection of pyruvate to determine the total amount
of [1,2-"3C,] pyruvate added to the syringe. Single-transient
spectra from a 20mL ['3C] urea phantom (1.0M '*C with
100 pmol Gd-DTPA) were acquired with 10° and 90° FAs at the
end of each experiment. The urea signal intensity and injected
weight of pyruvate solution provided an independent quantifica-
tion of total '3C content in the syringe.

In vivo experiments

A Rowett nude (RNU) rat (Harlan Laboratories, Indianapolis, IN,
USA) was anesthetized in an induction chamber under 5%
isoflurane with 1L/min O, supply under a protocol approved
by the local animal care committee. The rat was transported to
the scanner, placed prone into the previously described rat coil,
and maintained at 2% isoflurane with 2-3 L/min O, supply via a
nose cone. Body temperature was maintained at 37.5°C with a
circulating water blanket. A 24 gauge intravenous catheter was

inserted into the tail vein. The rat was administered 3 mL of
80mM pyruvate over 10s via tail vein injection. A slice-
selective pulse with 10° nominal FA was applied every TR=3s
(4096 points/10kHz readout, 96 transients) to obtain in vivo
spectra integrated over a 2 cm slice centred over the rat kidneys.

Data from cardiac metabolic experiments in three pigs were
analysed retrospectively in this work. Preparation and handling
procedures for pigs have been described previously (7). In vivo
13C spectra from pig hearts (integrated over the entire heart)
were acquired using a '>C transmit-receive surface coil and a
cardiac-gated sequence with nominal 10° hard pulses every 4
R-R beginning simultaneously with intravenous infusion of
15mL of 83mM [1,2-'3C,] pyruvate over approximately 155, as
described in (8). The heart rate of each animal was monitored
throughout the study and recorded to provide an estimate of TR.

Spectral analysis

Spectral apodization, Fourier transformation, and phasing were
performed using SAGE (GE Healthcare). In some experiments,
overlap between the two spectral lines of the doublet compli-
cated the partial integral analysis required to obtain ac,(t) and
dc, (t) . Spectral fitting was required to separate the integral
contribution from each spectral line. The general shape of each
spectral line was approximated using a generalized extreme
value probability density function (GEVPDF), which can be
written as a function of frequency f in the form of Equation [7].
The GEVPDF was selected because it encompassed a wide range
of skewed peak shapes and was easily implementable in MATLAB
(MathWorks, Natick, MA, USA). An initial value of £=0.5 for the
shape parameter and reasonable values for the chemical shift §,
and width ¢, of each of the n spectral lines were used as initial
parameters for the fit.

1 v
Ya(f) =—ga(f)"" """, where
On

[+ E(F =) fan)] V° if E#£0 7]
an(f) = )
e*(f*()n)/o',, if é: 0

For each of the four pyruvate spectral lines in the phased
spectrum, a GEVPDF y,(f) and a sinc function centred about the
chemical shift 6, were included in the full spectral fitting
function y(f), given in Equation [8]. Amplitudes A, and B, are
positive and w,, denotes the width of the sinc function. The
pyruvate hydrate spectral lines were not included in this fit.

y(f) = iAn.y,,(f) — Bp.sinc[(f — d,)/Wa] [8]

In addition to resolving the problem of spectral overlap, this
fitting procedure is able to approximate the baseline resulting
from the delay between the end of RF excitation and the
beginning of data acquisition. This is particularly beneficial in
the analysis of spatially localized spectra where the severely
rolling baseline is not easily approximated by a polynomial.
Better agreement between calculated and experimental base-
lines was obtained using the fitted baseline as compared with
the cubic spline approximation.
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Figure 2. Representative carbon spectra of 80 mM pre-polarized [1,2-'3C,] pyruvate (a) injected into 18 mL of 37 °C rabbit blood and (b) in solution at
20°C. All spectra have been normalized to the same height. Doublets arising from lactate (Lac), the keto form of pyruvate (Pyr), and the gem-diol form

of pyruvate (Pyh, pyruvate hydrate) are labelled as shown.

RESULTS

Experiments in blood

Representative in vitro carbon spectra of [1,2-'3C,] pyruvate
injected into rabbit blood are shown in Figure 2(a). Carbon
spectra of [1,2->C,] pyruvate in solution are shown in Figure 2(b)
for comparison. The corresponding thermal equilibrium carbon
spectra are shown in Figure 3.

Conventionally, the C; polarization Pc,(t) for each transient
was determined by comparing the C; doublet integral to that
of the thermal equilibrium spectrum after adjustments for
differences in the FA and the number of acquisitions. The
analogous analysis was not possible for blood data because a
broad resonance centred at 177 ppm, presumably the natural
abundance '>C signals of macromolecules in the blood,
overlapped with the C; doublet and interfered with integration
in the thermal equilibrium spectra. As an independent quantifi-
cation of '>C content in the blood, we prepared a ['3C] urea
phantom of the same geometry as the blood syringe. The urea
signal provides a conversion factor between MR signal intensity
and the known amount of '>C in the urea phantom. From the

measured mass of injected solution, assuming 80 mM pyruvate
concentration in solution, the thermal equilibrium C; signal
intensity could be estimated using the urea conversion factor
for the same gain settings after accounting for FA. For consis-
tency, we report the urea-derived C; and C, polarizations for all
blood experiments.

The asymmetry parameters, dc, and dc,, were computed from
the fitted spectral line intensities. The correlations between C,
polarization and C, asymmetry for 8 mM [1,2-'3C,] pyruvate in
whole blood are shown in Figure 4(a) for experiments with 5°
FAs (N=2, both pig blood) and in Figure 4(b) for experiments
with 10° FAs (N=3, two pig blood and one rabbit blood). The
corresponding plots relating C, polarization and C; asymmetry
are shown in Figures 4(c) and 4(d) for experiments with 5° and
10° FAs, respectively.

A linear function with slope m and intercept ao was fit to the
data; the fitted parameters are summarized in Table 1 according
to the data markers in Figure 4. Points with measured polariza-
tions below 1% were not included in the fit because the signal
intensity was comparable to the noise levels at these low
polarizations. These parameters characterize the mathematical
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Figure 3. Thermal equilibrium carbon spectra of 80 mM [1,2-'3C,] pyruvate (a) in 18 mL of 20 °C rabbit blood doped with 5mM Gd-DTPA and (b) in
solution at 20 °C doped with 4 mM Gd-DTPA. These spectra were formed by combining 384 transients acquired with FA=90°. Total scan times were
(a) 32 min with TR=5s and (b) 64 min with TR=10s. A 10 Hz Gaussian apodization filter was applied in the time domain before Fourier transform.
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Figure 4. Empirical relationships between doublet asymmetry and polarization in 18 mL of 37°C blood injected with 2 mL of 80 mM pre-polarized
pyruvate solution. Panels (a) and (c) show two sets of pig blood data acquired with 5° FAs. Panels (b) and (d) show two sets of pig blood data and
one set of rabbit blood data (x) acquired with 10° FAs. A line of best fit is shown for each individual data set. The dashed line shows the best fit to
the combined data with computed R? values of (a) 0.997, (b) 0.988, (c) 0.997, and (d) 0.981. A highlighted semicircle marks the thermal equilibrium
polarization with the thermal equilibrium asymmetry indicated by the connecting dashed vertical line.

models that approximate the experimental data. The curves
derived from the average parameters will be considered as
calibration curves relating measurable asymmetry to the instan-
taneous polarization.

A mono-exponential function, with correction for longitudinal
magnetization consumption by successive small FA excitations,
was fit to the partial integral of each spectral line and to the
integral of each doublet, plotted as functions of time, to obtain
longitudinal relaxation time constants. These values are summa-
rized in Table 2 according to the data markers in Figure 4. Although
the mono-exponential fit modelled the general behaviour of
all spectral lines, there was poorer agreement between the

downfield partial integrals and the mono-exponential fit
(R*<0.999), suggesting that the decay may be multi-
exponential or non-exponential. Therefore, the values reported
in Table 2 may not fully describe the longitudinal relaxation behav-
iour of some spectral lines. Based on the fit results, the rabbit blood
data (x) exhibited shorter longitudinal relaxation time constants
compared with the two pig blood data sets with FA=10°.

In vivo experiments

The average FA=10° blood calibration curves were used to
calculate polarizations from measured doublet asymmetries.

NMR Biomed. 2013; 26: 1233-1241
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Table 1. Summary of parameters fitted to blood calibration
data. Parameters m (%) and ao (%) represent the slope and
intercept from linear regression. The identifying symbols
correspond to the data markers used in Figure 4

C, asymmetry C; asymmetry

FA Marker m (%) ag (%) m (%) ag (%)
5° ° 50.1 5.49 —59.6 10.45
[ 50.0 5.54 —60.2 10.54

Average 50.1 5.52 —59.9 10.50

Std dev. 0.1 0.03 0.4 0.07

10° X 56.4 337 —61.3 10.06
A 524 3.86 —59.2 9.57

= 49.0 3.40 —58.0 8.54

Average 526 3.54 —59.5 9.39

Std dev. 3.7 0.28 17 0.78

Average 51.6 433 —59.6 9.83

Std dev. 3.0 1.10 12 0.82

Table 2. Summary of longitudinal relaxation time constants
for spectral lines of 8 mM [1,2-3C,] pyruvate in blood at 37°C.
The identifying symbols correspond to the data markers used
in Figure 4. All values are given in seconds

Upfield Downfield Doublet

FA (e G G G G G
5° ° 356 315 48.9 45.8 43.5 376
u 362 313 479 435 419 359
10° X 274 26.6 358 36.1 31.7 303
A 33.0 292 440 409 38.1 337
[ 354 30.1 476 421 40.7 345
Average 335 298 45.0 41.8 389 34.7
Std dev. 3.7 20 55 3.7 52 23

The calculated C; and C, polarizations are shown in Figure 5(a)
as functions of time after the start of injection. Two data points
toward the beginning of the acquisition were not included in
the analysis because of low SNR.

Estimated in vivo T; values of 18.6s (C;) and 18.8s (C,) were
obtained by fitting the calculated polarization data to mono-
exponential functions, with correction for successive small FA
excitations. It is important to note that the relaxation may not
be mono-exponential. However, the monotonic decrease in
polarization is markedly different from the in vivo signal intensity
profile shown in Figure 5(b).

Data from a previous study on porcine whole-heart metabo-
lism (8) were reanalysed in this work to investigate the possibility
of determining instantaneous polarization from cardiac spectra.
The average FA=10° blood calibration curves were used to
analyse these data. The calculated C; and C, polarizations for
three animals are shown in Figure 6(a) as functions of time. It
can be seen that a mono-exponential model is not consistent
with these data. However, the decreasing trend of the calculated
polarization is markedly different from the corresponding signal
intensity profile shown in Figure 6(b).

DISCUSSION

A linear function was found to adequately model the calibration
data relating instantaneous polarization to doublet asymmetry.
The intercept parameter g, represents the polarization at which
the two spectral lines of the doublet become of equal intensity.
Inversion of asymmetry, visually the flipping over of the doublet,
occurs for positive values of a. It is interesting to observe that
deq7# — ao/m, which suggests that this model does not
completely describe the relaxation back to thermal equilibrium.
The spectral behaviour in the latter stages of relaxation back
to thermal equilibrium remains a mystery because the signal
intensity at polarizations below 1% becomes comparable to
the level of noise under the described experimental conditions.
However, we have shown that the linear model provides an
adequate estimation of calibration data over the range of usable
SNR, approximately 1 min in vivo.

[1-3C] pyruvate is expected to have a slightly longer T; than
[1,2-'3C,] pyruvate in vivo. However, the low C, SNR from the
1% natural abundance of [1,2-"3C,] pyruvate in [1-'3C] pyruvate
limits polarization measurement to a small number of time
points. To increase the C, SNR, we propose the co-polarization
of [1-'3C] pyruvic acid with a small amount, e.g. 5%, of
[1,2-"3C,] pyruvic acid. The longer T; of the predominantly singly
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Figure 5. (a) The decay of in vivo C; (closed symbols) and C, (open symbols) polarization observed in the rat kidneys calculated using the average
FA=10° blood calibration curves. The error bars show the propagated errors representing the statistical uncertainties in the calibration curve
parameters. Exponential curves of best fit, with FA correction, are shown for the decay of C; (solid curve) and C, (dashed curve) polarization. (b) The
corresponding signal intensity profiles for C; (closed symbols) and C, (open symbols) doublets, in arbitrary units, as functions of time. The dashed

vertical line marks the time of maximal signal intensity on both panels.
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Figure 6. (a) Estimated in vivo C; (closed symbols) and C2 (open symbols) polarization decay in three experiments observing the whole pig heart. The error
bars show the corresponding propagated errors representing the statistical uncertainties in the calibration curve parameters. (b) The corresponding signal
intensity profiles for C; (closed symbols) and C, (open symbols) doublets as functions of time. The dashed vertical line marks the time of maximal signal

intensity on both panels.

labelled pyruvate may prolong the available imaging time using
the C; signal, while the enhanced C; signal in the spiked mixture
may facilitate the monitoring of C; polarization at a greater
number of time points throughout the imaging, assuming similar
polarizations are achieved for [1-"3C] pyruvic acid and [1,2-'3C,]
pyruvic acid.

Unequal relaxation rates of the two lines within a doublet is a
common observation in the presence of cross-correlations in a
strongly coupled two-spin system, a phenomenon known as
“the multiplet effect” (9). In addition to auto-correlated dipolar
relaxation between C; and C,, contributions from cross-correlated
relaxation mechanisms (10) may result in non-exponential relaxa-
tion, which may further influence the evolution of the doublet
asymmetries in [1,2-'3C;] pyruvate. The values in Table 2 are
reported as longitudinal relaxation time constants (z) because T,
may not be defined in cases of non-exponential relaxation.

Although density matrix simulation provided accurate
predictions of C, asymmetry over a short period after place-
ment in the scanner, agreement between simulation and
measurement gradually worsened as the two-spin system
was allowed to evolve at field (6). Inclusion of cross-
relaxation effects in the simulation may improve its predictive
accuracy. However, even for the simple system of ['>C]
formate, monitoring of '>C polarization using the 'H doublet
asymmetry required careful modelling of the 'H — '3C dipolar
cross-relaxation in solution (11). In blood, endogenous mole-
cules may introduce additional relaxation pathways that could
further complicate the modelling. Whereas a separate theoret-
ical model would be required for each medium of interest
(e.g. serum, normal saline, gels), the protocol described in
this work can be applied with little modification to obtain
calibration data in arbitrary media.

We have demonstrated that the relationship between C;
polarization and C, asymmetry is much richer than Pc, =
dc, — deq, as previously reported in literature. In particular, we
have shown that m < 100% and ao # — deq for the conditions
that we examined. The empirical interpretation of asymme-
try ensures that unphysical negative polarizations of the
coupled carbon are not predicted when the doublet evolves
beyond the asymmetry at thermal equilibrium. Furthermore,
relating asymmetry to polarization of the coupled carbon
via empirical calibration is relatively straightforward and
potentially more robust compared with some theoretical

approaches. For example, longitudinal relaxation is known
to be field dependent. Slower longitudinal relaxation at low
field (<0.1 T) has been exploited to reduce the loss of
polarization of [1-'*C] pyruvate before placement into the
high field of the scanner (12). The effects of slower relaxa-
tion at low field on the evolution of pyruvate doublet
asymmetries are not well understood, but the calibration-
based approach naturally takes into account any evolution
that occurs at low field (assuming consistent transfer times
between calibration and in vivo experiments) without the
need to actively correct for the complex spin dynamics that
occur during transport from polarizer to scanner.

From density matrix simulations, the asymmetry in the spec-
tral intensities of the C, doublet was identified as originating
from the two-spin order term of the density matrix (13). We have
demonstrated, in blood, an FA dependence in the calibration
parameters, which was consistent with simulation and theoreti-
cally expected because the line intensities of an AB system
depend on the FA if the spin system is not in thermal equilibrium
immediately prior to RF pulse application (14). The FA depen-
dence in the calibration parameters may pose some limitations
on the choice of pulse sequences. One important case that Tropp
considered was the disappearance of spectral asymmetry after
the application of a 90° pulse due to complete conversion of
two-spin order into double and zero quantum coherences. Pulse
sequences with spectrally non-selective 90° pulses may not be
compatible with this polarization quantification technique. How-
ever, the use of spectrally selective pulses, which excite only one
of the two nuclei at a time, may allow interleaved imaging and
polarization measurement.

One potential concern regarding the usefulness of this
calibration-based technique may be the inter-patient applica-
bility of calibration data. For FA=5°, calibration data obtained
using blood from two different animals are shown in Figures 4
(@) and 4(c). Agreement between the two data sets was
better than 1%, which suggests good tolerance for blood
chemistry variability between patients. The large deviation
of the first data point in each series from the fitted trend
may be attributed to incomplete mixing immediately after
the injection. Factors such as haematocrit and blood oxygen-
ation were not examined in detail in this study. Further
investigation is required to determine the limits of inter-
patient variability.

NMR Biomed. 2013; 26: 1233-1241

Copyright © 2013 John Wiley & Sons, Ltd.

wileyonlinelibrary.com/journal/nbm




orci

NMR
IN BIOMEDICINE

J.Y.C.LAU ET AL.

Another concern may be the validity of using non-human
blood results to suggest the potential suitability of this calibra-
tion technique for human use. A comparison between the two
pig blood calibration curves (m and A) and the rabbit blood
calibration curve (x) in Figures 4(b) and 4(d) shows that any
one of the curves predicts polarization values within + 1% of
the other curves over the range of asymmetries observed.
Furthermore, there was close agreement among the three
curves even though the longitudinal relaxation time constants
in rabbit blood were shorter than those in pig blood, which
may be consistent with signal transfer from pyruvate to its
downstream metabolites due to higher erythrocyte metabolic
activity in rabbit blood. One advantage of using doublet
asymmetries instead of signal intensities for polarization mea-
surement is the concentration-insensitivity of the asymmetry
parameters, dc, and dc,, which are normalized for signal intensity
by definition. Polarizations that are derived from doublet
asymmetry are largely unaffected by metabolic activity unless
the rate of label exchange in both directions may become
comparable, as in the case of pyruvate-lactate co-injections
with both substrates labelled (15).

In vivo C; and G, longitudinal relaxation time constants of 19's
were estimated by fitting the rat kidney polarization decay
curves to mono-exponential functions. Although the relaxation
may not be truly mono-exponential, we observe that a mono-
exponential fit approximately models the dominant relaxation
behaviour. Both C; and C, polarizations decreased monotoni-
cally with time, which differ markedly from the time profiles of
signal intensity. The calculated C, polarizations were slightly
higher than the calculated C; polarizations, but there was no
significant difference within statistical uncertainty. However,
the agreement (within uncertainty) between the C; and C,
longitudinal relaxation time constants is consistent with the
in vitro longitudinal relaxation behaviour in blood.

Unlike the rat kidney data, the calculated C; and C, polarization
decay curves in pig hearts are evidently non-exponential. An over-
all monotonically decreasing trend can be seen with increasing
fluctuation in the data. Blood in the different chambers of the heart
may have experienced different relaxation histories such that the
doublet asymmetries are different in the various compartments.
By integrating the signal over the whole heart, only the averaged
doublet asymmetry was observed. However, the average doublet
asymmetry may not reflect the relaxation behaviour of any
compartment. The blood calibration data may not be valid under
such circumstances, resulting in a nonsensical analysis. It may be
worthwhile to investigate the feasibility of polarization measure-
ment in localized cardiac spectral data that distinguish between
the different compartments of the heart.

Itis important to recognize that relaxation conditions in tissue
may differ from those in blood. Although it can be argued that
blood calibration data provide a good model for examining
experimental data in the vasculature, the validity of using blood
calibration data to analyse spectra localized to regions where
tissue content dominates may be less convincing. To ensure
validity of the calibration data, it is suggested that localized
spectra intended for polarization measurement be acquired in
the vasculature immediately upstream of the tissue of interest.
The measured polarization should provide a good estimate for
the initial polarization in the tissue of interest. Further investiga-
tion is required to characterize the errors that could arise from
using blood calibration data to analyse spectra localized to
tissue-dominated volumes.

CONCLUSIONS

In this work, we have presented a calibration-based method for
real-time measurement of pyruvate polarization that can be used
for in vivo applications. The calibration data offered some new
insights into the framework of Jcc spectral asymmetry previously
established in literature. One important observation in blood is
that the C, asymmetry is linearly related to the C; polarization
with a slope that is less than unity. The empirical interpretation
of C, asymmetry ensures that unphysical negative C; polariza-
tions are not predicted when the C, doublet evolves beyond
the asymmetry at thermal equilibrium. Furthermore, we have
demonstrated the feasibility of measuring in vivo C, polarization
using the C; doublet asymmetry.

The approach we have presented offers great flexibility and is
suitable for a variety of experimental protocols. The collection of
empirical calibration data naturally accounts for differences in
the medium of interest and transfer times between polarizer
and scanner, which may be difficult to model theoretically.
Preliminary data suggest good inter-patient applicability. This
novel interpretation of spectral asymmetry extends its predictive
value to the full range of usable SNR. The in vivo polarization
decay curves obtained using this technique allow us to report,
for the first time, the in vivo T, of pyruvate C; and C,.

Despite the robustness of this method, care must be taken in
acquiring calibration data such that all environmental conditions
are similar to those used in experimental protocols. In vivo
polarizations extracted from asymmetry in the vasculature,
immediately upstream of the tissue of interest, are expected to
be much closer estimates of the polarization in tissue compared
with polarization measurements from previously established
techniques.
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