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Abstract In this study we set up and optimized a dynamic nuclear polarization

(DNP) procedure for the hyperpolarization of a large dose suitable for cardiac meta-

bolic imaging in vivo in swine models. The dose range proposed in this study allowed

chemical shift imaging of cardiac metabolism with hyperpolarized [1-13C]pyruvate in

pigs. We investigated the typical pattern of distribution of [1-13C]pyruvate and its

downstream metabolites: we analysed the variation of the maximum value of the

normalized [1-13C]pyruvate signal and the global pyruvate signal in left ventricle

(LV). The study reports data obtained with a large dose increase compared to small
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animal studies: 20 ml of 230 mM [1-13C]pyruvate with 16 ± 3 % polarization

(mean ± SD), using a DNP system operating at *1.4 K with a magnetic field of

3.35 T. A significant correlation between the maximum value of the normalized

[1-13C]pyruvate signal and the global pyruvate signal in the LV was found. The

characterization of the dynamic range of the signal and the optimization of the stan-

dardized dose could be a starting point for designing pathophysiological studies in

experimental large animal models. With this approach the hyperpolarization of met-

abolic substrates could be applied in biomedical magnetic resonance, which could

become one of the most promising models for cardiovascular imaging.

1 Introduction

Dynamic nuclear polarization (DNP) with rapid dissolution together with magnetic

resonance chemical shift imaging (CSI) have been used for non-invasive real-time

metabolic assessment in different experimental models [1–3].

Hyperpolarized [1-13C]pyruvate has been used to study cellular oxidative

metabolism in various tissues and physiopathological conditions, such as tumor

models [4–7], kidney [8], brain [9] and heart [10, 11]. The enzymatic conversion of

[1-13C]pyruvate into its main downstream metabolites [1-13C]lactate, [1-13C]alanine

and [1-13C]bicarbonate can be assessed in real time with 13C magnetic resonance

spectroscopy (MRS), providing information on metabolic fluxes and enzymatic

activities underlying different biochemical pathways [12–14].

The feasibility of cardiac metabolic imaging with hyperpolarized 13C-magnetic

resonance-CSI using a DNP system was shown for the first time in pigs by Golman

et al. [2, 15], where hyperpolarized [1-13C]pyruvate was injected in vivo and used as

a marker for regional cardiac metabolism, following a period of induced ischemia.

As reported [16, 17], pyruvate is an endogenous substance that has been proposed as

a cardioprotective agent during ischemic conditions; in those studies doses below

10–18 mmol/kg were considered safe and efficacious [15].

So far, metabolic studies in vivo with CSI of hyperpolarized substrates employed

a dose range between 0.06 and 0.4 mmol/kg and have been performed in small

animal models [18, 19], while the large animal models required a dose escalation of

more than 10 times in order to obtain optimal signal intensities [15, 20].

DNP experiments in large animals, given the intrinsic limitations of the

commercially available polarizer, are a challenging task; one of the limiting factors,

especially for large animal experiments, is the total amount of compounds to be

hyperpolarized according to the weight of the animal model.

The commercial DNP system Hypersense� (Oxford Instruments plc, UK) is

designed to polarize only up to *100 mg of samples suitable for in vitro [21, 22],

ex vivo [23–25] and in vivo small animal experiments [26–28]. This paper deals with

the optimization of DNP methods suitable for large-dose dissolution, exploiting

a commercial Hypersense system. These protocols were applied to cardiac metabolic

imaging studies in pigs with CSI of hyperpolarized [1-13C]pyruvate. Previous

experiments by this group showed the feasibility of dynamic spectroscopic studies in

pigs with large dose injection of hyperpolarized [1-13C]pyruvate [29].
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2 Materials and Methods

2.1 DNP Procedure

The Hypersense was slightly modified with respect to the standard configuration in

order to allow studies on large animals (pigs with body weight 38 ± 3 kg) [30]. As

reported in Fig. 1, a three-step process was specially designed for the preparation of

the large volume: (1) Solid state hyperpolarization (2) Rapid dissolution (3)

Neutralization and final formulation. In the first step, 380–440 mg, corresponding to

300–350 ll of a mixture containing [1-13C]pyruvic acid (PA), 15 mM OX063 and

1 mM of Gd3?-complex (Dotarem, Guebert) was hyperpolarized. The sample was

maintained at 1.4 K/2.8 mbar at 3.35 T and irradiated for *1 h using a typical

microwave frequency of *94.12 GHz. New sample cups were made for housing up

to 600 lL of sample and allowed rapid dissolution. In step 2, at the end of the solid-

state DNP polarization, the [1-13C]PA mixture was dissolved with 10 mL of

0.27 mM Na2EDTA using ultrapure (Milli-Q, Millipore, MA, USA) water. The

dissolution path and the heated bomb circuit were optimized, changing the loading

caps and the cap fittings to load up to 10 mL of solvents and allow suitable

temperature (T)/pressure (P) level: the dissolution starts at pressure P = 10 bar/

T = 180–190 �C. The time needed for the dissolution procedure to reach the

selected conditions was around 5 min. The third step took place in a modified three-

neck external vessel (Schott Duran, 200 ml) equipped with one vent/drain/

withdrawing line connected, first, with the injection syringe (B|Braun, Injekt-F

25 mL) and after with a quality control syringe (B|Braun, Injekt-F 1 mL).

Neutralization and final formulation were obtained with 12 mL of a solution

containing 40 mM NaOH and 200 mM Trizma (Fluka) maintained at 4 �C in order

to achieve an average temperature of about 37 �C and a buffered pH of 7.6 ± 0.2,

suitable for in vivo administration. At the end of the process, the hyperpolarized

[1-13C]pyruvate mixture was transferred by a Tefzel 1/800 tubing outside the

Hypersense and was recovered and dissolved in a final volume of 22 mL

(recovery &96 %): the final injectable solution contained *230 mM sodium

[1-13C]pyruvate, 109 mM TRIS buffer, 0.12 mM Na2EDTA and 16 nM

Gd3?-complex) [30]. Of the resulting solution, 20 mL were then injected in the

pig for CSI; the time interval from the end of the dissolution to the start of the bolus

injection was 18 ± 3 s (n = 12).

2.2 Estimation of Polarization

An aliquot (&1 mL) of the hyperpolarized [1-13C]pyruvate solution was used to

estimate the percentage of polarization in the liquid state in parallel with the CSI

experiment. A Minispec MQ spectrometer (Bruker BioSpin GmbH, Germany) at

1.05 T was employed to measure both the hyperpolarized and the thermal signal

intensities of the solution obtained with the previously described DNP procedure.

The percentage of polarization, P, was estimated according to the following

formula:
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P ¼ P0 � f � hyp

ðtherm� backgroundÞ � 100 % ð1Þ

where hyp represents the hyperpolarized signal intensity assessed directly from the

measured FIDs using a flip angle of 5�; therm is the thermal signal intensity measured

with a Carr–Purcell–Meiboom–Gill (CPMG) sequence and background is the

measured background signal. P0 stands for the theoretical polarization calculated

from Boltzmann distribution with the Minispec experimental parameters B0 = 1.05 T

and T = 313.15 K; f is a factor that takes into account the corrections due to the flip-

angle and the receiver gain. The thermal signal was estimated by averaging n = 20

runs of a modified CPMG sequence, with the following parameters: Echo

Time = 2 ms, number of echoes = 600, repetition time = 180 s, number of

scans = 20. To minimize the error of the estimate, the thermal and the hyperpolarized

signal intensity assessment were performed on the same sample volume.

2.3 MRI Sequence

In vivo CSI was performed in large animal models using a 3 T clinical scanner (GE

Excite HDx, GE Healthcare, USA) and a 13C quadrature birdcage coil (Rapid

1) Solid state polarization
4.9 mmoles of [1-13C]PA / 15 mM OX063 / 1 mM of Gd3+-

complex

2) Fast dissolution
10 ml of 0.27mM Na2EDTA

pressure 10 bar / T 180-190 C

3) Neutralization and final formulation
12 ml 40 mM NaOH / 200mM Trizma maintained at 4 C

Final injectable solution

Na-[1-13C]pyruvate concentration 230 mM

average temperature = 37 2 C
average pH = 7.6 0.2

injected [13C]PA bolus  = 20 ml

≈ ≈

≈

Fig. 1 Diagram of the dissolution and formulation process of hyperpolarised [1-13C]pyruvic acid [PA]
large dose for CSI studies in pigs (38 ± 3 kg)
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Biomedical, Germany). The matching and tuning of the 13C coil were manually adjusted

for each pig while a phantom [2 M of sodium [1-13C]acetate (Cambridge Isotope

Laboratories, inc.) and 0.8 lM Dotarem (Guerbet)] was used to perform the transmit

gain calibration measurement in order to achieve the desired flip angle before each study.

Metabolic information covering the whole heart (FOV = 30 9 30 cm2, slab

thickness = 100 mm) was obtained using 3D-IDEAL spiral CSI sequence [31, 32]

prescribed with 11 echo times, a constant relative echo time shift of TE = 0.9 ms

and constant flip angle of 7�. 14 phase encoding steps were performed along the

z-direction, with an effective resolution of *15 mm. The total acquisition time was

of 17 s, starting 20 s after the beginning of the injection.

Data were reconstructed using a spectrally preconditioned chemical shift matrix

inversion followed by gridding reconstruction implemented in Matlab (The

Mathworks, Inc., Natick, MA, USA) [33] to obtain maps of the spatial distribution

of the hyperpolarized [1-13C]pyruvate and of its main downstream metabolites

[1-13C]lactate and [1-13C]bicarbonate. Anatomical 1H reference images were

acquired with a cardiac-gated 2D TOF FSPGR sequence (body coil,

FOV = 30 9 30 cm2, TE/TR = 2.7 ms/16 ms, matrix 288 9 192); images re-

slicing along Cardiac Axes views and fusion of 13C metabolite maps and anatomical

images were performed by PMOD software (PMOD Technologies Ltd., Zurich,

Switzerland). In particular 10 slices were produced in Cardiac Short Axis (SA) view

and analysis of the spectroscopic global signal was performed by a custom (HIPPO-

C13) software developed in IDL 8.0 (Exelis Visual Information Solutions, Boulder,

CO, USA) [34]. Left ventricle (LV) myocardial contours have been manually

defined in all SA views on anatomical images and reported on pyruvate SA maps.

The global pyruvate signal in LV was computed by averaging the signal in the

myocardial region among all SA slices covering the LV. The maximum value of the

pyruvate signal was also evaluated in the LV cavity.

2.4 Animal Handling

DNP large-dose experiments were performed according to our previous studies in

large animal models [30]. Six healthy overnight-fasted male farm pigs (body weight

38 ± 3 kg) were analyzed with CSI after the injection of hyperpolarized

[1-13C]pyruvate solution; during the study the animals were maintained in deep

sedation with a continuous infusion of propofol (2 mg/kg/h, iv) and left in

spontaneous breathing. The hyperpolarized [1-13C]pyruvate dose (&4.9 mmol in

20 ml) was administered in bolus over 10 s by manual injection into the right ear

vein; two injections were performed for each animal. The main living parameters,

blood oxygenation (95–99 %) and heart rate were monitored and recorded during

the experiments with an MR-compatible monitoring system (SA Instruments Inc.,

Stony Brook, NY, USA). Arterial pressure was measured via a fluid- filled catheter

inserted into the femoral artery, as previously described [35]. The protocol was

approved by the Italian Ministry of Health and was in accordance with Italian law

(DL.116, Jan. 27, 1992), which conforms to the Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of Health (NIH

Publication No. 85-23, revised 1996).
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3 Results

3.1 Polarization Results

The performance of the process greatly depends on the dissolution conditions and

the amount of solid sample in the DNP process. The percentage of polarization

decreased from *30 % for small amounts of hyperpolarized compounds (less than

26 mg, 80 mM in the final solution), to 16 ± 3 %(mean ± SD) for 300–350 lL

volume of [1-13C]PA mixture (leading to &230 mM in the final solution), as

reported in Table 1 and Fig. 2. For quality control of the process, we measured the

pH of the injected solution and estimated the longitudinal relaxation time (T1) using
13C-tuned polarimeter at 1.05 T. In each experiment the decay curves were fitted

and the estimated T1 resulted reproducible with an average value of 57 ± 9 s

(mean ± SD) in accordance with the expected value of *60 s [1] (see Table 1;

Fig. 2). We did not detect any variation in the solid-state polarization changing the

microwave power in the range of 90–150 mW.

In order to compare the results obtained from the individual CSI experiments we

calculated the value of the standardized dose (Dstd mmol/kg) to take into

consideration the injected amount (D, mmol), the weight of the animal (kg) and

the percentage of the polarization of each experiment (P), according to the formula:

Dstd ¼
D� P

weight
: ð2Þ

To assess the dynamic range of MRS signals in the target volume normalized for

the Ddst, we selected the value of the maximum signal of the hyperpolarized

[1-13C]PA as reported in Table 2 and in Fig. 3.

3.2 CSI Experiments

Signals of hyperpolarized [1-13C]pyruvate were localized from 13C spectra acquired

in the selected volume covering the whole heart of the animals. Representative maps

in the main cardiac axes of the spatial distribution of pyruvate and of its main

Table 1 Spin–lattice relaxation

time (T1) and the polarization

(P) of large dose [1-13C]PA

mixture after dissolution. In the

table, q1 and q3 refer to the first

and third quartiles; Relative

Standard Deviation (in

percentage), RSD (%), and

Median Absolute Deviation

(MAD) are reported for the data

set

T1 (s) P

q1 49.50 13.96

Min 37.89 11.40

Median 59.98 15.07

Max 71.98 20.87

q3 63.02 16.83

Average 56.93 15.65

Std dev 8.73 2.61

RSD (%) 15.33 16.66

MAD 7.56 1.31

n 21 20
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downstream metabolites, overlaid with anatomical proton images, are shown in

Fig. 4.

We tested the efficacy of this technique to quantify myocardial uptake of

hyperpolarized pyruvate in a pig model and its conversion into metabolites with a

3D IDEAL spiral CSI sequence [32]. With this approach we obtained 3D maps

covering the whole heart. A volumetric segmentation of the whole heart was defined

and the myocardial contours were manually defined in anatomical SA views. Thus

we analyzed the pyruvate signal, in particular the normalized maximum value of the

[1-13C]pyruvate signal and the normalized value of the global pyruvate signal in the

left ventricle (LV). The value of the standardized dose (Dstd) was used to normalize

CSI data, as reported in the comparison of the maximum signals in n = 12 pig

studies (Table 2).

Metabolic images, obtained during the experiments using the 3D-IDEAL spiral

sequence, were prescribed on the previously acquired anatomical data set, to

produce images in cardiac axes. In particular n = 10 slices were produced in

cardiac short axis (SA) view and the pyruvate signal recorded in the slices was

averaged to estimate the global pyruvate signal intensity in the left ventricle.

The correlation between the global pyruvate signal and the maximum pyruvate

signal in the left ventricle has also been investigated: a significant linear relationship

was found (R2 = 0.84, p \ 0.0001) as reported in Fig. 5.

Fig. 2 Plot of spin–lattice relaxation time (T1) and the polarization (P) of large dose [1-13C]PA samples
after dissolution; q1 and q3 refer to the first and third quartiles estimated for the available data set

Table 2 Values of the

maximum of the

[1-13C]pyruvate signal,

normalized for the standardized

dose Dstd, in n = 16 pig studies;

first (q1) and third (q3) quartiles

and Relative Standard Deviation

(in percentage), RSD (%), are

reported

Max value

(A.U.*kg/mmol)

q1 49,195

Min 29,184

Median 59,888

Max 109,380

q3 86,745

Average 66,386

Std dev 25,480

RSD (%) 38.4

n 16
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4 Discussion and Conclusions

In this study we set up a DNP method for large sample polarization and dissolution

in the range of 375–440 mg (corresponding to 4.1–4.9 mmol) of [1-13C]PA mixture

suitable for CSI in large animal models. The commercial polarizer, Hypersense, was

slightly modified with a new design of the loading caps and fittings, to allow rapid

dissolution. As expected, for amounts up to &4.9 mmol of [1-13C]PA no variation

of the solid state polarization was observed by changing the microware power in the

range of 90–150 mW. No other physical modification of the insert of the

Hypersense was required for these purposes [36]. The dose of hyperpolarized

[1-13C]pyruvate injected in the studies was about 0.13 9 10-3 mol/kg body weight.

The potential pharmacodynamic effects of large doses of pyruvate cannot be

excluded, even if in this study and in our previous experiments [29] the heart rate

and the ECG were not significantly affected by the pyruvate injections. Similar

findings have been reported by Goldman et al. [15] with a dose of 300 mM of

pyruvate. Moreover, a study by Atherton et al. [14] provided evidence that even

after an elevated plasma peak of pyruvate no significant alteration in the

concentration of glucose, insulin, lactate, b-hydroxybutyrate, triacylglyceride and

non esterified fatty acids were detected during the MRS time frame experiments.

Statistical analysis on the T1 and polarization (P) data revealed a limited but

significant variation between samples (Relative Standard Deviation, RSD, respec-

tively of &15 % and &17 % for the T1 and P).

Absolute polarization values (P) are strongly dependent on the fast dissolution

protocols, that represent a physical and crucial aspect to preserve the polarization.

The use of large doses, corresponding up to 350 lL of volume, requires fast and

hard condition for dissolution. Dissolution and turbulences are not controlled

Fig. 3 Plot of the variability of the maximum [1-13C]pyruvate signal, normalized for the standardized
dose Dstd, in n = 16 pig studies; first (q1) and third (q3) quartiles are reported
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Fig. 4 In vivo data acquired
using 3D-IDEAL spiral CSI
sequence showing spatial
distribution of [1-13C]pyruvate
(a), [1-13C]bicarbonate (b) and
[1-13C]lactate (c) in Cardiac
Axes views of the heart.
Metabolic data were normalized
to the maximum value of signal
amplitude
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effectively using Hypersense, which is designed to handle only few mg’s of

compound. We slightly modified the caps, the connection pipe and we optimized the

collection vessel, but is still not enough to achieve the optimal performances using

such large samples. Moving from small doses (for rat, *25 mg [1-13C]PA mix) to

the large formulation for pig studies (*450 mg) we recorded approximately half of

the polarization in the liquid state (see Table 1; Fig. 2).

To find a correlation of the CSI signal intensities with the standardized dose is a

challenging task, due to the qualitative nature of the MRI signal and to the

physiologic variability of the animal’s condition (with alterations in heart rate,

pressure and metabolic condition). We focused in this study on the global value

and the maximum of [1-13C]pyruvate CSI signal the LV, normalized for the

standardized dose (Dstd). The range of variation of normalized CSI maximum for

n = 12 pig studies is reported in Table 2.

We found in this study that the normalized global value of the [1-13C]pyruvate

signal in the LV is significantly correlated (R2 = 0.84, P \ 0.0001) to the

(normalized) maximum of the pyruvate signal, as shown in Fig. 5. As expected, the

maximum of the CSI signal was detected in the LV chamber: the cardiac global

value, that takes into consideration the myocardial intake and the blood component,

was correlated to the maximum of signal in the LV chamber. This findings could

help to characterize the bolus dynamic and the intake of pyruvate in the tissue at a

given standardized dose (Dstd).

The spatial distribution of the hyperpolarized [1-13C]pyruvate, [1-13C]lactate and

[1-13C]bicarbonate was evaluated by means of the metabolic maps oriented on the

cardiac axes, as in Fig. 4. A typical distribution pattern was found during the

studies, revealing that the metabolites were differentially localized in the heart; in

particular, a strong [1-13C]pyruvate uptake was found in the chambers while

[1-13C]lactate and [1-13C]bicarbonate were mainly localized in the myocardium.

Fig. 5 Correlation between the maximum value of the normalized [1-13C]pyruvate signal and the global
pyruvate signal in left ventricle, assessed by averaging the signal in the myocardial region among all SA
slices covering the left ventricle. Data were normalized for the Dstd for each study acquisition
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These results show that the volume range proposed in this study is effective for

cardiac metabolic imaging with hyperpolarized [1-13C]PA in pigs and the variation

of the signal (maximum and global value) are nicely correlated with the

standardized dose of [1-13C]PA in pig studies. Characterization of the signal

variability and the optimization of the Dstd could be a starting point for designing

pathophysiological studies in experimental large animal models.

With these findings, hyperpolarized substances could merit significant attention

in biomedical magnetic resonance, which could become one of the most promising

models for cardiovascular imaging. This study could be also useful for optimizing

the concentration of other hyperpolarized tracers, to ensure suitable MR signals in

myocardial tissue.

In this paper we have presented results with a large volume increase compared to

small animal studies: 20 mL of *230 mM [1-13C]PA with 16 ± 3 % 13C

polarization obtained after a DNP at *1.4 K field of 3.35 T. This application

could help define a well-established sample preparation and DNP procedure for

future experiments in large animal model.
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