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Abstract

Despite their wide applicability in natural sciences, NMR and MRI still suffer from their
inherently low sensitivity. This can be overcome by hyperpolarisation techniques, such
as parahydrogen-induced polarisation and dynamic nuclear polarisation. Here, we focus
on the generation of 1H-hyperpolarised substances with both methods. We especially
address the severe lifetime issue of the accomplished 1H hyperpolarisation by demon-
strating the production of hyperpolarised liquids in a continuous flow fashion and the
storage of hyperpolarisation in slowly relaxing singlet states. Another problem of
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hyperpolarised proton NMR and MRI is the generation of contrast between a small
amount of hyperpolarised molecules and a vast thermal background signal. In this con-
tribution, we show the possibility to use the special signal pattern that is inherent to the
hyperpolarisation method to generate excellent MRI contrast which may open up
unprecedented opportunities to use the standard MRI nucleus 1H, for example, biomed-
ical applications in future.

Keywords: PHIP, DNP, NMR, MRI, Hyperpolarisation, Polarising agents, Signal enhance-
ment, Singlet states, Continuous hyperpolarisation

1. INTRODUCTION

Despite the widespread applications of NMR and MRI that have

evolved in chemistry, biology, physics and medicine and even though major

improvements were achieved by the use of very high magnetic fields and

optimised hardware, some applications are still impractical due to the com-

paratively low sensitivity of the method. However, there are several tech-

niques that allow to overcome the inherently low nuclear spin

polarisation and to provide large signal enhancements through the creation

of a non-equilibrium hyperpolarised state. Among them, there are dynamic

nuclear polarisation (DNP) [1,2], parahydrogen-induced polarisation

(PHIP) [3–5] and the laser-driven polarisation of noble gases [6–8]. By

exploiting signal enhancements of up to 5 orders of magnitude, these

methods enable new possibilities for the real-time investigation of fast,

dynamic processes and allow for the sensitive detection of significantly

reduced sample amounts, dilute molecular tracers or low-abundance

nuclear spins.

Especially magnetic resonance imaging (MRI) techniques have benefit-

ted from the hyperpolarisation of 13C achievable by DNP [9]. This tech-

nique has enabled MRI detection of dilute nuclear species, allowing

for the detection of malignant tissue [10], the investigation of metabolic

pathways [11,12] or in vivo pH mapping [13]. Other applications of hyp-

erpolarised nuclear spins involve the investigation of fast chemical reactions

using 13C-DNP [14], PHIP [15] or hyperpolarised 129Xe [16]. Further appli-

cations are envisaged for catalysis and reaction monitoring, the investigation

of biological macromolecules and enzymatic reactions as well as perfusion

MRI and metabolic MRI.

Most of the present applications of hyperpolarisation for MRI are based

on 13C nuclear spins. This approach provides a comparatively long lifetime

of the hyperpolarised state, a large chemical shift range and, most notably,
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negligible background signal. However, the requirement for additional,

non-standard hardware to enable 13C detection on clinical MRI scanners

poses a major hindrance for more widespread applications. Furthermore,

due to the very low natural abundance, expensive 13C-enriched substances

are usually needed despite large signal enhancements. Applications involving

hyperpolarised 1H nuclear spins, on the other hand, are feasible with stan-

dard equipment, benefit from even larger sensitivity due to the larger gyro-

magnetic ratio and exhibit almost 100% natural abundance. The latter fact,

of course, results in a much lower contrast for MRI and may hinder the

detection of small amounts of molecules against a large background signal.

However, specific properties of the hyperpolarised state can be exploited to

distinguish between thermally polarised and hyperpolarised signal. Over-

hauser DNP, for example, is usually characterised by an inversion of the ini-

tial polarisation, that is, the hyperpolarised signal exhibits a 180� phase shift,
allowing for the distinction of hyperpolarised and thermally polarised sig-

nal [17]. PHIP, on the other hand, creates antiphase signals, which normally

would lead to major signal cancellation and practically zero image intensity

for standard MRI experiments. However, the evolution of the signal phase

under J-coupling can be used to rephase the PHIP signal, generating a

remarkable contrast even in the presence of a large background signal [18].

Another major hindrance for the application of 1H hyperpolarisation in

MRI is the presence of very effective spin-lattice relaxation mechanisms in

liquids, limiting the lifetime of the hyperpolarised state to several seconds.

This limit, however, can be overcome by exploiting the much longer life-

time of nuclear singlet states [19–21], which is typically on the order of sev-

eral minutes. For DNP, the hyperpolarisation can be stored in a slowly

relaxing singlet state by the application of an rf pulse sequence known as

M2S [22,23] developed by Levitt and coworkers. PHIP, on the other hand,

is based on the singlet spin order of parahydrogen (pH2) and therefore could

naturally create a nuclear spin-singlet state on the target molecule. It was

shown that this state can be preserved both at low [24,25] and high magnetic

fields [26], resulting in up to 1 order of magnitude higher relaxation times.

At low fields, the method is based on the creation of a strongly coupled state

in which the singlet state is an eigenstate of the spin system and therefore

naturally preserved. The method for high fields makes use of symmetrical

molecules in which the pH2 atoms are chemically equivalent and therefore

strongly coupled in every magnetic field. Furthermore, it was shown that

the necessary conversion from the NMR-silent singlet state to a detectable

triplet state can be achieved using a field-cycling method [27], based on
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singlet–triplet level anti-crossings at a particular magnetic field, or by scaling

the chemical shift Hamiltonian [28], using long off-resonant rf pulses.

A different approach to compensate for the lifetime limitation is based on

the continuous production of hyperpolarised substance. For Overhauser

DNP, this can be achieved using immobilised radicals in combination with

a liquid flow setup, whereas continuous hyperpolarisation by PHIP can be

realised by providing a continuous supply of parahydrogen through hollow

fibre membranes [17]. While this approach might not be suitable for in vivo

MRI applications or the investigation of slowmetabolic processes; however,

it can provide a way to realise hyperpolarised 2D-NMR spectroscopy.

DNP is a method that creates a non-equilibrium population of nuclear

spin energy levels by making use of the much higher thermal equilibrium

polarisation of electron spins [29]. This can be achieved by adding a radical

to the sample in concentrations of typically 1–40 mmol/l. Electron spin

polarisation is transferred by irradiating the sample with microwave

(MW) radiation near the electron spin Larmor frequency. The effect was first

predicted 1953 by Overhauser [1] and extensively studied in the following

decades. The findings of these earlier works are summarised in several review

articles [2,29–32]. In the last decade, DNP has experienced a revival inspired

by technical improvements of the MW hardware and new methods like dis-

solution DNP [9]. Today, several DNP techniques exist that can produce

hyperpolarised molecules: In situ methods, where the same magnet is used

for DNP polarisation and NMR detection, are applied for liquid-state DNP

[33,34] both at moderate [35,36] and high magnetic fields [37–39] as well as

for solid-state DNP [40,41]. Ex situ methods employ different magnets for

polarisation and detection and use either a flow setup [17,42,43] or a shuttle

mechanism [44] for sample transfer. Here, the samples are polarised in a

moderate magnetic field of typically 0.35 T, which is optimised for effective

polarisation transfer, and transported to a higher magnetic field for NMR

detection with optimal sensitivity and spectral resolution. Another ex situ

approach is dissolution DNP [9], where frozen samples are polarised at high

magnetic fields and temperatures of around 1 K and are afterwards quickly

dissolved in a hot solvent to produce a hyperpolarised liquid sample at room

temperature. While dissolution or freezing methods, which are based on

solid-state DNP effects [45], can provide very large signal enhancements

of around 4 orders of magnitude, they cannot be used for repeated exper-

iments due to the experimental time required by the polarisation process,

which can last up to a few hours. In contrast, methods using the Overhauser

effect [1,29], that is, polarisation in the liquid-state, reach maximum
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enhancement within several seconds and therefore are well suited for con-

tinuous production of hyperpolarised liquids in a flow setup.

An early application of in situOverhauser DNP for MRI is proton elec-

tron double resonance imaging (PEDRI) [46–48], which was first demon-

strated in 1988 by Lurie et al. [48]. In order to avoid dielectric losses and

strong sample heating, MW frequencies are limited to about 560 MHz

for biological samples, corresponding to a magnetic field of 20 mT. There-

fore, PEDRI is usually combined with magnetic field cycling, where

polarisation is typically performed at around 10 mT and NMR detection

is done at up to 587 mT [49].

PHIP was discovered roughly 30 years later than DNP and is based on

polarisation transfer from the well-defined nuclear spin-singlet state of the

two 1H spins in the hydrogen molecule, which is called parahydrogen, to

a target molecule. This can be achieved by the chemical involution of

pH2 to a target molecule by a hydrogenation reaction as was predicted in

1986 by Bowers and Weitekamp [3] and experimentally proven 1 year later

[50,51]. Since these pioneering works, hyperpolarised substances generated

via PHIP were used in various applications including: [52] the investigation

of the kinetics of inorganic reactions; [53–55] to explore heterogeneous

reactions; [56–58] the observation of the spatial distribution of hyp-

erpolarised gases by MRI; [15,59] the use as contrast agent in MRI;

[18,60–62] the transfer of the accomplished proton hyperpolarisation to

hetero-nuclei using either suitable pulse sequences [63,64], adiabatic field

cycling [65] or transport through level avoiding crossing; [27,66,67] the

study of long-lived states [21,68,69] originating from pH2 [24–26,70]

and, far from chemical applications, the particular pH2 spin state has been

used in the context of quantum information processes [71–73]. In 2009,

it was shown that temporary association of parahydrogen and a substrate

on a transition metal-based catalyst is sufficient to transfer the polarisation

to the substrate (signal amplification by reversible exchange, SABRE)

[74,75]. This polarisation experiment can be applied to a significantly larger

set of molecules as hydrogenative PHIP, as only a free electron pair is needed

that can bind to the transition metal.

One major drawback for in vivo applications of DNP and PHIP is the

necessary use of toxic substances, which are free radicals in the case of

DNP and transition metal catalysts for PHIP. Furthermore, their presence

in the sample enhances nuclear spin relaxation rates and limits the lifetime

of the hyperpolarised state, an aspect especially important for ex situ appli-

cations. Therefore, a fast and reliable separation of radical/catalyst and

171Hyperpolarised 1H NMR Spectroscopy and MR Imaging



polarised substance is required. Different approaches for this separation were

proposed in literature: One of them is the immobilisation of radicals in sil-

ica [42] or gel beads [76] in combination with a continuous flow setup,

another one is the filtration of radicals using ion-exchange columns [9].

The chapter is organised as follows:

In Section 2, we present the application of two approaches to provide

hyperpolarised and radical-free liquid for DNP-enhanced NMR and

MRI. The first method is based on thermoresponsive, spin-labelled hydro-

philic polymer networks (hydrogels), as a method for fast and simple sepa-

ration of radicals and hyperpolarised sample. The second approach

demonstrates continuous production of hyperpolarised water and MRI

detection, using amobile DNP polariser and a flow setupwith nitroxide rad-

icals immobilised on a sepharose gel matrix. Here, we show that the 180�

phase shift of the hyperpolarised water can be used to generate a sufficient

MRI contrast to distinguish hyperpolarised from thermally polarised water.

In Section 3, we introduce methods for NMR spectroscopy and MRI for

the optimal detection of 1H PHIP signals which inherently exhibit an

antiphase signal pattern. In Section 3.3, we demonstrate that the antiphase

character of the PHIP signal can be used for selective detection of a small

number of hyperpolarised protons in the presence of a large number of ther-

mally polarised protons.

In Section 4, we address the problem of the short 1H hyperpolarisation

lifetime caused by relaxation processes. We show the possibility to store the

hyperpolarisation in a nuclear spin-singlet state and analyse the methods to

convert this MR invisible state into detectable magnetisation.

2. DYNAMIC NUCLEAR POLARISATION

2.1. DNP Theory
Detailed discussions of the theory of Overhauser DNP can be found in sev-

eral papers and review articles [29–31,77,78], herein only a short summary

will be given. Polarisation transfer with Overhauser DNP is based on the

saturation of electron spin transitions with on-resonant MW irradiation.

The second requirement is the presence of hyperfine coupling between

unpaired electron spins and nuclear spins, which is fluctuating on a time scale

on the order of the inverse electron spin Larmor frequency or faster. The

steady-state signal enhancement E that can be obtained from Overhauser

DNP is given by [29]:
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E¼ 1�xfs
gej j
gn

ð4:1Þ

where ge and gn are the gyromagnetic ratios of the electron and nuclear spin,

respectively. Fornitroxide radicals and 1Hnuclei this ratio is jgej=g1H � 659:4.

The coupling factor x¼�1 . . .0.5 characterises the efficiency of the

polarisation transfer and depends on the magnetic field, the nature of the

hyperfine coupling, that is, dipolar, scalar or a combination of both, and

the time scale on which the hyperfine interaction fluctuates. For 1H Over-

hauser DNP with nitroxide free radicals in water at room temperature and

0.35 T, the coupling factor amounts to x¼0.33�0.03 [79–81]. The leakage

factor f¼0 . . .1 gives the relative contribution of paramagnetic interactions to

the total nuclear spin-lattice relaxation rate and, among others, depends on

the radical concentration. The saturation factor s, describing the extent of

the saturation of electron spin transitions, depends on the number of electron

spin transitions and the MW power. The power dependence of the DNP

enhancements can be written as [82]:

E Pð Þ¼ 1� 1�Emaxð Þ P=Phalf

1 +P=Phalf

ð4:2Þ

where Emax is the extrapolated enhancement in the limit of infinite MW

power and the saturation parameter Phalf is the MW power at which the sat-

uration factor has reached 50% of its extrapolated value. For 14N nitroxide

radicals in low concentration or for 14N nitroxide radicals attached to a

matrix, continuous wave (CW) MW irradiation can basically saturate only

one of the three electron spin transitions, which arise from intramolecular

hyperfine coupling to the14N nucleus. Hence, in these systems the saturation

factor is limited to limP!1 s¼ 1=3 and the maximum obtainable enhance-

ment for 1H DNP is limc!1,P!1E c, Pð Þ��72�7.

Due to the positive coupling factor, negative enhancements are observed

for 1H Overhauser DNP with nitroxide free radicals.

2.2. Thermoresponsive, Spin-Labelled Hydrogels as Separable
DNP Polarising Agents

For many practical applications of DNP, it is necessary to remove free rad-

icals from the hyperpolarised substance. On the one hand, in vivo applica-

tions may be hindered by the toxicity of the radicals. On the other hand,

the lifetime of the hyperpolarised state, which is especially important for

ex situ applications, is much shorter in presence of free radicals.
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Thermoresponsive hydrogels [83] can be used for the separation of radicals

and hyperpolarised substance, exploiting the collapse of the polymer net-

work above the critical temperature TC that results in a reversible and fast

(�1 s) decrease of the volume by about 500%. During the polarisation pro-

cess, electron spin transitions are saturated by MW irradiation, while at the

same time dielectric losses result in an increasing sample temperature. Above

TC, the network starts to collapse, thereby expelling hyperpolarised liquid

and target molecules and ending the polarisation process (Fig. 4.1).

In a former work [83], spin-labelled thermoresponsive hydrogels were

synthesised with two different labelling degrees: SL-hydrogel-1 contains

up to 5% of spin-labelled monomer units, resulting in a radical concentration

of about 1 mM in the swollen state. Up to 15% of all monomer units are

labelled in SL-hydrogel-2, corresponding to a radical concentration of about

6.8 mM in the swollen state. The details of the synthesis are given in

Ref. [83]. The critical temperature of both hydrogels is TC¼63 �C[84].

2.2.1 CW EPR
Figure 4.2 shows continuous wave electron paramagnetic resonance

(CW EPR) spectra of both hydrogels and, for comparison, the CW EPR

spectrum of a 10 mM aqueous solution of free TEMPOL radical

(4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl). As a result of restricted

motions of the immobilised radicals, linewidths for both hydrogels are sig-

nificantly broader than those of the free radical. Moreover, rotational

Figure 4.1 Scheme of DNP polarisation using a thermoresponsive spin-labelled hydro-
gel with a subsequent temperature-induced volume change resulting in the separation
of radicals and hyperpolarised molecules (hexagon: spin-label, Bio: target biomolecules,
* indicates the hyperpolarised state). From Ref. [83]—Reproduced by permission of the
PCCP Owner Societies.
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diffusion around the tether bonds, which connect the radical to the polymer

backbone, is expected to be much faster than around the other directions.

This anisotropy becomes manifest in the increased linewidth as well as in

the additional features in the high- and low-field regions of the spectrum.

Increasing the temperature to 55 �C resulted in larger rotational diffusion

rates and therefore smaller anisotropic features. Comparing both hydrogels

at 5 �C shows a slightly larger linewidth for SL-hydrogel-2, indicating stron-

ger coupling among the unpaired electron spins.

2.2.2 1H Relaxation and DNP Enhancements
Proton spin-lattice relaxation times T1 of water were measured in both

labelled and unlabelled hydrogels and in pure water. Even in the unlabelled

hydrogel (�0.48 s), water showed amuch shorter relaxation time than in the

bulk (�2.1 s). This indicates a reduced mobility of the water molecules in

the hydrogel, which may result from the confinement of water molecules

in the polymer network. As a result of the reduced mobility of both water

and radical inside the hydrogel, DNP coupling factors in the hydrogel are

expected to be smaller than for free radical in bulk water. For the labelled

hydrogels SL-hydrogel-1 and -2, spin-lattice relaxation times of approxi-

mately 330 and 65 ms were found, respectively. Furthermore, relaxation

times were found to depend sensitively on the swelling degree and the

sample temperature, which are both not exactly known. Therefore, uncer-

tainties for the T1 measurements are as large as 20%. Leakage factors of

f¼0.31�0.20 (SL-hydrogel-1) and f¼0.86�0.04 (SL-hydrogel-2) were

obtained from T1 measurements. Hence, DNP enhancements for

Figure 4.2 X-band CW EPR spectra of SL-hydrogel-1, SL-hydrogel-2 and for a 10 mM
aqueous solution of the free nitroxide radical TEMPOL for comparison.
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SL-hydrogel-1 are limited by the low leakage factor and larger enhance-

ments are expected for SL-hydrogel-2.

Figure 4.3 shows DNP enhancements for varying MW power. During

the experiments, the samples were cooled at 15 �C (SL-hydrogel-2) or 5 �C
(SL-hydrogel-1). Maximum DNP enhancements of up to E¼�21.2�1.4

and E¼�28.3�1.4 were obtained at a MW power of 2 W for

SL-hydrogel-1 and SL-hydrogel-2, respectively. In general, dielectric sam-

ple heating increases the sample temperature depending on the MW irradi-

ation time and power. For MW power exceeding 2 W, these heating effects

cause the polymer network to collapse before steady-state polarisation is

reached, resulting in lower DNP enhancements. Furthermore, if sample

heating results only in a partial collapse of the hydrogel network, expelling

only a part of the water from the network, the remaining water is subject to

further reduced mobility in the shrunken gel and therefore exhibits a lower

coupling factor than in the completely swollen gel.

MW power-dependent DNP enhancements were fitted using Eq. (4.2).

The resulting fits are shown as lines in Fig. 4.3 and the fitting parameters

Emax and Phalf are given in Table 4.1. Due to difficulties in separating the

saturation factor s and coupling factor x for our system, we report the prod-

uct x � s as determined from the maximum measured enhancement E using

Eq. (4.1) and the calculated leakage factor f.

As a result of the larger labelling degree of SL-hydrogel-2, that results in a

larger leakage factor, both measured and extrapolated DNP enhancements

Figure 4.3 Measured DNP enhancements for various microwave powers (symbols) and
fits of the power dependence according to Eq. (4.2) (line). The fit parameters are given in
Table 4.1.
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were larger for SL-hydrogel-2. However, the difference in x � s indicates a
lower coupling factor or saturation factor for the latter. Since x is expected

to be independent of the labelling degree, this difference may be attributed

to the lower temperature for SL-hydrogel-2, resulting in lower water mobil-

ity compared to SL-hydrogel-1 at 15 �C and therefore in a lower

coupling factor.

While the thermal collapse of the polymer network limits the achievable

DNP enhancements, it enables hyperpolarisation and separation of hyp-

erpolarised liquid from toxic radicals in a single step. Furthermore, the sep-

aration of the hyperpolarised molecules increases the nuclear spin-lattice

relaxation time and therefore the lifetime of the hyperpolarised state. A spin-

lattice relaxation time of T1�2100ms at 25 �C was measured in water

expelled from the hydrogel. The absence of spin labels in the expelled water

was verified by CW EPR, showing no signal indicative of radicals (data

not shown).

2.2.3 Temperatur Dependence of DNP Enhancements
Figure 4.4 shows DNP enhancement measured for both hydrogels at 2 W

for various cooling temperatures, showing that largest enhancements were

obtained for lower temperatures (5–25 �C). At higher temperatures, the par-

tial collapse of the hydrogel network limited the hyperpolarisation process,

therefore reducing DNP enhancements. This is in contrast to systems with-

out thermoresponsivity, where the coupling factor and, hence, the DNP

enhancement increase with temperature due to a higher mobility of both

water molecules and radicals. From the monotonically and smoothly

decreasing enhancements, especially for SL-hydrogel-2, we conclude that

even at low temperatures and 2 W MW power, a partial collapse of the

Table 4.1 DNP parameters for SL-hydrogel-1 at 15 °C and SL-hydrogel-2 at 5 °C
SL-hydrogel-1 SL-hydrogel-2

Labeling degree (%) 5 15

Estimated concentration (mM) 1.0�0.2 6.8�0.5

Emax �22.9�1.2 �29.4�1.5

E �21.2�1.4 �28.3�1.4

Phalf (W) 0.12�0.03 0.10�0.02

f 0.31�0.20 0.86�0.04

x · s(P=2 W) 0.109�0.070 0.049�0.003
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hydrogel network limited DNP enhancements. This is in agreement with a

study by Junk et al. [85], where it was shown that the thermally induced col-

lapse on the molecular scale proceeds over a substantially broader tempera-

ture range than indicated by the sharp macroscopic volume transition at TC.

When MW power was reduced to 100 mW, which is small enough to

avoid substantial sample heating and therefore the heating-induced collapse,

larger DNP enhancement were observed for increasing temperature due to

an increasing coupling factor. However, for temperatures approaching TC,

DNP enhancements did not increase further, indicating that already at these

temperatures the thermoresponsivity of the hydrogel affects the polarisation

process.

Hence, two opposing effects have to be considered to optimise the

enhancement factor. On the one hand, the DNP coupling factor increases

with higher temperature due to increased mobility. On the other hand, the

collapse of the hydrogel network induced by MW heating separates the spin

labels and target molecules, resulting in lower enhancements.

We have shown that hyperpolarisation of water by DNP as well as the

separation from radicals can be performed in a single step by making use of

the collapse of a spin-labelled hydrogel network at elevated temperatures.

These unique properties suggest the use of the studied system as a polarising

agent for both in situ and ex situ DNP experiments. For in situ experiments,

this system can avoid line broadening effects and enhanced spin-lattice relax-

ation that normally would result from the presence of a paramagnetic radical

in the solution. For ex situ experiments, the greatest benefit is the prolonged

Figure 4.4 Temperature dependence of the DNP enhancement for both hydrogels at
2 W microwave power and for SL-hydrogel-1 at 100 mW microwave power.
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lifetime of the hyperpolarised state during the transport time. Furthermore,

these properties suggest the use of SL-hydrogels for dissolution DNP,

providing a radical-free and non-toxic solute after the dissolution step.

2.3. Flow DNP-Enhanced MRI Using Radicals Immobilised on
Sepharose Beads

Another approach to separate the radical from the hyperpolarised liquid is

the use of a flow system. [9,17,86] To explore applications of the flow system

approach for the production of hyperpolarised water, we added a pump

system to a mobile DNP setup based on a Halbach magnet [17,87,88] to

perform DNP experiments at flow conditions. The Halbach system is con-

structed from permanent iron neodymium boron alloy magnets and can be

tuned to a magnetic field of 0.35T[89]. The use of a Halbach system is ben-

eficial with regard to medical applications, since it has nearly zero-stray field

outside and can be brought close to an MRI scanner [17].

Figure 4.5 shows a sketch of the flow experiment as similarly reported by

Han et al. [43] and based on the pioneering work of Dorn et al. [90].

A reservoir provides pure water, which is pumped through a Halbach mag-

net, in which it initially builds up thermal polarisation. The tube used for the

flow system has an inner diameter of approximately 1 mm. In the Halbach

magnet, NMR and DNP experiments are performed using an ENDOR

(electron nuclear double resonance) probehead. Within this probehead, the

flow tube is placed, in which the water is in contact to a 4-amino-TEMPO

Figure 4.5 Sketch of the flow system.
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(4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl) labelled Sepharose matrix.

At this position, MWs with a frequency of around 9.7 GHz are irradiated,

corresponding to the electron spin Larmor frequency at 0.35 T. A frit prevents

the Sepharose from flowing out of the cavity of the ENDOR probehead.

Thereby, the radicals are removed from the liquid, which is not only

favourable in terms of medical applications but also for microfluidic appli-

cations [91]. The Halbach magnet is placed in front of an MRI scanner in

order to shorten the distance between the point of hyperpolarisation and ex

situ detection, therefore minimising the effect of T1 relaxation, which

reduces the detectable hyperpolarised signal in the MRI scanner. To further

decrease the transfer time between Halbach magnet and MRI scanner, a

tube of 150 mm inner diameter is used after the frit. Exploiting Bernoulli’s

principle, that is, the inverse proportionality of the average flow velocity and

the square of the radius, one can reduce the time between hyperpolarisation

in the Halbach magnet and detection in the MRI scanner by a factor of

approximately 13. Eventually, we are able to perform NMR spectroscopy

and imaging on the hyperpolarised water in the MRI scanner.

2.3.1 Measurements at 0.35 T
To compare the performance of the spin-labelled Sepharose to free

TEMPOL, we measured the negative enhancement in dependence of the

applied flow rate, see Fig. 4.6. For all measurements, the tube used has an

inner diameter of 1 mm.

For all experiments, the irradiation time was 2 s. The effective irradiation

time of the sample depends on the flow velocity. As a consequence, higher

flow rates will lead to a lower hyperpolarisation build-up. However, the ini-

tial residence time in the magnet and therefore the effective enhancement is

also influenced by the different thermal polarisation build-up at different

flow rates. Depicting all effects which influence the enhancement is there-

fore complex and some parameters are not readily accessible. For instance,

the Sepharose matrix is effectively reducing the inner diameter of the tube

inside the cavity, which in turn leads to an increased average flow velocity

and therefore a shortened residence time inside the irradiated volume.

2.3.2 Measurements at 4.7 T
After hyperpolarisation, the water is pumped to the MRI scanner for spec-

troscopy and imaging. Even for the highest flow rates of 1.5 ml/min it takes

about 1.5 s to transfer the water from the Halbach magnet to the MRI scan-

ner. In case of free TEMPOL dissolved in water, this time is on the order of
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4T1. Hence, almost no enhancement is expected in this case. In the case of

the spin-labelled Sepharose, the relevant relaxation time is the one of pure

water after passing the gel matrix, since no free radicals are present in

the liquid.

The obtained DNP enhancement in the MRI scanner is shown in

Fig. 4.7. In contrast to the measurements at 0.35 T in the Halbach magnet,

the tube diameter in the NMR coil is 150 mm. Like expected, almost no

enhancement is observed for free TEMPOL in water. For all flow rates,

the signal after hyperpolarisation is close to the reference measurement. This

is due to the fast T1 relaxation time, as mentioned above. In contrast to that,

the obtained enhancement in case of the spin-labelled Sepharose is increas-

ing with increasing flow rates. Dorn et al. derived a formula to describe the

observed ex situ enhancement after in situ hyperpolarisation [92]:

Eobs¼ E

K
� 1� e

� ta
T1a

� �
� e�

tb
T1b � e�

tc
T1c ð4:3Þ

here exp (�ta/T1a) describes the hyperpolarisation build-up in the Halbach

magnet and exp (�tb/T1b) and exp (�tc/T1c) describe the hyperpolarisation

Figure 4.6 Negative enhancements of spin-labelled Sepharose and free TEMPOL, mea-
sured for different flow rates in the Halbach magnet. From Ref. [17]—Reproduced with
permission of Springer-Verlag, Berlin.
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decay in the region between the Halbach magnet and the MRI scanner and

within the MRI scanner, respectively. The constant K, which is the ratio of

the magnetic fields in the high- and low-field region, takes into account the

difference in thermal polarisation and E is the initial enhancement, as mea-

sured in the Halbach magnet. The formula shows that the observed

enhancement depends not only on the ratio of the different fields, but also

on the different hyperpolarisation build-up and decay times. Though it is

possible to calculate the enhancement, we aim at a more general explana-

tion. The reason is that T1b is time dependent due to the different stray fields

experienced by the sample during the transport between Halbach magnet

and MRI scanner.

Several aspects affect the enhancement measured in the MRI scanner as

shown in Fig. 4.8: First, the hyperpolarised substance is transported faster to

the MRI scanner at higher flow rates and, hence, experiences smaller losses

due to spin-lattice relaxation. However, at the same time the hyper-

polarisation build-up in the Halbach magnet is decreasing, because of a

decreasing residence time in the ENDOR probehead. In addition, the

Figure 4.7 DNP enhancement for different flow rates recorded in the MRI scanner for
5mM TEMPOL (closed square) and spin-labelled Sepharose (closed circle). From
Ref. [17]—Reproduced with permission of Springer-Verlag, Berlin.
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thermal reference signal decreases at higher flow rates since shorter residence

times in the magnet limit the built-up of thermal polarisation.

Figure 4.8 shows how the hyperpolarisation is evolving with increasing

flow rate. For a flow rate of 0.3 ml/min, the hyperpolarised signal is dimin-

ished in comparison to the reference due to the negative enhancement for
1HOverhauser DNP. This flow rate is just high enough to transport some of

Figure 4.8 Measured reference (A) and hyperpolarised (B) signal at the MRI scanner for
different flow rates.
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the hyperpolarisation, but not sufficient to invert the signal. The first time

one can observe signal inversion is at 0.6 ml/min. After that the hyp-

erpolarised signal reaches a plateau where it does not significantly change

anymore with increasing flow rate. Hence, we conclude that further

increases in the enhancement result from a decreasing reference signal rather

than an increasing hyperpolarised signal. Again some parameters are coun-

terbalancing each other, like incomplete hyperpolarisation in the Halbach

magnet and decreasing transport time to the MRI scanner.

2.3.3 Imaging at 4.7 T
In order to explore the capabilities of hyperpolarised water as MRI contrast

agent, several images were recorded. For hyperpolarised imaging we used

tubes of 700 and 1800 mm diameter, respectively. The raw data were four

times zero filled prior to Fourier transformation. The images acquired in

a 700 mm tube are shown in Fig. 4.9, showing a two times larger DNP signal

as compared to the thermal reference signal. However, the enhancement is

significantly lower than for the 150 mm tube, which is a result of the reduced

flow velocity in the tube, leading to stronger T1 relaxation of the

hyperpolarisation.

To further investigate the hyperpolarisation decay within the tube, we

adapted an even bigger tube of 1.8 mm inner diameter (Fig. 4.10).

Figure 4.9 Left: Image of thermal signal in a 700-mm tube in the MRI scanner. Right:
hyperpolarised signal. From Ref. [17]—Reproduced with permission of Springer-Verlag,
Berlin.

Figure 4.10 Left: image of thermal signal in a 1.8-mm tube in the MRI scanner. Right:
hyperpolarised signal. From Ref. [17]—Reproduced with permission of Springer-Verlag,
Berlin.
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Now the velocity is reduced further and the magnitude of the thermal

signal is higher than the hyperpolarised signal, which again results from a

stronger hyperpolarisation relaxation and the inverted signal. Additionally,

a region of zero intensity shows up. To understand where the region of zero

intensity in the case of the hyperpolarised signal comes from, it is helpful to

look at the phase map: Fig. 4.11 shows a 180� phase shift in the region with

hyperpolarised signal due to the negative DNP enhancement,

corresponding to the area before the zero crossing in Fig. 4.10.

In Fig. 4.12, a one-dimensional cross-section of the images in Figs. 4.10

and 4.11 is given, showing that the point of zero intensity falls together with

the point where the phase shift drops from 180� to zero. In the hyp-

erpolarised region the signal is inverted, as can be told from the phase

Figure 4.12 One line in the axial direction of the hyperpolarised signal of Fig. 4.10
(dashed) and the corresponding line of the phase map (straight), dependent of the
pumped distance within the tube.

Figure 4.11 Phase map for Fig. 4.10. The phase shift of the hyperpolarised signal rela-
tive to the thermal signal is given by the plateau and corresponds to 180�.
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map, again with a smaller intensity than the thermal reference signal. Within

the tube and because of the slow flow velocity, the hyperpolarised signal

relaxes to thermal equilibrium. As the hyperpolarised liquid has travelled a cer-

tain distance, for example, around 25 mm in Fig. 4.12, the hyperpolarisation

has decayed due to spin-lattice relaxation but the thermal polarisation has not

yet built-up. Therefore, the total signal is zero at this position. After this point

of zero crossing, the signal is increasing towards thermal equilibrium, which

leads to a phase shift of zero for the rest of the distance. The 180� phase shift
therefore provides valuable additional information, especially in case of small

enhancements.

We have shown that the mobile DNP setup based on a Halbach magnet

is a useful and flexible alternative to, for example, electromagnets. We are

able to provide hyperpolarised and radical-free water for ex situ detection.

In addition we have shown that the phase shift that results from negative

DNP enhancements is very useful, since it gives an excellent MRI contrast

when detected in a phase sensitive manner.

3. PARAHYDROGEN-INDUCED POLARISATION

3.1. Introduction
An alternative method beside DNP to achieve a nuclear alignment is PHIP.

In the pioneering works by Bowers andWeitekamp [3,50] and Eisenschmid

et al. [51], they showed that this method is based on the spin order transfer of

pH2 to an unsaturated molecule by a hydrogenation reaction. Twenty years

later, it was shown that the spin order of the two parahydrogen atoms

attached to a transition metal catalyst can be transferred to the ligand system

of the catalyst. Chemical exchange with free ligand molecules in the solvent

results in hyperpolarised dissolved molecules, thereby overcoming the clas-

sical restriction of the PHIP technique to unsaturated molecules [74,75].

This method is called SABRE. However, it is beyond the scope of this con-

tribution where we solely discuss PHIP experiments which achieve hyper-

polarisation by a homogeneously catalysed hydrogenation of unsaturated

substrates.

Parahydrogen is the spin-singlet isomer of the two 1H spins in molecular

hydrogen. It has a total nuclear spin of zero and is therefore invisible in

NMR experiments. Since protons are Fermions, the wavefunction of the

hydrogen molecule has to be antisymmetric in exchange of the nuclei. This

condition can only be fulfilled by the product of the molecular rotational

angular momentum and the nuclear spin angular momentum. Hence,
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pH2 exists only in the even rotational states whereas the spin triplet isomer

orthohydrogen only in the odd rotational states. By cooling hydrogen in the

presence of active charcoal, parahydrogen can be enriched (e.g. to 93% at

35 K). Herein, active charcoal allows the system to reach the thermodynam-

ical equilibrium within minutes. Since the conversion of para- to

orthohydrogen in the absence of active charcoal is very slow, the enriched

parahydrogen can be stored at room temperature for several days.

Hyperpolarisation can be achieved by the hydrogenation of an unsatu-

rated molecule with pH2 [5,93]. For this purpose, a catalyst is required

which transfers pairwise and simultaneously the two parahydrogen protons

while keeping their relative spin orientation. Pictorially described, this

results in a hyperpolarisation since only Zeeman energy levels in the product

molecule become populated which fulfil the antisymmetric spin orientation

of the former pH2 protons. Two experimental procedures in PHIP exper-

iments are distinguished which are called PASADENA [50,51] and

ALTADENA [94]. In the PASADENA experiment, the hydrogenation is

performed inside the high magnetic field of the NMR spectrometer in

which the two former pH2 protons are weakly coupled in the product mol-

ecule. In contrast, in the ALTADENA experiment, the hydrogenation takes

place in a lowmagnetic field where the protons are strongly coupled and the

sample is subsequently transported into the spectrometer. The resulting den-

sity operators of the two experiments differ significantly. However, in con-

trast to the thermal polarisation, they both contain two-spin order terms like

Iz
1Iz
2. A thorough theoretical introduction can be found in Ref. [52].

These two-spin order terms lead to a special behaviour of the spin system

in spectroscopy or imaging experiments. For example, they result in

antiphase signal contributions in the NMR spectra which are in the case

of the PASADENA experiment only separated by the J-coupling

(Fig. 4.13). Therefore, linewidth broadening by magnetic field inhomoge-

neities can cause partial signal cancellations of the antiphase contributions.

This problem is addressed in Section 3.2. In Section 3.3, the characteristics

of PHIP hyperpolarised spin states under 1H imaging sequences are analysed

with a special focus on the sequence echo time TE.

3.2. Avoiding Signal Cancellations in PHIP Spectroscopy
In this section, we will address the problem of acquiring a well-resolved

multiplet (or multiplets) arising from a PHIP experiment in inhomogeneous

magnetic fields. The inhomogeneity might result from an inhomogeneous
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B0 itself or is induced by the presence of elements that perturb the polarising

field. Let us consider first, and with no loss of generality, that both hydrogen

nuclei from pH2 (labelled as 1 and 2) occupy two chemically inequivalent

sites once the hydrogenation reaction has finished. Furthermore, we assume

that they form an isolated AX spin system [95], that is, their chemical shift

differ in a number much larger than their indirect coupling constant J12. If

the reaction takes place at the same (high) magnetic field where the NMR

experiments are performed (PASADENA), the resulting spectrum presents

two antiphase doublets with a splitting equal to their coupling constant. In

contrast, if the system is at thermal equilibrium before the NMR experi-

ment, two in-phase doublets (with the same splitting value) are observed

in the spectrum. The presence of antiphase doublets in PASADENA comes

from the special form of the density operator after the hydrogenation with

parahydrogen, more precisely with the part including a longitudinal two-

spin order term of the form Iz
1Iz
2 [93,96].

The difference between the initial density operator in either PHIP or

thermally polarised samples becomes very important when the magnetic

field homogeneity is limited. The homonuclear coupling constants, JH�H,

Figure 4.13 Two simulated PASADENA spectra for an AX spin system, with different lin-
ewidths. When the FWHM of the Lorentzian is on the order of the J-coupling constant,
the majority of the signal is lost due to cancellation.
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are of the order of few Hz in liquid samples, thus even tiny perturbances in

the homogeneous magnetic field produce partial signal cancellation of the

antiphase signals. There are mainly two sources of line broadening: the

intrinsic inhomogeneity of the external magnetic field and the susceptibility

changes produced by the sample or by the experimental setup. This imposes

limitations in the large variety of experiments in which the hyperpolarisation

obtained by PHIP can be used.

In particular, PASADENA experiments are more sensitive to line broad-

ening, because the presence of an extra term related to the polarisation dif-

ference (Iz
1� Iz

2) in an AX two-spin system tends to prevent the signal

cancellation in ALTADENA experiments. To illustrate the sensitivity of

PASADENA to the magnetic field homogeneity, we present in Fig. 4.13

a simulation of two spectra of an AX system with J12¼10 Hz. If the B0

homogeneity is such that the peaks have a characteristic linewidth of

1 Hz, no signal loss occurs whereas if the inhomogeneity is increased to pro-

duce a spectrum with 10 Hz linewidth, the peak integrals are significantly

smaller [97]. On one hand, we produced hyperpolarisation, but on the other

hand, we lose it due to magnetic field inhomogeneities. This limits the appli-

cability of PHIP in NMR spectroscopy to small volume samples and highly

homogeneous B0 fields.

3.2.1 Partial J-Spectroscopy
Our approach to tackle the problem of inhomogeneity is based on

J-spectroscopy, a concept introduced by Allerhand in the 1960s [98]. In

short, when a CPMG sequence is applied to a coupled spin system (in liquid

state) the top of the successive echoes appear to be modulated. In particular,

if all chemical shift differences are much larger than the couplings, and the

echo time is chosen large enough to allow the smallest chemical shift to evo-

lve, the evolutions with the Hamiltonian linear on the spins, H¼P
iaiIz

i ,

such as chemical shift or inhomogeneities effects are refocused at the top

of the echoes. On the other hand, evolutions with the Hamiltonians bilinear

on the spins,H¼P
i, jbijIz

i Iz
j , such as J-coupling evolutions, are unaffected by

refocusing 180� pulses [95,99]. If the signal at the top of those echoes is col-
lected, the obtained pseudo-FID displays only information about J-coupling

[100]. After a Fourier transformation the data result in a J-spectrum essen-

tially free of inhomogeneity effects, where the linewidth is now related to

(pT2)
�1 instead to (pT2*)

�1. This situation is depicted in the left panel of

Fig. 4.14, where the multiplets collapsing at zero frequency with much

smaller linewidths are shown.
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More technically speaking, if the following conditions are satisfied the

resonance lines will only be related to the coupling constant:

(1) B0 must be strong enough to ensure first-order approximation for the

couplings, that is, weak coupling limit [95],

(2) the separation of the refocusing pulses must be large to ensure the free

evolution under the smallest chemical shift difference of at least one

period,

(3) the refocusing pulses must be carefully adjusted,

(4) any extra source of modulation must be absent.

If one or few of these conditions are not satisfied, the resulting multiplets will

display different anomalies. If the spin system is strongly coupled or the

refocusing pulses are not set accurately, new frequencies will be present

in the echo-train envelope, related to the chemical shifts. If the echo time

is too long, the resonance positions are shifted, whereas if it is too short, all

J-modulations will disappear. In any of these cases, the spectrum obtained

from the echo train is called spin-echo spectrum instead of a

J-spectrum [101].

Even if all conditions are fulfilled, the J-spectra can become very com-

plex if the sample presents several multiplets, as can be seen in the Fig. 4.14.

If all information appears in a small frequency region, the interpretation of

the J-spectrum might be cumbersome. In 1971, Ray Freeman and

coworkers [101] presented an elegant idea to overcome this issue, consisting

in the acquisition of the top of the echoes with a digital filter which filters out

all undesired frequencies (see right panel of Fig. 4.14). This results in a highly

Figure 4.14 J-spectroscopy (left panel) and partial J-spectroscopy (right panel).
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resolved multiplet facilitating a thorough interpretation. By simply moving

the filter, it is possible to reconstruct the whole spectrum. The authors

suggested in their paper to refer to this filtered data as partial J-spectrum.

3.2.2 CPMG Sequence Modified for PASADENA
Before implementing partial J-Spectroscopy for PASADENA, some mod-

ifications of the CPMG sequence had to be introduced. Firstly, the exciting

90� pulse is replaced by a 45� pulse, which produces maximum signal when

the initial density operator is proportional to a longitudinal two-spin order.

In fact, 90� pulses produce exactly zero signal in this situation. Secondly, a

change related to the chemical reaction is mandatory: although it is not

impossible [102], it is very difficult to exactly reproduce the results of the

chemical reaction prior to each acquisition; therefore a single-scan acquisi-

tion is desired. However, as the CPMG sequence is very sensitive to imper-

fect pulses a proper phase cycling is usually performed which requires more

than one scan. Alternatively, we have changed the phases of the pulses in

the same scan to obtain 90y� 180x�180x�180x�180xð Þn as suggested

by Guillon et al. [103]. The pulse sequence with the modifications is shown

in Fig. 4.15.

3.2.3 Acquisition of a Highly Resolved Multiplet with Hyperpolarised
1-Hexene

In order to test the modified CPMG pulse sequence, we have selected the

hydrogenation of 1-hexyne with parahydrogen which produces hyp-

erpolarised 1-hexene. The complexity of the J-coupling network of

1-hexene makes it a challenging system. The reaction is depicted in

Fig. 4.16. The experiments were carried out at 300 MHz Larmor frequency,

where the former pH2 protons labelled as HA and HB are weakly coupled to

each other. Additionally, the proton HB is strongly coupled to HC at this

Figure 4.15 CPMG pulse sequence modified for PASADENA experiments.
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magnetic field strength, and bothHA andHB are coupled toHD andHEwith

a relatively large coupling value (for more details see Ref. [97]).

Numerical simulations including these five spins were performed and

comparedwith the experimental results. In Fig. 4.16, simulations of the hyp-

erpolarised PASADENA NMR spectrum as well as the partial J-spectra

centred at the frequencies of the former pH2 protons are displayed along

with the corresponding experimental results. To match the linewidths

Figure 4.16 Hydrogenation reaction shown schematically with simulated and experi-
mental results obtained with the pulse sequence depicted in Figure 4.15.
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obtained in the experiments, Lorentzian distribution of frequencies with

FWHM¼15 and 0.5 Hz, respectively, were used for the calculation of

the spectrum and the partial J-spectra. The echo time was set to TE¼8 ms

and the position and width of the digital filter are indicated in the measured

NMR spectrum. The excellent agreement between calculations and exper-

iments demonstrates the good performance of the sequence and its ability to

remove line broadening produced by magnetic field inhomogeneities.

3.3. 1H MR Imaging with Substances Hyperpolarised via PHIP
As we discussed in detail in Section 3.2.3, hyperpolarisation achieved by

PHIP gives rise to antiphase 1H NMR signals. Thus, an old concern for

the usage of PHIP in 1H MRI was that the hyperpolarised signal cannot

be detected in MR images because the antiphase signals might cancel each

other in an imaging voxel. Due to this and due to the fast T1 relaxation of

protons, MRI of PHIP polarised substances was usually accomplished after

transfer of the 1H hyperpolarisation to 13C [60,104]. Using 13C for MRI

applications has the additional advantage of negligible background signal

as the natural abundance of 13C in the body is very low. Thus, exciting med-

ical applications of hyperpolarised 13C MRI have been realised in recent

years, the most prominent one being metabolic MRI to improve tumour

diagnosis [10,11,13]. However, in this section, we will demonstrate that also
1H PHIP MRI can be accomplished by a simple variation of a standard

imaging sequence [18]. Moreover, the different temporal evolution of the

PHIP signal compared to a thermal signal can be used to generate an excel-

lent MRI contrast of a small amount of hyperpolarised protons to a large

thermal background signal as it would be the case for in vivo applications.

Simply speaking, the antiphase character of the PHIP signal and thus its

difference to thermal polarisation manifests itself in the temporal evolution

of the spin system after an rf pulse, as can be seen in the FIDs depicted in

Fig. 4.17. Our phantom for this experiment consisted of a 10 mm tube con-

taining the PHIP substance (1-hexyne in deuterated acetone with PHIP cat-

alyst; for details please refer to Ref. [18]) placed in the centre of a 30 mm

tube containing a large volume of pure water. All experiments were per-

formed in a standard 1.5 T clinical MRI tomograph. The bottom FID in

Fig. 4.17 corresponds to the FID of the whole phantom in the thermally

polarised case and is dominated by the exponential T2* decay of the water

signal due to the large number of water protons being present in the sample.

The top FID was acquired when the centre tube of the phantom contained
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hyperpolarised 1-hexene and shows major signal oscillations due to the

J-coupling of the hyperpolarised protons. Note that due to the fast T2* relax-
ation in the thermally polarised case, the thermal signal has almost

completely decayed when the hyperpolarised signal reaches the first maxi-

mum due to the J-coupling induced refocusing of the PHIP antiphase signal.

These different time evolutions of the hyperpolarised versus the ther-

mally polarised signal can be easily used to generate an excellent 1H MRI

contrast when the echo time of the MRI sequence is optimised for the

acquisition of the refocused PHIP signal. The images overlaid on the hyp-

erpolarised FID in Fig. 4.17 were acquired using a standard gradient echo

MRI sequence with varying echo times. Figure 4.17 clearly shows that

the intensities of the thermally and hyperpolarised regions of the images

at different refocusing times (in the MRI sequence equal to the echo time

TE) exactly follow the temporal evolution of the corresponding FIDs. For

the water region (outer area) of the phantom, the signal intensity is maximal

for the shortest refocusing time. In contrast, the image intensity of the PHIP

area is low in the beginning and shows two pronounced maxima for 15 and

Figure 4.17 FIDs andMR images originating from a phantom consisting of two concen-
tric tubes. The inner (10 mm diameter) tube contains the hyperpolarisation mixture
whereas the outer tube (30 mmdiameter) contains normal water. The bottom FID stems
from thermally polarised water and the thermally polarised PHIP substance. The top FID
is generated by thermally polarised water and the hyperpolarised PHIP substance
exhibiting an antiphase NMR signal. The MR images were acquired with different echo
times and overlaid on the hyperpolarised FID. Imaging was performed by using a gra-
dient echo sequence with centric reordering and the following parameters: flip angle:
10�, repetition time: 45 ms, bandwidth: 600 Hz, FOV: 50 mm2, resolution: 0.7 mm/pixel
and total acquisition time: 3.96 s.
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42 ms. As the signal of the water region almost completely decays within

10 ms, the PHIP images acquired at the maxima of the FID show excellent

contrast to the thermally polarised background. These experiments verify

that simply varying a delay of theMRI sequence is sufficient to generate out-

standing contrast between a small amount of hyperpolarised protons and a

large background signal.

Our results may open up unprecedented opportunities to use the stan-

dard MRI nucleus 1H, for example, for metabolic imaging in the future

which would significantly reduce the technical demands that arises from

MRI of hetero-nuclei (e.g. broadband amplifiers and coils). Moreover,

most hetero-nuclei (especially 13C and 15N) have a low gyromagnetic ratio

which makes it difficult to provide images with very high spatial resolution

because the gradient strengths of conventional MRI systems is limited and

usually optimised for protons. Furthermore, in 13C MRI co-registration

with a high-resolution proton image is necessary to obtain anatomical infor-

mation. However, optimal co-registration of 1H and 13C MRI images

requires the application of double resonant coils, which is technically

demanding and thus expensive. Our imaging approach can be used for vir-

tually every molecule that can be polarised via PHIP, which comprises a

large amount of biological relevant molecules, for example, succinate (com-

ponent of the citrate cycle) [105] or barbiturates [106]. This variability in

combination with the simplicity of our method may result in widespread

usage in MRI.

4. STORAGE OF HYPERPOLARISATION
IN SINGLET STATES

4.1. Theory
A drawback of hyperpolarisation in solution NMR experiments is the lim-

ited lifetime of the nuclear spin order which relaxes to the thermal equilib-

rium with the T1 (spin-lattice) relaxation time, typically on the order of

seconds in 1H NMR. A possible solution for this issue relies on the creation

of long-lived singlet states to prolong the lifetime of the hyperpolarisation

[21,68,69]. Indeed, it was shown that the lifetimes of spin-singlet states

can be longer than the spin-lattice relaxation times of the constituent spins

up to a factor of 37 [107]. These long-lasting states require a pair of isolated

(strongly coupled) spins I¼1/2. Because of the spin-singlet states’ symme-

try, those relaxation mechanisms which are symmetric to spin exchange are
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inactive. One of these is the dipole–dipole relaxation mechanism which is

dominant in liquid-state NMR.

In the pioneering paper, Carravetta, Johannessen and Levitt [21] dem-

onstrated the possibility to deposit singlet-state order even though the singlet

state is not an eigenstate of the spin system. The trick is to switch the sym-

metry of the spin interactions at different points during the experimental

procedure. When exchange symmetry is imposed, coherent singlet–triplet

transitions are suppressed and the lifetime of the singlet state is extended.

In a typical NMR experiment, the initial state is given by the Boltzmann

distribution which results in a small population difference of the eigenstates

(typically on the order 10�4 to 10�5) in presence of a magnetic field B0.

Assuming the system is a nonequivalent weakly coupled spin pair, the

singlet-state NMR experiment consists of three steps:

1. Singlet-state creation: Transform nuclear spin magnetisation (which is a

property of the triplet manifold) into nuclear singlet order. This step

can be done in several different ways, the most commonly used is the

application of a dedicated pulse sequence known as M2S [22,23]. It con-

sists of two trains of p pulses, the temporal window between the pulses is

carefully synchronised with the evolutions due to scalar coupling and

chemical shifts of the particular pair.

2. Singlet preservation: Once the singlet state is created, spin-exchange sym-

metry is imposed to eliminate singlet–triplet transitions. For a weakly

coupled system, the strategy consists in keeping the system as if it was

a strongly coupled one. To achieve this, different methods can be used:

field cycling (moving the sample to a negligible magnetic field B0), pulse

sequences or applications of long rf pulses, which, even under a strong

B0, are able to create an effective small magnetic field.

3. Conversion to observable magnetisation: Because nuclear singlet order is

nonmagnetic, observation of the singlet-derived NMR signals requires

the reconversion into nuclear spin magnetisation. This can be done

simply by stopping the step 2 and, in this way, restoring the coherent

singlet–triplet transitions.

It is particularly beneficial to generate such singlet states involving two pro-

tons, as their signal is the highest among the nuclei usually applied in NMR

and their relaxation times are rather short at ambient conditions. The strong

coupling of the nuclei can be easily fulfilled at low magnetic fields where

chemical shift differences are naturally vanishing [21,24,69,108]. In high

magnetic fields, which have the advantage of high spectral resolution and

thus site selectivity, this magnetic equivalence is more difficult to achieve
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and requires the use of dedicated pulse sequences to minimise the evolution

of the spin system due to the chemical shift [68,109].

As the pH2 molecule itself forms a singlet state, the hydrogenation

reaction in PHIP not only produces enhanced polarisation but can also gen-

erate long-lived proton singlet states making it an excellent candidate for

many applications in natural sciences [4,110,111]. Indeed, such long-lived

PHIP states have been exploited in low or even zero magnetic fields

[24,25,70].

Inpreviousworks [26,27],wehave shownthatwhenacetylenedicarboxylic

acid dimethyl ester is hydrogenatedwith parahydrogen to generatemaleic acid

dimethyl ester, the pH2 occupies chemically equivalent vinylene (V) positions

in the symmetric molecule. Consequently, both spins remain strongly

J-coupled for every magnetic field. With this, the first two steps of the

singlet-state experiments are avoided:

1. Singlet-state creation: The singlet state comes naturally from the initial pH2

singlet state.

2. Singlet-state preservation: The singlet state remains an eigenstate, because

the system is strongly coupled for every magnetic field. It was shown that

the hyperpolarised signal can be stored in a symmetric molecule as a sin-

glet state, prolonging its lifetime from T1¼15 s to TSinglet¼4 min.

3. Conversion to observable magnetisation: This is more difficult to accomplish.

The main findings achieved on this will be recapitulated in the

following.

Preserving the long-lived singlet state inside the magnet is needed for appli-

cations of hyperpolarisation, for example, in biomedical analysis. By DNP

and rf pulse sequences, Warren et al. [19] were able to create singlet-state

population at high field, and observed it by subsequently breaking the singlet

symmetry by chemical means, thus changing the spin system. Another

important contribution, which also used DNP to create an initially

enhanced magnetisation, was presented by Vasos et al. [112]. There, the ini-

tial hyperpolarised 13Cmagnetisation was transferred to 1H, converted into a

long-lived state and then read out by partially reconverting it into observable

proton magnetisation. This extended the lifetime of the 1H polarisation by a

factor of 7 to TSinglet¼16 s. Feng et al. [113] recently showed that storage of

the proton polarisation in a 13C singlet state causes a 69-fold extension of the

life time. An important step towards biomedical applications is the work

reported by Pileio et al. [114], where the enhanced nuclear polarisation

obtained by DNP is observed, even used for MRI experiments, and subse-

quently returned into singlet order.
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4.2. Conversion Methods
4.2.1 Field Cycling
When acetylenedicarboxylic acid dimethyl ester is hydrogenated with

parahydrogen (Fig. 4.18A), the pH2 occupy chemically equivalent vinylene

(V) positions in the symmetric molecule. Consequently, the spins remain

strongly J-coupled for every magnetic field. At high field, the molecule rep-

resents an AA0XX 0 spin system (Fig. 4.18B). The vinylene protons, V and

V 0, the former pH2 protons, exhibit a coupling JVV 0 ¼11.6 Hz, while the

long-range couplings to the methyl protons (M) are expected to be lower

by an order of magnitude.

The energy levels associated with the singlet and triplet states of the pH2

in the vinylene group, SVV
0

0 and TVV 0
+1 as a function of the preparation field

B0 can easily be calculated from the Hamiltonian of the spin system,

Figure 4.18 Symmetrical molecule, energy levels and density matrix operators. (A) Mal-
eic acid dimethyl ester with labelled protons. (B) Sketch of the J-coupling network
between the vinylene (V and V0) and methyl protons (M1–3 and M0

1–3), JVV0 ¼11.6 Hz;
long-range couplings have been assumed to the methyl (JVM¼0.75 Hz and
JVM0 ¼0.25 Hz). (C) Two of the 16 energy levels for the four-spin system. Note the level
anti-crossing at 0.11 T between the singlet and the triplet state of the pair VV0, defining
the resonance condition. The dashed lines correspond to the exact eigenvalues when a
magnetically equivalent molecule is assumed (JVM¼ JVM0). (D) Upper panel: expectation
values of the singlet-state operators. Bottom panel: expectation values of the observ-
able polarisation operators. Remarkably, the calculated expectation values remain
unchanged for every field except for the resonance field (0.11 T).

198 Dirk Graafen et al.



H ¼ nV IVz + IV
0

z

� �
+ nM IMz + IM

0
z

� �
+ JVV 0IV � IV 0

+ JVM IV � IM + IV
0 � IM 0

� �
+ JVM 0 IV � IM 0

+ IV
0 � IM

� � ð4:4Þ

two of the levels are plotted in Fig. 4.18C. The dashed lines correspond to

the eigenvalues SVV
0

0 TMM 0
+1

�� �
andjTVV 0

+1 S
MM 0
0 i obtained when the two vin-

ylene protons are treated as magnetically equivalent, that is, JVM¼ JVM0.

They cross at a well-defined field B0¼1080 Gauss (resonance condition).

The magnetic field for the resonance condition, BR, can be calculated from

the following expression:

nV �nMð ÞjBR
¼ JVV 0 ð4:5Þ

that is, the magnetic field BR is such that the chemical shift among the

vinylene and the methyl groups matches the coupling among the pH2 pair.

Energy level crossings, in which two quantum states cross as a function of

an external parameter, are ubiquitous in quantummechanics [115]. Small off-

diagonal elements in the Hamiltonian, however, lead to level anti-crossing

(or avoided crossing) and the eigenstates are mixed [19,27,115–118]. In

our case, such off-diagonal terms mixing singlet and triplet states occur if

JVM 6¼ JVM 0. This condition does not interfere with the symmetry of the mol-

ecule (for details seeRef. [27]). The slightly changed energy values are shown

as solid lines in Fig. 4.18C. The external control parameter (B0) can be varied

in time such that the system traverses the anti-crossing region. Then, a tran-

sition from one branch to the other, in our case singlet to triplet or vice versa,

is possible with a probability that depends on the external parameter sweep

rate. This idea was first described theoretically by Landau and Zener

[116,117] and studied experimentally and theoretically in a number of differ-

ent physical systems including PHIP and NMR [19,67,119].

From Fig. 4.18C, we infer that for preparation fields different from

the resonance field for anti-crossing the singlet state is disconnected from the

triplet state. Consequently, an initial singlet state that arises from a PHIP

reaction inside the magnet will remain a singlet state and will not be affected

by conventional spin-lattice relaxation mechanisms. Sweeping the field (or

the sample) through the level anti-crossing region, on the other hand, offers

a simple way of generating a polarised triplet state in a controlled way.

The singlet–triplet conversion can quantitatively be calculated for different

preparation fieldsB0 for thehydrogenation reactionaccording to theLiouville–

von Neumann equation with the Hamiltonian of Eq. (4.4) [27]. The initial
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state that corresponds to the singlet pH2VV
0 protons can bewritten in terms of

density operators as r 0ð Þ¼ 1
4
I � IVx IV

0
x + IVy IV

0
y + IVz IV

0
z

� �
[118,119],

neglecting the contributions arising in the thermal equilibriummagnetisation.

In Fig. 4.18D, the expectation values of the spin operators are plotted for

magnetic fields close to the resonance field. Remarkably, the expectation

values related to the singlet state remain unchanged for all fields except

for the resonance field associated with the anti-crossing, when part of the

singlet state is converted into observable polarisation. As can be seen in

the bottom panel of Fig. 4.18D, the total angular momentum remains zero

and is conserved in the four-particle system comprised of the pairs of the

vinyl and the methyl protons VV 0 and MM 0. The controlled singlet–triplet

conversion via level anti-crossing thus offers a simple way of generating

highly polarised species in high magnetic fields, limited by relaxation of

the singlet rather than the triplet state. It should also be noted that only a

fraction of the singlet state is converted to a triplet at the resonance field

in a single sweep while another fraction remains stored, it will be shown that

it is possible to take advantage of this fact by generating multiconversions.

These theoretical considerations were validated experimentally. When a

90� pulse is applied following a short waiting time (TW) after the start of the

chemical reaction, the acquiredNMR spectrum shows the thermally polarised

methyl protons only (Fig. 4.19, left). This is due to the fact that the created

singlet state itself is silent inmagnetic resonance. If the sample is quicklymoved

to the resonance field and back to the high detection field on a timescale much

shorter than T1�15 s, singlet–triplet conversion occurs and a hyperpolarised

antiphase spectrum of vinylene and methyl protons is observed (Fig. 4.19,

right). This demonstrates the controlled singlet–triplet conversion.

The lifetime of the single state (TSinglet) in the high magnetic field (7 T)

can be measured using the same protocol with variable waiting times TW.

For every TW a spectrum was recorded in which the intensity of the peak

corresponding to the vinylene groupwas determined. These data plotted as a

function of TW were fitted to an exponential decay yielding a lifetime

TSinglet as long as 4 min [26].

4.2.2 Radiofrequency Pulse Sequences
Alternatively to the field-cycling method, the singlet nuclear spin state can

be converted into measurable magnetisation by using an rf pulse sequence at

the observation field. This reduces the technical effort, since an accurate,

reproducible field cycling would require a complex sample cycling system.
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Moreover, for in vivo applications, the field-cycling method is not applicable

since, for example, it is not practicable to transport an animal or a human

being to a certain magnetic field during an MRI acquisition.

It is possible to perform the singlet–triplet conversion by using rf pulses to

scale the chemical shift part of the relevant Hamiltonian and thereby to

access the level anti-crossing region. The use of rf pulses to scale the

Hamiltonian inside the magnet is a common strategy in traditional NMR.

Many sequences exist which can perform this task. So far, the singlet–

triplet conversion of the 1H singlet state in dimethyl maleate was achieved

by a long constant rf pulse [28]. When applying a long rf pulse the chemical

shift of the Hamiltonian is rescaled. To understand this effect, we first

re-evaluate the unperturbed Hamiltonian in Eq. (4.4) which in the rotating

frame is given by:

�H ¼OV IVz + IV
0

z

� �
+OM IMz + IM

0
z

� �
+ J-terms ð4:6Þ

where OK¼2p(nK�nref) (with K2{V,M}) with nref being the rotation fre-

quency of the rotating frame. The J-coupling terms are invariant operators

under the rf modulation and therefore will be excluded in the following

calculations.

Figure 4.19 Preservation and observation of the pH2 singlet state at 7 Tesla. Top:
scheme of the pulse sequence, the observed FID signals and respective spectra at
7 T before and after the mixing between the singlet and triplet states is allowed (at
0.11 T). Bottom: the magnetic field path followed by the sample (bold line).
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TheHamiltonian canbe rewrittenbyusing IKK
0

j ¼ IKj + IK
0

j (8 j2{x,y,z},

K2{V,M}) and introducing Do¼ 1
2
OV +OMð Þ and DO¼ 1

2
OV �OMð Þ:

H ¼Do IVV
0

z + IMM 0
z

� �
+DO IVV

0
z � IMM 0

z

� �
, ð4:7Þ

wherein the singlet–triplet conversion is caused by the second antisymmetric

term. Under rf perturbation, the Hamiltonian takes the form:

H ¼o1 IVx + IV
0

x + IMx + IM
0

x

� �
+OV IVz + IV

0
z

� �
+OM IMz + IM

0
z

� �
, ð4:8Þ

in whicho1 is the rf strength of the pulse and the reference frequency was set

to the carrier rf frequency:oref¼orf. This Hamiltonian can again be rewrit-

ten as:

H ¼o1 IVV
0

x + IMM 0
x

� �
+Do IVV

0
z + IMM 0

z

� �
+DO IVV

0
z � IMM 0

z

� �
: ð4:9Þ

To clarify the effect of this Hamiltonian, it is transformed into another

rotating frame, rotating around the effective rotation axis

o
!

eff ¼oeff sin yð Þ e!x + cos yð Þ e!z

� �
with oeff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o2

1 +Do2
p

and

tan yð Þ¼ o1

Do
:

eH ¼oeff IVV
0

z0 + IMM 0
z0

� �
+ cos yð ÞDo IVV

0
z0 � IMM 0

z0

� �
� sin yð ÞDO IVV

0
x0 � IMM 0

x0

� �
: ð4:10Þ

The third term on the right side has only nonsecular contributions and

can therefore be neglected in the secular approximation. The second anti-

symmetric term which causes the singlet–triplet conversion can be adjusted

by an adequate choice of the rf pulse strength and the carrier frequency to

satisfy the new resonance condition:

cos yð Þ nV �nMð ÞjB0
¼ JVV 0 , ð4:11Þ

where B0 is the observation field. Hence, after the parameters are properly

chosen for the anti-crossing to be reached, the population is partially trans-

ferred from the singlet state to measurable magnetisation (as mentioned

before the amount of conversion depends on how the anti-crossing is tra-

versed). As in the field-cycling method (Fig. 4.19), the vinylene group peak

and the methyl group peak show a phase difference of 180� (Fig. 4.20).
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The use of rf pulse sequences has the additional advantage that it enables

performing series of multiple conversions in a controlled way. This allows to

use the generated hyperpolarisation more efficiently, especially if the

converted fraction per conversion is low. As it can be seen in Fig. 4.21A,

the signal decays exponentially as a function of the number of applied con-

versions, n.

A detailed analysis of this behaviour [28] showed that the characteristic

constant Dc of the exponential decay is a function of the converted fraction

per conversion x as well as of the lifetime of singlet spin state TSinglet:

Sn

S0
¼ e�Dcn ð4:12Þ

Dc¼ 1

TSinglet

TR� ln 1�xð Þ ð4:13Þ

Figure 4.20 Left: Long constant rf pulse able to realise the transition of the singlet spin
state into measurable magnetisation. Right: example spectrum acquired using the long
rf pulse with a duration d of 5 s, an rf pulse strength of o1¼1360Hz and a carrier fre-
quency offset of Do¼100Hz.

Figure 4.21 (A) Exponential decay of the vinylene group signal of dimethyl maleate in a
series of multiple conversions of the singlet state to measurable magnetisation. The sig-
nal was normalised by the signal S0 acquired after the first conversion. The solid line
shows the exponential fit to the data with a characteristic decay constant of Dc. (B) Con-
version fraction x of the constant long pulse as a function of the pulse duration.
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Performing this experiment for different repetition times allows the

determination of both parameters, TSinglet and x. In Fig. 4.21B, the depen-

dency of the converted fraction as a function of the duration d of the long

constant pulse is shown.

The conversion fraction is increasing monotonically with the duration of

the pulse since there is more time for the spin system to convert singlet spin

order tomeasurable magnetisation. However, this does not necessarily imply

larger measurable magnetisation for longer rf pulses since the converted

magnetisation is relaxing with the fast longitudinal relaxation time T1. In

a simplified classical model, a constant conversion rate k between the singlet

and the triplet state can be assumed whereat the triplet state relaxes with T1

to the thermal polarisation and the singlet state relaxes with TSinglet

(Fig. 4.22A).

In the following analysis, the thermal polarisation as well as the relaxation

of the singlet state is neglected. This leads to the following differential

Figure 4.22 (A) Model of the singlet–triplet conversion during the rf perturbation.
A constant conversion rate k is assumed during the pulse. (B) Conversion fraction x
and effective conversion fraction xeff calculated with Eqs. (4.16) and (4.17) using
k¼0.017s�1 and T1¼5, 10 and 15 s.
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equations which describe the population of singlet stateASinglet and the pop-

ulation of triplet state ATriplet:

dASinglet

dt
¼�k ASinglet�ATriplet

	 

dATriplet

dt
¼�k ATriplet�ASinglet

	 
� 1

T1

ATriplet:
ð4:14Þ

With the boundary conditionsASinglet(t¼0)¼ASinglet
0 ,ATriplet(t¼0)¼0 and

ATriplet(t!1)¼0, the solution of these differential equations is given by:

ASinglet ¼
A0
Singlet

k2�k1
k+

1

T1

�k1

� �
exp �k1tð Þ� k+

1

T1

�k2

� �
exp �k2tð Þ

� �

ATriplet¼
A0
Singletk

k2�k1
exp �k1tð Þ�exp �k2tð Þ½ �

ð4:15Þ
with the characteristic exponential decay rates k1,2 ¼ k+ 1

2T1
�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 + 1
2T1

� �2
r

. The conversion fraction x after a pulse with duration d, that

is, the relative loss of singlet-state population, is given by:

x dð Þ¼A0
Singlet�ASinglet t¼ dð Þ

A0
Singlet

: ð4:16Þ

In contrast, the fraction of the singlet state that is converted into measurable

magnetisation, which will be called effective conversion in the following, is

given by:

xeff dð Þ¼ATriplet t¼ dð Þ
A0
Singlet

: ð4:17Þ

The conversion rate k is given by the slope of the conversion reaction x at
d¼0: @x@d jd¼0¼ k: For the long constant pulse with an rf strength o1 of 1360

Hz and the associated offset Do of 100 Hz, the initial slope leads to a con-

version rate of k¼0.017 s�1. For this conversion rate, the dependence of the

conversion fraction x and the effective conversion fraction xeff on the long rf
pulse length d, according to Eqs. (4.16) and (4.17), is shown for three dif-

ferent values of T1 in Fig. 4.22B and C, respectively.

In general, the optimal duration d and the maximum achievable effective

conversion xeff decrease for shorter T1 (Fig. 4.22C). However, for example,
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for dimethyl maleate a maximum of themeasurable magnetisation was found

experimentally for an rf pulse duration of d�5 s (o1¼1360Hz and

Do¼100Hz). According to Eq. (4.17), this would correspond to aT1 relax-

ation time of around 1.4 s, which is shorter than the real T1 relaxation time

of 10 s for the vinylene protons in the molecule. This deviation is caused by

the saturation effect of the rf pulse.

4.2.3 Conclusion
In this chapter, we showed the possibility to store 1H PHIP in the singlet

spin state of a symmetric molecule for minutes at high magnetic fields.

The stored hyperpolarisation can be converted into measurable

magnetisation either by field cycling or by rf pulse sequences which both

are physically based on a level anti-crossing phenomenon. This long lifetime

of the hyperpolarisation opens up new applications of hyperpolarisation in

spectroscopy and imaging which is of particular importance for 1H NMR

due to the relatively short T1 relaxation times in comparison to non-proton

nuclei like 13C. Particularly with regard to future biological and medical

applications, the storage of 1H hyperpolarisation in long-lived 1H spin states

enables to perform in vivo hyperpolarisation experiments on the standard

nuclear spin of clinical MR tomographs without the necessity of additional

MR hardware like broadband amplifiers and adapted coils. For this purpose,

the hyperpolarisation method PHIP has the advantage that the singlet

nuclear 1H spin state is intrinsically generated.

5. CONCLUSION

In this contribution, we have demonstrated that the hyperpolarisation

of proton nuclear spins is a valuable method to increase the sensitivity of 1H

NMR spectroscopy and 1HMRI despite the short lifetime of proton hyper-

polarisation. We addressed this important lifetime issue with two different

concepts, namely, the production of hyperpolarised liquids in a continuous

flow fashion and the storage of hyperpolarisation in slowly relaxing singlet

states. The continuous flow approach was demonstrated with Overhauser

DNP, being the only DNP method where hyperpolarisation takes place

in the liquid phase. Overhauser DNP provides only moderate enhancements

compared to solid-state DNP and, even more notably, compared to disso-

lution DNP but its fast polarisation build-up and applicability in liquids ren-

ders it the DNP method of choice for the continuous production of

hyperpolarised liquids. Also PHIP qualifies for the continuous generation
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of hyperpolarised molecules, as we have shown in a previous publication

[120]. Here, the continuous application of parahydrogen by the use of hol-

low fibre membranes is the key feature. In contrast to continuous DNP

experiments, for which the duration is virtually unlimited, in hydrogenative

PHIP experiments the amount of unsaturated precursor is the limiting factor

for the available time of continuous signal enhancement. However, the

extension of this concept to the SABREmethod would result in continuous

hyperpolarisation that can last many hours as no precursor is consumed.

The second approach for the extension of the hyperpolarisation lifetime;

that is, the usage of singlet states, was accomplished in our contribution for

PHIP experiments, which is especially intriguing as parahydrogen possesses

singlet symmetry already.We have demonstrated that the parahydrogen sin-

glet state can be preserved at nearly every magnetic field strength, if

parahydrogen is embedded in a symmetrical molecule. This approach

resulted in the surprisingly long lifetime of the hyperpolarised proton singlet

state of 4 min. In these experiments, the conversion of the NMR-silent sin-

glet state to an observable triplet state is a difficult task and was achieved by

exploiting the existence of level anti-crossings. We showed that the singlet

states can be assessed either by a field-cycling method or by using a dedicated

pulse sequence. Of course, the usage of singlet states for prolongation of the

hyperpolarisation lifetime is a general concept and was used also for mole-

cules polarised via DNP. In this case, an additional experimental step has to

be performed, that is, the conversion of the initial hyperpolarisation into a

singlet state.

The second issue that arises in hyperpolarised proton NMR and MRI is

the generation of contrast between a small amount of hyperpolarised mol-

ecules and a vast thermal background signal. This problem is especially

severe if in vivo applications are sought because of the large amount of pro-

tons being present in the body. In this contribution, we have shown that we

can use the special signal pattern that comes along with the hyperpolarisation

method (180� phase shift for Overhauser DNP and longitudinal two-spin

order giving rise to antiphase signals for PHIP). In our DNP experiments,

we have demonstrated that we can unambiguously distinguish hyp-

erpolarised from thermally polarised water even for small signal enhance-

ments if we calculate the phase map of the corresponding MR images.

For PHIP 1H MRI, we make use of the J-coupling-induced refocusing

of the antiphase signal that occurs for specific echo times. This imaging

method in combination with the very large signal enhancement associated

with PHIP gives rise to an outstanding contrast in 1H MRI.
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If we are able to use the standard NMR andMRI nucleus 1H forMRI of

hyperpolarised substances, we can greatly facilitate the technical demands

and costs that come along with MRI of hetero-nuclei like 13C and
15N. MRI of hetero-nuclei requires costly isotope labelling of the applied

substances, adaption of pulse sequences and special equipment like double

resonant coils and broadband amplifiers. In contrast, hyperpolarised 1H

MRI can be performed with conventional pulse sequences and hardware

andwithout the necessity of using isotope-enriched substances. Additionally,

at a givenmaximum gradient strength, 1HMRI provides a higher spatial res-

olution as 13C or 15N MRI because of the higher gyromagnetic ratio of 1H.

Another general problem of PHIP and DNP is that stable and mostly

toxic polarising agents have to be added to the sample, which is especially

problematic for biomedical applications. These comprise free radicals in

the case of DNP and transition metal catalysts for PHIP. Here, we described

two methods that facilitate a simple and reliable separation of radicals and

hyperpolarised molecules for DNP. Both methods rely on the covalent

bonding of the radical to a polymer matrix which is a thermoresponsive

hydrogel in the first case and sepharose beads in the second case. We dem-

onstrated that both methods produce radical-free hyperpolarised liquids

with unaltered T1 relaxation times which is especially important for our

implementation of continuous flow DNP. Currently, we are trying to

extend this concept for the immobilisation of PHIP catalysts. Here, the

sterical hindrance that arises from covalent bonding of the catalyst to a poly-

mer matrix might be a problem and results in a reduced PHIP efficiency.

However, we have shown in a former work that we are able to hyperpolarise

a biocompatible hyperbranched polymer which exhibited terminal alkyne

groups with a standard PHIP catalyst [121]. We reached a signal enhance-

ment for protons of more than 1000-fold in this also sterical hindered case

and thus do hope that we will be able to efficiently hyperpolarise a small

molecule with a covalently bound catalyst.

Both of the used hyperpolarisation methods have certain merits and dis-

advantages and the choice of the method depends always on the specific sci-

entific question or application. DNP and PHIP are able to polarise molecules

in the gas (PHIP), liquid (PHIP, DNP) and solid (DNP) phase. DNP has the

great advantage that it can virtually polarise every molecule, whereas the

application of PHIP is restricted to unsaturated compounds or molecules

that can bind to a transition metal catalyst (SABRE). However, PHIP

reaches higher polarisation levels than Overhauser DNP and is less techni-

cally demanding, but it requires chemical expertise. Finally, we have
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demonstrated in this contribution that both methods are well suited for the

generation of 1H hyperpolarised molecules.
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