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Abstract

The severe social and economic burden of stroke is a strong motivation for the exploration of

innovative medical approaches. In this context, magnetic resonance (MR) of hyperpolarized

(HP) molecular agents via dissolution dynamic nuclear polarization (dDNP) allows tracking

their metabolic fate in vivo. This may not only provide novel insights into the underlying

metabolic mechanisms, but also pave the way to a theranostic approach for stroke when

applied to neuroprotective agents.

This thesis focuses on the development of novel theranostic approaches to acute ischemic

stroke based on HP neuroprotective agents, specifically [1-13C] lactate and [1-13C] pyruvate,

in the preclinical setting. To achieve this goal, it entails two parallel aspects: exploring their

aptitude as molecular biomarkers for stroke, and reinforcing the exploitation of this potential

by optimizing technical and methodological aspects of HP MR experiments.

The dynamics of HP lactate and pyruvate metabolism were quantified via global MR spec-

troscopic measurements and kinetic modeling. Both substrates underscored their potential as

biomarkers for acute ischemic stroke, showing distinct biochemical transport and metabolism

in a mouse model of stroke compared to healthy animals. Although lactate is more challenging

to acquire as a result of lower polarization and metabolism than pyruvate, it is of greater

interest in theranostics with better demonstrated neuroprotective effects.

The effects of the nitroxyl radical TEMPOL, a dDNP polarizing agent and known neuro-

protective agent, on cerebral lactate metabolism were studied to understand the dissimilar

metabolic trends observed compared to previous studies. The simultaneous injection of

this radical with a bolus of lactate, prepolarized with the trityl radical OX063, resulted in a

higher pyruvate labeling. This emphasizes that free radicals used as polarizing agents in dDNP,

despite their low dose, are not biologically inert and must be carefully considered to avoid

experimental bias.

A successful HP MR experiment requires repeatable production of HP substrates. To this

end, the custom fluid path (CFP) and the corresponding cryogenic probe were implemented

on a dDNP polarizer to reduce user variability. This not only improved the consistency
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Abstract

of both the polarization and concentration, but also enhanced the overall cryogenic and

DNP performance, and facilitated the optimization of sample formulations via longitudinally

detected electron spin resonance (LOD-ESR) measurements.

A multi-sample dDNP probe was built to extend the application range of HP MR. Up to

three samples can be polarized simultaneously while being individually monitored, even with

distinct nuclei and radicals, and then sequentially dissolved. This increases the throughput

of dDNP several folds and could enable the investigation of HP multi-agent theranostic

approaches to gain a more comprehensive view and target multiple facets of stroke.

To characterize the dynamic regional metabolic patterns in stroke, a 13C cross-coil setup

was constructed to provide sensitive coverage of the entire mouse brain, and a model-based

dynamic multi-slice MR spectroscopic imaging sequence was implemented to achieve efficient

sampling. This allowed mapping the cerebral biodistribution and metabolism of HP [1-
13C] pyruvate with high spatiotemporal resolution, showing a distinct higher and faster lactate

labeling in infarcted tissue compared to healthy regions.

Keywords: Ischemic stroke, brain, reperfusion injury, cerebral metabolism, theranos-

tic agent, neuroprotection, hyperpolarization, dissolution dynamic nuclear polarization

(dDNP), magnetic resonance spectroscopic imaging (MRSI), electron spin resonance (ESR)
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Résumé

L’accident vasculaire cérébral (AVC), un lourd fardeau avec de fortes conséquences socioéco-

nomiques, représente une importante source de motivation pour l’exploration d’approches

médicales innovatrices. Dans ce contexte, les mesures de résonance magnétique (RM) d’agents

hyperpolarisés (HP) par la méthode de polarisation dynamique nucléaire avec dissolution

(PDN-d) offrent l’unique opportunité de suivre leur assimilation et métabolisme in vivo et

en temps réel. Ceci permet non seulement de placer une fenêtre sur les processus biochi-

miques sous-jacents à l’échelle moléculaire, mais également d’ouvrir la voie vers une approche

théranostique pour la prise en charge de l’AVC lorsqu’elle est appliquée à des agents neuro-

protecteurs.

Cette thèse porte sur le développement dans un contexte préclinique d’approches thé-

ranostiques novatrices pour l’AVC ischémique basées sur des agents HP neuroprotecteurs,

spécifiquement le [1-13C] lactate et le [1-13C] pyruvate. Afin de parvenir à cet objectif, elle

se concentre sur deux aspects parallèles : l’exploration de leur aptitude en tant que biomar-

queurs moléculaires de l’AVC, ainsi que le renforcement de l’exploitation de ce potentiel par

l’optimisation des aspects techniques et méthodologiques de l’expérience de RM HP.

Les dynamiques métaboliques respectives du lactate et pyruvate hyperpolarisés ont été

quantifiées à l’aide de mesures globales de spectroscopie par résonance magnétique (SRM) et

la modélisation mathématique de leurs transformations biochimiques. Les deux substrats ont

révélé leur potentiel en tant que biomarqueurs pour l’AVC ischémique, mettant en évidence

une assimilation et un métabolisme cérébral distinct dans des souris ayant subi un AVC. Bien

que le lactate HP soit plus difficile à mesurer de par sa polarisation inférieure et de la plus

faible conversion métabolique par rapport au pyruvate, il revêt d’un meilleur intérêt dans le

cadre d’une approche neuroprotectrice en raison de ses effets neuroprotecteurs plus marqués

et mieux étudiés.

L’effet du radical nitroxyle TEMPOL, un agent polarisant pour la PDN-d et également une

molécule neuroprotectrice, sur le métabolisme cérébral du lactate a été étudié afin d’élucider

les différences observées par rapport à de précédentes études dans le même modèle animal.
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Résumé

L’injection conjointe de ce radical avec le lactate, préalablement hyperpolarisé avec le radical

trityle OX063, a considérablement augmenté la production de pyruvate. Ceci souligne que les

radicaux utilisés en tant qu’agents polarisants en PDN, malgré leur faible dose, ne sont pas

biologiquement inertes et doivent être soigneusement pris en considération afin d’éviter de

biaiser les mesures.

Une expérience de RM HP nécessite des substrats polarisés de manière répétable. À cet

effet, un système de dissolution par circuit fluidique customisé ainsi que la sonde cryogé-

nique adaptée ont été implémentés sur un polariseur PDN-d afin de réduire la variabilité

relative à l’utilisateur. Ceci a non seulement amélioré l’uniformité de la polarisation et de la

concentration des substrats, mais également les performances PDN et cryogéniques du sys-

tème. De plus, l’optimisation de la formulation des échantillons de PDN a été facilitée grâce à

l’implémentation des mesures de résonance de spin électronique détectée longitudinalement.

Une sonde à échantillons multiples pour la PDN-d a été conçue afin d’étendre la portée

des applications de la RM HP. Jusqu’à trois échantillons peuvent être polarisés simultanément

tout en surveillant leur accroissement respectif, même avec des noyaux et radicaux différents,

puis dissous successivement. Ceci a permis de démultiplier la capacité de production, et

d’envisager des études exploitant de multiples agents théranostiques HP afin de diagnostiquer

et traiter des facettes complémentaires de l’AVC.

Dans le but de localiser les changements dynamiques régionaux induits par l’AVC, un

système de double antenne radiofréquence pour le carbone 13 a été mis au point afin de

sonder l’entier du cerveau de la souris de manière homogène et avec une grande sensibi-

lité. En parallèle, une séquence dynamique d’imagerie SRM multicoupe basée sur modèle

a été implémentée pour permettre un échantillonnage efficient. Ainsi, la distribution et le

métabolisme cérébral du pyruvate HP ont pu être cartographiés avec une grande résolution

spatiotemporelle, indiquant une production de lactate plus rapide et élevée au sein des tissus

nécrosés.

Mots-clés : Accident vasculaire cérébral ischémique, cerveau, lésion de reperfusion, méta-

bolisme cérébral, agent théranostique, neuroprotection, hyperpolarisation, polarisation

dynamique nucléaire avec dissolution (PDN-d), imagerie spectroscopique par résonance

magnétique, résonance de spin électronique (RSE)
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Scope of this thesis

Context and aims

Stroke is among the leading causes of death and disability, causing a growing public health

challenge given the current demographic evolution. Eight out of ten strokes are of the ischemic

subtype, for which the most efficient treatment in the acute phase is to restore blood perfusion

by mechanical or chemical removal of the obstruction. Paradoxically, although contributing to

salvage non-irreversibly damaged tissues, sudden reoxygenation can exacerbate the destruc-

tive processes triggered by stroke. Neuroprotective strategies aim to reduce these reperfusion

injuries. Although they have shown promising results at the preclinical level, none of them

has been successfully translated into clinics so far.

Magnetic resonance imaging and spectroscopy (MRI/S), being non-invasive, non-ionizing,

and offering a wide range of contrasts for soft tissues, are particularly useful approaches in

neuroimaging. The advent of hyperpolarization, for example via the dissolution dynamic

nuclear polarization (dDNP) method, enables one to enhance the signal of small molecules,

including theranostic agents, to follow their fate in vivo in real time. This can shed light

on the underlying metabolic processes involved in neuroprotection and provide invaluable

knowledge towards the development of new treatments for ischemic stroke. Furthermore,

the combination of diagnostic components in the therapeutic agent could offer a theranostic

approach for stroke, allowing early response monitoring to proactively tailor subsequent

treatment procedures to the specific medical condition of each patient.

This thesis focuses on the development of novel theranostic approaches for stroke based

on hyperpolarized magnetic resonance. The ultimate goal is to add a diagnostic component

to known neuroprotectants and demonstrate their efficacy as HP contrast agents in a mouse

model of transient cerebral ischemia. Towards this objective, it prospects the potential of
13C labeled lactate and pyruvate as neuroprotective molecular biosensors for stroke. In

parallel, it improves technical and methodological aspects of dDNP and MRI/S to advance

their capabilities for the characterization of impaired metabolic patterns after stroke.

1



Scope of this thesis

Outline

In Chapter 1, we describe the framework of this thesis, beginning with a brief introduction to

ischemic stroke, currently available treatments, and imaging modalities. We then discuss the

growing interest in better characterizing the stroke condition at the molecular level, as well as

the potential benefits of neuroprotective treatments. The main hyperpolarization techniques

are briefly reviewed, before focusing on the mechanisms and practical aspects of dissolution

DNP. Finally, we discuss how the dramatic signal enhancement provided by hyperpolarization

can be combined into a theranostic approach to provide key information for a personalized

treatment to improve recovery after stroke.

As a first step, in Chapters 2 and 3, we focus on characterizing the global metabolic

contrasts of HP 13C neuroprotective molecules in the ischemic mouse brain using a 7T/1K

dDNP polarizer and a 9.4T MRI scanner.

Chapter 2 compares the ability of the HP neuroprotective agents [1-13C] lactate and [1-
13C] pyruvate to provide global metabolic contrasts after transient ischemic stroke. The high

sensitivity of the measurement allowed quantifying the timecourse of all downstream metabo-

lites, including [13C] bicarbonate. We investigated whether the cerebral metabolic kinetics

determined using a mathematical modeling approach could provide additional information

compared to the model-free ratio analysis. Finally, we characterized the effect of the bolus

of the HP neuroprotective agent on the neurochemical profile of the ischemic core using 1H

MRS.

Chapter 3 examines how the dDNP methodology might interfere with the biological pro-

cesses under investigation, in order to relate the measurements realized in this thesis to

previous studies. The hyperpolarization process requires mixing the substrate with a polar-

izing agent, usually in the form of a stable free radical. In preclinical studies, the latter is

usually not filtered prior to the administration to the animal. This chapter assesses whether

the presence of the nitroxyl radical TEMPO, at the small dose used in dDNP, affects the cerebral

metabolic response to a bolus of HP [1-13C] lactate in a stroke mouse.

Chapters 4 through 6 are focused on improving the efficiency and versatility of investi-

gation tools to allow a deeper understanding of the metabolic processes. Since the afore-

mentioned dDNP/MRI setup was used extensively for routine experiments, we pursued our

technical developments on another setup with a 5T/1.15K polarizer and 14.1T MRI scanner.

Chapter 4 presents the design and characterization of a cryogenic probe for the implemen-

tation of the custom fluid path (CFP) dissolution system into a wet 5T/1.15K DNP polarizer.

The new hardware enabled better repeatability of the polarization and substrate concentration,

as well as better cryogenic and hyperpolarization performance and lower helium consump-
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tion. Finally, longitudinally detected electron spin resonance (LOD-ESR) was implemented to

measure the properties of the polarizing agents under DNP conditions. It was then used to

guide the optimization of the [1-13C] lactate DNP sample via gadolinium doping to optimize

the ESR properties and boost the polarization.

Chapter 5 presents the design of a multi-sample probe, which not only enables simultane-

ous hyperpolarization of up to three samples, but also allows their individual parallel NMR

detection. This can even be achieved with distinct nuclei and polarizing agents. The substan-

tially higher throughput enables more complex solid-state and liquid-state experiments. To

prove the concept, back-to-back dissolution, injection and dynamic MRS of HP [1-13C] lactate

then [1-13C] pyruvate are performed in a healthy mouse with a 15-minute time interval.

Chapter 6 begins with a brief summary of the constraints and technical considerations

required to implement HP MRSI. It then presents the implementation of model-based dynamic

HP MRSI on a 14.1T MRI scanner, and the development of a 1H/13C RF coil setup for the mouse

brain. The new setup, geared towards enhanced sensitivity and efficiency, was tested in vitro

and in vivo. In a proof-of-concept experiment, dynamic HP MRSI is performed in a stroke

mouse following the injection of HP [1-13C] pyruvate at a neuroprotective dose to map regional

metabolic differences induced by ischemia.

Finally, Chapter 7 summarizes the main findings of this thesis and offers perspectives for

future extensions and applications.
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1 Introduction

1.1 Stroke

The human brain is the most complicated organ and the command center of the human

body. Responsible for the coordination of all bodily functions, it consists of various specialized

cells. Neurons, about 85 billion in the human brain1, are the building block of the nervous

system and play a crucial role in processing and transmitting information throughout the

brain and body in the form of electrical and chemical signals. To ensure their protection,

structural and metabolic support, neurons are organized into multicellular complexes known

as the neurovascular unit2,3 (NVU), which is additionally made up of glial (oligodendrocytes,

astrocytes and microglia) and vascular (endothelial cells and pericytes) cells. It plays a crucial

role in cerebral homeostasis, detecting and responding to the needs of neuronal supply by

adjusting the cerebral blood flow and modulating the blood-brain barrier, and therefore

regulating the exchange of oxygen, nutrients and waste products between the brain and

circulatory system.

The brain is a highly metabolically active organ, using glucose as the primary energy source

as well as oxygen through the cellular respiration process for the generation of adenosine

triphosphate (ATP). Although it represents only 2% of body mass, the brain accounts for ap-

proximately 20% of body oxygen and glucose consumption 4. Since the brain lacks substantial

energy stores, it is entirely dependent on a constant supply of glucose and energy to function

properly. Powerful but fragile, the brain is a very delicate organ, sensitive to physical trauma,

and relies on its energy supply. The brain is unable to replenish dead neurons as neurogenesis

in the adult is very limited. Instead, it adapts to these losses by building and reassigning

connections between neurons through a process called plasticity. However, since this repair

mechanism is entirely dependent on the pool of surviving cells, it shows its limits after severe

brain injuries killing a substantial number of brain cells.
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Stroke, also known as brain attack, is one of the most severe conditions that could endanger

the brain. It is the second 5 cause of death and leading6 cause of disability in the adult world-

wide. In Switzerland, it affects about 20000 people annually, of which 2700 succumb7. This

severe medical condition results from an abrupt disruption of the blood supply to the brain

that quickly causes loss of neurological function. All of a sudden, the patient experiencing a

stroke may show many severe symptoms, including, for example, signs of confusion, dizziness,

numbness, muscular weakness, trouble understanding, seeing, speaking, or walking. Broadly

speaking, strokes can be categorized into two types: hemorrhagic and ischemic, accounting

for about 15% and 85% of cases, respectively.

Hemorrhagic stroke is caused by the rupture of a weakened blood vessel. As a result,

the uncontrolled blood accumulation quickly provokes damage by irritating brain tissues,

inducing swelling, and building pressure. Hemorrhagic strokes can be subdivided into two

categories: intracerebral hemorrhage whether bleeding occurs within the brain, and subarach-

noid hemorrhage if bleeding is in the space surrounding the brain.

Ischemic stroke, on which this thesis focuses, occurs when the blood supply to the brain,

or part of it, is obstructed, in most cases by a blood clot. The latter may develop in the arteries

directly supplying blood to the brain (thrombotic stroke). Alternatively, the clot can develop

elsewhere in the body, often the heart, then be carried by the blood stream to block a brain

artery (embolic stroke).

Based on the specific occluded vessel, ischemic stroke can be broadly classified8 into

large vessel occlusion (LVO) strokes, defined as the occlusion of the proximal arteries of the

brain and representing 24-46% of acute ischemic strokes 9 depending on which segments are

included in the definition, as well as small vessel occlusion (SVO) strokes.

In some cases, the blockage of blood flow may dislodge itself, with symptoms lasting only

a few minutes. This is known as a transient ischemic attack. Although tissues are quickly

reperfused and suffer only minimal damage, such events should not be neglected, as they

could be a warning sign for more severe accidents.

The size of the SVO stroke lesion is typically less than 1.5 cm in diameter. LVO strokes result

from the occlusion of large primary vessels, therefore cause larger infarct volumes, typically in

the range10 of 70-300 mL, as well as more severe neurological deficits and a worse outcome

compared to SVO strokes 11,12. As a result of the more important collateral irrigation, the time

frame allowed for an effective treatment is typically longer in LVO compared to SVO strokes.

Regardless of the mechanism of ischemic stroke, reduced cerebral blood flow results

in neurological function impairment13. At the cellular level, the insufficient oxygen and

glucose supply prevent neurons from producing ATP through normal aerobic metabolism.
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As a compensatory action, ATP is synthesized instead via anaerobic metabolism, a far more

inefficient process that produces lactic acid, which will accumulate especially in the presence

of hypoperfusion and induce further damage via tissue acidosis. The lack of ATP causes the

dysfunction of ion pumps, which are specialized proteins responsible for maintaining the

proper ionic gradient across cellular membranes. In particular, dysfunction of the Na+-K+-

ATPase pump leads to the accumulation of sodium ions within the cells. As a result, this

osmotic gradient causes an influx of water, creating cellular swelling and cytotoxic edema 14.

Similarly, the Ca2+-ATPase pump fails, leading to increased calcium levels. This is exacerbated

by the still functioning Na+/Ca2+ exchanger, producing a large influx of calcium into cells.

Overall, the high calcium levels cause excitatory neurotransmitters, such as glutamate to

be released. This excites other neurons and leads to a vicious cycle of neuron excitement

called excitotoxicity. High calcium concentration also activates degradative enzymes, which

will break down the neuron cell membrane, and provoke the generation of free radicals and

reactive oxygen species, resulting in oxidative stress. Finally, disruption of the normal cellular

environment leads to mitochondrial failure, releasing apoptotic factors that lead to cell death.

The ischemic stroke injury presents a pattern with two main regions: the ischemic core, the

area that has suffered irreversible damage, and the ischemic penumbra, which is characterized

by reduced blood flow with loss of function but preserved tissue viability (Figure 1.1). Initially,

the ischemic core is composed of the tissues closest to the occluded artery. With a blood flow

below 20% of baseline normal, the cascade of cellular events ultimately results in irreversible

damage and neuronal death within minutes of stroke onset 15. On the other hand, the ischemic

penumbra 16,17 benefits from collateral perfusion from neighboring unobstructed arteries and

is capable of maintaining a certain degree of metabolic activity to slow the cascade of cellular

damaging events. The ischemic penumbra represents the portion of brain tissues at risk of

death but it could be potentially salvaged by blood flow restoration and therefore represents

the therapeutic target in ischemic stroke management.

1.1.1 Ischemic stroke management

During ischemic stroke, it is estimated that about 120 million neurons die every hour, the

equivalent of 3.6 years of normal aging 19. To preserve brain function, the key to ischemic stroke

management is early intervention. Among the most important steps of stroke management

upon arrival of the patient in a medical facility, a brain scan with computed tomography (CT)

or magnetic resonance imaging (MRI) is performed to rule out other brain abnormalities,

such as a tumor, confirm the presence of a stroke, and determine whether it is hemorrhagic or

ischemic.
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Blood clot

Ischemic core

Ischemic penumbra

Cerebral artery

Figure 1.1: Schematic illustration of the regional pattern of an acute ischemic stroke lesion:
the infarct core (dark gray), close to the obstructed artery, is surrounded by penumbral tissues
(light gray). Neurons in the ischemic core are considered beyond repair. However, neurons in
the penumbra may still be rescued and are the potential target of a therapeutic intervention. 18

In non-contrast CT images, occluding clots appear as hyperdense areas20,21 soon after

stroke onset due to the high density of red blood cells causing a large attenuation. Non-

contrast CT is very sensitive for acute intracranial hemorrhage, but not for ischemic stroke 22.

Intravenous contrast dyes can be injected into the blood stream to enable CT angiography to

map the vasculature, in particular the occluded or narrowed arteries. MRI enables as well to

diagnose acute ischemic stroke infarction. Within minutes of stroke onset, cytotoxic edema,

caused by the accumulation of intracellular water, restricts water diffusion at a microscopic

level compared to normal tissues. This phenomenon translates into reduced apparent diffu-

sion coefficients (ADC) and a higher signal in diffusion weighted imaging (DWI) 23. Nowadays,

DWI is the gold standard for infarct core identification 24. While MRI delivers better sensitivity

and specificity to ischemic stroke, CT offers several advantages in the emergency setting, such

as shorter scan times, as well as fewer counter-indications compared to MRI.

In the acute phase of ischemic stroke, once the diagnostic is confirmed, therapy entails

restoring blood flow to brain tissues using either or both of the currently approved recanaliza-

tion strategies:

• Thrombolysis is a minimally invasive procedure to break up blood clots using a recom-

binant tissue plasminogen activator (rtPA). It can be injected intravenously to travel
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to and dissolve the clot. Thrombolysis is typically efficient up to 4.5 h following stroke

onset25.

• Thrombectomy, which is typically efficient up to 7.3 h after ischemic onset26, is an

image-guided surgical procedure to physically remove the blood clot. A catheter is

passed through an artery to reach the brain, and the clot is then sucked or trapped via a

specific meshed device and removed from the body.

While SVOs are efficiently treated with thrombolysis, the larger clots in LVOs cannot be

fully dissolved with thrombolysis and requires to be removed with thrombectomy.

Acute stroke treatment is very time sensitive, as the efficiency of both recanalization

therapies rapidly decreases with infarction progression27. Upon suspicion of stroke, the

challenge starts with the need for an accurate triage by paramedics such that the patient

can be brought to the right place to receive the right treatment. Indeed, not all treatments

are available everywhere. For example, in Switzerland, stroke emergency care is provided

primarily in 10 stroke centers and 14 smaller stroke units 28. Both can provide the necessary

imaging capabilities, as well as thrombolysis, but thrombectomy intervention can only be

performed in stroke centers.

Nonetheless, the time from stroke onset is not a strict criterion: recent clinical trials

have shown that the administration of recanalization therapy based on tissue viability can

improve patient outcome in an extended time window 29. Patients having a stroke lesion with

a substantial mismatch between the volume of the ischemic core and the penumbral region,

that is, with a large salvageable penumbral region compared to the small ischemic core, may

still benefit from thrombolysis up to 9 h after stroke onset 30 and thrombectomy up to 24 h post

stroke onset31. In the first case, the penumbral volume was identified using perfusion MRI

or CT perfusion imaging, while the ischemic core was identified with diffusion-weighted32

MRI or defined as areas with cerebral blood flow below 30% of the baseline on CT perfusion

imaging. In the second case, the mismatch was established on the basis of a disproportionately

severe clinical deficit as a surrogate to estimate the penumbral region compared to the volume

of stroke. An example of diffusion-perfusion stroke lesion mismatch is illustrated in Figure 1.2.

The administration of recanalization therapy based on a favorable perfusion imaging profile

also enables the treatment of selected patients with an unknown time of ischemia.
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DWI T2W PWI MRA

Figure 1.2: Example of diffusion-perfusion mismatch assessed using MRI in the acute phase
of ischemic stroke. A small infarct core is observed in DWI (hypersignal region), while T2W
contrast may detect early signs of edema. A large perfusion deficit is depicted with perfusion
weighted imaging (PWI). The regions with an abnormally long mean transit time are colored
in red. MR angiography (MRA) reports the occlusion of a large vessel (white arrow). The
difference between the abnormalities observed via PWI and DWI represents the penumbral
ischemic tissues which may be saved by stroke therapy. Figure adapted from Raper 33 .

1.1.2 Reperfusion injuries and neuroprotection

As described in Section 1.1, ischemic brain tissues undergo a series of damaging physiological

and biochemical mechanisms as a result of the lack of oxygen and nutrients. While tissues in

the ischemic core die within minutes of necrosis, penumbral tissues still benefit from collateral

perfusion to maintain sufficient metabolism and survive for a short period of time.

Although ischemic stroke therapy aims to restore blood flow to mitigate hypoxia and sal-

vage penumbral tissues, paradoxically, the sudden blood influx leads to additional injuries that

exacerbate tissue damage 34. The biochemical mechanisms of reperfusion injuries are complex

and interconnected. A large proportion of reperfusion injuries start with excessive oxidative

stress and ionic imbalance, which progresses into cellular damages and inflammation. Follow-

ing reperfusion, the resupply of oxygen and energy can cause overreaction of enzymes and

pumps previously inhibited by the ischemic condition. The reintroduction of oxygen induces

the resumption of aerobic mitochondrial respiration, therefore increasing the production

of reactive oxygen species (ROS), which momentarily overwhelms the antioxidant abilities

of the tissue and causing oxidative stress. As described above, during ischemia, the lack of

ATP production impairs pumps function, leading to disruption of cellular ion homeostasis,

specifically increased sodium and calcium concentrations. Upon reperfusion, the reactivation

of sodium/calcium ion pumps exacerbate the calcium overload and causes further cellular

damage. Reperfusion injuries, particularly oxidative stress and inflammation, directly damage

endothelial cells, which are lining the blood vessels. This increases35 the permeability of the
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blood-brain barrier (BBB), allowing the infiltration of molecules and fluids into the brain, and

increasing the risk of a hemorrhagic transformation of the stroke injury 36.

Neuroprotection, in the context of ischemic stroke, refers to strategies used to promote the

recovery of reversibly damaged cerebral tissues and minimize the extent of cerebral damage

after stroke37,38, potentially prolonging the indication period of recanalization therapies39,

and improving the long-term neurological outcome. Applied on top of recanalization ther-

apies, they mainly aim at mitigating secondary injuries after the initial ischemic event, by

treating or inhibiting one or more toxic cellular mechanisms of the ischemic cascade.

A large fraction of neuroprotective approaches aim to reduce excitoxicity, one of the main 15

mechanisms of neuronal injury following stroke, by using N-methyl-D-aspartate (NMDA)

receptor antagonists 40,41. Two examples in the context of MR-detectable agents are the noble

gases xenon42,43 and helium 44,45.

Another approach is the use of antioxidative agents to neutralize reactive oxygen species

released in large quantities after ischemia-reperfusion and reduce oxidative stress-induced

injuries. Two examples of free radical scavengers are NXY-059 46,47 and Edaravone 48,49.

One of the main and immediate consequences of ischemic stroke is metabolic failure due

to the sudden interruption of glucose and oxygen supply. In this work, we focus on metabolic

approaches that could mitigate mitochondrial dysfunction by supplying additional energy

substrates to restore ATP synthesis for rebuilding the depleted energy stores following the

stroke.

Although glucose is the primary brain energy substrate and is critical for maintaining

healthy cerebral function, elevated levels of glucose in ischemia are associated with a worse

outcome50,51. Therefore, the administration of glucose as a supplemental energy substrate

does not provide neuroprotection. Indeed, glycolysis produces ROS as byproducts, further

increasing oxidative stress, and elevated glucose levels raise glutamate release causing exci-

totoxicity52. Finally, a higher glucose availability in the context of limited oxygen provides

material for anaerobic metabolism, leading to lactic acidosis and increasing the inflammatory

response after stroke. On the other hand, reducing the body’s blood sugar levels, usually by

administering insulin, has been found to improve stroke outcome 53,54.

Apart from glucose, alternative energy substrates, such as lactate, pyruvate, glutamate, or

acetate, can be metabolized to produce energy in the brain55. Pyruvate is a key metabolic

intermediate: at the end of glycolysis, it is located at an important metabolic crossroad

with different possible fates. It can be reduced to lactate via lactate dehydrogenase (LDH),

transaminated to alanine by alanine transferase (ALT), or more importantly, transported into

mitochondria to be oxidized into acetyl-CoA via pyruvate dehydrogenase (PDH), then enter
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into the Krebs cycle (tricarboxylic acid (TCA) cycle). Several studies have established the

neuroprotective effect of pyruvate at a preclinical level, reducing the final infarct volume and

functional deficit 56–59. In addition to supporting mitochondrial metabolism and contributing

to reducing energy deficiency57, pyruvate reduces glutamate excitotoxicity, oxidative stress,

and neuroinflammation, additionally contributing to neuroprotection60.

Another metabolic probe investigated for its neuroprotective effects after stroke is lactate.

Interestingly, although it is usually viewed as a waste product of glycolysis and is produced

in large quantities during ischemia as a result of anaerobic metabolism, the administration

of lactate has been found to provide neuroprotection in preclinical models of stroke61–66,

improving functional outcome and reducing infarct size (Figure 1.3). Lactate is suggested to

contribute to neuroprotection through several aspects: In addition to being metabolized via

pyruvate to enter the TCA cycle 67,68, lactate can act as a signaling molecule via the hydroxy-

carboxylic acid receptor 1 (HCAR1) 61,69. However, recent in vivo studies reported that lactate

neuroprotection in hypoxia-ischemia is independent of HCAR1 activation and is rather related

to different signaling pathways or metabolic effects 65,70.

Control

Lactate 1 h

Lactate 3 h

Figure 1.3: Illustration of lactate neuroprotection in a mouse model of permanent focal
ischemia. Mice were treated with a therapeutic dose of lactate at either 1 h or 3 h post stroke
onset. Brain slices were obtained 24 h post-stroke onset, and stained with triphenyl tetrazolium
chloride (TTC), a redox indicator to differentiate between metabolically inactive and active
tissues. Colored and discolored areas indicate healthy and damaged tissue, respectively. The
administration of a therapeutic dose of lactate at 1 h post stroke onset decreased both the
direct and indirect lesion volume compared to control animals. In addition, this study found
that mice treated with lactate at 1 h had fewer neurological deficits. Figure adapted from
Buscemi et al. 64 .

Although the mechanisms and the proportion at which they contribute to the overall

lactate neuroprotection are not yet clearly identified, the results of preclinical studies together

with research performed in the context of traumatic brain injury (TBI) 71–73 were sufficiently
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promising to proceed with a clinical trial of lactate neuroprotection in acute stroke, which is

currently in phase 2 at the time of writing74.

Unfortunately, despite the large interest in finding neuroprotective treatments for stroke

and the identification of several promising treatments in preclinical research, none of them

has yet been successfully translated into the clinical setup37,75,76. In particular, some of

the challenging aspects that preclinical studies fail to take into account are the preexisting

comorbidities known to worsen the stroke outcome77 present in a large majority78 of hu-

man patients, as well as the discrepancy of therapeutic window 79 and drug dose80 between

preclinical studies and clinical studies.

A better understanding, in both preclinical and clinical settings, of the mechanisms inter-

vening after stroke at the molecular level, particularly the fate of neuroprotective treatments

and their interplay to the ischemic injury, could identify key information for the development

of efficient neuroprotective strategies37. In the next section, we describe how magnetic reso-

nance measurements could provide better insights into the molecular processes in ischemic

stroke.

1.2 MRI/S in the context of stroke

Magnetic resonance imaging (MRI) is an imaging modality based on the principles of nuclear

magnetic resonance (NMR), using a strong magnetic field, radiofrequency pulses, and spatial

magnetic field gradients to manipulate and detect MR-active nuclei. Two key advantages

of MRI are its ability to produce a wide range of contrasts without the need for exogenous

contrast agents nor using ionizing radiation. Therefore, it makes it safer for patients compared

to CT, which is particularly important for the examination of more vulnerable segments of

the population, such as elderly patients or pregnant women, minimizing the risk of potential

long-term effects from radiation exposure. This also makes it easier to follow up the disease

longitudinal progression. Thanks to these advantages, MRI is nowadays a key modality in

biomedical imaging, covering a wide range of applications, with a continuous increasing

usage: in Switzerland, the number of clinical MRI examinations almost doubled between 2014

and 2019, increasing from 0.54 to 1.06 million 81,82. In comparison, in the same period of time,

the number of CT screenings evolved from 0.80 to 1.18 million 81,82.

In the context of biomedical imaging, MRI is mostly used to detect protons from hydrogen

nuclei, which are found in large abundance in biological soft tissues, primary in the form of

water and fat. The relaxation properties of the observed nuclei, namely the longitudinal relax-

ation time T1 and spin-lattice relaxation time T2, are greatly influenced by the local molecular

environment, which is specific to each tissue and enables their differentiation. MRI is known
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to offer high-resolution and superior soft-tissue contrast than other techniques, enabling clear

differentiation of their structure. This is particularly useful for brain examinations to provide

a comprehensive view and to better evaluate cerebral diseases. Furthermore, by adjusting

the acquisition parameters, various types of contrast can be achieved to highlight different

aspects of tissue properties.

MRI’s capabilities extend beyond morphological assessments. For instance, valuable

insights into tissue microstructure can be obtained using diffusion-weighted imaging (DWI)

to measure the random displacement of water molecules in tissues. This technique proves

particularly beneficial in stroke, as it allows for the evaluation of microstructural integrity in

affected tissues. Specifically, in acute ischemic stroke, it provides a clinical imaging marker

of the infarction core by highlighting tissues with restricted water diffusion resulting from

cytotoxic edema83.

Perfusion weighted imaging (PWI) denotes a variety of MR techniques to measure hemody-

namic parameters. In ischemic stroke, PWI enables the assessment of regions with impaired

blood perfusion, typically both the ischemic core and the penumbra, therefore complement-

ing DWI. Magnetic resonance angiography (MRA), a subclass of PWI, enables visualization

of blood vessels, as well as identification of vascular narrowing or occlusions to assist with

reperfusion therapy preparation.

In standard MRI stroke protocols, DWI and PWI are typically combined to assess the extent

of the lesion, in particular to delimit the extent of the ischemic penumbra, which is the tissue

volume that could potentially be salvaged by a timely reperfusion. While the blood perfusion

deficit, the initial step of ischemic stroke, can be assessed via PWI maps, DWI visualizes the

effects of cytotoxic edema, which is among the last steps of the ischemic cascade. As a result,

these standard MR imaging protocols are only able to probe either the early or late stage of

ischemia. Nonetheless, they do not depict the intermediate biochemical and physiological

processes. Being able to establish this progression towards infarction could shed light on the

viability of penumbral tissues and provide key information to help balance the risk benefit to

provide the most adequate treatment to the patient.

Chemical exchange saturation transfer (CEST)84 is an MR molecular imaging contrast

providing information on tissue biochemistry. This method relies on the proton exchange

between water and its solutes (such as metabolites, proteins, ...), both of which resonate

at a different Larmor frequencies. The selective RF saturation at the resonant frequency of

protons bound to the solute of interest leads to the saturation of the local water proton pool

via chemical exchange. With a sufficiently long saturation time compared to the exchange

rate, this leads to a measurable and frequency-dependent change of the water signal, thus

enabling indirect imaging of the low-concentration solute. In the context of stroke, CEST can
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for instance detect tissue acidosis via the pH-dependent rate of amide proton transfer (APT) 85

to provide additional information to PWI and DWI in assessing cerebral tissue viability 86.

MRI is not limited to the measurement of water molecules and their interaction with

the surrounding tissues. After removing the overwhelming signal from water protons, MR

spectroscopy (MRS) enables the investigation of tissue biochemistry by instead measuring

the signal of protons attached to the various biomolecules present in the body. The chemical

structure of each molecule yields a specific set of resonant frequencies, enabling their differ-

entiation and quantification using MRS. Dysregulation of metabolic pathways is a common

occurrence in most diseases. Therefore, MRS could offer key information on diseases and the

response of the body to therapies prior to morphological changes.

In stroke, variations of the neurochemical profile, the collection of cerebral biomarkers

detected by 1H MRS, were first measured in 1988 by Berkelbach van der Sprenkel et al. 87 .

The main biochemical alterations detected by 1H MRS are elevated lactate, resulting from

anaerobic analysis, as well as decreased N-Acetylaspartic acid (NAA)88, which is a marker of

neuronal integrity. The evolution of these biomarkers could provide an indication about tissue

damage 89,90. Nowadays, following substantial improvements in the sensitivity and acquisition

schemes, 1H MRSI achieves a sufficiently high spatial resolution mapping of lactate and NAA

to resolve the lesions within a clinically acceptable time frame for sick patients 91,92 (Figure 1.4).

However, due to limited sensitivity and small 1H chemical shift dispersion, causing overlap

of the metabolite peaks, only the most prominent metabolites can be reliably detected and

quantified. In contrast, preclinical studies, benefiting from better spectral separation and

sensitivity due to higher magnetic field strengths, are able to perform a better quantification

of the neurochemical profile and identification of additional biomarkers93,94.

As a result of the presence of endogenous background signal, it is difficult to directly assess

the fate of a therapeutic agent apart from the overall metabolic changes produced on the imag-

ing subject. Furthermore, the timescale of 1H MRS measurements, limited by their inherent

low sensitivity (Section 1.3), only provides steady-state metabolite concentrations. Access to

information about metabolic fluxes can be achieved by measuring thermally-polarized (i.e.

non-hyperpolarized) isotopically labeled molecules, in particular with 2H or 13C. Due to the

low natural abundance of some MR-active isotopes (0.016% for 2H and 1.1% for 13C), there

is no endogenous background signal. Therefore, the metabolism of the injected MR-active

agent can be directly assessed to deduce its metabolic kinetics. However, the main limitation

of such measurements is the low sensitivity achievable using low-gamma nuclei, requiring

long infusion and acquisition times. This is particularly difficult to perform in the context of

stroke and does not allow resolving the rapidly changing metabolic conditions in the acute

phase of ischemia.
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Figure 1.4: Example of 1H MRI (top row) and 1H MRSI (bottom row) performed in the acute
phase of stroke, at around 2.5 h post stroke onset. The red contours delimit the extent of the
ischemic core, as observed in diffusion-weighted imaging. No signs of the lesion is visible
on the fluid attenuated inversion recovery (FLAIR) contrast image at this stage. The MRSI
images are registered to the structural images and normalized to the unsuppressed water
signal intensity. The spectroscopic images report a decrease of NAA and increase of lactate at
the lesion site. Figure adapted from Lin et al. 92

1.3 Spin polarization and sensitivity in MR

Matter is made of atoms, which are the smallest particles carrying the properties of elements.

Each atom consists of a cloud of one or more electrons, as well as a nucleus made of nucleons,

at least one proton and typically a similar number of neutrons. One of the fundamental

properties of an atomic nucleus, resulting from the coupling between nucleons, is its nuclear

spin I to which a nuclear spin quantum number I is attributed. Depending on the constituents

of the nucleus, I can be null, take an integer (bosons) or a half-integer (fermions) value. Nuclei

with an odd mass number have a half-integer spin, while those with an even mass and an odd

atomic number have an integer spin. For MR purposes, only nuclei having a net non-zero

nuclear spin are detectable.

The magnitude of the nuclear spin angular momentum relates to the spin quantum number

as follows:

|I | = ℏ
√

I (I +1) (1.1)

where ℏ is the reduced Planck constant. Due to the quantization of the angular momentum,

the projection of I along a given axis (typically z by NMR conventions) are restricted to a set of

2I +1 spin states to which an integer or half-integer nuclear spin magnetic quantum number
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mI is associated:

mI =−I ,−I +1, . . . , I −1, I (1.2)

The nuclear spin angular momentum gives rise to a nuclear magnetic moment:

µI = γI I (1.3)

where γI is the nuclear gyromagnetic ratio, which is a constant for each nuclear isotope

possessing a spin that can be measured experimentally. The nuclear magnetic moment and the

nuclear spin angular momentum, being proportionally related, obey the same quantization

rules: ∣∣µI

∣∣= γIℏ
√

I (I +1) (1.4)

µI ,z = γIℏmI (1.5)

When placed in an external magnetic field B0 = B0 ẑ , by convention chosen to be oriented along

the z axis, the spin magnetic moment interacts with the magnetic field, with an interaction

energy given by the Zeeman Hamiltonian:

HZ I =−µI ·B 0 =−γIℏIz B0 (1.6)

Since the projection of the angular momentum along the static field direction can only have

discrete values mI , the energy states that the spins can occupy are discrete:

EmI =−γIℏmI B0 (1.7)

Nuclei with a 1
2 spin such as 1H or 13C on which we will focus in this thesis, can therefore

take two discrete states mI = +1
2 (parallel to B0, |↑〉) and mI = −1

2 (antiparallel to B0, |↓〉)
corresponding to the following energy levels:

E+ 1
2
=−1

2
γIℏB0 (1.8)

E− 1
2
= 1

2
γIℏB0 (1.9)

The energy gap between both nuclear spin states is ∆E = γIℏB0 = ℏωI , where ωI is the reso-

nance frequency of the nucleus and is known as the Larmor frequency.

Let us consider an ensemble of N spins in equilibrium within the external field B0 and

at a temperature T . Let N↑ and N↓ denote the number of nuclei in the |↑〉 and |↓〉 states,

respectively, and N = N↑+N↓.

17



Chapter 1. Introduction

The population of spins across the energy levels follows a Boltzmann distribution:

N↑ = N
exp

(
−

E+ 1
2

kB T

)
exp

(
−

E+ 1
2

kB T

)
+exp

(
−

E− 1
2

kB T

) (1.10)

N↓ = N
exp

(
−

E− 1
2

kB T

)
exp

(
−

E+ 1
2

kB T

)
+exp

(
−

E− 1
2

kB T

) (1.11)

where kB is the Boltzmann constant. The spin-up state |↑〉 being at a lower energy, its proba-

bility of occupation is higher. The nuclear polarization P is defined as the proportion of the

spin population with a spin aligned along B0:

P = N↑−N↓
N↑+N↓

= tanh

(
γIℏB0

2kB T

)
= tanh

( ℏωI

2kB T

)
(1.12)

In a classical approach, the sum of the magnetic moment of the N nuclear spins yields

a macroscopic magnetization M . In NMR/MRI experiments, it is manipulated using RF

electromagnetic fields that generate an oscillating magnetization component in the transverse

plane (x y), which will induce an electromotive force in the detection RF coil.

By combining equations 1.5 and 1.12, at thermal equilibrium, the magnetization is aligned

along the z axis and reads:

M0 = NµI ,z P ẑ = N
γIℏ

2
tanh

(
γIℏB0

2kB T

)
ẑ (1.13)

The MR signal, excluding the contribution of the acquisition sequence and hardware, depends

on the number of spins and the polarization. In typical conditions for NMR and MRI we

have kB T ≪ γIℏB0. Therefore, the population difference between |↑〉 and |↓〉 is very small.

To provide an example, at 310 K and 7 T, the static field strength of the highest MRI scanner

currently approved for clinical use, the polarization of 1H is only 23 ppm, and 5.8 ppm for 13C

due to the 4-fold smaller gyromagnetic ratio. As a consequence, MRI and NMR are inherently

insensitive techniques.

In MRI, which mainly measures water protons, the low polarization is compensated by

the body’s high water content (approx. 55 M), resulting in a large number of spins. On the

other hand, MRS is more difficult, as it focuses on measuring low-concentration metabolites

at millimolar levels. Additionally, the measurement of nuclei other than 1H (X-nuclei) is more

difficult due to the lower gyromagnetic ratio, which results in a weaker magnetic moment and

smaller thermal polarization. Moreover, a lower natural abundance of MR-active isotopes

18



1.4 Nuclear spin hyperpolarization

characterizes certain X-nuclei. For example, 13C only has a natural abundance of 1.1%, and

may require isotopic labeling to yield measurable MR signals.

A higher MR signal can be achieved through a larger thermal polarization by increasing the

magnetic field strength. Currently, the highest field strength is 11.7 T for research-only human

MRI95, 21.1 T for preclinical small-rodent MRI96,97, 28.2 T for persistent NMR magnets98.

Although this leads to a higher sensitivity, as well as better spectral separation for spectroscopy,

MR at higher field strengths is not only exponentially expensive, but also comes with several

disadvantages such as exacerbated static field inhomogeneity, inhomogeneous RF excitation

and reception, increased RF power deposition, as well as undesirable physiological effects on

living subjects 99.

Electron spins can be described in a similar way as nuclear spins, using the superscript

S instead of I by convention. Electrons are spin 1
2 particles with a negative gyromagnetic

ratio, therefore their magnetic moment and angular momentum are oriented in opposite

directions. As a result, the states mS = −1
2 and +1

2 correspond to the low and high energy

states, respectively. One of the particularities of electron spins is their large gyromagnetic ratio

compared to nuclear spins, for example
∣∣γe /γ1H

∣∣= 658 and
∣∣γe /γ13C

∣∣= 2620, which confers

them a substantially larger polarization at a given temperature and magnetic field strength.

1.4 Nuclear spin hyperpolarization

Hyperpolarization refers to processes that significantly increase the alignment of nuclear spins

by creating a non-equilibrium polarization state beyond the Boltzmann thermal distribution.

This enables a substantial improvement of the NMR/MRI sensitivity allowing the detection of

smaller material amounts, faster image acquisition, or the observation of phenomena that

would otherwise be invisible. While the large spin order requires a highly specialized apparatus

for its production, it can, under specific conditions, be transported to enable off-site MR signal

enhancement. In this section, we provide a brief overview of the different methods that can be

used to hyperpolarize substrates relevant for biological MR applications.

1.4.1 Brute-force method

The brute-force method100 consists in subjecting the sample to a very low temperature and

intense magnetic field. By reducing the thermal agitation and increasing the Zeeman energy

gap, a larger population difference between spin states is achieved, as determined via the

Boltzmann distribution (Equation 1.12). Hirsch et al. 101 demonstrated that after being polar-

ized, the sample can be ejected from the polarizer, passing through a low-field region (down

to ≈ 20 mT), and dissolved at a high magnetic field (2 T) to yield a liquid-state hyperpolarized
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solution, with an estimated polarization loss of 20% compared to the theoretical maximum.

The brute-force approach benefits from a high versatility, as it can be applied to any type

of substrate and does not require any specific sample formulation. By avoiding the need

for polarizing agents or chemical reactions, the brute-force approach reduces the potential

sources of contamination. Furthermore, this method allows extracting the solid sample for

transportation of hyperpolarization in cryogenic conditions: at 30 K and 2 T, the 13C T1 is

about 5 h, and exceeds 20 h at liquid helium temperature102. The main limitation of this

method is the slow polarization buildup resulting from a long longitudinal relaxation time,

which may be in the range of tens of hours or days in such low-T and high-B conditions.

As an example, Hirsch et al. 101 achieved 13C liquid-state of up to 0.13% for [1-13C] pyruvic

acid following several tens of hours of polarization at 14 T and 2.3 K, and attempts at lower

temperatures did not result in higher polarizations in the liquid state. Nonetheless, higher and

faster polarization levels could be attained by polarizing at lower temperatures (10-100 mK)

with the help of aluminum or copper nanoparticles to increase the nuclear relaxation rate 103.

1.4.2 Spin-exchange optical pumping (SEOP)

Spin-exchange optical pumping104 is the gold standard for the hyperpolarization of noble

gases such as 3He, 83Kr and 129Xe. The process is performed within an optical cell placed

in a static magnetic field (mT range) filled with the noble gas, an alkali metal vapor (usually

rubidium or cesium), as well as a buffer inert gas (nitrogen or helium) to improve the process

efficiency.

The first step consists in the optical pumping of alkali metal valence electrons. A high-

power circularly polarized laser light, whose wavelength matches the lowest energy transition

of the alkali metal (for rubidium, the D1 resonance at 794.7 nm), is shined at the optical cell in

the same direction as the magnetic field. Due to the angular momentum conservation, the

circularly polarized light selectively moves the population from one mS spin state to the other,

leading to an electronic spin hyperpolarization. The buffer gas suppresses the fluorescence of

alkali metal atoms to avoid photon emission with opposite polarization. In the second step,

the alkali metal valence electrons and noble gas nuclei exchange their spins, specifically their

angular momentum through Fermi-contact hyperfine interactions. This exchange occurs

during binary gas-phase collisions between the two species, or three-body collisions through

the intermediary of the buffer gas that leads to the momentary formation of a Van der Waals

alkali metal-noble gas molecule. Binary collisions dominate at low gas pressure, while high

pressure favor the occurrence of tertiary collisions 105.

The SEOP process is typically operated in either of two primary modes: continuous flow in

which the gas mixture flows through the optical cell while being hyperpolarized and stopped
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1.4 Nuclear spin hyperpolarization

flow in which the gas mixture is sealed within the optical cell and only extracted once a

sufficient polarization level is achieved. The choice of the mode depends on the specific

requirements of the application: while the former enables the delivery of a continuous supply

of hyperpolarized noble gas, the latter allows longer exposure of the gas to enable higher

polarization levels, but at the cost of a lower throughput. As examples, Nikolaou et al. 106

achieved the production of 0.5 L at standard temperature and pressure (STP) 129Xe polarized at

(74 ± 7)% within 80 min in stopped flow mode, while Norquay et al. 107 reported the continuous

production of 129Xe polarized at 30% at a flow rate of 1.8 Lh−1 at STP.

In the context of biomedical imaging, the high-throughput production of polarized noble

gases allows probing lung ventilation, microstructure, and gas exchange, with each clinical

scan protocol typically requiring a dose of 1 to 3.5 L per human patient108,109. The use of

HP xenon as a tool for visualizing pulmonary ventilation has recently received approval for

clinical use from the Food and Drug Administration (FDA) in 2022 110. In addition, xenon can

also dissolve into the blood stream and be used as a molecular imaging biosensor 111,112.

1.4.3 Parahydrogen-induced polarization (PHIP)

Parahydrogen-induced polarization uses the parahydrogen nuclear singlet state as a source

of hyperpolarization. Hydrogen molecules (H2) exist in two nuclear spin isomer forms: or-

thohydrogen (o-H2) and parahydrogen (p-H2), corresponding to a parallel and antiparallel

alignment of the proton nuclear spins, respectively. p-H2 is the lowest energy spin isomer,

which accounts for a 25% fraction of the total H2 population at room temperature. Cooling

the gas increases this proportion to 50% at 77 K, and near-unity 113 around 22 K, right above

the hydrogen boiling point at atmospheric pressure. To speed up the interconversion from

o-H2 to p-H2, a catalyst, for example activated charcoal or iron oxide, is typically used. After

reaching an equilibrium parahydrogen fraction at low temperature, the hydrogen gas can be

separated from the catalyst and warmed up. In the absence of paramagnetic impurities114,

and in an appropriate storage container115, the interconversion rate is extremely slow be-

tween hydrogen spin isomers, such that the non-equilibrium parahydrogen enrichment can

be conserved for months at ambient temperature 116.

Once a supply of parahydrogen is available, it remains to transfer this high spin order to

the molecule of interest.

One way to prepare a hyperpolarized substrate via PHIP is by adding parahydrogen to an

unsaturated molecular precursor, under either high (>1 T) or low (1-10 mT) magnetic field

conditions via the PASADENA 117 (parahydrogen and synthesis allow dramatically enhanced

nuclear alignment) or ALTADENA118 (adiabatic longitudinal transport after dissociation en-

genders net alignment) protocols, respectively. The pairwise addition of parahydrogen at
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non-equivalent chemical sites of the target molecule breaks their symmetry and yields a large

measurable proton hyperpolarization. The large polarization is not limited to protons and can

be transferred to adjacent X-nuclei, typically 119,120 13C or 15N, which is especially beneficial to

biomedical applications, as it provides a slower spin-lattice relaxation, a broader chemical shift

dispersion, and avoids the large 1H background signal. This transfer occurs spontaneously at

low magnetic field via J-couplings, or using a spin transfer RF pulse sequence at high magnetic

field.

Alternatively, PHIP can be performed in a non-hydrogenative process via the SABRE121

(signal amplification by reversible exchange) method. Using a polarization transfer catalyst,

typically a hexacoordinate iridium complex122, the p-H2 and target molecules are momen-

tarily and reversibly bonded together, creating a transient J-coupling network enabling the

polarization transfer from p-H2 to the target substrate. Compared to hydrogenative PHIP, the

hyperpolarized substrate is chemically identical throughout the process, and can repeatably

undergo multiple hyperpolarization steps to build up the polarization.

The polarization level achieved with PHIP-based methods greatly depends on the opti-

mization of the polarization transfer protocol to the specific structure of the target molecule.

For 13C substrates, polarization levels in the range of 10-50% can be achieved 123–127, allowing

biomedical applications. Unlike other nuclear spin hyperpolarization methods, which slowly

build up the polarization, PHIP presents the advantage of achieving the preparation of hy-

perpolarized substrates within seconds. Nevertheless, the main challenges are the range of

substrates that can be hyperpolarized, as well as the filtration of the residual reaction catalyst,

solvents, and products before administering the polarized substrate.

1.4.4 Dissolution dynamic nuclear polarization (dDNP)

Dissolution dynamic nuclear polarization is the method on which we will focus throughout

this thesis. It is a class of methods which consists in transferring the polarization of unpaired

electron spins to nuclear spin via microwave irradiation. The large gyromagnetic ratio of

electron spins provides them with a substantially higher polarization at thermal equilibrium

than any nuclear spin, as discussed earlier in Section 1.3. At a high magnetic field strength and

sub-liquid helium temperatures, the electron spin polarization approaches unity (Figure 1.5).

In 1953, Overhauser 128 provided the first theoretical description of DNP, predicting that

the polarization transfer from electrons to nuclear spins could be induced via microwave

radiation at the resonant frequency of the conduction band electrons. The same year, Carver

and Slichter129 performed the first experimental demonstration of DNP by enhancing the

NMR signal of a 7Li metal sample by two orders of magnitude at 3 mT. Shortly after, this

technique was extended to non-conducting solids theoretically by Jeffries 130 in 1957, and
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Figure 1.5: Thermal polarization of electrons, 1H and 13C at 7 T as a function of the tempera-
ture. The vertical gray lines at 1 K and 310 K represent the operating conditions of the 7T/1K
polarizer (Used in Chapters 2 and 3) and the human or mouse body temperature, respectively.
The numbers refer to the thermal polarization of unpaired electrons, 1H and 13C at 7 T and
either 1 K or 310 K.

experimentally demonstrated by Abragam and Proctor131 in a LiF crystal the following year.

Initially, DNP was mainly restricted to solid-state applications in cryogenic environments and

applied in high energy physics to produce polarized targets for scattering experiments, as well

as for signal enhancement in magic angle spinning NMR (MAS-NMR) 132.

In 2003, the invention of the dissolution DNP protocol by Ardenkjær-Larsen et al. 133 ,

enabled the production of physiologically compatible hyperpolarized solutions. The basic

principle of dDNP consists in reaching a high polarization level in the solid-state, then melting

the prepolarized sample using a hot pressurized solvent. Provided that the phase transition is

achieved in a quick manner and within a strong magnetic field, the transient hyperpolarized

state is conserved throughout the process, yielding signal enhancements of about four orders

of magnitude in the liquid state 133.

Nowadays, dDNP is among the most versatile hyperpolarization techniques for biomedical

applications, not only enabling the production of a wide range of polarized solutions for the

study of physiology, function, and metabolism 134, but also of gases135,136. Despite this wide

range of possible hyperpolarized tracers, an overwhelming majority of clinical and preclinical

research studies the metabolism of HP [1-13C] pyruvate, which is considered the gold standard

of hyperpolarized metabolic imaging. On the technical side, [1-13C] pyruvate is an ideal

agent for dDNP, having a long liquid-state spin-lattice relaxation time (71 s at 1 T137, 67 s at

3 T, and 44 s at 14.1 T134), being self-glassing to produce highly concentrated samples, and

allowing high polarization levels 138,139. On the biological aspects, pyruvate, the end product

of glycolysis, is located at a key crossroad of cellular metabolism. Following an injection
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of HP [1-13C] pyruvate, its uptake and metabolic conversion provide an assessment of the

underlying transport and reaction mechanisms. In particular, one can observe the uptake

via monocarboxylate transporters, and conversion of the 13C label of pyruvate into alanine

via alanine aminotransferase (ALT), into lactate through anaerobic metabolism via lactate

dehydrogenase (LDH) or into bicarbonate through oxidative mitochondrial respiration.

The fate of pyruvate being substantially modulated by the tissue conditions, it represents

a useful metabolic contrast agent for the detection of pathologies. One of the prominent

applications is the detection and grading of tumors by observing elevated pyruvate-to-lactate

exchange compared to healthy tissues resulting from the Warburg effect 140, and led to the first

clinical trial involving dDNP in 2013 by Nelson et al. 141 .

1.4.4.1 DNP Mechanisms

Under typical conditions for dDNP, i.e. sub-liquid helium temperature and strong magnetic

field strength of several Teslas, the transfer of polarization from electron to nuclear spins can

be mainly driven by three mechanisms: the solid effect (SE), cross effect (CE) and thermal

mixing (TM).

The solid effect is a process involving one electron spin and one nuclear spin at a short

spatial distance such that they interact via dipolar coupling 142,143. The hyperfine splitting of

this two-spins system leads to a four-level energy diagram, as illustrated in Figure 1.6. The

application of a microwave field at the frequency ωMW =ωS +ωI , where ωS and ωI are the

Larmor frequencies of the electron and nuclear spins, respectively, simultaneously flips the

electron and nuclear spins orientations. This results in a zero-quantum (ZQ) transition from

|mS ,mI 〉 = |↓,↑〉 to |↑,↓〉 (pink diagonal arrow in Figure 1.6). Similarly, applying the microwaves

at ωMW =ωS −ωI induces the double-quantum (DQ) transition |↓,↓〉→ |↑,↑〉 (green diagonal

arrow in Figure 1.6). Since the solid effect arises from forbidden quantum transitions, their

probability is low and requires a large microwave power to yield an observable effect.

In typical dDNP conditions, the microwave frequency is applied at a single or a narrow

range of frequencies. The so-called well-resolved solid effect occurs when the ESR linewidth

of the electron spins is smaller than ωI , such that the ZQ and DQ transitions are not pumped

simultaneously. As a result, the DNP enhancement profile, also called DNP microwave fre-

quency sweep, will be characterized by a positive and a negative lobe separated by 2ωI around

ωS . On the other case, the differential solid effect happens when the ESR line of the radical is

similar to the nuclear Larmor frequencies. As a result, for a given microwave frequency, certain

electron spin packets may satisfy the conditions of both the ZQ and DQ transitions. The

resulting nuclear polarization will then be the difference between both competing processes.

24



1.4 Nuclear spin hyperpolarization

In dDNP, the solid effect is rarely distinctively observed, since the ESR line of most po-

larizing agents is usually larger than the Larmor frequency of the nucleus of interest. When

polarizing a sample with trityl radicals, the solid effect can be observed on the DNP profile

of proton spins 144, although this process is relatively inefficient and the focus of DNP with a

trityl radical would rather be the polarization of lower γ nuclei.
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Figure 1.6: (A) Energy-level diagram for the solid effect DNP mechanism, representing the
hyperfine splitting for a two spin system (one electron and one nucleus). ωS and ωI are
the Larmor frequencies of the electron and nuclear spins, respectively. (B) Representation
of the |mS ,mI 〉 = |↓,↓〉 → |↑,↑〉 double-quantum (green, positive DNP enhancement) and
|↓,↑〉→ |↑,↓〉 zero-quantum (pink, negative DNP enhancement) transitions, occurring at the
microwave frequencies (ωS −ωI ) and (ωS +ωI ) respectively.

The cross effect and thermal mixing are two mechanisms that involve a three-spin system

composed of two electron and one nuclear spins. Following the spin flip of one electron via

the application of microwaves, this electronic depolarization propagates through the ESR

spectrum via spectral diffusion, which consists in energy-conserving flip-flop transitions via

electronic dipolar interactions. Finally, the polarization is transferred in the so-called triple

spin flip process, in which two electrons and one nucleus simultaneously change their relative

orientation in an energy-conserving transition. To achieve CE or TM, the ESR linewidth of

the radical (∆ωS) is required to be comparable or broader than the nuclear Larmor frequency

(ωI ) to find a pair of electrons capable of exchanging the required amount of energy with the

nuclear spin, which is typically the case in dDNP conditions for the polarization of 1H with

a broad-line radical such as TEMPOL, and any X-nuclei even with narrow-line radicals. In

typical dDNP conditions, TM and CE are the dominant mechanisms as they involve only the

saturation of allowed electron spin transitions, which has a higher probability and therefore
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requires a lower microwave power compared to the forbidden transitions in SE. The difference

between CE and TM resides in the source or sink reservoir providing or absorbing the energy

to enable the triple spin flip 145–147.

In cross effect, the difference in Zeeman energy between both electron spins is exchanged

with the nuclear spin during the triple spin process, requiring the following condition to be

satisfied: ∣∣ωS1 −ωS2

∣∣=ωI (1.14)

where ωS1 , ωS2 are the Larmor frequencies of the electrons S1 and S2, ωI is the Larmor fre-

quency of the nuclear spin I . In Figure 1.7, the energy level diagram resulting from the

hyperfine interaction for the three-spin system is depicted at the CE matching conditions,

choosing ωS1 > ωS2 . The states
∣∣mS1 ,mS2 ,mI 〉 = |↑,↓,↑〉 and |↓,↑,↓〉 are degenerated, which

facilitates the CE. By saturating the electron spins with microwaves around the frequencies

ωS1 or ωS2 , a negative or positive DNP enhancement, respectively, is achieved.

ωS₁

, ,ωI

ωS₁

A B
mS1 mImS2

ωS₂

, ,

, ,

, ,

, ,

, ,

, ,

, ,

ωS₂
ωS₁

ωS₂

CE

Energy

+½

mS1, mS2, mI

-½

+½

-½

+½

-½

Figure 1.7: (A) Energy-level diagram representing the hyperfine splitting for a three spins (two
dipolar-coupled electrons and one nucleus) system, at the cross effect matching conditions:∣∣ωS1 −ωS2

∣∣=ωI , ωS1 >ωS2 , where ωS1 , ωS2 and ωI are the Larmor frequencies of the electrons
and nuclear spins, respectively. (B) At the matching cross effect conditions, both states∣∣mS1 ,mS2 ,mI 〉 = |↑,↓,↑〉 and |↓,↑,↓〉 are degenerate and allow efficient CE. Positive and negative
DNP enhancement via the cross effect are achieved with microwave irradiation around the
frequencies ωS2 and ωS1 respectively.
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Thermal mixing, occurs in the presence of a radical ESR line (∆ωS) comparable or larger

than the nuclear Larmor frequency (ωI ) such that the reservoir of dipolar energy of the whole

electron system is able to sink or source the energy for the triple spin flip process, and mainly

broadened by dipolar interaction rather than g-anisotropy.

A qualitative description of the working principles of TM can be achieved using a ther-

modynamic approach by considering the interaction between three energy reservoirs, the

electron Zeeman (EZ ), the electron non-Zeeman (EN Z , also known as electron spin-spin), and

the nuclear Zeeman reservoirs (NZ ). The concept of spin temperature 148 considers the popu-

lation of the energy levels of a large isolated spin system to follow a Boltzmann distribution,

to which a characteristic spin temperature is attributed. Here, the reservoirs are not totally

isolated, however the rate of internal equilibrium within a reservoir is typically faster than the

exchange rate between different reservoirs such that the concept of spin temperature is still

applicable.

At equilibrium, and without the presence of microwave radiation, both electron spin reser-

voirs are at the same temperature, i.e. TEZ = TEN Z = TL , where TEZ , TEN Z are the characteristic

temperatures of the Boltzmann distribution of the electron Zeeman and non-Zeeman reser-

voirs, respectively, and TL is characteristic temperature of the lattice, which corresponds to

the helium bath temperature in practice. For this condition, the distribution of the population

of the electronic spin system is illustrated in Figure 1.8A. The electron spin population follows

a Boltzmann distribution with characteristic temperature TL , and is distributed among two

Zeeman energy levels broadened by the spin-spin dipolar couplings.

DNP via thermal coupling occurs in two successive steps. First, using off-resonance mi-

crowave radiation, the electron spin population is shifted from the lower to the higher Zeeman

energy level. As a result, the EZ reservoir starts to heat up and the EN Z reservoir is cooled

down. Depending on the microwave frequency, the spin temperature of the EN Z reservoir

is either positive if ωMW < ωS , or negative if ωMW > ωS , corresponding to the population

distributions illustrated in Figure 1.8B and C, respectively. The second step involves thermal

mixing, which is the exchange of electron spin–spin dipolar energy with the nuclear spins

Zeeman energy via cross-relaxing events. The simultaneous triple spin flips of two electron

and one nuclear spins, with the energy conserving condition
∣∣ωS1 −ωS2

∣∣=ωI , lower the spin

temperature of the nuclear spin reservoir TNZ . The electron and nuclear spins tend to equalize

their spin temperature: TNZ → ∣∣TEN Z

∣∣, leading to the hyperpolarization of the nuclear spin

pool.

To establish spin temperature and enable thermal mixing, electronic spectral diffusion

is required to be relatively faster than electronic spin–lattice relaxation such that the ESR

saturation propagates across the ESR spectrum to involve more electron spins into the polar-
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Figure 1.8: Schematic illustration of the electron spin population distribution ps across
different energy levels during thermal mixing. (A) At thermal equilibrium, without microwave
irradiation, the spin population distribution follows a Boltzmann distribution, where ES is
the total energy of the spin system, and TL is the lattice temperature. (B) Distribution of the
spin population while applying microwaves at a frequency ωMW <ωS , leading to a positive
spin temperature TEN Z in the non-Zeeman reservoir. The electron spins are preferably shifted
from the top of the lower Zeeman level to the bottom of the higher Zeeman level. TEZ is the
temperature of the electron Zeeman reservoir. (C) Distribution of the spin population while
applying microwaves at a frequency ωMW >ωS , leading to a negative spin temperature TEN Z .
The electron spins are preferably shifted from the bottom of the lower Zeeman level to the top
of the higher Zeeman level.

ization transfer process. Slow spectral diffusion can be compensated by applying microwave

frequency modulation 149.

1.4.4.2 Indirect nuclear polarization mechanisms

Nuclear spin diffusion is an important process in DNP, enabling the spontaneous transport

of polarization through space by exchanging spin polarization between neighboring nuclei via

dipolar couplings. In fact, the DNP mechanisms presented above require spatial proximity

to exchange electron and nuclear spin polarization via mutual dipolar coupling. As a conse-

quence, most nuclear spins are polarized via spin diffusion, since they would be too far away

from an electron to be directly polarized.

Cross-polarization (CP) is an approach that enables the transfer of polarization between two

nuclear reservoirs, typically from a high-gamma nucleus such as 1H to a low-gamma nucleus.

The basic principle of CP is to force both nuclei to precess at an identical frequency in the

rotating frame using locking RF pulses to fulfill the Hartmann-Hahn conditions 150. This aligns

their energy levels in the rotating frame and enables a spontaneous magnetization transfer.
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The polarization of 1H being typically faster and higher than that of X-nuclei, especially with

the application of microwave frequency modulation 149, the indirect DNP of X-nuclei via CP is

beneficial both in terms of buildup time and polarization levels 151,152, provided that adequate

hardware and experimental conditions are met to achieve the necessary RF pulses.

1.4.4.3 Practical considerations for dDNP

DNP sample: Hyperpolarization via dissolution DNP requires the formulation of a sample

containing an MR-active substrate and a polarizing agent as the source of unpaired electrons,

at least. A wide range of substrates is available to prepare hyperpolarized solutions134,153 or

gases135,154,155. The most important requirement is the spin-lattice relaxation time (T1) of

the hyperpolarized nucleus at room temperature, and in fluid state, which must be at least

comparable to the processes under investigation so that the measurement can be completed

before the complete loss of the HP signal. When the MR-active nucleus has a low natural

abundance, for example 13C, isotopically enriched substrates are employed to increase the

amount of MR-active spins. This also promotes more efficient nuclear spin diffusion and

faster polarization156.

Typically, the DNP sample is produced by flash-freezing droplets of a solution of the

substrate and the polarizing agent to form an amorphous glassy solid. The vitreous structure is

important to ensure a homogeneous distribution of the polarizing agent with, at the same time,

a random orientation of the molecules. The latter ensures more efficient spectral diffusion

and DNP, because molecules far in frequency can be close in space. If the substrate is not

found in a liquid form at room temperature or does not form a glassy matrix upon freezing, it

is incorporated into a solvent and/or a glassing agent, typically water, a water:glycerol mixture,

dimethyl sulfoxide (DMSO), or an alcohol.

The post-dissolution concentration, typically in the range of 20-250 mM 141,153, necessitates

the formulation of highly concentrated samples157. In some cases, this requires increasing

the substrate solubility by modifying the counter ion153, the solvent (for example, fumaric

acid is weakly soluble in water but highly soluble in DMSO153; specific alcohol chains could

incorporate a larger amount of gases154), the pH (in particular for amino acids158), or using

the acidic form of a salt (such as lactic acid instead of sodium lactate 159).

Together with the substrate, the polarizing agent is an indispensable component of the

DNP sample. In most cases, a stable radical is mixed with the substrate solution. They can

be broadly classed into two categories depending on their ESR linewidth. Broad line radicals

(∆ωS ≈ γ1H), typically the nitroxides TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl) or TEM-

POL (4-hydroxy-TEMPO), are affordable and allow a high and rapid 1H polarization 149. On the

other hand, narrow line radicals (γ1H >∆ωS ≈ γ13C), typically the trityls OX063 (tris(8-carboxyl-
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2,2,6,6-tetrakis(2-hydroxyethyl)benzo(1,2-d:4,5-d’)bis(1,3)dithiol-4-yl)methyl trisodium salt)

or AH111501 (tris(8-carboxyl-2,2,6,6-tetrakis(2-methoxyethyl)benzo(1,2-d:4,5-d’)bis(1,3)dithiol-

4-yl)methyl trisodium salt), are more efficient for direct polarization of low-gamma nuclei, as

their narrow ESR line prevents them from polarizing protons attached to substrate molecule

itself or in the solvent.

In certain cases, the polarizing agent properties can be optimized by the addition of a

small amount of paramagnetic metal ion complex 160. This causes a moderate shortening of

the electron spin–lattice relaxation time (T1e), lowering the achievable spin temperature by

increasing the thermal coupling between the electron Zeeman system and the lattice160,161.

In addition, another observation is the slight narrowing of the ESR line, which decreases the

electron non-Zeeman reservoir spin temperature by reducing its heat capacity. Altogether,

both effects lessen the nuclear Zeeman spin temperature and boost the DNP enhancement 162.

Typically, a 50-100% polarization improvement is observed by adding Gd3+ for DNP with

trityl radicals of neat pyruvic acid at 3.35 T163, or 13C substrates in H2O:glycerol at higher

fields 162,164,165. In Chapter 4, we present the measurement and optimization of ESR properties

for trityl-doped [1-13C] lactate samples in H2O:glycerol.

Solvent and glassing agent deuteration typically improves the direct polarization of low-

gamma nuclei with broad line radicals, by lowering the heat capacity of the hydrogen Zeeman

system 164,166,167. On the other hand, the opposite effect is observed with narrow-line radicals:

while DNP of 1H via TM is prevented by the larger 1H Larmor frequency compared to the ESR

linewidth, 2H spins would instead be in thermal contact with the EN Z reservoir, increasing the

heat load of the nuclear Zeeman system, therefore raising the spin temperature and reducing

the polarization of the target nucleus.

Although the polarizing agent is necessary to perform DNP, it becomes highly undesirable

when we want to exploit the HP signal. Indeed, the radical may exacerbate the polarization

relaxation, be toxic or interfere with the metabolism being studied, which will be discussed

in Chapter 3. To facilitate their removal, the radical can be bonded onto larger non-soluble

structures, for example using thermoresponsive polymers168 or hydrogels169,170, as well as

non-structured porous silica matrices known as HYPSO (hybrid polarizing solids)171–174.

Most importantly, since paramagnetic relaxation is prohibitively fast in the solid state at

low magnetic field175, the dissolution step is key to shelter the high spin order, achieved

at low temperature and high magnetic field, along the path to extract the sample from the

polarizer. Indeed, dissolving and diluting the sample have two consequences: liquid-state

relaxation is more forgiving while traveling through low-field regions, and dilution increases

the distance between the HP nuclei and the radicals. The price to pay is that this severely

limits the possibilities for long-term storage and off-site transport of the polarized sample.
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1.4 Nuclear spin hyperpolarization

Lifting this restriction could contribute to a broader democratization of dDNP. A possible

approach is the use of non-persistent polarizing agents. It consists in photo-inducing the

radical, via ultraviolet or visible irradiation of a particular family of molecules known as

alpha-keto acids 176. The radical precursor can be the MR-active substrate itself, for example,

while using pyruvic acid177, another substance specifically chosen for achieving ideal ESR

properties178, or selecting an endogenous agent to reduce potential toxic effects179. Once

the sample is polarized, the radical is annihilated by thermalizing the sample slightly above

190 K180. The radical-free sample then behaves similarly to samples polarized via the brute-

force method101,102, and exhibits a slow nuclear relaxation with a 13C T1 in the order of tens

of hours at DNP conditions. Provided that a magnetic field of at least ≈ 40 mT is kept at

all times to avoid low-field nuclear thermal mixing between 1H and 13C 181,182, it has been

demonstrated that the sample can be taken out from the polarizer as a solid while retaining

the high spin order and moved to a transportation device183 working at 1 T and 4.2 K, and

benefit from a T1 of about 18 h under transport conditions for 13C labeled glucose samples.

Another approach consists in deliberately creating an inhomogeneous sample. By keeping

the polarizing agent and the target 13C substrate in distinct phases 182, a sufficient physical dis-

tance is achieved to reduce paramagnetic relaxation. Both phases contain a high abundance

of 1H spins, such that efficient 13C DNP can be achieved in three steps: first, the abundant
1H in the radical phase are directly polarized. Then, 1H spin diffusion relays this polarization

to the substrate phase. Finally, cross-polarization151,152 transfers the 1H polarization to 13C.

Once hyperpolarized, the 13C spins in the substrate are immune from radical-induced depo-

larization by the physical isolation of the paramagnetic centers as well as inefficient 13C spin

diffusion in the non-enriched radical phase. With such substrates, a long lifetime of the 13C

polarization is achieved: for example, micro-particulate samples of 13C-labeled molecules

dispersed into a hydrophobic radical glass-forming solution exhibited a T1 between 5 and

37 h at 4.2 K and 6.7 T182. This enabled the transfer of the solid DNP sample to an external

storage container, using the same precautions as in brute-force hyperpolarization or DNP with

photo-induced polarizing agents, to allow the storage and transport of hyperpolarization182.

Recently, porous hyperpolarizing polymers (HYPOP)184, which are epoxy resins having em-

bedded free radicals within their bulk, were conceived to provide a simple matrix for the

preparation, hyperpolarization, storage and transport of impregnated 13C solutions. A 13C T1

above 5.7 h for a multi-substrate sample was observed at liquid helium temperature and 6.7 T.

Following dissolution and filtration, a pure hyperpolarized solution is obtained, specifically

without the presence of radicals or glassing agents.

dDNP polarizer: A so-called “dDNP polarizer” provides the necessary conditions to achieve

high electronic polarization, i.e. high magnetic field (typically 3.35 T to 10.1 T) and sub-liquid
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helium temperature (typically 0.8-1.4 K), microwaves around the ESR to initiate polarization

transfer from electrons to nuclei, as well as a system to load and dissolve or extract the sample.

In most dDNP polarizers, such conditions are achieved using a superconducting magnet

and through evaporative cooling of liquid helium, with the sample being immersed in a bath

of superfluid liquid helium to ensure a good thermal conduction. In the early days of dDNP,

the cooling was achieved using an open-cycle cryostat relying on a fresh supply of liquid

helium. The original device designed by Ardenkjær-Larsen et al. 133 is based on a narrow-bore

7T NMR magnet, which was modified to incorporate a variable temperature insert (VTI). The

liquid helium pool is replenished from the magnet helium reservoir through a capillary and

needle valve. A 1.2 K helium bath is achieved by lowering the vapor pressure to about 0.8 mbar

through a 200 m3 h−1 roots pump backed by a 40 m3 h−1 vane pump. A probe inserted into

the VTI is terminated with a cylindrical cavity to which microwaves are delivered through a

rectangular waveguide. A saddle coil inside the cavity allows measuring the NMR signal of the

sample.

dDNP was initially performed at 3.35 T, corresponding to an ESR frequency of 94 GHz for

which microwave equipment, typically used for radar applications, was widely available. Over

the years, the quest towards higher polarization levels gradually pushed researchers to increase

the magnetic field strength, principally to 5 T185 (140 GHz ESR) and 6.7-7.0 T186,187 (188-

196 GHz ESR). Magnetic field strengths higher than 7 T were not found to provide substantial

advantages in terms of polarization for direct 13C polarization, while requiring longer buildup

times, and higher radical concentrations139. Based on similar principles, several research

polarizers have been developed. Most of them are based on an unmodified wide-bore NMR

magnet, into which an independent VTI is inserted. In this case, the liquid helium is supplied

from an external tank via a liquid helium transfer line 188–191. Such a system is used throughout

this thesis, and a more detailed description of is provided in Section 4.3.1.

These wet systems from the early days were quite impractical, particularly due to the large

consumption of cryogenic fluids, which are costly and difficult to handle. This motivated the

development of zero-boil off, or cryogen-free, polarizers which rely on a cold head to keep the

magnet at superconducting temperature and reliquefy a small amount of helium in a closed

loop. Cryogen-free polarizers are characterized by a separate static helium bath in which

the sample is immersed, which helps to reduce the risk of contamination of the cryogenic

system due to leaks during handling of the sample. Several designs have been developed

over the years. The first cryogen-free dDNP polarizer192, later developed into the only one

approved for clinical use (GE SPINlab™), employs a helium bath pumped by a sorption pump

to achieve a sample temperature of 0.8 K. Once saturated, the charcoal trap is warmed up to a

few tens of Kelvin to release the helium, which is then recondensed to the bath by the cold

head. Although this process is cryogenically very efficient, since the helium is kept cold at
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all times, it cannot sustain continuous operation as it needs to be regenerated periodically,

typically overnight. Another family of cryogen-free polarizers 139,193 continuously liquefies the

helium into a small helium pot, which then flows to the VTI through a capillary and a needle

valve. The VTI is pumped on to achieve sub-liquid helium temperatures, and then the helium

gas undergoes purification and liquefaction to close the cycle. Finally, the polarizer proposed

by Cheng et al. 194 is different and cryogenically more refined because it has a static sample

space thermally anchored to both stages of the cold head and to a separate closed-cycle

1K-pot.

To drive the DNP processes, a small microwave source is required, in most cases based on

either a voltage-controlled oscillator (VCO) or an arbitrary frequency synthesizer, followed by a

frequency multiplication and power amplification chain to deliver microwaves at 94-282 GHz.

Depending on the sample being investigated, magnetic field strength, temperature, as well as

the efficiency of the waveguide and microwave cavity, a typical power of 10 to 200 mW at the

source output is sufficient to achieve maximum DNP enhancement133,139,195,196.

Dissolution and transport: The DNP sample is brought to physiological conditions before

being administered to the imaging subject. In most cases, this process is performed within the

polarizer. The sample is lifted above the liquid helium bath to avoid excessive boil-off during

the process, but still kept within a region of high magnetic field strength to avoid extreme

low-field paramagnetic relaxation. The dissolution melts and dilutes the sample, moving

the hyperpolarized nuclei away from the paramagnetic centers, and pushed the resulting

solution out of the cryostat. Usually, the dissolution is achieved using 3-10 mL (for preclinical

applications) of superheated D2O, which reduces dipolar relaxation197 compared to water.

It may contain a buffering agent to bring the basic/acidic substrates to a physiological pH.

Furthermore, a small amount of ethylenediaminetetraacetic acid (EDTA) is often added to

chelate the traces of paramagnetic impurities introduced by the dissolution apparatus.

Originally, the dissolution was performed by inserting a dissolution wand (stick) into the

polarizer, which requires the cryostat to be pressurized to ambient pressure133,188, unless it

features a hermetic seal to remain in vacuum198,199. Towards the requirements of clinical

dDNP polarizers, the so-called fluid path (FP) technology192 has been developed to offer

a sample handling/dissolution system, which is sterile, simple to use, and with a reduced

heat load. Later, this technology has been adapted to preclinical polarizers, both of cryogen-

free139,194 and wet types200–202. In Chapters 4 and 5, we demonstrate how the fluid path

technology can improve the handling, performance, and versatility of wet DNP polarizers.

Lower dilution factors, which are particularly beneficial for the low-volume requirements

of NMR applications, can be achieved using the Bullet DNP method 203,204, which performs the
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dissolution outside the polarizer in a smaller solvent volume (0.5-1 mL) following fast transfer

(70 ms) thorough a magnetic tunnel (60 mT) to limit radical-induced low-field relaxation.

Post-dissolution, the lifetime of the hyperpolarized agent is limited by its nuclear spin-

lattice relaxation. This is additionally exacerbated by residual paramagnetic polarizing agents.

Several approaches can be undertaken to minimize the polarization losses before dispensing

the substrate to the imaging subject. First, for non-clinical applications, the transfer time can

be drastically shortened by quickly flowing the hyperpolarized solution using an automated

transfer system between the DNP polarizer and the NMR/MRI measurement magnet205–208.

This also reduces human input and drastically improves experimental reproducibility. Along

the transfer path, the fast relaxation in low-field regions 209 can be avoided by using a magnetic

tunnel 210. Similarly, for transfers over moderate distances (100-1000 m), the polarization can

be sheltered using a portable permanent magnet211. Several parameters such as pH212 or

temperature211 (See also Figure 4.12) can be adjusted to yield a more favorable spin-lattice

relaxation. Finally, the polarizing agents can be removed to eliminate their contribution.

For example, trityls can be precipitated then filtered139, nitroxyl radicals can be reduced

using ascorbic acid213, photoinduced agents are quenched by the temperature jump during

dissolution 202, and radicals bound to an insoluble phase can be mechanically filtered 168,171,184.

Clinical applications require removal of the polarizing agent, followed by a safety and quality

control of the pH, temperature, polarization, radical and pyruvate concentration prior to

injection.

Acquisition: Hyperpolarized substrates offer a large, but finite and quickly decaying nuclear

polarization within minutes. The specific nature of this signal brings unique challenges and

opportunities to MR acquisitions. The substantial signal enhancement, by about four or five

orders of magnitude133, drastically lowers the detection limit of MR techniques, enabling

the measurement of functional or metabolic processes in real time214. By probing the non-

steady-state flux and metabolism of hyperpolarized tracers, and in the absence of background

signal, the kinetics of specific metabolic pathways can be studied to offer a complementary

assessment to other imaging modalities.

Fast measurements are required, not only to resolve the rapid time evolution of the func-

tional or metabolic processes under investigation, but also because of the limited lifetime

of the hyperpolarized signal reservoir. In addition, efficient sampling is critical, since the

nonrenewable longitudinal magnetization is reduced by each subsequent RF excitation. The

acquisition scheme is a tradeoff215–217 between the encoding of five dimensions (3 spatial, 1

temporal, and 1 spectral), and is selected depending on the specific requirements of the probe

and application. In Chapter 6, we present an overview of the benefits and trade-offs of the

main pulse sequences used for HP MRSI.

34



1.5 Stroke theranostics with hyperpolarized probes

In conventional MR, the sensitivity roughly scales218 with B
3
2

0 : both the thermal polar-

ization and voltage induced in the coil for a given amount of transverse magnetization are

proportional to B0, while the noise scales with B
1
2

0 . In contrast, HP MR decouples the non-

Boltzman nuclear polarization from the magnetic field strength, such that the sensitivity only

scales with B
1
2

0 . Although a majority of hyperpolarized MR studies are performed at high

field strength (clinical studies at 3 T219 and up to 14.1 T in preclinical studies 220), lower field

strengths could, in fact, be more favorable due to slower nuclear relaxation221, reduced B0

artefacts, lower requirements of the gradient system, and more importantly while keeping a

similar sensitivity 222–224.

1.5 Stroke theranostics with hyperpolarized probes

Theranostics is an emerging and rapidly evolving field in which therapeutics and diagnostics

are combined into a single multifunctional agent225, with the aim of providing personalized

patient-centered care. In most cases, a therapeutic molecule or nanoparticle, which binds,

accumulates, or reacts with pathological tissues, is labeled with a diagnostic component such

that it can be detected with an imaging modality, such as MRI, positron emission tomography,

computed tomography, fluorescence imaging, or ultrasound imaging.

The incorporation of a diagnostic tool into the therapeutic agent could, for example, moni-

tor the drug delivery at the lesion site, enhance specific cell/tissue targeting, or perform real

time monitoring of the treatment efficiency. For instance, this allows personalized treatments

by tailoring the therapeutic dose to the specific needs and characteristics of each patient.

As described earlier, with the use of dDNP, a wide range of molecules, provided that they can

be isotopically labeled with MR-active nuclei, can be hyperpolarized to boost their MR sensi-

tivity, enabling their metabolism and/or biodistribution in vivo to be measured. In the context

of neurological disorders, a variety of substrates can be used as tracers to highlight different

aspects of metabolic disruption220. For ischemic stroke, [1-13C] pyruvate 226,227 or [1-13C] lac-

tate228 could be used as biomarkers for aberrant metabolism after stroke, while abnormal

cerebral perfusion can be probed using HP 129Xe 229. However, these probes are not solely

limited as a tracer role: at a sufficient dose, as discussed earlier in Section 1.1.2, they could

also provide a therapeutic neuroprotective effect, therefore becoming potential theranostic

molecules for stroke. Being able to monitor the biochemical conversion or biodistribution

of these therapeutic agents in the ischemic brain could contribute to a better understanding

of how they interact with the pathology, their efficiency, and tailor the subsequent treatment

steps to the specificity and needs of the patient.
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In this work, the objective is to further investigate and develop the potential of known

neuroprotectants as HP diagnostic agents for cerebral ischemia in the preclinical setting,

ultimately paving the way to a theranostic approach for stroke. We compare the potential of

the neuroprotective agents [1-13C] lactate and [1-13C] pyruvate as metabolic contrast agents

for stroke. To provide a better characterization of the altered dynamic and regional metabolic

patterns after stroke, we improve the HP MR setup and acquisition methods to enhance the

sensitivity and spatiotemporal resolution of our acquisitions. Stroke being a multifaceted

medical condition, causing substantial physiological, morphological, microstructural, and

metabolic changes, we develop the methodology to enable simultaneous hyperpolarization

and combined administration of multiple neuroprotective agents to provide a more compre-

hensive view of this disease condition.
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Chapter 2. In vivo assessment of the metabolic impact of cerebral ischemia using MRS and
hyperpolarized [1-13C] lactate and [1-13C] pyruvate

2.1 Abstract

Following ischemic stroke, the administration of alternative energy substrates to support the

recovery of reversibly damaged brain tissues could contribute to limit the extent of permanent

damages and lead to a better neurological outcome. Both pyruvate and lactate have been

found in preclinical studies to provide neuroprotection in ischemia-reperfusion models of

stroke. Hyperpolarization via dDNP, enables one to assess their metabolic fate within the

brain, which could not only provide better insights about their neuroprotective mechanisms,

but also turn them into theranostic agents for stroke, to monitor the therapy efficiency in real

time.

Here, we demonstrate the feasibility of quantifying the global cerebral metabolic kinet-

ics of HP [1-13C] lactate and HP [1-13C] pyruvate while being used at therapeutic doses in a

mouse model of ischemia-reperfusion. Both substrates depicted distinct cerebral transport

and metabolism between the ischemic and healthy brains, highlighting their potential as

metabolic contrasts for stroke theranostics. Compared to the metabolite ratios analysis, ki-

netic modeling enabled a better distinction between healthy and stroke animals in HP lactate

experiments, while both methods provided equivalent results in HP pyruvate measurements.

Compared to HP pyruvate, HP lactate offered equivalent biomarkers despite a substantially

lower initial polarization and turnover. Being injected at a more physiological dose compared

to pyruvate, lactate, which also benefits from better established neuroprotective effects, repre-

sents an interesting hyperpolarized substrate for theranostic applications.

This chapter is adapted from the following mansucript: Lê Thanh Phong, Buscemi Lara,

Lepore Mario, Hirt Lorenz, Hyacinthe Jean-Noël, Mishkovsky Mor. In vivo assessment of the

metabolic impact of cerebral ischemia using MRS and hyperpolarized [1-13C] lactate and [1-
13C] pyruvate. In preparation

This study was conceived by MM, HL and HJN. BL and LM performed the stroke surgery.

I acquired all experimental data. BL, MM and myself analyzed and interpreted the data. All

authors contributed to drafting and revising the manuscript.

38



2.2 Introduction

2.2 Introduction

Theranostic approaches combine both therapeutic and diagnostic capabilities, thus having

the potential to lead to a targeted, more personalized medicine 225. Magnetic resonance spec-

troscopy (MRS) is a non-invasive tool for studying in vivo metabolism, with a large variety of

applications in oncology and neuroimaging230. The sensitivity of MRS can be increased by

several orders of magnitude taking advantage of the recently developed hyperpolarization

techniques, which enhance the signal of magnetic resonance active nuclei. Using this strategy,

compounds with biomedical relevance, like metabolic precursors, can be labeled with nuclear

magnetic resonance active isotopes, their signal enhanced by hyperpolarization, and their

metabolic transformations assessed in vivo and in real time214,231. Consequently, one can

envision a new avenue for MRS theranostic applications by using hyperpolarization of thera-

peutic agents labeled with MR-active nuclei, whose in vivo transformations will be followed in

real time while providing therapy.

Ischemic stroke is the second 5 leading cause of mortality in the world and the main cause

of disability in adults6. In the acute phase, recanalization within a narrow time window by

intravenous thrombolysis and mechanical clot removal, alone or in combination are the only

available treatment options 26,232,233. These time-windows can be extended by careful selection

of patients based on imaging properties of the ischemic brain29,31. Despite these important

improvements in patient care, only a fraction of stroke patients can receive treatment due

to the limited eligibility, as well as the demanding technical requirements only available in

major hospitals28 and even for those treated, many retain a handicap. Aiming at improving

patient outcome, several preclinical studies have tested neuroprotective strategies targeted

at recovering reversibly damaged cerebral tissues in the acute phase of ischemic stroke37,38.

However, due to a variety of constraints, none of the several promising treatments found in

preclinical studies has yet been successfully translated into clinics 37,75,76.

Administration of lactate 61–65 or pyruvate 56–59 after stroke are among the neuroprotective

strategies found efficient at the preclinical level, resulting in a reduction of the infarct size

and improvement of the neurological outcome. It is hypothesized that lactate, metabolized to

pyruvate by lactate dehydrogenase (LDH), enters the TCA cycle67,68, and that both of these

metabolites may be used as energy substrates providing neuroprotection after stroke57,61.

Lactate can also act as a signaling molecule via its receptor HCAR1 but receptor agonists did

not induce protection after MCAO and mice lacking the receptor were not more sensitive

to ischemia, arguing in favor of a metabolic mode of action70. Both pyruvate and lactate

can be readily hyperpolarized and the pyruvate-lactate interconversion can be detected with

high sensitivity for molecular imaging. The vast majority of HP MR preclinical research has

employed [1-13C] pyruvate for real-time molecular imaging 231, and it is the first HP 13C-labeled
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metabolic contrast agent translated into clinical studies141. A complementary view of the

same metabolic pathway can be attained by starting from HP [1-13C] lactate 234–237.

In this chapter, we investigate the potential of HP [1-13C] pyruvate and HP [1-13C] lactate

as theranostic agents for ischemic stroke with reperfusion. Both substrates have demonstrated

to provide metabolic biomarkers in preclinical models of ischemic stroke 226–228. Considering

that HP [1-13C] pyruvate and HP [1-13C] lactate provide routes for measuring the exchange

between the two metabolites with a different directionality, we wanted to compare the cerebral

metabolism of a bolus of these HP compounds at their therapeutic doses in the transient

middle cerebral artery occlusion (MCAO) mouse stroke model. Firstly, we evaluated the HP

contrast based on the analysis of metabolite ratios calculated from the summed 13C MRS

spectra. Secondly, we developed metabolic models to quantify the apparent kinetic rates

and compared the dynamics of HP [1-13C] pyruvate and HP [1-13C] lactate metabolism in

sham-operated mice and stroke mice. Finally, as the therapeutic dose (1mmolkg−1) is about

10-20 times higher than the typical dose employed when using HP tracers (≈ 0.10mmolkg−1

with pyruvate141 and ≈ 0.06mmolkg−1 with lactate238), we assessed using 1H MRS whether

the bolus of these substrates induced changes in the neurochemical profiles.

2.3 Experimental methods

2.3.1 Animal experimentation

All experimental procedures with mice were approved by the regulatory body of the Canton de

Vaud, Switzerland (Service de la Consommation et des Affaires Vétérinaires), license numbers

VD2017.5 and VD2017.6, were conducted according to federal and local ethical guidelines,

and complied with the ARRIVE guidelines. Male C57BL/6J mice (6-10 weeks, Charles River,

France) were maintained in an animal facility with controlled humidity and temperature, a

12 h light/dark cycle and free access to food and water.

2.3.2 Study design

The cerebral metabolism of the HP neuroprotective agents [1-13C] lactate and [1-13C] pyruvate

was measured in C57BL6/J mice subjected to either sham or transient MCAO surgery. An

outline of the experimental design is summarized in Figure 2.1. Each animal received a single

bolus of either HP pyruvate or HP lactate for HP 13C MRS. Mice that underwent transient

MCAO surgery received an injection of either HP lactate or pyruvate at either 1 h or 2 h post-

reperfusion (4 groups: MCAO 1 h lactate, MCAO 2 h lactate, MCAO 1 h pyruvate, and MCAO

2 h pyruvate). Control animals that underwent sham surgery received an injection of either

HP lactate or pyruvate at 1 h post-surgery (2 groups: sham lactate and sham pyruvate). Overall,
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30 mice (n = 5 per group) were included in this study. Localized 1H MRS spectra were acquired

continuously in the striatum of the left hemisphere of each mouse, except for the time required

for shimming, proton imaging and 13C MRS. Two time points were selected for the statistical

comparison of the neurochemical profile: 75 and 110 min post-reperfusion/surgery. For the
1H MRS comparison, the MCAO 2 h lactate and MCAO 2 h pyruvate groups were merged since

they only received the bolus injection after both comparison time points.
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Figure 2.1: Outline of the experimental design for the HP 13C and 1H MRS experiments. This
study includes six groups in total: sham mice with injection of either HP [1-13C] lactate or HP
[1-13C] pyruvate at 1 h post-surgery; MCAO mice with HP [1-13C] lactate injection at either
1 h or 2 h post-reperfusion; MCAO mice with HP [1-13C] pyruvate injection at either 1 h or
2 h post-reperfusion. The 1H MRS neurochemical profile of the left striatum is continuously
measured in the remaining time, and compared between all groups at 75 min (the first 1H MRS
datapoint after 13C HP MRS at 1 h for sham and MCAO 1 h groups) and at 110 min (the last 1H
MRS measurement before 13C HP MRS for MCAO 2 h animals) post-reperfusion/surgery.

2.3.3 Transient middle cerebral artery occlusion (MCAO) model of stroke

Mice were kept under anesthesia with 1.5-2.0% isoflurane in 60% oxygen. Laser-Doppler

flowmetry was used to monitor the regional cerebral blood flow (rCBF) through a flexible

probe (Perimed AB, Sweden) glued to the skull at 1 mm posterior and 6 mm lateral from

bregma.
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A lesion in the left striatum was induced by transient focal cerebral ischemia as previously

described 61,239. In summary, the neck was incised and both left common and external carotid

arteries were exposed and ligated. A silicone-coated nylon monofilament (Doccol Corp.,

Sharon, USA) was inserted through the common carotid artery into the internal carotid artery

to obstruct the middle cerebral artery, as illustrated in Figure 2.2. The occluding filament was

removed after 30 min to allow blood flow restoration. During occlusion, the left femoral vein

was cannulated to allow the intravenous injection of the HP solution.

CCA

MCA

Typical lesion
At 2h post-reperfusion

Filament

ECA ICA
Femoral vein

catheter

Figure 2.2: Illustration of the transient MCAO surgery procedure. A ventral midline neck
incision is performed to expose and ligate both the left external carotid artery (ECA) and
left common carotid artery (CCA). A silicone-coated is then inserted through the common
carotid artery into the internal carotid artery (ICA) to occlude the left middle cerebral artery
(MCA). The filament is removed after 30 minutes to allow reperfusion. This induces a focal
ischemic lesion in the left striatum. During ischemia, the left femoral vein is cannulated for
the subsequent injection of HP substrates. 18

The intervention was considered successful if the rCBF remained below 20% of the baseline

during occlusion and increased above 50% of the initial value within 10 min after reperfusion.

Sham operated mice followed a similar surgical procedure without suture insertion or artery

ligation.

2.3.4 Hyperpolarization

For HP lactate experiments, 16×10µL frozen beads of 4.1 M sodium L-[1-13C] lactate (606022,

Sigma Aldrich, Buchs, Switzerland) in H2O:glycerol (1:1, v:v) doped with 25 mM of OX063

radical (Albeda Research, Denmark) were prepared.
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For HP pyruvate experiments, 5×5µL frozen beads of neat [1-13C] pyruvic acid (Sigma

Aldrich) doped with 21 mM of OX063 radical were prepared. To neutralize the acid upon

dissolution, frozen beads of 10 M NaOH were added to the sample cup at a 1:1.44 (v:v) ratio.

The samples were loaded and hyperpolarized in a 7T/1K DNP polarizer 188. The liquid-state

polarization measured in separate experiments was (33.1 ± 8.9)% and (59.0 ± 5.0)% for lactate

and pyruvate 138, respectively.

2.3.5 Magnetic resonance measurements

All MR measurements were performed on a 9.4T/31cm horizontal actively shielded magnet

(Magnex Scientific, Yarnton, UK), 500 mTm−1 strength and 5500 Tm−1 s−1 slew rate shielded

gradient coil set (RG120-250S, MRS Magnetics, Abingdon, UK), interfaced to a Varian INOVA

spectrometer (Varian, Palo Alto, USA). The experimental setup is illustrated in Figure 2.3. Upon

reperfusion, mice were transferred into the MRI scanner with a home-built 1H quadrature/13C

single loop coil above the head (Figure 2.4), whose sensitivity profile was reported in a previous

study 228.

Pressurized
hot buffer

9.4T MRI Scanner7T/1K DNP Polarizer

Separator/infusion pump

Piston line

Microwave
source

RF Coil

Frozen
sample
beads

Dissolution line

Syringe pump

e-

ZZZ

Figure 2.3: Sketch of the dDNP/MRI setup. The frozen sample beads are hyperpolarized
in a 7T/1K DNP polarizer188 by shining microwaves around 197 GHz. Upon polarization,
the sample is melted by a hot solvent and pushed to the separator/infusion pump using
pressurized helium gas. An automated separator/infusion pump injects the hyperpolarized
substrate into the animal for the MRS acquisition.
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13C

1H

Figure 2.4: Mouse head 1H quadrature/13C linear surface coil used for HP MRS acquisitions at
9.4T. The 13C loop is a 3 turn spiral (6/11 mm ID/OD) of �0.8 mm enameled copper wire. 1H
element are 14 mm loops built with �1 mm silver-plated copper wire.

2.3.6 1H imaging

Anatomical axial T2W images were acquired with a fast spin-echo sequence (effective echo

time TEeff = 52 ms, TR = 4000 ms, 18×18 mm2 FOV, 256×256 matrix) at the beginning of the

MR scan to provide localization for the shimming voxels, as well as within 5 min of the HP

injection and at the end of the scan protocol, approximately 2 h post-reperfusion to assess the

evolution of the striatal lesion.

2.3.7 1H MRS

Localized proton spectroscopy was acquired on the same animals in which the hyperpo-

larized substrate was injected, except for one animal in each lactate group. Using the Fast,

Automatic Shim Technique using Echo-planar Signal readouT for Mapping Along Projec-

tions (FASTESTMAP) routine240,241, static field inhomogeneity was corrected in a 2.0 mm×
1.8 mm×2.0 mm voxel located in the striatum where the ischemic lesion was expected. 1H

MRS was performed using the SPin ECho, full Intensity Acquired Localized (SPECIAL) pulse

sequence242 (TE = 2.8 ms, TR = 4000 ms, 200 ms acquisition time, and 10×16 scans) and

repeated continuously until 120 min post-reperfusion or post-surgery, except for the time

required for shimming, HP 13C MRS and 1H imaging. The absolute metabolite concentrations

were quantified using LCModel V6.3 243. Values with Cramer–Rao lower bounds (CRLB) above

40% were discarded from further analyses.
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2.3.8 Hyperpolarized 13C MRS

Using the FASTESTMAP routine 240,241, static field inhomogeneity was corrected in a 3.6 mm×
6.9 mm×4.5 mm voxel within the brain to optimize the signal quality. At either 1 h or 2 h

post-reperfusion in MCAO mice and 1 h post-surgery in sham-operated animals, either HP

[1-13C] lactate or [1-13C] pyruvate was dissolved in 5 mL superheated D2O or buffer solution

(60 mM tris(hydroxymethyl)aminomethane (TRIS) and 0.3 mM ethylenediaminetetraacetic

acid (EDTA) in D2O at pD = 7.6), respectively. Approximately 2.5 mL of 80 mM solution was

collected in the separator/infusion pump. A total of 450µL, including 125µL of dead volume

was injected into the femoral vein through the automated protocol 188. 13C MR spectra were

then immediately acquired every 3 s with 30° four-segment B1-insensitive rotation 244 (BIR-4)

adiabatic pulses. The choice of the administered doses was based on the therapeutic doses

reported by Berthet et al. 62 and Yi et al. 57 . Each mouse received only one bolus injection

of either HP metabolites. The average doses received, as measured post-experiment, were

(1.08±0.19)µmolg−1 for HP lactate and (1.12±0.13)µmolg−1 and for HP pyruvate.

2.4 Data processing

2.4.1 13C metabolite ratios

The signal from the first 120 s post-injection was summed, the metabolite peaks were fitted and

the areas under the curve (AUC) were calculated using the Bayesian Data Analysis Software

Package V4.01 (Washington University in St. Louis). The peak areas of [1-13C] lactate, [1-
13C] alanine, [1-13C] pyruvate and [13C] bicarbonate were then used to compute the metabolite

ratios. To reduce the variability between individuals, when relevant, the ratios were scaled to

the HP infusate dose, namely by multiplying the ratio by the amount of HP pyruvate or lactate

injected and dividing by the animal body weight. The infusate concentration was obtained

via high-resolution NMR by comparing the signal intensity of the remaining solution to a

reference [1-13C] acetate sample.

2.4.2 Kinetic modeling

The time course of [1-13C] lactate, [1-13C] alanine, [1-13C] pyruvate and [13C] bicarbonate

signals were deduced by fitting each spectrum individually using the Bayesian Data-Analysis

Software Package.

To quantify the apparent kinetic rates from the dynamic labeling pattern, multi-compartment

models describing the metabolic kinetics post HP [1-13C] lactate or HP [1-13C] pyruvate bo-
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lus (Figures 2.6 and 2.7) injection were derived from their respective simplified schemes of

cerebral transport and metabolism (Figure 2.5) and using the following assumptions:

• Each conversion or elimination step was modeled as a first-order chemical reaction.

• A single apparent lactate-to-pyruvate turnover step (lactate model) or pyruvate-to-

lactate turnover step (pyruvate model) was used to describe both the transport of

the substrate across the blood-brain barrier (BBB) and lactate dehydrogenase (LDH)

exchange. The corresponding kinetic rate constant is rather related to the transport step,

which is slower compared to LDH exchange 236,245.

• Although the LDH exchange is reversible, only the forward reaction was taken into ac-

count given that the bolus injection shifts the equilibrium towards downstream metabo-

lites.

• Conversion of [1-13C] pyruvate up to [13C] bicarbonate was accounted in a single step

since the intermediate product, 13CO2, was not detected due to the limited bandwidth

of RF pulses.

• Elimination steps were added to the end products.

The dynamic 13C MRS signal is a combination of the uptake of the precursor, metabolic

conversion into downstream metabolites, as well as signal losses resulting from the longitudi-

nal spin-lattice relaxation and repeated RF excitation. The time evolution of the downstream

metabolites in the multisite models shown above can then be described using a set of differen-

tial equations.

Following an injection of HP lactate:

d

d t

Pyr

Ala

Bic

 (t ) =


−kPA −kPB −F − 1

T1
0 0 kLP

kPA −kA, out −F − 1

T1
0 0

kPB 0 −kB, out −F − 1

T1
0




Pyr

Ala

Bic

Lac

 (t ) (2.1)

Where Pyr(t), Ala(t), Bic(t) and Lac(t) denote the time-varying signal amplitude of the

corresponding HP 13C metabolites, kX, X ∈ {LP, PA, PB, A out, B out} the first-order kinetic rate

constants for the conversion between the metabolites or their elimination, as summarized

in Figure 2.6, T1 is the longitudinal relaxation time constant, approximated to 15 s for all

metabolites 246, and F is the term accounting for the loss of magnetization resulting from the

RF pulse:

F =− ln(cos(α))

TR
(2.2)
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Figure 2.5: Simplified schematic of cerebral transport and metabolism of HP [1-13C] lac-
tate and HP [1-13C] pyruvate. These substrates can cross the blood-brain barrier (BBB) via
monocarboxylate transporters (MCTs). The intracellular [1-13C] lactate and [1-13C] pyruvate
pools exchange via lactate dehydrogenase (LDH). [1-13C] pyruvate is either converted into
[1-13C] alanine by alanine aminotransferase (ALT) or transported into the mitochondria via
mitochondrial pyruvate carriers (MPCs), then oxidized by pyruvate dehydrogenase (PDH),
producing 13CO2 remaining in equilibrium with [13C] bicarbonate via carbonic anhydrase
(CA).
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Figure 2.6: Mathematical kinetic model for the cerebral metabolism of HP [1-13C] lactate.
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Figure 2.7: Mathematical kinetic model for the cerebral metabolism of HP [1-13C] pyruvate.
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Where α= 30◦ is the flip angle of the RF pulse applied with a repetition time TR = 3s.

By assuming a negligible contribution from endogenous 13C metabolites due to their low

thermal polarization and natural abundance, the following initial conditions can be set:

Pyr

Ala

Bic

 (t = 0) =

0

0

0

 (2.3)

Similarly, the following set of differential equations is derived for the metabolism following an

injection of HP pyruvate:

d

d t

Lac

Ala

Bic

 (t ) =


−kL, out −F − 1

T1
0 0 kPL

0 −kA, out −F − 1

T1
0 kPA

0 0 −kB, out −F − 1

T1
kPB




Lac

Ala

Bic

Pyr

 (t ) (2.4)

with following initial conditions: Lac

Ala

Bic

 (t = 0) =

0

0

0

 (2.5)

Where Lac(t), Ala(t), Bic(t) and Pyr(t) denote the time-varying signal amplitude of the cor-

responding HP 13C metabolites, kX, X ∈ {PL, PA, PB, A out, B out, L out} denote the first-order

kinetic rate constants for the conversion or elimination of metabolites, as summarized in

Figure 2.7.

The time course of the 13C signal intensity of the injected metabolite, either lactate or

pyruvate, is fitted with a polynomial function and used as an input function for solving the

set of differential equations. Then, apparent kinetic rate constants were determined by fitting

each experimental 13C signal time course to their respective model using a trust-region least

squares algorithm in a routine implemented in MATLAB R2021b (MathWorks, Natick, USA).

Finally, to account for experimental variability, the kinetic rates corresponding to a metabolic

step originating from the precursor metabolite were additionally scaled to the injected dose.

2.4.3 Statistical analysis

We performed statistical analyses using the MATLAB R2021b software (MathWorks, Natick,

USA). One-way analysis of variance (One-way ANOVA) was used followed by Tukey-Kramer’s

test to correct for multiple comparison. A p value below 0.05 was considered statistically

significant. All data are presented as mean ± standard deviation unless otherwise stated.
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2.5 Results

The anatomical T2W images in Figure 2.8 illustrate the typical striatal lesion following 30 min

transient ischemic stroke. Although slight morphological modifications are already noticeable

at 1 h post-reperfusion, the lesion is only readily visible at 2 h post-reperfusion. As expected,

there is no lesion in sham animals.

Sham MCAO 1h p.r. MCAO 2h p.r.A B C

Figure 2.8: Representative axial T2W slices acquired in the brain using a FSEMS sequence (4
averages). Arrows indicate the injured region resulting from the induced transient ischemic
stroke. No lesion is observed in sham (A). Already slightly noticeable at 1 h post-reperfusion
(p.r.) (B), the lesion becomes more clearly visible and delimited at 2 h post-reperfusion (C).

Representative dynamic cerebral HP 13C MRS spectra acquired in sham and MCAO animals

are shown in Figure 2.9. The infused HP [1-13C] lactate is converted into HP [1-13C] pyruvate,

which is then further converted into either HP [1-13C] alanine or HP [13C] bicarbonate. The

peak visible at 177.7 ppm is a known chemical impurity from the lactate stock solution and is

therefore not a result of the mouse metabolism. The infused HP [1-13C] pyruvate is converted

into HP [1-13C] lactate, [1-13C] alanine and HP [13C] bicarbonate. HP [1-13C] pyruvate hydrate

is observed as well and represents about 8% of the [1-13C] pyruvate signal amplitude.

The averaged time courses of the individual HP 13C metabolite signals are reported in

Figure 2.10. Following HP [1-13C] lactate infusion, a lower labeling of the [1-13C] pyruvate pool

is readily visible in all stroke animals compared to sham. The [1-13C] alanine and [13C] bi-

carbonate labeling are lower to a lesser extent. In experiments with HP [1-13C] pyruvate, a

marked decrease in the labeling of [1-13C] alanine, as well as slightly lower [1-13C] lactate are

observed after stroke compared to sham.

Using the metabolite ratio analysis (Figures 2.11 and 2.12) we observed that the metabolic

conversions of both substrates in healthy animals were different from those of animals sub-

jected to MCAO.
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Sham 1h post-surgery MCAO 1h p.r. MCAO 2h p.r.
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Figure 2.9: Representative dynamic 13C MRS acquired from healthy and stroke mice brains
following infusion of (A) HP [1-13C] lactate (lb = 20 Hz) or (B) HP [1-13C] pyruvate (lb = 10 Hz).
The bold colored spectra are the sum of the first 120 s post-infusion. (A) The peak at 177.7 ppm
(*) is an impurity from the stock lactate solution.

50



2.5 Results

La
ct

at
e

in
je

ct
io

n
Py

ru
va

te
 in

je
ct

io
n

A
B

Sham 1h post-surgery MCAO 1h p.r. MCAO 2h p.r.

Figure 2.10: Averaged metabolic time courses across all experiments. For each individual
experiment, the data were beforehand normalized to the highest signal intensity data point.
The shaded areas represent the standard deviation around the mean. The lactate and pyruvate
signals were scaled for display purposes as indicated in the legends.

Following lactate infusion, the pyruvate-to-lactate ratio (PLR) showed a trend towards lower

values in MCAO 1 h animals compared to healthy animals (Figure 2.11A). After normalizing

this ratio to the infusate dose to account for experimental variations (i.e. animal weight and

actual substrate concentration as previously described228), the cPLR was found to be 38%

lower in MCAO 1 h mice than in sham mice (Figure 2.11D). Further differences were found

in the alanine labeling. In particular, the normalized alanine-to-lactate ratio (cALR) was 53%

lower in the MCAO 2 h group than in the sham group, and 37% lower than in the MCAO 1 h

group (Figure 2.11E). Furthermore, a trend towards a lower bicarbonate labeling was observed

after stroke (cBLR, Figure 2.11F).

Following pyruvate infusion, MCAO 1 h mice showed a trend towards a lower lactate

labeling than sham mice. The lactate-to-pyruvate ratio (LPR, Figure 2.12A) of the MCAO 2 h

mice was 32% lower than that of sham mice, and 24% lower than that of MCAO 1 h mice. After

normalizing the LPR to the actual pyruvate dose (cLPR, Figure 2.12D), the lactate labeling

was found to be different between healthy and both groups of stroke animals; 18% lower in

MCAO 1 h mice and 31% lower in MCAO 2 h mice. The alanine labeling was similar between
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Alanine labelingPyruvate labeling Bicarbonate labeling

Figure 2.11: Metabolite ratios following injection of HP [1-13C] lactate in healthy sham and
stroke MCAO animals. Data are displayed as the mean ± standard deviation and overlaid with
individual data points (circles for sham, squares for MCAO 1 h, diamonds for MCAO 2 h, and
same for the next figures). Pyruvate-to-lactate ratio (PLR, A), alanine-to-lactate ratio (ALR, B),
bicarbonate-to-lactate ratio (BLR, C). The same ratios corrected for the actual [1-13C] lactate
dose injected (cPLR, cALR and cBLR, respectively, D, E and F). Alanine-to-pyruvate ratio (APR,
G) and bicarbonate-to-pyruvate ratio (BPR, H). The cPLR was significantly lower in the MCAO
1 h group compared to sham (D). A trend towards decreasing alanine labeling (cALR) was
observed after stroke (E), with a significant difference between MCAO 2 h and both sham and
MCAO 1 h. The bicarbonate-to-lactate ratio (cBLR) tends to decrease after stroke (F).
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both MCAO time points, and lower than sham by 42% in MCAO 1 h and by 48% in MCAO 2 h

(cAPR, Figure 2.12E). As in HP lactate experiments, a slight trend towards a lower bicarbonate

labeling was observed after stroke (cBPR, Figure 2.12F).

Alanine labelingLactate labeling Bicarbonate labeling

Figure 2.12: Metabolite ratios following injection of HP [1-13C] pyruvate in healthy sham and
stroke MCAO animals. Data are displayed as the mean ± standard deviation and overlaid
with individual data points. Lactate-to-pyruvate ratio (LPR, A) Alanine-to-pyruvate ratio
(APR, B) bicarbonate-to-pyruvate ratio (BPR, C). Metabolite ratios corrected for the actual
[1-13C] pyruvate dose injected (cLPR, cAPR, cBPR, respectively, D, E and F). Alanine-to-lactate
ratio (ALR, G) and bicarbonate-to-lactate ratio (BLR, H). Both lactate and alanine labeling
were lower in MCAO compared to sham (D, E).
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We then quantified the kinetics of HP [1-13C] pyruvate and HP [1-13C] lactate cerebral

metabolism using mathematical modeling. In HP lactate experiments, the kinetic rate of

lactate-to-pyruvate conversion was slower in stroke animals than in sham, both at 1 h (25%)

and 2 h (34%) post-reperfusion (ckLP, Figure 2.13D). Furthermore, the kinetic rate of pyruvate-

to-bicarbonate conversion (kPB, Figure 2.13C) shows a trend towards higher values after

stroke.

Alanine labelingPyruvate labeling Bicarbonate labeling

Figure 2.13: Kinetic rates following injection of HP [1-13C] lactate. Data are displayed as the
mean ± standard deviation and overlaid with individual data points (circles for sham, squares
for MCAO 1 h, diamonds for MCAO 2 h, and same for next figure). Kinetic rate constants of
lactate-to-pyruvate (kLP, A), pyruvate-to-alanine (kPA, B) and pyruvate-to-bicarbonate (kPB,
C) turnover. Lactate-to-pyruvate kinetic rate corrected for the actual dose of [1-13C] lactate
injected (ckLP, D). Kinetic rate constants for the elimination of alanine (kA, out, E) and bicar-
bonate (kB, out, F).
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Similarly, the injections of HP pyruvate depicted a slower pyruvate-to-lactate labeling (ckPL,

Figure 2.14D) after stroke, decreasing by 17% and 28% in MCAO 1 h and 2 h compared to sham,

respectively.

Alanine labelingLactate labeling Bicarbonate labeling

Figure 2.14: Kinetic rates following injection of HP [1-13C] pyruvate. Data are displayed as the
mean ± standard deviation and overlaid with individual data points. Kinetic rate constants
of pyruvate-to-lactate (kPL, A), pyruvate-to-alanine (kPA, B), pyruvate-to-bicarbonate (kPB,
C) turnover. Rate constants of the same metabolic steps corrected for the actual dose of
[1-13C] pyruvate injected (ckPL, ckPA, ckPB, D, E and F, respectively). Kinetic rates for the elim-
ination of lactate, alanine and bicarbonate (kL, out, kA, out and kB, out, G, H and I respectively).
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In Figure 2.15, we compare the forward kinetic rate constants against the metabolite ratios

corresponding to the same labeling, similarly to Hill et al. 247 . In HP lactate experiments, a

strong dependence is observed between all kinetic rates and ratio pairs (Pearson correlation

coefficient: r ≈ 0.7, Figure 2.15A-C), while the in HP pyruvate experiments, the dependence is

very strong for the lactate labeling (r = 0.97, Figure 2.15D), and weak for remaining pairs.

Pyruvate injection

Lactate injection
A B C

D E F

Figure 2.15: Correlation between kinetic rate constants and metabolite ratios, for HP [1-
13C] lactate (A-C) and [1-13C] pyruvate (D-F) experiments. The bold curve represents the
linear least squares fit. The Pearson correlation coefficient is displayed in the top-left corner
of each plot.
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The neurochemical profiles measured in the striatum at the left hemisphere (Figure 2.16)

depicted noticeable changes in metabolite concentrations after MCAO. At the 75 min time

point, which is shortly after the HP substrate bolus injection for 13C MRS in the MCAO 1 h and

sham groups, higher levels of lactate, as well as lower levels of macromolecules, glutamate and

glutamine were observed after stroke compared to sham (Figure 2.17). Additional differences

were observed at 110 min (Figure 2.18), with lower levels of taurine and NAA+NAAG measured

in stroke animals compared to sham. At both 75 min and 110 min time points, no significant

differences were observed between both sham groups, injected with different substrates at

60 min, or between the three MCAO groups, receiving an injection of either lactate, pyruvate,

or none of the two at 60 min. For all metabolites quantified, the neurochemical profile in the

striatum measured immediately before and after the bolus injection was not substantially

different (Figures 2.19 to 2.21).
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Figure 2.16: Representative 1H MRS spectra (160 averages, 640 s of acquisition time for each
point) and voxel position in the striatum of (A) a sham mouse 75 min post-surgery, and one
MCAO mouse at (B) 75 min and (C) 110 min post-reperfusion. All animals received a bolus
lactate injection at 60 min post-reperfusion/surgery. 5 Hz of line broadening was applied
to each spectrum for visualization purposes. The red rectangles indicate the spectroscopy
voxel within the striatum. Abbreviations: alanine (Ala), creatine (Cr), γ-aminobutyric acid
(GABA), glutamine (Gln), glutamate (Glu), glycine (Gly), glycerophoshocholine (GPC), lactate
(Lac), macromolecules (Mac), N-acetyl-aspartate (NAA), N-acetyl-aspartyl-glutamate (NAAG),
phosphocholine (PCho), phosphocreatine (PCr) and taurine (Tau).
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1H neurochemical profiles in the striatum at 75 min timepoint
A B C D

E F G H

I J K L

Figure 2.17: Metabolite concentrations of selected metabolites detected at 75 min post reper-
fusion i.e. about 15 minutes after the injection of either HP lactate or pyruvate in the sham
and MCAO 1 h groups, whereas the MCAO 2 h group did not receive any injection yet. Data
are displayed as the mean ± standard deviation and overlaid with individual data points.
Significant differences in many metabolites are depicted between sham and MCAO groups.
However, no significant difference was depicted between both sham groups, or between the
three MCAO groups.
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1H neurochemical profiles in the striatum at 110 min timepoint

I J K L

E F G H

A B C D

Figure 2.18: Metabolite concentrations of selected metabolites detected at 110 min post-
reperfusion or post-surgery, therefore approximately 50 min after the injection of either HP
lactate or pyruvate in the sham and MCAO 1 h groups. Data are displayed as the mean ±
standard deviation and overlaid with individual data points. Several differences are found
between the sham and MCAO groups. No significant difference was depicted between both
sham groups, or between the three MCAO groups.
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A
Sham MCAO 1h MCAO 2h

D

B

C

Figure 2.19: Time course of selected endogenous metabolites quantified in the striatum after
sham surgery (left panel), and 30 min transient MCAO surgery (center and right panels). The
blue data points are the groups receiving an injection of HP lactate, while the green data points
are the groups receiving an injection of HP pyruvate. Vertical dotted lines indicate the times at
which either HP lactate or HP pyruvate was injected for HP 13C MRS. The time zero indicates
the beginning of reperfusion. Data are displayed as the mean ± standard deviation. Only data
with a Cramer-Rao lower bounds (CRLB) below 40% in the LC-model quantification were
included in the analysis.
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Figure 2.20: Time course of selected endogenous metabolites quantified in the striatum after
sham surgery (left panel), and 30 min transient MCAO surgery (center and right panels).
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Figure 2.21: Time course of selected endogenous metabolites quantified in the striatum after
sham surgery (left panel), and 30 min transient MCAO surgery (center and right panels).
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2.6 Discussion

The transfer of HP 13C labeling between pyruvate and lactate, starting from either [1-13C] pyru-

vate or [1-13C] lactate is a useful tool to assess in vivo metabolism. With the aim to provide a

new platform for rapid molecular imaging without the use of ionizing radiation, this approach

has rapidly translated from preclinical to clinical research231. As HP [1-13C] lactate and [1-
13C] pyruvate provide complementary views on the same metabolic pathway, our aim here

was to compare their performance as metabolic contrasts while being used as neuroprotective

agents in a transient mouse model of stroke. We analyzed the metabolite ratios and quantified

the real time apparent kinetic rates of their cerebral metabolism after ischemic stroke.

We found a slower and lower interlabeling between lactate and pyruvate after stroke, both

after HP [1-13C] lactate and [1-13C] pyruvate injections. This, suggests that either the transport

of both of these monocarboxylates across the BBB or the LDH activity are decreased after

stroke. Although it is known that the monocarboxylate transporter expression is increased

after stroke 248, the rise in the endogenous lactate concentration 93 could reduce the amount of

HP lactate entering the brain, and/or reduce the conversion of HP pyruvate into lactate, which

may explain the apparent lower and slower lactate-pyruvate interlabeling in the post-ischemic

brain. Due to the larger endogenous lactate pool size compared to pyruvate, the metabolic

conversion was one order of magnitude lower in [1-13C] lactate experiments (PLR and kLP)

compared to [1-13C] pyruvate measurements (LPR and kPL).

Surprisingly, the labeling of pyruvate from lactate observed in stroke animals follows an

opposite trend compared to a previous report228 in the same stroke model, while healthy

animals depicted similar results in both studies (Figure 2.22). The only difference regarding

the 13C HP MRS acquisition is the different polarizing agent, which was switched from the

nitroxyl TEMPOL to the trityl OX063 radical to boost the polarization level, while remaining

parameters (MRI scanner, RF coil, MRS sequence, dDNP polarizer, dissolution system, disso-

lution buffer, anesthesia, veterinary surgeons, animal provider) remained strictly identical.

Chapter 3 is focused on investigating this difference, and found that, even at the low dose of a

polarizing agent, the catalytic antioxydant properties of TEMPOL act as a confounding factor

and facilitate the conversion of lactate into pyruvate. Therefore, in this present study, using

the more stable 249 trityl radical OX063 instead enables us to focus on the inherent metabolic

changes after stroke.

It is important to highlight that after a bolus of either substrate, the uptake is rate-limited

by the transport across the BBB 111,236,245. Consequently, the HP substrate signal mostly origi-

nates from the blood, while downstream metabolite signals would be expected to arise from

brain tissue. In HP [1-13C] pyruvate experiments, all the steps measured via 13C MRS, which

stem directly from pyruvate, are a combination of transport across the BBB and metabolism.
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Figure 2.22: Comparison of the pyruvate labeling measured in HP [1-13C] lactate experiments
to the previous study in the same animal model by Hyacinthe et al. 228 . A substantially different
trend is observed in stroke animals, and will be further investigated in Chapter 3.

On the other hand, in HP [1-13C] lactate experiments, only the labeling of pyruvate is directly

related to the lactate transport across the BBB, and the subsequent steps from pyruvate into

alanine or bicarbonate represent intracellular processes. This distinction leads to interesting

observations: in HP lactate experiments, the kinetic rate of pyruvate-to-bicarbonate conver-

sion (kPB) tends to be faster after stroke, while no such trend could be observed in HP pyruvate

experiments although the same metabolic step is probed here, namely the conversion of

[1-13C] pyruvate into acetyl-CoA and 13CO2. Further metabolic contrasts were observed in the

[1-13C] alanine labeling, which was lower after stroke compared to sham. However, it is likely

that the alanine signal originates from soft peripheral tissues221,250,251 due to the low level of

alanine aminotransferase in the brain252.

Interestingly, in HP [1-13C] lactate experiments, the kinetic modeling analysis enabled

a better distinction between healthy and stroke animals by taking into account the succes-

sive transport/enzymatic steps, unlike the metabolite ratio analysis. This is not the case in

HP [1-13C] pyruvate measurements, where the lactate-to-pyruvate ratio and kinetic rate of

pyruvate to lactate conversion are strongly correlated, and is equivalently analyzed with both

approaches.

While both substrates require a similar dose to achieve neuroprotection, lactate has a

substantially higher endogenous abundance, approximately 20 times higher than pyruvate in

healthy animals 253. In addition, the flux of lactate across the BBB is higher than for pyruvate 254.

As a result, lactate therapy remains closer to physiological conditions, reducing the risks of

saturating the metabolic pathways.
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Nonetheless, in both situations tested here, the infused dose was higher than the typical

doses used in preclinical and clinical research. Therefore, we wanted to investigate whether

these higher doses induced changes that would affect the absolute metabolite concentrations

quantified by proton spectroscopy . Consistent with previous studies 93,228,255,256, the observed

neurochemical profiles evolved rapidly after stroke, and striking changes in metabolite con-

centrations were readily observed after reperfusion, particularly the typical higher lactate

concentration within the lesion. Based on the proton spectra, neither the therapeutic bolus

of pyruvate nor that of lactate induced additional changes in the metabolites pool size in the

striatum of healthy or ischemic brains, suggesting that even when applied at a higher dose,

they do not substantially alter the metabolism in the infarct core. It is important to note that

the 1H spectroscopy was collected in a voxel located within the ischemic core area, while

the HP 13C MRS was detected in the whole brain using the surface coil profile to limit the

detection area. As a consequence, it is not possible to directly relate the results between both

modalities. The 2 hours time window of the 1H MRS is not long enough to assess the evolution

of the endogenous lactate concentration over time 228.

2.7 Conclusion

In this chapter, we demonstrated the feasibility of quantifying the global cerebral metabolic

kinetics of HP [1-13C] lactate and HP [1-13C] pyruvate while being used at therapeutic doses

in a mouse model of ischemia-reperfusion. Both substrates reported distinct global cerebral

transport and metabolism between the ischemic and healthy brains. Major changes are taking

place in the first two hours after reperfusion, reflecting the metabolic reprogramming set in

motion to meet the energetic demands after blood flow is restored in the acute phase of stroke.

Although HP lactate metabolism is more challenging to measure due to a lower polarization

and magnitude of the conversion into downstream metabolites compared to HP pyruvate,

it achieved similar kinetic contrasts. Unlike HP pyruvate, measuring the metabolism of HP

lactate offers the ability to probe subsequent steps, to distinguish between the uptake and

metabolism within brain tissues. On the biological side, lactate administered as a therapy

remains more physiological than pyruvate, and presents more established neuroprotective

effects, currently undergoing phase 2 clinical trials for acute ischemic stroke. Overall, while

pyruvate is a better imaging probe, lactate is more advantageous on the therapeutic side.

The global measurements performed in this study assessed the metabolism of the whole

brain, without distinction between healthy tissue, potentially salvageable penumbra and core

of the focal ischemic injury. Despite this limitation, the present study sets the ground for

further investigations to fully exploit the potential of HP pyruvate and HP lactate as metabolic

contrasts for stroke theranostics.
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Further improvements of the measurement sensitivity and the use of localization tech-

niques, which will be the focus of the next chapters, would allow us to more precisely map

the metabolic conversions. In addition, a deeper understanding of the differences in how the

brain uses these two neuroprotective agents may also contribute to a better understanding of

their mechanisms of action.
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3.1 Abstract

Hyperpolarization of 13C by dissolution dynamic nuclear polarization (dDNP) boosts the

sensitivity of magnetic resonance spectroscopy (MRS), making possible the monitoring in vivo

and in real time of the biochemical reactions of exogenously infused 13C-labeled metabolic

tracers.

The preparation of the hyperpolarized substrate requires the use of free radicals as polariz-

ing agents. Although added at very low doses, these radicals are not biologically inert. Among

the observations of the previous chapter, a lower labeling of pyruvate after a bolus injection

of HP lactate was found in stroke mice compared to healthy animals. Surprisingly, this is

opposite to a previous study conducted on the same animal model. Between both studies, the

main difference is the polarizing agent, which was changed from the nitroxyl radical TEMPOL

to the trityl radical OX063 to boost the polarization.

Here, we demonstrate that the presence of the nitroxyl radical TEMPOL influences signifi-

cantly the cerebral metabolic readouts of a hyperpolarized [1-13C] lactate bolus injection in a

mouse model of ischemic stroke with reperfusion. Thus, the choice of the polarizing agent

in the design of dDNP hyperpolarized MRS experiments is of great importance, and should

be carefully taken into account to prevent or consider significant effects that could act as

confounding factors.

This chapter is adapted from the following mansucript: Lê Thanh Phong, Buscemi Lara,

Lepore Mario, Mishkovsky Mor, Hyacinthe Jean-Noël, Hirt Lorenz. Influence of DNP Polar-

izing Agents on Biochemical Processes: TEMPOL in Transient Ischemic Stroke, ACS Chemical

Neuroscience, 2023. doi:10.1021/acschemneuro.3c00137

This study was conceived by MM, HL and HJN. BL and LM performed the stroke surgery.

I acquired all experimental data. BL and myself analyzed and interpreted the data. All

authors contributed to drafting and revising the manuscript.
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3.2 Introduction

Hyperpolarization of 13C labeled small molecules temporarily increases the nuclear spin polar-

ization by up to five orders of magnitude. Among the different hyperpolarization techniques

designed to enhance nuclear magnetization, dynamic nuclear polarization (DNP)133 is the

most versatile one. The DNP process involves the transfer of polarization from unpaired

electron spins to neighboring nuclear spins through dipolar interaction, making it possible to

hyperpolarize a large variety of substrates. As discussed in Section 1.4.4.3, in a typical DNP

sample, unpaired electron spins (also called polarizing agents) in the form of free radicals

are homogeneously mixed with the labeled substrate of interest as frozen glassy beads. In

practice, only tens of millimolar of polarizing agent are needed to hyperpolarize molars of

the substrate. A large variety of radicals has been proposed since the introduction of DNP 257,

including non-persistent UV-induced radicals 177,180 and stable free radicals, the latter being

widely used in biological investigations.

In fact, the choice of polarizing agent has a great influence on the maximal polarization

levels that can be achieved, as it influences the mechanism by which the DNP process occurs.

As a rule, when directly polarizing low gyromagnetic ratio nuclei (such as 13C), narrow electron

spin resonance (ESR) line radicals (e.g. Trityl or BDPA) are preferable, and high polarization

levels can be reached within several hours. On the other hand, broad ESR line radicals

(e.g. nitroxyl) usually provide better performance for high gyromagnetic ratio nuclei and

especially for 1H. Nevertheless, recent efforts for optimizing and accelerating the preparation

of hyperpolarized (HP) samples while using the ubiquitous and accessible nitroxyl radicals

showed that the use of microwave modulation149 with or without the combination of cross-

polarization151,152 schemes may lead to very competitive polarization even on 13C-labeled

compounds 186.

The advent of the dissolution DNP protocol allowed the preparation of biocompatible

solutions of HP metabolic substrates. Consequently, it paved the way for novel magnetic

resonance spectroscopy (MRS) applications, by enabling in vivo acquisitions of biochemical

reactions of exogenously infused solutions of HP 13C-labeled tracers in real time.

Altered metabolism is a common feature of many neurological disorders, motivating

extensive efforts to develop and apply HP 13C MRS for neuroimaging214,220,258. Early on,

proton MRS was used to report the evolution of the neurochemical profile of endogenous

metabolites like lactate after ischemic brain injury 259. Interestingly, while hypoxia produces

large amounts of lactate due to reduced blood supply88,259, it has been demonstrated that

the administration of exogenous lactate at reperfusion protects against ischemia-induced cell

death and disability 62,63.
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In the context of advancing hyperpolarized MR neuroimaging and, in particular, the

development of theranostic probes for ischemic stroke, the focus was, as a first step, on the im-

plementation of HP [1-13C] lactate as a probe for interrogating cerebral metabolism 236. It was

demonstrated that after transient hypoxia-ischemia injury, hyperpolarized [1-13C] lactate ad-

ministered at a beneficial dose 62,63 rapidly reaches the brain and gets converted into pyruvate

and CO2
228. It is important to highlight that in these studies the polarizing agent of choice was

the widely available and affordable nitroxyl radical 4-hydroxy-2,2,6,6-tetramethylpiperidine-

1-oxyl (TEMPOL). Although small amounts of TEMPOL are necessary for the DNP process,

and its millimolar concentration is decreased upon the dilution with the dissolution solvent,

even at these low doses, it may not be biologically inactive. Indeed, TEMPOL is a radical

scavenger whose antioxidant activity has been used for a long time to prevent the adverse

consequences of oxidative stress and inflammation in a number of pathological conditions 260.

In particular, TEMPOL has been shown to provide neuroprotection when administered before

or after reperfusion in animal models of global and focal cerebral ischemia261–265.

In the context of this thesis, the polarizing agent was changed from TEMPOL to the trityl

radical OX063 to double the liquid-state polarization. A substantial sensitivity improvement

was achieved, enabling the metabolic time course of all downstream metabolites to be quanti-

fied to allow detecting dynamic contrasts via kinetic modeling (Chapter 2). Interestingly, a

decreased pyruvate labeling was observed in stroke animals compared to healthy mice, which

is opposite to the previous study on the same animal model by Hyacinthe et al. 228 . Further

verification is required to isolate the origin of this surprising change.

Hence, the aim of the present chapter was to investigate whether the presence of TEMPOL

influences the cerebral metabolic readouts of an HP [1-13C] lactate bolus injection in a mouse

model of ischemic stroke with reperfusion. In the dDNP protocol, the polarizing agent was the

trityl radical OX063, which has not been reported for neuroprotection and produces higher
13C polarization 266 in metabolic precursors. Then, the metabolic readouts of the injection of

HP [1-13C] lactate polarized with the trityl radical were compared to that of a similar bolus

spiked with the nitroxyl radical TEMPOL.

3.3 Methods

The experimental procedure is similar to the procedure reported in Section 2.3. The HP MRS

datasets from the MCAO 1 h group presented in Section 2.5 are reused in the present chapter.

The present part adds the measurements of the MCAO + TEMPOL group.
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3.3.1 Animal experimentation

All experiments involving mice were conducted according to Federal and local ethical guide-

lines and were approved by the local regulatory authorities (Service de la Consommation

et des Affaires Vétérinaires, Canton de Vaud, Switzerland), license numbers VD2017.5 and

VD2017.6. Male C57BL/6J mice (6 to 10 weeks, Charles River, France) were maintained in an

animal facility with controlled humidity and temperature, a 12 h light/dark cycle and free

access to food and water.

3.3.2 Transient middle cerebral artery occlusion (MCAO) model of stroke

A lesion in the left striatum was induced by transient 30 min focal cerebral ischemia as

previously described61,239. In summary, mice were kept under anesthesia with 1.5-2.0%

isoflurane in 60% oxygen and laser-Doppler flowmetry was used to monitor the regional

cerebral blood flow (rCBF) through a flexible probe (Perimed AB, Sweden) glued to the skull at

1 mm posterior and 6 mm lateral from bregma. The neck was incised and both left common

and external carotid arteries were exposed and ligated. A silicone-coated nylon monofilament

(Doccol Corp., Sharon, USA) was inserted through the common carotid artery into the internal

carotid artery to obstruct the left middle cerebral artery (MCA). The occluding filament was

removed after 30 min to restore the blood flow. The intervention was considered successful if

the rCBF remained below 20% of the baseline during occlusion and increased above 50% of the

initial value within 10 min after the filament retraction. The left femoral vein was cannulated

during occlusion to allow the intravenous injection of the HP solution.

3.3.3 Hyperpolarization

A preparation of 4.1 M sodium L-[1-13C] lactate (606022, Sigma Aldrich, Buchs, Switzerland)

in water:glycerol (1:1, v:v) was doped with 25 mM of OX063 radical (Albeda Research, Copen-

hagen, Denmark). 160µL of mixture was frozen into 10µL beads and hyperpolarized in a

7T/1K DNP polarizer 188. In separate experiments, a liquid-state polarization of (33.1 ± 8.9)%

was measured in a 9.4T MRI scanner at the time of injection.

3.3.4 Magnetic resonance measurements

MR measurements were performed on a 9.4T/31cm horizontal actively shielded magnet

(Magnex Scientific, Yarnton, UK) connected to a Varian INOVA spectrometer (Varian, Palo

Alto, USA).
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Upon reperfusion, mice were transferred into the MRI scanner with a 1H quadrature/13C

linear surface coil above the head, whose sensitivity profile was described in a previous

study228. Using the FASTESTMAP routine241, static field inhomogeneity was corrected in a

3.6 mm×6.9 mm×4.5 mm voxel within the brain to optimize the signal quality.

Anatomical axial T2 weighted (T2W ) images were acquired with a fast spin-echo sequence

(effective echo time TEeff = 52 ms, TR = 4000 ms, 18 mm×9 mm FOV, 256×128 matrix) at the

beginning of the MR scan to provide localization for the shimming voxels, as well as within

5 min of the HP injection and at 2 h post-reperfusion to assess the evolution of the striatal

lesion.

At 1 h post-reperfusion, the lactate sample was dissolved in 5 mL superheated D2O, pushed

to a separator/infusion pump and injected through an automated protocol 188. The injection

volume was set to 450 µL, including 125 µL of dead volume, to reach a therapeutic dose of HP

[1-13C] lactate. In average, the dose delivered was (1.07±0.14)µmolg−1, which corresponds

to (121±16) mgkg−1 of sodium lactate. Immediately, global 13C HP MRS was triggered and

acquired every 3 s with 30° BIR-4 adiabatic pulses. The spatial localization was provided by

the coil’s sensitivity profile 228.

3.3.5 Animal groups

Two animal groups were scanned: MCAO (n = 5), and MCAO+TEMPOL (n = 5). In the latter, a

dose of 22 nmolg−1 (3.8 mgkg−1) of 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL,

Sigma Aldrich, Buchs, Switzerland) was co-injected with the HP lactate bolus by adding it

to the separator/infusion pump where both substances are mixed between the injection

and dissolution. The TEMPOL dose was identical as when previously used as the polarizing

agent228.

3.3.6 Determination of the injected dose

250 µL of the remaining solution in the infusion pump was mixed with an equal volume

of 80.0 mM [1-13C] acetate solution in D2O, and doped with 1 mM of Gd-DO3A-butrol

(Gadobutrol, Gadovist, Bayer AG, Zürich, Switzerland) to reduce the 13C T1. 1D 13C high-

resolution NMR was performed on a 400 MHz spectrometer (Avance NEO, Bruker BioSpin,

Fällanden, Switzerland). The integral of the [1-13C] lactate and [1-13C] acetate peaks were

compared to determine the concentration of the lactate solution.
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3.3.7 13C MRS data processing

The signal from the first 120 s post-injection was summed, then the area under the curve

(AUC) of the metabolite peaks was fitted using the Bayesian Data-Analysis Software Package

V4.01 (Washington University in St. Louis). The peak areas of [1-13C] lactate, [1-13C] alanine,

[1-13C] pyruvate, [13C] bicarbonate were then used to compute the metabolite ratios. Across

the experimental data of this study, the concentration of the lactate solution and weight of the

animals were homogeneous.

3.3.8 Statistical analysis

Mann-Whitney U-test analyses were performed using MATLAB R2021b (MathWorks, Natick,

USA). A p-value below 0.05 was considered statistically significant. All data are presented as

mean ± standard deviation unless otherwise stated.

3.4 Results and discussion

The middle cerebral artery occlusion (MCAO) transient stroke procedure induces a focal

ischemic lesion in the left striatum, as visible in hypersignal in representative T2W axial images

(Figure 3.1). Although it is only very slightly visible at 1 h post-reperfusion, the timepoint at

which HP lactate is injected, the lesion boundaries become substantially more contrasted at

2 h post-reperfusion.

DNP requires the use of free radicals as polarizing agents. While they are filtered out in

clinical investigations, this is generally not the case in preclinical studies. Despite their low

concentration in the sample after dissolution, they could still potentially interfere with the

biochemical processes that are being probed. Here we show that the in vivo administration

of the nitroxyl radical TEMPOL, even at the low dose used as polarizing agent, significantly

altered the cerebral metabolic response to an HP [1-13C] lactate bolus injection following

transient hypoxia-ischemia.

As expected, immediately after the infusion of HP [1-13C] lactate at 1 h post-reperfusion, [1-
13C] pyruvate, [1-13C] alanine and [13C] bicarbonate were detected in the brain compartment

(Figures 3.1 and 3.2). However, the metabolite ratios, computed from the sum of the MRS

signals acquired in the first 120 s post-infusion, reported distinct outputs between mice after

MCAO receiving HP [1-13C] lactate polarized with trityl radical (to be referred to as MCAO

group) and mice after MCAO receiving the same bolus of HP [1-13C] lactate but with the

addition of TEMPOL (to be referred to as MCAO+TEMPOL group, Figure 3.3).
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Figure 3.1: Representative dynamic cerebral 13C MRS acquired after a bolus infusion of [1-
13C] lactate (20 Hz line broadening). The summed signal from the first 120 s post-infusion is
plotted in blue. The vertical scale was normalized to the height of the summed HP lactate peak.
In both groups (A-B), the HP [1-13C] lactate (183.5 ppm) was converted into [1-13C] pyruvate
(171.1 ppm), [1-13C] alanine (176.7 ppm) and [13C] bicarbonate (161.2 ppm). The signal
observed at 177.7 ppm (*), partially overlapping with the alanine peak, is an impurity from the
stock lactate solution. Bottom: representative axial T2W images of the brain acquired at 1 h
and 2 h post-reperfusion. In both groups (A-B), the striatal lesion was slightly visible at 1 h
post-reperfusion and clearly contrasted at 2 h post-reperfusion (white arrows).

While the pyruvate-to-lactate ratio (PLR, Figure 3.3A) of the MCAO group ((7.0±1.4)×10−3)

was lower than that of the group which received the co-injection of TEMPOL ((1.07±0.21)×
10−2), the alanine-to-lactate ratio (ALR, Figure 3.3B) was lower in the MCAO+TEMPOL group

((5.3±1.0)×10−3) compared to the MCAO group ((8.2±1.7)×10−3). The alanine-to-pyruvate

ratio (APR, Figure 3.3D) was significantly lower in the MCAO+TEMPOL group ((5.1±1.1)×10−1)

compared to the MCAO group (1.19±0.20). Finally, no changes were observed in the lactate-

to-bicarbonate conversion (BLR, Figure 3.3C). By polarizing 13C using OX063 we were able

to double the initial polarization compared to our previous results with TEMPOL228. The

increased sensitivity enabled an accurate quantification of [13C] bicarbonate signals.
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Figure 3.2: Simplified schematics of cerebral [1-13C] lactate metabolism. [1-13C] lactate can
cross the blood-brain barrier (BBB) via monocarboxylate transporters (MCTs). The intra-
cellular [1-13C] lactate and [1-13C] pyruvate pools are exchanged via lactate dehydrogenase
(LDH). [1-13C] pyruvate is either converted into [1-13C] alanine by alanine aminotransferase
(ALT) or transported into the mitochondria via mitochondrial pyruvate carriers (MPCs), then
oxidized by pyruvate dehydrogenase (PDH), producing 13CO2 remaining in equilibrium with
[13C] bicarbonate via carbonic anhydrase (CA).

The blood flow deficit during ischemic stroke results in oxygen and glucose depletion in

the affected brain region, giving rise to excitotoxicity and ionic imbalance, nitrosative and

oxidative stress, as well as apoptotic cell death 13. The generation of toxic free radicals is even

exacerbated after the restoration of blood flow, in what is known as reperfusion injury. During

cerebral ischemia, the superoxide anion (O2
· – ), which is mainly generated in mitochondria as

a result of one-electron reduction of oxygen, is produced at such high levels that ability of the

natural scavenger enzyme superoxide dismutase (SOD) to dispose of it is overwhelmed.

TEMPOL is a cell- and BBB-permeable compound with SOD-mimic activity that can react

successively with hydroperoxyl and superoxide radicals to decompose them into H2O2 and

O2, while consuming H+, acting as a self-replenishing antioxidant agent267,268 (Figure 3.4A).

Our results highlight different PLR between both groups of MCAO animals, being higher in

those that were co-injected with TEMPOL (Figure 3.3A). This difference could be related to

the consumption of H+ in the TEMPOL-mediated decomposition of reactive oxygen species,

which could indirectly enhance the conversion of lactate into pyruvate by favoring a more

efficient uptake of the exogenous HP [1-13C] lactate via the lactate/H+ monocarboxylate

transporter (MCT) import and/or by favoring a displacement of the LDH equilibrium towards

the production of [1-13C] pyruvate, NADH and H+ (Figures 3.2 and 3.4B).
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Alanine labelingPyruvate labeling Bicarbonate labeling

Figure 3.3: Metabolite ratios measured following injection of HP [1-13C] lactate. Data are
displayed as the mean ± standard deviation and overlaid with individual data points (black
diamonds). Pyruvate-to-lactate ratio (PLR, A), alanine-to-lactate ratio (ALR, B), bicarbonate-
to-lactate ratio (BLR, C). Alanine-to-pyruvate ratio (APR, D) and bicarbonate-to-pyruvate ratio
(BPR, E). The PLR was significantly lower in the MCAO group compared to MCAO+TEMPOL
group (A). A lower alanine labeling (ALR) was observed in MCAO+TEMPOL compared to
MCAO (B). No changes were observed in the bicarbonate-to-lactate ratio (BLR, C).

The dose of TEMPOL used in our experiments (3.8 mgkg−1) is about 5 to 50 times lower

than that reported to protect at reperfusion261,262,265. Nevertheless, since TEMPOL antioxi-

dant properties stem from a catalytic reaction, small amounts of the nitroxyl radical could be

sufficient to appreciate a biological effect. In contrast, trityl radicals are typically more sta-

ble 249 due to the electron delocalization conferred by their molecular structure. Although they

react with the superoxide radical 269, the low dosage and non-catalytic reaction are unlikely to

substantially affect the experiment outcome.

Earlier experiments using HP [1-13C] pyruvate to study cerebral metabolism reported

that [1-13C] alanine rather originates from peripheral tissues than from the brain221,251. It

is probable that the change in ALR after stroke is related to muscles around the skull, close

to the coil, whose metabolism was affected by the common carotid artery ligature during
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Figure 3.4: Schematic representations of the chemical reactions potentially involved in the
interpretation of the measured 13C NMR signals, with or without TEMPOL. (A) Superoxide
dismutase-like catalytic activity of TEMPOL, converting hydroperoxyl and superoxide radicals
into H2O2 and O2; (B) Lactate-pyruvate exchange catalyzed by lactate dehydrogenase (LDH);
(C) Pyruvate-alanine exchange catalyzed by alanine aminotransferase (ALT).

surgery. However, the cerebral concentration of alanine has been reported to be steadily

elevated during ischemia, an effect attenuated by TEMPOL264. In the same study, TEMPOL

decreased extracellular glutamate release, reduced the ischemic lesion size and improved

neurobehavioral outcomes. In the ischemic tissue, neural cells respond to oxygen and glucose

deficits by rapidly depolarizing and massively releasing glutamate. This glutamate can be

taken up by astrocytes, where it can be converted into alanine by ALT using pyruvate as a co-

substrate 270. The conversion of pyruvate to alanine by ALT requiring glutamate, (Figure 3.4C),

the decrease that we observed in [1-13C] alanine labeling (Figure 3.3B and D) could be thus

related to the effect of TEMPOL in decreasing the availability of glutamate to be consumed for

the transamination reaction of [1-13C] pyruvate.
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3.5 Conclusion

In conclusion, the administration of TEMPOL at the dose commonly used as a polarizing agent

for DNP results in a significantly different cerebral metabolic response to HP [1-13C] lactate

following transient ischemic stroke. Our results highlight that the boost in sensitivity afforded

by hyperpolarized 13C MRS made feasible the detection of the metabolic interference of

TEMPOL.

Additionally, they show that care should be taken when choosing the polarizing agent in

DNP hyperpolarization experiments, as certain biologically active reagents like TEMPOL can

meddle with the biochemical processes of interest. Even if used in small doses, they may

have significant effects that could act as confounding factors. This could be important not

only for in vivo preclinical research as shown in here, but it could also have some impact on

new, recently developed uses of DNP HP techniques like the 13C hyperpolarization via cross-

polarization151,152 from DNP-polarized 1H spins, which is being applied to metabolomics

studies, and which so far prefers nitroxyl radicals to achieve this cross-polarization271.
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4.1 Abstract

Dissolution Dynamic Nuclear Polarization (dDNP) was invented almost twenty years ago. Ever

since, hardware advancement has observed 2 trends: the quest for DNP at higher field and,

more recently, the development of cryogen free polarizers. Despite the DNP community is

slowly migrating towards “dry” systems, many “wet” polarizers are still in use. Traditional

DNP polarizers can use up to 100 L of liquid helium per week, but are less sensitive to air

contamination and have higher cooling power. These two characteristics make them very

versatile when it comes to new methods development.

In this chapter we retrofitted a 5T/1.15K “wet” DNP polarizer with the aim of improving

dissolution, cryogenic and DNP performance. We designed, built, and tested a new DNP probe

that is compatible with the fluid path (FP) technology and a LOngitudinal Detected Electron

Spin Resonance (LOD-ESR) probe to investigate radical properties at real DNP conditions.

The new hardware increased the maximum achievable polarization and the buildup rate

constant of a [1-13C] pyruvic acid-trityl sample by a factor 1.5, as well as their repeatability. The

new measurement capabilities also allowed to characterize and optimize the ESR properties

of [1-13C] lactate DNP samples, increasing the liquid state polarization by a factor 2.5.

Finally, the increased liquid He holding time together with the possibility to constantly

keep the sample space at low pressure upon sample loading and dissolution allowed us to

save about 20 L of liquid He per week.

This chapter is adapted from the following manuscript: Lê Thanh Phong, Hyacinthe Jean-

Noël, Capozzi Andrea. How to improve the efficiency of a traditional dissolution dynamic

nuclear polarization (dDNP) apparatus: Design and performance of a fluid path compatible

dDNP/LOD-ESR probe. Journal of Magnetic Resonance, 338:107197, 2022.

doi:10.1016/j.jmr.2022.107197

This study was conceived by CA and HJN. I designed the hardware and analyzed experi-

mental data in collaboration with CA. The thermodynamic model was built and simulated

by CA. I performed all experiments and drafted the manuscript. CA and HJN revised the

manuscript.
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4.2 Introduction

In recent years, hyperpolarized Magnetic Resonance (MR) has become a well-established

branch of MR thanks to the unprecedented sensitivity gain it can give access to 205,272–281.

Among the different hyperpolarization techniques targeting the liquid state, dissolution

Dynamic Nuclear Polarization (dDNP) is probably the one requiring the most expensive

and technically demanding hardware282. Invented in 2003 by Ardenkjaer-Larsen and co-

workers 133, dDNP produces solutions of hyperpolarized nuclei by suddenly dissolving solid

frozen samples prepared by DNP142. Being the polarization transferred to the nuclei of

interest from unpaired electron spins via microwave irradiation, operating at low temperatures

(1–1.5 K) and high magnetic field (3.35–7 T)144,185,187 is a key requirement for this technique.

Indeed, the electrons’ Boltzmann polarization sets the theoretical limit that the nuclear spins

can achieve.

These experimental conditions are provided by the so-called “dDNP polarizer”. In its most

general definition, it is a cold-bore magnet equipped with a source/waveguide apparatus able

to shine microwaves at the appropriate frequency onto the magnet isocenter, and a dissolution

system that instantly melts and extracts the hyperpolarized sample. Most importantly, liquid

He is used to cool the sample down to the target temperature. Traditional dDNP polariz-

ers144,188,189, based on a “wet cryostat”, require the provision of liquid He from an external

source, can use up to 100 L of the cryogenic fluid per week. Liquid He is a non-renewable

expensive commodity, and not all facilities are equipped with recovery systems. Therefore,

the dDNP community, inspired by the clinical and commercially available SPINlab™(GE

Heathcare, Chicago, Illinois, USA)192, is progressively moving towards cryogen-free systems

able to recondense the boiled off He gas in a closed loop by using a cryocooler 139,193,194. These

systems are excellent “workhorses” for application experiments and have the clear advantage

of low running costs and absence of cryogenics to handle. Moreover, they are often equipped

with a dissolution apparatus based on the fluid path (FP) technology to minimize the heat load

during the process 139,192,194. Indeed, the FP allows to efficiently melt the hyperpolarized sam-

ple without repressurizing the sample space and having to introduce an external dissolution

wand.

Nevertheless, cryogen-free systems have three main disadvantages: a high upfront invest-

ment, a limited cooling power (few Watts), as well as substantially higher sensitivity to air

contamination. On the other hand, “wet cryostat”-based dDNP polarizers are still used on a

daily basis by several groups 200,283–285. These systems, being more robust and offering higher

cooling power, are very flexible and versatile when it comes to methods developments. The

old generation of dDNP polarizers was designed between 10 and 20 years ago 133,188,189.
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In this chapter, with the purpose of improving the cryogenic and polarization performance

of an existing wet 5T/1.15K DNP polarizer 188, we detail the cost-effective implementation of a

new DNP probe compatible with a custom fluid path system (CFP)200–202,282. Furthermore,

we show how the new design allows to easily complement the apparatus with a home-built

LOD-ESR spectrometer with the purpose of investigating the radical properties at real DNP

experimental conditions 201,286, which will be used to characterize and optimize the formula-

tion of [1-13C] lactate DNP samples in water-glycerol matrices using gadolinium doping 162 to

achieve better DNP enhancements.

4.3 Methods

4.3.1 Original setup

The DNP polarizer being upgraded (Figure 4.1, Vanderklink Sarl, La Tour-de-Peilz, Switzerland)

is similar in design and working principle to the prototype developed by Comment et al. 188

in 2007. It is based on a vertical unshielded 89 mm wide bore magnet (Bruker Spectrospin,

Fällanden, Switzerland) set to a field strength of 5 T corresponding to an ESR frequency

of around 140 GHz. The magnet bore accommodates a double-walled 316L stainless-steel

cryostat equipped with two copper radiation shields and a tail section of 50/80 mm ID/OD

(Leiden Cryogenics B.V., Leiden, Netherlands). The cryostat inner vacuum chamber (IVC)

hosts the variable temperature insert (VTI) to condense and control the helium flow. The latter

mounts, at the top of the tail, a 316L stainless-steel gas/liquid He phase separator used to refill,

with minimal perturbation, the �36.5 mm sample space.

Although the cryostat is of the continuous flow type, it is generally operated in batch mode

to achieve lower temperature. Firstly, it is filled with liquid helium from a 100 L external dewar

(RH100, Air Liquide, Paris, France) via a rigid transfer line (CryoVac, Troisdorf, Germany)

ending inside the phase separator. Then, the phase separator is isolated from the sample

space by closing two needle valves, and the He bath is pumped on by a 253 m3 h−1 roots

pump (Ruvac WAU 251, Leybold, Cologne, Germany) backed by a 65 m3 h−1 rotatory pump

(Trivac D65B, Leybold). This procedure enables one to reach a helium bath temperature of

(1.15 ± 0.05) K.

Two peculiarities characterize the original dDNP polarizer design by Comment et al. 188 :

the sample insertion and dissolution happen at atmospheric pressure, and the waveguide has

to be removed upon insertion of the dissolution wand.
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Figure 4.1: Picture of the dDNP setup upgraded in this chapter. The 5T/1.15K DNP polarizer
is composed of a liquid-helium VTI inserted into a wide-bore NMR magnet ramped up to a
magnetic field strength of 5 T. All vacuum pumps are installed behind the polarizer. Liquid
helium is drawn from an external 100 L storage tank. Part of the liquid-state polarization mea-
surements are performed in the benchtop 1H/19F/13C/129Xe 1.05 T (44.77 MHz 1H frequency)
NMR spectrometer in the foreground, while the remaining experiments are performed in the
14.1T MRI scanner located behind the filter panel.
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Figure 4.2 shows all parts of the original design that have been replaced in this study: the

“DNP probe” (or main insert) including the brass microwave cavity, the NMR coil with its

stainless steel outer conductor coaxial cable, the brass baffles to cut thermal convection and

radiation; the fiber glass “sample stick” for sample insertion into the polarizer; the gold-plated

stainless steel “removable waveguide”, slid inside the sample stick to carry the microwaves onto

the sample space; the carbon fiber dissolution wand to be inserted instead of the waveguide

to instantly transform the solid frozen sample into an injectable hyperpolarized solution.

DNP probe Sample stick Waveguide Dissolution wand

Sample cup

Figure 4.2: Components of the dDNP polarizer based on the design by Comment et al. 188 that
we replaced in this study: the “DNP probe” (or main insert) that includes the microwave cavity,
the NMR coil with its coax cable, the baffles to cut thermal conductivity mounted on three
stainless steel rods; the “sample cup”; the fiberglass “sample stick” for sample insertion into the
polarizer; the removable “waveguide” to shine microwaves onto the sample; the “dissolution
wand” to be introduced inside the sample stick after repressurization of the cryostat and
removal of the waveguide to instantly transform the solid frozen sample into an injectable
hyperpolarized solution.
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4.3.2 Custom Fluid Path (CFP)

The CFP presented previously 194,200–202,282 has been adapted to the length of the retrofitted

polarizer (Figure 4.3, the different components are reported in bold in the text). The red arrow

pointing down indicates the input for the superheated buffer; the green arrow pointing right

indicates the output for the hyperpolarized solution.

F

C

D B

G
A

E

Figure 4.3: The figure shows the Custom Fluid Path (CFP) used in this study. The device is
composed by a “quick connect” (A); a “flow separator” (B); a “dynamic sealing” (C); “coaxial
capillaries” (D), whose only the outer 1/8"one is shown; a “vial top-part” (E), a “vial bottom-
part” (F) and a “one-way valve” (G). To adapt the CFP to this polarizer the coaxial capillary
length was increased to 1500 mm with respect to the original study 200. The red and blue
arrows indicate the inlet and outlet, respectively.

The superheated buffer reaches the sample flowing through a 1.60/1.90 mm ID/OD natural

color PEEK inner capillary -not shown- (Zeus Inc., Orangeburg, NC, USA); the hyperpolarized

solution is ejected from the polarizer flowing in between the inner capillary and a 2.40/3.18 mm

ID/OD black color PEEK outer capillary (D, Zeus Inc., Orangeburg, NC, USA). The stainless

steel “quick connect” (A, SS-QM2-B-200, Swagelok, Solon, OH, USA) allows coupling of the

CFP to the “dissolution head” boiler (see Appendix A.2). The PEEK “flow separator” (B, P-713,

IDEX Health & Science, Lake Forest, IL, USA) splits the dissolution buffer from the hyper-

polarized solution. The home-built PEEK (C, Ketron 1000, Mitsubishi Chemical Advanced

Materials, Tielt, Belgium) “dynamic sealing” allows to move the sample vial inside the polarizer

downwards for insertion and upwards for dissolution/extraction while keeping the sample
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space at low pressure. The home-built vial is reusable and made of a PEEK “vial top-part” (E,

Ketron 1000, Mitsubishi Chemical Advanced Materials), laser welded (Leister Technologies,

Kaegiswil, Switzerland) to the outer capillary, and a PAI “vial bottom-part” (F, Duratron T4203,

Mitsubishi Chemical Advanced Materials) containing the sample (500 µL of geometrical vol-

ume). The two parts are made leak tight to superfluid He by compressing a 8×1 mm 95 Shore

A PTFE O-ring (Kremer GmbH, Wächtersbach, Germany) to be replaced before each new

loading. The “one-way valve” (G, AKH04-00, SMC, Tokyo, Japan) at the outlet prevents air

cryo-pumping when the vial is at low temperature inside the polarizer. A detailed description

of the assembling procedure and functioning principle of the CFP was provided in the work by

Capozzi et al. 200.

4.3.3 CFP compatible DNP probe

A new DNP probe was designed to accommodate the CFP into the polarizer (Figure 4.4, the

different components are reported in bold in the text).

The probe is built around a 1320 mm long 316L stainless steel 12.0/13.0 mm ID/OD tube (B,

Interalloy AG, Schinznach-Bad, Switzerland) inside which the CFP slides to reach the magnet

isocenter. Although thinner tubes were commercially available, a 0.5 mm wall thickness was

selected for better mechanical rigidity. An “air lock compartment”, composed of a vial 316L

stainless steel “loading chamber” (G) and an ISO-KF 16 gate valve (H, Vatlock 01224-KA06,

VAT, Haag, Switzerland), is attached to the top of the sample tube as a buffer volume between

the room and the low-pressure sample space.

A home-built 316L stainless steel ISO-KF 40 flange seals the probe to the VTI and provides

hermetic RF (C, feedthrough SMA connector, SF-2991-6002, Amphenol SV Microwave, West

Palm Beach, USA) and microwave (A, circular 4.6 mm to rectangular WR-06 transition, Elmika,

Vilnius, Lithuania) interfaces. Polished brass baffles (I) are brazed along the stainless-steel

tube to reduce thermal convection and radiation and to provide mechanical support to the

4.6/5.0 mm ID/OD circular 316L stainless-steel waveguide (E, Interalloy AG, Schinznach-

Bad, Switzerland) and the semi-rigid coaxial cable with stainless steel outer conductor (D,

.141SS-W-P-50, Jyebao, Taiwan). The waveguide is interfaced to the microwave source (VCOM-

06/140/1/50-DD, ELVA-1, Tallinn, Estonia) with a 90° WR-06 E-plane bend (Elmika, Vilnius,

Lithuania).

The 13.2 cm3 copper cavity (F) is polished to reduce microwave absorption. The cavity

wall is angled at 45° at the waveguide output to reflect the microwaves onto the DNP sample.

A copper pseudo-Alderman-Grant (AG) coil (J, 8 mm ID × 16 mm window height, 800µL inner

volume) supported by a PTFE coil former (not shown), is inserted into the cavity for solid-state

NMR detection. The coil is remotely tuned and matched outside of the cryostat with a coaxial
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cable (RG_223_/U, Huber+Suhner, Herisau, Switzerland) and a matching network with two

piston trimmer capacitors (V1949, Knowles-Voltronics, Itasca, USA).

J

F

G

A

C

I

H

D
E

B

G1

Figure 4.4: The figure shows the new DNP probe. The most important parts are zoomed in
(follow straight black lines) to better picture the main components: rectangular WR-06 to
circular 4.6 mm microwave transition (A); stainless-steel sample loading tube (B); feedthrough
SMA connector (C); rigid coax cable (D); stainless-steel waveguide (E); copper microwave
cavity (F); loading chamber (G) with He gas port (G1); gate valve (H); brass baffles (I), pseudo-
Alderman-Grant copper coil (J).
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A dedicated “CFP pressure-test station” (Appendix A.1) was built to provide pressurized

helium for leak-testing192,201, and compressed air for drying the CFP after dissolution.

Loading of the CFP inside the polarizer is similar to what was earlier described200,201: the

CFP is first connected to the pressure-test station He gas stem, and the pressure regulator

set to provide a tiny flow; after pipetting the liquid sample inside the bottom part of the vial

and connecting it to the top part, the vial is immersed in liquid nitrogen to flash-freeze the

sample solution; the helium flow removes air from the CFP, then its output is closed with a

stopcock valve; to test for leaks, the He gas pressure inside the CFP is increased to 4 bar, and

the CFP inlet closed. If after 5 min the pressure gauge indicator steadily shows 4 bar, the CFP is

considered ready for loading inside the polarizer. At this point, the dynamic sealing is moved

down to touch the vial, a mild flow applied to the He gas port (G1), and the vial moved inside

the loading chamber that is then closed at the top with the dynamic sealing. Finally, the He

gas stream is closed, the gate valve opened, and the vial pushed down to reach the NMR coil at

the bottom of the DNP probe. During all these operations, the sample space is already cold

and continuously pumped, with its pressure that increases from 1 to 10 mbar, at the most.

4.3.3.1 LOD-ESR setup

To measure the radical properties at DNP conditions, LOngitudinal Detected Electron Spin

Resonance (LOD-ESR) was implemented similarly to previous works 201,286.

The LOD-ESR probe (Figure 4.5, the different components are reported in bold in the text)

is built around a CFP outer capillary (B) and a dynamic sealing (C) such that a similar loading

procedure of the sample inside the polarizer can be followed (a leak test is not performed in

this case). A PEEK (Ketron 1000, Mitsubishi Chemical Advanced Materials) coil former (E)

is permanently screwed to the vial top part (D). The bottom portion of the coil former has a

7.5 mm outer diameter, small enough to enter the NMR coil of the DNP probe. The sample cup

(F), which slides and locks inside the coil former, can be loaded with up to 120 µL of sample.

The detection coil is a 600-turn copper wire split solenoid made of 0.1 mm enameled copper

wire. The number of turns was maximized with respect to the available space to increase the

induced voltage, therefore optimize the detection sensitivity of the measurement 286. A 3 mm

gap allows the microwaves to reach the sample (cut-off dimension at 140 GHz is 1 mm). The

two ends of the detection coil are routed inside the coil former and soldered to a twisted pair

of silver-plated copper wires that runs upwards through the black capillary to carry the signal

out of the polarizer. Electrical connections are provided at the outer end of the probe (A).

The signal is measured using a three stages 106 dB gain differential amplifier (Appendix

A.3) and NI USB-6002 (National Instruments, Austin, USA) 16-bit analog-to-digital acquisition
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card. To reduce noise pickup, signals are transmitted as a differential pair using BNC Twinax

cables between the probe, differential amplifier and acquisition card. Furthermore, all ground

loops in the LOD-ESR setup were eliminated: the acquisition card is grounded to the cryostat,

powered using a floating DC source, and galvanically separated from the computer using

a USB digital isolator (ADuM4160, Analog Devices, Norwood, USA). A voltage controlled

variable attenuator (138-142 GHz frequency range, ≈ 2 dB insertion loss, P/N VCVA-06 and

ADL-10/100, ELVA-1, Tallinn, Estonia) is inserted between the output of the microwave source

and the probe to allow modulation of the output power at a specific frequency to feed the

digital lock-in 201.

F

B

A

C

E

D

Figure 4.5: We report here the LOD-ESR probe designed for this study and compatible with
the DNP probe with no need for any modification of the NMR part. The probe is composed by
the following elements: a leak-tight connection box that transforms the twisted pair carrying
the signal to BNC Twinax connector (A); a CFP 1/8"outer capillary (B) with its dynamic sealing
(C) and laser welded vial top-part (D); a coil former supporting a 600-turn spit solenoid (E); a
sample cup (F).

For electron spin–lattice relaxation time (T1e) measurements the output power was mod-

ulated at 0.1 Hz between 0 mW and 35 mW. The rate was low enough to record the full time

evolution of the electron spins during saturation and relaxation201 (Figure 4.6A). The signal

was averaged 256 times to measure each sample. Extraction of the T1e was performed by fitting

the relaxation curve data to the equation representing the signal S evolution as a function of

time:

S(t ) = A
(
e−

t
T1e −e−

t
τ

)
(4.1)
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where A is a free parameter that represents the highest signal intensity, and τ is the characteris-

tic time constant of the probe. The latter measured 20.6 ms, upon excitation of the set-up with

a squared wave 201. For radical spectrum recording, the microwave frequency was increased

from 139.8 GHz to 140.0 GHz in steps of 1.25 MHz and the output power modulated at 4.8 Hz

between 0 mW and 35 mW (Figure 4.6B). For each frequency step the demodulated signal was

integrated for 20 s in the time domain, equivalent to setting the low pass filter of the lock-in to

0.05 Hz.
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Figure 4.6: Schematic representation of the LOD-ESR signal evolution. (A) In T1e measure-
ments, the microwave power modulation rate is slow enough to record the full time evolution
of the electron spins during both saturation and relaxation. (B) The microwave power is
modulated at a higher rate to make the LOD-ESR signal oscillate. The steady-state amplitude
is related to the proportion of spin packets resonating at a given microwave frequency.

4.3.3.2 Estimation of cryogenic performance

To compare the cryogenic performance of the two DNP probes, the liquid helium hold time

was measured at routinely used DNP conditions, i.e. sample space cooled down to 1.15 K with

a sample inside subjected to microwave irradiation. Before each measurement, the polarizer

was operated for at least half a day to cooldown the radiation shields of the cryostat to 200 K

(outer shield) and 100 K (inner shield). Then, a DNP sample was inserted, the helium was

filled to the maximum capacity of the polarizer (550 mm above the sample location, approx.

1300 mL of usable liquid helium). The hold-time measurement started, after filling liquid He,

once the vacuum pumps lowered the temperature in the sample space below 1.16 K and the

microwave irradiation was started at full power (60 mW). The measurement was considered

concluded when the temperature into the sample space suddenly dropped below 1.12 K,
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indication of no residual liquid He inside the sample space. The temperature sensor used

was a ruthenium oxide (RuO2) resistor (10 kΩ at room temperature, RX-103A, Lake Shore

Cryotronics, Westerville, USA). Using the same strategy, the holding time measurements for

the two probes were repeated at 4.2 K, keeping the sample space at atmospheric pressure.

4.3.3.3 A simple thermal model for heat conduction

We built a simple model for heat conduction only, to help interpreting the cryogenic perfor-

mance data. The thermal conductivity κ (unit Wm−1 K−1) relates to the facility with which

heat can diffuse into a material. The Fourier’s law, in its most general form, yields the quantity

of heat diffusing through a unit surface during a unit of time
d q⃗

d t
within a material subjected

to a temperature gradient287 −→∇T :

d q⃗

d t
=−κ−→∇T (4.2)

If the cross section A of the material is constant across its length L, then the problem can

be simplified to 1-dimension, and the heat flowing across 2 surfaces distant d x per unit time

writes.

dQ

d t
d x =−Aκ

dT

d x
(4.3)

With
dQ

d t
=−Aκ

d q

d t
. Considering that the thermal conductivity can be temperature de-

pendent and that the ends temperatures, Thigh and Tlow are constant, we finally obtain the

expression for the power transmitted across the material:

dQ

d t
=− A

L

∫ Tlow

Thigh

κ(T )dT (4.4)

To evaluate the difference in heat conduction between the two DNP probes, equation 4.4

was numerically integratedi using MATLAB (MathWorks, Natick, Massachusetts, USA). For

all calculations, Thigh and Tlow were set to 295 K and 1.15 K, respectively; the cross section

of each component was calculated according to the geometry (Table 4.1). The temperature

dependent thermal conductivity for the different materials was obtained interpolating data

tables from287,289. Since the transported heat per unit time depends on the length of the

conductor, the calculation for each component was ran for 2 values of L: 1200 mm (distance

iMATLAB code provided in Supplementary data of Lê et al. 288 .
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between the cryostat isocenter and the ISO-KF 40 flange and corresponding to an almost

empty cryostat) and 1200–550 mm (corresponding to a full cryostat).

Table 4.1: Specifications of the dDNP probe components used in the heat conduction simula-
tions.

Component name Quantity Material OD ID Cross sec. Heat cond. Heat cond.
(mm) (mm) (mm2) (mW) (%)

Mounting rod 3 Stainless steel 316L 3.0 0.0 7.07 52.9 71.6
Wave guide 1 Stainless steel 316L 6.0 5.6 3.64 9.1 12.3

Sample stick 1 Fiber glass 16.0 14.0 47.12 4.3 5.8
Coax cable shield 1 Stainless steel 304L 3.6 3.0 3.11 7.7 10.4

Old probe 6 Miscellaneous 73.9 100

Component name Quantity Material OD ID Cross sec. Heat cond. Heat cond.
(mm) (mm) (mm2) (mW) (%)

Loading tube 1 Stainless steel 316L 13.0 12.0 19.63 48.90 82.7
Wave guide 1 Stainless steel 316L 5.0 4.6 3.01 7.50 12.6

CFP outer capillary 1 PEEK 3.2 2.4 3.52 0.11 0.2
CFP inner capillary 1 PEEK 1.8 1.6 0.53 0.02 0.0
Coax cable shield 1 Stainless steel 304L 3.2 3.0 0.97 2.50 4.2

New probe 5 Miscellaneous 59.1 100

4.3.4 DNP of [1-13C] pyruvate

4.3.4.1 Sample preparation

For all measurements with HP [1-13C] pyruvate, the samples were [1-13C] pyruvic acid (Sigma

Aldrich, Buchs, Switzerland) doped with 15 mM of AH111501 trityl radical (Albeda Research,

Copenhagen, Denmark). LOD-ESR experiments were performed on 100µL samples (full

cup), while DNP experiments were performed on 5µL samples as this provided ample signal

for liquid-state measurements and reduces the consumption of expensive chemicals and

polarizing agents. Samples were prepared fresh before each experiment.

4.3.4.2 Solid-state DNP measurements

Solid-state DNP performance was investigated for the two probes in separate experiments.

In both cases, 5 µL of sample was loaded inside the sample cup/vial together with NaOH

at stoichiometric ratio (7.2 µL of 10 M NaOH in H2O) to neutralize the pyruvic acid upon

dissolution.

A Cameleon 3 NMR spectrometer (RS2D, Mundolsheim, France) coupled to a 100 W RF

amplifier (5-200 MHz, BT00100-Gamma, Tomco, Stepney, Australia) was used with both probes

to monitor the solid-state NMR signal.
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Firstly, a microwave frequency sweep from 139.8 to 140.0 GHz, in steps of 10 MHz, was

performed to measure the DNP enhancement profile of the sample and determine optimal

irradiation condition (n = 1). For each frequency step, the sample was hyperpolarized with

55 mW microwave power and the NMR signal was acquired with a 30° hard pulse after 10 min.

Before each polarization interval, microwaves were switched off and the polarization destroyed

with 1000 × 10◦ hard pulses.

Secondly, working at 139.86 GHz, a microwave power sweep was performed to investigate

power density differences between both probes (n = 1). The power was increased from 1 mW

to 3 mW in steps of 1 mW, from 5 mW to 60 mW in steps of 5 mW and a final step at 63 mW

which is the maximal power output at this frequency.

Finally, at optimal DNP condition (i.e. 55 mW and 139.86 GHz for the new probe, and

63 mW and 139.86 GHz for the old one), the samples were hyperpolarized and monitored with

a hard 5° pulse every 120 s to measure the buildup curves (n = 3). The experiments lasted from

3 to 3.5 h, more than three times the buildup time constant (i.e. at least 95% of the polarization

plateau, result of a mono-exponential curve fit).

To assess the NMR sensitivity, the signal-to-noise ratio (SNR) in the last 20 min (10 data

points) was averaged and normalized to the sample volume.

Maximum solid-state polarization was back calculated from the liquid-state value assum-

ing a pyruvate low field T1 of 60 s and a time interval between the end of the dissolution and

beginning of the liquid-state acquisition of 7 s for the original probe and 8.5 s for the new one

(see next paragraph).

4.3.4.3 Liquid-state polarization measurements

After shining microwaves at optimal conditions for as long as 3 buildup time constants,

each sample was dissolved and transferred to a 14.1T/26cm horizontal bore magnet (Magnex

Scientific, Oxford, United Kingdom), interfaced to a BioSpec Avance NEO spectrometer (Bruker

BioSpin, Ettlingen, Germany) to measure its liquid-state polarization and relaxation time. To

dissolve the samples, 5.5 mL of buffer solution (40 mM tris(hydroxymethyl)aminomethane

(TRIS) and 0.3 mM ethylenediaminetetraacetic acid (EDTA) in D2O balanced to pD = 7.6) was

heated to 170–180 °C (12 bar of vapor pressure) and pushed with helium gas over a 6 m long,

2.0/3.0 mm ID/OD PTFE tube into a separator/infusion pump188 placed in the isocenter of

the horizontal magnet.

Prior to release the superheated buffer, for the old DNP probe, the dissolution procedure

entailed to repressurize the sample space, to remove the waveguide, to lift the sample stick in
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order to raise the sample cup above the liquid He level, and finally to insert the dissolution

wand to be docked on top of the sample cup 188.

For the new DNP probe, the “dissolution head” was removed from the dissolution wand and

placed at a fixed position on top of the polarizer (Appendix A.2). In this case, the dissolution

procedure simply entailed to pull the CFP upwards by 10 cm and connect it to the dissolution

headi.

Using the dissolution stick, the liquid was pushed during 3.5 s with a pressure of 6.0 bar,

while the CFP required 5.0 s and 9.0 bar due to the higher flow resistance due to the smaller

inner capillary.

After the transfer, the (2.5 ± 0.2) mL of HP solution was left to settle for 3.5 s inside the

separator/infusion pump. Then the 13C NMR signal was acquired with 10° hard pulses every

3 s for 60 times using a solenoid coil 187,206. The decay of the HP NMR signal was fitted with a

mono-exponential function to determine the 13C T1 at 14.1 T.

To measure the thermal equilibrium signal, 5 µL of 0.5 M Gd-DO3A-butrol (Gadobutrol,

Gadovist, Bayer) was added to the solution collected inside the separator/infusion pump,

achieving a 1 mM concentration to shorten the spin-lattice relaxation time T1 while negligibly

affecting the spin-spin relaxation time T2. The thermal NMR signal was acquired with 10° hard

pulses, TR = 5 s and 1024 averages. The liquid-state DNP enhancement was calculated from

the ratio between the HP and thermal NMR signals (n = 3 for each probe).

4.3.4.4 Characterization of [1-13C] pyruvate T 1

A solution of 100 mM sodium [1-13C] pyruvate in a 40 mM TRIS and 0.3 mM EDTA buffer solu-

tion in D2O was prepared, and the pD was adjusted to 7.6. Measurements of the longitudinal

relaxation time of the labeled carbon was performed as a function of the temperature between

20 and 50 ◦C with an inversion-recovery sequence on a Bruker Avance III HD 600 MHz (14.1 T)

NMR spectrometer with a 5 mm CryoProbe Prodigy BBO.

4.3.5 Optimization of [1-13C] lactate DNP sample formulation

4.3.5.1 Sample preparation

A stock solution with 4.4 M sodium [1-13C] lactate (Sigma Aldrich, Buchs, Switzerland) and

20 mM OX063 trityl radical (Albeda Research, Copenhagen, Denmark) in H2O:glycerol (1:1,

iVideos attached as Supplementary Material in Lê et al. 288 .
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v:v) was prepared. It was then split into five aliquots doped with Gd-DO3A-butrol (Gadobutrol,

Gadovist®, Bayer) to a final concentration of 0.0, 0.5, 1.0, 2.0 and 4.0 mM.

4.3.5.2 Solid-state characterization

The lactate samples with increasing gadolinium doping were characterized with LOD-ESR to

measure their respective T1e and ESR spectrum.

Each ESR spectrum was acquired with 201 frequency steps from 139.75 to 140.00 GHz. The

microwave power was modulated using a 4.8 Hz square wave between 0 and 35 mW. This

value takes the insertion loss of the voltage-controlled attenuator into account. The signal was

processed by a digital lock-in in LabVIEW (National Instruments, Austin, USA) as described

above. At each frequency step, the measurement was let to stabilize for 10 s, before averaging

the amplitude of the demodulated signal during 20 s.

T1e measurements were performed with the microwave source set to 139.87 GHz and

35 mW. The attenuator was left open during 2 s to saturate a certain portion of the ESR

spectrum. After closing the attenuator, the signal evolution across the detection coil induced

by the electron spins was measured during 6 s. This procedure was repeated for 256 averages.

Microwave frequency sweeps were performed every 10 MHz from 139.75 to 140.00 GHz (26

steps) similarly to description in Section 4.3.4.2 to determine the DNP enhancement profile of

each sample. In a brief, for each frequency step, the sample was hyperpolarized during 10 min

with 55 mW microwave power, after which the NMR signal was acquired with a 30° hard pulse,

then destroyed with a thousand 10° hard pulses.

4.3.5.3 Liquid-state polarization measurements

The lactate samples with 0.0 mM and 1.0 mM of Gd-DO3A-butrol were hyperpolarized during

3 h with 60 mW microwave power at the optimal frequencies determined in the sweeps, the

positive peak at 139.84 GHz and negative peak at 139.92 GHz for the 0.0 and 1.0 mM samples,

respectively. The buildup of the solid-state NMR signal was measured every 120 s with a 2.5◦

hard pulse. The samples were then dissolved in 5.5 mL superheated D2O and transferred to the

14.1T MRI scanner to measure their liquid-state polarization as described in Section 4.3.4.2.

8.5 s after dissolution, the hyperpolarized signal was acquired every 3 s with a 10◦ hard pulse

until 180 s. The decay of the HP NMR signal was fitted with a mono-exponential function to

determine the liquid-state T1 of [1-13C] lactate at 14.1 T.

To measure the thermal equilibrium signal, 5µL of 0.5 M Gd-DO3A-butrol was added to

the (2.5 ± 0.2) mL solution collected inside the separator/infusion pump to reduce the 13C
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longitudinal relaxation time of lactate. The thermal NMR signal was acquired with the same

pulse 10◦ hard pulses, TR = 5 s and 1024 averages. The liquid-state DNP enhancement was

calculated from the ratio between the HP and thermal NMR signals (n = 3 for each sample

composition).

4.3.6 Statistical analysis

For each comparison metric, a one-way analysis of variance (ANOVA) in OriginPro 2019b

(OriginLab, Northampton, USA) was used to compare the statistical difference between means.

A p-value below 0.05 was considered significant. All values are expressed as mean ± standard

deviation.

4.4 Results and discussion

4.4.1 Cryogenic performance

Figure 4.7A shows the polarizer’s holding time when equipped with the original DNP probe

(blue line) and the new one (red line). While the old design allows to keep the sample immersed

in liquid He for 4 h, the CFP design prolongs this time to 5.5 h, providing a 37.5% improvement.

An increased holding time is very advantageous when long acquisitions are required (e.g.

measurement of a DNP spectrum), especially for polarizers not equipped with an automatic

He filling system.
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Figure 4.7: Temperature evolution as a function of time of the polarizer sample space when
equipped with the original DNP probe (blue line) and the CFP compatible one (red line) at (A)
1.15 K and (B) 4.2 K.

In both cases, the temperature decreases slightly as a function of time because the sample

space pressure, and thus the temperature, is affected by the liquid He level inside the cryostat.

Less He means less boil off, therefore a lower achievable pressure for a given pumping power.
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The sudden temperature drop at the end of the measurement is caused by the absence of

liquid He in the cryostat. The latter is followed by a transitory drastic reduction of the pressure.

Right after, the temperature rises (data not shown). Provided that the cryostat can be filled

with maximum 1300 mL of liquid He, the original design boils off on average 325 mLh−1,

while the CFP compatible one only 236 mLh−1. Therefore, the original design has a liquid He

consumption excess of 89 mLh−1.

Although our model for conduction accounts for a 25% difference in heat transfer (Figure

4.8, see also Table 4.1 and simulation code in Lê et al. 288), this can only partially justify the

prolonged holding time at 1.15 K of the new DNP probe. The original design transfers heat at a

rate of 0.136 Js−1, while the CFP compatible one at 0.109 Js−1. The rate difference of 0.027 Js−1

decreases to 0.015 Js−1 when the cryostat is almost empty. Assuming an average consumption

of 0.021 Js−1, this means that the original design every hour transfers 76 J more than the new

one. Therefore, only because of heat conduction, being the liquid He latent heat 21 kJkg−1

and liquid He density 0.125 kgL−1, the original probe boils off 30 mL of He more per hour than

the CFP compatible one. This is a third of the value experimentally measured.
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Figure 4.8: Calculation of heat transfer due to conduction for the original DNP probe (blue
line) and the CFP compatible one (red line) when the cryostat is almost empty. The heat
conduction difference between the two probes is 25%.

An explanation could be that the two designs establish different convective pathways for

the boiled off He gas. In general, a laminar flow for the evaporated gas is favorable to reduce

heat transfer via convection 290. This is most likely what happens inside the new probe 12 mm

ID loading tube. Differently, the original design, because of the removable waveguide and

sample stick, is characterized by discontinuities in the surface of the radiation shields. These

discontinuities can create turbulences in the flow of He gas and thus increased heat transfer

via convection. This explanation is confirmed by the cryostat holding time measured at 4.2K.

At these conditions where the He boil off is less severe, the original DNP probe design allowed

to keep the cryostat at 4.2 K for 15 h, while the new design for 18 h (Figure 4.7B). This 20%

improvement is close to what we calculated in our heat conduction model.
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In the analysis above we assumed a constant liquid He evaporation rate for the two probes.

Nevertheless, looking at Figure 4.7, this is true only when the old probe is inside the cryostat.

In that case, the latter boils off He at a rate of 325 mLh−1, during the 4 h of holding time. Differ-

ently, when the CFP compatible probe is inside, the cryostat shows the same consumption rate

for the first 2 h, and a decreased rate of 189 mLh−1 for the remaining 3.5 h. The rate change

happens when the liquid He level drops below the 4th baffle (half of the full capacity), counting

from the top (see Figure 4.4). The heat conduction through the probe can justify only part of

the boil-off rate. According to the simulations, this contribution ranges from 194 mLh−1 to

105 mLh−1 for the old probe, and from 155 mLh−1 to 84 mLh−1 for the new one, depending

on the He level.

The other contributions come from heat conduction through the VTI and the inner wall

of the cryostat, convection of the boiled off He, and radiation. A quantitative analysis of the

sum of these phenomena is beyond the scope of this work. Qualitatively, we can imagine

that when the He level drops, the other phenomena are attenuated, and the less efficient heat

conduction of the new probe becomes more relevant. Most likely, being the last three baffles

closer than the first three baffles, convection pathways are “broken” when the liquid He level

drops below the 4th baffle.

In addition to the longer holding time to each He filling, the fact that the CFP compatible

probe allows to exchange samples without repressurizing the polarizer sample space further

reduces the He consumption during repeated experiments. Working at the system maximum

capability, these improvements together allowed to save approximately 20 L of liquid He per

week.

4.4.2 DNP spectrum and LOD-ESR results

In Figure 4.9A we report the 13C DNP spectrum of the sample (blue dots). [1-13C] pyruvic acid

doped with 20 mM of AH111501 trityl achieves its maximum polarization for a microwave

frequency value of 139.86 GHz. The positive maximum DNP enhancement is slightly higher

than the negative one, as already reported in previous studies for a similar sample without

addition of Gd3+ compounds 162,192,266.

The DNP spectrum nicely overlaps with the LOD-ESR one, entailing that the DNP mecha-

nism behind is thermal mixing and/or cross effect145,146,291,292. The latter rely on triple spin

flips of one 13C and two electron spins separated in energy by one nuclear Larmor frequency.

Therefore, DNP can happen only for microwave frequencies where electron spins resonate.

Microwave frequency modulation did not yield any further improvement implying that the

spin system is optimal for direct DNP. Indeed, a trityl T1e = (651 ± 10) ms is long enough, with
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respect to spectral diffusion, for efficient saturation of the ESR line by using monochromatic

irradiation 293.
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Figure 4.9: [1-13C] pyruvic acid NMR signal as a function of the microwave frequency (blue
dots with eye-guiding line) superimposed to trityl AH111501 LOD-ESR spectrum (red line)
both measured at 1.15 K and 5 T; vertical axis according to color (A). Evolution of the radical
signal as a function of time after switching off the microwaves (gray dots); the data were fitted
as explained in Methods to extract the electron T1e (red line) (B).

4.4.3 Solid-state polarization and microwave power density

Replacing the original probe with the CFP compatible one has a strong effect on the DNP

performance (Figure 4.10). The back calculated solid-state polarization value increases by

a factor 1.52 from (24.6 ± 3.0)% to (38.3 ± 1.9)%. This value is in good agreement with the

maximum achievable polarization (approx. 55%) that the same sample can achieve on a 5 T

SPINlab, considering the different working temperature of the two machines (0.80 K vs 1.15 K).

The volume normalized SNR improved by a factor 1.45 (Figure 4.10C). Therefore, within

the experimental errors, the NMR sensitivity of the two probes remains the same, despite

the less efficient impedance matching scheme (i.e. remote tuning and matching network) of

the new probe compared to the original one (i.e. local tuning and matching network)188,206.

This behavior is due to the superior filling factor of the pseudo-Alderman-Grant coil (800 µL

volume) compared to the original saddle coil (3800 µL), that must accommodate the 16 mm

wide sample stick. Moreover, a remote tuning and matching network is more versatile when

multinuclear capability is required, being the cryogenic part of the probe the same.

The buildup time constant decreased by a factor 1.42 from (3920 ± 297) s to (2745 ± 63) s,

with a standard deviation smaller by a factor 5 (Figure 4.10D). Most likely, the latter is due to

the fixed microwave source-waveguide assembly that characterizes the new DNP probe that is

not disconnected/reconnected at each dissolution/new sample loading.
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Figure 4.10: Example of 13C DNP solid-state build measured when shining microwaves at
best conditions with original probe (blue diamonds) and the new probe (red circles); on both
curves, the lighter-colored areas represent the error measured as standard deviation of three
measurements. The signal intensity was normalized with respect to the highest value; the two
plateaus correspond to back calculated values of (24.6 ± 3.0)% to (38.3 ± 1.9)% for the old and
new design, respectively (n = 3 for each case) (A). 13C DNP microwave power sweep measured
at 139.86 GHz when using the original probe (blue diamonds) and the new one (red dots);
the lines connecting the data points help guiding the eyes (B). Sample volume normalized
SNR measured in correspondence of the polarization plateau (n = 3) for the original probe
(blue diamonds) and the new probe (red dots); the mean, standard deviation and p-value are
reported (C). Build time constant resulting from the fit of polarization curves (n = 3) for the
original probe (blue diamonds) and the new probe (red dots); the mean, standard deviation
and p-value are reported (D).
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The superior polarization speed and level are a consequence of the higher microwave power

density at the sample position in the new probe. Indeed, the reduced size of the microwave

cavity (13.2 cm3 vs 23.4 cm3) allows to achieve maximum DNP enhancement already for a

microwave power output of 25 mW with an onset of sample heating for 55 mW (Figure 4.10B).

Differently, in the original probe even at maximum output power of the microwave source (e.g.

63 mW) the DNP enhancement is still growing. This behavior is usually related to insufficient

microwave power and consequent poor saturation of the radical ESR line 293,294.

We would like to specify that we did not attempt to measure the sample 13C NMR signal

at thermal equilibrium at 5 T and 1.15 K. When trityl radical is involved, the [1-13C] pyruvic

acid T1 value is several tens of hour, implying that one duly performed measurement would

run over 2 or 3 days. This is costly and inconvenient in the absence of an automatic liquid

He filling system. The polarization values in the solid-state were back calculated from the

liquid-state ones (see Methods).

4.4.4 Dissolution and liquid-state polarization

After dissolution and transfer, the measured liquid-state [1-13C] pyruvic acid polarization

increased from (21.9 ± 2.7)% to (33.3 ± 1.6)%, when using the CFP compatible probe (Figure

4.11A-B). Despite the final 13C concentration being the same (i.e. 20 mM), the T1 increases

from (42.0 ± 0.5) s to (46.7 ± 1.7) s, when dissolving the sample from the new probe (Figure

4.11C). We ascribe this behavior to a temperature effect. From T1 inversion recovery mea-

surements at 14.1 T of a sodium [1-13C] pyruvate solution, we estimated that the relaxation

time evolves as a function of the temperature T as T1(T ) = (0.877 ·T +21.4) s between 20 and

50 ◦C (Figure 4.12). As the temperature increases, the correlation time for rotational motion is

shortened which reduces the relaxivity caused by intermolecular dipolar relaxation of small

molecules 295.

Therefore, we estimate that, at the time of acquisition, the hyperpolarized solution obtained

using the original probe has a temperature of 23.5 °C, while the one using the CFP probe has a

temperature of 28.8 °C. These temperature values are in good agreement with the reading of a

T-type (copper/constantan) thermocouple placed inside the separator/infusion pump used to

collect the hyperpolarized solution inside the bore of the MRI scanner.

Finally, it is worth stressing the fact that using a CFP dissolution system simplifies this

procedure and makes it less user dependent, because it avoids any repressurization and

subsequent opening of the polarizer sample space to the room environment.
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Figure 4.11: Example of hyperpolarized [1-13C] pyruvate relaxation curve measured in the
14.1T horizontal MRI scanner after dissolution from the original probe (blue diamonds)
and the new probe (red circles) after dissolution (A). Repeated measurements (n = 3) for
[1-13C] pyruvic acid liquid-state polarization after dissolution and pH neutralization from the
original probe (blue diamonds) and the new probe (red dots); the mean, standard deviation
and p-value are reported (B). Repeated measurements (n = 3) for [1-13C] pyruvate liquid-state
T1 after dissolution and pH neutralization from the original probe (blue diamonds) and the
new probe (red dots); the mean, standard deviation and p-value are reported (C).
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Figure 4.12: T1 measurements as a function of temperature at 14.1 T for 100 mM sodium
[1-13C] pyruvate in a 40 mM TRIS buffer solution in D2O adjusted to pD = 7.6. The gray line is
the linear fit of the measured data points.
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4.4.5 Characterization and optimization of [1-13C] lactate DNP samples

[1-13C] lactate trityl samples in a water-glycerol matrix were characterized at different gadolin-

ium doping concentrations (Figure 4.13), and the measured properties are summarized in

Table 4.2.

A long T1e of 2001 ms was observed in the sample without gadolinium, which resulted in a

weak LOD signal (Figure 4.13A). With increasing gadolinium concentration, a faster radical

relaxation as well as a narrower ESR linewidth down to 50 MHz were observed (Figure 4.13A-B).

Although the exact reasons for the latter are unclear, a contributing factor could be the less

efficient ESR saturation at the spectrum edges due to the shorter T1e causing more ineffi-

cient spectral diffusion162. As briefly discussed in Section 1.4.4.3, the moderate T1e and ESR

linewidth reduction can lead to a better DNP enhancement. The DNP enhancement profile

narrows with increasing gadolinium doping, and one can observe that only the undoped sam-

ple shows a higher DNP enhancement on the positive peak, whereas all gadolinium-doped

samples were polarizing better on the negative peak (Figure 4.13C), similarly to previous

reports162,266.

Table 4.2: Solid-state parameters measured at increasing Gd-DO3A-butrol concentrations in a
sample with 4.4 M sodium [1-13C] lactate and 20 mM OX063 in H2O:glycerol (1:1, v:v) at 5 T
and 1.15 K.

[Gd-DO3A-butrol] T1e ESR FWHM DNP maxima delta ϵ+/ϵ−
(mM) (ms) (MHz) (MHz)

0.0 2001 123.0 90 1.128
0.5 639 65.0 70 0.995
1.0 392 58.8 70 0.932
2.0 232 51.3 50 0.952
4.0 135 48.8 50 0.806

With 0.5 mM Gd-DO3A-butrol, the T1e was reduced from 2001 to 639 ms, which is compa-

rable to the [1-13C] pyruvic acid trityl sample previously measured (Figure 4.9B). Increasing

the gadolinium doping to 1.0 mM decreases the T1e of 392 ms, which is close to the optimal

value previously reported162 for 13C samples in a water-glycerol matrix at 7 T and 1.2 K. This

was therefore selected for the liquid-state polarization measurements.
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Figure 4.13: Effect of adding Gd-DO3A-butrol to a 4.4 M sodium [1-13C] lactate sample in
H2O:glycerol (1:1, v:v) doped with 20 mM OX063 radical, at 5 T and 1.15 K. (A) T1e measure-
ments. The voltage is scaled to the value measured after the 106 dB differential amplifier. (B)
ESR spectra with integral value normalized to 1. (C) DNP microwave sweeps. The largest
signal of each curve is normalized to 1.
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[1-13C] lactate DNP samples with 0 mM and 1 mM Gd-DO3A-butrol were hyperpolarized

at 5T/1.15K. The lactate sample with 1 mM Gd-DO3A-butrol achieved faster and higher

polarization (Figure 4.14A), with a longer buildup time constant by 28% (Figure 4.14B).

Gadolinium doping provided a higher liquid-state polarization of (27.0 ± 1.7)% compared

to (10.9 ± 1.8)% at baseline (Figure 4.15B). After dissolution, the gadolinium was sufficiently

diluted to avoid affecting the solution state T1 of lactate (Figure 4.15C). The back-calculated

solid-state polarization at the time of dissolution were (12.6 ± 2.1)% and (31.1 ± 2.0)% for the

baseline and optimized samples, respectively, assuming a low-field relaxation time of 60 s.
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Figure 4.14: (A) Solid-state NMR buildup signal of 4.4 M sodium [1-13C] lactate and 20 mM
OX063 in H2O:glycerol (1:1, v:v) with either 0 mM or 1 mM of Gd-DO3A-butrol. The buildup
curve of each sample was rescaled to the liquid-state polarization, assuming negligible disso-
lution and transfer losses. The data points depict the average polarization buildup from three
separate experiments, while the shaded area represents the standard deviation. (B) Buildup
time constants deduced by a mono-exponential fit of the SS NMR signal evolution.
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Figure 4.15: (A) Decay of the liquid-state polarization of sodium [1-13C] lactate at 14.1 T
following dissolution and transfer, for the samples with either 0 mM or 1 mM of Gd-DO3A-
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the standard deviation across them (B) Initial liquid-state polarization of both [1-13C] lactate
samples. (C) Liquid-state 13C T1 of the hyperpolarized lactate solutions at 14.1 T.
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4.5 Conclusion

In this chapter we retrofitted a 5 T “wet” DNP polarizer. We designed, built, and tested a new

DNP probe compatible with the fluid path technology. The new design allowed to increase

the liquid He holding time on a single experiment from 4 h to 5.5 h and to save 20 L of liquid

He during a working week. The CFP, being a sample holder and a dissolution system at the

same time, allowed to reduce the size of the microwave cavity. The increased microwave

power density at the sample site improved the maximum achievable DNP enhancement and

buildup rate constant by a factor of 1.5. This yielded, at the time of acquisition, a liquid state

polarization as high as 33% on [1-13C] pyruvic acid doped with trityl.

Furthermore, the new probe can also accommodate a LOD-ESR probe for investigating the

radical properties at real DNP conditions with no need to modify or replace any part of the

NMR hardware. Guided by in-situ LOD-ESR, the sample formulation for [1-13C] lactate was

optimized through gadolinium doping 162,163,266 to increase the liquid-state polarization by a

factor of 2.5.

In overall, this upgrade provides a precious sensitivity boost for our next in vivo acquisitions.

The design can be implemented to most “wet” DNP polarizers, by adapting the sample tube

length, and the flange/baffles diameter to the specific cryostat. Finally, it adds relevant

measurement capabilities to enable deeper investigations of various DNP sample properties,

for example to study the impact of different solvents on the ESR properties for 129Xe DNP

at 5 T296, or to assess the influence of glassing matrix deuteration on 6Li DNP samples at

7 T297. Deeper insights into the ESR properties, in particular about spectral diffusion, could

be achieved by adding a second microwave source and waveguide on the empty quadrant of

the probe to enable pump-probe electron-electron double resonance (ELDOR) experiments.
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5.1 Abstract

Low throughput is one of dDNP main shortcomings. Especially for clinical and preclinical

applications, where direct 13C nuclei polarization is usually pursued, it takes hours to gen-

erate one single hyperpolarized (HP) sample. Therefore, being able to hyperpolarize more

samples at once represents a clear advantage and can expand the range and complexity of the

applications.

In this chapter, we present the design and performance of a highly versatile and customiz-

able dDNP cryogenic probe, herein adapted to a 5 T “wet” preclinical polarizer, that can

not only accommodate up to three samples at once, but it is also capable of monitoring the

solid-state spin dynamics of each sample separately, regardless of the kind of radical used

and the nuclear species of interest. Within 30 min, the system was able to dispense three HP

solutions with high repeatability across the channels ((30.0 ± 1.2)% carbon polarization for [1-
13C] pyruvic acid doped with trityl radical). Moreover, we tested multi-nucleus NMR capability

by polarizing and monitoring simultaneously 13C, 1H and 129Xe. Finally, we implemented

simultaneous [1-13C] lactate/[1-13C] pyruvate polarization, and back-to-back dissolution/in-

jection in a healthy mouse model to perform multiple-substrate HP MRS at 14.1 T.

This chapter is adapted from the following paper: Lê Thanh Phong, Hyacinthe Jean-Noël,

Capozzi Andrea. Multi-sample/multi-nucleus parallel polarization and monitoring enabled by

a fluid path technology compatible cryogenic probe for dissolution dynamic nuclear polariza-

tion. Scientific Reports, 13:7962, 2023. doi:10.1038/s41598-023-34958-3

This study was conceived by CA and HJN. CA and myself designed the hardware, analyzed

and interpreted experimental data. I performed all experiments. All authors prepared the

manuscript.
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5.2 Introduction

5.2 Introduction

Hyperpolarization via dDNP was invented in 2003 by Ardenkjær-Larsen et al. 133 to enhance,

by several orders of magnitude, the NMR signal of biomolecules relevant to the investigation of

fundamental physiological processes such as aberrant glycolytic metabolism in cancer tissues,

fatty acids cardiac metabolism, and organs perfusion280,298,299.

Although all NMR active nuclear spins can be hyperpolarized via dDNP135,154,202,300,301,

during the last two decades, the technique has proved itself as the most effective and versatile

key of access to 13C MRI/S with second short time resolution280. The latter unleashed a

new range of applications aimed at investigating several enzymatic pathways and other

physiological properties in real time for preclinical 272,298,302 and clinical studies 141,273,275,303.

Unfortunately, this unprecedented MR signal enhancement does not come without a price.

One main shortcoming of dDNP is the low throughput it achieves. As described in Section

1.4.4, the polarization transfer from the electron spins, added to the sample in form of stable

or labile radicals, to the nuclear spins is performed at a sub-liquid helium temperature and

high magnetic field, by means of microwave irradiation close to the radical’s ESR142. These

physical conditions, needed to reach close to unity electron spin polarization, extend the

buildup time of X-nuclei polarization to the range of hours.

Concurrently, applications as the study of the pharmacodynamics of an anti-cancer

tracer304, examination of the heart metabolism after infarction305, multiple compounds

injection for the combined investigation of physiological processes306–308, are few examples

that greatly benefit from the possibility to produce, inject and monitor the fate of different

hyperpolarized solutions within minutes.

Cross-polarization schemes from hyperpolarized protons 152 can decrease the polarization

time of X-nuclei to tens of minutes. Originally, the high B1 requirements limited the efficiency

of this approach to small samples, but optimized cross-polarization RF pulse sequences 309,310,

and coils311 could lift these limitations. Nevertheless, even if DNP can be quickly achieved,

the sample turnover remains time consuming and cumbersome, particularly in the context

of in vivo preclinical or clinical HP MR. Therefore, across the years, dDNP polarizers with

multi-sample capability have been developed189,198, in particular employing the Fluid Path

(FP) technology 192,194, because of its versatility and reduced cryogenic heat load.

Usually, in dDNP “one size does not fit all”. Sample preparation and polarization conditions

must be optimized for different substrates, nuclear species, and radicals. Hyperpolarizing

more samples with different formulations is a non-trivial task, especially if different radicals

are involved. When using radicals traditionally employed in dDNP (e.g. nitroxyl and trityl),

thermal mixing or cross effect are the dominant polarization transfer mechanisms 282. In this
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case the appearance of the DNP spectrum is strongly dependent on the ESR properties of

the radical rather than the Larmor frequency of the nuclei312–314. If the radicals used have

very different g-tensors, the DNP spectra for a given nucleus/radical pair can be far apart

precluding the possibility to polarize simultaneously the samples.

Hence, possible advanced applications that involve the polarization of different nuclei or

simply different 13C labelled substrates would benefit greatly from selective NMR detection.

In this chapter, we detail the design and performance of a highly versatile and customizable

dDNP cryogenic probe, herein adapted to a 5T “wet” preclinical polarizer 288, that, employing

a Custom Fluid Path (CFP)200,315, can not only co-polarize up to three samples, but it is

also capable of monitoring the solid-state dynamic of each of them separately, thanks to

dedicated pseudo-Alderman-Grant (AG) coils and multi-nucleus parallel NMR acquisition on

three distinct channels. We tested the system for the generation of three HP solutions of the

same substrate (i.e. [1-13C] pyruvic acid) within a short time interval; for the simultaneous

polarization and monitoring of 1H, 13C and 129Xe; and for [1-13C] lactate/[1-13C] pyruvate

polarization and back-to-back dissolution and injection in a healthy mouse model to perform

multi-substrate HP MRS at 14.1 T.

5.3 Methods

5.3.1 Multi-sample DNP probe design and NMR setup

In Figure 5.1, we report 3D drawings of the multi-sample dDNP cryogenic probe adapted to

our 5 T “wet” polarizer, whose design, functioning principle, retrofit and performance were

described in Chapter 4. All main components are indicated by capital letters.

Inspired by the SPINlab™seminal paper 192 and the preclinical polarizer by Cheng et al. 194 ,

sample handling is managed using the FP technology: the presence of a dynamic sealing and

an air-lock compartment allows to keep the dDNP polarizer constantly at low pressure during

loading, polarization and dissolution. This feature is crucial when working with more than

one sample because it allows their individual operation. Differently, we employ CFPs that

allow more flexibility in terms of reusability and nature (i.e. liquid or solid) of the compound of

interest upon loading 200,202,288,315. The 1470 mm long cryogenic probe is built around a 316L

stainless steel 3-arms manifold (H) composed by a 58.3/68.0 mm ID/OD tube with 3 ISO-KF16

half-nipples welded on it at a 30° angle (G). The manifold is hermetically closed at the top by a

stainless-steel flange (C) pressing on two 55×2 mm NBR O-rings. The top flange holds the

microwave inlet to the waveguide (B) and three hermetic SMA connectors (D, SF-2991-6002,

Amphenol SV Microwave, West Palm Beach, USA). Each ISO-KF16 half-nipple is connected to

an air-lock compartment composed by an ISO-KF16 gate valve (L, Vatlock 01224-KA06, VAT,
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Figure 5.1: Multi-sample dDNP cryogenic probe designed to accommodate three custom fluid
paths (CFPs). The main components are indicated by capital letters: WR-06 to circular 3.6 mm
microwave transition (A); waveguide flange (B); top flange (C); SMA feedthrough connector
(D); semi-rigid 0.141"stainless-steel coaxial cable (E); 3D-printed guide (F); ISO-KF16 half
nipple (G); 3-arms manifold (H); ISO-KF40 flange (I); 12.6/13.0 mm stainless-steel sample
loading tube (J); loading chamber (K); ISO-KF16 gate valve (L); circular 3.6/4.0 mm stainless-
steel waveguide (M); gold-plated tetrahedral microwave reflector (N); pseudo-Aldermann-
Grant NMR coils, one for each sample (O); PTFE coil formers (P); gold-plated microwave
cavity (Q).
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Haag, Switzerland) and a 316L stainless-steel loading chamber (K) with two hermetically glued

(Araldite®, Huntsman, The Woodlands, USA) Swagelok connectors (SS-6M0-1-2W, Swagelok,

Solon, USA) to pump on the dynamic sealing (top connector) during sample operation below

the gate valve, and to flush the chamber’s volume with He gas (bottom connector) during

sample operation above the gate valve. A custom-made ISO-KF40 316L stainless-steel flange

(I) hermetically closes the bottom part of the manifold with two 55×2 mm NBR O-rings and

seals the cryogenic probe to the polarizer Variable Temperature Insert (VTI, not shown). A

3D printed structure (F), placed inside the manifold, provides support and alignment for the

3.6/4.0 mm ID/OD circular 316L stainless-steel waveguide (M, Interalloy AG, Schinznach-

Bad, Switzerland), the three semi-rigid coaxial cables with stainless steel outer conductor (E,

.141SS-W-P-50, Jyebao, Taiwan) and, most importantly, guides each CFP inside one of the

three 1225 mm long 316L stainless steel 12.6/13.0 mm ID/OD sample tubes (J, Interalloy AG,

Schinznach-Bad, Switzerland) upon sample insertion. The tubes are welded to the bottom of

the ISO-KF40 flange.

Below the ISO-KF40 flange, brazed gold-plated baffles offer mechanical support to the

sample tubes, the coaxial cables and the waveguide, and reduce heat transfer via convection

and radiation. The top of a gold-plated microwave cavity (Q) is brazed to the lower end of the

sample tubes. Differently, the centrally mounted waveguide and the three coaxial cables enter

the cavity and terminate, respectively, close to a microwave reflector (N) and three copper

pseudo-AG NMR coils (O) placed inside three PTFE coil formers (P) for electrical insulation.

A single microwave source (VCOM-06/140/1/50-DD, ELVA-1, Tallinn, Estonia) is interfaced

to the waveguide with a circular 3.6 mm to rectangular WR-06 transition (A, Elmika, Vilnius,

Lithuania), a 90° WR-06 E-plane bend (Elmika, Vilnius, Lithuania, not shown), and a 150 mm

WR-6 straight waveguide (ELVA-1, Tallinn, Estonia, not shown).

To better understand the logic behind the microwave delivery scheme and NMR coils

decoupling, we show detailed section views of the fully assembled microwave cavity in Figure

5.2. The different elements are indicated as in Figure 5.1. The reflector (N) is shaped as a

tetrahedron whose top vertex is concentric to the waveguide (M); the bottom face is screwed

onto the bottom of the cavity (Q) and the other three faces form a 45° angle with the vertical

axis. In this way, the microwave beam splits in three portions that invest perpendicularly

each sample through one opening of the pseudo-AG coil (O). Each coil is remotely tuned and

matched outside of the VTI with a coaxial cable and a tuning/matching network with two

1.5–250 pF piston trimmer capacitors (V1949, Knowles-Voltronics, Itasca, USA). The inside of

the microwave cavity makes a tight fit around the coil formers (P). These metallic “wells” not

only act as cavity reducers increasing the microwave energy density around the samples, but

also shield the B1 of the pseudo-AG coils avoiding cross talking across channels.
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Figure 5.2: Detailed section views of the fully assembled microwave cavity. The main com-
ponents are indicated by capital letters: semi-rigid 0.141"stainless-steel coaxial cable (E);
12.6/13.0 mm stainless-steel sample loading tube (J); circular 3.6/4.0 mm stainless-steel
waveguide (M); gold-plated tetrahedral microwave reflector (N); pseudo-Aldermann-Grant
NMR coils, one for each sample (O); PTFE coil formers (P); gold-plated microwave cavity (Q).

The three NMR circuits are interfaced to a 3Tx/3Rx NMR console (Gecho Cameleon 4, RS2D,

Mundolsheim, France) via passive Tx/Rx switches and custom-designed low-noise (26.2 dB

gain and 0.39 dB noise figure at 55 MHz) preamplifiers based on PGA-103+ (Mini-Circuits,

Brooklyn NY, USA). Details about the preamplifiers design are reported in Appendix B. RF

power is provided by two RF power amplifier modules embedded inside the NMR console (5-

310 MHz, 300 W, BTM00300-GammaS, Tomco, Stepney, Australia), and one external amplifier

(5-200 MHz, 100 W, BT00100-Gamma, Tomco). To allow parallel NMR acquisition on the three

channels for polarization buildup monitoring, microwave frequency sweep, and microwave

power sweep, the existing sequences 288 were modified, and a new plugin for online data pro-

cessing and visualization implemented. In case of homonuclear experiments three identical

tuning/matching networks were used and each pair of power amplifier output/preamplifier

gain was carefully adjusted to provide the same B+
1 and signal amplification across the chan-

nels. Using parallel transmission and reception NMR channels, the excitation pulses were

sent on the three samples at the same time, then their respective signal was simultaneously

detected. During heteronuclear experiments, specific tuning/matching networks were used

to cover the needed frequency range. The three samples were measured sequentially with a

short delay (< 1 ms) because of the single local oscillator (LO) architecture of the spectrometer.
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5.3.2 dDNP of [1-13C] pyruvic acid

Consistency among the three channels, in terms of polarization in the solid state and after

dissolution, was investigated using [1-13C] pyruvic acid (Sigma Aldrich, Buchs, Switzerland)

doped with 15 mM of OX063 trityl radical (Albeda Research, Copenhagen, Denmark), hereafter

referred as PA-sample. 5 µL of PA-sample was loaded into three different CFPs, together with

NaOH at stoichiometric ratio (7.2 µL of 10 M NaOH in H2O), as earlier described in Chapter 4.

The CFPs were inserted one by one inside the polarizer.

Once the working base temperature was steadily reached, the 13C NMR signal (Larmor

frequency of 53.43 MHz) was simultaneously measured on the three channels as a function

of the microwave frequency (from 139.8 to 140.0 GHz in steps of 10 MHz). This experiment,

repeated only once (n = 1), allowed to obtain the so-called 13C DNP sweep from the three

sample slots simultaneously. For each frequency step, the samples were exposed to microwave

irradiation for 10 min. The power was kept constant at 55 mW across the microwave frequency

span. At the end of each irradiation period, the NMR signal from each slot was acquired using

a 30° hard pulse and then destroyed sending a comb of 1000 ×10◦ hard pulses, while switching

off the microwaves to avoid any repolarization.

NMR signal enhancement as a function of microwave power (i.e. a microwave power

sweep) was performed at a microwave frequency of 139.87 GHz to investigate power density

differences between the three sample slots (n = 1). The power was increased from 1 mW to

3 mW in steps of 1 mW and from 5 mW to 60 mW in steps of 5 mW. The final step was set at

63 mW, which is the maximal power output of the microwave source at this frequency. Before

each new power step, the polarization of each sample was destroyed by sending a train of

1000×10◦ hard pulses.

From the DNP microwave frequency and power sweeps, we could find the microwave

parameters providing the best NMR signal enhancement. These two values (i.e. 139.87 GHz

and 60 mW) were used to investigate differences in the amplitude and the dynamics of the

NMR signal enhancement across the channels. The NMR signal dynamic was simultaneously

acquired on each sample using a 5° hard pulse (n = 2). This procedure was repeated every

120 s to follow the polarization buildup curve. The experiment lasted at least 2.5 h, more than

four times the buildup time constant (i.e. at least 98% of the polarization plateau, result of a

mono-exponential curve fit).

After polarization, the three samples were dissolved back-to-back with a 15 min interval

between consecutive samples. Each HP solution was automatically transferred to a 1.05 T

benchtop NMR spectrometer (Spinsolve 13C/129Xe Ultra, Magritek, Aachen, Germany) to

measure its liquid-state polarization and relaxation time. Each PA-sample was melted using

5.5 mL of buffer solution (40 mM tris(hydroxymethyl)aminomethane (TRIS) and 0.3 mM
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ethylenediaminetetraacetic acid (EDTA) in D2O balanced to pD = 7.6) pre-pressurized at 4 bar

with He gas, heated up to 180 °C (12 bar vapor pressure) and pushed for 2.5 s with He gas at

8.0 bar over a 2.0 m long, 2.0/3.0 mm ID/OD PTFE tube into a separator/infusion pump188,

placed on top of the benchtop spectrometer (see Appendix A.2 for details about the dissolution

device). After a settling time of 0.5 s, approx. 750 µL of solution was injected into a 5 mm NMR

tube already placed inside the spectrometer. The acquisition started 6 s after the beginning

of the injection and was performed sending 1° pulses every 3 s for 60 times. The decay of

the HP NMR signal was fitted with a mono-exponential function to measure the 13C T1 of

[1-13C] pyruvate at 1.05 T. It is important to notice that the NMR solid-state signal on three

channels was continuously acquired until the last CFP was removed from the sample space to

evaluate possible perturbations of the polarization level of the sample(s) still not involved in

the dissolution procedure and cross-talking between the coils.

Upon measurement of the thermal equilibrium signal, 2 µL of 0.5 M Gd-DO3A-butrol

(Gadovist®, Bayer, Leverkusen, Germany) was added to the solution collected inside each NMR

tube to reduce the 13C relaxation time of pyruvate. The thermal NMR signal was averaged for

1024 times using 90° hard pulses every 3 s. The liquid-state DNP enhancement was calculated

from the ratio between the HP and thermal NMR signals and rescaled for the difference in the

flip angle of the pulses (n = 2 for each slot).

The maximum solid-state polarization was back calculated from the liquid-state value

using the [1-13C] pyruvate T1 measured at 1.05 T and taking into account a delay of 9 s (2.5 s

push time + 0.5 s settling time in the separator/infusion pump + 1 s push time into the NMR

tube + 5 s settling time in the NMR tube) between dissolution and onset of the liquid-state

acquisition.

5.3.3 Evaluation of cryogenic performance

To compare the cryogenic performance of the multi-sample CFP compatible dDNP cryogenic

probe to its single-sample equivalent (Chapter 4), sample space temperature and pressure

were measured over time after insertion of the CFPs in two different experiments: monitoring

of the above-mentioned parameters during simultaneous DNP sweeps of three samples until

depletion of all liquid He inside the cryostat (n = 1); monitoring of the above-mentioned

parameters during solid-state polarization of three samples and back-to-back dissolutions

until no sample was left inside the cryostat (n = 1). Prior to each experiment, the polarizer

VTI was cooled down and used for half a day to lower the temperature of the two cryostat’s

radiation shields to 200 K (outer shield) and 100 K (inner shield). Then the VTI was filled

completely with 1300 mL of liquid He, and the sample space pumped on by a 253 m3 h−1

roots pump (Ruvac WAU 251, Leybold, Cologne, Germany) backed by a 65 m3 h−1 vane pump
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(Trivac D65B, Leybold, Cologne, Germany). Measurements started when the sample space

pressure dropped below 1 mbar. The temperature sensor used was a ruthenium oxide (RuO2)

resistor (10 kΩ at room temperature, RX-103A, Lake Shore Cryotronics, Westerville, USA). The

pressure sensor used was a capacitive gauge (CTR100 230301, Oerlikon Laybold Vacuum, Köln,

Germany).

5.3.4 Simultaneous DNP monitoring and optimization of samples prepared with

different nuclei and radicals

The ability to co-polarize and simultaneously monitor the NMR signal dynamic of samples

containing different target nuclei during a DNP experiment was tested on 13C, 129Xe and 1H

using the following preparations:

• 13C as target nucleus: 20 µL of 4.4 M sodium-L-[1-13C] lactate (Sigma Aldrich, Buchs,

Switzerland) doped with 20 mM OX063 (Albeda Research, Copenhagen, Denmark),

1 mM Gd-DO3A-butrol (Gadovist®, Bayer, Leverkusen, Germany) and dissolved in

H2O:glycerol 1:1 (v:v), hereafter referred as Lac-sample, previously optimized in Chapter

4. This sample was also dissolved and transferred inside the benchtop NMR spectrome-

ter to measure its liquid-state polarization (n = 3) as described in the former paragraph.

• 1H as target nucleus: 50 µL of UV-light irradiated 27.8 M H2O in glycerol-d8:pyruvic

acid 3:2 (v:v), hereafter referred as H2O-sample. The detailed sample preparation was

described in a former publication 202; all chemicals were purchased from Sigma Aldrich,

Buchs, Switzerland.

• 129Xe as target nucleus: 200 µL of 2.85 M 129Xe and 30 mM 2,2,6,6-Tetramethyl-piperidin-

1-oxyl (TEMPO) dissolved in melting isobutanol, hereafter referred as Xe-sample. The

detailed sample preparation was described in a former publication154; all chemicals

were purchased from Sigma Aldrich, Buchs, Switzerland.

Each sample was loaded inside a different CFP and inserted into the polarizer. The NMR

circuits were all matched to 50Ω and slot 1, slot 2 and slot 3 tuned to the Larmor frequency of
13C (53.43 MHz), 1H (212.48 MHz) and 129Xe (58.78 MHz), respectively. Microwave frequency

sweeps were performed as previously described, but the frequency span was increased to

139.80-140.15 GHz. Willing to co-polarize samples containing different radicals, the influence

of microwave frequency modulation was also investigated, and three more sweeps, with 20,

40 and 60 MHz of frequency modulation peak-to-peak amplitude at 1 kHz modulation rate,

were performed. Finally, the polarization buildup at optimal microwave irradiation for the

three samples was monitored acquiring the NMR signal by means of a 2.5◦ hard pulse on each
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channel. Since the local oscillator of the NMR spectrometer can generate one frequency at a

time upon demodulation of the received signal, a delay of 330µs across the three channels

was introduced in the NMR sequence. This scheme was repeated every 120 s to follow the

growth of the NMR signal of the samples.

5.3.5 Sequential in vivo cerebral HP-MRS

We tested the ability to perform co-polarization of different compounds and back-to-back

dissolution/injection in a preclinical environment using [1-13C] pyruvate and [1-13C] lactate

to perform multi-substrate HP MRS in a healthy mouse model.

Animal experiments were conducted according to federal and cantonal ethical guidelines

and approved by the local regulatory authorities (Service de la Consommation et des Affaires

Vétérinaires, Canton de Vaud, Switzerland), licence number VD2017.6 and complied with the

ARRIVE guidelines. Male C57BL/6J mice (10 weeks, Charles River, France) were maintained

in a temperature- and humidity- controlled animal facility, a 12 h light/dark cycle and free

access to food and water.

In Figure 5.3 we report a sketch of the experimental setup. The multi-sample dDNP probe

was loaded with two CFPs. One contained 65 µL of Lac-sample and the other 20 µL of PA-

sample. Therefore, only the buildup in slot 1 and slot 2 was monitored via NMR. The samples

were exposed to microwave irradiation for up to 3 h (139.86 GHz and 63 mW).

In the meantime, a healthy C57BL6/J male mouse (25.1 g) was anesthetized with 2%

isoflurane in 60% oxygen, and a catheter placed in the left femoral vein to inject the HP

solutions. The mouse was immobilized with a stereotaxic device, and a 1H quadrature/13C

linear surface coil was placed above the head (Figure 5.4). Two separator/infusion pumps 188

were simultaneously connected to the catheter using a flangeless T-junction (P-712, IDEX

Health & Science, Lake Forest, IL, USA) and prefilling the 125 µL of dead volume with a

phosphate-buffered saline (PBS) solution. In this way, the animal did not need to be handled

between injections. Each separator/infusion pump was driven in turn using a syringe pump

(NE-1010, New Era Pump Systems, Farmingdale, NY, USA) programmed to inject 450 µL

through the catheter, including the dead volume. MR experiments were performed in a

14.1T/26cm pumped horizontal bore magnet (Magnex Scientific, Yarnton, UK) interfaced to a

BioSpec Avance NEO MRI console (Bruker BioSpin, Ettlingen, Germany). Prior to 13C MRS,

field map-based shimming was used to optimize B0 homogeneity in the mouse brain.

Once the whole setup was in place and the animal ready for injection, the Lac-sample was

dissolved first using 5.5 mL of D2O pre-pressurized at 4 bar with He gas, heated up to 180 °C (12

bar vapor pressure) and pushed for 5 s with He gas at 10 bar over a 6 m long, 2.0/3.0 mm ID/OD
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14.1T MRI Scanner5T/1.3K DNP Polarizer

Separator/infusion pump

Microwave
source

RF Coil

Frozen
sample
beads

Piston lines

Pressurized
hot buffer

e-

Syringe pump

ZZZ

Figure 5.3: Setup for multiple injections into a healthy mouse. The “wet” 5T/1.3K DNP
polarizer is equipped with a multi-sample cryogenic probe loaded with two CFPs. Two separate
dissolution lines transfer the HP solutions to two distinct separator/infusion pumps placed
inside the MRI scanner. One syringe pump drives the injection of the HP solutions into the rat,
pushing on separate water-filled piston lines.

13C

1H

Figure 5.4: Picture of the mouse head 1H quadrature/13C linear surface coil used for HP MRS
acquisitions at 14.1 T. The 13C loop is a 2-turn spiral (8/14 mm ID/OD) of �1.5 mm enameled
copper wire. 1H element are �14 mm loops built with �1 mm silver-plated copper wire.
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PTFE tube to transfer the lactate HP solution to one separator/infusion pump. A 325 µL bolus

of 80 mM HP [1-13C] lactate was intravenously injected into the mouse at a rate of 650µLs−1.

Immediately, unlocalized cerebral 13C MRS was acquired using 30° BIR-4 pulses every 3 s

during 3 min. 15 minutes after the first dissolution, the PA-sample was similarly dissolved in a

buffer solution (60 mM TRIS and 0.3 mM EDTA in D2O balanced to pD = 7.6) and transferred

to the second separator/infusion pump. A 325 µL bolus of 80 mM HP [1-13C] pyruvate was

injected and measured as the previous sample.

5.3.6 Statistical analysis

When experiments were repeated more than once, numerical results are reported as mean ± stan-

dard deviation.

5.4 Results and discussion

5.4.1 Cryogenic, DNP and NMR performance of the multi-sample probe

In Figures 5.5 and 5.6, we summarize the performance of the multi-sample dDNP probe in

terms of cryogenics, homogeneity of the microwave irradiation and Tx/Rx equivalence across

the three NMR channels. For this purpose, we loaded each slot with 5 µL of PA-sample. As

described in the previous chapter, the dDNP system works in batch mode188, i.e. the VTI is

filled to its maximum capacity with liquid He and then the temperature is lowered by reducing

the pressure of the sample space.

The maximum liquid He holding time (Figure 5.5A) was measured during parallel mi-

crowave frequency sweeps (Figure 5.5B). The sample space was stable between 1.35 K and

1.30 K over 300 min (5 h). After this time, the sudden temperature drop and subsequent

temperature increase indicated the absence of any residual cryogenic liquid inside the sample

space. Correspondingly, the pressure decreased from 1.2 mbar to 0.7 mbar. During the first

210 min (duration of the microwave frequency sweep), we could appreciate pressure spikes

spaced by 10 min due to the train of RF pulses used to destroy the DNP signal after each

microwave frequency step. We could not see the same pattern on the temperature curve

because of higher background noise of temperature sensor with respect to the pressure sensor.

The single slot CFP compatible dDNP probe that we described in Chapter 4 allowed us to

work at 1.15 K with a liquid He holding time of 6 h. For the same cooling power of the VTI,

the increased heat transfer generated by the multi-sample probe is due to the extra building

material rather than the three samples themselves. Indeed, as previously demonstrated, the
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Figure 5.5: Temperature and pressure behaviour inside the polarizer sample space during the
microwave frequency sweep (A). Microwave frequency sweeps at 5 T and (1.325 ± 0.025) K
measured simultaneously on three equal volume (5 µL) PA-samples with a microwave power
output of 55 mW; the NMR signal intensity of the curves was normalized according to the
highest value measured across the three slots. The lines connecting the data points help guid-
ing the eyes (B). Microwave power sweeps measured at 139.87 GHz for the same samples; the
NMR signal intensity was normalized to the highest value of all curves. The lines connecting
the data points help guiding the eyes (C).

stainless steel sample loading tube and the semi-rigid coaxial cable account for 86% of the

total thermal conductivity, while the CFP for less than 1%.

Signal intensity-wise, the microwave sweeps from the three slots looked alike (in Figure

5.5B, signals were normalized to the highest one, but the DNP spectrum in slot 1 was shifted

downfield by 10 MHz with the maximum DNP enhancement appearing at 139.86 GHz instead

of 139.87 GHz. Most likely, this is due to a magnetic field difference across the slots of 71.4 ppm

(i.e. 0.35 mT). Indeed, upon charging the magnet, the cryoshims were adjusted placing a

sample aligned along the vertical axis of the polarizer. Despite this small offset, the maximum

available microwave power of the source, together with the presence of a tetrahedral mirror

placed in front of the bottom part of the waveguide, was enough to saturate the DNP enhance-

ment when working at 139.87 GHz (Figure 5.5C). Although compared to only 20 mW used
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Figure 5.6: Monitoring of the cryogenic (A) and NMR behaviour (B) upon microwave irra-
diation at constant frequency (139.87 GHz) and constant power (63 mW) and subsequent
back-to-back dissolutions. The NMR signal of the curves was normalized according to the
highest value measured across the slots.

for the single-sample dDNP probe (Chapter 4), a threefold amount of power was required to

obtain the maximum available enhancement, the power sweeps showed an even distribution

of the microwaves across the slots.

This behaviour was confirmed by simultaneously monitoring the NMR signal dynamic of

the three PA-samples upon irradiation at constant microwave frequency (i.e. 139.87 GHz) and

power (63 mW). In Figure 5.6B we show how, within 10% discrepancy, for each time point, the

NMR signals measured from the three slots evolved together during 150 min of microwave

irradiation. During this time period, the sample space temperature and pressure remained

between 1.30–1.35 K and 1.0–1.2 mbar, until the first dissolution from slot 3 was performed.

At this point, these two parameters increase to 1.6 K and 6.5 mbar, respectively, because of

the heat load brought by the superheated buffer flowing through the CFP (Figure 5.6A). The
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dissolutions from slot 2 and slot 1 followed delayed by 15 min each and showed a similar

behaviour. Concerning the behaviour of the system, four aspects are noteworthy:

• After each dissolution, the cryogenic system recovered after 5 min, going back to baseline

temperature and pressure values (Figure 5.6A).

• The temperature and pressure jump inside the sample space due to the passage of hot

buffer through the CFP in one slot did not decrease the NMR signal in the other slots

(Figure 5.6B).

• The NMR signal from the slot interested by the dissolution suddenly dropped below 4%

of the pre-dissolution signal intensity (Figure 5.7) confirming the absence of pronounced

cross talking between the three AG coils.

• The second and third dissolutions generated a less pronounced temperature/pressure

jump because of the lower liquid He level left after the first event (Figure 5.6A).

5.4.2 Solid-state and liquid-state polarization of pyruvic acid

In a separate set of experiments (n = 2) we measured the solid-state and liquid-state polar-

ization obtained on the same kind of samples (i.e. three slots loaded with a PA-sample). We

summarize our findings in Figure 5.8.

After 100 min, all samples reached at least 95% of the maximum achievable signal (Figure

5.8A) with a polarization time constant of (1762 ± 47) s, (1932 ± 58) s, (1944 ± 16) s for slot 1,

slot 2 and slot 3, respectively (Figure 5.8B). While the buildup time constant in slots 2 and

3 was, within experimental errors, the same, the one from slot 1 was approximately 200 s

shorter. Being the last point of the microwave power sweep very similar for all slots, we ascribe

this discrepancy to the irradiation frequency being 10 MHz lower than the optimal value

for slot 1. Indeed, it was earlier demonstrated that buildup time constants decrease moving

the microwave frequency to the left/right of the positive/negative maximum of the DNP

spectrum185. Most importantly, the buildup was considerably shorter compared to what we

measured earlier using the single-sample dDNP probe (Chapter 4). In that case, [1-13C] pyruvic

acid doped with 15 mM trityl showed a buildup time constant of (2745 ± 63) s. The latter is

justified by the lower base temperature (1.15 K vs. 1.35 K) that could be reached using the

single-sample DNP probe. Indeed, as shown in the work from Filibian et al.316, the buildup

time constants (Tb) scale nicely with the relation T −1
b = T 2, where T is the temperature of the

He bath.
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Figure 5.7: Investigation of cross talk between the three slots during a homonuclear ex-
periment. The first row (A) displays the spectra acquired at 140 min after the start of the
experiment. The NMR signal intensity is similar within 7% discrepancy across the slots. After
dissolving the sample in slot 3 (B, at 156 min), a signal equivalent to 3.6% of the signal prior
to dissolution is observed in that slot. This residual NMR signal is likely detected from the
samples in slots 1 and 2. After the second dissolution (C, at 170 min), a similar residual signal
is observed in slots 2 and 3. No NMR signal is observed following the dissolution of all samples
(D, 180 min timepoint).

123



Chapter 5. Highly versatile dDNP: implementation of a multi-sample/multi-nucleus
cryogenic probe with parallel NMR detection

30.7±1.6

29.1±1.4

30.2±0.1

33.1±1.9

31.0±1.5

32.3±0.1

1762±47

1932±58

1944±16

123±11

133.6±6.7

144.1±0.3

Figure 5.8: Summary of the dDNP performance of the multi-sample probe when loaded with
three PA-samples (n = 2): solid-state polarization dynamics during microwave irradiation
inside the polarizer (A); fitted mono-exponential buildup time constant (B); back-calculated
maximum solid-state polarization from liquid-state value (C); liquid-state polarization dy-
namics after dissolution inside the benchtop NMR spectrometer (D); fitted mono-exponential
relaxation time constant (E); calculated liquid-state polarization upon injection of the HP
solution inside the benchtop NMR spectrometer from thermal equilibrium value (F). Numeri-
cal results are expressed as mean ± standard deviation. Shaded areas represent the standard
deviation between measurements.

After dissolution and relaxation inside the benchtop spectrometer (Figure 5.8D), we calcu-

lated an average liquid-state polarization of (30.0 ± 1.2)% (Figure 5.8F). With a relative error

as small as 4% over six dissolutions, the system demonstrates high repeatability and equal

dDNP performance across the channels. Again, compared to the single-slot probe (Chapter 4),

the slightly lower maximum achievable polarization can be justified by the difference in base

temperature. The 13C solid-state polarization value of (32.1 ± 1.4)% (Figure 5.8C) was back

calculated assuming a relaxation time during transfer of 130 s (Figure 5.8E).
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5.4.3 Solid-state polarization and monitoring of different nuclei

We deliberately chose an extreme case where we tried to co-polarize and monitor the Lac-

sample ([1-13C] lactate + trityl), the Xe-sample (129Xe + TEMPO) and the H2O-sample (1H +

lactyl radical).

Figure 5.9A shows how monochromatic (i.e. no frequency modulation) microwave sweeps

of the three samples have poor overlap, with the maximum of the Xe-sample appearing at

140.05 GHz and the maxima for the other two samples around 139.85 GHz, where the Xe-

sample DNP is very far from optimal. Instead of programming the microwave source to swiftly

change the output frequency, as it happens for instance in ELDOR experiments 317, we decided

to explore the effect of microwave frequency modulation. The latter increases the breadth of

the DNP spectrum, and the larger the modulation amplitude, the further apart the positive

and negative DNP maxima move 149,201.

In Figure 5.9B-D we report the effect of increasing modulation amplitude on the DNP

spectra. At 139.94 GHz, when driving the frequency output with a sine wave oscillating by

60 MHz peak-to-peak amplitude, not only the Xe-sample polarization increased by a factor

of 2, but also, its positive peak became almost coincident with the negative one of the Lac-

sample. At the same time, the H2O-sample could still be polarized at 50% of its maximum

value. Therefore, we used this microwave irradiation setting to simultaneously monitor the

buildup of all samples (Figure 5.9E). Shining microwaves for 3 h they all reached the maximum

available polarization.

5.4.4 Sequential in vivo cerebral HP MRS

In HP MR, [1-13C] pyruvate is widely recognized as the golden standard to assess real-time

metabolism in vivo through its conversion to lactate, bicarbonate and alanine299. Neverthe-

less, lactate is another promising molecule, despite the less straightforward sample formu-

lation234. Differently from pyruvate, it can be injected at physiological concentration with

known neuroprotective effects228, it easily crosses the blood-brain barrier236, and allows

detecting the secondary conversions to alanine and bicarbonate through pyruvate providing a

better understanding of the lactate dehydrogenase activity 234,318.

Therefore, to test the capability of our system to produce injectable HP solutions containing

physiologically interesting metabolites with a rate much shorter compared to the usual 13C

DNP buildup time, we chose to perform two [1-13C] lactate/[1-13C] pyruvate back-to-back

injections into a healthy mouse.
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Figure 5.9: Lac-sample, H2O-sample and Xe-sample simultaneous DNP microwave frequency
sweep without (A) and with 20 MHz (B), 40 MHz (C) and 60 MHz (D) of frequency modulation
amplitude. Lac-sample, H2O-sample and Xe-sample simultaneous polarization buildup
monitoring shining microwaves at 139.94 GHz with 60 MHz frequency modulation amplitude
and 63 mW output power (E). The dashed line in (D) indicates the microwave irradiation
frequency used in (E). The intensity of each sweep in (A) was normalized to 1. The signal
intensity of the sweeps in (B, C, D) was normalized with respect to (A).
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To have the same 13C nuclei final concentration after dissolution, the Lac-sample volume

was 3.25 times larger than the PA-sample. Despite the slightly different DNP spectrum, both

samples showed optimal DNP at 139.86 GHz (Figure 5.10). The slightly higher radical content

compensated for the slower spin diffusion due to lower 13C concentration156, and the Lac-

sample built-up polarization approximately at the same rate as the PA-sample (Figure 5.11A).

In a separate set of experiments, the [1-13C] lactate liquid-state polarization measured inside

the benchtop spectrometer was (24.3 ± 1.5)% (n = 3).
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Figure 5.10: Microwave frequency sweep of the Lac-sample and PA-sample measured simulta-
neously using the multi-sample DNP probe. Both samples have maximum enhancement at
139.86 GHz. The spectral breadth of the Lac-sample is narrower because of the presence of
Gd3+ in its formulation.

The Lac-sample was dissolved first and infused into the mouse to monitor its cerebral

metabolism into pyruvate, alanine and bicarbonate (Figure 5.11B). 15 minutes later, the

pyruvate sample was similarly dissolved and its cerebral conversion into lactate, alanine and

bicarbonate was successfully monitored (Figure 5.11C). The maximal SNR in single spectra,

without applying any line broadening, was 402 and 313 for pyruvate and lactate, respectively,

which is consistent with the difference in liquid-state polarization level of the two samples.

Nevertheless, the SNR of downstream metabolites were substantially smaller after injecting

lactate compared to pyruvate. The latter was due to lower label exchange (Chapter 2) between

HP lactate to endogenous pyruvate with respect to HP pyruvate to endogenous lactate because

of the difference in pool size of the two metabolites234,253.
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Figure 5.11: Solid-state NMR signal of the PA-sample (green) and Lac-sample (blue) simulta-
neously hyperpolarized and dissolved within 15 minutes from each other; the curves were
scaled to the liquid-state polarization measured in separate experiments (A). Unlocalized cere-
bral 13C-MRS to investigate the metabolism of HP lactate, which metabolizes into pyruvate,
alanine and bicarbonate; the bold blue line represents the sum of individual spectra measured
in the first 120 s post-injection; the peak marked with a (*) is an impurity of the stock lactate
solution (B). Unlocalized cerebral 13C-MRS to probe the metabolism of HP pyruvate, which
metabolizes into lactate, alanine and bicarbonate; the bold green line represents the sum of
signals 120 s post-injection (C). In (B-C) a line broadening of 20 Hz was applied.
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5.5 Conclusion and perspectives

Regardless of their formulation, being able to optimize and/or monitor the DNP performance

of more samples at once represents a powerful tool to improve and expand the scope of

applications that entail multi HP compound injections. In this chapter, we have detailed

the design and performance of a versatile multi-sample dDNP probe. Benefiting from the

compactness of the CFP, three samples, each with its own dedicated NMR coil, could be

incorporated despite the narrow �36.5 mm VTI. This probe has the unique characteristic

of selective NMR capability across three sample slots, and we proved its employment in a

preclinical application.

We were able to produce three pyruvate HP solutions within 30 min from the first dissolu-

tion, and the delay was mainly caused by the time needed for the buffer to heat-up rather than

for the cryogenic system to recover. Indeed, after each dissolution, the system was able to go

back to its base working temperature within 5 min. Therefore, injections with a shorter delay

could be obtained by improving the heat transfer from the heating element to the solvent, or

by using many dissolution heads in parallel.

The working base temperature was 15% higher compared to the similarly built single-

sample probe (Chapter 4). This decreased the maximum achievable polarization of pyruvate

accordingly. If for a wet system the increased thermal conductivity was, after all, negligible,

this aspect will deserve extra care in case of implementation of the dDNP into a cryogen-free

system194. In that case, providing a better thermal anchoring of the probe to the radiation

shields of the polarizer will improve the base temperature, as well as cutting specific patterns

along the stainless-steel sample tubes or using a thinner coaxial cable to reduce thermal

conductivity.

Despite the larger microwave cavity compared to the single-sample probe, a sufficient

microwave power density was still achieved to saturate the DNP enhancement. Microwave

losses could be reduced by electroplating the stainless-steel waveguide with a better electrical

conductor, such as gold or copper 195,196.

Finally, we showed how microwave frequency modulation can be an easy to implement and

versatile tool to find the microwave irradiation “sweet spot”, when trying to simultaneously

polarize samples with very different formulations.

129





6 Improving the spatiotemporal effi-

ciency of spectrally resolved 13C MRI

to probe the dynamic metabolic inter-

play in a mouse model of stroke

131



Chapter 6. Improving the spatiotemporal efficiency of spectrally resolved 13C MRI to probe
the dynamic metabolic interplay in a mouse model of stroke

6.1 Abstract

Distinct global metabolic dynamics of the HP neuroprotective agents [1-13C] lactate and [1-
13C] pyruvate were previously depicted between the ischemic and healthy mice brains. This

could reflect the evolving metabolic reprogramming to adapt to the energetic demands in the

acute phase of stroke. The ischemic lesion being inhomogeneous, adding the ability to unravel

the specific regional patterns of the metabolic response to a stroke insult could provide new

information to help understanding the fate of these therapeutic molecules, and would be

essential for having a relevant diagnostic component in a theranostic approach for stroke.

The transition from global MRS measurements to dynamic MR spectroscopic imaging

represents primarily a technical challenge, requiring substantial upgrades of our acquisition

tools and strategies. For measurements in the mouse brain, a 1H/13C volume coil was designed

to achieve uniform RF excitation throughout the brain to facilitate the application of imaging

strategies and kinetic modeling of dynamic metabolite signals, while a 13C receive-only surface

coil ensures highly sensitive detection. In parallel, a model-based MR spectroscopic imaging

scheme, the IDEAL spiral CSI sequence, was implemented on a 14.1T MRI scanner. A highly

efficient HP MR signal sampling is achieved with this sparse acquisition scheme, which not

only allows economical usage of the nonrenewable hyperpolarized signal, but also allows

short acquisition times to achieve a high temporal resolution to resolve dynamic features.

Together with the upgraded dDNP polarizer, these MR tools enabled dynamic HP MRSI

in the mouse brain at high spatiotemporal resolution. In a proof-of-concept experiment,

the regional pattern of the cerebral metabolic response to a neuroprotective bolus of HP

[1-13C] pyruvate was mapped in a stroke mouse. We identified a distinct metabolism within

the ischemic core, with a higher and faster lactate labeling compared to healthy tissues.

Part of the content of this chapter was presented in: Lê Thanh Phong, Buscemi Lara, Lepore

Mario, Capozzi Andrea, Hirt Lorenz, Mishkovsky Mor, Hyacinthe Jean-Noël. Development

and application of dynamic MRSI of an HP neuroprotective agent in an MCAO mouse model

of ischemic stroke at 14.1 T. Proceedings of ISMRM & ISMRT Annual Meeting & Exhibition,

Toronto (CA), June 3-8 2023

My contribution to this chapter is in its entirety. I designed, built and characterized

the RF cross-coil setup, implemented the dynamic MRSI sequence and reconstruction,

performed all in vitro and in vivo experiments. I analyzed and interpreted the results

together with all coauthors. The animal surgery and monitoring were performed by Mario

Lepore.
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6.2 Introduction

Dissolution dynamic nuclear polarization (dDNP) provides an unprecedented sensitivity to

magnetic resonance for spectroscopy or imaging. DNP systems operating at high magnetic

field (greater than or equal to 5 T) and sub-liquid helium temperature can routinely yield

a liquid-state nuclear polarization exceeding 50% for pyruvate138,139,194, as well as on other

metabolic substrates, for example glucose162. Nonetheless, while achieving a polarization

close to unity is one part of the challenge, an efficient acquisition of the short-lived hyperpo-

larized signal to probe the metabolic or physiological processes of interest is key.

Preclinical stroke research is most widely applied in mice and rats, especially for their

similar brain vasculature compared to the human 319,320. On a broad scope, studying the effect

of neuroprotective agents such as lactate or pyruvate entails not only their role as metabolic

substrates but also as signaling molecules. For the latter, mice are usually preferred than rats

because they are much easier to genetically engineer for studying the role of specific genes in

the neuroprotective processes. From the perspective of MRI acquisitions, the mouse brain is

more difficult to image, in particular due to the four-foldi smaller volume compared to the rat

brain, which requires voxel volumes to be reduced in order to resolve brain regions with the

same level of detail, resulting in proportionally lower signals.

In our study of the metabolic contrasts of hyperpolarized neuroprotective agents, namely

[1-13C] lactate and [1-13C] pyruvate (Chapter 2), distinct global dynamic metabolic contrasts

were observed between healthy and stroke animals. Nevertheless, the ischemic brain is com-

posed of several distinct regions evolving over time: the infarcted core, ischemic penumbra,

and surrounding healthy tissues. MR spectroscopic imaging (MRSI) could disentangle spe-

cific regional metabolic patterns resulting from a stroke injury and provide crucial insights

to improve our understanding of the biological mechanisms intervening after stroke. More

importantly, volumetric-resolved measurements are critical to exploit the potential of these

HP neuroprotectants as molecular imaging contrast agents in a theranostic approach for

stroke. The transition from dynamic global MRS measurements to the investigation of both

the regional and dynamic metabolic patterns of these tracers necessitates the implementation

of efficient MRSI sampling strategies, in order to parsimoniously use the nonrenewable hy-

perpolarized signal, compensate for partitioning the MR signal into small voxels, as well as

minimizing the measurement duration to accurately track the temporal evolution of these

processes.

Our previous measurements of the metabolism of HP neuroprotective agents at a thera-

peutic dose in the mouse brain (Chapters 2, 3 and 5, as well as Hyacinthe et al. 228) were all

performed using a linear 13C surface coil. They are widely used in single-voxel or non-selective

iAbout ≈415 mm3 and ≈1765 mm3 in the adult mouse 321 and rat 322, respectively.
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spectroscopy, since their small size and proximity to the region of interest yields a high sensi-

tivity. In our application, the latter is highly required due to the weak downstream metabolite

signals resulting from the impeded delivery through the blood-brain barrier (BBB) of the

neuroprotectants that we investigate236,245. However, the non-homogeneous RF excitation

profile of surface coils complicates the use of most imaging sequences and leads to a difficult

quantification of the dynamics of tracers metabolism. Indeed, the RF-induced depolarization,

which is a parameter of the kinetic models (Section 2.4.2), would be spatially dependent. The

usual approach323 to achieve both uniform RF excitation and high receive sensitivity is to

use a volume transmit-coil and separate anatomically shaped receive-coils, also known as a

cross-coil or transmit-only/receive-only (TORO) setup.

In this chapter, we present the implementation of high-resolution dynamic MRSI acquisi-

tions for metabolic imaging of HP neuroprotective tracers in the mouse brain. To achieve this

goal, we developed and characterized an RF cross-coil setup that offers highly sensitive surface

detection capabilities, along with uniform RF volume excitation to achieve efficient imaging

and accurate kinetic analysis of metabolites signals. In parallel, we selected, implemented,

and tested an efficient acquisition strategy to achieve dynamic and multislice HP 13C MRSI.

Finally, in a proof-of-concept experiment, these developments are applied in vivo to perform

dynamic HP cerebral metabolic imaging in a mouse model of transient ischemic stroke. While

our interest lies in investigating the metabolism of several HP neuroprotective agents, we

initially conducted imaging experiments with hyperpolarized [1-13C] pyruvate, as it produces

higher downstream metabolite signals that are easier to detect (Chapter 2).

Instead of making our developments on the same platform previously used (7T/1K DNP

polarizer and 9.4T MRI scanner, Chapters 2 and 3) to facilitate the comparison between

global and localized measurement results, we transitioned to a 14.1T MRI scanner, which

is more technically capable and suitable for MRSI developments. Recently upgraded to a

state-of-the-art spectrometer console, it provides support for multichannel RF coil arrays,

better gradient performancei, better software capabilities for MR sequence design particularly

with non-Cartesian k-space trajectories, and shimming based on 3D B0 field maps. This MRI

scanner is coupled to the 5T/1.15K DNP polarizer upgraded in Chapters 4 and 5 towards better

DNP performance and throughput.

6.2.1 MRSI acquisition schemes

Due to the rapidly and irreversibly decaying longitudinal magnetization, measurements with

HP probes require specific acquisition schemes. In addition, the transient nature of the

i1000 mTm−1 peak strength and 6450 Tm−1 s−1 slew rate compared to 500 mTm−1 and 5500 Tm−1 s−1 on the
9.4T MRI scanner.
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metabolic response to the HP substrate requires time-resolved measurements to properly

describe their dynamics. Over the years, many methods for HP metabolic imaging have been

developed with various combinations 216 of schemes for spectral encoding, spatial encoding,

RF excitation, and contrast scheme, and can be broadly classified as follows 217,324:

• Spectroscopic imaging methods provide a continuous NMR spectrum for each voxel

and do not require any prior knowledge.

Free induction decay chemical shift imaging325 (FID-CSI) is the simplest method. It

consists in 2D or 3D spatial phase-encoding followed by FID readout providing the

spectral encoding. It achieves both large spectral bandwidth, high spectral resolution,

and robustness against static field inhomogeneity. However, since each k-point needs

to be individually acquired, it uses the magnetization inefficiently and requires long

acquisition times, therefore FID-CSI is generally limited to single time point acquisitions,

or dynamic imaging with a coarse spatial resolution.

Rapid spectroscopic imaging techniques accomplish simultaneous spectral and spatial

encoding by traversing the k-space at distinct echo times. For each k-point, the spectrum

can be obtained using a Fourier transform along the echo time dimension326. The

gradient spatial encoding scheme can be achieved with any trajectory, for example,

echo-planar327, spiral328,329, radial330, or concentric rings331. Although this type of

acquisition scheme greatly reduces the measurement time, this comes at the cost of a

limited spectral bandwidth and coarse spectral resolution.

• Model-based imaging methods encode spectral and spatial information by acquiring

images at shifted echo times similarly to rapid spectroscopic imaging techniques. How-

ever, using prior knowledge of the resonance frequencies of the metabolites, fewer echo

time steps are required in the reconstruction by using model-based approaches332,

which we will further discuss later in detail in Section 6.2.2. These schemes can typically

be applied in the presence of a few well-separated resonances. B0 inhomogeneity can

be accounted for via 1H static field maps. However, artifacts can occur if it varies during

the acquisition.

• Metabolite-selective imaging methods decouple the spectral and spatial encoding

by selectively exciting individual metabolites using a spectral-spatial (SPSP) pulse333,

followed by a rapid imaging readout, for example echo planar334 or spiral 335. These

methods are only applicable to spectra with well-separated resonances. Compared to

model-based methods, they provide a similar 336 SNR when consuming an equal amount

of HP magnetization. However, they can be easily adjusted to excite the metabolites

differently, with smaller flip angles on injected substrates to spare their magnetization,

and larger ones on downstream metabolites to improve their SNR337. The narrow
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passband, by design, of the SPSP RF pulses makes these schemes sensitive to center

frequency errors and static field inhomogeneity.

• Refocused imaging methods provide an efficient use of nuclear magnetization for

molecules with a long 338 spin-spin relaxation time (T2), which is the case for [1-13C] pyru-

vate and [1-13C] lactate339 whose T2 are in the order of seconds under physiological

conditions340. Compared to gradient-echo type methods, which spoil the remaining

magnetization at the end of each cycle, refocused methods maintain the residual trans-

verse magnetization using a refocusing pulse between successive cycles. In addition, at

the end of each pulse train, the remaining steady-state transverse magnetization can be

stored back to the longitudinal direction341.

Such methods are known as steady-state free precession (SSFP) sequences. Among

them, balanced SSFP (bSSFP), which refocuses all imaging gradients within one cycle,

offers the highest SNR efficiency342. In the context of MRSI, the intrinsic frequency

response of bSSFP can be applied to image one metabolite at a time by placing within

the bandpass region, and undesired metabolites in the stopbands177,343. Particularly

for the imaging of numerous resonant frequencies, spectrally selective pulses can be

used to improve the specificity of the acquisition 344. The RF pulses may be deliberately

applied off-resonance to shorten both their duration and the repetition time, in order to

achieve a better spatiotemporal resolution345. Another variant is the combination of

bSSFP with a sparse multi-echo (model-based) approach346.

• Spatiotemporal encoding (SPEN) 347,348 encodes both spatial and spectral information

simultaneously using one gradient axis by applying frequency-swept RF excitation in

combination with an encoding gradient, resulting in the progressive excitation of the

spins depending on both their chemical shift and spatial coordinate. The application of

a readout gradient decodes spatial information into the time domain, while the spin

density and spectral information reside in the signal amplitude and phase, respectively.

Combined with a conventional k-space readout to encode additional spatial dimensions,

SPEN achieves the acquisition of single-shot spectroscopic images with a sub-second

temporal resolution 349,350.

Our specific application focuses on imaging the hyperpolarized neuroprotective agents

[1-13C] lactate and [1-13C] pyruvate in a mouse model of stroke, and requires both high spatial

and temporal resolution to properly resolve the stroke lesion as well as the metabolic dynamics.

Both substrates and their downstream metabolites have well-defined and separated chemical

shift displacements, making them suitable for model-based or metabolite-selective acquisition

schemes. As a result of the project timeline, the RF coil being developed in parallel to the

imaging sequence, the use of either refocused or spatiotemporal encoding pulse sequences
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would have been difficult with the inhomogeneous transmit field profile achievable with

the available transmit-receive surface coil, although this can be taken into account using

additional compensation schemes 351,352. Given these constraints and requirements, we opted

for a model-based method which typically requires a shorter acquisition time compared to

spectroscopic imaging methods215.

6.2.2 IDEAL spiral CSI

The IDEAL spiral CSI acquisition scheme353 is a model-based MRSI sequence that provides

efficient spectral–spatial encoding.

The spectral encoding is based on the Iterative Decomposition of water and fat with

Echo Asymmetry and Least-squares estimation332 (IDEAL) principle. Extending the Dixon-

type fat–water separation principle354 to an arbitrary number of resonances, it relies on the

acquisition of multiple images with shifted echo times such that the signal from metabolites

with distinct resonant frequencies will be acquired with a different relative phase in the image

series. Using prior knowledge of their chemical shifts, either assumed or measured with MRS,

the map of individual metabolites can be reconstructed by least-squares fitting355,356.

Efficient215 spatial encoding is achieved with a single-shot center-out spiral to sample

the full k-space357, yielding an efficient usage of the nonrenewable hyperpolarized signal.

Contrary to an EPI readout, the spiral trajectory may start at the k-space origin, allowing a

very short time delay between the RF excitation and start of acquisition to minimize T ∗
2 signal

decay and maximizing the SNR efficiency358. Spiral readout trajectories are also relatively

immune to motion359 and flow 360 artifacts. 3D volumetric images can typically be obtained

either by adding an additional phase encoding 361, or readout gradient362,363.

Nevertheless, the performance of the IDEAL spiral CSI scheme may be severely impaired

in presence of gradient trajectory imperfections and off-resonance effects due to static field

inhomogeneity which will induce blurring and reduce the effective resolution215,324.

The steps to achieve single-slice MRSI via the IDEAL spiral CSI scheme are schematically

illustrated in Figure 6.1 and are described below:

1. First, to provide prior knowledge for the chemical-shift reconstruction, a spectrum of

the slice is acquired. A slice-selective pulse α1 is applied, typically a sinc-shaped, or

calculated via the Shinnar-Le Roux algorithm 364, then the free induction decay signal is

measured. The remaining transverse magnetization is further destroyed by a gradient

spoiler.
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2. Secondly, a spiral-encoded image is acquired following a slice-selective pulseα2. The tip

angle may be different from α1, however the pulse bandwidth must be identical to make

sure that the same slice is measured. Here, the spiral trajectory starts at the origin of the

k-space and evolves outwards under the constraints of a maximum gradient frequency

close to the k-space center, then switching to the constraints of a maximum gradient

slew rate and amplitude as the trajectory evolves outwards. Following the acquisition,

the remaining transverse magnetization is then destroyed by a gradient spoiler.

3. Thirdly, the acquisition of the spiral-encoded image (2) is repeated in rapid succession

for a total of NE images. Typically, the echo timei is set to the minimal value TE0 for the

first readout, and is increased by an increment∆TE in the following images of this series.

Therefore TE = TE0 + (m −1) ·∆TE, m = 1. . . NE . TE0 depends on the RF pulse length, as

well as the duration of the slice-rephasing lobe.

The procedure (1)-(3) is performed for each of NS slices, then is repeated at a time interval

TR for each of the NR repetitionsii.

6.2.2.1 Spectroscopic image reconstruction

The reconstruction of IDEAL spiral CSI images entails two main steps, as described by

Wiesinger et al. 353 . For each slice out of NS slices and NR repetitions, the chemical-shift

reconstruction deduces single-metabolite frequency-domain data from the train of shifted-

echo images. Then, for each metabolite, the individual frequency-domain image is recon-

structed into the spatial domain. The spectroscopic image reconstruction is detailed below

and summarized in Figure 6.2.

6.2.2.2 Chemical-shift reconstruction

For each slice, one spectrum and NE spiral images with echo times shifted by ∆TE were

acquired within each repetition.

First, the slice-selective spectrum is computed from the free induction decay signal to

determine the resonant frequencies ωq , q = {1..NM }, of each of the NM metabolites.

Let TEm = TE0+(m−1)·∆TE, m = 1. . . NE , be the echo time for the mth spiral image defined

as the time interval between the effective center of the RF pulse and the first data sampling

iIn fact, this is not an echo in the strict sense, due to the absence of RF or gradient refocusing of spin magneti-
zation. The echo time is here defined as the time interval between the effective center of the RF pulse and the
acquisition of the k-space center, which is the first acquisition point of the spiral.

iiHere, we define one repetition as the acquisition of one spectrum and NE echo images for each of the NS
slices, therefore NS spectra and NS ×NE spiral images are acquired per repetition.
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Gx

Gy

Gz

RF

α1

Spectrum Spiral image, Echo 1

α2

TE0

Spiral image, Echo NE

α2

TE0 + (NE-1)×ΔTE

Repeat NS times in each TR

Figure 6.1: Schematic representation of the IDEAL spiral CSI sequence, for the acquisition
of an axial (x y) slice. The sequence starts with a spectrum acquisition, using a slice selective
RF pulse α1. In rapid succession, NE spiral-encoded images are acquired following a slice-
selective RF pulse α2 and variable echo time TE = TE0 + (m −1) ·∆TE, m = 1. . . NE . Following
each spectrum or image, a gradient spoiler destroys the remaining transverse magnetization.
This scheme is repeated for all NS slices within each repetition.

point. ym,n , n = 1..NSp , is the nth measured data point at location kn (in spatial frequency

domain) out of NSp sampling points for the mth image. Due to the echo time shifting, the

time interval τm,n between the excitation and acquisition of the point kn is shifted between

each image: τm,n = TEm + tn , where tn is a time interval between the start of the spiral and the

acquisition of kn . tn is incremented by the acquisition dwell time.

Let r p be a set of discretized spatial positions of our slice. The measured signal can then be

expressed as the combination of the signal from each metabolite q at the spatial positions r p :

ym,n =∑
q

e iωqτm,n
∑
p

e i kn r p︸ ︷︷ ︸
Fn,p

xq (r p ) (6.1)

The first exponential is a time-evolution term representing the signal precession at the reso-

nant frequency ωq of the metabolite q in the rotating frame. Fn,p is the encoding component
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Figure 6.2: Flowchart of the spectroscopic image reconstruction, for a single slice and repeti-
tion.
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giving the signal contribution from the spatial position r p to the k-point kn . xq (r p ) denotes

the signal intensity of the metabolite q at position rp . Summing the contributions of the

metabolite q over all positions p and using τm,n = TEm + tn to split the time evolution in the

echo time and acquisition time, one get:

ym,n =∑
q

Em,q e iωq tnξq (kn) (6.2)

with the chemical-shift encoding matrix components Em,q = e iωq T Em and the k-space contri-

butions of the q th metabolite ξq (kn) =∑
p Fn,p xq (r p ).

The chemical shift encoding matrix E can be built from the sequence parameters and

frequencies found in the slice-selective spectrum. Then, the chemical shift reconstruction is

achieved by inverting the equation 6.2 to determine the k-space data for each metabolite:

ξq (kn) = e−iωq tn (E † y n)q (6.3)

Where E † is the Moore-Penrose pseudo-inversei of E .

The performance of the chemical-shift reconstruction depends on the condition number

of the matrix E , which would result in large noise amplification if it is ill-conditioned. The

number of distinct echo times NE needs to be equal or greater355 to the number of spectral

components NM , i.e., NE ≥ NM . The optimal choice of echo time increment ∆TE can be

determined by maximizing the effective number of signal averages (NSA) 365:

NSAq = 1

(E H E )−1
q,q

(6.4)

Where the CS encoding element similar to the one above additionally takes into account the

transverse magnetization decay set to T ∗
2 = 20 ms in the simulations:

Em,q = e iωq TEm e
− TEm

T∗
2 (6.5)

6.2.2.3 Spatial reconstruction

The chemical shift reconstruction described above provides the images ξq (k) of individual

metabolites q in the frequency domain. It remains to transform these into images x q in

the spatial domain. Since they are encoded on a non-Cartesian grid using a spiral readout,

a traditional fast Fourier transform cannot be directly applied. Many methods exist to re-

iThe Moore-Penrose pseudo inverse is a generalization of the matrix inverse when the matrix may not be
invertible. It finds the closest solution, in the least square sense, A†b = x to the system of linear equations Ax = b.

141



Chapter 6. Improving the spatiotemporal efficiency of spectrally resolved 13C MRI to probe
the dynamic metabolic interplay in a mouse model of stroke

construct non-Cartesian k-space datasets. Here, we opted for the regridding (or gridding)

algorithm 366,367 whose principles are as follows:

Firstly, the spiral readout scheme performs a non-uniform density encoding, with a higher

sampling density at the k-space center compared to its periphery. Therefore, the contribution

of each sampled point must be corrected accordingly. Using a Voronoi diagram, the area

around each sampling point is computed 368 then multiplied to the sampled value.

Secondly, the sampled data are interpolated onto a Cartesian grid. Each data point is

convoluted and distributed on the frequency-domain grid. Ideally, the convolution would

be an infinite sinc function367 because its Fourier transform is a boxcar function, which

would therefore not affect the spatial domain image. Unfortunately, this is not feasible as it

would require arrays of infinite dimensions. Instead, a smaller gridding kernel is used for the

convolution, generally using the Kaiser-Bessel kernel 369,370 providing the best image quality.

To reduce interpolation artifacts, the gridding process is performed on an oversampled grid,

for example, by doubling the number of data points in every direction. The data resampled

onto the Cartesian grid undergoes a fast Fourier transform to reconstruct the spatial image.

Since the Fourier transform of any other kernel than an infinite sinc is not a rectangular

function, the spatial image must be deapodized, in a so-called roll-off correction.

6.3 Methods

6.3.1 MRI system

MR experiments were performed on a 14.1T/26cm pumped horizontal bore magnet (Magnex

Scientific, Yarnton, UK), 1000 mTm−1 strength and 6450 Tm−1 s−1 slew rate shielded gradient

set (BFG240-120-S12B, Resonance Research, Billerica, USA), interfaced to a BioSpec Avance

NEO MRI console (Bruker BioSpin, Ettlingen, Germany) and running ParaVision 360 V3.2.

Two 1H/19F and one X-nucleus (up to the frequency of 31P) channels are available, each with

a dedicated 1 kW broadband (15-650 MHz) RF amplifier and preamplifier module with an

integrated active Tx/Rx switch. Additionally, four separate channels are available for receive-

only coil arrays.
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6.3.2 RF coils and animal setup

6.3.2.1 Design considerations

As mentioned in Section 6.2, the combined use of a 13C volume transmit-coil with 13C surface

receive-coils is the favored approach to simultaneously achieve a high detection sensitivity

and an uniform excitation profile, therefore facilitating the use of MRSI sequences as well

as the dynamic signal analysis. In addition, a 1H coil, typically integrated into the X-nuclei

transmit-coil, is needed for the measurement preparation and standard anatomical imaging.

In the context of MRI, most volume coils, regardless of the operating frequency or dimen-

sions, are built with a so-called birdcage design 371, which achieves a good B1 field homogene-

ity, power efficiency, SNR, as well as a low power deposition. Unfortunately, birdcage coils

are complex in design and may be difficult to manufacture. Instead, inspired by the work of

Garbow et al. 372 , we opted for a simpler solution, by building a pair of 1H/13C saddle coils.

Although they achieve lower RF performances compared to birdcage coils 373, this is unlikely

to limit our applications, since the selected MRSI acquisition scheme only uses small flip

angles at a low duty cycle.

Regarding the 13C receive-only coil, we opted to include two receive loops to achieve better

brain coverage compared to the single-loop linear coil used previously. While a phase array

with more elements, typically in a 2 × 2 arrangement for small rodent brains, could enable ac-

celerated image acquisition, the implementation of such a design would be difficult given the

small mouse brain size. Moreover, while two receive elements can be easily geometrically de-

coupled and connected to conventional 50Ω input impedance preamplifiers, the decoupling

of phase arrays above two elements typically requires low-input impedance preamplifiers 374,

which are a scarce commodity in the MR community, and not readily available for the required

frequency (150 MHz, 13C at 14.1 T). This would therefore require either a custom order from

a commercial supplier or designing custom circuits375, which both did not fit in the project

timeline.
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6.3.2.2 13C receive-only surface coil

The surface receive-only coil (Figure 6.3) is composed of two loop elements covering an area

of 15×25 mm2 over the surface of a �16 mm cylinder. The receive-element size was adjusted

to provide full brain coverage, but not beyond. Each loop element is made of two turns of

�1mm solid enameled copper wire (CUL 1,0, Block, Verden, Germany) wound around a 3D

printed nylon PA12 coil former. The overlap was carefully adjusted to achieve a geometrical

decoupling better than 30 dB.

D F

CBA

E

Figure 6.3: 13C surface receive-only array for the mouse brain. This coil has two actively
detuned loops covering a 15 mm×25 mm surface on curved surface with 8 mm radius. If
required, a small tube (not shown) filled with water can be attached on the arc above both
receive elements to assist with the positioning of the receive-coil. Balun (A); Preamplifier (B);
RF cable for Rx signal (C); Loop element (D); Tuning, matching and active detuning circuit (E);
Cable for active detuning current (F).

Each loop element was connected to a printed circuit board (Figure 6.4) for impedance

matching and active detuning. Two stacks of a ceramic trimmer capacitor (Thin-Trim 9402-0,

0.5-2.5 pF, Johanson, Boonton, NJ, USA) onto a non-magnetic fixed-value porcelain capacitor

(100B Series, American Technical Caramics, Huntington Station, NY, USA)i are used for tuning

and matching (C1-C2 and C3-C4 in Figure 6.4). During transmission, each loop element

is actively detuned by shifting the resonance frequency using two PIN diodes (D1 and D2,

SMP1321-079LF, Skyworks, Irvine, California, USA) that connect a parallel capacitor (C5) when

they are forwardly biased with about 50 mA supplied as a DC bias through the coaxial line (J1).

iFor a given capacitance value, stacking a small half-turn trimmer onto a fixed-value capacitor provides a
substantially higher Q-factor compared to a larger half-turn trimmer capacitor.
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Figure 6.4: Simplified electrical diagram for one receive element. This circuit is connected to
the preamplifier through a solenoid balun tuned to 13C frequency to reduce common-mode
currents. During transmission, the coil is detuned by applying a positive +5 V bias on J1 to
forwardly bias both diodes D1 and D2 with 50 mA current each.

Each loop element is connected to an in-house made low-noise amplifier (24.9 dB gain,

0.53 dB noise figure at 150 MHz, based on PGA-103+, Minicircuits, Brooklyn, New York, USA),

described and characterized in Appendix B, through a solenoid balun made of a semi-rigid

coaxial cable (EZ_86_CT, Huber+Suhner, Herisau, Switzerland) looped inside a shielded copper

tube and bridged with fixed-value capacitors. The preamplifier was placed parallel to the

static field to reduce the Hall effect376.

At 150.75 MHz, the unloaded/loaded Q-factors measured using return loss measure-

ments377 are 302/244 and 300/242 for the left and right loops, respectively, using a 15 mL

centrifuge tube (16 mm OD) filled with 9 gL−1 NaCl in H2O at 25 ◦C as a load.

6.3.2.3 1H/13C volume coil

The volume coil (Figure 6.5) has a �40mm opening and is composed of two independent

series saddle coils with a 120◦ aperture. The coils are arranged such that their respective B+
1

are orthogonal to minimize mutual interactions. Both saddle coils are made of �1mm single-

stranded silver-plated copper wire (0.3% Ag, Kabeltronik, Denkendorf, Germany) wound

around a 3D printed nylon PA12 coil former. The inner coil (�43mm×35mm) is tuned to
1H frequency (599.42 MHz) and provides a vertical linearly polarized B+

1 field. The outer coil

(�48mm×40mm) is tuned to 13C (150.75 MHz) and provides a horizontal linear B+
1 field.

The impedance matching circuits are placed on a printed circuit board at the bottom of

the coil, which also serves as a mechanical support to attach the coil assembly to the holder.

An electrical diagram of the coils is found in Figure 6.6.
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E

B CA

GFD

Figure 6.5: 1H/13C volume coil with integrated mouse holder and fixation device. Ear bar (A);
1H and 13C saddle coils housing (B); Animal ventilation inlet (C); Mouse bed (D); Bite bar and
nose cone (E); Tuning, matching and active detuning board (F, below); RF and active detuning
cables (G)

To avoid the buildup of standing waves between the lumped elements and achieve a

proper resonant frequency with reasonable capacitor values, the 13C coil was segmented once

between the two loops, while the 1H saddle coil was divided into 9 segments to keep each

segment shorter than λ/10. Each coil was tuned and matched using non-magnetic fixed-value

porcelain capacitors (100B Series, American Technical Caramics, Huntington Station, NY,

USA) and PTFE trimmer capacitors (C1-C4 in Figure 6.6, NMKJ10HVE, 0.5-9.0 pF, Knowles-

Voltronics, Cazenovia, NY, USA). The PIN diode D1 on the 13C coil is forward biased with

120 mA via J3 during transmission, and reverse biased during reception (MA4P1250NM-1072T,

MACOM, Lowell, MA, USA) to detune the coil. The volume coil is attached to a dedicated base

machined out of polyoxymethylene and a 3D printed mouse bed with a set of screws, which

can be released to slide the coil along the bed in order to facilitate the animal positioning. The

mouse head is immobilized by means of a bite bar, a pair of ear bars, and a nose cone.

All coils are interfaced to the magnet leg with RG_400_U coaxial cables (Huber+Suhner,

Herisau, Switzerland) for RF, and K_02252_D-08 (Huber+Suhner) for the active detuning

lines. The MRI console provides both the active detuning currents (tuned: +5 V, max 500 mA;

detuned: -36 V, max -50 mA), as well as the bias voltages to power the preamplifiers (+10 V,

max 200 mA per receive channel).

146



6.3 Methods

A   1H part

B   13C part

Figure 6.6: Simplified electrical diagram of the double saddle coil. (A) The 1H coil produces a
vertical B1 field, while the 13C coil has a horizontal B1 field. (B) The 13C coil is made resonant
by forwardly biasing the diode D1 with 120 mA forward current via J3.

6.3.2.4 Animal setup

Both the mouse head volume coil and surface receive array are attached onto the existing

animal slider composed of two vertical 60 mm×15 mm×1870 mm longerons with 75 mm

spacing and �120mm end pieces (Figure 6.7). The animal is kept warm using hot water

flowing inside silicone tubes 8 mm OD tubes. Two separator/infusion pumps are affixed to

the slider to allow sequential injections of multiple hyperpolarized substrates, with a dead

volume of 125µL per channel. (This multiple injection capability has not been used in this

chapter but in Chapter 5 and Appendix C.1.)
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Figure 6.7: Setup for HP MRS(I) measure-
ments in mice with up to two injections
of HP substrates. 13C Rx coil board (A);
1H/13C volume coil (B); 13C Rx coil ele-
ments (C); Femoral vein catheter (D); One-
way valve (E); Flow combiner for double-
injection experiments (F); Water-heating
hose (G); Thermometer (H); Tube for res-
piration monitor (I); Separator/infusion
pump (J); Piston line (K).
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6.3.3 RF coil characterization

The cross-coil setup was placed at the isocenter of the MRI scanner and loaded with a

14/16 mm ID/OD syringe filled with 400 mM [1-13C] acetate and 10 mM Gd-DO3A-butrol

in H2O. The transmit power of the 13C volume coil was calibrated using the MRI scanner

automated protocol. Then, two 13C gradient echo images 1 and 2 were acquired with nominal

flip angles α1 = 60◦ and α2 = 120◦ in a 5 mm axial slice at the isocenter of the magnet, using

TR = 3.5 s, TE = 1.94 ms, 20 mm×20 mm FOV, 20×20 matrix, 128 averages.

Following reconstruction of both images, the effective flip angle for each voxel was calcu-

lated using the double-angle method 378:

α1, eff = cos−1
(

I2

2I1

)
(6.6)

where α1, eff is the effective flip angle for the nominal flip angle α1 in the voxel with intensities

I1 and I2 in the images 1 and 2, respectively.

Receive sensitivity maps were computed for combined and individual images from the

receive array by normalizing the intensity of image 1 by the transmit field map for each voxel:

S = I1

sin(α1, eff)
(6.7)

Finally, the homogeneity of these quantities was quantified using their coefficient of variation

(ratio of the standard deviation to the mean) in a 10 mm×6 mm elliptic region of interest (ROI),

corresponding to the approximate dimensions of the largest axial cross-section of the mouse

brain.

For comparison purposes, the transmit field and sensitivity of the 1H quadrature/13C

linear (�14/11 mm) surface coil previously used in Chapter 5 was mapped with identical

measurements.

6.3.4 Implementation of the IDEAL spiral CSI method

The vendor-provided global spectroscopy and spiral imaging methods SINGLEPULSE and

SPIRAL, respectively, were modified and merged into a single method to achieve the slice-

selective MRS followed by a train of shifted echo time Archimedean spiral-encoded images

described in Section 6.2.2. The method was implemented such that the acquisition of multiple

slices could be achieved in rapid succession. Dynamic shimming was implemented as well to

allow optimizing the static field within each slice. However, this capability was not used for

the experiments presented below as it did not show substantial improvements in earlier tests.
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The online image processing was deactivated. Offline image reconstruction was imple-

mented in MATLAB R2021b, using the algorithm described in Section 6.2.2.1. The signal from

either coil channels were reconstructed independently and further combined using the sum

of squares method379. In our measurements, the metabolite frequencies did not substan-

tially drift over the timecourse of the experiment, and were therefore kept identical for all

repetitions.

The effective number of spatial averages (NSA) as a function of the echo time increment

was computed for a series of 7 images using equation 6.4 and plotted on Figure 6.8. For the five

metabolites observed following an injection of [1-13C] pyruvate, as observed in Chapter 2, the

mean NSA would be maximal for ∆TE = 0.255ms (Figure 6.8A). However, from earlier results

(Figure 5.11), only small [1-13C] alanine and [13C] bicarbonate signals are expected to be

detected at 14.1 T, thus it is unlikely that they will be imaged. Therefore, only [1-13C] pyruvate,

[1-13C] pyruvate hydrate and [1-13C] lactate were considered for the optimization of ∆TE,

yielding an optimum at 0.230 ms (Figure 6.8B).

Five metabolites Three metabolitesA B

Figure 6.8: Effective number of spatial averages (NSA) for series with 7 images as a function of
the echo time increment (∆TE), for images containing (A) [13C] bicarbonate (161.1 ppm), [1-
13C] pyruvate (171.1 ppm), [1-13C] alanine (176.7 ppm), [1-13C] pyruvate hydrate (179.4 ppm)
and [1-13C] lactate (183.3 ppm), or (B) only [1-13C] pyruvate, [1-13C] pyruvate hydrate and
[1-13C] lactate. The value maximizing the average NSA is 0.255 ms and 0.230 ms, respectively.

6.3.5 In vitro MRSI

The MRSI protocol was tested using a thermally-polarized multi-compartment phantom

composed of a 14/16 mm ID/OD syringe filled with D2O, in which four 5 mm NMR tubes were

inserted. Each tube was filled with a different water solution of either sodium [1-13C] acetate

0.4 M, [1-13C] glycine 0.4 M, [13C] urea 0.4 M or both sodium [1-13C] acetate 0.2 M and [1-
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13C] glycine 0.2 M. Gd-DO3A-butrol (Gadovist®, Bayer, Leverkusen, Germany) was added to

each solution to a final concentration of 10 mM to reduce the 13C T1 and shorten the repetition

time.

Three 4 mm axial slices were acquired using the IDEAL spiral CSI sequence. For each slice,

a slice-selective spectrum was acquired to provide prior information to the chemical shift

image reconstruction with a 5° Shinnar–Le Roux (0.21 ms pulse length, 4200 Hz bandwidth)

RF pulse followed by a 90 ms FID acquisition with 2048 points (22727 Hz or 150.8 ppm

spectral bandwidth). 7 spiral images with minimum echo time TE0 = 1.196 ms and increment

∆TE = 0.23 ms were then acquired successively, each using a 10° Shinnar–Le Roux RF pulse

(0.21 ms pulse length, 4200 Hz bandwidth), followed by a single-shot 20.65 ms spiral readout

with 2065 points to obtain a 20 mm×20 mm FOV and 20×20 image matrix (Figure 6.9). The

spectra and spiral images from all slices were acquired in rapid succession and repeated every

T R = 2000 ms. The transmission and reception working frequencies were set to 177.3 ppm,

between [1-13C] glycine and [1-13C] acetate.

The measurement was averaged 256 times to achieve sufficient signal on the thermally-

polarized phantom. 13C MRSI images corresponding to each metabolite were then superim-

posed to 1H images. Note that here, ∆TE was set to the same value as for in vivo experiments

rather than to an optimal value for the phantom substrates.

To deduce the effective in-plane resolution, the spatial point spread function (PSF) of

the spiral acquisition with the parameters listed above and corresponding trajectory (Figure

6.9) is simulated for a single 1 mm×1 mm pixel centered in the FOV, without and with the

assumption of a 20 ms T ∗
2 decay.

6.3.6 In vivo MRSI

A 20µL [1-13C] pyruvic acid sample doped with 15 mM of OX063 trityl radical (Albeda Research,

Copenhagen, Denmark) was prepared and hyperpolarized during 150 min using the triple

DNP probe as described in Section 5.3.

In the meantime, transient MCAO ischemic stroke was surgically induced in one C57BL6/J

male mouse (8 weeks old, 25.9 g body weight) as described in Section 2.3.3. Following suc-

cessful reperfusion, the animal was installed into the RF cross-coil setup, and loaded into the

14.1T MRI scanner.

The B0 field homogeneity was optimized in the mouse brain using Paravision field map-

based shimming procedures, yielding an estimated 42 Hz water linewidth in the brain volume.

At 1.5 h post-reperfusion, the [1-13C] pyruvic acid sample was melted in a superheated buffer

solution (60 mM tris(hydroxymethyl)aminomethane (TRIS) and 0.3 mM ethylenediaminete-
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A B

Figure 6.9: (A) k-space trajectory of the spiral readout for a final 20×20 matrix size. 2065
points are acquired in 20.65 ms. The maximum gradient frequency was set to 500 Hz. The
maximal gradient strength is 143 mTm−1. (B) Area in reciprocal space associated to each of
the k-points, normalized to unity. In the last turn (points with no outer neighbor), the area
was kept constant. The density is the inverse of the area of these regions.

traacetic acid (EDTA) in D2O at pD 7.6 and 180 ◦C), neutralized with NaOH, and transferred to

a separator/infusion pump. Then, a therapeutic 325 µl bolus of 80 mM [1-13C] pyruvate was

injected into the femoral vein of the mouse, corresponding to a dose of 1.04µmolg−1. The

[1-13C] pyruvate polarization at the time of injection was about 30%, as measured in separate

pilot experiments.

The acquisition was automatically started 1 s after the beginning of the infusion, and

dynamic imaging was performed using the IDEAL spiral CSI sequence described above, using

the same sequence parameters as in Section 6.3.5, except that the measurements were repeated

60 times with TR = 2 s without averaging. The working frequency was centered between

[1-13C] lactate and [1-13C] pyruvate at 177.3 ppm. Lactate could be imaged up to 60 s post-

injection.

6.3.7 MRSI data analysis

Dynamic MRSI images were reconstructed as described above then overlaid on correspond-

ing 1H anatomical images. Within the brain region, the lactate-to-pyruvate ratio (LPR) was

calculated voxel-wise for each pair of lactate-pyruvate image. In both images of individual

time points as well as the averaged time course of the HP measurement, brain masks were

applied to both the left and right hemispheres to quantify and compare the metabolites signal

intensity within either side of the brain.
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6.4 Results

6.4.1 RF coil characterization

The B+
1 profile of the RF cross-coil setup, normalized to the nominal flip angle, is displayed

in Figure 6.10A. Since the signal was detected using the receive-coil array, the transmit field

map is not reliable in the lower region of the phantom due to the restricted coverage. Within

a 10 mm×6 mm elliptic region of interest corresponding to the largest axial cross-section of

the mouse brain (grey contour in Figure 6.10), the coefficient of variation of B+
1 was 3.0%. The

reference power, which is the power at the coil plug required to achieve a 90◦ 1 ms hard pulse

was 7.9 W, which translates into a B+
1 efficiency of 8.2µTW− 1

2 .

Receive sensitivity maps are reported on Figure 6.10B for the combined array and Figure

6.10C-D for individual loops. The sensitivity profile is sufficient to cover a 10 mm×6 mm

ellipse, roughly the mouse brain, however with a coefficient of variation of 21.3%.

For comparison, the 11 mm 13C linear Tx/Rx surface coil, used for the measurements

presented in Chapter 5), has a coefficient of variation of 13.8% and 38.3% on the transmit field

and receive sensitivity, respectively (Figure 6.11), as well as an average SNR in the ROI lower by

23% compared to the volume-transmit/surface-receive RF cross-coil setup.
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Figure 6.10: (A) 13C transmit field amplitude map of the 13C volume coil, measured in a
5 mm slice longitudinally centered with respect to the Tx and Rx coils. The transmit field map
was normalized to the nominal flip angle. (B) Sensitivity map of the mouse head 2-loop 13C
receive-coil, following combination of both channels and correction of the signal intensity for
the effective flip angle. The gray contour delimits the 10 mm×6 mm ellipse in which the B+

1
amplitude and sensitivity homogeneity were characterized. (C-D) Sensitivity map of each 13C
receive loop. All sensitivity maps were set to the same scale, normalized to the value at the
center of the ROI.
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0 0.5 1 1.5 20.5 1 1.5
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Transmit field amplitudeA B

Figure 6.11: Characterization of the �11 mm 13C linear surface coil: B+
1 amplitude (A) and

receive sensitivity (B). The gray contour delimits a region of interest corresponding to the
mouse brain cross section.

6.4.2 In vitro MRSI

Figure 6.12 depicts a 13C spectroscopic image acquired in a multi-compartment phantom

using the multislice IDEAL spiral CSI sequence. 13C images were superimposed on a 1H image,

confirming that a proper spatial localization was achieved.

Although the [13C] urea compartment had an equivalent concentration than the [1-13C] ac-

etate and [1-13C] glycine compartments, the signal detected was substantially lower due to

the distance to the receive-coil elements.

155



Chapter 6. Improving the spatiotemporal efficiency of spectrally resolved 13C MRI to probe
the dynamic metabolic interplay in a mouse model of stroke

0 0.5 1 0 0.5 1 0 0.5 1

Urea Glycine Acetate
-4

 m
m

0 
m

m
+4

 m
m

[1-13C]Ace 0.4M

[1-13C]Gly 0.2M
[1-13C]Ace 0.2M [13C] Urea 0.4M

[1-13C]Gly 0.4M

Figure 6.12: Multislice MRSI acquired in a phantom using the IDEAL spiral CSI sequence.
In clockwise order from the uppermost compartment, the tubes contain water solutions
of sodium [1-13C] acetate 0.4 M, [1-13C] glycine 0.4 M, [13C] urea 0.4 M, both sodium [1-
13C] acetate 0.2 M and [1-13C] glycine 0.2 M. Gd-DO3A-butrol 10 mM was added to each tube
to reduce the 13C longitudinal relaxation time.

From simulations of the point spread function of the spiral acquisition, the effective in-

plane resolution is 1.44 mm (measured at the FWHM of the PSF profile) for the nominal 1 mm

spatial resolution, (Figure 6.13A-B). After assuming a typical T ∗
2 decay of 20 ms, which acts

as a natural apodisation, the PSF is broadened to 1.56 mm at the FWHM (Figure 6.13C-D),

and to 1.61 mm after adding a frequency offset of 5 Hz to account for the typical static field

inhomogeneity observed in our experiments (Figure 6.13E-F).
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Figure 6.13: Spatial point spread function (A) of the spiral acquisition with a final 20×20
matrix and 20 mm×20 mm field of view, simulated for a single 1 mm×1 mm pixel centered in
the FOV. (B) Profile of the PSF, the effective resolution is 1.44 mm for a nominal 1 mm pixel
width. The maximum peak-to-peak amplitude of the side lobes is 21.9% of the maximum
signal intensity. (C-D) Spatial PSF and PSF profile simulated while assuming a T ∗

2 decay
of 20 ms, decreasing the side lobes amplitude to 12.9%. (E-F) Spatial PSF and PSF profile
assuming a T ∗

2 decay of 20 ms and 5 Hz off-resonance frequency.
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6.4.3 In vivo MRSI

Following the surgically-induced stroke, 1H images acquired in the mouse brain depicted an

ischemic lesion located in the striatum, on the right-hand side of the anterior slice (Figure

6.14). The three images displayed are located in the middle of the three 4 mm axial slices

considered for 13C MRS and MRSI. The static field inhomogeneity, computed from the B0

maps as the standard deviation of the water frequency within the brain volume, was 42.4 Hz

which corresponds to 10.7 Hz in 13C frequency.

Anterior slice Central slice Posterior slice

Figure 6.14: Axial proton images representing the slices in which dynamic slice-selective MR
spectra and spectroscopic images were acquired. The surgically-induced ischemic lesion is
located on the right-hand side of the anterior slice and highlighted in red.

Dynamic slice-selective spectra (Figure 6.15) acquired prior to spiral-encoded images

depict the arrival of pyruvate and its conversion into lactate. The metabolite resonance

frequencies were deduced from these spectra and used as prior knowledge for the image

chemical-shift reconstruction. Within the anterior slice, multiple pyruvate and pyruvate

hydrate peaks, around 171 ppm and 179 ppm respectively, are observed, while lactate resonates

at a single frequency. In these measurements, neither alanine nor bicarbonate was detected.
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Figure 6.15: Dynamic slice-selective cerebral 13C MRS acquired after a bolus infusion of
[1-13C] pyruvate in a stroke mouse. A 25 Hz line broadening is applied to the signals, and the
magnitude component is displayed. The green curve represents the summed signal. The same
vertical scale was applied to all three slices. HP [1-13C] pyruvate (171.1 ppm), was converted
into [1-13C] lactate (183.3 ppm). No [1-13C] alanine nor [13C] bicarbonate signal could be
observed in these experiments. In the anterior slice, multiple peaks are found for pyruvate
and pyruvate hydrate, which is likely the result of distinct compartments and static field B0

inhomogeneity.

Dynamic 13C spectroscopic images were acquired in an MCAO mouse following a bolus

injection of HP [1-13C] pyruvate within three 4 mm axial slices (Figures 6.16, 6.17 and 6.18).

They depict the rapid influx of both pyruvate and pyruvate hydrate followed by slower labeling

of lactate. Pyruvate and pyruvate hydrate signals were detected both inside the brain and in

surrounding tissues, while lactate was predominantly detected within the brain.

For each slice, the pyruvate and lactate signals as well as their ratios were quantified at each

time point on either side of the brain (Figures 6.19 and 6.20). The signal of both metabolites

was systematically lower in the ipsilateral hemisphere. In the anterior slice, the LPR increases

earlier and faster on the lesion side compared to contralateral tissues, while a comparable

dynamic is observed on both sides in remaining slices.
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Figure 6.16: Anterior slice of the dynamic MRSI acquired in an MCAO transient stroke mouse
after a bolus injection of HP [1-13C] pyruvate overlaid on anatomical 1H images. A rapid influx
of pyruvate and pyruvate hydrate is observed in the first repetitions before a slower and more
diffuse labeling of lactate. No zero-filling, filtering or masking was applied on metabolite
images. The voxel-wise lactate-to-pyruvate ratio (LPR) is reported within the brain region.
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Figure 6.17: Central slice of the dynamic HP MRSI acquired in an MCAO mouse.
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Figure 6.18: Posterior slice of the dynamic HP MRSI acquired in an MCAO mouse.
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Figure 6.19: Regions of interest for comparing the metabolites signals between either brain
sides. The contour of the stroke lesion is marked in white.

Anterior slice Central slice Posterior slice

A B C

D E F

G H I

Figure 6.20: Time course of [1-13C] pyruvate and [1-13C] lactate signals and their ratio on
either brain sides and within each slice. In overall, lower signals are observed in the ipsilateral
hemisphere (A-F). In the anterior slice, where the lesion is located, the LPR rises earlier and
faster in the ipsilateral compared to the contralateral side (G). Remaining slices measure
similar dynamics on either brain sides (H-I).
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Time-averaged metabolite and ratio maps are reported in Figure 6.21. Quantified signals

and ratios on either side of the brain are reported in Figure 6.22. In general, higher signals of

both lactate and pyruvate are observed in the contralateral brain hemisphere. A higher LPR is

found in the ipsilateral striatum, which is located on the right-hand side of the anterior slice,

while the remaining slices show a comparable LPR on both brain sides.
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Figure 6.21: [1-13C] pyruvate, [1-13C] pyruvate hydrate, [1-13C] lactate and lactate-to-pyruvate
ratio (LPR) maps averaged over the repetitions 3 to 21, 4 s to 40 s post-injection. In the anterior
slice, a higher LPR is observed in the region of the striatum affected by transient ischemia,
while remaining slices display a comparable LPR on either side of the brain.
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AA B C

Figure 6.22: Average signals and ratios quantified within either side of the brain for each slice
over the repetitions 3 to 21 of the dynamic acquisition. (A-B) In overall, both lactate and
pyruvate signal intensities are lower in the ipsilateral hemisphere compared to the contralat-
eral hemisphere. (C) In the anterior slice, where the ischemic lesion is located, a higher LPR
is detected in the ipsilateral side, while the remaining slices containing no lesion display a
similar LPR on either side.

6.5 Discussion

This chapter discusses the upgrade of several aspects of our HP MRI setup, and focused on

enabling dynamic metabolic imaging in the mouse brain to overcome the technical limitations

of our previous global MRS measurements (Chapters 2 and 3). In this part of the project, the

acquisition sensitivity and efficiency were boosted by the implementation of an advanced RF

cross-coil setup and MRSI sequence. Together with substantial improvements of the dDNP

polarizer leading to a better liquid-state polarization (Chapters 4 and 5), we successfully

imaged the dynamic metabolic response of the mouse brain after stroke-reperfusion to a bolus

of HP [1-13C] pyruvate, highlighting new metabolic contrasts between ischemic and healthy

tissues.

The studies presented in Chapters 2-5 used dual-frequency surface coils 380. While they are

optimal for both global and single-voxel spectroscopy, they do not provide a homogeneous

excitation and reception profile, rendering them less suitable for MRSI. Here, we conceived a

specific 1H/13C RF cross-coil setup for the mouse brain to provide both better coverage and

sensitivity. A transmit 1H/13C volume coil achieved a homogeneous 13C excitation profile,

while a 2-loop receive-only 13C surface coil was used to acquire the MR signal throughout

the brain with high sensitivity. In MR acquisitions of small samples such as the mouse brain,

the sample noise contribution is typically smaller than the thermal noise contribution of

room-temperature loop elements and receiver chain323,381. Therefore, particular attention

was required in the receive-coil design to achieve the highest sensitivity. Here, the physical

size of the impedance matching circuit was minimized to reduce the length of electrical traces,

and the loop elements were soldered directly to tuning capacitors to reduce the number of

solder joints that account for a substantial proportion of circuit losses 382. A substantially more
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efficient receive path is achieved by placing the preamplifiers on the coil itself. Compared

to the case of a Tx/Rx coil using the stack of preamplifiers provided by the spectrometer

manufacturer, this removes 3.5 m of cables and a Tx/Rx switch, lowering the noise figure of

the receive chain by an estimatedi 1.45 dB. In other words, this increases the SNR by 40%.

A substantially better sensitivity could be achieved with cryogenically-cooled RF receive

elements and preamplifiers, particularly for X-nuclei applications, because the proportion

between coil and sample losses increases as the frequency decreases. For mouse brain coils, a

typical sensitivity gain of 4-fold at 100 MHz 383 (13C at 9.4 T), 2-fold at 200 MHz 384 (1H at 4.7 T),

2.5-fold at 400 MHz385 (1H at 9.4 T) have been reported. However, cryogenic coils require

substantial technical infrastructure and constraints that are out of the scope of this work.

The receive sensitivity profile was evaluated in a homogeneous phantom, depicting a

coverage equivalent to the largest mouse brain cross-section. With two larger receive elements,

a broader and more homogeneous coverage was achieved compared to the linear 13C coil

previously used for global MRS at 14.1 T (Chapter 5). Specifically, the new coil enables the

deepest brain regions to be imaged, with an average SNR higher by 29% in the axial brain

cross-section. Nevertheless, the sensitivity was inhomogeneous in the immediate vicinity of

the receive elements, which could be optimized in future revisions of the coil using electro-

magnetic simulations. This does not affect the analysis of the voxel-wise metabolite ratios,

since the maps of all metabolites are similarly affected by the inhomogeneous sensitivity

profile. The measurements show as well that the sensitivity drops beyond the brain volume,

which helps to attenuate noise and signals from undesired tissues that could contaminate the

acquired image.

The IDEAL spiral CSI sequence was implemented on our MRI scanner. Thanks to the

efficient spectral and k-space encoding scheme, thus sparing the non-replenishable hyperpo-

larized signals, fast and dynamic MRSI acquisitions were enabled. The acquisition scheme

was tested on a multi-compartment phantom, and confirmed that a proper chemical shift

separation and spatial localization were achieved. In particular, these results suggest that

the small gradient requirements of these acquisitions (15% of the peak gradient strength and

12% of the maximum slew rate) did not lead to substantial gradient linearity or dynamic

imperfections that would require additional corrections of the k-space trajectory in the image

reconstruction.

iFrom the coil to the provided preamplifier, there are 1.5 m of RG_400_/U from the coil to the magnet front end,
0.5 m of RG_223_/U to the interface adapter box, 1.0 m of RG316 to the coil plug, and 1.5 m of RG_223_/U to the
stack of preamplifiers. At 150 MHz, they cause 0.25 dB, 0.07 dB, 0.31 dB and 0.22 dB of insertion loss, respectively.
Additionally, there are five connector interfaces with 0.025 dB of insertion loss each. The provided preamplifier
module with integrated Tx/Rx switch (HPLNA XBB31P 2HP 600, Bruker Biospin P/N Z111093) has a 1.0 dB noise
figure, which is higher than the 0.53 dB noise figure of our custom preamplifier.
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With the upgraded DNP polarizer (Chapters 4 and 5), the RF coil with better coverage and

sensitivity, as well as the efficient MRSI sequence, effective tools were available to successfully

achieve MRSI with a 10.4µL effective (4µL nominal) voxel volume in the mouse brain every

2 s. Here, we successfully imaged the dynamic cerebral metabolic response to a bolus of HP

[1-13C] pyruvate following stroke up to one minute post-injection.

In both dynamic and averaged images, the overall signal intensity of both pyruvate and

lactate were lower within the ipsilateral hemisphere compared to the contralateral one. This

could be the result of a decreased blood perfusion due to the surgical procedure, similarly

to a previous report386. This did not seem to affect the metabolic profile of healthy tissues,

as within the central and posterior slices, both the magnitude and dynamics of the lactate-

to-pyruvate ratio remained similar on either side of the brain. However, a distinct metabolic

response is observed in the anterior slice, with a higher and faster LPR buildup in the is-

chemic injury region compared to contralateral tissues, similarly to previous reports 226. This

metabolic contrast could potentially indicate post-stroke metabolic reprogramming, such

as higher pyruvate uptake due to increased monocarboxylate transporter expression248, or a

higher LDH activity after ischemia 387.

In the presented approach, spectroscopic images were acquired following slice-selective

pulses and therefore suffer from chemical shift displacement errors in the longitudinal direc-

tion. With a 4200 Hz pulse bandwidth centered between lactate and pyruvate that resonate

12.2 ppm (1840 Hz) apart, it can be deduced that the effective lactate and pyruvate slices

were shifted by 0.88 mm on either side of the 4 mm slices. This could be reduced by either

increasing both the RF pulse bandwidth and slice-selection gradient strength, or by using a

global excitation followed by a 3D encoding scheme (Appendix C).

Although several downstream metabolites (i.e. lactate, alanine and bicarbonate) could be

detected in global MRS measurements (Chapter 5), the MRSI protocol only achieved a limited

dynamic range: only lactate could be imaged after an injection of HP pyruvate since the low

conversion into remaining downstream metabolites, specifically bicarbonate, did not yield

sufficient signal for imaging purposes. As a result of these limitations, we did not attempt

to image the metabolism of HP [1-13C] lactate using the IDEAL spiral CSI sequence, due to

the low conversion of HP lactate into downstream metabolites, which would then provide an

insufficient MR signal. Indeed, the pyruvate-to-lactate ratio following an HP lactate injection

is similar to the bicarbonate-to-pyruvate ratio following an HP pyruvate injection (Chapter 2).

To improve sensitivity to low concentration metabolites, we designed an acquisition se-

quence with metabolite-specific excitation and stack-of-spiral readout (Appendix C). Although

this allowed the application of a larger flip angle on downstream metabolites to increase their

MR signal, the sensitivity still remained insufficient to image the conversion of HP lactate
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into pyruvate, as well as the production of bicarbonate from HP pyruvate. For such cases, an

acquisition scheme providing greater efficiency, such as bSSFP, is likely required.

Our measurements face several inherent challenges of hyperpolarized MRS(I) at ultra-high

field. First, at higher magnetic field strengths, the longitudinal relaxation time of carbonyl
13C nuclei, composing most dDNP substrates, drastically decreases 134,209,388 as the chemical

shift anisotropy relaxation scales with the square of the static field strength 389. This limits our

time window for imaging to about one minute post-injection. Second, higher field strengths

exacerbate static field inhomogeneity 390 which induces image blurring 391 in the spiral acqui-

sitions. In our measurements, multiple resonance frequencies were observed for the injected

substrate, pyruvate (-hydrate), while the downstream metabolite lactate only resonated at a

single frequency. This likely indicates that a fraction of the signal originates from peripheral

soft tissues or blood vessels that experience a slightly different static field. In these measure-

ments, the static field homogeneity was optimized only in the brain region. A larger shimming

volume, which considers the whole sensitivity volume of the receive-coil, could avoid these

multiple resonant frequencies and improve the chemical shift reconstruction. Furthermore,

the static field maps could be taken into account into the spiral reconstruction to reduce

off-resonance-induced blurring 392.

Tables 6.1 and 6.2 list the imaging parameters of studies reported in peer-reviewed journals

performing dynamic or single time point HP MRSI in the mouse or rat brain following an

injection of HP (ethyl-) pyruvate. Despite the physical challenges, our measurements, with

a 10.4µL effective (4µL nominal) voxel volume and 2 s time resolution, achieve spatial and

temporal resolution similar to the best dynamic HP MRSI studies previously reported in the

small rodent brain (Table 6.1). Similarly to our measurements, none of these dynamic or single

time point studies achieved sufficient sensitivity to image downstream metabolites other than

lactate in the mouse brain.
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Table 6.1: Non-exhaustive list of dynamic 13C HP MRSI studies in mice or rat brain

Reference Year Substrate(s) Imaged downstream metabolites MRSI sequence Nominal voxel size Nominal voxel volume Matrix size FOV Temporal resolution B0 Animal

(mm3) (µL) (mm3) (s) (T)

Present work 2023 [1-13C] pyr [1-13C] lac Multislice IDEAL spiral CSI 1×1×4 4.0 20×20×3 20×20×12 2.0 14.1 Mouse

Eichhorn et al. 177 2013 [1-13C] pyr [1-13C] lac bSSFP 1×1×5 5.0 30×30×1 30×30×5 3.0 9.4 Mouse

Peeters et al. 386 2019 [1-13C] pyr [1-13C] lac Multigradient-echo 1.6×1.6×6 15.4 32×24×1 50×38×6 2.4 7.0 Mouse

Park et al. 393 2016 [2-13C] pyr [2-13C] lac, [5-13C] glu 3D spiral CSI 2.7×2.7×5.4 39.4 16×16×12 43.5×43.5×64.8 6 3.0 Rat

Le Page et al. 394 2019 [1-13C] pyr, [13C] urea [1-13C] lac 2D FID-CSI 3×3×5 45.0 8×8×1 24×24×5 4.2 3.0 Mouse

Chen et al. 395 2015

[1-13C] pyr [1-13C] lac 2D FID-CSI 3×3×5 45.0 8×8×1 24×24×5 3.0-5.0 14.1 MouseGuglielmetti et al. 396 , 397,398 2017, 2023

Mikrogeorgiou et al. 399 2020

Chaumeil et al. 400 2016 [1-13C] pyr [1-13C] lac 2D FID-CSI 3.4×3.4×5 57.8 7×7×1 24×24×5 3.0 14.1 Mouse

Hurd et al. 401 2010 [1-13C] pyr [1-13C] lac Single-shot spiral CSI 2.7×2.7×10 72.9 16×16×1 43.5×43.5×10 3.0 3.0 Rat

Mayer et al. 251 2011 [1-13C] pyr [1-13C] lac, [1-13C] ala, [13C] bic Single-shot spiral CSI 2.7×2.7×10 72.9 16×16×1 43.5×43.5×10 3.0 3.0 Rat

Josan et al. 402 2013 [1-13C] pyr/ [1-13C] KIC [1-13C] lac, [13C] bic/[1-13C] leu Single-shot spiral CSI 2.7×2.7×10 72.9 16×16×1 43.5×43.5×10 3.0 3.0 Rat

Miller et al. 245 2018 ethyl-[1-13C] pyr [1-13C] lac, [1-13C] pyr IDEAL spiral CSI 2×2×30 120.0 40×40×1 80×80×30 1.8 7.0 Rat

Abreviations: pyr: pyruvate, lac: lactate, bic: bicarbonate, ala: alanine, leu: leucine, glu: glutamate, KIC: ketoisocaproic acid

Table 6.2: Non-exhaustive list of single-time point 13C HP MRSI studies in mice or rat brain

Reference Year Substrate Imaged downstream metabolites MRSI sequence Nominal voxel size Nominal voxel volume Matrix size FOV B0 Animal

(mm3) (µL) (mm3) (T)

Choi et al. 403 , 404 2018, 2019 [1-13C] pyr [1-13C] lac 2D FID-CSI 1×1×3.5 3.5 18×24×1 18×24×3.5 9.4 Mouse

Radoul et al. 405 2019 [1-13C] pyr [1-13C] lac 2D FID-CSI 1.25×1.25×4 6.25 16×16×1 20×20×4 14.1 Mouse

Lee et al. 406 2015 [1-13C] pyr [1-13C] lac 2D FID-CSI 2×2×2 8.0 8×8×1 16×16×2 9.4 Mouse

Mayer et al. 251 2011 [1-13C] pyr [1-13C] lac, [1-13C] ala, [13C] bic Single-shot spiral CSI 1.5×1.5×5 11.3 32×32×1 48×48×5 3.0 Rat

Park et al. 407 , 408 2013, 2021 [1-13C] pyr [1-13C] lac 3D flyback echo-planar MRSI 2×2×5.4 21.6 20×16×16 40×32×86.4 3.0 Rat

Ruiz-Rodado et al. 409 2020
[1-13C] pyr [1-13C] lac 2D FID-CSI 2×2×8 32.0 14×14×1 28×28×8 3.0 Mouse

Kawai et al. 410 2021

Miller et al. 245 2018 [1-13C] pyr [1-13C] lac Flyback 3D SPSP EPI 2×2×4 16.0 32×32×8 64×64×36 7.0 Rat

Butt et al. 411 2012 [1-13C] pyr/ [1-13C] α-KIC [1-13C] lac, [1-13C] ala, [13C] bic/[1-13C] leu 2D FID-CSI 1.9×1.9×10 36.1 16×16×1 30×30×10 4.7 Rat

DeVience et al. 412 , 413 2017, 2021 [1-13C] pyr [1-13C] lac, [13C] bic 2D FID-CSI 2.5×2.5×8 50.0 16×16×1 40×40×8 3.0 Rat

Harris et al. 414 2019 [1-13C] pyr [1-13C] lac 2D FID-CSI 2.5×2.5×10 62.5 12×12×1 30×30×10 3.0 Mouse

Hurd et al. 415 2010 [1-13C] pyr [1-13C] lac, [1-13C] ala 2D FID-CSI 2.5×2.5×10 62.5 16×16×1 40×40×10 9.4 Rat

Hackett et al. 416 2021 [1-13C] pyr [1-13C] lac, [13C] bic 2D FID-CSI 3×3×7.7 69.3 16×16×1 48×48×7.7 3.0 Rat

Park et al. 417 2013 [2-13C] pyr [5-13C] glu, [1-13C] ACAR 2D FID-CSI 2.7×2.7×10 72.9 16×16×1 43.5×43.5×10 3.0 Rat

Miloushev et al. 221 2017 [1-13C] pyr [1-13C] lac 2D EPSI 4×4×10 160.0 1.05 Mouse

Lim et al. 418 2020 [1-13C] pyr [1-13C] lac 2D FID-CSI 5×5×10 250.0 12×12×1 60×60×10 3.0 Rat

Abreviations: pyr: pyruvate, lac: lactate, bic: bicarbonate, ala: alanine, leu: leucine, glu: glutamate, ACAR: acetyl carnitine

169



Chapter 6. Improving the spatiotemporal efficiency of spectrally resolved 13C MRI to probe
the dynamic metabolic interplay in a mouse model of stroke

6.6 Conclusion

In this chapter, several tools were developed to boost the sensitivity and efficiency of our HP

dDNP/MRI setup to enable dynamic HP MRSI in the mouse brain. An RF cross-coil setup was

developed, with a surface 13C Rx-only coil to achieve highly sensitive signal detection in the

mouse brain, and a volume 1H/13C Tx/Rx coil to provide uniform RF excitation. The latter

facilitates the application of imaging sequences, and enables a more accurate characterization

of the metabolic kinetics compared to the varying excitation profile of a transmit-receive

surface coil. Efficient spatial and spectral encoding was achieved by implementing the IDEAL

spiral CSI sequence on a 14.1T MRI scanner to allow efficient use of the HP signal, as well

as multislice time-resolved measurements. To our knowledge, this is the first report of an

implementation of the IDEAL spiral CSI sequence at such field strength or higher, although

such a high field strength is less common for preclinical MRI and severely disadvantageous for

hyperpolarized studies due to short relaxation times. The acquisition scheme and parameters

were optimized in a multi-compartment phantom, which validated that a proper spatial

registration was achieved.

Altogether, a substantially better technical platform is provided to observe new metabolic

contrasts, allowing further characterization of molecular imaging biomarkers from hyperpo-

larized neuroprotective agents for stroke. Here, we successfully imaged the time-resolved

metabolic response of an ischemic mouse brain to an HP pyruvate bolus with an effective

10.4µL voxel volume (4µL nominal) and 2 s temporal resolution. The results illustrate a dis-

tinct dynamic metabolic profile in the ischemic region, with higher and faster lactate labeling

compared to healthy tissues. Further measurements with control and stroke animals would

be required to confirm these encouraging biological findings.

In this proof-of-concept experiment, we achieved a high spatiotemporal resolution sim-

ilar to the best reports of HP MRSI performed in the small rodent brain, despite using a

non-optimal dDNP/MRI setup from a physical point of view. Indeed, the sensitivity was

intrinsically limited by the twofold lower polarization achievable in a 5T/1.15K DNP polar-

izer, and shorter liquid state T1 in a 14.1T MRI compared to 7T/1K and 9.4T, respectively, as

previously performed in Chapters 2 and 3. These technical upgrades were implemented on a

state-of-the-art MRI platform from the major preclinical MRI vendor and could therefore be

easily deployed on more suitable MRI setups from a physical perspective to enable an even

higher sensitivity and imaging resolution.
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7 General conclusions and outlook

This thesis focused on the development of novel theranostic approaches to acute ischemic

stroke based on hyperpolarized neuroprotective agents in a preclinical mouse model. Specif-

ically, it entailed the characterization of biomarkers provided by HP 13C substrates in the

ischemic brain, the design of cryogenic probes to improve the repeatability, performance and

throughput of dDNP polarizers, as well as the development of MR sequences and hardware to

map the metabolic processes in the stroke brain with high spatial and temporal resolution. In

this concluding chapter, we summarize the major findings of this thesis, and discuss possible

continuations of this journey.

Using global MRS at 9.4 T, we found that the cerebral metabolism of a bolus injection of

either [1-13C] lactate or [1-13C] pyruvate, prepolarized at 7 T and 1 K, was substantially altered

by ischemia, with slower and lower metabolic conversion. This confirms their potential as

molecular biomarkers for stroke. We found that the kinetic modeling analysis improved the

significance of contrasts from HP lactate metabolism between healthy and stroke brains com-

pared a metabolite ratio analysis. Both agents investigate similar biochemistry and transport

mechanisms and achieve comparable contrasts, but each has its own advantages. On the one

hand, pyruvate benefits from a greater polarization and higher turnover into downstream

molecules, which facilitates the measurement. On the other hand, the neuroprotective effect

of lactate is better established, the therapeutic dose is better tolerated, and the visualization

of subsequent steps allows discrimination between transport and metabolism. Nevertheless,

due to the lack of spatial localization in these measurements, it was not possible to locate the

origin of these metabolic alterations.

In the course of optimizing the [1-13C] lactate sample formulation, we investigated the

effect of TEMPOL, a dDNP polarizing agent and known neuroprotectant, on the cerebral

metabolism of HP [1-13C] lactate after stroke, with the aim of relating our results to previous

studies. We concluded that the markedly increased [1-13C] pyruvate labeling in the presence
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of TEMPOL was consistent with its catalytic antioxidant properties. On a broader level, these

results indicate that the formulation of dDNP samples needs to be chosen carefully to avoid

causing experimental bias by certain biologically active reagents. This is particularly important

to avoid aberrant results when this technique is transferred from preclinical to clinical research,

for which the polarizing agent must be filtered.

A new cryogenic probe was developed to implement the custom fluid path on a 5T/1.15K

wet dDNP polarizer. The upgraded system improves the DNP enhancement and buildup time

constant by a factor of 1.5, achieved better repeatability, simplifies sample handling, consumes

20% less helium, and enables us to perform LOD-ESR measurements. Overall, we concluded

that the new dDNP polarizer could serve applications with better reliability, performance,

capabilities, and at lower running costs.

A multi-sample cryogenic probe was designed to substantially increase the throughput

and versatility of the dDNP polarizer. We demonstrate that three samples, even with distinct

nuclei/radicals, can be simultaneously polarized, monitored, and dispensed at short time

intervals. This original feature opens the possibility of using multiple HP agents to study

several aspects of a disease condition.

Spatially resolved measurements of the metabolism of hyperpolarized neuroprotective

agents were implemented on a 14.1T MR scanner. A 13C cross-coil setup was built, and the

IDEAL spiral CSI encoding scheme was constructed to efficiently utilize the hyperpolarized

signals. In a proof-of-concept experiment, the biodistribution and metabolism of HP [1-
13C] pyruvate in the ischemic mouse brain was dynamically mapped. This revealed a faster

and higher ratio of [1-13C] lactate labeling within the lesion core. Therefore, we conclude

from this preliminary result that imaging the conversion of HP [1-13C] pyruvate may allow

detection of infarcted tissues. Unfortunately, imaging of HP [1-13C] lactate metabolism was not

successful. Given its lower turnover into downstream metabolites, higher initial polarization

and better acquisition/sampling efficiency would be required to reach the detection limit.

Overall, this thesis showed the potential of the HP neuroprotective agents [1-13C] lactate

and [1-13C] pyruvate as metabolic biomarkers in a mouse model of transient ischemic stroke.

In parallel, several methodological and material developments contributed to advance the

performance and efficiency of HP MR via dDNP. Although the primary goal was to achieve 13C

HP imaging in the stroke brain, the tools developed in this framework can also be be used for

other applications or adapted to other HP MR setups. In particular, the cryogenic dDNP probe

designs can be implemented on other polarizers, by modifying their diameter and length

accordingly. The mouse head coil can be retuned to any 1H/X frequency to benefit other

hyperpolarized and non-hyperpolarized measurements. In particular, deuterium metabolic
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imaging (DMI) is of growing interest419 in the X-nuclei MR community, and could provide

another method to map the disrupted glucose uptake and downstream processing in stroke.

A natural continuation of this thesis consists in studying the regional cerebral metabolic

pattern of HP [1-13C] lactate and [1-13C] pyruvate in stroke to improve our understanding

of their neuroprotective mechanisms of action. Ultimately, this could provide valuable in-

formation for future clinical trials. The first step would be to enable greater sensitivity for

imaging [1-13C] lactate metabolism, which has a better therapeutic potential. During this

thesis, the 7T/1K dDNP polarizer was being heavily used by several other users, therefore

the technical developments had to be performed on a 5T/1.15K dDNP polarizer coupled to

a 14.1T MRI scanner. As a result, the overall sensitivity was limited by the lower achievable

polarization as well as the faster liquid-state spin-lattice relaxation. Implementing the same

hardware and methods on the 7T/1K dDNP / 9.4T MRI setup would provide more favorable

physical conditions. Since the 9.4T scanner is scheduled to receive a console upgrade in

the coming year, the MRSI sequences will be transferred seamlessly. The LOD-ESR guided

gadolinium doping procedure could increase [1-13C] lactate polarization to about 60-70%

at 7T/1K. Switching to rats, in which the MCAO stroke model is also established239, could

also improve HP MR measurement sensitivity and facilitate 420 the use of functional MRI to

characterize the neurological deficit. In addition, the inclusion of DWI and PWI, the standard

contrasts to delineate the ischemic core and penumbra volumes, and 1H MRSI would provide a

comprehensive characterization of the ischemic brain using endogenous biomarkers. Because

stroke is a multifaceted disease, one could envision a multi-agent theranostic approach using

the triple dDNP probe to target multiple pathological aspects.

In this work, the focus was on investigating the diagnostic components of HP lactate

and pyruvate, whereas their therapeutic component was not studied but was assumed from

previous studies in identical or similar preclinical stroke models 56–66. Future works should aim

at the combined evaluation of both therapeutic and diagnostic aspects. This would require

evaluating the stroke outcome at later timepoints than in the present work, since the injury

continues to develop in the days following stroke onset421. The stroke severity, for example

assessed with behaviorial tests, conventional MRI or histology, could then be compared with

the HP measurements. Observing correlations between the metabolic pattern measured at

early time-points and the long-term lesion or neurological deficit would strongly reinforce the

potential of these agents as predictive biomarkers of the stroke outcome and to better evaluate

the therapy efficacy. This would also mitigate the impact of experimental variability related to

the stroke surgery.

The tools developed in this framework could also deepen our understanding of the physics

of hyperpolarization via DNP. While in this thesis, the LOD-ESR capability was only used to

optimize the [1-13C] lactate sample formulation, the hardware developed has also served to
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investigate the ESR properties of other neuroprotective agents relevant to stroke, in particular
129Xe 296. Further work to understand and optimize its DNP sample properties to bring the

polarization to imaging standards may allow investigation of xenon theranostics in the same

HP MR setup.

In recent years, low-field MRI scanners (5-100 mT), based on either permanent422,423

or resistive424,425 magnets, have attracted increasing interest. Their low cost, low power

consumption, and high portability enable point-of-care neuroimaging. This new paradigm

is particularly promising for acute stroke care, as the scanner can be brought to the patient’s

bedside426, or driven to a remote location427 to provide biomedical imaging at the earliest

possible time point. Despite the inherently low imaging quality, valuable medical diagnostics

for stroke can still be achieved428–430. In this context, hyperpolarized probes, that decouple

sensitivity from field strength, may be used to complement the capabilities of low-field MRI

and provide highly-sensitive biomarkers for an early stroke assessment.
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A Ancillary dDNP polarizer equipment

This section describes the ancillary devices developed in the framework of this thesis for

performing dDNP and LOD-ESR experiments.

Part of the hardware is presented in the following papers:

• Lê Thanh Phong, Hyacinthe Jean-Noël, Capozzi Andrea. How to improve the efficiency

of a traditional dissolution dynamic nuclear polarization (dDNP) apparatus: Design

and performance of a fluid path compatible dDNP/LOD-ESR probe. Journal of Magnetic

Resonance, 338:107197, 2022. doi:10.1016/j.jmr.2022.107197

• Lê Thanh Phong, Hyacinthe Jean-Noël, Capozzi Andrea. Multi-sample/multi-nucleus

parallel polarization and monitoring enabled by a fluid path technology compatible

cryogenic probe for dissolution dynamic nuclear polarization. Scientific Reports, 13:7962,

2023. doi:10.1038/s41598-023-34958-3

I designed, assembled and characterized all the equipment presented in this appendix.
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Appendix A. Ancillary dDNP polarizer equipment

A.1 CFP pressure-test station

The CFP pressure-test station (Figure A.1) has the double function of performing a leak test

with He gas on the CFP prior to insertion of the sample inside the polarizer, as well as drying

the CFP with compressed air following a dissolution.

Both gases enter the station built inside an aluminum enclosure (RND Components P/N

455-00441) through the 6 mm push-in connectors to the left (A-B). The compressed air circuit

is completed with a quarter-turn plug valve (C, Swagelok P/N SS-6P4T-MM-RD, Cleveland,

OH, USA), a flow speed restrictor (inside the box, SMC P/N AS1002F-06, Chiyoda, Japan),

and a quick connect stem for the CFP connection (D, Swagelok P/N SS-QM2-2PF). The He

gas circuit includes a pressure regulator (F, SMC P/N AR10-M5H-A) as well as a pressure

gauge (E, Swagelok P/N PGI-63B-PG100-LAQX-J) for setting a specific pressure inside the CFP

connected to the stem (G) and checking for leaks after closing the valve (H).

A

E

D

B

C H

G

F

Figure A.1: CFP pressure-test station. The white lines painted on the enclosure describe the
interconnections between the different elements. (A) Air inlet, (B) Helium inlet, (C) Air valve,
(D) Air stem, (E) Pressure gauge, (F) Helium pressure regulator, (G) Helium stem, (H) Helium
valve.
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A.2 Dissolution head

The dissolution head (Figure A.2) heats up the dissolution buffer and releases it inside the CFP

at high pressure. It is mounted above the polarizer on a double-swivel arm (Bosch Rexroth,

Lohr am Main, Germany) to comfortably reach each slot of the triple DNP probe.

The dissolution happens as follows. Firstly, 5.5 mL of buffer are loaded inside the boiler

(E) through the loading valve (D), which is then closed. The boiler is pressurized via a set of

check valves (A) using He gas released by the low-pressure He valve (K) at 4 bar pressure set

using the pressure regulator (C). The 220 W heater band (Industrial Molding Supplies P/N

150975, Chagrin Falls, OH, USA) heats the boiler until the pressure transducer (I, Swagelok

P/N PTI-S-AG16-32AS, Cleveland, OH, USA) reads 12.0 bar (relative pressure) and stabilizes

it within 0.5 bar of the target value, corresponding to a buffer temperature of about 180 ◦C.

A 0.8 mm graphite thermal interface sheet (RS PRO P/N 794-3998, λX Y = 350Wm−1 K−1,

λZ = 13Wm−1 K−1) ensures contact between the boiler and the band heater.

In the meanwhile, the 100 W valve heater, a 10Ω resistor (F, Ohmite P/N TGHDX10R0JE,

Warrenville, IL, USA) stabilizes the temperature of both the quick-connect stem (H, Modified

Swagelok P/N SS-QM2-2PM) and bottom dissolution pneumatic valve (G, Swagelok P/N

6LVV-DPVS6M-C) to 100 ◦C measured by a PT100 thermometer.

The user lifts the CFP by 10 cm to take the CFP vial away from liquid He, then docks the

CFP to the quick-connect stem (H) and presses the dissolution button (B). An automated

LabVIEW computer-controlled sequence opens the bottom dissolution valve to release the

buffer into the CFP to melt the sample. Simultaneously, the top dissolution pneumatic valve

(J) opens and He gas at 10 bar is blown through the CFP to eject and transfer the sample to

the separator/infusion pump in the MRI scanner. After 5000 ms, both valves close, the MRI

acquisition is automatically triggered, and the user can disconnect the CFP and remove it

from the polarizer. Dissolutions to the benchtop spectrometer require 2500 ms pushing time

at 8 bar.

Following the dissolution, the boiler and bottom valve are cooled-down and dried using

compressed air flushed from (A) to (H). Fiberglass insulation (not shown) is wrapped around

all hot components to prevent contact burns.
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C

A

L

H

G

F

E

D

K

J

I

B

Figure A.2: Dissolution head. (A) Low-pressure helium and air inlet, (B) Dissolution button,
(C) Pressure regulator for low helium gas, (D) Loading valve for dissolution solvent, (E) Water
boiler and 220 W band heater, (F) 100 W valve heater, (G) Bottom dissolution pneumatic valve,
(H) Quick-connect stem, (I) Pressure transducer (behind), (J) Top dissolution pneumatic valve,
(K) Low-pressure helium pneumatic valve, (L) Swivel and ball screw.
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A.3 LOD-ESR differential amplifier

LOD-ESR measurements are performed in a technically-challenging electromagnetic environ-

ment, surrounded by many pumps, LED lighting switching converters, and an MRI scanner.

To minimize electromagnetic interference in low-frequency measurements, all signals were

transferred in a differential mode. The wiring was done using Twin-BNC (Twinaxial BNC)

connectors (Amphenol RF receptacles P/N 31-223 and plugs P/N 31-224, Danbury, CT, USA)

and double-shielded twisted-pair cables (Belden P/N 9463, Chicago, IL, USA). Furthermore,

the measurement resolution is doubled using differential signals that make better use of the

fixed ±10V digitization range.

The simplified schematics of the 200000× voltage gain (106 dB) differential amplifier used

for LOD-ESR measurements is shown in Figure A.3.

The circuit is powered by a single 9V PP3 battery (BT1) with an active rail splitter (U3D)

providing a dual rail voltage supply (VCC and VEE).

The signal from the LOD-ESR coil is fed at connector J1. The first amplification stage is an

instrumentation amplifier (U1, Analog Devices P/N AD8421BRZ, Norwood, MA, USA) set to a

gain of 10000 via R2. The 400 mV voltage reference IC1, user-adjusted potentiometer RV1, and

buffer amplifier U2B are used to set the reference voltage of U1 to cancel the voltage offset

of the LOD-ESR probe due to thermocouple effects, as well as the input offset voltage of the

amplifier. This reduces the baseline voltage at the output of U1 that could otherwise saturate

the second and third amplifying stages. The gain of U2B can be inverted using additional

components (not shown on the simplified schematics) to obtain a negative reference voltage

if required.

The signal is then filtered by a first-order 10 Hz low-pass filter (R3 and C1). A 10-fold

amplification stage is provided by an operational amplifier U2C (The second stage gain can

be set to 5, 10, 25 or 50 using a microswitch not shown on the simplified schematics). The

third amplification stage (U2A and U2D) doubles and converts the single-ended signal to

a differential signal at connector J2. U3B and U3C provide a second differential output J3

with an additional 10 Hz first-order low-pass filter (R15 and C5) to provide additional noise

reduction while measuring samples with a long relaxation time.

A double-layer printed circuit board was designed in KiCad 5.1, then externally manufac-

tured on FR4 sheets. All components were hand-soldered. The board is mounted within an

aluminum enclosure (RND 455-00768), holding the 9V PP3 battery, two input and one output

Twinaxial connectors, an ON/OFF switch and a LED indicator (Figure A.4).
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Figure A.3: Simplified schematics of the 200000× voltage gain LOD-ESR differential amplifier.
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A.3 LOD-ESR differential amplifier

Figure A.4: Pictures of the LOD-ESR differential amplifier enclosure, and both sides of the
assembled printed circuit board.
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B NMR preamplifiers

This section describes the NMR signal preamplifiers designed for solid-state NMR measure-

ments in the dDNP polarizer, as well as for the receive MR coil used in MRSI experiments.

Part of the hardware is presented in the following paper:

• Lê Thanh Phong, Hyacinthe Jean-Noël, Capozzi Andrea. Multi-sample/multi-nucleus

parallel polarization and monitoring enabled by a fluid path technology compatible

cryogenic probe for dissolution dynamic nuclear polarization. Scientific Reports, 13:7962,

2023. doi:10.1038/s41598-023-34958-3

I designed, assembled and characterized all the equipment presented in this appendix.
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B.1 Design

Low noise preamplifiers were designed for both solid-state NMR measurements and MRSI

measurements. They implement the E-pHEMTi PGA-103+ (Mini-Circuits, Brooklyn, NY, USA)

wideband amplifier, which provides a low noise figure in the relevant frequency range (50-

250 MHz), sufficient gain (>22 dB), high power handling (+21 dBm), and is well documented

in the amateur radio community.

In the NMR version (Figure B.1), varistors RV1 and RV2 protect the amplifier U1 against

electrostatic discharges. Additionally, the Schottky cross-diodes D1 protect U1 against exces-

sive input power. The low-dropout linear regulator U2 supplies the amplifier with a constant

DC voltage and requires at least 6.5 V and preferably 7.0 V input voltage to achieve optimal

performances, therefore the supply voltage at J3 is preferably 7.9 V after taking the forward

voltage of D3 into account. The current required is typically 120 mA in normal operation.

Figure B.1: Simplified schematics of the LNA designed for solid-state NMR measurements in
the DNP polarizer.

The version for the MRI coil (Figure B.2) has a slightly different layout and includes an

additional DC-block capacitor C1 due to the active-detuning DC voltage present at the input

J1, and an additional inductor L2 to supply the linear regulator from a 10 V bias voltage on J2.

Printed circuit boards (PCB) for both versions were designed in KiCad 5.2, then manufac-

tured by a third-party on double-layer FR4 boards. All components were hand-soldered on

the boards (Figures B.3 and B.4). The NMR version is mounted onto an aluminum enclosure

(Hammond/Eddystone P/N 11451PSLA, Guelph, ON, Canada) holding a 1000 pF feedthrough

capacitor and a ground post connected to a benchtop power supply. The MRI version is

directly stacked on the main board of the receive-coil.

iEnhancement mode Pseudomorphic High Electron Mobility Transistor
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B.1 Design

Figure B.2: Simplified schematics of the LNA designed for the Rx-only surface coil.

Figure B.3: Pictures of the LNA for NMR. The PCB is mounted as the lid of an aluminum
enclosure. Note that the reference designators on the assembled boards do not match the
simplified schematics.
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Figure B.4: Pictures of the LNA for the MRI coil. The preamplifier is directly stacked on
the main board of the receive coil using the pair of MCX connectors as mechanical support.
Note that the reference designators on the assembled boards do not match the simplified
schematics.

B.2 Characterization

One assembled board of each version was characterized between 10 MHz and 300 MHz at

zero magnetic field using a N8973A Noise Figure Analyzer (Agilent, Santa Clara, CA, USA) and

a NS346A Calibrated Noise Source (Micronetics, Hudson, NH, USA). The gain and noise figure

are reported in Figure B.5. Both versions provide similar performance. The NMR version

provides 26.2 dB gain and 0.422 dB noise figure at 55 MHz (Approximately the 13C or 129Xe

frequency at 5 T), and 23.6 dB gain and 0.646 dB noise figure at 210 MHz (Approximately the
1H frequency at 5 T). In the MRI version, at 150 MHz (13C at 14.1 T), the gain and noise figure

are 24.9 dB and 0.532 dB, respectively.
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A B

Figure B.5: Gain and noise figure of the in-house made low-noise preamplifiers for NMR (A)
and MRI (B) applications.
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C Metabolite-specific stack-of-spirals

MRSI sequence

In this appendix, we present the implementation of an acquisition based on metabolite-

specific RF excitation and 3D stack-of-spirals readout and related imaging tests in healthy

mice.

The contributions are identical to Chapter 6.
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C.1 Introduction

One of the difficulties encountered while acquiring the metabolism of HP [1-13C] lactate or [1-
13C] pyruvate in the mouse brain is the small turnover into downstream metabolites. Indeed,

the conversion ratio from pyruvate to bicarbonate, or from lactate to pyruvate is typically

around 1% (Chapter 2). As a result, an acquisition scheme with a sufficiently wide dynamic

range is required to detect both the intense MR signal of the injected substrate as well as

the weak signal of downstream metabolites. In Chapter 6, we implemented an IDEAL spiral

CSI353 acquisition scheme to perform HP MRSI in the mouse brain following an injection of

HP [1-13C] pyruvate. While it enabled us to map the metabolism of pyruvate into lactate, the

distribution of bicarbonate could not be imaged. Either the chemical shift reconstruction

does not perform sufficiently well in the presence of substantial signal amplitudes difference

between upstream and downstream metabolites, or the bicarbonate signal was not sufficient

to enable detection.

Here, we aim to improve the dynamic range of our acquisition by implementing an MRSI se-

quence with a metabolite-specific RF excitation scheme and 3D stack-of-spirals readout. This

acquisition scheme was tested in vivo, by imaging the metabolism of both HP [1-13C] lactate

and [1-13C] pyruvate in the mouse brain.

C.2 MRSI sequence

A metabolite specific 3D stack-of-spirals sequence was implemented on the preclinical 14.1T

MRI scanner previously described in Section 6.3.1. Each metabolite is acquired independently,

enabling the individual adjustment of the RF excitation: a small tip angle is applied to the

injected substrate to avoid wasting its nonrenewable hyperpolarization, while a larger tip

angle is applied to downstream metabolites to obtain a higher MR signal.

The sequence, for the acquisition of NM metabolites each with NS axial (xy) phase-encoded

slices, is schematically illustrated in Figure C.1 and described below:

1. A narrow-bandwidth RF pulse, here calculated via the Shinnar-Le Roux algorithm, pro-

vides the chemical shift encoding by exciting a single metabolite at once. No gradients

are applied during the RF excitation. Note that here, the RF pulse is not spatially-

selective. Instead, the volume coil was shifted away from the animal body such that the

B+
1 amplitude profile decreases beyond the mouse neck.

2. A phase-encoding is applied along the slice direction (z).
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C.2 MRSI sequence

3. The MR signal is acquired while applying a spiral readout gradient. The trajectory starts

at the origin of the k-space and evolves outwards in the slice plane (xy).

4. The remaining transverse magnetization is then destroyed by a gradient spoiler.

5. The procedure (1)-(4) is repeated for each of the NS slice-phase encoding steps in centric

order.

6. Finally, the steps (1)-(5) are repeated for each of the remaining NM metabolites.

The images are reconstructed using a Fourier-transform along the slice direction, followed

by the spiral reconstruction previously described in Section 6.2.2.3.

Gx

Gy

Gz

RF

α1

Image metabolite 1 Image metabolite NM

αM

Acquire stacks of NS spirals for each NM metabolite within each TR

NS slice-phase encodes steps

Figure C.1: Schematic representation of the metabolite specific 3D stack-of-spirals acquisition
scheme. A frequency selective RF pulse is applied to only excite a single metabolite. The
metabolite is then mapped in 3D using a phase encoding gradient, here along the z-direction
to acquire axial slices, together with spiral gradients applied during the readout. A gradient
spoiler destroys the remaining transverse magnetization. For each metabolite, NS phase
encoding steps are acquired. The scheme is repeated in rapid succession for all NM metabolites
within each repetition time.
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C.3 Methods

A multi-substrate HP MRSI experiment was performed in a healthy mouse. The 5T dDNP

polarizer was equipped with the multi-sample probe (Chapter 5) and loaded with two CFPs,

one containing 65 µL of [1-13C] lactate preparation (Lac-sample) and the other 20µL of [1-
13C] pyruvate preparation (PA-sample), as previously described in Section 5.3.5. The samples

were simultaneously polarized for 3 h at 139.86 GHz and 63 mW.

While the samples are being polarized, a healthy C57BL6/J male mouse (25.5 g) was anes-

thetized with 2% isoflurane in 60% oxygen, and a catheterized to allow for the administration

of HP substrates. The catheter was connected to two separator-infusion pumps to allow for

the multiple injections. The mouse was installed into the RF coil setup, composed of a 1H/13C

volume coil and receive-only 13C surface coil as previously described in Section 6.3.2 and

Figure 6.7. Field map-based shimming was used to optimize static field homogeneity in the

mouse brain prior to 13C MRSI acquisitions.

The Lac-sample was dissolved first using 5.5 mL of D2O, transferred to one separator-

infusion pump, and a 325 µL bolus of 80 mM HP [1-13C] lactate was intravenously injected

into the mouse. Immediately, HP MRSI was performed using the metabolite-specific stack-of-

spirals sequence. For each metabolite, the 3D image was encoded with a stack of 5 spirals using

the following parameters: Shinnar–Le Roux RF pulse (6.3 ms pulse length, 500 Hz bandwidth,

5◦ on [1-13C] lactate, 20◦ on [1-13C] pyruvate and 30◦ on [13C] bicarbonate), 4.24 ms echo time,

5 phase-encoding steps in centric order, 10.3 ms spiral readout, 18 mm×18 mm×22 mm FOV,

10×10×5 image matrix, 1.8 mm×1.8 mm×4.4 mm nominal voxel size. The measurement

was repeated every 2 s for 120 s.

25 minutes after the first dissolution, the PA-sample was dissolved in a buffer solution

(60 mM tris(hydroxymethyl)aminomethane (TRIS) and 0.3 mM EDTA in D2O balanced to

pD = 7.6), transferred to the second separator-infusion pump, then a 325 µL bolus of 80 mM

HP [1-13C] pyruvate was administered. Immediately, the dynamic MRSI acquisition was

automatically performed with the following parameters: Shinnar–Le Roux RF pulse (6.3 ms

pulse length, 500 Hz bandwidth, 5◦ on [1-13C] pyruvate, 15◦ on [1-13C] pyruvate hydrate,

15◦ on [1-13C] lactate, and 30◦ on [13C] bicarbonate), 4.24 ms echo time, 5 centric phase-

encoding steps, 16.5 ms spiral readout, 18 mm×18 mm×20 mm FOV, 16×16×5 image matrix,

1.125 mm×1.125 mm×4 mm nominal voxel size. The measurement was repeated every 2 s

for 120 s.
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C.4 Results

Following the injection of HP [1-13C] lactate, the dynamic distribution of the injected substrate

was successfully imaged (Figure C.2). However, no signal from the expected downstream

metabolites, [1-13C] pyruvate and [13C] bicarbonate, could be measured in either dynamic or

static spectroscopic images (Figures C.2 and C.3).

Dynamic spectroscopic images acquired following the injection of HP [1-13C] pyruvate

illustrates the arrival of the injected substrate into the brain and surrounding blood vessels,

and its turnover into lactate (Figures C.4 and C.5). However, no bicarbonate signal could be

measured, neither in dynamic nor averaged images (Figures C.4, C.5 and C.6).

C.5 Discussion

A metabolite specific stack-of-spirals acquisition scheme was implemented to achieve a

better dynamic range, particularly by using a metabolite-specific flip angle scheme, which

enables one to apply larger tip angles to downstream metabolites to increase the measured

MR signal. The implemented scheme successfully imaged the turnover of [1-13C] pyruvate

into [1-13C] lactate in the healthy mouse brain, similarly to the results achieved with the IDEAL

spiral CSI sequence (Chapter 6). Despite these improvements, the sensitivity was not sufficient

to detect the production of bicarbonate, nor the turnover of lactate into pyruvate.
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Lactate Pyruvate Bicarbonate
2s

4s

6s

8s

10s

12s

14s

16s

18s

20s

4s

6s

8s

10s

12s

14s

16s

18s

Lactate Pyruvate Bicarbonate Lactate Pyruvate Bicarbonate
2s

4s

6s

8s

10s

12s

14s

16s

18s

2s

4s

6s

8s

10s

12s

14s

16s

18s

20s20s

Anterior slice Central slice Posterior slice

Figure C.2: Dynamic HP MRSI acquired in a healthy mouse following an injection of HP
[1-13C] lactate using a metabolite specific stack-of-spirals acquisition scheme. The scales
represent the MR signal amplitude.
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Lactate Pyruvate Bicarbonate

Figure C.3: Averaged maps of [1-13C] lactate, [1-13C] pyruvate and [13C] bicarbonate over the
repetitions 3 to 11, 4 s to 20 s following an injection of HP [1-13C] lactate. The scales represent
the MR signal amplitude.
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Pyruvate Pyr. hydrate Lactate Bicarbonate
2s

4s

6s

8s

10s

12s

14s

16s

18s

Pyruvate Pyr. hydrate Lactate Bicarbonate

20s

2s

4s

6s

8s

10s

12s

14s

16s

18s

20s

Figure C.4: Anterior (left panel) and central (right panel) slices of the dynamic HP MRSI
acquired in a healthy mouse following an injection of HP [1-13C] pyruvate using a metabolite
specific stack-of-spirals acquisition scheme. The scales represent the MR signal amplitude.
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Pyruvate Pyr. hydrate Lactate Bicarbonate
2s

4s

6s

8s

10s

12s

14s

16s

18s

20s

Figure C.5: Posterior slice of the dynamic HP MRSI acquired in a healthy mouse following
an injection of HP [1-13C] pyruvate using a metabolite specific stack-of-spirals acquisition
scheme. The scales represent the MR signal amplitude.
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Pyruvate Pyruvate hydrate BicarbonateLactate

Figure C.6: Averaged maps of [1-13C] pyruvate, [1-13C] pyruvate hydrate, [1-13C] lactate and
[13C] bicarbonate over the repetitions 3 to 11, 4 s to 20 s following an injection of HP [1-
13C] pyruvate. The scales represent the MR signal amplitude.
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semi-automated apparatus for bullet-dynamic nuclear polarization with improved resolution. Magnetic
Resonance, 2(2):815–825, 2021. doi:10.5194/mr-2-815-2021.

[205] Bowen Sean and Hilty Christian. Rapid sample injection for hyperpolarized NMR spectroscopy. Physical
Chemistry Chemical Physics, 12(22):5766–5770, 2010. doi:10.1039/C002316G.

[206] Cheng Tian, Mishkovsky Mor, Bastiaansen Jessica A. M., Ouari Olivier, Hautle Patrick, Tordo Paul, van
den Brandt Ben, and Comment Arnaud. Automated transfer and injection of hyperpolarized molecules
with polarization measurement prior to in vivo NMR. NMR in Biomedicine, 26(11):1582–1588, 2013.
doi:10.1002/nbm.2993.

[207] Katsikis Sotirios, Marin-Montesinos Ildefonso, Pons Miquel, Ludwig Christian, and Günther Ulrich L.
Improved Stability and Spectral Quality in Ex Situ Dissolution DNP Using an Improved Transfer Device.
Applied Magnetic Resonance, 46(7):723–729, 2015. doi:10.1007/s00723-015-0680-5.

[208] Ceillier Morgan, Cala Olivier, El Daraï Théo, Cousin Samuel F., Stern Quentin, Guibert Sylvie, Elliott Stuart J.,
Bornet Aurélien, Vuichoud Basile, Milani Jonas, Pages Christophe, Eshchenko Dmitry, Kempf James G., Jose
Catherine, Lambert Simon A., and Jannin Sami. An automated system for fast transfer and injection of hyper-
polarized solutions. Journal of Magnetic Resonance Open, 8–9:100017, 2021. doi:10.1016/j.jmro.2021.100017.

[209] Miéville Pascal, Jannin Sami, and Bodenhausen Geoffrey. Relaxometry of insensitive nuclei: Optimiz-
ing dissolution dynamic nuclear polarization. Journal of Magnetic Resonance, 210(1):137–140, 2011.
doi:10.1016/j.jmr.2011.02.006.

[210] Milani Jonas, Vuichoud Basile, Bornet Aurélien, Miéville Pascal, Mottier Roger, Jannin Sami, and Boden-
hausen Geoffrey. A magnetic tunnel to shelter hyperpolarized fluids. Review of Scientific Instruments, 86(2):
024101, 2015. doi:10.1063/1.4908196.

[211] Schilling Franz, Düwel Stephan, Köllisch Ulrich, Durst Markus, Schulte Rolf F., Glaser Steffen J., Haase Axel,
Otto Angela M., and Menzel Marion I. Diffusion of hyperpolarized 13C-metabolites in tumor cell spheroids
using real-time NMR spectroscopy. NMR in Biomedicine, 26(5):557–568, 2013. doi:10.1002/nbm.2892.

[212] Hundshammer Christian, Grashei Martin, Greiner Alexandra, Glaser Steffen J., and Schilling Franz. pH De-
pendence of T1 for 13C -Labelled Small Molecules Commonly Used for Hyperpolarized Magnetic Resonance
Imaging. ChemPhysChem, 20(6):798–802, 2019. doi:10.1002/cphc.201801098.

[213] Miéville Pascal, Ahuja Puneet, Sarkar Riddhiman, Jannin Sami, Vasos Paul R., Gerber-Lemaire Sandrine,
Mishkovsky Mor, Comment Arnaud, Gruetter Rolf, Ouari Olivier, Tordo Paul, and Bodenhausen Geof-
frey. Scavenging Free Radicals To Preserve Enhancement and Extend Relaxation Times in NMR us-
ing Dynamic Nuclear Polarization. Angewandte Chemie International Edition, 49(35):6182–6185, 2010.
doi:10.1002/anie.201000934.

[214] Mishkovsky Mor and Comment Arnaud. Hyperpolarized MRS: New tool to study real-time brain function
and metabolism. Analytical Biochemistry, 529(Supplement C):270–277, 2017. doi:10.1016/j.ab.2016.09.020.

[215] Durst Markus, Koellisch Ulrich, Frank Annette, Rancan Giaime, Gringeri Concetta V., Karas Vincent,
Wiesinger Florian, Menzel Marion I., Schwaiger Markus, Haase Axel, and Schulte Rolf F. Compari-
son of acquisition schemes for hyperpolarised 13C imaging. NMR in Biomedicine, 28(6):715–725, 2015.
doi:10.1002/nbm.3301.

[216] Topping Geoffrey J., Hundshammer Christian, Nagel Luca, Grashei Martin, Aigner Maximilian, Skinner
Jason G., Schulte Rolf F., and Schilling Franz. Acquisition strategies for spatially resolved magnetic resonance
detection of hyperpolarized nuclei. Magnetic Resonance Materials in Physics, Biology and Medicine, 33(2):
221–256, 2020. doi:10.1007/s10334-019-00807-6.

[217] Larson Peder Eric Zufall and Gordon Jeremy W. Hyperpolarized Metabolic MRI—Acquisition, Reconstruc-
tion, and Analysis Methods. Metabolites, 11(6):386, 2021. doi:10.3390/metabo11060386.

211

https://doi.org/10.1021/acs.jpcc.8b01482
https://doi.org/10.1038/s42004-020-0301-6
https://doi.org/10.1038/s41467-019-09726-5
https://doi.org/10.5194/mr-2-815-2021
https://doi.org/10.1039/C002316G
https://doi.org/10.1002/nbm.2993
https://doi.org/10.1007/s00723-015-0680-5
https://doi.org/10.1016/j.jmro.2021.100017
https://doi.org/10.1016/j.jmr.2011.02.006
https://doi.org/10.1063/1.4908196
https://doi.org/10.1002/nbm.2892
https://doi.org/10.1002/cphc.201801098
https://doi.org/10.1002/anie.201000934
https://doi.org/10.1016/j.ab.2016.09.020
https://doi.org/10.1002/nbm.3301
https://doi.org/10.1007/s10334-019-00807-6
https://doi.org/10.3390/metabo11060386


Bibliography

[218] Marques José P., Simonis Frank F.J., and Webb Andrew G. Low-field MRI: An MR physics perspective. Journal
of Magnetic Resonance Imaging, 49(6):1528–1542, 2019. doi:10.1002/jmri.26637.

[219] Vaeggemose Michael, F. Schulte Rolf, and Laustsen Christoffer. Comprehensive Literature Review
of Hyperpolarized Carbon-13 MRI: The Road to Clinical Application. Metabolites, 11(4):219, 2021.
doi:10.3390/metabo11040219.

[220] Le Page Lydia M., Guglielmetti Caroline, Taglang Celine, and Chaumeil Myriam M. Imaging Brain Metabolism
Using Hyperpolarized 13C Magnetic Resonance Spectroscopy. Trends in Neurosciences, 43(5):343–354, 2020.
doi:10.1016/j.tins.2020.03.006.

[221] Miloushev Vesselin Z., Di Gialleonardo Valentina, Salamanca-Cardona Lucia, Correa Fabian, Granlund
Kristin L., and Keshari Kayvan R. Hyperpolarized 13C pyruvate mouse brain metabolism with absorptive-
mode EPSI at 1T. Journal of Magnetic Resonance, 275:120–126, 2017. doi:10.1016/j.jmr.2016.12.009.

[222] Coffey Aaron M., Truong Milton L., and Chekmenev Eduard Y. Low-field MRI can be more sensitive than
high-field MRI. Journal of Magnetic Resonance, 237:169–174, 2013. doi:10.1016/j.jmr.2013.10.013.

[223] Coffey Aaron M., Feldman Matthew A., Shchepin Roman V., Barskiy Danila A., Truong Milton L., Pham
Wellington, and Chekmenev Eduard Y. High-resolution hyperpolarized in vivo metabolic 13C spectroscopy
at low magnetic field (48.7mT) following murine tail-vein injection. Journal of Magnetic Resonance, 281:
246–252, 2017. doi:10.1016/j.jmr.2017.06.009.

[224] Traechtler Julia, Fuetterer Maximilian, Albannay Mohammed M., Hoh Tobias, and Kozerke Sebastian.
Considerations for hyperpolarized 13C MR at reduced field: Comparing 1.5T versus 3T. Magnetic Resonance
in Medicine, 89(5):1945–1960, 2023. doi:10.1002/mrm.29579.

[225] Kelkar Sneha S. and Reineke Theresa M. Theranostics: Combining Imaging and Therapy. Bioconjugate
Chemistry, 22(10):1879–1903, 2011. doi:10.1021/bc200151q.

[226] Xu Yafang, Ringgaard Steffen, Mariager Christian Østergaard, Bertelsen Lotte Bonde, Schroeder Marie,
Qi Haiyun, Laustsen Christoffer, and Stødkilde-Jørgensen Hans. Hyperpolarized 13C Magnetic Resonance
Imaging Can Detect Metabolic Changes Characteristic of Penumbra in Ischemic Stroke. Tomography, 3(2):
67–73, 2017. doi:10.18383/j.tom.2017.00106.

[227] Bøgh Nikolaj, Olin Rie B., Hansen Esben S. S., Gordon Jeremy W., Bech Sabrina K, Bertelsen Lotte B, Sánchez-
Heredia Juan D., Blicher Jakob U., Østergaard Leif, Ardenkjær-Larsen Jan H., Bok Robert A., Vigneron
Daniel B., and Laustsen Christoffer. Metabolic MRI with hyperpolarized [1-13C]pyruvate separates benign
oligemia from infarcting penumbra in porcine stroke. Journal of Cerebral Blood Flow & Metabolism, 41(11):
2916–2927, 2021. doi:10.1177/0271678X211018317.

[228] Hyacinthe Jean-Noël, Buscemi Lara, Lê Thanh Phong, Lepore Mario, Hirt Lorenz, and Mishkovsky Mor.
Evaluating the potential of hyperpolarised [1-13C] L-lactate as a neuroprotectant metabolic biosensor for
stroke. Scientific Reports, 10(1):5507, 2020. doi:10.1038/s41598-020-62319-x.

[229] Zhou Xin, Sun Yanping, Mazzanti Mary, Henninger Nils, Mansour Joey, Fisher Marc, and Albert Mitchell.
MRI of stroke using hyperpolarized 129Xe. NMR in Biomedicine, 24(2):170–175, 2011. doi:10.1002/nbm.1568.

[230] Li Yan, Vigneron Daniel B., and Xu Duan. Current human brain applications and challenges of dynamic
hyperpolarized carbon-13 labeled pyruvate MR metabolic imaging. European Journal of Nuclear Medicine
and Molecular Imaging, 48(13):4225–4235, 2021. doi:10.1007/s00259-021-05508-8.

[231] Kurhanewicz John, Vigneron Daniel B., Ardenkjaer-Larsen Jan Henrik, Bankson James A., Brindle Kevin,
Cunningham Charles H., Gallagher Ferdia A., Keshari Kayvan R., Kjaer Andreas, Laustsen Christoffer,
Mankoff David A., Merritt Matthew E., Nelson Sarah J., Pauly John M., Lee Philips, Ronen Sabrina, Tyler
Damian J., Rajan Sunder S., Spielman Daniel M., Wald Lawrence, Zhang Xiaoliang, Malloy Craig R., and
Rizi Rahim. Hyperpolarized 13C MRI: Path to Clinical Translation in Oncology. Neoplasia, 21(1):1–16, 2019.
doi:10.1016/j.neo.2018.09.006.

[232] Campbell Bruce C.V., Mitchell Peter J., Kleinig Timothy J., et al. Endovascular Therapy for Ischemic
Stroke with Perfusion-Imaging Selection. New England Journal of Medicine, 372(11):1009–1018, 2015.
doi:10.1056/NEJMoa1414792.

[233] The IST-3 collaborative group . The benefits and harms of intravenous thrombolysis with recombinant
tissue plasminogen activator within 6 h of acute ischaemic stroke (the third international stroke trial [IST-3]):
A randomised controlled trial. The Lancet, 379(9834):2352–2363, 2012. doi:10.1016/S0140-6736(12)60768-5.

[234] Chen Albert P., Kurhanewicz John, Bok Robert, Xu Duan, Joun David, Zhang Vickie, Nelson Sarah J.,
Hurd Ralph E., and Vigneron Daniel B. Feasibility of using hyperpolarized [1-13C]lactate as a sub-
strate for in vivo metabolic 13C MRSI studies. Magnetic Resonance Imaging, 26(6):721–726, 2008.

212

https://doi.org/10.1002/jmri.26637
https://doi.org/10.3390/metabo11040219
https://doi.org/10.1016/j.tins.2020.03.006
https://doi.org/10.1016/j.jmr.2016.12.009
https://doi.org/10.1016/j.jmr.2013.10.013
https://doi.org/10.1016/j.jmr.2017.06.009
https://doi.org/10.1002/mrm.29579
https://doi.org/10.1021/bc200151q
https://doi.org/10.18383/j.tom.2017.00106
https://doi.org/10.1177/0271678X211018317
https://doi.org/10.1038/s41598-020-62319-x
https://doi.org/10.1002/nbm.1568
https://doi.org/10.1007/s00259-021-05508-8
https://doi.org/10.1016/j.neo.2018.09.006
https://doi.org/10.1056/NEJMoa1414792
https://doi.org/10.1016/S0140-6736(12)60768-5


Bibliography

doi:10.1016/j.mri.2008.01.002.

[235] Bastiaansen Jessica A. M., Yoshihara Hikari A. I., Takado Yuhei, Gruetter Rolf, and Comment Arnaud.
Hyperpolarized 13C lactate as a substrate for in vivo metabolic studies in skeletal muscle. Metabolomics, 10
(5):986–994, 2014. doi:10.1007/s11306-014-0630-5.

[236] Takado Yuhei, Cheng Tian, Bastiaansen Jessica A. M., Yoshihara Hikari A. I., Lanz Bernard, Mishkovsky Mor,
Lengacher Sylvain, and Comment Arnaud. Hyperpolarized 13C Magnetic Resonance Spectroscopy Reveals
the Rate-Limiting Role of the Blood–Brain Barrier in the Cerebral Uptake and Metabolism of L -Lactate in
Vivo. ACS Chemical Neuroscience, 9(11):2554–2562, 2018. doi:10.1021/acschemneuro.8b00066.

[237] Mayer Dirk, Yen Yi-Fen, Josan Sonal, Park Jae Mo, Pfefferbaum Adolf, Hurd Ralph E., and Spielman Daniel M.
Application of hyperpolarized [1-13C]lactate for the in vivo investigation of cardiac metabolism. NMR in
Biomedicine, 25(10):1119–1124, 2012. doi:10.1002/nbm.2778.

[238] Lau Angus Z., Chen Albert P., and Cunningham Charles H. Cardiac metabolic imaging using hyperpolarized
[1-13C]lactate as a substrate. NMR in Biomedicine, 34(7):e4532, 2021. doi:10.1002/nbm.4532.

[239] Longa E. Z., Weinstein P. R., Carlson S., and Cummins R. Reversible middle cerebral artery occlusion without
craniectomy in rats. Stroke, 20(1):84–91, 1989. doi:10.1161/01.STR.20.1.84.

[240] Gruetter Rolf. Automatic, localized in Vivo adjustment of all first-and second-order shim coils. Magnetic
Resonance in Medicine, 29(6):804–811, 1993. doi:10.1002/mrm.1910290613.
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– Šimičić Dunja, Alves Brayan, Mosso Jessie Julie, Lê Thanh Phong, van Heeswijk
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