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Abstract 
Hyperpolarized fumarate can be used as a probe of real-time metabolism in vivo, using carbon-13 magnetic resonance 
imaging. Dissolution dynamic nuclear polarization is commonly used to produce hyperpolarized fumarate, but a cheaper 
and faster alternative is to produce hyperpolarized fumarate via PHIP (parahydrogen induced polarization). In this work 
we trans-hydrogenate [1-13C]acetylene dicarboxylate with para-enriched hydrogen using a commercially available Ru 
catalyst in water to produce hyperpolarized [1-13C]fumarate. We show that fumarate is produced in 89% yield, with 
succinate as a side product in 11% yield. The proton polarization is converted into 13C magnetization using a constant 
adiabaticity field cycle, and a polarization level of 25% is achieved using 86% para-enriched hydrogen gas. We inject 
the hyperpolarized [1-13C]fumarate into cell suspensions and track the metabolism. This work opens the path to greatly 
accelerated preclinical studies using fumarate as a biomarker.

Introduction 
MRI (magnetic resonance imaging) is a powerful, 
noninvasive medical technique, but has limitations due 
to the intrinsic low sensitivity. To overcome this problem, 
it is possible to hyperpolarize the nuclear spins, a 
procedure that has been shown to produce signal 
enhancements of biomolecules up to 105 at high field 
[1,2]. Unfortunately, the hyperpolarization decays in 
(typically) tens of seconds due to spin relaxation. Despite 
this temporal limitation, it is possible to observe real-time 
cellular metabolism in vitro and in vivo after injection of 
hyperpolarized metabolites [3-6]. 

One promising candidate metabolite is 
[1,4-13C2]fumarate, which is converted to 
[1,4-13C2]malate by the enzyme fumarase in one step of 
the citric acid cycle. Fumarate transport through the cell 
membrane is a relatively slow process, and so significant 
formation of malate is only observed in regions of 
necrotic cells where fumarate has access to the enzyme. 
This change in chemical identity can be observed in 
carbon-13 MRI via CSI (chemical shift imaging), and has 
been shown to be a sensitive marker of cell necrosis [7-
9]. The technique is currently being assessed for 
application in clinical trials [4] which opens exciting new 
possibilities for imaging of cell necrosis and diagnostics 
of therapeutic response [9,10]. All in vivo experiments to 
date have used [1,4-13C2]fumarate polarized via dDNP 
(dissolution dynamic nuclear polarization) [11]. There 
are three significant drawbacks to this technique: (1) it is 
prohibitively expensive, (2) complex cryogenic 
equipment is required to reach 1.4 K, and (3) the 
hyperpolarized material is delivered in batch-mode, with 
tens of minutes of preparation time required between 
sample deliveries. 

PHIP (parahydrogen induced polarization) is an 
alternative hyperpolarization modality which involves 
chemical addition of hydrogen gas enriched in the para 
spin isomer to a substrate molecule [2,12]. PHIP is 
approximately 1-2 orders of magnitude less expensive 
than dDNP, and can produce hyperpolarized products 
with a much higher duty cycle because it only requires 
chemical reaction with hydrogen gas. However, the 
application of this powerful tool to in vivo metabolic 
studies is hampered by the limited number of metabolites 
that can be hyperpolarized by means of parahydrogen 
addition to an unsaturated precursor of the target 
molecule [13-16]. Hyperpolarized [1-13C]fumarate has 

Figure 1: Reaction scheme showing the chemical addition of 
para-enriched hydrogen to an unsaturated [1-13C]acetylene 
dicarboxylate precursor, to yield [1-13C]fumarate. The proton 
singlet order is then transformed into 13C magnetization by 
applying a constant-adiabaticity magnetic field cycle [18], 
optimized for the [1-13C]fumarate J-couplings. The field-
cycling profile is shown in the inset. 



been recently obtained from the pairwise addition of 
parahydrogen to [1-13C]acetylene dicarboxylate, thanks 
to the use of a trans-hydrogenative Ru-based catalyst 
(Fig. 1) [17]. This represents a significant development, 
because the most widely used hydrogenative PHIP 
catalyst (a Rh-based complex) leads to cis-
hydrogenation of substrates, and its use here would lead 
to toxic maleate being obtained [18]. However, in order 
to progress to meaningful metabolic application, it is 
crucial to improve the fumarate polarization level and 
yield of the hydrogenation reaction. 

In this work the unsaturated precursor molecule 
[1-13C]acetylene dicarboxylate at a concentration of 50 
mM in D2O was completely hydrogenated with 
parahydrogen (86% enriched) at 80°C and a pressure of 
9.6 bar in a high-pressure NMR tube to produce 
[1-13C]fumarate. D2O is used (rather than H2O) to extend 
the lifetime of the spin order. After reaction, the protons 
are hyperpolarized in a nonmagnetic ‘singlet state’ [19]. 
In our experiment, the proton singlet order was 
transformed into hyperpolarized magnetization on the 
1-13C spin by subjecting the sample to a magnetic field 
cycle [20,21]. Here, a ‘constant adiabaticity’ [22] field-
cycling profile was used. The chemical reaction and 
magnetic field cycle profile are shown in Fig. 1. 

Results 
To measure the polarization achieved on the 
hydrogenated substrate, the NMR tube used for the 
reaction was placed into the high field magnet 
immediately after the field cycle. A comparison between 
the hyperpolarized and thermal equilibrium spectra is 
shown in Fig. 2. The resulting signal enhancement factor 
was measured to be 20,300 at 14.1 T, corresponding to 
a polarization level of 25%. The ratio of peak integrals 
between fumarate and succinate indicates 89% 
fumarate yield (45 mM), and 11% succinate yield (5 mM), 

and there is no detectable unreacted starting material. 
We have set an upper bound on the concentration of 
unreacted starting material at <0.4 mM. 

To study PHIP-polarized fumarate as a probe of cellular 
necrosis, experiments were performed in which the 
reaction mixture containing hyperpolarized 
[1-13C]fumarate was added to cell suspensions. Three 
experiments were performed; one in which the cell media 
contained 10 million lysed EL-4 tumour cells, one with 10 
million intact (healthy) EL-4 tumour cells, and one with 

Figure 2: 13C NMR spectra shown with 0.5 Hz line broadening 
acquired without proton decoupling. The region 178.5 to 179 
ppm contained a pulse artifact and has been cut for clarity. a) 
A hyperpolarized spectrum of the reaction sample acquired 
after hydrogenation with parahydrogen, magnetic field cycle, 
and transport to high field. The hyperpolarized spectrum was 
acquired with a single transient after applying a pulse with a 
flip-angle of 5°. b) A thermal equilibrium spectrum of the 
reaction sample acquired after the hyperpolarized signals had 
fully relaxed. The thermal equilibrium spectrum was acquired 
with 512 transients using 90° flip-angle pulses, and has been 
vertically expanded by a factor of 4. 

Figure 3: Hyperpolarized 13C NMR spectra shown with 0.5 Hz line broadening acquired without proton decoupling. Both datasets 
were acquired on reaction samples after hydrogenation with parahydrogen, magnetic field cycle, and injection into a suspension of 
(a) lysed, and (b) intact (live) EL-4 tumour cells, at high field. Spectra were acquired every 2 s using 15° flip-angle pulses. The peaks 
at 175.4 ppm correspond to [1-13C]fumarate, and the peaks in (a) at 180.5 and 181.7 ppm correspond to [4-13C]malate and [1-
13C]malate, respectively. The rapidly relaxing peaks at 176.4 and 178.5 ppm are thought to be low concentration catalyst side-
products. 



no cells in the media. In these experiments, after 
perfusion of the [1-13C]fumarate containing solution 
through the cells suspension, the 13C NMR signal was 
acquired every 2 s using 15° flip-angle pulses, so as to 
probe the metabolism over time without significantly 
perturbing the magnetization. 

From the control experiment without cells in the media, 
and after applying a correction for signal decay due to 
continual rf pulsing [23], the fumarate 𝑇ଵ under our 
experimental conditions was measured to be 27.5 s. 

A stack plot of the 13C NMR spectra for the two 
experiments carried out in the presence of cells is shown 
in Fig. 3. In the experiment with intact cells, fumarate 
transport across the cell membrane is slow relative to 𝑇ଵ, 
so no malate signal is detected. In the experiment with 
lysed cells, the fumarate has access to the enzyme and 
reacts with water to form malate. The asymmetry of this 
molecule means the 13C spin is distributed between the 
1 and 4 positions, and [1-13C]malate and [4-13C]malate 
signals are observed at 181.7 and 180.5 ppm, 
respectively. The signal reaches a maximum at 18-20 s 
after the injection, and decays due to 𝑇ଵ relaxation and  
continual rf pulsing. The [1-13C]fumarate signal is at 
175.4 ppm, and is significantly larger than the malate 
signals. 

The fumarate and malate peak integrals are plotted in 
Fig. 4, and a fit to the data is obtained using a kinetic 
model that only includes fumarate conversion to malate, 
and relaxation of both species: 
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where 𝐹ሺ𝑡ሻ is the time-dependent concentration of 
hyperpolarized [1-13C]fumarate, 𝑀ሺ𝑡ሻ is the time-
dependent concentration of hyperpolarized 
[1-13C]malate and [4-13C]malate, and 𝑘 is the forward 
reaction-rate constant. In this model, for simplicity we 
assume that both species relax with the same time 
constant 𝑇୶, which is a combination of 𝑇ଵ and the signal 
decay due to successive pulses. 𝑇୶ is known from the 
[1-13C]fumarate measurement discussed above, and the 
rate constant k was treated as a fitting parameter. This 
model yielded k = 1.62 ± 0.01 x 10-3 s-1. Including a rate 
constant for the reverse reaction did not improve the 
quality of the fit. We note that the measured rate constant 
is higher than has been previously reported [9]. This may 

be due to a difference in the experimental conditions; 
specifically, a higher cell concentration was used in this 
work. 

Discussion 
To explain the dramatic increase in 13C polarization over 
the original demonstration (2% 13C polarization, using 
50% para-enriched hydrogen) [17], we consider the key 
experimental differences. In the previously reported 
experiments, the hydrogenation reaction took 30 s and 
was performed by bubbling hydrogen gas into a reaction 
solution at 50 °C in the high field NMR magnet. In the 
present case, the reaction was faster (10 s), and was 
carried out by shaking the sample at 80°C in Earth’s 
magnetic field (~50 µT). Firstly, by using a shorter 
reaction time in this work, there was less time for spin 
relaxation to occur. Secondly, it is possible that 
parahydrogen singlet order is lost due to singlet/triplet 
mixing occurring on the reaction intermediates [24]; this 
destructive process is likely to be more efficient at high 
magnetic field due to larger chemical shift differences 
between the parahydrogen protons on the reaction 
intermediates. Thirdly, longer hydrogenation times may 
lead to partial degradation of the catalyst, with formation 

Figure 4: Top: The enzymatic conversion of [1-13C]fumarate 
into both [1-13C]malate and [4-13C]malate. Bottom: Flux of 13C -
label between fumarate and malate in a suspension of lysed 
EL-4 tumour cells. The filled black dots represent integrals of 
[1-13C]fumarate and hollow black dots represent integrals of [1-
13C]malate+[4-13C]malate signals. The signals have been 
normalized, with 1 corresponding to the initial [1-13C]fumarate 
signal. In both datasets, every other datapoint has been 
dropped for clarity, and the malate signal amplitude has been 
magnified by a factor of 40. The error bars are contained 
within the data points. The inset spectrum shows a single 
acquisition from the dataset. Fits to the data are shown by 
dashed blue (fumarate) and magenta (malate) lines. 



of metal-containing species which may enhance the rate 
of parahydrogen relaxation. It should also be considered 
that the reaction solution in the previous work was likely 
not at 50°C as expected, because the bubbling of room-
temperature hydrogen gas would lower the reaction 
temperature. 

In previous studies employing dDNP as the polarization 
technique, the doubly 13C-labelled isotopomer 
[1,4-13C2]fumarate was used. Here, the [1-13C] 
isotopomer was used, which means the maximum 
achievable 13C signal is lower by a factor of 2. There are 
unitary bounds on the achievable polarization transfer 
from proton singlet order into 13C magnetization, which 
depend on the symmetry of the spin system [25]. 
Assuming an initial state of pure proton singlet order, the 
maximum possible transfer into X-spin (13C) polarization 
for the [1-13C] isotopomer, an AA’X spin system (Pople 
notation), is 1, corresponding to 100% 13C polarization. 
However, for the [1,4-13C2] isotopomer, an AA’XX’ spin 
system, the 13C polarization of each is limited to 50%. 
This therefore gives the same observable 13C signal 
enhancement as using the [1-13C] isotopomer. This 
limitation cannot be overcome without further reducing 
the symmetry of the spin system. It could still be 
beneficial to use the [1,4-13C2] isotopomer, because the 
relaxation properties of the spins should differ based on 
the symmetry, which might yield higher overall signal 
enhancements. 

The NMR measurements were carried out at 14.1 T, and 
the fumarate 1-13C 𝑇ଵ was 27.5 s. The dominant 
relaxation mechanism is chemical shift anisotropy [26], 
which means a markedly longer 13C 𝑇ଵ is expected by 
working at lower magnetic field. This is an exciting 
perspective for future applications of [1-13C]fumarate in 
clinical imaging scanners, which typically employ field 
strengths of 1-3 T. 

In conclusion, we have demonstrated that PHIP allows 
for the production of highly polarized [1-13C]fumarate at 
a concentration of 45 mM in aqueous solution. Using 
relatively inexpensive and easily operated PHIP 
equipment, a 13C polarization level of 25% was observed 
on [1-13C]fumarate. For the reaction, we used 86% para-
enriched hydrogen gas, meaning the polarization level 
could be increased to 31% by switching to 100% para-
enriched hydrogen. Following the perfusion of lysed cells 
with the fumarate solution, metabolic transformation into 
malate was observed. This work paves the way for 
accelerated preclinical studies with hyperpolarized 
fumarate. 
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Materials and Methods 

Cell culture 
The EL-4 murine lymphoma cell line was purchased 
from American Type Culture Collection (ATCC) and 
grown in Dulbecco's Modified Eagle's Media 
supplemented with 10% Fetal Bovine Serum and 1 % 
Penicillin Streptomycin.  Cells were cultured in Corning 
T-175 flasks at 37°C in a humidified atmosphere 
containing 5% CO2. Cultures were maintained at 
105-106 cells/ml by addition of fresh media every 2 
days. 

Hydrogenation and polarization transfer 

All the chemicals were purchased from Sigma Aldrich. In 
a solution of 50 mM disodium [1-13C]acetylene 
dicarboxylate and 100 mM sodium sulphite in D2O, the 
ruthenium catalyst [RuCp*(CH3CN)3]PF6 was dissolved 
by gentle heating and sonication. The solution was 
filtered using a PTFE syringe filter (Whatman UNIFLO) 
with 0.22 µm diameter pores, with a final catalyst 
concentration of 8 mM. 300 µl of the filtered solution was 
frozen in a 5 mm pressurisable NMR tube equipped with 
a J. Young valve. The tube was held in a liquid nitrogen 
bath (77 K) and pressurized with 2.1 bar of para-enriched 
hydrogen (86% enriched). The sample was kept at 77 K 
to prevent any chemical reaction before the start of the 
hyperpolarization experiment. 
 
To initiate the hydrogenation reaction, the NMR tube was 
heated in a hot water bath at 80°C for 30 s which melted 
the sample and raised the internal pressure to 9.6 bar, 
then shaken vigorously for 10 s. The NMR tube was 
opened to release the parahydrogen pressure and 
immediately placed in a magnetic shield (Aspect 
Imaging, Shoham, Israel) for the application of a 
magnetic field cycle. Magnetic fields were applied using 
a solenoid coil controlled by a Keysight Technologies 
33220A 20 MHz waveform generator (Keysight 
Technologies, Santa Rosa, U.S.). The field was initially 
set at 1.5 mT, dropped to 50 nT in less than 1 ms, then 
increased adiabatically to 3.7 µT in 4 s (see Fig. 1). The 
sample was then removed from the shield for NMR 
experiments. 
 



NMR experiments were performed at 14.1 T in a 5 mm 
BBO probe using a Bruker AVANCE console. In the 
experiment to obtain the 13C polarization level, spectra 
were acquired of the hyperpolarized reaction mixture 
every 2 s using 5° flip-angle pulses. After this, a thermal 
equilibrium spectrum of the sample was acquired with 
512 transients, using 90° flip-angle pulses separated by 
90 s intervals. 
 
Cell suspension experiments 

After hydrogenation of the 300 µl sample and magnetic 
field cycle, the hyperpolarized reaction mixture was 
collected in a syringe containing 150 µl of acidic buffer 
solution (HEPES 144 mM, pH 5.5) to produce a 450 µl 
solution with physiological osmolarity (290 ± 2 mOsm) 
and optimal pH (7.6 ± 0.2) for the enzyme activity. 200 µl 
of the hyperpolarized reaction mixture was injected into 
a 5 mm NMR tube via syringe through PTFE tubing (1.6 
mm O.D., 0.8 mm I.D.) in the high field NMR magnet. 
The NMR tube contained 200 µl of culture media at 

310 K. 

 
The EL-4 tumour cells were counted using a Burker 
chamber, centrifuged in the growth media for 5 min at 
125x g-force, and the supernatant was removed. 10.0 ± 
0.1 million cells were suspended in 200 µl of culture 
media and transferred into a 5 mm NMR test tube for 
experiments. For experiments on lysed cells, this cell 
suspension was double freeze-thawed in liquid nitrogen. 
The NMR tube (containing either lysed or intact cells) 
was then placed in the NMR magnet and equilibrated at 
310 K. At the end of each experiment the number of cells 
was quantified using a Bradford protein assay with a 
specific calibration line, and was measured to be 10 ± 
0.1 million in all experiments. 
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