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Abstract
Hyperpolarization in nuclear magnetic resonance boosts the signals by several orders 
of magnitude. Using the singlet spin order of parahydrogen to create large non-equi-
librium spin polarization is a fast approach to obtain hyperpolarized metabolites in 
seconds. In recent years, it has attracted particular interest in the field of biomedicine 
because signal-enhanced and 13C-enriched metabolites allow for real-time metabolic 
investigations in combination with imaging in vivo. With this, metabolism can be 
traced and characterized with spatial selectivity in the body. Here, we introduce 
a method to use signal-enhanced metabolites to study multiple organs in separate 
injections to obtain real-time kinetics in vivo of these organs. Using hyperpolarized 
1-13C-pyruvate, we measured the kinetics of the conversion from pyruvate to lactate 
in the brain and the liver of mice. This we did by injecting the hyperpolarized pyru-
vate two times within half an hour and using each injection to measure the spectra 
of one region of interest. Organ cross-talk and especially how different organs affect 
each other in diseases is of major interest and poorly understood, because of the high 
complexity of biological systems. With the proof-of-principle study provided here, 
we are introducing a new tool to study organ-related interaction in vivo. It allows the 
characterization of different organs of the same animal within half an hour, which is 
enabled by the fast signal enhancement achieved with parahydrogen.

1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy has a high diagnostic value and 
allows for the detection of metabolites and characterization of metabolism in vivo 
[1–4]. However, it also suffers from low sensitivity, and the tracking of meta-
bolic kinetics in  vivo is not possible with the standard approaches that require a 
large number of averages to obtain signals above the noise level. To overcome this 
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challenge, hyperpolarization techniques were introduced enhancing NMR signals by 
over four orders of magnitude [5]. Such large signal enhancements enable the study 
of metabolic real-time kinetic events in vivo. To do this, heteronuclei like 13C are 
typically used, since they have the advantage of a longer relaxation time T1 than pro-
tons, which allows for longer traceability of the metabolite in vivo—for 13C typically 
up to several minutes [6].

There are different approaches to achieve hyperpolarization. Of those, dissolution 
dynamic nuclear polarization (DNP) is the most prominent hyperpolarization tech-
nique for studying metabolism in vivo. DNP uses electron polarization to enhance 
the signals of nuclear spins [7–9]. It has been used in clinical trials and produces 
highly polarized metabolites in high quantities [10–15]. However, it is a slow tech-
nique, taking tens of minutes to hours to produce hyperpolarized molecules, which 
appears to be a significant barrier to translation into clinical practice. Commercial 
DNP polarizers try to circumvent this by polarizing up to four samples at the same 
time [16, 17].

Parahydrogen  (pH2)-induced polarization (PHIP) is a comparably new tech-
nique in preclinical applications and offers the possibility to prepare hyperpolarized 
metabolites in a much shorter amount of time. In  pH2, at 20  K with 99% polari-
zation, nearly all hydrogen molecules occupy the same spin state, offering a high 
degree of spin order [18–21]. This spin order is transferred to the molecule of inter-
est by a method, which is called parahydrogen-induced polarization by means of 
side-arm hydrogenation (PHIP-SAH) [22]. Since its introduction in 2015 by Reineri 
et al., it has found broad application [23–32]. The workflow applied here is depicted 
in Fig. 1.

A precursor, in which the molecule of interest is linked to an unsaturated side-
arm via a labile bond, is hydrogenated using  pH2 and a catalyst in acetone. After-
ward, the spin order from the hydrogen nuclei is transferred to the 13C of interest 
using a series of carefully timed radiofrequency pulses called the MINERVA (Maxi-
mizing Insensitive Nuclei Enhancement Reached Via parahydrogen Amplification) 
sequence [33]. In this case, the polarization is first transferred to a 13C label on the 
double bond and from there to the 1-13C of the pyruvate via the respective J-cou-
plings, as described in [31]. After the transfer, the side-arm is cleaved by addition 
of a basic water solution. After a rapid evaporation of the acetone, the remaining 
aqueous solution is worked up by addition of a buffer to adjust the pH to physi-
ological conditions and filtration of the hydrogenation catalyst—leading to a clean 
solution of the hyperpolarized metabolite in water, which can then be injected into 
an organism. The whole procedure from the start of hydrogenation to the injection 
requires typically about one minute. Once injected, the hyperpolarized spin label is 
visible in the NMR spectra and can be used for the localization and characterization 
of disease or the investigation of metabolism in  vivo [34–39]. The spectra of the 
metabolites can either be measured over the whole body [40, 41] or selectively over 
a region of interest, for example a single organ [42, 43]. However, usually, a choice 
has to be made as to which region should be observed, because the allowed injec-
tion volume and, therefore, the sensitivity of the experiment is limited especially in 
preclinical studies performed on rodents. Multiple injections would provide a way 
to work around this limitation. In  vivo studies with DNP in rodents (mostly rats) 
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demonstrated that two successive injections can be used to study the same region of 
interest, as to get two data points from one animal [44–46]. Studying large cohorts, 
however, appears to be out of reach even with multiple samples being enhanced at 
the same time.

This work demonstrates the possibility to study two different organs of the same 
animal with PHIP, using two injections of hyperpolarized 1-13C-pyruvate. We 
recorded spectra of the region of the brain and the liver of mice within less than half 
an hour and analyzed them with regard to the conversion of pyruvate to lactate. Fur-
thermore, we propose this double injection procedure for multiple organ studies over 
a single-dose injection, because the hyperpolarized signal could be unintentionally 
depleted if one excites and detects the 13C spin in one organ and afterward tries to 
detect the metabolic conversion in a second organ.

Fig. 1  Workflow for the hyperpolarization of 1-13C-pyruvate with PHIP-SAH. The precursor, a phenyl 
propargyl ester of pyruvate, is hydrogenated using  pH2 and an Rh-catalyst. The transfer of the polariza-
tion to the 1-13C with the MINERVA sequence is performed via an intermediate 13C at the unsaturated 
bond and was described in [31]. The sequence is followed by a work-up procedure including the addi-
tion of base to cleave the ester bond, evaporation of the acetone, addition of buffer to adjust the pH, and 
filtration of the catalyst. The resulting aqueous solution containing the hyperpolarized 1-13C-pyruvate is 
injected into the tail vein of the mouse. The first injection is used to measure a series of localized spectra 
of the brain region, while 10–25 min later, the second injection is used to take a series of spectra from 
the liver region. Figure was created using Biorender and Affinity Designer 2.0
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This study demonstrates that the high throughput of hyperpolarized metabo-
lites achieved with parahydrogen enables extensive studies of complex biological 
systems. With this, metabolism in different organs of the same animal can be stud-
ied simultaneously, opening possibilities to study organ cross-talk and reduce the 
necessary number of animals by accessing more information from each one. The 
method is minimally invasive, and the animals can be woken up again and used for 
further studies, enabling also longitudinal characterization of metabolism and dis-
ease progression.

2  Methods

2.1  On‑Site Production of Parahydrogen

Molecular hydrogen was produced by an electrolysis unit (H2PEM-510, Parker 
Hannifin, Cleveland, Ohio) and fed directly into a parahydrogen generator (BPHG 
90, Bruker Corporation, Ettlingen, Germany) at 36 K (92% para-enrichment). The 
parahydrogen was compressed to a pressure of 10 bar in a 1 L buffer cylinder and 
led to the sample through a home-built tubing system.

2.2  Hyperpolarization

All chemicals except the precursor were purchased from commercial suppli-
ers and used as received. The synthesis for the precursor 3-(phenyl-d5)prop-2-
yn-1-yl-2-13C-1,1-d2 2-oxopropanoate-1-13C as well as the full work-up pro-
cedure were described in [31]. Briefly, a solution of 13  mM rhodium catalyst, 
[1,4-Bis(diphenylphosphino)butane](1,5-cyclooctadiene)rhodium(I) tetrafluorobo-
rate (Sigma-Aldrich 79255-71-3, M = 724.4 g/mol) and 95 mM of the precursor in 
acetone-d6 was prepared. For each sample, 200 µL of this solution were filled into 
an 8-inch 5 mm NMR tube. The hyperpolarization procedure was performed using a 
home-built electromagnet operating at 21.5 mT. The samples were degassed by bub-
bling nitrogen gas through the solution prewarmed in a water bath at 80 °C for about 
2 min. Afterward, the NMR tubes were placed inside a custom-built dual channel 
probe in the bore of the electromagnet for the PHIP experiments. A more detailed 
description of the system is given in [27, 31].

Parahydrogen was bubbled through the sample at a pressure of 7  bar for 15  s. 
Following the hydrogenation, the MINERVA pulse sequence was used to transfer 
the polarization from the protons to the 13C of interest, in this case the 1-13C of the 
pyruvate moiety [33].

After pressure release, a solution of 100  mM  Na2CO3 in water was added to 
cleave the ester bond. The acetone was removed by evaporation through flushing 
with nitrogen gas at a pressure of 8 bar and the pH was adjusted to physiological 
conditions using 1X PBS-buffered saline at pH 1.1. The catalyst precipitates after 
the evaporation of the acetone forming large coagulates and was then removed by 
passing the solution through a membrane filter with a 1.0 µm pore size. The aqueous 
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solution containing clean hyperpolarized pyruvate was ready to be injected. A more 
detailed description on the procedure was previously described [31–33].

2.3  Animal Housing and Mouse Handling

Experiments were carried out in accordance with the EU directive 2010/63/EU for 
animal experiments and the German Animal Welfare Act (TierSchG, 2006) and 
were approved by the regional authorities (LANUV NRW; application number 
81-02.04.2020.A157). Animals used in this study were housed under standard labo-
ratory conditions in a 12 h light cycle with food and water available ad libitum and 
kept in groups of up to five. The mice were between 3 and 4 months old and fed a 
high-fat diet. Male mice (n = 3) with a C57BL/6 N genetic background were used for 
the measurements.

The mice were anesthetized in a dedicated container using 4% isoflurane in  O2 
and  N2O (1:3). Afterward, the isoflurane was decreased and kept between 2 and 3% 
for the whole measurement. A tail vein catheter was placed and the mice were posi-
tioned head-prone on a custom-built warming water mat to ensure constant body 
temperature. Body temperatures as well as breathing rates were monitored during 
the anesthesia. The mice were positioned inside the coil alongside a urea phantom, 
used as a reference for the 13C chemical shift scale, so that both the brain and the 
liver were inside the sensitive volume.

2.4  MR Measurements

All measurements were performed in a 9.4  T preclinical Bruker MR scanner 
(Bruker Corporation, Ettlingen, Germany) equipped with a 13C/1H Volume Coil 
by RAPID Biomedical (RAPID Biomedical GmbH, Rimpar, Germany). Localized 
spectroscopy of the brain region and the liver region was performed with a standard 
spectroscopy sequence from Bruker (NSPECT) with axial slice selection. The slices 
were positioned using anatomical proton images for reference, so that the respec-
tive slice included the complete organ, resulting in a slice thickness for the brain of 
18 mm and for the liver of 21 mm. For each measurement, a series of 128 spectra 
were recorded with a flip angle of 18° and TR = 2 s, resulting in a measurement time 
of about 4 min. The acquisition was started prior to injection to record the increase 
of the NMR signal following pyruvate uptake in the organ of interest. The reference 
power for protons was adjusted automatically. The reference power for carbon was 
determined to be 0.19 W. The pulse duration for the spectroscopy on carbon was 
set to 0.2 ms. The anatomical proton images were recorded using a Bruker stand-
ard FLASH sequence with coronal and sagittal slice orientation. The number of 
slices was 70 with a slice thickness of 1 mm and the matrix size was 256 × 256 in an 
80 mm × 80 mm FOV.

Each mouse was injected twice with independently generated hyperpolarized 
substrate. For each measurement, 2.5  µL/g of body weight of pyruvate solution 
(40 mM) was injected through a catheter into the lateral tail vein of the mouse. The 
first measurement was performed on the brain, and the second on the liver. The time 
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between the two injections was kept below half an hour. Each mouse was kept no 
longer than 2 h under anesthesia. After the experiment, the mice were woken up.

2.5  Data Analysis

The data analysis is described in detail in [41]. The spectra were processed using 
TopSpin 4.0. Phase correction as well as line broadening and baseline correction 
were applied. All further analysis was performed using Python 3.0 in Jupyter Note-
books. In each spectrum, the peaks of pyruvate and lactate were integrated and 
summed up to determine the area under the curves (AUCs).

Following the procedure described by Hill et al. [47], from the ratio of the AUCs, 
the rate constant kPL was calculated using Eq.  (1), under the assumption that the 
back conversion is negligible (kLP = 0), which is usually justified because of the low 
lactate levels [48]

To do this, an effective T1 of pyruvate and lactate had to be estimated according 
to the literature values [49, 50] and taking into account the loss of polarization due 
to rf pulses. The values used were T1(P) = 25 s, T1(L) = 20 s.

To visualize the results and evaluate the quality of the determined rate constant 
as well as the estimated value for T1, the lactate curve was recalculated using those 
parameters as described in [33]. For this, the rate laws for the pyruvate as well as the 
lactate signal were formulated as follows:

This set of differential equations was solved to obtain [L](t) by providing the data 
points of both pyruvate and lactate at the pyruvate maximum as initial conditions, as 
well as the kPL determined with Eq. (1) and the estimated T1 times.

To make sure that the assumption of kLP = 0 is justified, the lactate curve was also 
modeled with kLP = kPL/5. The recalculated lactate data are plotted in Fig. 3.

3  Results and Discussion

Figure 2 shows the 13C-NMR spectrum of the hyperpolarized pyruvate, measured in 
the low-field spectrometer directly after parahydrogen bubbling and application of 
the polarization transfer sequence. Below the pyruvate spectrum, the 1H-spectrum 
of water acquired at the same Larmor frequency (~ 230 kHz) using 2000 scans is 
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shown. Compared to thermal polarization, the signal of the pyruvate is enhanced 
by a factor of 7.7 million, which corresponds to a 13C polarization of 14.5% at 21.5 
mT. After the full work-up procedure, the concentration of the pyruvate in physi-
ologically adjusted neat water solutions was found to be ~ 40 mM with polarization 
levels ~ 6.5%. This biocompatible solution was then rapidly transferred to the MRI 
scanner and administered into the waiting mouse.

Each mouse was injected twice with pyruvate solutions that were hyperpolarized 
directly before each injection. The first injection was used to record a series of spec-
tra of the brain, while the second one was used to record a series of spectra over 
the liver region. Figure 3a shows the positioning of the slices for one representative 
mouse. After injection, the influx of pyruvate became quickly visible in the spectra. 
Shortly afterward, lactate production was observed by the appearance of the corre-
sponding signal. From the recorded spectra, the pyruvate as well as the lactate peaks 
were integrated and the curves are plotted in Fig. 3b and c.

In metabolic MR studies, the ratio of the area under the curves (AUC) for the 
pyruvate and the lactate peak is an important parameter frequently used to character-
ize metabolism. This ratio correlates with the rate constant kPL of pyruvate to lactate 
in the observed slice [47]. The AUCs were determined from the curves and the rate 
constants were calculated. The calculated rate constants were then used to model 
the lactate curve to assess the quality of the parameters with respect to the meas-
ured data. The recalculated lactate curves are plotted in Fig. 3b and c. The ratio of 
the AUCs as well as the kPL in both organs including their standard deviations were 
determined from the recorded spectra, as summarized in Table 1. The recalculated 
curves with and without kLP are in good agreement with each other.

The obtained values for the rate constants suggest the tendency of a lower lactate 
production in the liver than in the brain. As the mice were young (3–4 months), the 

Fig. 2  Spectra of hyperpolarized pyruvate and reference spectrum of water measured using the 21.5 mT 
electromagnet. The spectrum in a shows the 13C-NMR spectrum of 40 mM hyperpolarized 1-13C-pyru-
vate after hydrogenation and polarization transfer acquired with one scan at 21.5  mT (Larmor fre-
quency ~ 230 kHz). The spectrum b shows the thermal 1H-spectrum of 200 µL  H2O acquired at 293 K 
with 2000 scans on the same coil and frequency of spectrum in (a) at 5.69 mT. The signal of the pyru-
vate is enhanced by a factor of 7.7 million, which corresponds to a polarization of ~ 14.5%
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low lactate levels are not surprising. However, the pyruvate-to-lactate conversion in 
the brain is strongly influenced by the anesthetics, i.e., isoflurane in our case. Shortly 
after the initiation of the narcosis, the lactate level in the brain has been shown to 
stabilize, but at a significantly higher level [51, 52]. This explains the elevated pyru-
vate-to-lactate conversion observed in the brain. Overall, the signal enhancement 

Fig. 3  Slice positions and plots extracted from the hyperpolarized 13C-NMR spectra for one representa-
tive mouse. NMR spectra with a flip angle of 18° were recorded every 2 s during injection of the hyper-
polarized pyruvate. From each spectrum, the pyruvate and the lactate peak were integrated and normal-
ized to the integral of highest intensity. a Position of the axial slices from which the spectra were taken 
on top of one slice of the sagittal proton MR image. The slice over the brain (blue) has a thickness of 
18 mm; the one over the liver (red) is 21 mm thick to include the whole organ. b Peak integrals of pyru-
vate (black) and lactate (blue) in the brain region plotted over time, including the model of the lactate 
curve based on the AUC ratio with kLP = 0 (blue) and kLP = kPL/5 (green). The recalculated data with 
kLP = 0 and kLP = kPL/5 show no difference. c Peak integrals of pyruvate (black) and lactate (red) in the 
liver plotted over time, including the model of the lactate curve based on the AUC ratio with kLP = 0 (red) 
and kLP = kPL/5 (green). The recalculated data with kLP = 0 and kLP = kPL/5 show no difference. Figure was 
created using Python 3.0 and Affinity Designer 2.0

Table 1  Mean and standard deviations for the ratio of the AUCs from lactate and pyruvate as well as the 
rate constant kPL determined from the spectra

AUC(Lac)/AUC(Pyr) kPL  [s−1]

Brain 0.58 ± 0.03 0.044 ± 0.003
Liver 0.38 ± 0.22 0.028 ± 0.017
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and the high throughput of the method enable subsequent injections into the same 
animal in a short amount of time. Sufficient signal intensities are still maintained, 
even though the maximum possible injection volume was distributed between two 
injections.

4  Conclusions

In this work, we demonstrated the possibility to use two injections to investigate the 
metabolism of two different organs in vivo using PHIP-hyperpolarized 1-13C-pyru-
vate. The presented results demonstrate the feasibility of this method for multi-organ 
studies. In particular, we believe that multiple injections have the advantage over 
double excitation experiments with one injection that organs can be monitored with-
out accounting for effects due to the saturation of signal by pulses, while another 
organ may be investigated. Additionally, changes in pyruvate-to-lactate conversion 
are a biomarker for diagnosis, therapy, and treatment response in several diseases 
and are hence of high interest.

The presented procedure offers the possibility to investigate dependencies and 
cross-correlations between different regions in the body of the same animal in vivo. 
It paves the way for the characterization of more complex co-dependencies in dis-
ease models, also with regard to longitudinal studies. Additionally, it provides a 
means to reduce the number of animals used in biological studies, where often large 
cohorts are necessary to achieve statistical significance, and makes them available 
by increasing the amount of available information from one animal. Additionally, it 
may prove advantageous to couple the presented approach with a quasi-continuous 
production of contrast agents [53].

We would like to emphasize that we see the use of parahydrogen enhanced 
metabolites as key to enable biological studies on large cohorts, since metabolites 
can be rapidly generated and multiple investigations on various organs and study 
subjects can be carried out per day.
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